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FOXC1 and FOXC2 Ablation Causes Abnormal
Valvular Endothelial Cell Junctions and Lymphatic
Vessel Formation in Myxomatous Mitral Valve
Degeneration

Can Tan®, Zhi-Dong Ge®, Shreya Kurup®, Yaryna Dyakiv(®, Ting Liu®, William A. Muller®, Tsutomu Kume

BACKGROUND: Mitral valve (MV) disease including myxomatous degeneration is the most common form of valvular heart
disease with an age-dependent frequency. Genetic evidence indicates that mutations of the human transcription factor
FOXCT are associated with MV defects, including MV regurgitation. In this study, we sought to determine whether murine
Foxc1 and its closely related factor, Foxc2, are required in valvular endothelial cells (VECs) for the maintenance of MV
leaflets, including VEC junctions and the stratified trilaminar ECM (extracellular matrix).

METHODS: Adult mice carrying tamoxifen-inducible, vascular endothelial cell (EC), and lymphatic EC—specific, compound
Foxc1;Foxc2 mutations (ie, EC-Foxc-DKO and lymphatic EC-Foxc-DKO mice, respectively) were used to study the function
of Foxc! and Foxc2 in the maintenance of MVs. The EC and lymphatic EC mutations of Foxc1/c2 were induced at 7 to 8
weeks of age by tamoxifen treatment, and abnormalities in the MVs of these mutant mice were assessed via whole-mount
immunostaining, immunohistochemistry/RNAscope, Movat pentachrome/Masson Trichrome staining, and Evans blue injection.

RESULTS: EC deletions of FoxcT and FoxcZ2in mice resulted in abnormally extended and thicker MVs by causing defects in the
regulation of ECM organization with increased proteoglycan and decreased collagen. Notably, reticular adherens junctions
were found in VECs of control MV leaflets, and these reticular structures were severely disrupted in EC-Foxc-DKO mice.
PROX1 (prospero homeobox protein 1), a key regulator in a subset of VECs on the fibrosa side of MVs, was downregulated
in EC-Foxc1/c2 mutant VECs. Furthermore, we determined the precise location of lymphatic vessels in murine MVs, and
these lymphatic vessels were aberrantly expanded and dysfunctional in EC-Foxc1/c2 mutant MVs. Lymphatic EC deletion of
Foxc1/c2 also resulted in similar structural/ECM abnormalities as seen in EC-Foxc1/c2 mutant MVs.

CONCLUSIONS: Our results indicate that Foxc1 and Foxc2 are required for maintaining the integrity of the MV, including VEC
junctions, ECM organization, and lymphatic vessel formation/function to prevent myxomatous MV degeneration.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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alvular heart disease, which is commonly associ-  degeneration is a noninflammatory progressive alteration
ated with myxomatous mitral valve (MV) degenera-  of the MV structure associated with MV prolapse (MVP),
tion, causes severe regurgitation leading to sudden which is a condition characterized by the displacement

cardiac arrest or sudden cardiac death. Myxomatous MV~ of 1 or both leaflets of the MV into the left atrium during
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FOXC1/FOXC2 Function in Mitral Valve Integrity

Nonstandard Abbreviations and Acronyms

Highlights

Al adherens junction

aL anterior leaflet

EC endothelial cell

ECM extracellular matrix

FOXC forkhead box C

HABP hyaluronic acid—binding protein
IC interstitial cell

LEC lymphatic endothelial cell

Lv lymphatic vessel

MA mitral annulus

Mv mitral valve

MVP mitral valve prolapse

pL posterior leaflet

PROX1 prospero homeobox protein 1
VEC valvular endothelial cell

WM whole-mount

the contraction phase of the heart."? MVP affects >7 mil-
lion Americans, whereas up to 25% of individuals with
MVP will develop degenerative mitral regurgitation. MVP
is a heterogeneous disease, and its pathogenesis is not
fully understood. Although recent genetic studies have
identified causative genes associated with MVP37 little
is known about the cause of defects in the MV, which
leads to the progression of MVP.

Studies using mutant mouse models are critical for
elucidating the mechanisms underlying MV develop-
ment and disease. In mice, MV development initiates
immediately after looping the heart tube that consists of
myocardial (outer) and endocardial (inner) cell layers.®
A subpopulation of endocardial endothelial cells (ECs)
undergoes endothelial-to-mesenchymal transition and
migrates into the cardiac jelly of the atrioventricular canal.
Following the endothelial-to-mesenchymal transition,
valve mesenchymal cells (ie, interstitial cells [ICs]) and
valvular ECs (VECs) proliferate and produce the ECM
(extracellular matrix) to promote the elongation and matu-
ration of the valve leaflet primordia until birth. Postnatally,
the MV remodels to form 3 layers of stratified ECM,® an
elastin-rich atrialis layer, a proteoglycan-rich spongiosa
layer, and a collagen-rich fibrosa layer. Recent single-cell
RNA-sequencing studies demonstrated molecularly dis-
tinct populations of VECs, ICs, and other cell types.®'™°
A specific population of valve ECs on the fibrosa side
of the MV leaflet specifically expresses the transcription
factor Prox1 (prospero homeobox protein 1)2"12 which
is a key regulator of lymphatic EC (LEC) specification/
identity and is upregulated by lymph flow.'® Importantly,
structural abnormalities in the MV are often associated
with dysregulated ECM. Although valve ICs are known to
produce ECM components, the contribution of VECs to
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« Endothelial cell (EC)—specific deletion of Foxc1 and
Foxc2 causes myxomatous degeneration of the
mitral valve in mice.

+ Expression of FOXC (forkhead box C) 1 and FOXC2
in valvular ECs is required for maintaining the reticu-
lar adherens junctions by regulating the expression
of VE-cadherin and CD31 (cluster of differentia-
tion 31). Normal reticular adherens junctions help
to maintain the valvular EC barrier and ECM (extra-
cellular matrix) composition to prevent myxomatous
degeneration of the mitral valve.

* In mouse mitral valves, lymphatic vessels are local-
ized beneath the valvular ECs at the atrial side of the
leaflet. The lymphatic capillaries (L) are connected
with the collecting lymphatic vessels located at the
atrial side of the mitral annulus.

* In mouse mitral valves, deletion of Foxc1 and Foxc2
in lymphatic ECs causes abnormal formation of lym-
phatic vessels, which are functionally defective due to
the degeneration of the lymphatic valves, therefore
leading to altered ECM composition, and then result-
ing in myxomatous degeneration of the mitral valve.

