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Abstract We provide the first study of two siblings with a novel autosomal recessive
LRP1-related syndrome identified by rapid genome sequencing and overlapping multiple
genetic models. The patients presented with respiratory distress, congenital heart de-
fects, hypotonia, dysmorphology, and unique findings, including corneal clouding and asci-
tes. Both siblings had compound heterozygous damaging variants, c.11420G>C
(p.Cys3807Ser) and c.12407T>G (p.Val4136Gly) in LRP1, in which segregation analysis helped
dismiss additional variants of interest. LRP1 analysis using multiple human/mouse data sets
reveals a correlation to patient phenotypes of Peters plus syndrome with additional severe
cardiomyopathy and blood vessel development complications linked to neural crest cells.

[Supplemental material is available for this article.]

INTRODUCTION

Identifying gene variants involved in early development has been challenging because of
lethality, high number of potential variants, and slow turnaround time of clinical sequencing.
Mainly driven by the Rady Children’s Institute for Genomic Medicine, with a record of 16.5 h
from sample collection to diagnosis using genome sequencing (GS) (Owen et al. 2021), rapid
genomics is becoming a central tool in diagnosis within early childhood. Rapid GS (rGS) ef-
fectively impacts clinical care for pediatric patients in real time, specifically in the areas of
medical and surgical management, palliative care, connecting patients with research oppor-
tunities, and family planning (Farnaes et al. 2018). Of the first 24 patients investigated with
rGS by our site (Helen DeVos Children’s Hospital), six were classified as having variants of
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uncertain significance (VUSs) (Beuschel et al. 2021), suggesting a higher percentage of un-
certain classification than GS testing for undiagnosed disease analysis in older children
(Bick et al. 2017). As rGS is used more frequently and broadly, this has increased the number
of variants in genes not previously associated with human syndromes. In many cases, genes
discovered have strong overlapping phenotypes studied within the animal modeling com-
munity (Prokop et al. 2018). This article presents two siblings with compound heterozygous
LRP1 variants identified by rGS that correlated to the observations of Lrp1 knockout in the
mouse. Although LRP1 has been linked to human disease such as Alzheimer’s, as of 2022,
LRP1 has not been linked to a human syndrome.

The low-density lipoprotein receptor ligated protein 1 (LRP1) is a low-density lipoprotein
(LDL) receptor homologous to other genes like VLDLR, LDLR, and SORL1 (Fig. 1A). Many
LRP-related genes have previously been connected to severe syndromes, including LRP2
in Donnai–Barrow syndrome (OMIM 222448), featuring facial/ocular anomalies, hearing
loss, myopia, and proteinuria with kidney disfunction (Donnai and Barrow 1993); LRP4 in
Cenani–Lenz syndactyly syndrome (OMIM #212780), featuring limb and kidney alterations
(Li et al. 2010); and LRP5 in exudative vitreoretinopathy (OMIM #∗603506) and osteoporo-
sis–pseudoglioma syndrome (OMIM #259770), featuring altered osteoblast bone develop-
ment and eye complications (Gong et al. 2001). Numerous LRP-related proteins have been
shown to serve as receptors for Wnt signaling (Cong et al. 2004; Cadigan and Liu 2006; Li
et al. 2010), including LRP1 (Terrand et al. 2009), establishing a central role of the LRP pro-
teins in developmental biology. Although LRP1 is connected to many genes/proteins in-
volved in disease biology and syndromes (Supplemental Fig. S1), no studies in humans
have connected LRP1 to a syndrome. Relative to LRP-related genes, expression profiles clus-
ter LRP1 near NID1 and NID2 (Fig. 1B); all three have no annotated developmental syn-
drome. Within this work, we present two siblings with matching phenotypes, in which the
phenotypes for LRP1 are supported by human or mouse data.

