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Abstract
Central conducting lymphatic anomaly (CCLA) is one of the complex lymphatic anomalies characterized by dilated lymphatic
channels, lymphatic channel dysmotility and distal obstruction affecting lymphatic drainage. We performed whole exome
sequencing (WES) of DNA from a four-generation pedigree and examined the consequences of the variant by transfection of
mammalian cells and morpholino and rescue studies in zebrafish. WES revealed a heterozygous mutation in EPHB4 (RefSeq
NM_004444.4; c.2334þ1G>C) and RNA-Seq demonstrated that the EPHB4 mutation destroys the normal donor site, which
leads to the use of a cryptic splice donor that results in retention of the intervening 12-bp intron sequence. Transient co-
expression of the wild-type and mutant EPHB4 proteins showed reduced phosphorylation of tyrosine, consistent with a loss-
of-function effect. Zebrafish ephb4a morpholino resulted in vessel misbranching and deformities in the lymphatic vessel
development, indicative of possible differentiation defects in lymphatic vessels, mimicking the lymphatic presentations of
the patients. Immunoblot analysis using zebrafish lysates demonstrated over-activation of mTORC1 as a consequence of
reduced EPHB4 signaling. Strikingly, drugs that inhibit mTOR signaling or RAS-MAPK signaling effectively rescued the
misbranching phenotype in a comparable manner. Moreover, knock-in of EPHB4 mutation in HEK293T cells also induced
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mTORC1 activity. Our data demonstrate the pathogenicity of the identified EPHB4 mutation as a novel cause of CCLA and sug-
gesting that ERK inhibitors may have therapeutic benefits in such patients with complex lymphatic anomalies.

Introduction
The lymphatic system is essential for maintaining extracellular
and intravascular fluids, immune surveillance and defense, and
small intestine dietary fat absorption (1). Development of this com-
plex network, which performs such varied functions, requires
highly regulated coordination of cell proliferation, migration, differ-
entiation and cell–cell communication. New insights into lymphan-
giogenesis, lymphatic development and lymphatic vasculature
remodeling have emerged through recent studies, suggesting that
perturbations in the PI3K/mTOR and RAS/MAPK signaling path-
ways underlie persistent lymphatic dysfunction and disease (1–5).
Gain-of-function mutations in AKT1 and PIK3CA, resulting in ele-
vated mTORC1 activity, have been reported in lymphatic malfor-
mations associated with syndromes, such as Proteus syndrome
(OMIM 176920), CLOVES syndrome (OMIM 612918) and Klippel-
Trenaunay-Weber syndrome (OMIM 149000), which have lymphatic
disruption and overgrowth (6–8). Mutations in KRAS, HRAS, BRAF,
RAF1, PTPN11 and SOS1, resulting in dysregulated RAS pathway ac-
tivity, cause lymphedema in relation with lymphangiectasia in
Noonan syndrome (OMIM 163950), Costello syndrome (OMIM
218040) and cardiofaciocutaneous syndrome (OMIM 115150) (9–14).

Central conducting lymphatic anomaly (CCLA) is one of the
complex lymphatic anomalies characterized by dilated lymphatic
channels, lymphatic channel dysmotility and distal obstruction
affecting lymphatic drainage (15). First described by Trenor III and
Chaudry (15), and Clemens et al. (16), CCLA was classified as
channel-type lymphatic malformation (17) by the International
Society for the Study of Vascular Anomalies (ISSVA), presenting
significant overlapping patterns of clinical symptoms with its
closely related diagnosis—generalized lymphatic anomaly (GLA),
including but not limited to chylothorax, chylous ascites, leakage
or reflux of lymph fluid and extremity swelling. Here we report
the identification of a heterozygous mutation of EPHB4, the gene
encoding Ephrin type-B receptor 4 that was recently reported to
be responsible for nonimmune hydrops fetalis and capillary
malformation-arteriovenous malformation (18,19), in a four-
generation family pedigree, and extend the spectrum of genes in-
volved in lymphatic anomaly. Remarkably, in zebrafish study
lymphatic vessel misbranching and developmental deformities
resulting from ephb4a morpholino (MO) can be effectively rescued
by mTOR inhibitors and MEK inhibitors.

Results
Clinical presentations and family history

The proband has a lifelong history of complex lymphovascular
disease manifesting primarily as a right-sided chylous effusion
(Fig. 1A and A0). He is a Caucasian male born to a non-
consanguineous couple at 39.5 weeks gestation following a preg-
nancy complicated by fetal hydrops. He was intubated for 4 weeks
due to respiratory failure. Near complete opacifications of his
lungs were noted on chest X-ray at birth. After extubation he de-
veloped large pleural effusions. In order to elucidate the reason
for his respiratory failure and lung opacifications, an open right
lung biopsy at 4 months of age identified histologically abnormal
large lymphatic structures, which was given the diagnosis of
‘pulmonary lymphangiomatosis’. At 18 months of age he had

surgery to repair an undescended testicle and bilateral esotropia
which was uncomplicated. He gradually improved from 18
months to 2 years of age and was able to wean off of oxygen. At 2
years of age he underwent a second surgery for ongoing strabis-
mus, which was complicated by bilateral orbital cellulitis with
multiple pathogens. Due to the unusual and severe nature of his
orbital cellulitis, he was suspected to have an immunocompro-
mised state. He did well from 3 to 8 years of age with the excep-
tion of poor growth at the fifth percentile for age. Attempted
liberalization of diet resulted in diarrhea with fat-rich foods. He
was completely off of oxygen from age 3 to 6, but required oxygen
again beginning at age 6 when his chylothoraces returned.

