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ABSTRACT 
 
Rationale: Noonan syndrome (NS) is one of the most frequent genetic disorders. Bleeding problems are 
among the most common, yet poorly defined complications associated with NS. A lack of consensus on the 
management of bleeding complications in NS patients indicates an urgent need for new therapeutic 
approaches. 
 
Objective: Bleeding disorders have recently been described in NS patients harboring mutations of LZTR1, 
an adaptor for CULLIN3 ubiquitin ligase complex. Here, we assessed the pathobiology of LZTR1-mediated 
bleeding disorders.  
 
Methods and Results: Whole-body and vascular specific knockout of Lztr1 results in perinatal lethality due 
to cardiovascular dysfunction. Lztr1 deletion in blood vessels of adult mice leads to abnormal vascular 
leakage. We found that defective adherent and tight junctions in Lztr1-depleted endothelial cells are caused 
by dysregulation of vesicular trafficking. LZTR1 affects the dynamics of fusion and fission of recycling 
endosomes by controlling ubiquitination of the ESCRT-III component CHMP1B, whereas NS-associated 
LZTR1 mutations diminish CHMP1B ubiquitination. LZTR1-mediated dysregulation of CHMP1B 
ubiquitination triggers endosomal accumulation and subsequent activation of VEGFR2 and decreases blood 
levels of soluble VEGFR2 in Lztr1 haploinsufficient mice. Inhibition of VEGFR2 activity by cediranib 
rescues vascular abnormalities observed in Lztr1 knockout mice  
 
Conclusions: Lztr1 deletion phenotypically overlaps with bleeding diathesis observed in NS patients. 
ELISA screening of soluble VEGFR2 in the blood of LZTR1-mutated NS patients may predict both the 
severity of NS phenotypes and potential responders to anti-VEGF therapy. VEGFR inhibitors could be 
beneficial for the treatment of bleeding disorders in NS patients 
.  
Keywords:  
Noonan syndrome, cardiovascular disease, vesicular trafficking, LZTR1, hemorrhage, vascular function, 
ubiquitin, ubiquitin-proteasome system genetics, VEGF receptor.  
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Nonstandard Abbreviations and Acronyms:  
 
Noonan Syndrome (NS) 
Lewis lung carcinoma (LLC) 
Endothelial cells (ECs) 
Isolectin B4 (IB4) 
mouse iG (miG) 
empty vector (EV) 
Cre-recombinase (Cre) 
Wild-type (WT) 
arbitrary units (AU). 
 
 
 
INTRODUCTION  
 

The incidence of Noonan Syndrome (NS) is reported to be between 1 in 1000 and 1 in 2500 
births1. NS is characterized by short stature, facial dysmorphia, and congenital heart defects2. NS is also 
the first cause of nuchal translucency after Down Syndrome. Infants suffering from NS present varying 
degrees of symptoms, ranging from mild to life-threatening, including polyhydramnios, pleural effusions 
and edema3,4. 

 
Several studies have linked NS to lung lymphangiectasis, which is characterized by vessel 

dilatation, bronchiole collapse and hemorrhages5. It is usually associated with lung hypertension and can 
trigger pulmonary heart disease by affecting right ventricular function6. Between 50–89% of NS patients 
present bleeding disorders such as bruising and hemangioma7, whereas severe hemorrhages are observed 
in about 3% of cases8. Most of the studies describing the etiology of bleeding disorders in NS patients are 
incomplete. Coagulation defects, especially deficiencies of factors VIII, XI, XII and various combinations 
of these, have been documented in about 30% of NS patients. However, no consistent pattern of coagulation 
defects in NS has been established and many reports describe a poor correlation between bleeding history 
and clotting factor deficiencies7, indicating that the bleeding defects in NS patients are caused by other 
alterations.  
 

An understanding of bleeding disorders in NS is clinically important because a large number of 
patients require surgery or take medication presenting bleeding as adverse effects, such as aspirin9. 
Currently, there is no consensus on the management of bleeding complications in patients with NS. 
Furthermore, conventional treatment including platelets and fresh frozen plasma do not appear to be 
efficient in NS10, demonstrating an urgent need for identification of new therapies for NS patients. 
NS is an autosomal dominant disease11. In about half of the cases, the disease is caused by missense 
mutations in the PTPN11 gene, resulting in a gain-of-function of the tyrosine phosphatase SHP212, 
whereas mutations in SOS1, SOS2, RAF1, KRAS, NRAS, BRAF, SHOC2, CBL, RIT1 are found in NS 
patients at low rates. LZTR1 has also been recently added to the list of genes causing NS and is present in 
up to 8% of NS patients13,14. NS patients harboring LZTR1 mutations presented the typical NS facial 
features, webbed neck, cardiovascular defects, and bleeding15. 
 

LZTR1 serves as a substrate adaptor for CULLIN3 (CUL3) ubiquitin ligase complexes. In 
addition to NS, mutations in LZTR1 have also been associated with glioblastoma16, hepatocarcinoma17, 
familial Schwannomatosis18, and pediatric cancers19. In our recent study, we demonstrated that knockout 
of Lztr1 in mice leads to prenatal lethality, whereas Lztr1 haploinsufficiency partially recapitulates NS 
phenotypes including facial dimorphism and heart malformations20. As bleeding disorders are observed 
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in NS patients with different genotypes, we took advantage of conventional and vascular specific Lztr1 
knockout mouse models to characterize the vascular phenotypes triggered by Lztr1 loss. The results of 
our study provide a fundamental explanation underlying the molecular mechanisms of endothelial 
dysfunction and etiology of the bleeding disorders in Lztr1-mutated NS as well as identify anti-VEGF 
therapies as a potential treatment approach for NS patients. 
 
 
 
METHODS  
 
Detailed experimental procedures, mouse models, cell culture and bioinformatics analysis are described 
in the Supplemental Materials in the Expanded Materials & Methods file. The materials used in this study 
are available from the corresponding author upon reasonable request. The RNAseq data generated for this 
study are available at GEO database with accession number GSE123044. The mass spectrometry data 
have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the 
dataset identifier PXD011926. 
  
