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Abstract

Proper lung function requires the maintenance of a tight endothelial barrier while simultaneously permitting the exchange of
macromolecules and fluids to underlying tissue. Disruption of this barrier results in an increased vascular permeability in the
lungs, leading to acute lung injury. In this study, we set out to determine whether transcriptional targets of Notch signaling
function to preserve vascular integrity. We tested the in vivo requirement for Notch transcriptional signaling in maintaining
the pulmonary endothelial barrier by using two complementary endothelial-specific Notch loss-of-function murine transgenic
models. Notch signaling was blocked using endothelial-specific activation of an inhibitor of Notch transcriptional activa-
tion, Dominant Negative Mastermindlike (DNMAML; CDH5Cre®8"?), or endothelial-specific loss of Notchl (Notch1™;
CDH5Cre®RT2). Both Notch mutants increased vascular permeability with pan-Notch inhibition by DNMAML showing a
more severe phenotype in the lungs and in purified endothelial cells. RNA sequencing of primary lung endothelial cells
(ECs) identified novel Notch targets, one of which was transmembrane O-mannosyltransferase targeting cadherins 1 (tmtc1).
We show that tmtcl interacts with vascular endothelial cadherin (VE-cadherin) and regulates VE-cadherin egress from the
endoplasmic reticulum through direct interaction. Our findings demonstrate that Notch signaling maintains endothelial adhe-
rens junctions and vascular homeostasis by a transcriptional mechanism that drives expression of critical factors important
for processing and transport of VE-cadherin.
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function. We also identify tmtcl as a novel downstream tar-
get of Notch signaling in vascular endothelial cells.

Significance statement

We genetically and functionally investigated the role of
Notch signaling in lung vascular endothelial adherens junc-
tions. Utilizing two in vivo, inducible, endothelial-specific,
loss-of-function transgenic murine models and in vivo small

Introduction

molecule inhibition of Notch signaling by gamma secretase
inhibitors, we reveal a critical role for canonical, transcrip-
tional Notch signaling in maintaining endothelial barrier
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A tight vascular endothelial barrier is essential for proper
lung function by dynamically regulating the transendothelial
exchange of fluid, proteins, and immune cells to the underly-
ing tissue. Endothelial cells (ECs) establish this continuous
barrier by forming adherens junctions through the expression
and assembly of tight junctional proteins [1-3]. A disruption
to this barrier leads to an increased vascular permeability
in the lungs, causing edema and neutrophilic inflammation,
a hallmark of acute lung injury (ALI) and its severe form,
acute respiratory distress syndrome (ARDS) [4-7]. Adhesive
interaction mediated by VE-cadherin (VE-cad) is primar-
ily responsible for maintenance of the endothelial adherens
junctions [8—11]. Several other adherens junctional proteins
and molecular mediators play a role in maintaining the intact
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pulmonary vascular barrier, including claudin [12-15], and
integrins [16—19]. The molecular mechanisms that regulate
homeostatic and non-inflammatory processing of junctional
proteins as well as delivery of VE-cadherin to the cell sur-
face for resealing of the EC barrier remain largely unknown.
Notch signaling is a highly evolutionarily conserved
metazoan signaling pathway. The expression patterns of
Notch ligand D114 and the Notchl receptor determine the
fate of tip and stalk cells during angiogenesis [20, 21], as
well as artery and venous specification [22]. While the role
of Notch signaling in endothelial development [23], angio-
genesis [24-26], and vascular cell fate decisions [22, 27]
has been well established, the functional role of the Notch
pathway in the homeostatic maintenance of the vascu-
lar barrier has only recently been explored. By primarily
employing an in vitro microfluidic platform that relies on
engineered microvessels, Polacheck et al. concluded that a
non-canonical Notch signaling mechanism is responsible
for adherens assembly, and that the Notch1 transmembrane
domain regulates the vascular barrier function independ-
ent of transcriptional activation [28]. Since this compelling
study, several others have investigated the role of Notch sign-
aling components in EC barrier function under the context of
LPS-mediated inflammatory in an in vitro transwell model
system [29] and in an in vivo LPS induced sepsis model
[30]. In both studies, transcriptional Notch pathway activa-
tion is seen in ECs in response to LPS treatment.
Canonical Notch activation proceeds through ligand
interaction and successive proteolytic cleavages that release
the intracellular domain (ICD) of Notch receptors. The ICD
translocates to the nucleus and drives transcriptional activa-
tion of target genes through the formation of a tri-molecular
complex with the DNA-binding protein RBPJk and the
co-factor MAML [31, 32]. Non-canonical Notch signal-
ing has been observed in both invertebrate and vertebrate
systems [33], however, its relevance is most prominently
studied in the context of cancer where ligand-independent
activation is associated with T-cell leukemia and a variety
of other tumors [34-36]. Two Notch receptors, Notch1 and
Notch4, are expressed on ECs during vascular development,
and continue to be expressed in post-natal pulmonary ECs
[37]. Despite being involved in multiple endothelial pro-
cesses during development and angiogenesis, the role of
canonical Notch signaling in establishing vascular adher-
ens junctions is not clear and may not even be required. In
this study, we utilized two in vivo, inducible, tissue specific
(CDH5CrefRT?) transgenic murine models: (1) expression
of the Dominant Negative Mastermind (DNMAML) [38,
39] and (2) deletion of the Notch1 receptor (Notch1™) [40].
We set out to study how pan-inhibition of Notch transcrip-
tional activity via DNMAML compares to loss of the Notchl
receptor with respect to lung EC barrier function in vivo. We
demonstrate that Notch transcriptional signaling is essential
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to maintain pulmonary vascular integrity, in part, by a newly
discovered, endothelial-specific Notch target: tmtcl. We
show that tmtcl interacts with and is important for export
of VE-cadherin to the cell surface which we conclude is an
important step to maintain a stable endothelial barrier.