At 9 years of age, he had significant worsening of chylothora-
ces and ongoing weight loss despite nasogastric feedings with
Portagen overnight. Due to escalating respiratory symptoms at
age 10, bilevel positive airway pressure (BiPAP) was initiated
during sleep. By age 11 his right-sided chylothroax had become
very large, and thoracentesis was performed. Approximately 2
l of chylous effusion was drained with immediate improvement
in his breathing. However, the fluid re-accumulated within 12 h
with a significant drop in his post-procedure albumin. Shortly
after this, he was listed for lung transplantation. An operative
lymphangiogram at this time revealed retrograde flow of con-
trast in lymphatics into retroperitoneum, abdomen, neck, medi-
astinum and possibly bronchi. Treatment with interferon alpha
2b, celecoxib and thalidomide did not result in any improve-
ment. By age 11 he required oxygen at all times. He was transi-
tioned to total parenteral nutrition for 18 months from 10 to
11.5 years of age, during which time he had significant improve-
ment in his growth. He was transitioned back to oral nutrition,
with a low-fat diet and attempt to supplement with MCT oil.

At 16 years of age he developed pulmonary edema when
took an international flight, despite wearing oxygen during the
flight. Chest X-ray during this time was stable and showed large
right-sided opacity. During his teenage years, he also developed
prominence of the veins on his lower extremities, which have
gradually worsened since that time.

Pulmonary function tests at age 24 revealed total lung capac-
ity at 59% predicted, vital capacity 58% predicted and have
remained stable since that time. Echocardiogram at age 24 was
normal. He has never had bony involvement and no bony ab-
normalities have been noted on radiographs. At age 24 years,
magnetic resonance (MR) lymphangiography with gadolinium-
based contrast demonstrated high pulmonary water signal and
abnormal retrograde pulmonary lymphatic perfusion of the
right lung as well as abnormal central lymphatic anatomy, sug-
gestive of absent or dysfunctional lymphatic valves (Fig. 1A00).
There was proliferation of many lymphatic channels in the ret-
roperitoneum, around the spine and in the lungs. The lym-
phatic channels were dysfunctional and the flow was not
normal after injection of lymph nodes with radioactive tracer.
Maximal intensity projection (MIP) of dynamic contrast mag-
netic resonance lymphangiogram (DCMRL) showed retroperito-
neal masses and dilated and tortuous thoracic duct with
retrograde perfusion of the right lung (Fig. 1A0 00). Careful review
of his clinical history and images subsequently rectified his di-
agnosis to CCLA based on 2015 ISSVA classification of vascular
anomalies (17).
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Figure 1. Clinical images and skin histopathology in patients with lymphatic anomalies. (A) Chest radiograph of the proband shows prominent interstitial lung mark-

ings with a right-sided pleural effusion (arrow) at 24 years of age. (A0) Chest CT scan of the proband shows right-sided pleural effusion (open arrow) and ground glass

opacifications (black arrow) at 23 years old. (A00) T2-weighted MRI demonstrating high peribronchial (arrow) and pulmonary interstitial signal (arrowhead). (A0 00) MIP

of DCMRL showing retroperitoneal masses (arrow) dilated and tortuous thoracic duct (TD) (dashed arrow) with retrograde perfusion of the right lung (arrow head).

(B and B0) Skin histopathology of mother of proband demonstrates a markedly increased number of dermal vascular structures. Both dilated lymphatic channels and

venules/capillaries are noted (B, hematoxylin and eosin, 40�, black arrow indicates capillary in the superficial reticular dermis; B0 , hematoxylin and eosin, 100�, black

arrow is pointing at a dilated lymphatic channel and open vertical arrows are pointing at dilated venules). (B00) The dilation and thickness of venolymphatic channels

stains positive for CD31 (40�), with a subset also positive for D2–40 (data not shown). (C) Faint, vaguely reticulated matted telangiectatic patch on the medial left foot of

mother of proband, along with scattered varicosities. The dorsal foot shows a similar faint telangiectatic patch. White arrow is pointing at a telangiectatic patch in

both clinical images. (D) Photograph of posterior calves of proband demonstrating discoloration and stasis dermatitis suggestive of longstanding venous insufficiency.

Of note, the lesion on the right posterior calf is partially healed biopsy site. The biopsy site took several weeks longer to heal completely than would be anticipated, fur-

