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Fig. 9. Schematic representation of the functional role of mitochondrial respiration in LEC fate maintenance. Venous ECs (VECs) inside the CV are glycolytic. Start-
ing ataround E9.5, CoupTFIl and Sox18 induce Prox1 expression in some VECs inside the CV to give rise to Prox1* LEC progenitors. Specification of LEC fate, LEC budding,
and maintenance of LEC fate is regulated by a Prox1-Vegfr3 feedback loop. Prox1 also regulates CPT1a, which, in turn, increases FAO in LECs. FAO-derived acetyl-CoA
promotes histone acetylation by the histone acetyltransferase P300 and Prox1 complex at lymphangiogenic genes such as Vegfr3. In addition, ketone body oxidation
mediated by 3-oxoacid-CoA-transferase-1 (OXCT1) also generates acetyl-CoA, regulates TCA cycle metabolites and aspartate and dNTP levels, and is required for LEC
proliferation. We demonstrate that mitochondrial respiratory chain is required for LEC fate maintenance. When complex lIl is blocked, mutant embryos lack LECs as a
consequence of loss of Vegfr3 expression and LEC fate. Mitochondrial respiration is required for nucleotide synthesis and the maintenance of H3K4me3 and H3K27ac
histone modifications at the Vegfr3 and Prox1 promoters. Blockage of mitochondrial respiration reduced Vegfr3 and disrupted the Vegfr3-Prox1 feedback loop.

We found that multiple metabolites and metabolic pathways are
changed in respiration-deficient LECs. For example, the levels of
succinate and 2HG are increased in the mitochondrial respiration-
deficient LECs (Fig. 8, A and B). Succinate and 2HG are competitive
inhibitors of 0-KG-dependent dioxygenases and are linked to hy-
permethylation of DNA and histones in mitochondrial complex III
null hematopoietic stem cells (30). Furthermore, we found that
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L2HG, but not succinate, is sufficient to reduce Prox1 and Vegfr3
expression levels in cultured LECs (fig. S12, A to F) and that Vegfr3
and Proxl1 levels increased when supplemented with o-KG in the
presence of antimycin A, but this effect was not statistically signifi-
cant (fig. S12, G and H). These results argue that L2ZHG could influence
LEC fate through epigenetic regulation. It was shown that BECs and
LECs have different DNA and histone methylation profiles, and
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treatment with epigenetic modifying drugs promotes the expression
of BEC markers in LECs (17, 18). Furthermore, BECs and LECs
show different H3K4me3 and H3K27me3 landmarks such that
multiple BEC genes show repressive histone marks in LECs (18).
Similar to what we observed, H3K4me3 was shown to be enriched
in the ProxI and Vegfr3 promoters in LECs (18). Collectively, these
data support the idea that epigenetics regulates LEC’s plasticity and
fate. In addition, acetyl-CoA, which can derive from citrate, is the
substrate of histone acetylation, while NAD™ is the substrate for
deacetylation. A potential explanation for the reduced levels of Prox1
and Vegfr3 in QPC-deficient LECs is hypoacetylation, a consequence
of reduced citrate generated in the mitochondria. Accordingly, other
studies suggested that the epigenetic changes caused by metabolites,
especially acetyl-CoA, are locus specific and reversible (10, 28). It
was recently shown that ketone-rich diet and supplementary acetate
promote lymphatic vessel growth in injury-induced cornea and tail
wound lymphangiogenesis (10, 13), further highlighting the impor-
tance of acetylation as a mechanism to control LEC function and
identity.

In summary, we propose that the mitochondria-regulated Prox1-
Vegfr3 feedback loop is a simple but necessary sensing mechanism
of the metabolic microenvironment required to maintain LEC fate
and to regulate the number of generated LEC progenitors and, sub-
sequently, the number of budding LECs (4). Given the roles of Vegfr3
in lymphangiogenesis in diseases, targeting mitochondria respira-
tion could potentially offer new treatment strategies.

