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In brief

Fan et al. discover two populations of

muscle endothelial cells (mECs) that have

differential ATF3/4 expression. Notably,

ATF3/4+ mECs lie next to oxidative

myofibers and have higher expression of

amino acid metabolic genes, which

metabolically prepare mECs for exercise-

induced vascular expansion.

Consequently, EC-specific loss of Atf4

impairs exercise-induced angiogenesis.
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SUMMARY
Exercise is a powerful driver of physiological angiogenesis during adulthood, but the mechanisms of exer-
cise-induced vascular expansion are poorly understood. We explored endothelial heterogeneity in skeletal
muscle and identified two capillary muscle endothelial cell (mEC) populations that are characterized by dif-
ferential expression of ATF3/4. Spatial mapping showed that ATF3/4+ mECs are enriched in red oxidative
muscle areas while ATF3/4low ECs lie adjacent to white glycolytic fibers. In vitro and in vivo experiments re-
vealed that red ATF3/4+ mECs are more angiogenic when compared with white ATF3/4low mECs. Mechanis-
tically, ATF3/4 in mECs control genes involved in amino acid uptake andmetabolism andmetabolically prime
red (ATF3/4+) mECs for angiogenesis. As a consequence, supplementation of non-essential amino acids and
overexpression of ATF4 increased proliferation of white mECs. Finally, deleting Atf4 in ECs impaired exer-
cise-induced angiogenesis. Our findings illustrate that spatial metabolic angiodiversity determines the angio-
genic potential of muscle ECs.
INTRODUCTION

Skeletal muscle is a highly plastic organ that ensuresmovements

ranging from blinking an eye to running and weight lifting, but it is

also critical for the maintenance of body metabolic homeostasis

(DeFronzo et al., 1981). Muscle is composed of different fiber

types, which classically have been defined by their myosin

heavy-chain content that determines their contractile properties,

but they also substantially differ in their metabolic properties and

the nutrients they use for energy generation (Egan and Zierath,

2013; Rowe et al., 2014). Glycolytic (type II) fibers are capable

of producing high force at high intensity but fatigue rapidly due

to a less efficient means of ATP generation using the glycolytic

conversion of glucose to lactate. In contrast, oxidative (type I)

fibers produce lower force but are relatively resistant to fatigue.

They efficiently generate energy via the oxidative phosphoryla-

tion of glucose and lipids within their extensive mitochondrial

networks. High concentrations of myoglobin and cytochromes

redden these fibers, hence, red oxidative fibers versus white
Cell Metabolism 33, 1793–1807, Septe
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glycolytic fibers. The relative amounts of these fiber types differ

between muscles and between individuals, and are even linked

to some disease states. For instance, type 2 diabetes is associ-

ated with a lower proportion of type I fibers (Stuart et al., 2013).

It is well described that red oxidative fibers are more vascular-

ized when compared with white glycolytic fibers and that myo-

fiber vascularization correlates with mitochondrial density and

oxidative capacity (Haas and Nwadozi, 2015). Indeed, muscle

metabolic regulators PGC1a/b and ERRa/g, which activate a

broad program of mitochondrial biogenesis and a metabolic

switch toward a more oxidative phenotype, integrate muscle

metabolism and vascular density by enhancing VEGF levels

(Arany et al., 2008; Matsakas et al., 2012; Narkar et al., 2011;

Rowe et al., 2011). However, what is less well described is

whether in addition to blood vessel density, the functional prop-

erties of muscle endothelial cells (mECs) are dependent on the

specific fiber that they interact with. Furthermore, whether mus-

cle angiodiversity is controlled by the metabolic microenviron-

ment of the fiber remains to be elucidated.
mber 7, 2021 ª 2021 The Authors. Published by Elsevier Inc. 1793
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An increase in muscle capillarization following exercise is a

hallmark adaptation to exercise and one of the few non-patho-

logical settings of vascular expansion during adulthood. To

meet themetabolic demand of the contracting muscle, the deliv-

ery and uptake of oxygen and nutrients increase dramatically

during exercise (Ahlborg et al., 1974; Egan and Zierath, 2013).

For this reason, blood flow through the vessels surrounding the

active muscle fibers is enhanced within seconds (Murrant and

Sarelius, 2000) and soon the formation of new vessels is pro-

moted (Bloor, 2005). Increased muscle capillary density should

improve blood-tissue exchange properties by increasing the sur-

face area for oxygen diffusion or nutrient uptake as well as faster

elimination of toxic waste products. Trained muscle indeed ex-

hibits higher oxygen exchange capacity and improved glucose

uptake (Gorski and De Bock, 2019; Prior et al., 2004). The in-

crease in muscle vascularization is an early adaptive event in

response to exercise (Andersen and Henriksson, 1977; Waters

et al., 2004), but the exact mechanisms through which exercise

promotes angiogenesis are poorly understood.