 
 
RESULTS 
  
Lztr1 loss leads to abnormal cardiovascular development. 
 

To elucidate the etiology of bleeding disorders in LZTR1-mutated NS patients, we analyzed the 
whole-body Lztr1 and the PdgfbiCre ERT2, Lztr1fl/fl knockout mice. The PdgfbiCre ERT2 model allows to target 
genes in the endothelium21,22 and is widely used to study vascular development during embryogenesis or 
disease progression23,24. Vascular specific Lztr1 knockout was induced by treating PdgfbiCre ERT2, Lztr1fl/fl 
pregnant females with tamoxifen. Survival analysis demonstrated that both the whole-body and vascular 
specific knockouts of Lztr1 led to embryonic lethality between E14.5 and E18.5 (Online Figure Ia, b). At 
E14.5, Lztr1-/- embryos showed growth defects, hemorrhages, or significant hydrops, whereas Lztr1+/- 
embryos did not show any obvious phenotypes (Figure 1a, b). Similarly, vascular specific Lztr1 loss led 
to growth retardation, superficial hemorrhages, and edema (Figure 1c, d). In line with these findings, yolk 
sac vasculature of Lztr1-/- embryos at that stage was dysfunctional as indicated by the presence of enlarged 
vascular structures (Figure 1e). Abnormal vascular leakage was also present in the cephalic plexus and 
skin vasculature (Figure 1b, d, f). 
 

Lztr1 loss also caused pulmonary dysplasia. Histological analysis showed that Lztr1-/- lungs 
presented narrower airspaces and discontinuous lung vessels (Online Figure Ic, d). SMA and CD31 
immunostaining revealed disruption of the lung structure and vasculature in Lztr1-/- embryos at E14.5 
(Online Figure Ie). Vascular dysfunction might be partially responsible for the dysmorphic lung 
phenotype as it was also observed in PdgfbiCre ERT2, Lztr1fl/fl embryos (Online Figure If, g).  
 

Furthermore, we observed defective cardiac chamber maturation in E14.5 Lztr1-/- embryos as 
indicated by a moderate decrease in ventricular wall thickness (Online Figure IIa), suggesting that cardiac 
failure could also be a possible cause of the Lztr1-/- embryonic lethality. The defective cardiac maturation 
could also explain the cardiomyopathy phenotype previously described in adult Lztr1+/- mice20. 
Ventricular trabeculation and myocardial defects have been associated with endothelial dysfunction in 
other NS mice models25. Concordantly, the heart of PdgfbiCreERT2, Lztr1fl/fl embryos displayed a striking 
non-compaction phenotype, as indicated by the hyper-trabeculation and decreased ventricular wall 
thickness (Online Figure IIb). These data indicate that Lztr1 is essential for normal vascular function and 
subsequent coordination of lung alveolar and heart development. 
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Lztr1 loss in adult mice leads to cardiovascular dysfunction. 
 
 To examine the vascular phenotypes caused by Lztr1 loss, we focused on the analysis of the adult 
Lztr1+/- mice. We observed higher vessel density in the cardiac ventricles and relatively higher levels of 
phosphorylated Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) in cardiac ventricle vessels of 
adult Lztr1+/- mice (Online Figure IIc, d). Adult PdgfbiCreERT2, Lztr1fl/fl mice injected with tamoxifen at 
weaning presented severe fibrosis in the right ventricle (Online Figure IIe), demonstrating the endothelial 
contribution to the severe cardiac dysfunction previously described in Lztr1+/- mice20. 
Histological analyses also demonstrated that Lztr1+/- animals presented multiple lung defects including 
vessel dilatation, pulmonary hemorrhages, and lung fibrosis (Figure 2a-d). Collectively, these results 
indicate that Lztr1 inactivation partially recapitulates pulmonary and cardiovascular phenotypes commonly 
observed in NS patients presenting LZTR1 mutations5,26, indicating that the Lztr1 knockout mice represent 
a clinically relevant model. 
 CD31 immunostaining showed that lung vessels in Lztr1+/- mice were thinner and discontinuous 
(Figure 2e). Immunostaining of isolated endothelial cells (ECs) demonstrated that Lztr1 haploinsufficiency 
led to abnormal adherent and tight junctions (Figure 2f; Online Figure IIf). The Evans blue extravasation 
assay revealed increased vascular permeability in the lungs of Lztr1+/- mice (Figure 2g). We observed an 
even more striking increase in vascular permeability in the lungs and skin of PdgfbiCre ERT2, Lztr1fl/fl mice 
injected with tamoxifen at weaning (Figure 2h). In line with these findings, Lztr1+/- sorted ECs were more 
permeable to 40 kDa Dextran when compared to Lztr1+/+ ECs (Figure 2i).  
 

The observed phenotypes suggest a potential role of LZTR1 in the control of vascular function. 
Concordantly, aortic ring assay27 demonstrated that Lztr1+/- ECs were more neo-angiogenic as indicated 
by an increase in the sprouting area (Online Figure IIIa-c). To further assess the angiogenic potential of 
Lztr1+/- ECs in vivo, we implanted Lewis lung carcinoma (LLC) cells28 in the flanks of Lztr1+/+ and Lztr1+/- 
mice. LLC tumors appeared earlier in Lztr1+/- mice and displayed a higher weight at sacrifice (Online 
Figure IIId, e). Histological analyses showed that LLC tumors in Lztr1+/- mice were more vascularized 
and presented increased vascular leakage (Online Figure IIIf-i). Aortic ring assay using aortic rings 
isolated from PdgfbiCre ERT2, Lztr1fl/fl mice injected with tamoxifen at weaning also demonstrated that 
vascular specific loss of Lztr1 was sufficient to increase neo-angiogenesis (Online Figure IIIj). These data 
indicate that Lztr1 deletion disrupts the balance between vascular integrity and angiogenesis, leading to a 
more pro-angiogenic profile associated with less stable junctions.  
 