Results

Tissue specific transcriptional inhibition of Notch
signaling in endothelial cells disrupts pulmonary
vascular integrity

To determine the role of Notch signaling in vascular per-
meability, we employed two transgenic murine model sys-
tems that specifically delete the Notch1 receptor, Notch1!
or inhibit all canonical Notch transcriptional signaling via
DNMAML in ECs by using the VE-Cadherin-specific Cre
driver (CDH5Cre®®™?) (Fig. 1A). The tissue specific expres-
sion of DNMAML does not affect the expression of Notch1
and Notch4 receptors. However, this system prevents the
functional formation of the tri-molecular transcriptional
complex with RBPJk and MAML with both Notchl or
Notch4 ICD and thus prevents transcriptional signaling
[38, 39] without perturbing the expression of Notchl and
its transmembrane domain. Endothelial cells were isolated
by FACS-sorting from lung tissue of each model system.
FACS with surface markers CD45~ CD317 indicate com-
parable numbers of CD31+ ECs isolated among mutants
and WT lung cells (Fig. 1B). Disruption of Notch signal-
ing was confirmed by measuring the mRNA expression
of canonical Notch targets Hesl, Heyl, and EphrinB2
(Fig. 1C). DNMAML mutants and WT littermates show
abundant Notchl and Notch4 protein expression (Fig. 1D),
indicating the presence of the receptors, but an inhibi-
tion of Notch transcriptional activation in sorted lung ECs
(Fig. 1C). Furthermore, active/cleaved Notchl protein
expression is dramatically decreased in lung ECs harvested
from VEcadherinCre®RT>* (CDH5Cre®82*+) Notch1” mice
(Fig. 1D, E), while Notch4 and VE-cadherin protein expres-
sion is not significantly disrupted in either model (Fig. 1D,
E).

Next, we assessed lung permeability in vivo via Evan’s
blue albumin assay (EBA) and capillary filtration coefficient
(Kfc) to determine the extravasation of albumin and water
through the lung vascular endothelial barrier, respectively.
Both DNMAML and Notch1™f exhibited an increase in
extravasation of albumin (Fig. 2A) and of water (Fig. 2C).
The wet/dry ratio was likewise increased in the lungs of
DNMAML and Notch1” compared to the WT (Fig. 2B).
We also analyzed the lung sections by H&E (Fig. 2D) in our
murine models. The Notch mutant models exhibited lung
endothelium characterized by an increase in the hyaline
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Fig.1 Comparative inducible transgenic model systems for in vivo
tissue specific inhibition of Notch pathway in lung endothe-
lial cells (ECs). A (Top) experimental design of WT, DNMAML
CDH5Cre™8 ™ (DNMAML), Notch1” CDH5Cre™™ (Notch1¥)
mice, and (bottom) illustration of the mechanism of pathway inhibi-
tion for each mutant model. Mice were injected with tamoxifen for 5
consecutive days to induce Cre activity in CDH5+ endothelial cells.
Mice were rested for 2-weeks before used for experiments. B Repre-
sentative gating strategy for FACS-purified ECs in tamoxifen-treated
WT, DNMAML and Notch1™ mice. Cells were sorted for DAPI™
CD45~ CD31*. C mRNA expression of canonical Notch targets
Hesl, Heyl, and EphrinB2 in WT, DNMAML, and Notch1” mice.

membrane thickness, debris filling the airspaces, and alveo-
lar septal thickening (Fig. 2D, right panels) compared to
that of the WT lungs [41, 42]. Considering these findings,
we sought to determine the proliferation and the apoptosis
status of the ECs in the lungs of the mutant mice. We ana-
lyzed sections from WT, DNMAML, and Notch17t lungs

Hes!: n (individual mouse replicates)=5, 3, and 3 from left to right
for each genotype. Heyl: n (individual mouse replicates)=35, 4, and
3 for each genotype. Ephrin B2: n (individual mouse replicates) =5,
3, and 3 for each genotype. Statistical analysis: one-way ANOVA.
D Representative Western blot of cleaved-Notchl, Notch4, and VE-
Cadherin in FACS-sorted lung ECs. GAPDH was used as a loading
control. E Quantification of Western blot protein levels for cleaved-
Notchl: n (individual mouse replicates) = 3, 2, 3 for each genotype.
VE-Cadherin: n (individual mouse replicates) = 3, 3, 2 or each geno-
type. Notch4: n (individual mouse replicates) = 3, 2, 3 for each geno-
type

and observed an increase in the Ki67 staining (Fig. 2E top
panels) but no difference in apoptosis as determined by
Caspase-3 staining (Fig. 2E, bottom panels). Quantifica-
tion of Ki67 staining shows significant more proliferation
in the Notch1” lung sections compared to WT (Fig. 2E,
right panels). Flow cytometric analysis of digested lungs of
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each model system, gated on CD45~ CD31* shows a similar
trend for Ki67 staining in Notch mutants, but no difference
in pro-apoptotic status as determined by AnnexinV stain-
ing (Fig. 2F). Thus overall, DNMAML and Notch1™ lung
endothelium showed higher proliferation potential and a
higher lung inflammation score (Fig. 2G).