MATERIALS AND METHODS

Mice

RosamTmG mice were purchased from The Jackson Laboratory (36);
Prox1CreERT2 (37) and PdpnGFPCre (16) mice have previously
been described and are maintained in the NMRI background. The
PdpnGFPCre strain was originally generated using part of the 5’
regulatory region of the mouse Pdpn gene fused to an eGFP:Cre
cassette as previously described (16). QPCf/f mice were previously
reported and are maintained on a C57BL/6 background (14, 15).
Tamoxifen stock was prepared by dissolving tamoxifen (Sigma-
Aldrich) in peanut oil and ethanol. For conditional deletion of QPC,
pregnant females were injected intraperitoneally with 5 mg of
tamoxifen per 40 g of body weight at E9.5 and E10.5. For lineage
tracing, pregnant females were injected intraperitoneally with 2 mg
of tamoxifen per 40 g of body weight at E9.5. All animal procedures
were approved by the Institutional Animal Care and Use Committee
at Northwestern University.

Immunofluorescent staining

Cryosections

Embryos were washed with ice-cold phosphate-buffered saline (PBS)
and fixed in 4% paraformaldehyde (PFA) at 4°C overnight and then
dehydrated in 30% sucrose and embedded in Tissue-Tek O.C.T
(Sakura). Cryosections were washed with PBS and blocked with block-
ing buffer (5% normal donkey serum, 1% bovine serum albumin,
0.1% Triton X-100, and 0.05% sodium azide) for 1 hour at room
temperature. Primary antibodies were incubated at 4°C overnight.
Secondary antibodies were incubated for 2 hours at room tempera-
ture. Slides were washed with TBST (tris-buffered saline + 1%
Tween 20) and mounted using antifade-mounting medium (Vector
Laboratories, Burlingame, CA).

Ma et al., Sci. Adv. 2021; 7 : eabe7359 30 April 2021

Whole-mount staining

Tissues were dissected and fixed with 4% PFA and blocked with block-
ing buffer (5% normal donkey serum, 1% bovine serum albumin,
0.1% Triton X-100, and 0.05% sodium azide) for 1 hour at room
temperature, followed by overnight primary antibody incubation at
4°C on a rotator. The next day, tissues were extensively washed three
times with 0.1% Triton X-100-PBS for 45 min at room temperature
and incubated in the corresponding secondary antibodies for 2 hours
at room temperature. Samples were washed again with 0.1% Triton
X-100-PBS and mounted using a Vectashield antifade-mounting
medium (Vector Laboratories, Burlingame, CA). Images were ac-
quired with a Zeiss A2 imager and a Leica TCS SPE DM2500 confo-
cal microscope. For quantification of fluorescence intensity among
images, the same laser intensity and exposure settings were used,
images were acquired the same day, and the mean fluorescent in-
tensity of the selected areas was measured using Image]. For quan-
tification, multiple images were acquired per biological sample, and
mean values were quantified for each image. Representative images
were selected to reflect the mean value in the quantitative data. The
numbers of samples in each group and the statistical analysis are
listed in the individual figure legends.