LZTR1 controls endothelial function by regulating vesicular trafficking. 
 

We next explored a potential mechanism by which Lztr1 loss leads to a pro-angiogenic phenotype. 
In our recent study, we found that LZTR1 controls the activity of the RAS pathway20. Indeed, we observed 
increased phosphorylation of ERK1/2 and AKT1 when we deleted Lztr1 in Lztr1fl/fl ECs derived from 
different mice by overexpressing CreERT2 recombinase (Online Figure IVa, b). However, the MEK1/2 
inhibitor pimasertib, the AKT inhibitor ipatasertib, or the combination of both inhibitors only partially 
rescued the embryonic lethality phenotype, as upon either of the treatments we recovered Lztr1-/- embryos 
at E18.5, but no pups at birth (Online Figure IVc). Treatment with pimasertib or ipatasertib did not rescue 
lung dysplasia in E18.5 Lztr1-/- embryos. E18.5 Lztr1-/- embryos treated with the combination of pimasertib 
and ipatasertib showed more moderate lung dysplasia, but still displayed massive lung hemorrhages, 
indicating that concurrent inhibition of MEK1/2 and AKT1 in Lztr1-/- embryos could not restore normal 
lung vascular function (Online Figure IVd, e). Moreover, pimasertib, ipatasertib, or the combination of both 
inhibitors did not rescue the formation of abnormal adherent and tight junctions in Lztr1fl/fl-CreERT2 ECs 
(Online Figure IVf). This suggests that Lztr1 loss may contribute to human disease by additional 
mechanisms rather than the sole activation of the RAS pathway. 
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Using mass-spectrometry based approaches, we explored how LZTR1 loss alters the proteome and 
ubiquitome landscapes. The Ingenuity Pathway Analysis (IPA) of either differentially expressed, or 
differentially ubiquitinated proteins in HeLa cells harboring wt-LZTR1 or LZTR1-indels demonstrated that 
endocytosis was one of the top canonical pathways altered by LZTR1 loss (Figure 3a, b). Several putative 
LZTR1 interactors identified by the Virotrap approach20 were also associated with vesicular trafficking 
(Figure 3c). Collectively, these data suggest a potential role of LZTR1 in the regulation of vesicular 
trafficking.  
 

To test this idea, we performed immunostaining of LZTR1-deleted cells for sorting nexin-1 (SNX1), 
a protein essential for early to late endosome trafficking. Lztr1 knockout in Lztr1fl/fl ECs infected with a 
CreERT2 recombinase led to abnormal endosomal tubulation, a phenotype associated with vesicular 
trafficking impairment (Figure 3d, e). Concordantly, SNX1-positive structures appeared spherical in wt-
LZTR1 HeLa cells, whereas LZTR1 loss led to the accumulation of endosomal tubules (Online Figure Va). 
These results implicate LZTR1 in the control of endosomal maturation and recycling29,30.  

To ascertain the role of LZTR1 in vesicular trafficking, we performed a set of rescue experiments 
using the inhibitors of vesicular trafficking, Dynasore31,32 and Tyrphostin A23 (TyrA23)33,34. Both 
treatments abolished the difference in the appearance of endosomal tubules between wt-LZTR1 and LZTR1-
deleted cells (Figure 3d, e; Online Figure Va). Furthermore, both inhibitors normalized adherent and tight 
junctions in Lztr1fl/fl-CreERT2 ECs (Figure 3f, g). Depletion of Dynamin I with a siRNA (Online Figure IVg) 
also restored normal junctions in Lztr1fl/fl-CreERT2 ECs (Online Figure IVg, h, i). Prenatal treatment with 
Dynasore partially rescued the embryonic lethality phenotype caused by Lztr1 knockout, as we observed a 
nearly normal ratio of Lztr1-/- embryo at E18.5, but not at birth (Figure 3h). In contrast to the treatment with 
either pimasertib or ipatasertib, Dynasore recovered lung dysplasia in E18.5 Lztr1-/- embryos (Online Figure 
IVd, e). Together, these results indicate that LZTR1-mediated vascular dysfunction could be explained by 
defects in vesicular trafficking. 
 
LZTR1 controls ubiquitination of the ESCRT-III component CHMP1B. 
 

We next assessed the molecular mechanism by which LZTR1 is implicated in vesicular trafficking. 
The component of ESCRT-III (endosomal sorting complex required for transport III) trafficking machinery, 
CHarged Multivesicular Proteins 1B (CHMP1B), was present among both the putative LZTR1 interactors 
identified by the Virotrap screen20. CHMP1B also showed one of the highest scores in the fold change 
ranking when we compared ubiquitination landscapes of wt-LZTR1 and LZTR1-indel cells. Apart from the 
lysine 6 site, all CHMP1B ubiquitination sites (lysines 42, 59, 87, 90, 104, and 110) showed at least a two-
fold decrease in LZTR1-indel cells (Figure 4a). This suggests that LZTR1 might regulate vesicle trafficking 
by controlling CHMP1B ubiquitination.  
 

We confirmed the interaction of endogenous CHMP1B and HA-tagged LZTR1 using co-
immunoprecipitation (Figure 4b, c). Of note, CHMP1B forms homo- and heteromers and is detected in cell 
lysates as a monomer (28kDa), a dimer (55kDa), and a multimer even under denaturating conditions, which 
is consistent with previously published results35. Moreover, a recent report demonstrated that stimulation 
with growth factors or cytokines promotes CHMP1B ubiquitination35. Concordantly to this observation, we 
found increased binding of LZTR1 to CHMP1B in ECs upon stimulation with VEGF (Figure 4d). On the 
other hand, treatment with the CULLIN neddylation inhibitor MLN4924, which blocks the activity of the 
LZTR1/ CUL3 complex, did not affect the interaction between LZTR1 and CHMP1B, indicating that their 
binding does not depend on the ubiquitination status of CHMP1B (Figure 4d). 
 