We also analyzed the overall infiltration of granulocytes
(CD45*CD11b*Gr1%) in the WT or Notch1”! lungs and our
results indicate that a modest but non-significant increase
in granulocyte numbers is seen in the Notch mutant lungs
(Fig. 2H). These findings show that transcriptional inhibition
of Notch signaling by DNMAML in vivo has a more severe
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defect in disrupting the vascular EC barrier than loss of the
Notchl receptor alone. Since inducible transgenic model
systems require days for Cre activation and subsequent
Notch pathway inhibition, to confirm these results in an
expedient timeframe, we assessed whether vascular perme-
ability is increased in a model of acute inhibition of Notch
signaling via a small molecule gamma secretase inhibitor
(GSI) [43, 44]. We treated WT mice for 16 h with DMSO
(control) or GSI (Fig. 2I). The efficacy of GSI inhibition
of Notch signaling was validated by assessing the mRNA
expression of Hesl, Heyl, and EphrinB2 in FACS-sorted
lung ECs (Fig. 2J). The wet/dry ratio and EBA extravasation
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«Fig.2 Loss of Notch signaling disrupts pulmonary vascular integrity
and inhibition of Notch signaling increases vascular permeability.
A (Top) Representative images and (bottom) quantification of EBA
extravasation in perfused lungs. n (individual mouse replicates) =12,
16, 12 from left to right for each genotype. Statistical analysis: one-
way ANOVA. B Wet to dry ratio of lungs. n (individual mouse rep-
licates)=6, 4, 7 for each genotype. Statistical analysis: one-way
ANOVA. C Capillary filtration coefficient (Kfc) in lungs. n (individ-
ual mouse replicates) =12, 4, 7 for each genotype. Statistical analysis:
one-way ANOVA. D H&E staining of section of WT, DNMAML,
and Notch17f lungs. E IF staining of lung sections of WT, DNMAML
and Notchl for Ki67 (top) and cleaved Caspase3 (bottom). scale bar
50um. Quantification of Ki67 positive cells (%) in indicated geno-
types (right). Statistical analysis: one-way ANOVA. F Representa-
tive flow cytometry histogram of ECs in tamoxifen-treated WT,
DNMAML and Notch1” mice gated for DAPI~ CD45~ CD31%and
analyzed for Ki67 (left) and AnnexinV (right). G Quantification of
lung inflammation score. n (individual mouse replicates)=3 for all
conditions. Statistical analysis: one-way ANOVA. H Absolute granu-
locyte (CD45* CD31~ CD11b* Grl1™) numbers in WT and Notch17
lungs. n (individual mouse replicates)=3. Statistical analysis:
Welch'’s t-test. I Experimental design. WT mice were injected with 2
consecutive injections of DMSO or GSI (10 mg/kg total). Lungs ECs
were FACS-purified for further experiments. J mRNA expression of
Notch targets Hesl, Heyl, and EphrinB2 in FACS-sorted lung ECs
from DMSO- or GSl-treated mice. Expression was normalized to
GAPDH. 7 (individual mouse replicates) =4 for both conditions. Sta-
tistical analysis: Welch’s t-test. K Wet/Dry ratio. n (individual mouse
replicates) =4 for both conditions. Statistical analysis: Welch’s t-test.
L EBA extravasation of perfused lungs. n (individual mouse repli-
cates)=4 for both conditions. Statistical analysis: Welch’s t-test. M
(left) TEER of HLMVECs transfected with empty vector (EV) or
DNMAML-encoding plasmids. Resistance was measured 48 h post-
transfection. n (biological replicates)=3 and 4. (right) quantification
n (biological replicates)=3, 3, 4, 4 from left to right. Statistical anal-
ysis: one-way ANOVA. Scale bar for D and E 100 pm and 25 pm,
respectively

of the lungs were increased in GSI-treated mice compared
to the DMSO-treated mice (Fig. 2K, L) which supported the
results from the genetic models.

To determine if this loss of EC barrier integrity occurred
due to inhibition of transcriptional Notch activity, we meas-
ured transendothelial electrical resistance (TEER) in human
microvascular lung endothelial cells (HLMVECsS) trans-
fected with an empty vector (EV) or DNMAML construct
and challenged with thrombin to induce a transient decrease
of electrical resistance as a control (Fig. 2M). TEER reflects
EC permeability based on combined adhesion of EC to adja-
cent EC and the extracellular matrix [45]. We found that
DNMAML severely disrupted EC barrier function, consist-
ent with our findings in vivo. We also challenged these cells
with thrombin, which rapidly disrupts EC barrier function in
a reversible manner [45, 46]. As expected, thrombin-induced
a transient decrease in electrical resistance in control ECs,
but DNMAML-treated cells had a significantly lower resist-
ance at baseline and after thrombin treatment these cells
failed to recover, indicating irreversible EC permeability
after transcriptional Notch pathway inhibition (Fig. 2M).
These findings suggest that disruption of canonical Notch

signaling is required to maintain tight endothelial barrier
function, and consequently results in increased vascular
permeability.

Tmtc1 is a novel Notch transcriptional target
required for maintenance of EC junctions

To determine which downstream Notch target gene(s) reg-
ulate the maintenance of vascular integrity in lung ECs,
we sorted ECs from WT, DNMAML, and Notch1"f lungs
2 weeks post-tamoxifen induction and assessed their tran-
scriptional profiles by RNAseq. We identified several differ-
entially expressed genes between DNMAML and Notch1f
(Fig. 3A, B), of which, 24 genes were downregulated in both
DNMAML and Notch17 cells when compared to WT con-
trol expression levels (Fig. 3D). In agreement with previ-
ous findings (see Fig. 2E, F), we observed an enrichment
for S-phase genes in the Notch mutants when compared to
WT (Fig. 3C). We initially assessed both slc6a2 and tmtcl
both of which were downregulated when Notch signaling
was inhibited. Solute Carrier Family 6 Member 2 (slc6a2)
is a norepinephrine transporter [47] and its expression in
lung ECs was upregulated compared to heart ECs and brain
ECs [48]. Liu et al. have shown it is downregulated in sea-
water aspiration-induced ALI [49], however, its mecha-
nism in vascular permeability is unknown. Transmembrane
O-Mannosyltransferase Targeting Cadherins 1 (tmtcl), is
found in the endoplasmic reticulum [50], is required for the
O-mannosylation of cadherins and protocadherins and acts
as a transmembrane O-mannosyltransferase [51, 52].