Antibodies

The following primary antibodies were used: rabbit anti-PROX1
(11002, AngioBio), goat anti-PROX1 (AF2727, R&D Systems), goat
anti-VEGFR3 (AF743, R&D Systems), goat anti-PDPN (AF3244,
R&D Systems), goat anti-LYVEI (AF2125, R&D Systems), goat
anti-NRP2 (AF567, R&D Systems), rat anti-CD31 (553370, BD
Pharmingen), rat anti-CD34 (09431D, BD Pharmingen), rabbit
anti-VEcad (ab33168, Abcam), rabbit anti-QPC (10756-1-AP, Pro-
teintech), rabbit anti-KI167 (MA5-14520, Invitrogen), rabbit anti-
active caspase 3 (9664, Cell Signaling), rabbit anti-ERG1 (ab133695,
Abcam), rat anti-ENDOMUCIN (14-5851-82, eBioscience), rabbit
anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (sc-32233,
Santa Cruz Biotechnology), mouse anti-f-ACTIN (A5316, Sigma-
Aldrich), rabbit anti-phospho-histone H3 (06-570, Upstate), rabbit
anti-H3K4mel (8895, Abcam), rabbit anti-H3K4me3 (ab8580,
Abcam), and rabbit anti-H3K27ac (9649S, Cell Signaling). The fol-
lowing secondary antibodies were used: Alexa 488-conjugated donkey
anti-rabbit (A-21206, Invitrogen), Alexa 488-conjugated donkey
anti-goat (A-11055, Invitrogen), Alexa 488-conjugated donkey anti-
rat (A-21208, Invitrogen), Cy3-conjugated donkey anti-rabbit (711-
165-152, Jackson ImmunoResearch), Cy3-conjugated donkey anti-mouse
(715-165-151, Jackson ImmunoResearch), Cy3-conjugated donkey
anti-goat (705-165-147, Jackson ImmunoResearch), Cy5-conjugated
donkey anti-goat (705-495-147, Jackson ImmunoResearch), Cy5-
conjugated donkey anti-rat (712-175-150, Jackson ImmunoResearch),
Cy5-conjugated donkey anti-rabbit (711-495-152, Jackson Immuno-
Research), horseradish peroxidase (HRP) anti-mouse (32430, Thermo
Fisher Scientific), HRP anti-rabbit (31460, Thermo Fisher Scientific),
and HRP anti-goat (705-035-147, Jackson ImmunoResearch). TUNEL
staining was performed in sections using the In Situ Cell Death De-
tection Kit, Fluorescein (Sigma-Aldrich).

Cell culture and drug treatment

Primary human dermal microvascular LECs and HUVECs were
purchased from Lonza. LECs were cultured in Endothelial Cell Basal
Medium-2 (EBM-2, Lonza) supplemented with Microvascular
Endothelial Cell Growth Medium-2 SingleQuots (Lonza). HUVECs
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were cultured in Endothelial Cell Basal Medium-2 (EBM-2, Lonza)
supplemented with Endothelial Cell Growth Medium-2 SingleQuots
(Lonza). Cells were maintained at 37°C with 5% CO,. P3 to P5 cells
were used for experiments. Cells were treated with vehicle, 25 uM
antimycin A (Sigma-Aldrich), 15 uM myxothiazol (Sigma-Aldrich),
1 mM octyl-1-2HG (Cayman), 1 mM dimethyl succinate (Sigma-
Aldrich), or 1 mM dimethyl a-KG (Sigma-Aldrich) for 48 hours.

OCR and extracellular acidification rate measurements

Forty thousand LECs (Lonza) per well were plated onto XF96 cell
culture plates in MCDB 131 (US Biological) supplemented with Micro-
vascular Endothelial Cell Growth Medium SingleQuots. Once at-
tached, cells were treated with antimycin A for 2hours and OCR
was measured using an XF96 extracellular flux analyzer (Seahorse
Bioscience). After three initial readings, 2.5 uM oligomycin (Sigma-
Aldrich) was injected into each well of the plate to determine cou-
pled respiration. Maximal respiration was established after injection of
10 uM carbonyl cyanide m-chlorophenyl hydrazone (Sigma-Aldrich).
Then, 2 uM antimycin A and 2 uM rotenone (Sigma-Aldrich) were
injected to determine nonmitochondrial respiration. Basal respira-
tion was measured by subtracting the OCR values after treatment
with 2 uM antimycin A (Sigma-Aldrich) and 2 uM rotenone (Sigma-
Aldrich). To measure extracellular acidification rate (ECAR), cells
were treated in MCDB 131 medium without sodium bicarbonate.
Basal ECAR was measured by subtracting the ECAR rate after treat-
ment with 20 mM 2-deoxyglucose (Sigma-Aldrich). Maximum ECAR
rate was measured by subtracting the rate after 2-deoxyglucose
treatment from the rate after treatment with 2.5 pM oligomycin A.