We then assessed LZTR1 contribution to the control of CHMP1B ubiquitination. CHMP1B was 
present in mono- or multi-ubiquitinated forms. This is consistent with the mass-spectrometry results 
showing ubiquitination of CHMP1B at seven different lysines. Substitution of 7 lysines to arginines 
abolished CHMP1B ubiquitination (Online Figure Vb). We found that LZTR1-indel in HeLa cells also led 

D
ow

nloaded from
 http://ahajournals.org by on M

arch 24, 2020



  

DOI: 10.1161/CIRCRESAHA.119.315730   7 

to decreased ubiquitination of V5-tagged wild-type and endogenous CHMP1B (Online Figure Vc). 
Moreover, we observed lower levels of CHMP1B ubiquitination upon Lztr1 knockout in mice when 
comparing Lztr1+/+ and Lztr1+/- yolk sacs; Lztr1+/+ and Lztr1+/- sorted ECs; and Lztr1fl/fl ECs expressing an 
empty vector (EV) or CreERT2 recombinase (Figure 4e; Online Figure Vd, e). Increased binding of LZTR1 
to CHMP1B upon VEGF stimulation in ECs was associated with increased levels of ubiquitinated 
CHMP1B, whereas MLN4924 treatment abolished VEGF-induced CHMP1B ubiquitination (Figure 4f), 
further confirming that LZTR1 controls CHMP1B ubiquitination in a Cullin-dependent manner.  
 
Noonan-associated LZTR1 mutations diminish the ability of LZTR1 to ubiquitinate CHMP1B. 
 

We examined whether Noonan Syndrome associated phenotypes could be also be associated with 
the impaired ability of mutated LZTR1 to control CHMP1B ubiquitination. Both truncated and missense 
mutations of LZTR1 have been reported in Noonan Syndrome. Missense mutations of LZTR1 are spread 
throughout the whole gene13,36,37. In our recent study, we found that LZTR1 mutations within the BTB 
(broad-complex, tramtrack and bric-a-brac)-BACK domains abolish the formation of the LZTR1/CUL3 
complex, suggesting that the BTB-BACK LZTR1 mutations abolish ubiquitination of all LZTR1 
substrates20. On the other hand, LZTR1 mutations within the Kelch domain, which is responsible for the 
substrate binding, might diminish the ability of LZTR1 to ubiquitinate CHMP1B by affecting the interaction 
between LZTR1 and CHMP1B. Therefore, we tested the ability of the Kelch domain LZTR1 mutants to 
bind and ubiquitinate CHMP1B. We found that all Kelch domain LZTR1 mutations, except for M202R, 
showed decreased ability to interact with CHMP1B (Figure 4b, c). Importantly, three LZTR1 mutations, 
R97L, N145L and R284C, observed in NS patients showing bleeding phenotype38,39, caused the inability 
of LZTR1 to ubiquitinate CHMP1B (Figure 4g). This suggests that dysregulation of CHMP1B 
ubiquitination could be associated with the bleeding disorders observed in LZTR1-mutated Noonan 
Syndrome patients.  
 
Dysregulation of LZTR1-mediated ubiquitination of CHMP1B impedes vesicle trafficking. 
 

Our next question was how dysregulation of LZTR1-mediated ubiquitination of CHMP1B affects 
vesicular trafficking. The most well-described function of CHMP1B is to promote the formation of 
recycling tubules from endosomes40 by co-assembling with the other ESCRT-III component increased 
sodium tolerance 1 (IST1)41,42. Indeed, Chmp1b depletion led to the dysregulation of recycling trafficking 
as we detected an accumulation of RAB11-positive recycling endosomes (Figure 5a, b). Lztr1 knockout in 
ECs presented a similar accumulation of RAB11-positive endosomes. We also found an accumulation of 
CHMP1B/RAB11-positive recycling endosomes in Lztr1+/- ECs and Lztr1fl/fl ECs infected with a CreERT2 

recombinase (Figure 5c, d, e). In contrast, we did not observe an increase of CHMP1B in early EAA1-
positive or late LAMP1-positive endosomes (Figure 5d, e). On the other hand, suppression of Chmp1b in 
Lztr1-/- ECs did not affect the localization of RAB11 (Figure 5a, b), suggesting that the effect of CHMP1B 
on trafficking is LZTR1 dependent. 
 

We further confirmed the effect of LZTR1-mediated CHMP1B ubiquitination on vesicle trafficking 
by rescue experiments. Whereas suppression of CHMP1B led to the accumulation of RAB11-positive 
vesicles, overexpression of wild-type CHMP1B restored the trafficking of recycling endosomes. On the 
other hand, ubiquitination-deficient CHMP1B-7K>R mutant did not rescue the accumulation of RAB11-
positive endosomes triggered by CHMP1B depletion. Finally, modulation of CHMP1B expression in 
LZTR1-indels cells showed no effect on recycling endosome trafficking (Figure 5f, Online Figure Vf, g), 
indicating that LZTR1-mediated ubiquitination of CHMP1B plays a crucial role in vesicular trafficking.  
 

We also assessed the mechanism by which LZTR1-mediated ubiquitination of CHMP1B affects its 
functioning. Consistently to a recent study35, we did not observe any degradative poly-ubiquitination of 
CHMP1B (Figure 4e, f; Online Figure Vb-e). On the other hand, it was reported that USP8-mediated 
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deubiquitination of CHMP1B promotes its co-assembly with IST135. In line with this observation, LZTR1 
loss increased the interaction between CHMP1B and IST1 (Online Figure Vh). Collectively, these results 
indicate that LZTR1 loss affects recycling trafficking by abolishing CHMP1B ubiquitination and 
dysregulating the assembly of the CHMP1B/ IST1 complex, a key component of the ESCRTIII complex 
necessary for endosomal trafficking. 
 
Lztr1 loss activates the VEGF pathway by dysregulating VEGFR2 trafficking.  
 