We narrowed down our list of Notch targets by reana-
lyzing the Notch and RBPJ binding sites from a published
ChIP-Seq dataset from HUVECs [53]. We identified tmtcl
as a putative downstream target gene as it contained pre-
dicted and functional DNA binding sites conserved for both
Notch and RBPJ occupancy, while slc6a2 did not contain
any Notch and RBPJ binding sites as determined by ChIP-
Seq (Fig. 3E). To validate our transcriptomics analysis, we
confirmed that tmtcl mRNA (Fig. 3F) and protein expres-
sion (Fig. 3G, H) in ECs from DNMAML and Notch1” mice
were significantly downregulated compared to the WT mice.
To further validate whether tmtcl is a Notch downstream
target in HLMVECS, the cells were treated with GSI. Tmtcl
expression was markedly reduced, along with our positive
control Hesl1, a canonical Notch target [54]. Removal of
GSI by washout then replaced with fresh media, similarly,
restored the expression of Hesl and tmtcl (Fig. 3I). To
confirm the regulatory site where the Notch complex binds
and drives tmtcl expression, HLMVECs were treated with
either DMSO or GSI and chromatin immunoprecipitation
(ChiP) with cleaved Notchl antibody was performed. We
specifically targeted the predicted 5’ promoter region of
TMTCI. Our results show enriched binding of Notchl in
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Fig.3 Tmtcl is a novel Notch transcriptional target in lung ECs.
A Heat map of WT, DNMAML, and Notch1” lung bulk RNA-
sequencing of sorted lung EC gene expression. Heat map shows the
15 highest upregulated and downregulated genes for each genotype.
n (individual mouse replicates)=3 for all conditions. B Volcano plot
from RNAseq data of WT, DNMAML, and Notch1™. C Enrichment
plot for S phase genes in DNMAML lung ECs. D Venn diagram of
DNMAML and Notch1™ showing number of genes that were (top)
downregulated or (down) upregulated from both RNAseq datasets
compared to WT. E Representative Notchl and RBPJ predicted reg-
ulatory binding regions identified by ChIP-seq for tmtcl (top) and
slc6a2 (bottom) in HUVECs. F Tmtcl mRNA expression of FACS-
sorted lung endothelial cells from mutant mice. Expression was
normalized to GAPDH. n (individual mouse replicates)=4, 4, and
3. Statistical analysis: one-way ANOVA. G Representative Western
blot of Tmtcl. H Quantification of western blot of FACS-sorted lung
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ECs from WT, DNMAML, and Notch1” mice. GAPDH was used
as a loading control. n (mouse biological replicates)=3. Statistical
analysis one-way ANOVA. I (left) Tmtcl and (right) Hes] mRNA
expression of HLMVECs treated with DMSO, GSI, and 4-h washout.
Expression was normalized to GAPDH. n (biological replicates) =

4, and 3. Statistical analysis: one-way ANOVA. J Chromatin Immu-
noprecipitation of the TMTC1 promoter using Notchl Vall744 anti-
body in HLMVECs treated with DMSO or GSI. n (technical repli-
cates)=5. J (left) Tmtcl and (right) Hesl mRNA expression of
HLMVECs treated with DMSO, GSI, and 4-h washout. Expression
was normalized to GAPDH. n (biological replicates)=4, 4, and 3.
Statistical analysis: one-way ANOVA. K Tmtcl mRNA expression
of WT mice treated with DMSO or GSI. Expression was normalized
relative to GAPDH. n (individual mouse replicates) =4 for both con-
ditions. Statistical analysis: Welch’s t-test
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the control (DMSO) Notch-active cells when compared to
the GSI-treated, Notch-inactive cells (Fig. 3J). Our findings
were consistent in vivo as seen in WT mice treated with GSI,
which show a downregulation of tmtc1 expression (Fig. 3K)
in purified lung ECs. Along with the formation of the Notch
transcriptional complex as indicated by ChIP-seq and local
ChiP, our results indicate that tmtc1 is a direct downstream
target gene of canonical Notch signaling.

Knockdown of tmtc1 leads to disruption
of endothelial barrier function

Tmtc proteins are predicted to be a cadherin targeting pro-
teins with specific function in post-translational modifica-
tion of cadherins [51] and regulation of cellular adhesion
[55]. We hypothesized that tmtc1 is essential for regulat-
ing junctional proteins in lung ECs. VE-Cadherin has been

established as a key junctional protein in maintaining intact
vascular barrier functions in the lung [10]. Several previous
studies have shown that the internalization of VE-Cadherin
from the plasma membrane leads to an increase in vascular
permeability [10, 16]. To test the effect of tmtc1 suppression
on EC barrier resistance, we performed TEER on HLM-
VECs that were transfected with scramble siRNA (siSc) or
tmtcl siRNA (siTmtcl) for 48 h, where ideal knockdown
was confirmed and persisted until 72 h after initial treat-
ment (Fig. 4A). By TEER measurement, Tmtcl depleted
ECs showed significantly lower resistance and disruption of
barrier junctions than control siSc-treated cells (Fig. 4B). To
visualize how the barrier could be affected by loss to tmtcl,
we imaged cells by immunofluorescence after they were
treated with siSc or siTmtcl for 48 h to observe the condi-
tion of the tight junctions in HLMVECs. Our results show
decreased localization of VE-Cadherin at junctions between
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Fig.4 Loss of tmtcl negatively impacts endothelial junctional integ-
rity. A Tmtcl mRNA expression of HLMVECs transfected with
siRNA Scrambled (siSc) or siTmtcl at 24 h, 48 h, and 72 h. Expres-
sion was normalized relative to GAPDH. n (biological replicates) =
5,4, 3,5,5 and 6. from left to right. Statistical analysis: one-way
ANOVA. B (left) TEER of control siRNA (siSc) or tmtcl siRNA
treated cells (siTmtcl) and (right) quantification of TEER. n (bio-
logical replicates) =3 for all conditions. Statistical analysis: one-way

I 1
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ANOVA. C Immunofluorescent staining of siSc- and siTmtc1-treated
HLMVECs and D Quantification of junctional VE-Cadherin of siSc-
and siTmtcl-treated HLMVECs n (biological replicates)=3 and 4,
respectively. Quantification determined by averaging VE-cadherin
junctional fluorescent intensity per field of view. Statistical analysis:
Welch'’s t-test. Cells were stained with VE-Cadherin (green) and Hoe-
chst 33342 (blue)
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ECs in the siTmtc1-treated cells than in those treated with
siSc (Fig. 4C). Quantification of mean fluorescence intensity
at junction area show a significant decrease of VE-Cadherin
after tmtc1 knockdown (Fig. 4D). These results indicate that
tmtcl is essential in regulating endothelial tight junctions
and suggest that it does so by regulating plasma membrane
levels of VE-cadherin.