MV diseases such as myxomatous degeneration remains
largely unknown. How VECs participate in the mainte-
nance of MV integrity in the adult, including the stratified
trilaminar ECM structure, has yet to be elucidated.
FOXC (forkhead box C) 1 and FOXC2 are closely
related members of the FOX transcription factor fam-
ily and have numerous essential roles in cardiovascular
development, health, and disease.'* Mutations or changes
in the copy number of human FOXCT1 are associated with
autosomal-dominant Axenfeld-Rieger syndrome, which
is characterized by abnormalities in the eye and extra-
ocular defects,'® while inactivating mutations of human
FOXC2 are responsible for the autosomal-dominant syn-
drome lymphedema-distichiasis, which is characterized by
obstructed lymph drainage in the limbs and the growth of
extra eyelashes.’® Importantly, there is genetic evidence
that human FOXCT mutations are associated with MV
defects, including MV regurgitation,’”'® whereas a recent
study shows that mice with Foxc2 knockdown in VECs do
not exhibit any MV abnormalities." Although our previous
studies show that both Foxc! and Foxc2 are expressed
in endocardial ECs in the developing mouse heart,"®?" it
remains to be elucidated whether FoxcT and Foxc2 defi-
ciency in mitral VECs impairs the maintenance of MV
integrity, including VEC junctions and ECM components.
Employing EC- and LEC-specific Foxc1/Foxc2 dou-
ble-mutant (ie, EC-Foxc-DKO and LEC-Foxc-DKO)
lines, respectively, we have recently demonstrated that
FOXC1 and FOXC2 play cooperative roles in blood and
LECs in various organs, such as the small intestine and
mesentery.??2 In this study, our expression analyses
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revealed that both genes are highly expressed in VECs
of MVs in adult mice. We found that adult EC deletions
of Foxc1 and Foxc2 lead to dysregulated ECM compo-
nents, accompanied by abnormal formation of reticular
adherens junctions (AJs) in VECs of MVs and reduced
expression of PROX1 in a subset of VECs. Moreover,
we also determined the distribution of lymphatic vascula-
ture in MVs, and EC-Foxc-DKO mice exhibited expanded
but dysfunctional lymphatic vessels (LVs) with degener-
ated lymphatic valves in MVs. LEC deletion of Foxc1 and
Foxc2 also resulted in structural abnormalities in MVs
and myxomatous degeneration.

Taken together, the results from our new studies sug-
gest that FOXC1 and FOXC2 are essential for the main-
tenance of MV integrity, including proper VEC junctions,
ECM organization, and LV formation/function, therefore
preventing myxomatous degeneration of MVs.

MATERIALS AND METHODS

The authors declare that all supporting data are available within
the article (and its Supplemental Material).

Animal Husbandry and Treatment

Foxc 1™ Foxc2"  Foxc1":Foxc2V%?* Cdh5-Creff??%  and
Vegfr3-Cre®?% mice were used. EC- or LEC-specific Foxc,
Foxc2, and compound Foxc1;Foxc2 mutant mice were gen-
erated by crossing Foxc-floxed female mice (Foxc1™,
Foxc2"" and Foxc1":Foxc2"™ with Cdh5-CrefR:Foxc 1™
(EC-Foxc1-KO), Cdh5-CrefR™Foxc2""  (EC-Foxc2-KO),
Cdh5-CrefR™:Foxc 1M:Foxc2"" (EC-Foxc-DKO), and Vegfr3-
CrefR™;:Foxc 1"M:Foxc2""  (LEC-Foxc-DKO) male mice, as
described previously.?2? For Cre recombination efficiency
detection, mTmG/+;Cdh5-CrefR;Foxc 1"":Foxc2"" (mTmG/
EC-Foxc-DKO) mice were generated by crossing mTmG (a double-
fluorescent reporter) female mice (MTmG/mTmG;Foxc1™%;
Foxc2"™ with EC-Foxc-DKO male mice. Genotyping of mice
was performed by Transnetyx, Inc. To induce gene deletion of
Foxc1 and Foxc2in ECs, 7- to 8-weeks old male adult mice were
treated with 40-mg/mL tamoxifen (Cayman Chemical, 13258)
in corn oil at a dose of 150 mg/kg by oral gavage once daily for
5 consecutive days. The information about mouse lines, mouse
diets, and mouse numbers used for each experiment is provided
in the Major Resources Table in the Supplemental Material.

Cre Recombination Efficiency Detection

To detect Cre recombination efficiency, mTmG/EC-Foxc-DKO
mice and their littermate control Cre-negative mTmG mice were
used; 2.5 weeks after tamoxifen treatment, the hearts were har-
vested and fixed in 4% paraformaldehyde, followed by dehydration
in 30% sucrose and being embedded in Optimal cutting tem-
perature compound (OCT) (Sakura Finetek). Sixteen-micrometer
cryosections were cut and immunostained with cluster of differ-
entiation 31 (CD31) and green fluorescent protein (GFP) anti-
bodies (Major Resources Table in the Supplemental Material)
and a nuclear-specific dye 4’,6-diamidino-2-phenylindole (DAPI).
Enhanced GFP (EGFP) signal was detected by imaging to evalu-
ate the Cre recombination efficiency.
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Tissue Collection

Four to 5 weeks after tamoxifen treatment, the hearts were
collected for histological analysis. Briefly, transcardial perfusion
was performed on the adult mice with cold phosphate buffer
solution ([PBS]; plus 10-U/mL heparin) followed by 4% para-
formaldehyde after anesthesia. The hearts were then dissected
and postfixed in 4% paraformaldehyde at 4 °C for 2 to 4 hours
(for frozen or whole-mount [WM] samples) or overnight (for
paraffin-embedded samples). The fixed hearts were then pro-
cessed to OCT- or paraffin-embedded samples. For WM stain-
ing of MVs, after the fixation of the heart, the MVs (anterior
leaflets [aLs] and posterior leaflets [pLs]) together with their
connected mitral annulus (MA) and papillary muscles were dis-
sected and processed to the staining.

WM Staining

WM staining of MVs was performed as previously described®
with slight modifications. Briefly, after fixation, the dissected MVs
together with the connected MA and the papillary muscles were
permeabilized in PBST (0.3% Triton X-100 in PBS) for 1 hour
at 4 °C, blocked in blocking buffer (5% donkey serum, 0.5%
BSA, 0.3% Triton X-100, and 0.1% NaN, in PBS) for 2 hours at
4 °C, and then incubated with the indicated primary antibodies
(Major Resources Table in the Supplemental Material) diluted
in the blocking buffer for 2 to 3 days at 4 °C. Samples were
washed with PBST several times, followed by incubation with
indicated fluorochrome-conjugated secondary antibodies (Major
Resources Table in the Supplemental Material) diluted in the
blocking buffer for 2 days at 4 °C. The samples were washed
again with PBST several times, postfixed with 4% paraformal-
dehyde. Most of the papillary muscle was removed before the
MVs were cleared with FocusClear (CelExplorer Labs, FC-101)
and flat-mounted on slides in the mounting medium. A similar
protocol was applied to the negative control samples, but they
were incubated in the blocking buffer only, while the experimen-
tal samples were incubated in primary antibodies.

Movat Pentachrome Staining and Masson
Trichrome Staining

Movat Pentachrome and Masson Trichrome staining were per-
formed on 4-um paraffin sections of the hearts according to

the manufacturer's instructions (Scytek Laboratories, MPS2;
Thermo Scientific, 87019).

Immunohistochemistry Staining
Immunohistochemistry (IHC) staining on 4-um paraffin sec-
tions (IHC-P) and IHC staining on 10-to 16-pm frozen sections
(IHC-F) were performed, as previously described.?® The sec-
tions incubated in blocking buffer without primary antibodies
were used as negative controls. The antibodies used are listed
in the Major Resources Table in the Supplemental Material.