ther supportive of venous insufficiency.
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Family history was significant for multiple affected family
members (Fig. 2A). Significant swelling of the lower extremities
with superficial clots has been a consistent feature in most of
affected family members, with the exception of individual II-8,
grandaunt of the proband, who passed away at age 4. She had
significant abdominal distension and edema in photographs,
but no hospital records or photographs of the lower extremities
are available to determine whether there was involvement of
the lower extremities. Skin biopsy of the left lower extremities
of the proband’s mother demonstrated markedly increased der-
mal vascular structures consistent with a lymphatic and vascu-
lar malformation (Fig. 1B, B0 and B00) and her skin was noted to
have some subtle and nonspecific telangiectatic patches
(Fig. 1C). The other affected family members had lower extremi-
ties that were similar in appearance but no biopsies were avail-
able. Additionally, there was a presumed affected pregnancy in
which a stillbirth baby was affected by hydrops (III-6). There
were several individuals with prominent abdominal involve-
ment, most prominently affecting III-7, IV-6, III-9. Mother of the
proband, III-3, has required diuretic treatment for abdominal
distension. Female family members, most dramatically mother
of the proband (III-3) have had dysfunctional uterine bleeding
requiring multiple uterine ablations. Her symptoms were much
worse during pregnancy, and she also had massive postpartum
hemorrhage resulting in transfer to the medical intensive care
unit. Coagulopathy with multiple blood clots, despite normal
hypercoagulability workup, was seen in individuals II-2, II-3, II-
5, III-3, III-5 and III-7. There was variability in the age and sever-
ity of symptoms, with two individuals with fetal hydrops (IV-3
and III-6), severe involvement in early childhood in II-7 and III-
7, and other affected individuals who were asymptomatic until
adolescence. Venous stasis was a consistent and prominent fea-
ture in all affected family members who survived to adoles-
cence (Fig. 1D). All affected family members have had
significant morbidity related to their symptoms. Unaffected
family members have had no swelling of the lower extremities,
blood clots or abdominal distension. There is no recognized
consanguinity.

In summary, his family history is notable for edema of lower
extremities, venous stasis and variable chylous effusion in his
mother, maternal uncle and aunts, maternal grandfather, ma-
ternal granduncle and grandaunts, as well as maternal great-
grandmother. Six affected family members and nine unaffected
family members provided samples for analysis.

Identification of EPHB4 mutation in CCLA patient

The pedigree suggested an autosomal dominant mode of inheri-
tance (Fig. 2A). We performed whole exome sequencing (WES)
on the proband and healthy sister, both parents, one unaffected
maternal aunt, as well as the affected maternal grandfather,
who provided the most effective baseline data. After the WES
data filtering strategy (as described in Materials and Methods),
only four dominant candidates were survived (Supplementary
Material, Table S1). A c.2334þ1G>C substitution in EPHB4 gene,
previously implicated in a pathway for venous and lymphatic
cell fate determination, was identified as the most likely candi-
date. Cosegregation of the mutation with phenotype was con-
firmed by Sanger sequencing, which demonstrated the
presence of the heterozygous splicing variant in the six affected
individuals and absence of the mutation in nine unaffected
family members (Fig. 2A). Furthermore, the mutation was ab-
sent from the 1000 Genomes Project, COSMIC v80, ESP6500SI,

gnomAD dataset with >120 000 exomes, and additional exome-
sequence data from more than 4000 samples that we had previ-
ously sequenced in our in-house database (20, 21). RNA-Seq
with skin biopsies obtained from the proband demonstrated
that the EPHB4 splice-altering mutation leads to use a cryptic
splice donor that causes the retention of the intervening 12 bp
of the intron (Fig. 2B) and leads to an in-frame insertion of four
amino acids (p.L778_G779insLMLG) in the highly conserved cat-
alytic loop of protein kinase domain (Fig. 2C), which was also
confirmed by Sanger sequencing of EPHB4 cDNA (Fig. 2D).

Functional evaluation of the insertion of four amino
acids in the protein kinase domain of EPHB4

Previous reports showed that stimulation of EPHB4 receptors by
Ephrin B2 through cell–cell contact induces receptor autophos-
phorylation (22). To determine if the insertion affects the cata-
lytic activity of the protein, expression constructs containing
the wild-type and mutant versions of EPHB4 were generated.
Transfection of the wild-type EPHB4 cDNA into HEK293T cells
resulted in constitutive tyrosine phosphorylation of the protein
(Fig. 3A). In contrast, dramatically lower phosphorylation of the
mutant EPHB4 was observed (Fig. 3A). As previously reported in
hydrops fetalis (19), transfection of mixtures of the wild-type
and mutant into HEK293T cells resulted in reduced phosphory-
lation, roughly in proportion to the amount of mutant trans-
fected (Fig. 3A). The high level of constitutive phosphorylation
in HEK293T cells made it impossible to examine the impact of
the mutation on stimulation-induced phosphorylation. A previ-
ous report utilizing the human A375 melanoma cell line showed
Ephrin-B2, the natural ligand of EPHB4, induced phosphoryla-
tion of exogenously expressed EPHB4 (23). We therefore per-
formed a follow-up experiment in A375 cells to determine if the
mutation causes differences in ligand-induced phosphoryla-
tion. Transfection of EPHB4 into the human A375 melanoma
cell line resulted in far less constitutive phosphorylation of the
wild-type (Fig. 3B). Stimulation of the transfected cells with
Ephrin-B2 resulted in induction of phosphorylation of the wild-
type, but not the mutant EPHB4 (Fig. 3B). These results suggest
that the four amino-acid insertion caused by the splice-altering
mutation severely impacts the kinase activity of the mutant
EPHB4, consistent with a loss-of-function (LoF) effect.

