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Abstract

Heritable thoracic aortic disease (HTAD) and familial thoracic aortic aneurysm/dissection
(FTAAD) are important causes of human morbidity/mortality, most without identifiable genetic
cause. In a family with FTAAD, we identified a missense p. (Serl78Arg) variant in PLOD1
segregating with disease, and evaluated PLOD1 enzymatic activity, collagen characteristics and in
human aortic vascular smooth muscle cells (VSMCs), studied the effect on function. Comparison
with homologous PLOD3 enzyme indicated that the pathogenic variant may affect the N-terminal
glycosyltransferase (GT) domain, suggesting unprecedented PLOD1 activity. /n vitro assays
demonstrated that wild-type (WT) PLODL is capable of processing UDP-glycan donor substrates,
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and that the variant affects the folding stability of the GT domain and associated enzymatic
functions. The PLOD1 substrate lysine was elevated in the proband, however the enzymatic
product hydroxylysine and total collagen content was not different, albeit despite collagen fibril
narrowing and preservation of collagen turnover. In VSMCs overexpressing WT PLOD], there
was upregulation in procollagen gene expression (secretory function) which was attenuated

in the variant, consistent with loss-of-function. In comparison, si-PLOD1 cells demonstrated
hypercontractility and upregulation of contractile markers, providing evidence for phenotypic
switching. Together, the findings suggest that the PLOD1 product is preserved, however newly
identified glucosyltransferase activity of PLOD1 appears to be affected by folding stability of the
variant, and is associated with compensatory VSMC phenotypic switching to support collagen
production, albeit with less robust fibril girth. Future studies should focus on the impact of PLOD1
folding/variant stability on the tertiary structure of collagen and ECM interactions.
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Aortic Dissection; Procollagen-Lysine; 2-Oxoglutarate 5-Dioxygenase 1 (PLODI);
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Introduction

Heritable thoracic aortic disease (HTAD) and FTAAD (familial thoracic aortic aneurysm and
dissection) are aortopathic conditions characterized by diverse genetic heterogeneity. HTAD
and FTAAD can lead to aortic aneurysm and dissection, resulting in sudden cardiac death,
that conservatively affects at least 10,000 adults in the United States each year.1 Up to 20%
of patients with a dilated or aneurysmal aorta have a first-degree relative similarly affected,
reflecting the most common, autosomal dominant heritable pattern of disease.2 3 The most
widely used comprehensive clinical genetic panels for aortopathy test >20 genes, but are
only successful at identifying a causal variant in 20% of patients.* Thus, the majority of
patients and families with a predisposition for vascular involvement, do not have a readily
identifiable genetic cause. Equally concerning, is that even when the genetic basis of disease
is known, the molecular mechanisms remain poorly understood.

Aortic wall integrity relies on interactions between vascular smooth muscle cells (VSMCs),
elastin, collagen and specialized proteins in the extracellular matrix (ECM) which interface
at the elastin-contractile unit (ECU).> 6 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1
(PLOD1)is a gene that encodes for the enzyme lysyl hydroxylase-1 (PLODL, also known

as LH1), which functions in procollagen formation through post-translational modification
of several lysine residues into hydroxylysine. It has been implicated in kyphoscoliotic
Ehlers-Danlos Syndrome (KEDS), a skeletal connective tissue disease that carries minimal to
no risk for aortopathy.” We identified a family (spanning 3 generations) with an autosomal
dominant novel pathogenic variant in PLOD1 (c.534C>A (p.Serl178Arg), that resulted in the
presence of highly penetrant aortic aneurysm and/or aortic dissection. Given that AL ODI has
largely been remitted as a primary source of HTAD/FTAAD, we aimed to investigate the
impact of this gene on vascular integrity.
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Here, we report a novel pathogenic PLODI missense variant in a family with autosomal
dominant FTAAD. In pathologic specimens, we identified relatively preserved aortic medial
structure with mild focal separation and loss of elastic fibers. Therefore, we evaluated the
impact of the variant upon collagen production, enzymatic function (PLOD1) and VSMC
function. We found that the amount of total collagen was preserved with no difference in
turnover surrogates, however with mild narrowing in the fibrillar product and presumed
compensatory upregulation of the PLOD1 substrate lysine. To study enzymatic function,
we assessed molecular analyses 7 sifico and identified the mutation site matching a

critical residue for the glycosyl transferase activity of the homologous multifunctional
PLOD3 (also known as LH3).8: 9 /n vitro biochemical studies revealed the ability of
wild-type PLODL1 to process glycosyl transferase donor substrates, supporting a possible
impact of the mutation on enzyme function. Whilst the PLODZI p. (Ser178Arg) variant
could not be obtained recombinantly in sufficient amounts for biochemical characterization,
homologous PLOD3p. (Asp190Arg) showed a strong reduction in glycosyl transferase
donor substrate processing and folding stability compared to the wild-type enzyme. Finally,
in VSMCs we found evidence of phenotypic switching whereby silencing of PLOD1
resulted in hypercontractility and conversely, in VSMCs that overexpressed PLODI we
demonstrated increases in procollagen genes COL1A1 and COL3A1, indicative of a
secretory phenotype. Overexpression of the PLODI p. (Ser178Arg) variant resulted in
attenuation of the secretory phenotype, indicating that the mutation leads to a loss-of-
function. Together, our data identify an important genetic contribution for FTAAD, and
elucidate that PLOD1 dysfunction likely contributes to aortopathy at least in part, via
post-translational modification of collagen, PLOD1 enzymatic activity and VSMC function.

Family Recruitment and Clinical Evaluation

The proband in the family studied was referred for the evaluation of an unrelated
cardiovascular condition (patent foramen ovale). However, upon review of the family
history it was evident that aortic aneurysm and dissection were concerning across at

least 3 generations. In total, five kindred were recruited to participate in the study. The
institutional review board approved the human studies research, and informed consent was
obtained from all members enrolled, conforming to the Declaration of Helsinki.1% We
gathered a complete 3-generation pedigree evaluating for a history of connective tissue
disease, aneurysms, dissection and/or sudden cardiac death. Hereto forward PLODI refers
to Ensembl: ENST00000196061.4, NCBI: NM_000302.4 and PLOD?3refers to Ensembl:
ENST000002223127.3, NCBI: NM_001084.5.