RNAscope Costained With
Immunohistochemistry

Freshly cut paraffin sections (4 pm) were used for RNAscope
(RNA in situ hybridization analysis) followed by immunohisto-
chemistry staining. Briefly, RNAscope?” was performed by using
RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced

Arterioscler Thromb Vasc Biol. 2024;44:1944-1959. DOI: 10.1161/ATVBAHA.124.320316


https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316

Tan et al

Cell Diagnostics, Inc [ACD], 323100), RNAscope mRNA probes
(mouse Prox1: ACD 488591; Cdhb: ACD 3125631-C3; Pecam1:
ACD 316721; mouse positive control probe: ACD 320881,
Ubc-C3 was selected; and negative control probe: bacteria
dapB, ACD 320871), and tyramide conjugates (568 and 647,
Thermo Fisher, B40956 and B40958) on the ACD HybEZ II
Hybridization System (ACD, 321710) according to the manu-
facturer's instructions. After RNAscope staining, the sections
were incubated with blocking buffer (6% donkey serum, 0.56%
BSA, 0.3% Triton X-100, and 0.1% NaN, in PBS) for 1 hour
at room temperature and then goat anti-CD31 antibody (R&D
AF3628) in blocking buffer for overnight at 4 °C. After several
washing steps with PBS, the sections were incubated in donkey
anti-goat 488 antibody (Thermo Fisher, A-11055) in blocking
buffer for 1 hour at room temperature, followed by washing with
PBS and counterstain with 4’,6-diamidino-2-phenylindole. The
sections were then mounted and ready for imaging.

Evans Blue and Dextran-FITC Permeability
Assay

To test the penetration of tracers in MVs, control mice were
treated with a mixture of Evans blue (Sigma, 206334-10G)
and Dextran-FITC (Sigma, FD10S-100MG; molecular weight,
10 kDa) in PBS (5-pL/g body weight) at a dose of 50 mg/
kg for each component by retro-orbital injection. At different
time points (15, 30, and 60 minutes) after the treatment, the
MVs were collected and imaged under a confocal microscope.
For the detection of the permeability of the VEC barrier and
the lymphatic drainage function in MVs, mice were treated with
50-mg/kg Evans blue in PBS by retro-orbital injection, and the
MVs were collected at 15 and 60 minutes after the injection,
respectively. Further staining and imaging were performed
as mentioned in the Expanded Materials and Methods in the
Supplemental Material.

Imaging

To image the MA with MV leaflets (as shown in Figure 2L),
the fixed and dissected MVs together with the MA and papil-
lary muscle structures were embedded in 1% agarose (Sigma,
A9414-10G) in PBS. Images were taken from the perspec-
tive of the atrium under a stereo microscope (Nikon SMZ 745)
connected to a camera from Nikon DS-Fi2 (for quantification)
or the camera of Apple iPhone 12 Pro Max (for representative
images). Flat-mount MV images (as shown in Figure 2C) were
obtained using the same imaging system. Movat Pentachrome
and Masson Trichrome staining images were acquired using an
Olympus Vanox AHBT3 Research Microscope (Tokyo, Japan).
WM, RNAscope, and immunohistochemistry staining images were
acquired using a Nikon A1 Confocal Laser Microscope with the
NIS-Elements Viewer software. Images were processed and ana-
lyzed with Adobe Photoshop, Fiji (Imaged), and Imaris Workstation
(for 3-dimensional reconstruction and video creation).

EC Isolation From Mouse Heart, RNA
Extraction, and Quantitative Real-Time RT-PCR
Analysis

ECs were isolated from mouse hearts as previously described?
with slight modifications. RNA was then extracted from the
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ECs. Complementary DNA (cDNA) was synthesized followed
by quantitative real-time reverse transcription PCR (RT-PCR)
analysis. Detailed information is listed in the Expanded Materials
and Methods in the Supplemental Material.

Echocardiography

Noninvasive transthoracic echocardiography was used to eval-
uate the MV in EC-Foxc-DKO and their littermate control mice
(n=9 mice/group). Animals were sedated by the inhalation of
1.5% isoflurane and oxygen. After chest hair was removed with
Nair, echocardiography was performed with a VisualSonics
Vevo 3100 imaging system with a high-frequency transducer
probe MX550S (Toronto, Canada), as previously described.?6?®
The 3-dimensional echocardiography was performed to image
the MV and the entire heart. The apical 4-chamber view was
used to visualize both mitral leaflets and their coaptation. MV
regurgitation was recognized by either a blue color or a mixed
color pattern of systolic backflow from the left ventricle to the
left atrium on apical 4-chamber view color Doppler.

Quantification

Fiji ImageJ) software was used for the measurement of length,
area, number of cells, and fluorescent intensity of specific mark-
ers. Detailed information is listed in the Expanded Materials and
Methods in the Supplemental Material.

Statistics

For quantification, statistical analysis was performed using
GraphPad Prism 8.0 (GraphPad Software). Two-tailed P val-
ues were obtained by performing the Student unpaired t test
or Mann-Whitney U test after the normality assumption was
tested. Data were presented as mean+SEM or box and whis-
ker plots of representative experiments from at least 3 biologi-
cal replicates. A<0.05 was considered statistically significant.

Study Approval

All experimental protocols and procedures used in this study
were approved by the Institutional Animal Care and Use
Committee at Northwestern University.

RESULTS

Expression of FOXC1 and FOXC2 in the MV of
the Mouse Heart

Previous histological studies demonstrate that murine
Foxc1is expressed in the MV of the developing heart.'82!
When evaluated via quantitative real-time RT-PCR,
Foxc1 was more highly expressed than Foxc2in CD457~/
CD31* cardiac ECs isolated from the adult mouse hearts
(F<0.001; Figure 1A). Furthermore, both FOXC1 and
FOXC2 proteins were detected in mitral VECs of adult
mice with their expression more abundant in VECs on
the ventricular (fibrosa) side of the MV leaflets, whereas
FOXC1 was also highly expressed in ICs as well
(Figure 1B).

September 2024 1947

[==)
==
=
(]
oL
e
m
]
(]
m
(“c)
1
]
(=~



https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.320316

(==
=
1
(2]
L
(=]
=
=
(]
o
=
0]
=T
(==}

Tan et al FOXC1/FOXC2 Function in Mitral Valve Integrity

A _ B
o -
3 @ 25 P<0.001 FOXC1/ : /DAPI FOXC1
w o _ )
:%m .
é 0 154
b 8104
<
a9
O £ 51
©
¢ 0
Foxc1Foxc2
C

D1to D5 2.5w post Tm

Tm i A .
Tissue dissection

D E
8 R Foxc1 l—f: %ngz Control
L 2§2001p=goos 1907 ==
+ .
5 261901 2 100
a 2 %100
Q&o 50 s
2og %0 B
8 o ol ek oL
A\
6‘@0{9 (\\,\004_0
OO (4 O
S O ©
«° °
& &
G FoOxc1/ FOXC1/ F D1~D5 45 ‘T
/DAPI  FOXC1 7 W post Im

/DAPI

|
T
Tm A

Tissue dissection

H
8 FOXC1 FOXC2
w
>
z 1.57 p<0.001 15 P.<0.001
< .
510 101 £4e
bt
S 05 054 |o| .4
: F
o
2 ool leth  opll 1L
o) A\ \
g &L O ©
Y S L
O Y o7 (©
; 19 9
C)'Q C)g
Control EC-Foxc-DKO & <&

Figure 1. Expression of FOXC (forkhead box C) 1 and FOXC2 in mouse mitral valve (MV).