Injection of ephb4a morpholinos results in lymphatic
misbranching phenotype that is rescued by mTORC1
and MEK inhibitors

To evaluate the functional consequences of the EPHB4 variant,
we injected ephb4a MO antisense oligonucleotides in zebrafish
that inhibits the same splice junction of exon 13 as identified in
the patients. Experiments were conducted in the pan-
endothelial tg(fli1: EGFP) transgenic line, in which the blood and
lymphatic vasculature is marked by EGFP expression (24).
During the establishment of the vasculature we observed a gen-
eral expansion and fusion of vessels at the caudal vascular
plexus peaking at 54 hours post fertilization (hpf) in over 50% of
the MO injected larvae (Fig. 4A, B and E) (4 experiments with 225
animals, P< 0.001). At 4 days post fertilization (dpf), the stage
when the lymphatic system has started to form (25), we
detected lateral aberrant and excess branching of newly form-
ing lymphatic vessels (identified by location and thin morphol-
ogy) and intersomitic blood vessels in about 46.3% of the
injected larvae (Fig. 4C–E, 6 experiments, 259 animals, P< 4E-08)
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Figure 2. Identification of mutation in EPHB4. (A) Pedigree of studied family and cosegregating pattern of the EPHB4 mutation. The open circles denote unaffected

females and the open squares denote unaffected males; the solid figures indicate affected subjects. EPHB4 genotypes are noted beneath the symbol for each subject

from whom DNA was available for testing. (B) RNA-Seq demonstrates EPHB4 splice-altering mutation destroys the normal donor site, which leads to the use of a cryptic

splice donor (the coding strand of EPHB4 corresponds to the chromosome’s reverse strand) that causes the retention of the intervening 12 bp of the intron. (C)

Schematic of EPHB4 protein showing conserved domains and variant identified in the affected individuals. Abbreviations are as follows: LBD, ligand binding domain;

FN3, fibronectin type 3 domain; TM, transmembrane domain; PTKc, catalytic domain of the protein tyrosine kinases; SAM, sterile alpha motif. (D) The in-frame inser-

tion was confirmed by Sanger sequencing of cDNA from patient.
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at 4 dpf, (Fig. 4C). Amplification of ephb4a cDNA derived from
the morphants (MOPHs) revealed that specifically targeting the
13th exon resulted in cryptic splicing with either a small or
larger insertion. Sanger sequencing showed that the smaller
band was a 30-bp in-frame insertion (encoding VNTALVLSIL),
while the larger band was due to the retention of the entire in-
tron between exon 13 and 14 resulting in a premature stop co-
don (Supplementary Material, Fig. S1A).

To validate our observation, we designed another MO by
inhibiting the translational start site (ATG). We observed similar
lymphatic pattern in the resultant malformed vasculature
(Supplementary Material, Fig. S1B–G). We also acquired the mu-
tant line ephb4asa11431 carrying a point nonsense mutation
(p.Y67X) originally discovered by the Sanger Institute with the
targeting induced local lesions in genomes (TILLING) approach
(26). However, an in-cross of mutant carriers with the tg(fli1:
EGFP) background did not show a defect in the caudal plexus or
misbranching of intersomitic vessels. As the p.Y67X mutation
occurred in the extracellular domain, which has no impact on
receptor dimerization, we hypothesize that a second ephb4 gene
in zebrafish, ephb4b, could compensate for the ephb4a function.
Indeed, injection of an ephb4b MO (0.4 uM) targeting the exon 13
splice junction resulted in fusion and expansion of the caudal
plexus at 54 hpf in 30.3% of multiple in-crosses zebrafish
(N¼ 99) (Supplementary Material, Fig. S1H). At higher concentra-
tions of MO (0.8 uM) �70% of these larvae also developed vessel
misbranching at 4 dpf (Supplementary Material, Fig. S1I and J).
Interestingly, these phenotypes were not induced by the MO
when only targeting ephb4b in wild-type larvae (Supplementary
Material, Fig. S1K).

Both mTORC1 and MEK1/2 have been shown to be important
signaling pathways regulating lymphatic development (27,28).
These pathways are regulated by positive and negative feedback
and cross-talk mechanisms (29). To determine if mTORC1 and
MEK inhibitors could rescue the induced phenotypic and

molecular changes observed in the MOPHs, we repeated the MO
experiments in the presence and absence of the mTORC1 inhib-
itors, Rapamycin and BEZ235 (a dual PI-3-kinase and mTOR in-
hibitor), and the MEK inhibitors, U0126 and Cobimetinib, in
separate experiments. Treatment with Rapamycin (24–54 hpf)
resulted in a significant rescue of the defects in the caudal vas-
cular plexus (>33.9%) in comparison with the untreated fishes
(Fig. 4F; 6 experiments, 321 animals, P¼ 0.01). After Rapamycin
treatment from 54 hpf to 4 dpf, substantial decrease in the inter-
somitic vessel misbranching was observed (>57.0%) in compari-
son with the untreated samples (Fig. 4G; 6 experiments, 136
animals, P< 1E-04). BEZ235 treatment from 54 hpf to 4 dpf res-
cued the defective vessel branching phenotype by 62.1%
(Fig. 4H; 5 experiments, 159 animals, P< 1E-04). The MEK inhibi-
tory drugs, U0126 and Cobimetinib, also similarly rescued the
distorted vasculature induced by ephb4a MO by 66.9% (3 experi-
ments, 111 animals, P¼ 2E-04) and 50.5% (3 experiments, 78 ani-
mals, P¼ 0.02), respectively (Fig. 4I and J).