Genetic testing

Specimen Collection: Blood from the proband and saliva from relatives was collected
(Oragene Discover OGR-500 saliva collection kit) and DNA was isolated via the QIAGEN
Gentra® Puregene® kit according to the manufacturer instructions. The proband submitted
resected aortic tissue at the time of elective surgery, and histologic review was performed
(see below).
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Library Preparation and Sequencing: DNA sample analysis contributed to the final
data, and each step including sample test, library preparation, and sequencing, is known to
influence the quality of the data, and in turn, data quality directly impacts the analysis of
results. To guarantee the reliability of the data, quality control (QC) was performed at each
step of the procedure. There are two main methods of QC for DNA samples: (1) Agarose
Gel Electrophoresis: tests DNA degradation and potential contamination, (2) Qubit 2.0:
quantifies the DNA concentration precisely. (From Novogene Co., Ltd)

Library Construction and Quality Control: A total amount of 1.0ug genomic DNA
per sample was used as input material for the DNA sample preparation. Sequencing
libraries were generated using Agilent SureSelect Human All ExonV6 kit (Agilent
Technologies, CA, USA) following manufacturer’s recommendations and x index codes
were added to attribute sequences to each sample. Briefly, fragmentation was carried

out by hydrodynamic shearing system (Covaris, Massachusetts, USA) to generate 180-
280bp fragments. Remaining overhangs were converted into blunt ends via exonuclease/
polymerase activities and enzymes were removed. After adenylation of 3’ ends of DNA
fragments, adapter oligonucleotides were ligated. DNA fragments with ligated adapter
molecules on both ends were selectively enriched in a PCR reaction. Captured libraries were
enriched in a PCR reaction to add index tags to prepare for hybridization. Products were
purified using AMPure XP system (Beckman Coulter, Beverly, USA) and quantified using
the Agilent high sensitivity DNA assay on the Agilent Bioanalyzer 2100 system. (From
Novogene Co., Ltd)

Sequencing: The qualified libraries are fed into lllumina sequencers after pooling
according to its effective concentration and expected data volume. (From Novogene Co.,
Ltd)

Analysis: Raw whole exome sequencing data was processed via GenomeNext, LLC
(Helios GenomeNext Annotation and Reporting) according to updated standards for the
American College of Medical Genetics.1! Further variant prioritization based upon biologic
function,12 and phenotype,13 was completed. There were 3 variants which occurred in
relevant aortopathic genes, however none resulted in a mutation with functional consequence
(synonymous mutation and/or splice regional variant): 7TGFBRI p. (Ser69Ser), MYH11

p. (Alal283Ala) and LOX splice region variant (c.740+6G>A). In total, 6 final potential
candidate genes resulted from the search: CLTCL 1, KALRN, MFNZ2, PDHA, PLODI and
TTNand are outlined in Supplemental Table 1.

Wild-type PLODI cDNA was made using ProtoScript® Il First Strand cDNA

Synthesis Kit (New England BioLabs). PCR was performed to amplify wild-

type PLOD1 using the following primers: F-CACCGTCGCGAAGTTTCCAG, R-
TGGTTTAAATGACCTTTAATAGAAACTCTCCAGTTTCT. The PCR product was
cleaned and ligated with a pENTR™ TOPO® vector (ThermoFisher Scientific).

The Q5 Site-Directed Mutagenesis Kit (NEB) was used to create the WT

(primers: F-ATGCGGCCCCTGCTGCTA, R-GGTGAAGGAGCCCTGAAAATACAGG
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and ¢.534C>A variant (primers: F-FACAGCGACAGAGATCAGCTGTTTTACACC, R-
CCTGGCCCTCCCACTCGG).

Human tissue specimens, Immunohistochemistry

Formalin fixed, paraffin-embedded sections of the ascending aorta were examined after

the proband underwent elective surgical resection (aneurysm). Pathologic specimens

were compared to control human aortic tissue obtained through Lifeline of Ohio Organ
Procurement, as previously described.14 Specimens were limited to adults < 50 years of
age (n=2 male and n=2 female). Specimens were embedded in optimal cutting temperature
(OCT) media and slides were prepared (3 mm cuts). Slides were treated with hematoxylin
and eosin (Sigma) to evaluate cellular and extracellular structure, and Russel-Movatt
pentachrome stain (StatLab) to more closely evaluate connective tissue including the
elastic lamellae, collagen and cellular elements. Immunohistochemistry was performed
with anti-SMA (Sigma Aldrich A2547; 1:500, overnight at 4°C), anti-COL3A1 (Abcam
ab7778; 1:200, 30 minutes at room temperature), and anti-PLOD1 (Novus Biologicals
NBP2-38770; 1:100, overnight at 4°C) using VECTASTAIN® ABC Kit, Rabbit IgG (Vector
Labs PK-6101; 1:400) and ImmPACT® DAB Substrate (Vector Labs SK-4105). Picrosirius
red staining was performed by the core lab facility at Nationwide Children’s Hospital.

For protein (total) quantification of PLOD1 (Ponceau), anti-PLOD1 (Novus Biologicals
NBP2-38770; 1:700, overnight at 4°C) was used with a GAPDH (Fitzgerald 10R-G109a;
1:5000 overnight at 4°C) control.

Collagen Studies

Collagen preparation: The samples have been lyophilized for 10 hours, crushed after
lyophilization into powder, and weighed out 2-5 mg after crushing. 6 M HCI was then added
at a ratio of 1 mL/10 mg of tissue. Samples included all four tissue samples (1 proband

and 3 control) and a blank as control (clean vial with no tissue). Heated tissues in sealed
glass vials at 100 °C for 24 hours and then hydrolyzed samples were centrifuged at 20,000

g for 20 minutes. Solutions are placed in 0.2 pm spin filter collected after ultracentrifugation
at 20,000 g for 5 minutes. A 200 uL volume of filtered solution are then placed in a

clean glass vials and dried in SpeedVac at 25 °C until the solution is dry (2 hours). Dried
samples are reconstituted in 600 uL 5% MeOH with 0.1 % Formic acid and 10 pg/mL
Pyridoxine as internal standard (Total mass in each vial =2 mg (1 mL/10 mg) reconstituted
in 600 uL = 2000 pg/0.6 mL = 3333.33 pg tissue/mL final solution). Calibration solutions
made by diluting blank 5% MeOH with 0.1 % FA + pyridoxine (Calibration solutions: 0.0
pg/mL, 0.01. 0.1, 1.0, 10.0, and 100.0 ug/mL Hyp and Pro). Samples were lyophilized as
‘tissue sections’ and all targets analyzed from the acid hydrolyzed solutions. Lysine and
hydroxylysine were quantified with the same calibration solutions as hydroxyproline and
proline (calibration solutions made by diluting blank 5% MeOH with 0.1% formic acid +
pyroxidine (0.0 g/mL, 0.005, 0.05, 0.5, 5.0 and 50.0 g/mL of all targets).

Liquid chromatography-Mass spectrophotometry quantification (LC-

MS): Thermo Scientific UltiMate 3000 HPLC used for LC. 5 pL of sample was injected for
every run. Solvent A: 100% H,0 0.1% Formic acid. Solvent B: 100% MeOH 0.1% Formic
acid. Poroshell 120 SB-C18 columns used (2 x 100 mm, 2.7 um particle size). Flow rate of
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200 pL/min with a column temperature of 40 °C with an initial gradient of 5% B, 10% B at
min 2, 50% B at min 7, 100% B at minute 8.5, holding 100% B until min 10, back to 5% B
at min 12, and holding 5% B until the end of run at min 15.

