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SHORT REPORT

Establishing the role of PLVAP in protein-losing
enteropathy: a homozygous missense variant leads to

an attenuated phenotype
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Adi Mory,' Tamar Paperna, ' Tova Hershkovitz," John D Overton,* Marielle Kaplan,*®
Fabian Glaser,” Yaniv Zohar,® Alan R Shuldiner,* Gidon Berger,>> Hagit N Baris'

ABSTRACT

Background Intestinal integrity is essential for proper
nutrient absorption and tissue homeostasis, with damage
leading to enteric protein loss, that is, protein-losing
enteropathy (PLE). Recently, homozygous nonsense
variants in the plasmalemma vesicle-associated protein
gene (PLVAP) were reported in two patients with severe
congenital PLE. PLVAP is the building block of endothelial
cell (EC) fenestral diaphragms; its importance in barrier
function is supported by mouse models of Plvap
deficiency.

Objective To genetically diagnose two first-degree
cousins once removed, who presented with PLE at ages
22 and 2.5 years.

Methods Family-based whole exome sequencing was
performed based on an autosomal recessive inheritance
model. In silico analyses were used to predict variant
impact on protein structure and function.

Results We identified a rare homozygous variant
(NM_031310.2:c.101T>C;p.Leu34Pro) in PLVAP, which
co-segregated with the disease. Leu34 is predicted to
be located in a highly conserved, hydrophobic, a-helical
region within the protein’s transmembrane domain,
suggesting Leu34Pro is likely to disrupt protein function
and/or structure. Electron microscopy and PLVAP
immunohistochemistry demonstrated apparently normal
diaphragm morphology, predicted to be functionally
affected.

Conclusions Biallelic missense variants in PLVAP

can cause an attenuated form of the PLE and
hypertriglyceridaemia syndrome. Our findings support
the role of PLVAP in the pathophysiology of PLE, expand
the phenotypic and mutation spectrums and underscore
PLVAP's importance in EC barrier function in the gut.
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INTRODUCTION
Protein-losing enteropathy (PLE) is caused by
damage to the intestinal mucosa or endothelial
cells (ECs), leading to increased permeability and
consequent protein loss." Patients with PLE usually
present with hypoalbuminaemia and peripheral or
generalised oedema, with or without diarrhoea.
Hypogammaglobinaemia and other deficiencies
may also be observed, depending on severity and
mechanism of the underlying pathology."

Most PLE cases are secondary to common diseases,
whether of intestinal origin (eg, inflammatory bowel

disease, coeliac, intestinal infection) or extraintes-
tinal (eg, systemic lupus erythematosus, congestive
heart failure, hepatic disease); rare disorders, such
as primary intestinal lymphangiectasia, should also
be considered in the differential diagnosis.' Identi-
fication of the PLE aetiology enables treatment of
the underlying cause, such as diuretics in congestive
heart failure or immunosuppressants in inflamma-
tory bowel disease.’

In recent years, several rare genetic disorders that
include familial PLE have been described. Compiling
evidence from independent families supports the
causality of newly identified genes and enables
refinement of the phenotypic spectrum, as observed
in other PLE-related genes, for example, CCBEI,
FAT4 and ADAMTS3 in Hennekam lymphangiec-
tasia-lymphoedema syndrome (MIM #235510),
CDSS in complement hyperactivation, angio-
pathic thrombosis, and protein-losing enterop-
athy (CHAPLE) syndrome (MIM #226300) and
DGATT1 in congenital diarrhoea with PLE (MIM
#615863).%°

Recently, two patients have been described with
severe congenital PLE attributed to homozygous
nonsense variants in the plasmalemma vesicle-asso-
ciated protein gene (PLVAP).” ® Here, we provide a
third independent report linking a PLVAP variant
with PLE, demonstrating that rare missense patho-
genic variants can also cause PLE, although with a
milder phenotype compared with the null allele.

MATERIALS AND METHODS

Study participants

Patients were evaluated by a multidisciplinary
team at Rambam Health Care Campus, including
a paediatric gastroenterologist, internal medicine
experts and medical geneticists. Following study
approval by the Institutional Helsinki committee,
written informed consent was obtained for all
participants and blood samples were obtained for
DNA extraction and molecular analyses.