Perturbations attributed to induced variants in ephb4a in
developing zebrafish upregulate mTORC1 signaling,
reversed by inhibitor therapy

To investigate the biochemical effects of the induced variants in
ephb4a MOs, we lysed trunk section containing the affected ves-
sels of multiple zebrafish larvae at 4.5 dpf, and analyzed the
lysates for mTORC1 and MAPK pathways by western blot. Levels
of phosphorylation were assessed in triplicate. Elevated
mTORC1 signaling as evidenced by phosphorylation of both
mTOR and its downstream target p70S6 kinase (p70S6K; an indi-
cator of mTORC1 activation) was observed in ephb4a MOPHs
(Fig. 5A). The activation of mTORC1 as illustrated by p70S6K
was inhibited by treatment of the developing larvae
with Rapamycin and BEZ235, while ERK1/2 showed consistently

Figure 3. LoF mutation in EPHB4. (A) HEK293T cells were transiently transfected with wild-type EPHB4 alone, mutant EPHB4 alone or the mixtures of the wild-type and

mutant in the indicated ratios. (B) A375 cells were transfected with wild-type EPHB4, mutant EPHB4 or left untransfected. Cells were stimulated with either plate-bound

Ephrin-B2-Fc or human IgG1 as a control. Cells were lysed, and transfected proteins were immunoprecipitated. IPs were blotted for phosphotyrosine (top) or EPHB4

(middle). Whole cell lysates were blotted for EPHB4 to demonstrate equal expression (bottom).
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high constitutive activation as detected by phosphorylation
level in all conditions (Fig. 5A). However, this ERK1/2 constitu-
tive phosphorylation was downregulated by the treatment of an
MEK inhibitory drug, U0126, in the ephb4a MO (Fig. 5B), suggest-
ing both the PI3K/mTORC1 and RAS/EKR1/2 branches of intra-
cellular signaling can independently control lymphatic
development.

Knock-in of EPHB4 mutation in HEK293T cells results in
increased mTORC1 activity

We used CRISPR-Cas9 to generate a cellular model for EPHB4
(Fig. 6A). The knock-in was confirmed by directly amplifying
and sequencing genomic DNA and the exon 12–14 region
of EPHB4 cDNA (Fig. 6B–D). Western blot analysis of the

Figure 4. ephb4a MOs induces mTORC1 signaling-dependent expansion of the caudal vascular plexus and miss-guided vessels in the intersomitic vasculature. (A and

B) Injection of ephb4a MO (800 uM) in the tg(fli1: EGFP) zebrafish line (in which endothelial cells is marked by EGFP expression) induces expansion and fusion of the cau-

dal vasculature at 54 hpf (arrows). (C) At 4 dpf the zebrafish vascular system consists of intersomitic blood vessels that project in dorso-ventral direction (arrow) as well

as thinner lymphatic vessels (arrowheads). The lymphatic parachordal line runs horizontally along the trunk (downward arrowhead) while the intersegmental lym-

phatic vessels project downwards (upward arrowhead). (D) ephb4a MO induces misguided vessels that resemble blood vessels (arrows) and lymphatic vessels (arrow-

heads). (Images of C and D are merged from two neighboring confocal scans) (E) The defects in the caudal plexus are detected in 52% of ephb4a MO-injected larvae at 54

hpf, misguided vasculature is present in 46% on day 4 (***P<0.001). (F and G) Rapamycin can significantly reduce the number of animals with caudal defect and mis-

branching at 54 hpf (F, *P<0.05) and 4 dpf (G, ***P<0.001), respectively. (H–J) BEZ235 (H, ***P<0.001), U0126 (I, ***P<0.001) and Cobimetibib (J, *P<0.05) similarly rescue

the branching defects on day 4.
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gene-edited cells with the EPHB4 splice-altering mutation dis-
played enhanced phosphorylation of p70S6K levels as compared
with that of wild-type cells (Fig. 6E).

Discussion
The patients reported here are from a four-generation pedigree
with a significant family history of venolymphatic dysfunc-
tion—edema of lower extremities, venous stasis and variable
chylous effusion. The venous insufficiency doesn’t fulfill the
definition of venous malformation and lymphatic dysfunction
observed in our family suggests a channel-type lymphatic mal-
formation based on 2015 ISSVA classification of vascular anom-
alies (17). The advent of DCMRL, a new advanced imaging
technique, allows better understanding of the anatomy and
flow of the lymphatic system. Examination of image data
showed that the proband has dilated thoracic duct and retro-
grade lymph flow into lung, which leads to pleural effusions

and respiratory distress, further substantiating the validity of
the CCLA diagnosis in this studied proband.

We obtained convincing evidence that an inherited germline
mutation in EPHB4 is responsible for the variable lymphatic
anomaly phenotype in the six family members, whose clinical
features were also notable for venous involvement and lack of
bony involvement, which excludes the GLA diagnosis (30).
EPHB4 encodes for Ephrin B-type receptor 4, which is a receptor
tyrosine kinase and recognizes Ephrin-B2 (EFNB2) as a specific
ligand. In animal models the EFNB2/EPHB4 pathway has previ-
ously been shown to impact venous and lymphatic cell fate
determination, and lymphatic valve development (31–34).
Specifically, lymphatic vessel sprouting from the cardinal vein
requires cell migration to penetrate the surrounding tissue to be
correctly positioned. This cellular migration is controlled by re-
pulsive forward Ephb4 signal when encountering a cell with
Efnb2 (35). So cells lacking EPHB4 signal, rather than stopping at
the correct positions, keep getting pro-migration signals from