Recent single-cell RNA sequencing (scRNA-seq) approaches

revealed that ECs are remarkably heterogeneous (Goveia et al.,

2020; Jakab and Augustin, 2020; Kalucka et al., 2020; Vanlande-

wijck et al., 2018), suggesting that they adapt their transcrip-

tomic signature to meet the specific (metabolic) requirements

of their microenvironment. They also revealed common tran-

scriptomic signatures between EC populations during patholog-

ical angiogenesis (Rohlenova et al., 2020).Whether physiological

angiogenesis is driven by similar mechanisms is not known, but

unraveling those would potentially offer targets for regenerative

therapy. Here, we show the existence of two capillary subpopu-

lations within the muscle, which are localized in different

microenvironments and are characterized by differential expres-

sion of ATF3/4. ATF3/4+ mECs lying adjacent to oxidative

fibers are metabolically and functionally distinct from ATF3/4low

mECs, which are adjacent to glycolytic fibers. Using exercising

muscle as a model for physiological angiogenesis, we found

that ATF3/4+ mECs proliferate to ensure vascular expansion.

Mechanistically, baseline ATF3/4 expression metabolically

primes mECs for angiogenesis. Finally, deletion of Atf4 from

ECs considerably reduced the transcriptional differences be-

tween RmECs andWmECs and prevented the exercise-induced

increase in vascular density.

RESULTS

scRNA-seq reveals endothelial cell subpopulations in
skeletal muscle
Skeletal muscle is composed of different fiber types with distinct

metabolic characteristics. Muscles that consist of mainly oxida-

tive fibers (expressing myosin heavy-chain I or IIa isoforms;

MHCI/IIa, from now on oxidative muscle) such as the red parts

of m. gastrocnemius (GAS), m. quadriceps femoris (QUAD),

and m. soleus (SOL) have high abundance of ECs and capillaries

when compared with muscles that contain more glycolytic fibers

(expressing MHC IIx or IIb isoforms; MHCIIb/x, glycolytic mus-

cle), such as the white parts of GAS and QUAD, and m. extensor

digitorum longus (EDL) (Figures S1A–S1G). To explore muscle

EC heterogeneity, we collected CD31+CD45� ECs from GAS of

a wild-type (WT) C57BL/6N mouse (8 weeks) and performed
1794 Cell Metabolism 33, 1793–1807, September 7, 2021
scRNA-seq. We used GAS because this muscle contains oxida-

tive as well as glycolytic fibers (Figures S1A and S1E). A single

EC suspension was loaded into the 10x Genomics Chromium

single-cell controller, and the rest of the cells were reanalyzed

by flow cytometry to confirm presence of CD31 and absence

of CD45 (Figure S1H). scRNA-seq profiles were obtained from

4,121 cells with a median of 959 genes per cell. All RNA-seq

data generated in this paper can be interactively explored at

https://shiny.debocklab.hest.ethz.ch/Fan-et-al/. Unsupervised

clustering followed by t-distributed stochastic neighbor embed-

ding (t-SNE) revealed six clusters of vascular ECs (Figures 1A

and 1B), which all expressed the pan-vascular markers Cdh5

and Pecam1 (Figure 1C) and did not express described marker

sets of muscle stem cells and other muscle cell types (Figure S1I)

(De Micheli et al., 2020). We detected very few lymphatic ECs

characterized by Lyve1, Prox1, and Pdpn, but due to their low

number, they were not further analyzed. Next, we used genes

that were enriched in specific populations to annotate cell clus-

ters to known vascular EC populations. In agreement with a pre-

viously published scRNA-seq dataset that includes ECs isolated

from EDL and SOL (Kalucka et al., 2020), P-selectin (Selp) was

highly specific for venous ECs. Vwf and Vcam1 were also spe-

cific to venous ECs, since only negligible expression was

observed in arterial ECs (Figure 1C). Co-staining for SELP and

VWF confirmed their co-expression (Figure 1D) in veins. Venous

mECs also expressed previously identified markers such as

Nr2f2 and Ephb4 (Gerety et al., 1999; Vanlandewijck et al.,

2018; You et al., 2005). Arterial and arteriolar mECs expressed

known arterial marker genes such as Efnb2 (Gerety et al.,

1999; Wang et al., 1998), Gja5 (Lu and Wang, 2017), Sema3g

(Kutschera et al., 2011), Fbln5, Hey1, Bmx, and Clu (Ekman

et al., 1997; Kalucka et al., 2020). While expressing arterial

genes, arteriolar mECs simultaneously expressed genes such

as Lpl and its binding partner Gpihbp1, which are specific to

capillary ECs (Davies et al., 2010). The expression of arterial

markers was strikingly similar between arteriolar and arterial

mECs (Figure 1C). Arteriolar mECs, on the other hand, also ex-

pressed several capillary marker genes. We found some inter-

esting differences between different populations: for instance,

there was high and medium expression of Aqp1 in capillary

and arteriolar mECs, respectively, whereas Aqp1was barely de-

tected in arterial ECs. Indeed, EFNB2+ mECs in larger arteries

were devoid of AQP1 protein (Figure 1E). Moreover, capillary

mECs selectively expressed carbonic anhydrase 4 (Car4) (Fig-

ure 1F) and 8 (Car8), and these genes were absent in arterioles.