NAD*/NADH ratio

The NAD*/NADH ratio was measured using the NAD/NADH-Glo
Assay (Promega) by following the manufacturer’s protocol. The re-
sult is read on a BioTek synergy 2 microplate reader.

Measurement of mitochondrial content

LECs were plated and treated with antimycin A as described above.
To measure mitochondrial content, cells were stained with 100 nM
MitoTracker Green (Molecular Probes) in starvation medium for
20 min at 37°C. Images were acquired in an EVOS microscope, and
fluorescence intensity was calculated using Image].

Transwell migration assay

LECs were treated with mitomycin C (5 pg/ml) for 2 hours before
the experiment. Forty thousand LECs per well were seeded in cul-
ture medium onto the transwell insert (Millipore) with and without
antimycin A. The bottom chamber was filled with medium contain-
ing Vegfc (100 ng/ml), and cells were incubated in the 24-well plate
inserts in a humidified incubator (37°C, 5% CO,) for 6 hours. The
insert was washed in PBS twice and fixed with cold methanol on ice
for 20 min; last, the nonmigrated cells on the upper side of the cham-
ber were carefully removed and the migrated cells were stained with
4',6-diamidino-2-phenylindole (DAPI) and counted using Image].

Cell proliferation and viability assays

LECs were plated in supplemented EBM-2 medium and allowed to
attach, and then the medium was replaced with growth medium
with vehicle or antimycin A. Cells were then fixed at the indicated
time points and stained with DAPI. Images were acquired in an
EVOS microscope, and the nuclei were counted using Image]J. Viability
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was assessed at 48 hours after treatment using In Situ Cell Death
Detection Kit, Fluorescein (Roche).

Scratch wound cell migration assay

Cells were plated onto 96-well Image Lock tissue culture plates (Essen
BioScience, 4379) at a density of 30,000 cells per well and allowed to
form a monolayer overnight. Cells were then treated with mitomycin
C (5 pg/ml) for 2hours to inhibit proliferation. Monolayers were
then wounded using the 96-well WoundMaker (Essen BioScience)
following the manufacturer’s protocol. Cells are washed twice with
PBS to remove any debris. Medium was then replaced with supple-
mented EBM-2 with or without drug treatments, and images of
wounds were taken every 4 hours until closure.

Lentiviral constructs

EV and AOX pWPI GFP lentiviral constructs were transfected into
293T cells using Lipofectamine 2000 transfection reagent (Invitrogen),
along with pMD2.G and psPAX2 packaging vectors. Cells were trans-
duced with each lentivirus, and GFP" cells were sorted using
FACSMelody Cell Sorter (BD). LECs were infected using pLKO.1
control shRNA and QPC shRNA lentiviral particles (Sigma-Aldrich)
followed by puromycin selection.

