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Abstract

Objective—To describe a group of children with co-incident pulmonary vein stenosis and Smith-
Lemli-Opitz syndrome and to generate hypotheses as to the shared pathogenesis of these disorders.

Design—Retrospective case series

Patients—Five subjects in a pulmonary vein stenosis cohort of 170 subjects were diagnosed with
Smith-Lemli-Opitz syndrome soon after birth.

Results—All five cases were diagnosed with Smith-Lemli-Opitz syndrome within six weeks of
life, with no prior family history of either disorder. All cases had pathologically elevated 7-
dehydrocholesterol levels and two of the five cases had previously reported pathogenic 7-
dehydrocholesterol reductase mutations. Smith-Lemli-Opitz syndrome severity scores ranged from
mild to classical (2—7). Gestational age at birth ranged from 35 to 39 weeks. Four of the cases
were male by karyotype. Pulmonary vein stenosis was diagnosed in all cases within two months of
life, earlier than most published cohorts. All cases progressed to bilateral disease and three cases
developed atresia of at least one vein. Despite catheter and surgical interventions, all subjects’
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pulmonary vein stenosis rapidly recurred and progressed. Three of the subjects died, at 2 months,
3 months, and 11 months. Survival at 16 months after diagnosis was 43%.

Conclusions—Patients with pulmonary vein stenosis who have a suggestive syndromic
presentation should be screened for Smith-Lemli-Opitz syndrome with easily obtainable serum
sterol tests. Echocardiograms should be obtained in all newly diagnosed patients with Smith-
Lemli-Opitz syndrome, with a low threshold for repeating the study if new respiratory symptoms
of uncertain etiology arise. Further studies into the pathophysiology of pulmonary vein stenosis
should consider the role of cholesterol-based signaling pathways in the promotion of intimal
proliferation.
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Introduction)

Primary pulmonary vein stenosis (PVS) is a rare and relentless disorder that occurs in
normally-connected, surgically-untouched pulmonary veins, with an estimated incidence
ranging from 1.7 per 100,000 in the general population under 2 years old to 30 per 100,000
patients undergoing congenital cardiac surgery or catheterization.1:2 This condition is
associated with preterm birth, bronchopulmonary dysplasia (BPD), intracardiac left-to-right
shunt lesions, and chromosomal abnormalities.23 Pathologic specimens demonstrate neo-
intimal proliferation of myofibroblasts as the primary etiology for the progressive luminal
stenosis and obliteration of the vessels, with immunohistochemistry demonstrating strong
receptor tyrosine kinase expression, such as VEGF.> In some children, obstruction to
pulmonary venous flow can be improved with surgical procedures such as sutureless
marsupialization repair or catheter-based interventions such as balloon dilation and stenting.
6-8 More recently, drug therapies have been attempted to delay disease progression and to
treat the intimal proliferation within the vessels.%19 Many of our more recent PVS patients
have been enrolled in a 48-week open-label FDA-regulated trial of imatinib mesylate with or
without bevacizumab.! Despite intervention, many patients experience both recurrence of
disease (restenosis in a location with prior disease) and progression of disease (stenosis in
new vessels, longer distal stenotic segments of previously diseased vessels, or complete
venous atresia).12 In many cases, PVS is an end-stage condition, with mortality rates of up
to 83% in patients with 3 or 4 stenosed veins.13 Another study notes a 2-year survival rate
from diagnosis of 43%, but only 25% survival in children who underwent transcatheter
interventions.!

Smith-Lemli-Opitz syndrome (SLOS) is an autosomal recessive disorder of cholesterol
metabolism that is associated with multiple congenital anomalies such as hypotonia, growth
delays, cleft palate, post-axial polydactyly, thumb abnormalities, Y-shaped cutaneous 2/3 toe
syndactyly, hypospadias, and undervirilization of male genitalia. Prematurity and breech
presentation are common gestational complications. There are significant associated
behavioral and intellectual deficits, in addition to distinctive facial features (Figure 1). The
incidence of SLOS in the heterogeneous United States population is estimated at 2 in
100,000.14 In SLOS, loss-of-function mutations in both copies of 7-dehydrocholesterol
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reductase (DHCRY?) prevent the final step of cholesterol synthesis and result in the
accumulation of the precursor molecule 7-dehydrocholesterol (7-DHC).1° The diagnosis is
typically made by serum analysis for total cholesterol (low or normal) and 7-DHC
(elevated).18 The clinical severity of the disorder is inversely correlated with plasma
cholesterol concentration and directly correlated with plasma 7-DHC levels.1718 Cardiac
manifestations of SLOS are found in approximately 50% of cases and most commonly
include endocardial cushion defect, secundum atrial septal defect (ASD), patent ductus
arteriosus (PDA), and anomalous pulmonary venous connection (APVC).19 Lung
manifestations include abnormal lobation, hypoplasia, pulmonary hypertension, and laryngo/
tracheomalacia.29-22 Cases of discrete pulmonary vein stenosis have not previously been
described in the SLOS literature, but SLOS has been infrequently reported in limited case
series of PV'S outside of our institution’s cohort.1:23