BA

Figure 1. The low-density lipoprotein (LDL) receptor family and development. (A) Sequences with an E-value
<1×10−20 based on BLAST of human LRP1 protein (red box). Sequences were aligned with the MUSCLE al-
gorithm. The maximum likelihood tree shows the percent of 100 bootstrap analyses clustering at each node.
The red text for each protein shows the length of coverage in BLAST hit followed by the percent identity rel-
ative to LRP1. Blue text is based on OMIM-annotated diseases for each gene. (B) Expression matrix for the
genes of panel A using 200 data sets of tissues, cell lines, and single-cell annotations of the Human Protein
Atlas. Correlations were calculated as 1 – Pearson’s correlation. Below are the top samples for z-scores of
LRP1, NID1, or NID2 expression levels.
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RESULTS

Patient Phenotypes
The proband was a female born to a 31-yr-old, mother of European ancestry at 36 wk by re-
peat cesarean section after preterm premature rupture of membranes. Pregnancy was com-
plicated by obesity, bipolar disorder, and insulin-dependent type-l diabetes. Prenatal
ultrasounds showed ascites, cerebral ventriculomegaly, and polyhydramnios. These were
confirmed by fetal magnetic resonance imaging (MRI) at 33 wk gestation. Prenatal karyotype
and microarray performed on amniotic fluid were negative. Apgar scores (status of the new-
born infant) were 5 (1 min) and 7 (5 min after birth), suggesting slight abnormality. Her birth
weight was 3.24 kg (33rd centile), length was 47 cm (16th centile), and head circumference
was 31 cm (<1st centile).

At birth, a cleft soft palate, hypertelorism, upslanting palpebral fissures, cloudy corneas,
distended abdomen, paddle-shaped fingers, single palmar creases, and hypotonia were
noted. She was placed on continuous positive airway pressure (CPAP) in the delivery room
and progressed to intubation and eventual tracheostomy for respiratory distress and chronic
lung disease. Initial echocardiogram revealed hypoplastic aortic valve, mild coarctation of
the aorta, large patent ductus arteriosus, patent foramen ovale, and dysplastic pulmonary
valve. Her condition progressed to pulmonary hypertension and severe hypertrophic cardio-
myopathy. Brain MRI revealed mild third and lateral ventriculomegaly with a possible
Dandy–Walker variant. She had stable hepatomegaly with ascites on abdominal ultrasound,
with clinical resolution of ascites over time. Ophthalmology was consulted for her cloudy
corneas, and she was diagnosed for bilateral glaucoma. Facial morphology was noted
with palpebral fissures and enlarged pupils/irises (Fig. 2A), whereas hands were noted for
paddle-shaped fingertips (Fig. 2B). She died at five months of age secondary to cardiac ar-
rest. A time line of the clinical course is provided in Figure 2C.

The younger male sibling of the proband was born at 33 wk, 1 d (mother at 33-yr-old) via
cesarean section because of decreased fetal movement and fetal bradycardia. Prenatal ultra-
sounds were notable for fetal abdominal ascites, bilateral cerebral ventriculomegaly, flat fa-
cial profile with a square-shaped forehead, and two-vessel umbilical cord. Polyhydramnios
was present at 22+6 wk ultrasound consistent with nonimmune hydrops; amniotic fluid vol-
ume was normal by 33-wk scan. Genetic testing was deferred until after delivery per parents’
request. The mother presented at 33 wk gestation with decreased fetal movement for 3 d, a
nonreactive nonstress test (NST), and fetal bradycardia prompting emergent cesarean sec-
tion under general anesthesia. The baby was initially born with no respiratory effort. He re-
quired positive pressure ventilation (PPV), cardiopulmonary resuscitation (including three
doses of epinephrine), paracentesis, intubation, and surfactant administration in the delivery
room. Apgar scores were 0, 0, 3 at 1, 5, and 10 min, respectively, suggesting a poor birth
condition. Birthweight was 2.610 kg (94th centile), length 44 cm (59th centile), head circum-
ference 31.7cm (83rd centile) for gestational age. At birth, he was noted to be large for ges-
tational age with a generously sized anterior fontanelle, bilateral corneal opacities, low-set
ears, abdominal ascites, single umbilical artery, undescended and nonpalpable bilateral tes-
tes, possible rocker-bottom feet, global hypotonia, and no spontaneous movement.

