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LYMPHATICS

Pathogenic variants in MDFIC cause recessive central
conducting lymphatic anomaly with lymphedema
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Central conducting lymphatic anomaly (CCLA), characterized by the dysfunction of core collecting lymphatic
vessels including the thoracic duct and cisterna chyli, and presenting as chylothorax, pleural effusions, chylous
ascites, and lymphedema, is a severe disorder often resulting in fetal or perinatal demise. Although pathogenic
variants in RAS/mitogen activated protein kinase (MAPK) signaling pathway components have been documented
in some patients with CCLA, the genetic etiology of the disorder remains uncharacterized in most cases. Here, we
identified biallelic pathogenic variants in MDFIC, encoding the MyoD family inhibitor domain containing protein,
in seven individuals with CCLA from six independent families. Clinical manifestations of affected fetuses and children
included nonimmune hydrops fetalis (NIHF), pleural and pericardial effusions, and lymphedema. Generation of a
mouse model of human MDFIC truncation variants revealed that homozygous mutant mice died perinatally
exhibiting chylothorax. The lymphatic vasculature of homozygous Mdfic mutant mice was profoundly mispatterned
and exhibited major defects in lymphatic vessel valve development. Mechanistically, we determined that MDFIC
controls collective cell migration, an important early event during the formation of lymphatic vessel valves, by
regulating integrin B, activation and the interaction between lymphatic endothelial cells and their surrounding
extracellular matrix. Our work identifies MDFIC variants underlying human lymphatic disease and reveals a
crucial, previously unrecognized role for MDFIC in the lymphatic vasculature. Ultimately, understanding the
genetic and mechanistic basis of CCLA will facilitate the development and implementation of new therapeutic
approaches to effectively treat this complex disease.

INTRODUCTION

Lymphatic vessels fulfill crucial roles in tissue fluid homeostasis,
dietary lipid absorption, and the direction of immune cell traffic
(1, 2). Defects in construction of the lymphatic vasculature during
embryonic development often result in devastating outcomes in-
cluding fetal or perinatal death, largely due to the detrimental impact
of excessive fluid accumulation on pulmonary and cardiac develop-
ment and function (3). Central conducting lymphatic anomaly (CCLA),
in which the development and function of large, truncal collecting
lymphatic vessels is affected, is a severe lymphatic malformation

for which few effective treatments are available (3-5). Recent work
revealed a recurrent, gain-of-function pathogenic variant in ARAF,
affecting activity of the RAS/mitogen activated protein kinase (MAPK)
signaling pathway, underlying CCLA (6), and pathogenic variants
in RAS/MAPK pathway genes including PTPN11, KRAS, BRAF,
SOS1, HRAS, ARAF, RAF1, CBL, RIT1, and RASAI are established
to cause developmental lymphatic vascular malformations mani-
festing in chylothorax (the accumulation of lipid-rich chyle in the
thoracic cavity caused by lymphatic vessel dysfunction), pleural or
pericardial effusions, lymphangiectasia, and lymphedema (6-15).
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Identification of the activating mutations in ARAF and KRAS
underlying CCLA and complicated lymphatic anomaly (CLA)
enabled treatment for some patients with the MAPK kinase (MEK)
inhibitor trametinib, resulting in marked improvement of their
debilitating lymphatic symptoms (6, 14). These findings underscore
the importance of defining the genetic and mechanistic basis of
human disease in paving the way toward novel therapeutic strate-
gies. Although our understanding of the genetics underlying human
lymphatic vascular disease is rapidly advancing, the genetic etiology
of lymphatic vascular anomalies remains enigmatic in most cases
(7, 15, 16).

Lymphatic vascular development commences in the embryo
when expression of the master transcriptional regulator of lymphatic
endothelial cell identity, Prox1, is initiated in a population of endo-
thelial cells within the cardinal and intersomitic veins (17, 18).
PROX1-positive lymphatic endothelial progenitor cells elevate their
expression of factors important for lymphatic vascular development,
including vascular endothelial growth factor receptor 3 (VEGFR3),
neuropilin 2 (NRP2), and podoplanin (PDPN), upon sprouting and
exit from the veins (18, 19) and migrate in a manner dependent on
the VEGFR3 ligand, vascular endothelial growth factor C (VEGFC)
(20), to form the initial truncal lymphatic vascular structures in the
embryo. These initial lymphatic sacs and plexuses undergo marked
expansion, remodeling, and juxtaposition, to generate an intercon-
nected lymphatic vascular network (21). An important aspect of
lymphatic vessel maturation is the development of lymphatic vessel
valves, which act to ensure that lymph is returned efficiently in a
unidirectional manner to the bloodstream (22). Valve development
is dependent on key transcription factors including FOXC2 (23-25)
and GATA2 (26, 27), abundance of which is elevated in valve-forming
territories in response to flow-initiated signals (26). The failure of
lymphatic vessel valves to form or function in mice deficient in
genes including Foxc2 and Gata2, or harboring a pathogenic variant
in Kras, results in lymphatic phenotypes including edema, chylous
ascites, and chylothorax (14, 23, 26, 28). Patients with primary
lymphedema syndromes or lymphatic malformations caused by
pathogenic variants in FOXC2, GATA2, or KRAS also exhibit lym-
phatic vessel valve defects and, in some cases, venous valve defects,
underscoring the impact of valve defects on lymphatic function in
human lymphatic disease (14, 23, 29, 30).

MDFIC encodes the MyoD family inhibitor domain containing
protein, a 246-amino acid protein (31) documented to regulate the
activity of transcription factors including the glucocorticoid recep-
tor (GR) (32), HANDI (33), and T cell factor/lymphoid enhancer
factor (TCF/LEF) family members (34, 35). The C-terminal region
of MDFIC harbors a domain extremely rich in cysteine residues,
reported to mediate protein-protein interactions between MDFIC
and transcription factor componentry (31-35). In this manner,
MDFIC is proposed to tether transcription factors in the cytoplasm
where MDFIC predominantly resides, thereby restricting their
nuclear access and transcriptional activity. To date, the roles of
MDFIC remain enigmatic, and MDFIC has not been implicated in
cardiovascular development. Here, we report novel homozygous,
and compound heterozygous, pathogenic variants in MDFIC in
individuals with CCLA. Patients exhibited phenotypes including
NIHF and stillbirth, or NIHF followed by postnatal lymphedema
and pleural and pericardial effusions. Generation of a mouse model
of the human frameshift MDFIC variant p.(Met131Asnfs*3), found
in five of seven participants in our study, revealed that homozygous
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Mdlfic pathogenic variants resulted in perinatal and postnatal death
as a result of chylothorax caused by severe lymphatic vascular
defects. Our data reveal that biallelic MDFIC pathogenic variants
underlie CCLA and pave the way for the development of novel
therapeutics to effectively treat this devastating disorder.