Within our institutional cohort of 170 patients with PVS, we have diagnosed five patients
with SLOS and have appreciated that this rate is notably different from the rate of SLOS in
the general population (p < 0.0001 by Chi-square with Yates correction). We obtained
institutional IRB approval for this retrospective case series. Pertinent records were reviewed
for demographic and phenotypic information related to both diagnoses and interventions.
The SLOS severity score, as described by Kelley and Hennekam, 24 was calculated in the
typical fashion, scoring for brain, oral, acral, cardiac, kidney, liver, lung, bowel, and genital
abnormalities. The clinical phenotypes of all subjects are summarized in Table 1.

Patient A is currently 2 years 10 months old. He was conceived via intrauterine insemination
and a sperm donor, with no known family history of either congenital heart disease or SLOS.
The clinical suspicion of SLOS was raised at birth due to 2/3 syndactyly, facial
dysmorphisms, and poor oromotor coordination. The diagnosis was biochemically
confirmed in the first week of life with a 7-DHC level of 78.69 ug/mL (reference range
0.04-0.36 ug/mL) and a total cholesterol level less than 50 mg/dL. His severity score* was
in the mild range at 2 out of a total of 20 possible points (1 point for 2/3 syndactyly and 1
point for cryptorchidism/hypospadias).

Patient A’s initial echocardiogram after birth found normal anatomy with a PDA and patent
foramen ovale (PFO). After an admission for respiratory distress at the age of 2 months, an
echocardiogram was performed that demonstrated severe pulmonary artery hypertension
with right ventricular (RV) hypertrophy and RV pressure likely greater than systemic
pressure. The patient was transferred to our institution and a follow-up echocardiogram
noted bilateral upper pulmonary vein stenosis, 20 mmHg in the right upper vein and 15
mmHg in the left upper vein. A catheterization revealed severe RUPV stenosis, near atresia
of the right lower pulmonary vein (RLPV), moderate left upper pulmonary vein (LUPV)
stenosis, and left lower pulmonary vein (LLPV) atresia. The initial RV pressure was 54
mmHg compared to an aortic pressure of 68 mmHg. All patent veins were balloon dilated
and the final PA pressure was 71 mmHg compared to an aortic pressure of 94 mmHg.
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Four days later, a sutureless repair of the pulmonary veins was performed, along with a
fenestrated closure of the PFO and ligation of the PDA. At the time of surgery, the RV
pressure was 30 mmHg, compared to an aortic pressure of 65 mmHg. The operative course
was complicated by an MCA stroke and sepsis. Pathology from the resected veins was
notable for proliferative fibromyxoid tissue. Two weeks after surgery, the patient began one
year of medical PVS therapy with imatinib mesylate and bevacizumab.

Two subsequent catheterizations were performed at 4 months and 24 months of age. At 4
months, two months from the sutureless repair, there was significant proximal stenosis of all
pulmonary veins, with recurrence of the LLPV atresia. The patent veins were again balloon
dilated with improved pressure gradients and angiographic appearance. At 24 months, there
was stable LLPV atresia and stable mild proximal narrowing of the LUPV. There was mild
recurrence of RUPV stenosis that was successfully balloon dilated. The most recent
echocardiogram at 25 months revealed a mean gradient of 3 mmHg across the RUPV with
laminar flow from the RLPV. The left-sided veins were not evaluated. The RV pressure was
estimated to be less than 50% systemic. He has been followed for a total of 32 months.

Patient B was born with ambiguous genitalia, facial dysmorphisms, 2/3 toe syndactyly, and
hypotonia, and SLOS was suspected. The 7DHC level was obtained hours after birth and
was 41.2 ug/mL (reference range <2). There was no family history of SLOS, nor was there
any consanguinity. Subsequent genetic testing demonstrated pathogenic gene mutations in
the DHCRY protein: IVS8-1 G>C (intron 8 splice acceptor/frameshift) and C380R (exon 9
missense mutation). This compound heterozygote combination has been previously
described with a severe phenotype.2526 The SLOS severity score24 was in the classical
range at 7 (1 point for vermis hypoplasia, 2 for cleft palate, 1 for 2/3 syndactyly, 1 for
horseshoe kidney, and 2 for ambiguous genitalia).