A, Relative mRNA expression of Foxc1 and Foxc2 in isolated CD45-CD31* endothelial cells (ECs) from Foxc1"#;Foxc2"" mouse hearts. Data
are meantSEM, Student unpaired t test; each symbol represents 1 mouse, N=5. B, Representative fluorescent images of MVs (10 ym of
cryosection) from Foxc1":Foxc2"" mouse stained with CD31 (cluster of differentiation 31, white), FOXC1 (red), and FOXC2 (green). White
and yellow broken lines outline the anterior leaflet (al) and posterior leaflet (pL) of the MV, respectively. Magnified images are from different
regions of the pL: proximal (a), distal (b), and chorda tendinea (c). In MV, FOXC1-/FOXC2-expressing cells are not only ECs located on both
sides (FOXC1) or fibrosa side (ventricle-facing side; FOXC2) of the MV (especially pL) but also a few interstitial cells. LA indicates left atrium;
and LV, left ventricle. White/yellow scale bars, 200 or 20 um, respectively. C, Schematic showing the time of tamoxifen (Tm) injection and
tissue dissection for D and E. D, Relative mRNA expression of Foxc1 and Foxc2 in isolated CD45-CD31* ECs from hearts post Tm dose in
mice (control: Foxc1"";Foxc2"" EC-Foxc-DKO: Cdh5-Crer™?;Foxc1";Foxc2""). Data are meantSEM, Student unpaired t test; each symbol
represents 1 mouse, N=5. E, Cre recombination efficiency detection in mTmG/EC-Foxc-DKO (mTmG/+;Cdh5-CretR7?;Foxc1¥#:Foxc2"") mice
and littermate control mice (mTmG/+;Foxc1"":Foxc2"") by immunostaining of frozen heart sections with GFP (green fluorescent protein) and
CD31. Representative confocal Z-stack images of these thick sections (16 pm) at low magnification and the images of optical sections with
high magnification show GFP expression in ECs on both side of MV. White/yellow scale bars, 100 or 20 um, respectively. F, Schematic of Tm
treatment and tissue dissection for G and H. G, Representative confocal images of immunostaining of posterior MV leaflet sections. Scale bars,
50 um. H, Quantification of fluorescent intensity (FI) of FOXC1 and FOXC2 in valvular ECs (VECs) at fibrosa side of pLs. Data are mean+SEM,
Student unpaired t test; each symbol represents 1 mouse, N=6. DKO indicates double knock out.
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Figure 2. Endothelial cell (EC)-specific deletion of Foxc7 and Foxc2 leads to myxomatous degeneration of mitral valves (MVs).
A, Schematic showing the time of tamoxifen (Tm) injection and tissue dissection for Figures 2 through 5. B, Representative images of MVs
taken from the perspective of the left ventricle. Arrows show the accumulation of melanocytes at the free edge of the leaflets in EC-Foxc-

DKO mice. The structural diagram in left shows the structures seen in right. PM indicates papillary muscle. Scale bar, 1 mm. C through E,
Representative images (C) of flat-mount MVs (atrial aspect) under a stereo microscope. MVs are transparent membranes outlined by green
broken lines. The darker background is the cardiac muscles at the back of the MVs. The black dots or areas on the MVs are melanocytes,
which are tyrosinase positive (as shown in Figure S1A). Red lines and double-sided arrows indicate the width of the anterior leaflet (aL) of the
MV. Scale bars, 1 mm. The width of aL and the density of melanocytes (Y%=area of melanocytes/area of MVsx100%) were quantified in D and
E, respectively. Data are mean+SEM, Student unpaired t test; each symbol represents 1 mouse, N=6 to 8. F through J, Representative images
(F) of Movat Pentachrome and Masson Trichrome—stained MVs in serial sections show the ECM (extracellular matrix) components including
proteoglycan and collagen in MVs. Scale bars, 50 pm. The percentages of proteoglycan and collagen in posterior leaflets (pLs) (Continued)
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Generation of Tamoxifen-Inducible, EC-Specific,
Foxc1/c2-Mutant Mice

Because we found that both FOXC1 and FOXC2 were
expressed in the mitral VECs, we analyzed tamoxifen-
inducible, EC-specific, compound Foxc;Foxc2-mutant
(Cdh5-CrefR™2:Foxc 1"":Foxc2"™  mice, which (after the
mutation is induced in the adult) will be referred to as EC-
Foxc-DKO mice.22 To induce the mutations, adult (7-8-
weeks old) mice were treated with tamoxifen (150 mg/kg)
by oral gavage for b consecutive days, and 2.5 weeks after
tamoxifen treatment (Figure 1C), quantitative real-time RT-
PCR analysis confirmed that Foxc 1 and Foxc2 expressions
were significantly less common in CD45/CD31* car-
diac ECs of EC-Foxc-DKO mice than in the correspond-
ing cells of their control littermates (P=0.004 and 0.002;
Figure 1D). Because our EC-Foxc-DKO mice express Cre
from the EC-specific Cdh5 promoter,?® we crossed them
with dual Rosa26mTmG reporter mice®; then, we treated
their adult offspring with tamoxifen as described above and
identified recombined EGFP* VECs in the MVs and con-
firmed the efficiency of Cre-mediated recombination (Fig-
ure 1E). Of note, the MVs of mTmG/EC-Foxc-DKO mice
were abnormally shaped and much thicker than those of
the control mice (see below for more details). The down-
regulation of FOXC1 and FOXC2 protein in VECs (CD31*)
of EC-Foxc-DKO mice was further confirmed by immuno-
histochemistry staining 4 to 5 weeks after tamoxifen treat-
ment (F<0.001; Figure 1F through 1H).

EC-Specific Deletion of Foxc1 and Foxc2
Impairs the Structure of MVs

We further examined structural changes in the MVs in
adult EC-Foxc-DKO mice compared with their litter-
mate controls 4 to b weeks after tamoxifen treatment
(Figure 2A). Our initial investigation indicated structural
abnormalities in EC-Foxc1/c2 mutant MVs (Figure 2B),
and isolated MVs of EC-Foxc-DKO mice were much
wider (F=0.012; Figure 2C and 2D) and had an increased
number of melanocytes, which were detected as black
dots on MVs (P=0.002; Figure 2C and 2E) and tyrosi-
nase positive (melanocyte marker®" in MV; Figure S1A)
compared with the control mice. Because the number
of melanocytes localized in the murine MV leaflets con-
tributes to the mechanical properties such as stiffness,
we next examined alterations in ECM components of the
MVs of EC-Foxc-DKO mice via combined analyses of