Because of respiratory failure, he was placed on mechanical ventilation. Ventilation was
significantly hindered by severe restriction of lung expansion by abdominal ascites requiring
paracentesis in the delivery room. An echocardiogram on day of life 0 showed a large
ventricular septal defect, large patent ductus arteriosus, and high suspicion for coarctation
of the aorta. Hemodynamic stability was achieved with the addition of dopamine and hydro-
cortisone. Although initially presenting with poor perfusion, he later became plethoric,
thrombocytopenic, and coagulopathic without active bleeding. He was also noted to have
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a right-sided closed humeral greenstick fracture without history of birth trauma. Ultrasound
revealed bilateral hydronephrosis and proximal hydroureter with grade 3 dilation of the col-
lecting system bilaterally. He remained oliguric. He was profoundly hypotonic and remained
mostly unresponsive, with occasional minimal response to painful stimuli. Cranial ultrasound
confirmed severe bilateral ventriculomegaly and possible third ventricle dilation. Parents
opted for comfort care on day of life 2; he was extubated and expired shortly after. The over-
lap of phenotypes between the two siblings at various stages is listed in Table 1.

Genome Sequencing
rGS was performed for both children. Blood samples were sent to Rady Children’s Institute of
Genomic Medicine (RCIGM) for both parents and siblings. Trio-based genome sequence
analysis revealed the same compound heterozygous LRP1 (gene of uncertain significance,
GUS) variants in both siblings, classified as VUSs following American College of Medical
Genetics and Genomics (ACMG) classification guidelines (Table 2). The first variant,
c.11420G>C, (p.Cys3807Ser) was inherited maternally. The second variant, c.12407T>G,
(p.Val4136Gly) was inherited paternally. Further analysis of variants between the siblings
did not reveal any additional variants that met RCIGM reporting criteria.

A

C

B

Figure 2. Patient morphology and time line. Facial (A) and hand (B) morphology of the proband. (C ) Time line
of both probands, including the genomics identified in blue. (DOL) Day of life.
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LRP1 Variant Analysis
Evolutionary analysis of amino acid conservation (Fig. 3A) and codon selection (Fig. 3B) re-
veal the majority of LRP1 to be highly conserved, including the regions of the genomic var-
iants p.Cys3807 and p.Val4136 (red lines). The p.Cys3807 amino acid forms a disulfide bond
with p.Cys3792 (Fig. 3C) and is conserved throughout LRP1 and the closely related LRP1B
(Fig. 3D), highlighting the disulfide bond’s importance throughout evolution. The variant
p.Cys3807Ser is predicted to be damaging in PolyPhen-2, deleterious in PROVEAN, Class
C65 in Align-GVGD, has a codon score of 1.5 (out of 2, with 1.1 standard deviations above
the mean of codon selection for any LRP1 codon), is 100% conserved throughout LRP1 and
LRP1B sequences (431 total sequences), and is annotated in UniProt to form a disulfide
bond. p.Val4136 is part of a hydrophobic core (Fig. 3C) and is conserved throughout LRP1
and LRP1B (Fig. 3D). The variant p.Val4136Gly is predicted deleterious in PROVEAN, dam-
aging in SIFT, Class C35 in Align-GVGD, under weak selection but with 99% of species for
LRP1 conserved as a V, 100% conserved as a hydrophobic amino acid, and has 61% conser-
vation in LRP1B for V. Neither variant has been observed in gnomAD.

As of July 2021, there have been 1978 annotated LRP1 variants fromgnomAD, TOPMed,
Geno2MP, and ClinVar. Below are several noted variants with relevant connected pheno-
types. The homozygous p.Lys1245Arg variant observed in a patient with keratosis pilaris
atrophicans (Klar et al. 2015) is conserved as a K in 100% of sequences for LRP1 and
LRP1B. It is likely that the Arg at this position does not fully replace Lys, but the functional
conservation of the polar basic amino acid maintains most of the protein function to yield
a subset of patient phenotypes. Within Geno2MP, an individual homozygous for
p.Arg1993Trp is annotated with “abnormality of the cardiovascular system” (HP:0001626)
and “abnormality of the cerebral vasculature” (HP:0100659), consistent with the siblings de-
scribed here. Multiple heterozygous individuals with this same variant have an additional