An echocardiogram obtained at birth due to the dysmorphisms and mild tachypnea noted a
large ASD, a large PDA with bidirectional flow, and PVS. Ten days later, there was
worsening tachypnea and bilateral PVS disease across stenotic membrane-like orifices. The
right-sided pulmonary vein gradient was 20-25 mmHg and a left-sided gradient was 5-8
mmHg. At two weeks of life, the patient was taken to the catheterization lab, which revealed
an RV pressure that was 75% systemic pressure. There was one nearly atretic and one
stenosed LUPV. The accessible vein had a gradient of 40 mmHg that was unsuccessfully
balloon dilated. There was a stenotic common right pulmonary venous orifice that was
balloon dilated, resulting in a decrease in gradient from 29 to 21 mmHg. There was no
significant change in the RV pressure compared to the systemic pressure. The LLPV was
found to be widely patent. At five weeks of life, the patient acquired new tachypnea and an
oxygen requirement, so he was taken back to the catheterization lab. The RV pressure was
equivalent to the systemic pressure and increased to 150% of systemic pressure in the setting
of a reactive vascular bed. Angiography demonstrated severe and rapid progression of PVS
with new bilateral stenosis of the pulmonary veins. The previously nearly atretic LUPV was
now completely atretic. The re-wired LUPYV, the RLPV, and the newly stenosed LLPV were
balloon dilated at their insertions into the left atrium (LA). The RUPV could not be accessed
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and was suspected of being atretic. After these findings were discussed with the family, the
decision was made to halt further interventions. The patient was transferred to a local
hospital and passed away ten days later at seven weeks of life.

Patient C is currently 16 months old. He was 1.87 kg at birth, small for gestational age.
Hypotonia, 2/3 syndactyly, hypospadias with a bifid scrotum, microcephaly, and an upturned
nose prompted an evaluation (Figure 1)for SLOS. At two days of life, the 7-DHC level was
61 ug/mL (reference range 0.04-0.36), while the total cholesterol level was 40 mg/dL,
confirming the diagnosis. Chromosomal analysis confirmed a normal 46, XY karyotype.
There is no family history for SLOS or PVS, nor is there any reported consanguinity in the
family. The patient’s total SLOS severity score24 was in the classical category at 4 (1 point
for hypospadias and cryptorchidism, 1 for 2/3 syndactyly, 1 for microcephaly, 1 for VSD).

Patient C was found to have a persistent murmur after birth and was diagnosed with a
membranous VSD, small ASD/PFO, dilated aortic root, and mild peripheral pulmonary
stenosis. There was no pulmonary venous obstruction three weeks later, but at 6 weeks of
life, there was 6-8 mmHg of obstruction at the RLPV, with normal RV pressure. At that
time, the patient was without any respiratory symptoms but was experiencing slow weight
gain. By 8 weeks of life, there was bilateral involvement of all four pulmonary veins. At four
months of life, cardiac catheterization found proximal stenosis of three vessels, but the RV
pressure was less than 33% systemic pressure. The stenosis of the RUPV was dilated down
from 10 to 2 mmHg, the RLPV from 8 to 2, and the LUPV down to 6. There was no LLPV
disease.

Six days later, the patient was taken to the operating room for a VVSD closure, tricuspid
valvuloplasty, ASD closure with fenestration, PDA ligation, and ostial resection of the
RU/RL/LU pulmonary veins with a sutureless repair of the right-sided veins, leaving no
residual VSD, a small patent atrial fenestration, and an RLPV gradient of 5 mmHg.
Pathologic specimens were notable for intimal fibrosis and myxoid change within the veins.
The patient began medical therapy with imatinib mesylate and bevacizumab one week later.
Two weeks after the sutureless repair, a lung scan and echocardiogram suggested
progression of disease, so he was taken back to the catheterization lab. There was only mild
recurrent disease after 21 days from the initial cath, with unchanged RV pressure (33%
systemic). The mild right middle pulmonary vein (RMPV) ostial obstruction was dilated
with a cutting balloon, reducing the gradient from 6 to 2 mmHg. In total, he has had 7
catheterizations since diagnosis. All four vessels have demonstrated recurrence and
progression, and the RV pressure peaked at 10 mmHg above the systemic pressure, which
normalized to a degree when the vessels were dilated. The RMPV has become atretic. At 13
months of age, the RV pressure was 83% systemic at the start of the catheterization with
recurrence of proximal ostial atresia in all other pulmonary veins. However, the LUPV had
an 8-10 mmHg gradient due to a tortuous course, rather than intraluminal disease. All
stenotic veins were balloon dilated with angiographic improvement. After dilation, the RV
pressure fell to 50% of the systemic pressure. The patient remains under active surveillance
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(now 14 months since diagnosis) and has completed the imatinib mesylate and bevacizumab
therapeutic protocol.