 As a component of the ESCRT-III complex, CHMP1B is implicated in the trafficking of stimulated 
growth factor receptors, suggesting that LZTR1-mediated dysregulation of CHMP1B could affect receptor 
signaling. Consistent with this idea, the timing of VEGF-induced CHMP1B ubiquitination coincides with 
the onset of VEGFR2 internalization and activation (Figure 4d, f), suggesting that CHMP1B ubiquitination 
might regulate VEGFR2 trafficking. Moreover, we observed higher levels of phosphorylated VEGFR2 in 
Lztr1-/- heart vessels, suggesting that LZTR1 might contribute to the regulation of VEGFR2 activity (Online 
Figure IId). The IPA Upstream Regulator Analysis of genes differentially expressed in Lztr1+/+ and Lztr1+/- 
MEFs also predicted VEGF activation of in Lztr1 knockout cells (Online Figure VIa). Besides, the VEGF/ 
VEGFR2 pathway plays a central role in endothelial cell function; and among the angiogenic drugs, the 
VEGFR2 specific inhibitors have produced notable results in different diseases43–45. Therefore, we decided 
to specifically focus on VEGF signaling. 
 
 We assessed the effect of Lztr1 on the intracellular localization of VEGFR2 by performing 
immunocytochemistry analysis of VEGFR2 in ECs with or without permeabilization. Whereas VEGFR2 
was strongly expressed on the cell surface of Lztr1+/+ ECs, we detected less VEGFR2 signal on the surface 
of Lztr1+/- ECs (Online Figure VIb, c). On the other hand, we observed an accumulation of VEGFR2 on 
RAB11/ CHMP1B-positive vesicles in Lztr1-deleted ECs (Figure 6a-c). A similar accumulation of 
VEGFR2 on endosomes was observed in Chmp1b-depleted cells, indicating abnormal trafficking of the 
receptor (Figure 5a; Figure 6c). It has been recently reported that the constitutive VEGFR2 internalization  
protects the receptor against ectodomain cleavage46, suggesting that Lztr1 loss might result in decreased 
VEGFR2 shedding. Indeed, ELISA analysis revealed lower levels of soluble VEGFR2 in the blood serum 
of Lztr1+/- mice (Figure 6d). Treatment with Dynasore or TyrA23abolished endosomal accumulation of 
VEGFR2 in Lztr1+/- ECs (Figure 6a, b). Dynamin I suppression also reduced internalization of the receptor 
in Lztr1fl/fl ECs expressing CreERT2 (Online Figure VId, e). Altogether, these results indicate that 
dysregulation of LZTR1-mediated ubiquitination of CHMP1B could play a critical role in the regulation of 
VEGFR2 trafficking.  
 

Because internalization and phosphorylation of the VEGFR2 complex are hallmarks of VEGF 
signaling activation47,48, we hypothesized that LZTR1-mediated dysregulation of VEGFR2 trafficking 
might lead to its activation. Concordantly, we detected a higher level of phosphorylated VEGFR2 in Lztr1+/- 

ECs and Lztr1+/- yolk sacs (Online Figure VIf, g, i). Lztr1 knockout in Lztr1fl/fl ECs by overexpressing 
CreERT2 recombinase also led to increased levels of VEGFR2 phosphorylation (Online Figure VIh, i). 
Suppression of Dynamin I expression partially rescued increased levels of VEGFR2 phosphorylation in 
Lztr1-depleted cells (Online Figure VIk). VEGFR2 activation was CULLIN-dependent as MLN4924 
abolished the accumulation of phosphorylated VEGFR2 (Figure 6d, e). TyrA23 treatment partially rescued 
VEGFR2 activation in Lztr1 knockout ECs, indicating that increased VEGFR2 activity is due to 
dysregulated endosomal trafficking (Figure 6e, f).  
 

To assess whether enhanced VEGFR signaling is responsible for the vascular phenotypes in Lztr1 
knockout mice, we blocked VEGFR2 activity in Lztr1fl-fl-CreERT2 ECs with cediranib49,50.  Cediranib 
treatment normalized adherent and tight junctions (Figure 6g, h), confirming that Lztr1 deletion affects 
junctional integrity through VEGFR activation. Furthermore, VEGF treatment significantly increased 
Evans blue extravasation in the skin of Lztr1fl/fl mice, but only moderately in PdgfbiCreERT2, Lztr1fl/fl mice, 
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confirming that the pathway is already activated in Lztr1 deleted cells (Figure 6i). Importantly, blocking of 
VEGFR2 activity with cediranib normalized tight and adherent junctions and rescued vascular leakage in 
the skin of PdgfbiCreERT2, Lztr1fl/fl mice (Figure 6j). Altogether, these data indicate that loss of Lztr1 leads to 
the up-regulation of VEGFR2 signaling by dysregulating vesicular trafficking, thus implying that blocking 
the catalytic activity of VEGFR could be advantageous for NS patients.  
 

 

 

DISCUSSION 
 

Nearly two-thirds of NS patients exhibit clinical signs of a bleeding diathesis that may manifest 
with easy bruising, postoperative bleeding complications, and rarely spontaneous hemorrhages26. Here we 
explored the role of LZTR1, a gene recently linked to NS development, in the regulation of vascular 
function. We found that Lztr1 whole-body knockout mice died in utero, suffering from severe 
hemorrhages and in some cases, hydrops. This is in line with previous observations from other NS models 
25,51. Similarly, Ptpn11D61G and Sos1E846K embryos show hemorrhages at E13.551,52. Lztr1 
haploinsufficiency in adult mice also partially recapitulates bleeding phenotypes observed in NS patients, 
especially in the context of novel studies making the link between Lztr1 mutations and coagulation 
defects38,39.  
 