The samples were quantified using a Heated Electrospray ionization (HESI) source on

a Thermo Scientific Q-Exactive Plus Orbitrap mass spectrometer. All transitions were
performed in parallel reaction monitoring mode at a collision energy of 20 V. For

proline, the transition monitored was precursor 116.07 m/z and product ion 70.06 m/z,
hydroxyproline monitored at a transition of 132.07 m/zto product ion 86.05 m/z, the internal
standard pyridoxine at a transition of 170.08 m/zto a product ion of 152.20, pentosidine
monitored at precursor mass of 379.21 m/z, lysine at a transition of 147.11 m/zto a product
ion of 84.08 m/z, and hydroxylysine at a transition of 163.107 m/zto a product ion of 128.07
mv/z. For all experiments, the capillary voltage was set to 4.5 kV with a capillary temperature
of 320 °C, an auxiliary temperature of 100 °C, a sheath gas of 15, auxiliary gas of 5, and 0.5
sweep gas.

treatment, transfection

Vascular smooth muscle cells (VSMCs) derived from human aorta (Lifeline® Cell
Technology, CA, USA) were used for all VSMC studies. Vasculife ® SMC Smooth Muscle
Cell Medium (Lifeline Cell Technology, MD, USA) was used for cell culture. Intentional
silencing of the PLOD1 gene was performed in the human VSMCs via siRNA. Cells were
transfected (Lipofectamine ® RNAIMAX Transfection Reagent, Thermo Fisher Scientific,
MA, USA) into 24-well plates with 0.5 uL of 10 uM of si-PLODI (Qiagen SI00006636)

or Silencer Select negative control (ThermoFisher Scientific 4390843, MA, USA). Four
siRNAs were tested from the Qiagen FlexiTube GeneSolution GS5351 (Qiagen 1027416)
for maximum PLOD1 knock-down efficiency at 10 um siRNA without detrimental effects.
Western blot was performed to confirm silencing of PLODI. Briefly, 30 ug protein was run
on a 4-15% Mini-PROTEAN TGX Stain-Free Protein Gel (BioRad 4568081) and stained at
1:1000 with anti-PLOD1 antibody (Novus Biologicals, NBP2-38770). For the wildtype and
variant, transfection was accomplished with 100 ng of Effectine Qiagen Cloning methods
(see above).

studies

Collagen gel-based assays were used to perform VSMC contraction studies according

to previously reported methods.® Collagen lattice at a final concentration of 1 mg/mL

was prepared by mixing type-I collagen (ThermoFisher, A1048301), Vasculife ® SMC
Smooth Muscle Cell Medium, Dulbecco’s Phosphate Buffered Saline (Invitrogen). 450 pL
of collagen solution was added to 50 uL of VSMC suspension (4x10* cells per well). Each
500 pL collagen/cell mixture was added to one well in a 96 well plate and allowed to
polymerize for 30 minutes at 37 °C in a CO, incubator. After 30 minutes at 37 °C, 140 pL of
VSMC media (2% FBS) was added to each well. Cells were incubated for 48 hours before
imaging. Thirty minutes before imaging, collagen gels were released from the sides of the
well with a 10 pL pipet tip and the media was replaced with VSMC media (10% FBS).
The gel were imaged with a ThermoFisher EVOS FL Auto. Gel area was determined using
ImageJ.
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Quantitative PCR

Total RNA (500 ng) was used for first-strand complementary DNA synthesis with the
SuperScript 11 Reverse Transcriptase VILO cDNA Synthesis Kit (Invitrogen, ThermoFisher
Scientific). gPCR reactions were performed in triplicate on cDNA samples with TagMan
Gene Expression Assays (ACTA2, Hs00426835_g1; MYH11, Hs00975796_m1; CCND1,
Hs00765553_m1; CCND2, Hs00153380_m1; COL1A1, Hs00164004_m1; COL3AL,
Hs00943809_m1; GAPDH, Hs99999905 m1,; Life Technologies, ThermoFisher Scientific)
and TagMan Universal PCR Master Mix (ThermoFisher Scientific). PCR was performed on
an Applied Biosystems QuantStudio™ 3 Real-Time PCR System. Relative gene expression
was calculated using the 2722Ct method. The glyceraldehydes-3-phosphate dehydrogenase
(GAPDH) gene was used as the reference gene. The target genes included six genetic
markers of the contractile and proliferative phenotypes of smooth muscle cells. All real-time
PCR experiments were carried out with three biological replicates, and three technical
replicates were performed for every sample.

In silico evaluation of the PLOD1 p. (Serl178Arg) variant

The PLODI p. (Ser178Arg) mutation was initially identified in the SiIMPLOD database,®
as matching the residue Asp190 in the glycosyltransferase catalytic site of the homologous
PLOD3enzyme. Comparative evaluation of folding stability was carried out using the
experimental crystal structure of human PLOD3 (PDB 6FXR),6 and the homology model
of human PLOD1 available through the SIMPLOD website (http://fornerislab.unipv.it/
SIMPLODY/). Both PDB files were used to further forecast the impact of the p. (Ser178Arg)
mutation by evaluating the impact on the three-dimensional protein organization using
Missense3D,7 through normal mode perturbation analysis in Dynamut,!® and to assess
folding free energy changes in MaestroWeb,19 PoPMuSiC,2° mCSM,%! MuPRO,22 DUET?3
and iMutant?4. A summary analysis of the /n silico prediction results is shown in
Supplementary Table 2.

Recombinant production of wild-type PLOD1 and PLOD3 for biochemical studies

The coding sequences for human PLODI or PLOD3 were cloned into a pUPE.106.08
expression vector (U-protein Express BV, The Netherlands) in frame with a 6xHis-tag
followed by a Tobacco Etch Virus (TEV) protease cleavage site. PLODI p. (Serl78Arg)
and PLOD3p. (Asp190Arg) mutants were generated using site-directed mutagenesis using
oligonucleotides pairs PLOD1-S178R-Fw: CGCGATCAGCTGTTTTACACCAAGATC/
PLOD1-S178R-Rv: GTCGCTGTCCTGGCCCTCCCACTCGG and PLOD3-

D190R-Fw: CGCGACCAGCTGTTCTACACACGGCT/PLOD3-D190R-Rv:
GTCATCATCCTTGTACTTCCACTGGCG, respectively. Suspension growing HEK293F
cells (Life Technologies, UK) were transfected at a confluence of 10° cells mI~2, using

1 ug of plasmid DNA and 3 g of linear polyethyleneimine (PEI; Polysciences, Germany).2>
Cells were harvested 6 days after transfection by centrifuging the medium for 15 minutes
at 1000 g. The clarified media were filtered using a 0.2 mm syringe filter and the pH

was adjusted to 8.0 prior to affinity purification as previously described.1® All proteins
were isolated from the medium exploiting the affinity of the 6xHis tag for the HisTrap
Excel (GE Healthcare, USA) affinity column. The N-terminal 6xHis-tag was removed by

Trans/ Res. Author manuscript; available in PMC 2023 January 01.


http://fornerislab.unipv.it/SiMPLOD/
http://fornerislab.unipv.it/SiMPLOD/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Koenig et al.