Genetic analysis

DNA samples of patients III-1 and IV-2 (figure 1A),
healthy parents (II-1, III-5 and III-6) and a healthy
sibling (I1I-2) were subjected to whole exome
sequencing (WES) in collaboration with Regeneron
Genetics Center (RGC). Sequencing was performed
on the Illumina HiSeq2500 platform (Illumina, San
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Figure 1

Coiled-coil Coiled-coil PRR

A missense variant in plasmalemma vesicle-associated protein (PLVAP) segregates with protein-losing enteropathy (PLE) in a consanguineous

family. (A) Pedigree of the extended family and genotypes of individuals tested for the ¢.101T>Cvariant. (B) Sequence chromatogram of the
¢.101T>Cvariant in a homozygous patient and heterozygous parent. (C) Structure of the PLVAP gene (top) and PLVAP (PV-1) protein (bottom), denoting the

location of reported variants: the ¢.101T>C;p.Leu34Pro missense variant identified in this study, and the nonsense pathogenic variants described previously
by Elkadri et a/’ and Broekaert et a/® both occurring in the third exon and truncating the protein in the second coiled-coil domain. TM, transmembrane; PRR,
proline-rich region. (D) PLVAP protein ab initio structure prediction and modelling by QUARK suggest that the Leu34 residue is located in a highly conserved
and highly hydrophobic a:-helical region. (E) Electron micrograph of duodenal biopsy from patient V-2 shows preserved endothelial fenestral diaphragms

(arrowheads) (x 100000, scale bar 0.2 pm).

Diego, California, USA) using the IDT xGen exome capture
reagent (Integrated DNA Technologies, Coralville, Towa, USA)
and methods previously described.” Parallel bioinformatics and
analytical pipelines developed at the RGC and by Genoox data
analysis platform (Tel Aviv, Israel) served for read mapping and
alignment to the human reference genome, variant calling, anno-
tation and data analysis.

We filtered WES dataaccording to variant quality and frequency,
eliminating variants with minor allele frequency >0.01 in public
population databases (1000Genomes, dbSNP, ESP variant
server, ExAc and gnomAD browsers and the Greater Middle-
East Variome project),'®*® as well as in the internal Rambam
Genetics Institute database, representing the Israeli population,
and the RGC database. The remaining variants were filtered
based on impact on the encoded protein (missense, nonsense,
frameshift and splice site) and analysed under an autosomal

recessive disease model (homozygous or compound heterozy-
gous in the patients, heterozygous in parents and either hetero-
zygous or wild type in the healthy sister). Segregation analysis
was performed for candidate variants by Sanger sequencing.

Computational analysis tools

The p.Leu34Pro variant was assessed with several sequenced-
based pathogenicity predictors: PolyPhen2," SIFT," Muta-
tionTaster,'® Align-GVGD," Panther HMM,'® PredictSNP1,"
GenoCanyon® and fitCons.*! We also built a low-resolu-
tion three-dimensional (3D) structure model of PLVAP using
QUARK, an ab initio 3D structure prediction method, which is
employed for proteins that do not have homologous templates
in the protein database (PDB) library, as is the case of PLVAP*
Based on the best QUARK model, we assessed the impact of
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p.Leu34Pro on protein stability, secondary structure, conser-
vation and hydrophobicity with ConSurf,” I-Mutant3.0,**
STRUM,* JPred,*® Phyre2?” and HOPE tools.”®

Electron microscopy (EM)

Duodenal biopsy from patient IV-2 was fixed in 3.5% glutaral-
dehyde in sodium cacodylate buffer, pH 7.2. Tissue was further
processed in 2% OsO,, followed by 4% uranyl acetate, dehy-
drated and embedded in EPON resin. Sections of 50 nm were
obtained using Leica EM UC6 ultramicrotome (Leica Microsys-
tems, Wetzlar, Germany). Sections were examined under JEOL
JEM-1011 transmission electron microscope (JEOL, Peabody,
Massachusetts, USA).

Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded 4 pum sections of duodenal
biopsies from both patients and two age-matched and
sex-matched controls were immunostained with rabbit poly-
colonal anti-PLVAP antibody (NBP1-83911; Novus Biologicals,
Littleton, Colorado, USA) and diluted 1:500, using BenchMark
ULTRA autostainer (Ventana Medical Systems, Oro Valley,
Arizona, USA).

RESULTS

Clinical report

Two patients (II[-1 and IV-2, figure 1A)—first cousins once
removed from a Muslim Arab consanguineous kindred—
presented with anasarca, severe hypoalbuminaemia (~0.5g/
dL) and hypogammaglobinaemia at ages 22 and 2.5 years,
respectively; patient IV-2 also had highly elevated triglycerides
(2800 mg/dL). There was no evidence of proteinuria and both
patients were diagnosed with PLE. They are managed with a
low-fat diet and middle-chain triglyceride-rich formula, with
significant clinical and laboratory improvement, allowing them
to resume normal lives. Exposure to high fat in their diet leads
to rapid recurrence of disease symptoms. The full clinical char-
acteristics are summarised in table 1.