Patients with PTPN11 mutations show an increased prevalence of bleeding disorders compared 
with those having other mutations53. On the other hand, bleeding disorders in NS appear to be least 
correlated with KRAS and RAF1 mutations1,54. This suggests that bleeding phenotypes might be associated 
with RAS-independent functions of the NS genes. Concordantly to this idea, PTPN11, which encodes the 
protein tyrosine phosphatase SHP-2, protects endothelial barrier through VE-cadherin stabilization55. Here, 
we also found that MEK1/2 inhibition does not rescue vascular dysfunction induced by Lztr1 loss. Unbiased 
proteome and ubiquitome analyses revealed that endocytosis is one of the top canonical pathways altered 
by Lztr1 loss. Importantly, treatment with either Dynasore, TyrA23or dynamin I siRNA rescues endothelial 
dysfunction mediated by Lztr1 loss, confirming that LZTR1-mediated vascular phenotypes are caused by 
dysregulation of vesicular trafficking. 
 

Unbiased interaction screen and ubiquitome analysis indicate that the key component of the 
ESCRT III complex CHMP1B could be a direct substrate of the LZTR1/ CUL3 complex. A previous 
study demonstrated that decreased ubiquitination of CHMP1B appears to block membrane fission by 
affecting its interaction with IST156. Concordantly, LZTR1 loss appears to reduce CHMP1B ubiquitination 
on lysine residues important for its interaction with IST141,42. CHMP1B and IST1 form a 3D structure that 
gives the plasticity to membrane invagination required for the fusion and fission of vesicles. In fact, 
LZTR1 loss strengthens the binding of CHMP1B to IST1, resulting in inhibition of membrane fission. 
Therefore, we could speculate that LZTR1-triggered defects in vesicular trafficking might be due to the 
dysregulation of the interaction between CHMP1B and IST1 that may affect the disassembly of the 
ESCRT-III complex. Importantly, all LZTR1 mutations found in NS patients with bleeding disorders led 
to a decreased ability to interact with CHMP1B. Nonetheless, we could not exclude the possibility that 
LZTR1 might modulate other regulators of vesicular trafficking.  
 

Dysregulation of vesicle trafficking might lead to the activation of several receptor pathways57. 
Here, we demonstrated that Lztr1 loss activates VEGFR2 signaling, which is the primary tyrosine kinase 
receptor transmitting VEGF signals to control the balance between endothelial plasticity and junctional 
stability. Increased internalization and phosphorylation of VEGFR2 in Clathrin-dependent vesicles led to 
the activation of angiogenesis and increased endothelial permeability32,58. Therefore, the Lztr1-mediated 
bleeding phenotypes could be at least partially explained by the activation of VEGF signaling. Consistent 
with this idea, overexpression of VEGF-A results in severe endothelial dysfunction, such as abnormal 
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angiogenesis and vascular leakage during development59,60, leading to the accumulation of endocytic 
vesicles containing active VEGFR2.  
 

Even though inhibition of the MAPK and PI3K/AKT pathways did not rescue endothelial 
dysfunction observed in Lztr1 knockout mice, VEGFR2 led to the activation of multiple signaling 
pathways61. As an example, VEGFR2 recruits the adaptor protein Nck adaptor protein 1 (NCK1) and the 
SRC family tyrosine kinase FYN. NCK1/FYN complex formation regulates phosphorylation of PAK2, 
which in turn activates CDC42 and p38 MAPK, leading to actin remodeling. Recruitment of PLCγ1 and 
SH2-domain-containing adaptor protein B (SHB) by VEGFR2 facilitates the interaction with FAK (focal 
adhesion kinase) and contributes to endothelial cell migration and attachment. SHB activation of PI3K 
induces endothelial nitric oxide (NO) synthase (eNOS) that promotes cell survival and NO-induced vascular 
permeability respectively.  
 

Current treatments for NS patients suffering from bleeding including platelets and fresh frozen 
plasma do not appear to be efficient in NS10. Several anti-VEGF approaches have been recently validated 
to limit blood loss, including angiogenesis inhibitors such as bevacizumab, an antibody targeting Vascular 
Endothelial Growth Factor (VEGF), cediranib62-63 or thalidomide64. Our results strongly indicate that 
inhibiting the catalytic activity of VEGF receptors could be beneficial to reduce bleeding in NS patients. 
Moreover, we found that Lztr1 loss leads to increased levels of soluble VEGFR2 in blood serum, suggesting 
that ELISA-based screening of NS patients for the blood levels of soluble VEGFR2 might allow predicting 
potential responders to anti-VEGF therapy. Collectively, our results provide a potential explanation for the 
role of LZTR1 in vascular function and suggest novel therapeutic approaches for NS patients.  
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FIGURE LEGENDS 
 
Figure 1. Loss of Lztr1 leads to vascular defects during embryogenesis. (a)  Representative images of 
Lztr1+/+, Lztr1+/-, and Lztr1-/- embryos at E14.5. The arrowhead indicates hydrops. Scale bar 1 mm. Size of 
E14.5 embryos is shown as mean ± SEM; p-values were assessed by Kruskal-Wallis test with Dunn's 
Multiple Comparison Test. (b) H&E-stained sections of the back skin of E14.5 Lztr1+/+, Lztr1+/-, and Lztr1-

/- embryos. Arrowheads indicate hemorrhages; arrows denote dermis thickness. Scale bar 200 µm. (c) 
Representative images of Lztr1fl/fl and PdgfbiCreERT2, Lztr1fl/fl embryos at E14.5. The arrowhead indicates 
nuchal translucency. Scale bar 1 mm. Size of E14.5 embryos is shown as mean ± SEM; p-values were 
assessed by Wilcoxon-Mann-Whitney test. (d) H&E-stained sections of the head of Lztr1fl/fl and 
PdgfbiCreERT2, Lztr1fl/fl embryos at E14.5. Scale bar 100 µm (e) H&E-stained sections of Lztr1+/+, Lztr1+/- and 
Lztr1-/- yolk sacs. * indicates enlarged vascular structure. Scale bar 200 and 500 µm, respectively. (f) 3D 
vasculature of brain (cephalic plexus) imaged after whole mount-staining of E14.5 embryos with Isolectin 
B4 (IB4), mouse iG (miG), and clearing. Scale bar 200 µm. 
 