FOXC1/FOXC2 Function in Mitral Valve Integrity

Movat Pentachrome and Masson Trichrome staining (Fig-
ure 2F). In male EC-Foxc-DKO mice, the anterior leaflets
(aLs) of MVs had a slight change of ECM components
(P=0.14 for proteoglycan and P=0.22 for collagen; Fig-
ure S1B and S1C), whereas the pLs had significantly
altered ECM components with increased proteoglycan
(P=0.004; Figure 2G) and decreased collagen (F<0.001;
Figure 2H), and they were thicker and longer than the
controls (P=0.020 and 0.026; Figure 2| and 2J), which
suggested myxomatous degeneration of MVs. Similar
structural abnormalities were found in MVs of female EC-
Foxc-DKO mice (Figure S1D). Female mice had lighter
body weights (R<0.001; Figure S1E) and smaller hearts
(Figure S1F) than the male mice at 13 weeks of age, and
to better quantify the differences of MVs between control
and mutant groups and reduce variation, we used male
mice for further studies. Milder structural abnormalities
were found in MVs of either EC-Foxc1 or Foxc2 single
KO mice (referred to as EC-Foxc1-KO and EC-Foxc2
KO mice; Figure S1G and S1H). Longer pLs (P=0.022)
with decreased collagen (P=0.009) were found in EC-
Foxc1-KO mice, whereas plLs with altered ECM compo-
nents including increased proteoglycan (P=0.003) and
decreased collagen (P=0.007) were found in EC-Foxc2-
KO mice (Figure S1l through S1K) compared with their lit-
termate controls (Foxc 1" and Foxc2"", respectively). Both
EC-Foxc1-KO and EC-Foxc2-KO mice showed a trend
toward thicker pLs compared with their controls (P=0.065
and 0.073; Figure S1L). We further examined the MA, a
fibrous ring to which the MV leaflets were attached. Sig-
nificantly, MA dilation was found in EC-Foxc-DKO mice,
with an increased area of MA opening (P=0.005) and
larger distance (F=0.030) across the roots of MV leaflets
than in control MA (Figure 2K through 2N), which was a
potential cause for mitral regurgitation that was found in
66.67% (6 of 9) of EC-Foxc-DKO mice at 4 weeks after
tamoxifen treatment by 2-dimensional echocardiography
of apical 4-chamber view (Figure 20). Given the interac-
tions between VECs and ICs in MV leaflets,®® these results
suggest that both Foxc! and Foxc2 expressions in VECs
contribute to the maintenance of the MV ECM.

Disrupted EC Junctions in the MVs of Mice With
EC-Specific Deletion of Foxc1/c2
We next examined whether EC-Foxc1/c2 deletions

impair the maintenance of EC junctions in MVs because
we and others previously found defective LEC junctions

Figure 2 Continued. were quantified in G and H. The thicknesses (I) and lengths (J) of the pLs were also measured and quantified. Data are
mean+SEM, Student unpaired t test; each symbol represents 1 mouse, N=5 to 7. K through N, Structural diagram (K) showing the alL and pL,
as well as the mitral annulus (MA; fibrous ring) and aortic valve (AV) presented in L. L, Representative images of the MA of MVs taken from the
perspective of the atrium under a stereo microscope, showing enlargement of the MA opening in EC-Foxc-DKO mice 4 to 5 weeks after Tm
treatment. Scale bars, 1 mm. The area of MA opening (indicated by red broken circles) and the distance across the roots of aL and pL (indicated
by blue double-sided arrows) were measured and quantified in M and N, respectively. M and N, Data are meant+SEM, Student unpaired t test;
each symbol represents 1 mouse, N=5. O, Images of 2-dimensional echocardiography of apical 4-chamber view show mitral regurgitation (arrow)
in the heart of EC-Foxc-DKO mouse. DKO indicates double knock out; LA, left atrium; LV, left ventricle; RA, right atrium; and RV, right ventricle.
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Figure 3. FOXC (forkhead box C) 1 and FOXC2 maintain the integrity of endothelial cell (EC) junctions and lymphatic vessels in
the mitral valves (MVs).

A, Representative confocal images of the whole-mount posterior leaflets (pLs) of MVs stained with EC markers CD31 (cluster of differentiation
31, green) and VE-cadherin (red), as well as nuclear dye 4’,6-diamidino-2-phenylindole (DAPI; blue). Images of maximum intensity projections
of the atrial aspect of pLs show thickened pL with obvious protrusions (indicated by arrows) in EC-Foxc-DKO mice. Note that the locally
increased VE-cadherin staining in EC-Foxc-DKO pL is due to the images of thick pL being stacked. PM indicates papillary muscle. (Continued)
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in the lymphatic valves of Foxcl and fFoxc2 mutant
mice.??* WM immunostaining for CD31 and VE-cadherin
and confocal imaging first revealed notable protrusions
in the MVs of EC-Foxc-DKO mice (Figure 3A, arrows),
indicative of leaflet thickening and redundancy found
in MVP. Remarkably, the size, shape, and arrangement
of control CD31* VECs on both atrial and fibrosa sides
of the pL differed in a zone-dependent manner (Figure
S2A and S2B) and similar EC zones were found in the
anterior leaflet. In contrast, EC-Foxc-DKO mice showed
shortened EC zones 3 and 4 (P=0.0122 and 0.0154),
as well as elongated EC zone 1 (P=0.013; Figure S2C),
in which the size and number of Foxc-mutant VECs were
smaller and increased, respectively (P=0.010 and 0.005;
Figure S2D). More significantly, the reticular Ads formed
at the interface of 2 overlapping VECs (Figure 3B,
arrows), as previously shown in cultured ECs 5% were
found mainly in EC zones 3 and 4 in both control and EC-
Foxc-DKO pLs, whereas these AJs appeared in zones 1,
2,and b in pLs of EC-Foxc-DKO mice (Figure 3B; Figure
S2A). The extent of VECs containing reticular Ads was
much increased in EC-Foxc-DKO mice (Figure 3C). The
presence of the reticular Ads was further confirmed by
the orthogonal view of Z-stack images (Figure 3D) and
3-dimensional reconstructed images (Figures 3E and
3F). It should be noted that VE-cadherin junctions in the
reticular Ads of EC-Foxc-DKO mice were abnormally dis-
continued (Figure 3F, arrows), accompanied by reduced
VE-cadherin levels (P=0.019; Figure 3G; Videos S1 and
S92). The formation of reticular Ads in ECs is thought to
retain low permeability,*>3® while cultured LECs under
oscillatory shear stress are known to form such cellular
structures to stabilize cell-cell junctions.3* Thus, it is likely
that Foxc1/c2-deficient VECs of MVs aberrantly form
reticular Ads as a compensatory mechanism, but these
cell junctions are disrupted, as seen in LECs in vivo.?
Furthermore, PROX1 levels in the VECs on the fibrosa
side of MVs were significantly reduced in EC-Foxc-DKO
mice (F=0.021; Figure 3H through 3J), while the number

FOXC1/FOXC2 Function in Mitral Valve Integrity

of PROX1* VECs was not altered (P=0.76; Figure 3K).
Because Prox1 acts upstream of FoxcZ2in aortic valves,'
the downregulation of ProxT in Foxcl/c2-mutant VECs
may be attributable to a feedback loop.