Table 2. Variant table

Gene Variant ClinVar Zygosity
Variant

classification Inheritance Patient

LRP1 c.11420G>C,
(p.Cys3807Ser)

SCV002569952 Heterozygous VUS Maternal 1 and
2

LRP1 c.12407T>G
(p.Val4136Gly)

SCV002569951 Heterozygous VUS Paternal 1 and
2

Table 1. Overlapping phenotypes between the two siblings

Classification Phenotypes

Prenatal Polyhydramnios, cerebral ventriculomegaly, fetal ascites

Facial Hypertelorism, marked under orbital creases, corneal clouding, large anterior fontanelle,
low-set ears

Pulmonary Severe respiratory distress requiring intubation

Cardiac Large patent ductus arteriosus, coarctation of the aorta

Abdomen Profound ascites

Hand and
feet

Paddle-shaped fingers and toes

Neurologic Cerebral ventriculomegaly

LRP1-related syndrome
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annotation of “hypoplastic left-heart syndrome” (HP:0004383) and “retinitis pigmentosa”
(HP:0000510). Patients with p.Thr780Ile are also enriched for “hypoplastic left-heart syn-
drome” (HP:0004383). Annotated compound heterozygous damaging variants for LRP1
are observed in ClinVar for one individual (p.Leu526Val/p.Ser4520Cys) with ventricular sep-
tal defect and tricuspid atresia (ClinVar VCV000816915/VCV000816916). Two patients
with compound heterozygous variants (p.Val315Ala/p.Arg1734His/p.Ser2907Lue/
p.Ala3634Thr) from a cardiomyopathy-specific paper by Jin et al. (2017) have also been ob-
served. Additional work needs to be done to compare details of phenotypes within patients
with LRP1 variants.

Lrp1 Mouse Phenotypes
Mouse genetic editing can link genes to phenotypes, as assessed for Lrp1-related genetic
changes (Supplemental Table S1). As part of the Bench to Bassinet Program (Lauer and
Skarlatos 2010), chemically induced variants were screened for congenital heart disease.
In that work, a homozygous Lrp1 variant (Lrp1b2b1554Clo, p.Cys4232Arg; http://www
.informatics.jax.org/allele/MGI:5437079) was identified to drive embryonic lethality through
pulmonary stenosis, atrioventricular septal defect, and pronounced abdominal wall compli-
cations. An ENU (N-ethyl-N-nitrosourea) mutational screen has also identified a craniofacial
defect variant in mouse Lrp1 (c.Thr1019Cys, p.Phe340Ser) that results in abnormal head
shape, short snout, smaller size, hemorrhage, body wall abnormalities, altered cleft palate,
and short mandible (Fig. 4).

A homozygous knockout of Lrp1 in mice (replacing the gene with LacZ to track expres-
sion, Lrp1tm1.1(KOMP)Wtsi) was generated as part of the International Mouse Phenotyping

A C

B

D

Figure 3. LRP1 variant characterization. Amino acid conservation from 194 LRP1 protein sequences (A) or co-
don selection scores from 124 open reading frame sequences of LRP1 (B). Each is shown as a sliding window of
additive conservation of 21 amino acids/codons, and the two variants from patients are marked with a red line.
(C ) Proteinmodels for Cys3807 and Val4136 (red). (D) Sequence alignments of LRP1 and LRP1B for amino acids
around 3807 and 4136 (red). The 194 protein sequences were determined for conservation of each site (1 to 9,
with 9 being >90% conserved), and 237 sequences of LRP1B were used to determine conservation with LRP1
(0 being not conserved with LRP1 and 1 to 9 based on conservation, with 9 being >90% conserved). Cysteines
involved in disulfide bonds and conserved are highlighted in yellow, and other amino acids conserved with
LRP1B are highlighted in gray.
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Consortium (IMPC) (Meehan et al. 2017). These animals have preweaning lethality, altered
heart development, pallor (pigment dysfunction), and abnormal limb morphology
(Supplemental Table S2). Staining of embryo shows pronounced expression in bone,
head, and abdominal areas (Fig. 5A), which are consistent with parts of our patients’
phenotypes.