Variant discovery

WES analysis yielded a single homozygous candidate variant:
¢.101T>C in the first exon of PLVAP (NM_031310.2) shared
by both patients (figure 1B), which was absent from all public
databases (minor allele frequency (MAF)=0.00) and appeared
in our internal database in heterozygous state in one unrelated
individual, also of Muslim Arab descent (MAF=0.001). This
variant causes a substitution of a highly conserved leucine with
proline at position 34 of the protein, which is located within the
transmembrane domain (figure 1C). The variant was confirmed
by Sanger sequencing and co-segregated with the disease in the
family (figure 1A). No pathogenic variants in other PLE-related
genes, including CCBE1, FAT4, ADAMTS3, CDSS5 and DGAT1,
were observed in WES of either patient. The rare homozygous
variants for each patient are detailed in the online supplemen-
tary tables S1and S2.

Computational analysis of p.Leu34Pro

The p.Leu34Pro variant was predicted deleterious by multiple
pathogenicity prediction tools: PolyPhen2 — probably damaging
(1.00), SIFT—deleterious (0.00), MutationTaster—disease
causing (1.00), Align-GVGD—class C65 (most likely to interfere
with function; GV: 0.00, GD: 97.78), Panther HMM—prob-
ably damaging (455), PredictSNP1—deleterious (87%), Geno-
Canyon—deleterious (1.00) and fitCons—deleterious (0.55).

This consensus among eight different predictors supports an
accurate prediction when compared with individual tools."

Additional information about the structural impact of p.Le-
u34Pro variant was obtained by low-resolution 3D struc-
ture modelling of PLVAP using QUARK. The QUARK
algorithm produced several models, which place Leu34 residue
in a highly conserved and highly hydrophobic o-helical region
(figure 1D). This information indicates that Leu34 is located
in a functional region, that, given its high hydrophobicity and
o-helical secondary structure, could be involved in protein—
protein interactions, protein self-assembly or protein-membrane
interaction. These physicochemical and 3D information suggest
that Leu34 occupies a central location in the o-helix organisa-
tion, indicating that almost any mutation in this position will
have functional and/or structural impact on the protein. More
specifically, substitution of leucine by proline, a more polar and
rigid residue, could compromise the o-helical packing, inducing
structural and/or functional disturbances at the molecular level
of the PLVAP protein.”” Moreover, protein fold stability anal-
ysis of QUARK model with I-Mutant-3.0 and STRUM predicted
a destabilising effect with AAG of —1.27 and —2.09 kcal/mol,
respectively. In summary, the extensive in silico analysis of p.Le-
u34Pro suggests that this variant will have a deleterious effect on
protein folding and physicochemical characteristics, with prob-
able disruption of protein function.

Fenestral diaphragms on duodenal biopsies

Electron micrograph of duodenal biopsy from patient IV-2
(figure 1E), as well as immunostaining of duodenal biopsies from
both patients with anti-PLVAP antibody (online supplementary
figure S1), revealed preserved endothelial fenestral diaphragms.
No extracellular lipid droplets were detected in the biopsy of
patient IV-2.

DISCUSSION

We describe a consanguineous family in which two patients
with PLE are homozygous for a missense variant (c.101T>C;p.
Leu34Pro) in PLVAP.

PLVAP (PV-1) is an endothelium-specific membrane-bound
homodimeric glycoprotein. It is essential for the formation of
fenestral diaphragms in blood vessels and lymphatic capillaries,
in addition to other roles, such as leucocyte migration and angio-
genesis. Therefore, PLVAP plays a central role in tissues, including
the intestine, where absorption of interstitial molecules into the
blood or lymphatics occurs.’® ' PLVAP diaphragms regulate
EC permeability by providing a filtration system at the sinus—
parenchyma barrier, which is highly dependent on molecule size,
that is, only molecules smaller than ~70kDa or ~30nm can
pass. Thus, PLVAP diaphragms maintain blood, lymph and tissue
homeostasis, and block passage of macromolecules and patho-
gens.’! 3% As expected, Plvap-deficient mice exhibit loss of fenes-
tral diaphragms, causing increased EC permeability and leakage
of protein-rich lymphatic fluid into the intestinal lumen and the
peritoneum; the mice manifest with severe progressive PLE,
generalised oedema and hypertriglyceridaemia, with decreased
survival.>’™® The hypertriglyceridaemia in these mouse models
was attributed to lipoprotein lipase depletion on ECs, hindering
triglyceride hydrolysis and leading to increased plasma concen-
tration of chylomicron remnants.” 3134

To date, two reports of patients with PLE with homozygous
nonsense variants in PLVAP have been published; both patients
presented in early infancy and their phenotype well-recapitulated
the phenotype observed in knockout mouse models, including
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Table 1  Clinical characteristics of patients with PLVAP pathogenic variants

Current study

Patient 1 (IlI-1) Patient 2 (IV-2) Elkadri et al’ Broekaert et al®
Gender Male Female Male Male
Age at onset 22 years 2.5years 8days Prenatal, diarrhoea at 9days
Consanguinity Yes Yes Yes Yes
Pathogenic variant ¢.101T>C;p.Leu34Pro ¢.101T>C;p.Leu34Pro ¢.1072C>T;p.Arg358* €.988C>T;p.GIn330*
Zygosity Homozygous Homozygous Homozygous Homozygous