RESULTS

Identification of MDFIC pathogenic variants in patients

with NIHF, postnatal lymphedema, and pleural

and pericardial effusions

Genome sequencing or exome sequencing was performed to inves-
tigate the genetics underlying stillbirth, nonimmune hydrops fetalis
(NIHF), and primary lymphedema in both diagnostic and research
settings. In family LE-452 with two siblings exhibiting severe NIHF,
filtering for rare, protein-altering variants revealed compound hetero-
zygous variants in MDFIC in both affected children; a paternally
inherited Chr7(hg19):g.114619728C>CA; NM_001166345.1:c.391dup;
NP_001159817.1: p.Met131Asnfs*3 and a maternally inherited
g.114655980 T>G; c.732 T>G; p.Phe244Leu (Fig. 1, A to C). The
frameshift variant p.Met131Asnfs*3 leads to a premature termina-
tion codon and is reported in gnomAD (v2.1) 50 times in hetero-
zygosity (popmax allele frequency 0.026%) with no homozygous
occurrences (36). Similarly, the p.Phe244Leu missense variant has
only been observed in gnomAD in heterozygosity (25 times,
popmax allele frequency 0.13%). This variant is also predicted to be
deleterious by in silico prediction tools including CADD (24.9),
Polyphen2 (probably damaging), and SIFT (damaging), and
altogether by 8 of 11 prediction tools in Varsome.

We subsequently identified homozygous truncating variants in
MDFIC in probands from four consanguineous families and one
nonconsanguineous family, all of whom displayed phenotypes con-
sistent with CCLA (Table 1). Probands in families LE-410, LE-590,
and CHOP-1 were homozygous for the p.Met131Asnfs*3 variant
identified in family LE-452 (Fig. 1A). The parents of family LE-410
and CHOP-1 were heterozygous for this variant; however, those of
family LE-590 were unavailable for testing. In family LE-230, the
proband was homozygous for a p.Ser124* variant [Chr7(GRCh37):
g.114619713TC>T; NM_001166345.1: c.371del], which results
in a premature termination codon and is absent from gnomAD
(Fig. 1, A to C). Both parents were heterozygous for the variant. In the
final family (G764), the proband was homozygous for a p.Gly63*
variant [Chr7(GRCh37):g.114582422G>T; NM_001166345.1:¢.187G>T],
for which both parents were heterozygous (Fig. 1, A to C). This
variant results in a premature termination codon and is also absent
from gnomAD.

Clinical presentation

The major clinical features of the seven patients (six families) are
presented in Table 1. Each family is described in brief below.
According to the International Society for the Study of Vascular
Anomalie (ISSVA) 2018 classification, all cases had phenotypes
consistent with a diagnosis of CCLA.

Family LE-452

The male proband (Fig. 1A;11.1) was the first child of nonconsanguineous
Chinese parents. Hydrops fetalis was observed at the 19-week ante-
natal ultrasound. The male fetus was delivered at 26 weeks gestational
age by caesarean section because of deteriorating fetal Dopplers. He
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The female proband (Fig. 1A) was born
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Fig. 1. Identification of MDFIC pathogenic variants in patients with fetal hydrops, postnatal lymphedema, and
pleural and pericardial effusions. (A) Family pedigrees of children diagnosed with hydrops fetalis, pleural or
pericardial effusions, and lymphedema. Pathogenic variants in the MDFIC gene sequence are indicated in black type,
and corresponding MDFIC protein changes in red. Affected individuals are shown in black. Sequencing method is
designated (E, exome; G, genome). (B) Schematic depicting exon/intron structure of MDFIC transcript. Exons are
shown as black boxes, and patient variants are shown with red arrows. (C) Human MDFIC sequence alignment

TGLSNGNGIHHGAKHGSADNRKLSAPVSQKMHRKIQSSLSVNSDISKKSKVNAVFSQKTGSSPEDEEVHEILACLFEEFLTLENIVLGQASEGICTSEAL

respiratory problems. She had lymph-
edema of both legs below the knees and
edema around the eyes from birth. She
had pleural effusions at 3 and 5 years of
age, managed by drainage and antibiotics.
Spiral thorax computed tomography
showed a large left pleural effusion and
bilateral pleural thickening with com-
pressive collapse of the left lower lobe.
She had a fluid collection in the right
knee joint at 5 years of age and was hos-
pitalized with antibiotic treatment. At
age 6 years, she had bilateral lymphedema
below the ankles and papillomatosis on
toes with hyperpigmentation on the dor-
sum of the feet and ankle area. At 20 years
of age, there was bilateral lymphedema
below the knees, papillomatosis on toes,
hyperkeratosis of toes, and hyperpigmen-
tation on dorsum of feet and ankle area

comparing wild-type (WT) and mutant proteins found in patients. Cysteine residues are highlighted in gray, and the

F244L amino acid substitution in red. The region of MDFIC protein encoded by each exon is shaded alternately in pale
red or white. (D) Photograph of lymphedema and papillomatosis in proband of LE-410. (E) Pleural effusions (white
arrowhead), large cutaneous lymphatic channels (arrows), retrograde mesenteric lymphatic flow (blue arrowhead),
dilated thoracic duct (blue arrow), and perfusion of the capsular lymphatics (dashed white arrow) visualized using

(Fig. 1D). Echocardiography showed mild
mitral valve prolapse. Twenty-four-hour
Holter electrocardiogram monitoring
showed 44 episodes of tachycardia.