Page 8

incubating the purified samples for 2 hours at RT with TEV protease. The purified proteins,
as assessed from SDS-PAGE analysis under reducing and non-reducing conditions, were
further polished using a Superdex 200 10/300 GL (GE Healthcare) equilibrated in 25

mM HEPES/NaOH, 200 mM NaCl, pH 8.0, to obtain homogenous protein samples; peak
fractions containing the protein of interest were pooled and concentrated to 1 mg mL~1 and
stored at —80 °C until usage.

Enzymatic activity measurements

Evaluation of glucosylgalactosyltransferase enzymatic activity was performed following the
protocols described in Scietti et al1® using gelatin as substrate. Recombinant PLOD1 or
PLOD3 samples at 0.2 mg mL~1 were mixed with 4 mg mL1 gelatin (solubilized in water
through heating denaturation at 95 °C for 10 min), 50 uM MnCls, and 100 uM UDP-Glc

in a total volume of 5 pL, and let incubate for 1 hour at 37 °C. All reactions were stopped
by heating at 95 °C for 2 min, prior to transfer into Proxiplate white 384-well plates
(Perkin-Elmer), then 5 pL of the UDP-Glo luminescence detection reagent (Promega) were
added and incubated 1 hour at 25 °C. For assessment of the lysyl hydroxylase activity,
recombinant PLOD1 or PLOD3 samples at 0.2 mg mL~1 were mixed with 4 mg mL1
gelatin (solubilized in water through heating denaturation at 95 °C for 10 min), 50 uM
FeCl,, 100 uM 2-oxoglutarate, and 500 uM sodium ascorbate in a total volume of 5 uL,

and let incubate for 1 hour at 37 °C. Reactions were stopped by heating at 95 °C for 2

min, prior to transfer into Proxiplate white 384-well plates (Perkin-Elmer), then 5 L of the
Succinate-Glo reagent | (Promega) were added and let incubate 1 hour at 25 °C, after that 10
pL of the Succinate-Glo reagent Il (Promega) were added and let incubate 10 minutes at 25
°C.

The plates were then transferred into a GloMax plate reader (Promega) configured according
to manufacturer’s instructions for luminescence detection. All experiments were performed
in triplicates. Control experiments were performed using identical conditions by selectively
removing PLOD1/3, donor or acceptor substrates. Data were analyzed and plotted using the
GraphPad Prism 7 (Graphpad Software, USA).

Differential Scanning Fluorimetry (DSF)—DSF assays on PLOD1 and PLOD3
samples at a concentration of 1 mg mL™1 in a buffer composed of 25 mM HEPES, 100 mM
NaCl, pH 8 were performed on using a Tycho NT.6 instrument (NanoTemper Technologies
GmbH, Germany). Data were analyzed and plotted using the GraphPad Prism 7 (Graphpad
Software, USA).

Statistical analysis

Data are represented as mean = SD for continuous variables (one-way analysis of variance,
ANOVA), as acquired in three or more independent experiments. Shapiro-Wilks criteria
was used to evaluate normality of the data, and if non-normally distributed, Man-Whitney,
Wilcoxon signed-rank and Kruskall-Wallis with Dunn’s multiple comparisons were used.
Where appropriate, Chi-square was used to evaluate for differences in categorical variables.
An a < 0.05 was defined as the cutoff for significance. JMP ® Pro, Version 12.2.0.

SAS Institute Inc., Cary NC 1989-2019 was used to perform all statistical analyses, with
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exception of the enzymatic studies, which were analyzed and plotted using GraphPad Prism
7 (Graphpad Software, USA).

Disease and Collagen Studies in a Family with FTAAD

We identified an incidental 50 mm ascending aortic aneurysm (sinus of valsalva) in an
otherwise healthy, normotensive 39-year-old male. His family history was significant for a
Type A aortic dissection that occurred in his half-brother at 36-years-old. This was treated
emergently with placement of a 28 mm (valve-sparing) Hemashield graft. His brother had no
known medical history prior to presentation of the dissection. The available extended family
members underwent screening echocardiogram, and we reviewed this data to determine

the prevalence of ascending aortic aneurysm in the family. (Fig 1, A) The proband (11-2,
Figl, A) was found to have a severely dilated aorta (cross-sectional-to-height (CSA/Ht) ratio
>10.0), and his half-brother (11-6) had a moderate-sized aortic aneurysm prior to dissection
(CSA/Ht 7.0 — 10.0). Mild aortic dilatation (CSA/Ht 5.0 — 6.9) was found in 3 other family
members (I-2, 11-5, 111-1) who were asymptomatic. (Fig 1, B)

Clinical examination of the proband did not demonstrate any typical exam findings from the
revised ghent nosology.2® Genetic testing was performed in the proband (11-2), but did not
identify a causal variant in ACTAZ, CBS, COL3A1, COL5A1, COL5A2, EFEMPZ, FBNI,
FBNZ, FLNA, MATZA, MED12, MYH11, MYLK, NOTCH1, PRKGI1, SKI, SLC2A10,
SMAD3, SMAD4, SMADG6, TGFBZ2, TGFB3, TGFBRI1, TGFBRZ. However, there was a
variant of unknown significance (VUS) identified in the PLODI (c.534C>A p. (Ser178Arg),
(MAF 7.9e796) gene. The proband’s half-brother (11-6) who had sustained a prior aortic
dissection also underwent standard clinical genetic testing, which revealed the same PLOD1
p. (Ser178Arg) variant in addition to a duplication VUS in MYH11 (Exons 2—-43; 3 copies).

The proband was ultimately referred for elective aortic root replacement and pathologic
specimens acquired from surgical resection were evaluated and compared to non-diseased
sections of the ascending aorta available through Lifeline of Ohio. Histologic sections

from the proband showed relatively preserved aortic medial structure with only mild focal
separation and loss of elastic fibers and increased glycosaminoglycans. (Fig. 1 C-F, Fig. S1)
This finding was attenuated compared to most FTAAD cases, which demonstrate significant
medial necrosis.2’

To qualitatively assess the impact of collagen in the proband, we first evaluated transmission
electron microscopy (TEM) and grossly found no significant difference in the appearance

of collagen fibrils. However when we assessed the size of 100 randomly selected fibrils,

we found evidence of mild fibril narrowing in the proband (Proband: 25.7 £ 4.3 vs.

Controls: 29.7 + 5.8nm, p< 0.0001), which may reflect changes induced by the variant or the
aneurysmal tissue itself. (Fig. 2 A-D, K) In addition, we performed Picrosirius red staining
with polarized microscopy,2® which demonstrated that collagen in the proband was similar
to control samples. (Fig. 2 E-G) This finding is dissimilar to what has been demonstrated in
bicuspid aortic valve associated aortopathy,2® and together with the TEM data, suggests that
the final collagen product grossly resembles mature tissue, however microscopically there is
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evidence of diminished girth in the proband, suggesting that post-translational modification
of collagen is impacted.