Affected protein domain

Transmembrane domain

Transmembrane domain

Second coiled-coil domain

Second coiled-coil domain

Clinical characteristics

Protein-losing enteropathy Yes Yes Yes Yes
Diarrhoea Yes, resolved No Severe, haematochezia Severe, haematochezia
Oedema/effusion Anasarca, pleural and pericardial Anasarca Anasarca, severe Anasarca, moderate
effusions
Albumin (3.4-5g/dL) 0.5 (L) 0.4 (L) L L
Total protein (6-8.2 g/dL) 3.1 (L) 3(D) L NA
Triglycerides (30-170mg/dL) 113 (N) 2800 (H) H NA
Total cholesterol (140— 305 (H) 383 (H) N NA
200 mg/dL)
HDL cholesterol (35-80mg/ 30 (N) 10 (L) N NA
dL)
Non-HDL cholesterol (100— 275 (H) 373 (H) NA NA
170 mg/dL)
1gG (6801560 mg/dL) 311 (L) 11 (L) L NA
IgA (70-350 mg/dL) 193 (N) 57.2 (L) L NA
IgM (40-280 mg/dL) 158 (N) 110 (N) N NA
Proteinuria No No No No
Abdominal imaging Inflamed intestines with abdominal ~ Moderate ascites without NA NA
lymphadenopathy and mild ascites  lymphadenopathy or enlarged
on CT intestines on US
Endoscopy Duodenitis with duodenal ulcer, red  Normal Oedematous duodenum and NA
and oedematous mucosa in proximal stomach with normal colon
jejunum, nodular mucosa in terminal
ileum, normal colon
Histopathology Several focal lymphangiectasias in ~ Normal Interstitial oedema NA
terminal ileum and ileo-cecal valve
mucosa
Other None None Dysmorphism, metabolic Prenatal findings: cystic hygroma,
acidosis, lethargy, nuchal and frontal oedema,
hyponatraemia, bilateral polyhydramnios, cardiac white
coloboma, dysplastic kidneys,  spot and postnatal findings:
hypothyroidism, venous dysmorphism, metabolic
thrombosis acidosis, electrolyte deficiencies,
elevated GGT, choroid plexus
cysts, iris cysts, ASD, VSD, dilated
megaureter with dilated renal
pelvis, venous thrombosis
Management Low-fat diet with MCT-rich Low-fat diet with MCT-rich NA Total parenteral nutrition

supplementation (Nutren 2.0)

supplementation (Monogen)

ASD, atrial septal defect; GGT, gamma-glutamyltransferase; H, high; HDL, high-density lipoprotein; L, low; MCT, middle-chain triglycerides; N, normal, NA, not available;
PLVAP, plasmalemma vesicle-associated protein; US, ultrasound; VSD, ventricular septal defect.

loss of fenestral diaphragms as observed on EM of intestinal
biopsies, and clinical findings of early-onset anasarca, hypoalbu-
minaemia and hypertriglyceridaemia.”® The patients we describe
here presented with a similar, although milder and with later-
onset age, phenotype of PLE and partial penetrance of hypertri-
glyceridaemia. The overlap in symptoms, the segregation of the
¢.101T>C;p.Leu34Pro variant within the family (as expected for
an autosomal recessive disease) and it being the only rare variant
shared between both patients, are strong evidence supporting
pathogenicity. The later onset of symptoms in our patients could
be attributed to the missense nature of the pathogenic variant
we describe (p.Leu34Pro), compatible with residual PLVAP

function. Leucine and proline have several different biochem-
ical and biophysical characteristics, for example, leucine is more
hydrophobic and larger than proline. In addition, proline has
several unique characteristics compared with other amino acids,
such as its conformational rigidity, the tendency to disrupt or
improve o-helical packing® and the ability to exist in both trans-
and cis-configurations, all of which may affect protein folding,
protein-membrane interaction and more. Therefore, the leucine-
to-proline substitution is likely to affect the polarity, packing and
organisation of the o-helix encompassing this highly conserved
region (figure 1D). This is predicted to impact protein stability
and protein structure and/or function within the EC membrane,
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likely leading to a functional deleterious effect on the barrier
of the fenestral diaphragms. The presence of apparently normal
fenestral diaphragms on EM and IHC from a patients’ duodenal
biopsies (figure 1E, online supplementary figure S1) suggests
that p.Leu34Pro is compatible with synthesis and localisation of
mutant PLVAP in the fenestrae, likely allowing residual function
that accounts for the milder phenotype in comparison to patients
with null variants. Additional studies are required to assess the
possible effect on protein stability and barrier functions of the
fenestral diaphragms composed of mutant PLVAP.

