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Abstract

The lymphatic system is composed of a hierarchical network of
fluid absorbing lymphatic capillaries and transporting collecting
vessels. Despite distinct functions and morphologies, molecular
mechanisms that regulate the identity of the different vessel types
are poorly understood. Through transcriptional analysis of murine
dermal lymphatic endothelial cells (LECs), we identified Foxp2, a
member of the FOXP family of transcription factors implicated in
speech development, as a collecting vessel signature gene. FOXP2
expression was induced after initiation of lymph flow in vivo and
upon shear stress on primary LECs in vitro. Loss of FOXC2, the
major flow-responsive transcriptional regulator of lymphatic valve
formation, abolished FOXP2 induction in vitro and in vivo. Genetic
deletion of Foxp2 in mice using the endothelial-specific Tie2-Cre or
the tamoxifen-inducible LEC-specific Prox1-CreER™ line resulted in
enlarged collecting vessels and defective valves characterized by
loss of NFATc1 activity. Our results identify FOXP2 as a new flow-
induced transcriptional regulator of collecting lymphatic vessel
morphogenesis and highlight the existence of unique transcription
factor codes in the establishment of vessel-type-specific endothe-
lial cell identities.
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Introduction

The lymphatic vascular system maintains tissue fluid balance and
immune homeostasis through a coordinated action of lymphatic
capillaries (also known as initial lymphatics) and collecting
lymphatic vessels. The blind-ended lymphatic capillaries are
composed of endothelial cells with discontinuous button junctions
that allow entry of excess extracellular fluid and immune cells

(reviewed in (Potente & Makinen, 2017; Oliver et al, 2020; Petrova
& Koh, 2020)). In contrast, the lymphatic capillary-draining collect-
ing vessels have continuous zipper junctions that prevent excess
leakage of fluid. Additional unique characteristics of the collecting
lymphatic vessels are the smooth muscle coverage that facilitates
fluid propulsion through contractions and the existence of bicuspid
valves that prevent fluid backflow (Zawieja, 2009). The establish-
ment of a hierarchy of functionally specialized vessel types is critical
for normal lymphatic vascular function and, consequently, failure in
this process can lead to lymphatic diseases.

During embryonic development, lymphatic vessel formation
occurs through transdifferentiation of venous into lymphatic
endothelial cells (LECs), with contribution of additional non-venous
sources in certain organs (reviewed in (Ulvmar & Makinen, 2016;
Kazenwadel & Harvey, 2018)). The key regulator of LEC fate is the
homeobox transcription factor PROX1 that is required for the forma-
tion of all lymphatic vascular beds (Wigle & Oliver, 1999). PROX1
co-operates with other transcription factors in regulating the LEC
lineage-specific transcriptome. For example, the venous endothelial
cell (EC) fate regulator COUP-TFII (You et al, 2005) is required for
initiation of PROX1 expression and regulates lymphatic vessel
formation through heterodimerization with PROX1 (Lee et al, 2009;
Yamazaki et al, 2009; Lin et al, 2010; Srinivasan et al, 2010). The
subsequent maturation of the primitive lymphatic vascular plexus
into functional collecting vessels is controlled by an interplay
between mechanical forces, induced by initiation of lymph flow,
and another set of transcription factors including GATA2 and FOXC2
(Sabine et al, 2012; Kazenwadel et al, 2015). Oscillatory shear
stress, mimicking turbulent flow in the branched network of primi-
tive vessel plexus, induces upregulation of GATA2 and FOXC2
(Sabine et al, 2012; Kazenwadel et al, 2015). These factors subse-
quently regulate a transcriptional program required for the forma-
tion of lymphatic valves. Deficiency of GATA2 or FOXC2, or
mutations in their DNA-binding domains consequently cause abnor-
mal development of lymphatic valves and underlie human heredi-
tary lymphedemas (Petrova et al, 2004; Ostergaard et al, 2011;
Kazenwadel et al, 2012, 2015). While the mechanisms that specify
and sustain the identity of the phenotypically distinct valve LECs
are characterized with increasing detail (Geng et al, 2017), the
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pathways that specify the functionally different collecting vessels
and lymphatic capillaries have not been delineated.

Here, we aimed to determine the mechanism that regulates the
functional specification of collecting lymphatic vessels through tran-
scriptional analysis of LECs of distinct vessel subtypes. We identi-
fied forkhead box protein P2 (FOXP2), previously implicated in the
development of speech and language in humans (Co et al, 2020), as
a collecting vessel-specific transcription factor. Using cultured
primary LECs and genetic mouse models, we further show that
FOXP2 is transcriptionally induced by flow-mediated shear stress
and regulates collecting lymphatic vessel and valve morphogenesis
through co-operation with the major flow-responsive FOXC2/
NFATcl signaling pathway. Our results highlight the existence of
unique transcription factor codes in the establishment of vessel-
type-specific LEC identities that may provide an opportunity to
exploit for therapeutic restoration of specific vessel functions.

Results

Global transcriptome analysis of endothelial cells of lymphatic
vessel subtypes

To identify genes regulating the functional specification of collecting
lymphatic vessels, we performed transcriptome profiling of dermal
ECs isolated from adult mouse ear skin by flow cytometry. Dermal
cell suspensions from mice carrying a LEC reporter Prox1-GFP were
first subjected to enrichment for ECs using PECAM1 antibody-coated
magnetic beads, followed by sorting of live blood EC (BEC) and LEC
populations based on the expression of the lymphatic markers
PDPN, LYVEI, and ProxI-GFP (Fig 1A). LEC subpopulations were
further defined by the level of LYVE] expression (Makinen et al,
2005) and assigned as LYVE1™8" lymphatic capillaries, LYVE1'"/~
collecting vessels, and LYVE1"™®"™¢d pre_collecting vessels (Fig 1A).
Capillary LECs accounted for a majority (60.9 + 0.2% [n = 3]) of
the LEC population (Fig EV1A).

Affymetrix GeneChip analysis of the isolated EC populations
revealed 1,191 genes that were differentially expressed (FDR < 0.02,
log, fold change > 1 or < —1) between BECs and (all) LECs, includ-
ing the established BEC-LEC lineage markers Fit1, Nrpl, and Prox1
(Fig EV1B and C, Dataset EV1). As expected, Lyvel was highly
expressed in LECs of lymphatic capillaries and pre-collecting vessels
(Fig EV1C). In contrast, the valve-LEC-specific Cldn11 (Takeda et al,
2019) was highly expressed in LECs of collecting and pre-collecting
vessels (Fig EV1C). Pdgfrb expression suggested contamination of
the BEC, but not LEC population with mural cells (Fig EV1C), which
is commonly observed in bulk-sorted BECs due to close association
of the two cell types (Vanlandewijck et al, 2018). No significant
contamination by Lum" fibroblasts was observed in any of the EC
populations (Fig EV1C). These results indicate a successful genera-
tion of a microarray dataset for differential gene expression analysis
of LECs of lymphatic capillaries and collecting vessels (Dataset EV2).