To quantitatively assess collagen production, we assessed the level of hydroxyproline and
the hydroxyproline-to-proline ratio, both of which were preserved in the proband (Proband:
33.1 ug/mL vs. Controls: 29.6 = 4.1 pg/mL and 0.32 £ 0.01 vs. 0.33 £ 0.02, p = 0.513) as
was the total amount of collagen. (Fig. 2 H-J) The PLOD1 enzymatic substrate lysine was
evaluated and found to be significantly higher in the proband (140 = 8 vs. 97 £ 9 ug/mg
aortic tissue, p = 0.0003), however the enzymatic product hydroxylysine was not different,
nor was the hydroxylysine-to-lysine ratio, suggesting 1) preservation of lysyl hydroxylase
activity of the PLOD1 enzyme, and 2) that increases in lysine may be compensatory for
downstream changes in collagen production. (Fig. 2 L-N) Finally, we assessed the relative
level of pentosidine, a known marker of collagen turnover, and found it to be significantly
higher in the proband, consistent with preservation of, and/or lower collagen turnover (0.043
+0.001 vs. 0.033 £ 0.000 pug/mg aortic tissue, p = 0.0005). (Fig. 20)

PLOD1 Variant c.534C>A (p. Serl78Arg) is Implicated in Human FTAAD

To determine if there were additional variants that may be responsible for the presentation in
this pedigree, 4 family members (1-2, 11-2, 11-6, 111-1) underwent whole exome sequencing.
Putative causal variants were evaluated if 1) they were shared between affected family
members, 2) the variant was rare with MAF < 0.01% and 3) there was potential functional
impact (search limited to: missense, nonsense, frameshift or splice site variants), particularly
in the cardiovascular system. We identified 1,594 variants in coding regions, and after
filtering for variants with known cardiovascular pathogenicity (n = 52) and demonstrable
expression in cardiovascular tissue (n = 37), we hand-searched the list and identified 6 that
met criteria (Table S1). Of the 6 potential genes, the only mutation implicated in connective
tissue disease with co-segregation in affected members was PLODI p. (Serl78Arg). Aside
from 11-6, other members of the family did not have the MYH11 variant. Therefore, we
concluded it was not likely the primary pathogenic variant (lack of co-segregation in all
members with disease), however this duplication may have potentiated abnormal vascular
pliability and fragility resulting in proclivity to aneurysm formation and dissection in 11-6.
We selectively evaluated the proband and control tissue for a-smooth muscle actin (aSMA),
COLA3A1and PLODI (IHC), and found that both PLODZ1 and COL3A1 (PLODI1 >>

COL 3A1I) were upregulated in the proband, whereas a SMA, was no different (Fig S1).

To determine if this loss-of-function variant resulted in any change to the concentration

of PLODZI in human aortic tissue, we quantitatively evaluated the amount of PLOD1 in 4
control specimens of non-diseased human aorta and the proband. The proband demonstrated
a 43% increase in PLOD1 (Band-to-Ponceau ratio: 0.33 vs. 0.188 £ 0.11), consistent with
upregulation of PLODL1 (as assessed by quantification on Ponceau), likely in response to the
loss-of-function induced by the variant. (Fig S2)

PLODI1 encodes for lysyl hydroxylase-1 (LH1, also known as PLOD1), an enzyme required
to convert lysine to hydroxylysine post-translationally at the rough endoplasmic reticulum
(rER). LH1 is essential for the formation of procollagen and the eventual triple helical
structure of collagen, followed by crosslinking and maturation.2? Each of these steps is
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required for the development of a mature ECM, which provides the structure for VSMC
stability. PLOD1 is located on the short arm of chromosome 1 (1p36.22) and is comprised
of 41,338 base pairs which make up 727 amino acids (Fig 3, A, B). The PLOD1 p.
(Ser178Arg) variant has not previously been reported, and real-time algorithms used to
predict expected change in protein structure and function are lacking (designated VUS).
We evaluated conservation of the Ser178 amino acid residue and pathogenicity of the p.
(Ser178Arg) variant in multiple in silico analysis techniques (Table 1).39-36 This analysis
demonstrates that the Ser178 amino acid residue is highly evolutionarily constrained, and
that the surrounding amino acid residues are conserved between orthologs, suggesting that
the functional effect of this missense variant is damaging (Fig 3, C).37

PLOD1-associated Enzyme Activity

To better assess the impact of the variant on PLOD1 enzymatic function specifically,
computational modeling of the possible effects of the p. (Ser178Arg) variant on the

overall PLODL1 structure was undertaken. Computational predictions consistently indicated
that minor destabilization effects may occur, without significant impact on folding
stability and/or quaternary structure assembly (Table S2). Therefore, we hypothesized

that the p. (Ser178Arg) variant could result in a well-folded protein product, possibly
affected by alterations in its enzymatic function. Ser178 is located in the N-terminal
domain of PLODI, corresponding to the glycosyltransferase (GT) catalytic site of the
homologous multifunctional enzyme PLOD3 (Fig 3, D, Fig S3).8 16 In the homolog, the
corresponding residue Asp190 was identified using site-directed mutagenesis as critical
for glycosyltransferase enzymatic activity,? and here we used this site for comparative
computational mutation analysis (Fig S3). To date, PLOD1 has not been described to
possess glycosyltransferase activity in vivo or in vitro. To explore potential PLOD1
glycosyltransferase activities in vitro, we performed the same glycosyltransferase assays
used to evaluate PLOD3 enzymatic activity,16 and observed that only in the presence of
gelatin acceptor substrates, PLODL1 is capable of processing UDP-glycan donor substrates
into free UDP, suggesting possible glucosylgalactosyltransferase activity (GIcT). (Fig 3E)
Albeit ten-fold lower compared to multifunctional lysyl hydroxylase-glycosyltransferase
PLOD3,6 such observed donor substrate processing appears exclusively specific for UDP-
glucose, suggesting differences in UDP-sugar recognition in the PLOD1 GT catalytic site
compared to its homolog. Attempts to obtain recombinant PLODI p. (Ser178Arg) resulted
in extremely low enzyme yields, hampering subsequent biochemical characterizations.
Conversely, we successfully produced PLOD3 p. (Asp190Arg) with yields and stability
slightly lower than wild-type PLOD3, but clearly compatible with a folded protein product
based on thermal stability, oligomeric state and LH activity (Fig 4). When probed in GIcT
assays, this variant showed a strongly reduced activity compared to wild-type PLOD3 (Fig
3E). Taken together, these results suggest that the charge reversal introduced by the p.
(Ser178Arg) mutation might affect the N-terminal GT domain of PLOD1, its interactions
with collagen acceptor substrate molecules, and possibly, thus far uncharacterized GIcT
activity of this enzyme. Glycosylation of collagen hydroxylysines is an extremely conserved
post-translational modification with increasingly reported relevance on ECM integrity and
stability.38: 39 In this respect, malfunctions in the newly identified GIcT activity of PLOD1
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(as may be the case in this variant) may severely impact on mature collagen secretion and
overall ECM organization.

PLOD1 Deletion Induces Vascular Smooth Muscle Cell Contraction

Given our findings supporting new putative GT activity of PLOD1, and the potential for
alteration of the ECM, we sought to investigate the impact of the variant at the ECU,
where VSMC:s play an integral role in contributing to maintenance of arterial integrity

and vascular stability. To determine whether AL ODZ inhibition had any effect on VSMC
contraction, we performed experiments on cultured human aortic smooth muscle cells and
intentionally silenced (si-RNA) PLOD1 (achieving 91% silencing of the gene, Fig 5, A,
Fig S4). Comparisons between control and si-PLOD1 knockdown human aortic VSMCs
were performed to determine if PLODZI impacted secretory, proliferative and/or contractile
function.