Three additional homozygous knockout strains (Lrp1tm1Her, Lrp1tm3Ajmr, Lrp1tm5Ajmr)
also show embryonic lethality with growth retardation and altered liver morphology
(Supplemental Table S1). Heterozygous knockout of Lrp1 can survive, but show cardiovascu-
lar alterations (Supplemental Table S3), heart weight changes (Fig. 5B), and eye dysmorphol-
ogy (Fig. 5C). The eye changes in IMPC were noted for lens morphology changes in both left
and right eyes of at least one male and female, but without complete penetrance and just
short of significance (https://www.mousephenotype.org/data/charts?accession=MGI
:96828&allele_accession_id=MGI:5494466&zygosity=heterozygote&parameter_stable_
id=IMPC_EYE_016_001&pipeline_stable_id=JAX_001&procedure_stable_id=IMPC_EYE_
001&parameter_stable_id=IMPC_EYE_016_001). Cardiovascular system dysfunction is the

A B

E GC

F HD

Figure 4. ENU(N-ethyl-N-nitrosourea) mutation in Lrp1 results in craniofacial abnormalities in mice. (A,B) A
perinatal recessive ENU screen for novel genes involved craniofacial defects identified a mutant line with a
c.Thr1019Cys transition in Lrp1 resulting in an p.F340S amino acid change, which disrupts the conserved
YWTD motif in the extracellular domain. (C,D) Gross morphology of the ENU mutant, showing an abnormal
head shape and short snout (arrow), smaller size, hemorrhage, and body wall abnormalities. (E,F) Coronal sec-
tions of E18.5 mutant and control heads showing cleft secondary palate in mutants. Arrowheads indicate
unelevated palate shelves. (G,H) Alizarin red/alcian blue staining showing overall abnormal skull shape and
markedly short mandible (arrow).
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most annotated complication of the global and tissue-specific knockout mice generated
(Fig. 5D). The Tagln-cre-driven smooth muscle conditional knockout of Lrp1 shows pro-
nounced alterations of cardiovascular valves and results in dilated cardiomyopathy
(Basford et al. 2013). A bone or cartilage conditional knockout for Lrp1 has been lackingwith-
in mouse databases or literature. The Yang lab at Van Andel Institute generated a Col2a1-
driven Lrp1 knockout, which results in altered facial morphology and shortened bones, in-
cluding fingers (Fig. 5E). The mouse phenotypes for Lrp1 genetic alterations thus provide
a remarkable overlap to phenotypes observed within our patients.

A B

C

D E

Figure 5. Mouse phenotypes for Lrp1 alterations. (A) Embryo imaging of wild-type or Lrp1 homozygous
knockout, with blue representing the LacZ replacement of Lrp1. Data is from the International Mouse
Phenotyping Consortium (IMPC; www.mousephenotype.org/data/genes/MGI:96828). (B,C ) Heterozygous
Lrp1 knockout causing significant differences in male and female heart weight (B) and lens morphology (C ).
(D) All phenotypes observed within the Mouse Genome Informatics (MGI) database (Supplemental Table
S1) fit within the summary terms for the modified mouse strains. (E) Skeleton images of Col2a1 conditional
Lrp1-knockout with zoomed images of wild type (red) and homozygous (blue) animals.
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LRP1 Human Expression Insights
LRP1 is expressed in most human adult tissues, with high variability, elevation in fibroblasts,
and no significant differences between males and females (Supplemental Fig. S2A). Of the
12 known isoforms of the gene, two are found expressed that result in proteins, with the
LRP1-201 isoform (codes for a 4544-amino-acid, full-length protein) found most expressed
(Supplemental Fig. S2B). The Human Protein Atlas maintains a list of genes that follow similar
correlations to LRP1 gene expression at the tissue and single-cell levels (Fig. 6; Supplemental
Table S4). Analysis of this gene list through OMIM reveals nine genes with known pheno-
types, including SH3PXD2B with Frank–ter Haar syndrome (dermatocardioskeletal),
MFAP5 with aortic aneurysm, GSC with short stature, TGFB3 with ventricular dysplasia,
MYOCwith glaucoma,GSNwith amyloidosis, and TNXBwith Ehlers–Danlos syndrome, clas-
sic-like. These phenotypes share some overlap with our patients’ features.