Interestingly, intrafamilial disease heterogeneity is present.
Disease onset in the proband (III-1) was in early adulthood,
whereas patient IV-2 had childhood onset of PLE. Moreover,
patient IV-2 had severe hypertriglyceridaemia, with plasma
concentrations 16-fold higher than normal range, similar to
the first reported PLVAP-null patient,” while the proband had
normal serum triglycerides; triglyceride levels were not reported
in Broekaert et al.® This phenotypic variability suggests the
presence of other modifying factors. Review of the proband’s
WES results revealed that he carries a heterozygous nonsense
variant in CETP (NM_000078.2:¢.544C>T;p.GIn182%), which
encodes the cholesteryl ester transfer protein, while patient IV-2
is wild type. CETP is involved in cholesteryl ester and triglyceride
transfer among lipoproteins and promotes cholesterol uptake by
the liver; heterozygous and homozygous variants in this gene
have been associated with hyperalphalipoproteinaemia, charac-
terised by elevated high-density lipoprotein concentration and
particle size.**CETP loss-of-function in the proband may have
affected the serum triglyceride and lipoprotein metabolism,
which may have contributed to his normal triglyceride levels
compared with other patients with PLVAP-PLE. Moreover, the
reduced lipid load in the proband may have led to the reduc-
tion in the chylomicron burden on the intestines, allowing for
the late disease onset. This theory is supported by the fact that
a low-fat diet attenuates the symptoms in both patients, while
high-fat diet exacerbates the PLE phenotype. Discovery of addi-
tional PLVAP-associated PLE patients will allow the assessment
of genotype—phenotype correlations, as well as evaluation of
modifying effects of other genes.

In conclusion, we provide evidence that missense variants in
PLVAP in humans lead to an attenuated PLE syndrome charac-
terised by later onset, accompanied by generalised oedema and
high serum triglyceride concentration. This underscores the
importance of PLVAP diaphragms in maintaining EC permea-
bility and vascular and intestinal homeostasis.

Author affiliations

"The Genetics Institute, Rambam Health Care Campus, Haifa, Israel

“The Ruth and Bruce Rappaport Faculty of Medicine, Technion—Israel Institute of
Technology, Haifa, Israel

3Pediatric Gastroenterology and Pediatrics B, Rambam Health Care Campus, Haifa,
Israel

4Regeneron Genetics Center, Tarrytown, New York, USA

*Department of Internal Medicine B, Rambam Health Care Campus, Haifa, Israel
GLaboratory of Clinical Biochemistry, Rambam Health Care Campus, Haifa, Israel
"Bioinformatics Knowledge Unit, The Lorry I. Lokey Interdisciplinary Center for Life
Sciences and Engineering, Technion—Israel Institute of Technology, Haifa, Israel
¥nstitute of Pathology, Rambam Health Care Campus, Haifa, Israel

Acknowledgements The authors thank the patients and their families for
participation in this study.

Contributors AK and HNB collected and summarised patient data. AK, CG-J, AM,
TP, JDO and ARS participated in exome sequencing, bioinformatic data analysis

and variant cosegregation analysis. OE-A, KD, TH and GB followed and treated the
patients. MK contributed to interpretation of laboratory analyses. FG performed the
computational analyses of the missense variant effect on the protein; YZ performed
electron microscopy and immunohistochemistry on patient intestinal biopsies. AK, TP

and HNB drafted the manuscript. All coauthors critically reviewed and approved the
final version of the submitted manuscript.

Competing interests None declared.

Patient consent Not required.

Ethics approval The Helsinki Ethics Committee of Rambam Health Care Campus.
Provenance and peer review Not commissioned; externally peer reviewed.

© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2018. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

REFERENCES

Umar SB, DiBaise JK. Protein-losing enteropathy: case illustrations and clinical review.

Am J Gastroenterol 2010;105:43-9.

Kurolap A, Eshach-Adiv O, Hershkovitz T, Paperna T, Mory A, Oz-Levi D, Zohar Y,

Mandel H, Chezar J, Azoulay D, Peleg S, Half EE, Yahalom V, Finkel L, Weissbrod

0, Geiger D, Tabib A, Shaoul R, Magen D, Bonstein L, Mevorach D, Baris HN. Loss

of CD55 in Eculizumab-Responsive Protein-Losing Enteropathy. N Engl J Med

2017;377:87-9.

Ozen A, Comrie WA, Ardy RC, Dominguez Conde C, Dalgic B, Beser OF, Morawski

AR, Karakoc-Aydiner E, Tutar E, Baris S, Ozcay F, Serwas NK, Zhang Y, Matthews HF,

Pittaluga S, Folio LR, Unlusoy Aksu A, McElwee JJ, Krolo A, Kiykim A, Baris Z, Gulsan

M, Ogulur I, Snapper SB, Houwen RHJ, Leavis HL, Ertem D, Kain R, Sari S, Erkan T, Su

HC, Boztug K, Lenardo MJ. CD55 Deficiency, Early-Onset Protein-Losing Enteropathy,

and Thrombosis. N Engl / Med 2017,377:52-61.