There was one small population that expressed several EC

marker genes but that we could not assign to any well-described

EC subtype (xECs). This population was characterized by Itm2a,

Tnfaip2, and Esm1 expression, genes that were previously linked

to a small capillary population in SOL (Kalucka et al., 2020). Un-

biased mapping of our data to the skeletal muscle data of that

paper confirmed the overlap (Figure S1J). Subsequently, we

focused on the two larger capillary EC populations (CapEC 1

and CapEC 2).

Muscle contains two capillary EC populations
characterized by distinct Atf3/4 expression
To explore differences between the two capillary subpopula-

tions, we looked at the most differentially expressed genes

https://shiny.debocklab.hest.ethz.ch/Fan-et-al/
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Figure 1. scRNA-seq reveals EC subpopulations in skeletal muscle

(A) Visualization of mEC populations on a t-SNE plot, color-coded for the identified subpopulations, including venous ECs (vEC), arterial ECs (aEC), arteriolar ECs

(arlEC), capillary ECs (CapEC 1 and CapEC 2), and an unknown EC population (xEC).

(B) Heatmap with Z scores showing top 10 enriched marker genes per cell type relative to other subpopulations.

(C) Violin plots of normalized scRNA expression profiles of known EC subtype markers in each mEC cluster.

(D–F) Representative images of GAS cross-sections, stained for (D) an EC marker (CD31, red) combined with a smooth muscle actin (aSMA) (orange), SELP

(green), and VWF (gray) (enriched in venous ECs); (E) EFNB2 (green) (enriched in arteries and arterioles) and AQP1 (gray) (low expression in arteries and arterioles;

and (F) CAR4 (green) and AQP1 (gray) (enriched in capillaries). Arrows indicate SELP+VWF+ veins in (D) and EFNB2+AQP1� arteries in (E). Scale bars, 50 mm.

See also Figure S1.
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(DEGs), which included members of the basic leucine zipper

transcription factor (bZIP) family as well as genes related to the

integrative stress response (Figure 2A). In particular, the expres-

sion levels of activating transcription factor 4 (Atf4) and its down-

stream target Atf3, two master regulators of the integrative

response to stress (Hai et al., 2010; Harding et al., 2003;

Pakos-Zebrucka et al., 2016), were among the most DEGs (Fig-

ure 2A). Even more, while most EC subtypes (CapEC 1, but also

non-capillary ECs) expressed Atf3/4, these genes were far less

expressed in CapEC 2. Differential Atf3/4 expression levels

were not secondary to standard cell dissociation procedures

(van den Brink et al., 2017; Wu et al., 2017), since mEC isolation

in the presence of actinomycin D (ActD), a transcriptional inhib-

itor, which prevents the activation of the stress response during

cell isolation (Wu et al., 2017), showed that our optimized (10min)

digestion protocol did not affect Atf3/4 or stress response gene

expression (Figure S2A). Moreover, staining for ATF3 on GAS

cross-sections showed that some, but not all, CD31+ cells

were ATF3+ (Figures 2B and 2C). ATF3 immunostainings com-
bined with fiber-type analysis further showed that ATF3(/4)+

ECs are enriched in muscle areas predominantly containing

oxidative MHCI/IIa fibers whereas glycolytic MHCIIb/x muscle

contained fewer ATF3(/4)+ mECs and most mECs lacked

ATF3(/4) (Figures 2B–2D). To further confirm preferential locali-

zation of ATF3/4 in capillary ECs from red oxidative muscle areas

(from now on red muscle ECs or RmECs) versus ATF3/4low ECs

in white glycolytic muscle areas (white muscle ECs or WmECs),

we isolated RmECs from SOL and WmECs from EDL (Figures

S1C, S1D, and S1G). Gene profiling showed lower Atf3/4 in

WmECs (Figure S2B), which was maintained upon ActD treat-

ment (Figure S2C). We also isolated and cultured RmECs

and WmECs for 7 days and found that WmECs retained lower

Atf3/4 mRNA content (Figure S2D) and fewer WmECs stained

positive for ATF3 (Figures 2E and 2F). Thus, ATF3/4low ECs are

highly enriched in WmECs whereas ATF3/4+ ECs are enriched

in RmECs.