The transcription factor FOXP2 is specifically expressed in
endothelial cells of collecting lymphatic vessels

Next, we focused on collecting lymphatic vessel enriched genes
(Fig 1B, Dataset EV3) that also showed LEC-specific pattern of
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expression with no or low expression in the BECs (Fig 1B, boxed).
Among these was the gene encoding the transcription factor fork-
head box protein P2 (FOXP2; Figs 1B and EV1D) that has previously
been studied in the nervous system and implicated in several cogni-
tive functions including development of speech and language in
humans ((Lai et al, 2001), reviewed in (Co et al, 2020)), and lung
development (Shu et al, 2007). Its role in other organ systems,
including the vasculature, is not known.

Selective expression of Foxp2 in collecting lymphatic vessels
suggested involvement in establishing vessel-type-specific LEC
identity. To first validate the transcriptome data, we performed
whole-mount immunofluorescence staining of adult mouse ear
skin. Staining with antibodies against FOXP2 revealed nuclear
expression in LYVE1™ collecting lymphatic vessels, but not in
LYVE1" lymphatic capillaries or in blood vessels (Fig 1C). Uniform
expression of FOXP2 was detected along the collecting vessel,
including the luminal valves composed of LECs expressing high
levels of PROX1 (Fig 1C and Appendix Fig S1A). FOXP2 was also
expressed in the mesenteric collecting vessels and large flank collec-
tors (Fig 1C), but not in lymphatic capillaries of the intestinal villi
(lacteals) or the diaphragm (Appendix Fig S1B), or in the
“lymphatic-like” Schlemm’s canal in the eye (Appendix Fig S1C).
gRT-PCR analysis of BECs and LECs freshly isolated from the
mesentery of P11 mice by flow cytometry further demonstrated that
Foxp2 was the only differentially expressed member of the FOXP
family of transcription factors (Fig 1D), which was also supported
by the dermal array data (Appendix Fig S1D). The closely related
Foxpl and Foxp4 were expressed in both BECs and LECs, while
Foxp3 was not detected (Fig 1D). Taken together, these results iden-
tify FOXP2 as a potential new transcriptional regulator of collecting
lymphatic vessel identity and morphogenesis.

FOXP2 expression is regulated by flow

To investigate whether FOXP2 is functionally important for collect-
ing lymphatic vessel formation, we first analyzed its expression in
the developing vasculature. We studied the mesenteric lymphatic
vessels that begin to form at embryonic (E)13 through lymphvascu-
logenic assembly of LEC progenitors (Stanczuk et al, 2015), and
undergo remodeling and valve morphogenesis after the onset of
lymph flow at E15-E16 (Bazigou et al, 2009; Norrmén et al, 2009;
Sabine et al, 2015). Whole-mount immunofluorescence staining of
embryonic mesenteries showed no expression of FOXP2 between
E15-E16 (Fig 2A), suggesting that FOXP2 is not involved in the early
steps of collecting vessel formation. FOXP2 expression was first
observed at E17, and its expression was maintained in the postnatal
mesenteric lymphatic vessels (Figs 1C and 2A). FOXP2 expression
was not restricted to PROX1™8" valves but showed a uniform
pattern of expression in all LECs of collecting vessels from E17
onwards. A similar pattern of FOXP2 expression was observed in
embryonic skin. FOXP2 was not expressed at E14 or E15, when a
primary dermal lymphatic capillary plexus forms through vessel
sprouting, but was upregulated at E18, when remodeling of
lymphatic capillaries into collecting vessels is initiated (Fig EV2).

To investigate if the induction of FOXP2 expression in vivo was
related to initiation of flow in mesenteric lymphatic vessels at E15—
E16, we first utilized ex vivo culture of E18 mesenteries as a model
of abrogated flow (Sabine et al, 2012). As expected, ex vivo culture

© 2021 The Authors
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Figure 1. Transcriptome analysis of lymphatic vessels identifies FOXP2 as a collecting vessel-specific transcription factor.

A Isolation of dermal EC subtypes from the ear skin of 5-week-old ProxI-GFP mice using multicolor flow cytometry. Whole-mount immunofluorescence for LYVEL (on
the left) defines three Prox1-GFP" lymphatic vessels subtypes that are sorted using the indicated gating scheme (on the right): LYVEL'W/~ collecting vessel (green
arrow, col); LYVEL™®™ed pre_collecting vessel (gray arrow, pre-col); LYVEL"E" lymphatic capillary (magenta arrow, cap).

B Top 100 genes upregulated in collecting in comparison to lymphatic capillary LECs. Expression in BECs is shown for comparison. Heat map color coding shows log,
fold change. Red box indicates LEC-specific/enriched collecting vessel signature genes that include Foxp2 (red arrow).

C Whole-mount immunofluorescence of ear skin, mesentery, and flank, showing nuclear FOXP2 staining in collecting lymphatic vessels (arrows, col), but not in LYVEL"

lymphatic capillaries (cap) or blood vessels (bv).

D gRT-PCR analysis of Foxpl—4 in murine ECs freshly isolated from P11 mesentery (n = 6 mice, individual data points shown). Data are presented as mean relative
expression (normalized to Gapdh) + SD. Transcript levels for each transcript are presented relative to levels in LECs. P, Student’s t-test. nd, not detected.

Data information: Scale bar: 75 um (A), 50 um (C).
Source data are available online for this figure.

of vessels for 24 h led to loss of patterned valve regions composed
of PROX1MeM LECs, although PROX1 expression level was not
affected (Fig 2B). This coincided with the downregulation of FOXP2
(Fig 2B), suggesting that maintenance of FOXP2 levels/expression is
dependent on flow. To directly test if flow regulates FOXP2 expres-
sion, we exposed primary human dermal LECs (HDLECs) to dif-
ferent types of fluid shear stress implicated in collecting lymphatic
vessel and valve morphogenesis. Oscillatory shear stress (OSS) has
previously been used to mimic disturbed flow in the developing
lymphatic network and shown to regulate the transcriptional
program controlling valve morphogenesis (Sabine et al, 2012,
2015). On the other hand, laminar shear stress (LSS) regulates
lymphatic vessel remodeling as well as LEC proliferation and quies-
cence (Wang et al, 2016; Choi et al, 2017a, 2017b; Geng et al, 2020).
Under static conditions, only a weak immunofluorescence signal for
FOXP2 protein was detected in HDLECs (Fig 2C). However, expo-
sure to OSS robustly induced FOXP2 protein (Fig 2C) and FOXP2
mRNA (Fig 2D). Notably, this was observed at 48 h but not earlier
(Fig EV3A), whereas the OSS-regulated GATAZ2 (Fig EV3A) was
upregulated already at 24 h, as previously reported (Sweet et al,
2015). LSS led to a more modest upregulation of FOXP2 (Fig EV3B).
Increased expression of genes previously shown to be regulated by
0SS (GJA4 (Sabine et al, 2012), Fig 2D) or LSS (KLF4 (Choi et al,
2017a), Fig EV3B) in LECs was also observed.