T2-weighted magnetic resonance imaging, intranodal-dynamic contrast-enhanced magnetic resonance lymphangiography,

and intrahepatic-dynamic contrast-enhanced magnetic resonance lymphangiography, respectively, together with

lymphedema (photograph), in the proband of CHOP-1.

could not be resuscitated and died soon after birth. Autopsy docu-
mented severe NIHF, with subcutaneous edema, pericardial effusion,
and bilateral pleural effusions and ascites, associated with severe
pulmonary hypoplasia and an edematous placenta. Investigations at
autopsy failed to find a cause for the hydrops. The two subsequent

Byrne et al., Sci. Transl. Med. 14, eabm4869 (2022) 2 March 2022

Family LE-590

The male proband (Fig. 1A) was the first
child of consanguineous Arabic parents.
NIHF, with subcutaneous edema and bilateral pleural effusions,
was diagnosed by ultrasound scan at 22 weeks §estati0n. Analysis of
pleural liquid revealed a chylothorax (4 x 10%/liter elements, 87%
lymphocytes). Polyhydramnios was observed at 31 weeks gesta-
tion. He was born at 35 + 3 weeks, presenting with generalized
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subcutaneous edema, bilateral pleural effusions, and moderate
ascites. He required respiratory support for 2 months and had
several pleural effusions, requiring drainage. Lymphoscintigraphy
did not visualize the thoracic duct. He had bilateral lower leg
lymphedema, causing decreased mobility, recurrent pleural effu-
sions, pericardial effusion, and bilateral hydroceles. At 20 months,
he had cardiac and respiratory arrest requiring brief cardiorespi-
ratory resuscitation. He had recurrent unexplained fever episodes
and frequent upper and lower respiratory tract infections. He died
at 7 years of age, from multiorgan failure complicating septic shock
due to Streptococcus pyogenes.

Family CHOP-1

The 4-month-old male proband was the second pregnancy to
nonconsanguineous parents of European ancestry (Fig. 1A). The
prior pregnancy was stillborn due to NIHF at 23 weeks gestation.
NIHF was identified in the proband on anatomy scan at 20 weeks
gestational age. After birth, bilateral thoracentesis was performed
confirming chylothorax. Magnetic resonance lymphangiography
showed retrograde perfusion along the lower left intercostal distri-
bution and extensive dermal backflow with bilateral groin node
injection (Fig. 1E). Follow-up at 4 months of age showed asymmetric
bilateral pleural effusions and asymmetric lymphedema of the bilateral
lower extremities (Fig. 1E) and bilateral hydroceles.

Family LE-230

The male proband (Fig. 1A) was born to consanguineous parents of
Arabic origin. At birth, he had anasarca, with generalized lymphedema
and bilateral chylous pleural effusions. At 12 months of age, his
generalized lymphedema had resolved, but he had stable pleural
bilateral effusions. He also had ptosis and hydrocele.

Family G764

The 11-year-old female proband was the first child of third- to
fourth-degree consanguineous Kurdish parents (Fig. 1A). Bilateral
pleural effusions were identified at 35 weeks gestation, requiring
bilateral thoracocentesis after birth by caesarean section at 38 weeks;
pleural fluid analysis verified a chylothorax. The patient was dis-
charged from hospital at 5 weeks old. At follow-up, she had recur-
rent asymptomatic uni- and bilateral pleural effusions, edema of the
eyelids, lymphedema of the lower extremities, and minimal ascites
on sonography. There were no signs of autoimmune disease.

Mdfic is prominently expressed in cardiac

and lymphatic valves

To investigate the mechanisms by which MDFIC variants underlie
hydrops fetalis and primary lymphedema, we first investigated
Mdfic expression and localization throughout cardiovascular devel-
opment in the mouse embryo. RNA in situ hybridization analyses
performed in the mouse embryo at E16.5 and E18.5 revealed robust
expression of Mdfic in the developing lung, kidney, and salivary
glands (Fig. 2, A, C and D). In the cardiovascular system, Mdfic was
detected in lymphatic and cardiac valves (Fig. 2, B and E to N).
These data were confirmed by immunostaining; MDFIC protein
was prominent in lymphatic and cardiac valves and appeared to be
located both in the cytoplasm and in association with the extracellular
matrix (ECM) of cells within these regions (Fig. 2, O to V). Given
the severe lymphatic vascular phenotypes observed in patients with
MDEFIC variants, we also investigated MDFIC protein abundance in

Byrne et al., Sci. Transl. Med. 14, eabm4869 (2022) 2 March 2022

primary adult human dermal lymphatic endothelial cells (hLECs);
immunoblotting revealed the presence of MDFIC and specificity of
the protein species detected was confirmed by treatment of hLECs
with MDFIC endoribonuclease-prepared, small interfering RNA
(esiRNA) (fig. S1A). Subcellular fractionation of hLEC lysates
confirmed that MDFIC protein was enriched in the cytoplasm and
membrane compartment of these cells (fig. S1B).
Mdfic1315"/M131E" ice exhibit profound lymphatic vascular
defects and perinatal lethality

To investigate the consequences of Mdfic variants on cardiovascular
development, CRISPR-Cas9 genome editing using a guide RNA
targeting the region between ¢.379G and c.396C was used to generate
a mouse model mimicking the most frequent human MDFIC
truncating variant found in five of the seven patients (c.391dup/p.
Met131Asnfs*3). Two founder mice were born harboring small
deletions in this region, one of two base pairs and one of eight base
pairs (fig. S2). Each of these variants resulted in a frameshift and
premature stop codon and predicted to generate proteins 142 and
140 amino acids in length, respectively. For simplicity, these lines
are referred to as MdficM3*, Each line was backcrossed to wild-
type mice for at least three generations to minimize potential
off-target genome editing events, and Mdfic""***'*mice were then
crossed together to generate homozygotes. One hundred percent of
homozygous MdficMI3US*/MI31fs* mice exhibited perinatal lethality,
with the majority dying within 30 days of birth (Fig. 3A). Careful
postnatal monitoring of mice revealed that, although otherwise
indistinguishable from wild-type littermates initially, immediately
before death, homozygous mutant mice appeared less active, were
hunched, and exhibited labored breathing. Development of symp-
toms was rapid and resulted in the demise of affected mice within
hours of onset. Postmortem analysis of MdficM3U*/MI3IE* mice
revealed chylothorax, the filling of the thoracic cavity with chylous
fluid (Fig. 3B). Analysis of the lymphatic vasculature within the
thoracic wall and diaphragm of MdficBFMBIF* mice with
chylothorax revealed dysmorphic, distended lymphatic vessels,
together with elevated numbers of LYVE1-positive macrophages
(Fig. 3, D and H), phenotypes not observed in wild-type littermates
(Fig. 3, Cand G). Evans blue dye injection to the peritoneal cavity of
MdficMBFMBIF* mice revealed notable retrograde flow from the
thoracic duct to the intercostal lymphatics, a phenotype reminiscent
of that observed in patients with CCLA (Fig. 3, E and F). Investigation
of the lymphatic vasculature in the mesentery of MdficM13Us*/M131fs*
mice with chylothorax revealed no apparent leakage or breach in
vessel integrity, although lymphatic vessel valves were clearly defective,
appearing arrested at an early stage of development (Fig. 3, I and J).
We next investigated the lymphatic vascular phenotype of postnatal
MdficMBF MBI mice before exhibiting discernibly labored
breathing. In this case, chylothorax was not observed, although the
lymphatic vessels in the thoracic wall were clearly enlarged and
dysmorphic (fig. S3).