Patient D was suspected of having SLOS at birth due to a small upturned nose, cleft soft
palate, 2/3 toe syndactyly, bilateral polydactyly of his upper extremities, and hypospadias.
At one month of life, the 7-DHC level was 155 ug/mL (reference range <2), and the final
diagnosis was made. Genetic testing revealed that the patient was heterozygous for 1\VS8-1
G>C (intron 8 splice acceptor/frameshift) and V326L (exon 9 missense mutation in a highly
conserved region) in the DHCR7 gene.26 There was no specific family history of SLOS,
PVS, or consanguinity. The total SLOS Severity Score24 was in the classical category at 6 (2
points for cleft palate, 2 for syndactyly and polydactyly, 1 for brain atrophy, and 1 for
hypospadias).

Due to his congenital anomalies, Patient D had a normal screening echocardiogram after
birth that noted a PDA and a PFO. One month later, an echocardiogram was performed due
to systemic hypertension that demonstrated possible pulmonary venous obstruction. A post-
hoc review of his initial study appreciated somewhat turbulent pulmonary venous flows. One
week later, additional imaging demonstrated a common, stenotic orifice of all four
pulmonary veins, with a 9 mmHg gradient into the LA. Later studies reported a common left
pulmonary venous confluence that drained into the right side of the LA and stenosis of the
three right pulmonary veins as they entered the LA. By three months of life, there was a
peak echocardiographic gradient of 12-18 mmHg on the left and 11 mmHg on the right, so
he was taken to the catheterization lab. There, his RV pressure was 75% systemic, with near-
total occlusion of his left pulmonary venous confluence. This vein was re-canalized and after
dilation, there was a 12 mmHg gradient into the LA. The distal left veins were markedly
hypoplastic and much of the pulmonary blood flow was decompressed by veno-venous
collaterals. The right-sided veins drained together into the LA through a tight ring with a
gradient of 6-8 mmHg and intervention was not attempted.

Five days later, he was taken to the operating room where he received a debriding of the
waist of the right-sided pulmonary venous orifice and a sutureless repair of the nearly atretic
common left PV, leaving a 5 mmHg gradient to the right veins and patent flow from the left-
sided vein by epicardial echocardiogram. Pathology from the surgery noted increased elastic
tissue fibers and mild intimal myxoid changes in the right vein tissue. There was normal
tissue in the LPV stenosis excisional biopsy. On post-operative day 10, there was a 2-3
mmHg gradient across the bilateral lower veins, a patent RUPV, and an atretic LUPV by
echocardiogram.

On a routine echocardiogram 7 weeks after discharge, there was significant recurrence of the
stenosis with associated RV dilation and dysfunction. Other than intermittent episodes of
tachypnea, he was generally asymptomatic. He returned to the catheterization lab two
months after his first surgery and was found to have systemic RV pressures, with mean PA
pressures of 41 mmHg, a PVR of 11 indexed Wood units, and diffuse PVS. There was
atresia of the RLPV orifice, peripheral hypoplasia of the LPVs and the RLPV, and stenosis
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of all remaining orifices. The RLPV was recanalized and the other veins were dilated as
well, resulting in the RV pressure falling to 66% systemic. In the days after the cath,
additional studies were performed, including an airway evaluation, lung scan, and repeat
echocardiogram. The family decided to defer additional interventions and brought their child
home with hospice care. The patient passed away six months later at the age of 11 months.

Patient E was born full term, but remained in the NICU for three weeks due to hypotonia
and feeding issues. Features consistent with SLOS were noted at five weeks of life when she
was admitted with tachypnea. Gene testing was not available at that time, but biochemical
testing demonstrated a 7-DHC level of 87 ug/mL (reference range <2) with total cholesterol
of 21 mg/dL. Her severity score?4 was in the classical range at 4 (2 points for gyral defects,
1 point for syndactyly, and 1 point for club foot).

During her admission for tachypnea, a chest x-ray revealed an enlarged heart and pulmonary
vascular congestion. A first-time echocardiogram was performed and demonstrated normal
structural anatomy with a PFO, a PDA, suprasystemic RV pressures with RV hypertrophy,
and significant PVS of all four veins. There was near atresia of the RPVs and the common
orifice of the LPVs was covered by a membrane, creating a peak gradient of at least 12
mmHg. The LLPV was small in size and the LUPV was normal to large. Three days after
admission, the patient was taken for catheterization. She was found to have RPV atresia with
severely hypoplastic veins and LPV osteal stenosis with a mean pressure gradient of 4-5
mmHg. The RV pressure was 135% of the systemic pressure. No interventions were
performed. Two days later, she was taken to the operating room where a sutureless repair of
the bilateral pulmonary veins was performed. The ASD was patched with a fenestration.
After bypass, there was no left-sided obstruction but the RPVs were very small with
turbulent blood flow. Pathology from the resected veins demonstrated intimal proliferation
of spindle cells in myxoid stroma that stained positive for smooth muscle actin and negative
for CD34.