Taken together, these results demonstrate that FOXP2 expression
is induced in vivo after the onset of flow, and regulated in vitro by
0SS and, to a lesser extent, laminar flow.

Endothelial-specific deletion of Foxp2 leads to collecting
lymphatic vessel defects

In order to investigate the potential role of FOXP2 in collecting
lymphatic vessel development, we genetically deleted it in all ECs
using the Tie2-Cre mice in combination with the floxed Foxp2 allele
(Fig 3A). The organization and gross morphology of the blood and
lymphatic vessel networks in adult ear or embryonic back skin were
not affected by loss of Foxp2 (Appendix Fig S2A-C). Analysis
of early postnatal mesenteric vasculature also revealed grossly
normal collecting lymphatic vessel morphology in the Foxp2/1ox/ftex;
Tie2-Cre" mutant mice in comparison with littermate controls
(Fig 3B). However, staining for lymphatic valve marker integrin-o9
(Bazigou et al, 2009) revealed shortened valve leaflets in the
mutant mice (Fig 3B). Notably, FOXP2 expression was efficiently
depleted in the collecting vessels of the mutant mice except for the
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valves. Unexpectedly, in four out of five mutant mice analyzed
the majority of the valves (85 + 30%, n =4 mice, 19 vessels)
were formed of FOXP2" cells (Fig 3C). Valve-specific selection of
non-recombined LECs suggests selective requirement of FOXP2 in
their morphogenesis.

To maximize gene targeting efficiency, we generated mice carry-
ing the floxed in combination with a null Foxp2 allele (Fig 3A). Effi-
cient FOXP2 depletion in LECs, including the valves, in the
Foxp2™°*/=; Tie2-Cre* mice resulted in a spectrum of valve defects as
well as increased collecting lymphatic vessel width (Fig 3D and E).
A proportion (~ 25%) of valves composed of PROX1"&" LECs had
no leaflets, as assessed by staining for integrin-o9 and its ligand
fibronectin-EIIIA (Fig 3F and G). Quantification showed reduced
leaflet length in the remaining valves in the mutants compared to
littermate controls at this stage (Fig 3F and H). The mutant mice
also showed chyle accumulation in the submucosal lymphatic vessel
network on the intestinal wall, suggesting backflow from the mesen-
teric collecting lymphatic vessels, as well as chyle leakage from
collecting vessels (Fig 31 and J). These defects did not, however,
compromise postnatal survival and growth in the mutant mice, and
analysis of adult mesenteries revealed morphologically normal
valves in the Foxp2'®/~; Tie2-Cre" mice (Appendix Fig S2D). In
agreement with the lack of expression of FOXP2 in lacteal LECs
(Appendix Fig S1B), we could not observe defects in these vessels in
the Foxp2/*/~; Tie2-Cre” mice (Appendix Fig S2E). Together, these
data demonstrate a critical requirement of Foxp2 for collecting
lymphatic vessel and valve morphogenesis.

Loss of FOXP2 leads to reduced expression of known regulators
of lymphatic and valve development

FOXP2 is required in the nervous system for several cognitive func-
tions, including general brain development and synaptic plasticity
(Kim et al, 2019; Co et al, 2020). Interestingly, validated direct
FOXP2 targets in the nervous system include genes encoding known
regulators of lymphatic development (NRP2) and valve morpho-
genesis (EphrinB2 and SEMA3A) (Makinen et al, 2005; Xu et al,
2010; Vernes et al, 2011; Bouvrée et al, 2012; Jurisic et al, 2012;
Ochsenbein et al, 2014).

Immunofluorescence staining of P6 mesenteric collecting vessels
showed marked downregulation of NRP2 in Foxp2"°*~; Tie2-Cre"
mice compared to littermate controls (Figs 4A and B). In addition,
RNAscope-based whole-mount in situ hybridization revealed a
significant reduction of Efnb2 transcript in Foxp2-deficient lymphatic

© 2021 The Authors
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Figure 2. FOXP2 expression is regulated by flow.

Magda N Herndndez Vdsquez et al

A Whole-mount immunofluorescence of embryonic mesenteries of the indicated developmental stages. Note induction of FOXP2 expression at E17.

B Whole-mount immunofluorescence of E18 mesenteries fixed immediately after dissection (left panel) or after 24 h of ex vivo culture (right panel). Note loss of
patterning of PROX1"€" valve LECs and downregulation of FOXP2 expression in flow-abrogated vessels after ex vivo culture.

C, D Immunofluorescence (C) and gRT-PCR analysis (D) of HDLECs grown under static conditions or exposed to OSS for 48 h (n = 3 independent experiments). Data are

presented as mean =+ SD. P, Student’s t-test.

Data information: Scale bar: 100 um (A, B), 50 um (C).
Source data are available online for this figure.

vessels (Fig 4C and D). FOXP2 thus regulates genes critical for
normal lymphatic vessel and valve development.

FOXP2 is required LEC-autonomously for valve formation
and maintenance

To study the potential function of FOXP2 in the maintenance of
lymphatic valves, we conditionally deleted Foxp2 in LECs using the
tamoxifen-inducible Prox1-CreER™? line (Fig 5A). Gene deletion was
induced at postnatal day (P)1-P2. At this stage the majority of
mesenteric lymphatic valves have formed, but new valves continue
to form during the first postnatal weeks (Sabine et al, 2015). Neona-
tal LEC-specific deletion of Foxp2 led to collecting lymphatic vessel
and valve defects similar to those observed upon global EC deletion
(Fig 5B). At P6, the number of valves (Fig 5C) and the length of
valve leaflets (Fig 5D) were reduced in the Foxp2Mx; proxi-
CreER™ mutants in comparison with Cre-negative littermate
controls. However, we observed neither chyle leakage (n = 6 mice
analyzed) nor enlargement of collecting vessels (Fig 5E) in the
Foxp2/™*%. prox1-CreER™ mice that occurred upon constitutive EC-
specific deletion in the Foxp2®/~; Tie2-Cre mice. This suggests that
the Foxp2 loss-induced collecting vessel defects, including barrier
leakage, develop prior to birth or during early neonatal life.

Molecular mechanisms that regulate the formation of lymphatic,
venous, and lymphovenous valves are shared (Bazigou et al, 2011;
Geng et al, 2017). Similar to the lymphatic valve regulators PROX1,
integrin-09 (Bazigou et al, 2011), and FOXC2 (Lyons et al, 2017),
we found that FOXP2 was also expressed in venous valve ECs (Fig
EV4A and B). Genetic deletion of Foxp2 using the Tie2-Cre mice did
not, however, lead to apparent defects in the formation of venous
valve leaflets (Fig EV4A and B). Developing lymphovenous valves
(LVVs) of an E14 embryo were instead negative for FOXP2 staining
(Fig EV4C). Embryos with defective LVVs frequently display blood-
filled lymphatic vessels and edema (Geng et al, 2016; Martin-Almed-
ina et al, 2016). Lack of an overt phenotype in Foxp2™*; Tie2-Cre
embryos suggests presence of functional LVVs in these mice, consis-
tent with the absence of FOXP2 in LVVs.