To investigate the nature and onset of lymphatic vessel defects in
MdficMIBI*/MI3IS* mice, we investigated lymphatic vessel structure
and patterning during embryonic development. Analysis of lym-
phatic vascular patterning in the skin, diaphragm, and mesentery
of E18.5 embryos revealed that the lymphatic vasculature of
MdficMIBIMISIE® mice was wider in caliber, and greater in surface
area, than the vessels of wild-type counterparts in all tissues analyzed
(Fig. 4, A to I, and data file S1). In addition, valve development was
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Fig. 2. Mdfic is prominently expressed in cardiac and lymphatic valves. RNA in situ hybridization on coronal
murine E16.5 (A to G) and E18.5 (H to N) sections, demonstrating Mdfic expression in lymphatic valves (B, F, and G),
lung (C), kidney (D), and cardiac valves (I to K). The identity of lymphatic valves in which Mdfic expression was detected
(F, G, M, and N) was confirmed by immunostaining for PROX1 (E, G, L, and N). Immunofluorescence staining of E17.5
sections (O to V) with antibodies to PROX1 (P and T), MDFIC (Q and U), and CD31 (R and V) in lymphatic (O to R) and
cardiac (S to V) valves. Scale bars, 500 um (A and H), 200 um (S), 100 um (Bto D, Ito K, O,and Tto V), 50 um (E to G,
LtoN,and P toR).
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abnormal in MdficMIB IS /MIBIES pjce;
at E18.5, significantly fewer valves were
present in the mesenteric collecting lym-
phatic vessels of MdficMI3U*/MII* e
bryos compared with their wild-type
counterparts (Fig. 4, H to J). In addi-
tion, the valves that had formed were
less mature than those observed in wild-
type littermates, evidenced by both the
apparent arrest of valve development at
the ring-like stage and by lower quanti-
ties of laminin a5 deposition in valve
territories compared with wild-type
counterparts (Fig. 4, K to P). Coupled with
the restricted expression of Mdfic in valve
endothelial cells, these data suggest that
the primary cause of the lymphatic vas-
cular phenotype in MdficM3UF*/MI3L*
embryos is defective valve development.

The MDFIC Met131Asnfs*3 variant
results in protein truncation

The most C-terminal truncating vari-
ant identified in our patient cohort
(p-M131Nfs*3) results in a stop codon
95 nucleotides before the last exon/
intron junction (Fig. 1, B and C), sug-
gesting that all truncating variants may be
susceptible to nonsense-mediated decay.
To ascertain whether this was the case, RNA
sequencing data from patients with com-
pound heterozygous ¢.391dup/c.732 T>G
(p-M131Nfs*3/p.F244L) variants were
interrogated. Both variant transcripts
were present at an equivalent quantity,
suggesting that the c.391dup variant
predicted to give rise to a truncated protein
was not subject to nonsense-mediated
decay (fig. S4A). Moreover, quantifica-
tion of MDFIC transcripts in fibroblasts
revealed comparable amounts of both
MDFIC variant alleles in fibroblasts from
the proband of LE-452 to those found
in healthy controls (fig. S4B and data
file S2). Analysis of Mdfic transcripts in
the kidneys of MdficM 3 /MIBIF* mjce
harboring either the 2- or 8-base pair
deletion also revealed that expression of
the M131fs* transcript was comparable
to wild-type Mdfic mRNA in control
littermates, providing further evidence
that mRNA encoding the patient ¢.391dup
variant is unlikely to be degraded (Fig. 5A
and data file S3). To investigate whether
the predicted truncated MDFIC protein is
produced and stable, we transfected hu-
man embryonic kidney (HEK) 293 cells with
constructs encoding wild-type MDFIC
protein or the M131fs* or Phe245Leu
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Fig. 3. Mdfic"'315*/M1315% mice exhibit perinatal lethality and profound lym-
phatic vascular defects. (A) Kaplan-Meier survival curve for mice with homozygous
(red) and heterozygous (black) Mdfic truncating mutations. n = 68 Mdfict/M131fsx
mice,n=31 MdficMB I MIBIE® e, (B) Postmortem photograph of chylothoraxin
MdficM1315*MI3T5% i ce exhibiting labored breathing. (C and D) Whole-mount DAB
staining of thoracic wall with an antibody to LYVET in MdfiMBIE*MIBIE* e (D)
compared with WT littermates (C). Insets represent higher magnification images of
the regions depicted in dashed boxes. (E and F) Photographs of Evans blue dye
injection to the peritoneal cavity of P10 pups to analyze retrograde flow of dye
from the thoracic duct to the intercostal lymphatics in MdfiMB MBI ice (F)
and WT littermates (E). (G and H) Immunofluorescence immunostaining of diaphragm
with an antibody to PROX1in MdficM31E*MIBIE* nice (H) compared with WT
counterparts (G). (I and J) Whole-mount immunostaining of mesenteric lymphatic
vessels focusing on lymphatic valves with antibodies to PROX1 (red) and laminin
a5 (LAMAS5, cyan) in MdficM31E*MI3IE* mice (J) compared with WT littermates ().
Scale bars, 1 mm (C to F), 200 um (G and H), and 50 um (I and J).