Three weeks after discharge from her month-long admission, an echocardiogram at a
scheduled cardiology clinic visit demonstrated re-stenosis of the LPVs with a mean gradient
of 8-9 mmHg and a peak gradient of 13-14 mmHg. Flow from the RPVs was not visualized
and the RV pressure was systemic. Within 24 hours, she was admitted due to tachypnea and
intubated two days later. At three months of age, nearly 2 months after her first surgery,
Patient E was taken back to the operating room for left-sided sutureless marsupialization.
Post-operatively, the RV pressure was 75% systemic and pathology demonstrated intimal
spindle cell proliferation and focal scarring. There was significant post-operative bleeding in
the first 24 hours. An EEG was performed on the second day after surgery that demonstrated
diffuse cortical dysfunction with encephalopathy. Two days later, she was found to have a
severe thrombotic SVC obstruction. Anti-thrombotics were initiated, but she died from
cardiogenic shock. She had been followed for PVS for 57 days.
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Discussion)

Herein we describe an unexpected association between children with Smith-Lemli-Opitz
syndrome and the development of pulmonary vein stenosis. The five cases of PVS-SLOS
were all diagnosed with SLOS soon after birth with no prior family history of the syndrome.
The diagnosis was made clinically with confirmatory lab values (high 7-DHC and low
cholesterol). Two of the five cases were genotyped, and those cases were compound
heterozygous for previously reported pathogenic SLOS mutations. SLOS severity scores?4
ranged from mild to classical (2—7), with no severe cases. Gestational age at birth ranged
from 35 to 39 weeks, and none of the children were diagnosed with BPD. Only one case had
suspected fetal anomalies. All but one of the five cases were male (confirmed by karyotype).

These five cases were identified at a single institution which has served as a referral
institution for aggressive PVS. Treatment protocols have evolved from an early focus on
surgical resection using sutureless techniques®-8 coupled with catheter-based intervention,”
to more recent attempts to suppress myofibroblast activity with biologic agents,** initially
with antiproliferative drugs,® and more recently with agents targeted at receptor tyrosine
kinases present on the myofibroblasts.>12 Over time, there has been an increasing emphasis
on aggressive surveillance to identify and treat recurrences with catheter-based interventions
to maintain an adequate vascular bed.

Compared to several published groups of PVS subjects (Table 2), our subjects were
diagnosed with primary PVS earlier than the typical mean age (birth to 2 months, versus
mean ages greater than 7 months).1:223.27 Three of the diagnoses were incidental findings on
screening echocardiogram, but the other two children were diagnosed in the setting of
respiratory distress. Four cases had bilateral stenosis at diagnosis, and the other rapidly
progressed from a single stenotic vein to bilateral disease in four vessels within two weeks.
Three cases developed atresia of at least one vein. Additional cardiac anomalies included
PDA, ASD, VSD, dilated aortic root, peripheral pulmonary stenosis, and a possible cor
triatriatum, but there were no cases of abnormal pulmonary venous connections (i.e. total or
partial APVC), heterotaxy, or single ventricle physiology. After diagnosis, all subjects were
taken to the catheterization lab within 0 to 6 weeks. Four of the subjects underwent balloon
dilation of the stenotic vessels. Soon afterward, four cases underwent sutureless repair of
their PVS, but the stenosis rapidly recurred and progressed 2 to 6 weeks after intervention in
all five cases. In total, the subjects were followed for 2 to 23 months, having gone to the
catheterization lab 1 to 7 times. Due to severe, unrelenting PVS recurrence, three children
died, at 2 months, 3 months, and 11 months. The other two subjects were enrolled in an anti-
proliferative drug trial'l and are currently 16 and 34 months old. The older child had
recurrence of single vessel PVS two months after completion of 48 weeks of imatinib
mesylate/bevacizumab. Overall survival after diagnosis of PVS was 64% at 6 months, and
43% at 16 months.

A pathophysiologic connection that explains the overrepresentation of patients with SLOS in
our cohort of PVS has not yet been established. Studies investigating the genetic basis for
PVS are limited. A single genome-wide linkage analysis study of a consanguineous Turkish
family with PVS found a locus that mapped to chromosome 2935-2¢36.1. Although only 12
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candidate genes of the 88 genes located in the region were sequenced, no disease-causing
mutations were identified. Despite this, several genes were related to angiogenesis, including
angio-associated migratory cell protein (AAMP), ephrin receptor Ad (EPHRAA4),
sphingosine-1-phosphate phosphatase-2 (SGPP2), C-terminal domain of small phosphatase
1 (CTDSFI), secretogranin 1l (SCG2), potassium voltage-gated channel, Isk-related family,
member 4 (KCNE4), serine/threonine kinase 16 (STK16), serine/threonine protein kinase 36
(STK36), and serine/threonine protein kinase 11 interacting protein (STKZ1/P).28 An
analysis of our institution’s PVS cohort revealed chromosomal abnormalities or a genetic
diagnosis in nearly 70% of the subjects.3 To date, the genetic basis of PVS remains
unknown.