Polymerase chain reaction

To measure gene expression, RNA was isolated using the RNeasy
Micro Kit (Qiagen). Complementary DNAs (cDNAs) were synthe-
tized following the Advantage RT-for-PCR protocol (Takata), and
reactions were prepared using SYBR Green Master Mix (Thermo
Fisher Scientific) and run on an Applied Biosystem 7500 Real-Time
PCR machine. The following primers were used: -actin, 5'-TCCACCT-
TCCAGCAGATGTG-3’ (forward) and 5'-GCATTTGCGGTG-
GACGAT-3’ (reverse); Gapdh, 5'-GAAGGTGAAGGTCGGAGTC-3’
(forward) and 5-GAAGATGGTGATGGGATTTC-3' (reverse);
Prox1,5-AAAGTCAAATGTACTCCGCAAGC-3’ (forward) and
5'-CTGGGAAATTATGGTTGCTCCT-3' (reverse); Vegfr3, 5'-
GGTTCCTCCAGGATGAAGAC-3' (forward) and 5'-CAAG-
CAGTAACGCCAGTGTC-3’ (reverse); Nrp2, 5'-GTCTCCTACA
GCCTAAACGGCA-3’ (forward) and 5'- GGGTCAAACCTTCG-
GATGTCAG-3' (reverse); QPC, 5'-GTGTGGAGCCACAGCTAG-
TA-3" (forward) and 5'-GCCACACACAGCAATGACTT-3’
(reverse); VEcad, 5'- CTCTGCATCCTCACCATCAC-3’ (forward)
and 5- CTCCAGCGCACTCTTGCTAT-3’ (reverse); ICAMI,
5'-AGCGGCTGACGTGTGCAGTAAT-3’ (forward) and 5'-TCT-
GAGACCTCTGGCTTCGTCA-3’ (reverse); CD34, 5 -CCTCAGT-
GTCTACTGCTGGTCT-3' (forward) and 5'-GGAATAGCTCTGGT
GGCTTGCA-3' (reverse); Nipl, 5'-TTCAGGGCCATTTCTTTTTATC-3'
(forward) and 5'-GGAACATTCAGGACCTCTCTTG-3’ (reverse).

Protein extraction and Western blot

LECs were washed with cold PBS and lysed with SDS lysate buffer
or radioimmunoprecipitation assay buffer (Sigma-Aldrich) containing
cOmplete protease inhibitor cocktail (Millipore). The cell lysate
protein extract was quantified using a Pierce Protein assay kit. Samples
were mixed with 4x Laemmli sample buffer (Bio-Rad, Hercules,
CA) and boiled for min at 95°C. Lysates were separated by SDS-
polyacrylamide gel electrophoresis, transferred to Immobilon-P
polyvinylidene difluoride membranes (Millipore, Billerica, MA), and
incubated with primary antibodies. After three washes in TBST buf-
fer, membranes were incubated with HRP-conjugated secondary
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antibodies, anti-rabbit immunoglobulin G (IgG) (Sigma-Aldrich),
anti-mouse IgG (Jackson ImmunoResearch Laboratories), and anti-
goat IgG (Jackson ImmunoResearch Laboratories) for 1 hour at
room temperature. Membranes were washed three additional times
with TBST. Proteins were detected using the HRP-detecting Super-
Signal West Pico Chemiluminescent Substrate according to the
manufacturer’s instructions (Thermo Fisher Scientific). Blots were
developed using a ChemiDoc MP imaging system (Bio-Rad). Den-
sitometric quantification of bands was done using National Insti-
tutes of Health (NIH) Image]J software.

Metabolite analysis

LECs were plated in supplemented EBM-2 medium with or without
antimycin A for 48 hours. Then, cells were washed with ice-cold
saline twice and collected in 80% methanol at —80°C. The suspension
was transferred to cryovials and subjected to three freeze-thaw cycles
from liquid nitrogen to a 37°C water bath. Next, samples were cen-
trifuged at 20,000¢ for 10 min at 4°C. Supernatants were transferred
to fresh tubes and dried. The protein concentration in each sample
was measured using the BCA kit (Thermo Fisher Scientific). Sam-
ples were analyzed by high-performance liquid chromatography
and high-resolution mass spectrometry and tandem mass spectrom-
etry (HPLC-MS/MS). Specifically, the system consisted of Thermo
Q-Exactive in line with an electrospray source and an Ultimate 3000
(Thermo Fisher Scientific) series HPLC consisting of a binary
pump, degasser, and autosampler outfitted with an XBridge Amide
column (Waters; dimensions of 4.6 mm by 100 mm and a 3.5-pm
particle size). Mobile phase A contained 95% (v/v) water, 5% (v/v)
acetonitrile, 20 mM ammonium hydroxide, and 20 mM ammoni-
um acetate (pH 9.0); B was 100% acetonitrile. The gradient was as
follows: 0 to 1 min, 15% A; 18.5 min, 76% A; 18.5 to 20.4 min, 24% A;
20.4 to 20.5 min, 15% A; 20.5 to 28 min, 15% A with a flow rate of
400 pl min~". The capillary of the electron spray ionization source
was set to 275°C, with sheath gas at 45 arbitrary units, auxiliary
gas at 5 arbitrary units, and the spray voltage at 4.0 kV. In positive/
negative polarity switching mode, a mass/charge ratio (m/z) scan
range from 70 to 850 was chosen, and MS1 data were collected at a
resolution of 70,000. The automatic gain control target was set at
1 x 10%, and the maximum injection time was 200 ms. The top five
precursor ions were subsequently fragmented in a data-dependent
manner, using the higher-energy collisional dissociation cell set to
30% normalized collision energy in MS2 at a resolution power of
17,500. The sample volumes of 10 pl containing 200,000 cells were
injected. Data acquisition and analysis were carried out by Xcalibur
4.0 software and TraceFinder 2.1 software, respectively (both from
Thermo Fisher Scientific).