mutants (full-length mouse MDFIC protein contains one additional
amino acid compared with human MDFIC; as a result, the human
Phe244Leu mutant is referred to as Phe245Leu in mouse), and
MDFIC protein was assessed by immunoblotting. A truncated pro-
tein corresponding to the expected size of the M131fs* (25 kDa) was
detected by immunoblotting and appeared more prominent than
the full-length, wild-type, and Phe245Leu proteins (32 kDa) (Fig. 5B).
We also examined MDFIC protein in tissues prepared from
MdficMIB* MBI embryos and their wild-type littermates. Using a
novel antibody that we generated to mouse MDFIC, truncated
MDFIC protein was detected by immunoblotting lung lysates
prepared from Mdfic™ 315 /MI315* and Mdfic”3 % embryos (Fig. 5C).
In contrast, full-length MDFIC was not detected in either wild-type
or Mdfic"™" 15 lungs (Fig. 5C), although the possibility exists that
the full-length protein might be hidden by the nonspecific signal
that was routinely detected using this antibody. These data suggest
that frameshift MDFIC variants found in patients do not result in
nonsense-mediated mRNA decay and that truncated MDFIC
protein is produced and is potentially more stable than wild-type,
full-length MDFIC.

MDFIC has previously been reported to tether transcription
factors in the cytoplasm, thereby restricting their nuclear access and
transcriptional activity (32-35). To investigate the existence of
characteristic domains within MDFIC that might predict protein
localization and function, the MDFIC protein sequence was sub-
jected to analysis using several prediction programs. This analysis
revealed a predicted transmembrane domain adjacent to the cysteine-
rich C-terminal domain, suggesting that MDFIC might reside in
membranes, consistent with our fractionation data generated in
hLECs. In addition, the cysteine-rich region is highly homologous
to the somatomedin B (SMB) domain of vitronectin, responsible for
binding integrins, plasminogen activator inhibitor (PAIl), and the
receptor for urokinase plasminogen activator (uPAR), to control cell
adhesion and migration (fig. S5). We therefore sought to investigate
MDFIC localization within the cell and to assess whether MDFIC

Byrne et al., Sci. Transl. Med. 14, eabm4869 (2022) 2 March 2022
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variants found in patients affect subcellular MDFIC localization. To
this end, wild-type MDFIC was ectopically expressed in HEK293
cells, which were then stained with an antibody generated to the
N-terminal region of mouse MDFIC. Flow cytometric analysis
revealed that MDFIC was detectable on the surface of transfected
HEK293 cells, suggesting that the N-terminal region of MDFIC is
located outside the cell (Fig. 6A). We next investigated the localiza-
tion of the frameshift and missense MDFIC variants using the same
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Fig. 4. E18.5 MdficM*"5*/M1315* ampbryos exhibit distended lymphatic vessels and defective lymphatic vessel
valve development. Analysis of lymphatic vessel caliber in E18.5 dermis (A to C), diaphragm (D to F), and mesentery
(G to 1) by whole-mount immunostaining with lymphatic markers PROX1 (cyan) and neuropilin 2 (NRP2) (magenta)
in Mdfic"31E*MI315* ambryos (C, F, and 1) compared with WT littermates (B, E, and H). Vessel width (A and G) and area
(D) are quantified. Quantification of PROX1 high \alve territories in mesenteric collecting vessels (J) in MdficdM31fs*mi3ifs*
embryos () compared with WT littermates (H). Whole-mount immunostaining of mesenteric collecting vessels (K to
P) with PROX1 (yellow), laminin a5 (LAMAS5, cyan), and CD31 (magenta) in Mdfic""*"5*M316% ampryos (N to P)
compared with WT littermates (K to M). Scale bars, 100 um (B, C, E, F, H, and 1), 40 um (K to P). Error bars represent SEM,
*P <0.05 and **P < 0.01, calculated using two-tailed Student’s t test. n>5 per genotype (A, D, G, and J).
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approach. The frameshift MDFIC vari-
ant that terminates before the predicted
transmembrane domain (M131fs*) was
not detected, suggesting that this vari-
ant protein is not present at the cell sur-
face. In contrast, the missense variant
(Phe245Leu) was detected at the cell
surface in similar quantities as wild-type
MDFIC (Fig. 6A). These data suggest that
the MDFIC p.Met131Asnfs*3 variant is
likely to act as a pathogenic loss-of-
function variant with respect to mem-
brane localization, although the possibility
exists that additional functions might
be gained as a result of the accumula-
tion of truncated MDFIC protein within
the cell. In contrast, we would predict
that the Phe244Leu missense MDFIC
variant would remain, at least in part,
functional, unless this variant has a
marked impact on the structure or bind-
ing capacity of the C-terminal SMB
domain. To investigate the possibility that
MDFIC might be secreted, medium was
collected from HEK293 cells transfected
with wild-type MDFIC, the MDFIC
M131fs* variant, or the Phe245Leu mis-
sense variant, concentrated, and sub-
jected to immunoblotting. Both wild-type
MDFIC and MDFIC Phe245Leu were
detected in the medium, whereas MDFIC
M131fs* was not (Fig. 6B). Together,
these data suggest that MDFIC might,
at least in part, normally reside at the
cell surface of valve endothelial cells
and/or be secreted from valve endothe-
lial cells to reside in the ECM and that
the p.Met131Asnfs*3 variant results in
truncated protein that is retained within
the cytoplasm (Fig. 6C).

MDFIC stability is regulated by
FOXC2, GATA2, and NFATC1

We next sought to investigate the mech-
anisms by which MDFIC protein is
restricted to valve endothelial cells. To
further explore the possibility that, as
previously reported (37), full-length
MDFIC protein is posttranslationally
regulated and subject to rapid proteo-
somal degradation, we ectopically ex-
pressed constructs encoding full-length
and M131fs* MDFIC in HeLa cells and
treated cells with the proteosomal and
lysosomal inhibitors MG132 and chlo-
roquine. In contrast to untreated cells,
more full-length protein was consistently
detected in cells treated with these in-
hibitors (fig. S6); however, no notable

8of 14



AQI2

EMBARGOED UNTIL 2:00PM US ET, WEDNESDAY 2 MARCH 2022
SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A 10— B C
0.8 — * \47\\‘:
& N
> Qv N & &
g \\eé & Qf\} Q\% » & &
< Q& O O & & ¢
2 06 & & & & S o $
K < W« = = kDa = = = kDa
<
z -- | B =8
£ %7 MDFIC . MDFIC — -
< — 25
% — 25
= 024 PPV [————— B-Actin I—- — _I
0.0 -
& e $
N 8@& 6\@\
W