In contrast, there has been significant progress in explaining how the metabolic derangement
associated with SLOS translates into structural malformations and cognitive disabilities.1®
Elevated levels of 7-DHC have been found to be cytotoxic to neurons due to increased
oxidative stress induced by 7-DHC peroxidation,?® and to promote anti-proliferative effects.
30 The anti-proliferative effects of 7-DHC are supported further by studies in a mouse model
of SLOS that demonstrated altered pulmonary alveolar vascular development.3! 7-DHC can
also affect cellular signaling pathways by replacing cholesterol in lipid rafts, which contain a
number of signaling molecules and receptors that regulate endothelial homeostatic functions
and vascular smooth muscle cell/myofibroblast proliferation. These molecules and receptors
include endothelial nitric oxide synthase, NADPH oxidase, the VEGF receptor, and the
TGF- receptor.32 TGF- B, in particular, has been shown to play a role in the
pathophysiology of “upstream” PVS, by modulating endothelial-to-mesenchymal
transformation and intimal thickening.33 In addition, some of the genes related to PVS are
known to interact with and modulate these signaling intermediaries. It is also possible that
one or more 7-DHC-derived oxysterols may be involved in signaling pathways that regulate
myofibroblast proliferation and vascular remodeling.3*

Intriguingly, many of the congenital malformations associated with SLOS can be linked to
altered sonic hedgehog (SHH)-Patched/Smoothened-Gli signaling.3%:36 SHH is a signaling
molecule instrumental in pattern formation within the developing embryo and relies on post-
translational modification with cholesterol in order to activate fully. SHH expression
regulates cardiopulmonary mesoderm progenitors, such as the cardiac neural crest cells and
second heart field cells, that are required for connecting the pulmonary vasculature to the
heart.37 Alterations in the hedgehog signaling cascade could explain the association between
SLOS and anomalous pulmonary venous connection. Genetic studies have identified
STK36, which is a modifier of Gli function, in a PVS disease locus.28

Recent work using induced pluripotent stem cells derived from patients with SLOS
identified downregulation of the canonical Wnt/p-catenin signaling pathway as a key
mediator of neuronal abnormalities. This study demonstrated that 7-DHC has a direct
inhibitory effect on formation of a functionally active Wnt receptor complex.38 Wnt
signaling has been shown to regulate ephrin receptor expression (EPHRA4), which was
identified as an important gene in the PVS disease locus.28:39
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Finally, the association between premature birth and primary PVS may provide insight into
the intimal proliferation seen in PVS. The premature infant is prone to diseases of
inflammation, such as BPD and retinopathy of prematurity (ROP), and inflammation is a
known factor in the initiation of vascular intimal proliferation.? BPD is a neonatal
inflammatory condition of immature pulmonary capillary beds*! that is also associated with
abnormal pulmonary vasculature.*2 ROP is caused by altered retinal vasculogenesis that can
incited by the inflammatory state.3 Alterations in the mechanism of cell signaling and
inflammation regulation due to the low cholesterol and elevated 7-DHC levels in SLOS may
play a role in the predisposition of children with SLOS for the development of the vascular
intimal proliferation seen in PVS. For example, cholesterol has been shown to play a role in
VEGF-related signaling, which could impact vascular proliferation.## In addition, the
oxidative stress that is caused by 7-DHC34 is likely at its peak in the pulmonary venous bed,
as the partial pressure of oxygen is highest in these vessels. This stress may promote intimal
proliferation in the pulmonary veins.

Ultimately, we can only propose hypotheses on the pathophysiological and embryological
connections between Smith-Lemli-Opitz syndrome and pulmonary vein stenosis. Despite
ascertainment bias in our unique cohort of children with PVS who present for further
treatment to our institution, the significantly increased incidence of SLOS in our cohort
suggests that there are possible connections between the two conditions. Similar descriptive
studies of PVS cohorts have also incidentally included rare subjects with SLOS.1:23 Further
studies into the pathophysiology of PVS should consider the role of cholesterol-based
signaling pathways in the promotion of intimal proliferation. There is insufficient evidence
at this time to suggest that the natural history of PVS associated with SLOS is different than
non-syndromic PVS. Infants newly diagnosed with PVS who have suggestive syndromic
presentation should be screened for SLOS with easily obtainable serum sterol tests
(cholesterol and 7-DHC levels). Additionally, clinical providers who care for children newly
diagnosed with SLOS should be cognizant that an initially normal echocardiogram does not
rule out the potential for rapid development and progression of pulmonary vein stenosis. As
with non-syndromic PVS, early echocardiograms may be normal prior to the development of
a life-threatening cardiac condition. Development of unexplained respiratory distress or poor
growth should prompt repeat echocardiographic investigation and consideration should be
made to repeat the study in children with SLOS at two to three months of life even without
symptoms of PVS. Upon diagnosis of this complication, urgent referral to a PVS center will
be necessary to initiate appropriate therapies.
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Figure 1.
Subject C, at 15 months, demonstrating the characteristic SLOS facial features of bitemporal

narrowing, hypertelorism, short nasal root, broad nasal bridge and base, anteverted nares,
smooth long philtrum, and a small chin. Also notable is the short, proximally placed thumb.
Parental consent was obtained for publication of this photograph.