Mass spectrometry for histone modifications

LECs were treated with vehicle or antimycin A for 48 hours, and then
cells were rinsed with PBS and scraped into PBS. Cells in the sus-
pension were spun down, and the cell pellet was flash-frozen. Histones
were extracted and prepared as reported previously (38). Histone
peptides were resuspended in 0.1% trifluoroacetic acid (TFA) in
water and analyzed by nano-LC (Dionex, Sunnyvale, CA) on a tri-
ple quadrupole mass spectrometer (TSQ Quantiva, Thermo Fisher
Scientific) as previously reported (38). Raw data were analyzed in
Skyline with Savitzky-Golay smoothing (39). All Skyline peak area
assignments were manually confirmed. The relative abundances
were determined from the mean of three technical replicates.
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RNA-seq analysis

LECs were treated with vehicle or antimycin A for 48 hours, and then
RNA was extracted using the RNeasy Micro Kit (Qiagen). RNA
quality and quantity were measured using Agilent 4200 TapeStation
using the High Sensitivity RNA ScreenTape System (Agilent Tech-
nologies). TruSeq mRNA-Seq Library Prep was used for library
preparation. Libraries were sequenced on a HiSeq 4000 instrument.
The analysis was performed at the Northwestern University NUSeq
Core facility. The cutoff for determining significantly differentially
expressed genes was a false discovery rate (FDR)-adjusted P value
less than 0.05 using the Benjamini-Hochberg method.

ChlIP-seq

In brief, 4 x 10" to 5 x 107 cells were treated with control or antimycin
A, crosslinked with 1% formaldehyde for 20 min at room tempera-
ture, and quenched by glycine. After washing, fixed chromatin was
sonicated with a Covaris Focused-ultrasonicator and immunopre-
cipitated with the indicated antibody. ChIP-seq libraries were pre-
pared with a TruSeq ChIP-Seq Library preparation kit (Illumina)
and sequenced on a HiSeq 4000 instrument using the 50-nucleotide
single-read configuration at the Northwestern University NUSeq
Core facility. Genome browser snapshots were generated using In-
tegrative Genomics Viewer.

Statistical analysis

No statistical methods were used to predetermine sample size. The
significance of differences in the experimental data was determined
using GraphPad Prism 8 software. All data involving statistics are
presented as means + SEM. D’Agostino-Pearson test was used to
evaluate normality of data distribution. Student’s ¢ test or one-way
analysis of variance (ANOVA) test was used for data with a normal
distribution. Differences between two groups were determined by
multiple or two-tailed unpaired ¢ test, and differences between multi-
ple groups were calculated using one-way or two-way ANOVA. No
corrections for multiple testing were applied. P < 0.05 was deter-
mined to be statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabe7359/DC1

View/request a protocol for this paper from Bio-protocol.
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