&

Fig. 5. The MDFIC M131fs* mutation results in protein truncation in vitro and in vivo. (A) Analysis of RNA isolated from kidneys of Mdfic"!'3's*/M1315% ppggicMi3iisxs,
and Mdfic*’* (WT) littermates. (B) Immunoblotting of ectopically expressed mouse WT, M131fs*, and F245L MDFIC in HEK293 cells. Full-length (WT) MDFIC is indicated by red
filled arrowhead; truncated protein is indicated by red open arrowhead. (C) Immunoblotting of lung protein lysates isolated from WT, Mdﬁc""mfs*/", and MdficM131is*mi31fs*
mice. Truncated MDFIC protein is indicated by red open arrowhead. Asterisks indicate nonspecific bands. Error bars represent SD, n =3.
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PROX1 had no impact on the quantity
N of MDFIC detected (fig. S7, A, D, and E
to K). Quantification of the percentage of

kba  MDFIC-positive cells in cotransfection
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assays revealed a statistically significant
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Fig. 6. MDFIC cell surface expression and secretion are abolished by the M131fs* mutation. (A) Flow cytometry
analysis of cell surface localization of WT and mutant MDFIC variants ectopically expressed in HEK293 cells. mAb,
monoclonal antibody. (B) Immunoblotting of concentrated conditioned medium collected from HEK293 cells ectop-
ically expressing mouse WT MDFIC and patient variants. Red filled arrowhead indicates full-length WT MDFIC; red
open arrowhead indicates truncated MDFIC. (C) Schematic representation of the structure and orientation of MDFIC
protein in the outer membrane. MDFIC contains a predicted single-pass transmembrane domain linked to a cysteine-
rich intracellular C terminus with homology to somatomedin B (SMB)-like domains. Positions of the M131fs* and

F245L mutations are indicated with arrowheads.

differences in the amounts of M131fs* were observed in cells treated
with MG132 and chloroquine (fig. S6). Given that MDFIC was most
prominent in valves and that MDFIC has been reported to interact
with multiple transcription factors, we investigated whether tran-
scription factors present at elevated quantities in valves and important
for valve development (23, 24, 26, 38) might also influence MDFIC
stability and localization. Coexpression of FOXC2, GATA2, or
NFATC1 with MDFIC in HeLa cells resulted in substantially
increased quantities of MDFIC detected by immunoblotting and
immunostaining of transfected cells, whereas coexpression with

Byrne et al., Sci. Transl. Med. 14, eabm4869 (2022) 2 March 2022

SMB § =

W < F245L

MDFIC-positive cells when MDFIC was
cotransfected with GATA2 or NFATC1
were not significantly different from con-
trol (fig. S7D and data file S4). We next
investigated whether the MDFIC variant
proteins found in patients were also sta-
bilized by FOXC2, GATA2, NFATCI1,
or PROXI1. To this end, MDFIC frame-
shift (M131fs*) and missense (F245L)
constructs were coexpressed with FOXC2,
GATA2, NFATCI, or PROX1 in HeLa
cells. Consistent with the amount of
variant protein detected in the lung ly-
sates of MdficMI3US*/MISIF* mice, elevated
quantities of M131fs* protein were
detected in HeLa cell lysates compared
with full-length protein (fig. S7, B and
D to F), suggesting that the stability of
the truncated protein is improved upon
removal of the cysteine-rich C terminus
or alternatively that more protein is
retained within the cell. As was observed with full-length MDFIC,
elevated quantities of M131fs* were detected in cells coexpressing
FOXC2, GATA2, NFATCI, and, to a lesser extent, PROX1, com-
pared with cells expressing M131fs* alone (fig. S7B), suggesting that
M131fs* is likely to be stabilized or retained intracellularly in valve
endothelial cells where FOXC2, GATA2, PROXI1, and NFATC1 are
elevated. MDFIC Phe245Leu also appeared to be stabilized by
coexpression with FOXC2, GATA2, and NFATCI1 (fig. S7C).

To investigate whether FOXC2, GATA2, PROX1, and NFATC1
influence MDFIC stability by binding in a complex with MDFIC,

< M131fs*
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Fig. 7. Interaction between MDFIC and GATA2 proteins is interrupted by the MDFIC M131fs* mutation. WT
MDFIC, M131fs*, or F245L was ectopically coexpressed with GATA2 in HEK293 cells, and immunoprecipitation was
performed using an anti-GATA2 antibody. WT and F245L MDFIC proteins are indicated by red arrowheads; red open
arrowhead denotes the expected size of M131fs*. Asterisks denote nonspecific band. IgG, immunoglobulin G; IP,

reduction in MDFIC results in increased
activation of integrin B;, increased at-
tachment of hLECs to their basal matrix,
and, as a result, less ability to undergo col-
lective cell migration, an important event
underpinning leaflet formation during
lymphatic vessel valve development.

DISCUSSION
Here, we present biallelic pathogenic

immunoprecipitation.

MDFIC was ectopically expressed in HEK293 cells together with
GATA2 or FLAG-tagged FOXC2, PROX1, or NFATCI, and
transcription factors were immunoprecipitated using antibodies to
GATA2 or FLAG, respectively. MDFIC coimmunoprecipitated
selectively with GATA2 (Fig. 7). No coimmunoprecipitation of
MDFIC with FOXC2, NFATC, or PROX1 was evident in these
experiments, suggesting that FOXC2 and NFATC1 might indirectly
regulate MDFIC stability (fig. S8). We next examined the impact of
the MDFIC M131fs* and Phe245Leu mutants on the interaction
with GATA2. Although Phe245Leu retained the ability to interact
with GATA2, no interaction was detected between the M131fs* and
GATA2, suggesting that the cysteine-rich C terminus of MDFIC is
required to mediate the interaction with GATA2. These data sug-
gest that a physical interaction between MDFIC and GATA2 might
contribute to selective localization of MDFIC in lymphatic vessel
and cardiac valves where GATA?2 levels are high.