Congenit Heart Dis. Author manuscript; available in PMC 2018 July 18.



Page 15

Prosnitz et al.

"(s1sousys Areuownd jesaydiiad) Sdd ‘(areno usweloy Jusied) O-4d ‘(snsorialie snonp ualed) wad ‘(19848p [e1das JejnaLiuan snoueiquisw) aSAWSW ‘(19848p [e1das [erire) ASY :SUOHRINRIGQY

sak

sak

sak

sak

sak

Juawaoe|day 04318310y

(pawinsse) Aoualolnsul [euaipe

Kousiolynsul [eusipe

Aousiomgnsul eusipe

aulo0pug

Buimolieu [elodwanq
‘s1soyd ‘asou pauinidn
‘wnajiyd yloows ‘sies
195 -Mmo| afire| ‘wisuiojauadAy

asou pauindn [rews

asou pauindn

sJea 19s-mo| ‘dn
Jeseu pauanaiue Hoys ‘abpliq [eseu Juauwoid

Buimojjoy jesodwsig
‘siea pajelol AjJouaisod 18s-mo| ‘abpliq
Jeseu passaldap ‘asou pausnidn 1ioys ‘sisoid

sainyead [e1oe4

seipedsodAy

wisip1y2101dA10 ‘wnoids pyiq ‘seipedsodAy wsIp1ya03dA1d ‘(AX) erjenuab pa AJapun seipedsodAy ‘wsipiyoi01dAid eifenusb snonbique ‘seipedsodAy BI[eNUD
agn) Awoisolised ‘aALIy)
agny Awosonseh agny Awoysonsed ‘ejulay jeuinbul 0} aIn|rey ‘AnnowsAp o1iased ‘xnpyal 39 aseasip BunidsydsiiH ‘sisous)s 1iojAd Jamog
sBul [eayoen a1a|dwod s18A9 Areuownd ‘eisejdodAy ‘uoneqoj jewlouge Bunq
aseasip oneday anssalbold ‘Ajfewouge [eanionis JANIT
X81109 d1uaboyos
‘sAaupIX palejos[ew 18s-Mmoj 81914In 217e1s0ad ‘UoIIINISYO [eaylaIn s1soydauoipAy ‘sisourdfeaoaydau s1souydauoipAy ‘Aaupiy soysasioy Aaupny a1njad sisauabe [eual ‘aseasip Aaupiy o1sAd Aaupiyy

uolewoyfew

Vvad ‘04d owe e vad ‘Odd 1001 d[}I0€ Pale|Ip ‘Sdd PlIW ‘SAWLW ‘ASV vad ‘asv owg 1 vad ‘Odd e1pJed x3|dwoo 10848p |8SSBA 10 Jaqureyo ajbuls (SAd Buipnjoxe) oeipred
ewolbuewsay pjahs elweyydoololw ‘syoesered ak3
AfyoepAjod
1004 gn2 ‘A|X30epUAs €72 136Uy |eIareIq ‘AjA1oRpUAS €12 A1KoepuAs g1z A1K3oepufs g1z A1Kyoepuis g1z 1004 gno ‘A|K1epAjod ‘A|A3oepuAs 80y £/z padeys-A |eloy
(uigoy
arered ybiy au1lald) eiyreuboloiw ‘ajejed 14os Yajo elyreubonal elyreubonal ‘axefed Ya|d Jorgysod ajejed 14a|d ‘eJnAN pyIq 12206
rluojodAy p10d pasayial ‘nd jeloes
X341 Jojowolo Jood ‘sawinjoA ago| [elaited pue [e3diddo moj ‘a1o1uaA Uiy wiauiwold ‘eisejdodAy siwan
‘IABoIIwA|od ‘eluojodAy ‘sajo1jusA pabirejus ‘Aydouie elgaigad Afeydasouoiw ‘piod pasayisl ‘nd |eioes ‘ejuojodAy Je|1803132 ‘X344 Jojowolo Jood ‘eluojodAy Xa|481 Jojowo.o Jood ‘erucjodAy $10948p |eJAD ‘suonewloyew SND ‘sainziss urelg