Stephen J, Vilboux T, Haberman Y, Pri-Chen H, Pode-Shakked B, Mazaheri S, Marek-

Yagel D, Barel O, Di Segni A, Eyal E, Hout-Siloni G, Lahad A, Shalem T, Rechavi G,

Malicdan MC, Weiss B, Gahl WA, Anikster Y. Congenital protein losing enteropathy:

an inborn error of lipid metabolism due to DGAT1 mutations. Eur J Hum Genet

2016;24:1268-73.

Alders M, Al-Gazali L, Cordeiro I, Dallapiccola B, Garavelli L, Tuysuz B, Salehi F,

Haagmans MA, Mook OR, Majoie CB, Mannens MM, Hennekam RC. Hennekam

syndrome can be caused by FAT4 mutations and be allelic to Van Maldergem

syndrome. Hum Genet 2014;133:1161-7.

Brouillard P, Dupont L, Helaers R, Coulie R, Tiller GE, Peeden J, Colige A, Vikkula M.

Loss of ADAMTS3 activity causes Hennekam lymphangiectasia-lymphedema syndrome

3. Hum Mol Genet 2017;26:4095—104.

Elkadri A, Thoeni C, Deharvengt SJ, Murchie R, Guo C, Stavropoulos D, Marshall CR,

Wales P, Bandsma R, Cutz E, Roifman CM, Chitayat D, Avitzur Y, Stan RV, Muise AM.

Mutations in Plasmalemma Vesicle Associated Protein Result in Sieving Protein-

Losing Enteropathy Characterized by Hypoproteinemia, Hypoalbuminemia, and

Hypertriglyceridemia. Cell Mol Gastroenterol Hepatol 2015;1:381-94.

Broekaert 1), Becker K, Gottschalk I, Kbrber F, Détsch J, Thiele H, Altmiiller J,

Ntirnberg P, Hiinseler C, Cirak S. Mutations in plasmalemma vesicle-associated

protein cause severe syndromic protein-losing enteropathy. J Med Genet

2018:jmedgenet-2018-105262.

Strauss KA, Gonzaga-Jauregui C, Brigatti KW, Williams KB, King AK, Van Hout C,

Robinson DL, Young M, Praveen K, Heaps AD, Kuebler M, Baras A, Reid JG, Overton

1D, Dewey FE, Jinks RN, Finnegan I, Mellis SJ, Shuldiner AR, Puffenberger EG. Genomic

diagnostics within a medically underserved population: efficacy and implications.

Genet Med 2018;20:31-41.

10 Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, O'Donnell-Luria

AH, Ware JS, Hill AJ, Cummings BB, Tukiainen T, Birnbaum DP, Kosmicki JA, Duncan

LE, Estrada K, Zhao F, Zou J, Pierce-Hoffman E, Berghout J, Cooper DN, Deflaux N,

DePristo M, Do R, Flannick J, Fromer M, Gauthier L, Goldstein J, Gupta N, Howrigan

D, Kiezun A, Kurki MI, Moonshine AL, Natarajan P, Orozco L, Peloso GM, Poplin R,

Rivas MA, Ruano-Rubio V, Rose SA, Ruderfer DM, Shakir K, Stenson PD, Stevens C,

Thomas BP, Tiao G, Tusie-Luna MT, Weisburd B, Won HH, Yu D, Altshuler DM, Ardissino

D, Boehnke M, Danesh J, Donnelly S, Elosua R, Florez JC, Gabriel SB, Getz G, Glatt

SJ, Hultman CM, Kathiresan S, Laakso M, McCarroll S, McCarthy MI, McGovern D,

McPherson R, Neale BM, Palotie A, Purcell SM, Saleheen D, Scharf JM, Sklar P, Sullivan

PF, Tuomilehto J, Tsuang MT, Watkins HC, Wilson JG, Daly MJ, MacArthur DG. Exome

Aggregation Consortium. Analysis of protein-coding genetic variation in 60,706

humans. Nature 2016;536:285-91.

Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM, Handsaker RE, Kang HM,

Marth GT, McVean GA. 1000 Genomes Project Consortium. An integrated map of

genetic variation from 1,092 human genomes. Nature 2012;491:56-65.

12 Scott EM, Halees A, Itan Y, Spencer EG, He Y, Azab MA, Gabriel SB, Belkadi A, Boisson
B, Abel L, Clark AG, Alkuraya FS, Casanova JL, Gleeson JG. Greater Middle East
Variome Consortium. Characterization of Greater Middle Eastern genetic variation for
enhanced disease gene discovery. Nat Genet 2016;48:1071-6.