Figure 2. Loss of Lztr1 leads to pulmonary vascular disease. (a) Gross anatomy and H&E-staining of 
lungs of 52-week old Lztr1+/+ and Lztr1+/- mice. Scale bar 500 µm. * indicate bronchioles; pulmonary 
vessels are delineated in red. (b) Masson Trichrome–stained sections of Lztr1+/+ and Lztr1+/- lungs. Fibrosis 
is colored in blue. Scale bar 500 μm. (c) Fibrotic area in lungs of 52-week old Lztr1+/+ and Lztr1+/- mice. 
Data are shown as mean ± SEM; p-values were assessed by Wilcoxon-Mann-Whitney test. (d) H&E-
staining of lungs of 10-week old Lztr1+/+ and Lztr1+/- mice. Scale bar 500 µm. Hemorrhagic area is shown 
as mean ± SEM; p-values were assessed by Wilcoxon-Mann-Whitney test. (e) Lungs of 52-week old 
Lztr1+/+ and Lztr1+/- mice immunostained with anti-SMA and anti-CD31 antibodies. Data are shown as 
mean±SEM; p-values were assessed by Wilcoxon-Mann-Whitney test. Scale bar 20 µm. (f) ECs isolated 
from Lztr1+/+ and Lztr1+/- mice immunostained with antibodies against VE-cadherin and ZO1. Blue 
rectangles delineate the magnified areas (below). Data are shown as mean ± SEM; p-values were assessed 
by Wilcoxon-Mann-Whitney test. Scale bar 20 µm. (g) Evans blue extravasation from lungs of Lztr1+/+ and 
Lztr1+/- mice. Lines shows mean; p-values were assessed by Wilcoxon-Mann-Whitney test. (h) Evans blue 
extravasation from Lztr1fl/fl and PdgfbiCre ERT2, Lztr1fl/fl tissues. Lines shows mean; p-values were assessed by 
Wilcoxon-Mann-Whitney test. (i) Paracellular permeability of Lztr1+/+ and Lztr1+/- ECs as measured by 
quantifying FITC Dextran fluorescence in a trans-well assay. P-values were assessed by two-way ANOVA 
with Bonferroni post-tests. 
 
Figure 3. Lztr1 loss affects vesicular trafficking. (a) IPA analysis of differentially expressed proteins in 
HeLa cells harboring wt-LZTR1 or LZTR1-indels. Differentially expressed proteins were identified by MS-
based shot gun analysis using the FDR approach.  N=3 (b) IPA analysis of differentially ubiquitinated 
peptides in HeLa cells harboring wt-LZTR1 or LZTR1-indels. GG-modified peptides were captured by anti-
K-ε-GG antibody and quantified by MS. Differentially ubiquitinated proteins were identified by the FDR 
approach. N=3 (c) Putative LZTR1 interactors identified by the Virotrap approach as described in Steklov 
et al., 2018. Endocytosis-related proteins are shown in red. N=3 (d, e) Lztr1 fl/fl ECs expressing an empty 
vector (EV) or Cre recombinase were immunostained with anti-SNX1 antibody. Scale bar 10 µm. Each dot 
shows mean value for 25 ECs isolated from one mouse. Lines show mean±SEM; p-values were assessed 
by Wilcoxon-Mann-Whitney test. Sphericity ranges from 0 to 1 indicating if the structures are spheric (close 
to 1) or more tubular (close to 0.5).  (f, g) Lztr1 fl/fl ECs transduced with an empty vector (EV) or Cre-
recombinase coding virus (Cre) were treated with DMSO, Dynasore (40µM), or TyrA23(10µM) for 12 
hours and immunostained with anti-ZO1 and anti-VE-cadherin antibody. Scale bar 20 µm. Quantification 
of the number of junctional gaps per cells. N=4; 25 cells per group were analyzed; p-values were assessed 
by Kruskall Wallis test with Dunn's Multiple Comparison Test (h) Progeny from Lztr1+/- mattings at E18.5 
and after birth in a mock group or a Dynasore-treated group (1mg/kg; starting from E2.5). P-values were 
calculated using Fisher Exact test. 
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Figure 4. LZTR1 regulates CHMP1B ubiquitination. (a)  Ubiquitinome analysis of wt-LZTR1 or LZTR1-
indel HeLa cells. N=3. For each protein, log2 (fold change between both conditions) is plotted vs Fold 
Change Rank. CHMP1B ubiquitination sites are shown in red. (b, c) An empty vector (EV), HA-tagged wt-
LZTR1, or LZTR1 mutants were overexpressed in HeLa cells. Endogenous CHMP1B was 
immunoprecipitated using anti-CHMP1B antibody conjugated to agarose. The amount of pulled-down 
LZTR1 was detected by immunoblotting with anti-HA antibody. (d) CHMP1B was pulled down from ECs 
expressing HA-wt-LZTR1 using an anti-CHMP1B antibody. The amount of pulled-down HA-wt-LZTR1 
was detected by immunoblotting. (e) Ubiquitinated proteins were immunoprecipitated from Lztr1+/+ and 
Lztr1+/- ECs isolated using anti-ubiquitin FK2 antibody. The amount of pulled-down CHMP1B was 
detected by immunoblotting. (f) Ubiquitinated proteins were immunoprecipitated from ECs treated with 
VEGF (100ng/ml, 30 minutes) or MLN4924 (1µM, 12hours) using anti-Ubiquitin FK2 antibody. The 
amount of pulled-down CHMP1B was detected by immunoblotting. (g)  Ubiquitinated proteins were 
immunoprecipitated from HeLa cells with Lztr1-indel overexpressing empty vector (EV), wt-LZTR1, or 
NS-associated LZTR1 mutants using anti-ubiquitin FK2 antibody conjugated to agarose. The amount of 
pulled-down CHMP1B was detected by immunoblotting. * indicates ubiquitinated CHMP1B. 
 