Figure 5. Perturbation attributed to ephb4a MO in developing zebrafish upregulate mTORC1 signaling and activation of mTORC1 can be inhibited by treatment of

mTORC1 inhibitors. (A and B) Lysates from zebrafish larvae treated with either ephb4a MO or control MO, and untreated, or treated with Rapamycin or BEZ235 (A) or

with U0126 (a MEK inhibitor) (B) were separated by SDS-PAGE and blotted for phospho-mTOR S2448, phospho-p70S6K T389 and phospho-ERKs. Blotting for b-actin was

used as a loading control. Normalized quantification of p-p70S6K and p-ERKs against b-actin was performed from three independent experiments. Data are presented

as mean 6 SD.
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their environment, which leads to abnormal lymphatic branch-
ing. We have shown that the mutation c.2334þ1G>C in EPHB4
leads to in-frame insertion (p.L778_G779insLMLG) in the protein
kinase domain, which participates in phosphorylation in for-
ward signaling. Indeed, our functional data both validate the
pathogenicity of this mutation and show the insertion
decreases the phosphorylation state of the EPHB4 protein.
Furthermore, modeling the splice-altering mutation in zebrafish

results in disorganized blood and lymphatic vasculature, indica-
tive of possibly differentiation defects both in blood and lym-
phatic vessels and mimicking the presentations of the patients.
Strikingly, drugs that inhibit mTOR or MAPK signaling were
both able to rescue the disorganized lymphatics through rectify-
ing the over-activation of mTORC1 signaling by mTOR inhibi-
tory drugs and downregulating MAPK signaling by MEK
inhibitory drugs. Although it’s controversial whether ERK is

Figure 6. Knock-in of EPHB4 mutation in HEK293T cells results in increased mTORC1 activity. (A) Schematic drawing of targeted genome editing at EPHB4 locus us-

ing CRISPR/Cas9. (B) Sanger sequence traces of genomic DNA after the knock-in. (C) RT-PCR analysis suggested a small insertion in the knock-in cells compare

with the wild-type cells. (D) The four-amino-acid insertion induced by CRISPR/Cas9 confirmed by standard Sanger sequencing of RT-PCR product. (E) Western blot

of the wild-type HEK293T cells and EPHB4 mutant cells by gene editing. Cells containing the EPHB4 splice-altering mutation displayed higher p-p70S6K levels than

wild-type cells.
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proximal downstream target of EPHB4 signaling, our data sug-
gest both pathways can independently control lymphatic fate
specification. While this work was in progress, two families
with history of nonimmune hydrops fetalis were reported with
germline heterozygous missense variants located in the protein
kinase domain of EPHB4 (19). Most recently, mutations in EPHB4
have been described in two additional distinct clinical disease
entities—capillary malformation-arteriovenous malformation
and vein of Galen aneurysmal malformation (36). Despite har-
boring a similar LoF genetic defect, there is considerable vari-
ability in terms of expressivity and penetrance, suggesting that
other modifying genetic and/or environmental factors are at
play. Taken together, our work demonstrates that LoF EPHB4
mutations result in a widespread vascular disorder.

Until recently, sclerotherapy and surgical resection and em-
bolization techniques were the only treatments for some lym-
phatic anomalies and in others there was no effective
treatment, but now mTOR inhibitors have become a possible
treatment option in management of some lymphatic anoma-
lies, including GLA, Gorham-Stout syndrome, kaposiform
lymphagiomatosis and venous lymphatic malformation (37–39).
Although the majority of patients were reported to partially re-
spond to sirolimus (a.k.a. Rapamycin) treatment, treatment re-
sponse is still inconsistent suggesting genetic heterogeneity
beyond the mTOR pathway in these disorders or upstream feed-
back mechanisms that reactivate this pathway. Our treatment
of ephb4a MO with preclinical PI3K/mTORC1 or RAS/MAPK inhib-
itory drugs dramatically restored the normal vessel architec-
ture, suggesting a possible avenue for direct therapeutic
intervention by the inhibitory drugs in both pathways.

In summary we report here a kinase-inactivating mutation
(c.2334þ1G>C: p.L778_G779insLMLG) in the EPHB4 gene that fol-
lows an autosomal dominant mode of inheritance with variable
expression as the cause of clinical presentations in the six af-
fected family members, representing the first report of an
autosomal dominant form of CCLA and a potential avenue
for therapeutic intervention for related complex lymphatic
anomalies.

Materials and Methods
Whole exome sequencing and bioinformatics analysis

Exons were captured from qualified fragmented genomic DNA
samples using the SureSelect Human All Exon 51 Mb kit (Agilent
Technologies, Santa Clara, California, USA). Paired-end 101-base
massively parallel sequencing was carried out on the Illumina
HiSeq2500 platform (Illumina, San Diego, California, USA) in
Center for Applied Genomics, according to the manufacture’s
protocols. Base calling was performed by the Illumina CASAVA
software (version 1.8.2) with default parameters. Sequencing
reads passing the quality filter were aligned to the human refer-
ence genome (GRCh37-derived alignment set used in 1000
Genomes Project) with Burrows-Wheeler Aligner (BWA, v.0.7.12)
(40). PCR duplicates were removed using Picard (v.1.97). The
Genome Analysis Toolkit (GATK, v.2.6–5) was used to generate
variant calls (41). All variants were then annotated by
ANNOVAR (42) and SnpEff (v.2.0.5) (43) to collect amino acid
change, protein functional effect, conservation score, minor al-
lele frequency (MAF) and output from prediction programs
(SIFT, Polyphen2, LRT and MutationTaster). We examined mis-
sense, nonsense, splice-altering and coding indels matching the
dominant mode of inheritance in the exome data. Results were
filtered to exclude synonymous variants, variants with MAF