Loss of tmtc1 leads to the accumulation
of VE-cadherin in the endoplasmic reticulum

To investigate the mechanism behind the disruption of bar-
rier integrity resulting from the loss of tmtcl, we visual-
ized VE-cadherin localization in control or tmtc1-depleted
HLMVECs. The cells were transfected with siSc, siTmtcl
as well as empty vector (EV), or DNMAML. 48 h after
treatment, the cells were fixed and stained and visualized
by confocal microscopy for localization of endoplasmic
reticulum (ER) marker SERCA2, VE-cadherin and nuclear
marker DAPI (Fig. 5A). We found that that the loss of
tmtcl, via direct siRNA treatment or by impairing Notch
transcriptional signaling inhibition (DNMAML), led to the
accumulation of VE-Cadherin in the ER of HLMVECs as
denoted by colocalization of VE-Cadherin with SERCA2
(Fig. 5A, B). Loss of tmtc1 also decreased cell adhesion and
cell spreading (Fig. 5A, 2nd and 4th rows). This suggested
to us that the post-translational processing of VE-cadherin
is perturbed when tmtc1 levels are decreased. To determine
if plasma membrane expression of VE-cadherin is directly
dependent on tmtcl, we performed a rescue experiment in
HLMVECs. Cells were transfected with EV, DNMAML,
or DNMAMLA+TMTCI (Fig. 5C). 48 h after treatment all
three groups were analyzed via flow cytometry for surface
expression of VE-cadherin (Fig. 5D). Our findings, show
that overexpression of tTmitcl is sufficient to restore plasma
membrane levels of VE-Cadherin after inhibition of Notch
signaling (Fig. 5D, right panel). To determine whether the
accumulation of VE-cadherin in the ER directly resulted
from the loss of tmtc1 interaction, we performed co-immu-
noprecipitation in HLMVECs treated with siSc, siTmtc1, or
DNMAML (Fig. SE). Our results indicate that VE-cadherin
binds with tmtc1 and that the loss of tmtc1, either via direct
siRNA treatment or by Notch inhibition with DNMAML,
decreases levels of its interaction with VE-cadherin. These
findings suggest that loss of tmtc1 prevents the egress of VE-
cadherin from the ER and thus hinders junctional integrity
between ECs. To determine if accumulation VE-cadherin
in the ER directly resulted from the loss of tmtcl interac-
tion, we performed co-immunoprecipitation in HLMVECs
treated with siSc, siTmtcl, or DNMAML (Fig. 5SE). Our
results indicate that VE-cadherin binds with tmtc1 and that
the loss of tmtcl, either via direct siRNA treatment or by
Notch inhibition with DNMAML, decreases levels of its
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interaction with VE-cadherin. These findings suggest that
loss of tmtc1 prevents the egress of VE-cadherin from the
ER and thus hinders junctional integrity between ECs.

Discussion

The maintenance of a tight vascular endothelial barrier in the
lungs is critical for proper gas exchange. Failure to maintain
the barrier integrity leads to an influx of fluids, proteins, and
cells into the lungs, causing edema, which is a hallmark of
ALI/ARDS [4, 5, 7]. Thus, systemic disruption of endothe-
lial junctions can lead to organ failure by dysregulation of
vascular permeability and compromised tissue perfusion.
Many previous studies have shown Notch signaling to
be critical for establishment of the vascular endothelial
barrier during development [56, 57] and in the context of
inflammatory responses [29, 30]. In each case, the role of
Notch has been associated with initiation of receptor acti-
vation and downstream target gene regulation. More recent
studies have proposed alternative models of Notch recep-
tor function. In one recent study, ECs barrier junctions of
becomes leaky due to the absence of the transmembrane
domain of the Notch1 receptor [28]. In this study, Polacheck
et al. proposed that the Notch receptor served a structural
role for cell adhesion and VE-cadherin interaction. They
further concluded that the effects of the Notchl receptor in
EC junctions did not involve transcription but that the trans-
membrane domain of Notchl anchored both VE-cadherin
and cytoskeletal components which are required for EC
barrier maintenance. A similar, structural, non-canonical,
role for the Notchl receptor was recently shown to regulate
epithelial adherens junctions and cortical actin organization
using an in vitro microfluidic platform of ductal epithelium
[58]. Non-canonical activation of Notch receptor has also
been previously reported in arterial endothelial ECs [59]
where high shear stress can produce the biophysical force
necessary for receptor cleavage [60]. Though receptor acti-
vation is mediated in ECs encountering high shear stress,
once the Notchl receptor is cleaved by non-canonical means,
the downstream signaling mechanism is based on activation
of transcriptional target genes [59]. Thus, the structural roles
proposed by Polacheck et al. and White et al. fully decouple
the evolutionary conserved transcriptional apparatus from
the functional outcome of Notch signaling. The above-men-
tioned studies advanced our understanding of how the struc-
tural components of Notch receptors can regulate adherens
junctions; still, the question whether canonically regulated
Notch target genes can account for loss of adherens junc-
tions during endothelial homeostasis has remained elusive,
especially since no direct Notch target gene has been shown
to be a structural component of the endothelial junctions.
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Fig.5 Accumulation of VE-Cadherin in the endoplasmic reticu-
lum after tmtcl knockdown. A Immunofluorescent imaging of
siSc-, siTmtcl-, EV-, and DNMAML-treated HLMVECs. Cells
were stained with SERCA2 (red), VE-Cadherin (magenta) and
DAPI (blue). B Quantification of colocalization of SERCA2 and
VE-Cadherin from (left) siSc- and siTmtcl-, and (right) EV- and
DNMAML-treated HLMVECs is represented by individual experi-
ments. n (biological replicates)=6 for all conditions. Statistical
analysis: Welch’s t-test. C RT-qPCR of Tmtcl in EV, DNMAML,
and DNMAML+TMTCI transfected HLMVECS, n (technical rep-

In our study, we have set out to initially compare the struc-
tural and transcriptional effects of Notch pathway inhibition
in vivo, and then to discover new putative transcriptional
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precipitation analysis of Tmtcl and VE-Cadherin. HLMVECs were
transfected with siSc, siTmtcl, and DNMAML. The cell lysates
were immunoprecipitated with anti-Tmtcl and were probed for VE-
Cadherin. Representative (bottom) loading Western blot lysate for
VE-Cadherin, Tmtcl, and GAPDH from total HLMVECs transfected
with siSc, siTmtcl, and DNMAML. n (biological replicates) =2