A combination of RNAscope (RNA in situ hybridiza-
tion analysis) and immunohistochemistry staining fur-
ther confirmed altered mRNA levels of specific genes
expressed in VECs (Figure 4A through 4F). FOXC2
can bind to the enhancer elements upstream of both
PROX 13" and CDH52® and both Prox1 and Cdh5, which
encode PROX1 and VE-cadherin, respectively, were
decreased in VECs (immunohistochemistry-CD31%) of
EC-Foxc-DKO mice (Prox1; F<0.001; Cdhb; P=0.002;
Figure 4A through 4C) due to reduced FOXC1/C2
expression in VECs (Figure 1G and 1H) compared with
the controls. Pecam1, a gene coding for CD31 and a
regulator of endothelial junctional integrity,®® was also
decreased in VECs of EC-Foxc-DKO mice (R<0.001;
Figure 4D and 4E).

Together, these results suggest that Foxc1/c2 expres-
sion in VECs contributes to the maintenance of the EC
junctions.

Expansion of LVs in the MVs of EC-Foxc1/c2
Mutant Mice

Limited evidence indicates that LVs are present in
murine MVs,*® while other mammalian species such as
humans, pigs, and dogs have lymphatic vasculature in
the MVs.4"*? We, therefore, examined the distribution of
LVs in MVs of control and EC-Foxc-DKO mice via coim-
munostaining of the lymphatic markers, PROX1 and
LYVE1 ([lymphatic vessel endothelial hyaluronan recep-
tor 1]; Figure 3I) in paraffin sections. Careful examina-
tion revealed that in both control and EC-Foxc-DKO
mice, most of the LVs were located at the atrial side of
the root of MV leaflets (Figure 3H and 3l), where the
MA area was also positioned (Figure S3A). Importantly,
consistent with our previous finding that Foxc! and

Figure 3 Continued. Scale bars, 200 pm. B, Magnified confocal images of whole-mount pLs stained with CD31/VE-cadherin showing
cell-cell junctions of ECs on the fibrosa side of pLs (in EC zone 5, as shown in Figure S2B). Stars indicate the linear junctions, while arrows
indicate the reticular adherens junctions (AJs) of ECs. Scale bars, 10 pm. C, Quantification of the reticular AJs on both atrial (A) and fibrosa (F)
sides of the pLs based on the images, as shown in A. Data are meantSEM, Student unpaired t test; each symbol represents 1 mouse, N=4.
D, Orthogonal view of Z-stack images (0.3 pm/step) showing the cell-cell junctions (stained with VE-cadherin and CD31) of endocardial ECs in
pL of EC-Foxc-DKO mouse. Yellow lines on the stack indicate the point in the stack that is being analyzed. L indicates linear cell-cell junction;
N, nucleus of EC; and R, reticular AJ area. Scale bars, 10 pm. E through G, Representative confocal images (E) of ECs containing reticular
Als stained with VE-cadherin in pLs of MVs. The confocal images (boxed area) were further reconstructed to 3-dimensional isosurfaces by
Imaris Workstation, as shown in F. Arrows in E and F indicate the discontinued cell-cell junctions in the reticular AJs. Scale bars, 10 um in E
and 4 pym in F. G, Quantification of fluorescent intensity (FI) of VE-cadherin in reticular Als of ECs in pLs based on the images, as shown in E.
Data are mean+SEM, Student unpaired t test; each symbol represents 1 mouse, N=4 to 5. H through L, Representative fluorescent images
(H and 1) of pLs of MVs. Boxes 1 and 2 in H and their magnified images (H1 and H2) in I show the lymphatic vessels (LVs) located at the atrial
side of the root of MVs, where the mitral annulus area is also positioned, as shown in Figure S3A, stained by lymphatic EC (LEC) markers
PROX1 (prospero homeobox protein 1)/CD31/LYVE1 (lymphatic vessel endothelial hyaluronan receptor-1). Boxes 3 and 4 in H, as well as
their magnified images (H3 and H4) in I, show the decreased expression of PROX1 in ECs at the fibrosa side of pL in EC-Foxc-DKO mouse.
LA indicates left atrium; and LV, left ventricle. White/blue/yellow scale bars, 50/25/10 pm, respectively. Quantification was performed based
on the fluorescent images, as shown in H, for relative FI of PROX1 in ECs on the fibrosa side of pL (J) and the number of PROX1+* ECs (K),
as well as the area of LVs in pL sections (L). Data are mean£SEM, Student unpaired ¢ test in J and K; data are box and whisker plots, Mann-
Whitney U test in L; each symbol represents 1 mouse, N=7. DKO indicates double knock out.
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Figure 4. mRNA expression changes in valvular endothelial cells (VECs) of endothelial cell (EC)-Foxc-DKO mice.

A, Representative confocal images of RNAscope labeled with specific probes costained with immunohistochemistry (IHC)-CD31 (cluster of
differentiation 31) in posterior leaflets show the mRNA expression of Prox1 (white arrows) and Cdh5 (yellow arrows) in VECs (CD31%). B

and C, H-score was used to quantify the mRNA expression level (see Expanded Materials and Methods) of Prox7 (B) and Cdh5 (C) in VECs
at fibrosa side (Prox1) or both sides (Cdh5) of both anterior and posterior leaflets (aLs and pLs). D and E, Representative confocal images

(D) and quantification of H-score (E) for the mRNA expression of Pecam1 in VECs at both sides of aLs and pLs. F, Representative confocal
images and the staining strategies for positive and negative controls were used simultaneously with the experimental samples during the
RNAscope+IHC staining. Ubc: mouse gene encodes ubiquitin C; dapB: bacteria gene encodes dihydrodipicolinate reductase. White/yellow
scale bars in A, D, and F, 20 or 5 um, respectively. Data in (B), (C), and (E) are meantSEM, Student unpaired t test; each symbol represents 1

mouse, N=4 to 6. DKO indicates double knock out.

Foxc2 deletion causes enhanced lymphangiogenesis,*
EC-Foxc-DKO mice had dilated and higher numbers of
LVs (Figure 3l and 3L; Figure S3B). Notably, in EC-Foxc-
DKO mice, additional LVs were found in the middle of
the pLs and underneath EC zone 2 where the ECs were
specifically PROX1* (Figure S3C). In contrast, no blood
vessels (CD31*PROX1-LYVE1") were found within
the MV leaflets in both the control and EC-Foxc-DKO
groups. WM immunostaining labeled with the lymphatic
markers, VEGFR3 and LYVE1, as well as the EC marker
CD31, further confirmed the distribution of LVs in MV

Arterioscler Thromb Vasc Biol. 2024;44:1944-1959. DOI: 10.1161/ATVBAHA.124.320316

leaflets (Figure bA; Videos S3 and S4). Of note, LVs in
MVs were VEGFR3* and most of the LVs were LYVE1*
(Figure BA), a marker that was also expressed in macro-
phages (F4/80*LYVE1*VEGFR3") in MVs (Figure S3D).
The lymphatic capillaries extended to EC zone 2 in MVs
of EC-Foxc-DKO mice, whereas the control mice had
LVs mainly in EC zone 1 (Figure S3E; Figure BA). No
LVs were found in EC zone 3 in both groups of mice (Fig-
ure BA). EC-Foxc-DKO mice had more LVs (A=0.009)
with more lymphatic branching points (F=0.002) in the
MV leaflets compared with the control mice (Figure 5B
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Figure 5. FOXC (forkhead box C) 1 and FOXC2 are required for the lymphatic structural and functional maintenance in mitral
valves (MVs).