greater than 0.5%, and variants previously identified in controls
by our in-house exome variant database (20,21). To facilitate
identification of dominant variants, we presumed that the var-
iants responsible for the disease would be rare and probably ab-
sent in the general population. The dominant variants
identified were then further filtered to exclude variants that had
more than five occurrences in gnomAD. Subsequent gene priori-
tization was on basis of deleterious predication and biology rel-
evance by referring to Online Mendelian Inheritance in Man
(OMIM). Validation of surviving candidates was performed by
standard Sanger sequencing.

RNA-Seq

RNA from the skin biopsies obtained from the lead proband was
extracted using the AllPrep DNA/RNA Mini Kit (Qiagen).
Extracted RNA samples underwent quality control assessment
using R6K Screen Tape on a 2200 Tape Station (Agilent) and
were quantified using Qubit 2.0 Fluorimeter from Life
Technologies (Grand Island, NY). Strand-specific RNA library
was prepared from 100 ng total RNA using the Encore Complete
RNA-Seq library kit (Nugen Technologies, Inc., San Carlos, CA,
USA) according to the manufacturer’s protocol. Briefly, non-
rRNA-enriched cDNA was prepared and converted to libraries
with adaptors and reagents provided in the kit. The library qual-
ity was assessed by qPCR using Kappa Library Quant kit (Kappa
Biosystems, Woburn, MA, USA). RNA sequencing was performed
on the Illumina HiSeq2500 platform (Illumina), per standard
protocols. The RNA-Seq data were aligned to the hg19 reference
genome using STAR (44) with default parameters. Transcripts
were assembled using Cufflinks software (45).

Expression and characterization of EPHB4 mutation in
mammalian cell lines

A plasmid containing the EPHB4 coding sequence was obtained
from GE Dharmacon (cat# MHS6278–202833446, Lafayette, CO).
The discovered 12-base-pair insertion was made via the
Quikchange II mutagenesis kit (Agilent) using primers: 50-
TGGGAATCTTTCCTCCCCCCAGCATTAGCAGGGAGCTAGTGTAG-
30 and 50-CTACACTAGCTCCCTGCTAATGCTGGGGGGAGGAAAGA
TTCCCA-30. The coding sequence was amplified by PCR using
forward primer 50-ATGAATTCGCCACCATGGAGCTCCGGGTGCT
GCTC-30 and reverse primer 50-ATGCGGCCGCTCAGTACTGCGG
GGCCGGTCC-30 and ligated into the EcoRI and NotI sites of
pBABE-CMV-Puro (46). A FLAG tag was inserted into the coding
sequence following the signal peptide via the Q5 Mutagenesis
kit (NEB, Ipswich, MA) using the forward primer 50-GATGATGAT
AAATTGGAAGAGACCCTGCTGAACAC-30 and the reverse primer
50-ATCTTTATAATCAGCTGCAGCCAACGAAGC-30. All sequences
were confirmed by Sanger sequencing. Wild-type and mutant
cDNA were transfected into HEK293T or A375 melanoma cell
lines. We measured the phosphorylation levels by means of
western blot analysis.

Transfection and stimulation of EPHB4

HEK293T cells and the A375 melanoma cell line were obtained
from ATCC (Manassas, VA). Transfections were performed using
Fugene HD (Promega, Madison, WI), with 3 lg DNA and 9 ll of
the transfection reagent, according to manufacturer’s protocols.
For stimulation of transfected cells, 6-well plates (not tissue cul-
ture treated, Thermo Scientific) were coated overnight at 37�C
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with either Ephrin-B2-Fc (cat# 7397-EB, R&D Systems) or IgG1,
kappa from human myeloma plasma (cat# I5154, Sigma, St.
Louis, MO) at 5 lg/ml in 50 mM sodium carbonate solution
(pH 9.6). Plates were washed with PBS, blocked with 1% BSA in
PBS for 30 min at 4�C, and washed again with PBS. Transfected
cells were removed from their plates using 10 mM EDTA in
DMEM, washed and resuspended in serum-free DMEM, and
added to coated plates. Plates were placed at 4�C for 15 min and
moved to 37�C for 20 min, after which cells were lysed. Where
indicated, FLAG immunoprecipitations (IPs) were performed us-
ing Anti-FLAG M2 Affinity Gel (cat# A2220, Sigma). IPs and
lysates were run on NuPAGE 4–12% Bis–Tris gels and blotted
with anti-phosphotyrosine—4G10-Biotin (cat# 16–103, EMD
Millipore, Billerica MA) and anti-EPHB4 (cat# AF3038, R&D
Systems, Minneapolis, MN).