Collectively, these results demonstrate that FOXP2 is required
LEC-autonomously for the development and maintenance of
lymphatic, but not venous valves.

FOXP2 is a component of the FOXC2/NFATc1 pathway

Oscillatory shear stress regulates the expression of two key tran-
scription factors controlling collecting vessel and valve morphogen-
esis: FOXC2 (Sabine et al, 2012) and GATA2 (Kazenwadel et al,
2015). Notably, ChIP-seq analysis of FOXC2 chromatin occupancy
in LECs revealed binding to FOXP2 regulatory regions (Norrmén
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et al, 2009). To test if FOXC2 regulates FOXP2 expression, we first
silenced its expression in HDLECs using siRNA. qRT-PCR analysis
of HDLECs showed downregulation of FOXP2 upon FOXC2 silencing
(Fig 6A). In contrast, FOXP2 silencing did not affect the expression
of FOXC2 or its target GJA4 (encoding CX37; Fig 6A). FOXP2 silenc-
ing had also no effect on the expression of GATAZ2 (Fig EV5A), an
upstream regulator of FOXC2 (Kazenwadel et al, 2015).

Next, we investigated FOXC2 regulation of Foxp2 in vivo by
assessing FOXP2 protein levels in Foxc2-deficient lymphatic vessels.
As previously reported (Sabine et al, 2015), deletion of Foxc2 using
the ProxI-CreER™ line led to loss of lymphatic valves composed of
PROX1"&" LECs (Fig 6B). To assess the level of nuclear FOXP2
signals in the LECs, we quantified the staining intensity after mask-
ing the PROX1 signal (Fig 6B, lower panels). This revealed approxi-
mately two-fold higher FOXP2 immunostaining intensity in control
in comparison with Foxc2-deficient vessels (Fig 6C). Loss of FOXC2
thus leads to downregulation of FOXP2 both in vitro and in vivo.
Conversely, whole-mount immunofluorescence of mesenteric
lymphatic vessels of Foxp2™®*/~; Tie2-Cre mice showed loss of orga-
nized FOXC2"8" valve regions but unaltered expression of FOXC2 in
Foxp2-deficient vessels compared to littermate controls (Fig 6D).

FOXC2 co-operates with calcineurin/NFATcl signaling during
valve morphogenesis (Norrmén et al, 2009; Sabine et al, 2012), while
FOXP2 has been shown to form a co-operative complex with NFATc2
(Wu et al, 2006). To investigate the potential regulation of NFAT
signaling by FOXP2 during lymphatic development, we stained
mesenteric lymphatic vessels of Foxp2™/~; Tie2-Cre" and control
littermates for NFATcl. In agreement with previous findings
(Norrmén et al, 2009; Sabine et al, 2012), increased NFATc1 staining
and nuclear localization were observed in the valves of control mice
(Fig 6E and F). In contrast, Foxp2-deficient valves showed predomi-
nantly cytoplasmic localization, or overall reduction in NFATc1 levels
(Fig 6E and F). FOXP2 silencing also abrogated VEGF-C-induced
nuclear translocation of NFATcl in LECs in vitro (Fig EV5B). These
results suggest inhibition of NFAT signaling in Foxp2-deficient LECs.

Collectively, the above results demonstrate that FOXP2 is a
downstream effector of the flow-responsive FOXC2 in the regulation
of NFATcI activity during lymphatic valve formation (Fig. 6G).

Discussion

Coordinated action of the two functionally specialized types of
lymphatic vessels, the lymphatic capillaries and collecting lymphatic
vessels, ensures removal of excess fluid from the tissues and effi-
cient unidirectional drainage to the venous circulation. Here, we
investigated the transcriptional basis of phenotypic identities of
specific vessel subtypes and identified the forkhead transcription

© 2021 The Authors
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Figure 3. Endothelial-specific deletion of Foxp2 leads to defective collecting vessel and valve morphogenesis.

A Genetic constructs and breeding strategies used to generate pan-endothelial Foxp2/M%.Tie2-Cre (gray) or Foxp2™®/=Tie2-Cre (blue) deletion.
B, C Whole-mount immunofluorescence of P7 mesenteries, showing abnormally short integrin-a9" lymphatic valve leaflets (B) and selection of non-recombined FOXP2*

LECs (C) in Foxp2™o¥'foX.Tie2-Cre vessels.

D Whole-mount immunofluorescence of P7 mesenteries, showing efficient FOXP2 depletion in Foxp27°/=;Tie2-Cre vessels. Dotted line indicates vessel width.

E Quantification of mesenteric collecting lymphatic vessel width in P7 Fopoﬂ""/’;TieZ-Cre and littermate controls (n = vessels [mice], as indicated).

F Lymphatic valves in P7 mesenteric vessels of control and Foxpzﬂ"X/’;TieZ-Cre mice. A spectrum of defects in the mutants ranging from shortened integrin-o9"FN-
ENIIA" valve leaflets (middle panels) to a complete loss of leaflets (right panels) are shown.

G, H Quantification of the proportion of valves with integrin-a9" leaflets (G), and leaflet length (H) in P7 Foxp2®/=;Tie2-Cre and littermate controls (n = valves [mice],

as indicated). Leaflet length = O corresponds to valves with no leaflets.

| Images of P7 intestine (on the left) and mesentery (on the right) showing submucosal reflux (arrows) and leakage (arrowheads) in the Foxp2ﬂ"X/’;Tie2—Cre mice.

J Chyle phenotypes in P7 Foxp2//~

;Tie2-Cre and littermate controls (n = number of mice as indicated).

Data information: In (E, G, H), data are presented as mean =+ SD. P, Student’s t-test. In (J), P, Fisher’s exact test. Scale bar: 100 um (B, D), 50 um (C, F), 500 um (I).

Source data are available online for this figure.

factor FOXP2 as a signature gene for collecting vessels. Functional
analysis of FOXP2 in primary LECs and using genetic loss-of-func-
tion mouse models further establish it as a new flow-induced regula-
tor of valve morphogenesis and a component of the FOXC2/NFATc1
pathway.

Cell-extrinsic factors such as differences in the magnitude and
type of fluid shear stress as well as matrix composition and stiffness
experienced by different vessel types likely play an important role in
the regulation of LEC phenotype and transcription. To identify the
transcriptional basis of LEC identities in specific vessel subtypes, we
determined differentially expressed genes between ECs sorted from
dermal LYVE1" lymphatic capillaries and LYVE1™ collecting vessels.
Consistent with the unique collecting vessel features, namely the
presence of continuous basement membrane, smooth muscle cover-
age, and luminal valves, we observed enrichment of genes encoding
regulators of EC-extracellular matrix such as Cd93 and Mmrn2
(Lugano et al, 2018) and EC-smooth muscle (Nos3 encoding eNOS)
communication, as well as the valve LEC signature gene Cldnll
(Takeda et al, 2019). Collecting LEC-enriched genes also included
Foxp2, a member of the FOXP family of transcription factors, which
suggests the existence of unique transcription factor codes in defin-
ing vessel-type-specific LEC identities.