The similarly expressed genes are enriched for signaling cascades, specifically collagen-
containing extracellular matrix and elastic fibers. In addition, we see genes enriched for skel-
etal system development and Peters plus syndrome. Peters plus syndrome is an autosomal
recessive disorder caused by biallelic variants in B3GLCT with pronounced cloudy corneas,
clefting, short limb dwarfism, and congenital heart malformation commonly linked to alter-
nating neural crest development (Maillette de Buy Wenniger-Prick and Hennekam 2002),
strongly overlapping the individuals described here.

Figure 6. STRING analysis of the top correlating genes based on expression with LRP1. Correlated genes
were identified from either human tissue analysis or single-cell analysis. Lines represent known connections
from text mining or experimental interactions. The colors of the nodes are based on the phenotypes listed
at the bottom, with false discovery rate (FDR) values listed.
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Many of the phenotypes observed within the patients and public data sets, including
Peters plus syndrome overlap, involve neural crest cell (NCC)-derived tissues such as vascular
smooth muscle and cartilage of heart valves, face, and digits. We utilized transcriptomics of
public data sets of NCCs to further our insights. A total of 197 neural crest cell RNA-seq data
sets were downloaded from the National Center for Biotechnology Information (NCBI) se-
quence read archive (SRA) and processed, representing diverse insights from 19 separate
studies (Supplemental Fig. S3A). The majority of LRP1 expression seen from these data
sets was from transcript 201 (Supplemental Fig. S3B), representing the full isoform of the
LRP1 protein. Few other LRP homologous proteins were expressed in the neural crest cells,
including no LRP1B (Supplemental Fig. S3C). Stratifying expression data sets based on those
with >1 standard deviation and those <1 for LRP1, 90 genes are higher in LRP1 enriched data
sets and 127 genes lower (Supplemental Fig. S3D). Of these significant genes, there is en-
richment for terms (Supplemental Fig. S3D) such as dilated cardiomyopathy (PCOLCE,
COL1A1, TWIST1, SOX9, LOXL1, COL1A2, COL6A2, COL3A1, FBN1, BGN, COL5A1,
COL4A1, POSTN, LOXL2), craniofacial development (PRRX1, TBX2, TWIST1, SOX9, SIX1,
SIX2, ALX1, FOXC2, ALX4, DDR2, ALX3, FOXD3, PRRX2, HES3, MAB21L1, FOXC1,
SOX10, SP8), and blood vessel development (FAP, COL1A1, PRRX1, TBX2, LRP1, SIX1,
PDGFRA, PDGFRB, LOXL1, ACKR3, SFRP2, COL1A2, COL3A1, FOXC2, FN1, COL4A2,
COL5A1, COL4A1, FOXC1, LOXL2, GPC3, ACTA2, GPR124, TGFBI, GREM1).

Human LRP1-Related Phenotypes
The artery and vascular smooth muscle connection of LRP1 and phenotypes are further
supported based on common variants and migraine associations. The variant
rs11172113 is the top signal for a significant expression quantitative trait loci (eQTL) of
LRP1 in both aorta and tibial arteries (Supplemental Fig. S4A,B). The peak of the linkage
disequilibrium block lies overtop the LRP1 gene (Supplemental Fig. S4C). Variant
rs11172113 is found with a minor allele frequency (MAF) > 0.2 in all gnomAD populations
except South Asian, with the highest enrichment in Latino/Admixed Americans (MAF=
0.5). The variant is the lead single-nucleotide polymorphism (SNP) in many migraine, head-
ache, or headache treatment genome/phenome-wide association studies (GWASs/
PheWASs; Supplemental Table S5). In most of those studies, this allele has one of the
top five significant P-values of all sites within the genome. Similar to our patients, this var-
iant is also associated with lung function and artery phenotypes (Supplemental Table S5).
There are 33 SNPs with an R2 > 0.5, but only two are >0.8 R2 (Supplemental Fig. S4D). The
lead variant, rs11172113, is located within a highly conserved intronic segment with en-
hancer annotation and multiple ENCODE-based transcription factor binding events
(Supplemental Fig. S5).