A, Representative confocal images of whole-mount MV leaflets (anterior leaflets [aLs] and posterior leaflets [pLs]) stained with CD31
([cluster of differentiation 31]; green) and VEGFRS3 ([vascular endothelial growth factor receptor 3]; red), as well as LYVE1 ([lymphatic vessel
endothelial hyaluronan receptor-1]; white, inserts [a] and [b]). Images of maximum intensity projections of the atrial aspect (Continued)
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and 5C; Videos S3 and S4). The LVs from the leaflets
were connected with the LVs located in the MA (Fig-
ure S3E), which was a curved ribbon-like region that was
distinguished by CD31 staining as this region was CD31
negative compared with the nearby tissue. In the con-
trol mice, LVs in the MA appeared to form lymphangions
with lymphatic valves (Figure S3F), suggesting that they
were collecting LVs, whereas EC-Foxc-DKO mice exhib-
ited degenerated lymphatic valves in the MA, resulting
in damaged lymphangion formation. Further investiga-
tion revealed that both FOXC1 (Figure S4A) and FOXC2
(Figure S4B) were expressed in LECs at the MA in con-
trol mice, but their expression was decreased in that of
EC-Foxc-DKO mice. These data indicate that FOXC1
and FOXC2 are required for maintaining the lymphatic
valve structure in MVs.

Increased VEC Permeability and Lymphatic
Dysfunction in the MVs of EC-Foxc1/c2 Mutant
Mice

To examine the VEC permeability and lymphatic func-
tion in MVs, we first performed retro-orbital injection of
a mixture of tracers, Evans blue dye (molecular weight,
960.81; an albumin-binding fluorescent tracer) and
Dextran-FITC (molecular weight, 10 kDa), into adult
mice at different time points (15, 30, and 60 minutes;
Figure SBA through SBC). After the tracers entered the
bloodstream following the injection, the mouse paws
turned blue (Figure SBA). Because the MV leaflets have
no blood vessels as described above, the tracers pen-
etrated the MV leaflets only through the VEC barrier.
Due to the different molecular sizes, the penetration rate
and distribution of the tracers were different. Evans blue
penetrated the interstitial regions of all EC zones of the
MVs as early as 15 minutes after injection (Figure S5B),
and Dextran-FITC uptaken by the F4/80* macrophages
that were located in the interstitial area underneath the
VECs** was observed mainly at EC zone 2 and sporadi-
cally at zone 1 of the MV at both 15 and 30 minutes after
injection (Figure S5B and S5C). Dextran-FITC* macro-
phages were later found in the interstitial area at zone 3

FOXC1/FOXC2 Function in Mitral Valve Integrity

at 30 minutes, but the number of these cells appeared to
be reduced at zones 1, 2, and 3 at 60 minutes after injec-
tion (Figure SBB). These results suggest that the VEC
barrier of the murine MV is permeable, and levels of the
VEC permeability vary at different EC zones with zones
2 and 3 being the highest and the lowest, respectively.

Next, we sought to examine the VEC permeability and
lymphatic drainage within MVs of EC-Foxc-DKO and con-
trol mice via the retro-orbital injection of Evans blue only
because it penetrated the MVs through the VEC barrier
faster and easier than Dextran-FITC. Due to the disrupted
VEC junctions of the MVs in EC-Foxc-DKO mice (Fig-
ure 3B through 3G), increased penetration of Evans blue
was detected in the MVs in EC-Foxc-DKO mice com-
pared with the controls (aL: Figure S5D; pL: Figure 5D
and BE; P=0.006) at 15 minutes after injection. Nota-
bly, at 60 minutes after injection, Evans blue was less
retained in the MV leaflets of the controls compared with
the earlier time point (30 minutes; Figure S5B). In con-
trast, the dye was significantly accumulated both inside
(P=0.047) and outside (R”<0.001) of the LVs in the pLs
of EC-Foxc-DKO mice at 60 minutes (Figure 5F and 5G).
The impaired lymphatic drainage in the MVs was accom-
panied by defective lymphatic valves in the MA of EC-
Foxc-DKO mice (Figure S3F). Together, these results
suggest that EC-Foxc-DKO mice show the dysfunction
of lymphatic drainage in the MVs.

LEC-Specific Deletion of Foxc1 and Foxc2
Causes Structural Abnormalities of the MV

As tamoxifen-induced Cre recombination in Cdh5-CrefR™?
mice occurs in both VECs and LECs,? we further analyzed
the requirements of LEC-Foxc1/c2 expression for the
integrity of the MVs in tamoxifen-inducible, LEC-specific,
compound Foxc1;Foxc2-mutant (Vegfr3-Cre®f"?Foxc 1"
1:.Foxc2"") mice (referred to as LEC-Foxc-DKO mice?3).
Movat Pentachrome and Masson Trichrome staining of
the MVs collected 4 to 5 weeks after tamoxifen treat-
ment were performed (Figure 5H). LEC-Foxc-DKO mice
had thickened MV leaflets (P=0.035) with increased pro-
teoglycan (P=0.017) and decreased collagen (F=0.010)

Figure 5 Continued. of MVs show the distribution of lymphatic vessels (LVs, outlined by white dashed lines) beneath different endothelial cell
(EC) zones 1 to 3 (separated by yellow dashed lines) of the leaflets that are attached to the mitral annulus (MA). Images of optical sections with
high magnification (inserts [a] and [b]) show the LVs identified by VEGFR3* and LYVE1*. White/yellow scale bars, 200 or 50 ym, respectively.
B and C, Quantification of LV density (B) and number of branching points per LV area (C) were performed based on the WM staining images,
as shown in A. Data are meantSEM, Student unpaired t test; each symbol represents 1 mouse, N=5. D and E, Representative confocal
images (D) of pL sections collected at 15 minutes after Evans blue (red) injection and stained with IB4 ([isolectin B4]; green). LA indicates

left atrium; and LV, left ventricle. Scale bars, 50 ym. The fluorescent intensity (FI) of Evans blue (E) within the pLs was quantified based on the
confocal images, as shown in D. Data are mean*SEM, Student unpaired ¢ test; each symbol represents 1 mouse, N=4. F and G, Whole-mount
posterior leaflets (pLs) collected at 60 min after Evans blue (red) injection were stained with VEGFR3 (green) for the LVs. Representative
confocal images (F) show the optical sections of the longitudinal LV segment. The Fl of Evans blue inside and outside the LVs was quantified
(G) based on the images, as shown in F. Data are mean+SEM, Student unpaired ¢ test; each symbol represents 1 mouse, N=3 to 5. H through
L, Representative images (H) of Movat Pentachrome and Masson Trichrome—-stained MVs in serial sections show the ECM (extracellular matrix)
components including proteoglycan and collagen in aLs and pLs of lymphatic EC (LEC)-Foxc-DKO mice and their littermate controls. Scale
bars, 100 pm. Quantification for the percentages of proteoglycan (I) and collagen (J), as well as the thicknesses (K) and lengths (L) of the pLs,
was performed. Data are mean+SEM, Student unpaired ¢ test; each symbol represents 1 mouse, N=6 to 8. DKO indicates double knock out.
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Figure 6. Mechanism of the mouse model.