FOXP2 has previously not been implicated in EC biology, but is
extensively studied in the nervous system (Co et al, 2020) and also
shown to regulate lung development (Shu et al, 2007). Clinically,
mutations in FOXP2 are causative of developmental speech and
language disorders ((Lai et al, 2001), reviewed in (Co et al, 2020)).
Analysis of the developing mesenteric collecting vessels in mouse
embryos showed that FOXP2 was not expressed during early stages of
vessel formation. It was abruptly upregulated between E16 and E17,
after initiation of fluid flow (Sabine et al, 2015), and persisted in the
remodeling and mature collecting vessels in vivo. FOXP2 mRNA and
protein levels were also increased in primary human LECs in response
to oscillatory shear stress that mimics turbulent flow in the branched
network of primitive lymphatic vessel plexus, and, to a lesser degree,
laminar shear stress. Flow regulation of FOXP2 was further supported
by the observations that abrogation of flow in cultured mesenteries
ex vivo, or genetic deletion of Foxc2, the major flow-responsive tran-
scriptional regulator of lymphatic valve formation (Petrova et al,
2004; Sabine et al, 2012) in vivo led to reduction in FOXP2 levels.
Several putative FOXC2-binding sites in FOXP2 identified by ChIP-chip
analysis in human LECs (Norrmén et al, 2009) suggest that FOXP2 is a
direct downstream target of FOXC2.
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In agreement with the restricted expression of FOXP2 in collecting
lymphatic vessels, genetic deletion of Foxp2 in all ECs or specifically
in LECs revealed its selective role in the morphogenesis of collecting
vessels and valves. Mice with global EC-specific Foxp2 deletion
showed chyle reflux and leakage, as well as a spectrum of valve
defects. About 25% of valves in these mice lacked leaflets and showed
no expression of integrin-09 and its ligand fibronectin-EIIIA that are
critical regulators of leaflet formation (Bazigou et al, 2009). The
remaining valves were characterized by shorter integrin-a9" leaflets
and low fibronectin-EIIIA deposition. Similarly, early postnatal dele-
tion of Foxp2 specifically in LECs led to reduced valve numbers and
leaflet length, but not chyle leakage. The most prominent feature of
the phenotype is valve defect, providing an explanation for retrograde
lymph flow. Since lack of valves alone, as observed in mice lacking
Gja4 (encoding connexin 37), is not sufficient to promote leakage of
chyle (Sabine et al, 2012), additional collecting vessels defects must
be present in Foxp2 null mice and develop prior to birth. Notably, the
phenotype is similar, albeit milder, than that reported in mice lacking
Foxc2 (Sabine et al, 2012). Foxp2 deletion did not lead to a complete
lack of valve development and thus did not compromise postnatal
survival and growth in the mutant mice. This further supports the
notion that FOXP2 acts downstream of FOXC2 in regulating lymphatic
(valve) development, and other FOXC2 targets can partially compen-
sate for the loss of FOXP2. Although FOXP2 was also expressed in
venous valve ECs, we could not observe defects in the formation of
these valves in Foxp2 deficient mice. Our assessment of valve
morphology was limited to an early developmental stage, and poten-
tial effect of Foxp2 deficiency on maturation or long-term maintenance
of venous valves cannot be excluded.

Transcriptional activity of the FOXP proteins is mediated by
homo- or heterodimerization (Li et al, 2004; Sin et al, 2015). In the
nervous system, FOXP2 has dual functionality, acting to repress or
activate gene expression, with the different FOXP1/2/4 dimer
combinations leading to different transcriptional outcomes (Sin
et al, 2015). Interestingly, FOXP2 targets identified in murine brain
include several known regulators of lymphatic development, includ-
ing Nrp2 and Efnb2 (Vernes et al, 2011). Downregulation of NRP2
protein and Efnb2 transcript observed in Foxp2-deficient lymphatic
vessels in vivo suggests conservation of these targets in LECs. NRP2
functions as a co-receptor for VEGFR3 and regulates lymphangio-
genic sprouting (Karpanen et al, 2006; Xu et al, 2010), but has not
been implicated in collecting vessel maturation, and is even absent
in valve LECs (Sabine et al, 2012). EphrinB2 has instead been
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Figure 4. Downregulation of FOXP2 targets Nrp2 and Efnb2 in Foxp2-deficient lymphatic vessels.

A, B Whole-mount immunofluorescence (A) and quantification of NRP2 staining intensity (B) in P6 mesenteric lymphatic vessels of Foxpzﬂ“"/ ;Tie2-Cre and littermate

control mice (n = vessels [mice], as indicated).

C, D RNAscope-based whole-mount in situ hybridization (C) and quantification of Efnb2 transcript levels (D) in P7 mesenteric lymphatic vessels of Fopoﬂ”X/’;TieZ-Cre

and littermate control mice (n = vessels [mice], as indicated).

Data information: In (B, D), data are presented as mean =+ SD. P, Student’s t-test. Scale bar: 100 pm.

Source data are available online for this figure.

shown to regulate the development and maintenance of lymphatic
valves and the integrity of collecting vessel LEC junctions (Makinen
et al, 2005; Zhang et al, 2015; Frye et al, 2020), and its downregula-
tion may thus contribute to the phenotype observed in Foxp2
mutant mice. Considering the multitude of FOXP interaction part-
ners reported (FOXP1/4, NFAT1, NR2F1, NR2F2, SATB1, SATB2,
SOXS, YY1, and ZMYM2) (Stroud et al, 1993; Li et al, 2004; Xu et al,
2010; Sin et al, 2015; Estruch et al, 2018), it is, however, unlikely
that FOXP2-driven cellular functions can be attributed to (a) single
downstream target(s) but instead involves a transcriptional program
defined by a combinatorial code of transcription factors.

Since the relative levels of FOXP1/2/4 proteins, and thus the dif-
ferent combinations of dimers that may be formed, determine the

© 2021 The Authors

ability of these factors to act as activators or repressors (Sin et al,
2015), it is interesting to note that FoxpI and Foxp4 are expressed at
comparable levels in the two lymphatic vessel types and are also
present in BECs. This suggests that the selective expression of
FOXP2 in collecting vessel LECs can profoundly change their tran-
scriptional program, not only via FOXP2 homodimers but also
through heterodimerization with other family members. Other
FOXP2 interactors of particular interest include the NFAT and
NR2F2 (also known as chicken ovalbumin upstream promoter tran-
scription factor II, COUP-TFII). COUP-TFII heterodimerizes with
PROX1 and regulates LEC specification (Lee et al, 2009; Yamazaki
et al, 2009; Aranguren et al, 2013), that does not require FOXP2.
However, like FOXP2, COUP-TFII has been shown to positively
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Figure 5. LEC-autonomous role of FOXP2 in lymphatic valve morphogenesis.
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A Genetic constructs and 4-OHT treatment for neonatal LEC-specific Foxp2 deletion. Ex, exon.
B Whole-mount immunofluorescence of P6 mesenteries, showing valve defects in the mutant vessels.
C-E Quantification of lymphatic valve numbers (C), valve leaflet length (D), and vessel width (E) in Foxp2/f%.prox1-CreER™ and littermate control mice (n = vessels (C,

E) or valves (D) [mice], as indicated).