target genes that can account for the role of Notch signal-
ing in maintaining intact endothelial barrier junctions. Our
in vivo lung EC analysis revealed a clear and pronounced
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deficiency in EC barrier maintenance, with increased albu-
min and water extravasation as well as lung edema when
pan-transcriptional inhibition was induced by tissue specific
expression of DNMAML. We reasoned this surpasses the
effect of Notchl1 deletion since DNMAML inhibits transcrip-
tional activation of the intracellular domains of both Notch1
and Notch4, both of which are abundantly expressed recep-
tors in lung endothelial cells. Through unbiased bulk RNA
sequencing of lung ECs in each transgenic model system
we discovered many putative gene targets that were both
upregulated and downregulated. Initially, we focused on
downregulated genes that were detected in both transgenic
model systems, reasoning that loss of function to a critical
gene in both model systems would be an ideal candidate to
pursue in further studies of EC barrier maintenance. How-
ever, our findings also show that loss of Notch signaling
stimulates a strong proliferative response in lung ECs. To
determine target genes, we required independent identifica-
tion of Notch complex formation in predicted RBPJ-bound
regulatory regions of target genes. We did this by using a
previously published Chlp-Seq dataset on HUVECs [53],
and we further confirmed this result by performing local
ChIP on HLMVECs. Though several promising target genes
were initially investigated, only tmtc1 matched both qualify-
ing criteria, and it is why other genes downregulated in both
DNMAML and Notch1 lung ECs, such as Fgfr3 and slc6a2,
were not pursued further.

Tmtcl is part of the tmtc family of proteins: tmtc1-4 [50,
51]. Tmtc proteins have been shown to play various roles
in glycosylation of the cadherin/protocadherin family of
proteins. Previous studies have shown the knockout of all
tmtc genes (tmtc1-4) in HEK293 cells downregulated the
O-mannosylation of E-cadherin [52]. Furthermore, GWAS
study has identified tmtcl as a gene essential for lung func-
tion [61], but its specific role in endothelial barrier func-
tion has yet to been studied. Since tmtc1 is found in the ER
[50], we determined from our in vitro imaging analysis and
immunoprecipitation that loss of tmtcl protein levels, by
direct knockdown or by DNMAML-mediated Notch inhi-
bition, prevents proper egress of VE-Cadherin in the ER.
From these observations, we hypothesized that this leads to
a failure of quality control for VE-cadherin protein there-
fore restricting it from the cell surface where it is required
to exert its role in maintaining barrier integrity [10, 15].
Considering that the tmtc1 family of protein is involved in
multiple post-translational modifications ranging from gly-
cosylation to O-mannosylation, we acknowledge that our
current study cannot fully establish how tmtc1 post-transla-
tionally modifies VE-cadherin. However, we do show that
reintroduction of ectopic tmtcl in a DNMAML-expressing
lung endothelial cells rescues VE-cadherin protein surface
levels. Thus, tmtcl, a novel transcriptional Notch target is
essential for proper trafficking of VE-Cadherin to the plasma
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membrane and maintenance of endothelial barrier integ-
rity. Though further studies are required, including a tmtcl
inducible transgenic model system to validate its specific
role in vivo in the lung barrier vascular permeability, our
study has identified a mechanistic process that is responsi-
ble for maintenance of vascular integrity in the pulmonary
endothelial cells.

Materials and methods
Mice

Transgenic mice DNMAML (Jackson Laboratory, 032613)
and Notch1”" (Jackson Laboratory; 006951) were crossed
with CDH5CreR™2, provided by Dr. Ralf Adams (Max
Planck Institute), to either inhibit Notch signaling transcrip-
tion or delete Notchl receptor specifically in endothelial
cells. To induce transgene expression, mice were injected in
intraperitoneally at 4 weeks of age with tamoxifen (Sigma-
Aldrich), 75 mg/kg dissolved in corn oil (Sigma-Aldrich)
for 5 consecutive days and left to recover for 2 weeks before
experimental procedures. Cre-negative littermates were
used as controls. For in vivo GSI experiments, C57BL/6
mice (The Jackson Laboratory; 000664) were injected with
two consecutive doses of 10 mg/kg of GSI intraperitoneally.
Mice were used for experiments 16 h after the last injection.
All mice used in the studies were of C57BL/6J background
and had access to food and water ad libitum. Both male and
female mice in equal proportion were used for our studies.
The Institutional Animal Care and Use Committees of UIC
approved all experimental procedures used in this study.

Evan’s blue albumin

Six-week-old mice were injected with Evans blue dye
(10 mg/ml in PBS; 100 ul) (Sigma-Aldrich) retro-orbitally.
Twenty minutes post-injection, mice were anesthetized
with ketamine (100 mg/kg) and xylazine (15 mg/kg) and
rested for 10 min. Lungs were perfused with 3 ml of PBS
and harvested. Freeze-dried lung samples were weighed and
incubated with 500 ul formamide at 56 °C, followed by cen-
trifugation. Optical density was measured at 620 nm (EB)
and 740 nm (heme).

Capillary coefficient Kfc

Mice were anesthetized with 2.5% isoflurane using a nose
cone and injected with heparin (100 IU). The mouse lung
was isolated, arterioles were cannulated, and perfused via
a peristaltic pump. The lungs were perfused at a rate of
2 ml/min, and the venous pressure was increased from 2 to
12 mmHg for 10 min. The arterial and venous pressures as
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well as the lung wet weight were recorded throughout the
experiment. Kfc values were calculated by comparing the
lung weight gain during the hydrostatic pressure change,
and the filtration rate was normalized by the microvascular
pressure change and the lung dry weight.

FACS-sorting of lung endothelial cells

Lungs were harvested from mice immediately after eutha-
nasia with 5% isoflurane, followed by cervical dislocation.
The tissue was cut into smaller pieces and digested with
0.1% collagenase A (Sigma-Aldrich) into PBS containing
2% fetal bovine serum (Gibco) for 45 min at 37 °C on a
shaker. During the digestion step, cells were dispersed using
a 18-gauge needle (BD Biosciences) and syringe (BD Bio-
sciences). Cells were prepared into single cell suspension
by gently passing through a 70 um cell strainer (CellTreat).
Red blood cells were lysed with ACK Lysing Buffer (Gibco).