Zebrafish morpholino experiment

All procedures using zebrafish were approved by the
Institutional Animal Care and Use Committee of the Children’s
Hospital of Philadelphia (IAC 001154) and were in accordance
with Guide for the Care and Use of Laboratory Animals by the
National Institutes of Health. Zebrafish larvae were raised in E3
medium containing 0.03 mg/ml PTU at 28�C. Zebrafish were
anesthetized in approximate 0.1 mg/ml Tricaine (E3). Vascular
and lymphatic endothelial cells were visualized using the tg(fli1:
EGFP) line (24). MOs (Gene Tools, OR) were diluted in water and
heated to 65�C for 5 min before injection as suggested by the
manufacturer. Drop size was adjusted to 0.120 mm diameter
(905 pl volume), and MOs were injected in the middle of the yolk
of 1-cell stage embryos.

ephb4a ATG: 50-GCGGAATCACGAGTGTTTTACTTGT-30,
injected at 0.75 mM

ephb4a exon 13: 50-CGAGAGCAGTATTTACCAGTGAGCT-
30, injected at 0.8 mM

ephb4b exon 13: 50-TCTGAAAGAGCAGCTTCTCACCAGT-
30, injected at 0.8 mM

Standard control oligo: 50-CCTCTTACCTCAGTTACAATTT
ATA-30, injected at 0.5 mM

Microscopy

Fluorescent and bright field images were taken on an Olympus
MVX10 dissecting scope equipped with an Olympus DP73 cam-
era. High magnifications images were taken with an Olympus
BX63 microscope with a Hamamatsu Ocra Flash 4 camera.
Confocal scans were performed using a Zeiss LSM710 confocal
microscope. Confocal z-stacks of images were superimposed us-
ing Zeiss Zen software’s maximum intensity projection function.
Frequently two neighboring panels were combined in one image.

For regular imaging zebrafish larvae were mounted on a
layer of 3% methyl cellulose, for confocal imaging larvae were
imbedded in 1% low melting arose as described previously
(47,48). Images were compiled in ImageJ (Fiji) (49), Affinity Photo
(Serif) and PowerPoint (Microsoft).

Validation of morpholino efficiency

RNA was extracted using the Nucleospin RNAeasy kit
(Clontech), cDNA was synthesized with Superskript III
(Invitrogen) according to manufacturer’s instruction using equal

amounts of RNA in reaction groups. For PCR, High Fidelity
Platinum Taq polymerase (Invitrogen) was used. One-step RT-
PCR/PCR was performed using FideliTaq (Affymetrix/USB, CA).

Treatment with inhibitory drugs

Drug treatments were performed in 6-well plates with up to 20
larvae per group. For tail vessel expansion phenotypes larvae
were treated from 24 hpf and imaged at 54 hpf for MO-injected
or transient transgenic treated zebrafish. For vessel branching
analysis larvae were treated from 54 hpf and analyzed at 4 dpf.
Drugs were diluted in embryo medium (as described above) con-
taining 0.01 M Tris pH 7.2 and 0.1% DMSO. Rapamycin was used
at 0.4 uM, BEZ235 at 100 nM, U0126 at 50 uM, Selumetinib at 100
uM, Cobimetinib at 250 nM and DMSO (0.1%) as control.

Western blotting of zebrafish lysates

Trunk sections of zebrafish larvae at 4.5 dpf were lysed in radio-
immunoprecipitation assay (RIPA) buffer supplemented with
protease inhibitors (complete protease inhibitor cocktail tablets,
Roche, Mannheim, Germany). Approximately 5 micrograms of
protein were separated on NuPAGE 4–12% Bis–Tris gels run with
MOPS SDS running buffer (Life Technologies, Carlsbad, CA).
Western blot was performed using the following antibodies as
described above: p-p70S6K T389 (cat# 9205S, Cell Signaling,
Danvers, MA), anti-phospho-p70S6K T389, anti-phospho-mTOR
Ser2448, anti-phospho-ERKs T202/Y204 and anti-b-actin.

CRISPR/Cas9 design and synthesis

We co-transfect pSpCas9(BB)-2A-Puro vector containing the
specific target sequence for EPHB4 locus (gRNA-EPHB4) and a
single-stranded donor oligonucleotides (ssODN) into HEK293T
cells using the Lipofectamine 2000 transfection reagent per
manufacturer’s instructions. ssODN contains a single base mis-
match to the genomic sequence to recreate the EPHB4 splice-
altering mutation and four synonymous changes. pSpCas9(BB)-
2A-Puro (PX459) V2.0 was purchased from Addgene (Plasmid ID#
62988) (50). The gRNAs used in this study (ggtcgtaatggtccctcga
for EPHB4) is present immediately upstream of a Protospacer
Adjacent Motif (PAM) and were designed using the gRNA de-
signer from MIT (http://crispr.mit.edu/). For gRNAs assembly, a
pair of synthesized oligos for each targeting site with the follow-
ing sequence (hEPHB4-F-50-caccgCGAGCTCCCTGGTAATGCTG-
30, hEPHB4-R-50-aaacCAGCATTACCAGGGAGCTCGc-30) were
annealed and paste in pSpCas9(BB)-2A-Puro using BbsI (NEB) re-
striction enzyme site.

The synthesized ssODNs (180 bases) were purchased from
IDT: hEPHB4 ssODN: 50-accctcagcctcccacctttccaacctgccctgcccacc
tggccctaagaagctcacacccagtattacccccagcattagcaaagaactagtgtaggt
gggatcggaagagttctcctccaggaatcgggaaaggccaaagtcagacactttgcaga
cgaggttgctgttgactagga-30.

Supplementary Material
Supplementary Material is available at HMG online.
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