Collagen gel-based assays were used to perform VSMC contraction studies and
demonstrated hypercontractility of si-PLODZ cells when compared to control cells (1.59
mm? + 0.48 vs 2.59 + 0.31, p < 0.01) (Fig 5, B-D). To determine the potential etiology of si-
PLODI hypercontractility, we performed qPCR to evaluate genetic markers of the secretory,
proliferative and contractile phenotypes. The si-PLOD1 VVSMCs displayed upregulation of
the contractile genetic marker ACTAZ (1.69 £ 0.06 vs 1.01 £ 0.09, p < 0.01, Fig 5, E).
Given the changes found in ACTAZ, we assessed a second contractile marker, MYH11,

and found that this was also upregulated in the si-PLOD1VSMCs (4.71 £ 1.02 vs 1.03
+0.04, p < 0.05, Fig S4C). We also evaluated a proliferative marker (CCNDZ) and
secretory markers (COL1AIand COL3A1I), but found no significant changes in these genes
(Fig 5, F-H). Although statistically insignificant, CCND1 appeared to be reduced in the
si-PLOD1 line, and to confirm that proliferation was not substantially altered, we assessed
a second proliferative marker (CCNDZ2) in this line, and confirmed there was no significant
difference (Fig S4C). Taken together, this data suggests that VSMCs undergo phenotypic
switching based upon the level of PLODL1 present. In the particular case where a secretory
phenotype may be favorable, such as when there is low collagen substrate, attenuation of
secretory function as was seen with the variant, could contribute to vascular pathogenicity.
The VSMC data in combination with the newly identified enzymatic activity of PLOD1
hint that, similar to its homolog PLOD3, the enzyme is important for the development of
mature collagen fibril formation through both lysine hydroxylation (LH activity) and their
subsequent glycosylation (GIcT activity).

Novel c.534C>A (p. (Serl78Arg)) Variant Induces Loss of Function and VSMC Secretory

Changes

To investigate the precise impact of the PLOD1 variant on functional changes in VSMCs, we
cultured human aortic smooth muscle cells and intentionally transfected them with wildtype
or the p. (Ser178Arg) variant (Fig 5, I). We evaluated contractile function with collagen
gel-based assays and gene expression of contractile, proliferative and secretory markers
comparing the PLODI p. (Ser178Arg) variant to both wild-type transfected and control
VSMCs. There was no significant difference in contractile function via collagen contraction
assay in the wildtype or variant PLOD1 VVSMCs, and the contractile marker ACTAZwas no
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different in WT and variant cells (Fig 5, J-M). However, overexpression of wildtype PLOD1
resulted in increased expression of secretory markers (COL1A11.47 £0.16 vs 1.01 + 0.15,
p<0.05& COL3A13.06 +0.98 vs. 1.02 + 0.19, p < 0.05), and was partially attenuated with
overexpression of the p. (Ser178Arg) variant (COL1A11.00 £ 0.30 vs 1.47 £ 0.16, p = 0.07
& COL3A12.33+0.38 vs. 3.06 +0.98, p < 0.29) (Fig 5, N, O). Taken together, our data
provides evidence that the variant leads to a loss-of-function in PLODI. In the presence of
the variant, abnormal enzyme folding likely results in impaired collagen lysine glycosylation
to support mature fibril formation and strengthen the integrity of the ECM. These changes
likely result in compensatory phenotypic VSMC switching to increase the production of
procollagen and the PLOD1 substrate lysine, a necessary adaptation that is attenuated in the
presence of the variant.

Discussion

Here we demonstrate evidence of human aortopathic disease in a family with a novel
PLODI (c.534C>A, p. (Serl78Arg)) variant. We demonstrated novel PLOD1 GT activity,
describe a putative role for variant-induced misfolding in a homologous mutation, identify
relatively mature collagen with mild fibril narrowing and report VSMC phenotypic
switching contributing to PLODI-mediated FTAAD. (Fig 6)

Historically, PLOD1 has been implicated in autosomal recessive non-vascular
kyphoscoliotic EDS (formerly KEDS Type V1),39 yet here we provide evidence for vascular
disease beyond KEDS. kEDS is typically characterized by hyperextensible joint and skin
tissue, easy brusibility and kyphoscoliosis.2% 41 One of the first clinical series reported

EDS Type VI findings in a pediatric population in 1989, where the diagnosis was made
based upon clinical findings and reduced PLOD1 concentration in fibroblasts.#2 In this
neonatal cohort, where the genetic cause of PLOD1 deficiency was unknown (i.e. unknown
genetic variant), 2 (17%) neonates presented with severe phenotypes (hypotonia, motor
delay, weakness and joint dislocation) and demonstrated arterial fragility (vertebral and
femoral artery ruptures) in the peripheral, but not central arterial vasculature. Based upon
this early work, it had been postulated that variants in PLODI may induce vascular fragility,
however this has not borne out in classic adolescent and adult KEDS disease outside of case
reports, and there continues to be no direct evidence of clear association between HTAD/
FTAAD and PLODI mutations.*3 However, there have been a small number of dissections
reported in medium-sized arteries from case reports** and a systematic review, indicating
that the type of PLODI variant present may be important to recognize sub-populations

with elevated vascular risk.43 Additionally, there has been some suggestion that reduction in
PLOD1I, albeit with normal PLODL1 levels, is associated with the presence of aneurysms in
bicuspid-valve associated aortopathy, however the mechanisms by which this occurs remain
under study.*®

In the human family presented, we have shown evidence of adult aortopathic disease
(FTAAD) in the setting of a highly conserved and evolutionary constrained PLODI p.
(Ser178Arg) variant, in absence of typical KEDS skeletal findings. This variant is likely
important in the development of aortic dilatation demonstrated, however we postulate that
the disease may be modified by other genetically-linked variants. In this family, the presence
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of an MYH11 duplication in the proband’s half-brother (11-6) was provocative, in that
MYH11 variants have been shown to affect VSMC contraction and HTAD/FTAAD risk
independently.6 However, this duplication was not necessary for additional members of the
family to demonstrate aortic aneurysm formation, indicating that the underlying aortopathy
was not strictly related to this single variant. Rather, we hypothesize that in this individual
(11-6), MYH11 likely impacted predisposition to dissection at a smaller aortic diameter.
Although it seems reasonable to conclude that the PLODI variant likely contributed to the
development of aortic aneurysm in this family, it is unclear if this is sufficient to result

in dissection. In the case of the family member (11-6) with dissection, it is likely that the
MYH11 duplication contributed to a more aggressive phenotype, particularly now that we
understand MYH11 is upregulated in the presence of the PLODI p. (Serl178Arg) variant.