Data information: In (C—E), data are presented as mean =+ SD. P, Student’s t-test. ns = not significant. Scale bar: 200 um.

Source data are available online for this figure.

regulate NRP2 expression during later stages of lymphatic develop-
ment (Lin et al, 2010). Co-operative binding of FOXP2 and FOXP3 to
NFAT1 (also known as NFATc2) is characterized structurally by
crystallography (Stroud et al, 1993; Wu et al, 2006; Bandukwala
et al, 2011), and shown to control regulatory T-cell function by deter-
mining the transcriptional outcome of key downstream targets (Wu
et al, 2006). NFAT proteins are dephosphorylated by activated
calmodulin-dependent phosphatase calcineurin, leading to their
nuclear translocation. However, in regulatory T cells a fraction of
NFAT was constitutively localized in the nucleus where it selectively
bound to FOXP3 target genes (Li et al, 2012), indicating calcineurin
independent mechanism of NFAT regulation. Interestingly, in the
lymphatic vasculature calcineurin/NFATcl1 signaling is regulated by
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flow and FOXC2, and plays an important role in collecting vessel and
valve morphogenesis (Norrmén et al, 2009; Sabine et al, 2012). In
agreement with previous data (Norrmén et al, 2009), we found that
NFATcl was mainly localized to the nucleus of valve LECs. In
contrast, Foxp2-deficient vessels showed predominantly cytoplasmic
NFATCc1 localization, but we also observed reduced protein levels in
some of the mutant mice. FOXP binding surface is conserved in the
NFAT family (Wu et al, 2006), suggesting that within valve LECs
FOXP2 may through dimerization control the stability, nuclear local-
ization, and transcriptional activity of NFATc1.

The major lymphangiogenic growth factor VEGF-C also promotes
transient activation of calcineurin/NFAT signaling in vitro (Norrmén
et al, 2009) and was recently shown to contribute to lymphatic valve

© 2021 The Authors
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Figure 6. FOXP2 is a component of the FOXC2/NFATc1 pathway.

Magda N Herndndez Vdsquez et al

A gRT-PCR analysis of FOXP2, FOXC2, and GJA4 expression in control (SiCTRL) and FOXP2 or FOXC2 siRNA-treated HDLECs (n = 6 (FOXP2, FOXC2) or n = 3 (GJA4)

independent experiments).

B Top panels: whole-mount immunofluorescence of E18 Foxc2floX:prox1-CreER™ and littermate control mesenteries, showing downregulation of FOXP2 in Foxc2-
deficient vessels. Bottom panels: extraction of nuclear FOXP2 staining (gray) using IMARIS surface mask generated based on PROX1 staining (green). Unmasked FOXP2

staining is shown in magenta.

C Quantification of FOXP2 levels in mesenteric lymphatic vessels of Foxc2/f%:prox1-CreER™ and control littermates based on nuclear FOXP2 signals as in (B)

(n = vessels [mice], as indicated).

D Whole-mount immunofluorescence of P8 mesenteric lymphatic vessels of Foxp2®/~;Tie2-Cre and littermate control mice showing loss of organized FOXC2"'&" valve

regions but unaltered expression of FOXC2 in Foxp2 deficient vessels.

E  Whole-mount immunofluorescence of lymphatic valves in P7 mesenteries of control and Fopoﬂ”"/’;TieZ—Cre mice showing NFATc1 subcellular localization. Note
predominantly nuclear localization of NFATc1 in control valves (left panels), but cytoplasmic localization (middle panels, three out of five mice) or downregulation of

NFATc1 (right panels, two out of five mice) in the mutant valves.

F Quantification of protein localization in NFATc1" lymphatic valves from (D) (n = valves [mice], as indicated).
G Schematic of the molecular pathway involving FOXC2/FOXP2/NFATcL in collecting vessel and valve morphogenesis.

Data information: In (A, C, F), data are presented as mean =+ SD. P, one-way ANOVA (A), Student’s t-test (C), Fisher’s exact test (F). Scale bar: 50 pm (B, D, E).

Source data are available online for this figure.

morphogenesis through the regulation of mechanosensitive tran-
scriptional co-factors YAP and TAZ (Cha et al, 2020). VEGF-C-
induced nuclear translocation of NFATc1 was abrogated in FOXP2
silenced cells, similar to previously reported upon FOXC2 silencing
(Sabine et al, 2012). Although further work is necessary, these results
hint at the potential cross-talk between mechanosensitive and growth
factor signaling pathways in lymphatic valve development.

In summary, our study identifies FOXP2 as a new flow-induced
transcriptional regulator of collecting lymphatic vessel and valve
development and a critical component of the FOXC2/NFATcl path-
way, thus revealing a unique transcription factor code in determin-
ing collecting vessel LEC identity. Pathological conditions associated
with vessel damage and reduced fluid flow may through reduced
FOXP2 expression contribute to loss of collecting vessel identity and
function. Although lymphatic vessel growth can be stimulated by
pro-lymphangiogenic VEGF-C therapy, remodeling of the initially
dysfunctional lymphatic capillary network into functional collecting
vessels occurs with a delay (Tammela et al, 2007). Modulation of
FOXP2 function to induce a collecting vessel LEC-specific transcrip-
tional program in the newly formed lymphatic vessels could thereby
provide a therapeutic strategy to promote vessel maturation and
restoration of collecting vessel function.

Materials and Methods
Mice

Foxp2™°* (French et al, 2007), Tie2-Cre (Koni et al, 2001), ProxI-
CreER™ (Bazigou et al, 2011), and Foxc2™* (Sabine et al, 2015) mice
were analyzed on a C57BL/6J background. For global EC-specific
deletion using the Tie2-Cre, two breeding schemes were used; (i)
“flox/flox deletion” was induced by breeding Tie2-Cre* male mice
(Foxp2ftox/flox.cre*  or  Foxp2lox/*;Cre) with Foxp2x/fox,  Cre~
females, to avoid inheritance of a null allele when transmitted
through the female germ line, and (ii) “flox/null deletion” was
induced by breeding Tie2-Cre* female mice (Foxp2"®*/"*.Cre* or
Foxp2™*/*;Cre") with Foxp2M©*/M°*:Cre™ males. For postnatal induc-
tion of Cre activity in the Foxp2*/M°%: Prox1-CreER™ mice, 4-
hydroxytamoxifen (4-OHT; Sigma, H7904) was dissolved in ethanol
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(25 mg/ml) and administered (2 pl/50 pg) by intragastric injection
at P1 and P2. For embryonic induction of Cre activity in embryos,
pregnant mice were injected with 5 mg of tamoxifen and 5 mg of
progesterone dissolved in 100 pl of Cremophor®EL (Sigma,
C5135) at E13.5 and E14.5 and embryos were harvested at E18.5
(Foxc2Mx/fox; prox1-CreER™?), or with 1 mg of 4-OHT in peanut oil
at E15 and E16 and embryos were harvested at E18 (Foxp2/tx/ftox;
Prox1-CreER™). The morning of vaginal plug detection was consid-
ered as embryonic day (E) 0. All experimental procedures were
approved by the Uppsala Animal Experiment Ethics Board (permit
numbers C130/15 and 5.8.18-06383/2020) and performed in
compliance with all relevant Swedish regulations, or by the Animal
Ethics Committee of Vaud, Switzerland and performed in compli-
ance with all relevant Swiss regulations.