Although the effect size in arteries for this allele is small relative to the effect of the mis-
sense patient variants, the eQTL and GWASs/PheWASs associations point to similar traits as-
sociated with disruption of human LRP1 as observed in the siblings. These also suggest that
some individuals will carry modifying alleles that may result in phenotypic variability because
of changes in LRP1 expression levels that can compensate or exacerbate missense variant
associated phenotypes, which requires future analyses.

DISCUSSION

Complete knockout of mouse Lrp1 results in peri-implantation lethality through dysregula-
tion of the uPA-PAI-1 complex internalization, altering migrating cells (Herz et al. 1992).
Mice with a homozygous missense mutation in Lrp1 at p.Cys4232Arg survive to mid-gesta-
tion but die because of cardiac defects (Li et al. 2015). These mice exhibit atrioventricular
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septal defects with alteration in outflow tract septation and persistent truncus arteriosus (Lin
et al. 2020). The mice die around E14.5–15.5 with 100% penetrant congenital heart defects
(Lin et al. 2020). The IMPC’s phenotyping of LRP1 knockout mice reveals homozygous pre-
weaning lethality, altered heart development, pallor (pigment dysfunction), and abnormal
limb morphology, with heterozygous knockout mice also having altered cardiovascular
and eye phenotypes (Meehan et al. 2017). Additional ENUmutational phenotyping and col-
lagen-specific knockout reveals altered bone and facial development, as shown here for the
first time. These phenotypes align with the LRP1-related syndrome of the two individuals de-
scribed above. Finally, recent work in LRP1 corneal protein interaction networks has shown
evidence of the involvement in corneal transparency and structure (Mogensen et al. 2022),
supporting our observations.

The missense variant LRP1 protein in cardiac NCCs is retained in the endoplasmic retic-
ulum resulting in decreased cell motility/migration and altered Wnt signaling (Lin et al.
2020). Human LRP1 is critical for multiple NCC derivatives, including smooth muscle cells
(Lehti et al. 2009; Zucker et al. 2019), adipocytes (Masson et al. 2009; Konaniah et al.
2017), chondrocytes (Kawata et al. 2012), osteocytes (Dennis et al. 2020), melanocytes
(Cheng et al. 2008), and Schwann cells (Mantuano et al. 2010). Multiple NCC-derived cells
have been connected to LRP1 role in amyloid-β uptake and Alzheimer’s disease (Kanekiyo
et al. 2012; Cheung et al. 2014). LRP1B represents the most similar paralog of LRP1.
Although LRP1B is connected to cancer risks (Langbein et al. 2002), it is not redundant
with LRP1, as shown in the Figure 1 expression, and is not developmentally lethal in knockout
mice (Marschang et al. 2004).

Homozygous variants within LRP1 have been identified as potentially pathogenic for a
family with multiple individuals for keratosis pilaris atrophicans based on exome sequencing
(Klar et al. 2015). The p.Lys1245Arg variant identified in patients with keratosis pilaris has
functional conservation. It does not show the more severe cardiac/bone phenotypes con-
nected to knockout or damaging missense variants of Lrp1 mouse models, suggesting the
change does not reflect a full loss of function within the LRP1 protein like the mouse
p.Cys4232Arg or the patients described in this study. Findings within our two siblings pre-
sented here build support for cardiac/NCC-derived mouse model findings translating to a
human syndrome.

There is ongoing work to identify more patients with LRP1-associated variants to define
the phenotypic variability, with multiple patients worldwide presenting similar to our pa-
tients. Yet, it is already becoming clear from these initial communications and the keratosis
pilaris atrophicans patients that there will be broad phenotypic variability for LRP1 variants.
We speculate that expression-associated variants such as rs11172113may likely impact phe-
notypes when compoundedwith missense changes. It may be possible that autosomal dom-
inant phenotypes could be observed as homozygous for rs11172113 and having a single
heterozygous rare variant. Compound heterozygous changes, such as in our patient, will
also likely have more severe phenotypes compounded with heterozygous or homozygous
rs11172113 alleles. Further complicating insights for LRP1 are the many chemicals such
as BPA, copper, tobacco, and estradiol that can modulate the expression of LRP1
(Supplemental Table S6).