13 Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, Sirotkin K. dbSNP:
the NCBI database of genetic variation. Nucleic Acids Res 2001;29:308—11.

14 Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, Kondrashov
AS, Sunyaev SR. A method and server for predicting damaging missense mutations.
Nat Methods 2010;7:248-9.

N

w

~

w1

(o))

~

o

o

Kurolap A, et al. J Med Genet 2018;55:779-784. doi:10.1136/jmedgenet-2018-105299

783

“ybBuAdoo Aq pa1oa10i1d ‘AlSIBAIUN AIAY-|91 18 6T0Z ‘6T Joquadag uo /wod fwag Bwly:dny wouy papeojumoq "8T0Z dUNC 9 U0 662S0T-8T02Z-19uabpawl/9cTT 0T Se paysiignd 1si1) :19uUas) pa [


https://dx.doi.org/10.1136/jmedgenet-2018-105299
http://dx.doi.org/10.1038/ajg.2009.561
http://dx.doi.org/10.1056/NEJMc1707173
http://dx.doi.org/10.1056/NEJMoa1615887
http://dx.doi.org/10.1038/ejhg.2016.5
http://dx.doi.org/10.1007/s00439-014-1456-y
http://dx.doi.org/10.1093/hmg/ddx297
http://dx.doi.org/10.1016/j.jcmgh.2015.05.001
http://dx.doi.org/10.1136/jmedgenet-2018-105262
http://dx.doi.org/10.1038/gim.2017.76
http://dx.doi.org/10.1038/nature19057
http://dx.doi.org/10.1038/nature11632
http://dx.doi.org/10.1038/ng.3592
http://dx.doi.org/10.1093/nar/29.1.308
http://dx.doi.org/10.1038/nmeth0410-248
http://jmg.bmj.com/

Genotype-phenotype correlations

15 Kumar P, Henikoff S, Ng PC. Predicting the effects of coding non-synonymous variants 27 Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. The Phyre2 web portal for
on protein function using the SIFT algorithm. Nat Protoc 2009;4:1073-81. protein modeling, prediction and analysis. Nat Protoc 2015;10:845-58.

16 Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2: mutation prediction 28 Venselaar H, Te Beek TA, Kuipers RK, Hekkelman ML, Vriend G. Protein structure
for the deep-sequencing age. Nat Methods 2014;11:361-2. analysis of mutations causing inheritable diseases. An e-Science approach with life

17 Tavtigian SV, Deffenbaugh AM, Yin L, Judkins T, Scholl T, Samollow PB, de Silva D, scientist friendly interfaces. BMC Bioinformatics 2010;11:548.

Zharkikh A, Thomas A. Comprehensive statistical study of 452 BRCAT missense 29 Nilsson |, Sa4f A, Whitley P, Gafvelin G, Waller C, von Heijne G. Proline-induced
substitutions with classification of eight recurrent substitutions as neutral. J Med disruption of a transmermbrane alpha-helix in its natural environment. J Mol Biol
Genet 2006,43:295-305. . . . 1998,284:1165-75.

18 Mi H, Muruganujan A, Thomas PD. PANTHER in 2013: modeling the evolution of gene ' S ) . . .
function, and other gene attributes, in the context of phylogenetic trees. Nucleic Acids 30 Guo L, Zhang H, Hou Y, WeiT, Liu J_‘ Plasmalemma vesicle-associated protein: A crucial
Res 2013:41:D377-86. component of vascular homeostasis. Exp Ther Med 2016;12:1639-44.

19 Bendl J, Stourac J, Salanda O, Pavelka A, Wieben ED, Zendulka J, Brezovsky J, 31 Stan RV, Tse D, Deharvengt SJ, Smits NC, Xu Y, Luciano MR, McGarry CL, Buitendijk
Damborsky J. PredictSNP: robust and accurate consensus classifier for prediction of M, Nemani KV, Elgueta R, Kobayashi T, Shipman SL, Moodie KL, Daghlian CP, Ernst
disease-related mutations. PLoS Comput Biol 2014;10:e1003440-12. PA, Lee HK, Suriawinata AA, Schned AR, Longnecker DS, Fiering SN, Noelle RJ, Gimi

20 LuQ, HuY, Sun J, Cheng Y, Cheung KH, Zhao H. A statistical framework to predict B, Shworak NW, Carriére C. The diaphragms of fenestrated endothelia: gatekeepers of
functional non-coding regions in the human genome through integrated analysis of vascular permeability and blood composition. Dev Cell 2012;23:1203-18.
annotation data. Sci Rep 2015;5:1-13. 32 Rantakari P, Auvinen K, Jappinen N, Kapraali M, Valtonen J, Karikoski M, Gerke

21 Gulko B, Hubisz MJ, Gronau |, Siepel A. A method for calculating probabilities of H, Iftakhar-E-Khuda I, Keuschnigg J, Umemoto E, Tohya K, Miyasaka M, Elima K,
fitness consequences for point mutations across the human genome. Nat Genet Jalkanen S, Salmi M. The endothelial protein PLVAP in lymphatics controls the entry of
2015;47:276-83. lymphocytes and antigens into lymph nodes. Nat Immunol 2015;16:386-96.