To begin to appreciate the mechanisms by which seemingly unrelated functional enzymatic,
collagen and VSMC changes occur, one must first recall the complex processes required
for the biosynthesis of normal collagen. Vascular tissue (aorta) is commonly comprised

of types I and 111 collagens, whose complex biosynthesis involves hydroxylation,
glycosylation, cross-link formation and quaternary superstructure assembly. Related to

this work, hydroxylation typically occurs on unfolded procollagens through the action

of three enzymatic families (prolyl 4-hydroxylases/P4Hs, prolyl 3-hydroxylases/P3Hs and
LHSs) including PLOD1/LH1. Folding of the N- and C-propeptides precedes carbohydrate
attachment (glycosylation), cross-linking and formation of triple helical structures, assisted
by resident molecular chaperones and folding enzymes.#® In the proband we demonstrate
grossly mature collagen with qualitative studies (TEM, Picrosirius red) albeit with mild
fibril narrowing, which may be a result of the variant and/or simply an expected change

in aneurysmal tissue itself. We also show that the absolute quantity of collagen was not
different in the proband, suggesting that the variant doesn’t substantially affect the amount
of collagen present. However, likely compensatory increases in procollagen precursor
gene activity (COL1A1, COL3A1I), lysine production and reduced collagen turnover were
stimulated in an effort to preserve collagen production, presumably due to enzymatic and
VSMC changes.

Broadly, the enzymatic family of lysyl hydroxylases function in the lysine hydroxylation
of collagens, and when loss-of-function occurs, hyperextensibility and connective tissue
disease result.40: 47-50 The structure and function of PLOD3 has been well described, and
it is characterized by 3 domains, each with unique enzymatic function: glycosyltransferase
(GT), accessory (AC) and lysyl hydroxylase LH domains.1® The identification of the p.
(Ser178Arg) mutation in the N-terminal GT domain of the PLOD1 enzyme prompted

us for investigating possible additional enzymatic activities resembling those known

for homologous multifunctional PLOD3. The computational data indicated that the p.
(Ser178Arg) variant likely has minimal impact upon the structure of PLOD1, which was
further supported by demonstration of normal LH1 activity. Our analysis suggests that,

at least /n vitro, PLODL is capable of processing the glycosyltransferase donor substrate
UDP-glucose in the presence of collagen-like acceptor substrates, hinting for possible
glucosylgalactosyltransferase activity in this enzyme isoform, or for critical roles associated
to PLOD: collagen interactions in a non-catalytic site. One counterpoint for clinical
significance however, is that this property is 10-fold less than what has been demonstrated
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in PLOD3. However, human proteomic data would support that PLODZ is likely relevant
for human vascular connective tissue disease, as it is actively expressed in VSMC tissue,
unlike PLOD351 Nonetheless, further biochemical and 77 vivo functional investigations are
required to verify the biological significance and provide a comprehensive understanding of
the implications of this newly-observed PLOD1 function.

Finally, roles for PLODI in VSMC physiology have not been elucidated until now. Our
data support that AL OD1 is important in maintaining balance between VSMC contractile
and secretory function, although it is likely secondarily due to dysfunction first in the

GIcT activity of the PLOD1 enzyme. In the complete knockdown line, contractile elements
were upregulated and VSMCs demonstrated hypercontractility, whereas overexpression

of PLODI resulted in upregulation of secretory elements, while preserving a normal
contraction profile. This pattern provides /n7 vivo support for VSMC phenotypic switching.
VSMC overexpression of the human PLODI p. (Serl78Arg) variant led to attenuation of
procollagen secretory marker upregulation, supporting pathogenicity via loss of normal
PLODI function. Further, the possibility that novel GIcT activity of PLOD1 may be
reduced or absent in the variant, would support this possibility, and future studies should
focus on this aspect. We postulate that the effect of PLODI may be active in a “dose-
dependent” manner, given that the variant induced a secretory phenotype with no significant
contractile changes, yet the complete AL OD1 knockdown model (si-PLODI) resulted in a
hypercontractile phenotype. VSMCs are known to display phenotypic plasticity, allowing
for phenotype switching into synthetic/secretory, proliferative and/or contractile phenotypes,
depending upon what is needed in the current environment (i.e. injury).>2 In cases of
heterogenous aortopathic disease, changes in VSMC phenotype are central to the underlying
pathophysiology of FTAAD/HTAD, caused in part by changes in expression of contractile
proteins.53 VSMC function, and contractility in particular, are hypothesized to contribute

to FTAAD via the interaction between cells and the ECM. More specifically, we postulate
that aberrant PLOD1 GIcT activity may affect post-translational glycosylation and collagen
strength despite only minimal changes on gross collagen structure. This may then trigger
compensatory VSMC phenotypic switching to favor collagen precursor secretion, and in the
case of the variant, perhaps pathologic attenuation of this compensatory response.

There are limitations inherent to genetic studies in single families such as this.

Next generation whole exome sequencing data, although informative, does not provide
information about sizable noncoding regions of the genome that may influence disease
and/or phenotypes. Additionally, exome sequencing across tissue types may limit the
applicability of results more broadly to vascular connective tissue disease. Continued
analysis of aortopathic disease, genetic contribution and environmental factors will be
required to fully understand the pathogenesis and contribution of new variants to heritable
vascular disease and individual risk. Additional future investigation should assess the impact
of the variant on: collagen function, tertiary structure, precursor signaling, and novel GlcT
enzymatic activity. These studies will allow better understanding of the implications of
PLOD1-mediated aortopathic disease. In summary, the identification of a PLOD1 variant in
a human family with FTAAD, grossly preserved collagen content and architecture, aberrant
PLOD1 putative enzymatic dysfunction and attenuation of compensatory VSMC phenotypic
switching with upregulation of procollagen precursors, support roles for this enzyme in
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human large artery vascular disease. Future research in families with “genetic negative”
FTAAD should focus on the molecular impact of genetic changes (i.e. VUS), which will be
important to better understand the pathogenesis, and potential future therapeutic targets for
vascular connective tissue disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief Commentary
Background

Heritable thoracic aortic disease (HTAD) and familial thoracic aortic aneurysm and
dissection (FTAAD) are important causes of human morbidity and mortality, most of
which do not have a readily identifiable genetic cause. In new variants of unknown
significance, functional data are important to provide evidence for association between
genetic heritability and disease.