A, Schematic drawing of the mechanism by which Foxc1/c2 maintain the cell-cell junctions of valvular endothelial cells (VECs), ECM
(extracellular matrix) composition, and lymphatic vessels (LVs) to prevent myxomatous degeneration of mitral valves (MVs). In normal (control)
VECs, Foxc1/c2 is regulated by Prox1, which can be conversely regulated by Foxc1/c2 to maintain ECM composition via cell cross talks
between VECs and valvular interstitial cells. Meanwhile, Foxc1/c2 regulates the expression of VE-cadherin and CD31 to maintain normal
reticular adherens junctions (AJs) of VECs, which also help to maintain the VEC barrier and ECM composition to prevent myxomatous
degeneration of MVs. Foxc1/Foxc2 expression in lymphatic endothelial cells (LECs) maintains the structure and function of collecting LVs
(CLVs) and the blind-ended lymphatic capillaries (L), which is also important for maintaining the ECM composition. In endothelial cell (EC)-
Foxc-DKO mice, Foxc1/c2 ablation in VECs leads to defective reticular Als in VECs and altered ECM composition. Deletion of Foxc1/c2 in
LECs causes structural and functional defects in LVs and causes altered ECM composition, hence resulting in myxomatous degeneration of
MVs. N indicates nucleus of VEC. B, Structural diagram (based on whole-mount staining confocal images, as shown in Figure 5A and Figure
S3E) shows the distribution of LVs in both anterior leaflet (aL) and posterior leaflet (pL) of MVs. In the control mouse, LVs start from the blind-
ended capillaries underneath the lower/distal part of EC zone 1. The lymphatic capillaries are connected with the LVs located in the mitral
annulus (MA) or join the LVs at the anterior/posterior commissures of the MV and then enter the MA to form collecting LVs. In EC-Foxc-DKO
mice, the density of LVs is increased and the lymphatic capillaries extended to EC zone 2. C, Structural schematic shows the distribution of LVs
in the interstitial area beneath the VECs at EC zones Z1 to Z3 at the atrial side of the MV leaflet. The lymphatic capillaries are connected with
the collecting LVs (CLVs) located at the atrial side of the MA. Blue arrows indicate the functional lymphatic valves in control CLVs, whereas red
arrow shows a degenerated and dysfunctional lymphatic valve in CLVs of EC-Foxc-DKO mice. DKO indicates double knock out.
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compared with their littermate controls (Figure 5l
through 5K), while the length of MVs was comparable to
the controls (F=0.22; Figure 5L). It should be noted that
the structural abnormalities of the MVs in the LEC-Foxc-
DKO mice were milder than those in the EC-Foxc-DKO
mice (Figure 2), indicating that the deficiency of Foxc1/
c2in both VECs and LVs contributes to the myxomatous
MV phenotypes.

Collectively, we show here that Foxc1 and Foxc2 are
essential for the integrity of MV leaflets by maintain-
ing VEC junctions and ECM organization, as well as LV
formation and lymphatic drainage function (Figure 6A).
To our knowledge, this is the first study to demonstrate
reticular Ads in MVs in vivo. Our study also reveals the
precise location of LVs in murine MVs (Figure 6B and
6C), which are essential for the drainage of interstitial
fluid within the MVs.

DISCUSSION

Although severe MV regurgitation is life-threatening and
needs surgery, the cellular and molecular mechanisms
underlying its pathophysiology remain largely unknown.
Here, we demonstrate that FOXC1 and FOXC2 are
required for maintaining the structure of the MV, includ-
ing VEC junctions, ECM organization, and LV formation.
Importantly, this study demonstrates the presence of
reticular Ads in MVs in vivo that play a role in the regu-
lation of the VEC permeability and reveals the precise
location of LVs in murine MVs, which are abnormally
expanded and dysfunctional in EC-Foxc-DKO mice lead-
ing to myxomatous MV degeneration.

Although previous in vitro studies demonstrated the
presence of reticular Ads in cultured ECs and their role
in maintaining EC barrier function,® the pathophysi-
ological implications of the unique EC junctions in car-
diovascular disease remain to be elucidated. Remarkably,
our imaging analyses reveal the disruption of the retic-
ular Ads in the MVs of EC-Foxc-DKO mice (Figure 3E
through 3G), accompanied by the abnormal accumula-
tion of Evans Blue dye within the MVs (Figure 5D and
5E), suggesting increased permeability of Foxc1/c2-
mutant VECs. Our observation accords with the previous
finding that selectively disrupted reticular AJs lead to an
increase in EC permeability in vitro.?® More importantly,
recent studies show that the knockdown of YAP/TAZ
(Yes-associated protein/transcriptional coactivator with
PDZ-binding motif) in cultured ECs results in a loss of
reticular Ads and enhanced permeability,*® and FOXC2
functionally interacts with TAZ in the junctional integrity
of LECs.3* Therefore, further studies are warranted to
elucidate a unified molecular mechanism for the regula-
tion of reticular AJs.

There is limited evidence of the presence of lym-
phatic vasculature in the MV of several species including
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humans, dogs, and pigs,*®~*? and, significantly, the precise
location and morphology of LVs, as well as their function
in the MV, remain unknown. In this study, we demon-
strate that LVs are present in the murine MV, and they
function in the drainage of interstitial fluid within the MV.
Furthermore, EC deletion of Foxc! and Foxc2 leads to
the expansion of LVs in the MV (Figures BA through 5C
and 6B), regressed lymphatic valves (Figure S3F; Fig-
ure 6C), and defective lymphatic drainage of Evans Blue
dye (Figure 5F and 5G). LEC-specific double Foxc1/c2
mutant mice also exhibit the myxomatous MV pheno-
types (Figure 5H through 5L).

Of note, because there are no LVs in EC zone 3 (free
edge of the MV leaflet) and VECs in normal MVs are per-
meable, proteoglycans that attract water are likely to be
deposited especially in this zone even in normal MVs. The
accumulation of proteoglycan in the MVs of EC-Foxc-
DKO and LEC-Foxc-DKO mice was more severe than
the controls, as detected by Movat Pentachrome staining
(Figures 2F and 5H) and WM immunostaining for HABP
(hyaluronic acid-binding protein, indicative of proteogly-
can deposition“®4”; Figure S6A and S6B). Additionally,
EC-Foxc-DKO mice had wide HABP deposition in all EC
zones of MVs (Figure S6) probably due to the disrupted
VEC junctions found in zones 1 to 5 (Figure 3B; Figure
S2A). Overall, this is the first study to reveal the func-
tionality of LVs in the murine MV, and further studies are
needed to understand not only the development, matura-
tion, and maintenance of the lymphatic vasculature in the
MV but also its pathological growth and remodeling.

In conclusion, the findings reported here demonstrate
that FOXC1 and FOXC2 are essential regulators of the
maintenance of the MV via regulating VEC junctions,
ECM organization, and lymphatic drainage function and
advance understanding of myxomatous MV degenera-
tion (Figure BA).
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