This work shows that the human LRP1 gene variants are associated with pulmonary,
cardiac, vascular, and dysmorphic features in an autosomal recessive form similar to
the studied mouse models. Subtle LRP1 eQTLs further support these phenotypes in adult
vascular tissues that colocalize with GWASs/PheWASs of vascular dysfunction. Like in the
mouse, the human NCCs with elevated LRP1 have genes highly associated with traits pre-
sent in the presented siblings. As with nearly all the LRP-related genes having human syn-
dromes, we provide the first proof of LRP1-associated human autosomal recessive
disorder.

LRP1-related syndrome

C O L D S P R I N G H A R B O R

Molecular Case Studies

Mark et al. 2022 Cold Spring Harb Mol Case Stud 8: a006169 11 of 15

http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a006169/-/DC1


METHODS

Sequencing of samples was performed at the CLIA/CAP-certified Rady Children’s Institute of
Genomic Medicine as previously described (James et al. 2021), with sample collection re-
viewed and approved by the Spectrum Health or Bronson Institutional Review Board (IRB).
The top variants were confirmed with Sanger sequencing. Protein modeling and evolution-
ary analysis were performed using our published sequence-to-structure-to-function work-
flow (Prokop et al. 2017). Human variants were extracted on 7/5/2021 for gnomAD
(v.2.1.1 nonTOPMed, 135,743 individuals), Bravo (TOPMed; 132,345 individuals),
Geno2MP (19,151 individuals), and ClinVar. Mouse phenotypes were extracted from the
MGI database (Bult et al. 2008).

Col2a1-Cre and Lrp1 floxed mice were obtained from the Jackson Laboratory and main-
tained on the C57BL/6 background. The animal maintenance and procedures were ap-
proved by the Institutional Animal Care and Use Committee of the Van Andel Research
Institute. P14 male mice were used. Skin and internal organs of euthanized mice were re-
moved, and the remaining tissue was fixed in 95% ethanol overnight, followed by incubation
in acetone for 24 h. The skeletons were stained with alcian blue (0.015% in 20% acetic acid
and 80% ethanol) for 48 h, incubated with 2% KOH for another 48 h, and subsequently
stained with alizarin red S (0.005% in 1% KOH) overnight. The stained skeletons were cleared
in 1% KOH/20% glycerol solution for 2–3 d and stored in 95% ethanol/glycerol solution (1:1).

Expression analysis of human LRP1 was pulled from GTEx (GTEx Consortium 2020) or
Human Protein Atlas (Uhlen et al. 2010). The SRA was searched for “Neural Crest” or
“Smooth Muscle,” and all deposited human RNA data sets with paired-end, fastq files avail-
able, and >10 million matched reads were downloaded with the SRA toolkit. The reads were
quasi-aligned to the Gencode38 (Frankish et al. 2019) transcriptome map or RefSeq genes
(Prokop et al. 2020) using salmon_0.14.1 (Patro et al. 2017). Mapped transcripts per million
(TPM) were processed through NetworkAnalyst3.0 (Zhou et al. 2019) using Limma (Ritchie
et al. 2015) statistical analysis of LRP1 grouped expression. The eQTL data was extracted
from GTEx (GTEx Consortium 2020) and assessed using Open Targets Genetics
(Ghoussaini et al. 2021), RegulomeDB (Boyle et al. 2012), or the UCSC genome browser
(Navarro Gonzalez et al. 2021).

ADDITIONAL INFORMATION

Data Deposition and Access
Rawdata for the evolution and all genomic variant analysis can be found at https://doi.org/10
.6084/m9.figshare.14920380.v1. Rawdata for neural crest RNA-seq canbe found at https://doi
.org/10.6084/m9.figshare.14920644.v1 and the smooth muscle RNA-seq at https://doi.org/10
.6084/m9.figshare.14991444.v1. All images are available in high resolution at https://doi.org/10
.6084/m9.figshare.20510904.v1. Interpreted variants have been submitted to ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/) and can be found under accession numbers
SCV002569951 and SCV002569952.
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