Translational Significance

In this study, we identified kindred with a new missense PLOD variant and human
aortopathic disease. We provide /n vitroand in vivo functional data that suggest PLOD1
may impact arterial integrity through newly described enzymatic roles and modulation of
vascular smooth muscle cell function.
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Figure 1. PLOD1-linked Aortopathy
A 3-generation pedigree was compiled after a proband (11-2, arrow) with aortic aneurysm

was identified (*Exome sequencing completed and PLODI variant detected). In total, 2
members of the family demonstrated aortic aneurysm and/or dissection, and 3 had mild
aortic dilatation (A). Standard 2-dimensional echocardiographic imaging was reviewed to
determine the Cross-sectional area / Height ratio (CSA/Ht) of affected family members, and
identified 2 (11-2, 11-6) with either a severely or moderately dilated aorta (CSA/Ht > 10.0

& 7.0, respectively) and 3 (I-2, I1-5, I11-1) with mild aortic dilatation (CSA/Ht 5.0-6.9)

(B). Histologic sections obtained from the proband’s resected aneurysm demonstrated no
pathologic alterations by Hematoxylin and Eosin stain. The Pentachrome stain however,
shows closely packed elastic lamellae (similar to the control aorta); however, with small
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areas of separation and loss of lamellae along with increased glycosaminoglycans in the
proband. (All original magnifications 100x) (C-F).
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Figure 2. Collagen Studies

Transmission electron microscopy of the proband (A) and control samples (B-D) showing
fibril size and organization pattern (inset: longitudinal fibril organization, same scale); 100
randomly selected fibers from each sample were subject fibril diameter measurements and
fibril size was found to be ~ 3nm smaller in the proband (25.7 + 4.3 vs. 29.7 + 5.8

nm, p< 0.0001 (K). Picrosirius red staining (PSR, 10x) of representative control (F) and
proband (G) tissue show a similar degree of mature collagen (red/orange) in the proband,;
magnifications are at 100x and quantification of PSR is shown in E. In collagen studies,
the total hydroxyproline (Hyp) (H), collagen (I) and mean hydroxyproline-to-proline ratio
was similar (control: 0.12 £ 0.03 vs. proband: 0.09 + .001) in controls and the proband

(J). However, the substrate for the PLOD1 enzyme, lysine, was significantly higher in

the proband (140 £ 8 vs. 97 + 9ug/mg aortic tissue, p = 0.0003) (L), yet the reaction
product hydroxylysine was not different in controls versus proband (M) nor was the ratio of

Transl Res. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Koenig et al.

Page 24

hydroxylysine to lysine (N). Finally, relative pentosidine level was assessed as a marker of
collagen turnover, and found to be preserved (low collagen turnover) in the proband (0.043
+0.001 vs. 0.033 £ 0.000 ug/mg aortic tissue, p = 0.0005) (O). Unless otherwise specified,
triplicate samples from 3 control patients and the proband were used for collagen analysis.
*** < 0.0001.
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Figure 3. PLOD1 Amino Acid Conservation & Protein Structure/Function
Sequencing identified a novel PLODI (c.534C>A (p. (Ser178Arg)), MAF 7.9e796) mutation

on chromosome 1p36.22 (A, B). Orthologous protein sequence alignment of APLODI from
different species and outlined (red) amino acid proteins demonstrate that the novel mutation
occurred in a highly conserved motif (C) of the glycosyltransferse (GT) domain (red
sphere), close to the putative UDP-glycan donor substrate binding site (orange asterisk

in the inset) (D). Activity assays identified PLOD1 glucosyltransferase (GIcT) activity on
gelatin substrate (left) which is ten-fold lower if compared to PLOD3 (right) (E). Error bars
represent standard deviations from average of triplicate independent experiments. Statistical
evaluations based on pair sample comparisons between uncoupled and coupled assay values
using Student’s t-test. NS, non-significant; ***, P-value < 0.001.
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Figure 4. Biochemical characterization of recombinant protein samples used in this study
The folding stability and enzymatic activity of recombinantly-produced PLOD1 and PLOD3

enzymes were assessed using reducing and non-reducing SDS-PAGE (A) (M: molecular
weight marker). Comparison between PLOD3 wild-type and Asp190Arg mutant using
analytical gel filtration (B) and differential scanning fluorimetry (C) showed that both
samples are in the correct folded state. This was further confirmed by LH activity assays
(D) performed on all recombinant samples, consistently showing high activity on gelatin
substrates. Galactosyltransferase activity assays monitoring UDP production (E) show

that, contrary to promiscuous processing of UDP-Glucose and UDP-Galactose by wild-
type PLOD3, wild-type PLOD1 substrate processing is specific for UDP-Glucose, and

that the PLOD3 Arg190Asp mutation strongly affects this enzyme function. Error bars
represent standard deviations from average of triplicate independent experiments. Statistical
evaluations based on pair sample comparisons between uncoupled and coupled assay values
using Student’s t-test. NS, non-significant; **, P-value < 0.01; ***, P-value < 0.001.
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Figure 5. PLOD1 pathogenicity in aortopathy is linked to vascular smooth muscle cell changes
Left panel- Human vascular smooth muscle cells (VSMCs) were cultured and PLOD1

was intentionally silenced (91% si-RNA, *p< 0.05, A). Collagen gel-based assays were
used to perform VSMC contraction studies, which showed that si-PL OD1 knockdown cells
demonstrated hypercontractility (1.59 mm?2+0.48 vs 2.59+0.312, p<0.01) (B-D). The same
si-PLOD1 VSMCs demonstrated upregulation of contractile elements (AC7AZ2 (1.69+0.06
vs 1.01+0.09, p<0.01) (E) and MYH11 (Fig. S4), with insignificant reduction in the
proliferative marker CCNDZ1 (1.17+0.33 vs. 0.30+0.04, p=0.56) (F) and no significant
difference in secretory elements COL1A1and COL3AI (G, H). Right panel: VVSMCs were
cultured and intentionally transfected with wildtype (WT, overexpression of PLODI) or
the p. (Ser178Arg) variant; WT and variant VSMCs demonstrated ~ 10,000-fold increase
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in PLODI and the variant, respectively (1). We compared contraction studies and genetic
markers in control, wildtype and variant VSMCs. There was no difference in VSMC
contractility in any of the cell lines (J, K). In WT cells there was no evidence of change in
the contractile marker ACTAZ (L), however the proliferative marker CCNDI was increased
in the variant, but not WT line (M). Finally, there was evidence of induction of a secretory
phenotype in WT cells (increased COL1A1and COL3AI), yet in the VSMCs transfected
with the variant, this response was attenuated, consistent with a loss-of-function of PLOD1
(N, O). * p <0.05.
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Figure 6. Collagen, enzymatic and vascular smooth muscle cell studies
Collagen biosynthesis is a complex process involving hydroxylation, glycosylation, cross-

link formation and tertiary structure integration. In this study we evaluated 1) collagen
quantity and quality, 2) enzymatic function and 3) vascular smooth muscle cell function.
Findings of this study include (in red): grossly normal appearing mature collagen and
collagen content albeit with mild fibrillar narrowing, preservation of collagen turnover and
likely compensatory upregulation of the PLOD1 substrate lysine, new GIcT functionality
of the PLOD1 enzyme, possible aberrant enzyme folding in the p. (Ser178Arg) variant and
vascular smooth muscle cell phenotypic switching with attenuation of the secretory state in
the variant. Figure created with Biorender.com.
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Table 1.

Conservation and Pathogenicity of PLODI p. (Serl78Arg)

Method Score
PhastCons30: 36 0.98
GERP3* 4.61
LRT33 0.00
Mutation Taster®>  0.99
SIFTSL 32 0.00
PROVEANS3L 32 -2.72

Prediction
Conserved
Conserved
Deleterious
Disease-causing
Damaging

Damaging

Conservation and pathogenicity of PLOD1 p. (Ser178Arg) missense variant via multiple /n7 silico analyses
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