MDFIC regulates integrin , activation and collective

cell migration

The apparent ECM localization of MDFIC protein in valve endo-
thelial cells in vivo, together with the cell surface localization and
secretion of ectopically expressed MDFIC protein, prompted us to
investigate whether MDFIC might regulate the adhesion to or
migration of LECs on a variety of ECMs. To this end, primary dermal
hLECs were treated with control or MDFIC esiRNA and plated on
fibronectin, collagen I, or laminin. We first assessed the adhesion
and spreading of hLECs on each of these matrices. MDFIC-deficient
hLECs attached and spread more rapidly on fibronectin and
collagen I and laminin than did control-treated cells (Fig. 8, A to G,
and data file S5). We next investigated the consequence of MDFIC
deficiency on integrin B; activation, a key mediator of cell attach-
ment to the ECM. Concordant with the increased attachment of
MDFIC-deficient hLECs to fibronectin, collagen I, and laminin,
immunostaining of control and MDFIC esiRNA-treated hLECs with
an antibody to activated integrin B; (9EG7) revealed substantially
greater quantities of active integrin B; in MDFIC-deficient hLECs
plated on these matrices (Fig. 8, H to S). We then assessed the
capacity of MDFIC-deficient hLECs to undertake collective cell
migration on fibronectin, collagen I, and laminin after infliction of
a scratch wound. These assays revealed that MDFIC-deficient hLECs
underwent significantly less migration on collagen and laminin, but
not fibronectin, compared with control-treated cells (Fig. 8, T to V,
and data file S5). No differences in cell proliferation were observed
when MDFIC-deficient cells were plated on these ECM compo-
nents (fig. S9 and data file S6). Together, these data suggest that

Byrne et al., Sci. Transl. Med. 14, eabm4869 (2022) 2 March 2022

variants in MDFIC underlying CCLA, a
devastating disorder characterized by
abnormalities in the development and
function of major, truncal lymphatic vessels, in seven affected indi-
viduals from six independent families. By generating a novel mouse
model of CCLA in which homozygous truncating variants found in
human MDFIC were recapitulated, we have revealed a crucial role
for MDFIC in the development of lymphatic vessel valves. Structural
abnormalities in the lymphatic vasculature of homozygous mutant
mice were observed concurrently with the onset of lymphatic vessel
valve development during embryogenesis, and they progressively
worsened over time, resulting in the lethality of mice due to
chylothorax within the first 30 days of life. Our data reveal that
biallelic MDFIC pathogenic variants are causative of CCLA, define
a novel role for MDFIC in lymphatic vascular development, and
identify a new gene important for the development and function of
lymphatic vessel valves. Our work has immediate implications for
improving the genetic diagnosis of patients affected by CCLA, sheds
new light on the developmental etiology of CCLA, and ultimately will
inform the development of novel therapeutics to combat this disease.

It is intriguing that despite the presence of valves in collecting
lymphatic vessels of all tissues analyzed to date, the phenotypes
of lymphatic vessel distension and, ultimately, dysfunction are pre-
dominant in the thoracic region of MdficMB3U*/MI3I* mice. All
patients in our study exhibited pleural and pericardial effusions,
which, in many cases, were recurrent. Chylothorax and pleural and
pericardial effusions occur as a direct and severe consequence of
thoracic duct dysfunction, resulting in retrograde flow of lymph
into the pulmonary, cardiac, and intercostal lymphatics and fluid
accumulation in the pleural/pericardial/thoracic spaces. This pro-
found effect on the thoracic lymphatic beds may manifest as a result
of the thoracic duct carrying the greatest lymph load in the body,
thereby being the point at which lymphatic dysfunction reaches a
threshold. In addition, the high degree of mechanical stress that the
vessels of the thoracic region are subjected to during breathing,
arterial pulsation, and heartbeat may result in these lymphatics
being more susceptible to structural or functional impacts. None-
theless, given that central and peripheral lymphatic symptoms are
observed in patients with CCLA with MDFIC variants and that
abnormalities in valve development are observed in the collecting
lymphatics of all tissue beds analyzed in embryonic and postnatal
MdficMBFMIBI* mice, it is likely that lymphatic vascular defects
caused by MDFIC pathogenic variants are prominent in all tissues.

Although our data suggest that truncating variants in MDFIC
result in loss of MDFIC function with respect to cell surface localiza-
tion and interaction with GATA2, to date, we have not identified an
impact on MDFIC localization or function as a result of the mis-
sense p.Phe245Leu variant. The fact that two patients in our cohort
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Fig. 8. MDFIC-deficient hLECs exhibit increased adhesion and decreased migration on ECM components. (A to F) Confocal microscopy of F-actin (gray) in control
or MDFIC-deficient hLECs adhered to ECM components. Equal numbers of control or MDFIC-deficient cells were allowed to spread on glass wells coated with fibronectin
(A and D), collagen | (B and E), or laminin (C and F) for 30 min before fixation. (G) Quantification of adhesion as measured by resistance. (H to S) F-actin (red) was visualized
to demarcate cell area, and active integrin By conformation (cyan in the left panels) was detected using the monoclonal antibody 9EG7 in control and MDFIC-deficient
hLECs after attaching to fibronectin (H, I, N, and O), collagen | (J, K, P, and Q), or laminin (L, M, R, and S) for 30 min. Migration analysis of hLECs grown on ECM components,
(T) fibronectin, (U) collagen |, and (V) laminin. Error bars represent SEM, **P < 0.01 and ***P < 0.001, calculated using two-way ANOVA with Sidak correction. N=5 independent
experiments (G), N =4 independent experiments (T to V). Scale bars, 200 um (A to F) and 50 um (H to S).

carrying compound heterozygous p.Met131Asnfs*3/p.Phe245Leu
variants exhibited severe phenotypes in utero, whereas heterozy-
gous carriers of MDFIC pathogenic variants are not reported to
have lymphatic phenotypes, suggests that the p.Phe245Leu variant
is deleterious. Although we do not yet understand the mechanism
underlying dysfunction of this missense variant, the possibility
exists that an important function of the C-terminal, SMB domain
region is interrupted by this variant. Alternatively, when coexpressed
together, there may be a dominant negative effect of the truncation

Byrne et al., Sci. Transl. Med. 14, eabm4869 (2022) 2 March 2022

mutant on the missense mutant, effectively abolishing MDFIC func-
tion, particularly as consistently elevated quantities of truncated
MDFIC were observed compared with missense protein when these
proteins were ectopically expressed. Future work will address these
possibilities.