Once in single cell suspension, cells were incubated with
Dynabeads sheep anti-rat IgG (Invitrogen) that was conju-
gated to rat anti-mouse CD45 antibody (Biolegend) for 1 h at
4 °C on a shaker. Magnetic sorting was then used to separate
the CD45+ and CD45- (supernatant) cells. Supernatant was
collected and the cells bound to the magnet were washed
twice with PBS containing 2% fetal bovine serum. Cells
were centrifuged and resuspended with PBS containing 2%
fetal bovine serum. Cells were stained with CD45.2 (Bioleg-
end; Clone 104) and CD31 (Biolegend; Clone 390) at 1:200
dilution for 30 min. DAPI was used as a live/dead cell stain.
DAPI- CD45- CD31+ cells were sorted via MoFlo Astrios
(Beckman Coulter). FACS-sorted cells were used for qPCR,
Western Blot, and RNAseq experiments.

qRT-PCR

Primary mouse lung endothelial cells and primary human
microvascular lung endothelial cells (Lonza) were isolated
for RNA using RNeasy Mini Kit (Qiagen). cDNA was syn-
thesized from RNA with Super Script III synthesis kit (Inv-
itrogen). SYBR Green (Applied Biosystems) was used, and
gRT-PCR was performed on the Viia7 instrument (Applied
Biosystems). GAPDH or EFla were used as controls. Mouse
primer sequences are as followed: GAPDH (5'-AACTTT
GGCATTGTGGAAGG-3"; 5'-GGATGCAGGGATGAT
GTTCT-3'), Efla (5'-CACTTGGTCGCTTTGCTGTT-3;
5'-GGTGGCAGGTGTTAGGGGTA-3'), Hesl (5'-GAA
AGATAGCTCCCGGCATT-3"; 5'-GTCACCTCGTTCATG
CACTC-3"), Hey1 (5-GGTACCCAGTGCCTTTGAGA-3";
5'-ACCCCAAACTCCGATAGTCC-3"), EphrinB2 (5'-GTG
AAGCCAAATCCAGGTTCTA-3"; 5'-ATGCGATCCCTG
CGAATAAG-3'), Notchl (5’-CTGTCCTCTGCCATATAC
AGGAGC-3'; 5'-ACCTCGCAGGTTTGACCTTGCCAG
-3"), VE-Cadherin (5'-ACGAACTGGATTCTCGGGGTA

ACC-3'; 5'-ATCTGTACTACCAGCTTGCCCTGG-3') and
Tmtcl (5'-AGAACAGCAAGGCTGAAGAG-3'; 5'-TGT
CGGCCAGTGTTGTAATAG-3'). Human primer sequences
are as followed: GAPDH (5-CAGCCTCAAGATCATCAG
CA-3"; 5'-TGTGGTCATGAGTCCTTCCA-3"), Hes1 (5'-
GAAAGATAGCTCCCGGCATT-3"; 5'-GTCACCTCGTTC
ATGCACTC-3'), and Tmtcl (5'-ATATGGGACATGCGG
AACTTAG-3'; CCTTGTGCTCCAGTCTCTTAAA-3').

Cell lysates and immunoblots

Whole cell lysates were prepared with RIPA buffer (Sigma
Aldrich) with Halt Protease Inhibitor Cocktail (Ther-
mokFisher Scientific). Protein concentration was determined
with DC Protein Assay (Biorad). For immunoprecipitation,
whole cell lysates were prepared and incubated with 1 ug
specific antibody overnight at 4 °C. This was followed by
incubation with Protein A Agarose beads (20 pl; Cell Sign-
aling Technology) for 2 h at 4 °C. The beads were washed
five times and analyzed by SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE). Lysates and immunoprecipitates
resolved by SDS-PAGE were transferred with transfer buffer
(30 mM Tris, 250 mM Glycine, 1 mM EDTA, 20% metha-
nol) to PVDF membranes (Millipore Sigma) at4 °C for 2 h
at 100 V. Membranes were blocked with 5% non-fat milk in
0.1% TBST (10 mM Tris—HCI pH 8.0, 150 mM NaCl, 0.1%
Tween-20) at room temperature for 1 h. After washing, the
membrane was incubated with primary antibodies overnight
at 4 °C. After washing, the membrane was incubated with
secondary-HRP-conjugated antibody for 1 h at room temper-
ature. The membranes were developed using Super Signal
Western blot detection reagents (Thermo Fisher Scientific)
and signals were detected by X-ray film.

The following antibodies have been used: Cleaved Notch1
Val1744 (Cell Signaling), Anti-VE-Cadherin (Santa Cruz),
Anti-Notch4 (Millipore Sigma), Anti-Tmtcl (Proteintech),
GADPH (Invitrogen). The following secondary antibodies
were used: Goat Anti-Rabbit IgG-HRP Conjugate (Biorad),
Goat Anti-Mouse IgG-HRP Conjugate (Biorad), Goat Anti-
Rabbit IgG-HRP Conjugate (Biorad). Blots were developed
with SuperSignal West Femto Maximum Sensitivity Sub-
strate (Thermo Fisher Scientific). Signal intensity of bands
was quantified using Image].

Cell culture

Human microvascular lung endothelial cells (HLMVECs)
were cultured in EGM-2 medium (Lonza) and used for
in vitro GSI (y-secretase inhibitor) siRNA transfection, and
Western blot experiments. Confluent well of HLMVECs
were treated with DMSO (Sigma-Aldrich) or GSI (1 um)
(Cayman Chemical) for 16 h before a 4 h washout experi-
ment. Cells were harvested at the end of the experiment
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for RNA isolation and qRT-PCR experiments. For siRNA
transfections, cells at 80% confluency were transfected with
negative siRNA (L-016838-01-0005; Horizon Discovery
Dharmacon) or tmtc1 siRNA (D-001810-01-05; Horizon
Discovery Dharmacon) using siRNA transfection reagent
(Santa Cruz) and siRNA transfection medium (Santa Cruz).
Cells were harvested 24-, 48-, and 72-h post-transfection for
RNA isolation and qRT-PCR experiments. Human primer
sequences are listed above in the Methods section for gPCR.
For Western blots, cells at 80% confluency were transfected
with negative siRNA, tmtc1 siRNA, as described, or MigR1-
DNMAML using Fugene transfection reagent (Promega).
Cells were harvested 48-h post-transfection for Western
blot analysis. For the rescue experiment, cells at 90% con-
fluency were transfected with MigR1-Empty Vector (EV),
-DNMAML, or TMTCI1 plasmids. After 48 h, cells were
harvested with Accutase (ThermoFisher), washed with full
EGM-2 medium, and rested on ice for 30 min. Cells were
stained with anti-VE-cadherin (Biolegend) for 30 min and
washed with DAPI in 2% FBS/PBS with calcium and mag-
nesium added. Cells were analyzed via flow cytometry on
the CytoFLEX S Flow Cytometer.