22 XuD, Zhang Y. Ab initio protein structure assembly using continuous structure 33 Hermberger L, Seitz R, Kuespert S, Bésl MR, Fuchshofer R, Tamm ER. Lack of
fragments and optl_rnlzed knowledge-based force field. Proteins 2012;80:1715-35. . endothelial diaphragms in fenestrae and caveolae of mutant Plvap-deficient mice.

T o metodiogy o esimte snd el evolotonay cnsenaton Fistochem Cel Bio 2012136705 24.
macromolecules. Nucleic Acids Res 2016:44:W344-S0. 34 Shearer GC.’ Kay§en GA. Endothelial bound Ilpopro?[eln .Ilpalse (LpL) depletion in

24 Capriotti E, Fariselli P, Casadio R. I-Mutant2.0: predicting stability changes hypoallbumlhemla results from decreased endothelial binding, not decreased
upon mutation from the protein sequence or structure. Nucleic Acids Res secrletlon. Kidney Int 20_06}70:64_7_53' ) ) . .
2005:33:W306-10. 35 Orzéez M, Salgado J, Giménez-Giner A, Pérez-Paya E, Mingarro . Influence of proline

25 Quan L, Lv Q, Zhang Y. STRUM: structure-based prediction of protein stability changes residues in transmembrane helix packing. J Mol Biol 2004;335:631-40.
upon single-point mutation. Bioinformatics 2016;32:2936-46. 36 Paromov VM, Morton RE. Lipid transfer inhibitor protein defines the participation of

26 Drozdetskiy A, Cole C, Procter J, Barton GJ. JPred4: a protein secondary structure high density lipoprotein subfractions in lipid transfer reactions mediated by cholesterol
prediction server. Nucleic Acids Res 2015;43:W389-W394. ester transfer protein (CETP). J Bio/ Chem 2003;278:40859-66.

784 Kurolap A, et al.J Med Genet 2018;55:779-784. doi:10.1136/jmedgenet-2018-105299

“ybBuAdoo Aq pa1oa10i1d ‘AlSIBAIUN AIAY-|91 18 6T0Z ‘6T Joquadag uo /wod fwag Bwly:dny wouy papeojumoq "8T0Z dUNC 9 U0 662S0T-8T02Z-19uabpawl/9cTT 0T Se paysiignd 1si1) :19uUas) pa [


http://dx.doi.org/10.1038/nprot.2009.86
http://dx.doi.org/10.1038/nmeth.2890
http://dx.doi.org/10.1136/jmg.2005.033878
http://dx.doi.org/10.1136/jmg.2005.033878
http://dx.doi.org/10.1093/nar/gks1118
http://dx.doi.org/10.1093/nar/gks1118
http://dx.doi.org/10.1371/journal.pcbi.1003440
http://dx.doi.org/10.1038/srep10576
http://dx.doi.org/10.1038/ng.3196
http://dx.doi.org/10.1002/prot.24065
http://dx.doi.org/10.1093/nar/gkw408
http://dx.doi.org/10.1093/nar/gki375
http://dx.doi.org/10.1093/bioinformatics/btw361
http://dx.doi.org/10.1093/nar/gkv332
http://dx.doi.org/10.1038/nprot.2015.053
http://dx.doi.org/10.1186/1471-2105-11-548
http://dx.doi.org/10.1006/jmbi.1998.2217
http://dx.doi.org/10.3892/etm.2016.3557
http://dx.doi.org/10.1016/j.devcel.2012.11.003
http://dx.doi.org/10.1038/ni.3101
http://dx.doi.org/10.1007/s00418-012-0987-3
http://dx.doi.org/10.1038/sj.ki.5000318
http://dx.doi.org/10.1016/j.jmb.2003.10.062
http://dx.doi.org/10.1074/jbc.M306580200
http://jmg.bmj.com/

	Establishing the role of ﻿PLVAP﻿ in protein-losing enteropathy: a homozygous missense variant leads to an attenuated phenotype
	Abstract
	Introduction
	Materials and methods
	Study participants
	Genetic analysis
	Computational analysis tools
	Electron microscopy (EM)
	Immunohistochemistry (IHC)

	Results
	Clinical report
	Variant discovery
	Computational analysis of p.Leu34Pro
	Fenestral diaphragms on duodenal biopsies

	Discussion
	References