Figure 5. LZTR1-mediated CHMP1B ubiquitination modulates vesicle trafficking. (a) 
Immunostaining of Lztr1+/+ and Lztr1+/- ECs transfected with a Scrambled siRNA or siRNA targeting 
Chmp1b with antibodies against RAB11, CHMP1B and VEGFR2. Scale bar 20 µm. (b) Quantification of 
endosomal RAB11 levels in Lztr1+/+ and Lztr1+/- ECs transfected with a Scrambled siRNA or siRNA 
targeting Chmp1b. Data shown as mean ± SEM; p-values were assessed by Wilcoxon Mann-Whitney test.  
>25 cells per mice were analyzed.  (c) Lztr1fl/fl ECs expressing an empty vector (EV) or Cre recombinase 
were immunostained with the indicated antibodies. Scale bar 10 µm. (d) ECs isolated from Lztr1+/+ and 
Lztr1+/- mice immunostained with the indicated antibodies. Scale bar 10µm. (e) Quantification of co-
localization of CHMP1B and endosomal markers in Lztr1+/+ and Lztr1+/- ECs is shown as mean ± SEM; p-
values were assessed by Wilcoxon-Mann-Whitney test. 25 cells per mice were analyzed. (f)  An empty 
vector (EV), V5-tagged wt-CHMP1B, or CHMP1B-7K>R mutant was overexpressed in wt-LZTR1 or 
LZTR1-indels HeLa cells expressing sh CHMP1B. Quantification of endosomal RAB11 is shown as mean 
± SEM; p-values were assessed by Wilcoxon Mann-Whitney test. N=4. 
 
Figure 6. LZTR1-mediated VEGFR2 internalization affects blood vessel integrity.  (a, b) Lztr1fl/fl ECs 
were infected with an empty vector (EV) or Cre-recombinase (Cre) and treated with DMSO, Dynasore 
(40µM), or TyrA23(10µM) for 12 hours. After permeabilization, the cells were immunostained with anti-
VEGFR2 antibody.  Scale bar 20 µm. Data shown as mean ± SEM; p-values were assessed by Wilcoxon 
Mann-Whitney test. (c) Levels of internalized VEGFR2 were assessed by immunostaining of Lztr1+/+ and 
Lztr1+/- ECs transfected with Scrambled siRNA or siRNA targeting Chmp1b.  Data are presented as mean 
± SEM; p-values were assessed by Wilcoxon Mann-Whitney test. (d) ELISA analysis of soluble VEGFR2 
in the plasma of Lztr1+/+ and Lztr1 +/- mice. Data are present as mean ± SEM; p-values were assessed by 
Wilcoxon Mann-Whitney test. (e, f) Immunoblotting analysis of phosphorylated and total VEGFR2 in 
Lztr1fl/fl ECs infected with an empty vector (EV) or Cre-recombinase (Cre) and treated with DMSO, 
MLN4924 (1µM), or Tyrphostin A23(10µM) for 12 hours. Data shown as mean ± SEM; p-values were 
assessed by Mann-Whitney test. (g, h) Lztr1 fl/fl ECs transduced with empty vector (EV) or Cre-recombinase 
(Cre), treated for 12 hours with DMSO or cediranib (10µM), and immunostained with antibodies against 
ZO1 and VE-cadherin. Scale bar 20 µm. Quantification of the number of cells with junctional gaps is shown 
as mean ± SEM; p-values were assessed by Wilcoxon Mann-Whitney test to compare efficiency of each 
specific treatment within each group. (i) Evans blue extravasation from PdgfbiCreERT2, Lztr1 fl/fl and Lztr1 fl/fl 

mice skin after treatment with PBS or VEGF. Miles assay performed on the ears. N=4 mice per group. Data 
are normalized to tissue weight and shown as mean ± SEM; p-values were assessed by Wilcoxon Mann-
Whitney test to compare efficiency of treatment within group. (j) Evans blue extravasation from Pdgf 

iCreERT2, Lztr1fl/fl and Lztr fl/fl mice skin after vehicle or cediranib treatment. Miles assay. N=4 mice per group. 
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Data are normalized to tissue weight and shown as mean ± SEM; p-values were assessed by Wilcoxon-
Mann-Whitney test to compare efficiency of treatment within group. 
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NOVELTY AND SIGNIFICANCE  
 
What Is Known?  
 

• The Noonan Syndrome gene LZTR1 determines substrate specificity of the CULLIN3 
ubiquitin ligase complexes. 

 
• Cardiac injury and bleeding disorders have been recently described in Noonan Syndrome 

patients harboring LZTR1 mutations. 

 
 

• Currently, there are no therapeutic options for the management of bleeding complications in 
Noonan Syndrome patients.  

 
 
What New Information Does This Article Contribute?  
 

• Loss of Lztr1 in mice leads to endothelial dysfunction that phenotypically overlaps with 
bleeding pathologies observed in Noonan Syndrome patients. 

 
• LZTR1 affects the dynamics of vesicle trafficking by controlling ubiquitination of the ESCRT-

III component CHMP1B. 

 
• Lztr1-mediated dysregulation of CHMP1B ubiquitination triggers endosomal accumulation 

and subsequent activation of VEGFR2, causing disruption of endothelial junctions and 
bleeding.  

 
Our findings provide a fundamental explanation underlying the molecular mechanism of endothelial 
dysfunction in Noonan Syndrome patients harboring LZTR1 mutations. By combining comprehensive 
analysis of Lztr1 knockout models and unbiased proteomics and transcriptomics approaches, we 
demonstrated that loss of  Lztr1 function leads to vascular dysfunction by dysregulating vesicular 
trafficking and subsequent activation of VEGFR2. Our results indicate that ELISA screening of Noonan 
Syndrome patients for the levels of soluble VEGFR2 in blood plasma may predict both the severity of 
Noonan Syndrome phenotypes and potential responders to anti-VEGF therapy, whereas anti-VEGF 
therapies such as cediranib could be a potential treatment approach for managing bleeding disorders in 
LZTR1-mutated Noonan Syndrome patients.  
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