TEER

HLMVECs were seeded on 8-well gold-plated electrodes
(Applied Biosciences), and cells were transfected with
either plasmids (MigR1-EV or MigR1-DNMAML) for
72 h or with siRNAs (tmtcl and scramble) for 96 h. Post-
transfection at the mentioned time points, cells were serum
starved for 1-2 h, and basal TEER was measured, followed
by stimulation with 50 nM thrombin®. Note: For siRNA
transfections, cells were transfected twice at a gap of 48 h
time duration.

Immunofluorescent staining

We harvested the lungs of mice and froze the tissues into
cryoblocks. Lung tissues were sectioned into 7 mm thick
sections. Slides were fixed with 4% PFA for 10 min at room
temperature, then blocked by 5% donkey serum and 0.5%
Triton X-100 at room temperature for 1 h. We Incubated the
slides with primary antibodies Ki67 (CST: #9129T), cleaved
caspase 3 (CST: # 9664S) overnight at 4 °C. After washing,
the slides were incubated with secondary antibody for 1 h at
room temperature followed by DAPI staining. Images were
captured by Zeiss LSM880 confocal microscopy.
HLMVECs were seeded on a 6-well glass bottom plate
and transfected with either siRNAs (tmtcl or scramble) or
MigR1-EV or MigR1-DNMAML plasmids. Forty-eight
hours post-transfection, cells were fixed with neutral buff-
ered 10% formalin solution for 4 h, followed by 3 washes
with PBS with calcium and magnesium. Cells were then
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permeabilized with 0.5% Triton-X-100 + donkey serum in
PBS for 2 h at room temperature, followed by 3 PBS washes.
Cells were incubated with VE-Cadherin antibody (1:50;
Santa Cruz) and AlexaFluor 633 Phalloidin (1:1000; Invitro-
gen), and Hoechst 33342 (1:1000) or VE-Cadherin antibody
(1:50; Santa Cruz), and SERCA2 ATPase antibody (1:100,
Invitrogen), and DAPI (1:1000). For antibody incubation,
0.1% Triton-X-100 supplemented with 2% donkey serum
in PBS was used. Cells were then mounted with ProLong
Glass Antifade Mountant (ThermoFisher), prior to imaging.
Images were analyzed using Imagel to quantify colocaliza-
tion index and junctional VE-Cadherin. Briefly, for analysis
of cell surface expression of VE-Cadherin, multiple regions
of interest of the same size were drawn on the plasma mem-
brane, and pixel intensity was calculated. Intensity obtained
from multiple regions of interest from the same image was
averaged. Each n corresponds to the average of individual
images. Colocalization between VE-Cadherin and SERCA?2
ATPase was quantified using the Colocalization Threshold
plugin of Imagel.

Chromatin immunoprecipitation (ChIP) assay

ChIP analysis was performed using EZ-ChIP assay kit (Mil-
lipore, Billerica, MA, 17-295) according to the instruction
from the manufacturer. Briefly, DMSO- and GSI-treated
HLMVECs were crosslinked with 4% formaldehyde for
15 min at room temperature. Nuclear extracts were sonicated
to produce 200-1000 bp DNA fragments. Chromatin-pro-
tein complexes were immunoprecipitated with anti-Notchl
Val1744 antibody or rabbit normal IgG. DNA was purified
and the RT-qPCR reaction was performed with TMTC1
primers (5'-AGGTGGGTGTGGGGGTTCCAGA-3'5'-AAC
GAACGTCCACCTGGCCCCAA-3').

RNAseq

Total RNA was extracted via Qiagen RNeasy Plus Kit (Qia-
gen), DNAse treated, and purified using an RNA Clean &
Concentrator MagBead with DNase I Included kit (Zymo
Research). RNA samples were quantified for RNA and DNA
content using a Qubit fluorometer (Invitrogen) and analyzed
for integrity using Agilent 4200 TapeStation. Levels of
remaining DNA did not exceed 10% of the total amount of
nucleic acid.

Sequencing libraries for Illumina sequencing was pre-
pared in one batch in a 96-well plate using CORALL Total
RNA-seq Library Prep Kit with Unique Dual Indices with
RiboCop HMRv2 rRNA Depletion (Lexogen).

In brief, approximately 20-30 nanograms of total RNA
per sample were used for the first rRNA depletion step, then
followed by library generation initiated with random oligo-
nucleotide primer hybridization and reverse transcription.
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Next, the 3’ ends of first-strand cDNA fragments were
ligated with a linker containing Illumina-compatible P5
sequences and Unique Molecular Identifiers (UMIs). Dur-
ing the following steps of second strand cDNA synthesis
and ds cDNA amplification, i7 and i5 indices as well as
complete adapter sequences required for cluster generation
were added. The number of PCR amplification cycles was
14 as determined by qPCR using a small pre-amplification
library aliquot for each individual sample.

Final amplified libraries were purified, quantified, and
average fragment sizes were confirmed to be approximately
350 bp by gel electrophoresis using 4200 TapeStation and
D5000 Screen Tape (Agilent). The concentration of the final
library pool was confirmed by qPCR and the pool was sub-
jected to test sequencing on MiniSeq instrument (Illumina)
to check sequencing efficiencies and adjust accordingly pro-
portions of individual libraries. Sequencing was carried out
on NovaSeq 6000 (Illumina), S4 flowcell, 2/150 bp, and 60
paired-end reads per sample performed at the Roy J. Carver
Biotechnology Center at the University of Illinois at Urbana-
Champaign. The data has been deposited to the NCBI Gene
Expression Omnibus (GEO) database (Accession Number:
GSE245264).

Statistics

Statistical analysis was performed using GraphPad Prism.
Values were presented as mean with +SD. Comparison of
variables between 2 groups was calculated using Welch’s
t-test. Comparison of >?2 groups were calculated using a
one-way ANOVA. The level of significance was set at a p
value of <0.05.
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