Similarities between the lymphatic phenotypes reported in CCLA
and those described in patients with lymphatic anomalies due to
pathogenic variants in components of the RAS/MAPK pathway raise
the possibility that MDFIC might influence RAS/MAPK signaling
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in lymphatic endothelial cells. This pathway is activated in response
to major signaling axes driving lymphangiogenesis, including
VEGFC/VEGFD/VEGEFR3, FGF/FGFR, HGF/c-MET, and EphrinB2/
EPHB4, and is reported to be important for regulating SOX18 and
PROXI1 quantities in lymphatic endothelial cells, thereby promoting
lymphangiogenesis (39). Future studies will investigate whether
MDFIC regulates RAS/MAPK pathway activity in the lymphatic
vasculature. The observation that Mdfic mRNA and protein are
restricted to valves in the lymphatic vasculature is also intriguing.
Although the mechanisms via which Mdfic mRNA is selectively
transcribed or stabilized in valve territories remain to be established,
our data reveal that MDFIC protein coprecipitates with GATA2
and is stabilized when ectopically expressed with GATA2, FOXC2,
and NFATCI. These data provide insight into the mechanisms by
which MDFIC protein is detected selectively in lymphatic and
cardiac valves, where these transcription factors are prominent.

How does MDFIC coordinate valve development? Mice homo-
zygous for the truncating M131fs* pathogenic variant exhibit fewer
lymphatic valves than their wild-type counterparts, and those valves
that formed were arrested at an early stage of development. Our
finding that MDFIC-deficient hLECs exhibit elevated quantities of
activated integrin B;, more rapid spreading on ECM components,
and reduced migration suggests that the collective migration event
that is important for valve development is impeded as a result of
MDFIC loss of function, thereby resulting in arrested valve mor-
phogenesis. Our observations that MDFIC is detected at the cell
surface and in conditioned medium suggest that MDFIC might be
an important component of the ECM in valves. Future studies will
investigate the interaction of MDFIC with ECM components and
determine whether this function of MDFIC is unique to lymphatic
endothelial cells or conserved in other tissues in which MDFIC is
prominently expressed.

In conclusion, our work uncovers homozygous and compound
heterozygous pathogenic variants in MDFIC underlying CCLA in
seven affected individuals from six independent families. We define
a crucial role for MDFIC in lymphatic vessel valve morphogenesis,
explaining the mechanisms by which loss-of-function pathogenic
variants in MDFIC cause severe lymphatic vascular dysfunction and
disease. Our findings will inform the genetic diagnosis of CCLA
and, potentially, of additional lymphatic vascular disorders, which
may manifest either in utero or postnatally. Linking MDFIC func-
tion to either the RAS/MAPK or PI3K signaling pathways has the
potential to facilitate the implementation of clinically approved
modulators of these pathways for patient treatment, as is being
done for RAS/MAPK- and PI3K/AKT-related lymphatic and vas-
cular anomalies (14, 15, 40, 41) and as has been recently described
for CCLA caused by an ARAF pathogenic variant (6). Future work
will provide deeper insight into the mechanisms by which MDFIC
pathogenic variants interrupt lymphatic vessel valve morphogenesis,
paving the way for the development of novel, targeted therapeutics
able to effectively treat severe lymphatic vascular disorders.

MATERIALS AND METHODS

Study design

The goal of this study was to investigate whether pathogenic variants
in MDFIC are causative of lymphatic vascular anomalies and primary
lymphedema. We identified MDFIC pathogenic variants in six families
from four separate cohorts of patients with NIHF and/or primary
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lymphedema. No data were excluded from the study. To determine
normal tissue distribution of MDFIC in mice, we used RNA in situ
hybridization and immunohistochemistry (antibodies listed in
table S1). To examine the consequences of the most common
frameshift pathogenic variant, predicted to result in production of
truncated protein, we developed a mouse model using CRISPR-Cas9
methodology and analyzed the structure and function of lymphatic
vessels in animals carrying homozygous Mdfic pathogenic variants.
We assessed the ability of MDFIC to interact with key lymphatic
transcription factors by ectopic coexpression and immunoprecipi-
tation and analyzed the effect of MDFIC pathogenic variants on
protein expression, localization, and stability. We investigated the
consequence of MDFIC deficiency in primary human LECs on
adhesion to and migration on a variety of ECMs. Experiments using
mice were approved by and conducted in accordance with guide-
lines of the University of Adelaide, South Australian (SA) Pathology/
Central Adelaide Local Health Network (CALHN) Animal Ethics
Committee, the South Australian Health and Medical Research
Institute Animal Ethics committee, the University of South Australia
Animal Ethics Committee, and the Australian code for the care and
use of animals for scientific purposes. Patients gave informed con-
sent in accordance with the Declaration of Helsinki under institu-
tionally approved protocols at the Womens and Childrens Hospital
(Adelaide), Universite Catholique de Louvain, Children’s Hospital
of Philadelphia, University Medicine Greifswald, and institutions of
clinical collaborators.

Statistical analysis

Data are expressed as means + SEM or SD, and statistical evaluation
was performed using two-tailed Student’s ¢ test, two-way analysis of
variance (ANOVA) with a Sidak multiple comparison test, or
one-way ANOVA, using GraphPad Prism (version 8.2.1). P values
less than 0.05 were considered statistically significant.

SUPPLEMENTARY MATERIALS
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Abstract

One-sentence summary: Pathogenic variants in MDFIC cause complex lymphatic anomalies because of a
crucial role for MDFIC in lymphatic vessel valve development.

Editor’s Summary:
Editor’s summary: Variants, valve defects, and lymphatic dysfunction

Defective lymphatic vessel valve development impairs lymphatic fluid flow and contributes to lymphatic
malformations, lymphedema, and related lymphatic disorders. Here, Byrne et al. identified mutations in
MDFIC associated with impairments in truncal collecting lymphatic vessels in individuals with central
conducting lymphatic anomaly. Mdfic variants disrupted lymphatic vessel patterning and valve development
in mouse models, and in vitro work identified how MDFIC regulates integrin activation and collective cell
migration. This work highlights the importance of lymphatic valve development and adds to our understanding
of the molecular mechanisms underlying lymphatic disorders.
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