(1eatssepd) (1eatsseyd) 9 (feassse|d) ¥ (featsseyo) L (pnw) 2 21005 Alianas
XX AX AX (paziuinsepun) AX AX adfiokiex
111581 abe Jeuoneisab

yImo1B auLBINELUL
“uoneIsab ¥9am-68

Sal[ewoue |eja)
‘uopreluasald Y2831 ‘UoeISaB eM-6E

1o} |[ews ‘uorpeuasald 4osalq ‘sauRIqUIBW
40 aumydnu ‘oge] wisl-a1d ‘uoiyeIsab 3aem-Gg

uonesab yeam-6g

uorelseb UIMy 1p-1p >9am-9g

9SIN0D [eleUOaN pue [ereusid

3 ased

aased

D ased

g aseD

v aseD

e840 Buli0ds
A1enss SO1S

Author Manuscript

yz WeYauUUaH pue As[|ay Ag paqLIosap se ‘81005 A11aAsS SOTS ay3 Bulpnjoul ‘s108lgns SOTTS-SA 8Al 8y Jo adAlousyd eatulo

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

available in PMC 2018 July 18.

Congenit Heart Dis. Author manuscript



Page 16

Prosnitz et al.

‘(awoJpuAs ueay Yaj ansejdodAy) SHIH ‘(DAY Al1BI01) DACVYL ‘(Uondauuod snouaa Areuow|nd snojewoue) DALY :SUOIRIABIGOY

(58T - 2) owsgT UeIpaw -- / Stpuow Z -~ / syjuow QT sypuow 9T / oW T - [ S4oam /. owQTIAZ / OW ZE aby aun) /yibua dn-mojjo4
sisoufielp
Owig N/} UeIpaW ‘(0Wg'OT UeIPaW) [e10} 96.1 JAZ 18 %05 JAT 18 96Gt OW9 18 %0€ JalJe OW ¢ UI/M %T8 ‘[eI0) %25 OWG'G UeIpaW Je palp 960 JAZ 18 %.G pswe syuow TT - SHIIM L - yreaq e aby
. - [eL) yiuow-gT pas|dwod - [eLn yiuow-zT paje|dwiod sBruq yoIeasay
80U81IND8J JO B)el %/, 30U81INJ8J JO 3)el %S6 pLwT owg pstT poz pgwiz 80U81IN9Y 01 BWIL
(¥ST —9°2) OWQ'TT UeIpaW pyIwT pSzwg peIWy - poTWZ K19BIng SAJ 18 8By
T 4 L 4 € suonezsvYIe) [eJ0L
%Ly | %Tv %9% / %01 19N %09~ sak / sak sah / sk sak /ou sak / sak sak [ sek I3/ Lels Je taseasiq [elale|ig
uonuaAIdjul Aue %TG peIwT pozwe powy PTTWO powig ieD 15114 Je aby
(7~ 1) z uelpaw S S ST 14 G2 P3AJOAU] SUIBA
%6L %6L %88 vad ‘04d owg 18 vad Aun ‘04d 1001 91110® PEIE|IP ‘Sdd PIIW ‘ASAWSW ‘ASY vad ‘asv syjuow z Je ¥ad ‘04d 8seasi deIple) [euonIppy
(9'%T — 2°0) syuow ZT ueipaw (96T — 0) Syuow 9°/ ueIpaW (5€ - 0) syuow 2 uelpaw pPIIWT peowT NMg ulym passaiboid ‘syaam 9 9 Kep Aq asiom ‘yuiq syuow z sisoubeiq SAd 1e aby
103[gns T ‘awoipuAs 1o Ajewoue um_v_mwm_um M“_m\m SO1S Unm 198lgns T ‘sawiolpuAs ansuab 9Te - 19ZEN '0<9 T-8SAI - ¥08€D '0<9 T-8SAI - adAlouas SOT1S
(saam Ge ueIpaw) wuajaid %TZ (syoam £€>) uaaid 968€ (saam zg uerpaw) wuajaid 9T9 6¢ 6 g€ 6¢ (um) 9g yuig 1e 9Dy [euoneisen
OAdVY OAdV L ‘a191usA 8jbuls YoUMS [eLije ‘WinjeLiiels) 109 ‘OAdY SHH "OAdY elI8)LID UoIsnjox3
%3 85 1€ 9C JaquinN
2Buos el ZYoH dausso1q 3 a 5 g v asen)
J2'e7'2'T SAAd 40 sMoyod paysijgnd Inoy pue s108lgns SOTS-SA 8y Jo uostiedwod d1dAlousyd
¢ 9lqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2018 July 18.

Congenit Heart Dis. Author manuscript



	Abstract
	Introduction)
	Case A)
	Case B)
	Case C)
	Case D)
	Case E)
	Discussion)
	References
	Figure 1
	Table 1
	Table 2