Antibodies

The details of primary antibodies used for immunofluorescence of
whole-mount tissues, cells, and flow cytometry are provided in
Table EV1. Secondary antibodies conjugated to Cy3, Alexa Fluor
488, 594, or 647 were obtained from Jackson ImmunoResearch.

Flow cytometry

Each replica for the array analysis was produced from pooled ear
skin from 5 to 6 5-week-old Prox1-GFP mice of mixed genders. Ear
skins were digested in 10 mg/ml Collagenase IV (Life Technologies)
and 0.2 mg/ml DNase I (Roche) in PBS at 37°C for 30 min. Digests
were washed and filtered before EC enrichment with CD31/PECAM1
magnetic microbeads (Miltenyi Biotec) on LS columns according to
the manufacturer’s instructions. Fc receptor binding was blocked by
adding anti-mouse CD16/CD32 (93) (eBioscience), and cells were
stained with anti-CD31/PECAM1 (390) PE-Cy7, anti-podoplanin
(PDPN) (8.1.1) PE, and anti-LYVE1l (ALY?7) eFluor660. Dump
channel included antibodies to exclude immune cells: anti-CD45
(30-F11) and anti-CD11b (M1/70); and red blood cells: TER-119
(TER-119); all conjugated to eFluor450 (eBioscience); together
with cell-death stain Sytox blue (Life Technologies). LECs
(GFP'PDPN"8"PECAM1"8") were sorted based on LYVE1 expression
into three fractions: LYVEI™®" lymphatic capillaries, LYVE1'""/~
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collecting vessels, and LYVEI™e™ed (putative) pre-collecting
vessels. BECs were sorted as GFP"PDPN LYVE1 PECAM1"8" cells.
Sorting was performed on a FACS Aria III with the FACS Diva soft-
ware (BD Biosciences) using a 100 pm nozzle, 20-25 pounds per
square inch (psi), 4-way purity sorting modality, and an acquisition
rate of 500-2,000 events per second. Three independent sorts were
performed and cells (cap LEC: 1,000-2,003 cells, pre-col LEC: 505—
1,097 cells, col LEC: 541-839 cells, and BEC: 1,504-2,023 cells) were
collected directly into RLT buffer with added beta-mercaptoethanol
(Sigma) and immediately processed for RNA extraction (RNeasy
Micro Kit, Qiagen). FACS data were processed using FlowJo soft-
ware (BD). Single cells were gated using FSC-A/SSC-A followed by
FSC-H/FSC-W and SSC-H/SSC-W.

To obtain BECs and LECs for qRT-PCR analysis, mesenteries of
P11 mice were dissected from intestine and mesenteric root lymph
node and digested in 2 mg/ml Collagenase type II, 0.2 mg/ml
DNase I and 0.2% FBS in PBS at 37°C for 15 min during continuous
shaking. After quenching and washing with FACS buffer (PBS, 0.5
% FBS, 2 mM EDTA), Fc receptor binding was blocked with rat
anti-mouse CD16/CD32. Samples were thereafter stained with anti-
podoplanin (clone 8.1.1, APC), anti-CD31/Pecaml (390, PE-Cy7),
anti-CD45 (30-F11, eFluor450), anti-CD11b (M1/70, eFluor450), and
anti-TER-119 (TER-119, eFluor450). Prior to sorting cells were incu-
bated with 1 uM Sytox blue to label dead cells. Sorting was
performed as described above with the differences that an 85 um
nozzle was used and by 4-way purity sorting modality. After single-
cell gating and exclusion of immune cells and dead cells as above,
BECs were sorted as PECAMI1'PDPN~ cells and LECs as
PECAMIPDPN" cells.

Microarray expression analysis

RNA concentration and quality were evaluated using the Agilent
2100 Bioanalyzer system (Agilent Technologies Inc, Palo Alto, CA).
500 pg of total RNA was estimated from each sample, and this start-
ing amount was used to generate amplified and biotinylated sense-
strand cDNA from the entire expressed genome according to the
GeneChip® WT Pico Reagent Kit User Manual (P/N 703262 Rev 1
Affymetrix Inc., Santa Clara, CA). GeneChip® ST Arrays (GeneChip®
Mouse Transcriptome Array 1.0; now called Clariom™ D assays,
mouse) were hybridized for 16 h in a 45°C incubator, rotated at
60 rpm, according to the GeneChip® Expression Wash, Stain and
Scan Manual (PN 702731 Rev 3, Affymetrix Inc., Santa Clara, CA).
The arrays were then washed and stained using the Fluidics Station
450 and finally scanned using the GeneChip® Scanner 3000 7G. The
raw data were normalized to gene level using the robust multi-array
average (RMA) method (Li & Wong, 2001; Irizarry et al, 2003), and
data were logarithm based two transformed. Statistical test for
selecting differentially expressed genes was performed using a
method Significance Analysis of Microarrays (SAM) (Tusher et al,
2001) in Bioconductor package siggenes (version: 1.56.0) using R
program (version: 3.5.1).

Primary EC culture and flow experiments
Human primary dermal LECs (HDLECs isolated from juvenile fore-

skin, cat no. C-12216) were obtained from PromoCell. Cells were
grown on bovine fibronectin (Sigma, F1141) coated dishes in
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complete ECGMV2 medium (PromoCell, C-22022) and used after
three passages. Cells were grown to confluence in 6-well plates and
transfected with AllStars-negative control siRNA (SI03650318,
QIAGEN) or ON-TARGET plus FOXP2 siRNA-SMARTpool (M-
010359-02-0005, Dharmacon) or siGENOME FOXC2 (2303) siRNA
(MQ-008987-00-0002, Dharmacon) at final concentration of 40 nM
siRNA using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. For activation of NFATcl nuclear
translocation, cells were stimulated with VEGF-C (R&D Systems,
9199-VC, 50 ng/ml) for 30 min. Calcineurin signaling was inhibited
by pretreatment with 200 ng/ml of cyclosporine A (CsA, Merck
Millipore, 239835) for 2 h, as described (Norrmén et al, 2009;
Sabine et al, 2012).

For flow experiments, LECs at passage 4-5 were seeded on fibro-
nectin-coated slides (p-Slide I°.% Luer; Ibidi) in complete medium until
confluent cell monolayers were formed. Laminar (4 dyn/cmz) or oscil-
latory (4 dyn/cm?, % Hz) flow was applied in a parallel plate flow-
chamber system (Ibidi, Pump System) for the indicated times. For
static conditions, cells were cultured in the p-Slide I°.% Luer without
flow but maintained in the same conditions as flow-induced cells.

Ex vivo culture

Mesenteric lymphatic vessels were dissected at E18 and cultured in
complete EC culture medium without VEGF-A (PromoCell) for 24 h,
as described (Sabine et al, 2012).

RNAscope

Detection of Enfb2 mRNA (ACD Bio, Cat no. 477671) in mesenteric
lymphatic vessels by whole mount in situ hybridization was
performed according to the protocol described by (Gross-Thebing
et al, 2014). Negative and positive controls provided in the kit were
used. Quantifications were done using the guideline to quantify
RNAscope® Fluorescent Assay Results recommended by ACD
(www.acdbio.com). Briefly, mesentery was dissected and fixed in
4% PFA for 2 h at RT followed by methanol dehydration using a
series of increasing concentration (25, 50, 75, 2 x 100%) in 0.1%
PBT (0.1% Tween-20 in PBS) for 5 min each. Sample was kept in
100% methanol at —20°C overnight. Sample was then air-dried for
30 min at RT and exposed to the RNAscope-based signal amplifi-
cation (Advanced Cell Diagnostics, ACD) for Efnb2 detection.
Following the RNAscope procedure, mesentery was subjected to
immunostaining with anti-PROX1 and anti-PECAM1 antibodies
using the immunofluorescence protocol described above. The total
number of dots in the valve region was divided by the number of
PROX1"&" cells to obtain the average number of dots per valve LEC.

Immunofluorescence

Tissue was dissected and fixed in 4% paraformaldehyde (PFA) for
2 h at room temperature (RT) followed by permeabilization in 0.3—
0.5% Triton X-100 in PBS (PBST) for 10 min and blocking in 3%
BSA or 5% donkey serum in PBST for 2 h at RT. Immunostaining
was performed by adding primary antibodies in blocking buffer at
4°C overnight. Samples were washed in PBST and incubated with
fluorochrome-conjugated secondary antibodies at 1:300 dilution for
2 h at RT. After washing step, samples were mounted in Mowiol.
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For analysis of LVVs, 100-um coronal vibratome sections of E14
embryos (n = 3) were cut and stained as described above. Single-
plane images of the valve were taken where the valve was clearly
visible.

HDLECs were washed with PBS before fixation with 4% PFA for
15 min at RT, washed three times in PBS, and permeabilized in
0.1% Triton X-100 in PBS for 5 min. After blocking with 1% BSA in
PBS for 1 h at RT, cells were incubated with primary antibodies at
1:100 dilution in blocking buffer at 4°C overnight. Cells were
washed three times, and fluorochrome-conjugated secondary anti-
bodies at 1:100 dilution were added for 1 h at RT. Cells were then
washed and mounted using Fluoroshield with DAPI mounting
medium (Sigma, F6057).

Image acquisition and quantification

Images were acquired using Leica SP8 confocal microscope with HC
FLUOTAR L 25x/0.95 W VISIR or HC PL APO 63%/1.30 GLYC CORR
CS2 objective and LAS X software. All confocal images represent
maximum intensity projection of Z-stacks of single tile or multiple
tile scan images. Stereomicroscope images were acquired with
LEICA MZ 16 F stereomicroscope equipped with a Leica DFC420 C
camera with PLANAPO 1.6x or PLANAPO 0.63x objective.

Image analysis was performed using ImageJ FLJI or IMARIS.
Quantification of number of valves in mesenteric collecting
lymphatic vessels and embryonic skin were performed by identify-
ing valves as clusters of LECs expressing high levels of PROX1 and
measuring the length of vessel to obtain the average of valves
per vessel length (mesentery: n = 4 mice per condition; > 3 vessels
per mouse; three independent experiments/litters of mice; skin:
n =2 embryos from 1 litter, 2 tile scan images [3,243.42 pm x
2,201.26 pm]/embryo). Average lymphatic vessel width was deter-
mined by measuring the diameter at several points along the vessel
and averaging the measurements (n >3 mice per condition; > 5
measurements per vessel; 3-4 independent experiments). For
measurement of valve leaflet length, vessels were stained with inte-
grin-09 and PROX1 antibodies (n > 3 mice per condition; at least
five images per mouse; three independent experiments). For quan-
tification of FOXP2 expression in the nucleus in Foxc2 mutants,
IMARIS software was used to create a 3D surface mask based on
PROX1 staining to obtain the pixel intensity of FOXP2 from maxi-
mum intensity projection images of Z-stacks (n = 3 [control mice]
or n = 4 [mutant mice]; > 5 images per sample [total n > 150 cells])
and the average pixel intensity value for each was plotted. For quan-
tification of NRP2 levels, pixel intensity was measured by CTCF
(corrected total cell fluorescence = integrated density — [area of
selected cell x mean fluorescence of background readings], n =4
each condition; > 10 measurements per mouse; 3 independent
experiments). For quantification of nuclear NFATc1 protein levels,
DAPI fluorescence was used to identify the nucleus and measure
pixel intensity of NFATcl by CTCF method as described above
(n > 3 images per condition; two independent experiments).

Quantitative RT-PCR analysis
Total RNA was extracted from HDLECs subjected to flow or static

conditions, and murine BEC and LEC, using RNAeasy Mini kit
(QIAGEN). Reverse transcription was performed from 0.5 pg
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of RNA using SuperScript™ VILO™ Master Mix (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Gene
expression was analyzed by gRT-PCR using TagMan Gene
Expression Assay and StepOnePlus™ Real-Time PCR System
(Applied Biosystems). Relative Gene expression levels were
normalized to GAPDH. The following probes were used:
Hs00362818_m1 FOXP2, Hs02786624_gl1 GAPDH, Hs00270951_s1
FOXC2, Hs00358836_m1 KLF4, Hs00704917_s1 GJA4, Hs00231119_m1
GATA2, MmO00474845_m1 Foxpl, MmO00475030_ml1 Foxp2,
MmO00475162_m1 Foxp3, Mm00466368_m1 Foxp4.

Statistical analysis

GraphPad Prism was used for graphic representation and statistical
analysis of the data. Data between two groups were compared with
unpaired two-tailed Student’s t-test, assuming equal variance. Ordi-
nary one-way ANOVA Dunnett’s multiple comparisons test was
used to compare differences between groups (Figs 6A and EV5A),
and Fisher’s exact test to determine association between two cate-
gorical variables (Figs 3J and G6F). Differences were considered
statistically significant when P < 0.05. The experiments were not
randomized, and no blinding was done in the analysis and quan-
tifications. All quantifications are based on a minimum of three
biological replicates and a minimum of two independent experi-
ments/litters, except for experiments shown in Appendix Fig S2B
and C (n = 2 embryos from 1 litter) and Fig EV5B (n = 2 biological
replicates). Data are presented as mean + SD.

Data availability

RNA microarray data that support the findings of this study have
been deposited in GEO (Gene Expression Omnibus) repository with
the accession code GSE159842 (https://www.ncbi.nlm.nih.gov/ge
o/query/acc.cgi?acc = GSE159842).

Expanded View for this article is available online.
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