We next took advantage of the selective enrichment of

ATF3/4+ and ATF3/4low ECs in RmECs and WmECs,
Cell Metabolism 33, 1793–1807, September 7, 2021 1795
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Figure 2. Muscle contains two capillary EC populations characterized by distinct Atf3/4

(A) Left: heatmap with log fold changes of 50 top marker genes of CapEC 1 relative to CapEC 2. Right: violin plot showing the distribution of Atf3 and Atf4

expression within different mEC populations.

(B) Representative fluorescence images showing ATF3 (gray) and CD31 (red) combined with type I (MHCI, green), type IIa (MHCIIa, blue), and type IIb (MHCIIb,

yellow) fiber-type staining on cross-sections in oxidative and glycolytic areas of GAS. Arrows indicate ATF3+CD31+ ECs. Scale bar, 50 mm.

(C) Quantification of the percentage of ATF3+ vessels in oxidative and glycolytic areas of GAS (n = 6).

(D) Representative fluorescence images showing ATF3 (gray) and CD31 (red) combined with type I (MHCI, green), type IIa (MHCIIa, blue), and type IIb (MHCIIb,

yellow) fiber-type staining on thick longitudinal sections of GAS. Arrows indicate ATF3+CD31+ ECs. Scale bar, 20 mm.

(E) Representative images of CD31 (red), ATF3 (green), and Hoechst (blue) staining of RmECs and WmECs that were cultured for 7 days. Scale bar, 50 mm.

(F) Quantification of the percentage of ATF3high ECs in RmECs versus WmECs (n = 3).

(G) Heatmap of the top 75 most highly variable genes in RmECs versus WmECs.

(H) TF motif enrichment analysis of upregulated genes in RmECs over WmECs.

(I) ATF4-dependent biological process analysis of upregulated genes in RmECs over WmECs.

Two-tailed unpaired Student’s t test in (C) and (F) (*p < 0.05). Bar graphs represent mean ± SEM. See also Figure S2 and Data S1.
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respectively, to perform amore detailed analysis of the transcrip-

tional differences between RmECs (isolated from SOL) and

WmECs (isolated from EDL) using bulk RNA-seq. 782 genes
1796 Cell Metabolism 33, 1793–1807, September 7, 2021
were differentially expressed, and Atf3/4 were present among

the most DEGs (Figure 2G; Data S1; https://shiny.debocklab.

hest.ethz.ch/Fan-et-al/). Furthermore, unbiased transcription

https://shiny.debocklab.hest.ethz.ch/Fan-et-al/
https://shiny.debocklab.hest.ethz.ch/Fan-et-al/
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factor (TF) motif enrichment analysis of DEGs showed that the

ATF4-binding motif RNMTGATGCAAY was the most enriched

one, and an alternative ATF4-binding motif was identified within

the ten most enriched TF-binding motifs (Figure 2H). Compari-

son of our DEG list with the list of verified ATF4 target genes

derived from ChIP-seq data (Han et al., 2013) confirmed the

presence of 60 ATF4 target genes (Data S1). ATF4 is activated

in response to several stressors (Harding et al., 2003; Hayner

et al., 2018; Köditz et al., 2007; Quirós et al., 2017; Ron and Wal-

ter, 2007; Yang et al., 2018). While ATF4 has an adaptive role un-

der stressful conditions, it can also be activated by pro-growth

signals and under such conditions acts as a downstream

anabolic effector of the mechanistic target of rapamycin com-

plex 1 (mTORC1), the master regulator of cell growth (Adams,

2007; Ben-Sahra et al., 2016; Torrence et al., 2021). Interestingly,

the majority of differentially expressed ATF4-dependent genes

encoded enzymes required for non-essential amino acid

(NEAA) synthesis, amino acid (AA) uptake, and tRNA charging,

and overlapped (49.18% of reported anabolic genes were higher

in RmECs) with the set of genes coordinating the ATF4-depen-

dent anabolic response (Torrence et al., 2021) (Figure S2E),

whereas only very few (9.23%) ATF4-dependent adaptive genes

were activated (Figure S2F). Furthermore, analysis of biological

processes executed by known ATF4 genes confirmed activation

of ‘‘cellular AA synthesis,’’ ‘‘translation,’’ and ‘‘AA transporter’’

while ‘‘endoplasmatic reticulum stress’’ was not affected (Fig-

ure 2I). Since we observed the differential regulation of ATF4-

dependent anabolic genes, we subsequently wondered whether

ATF3/4 determines the angiogenic potential of mECs.

Atf3/4low WmECs have a lower angiogenic potential
in vitro

To explore if ATF3/4low WmECs and ATF3/4+ RmECs have

different angiogenic characteristics, we isolated and cultured

RmECs and WmECs. EdU assays showed that more RmECs

were proliferating when compared with WmECs under standard

culture conditions, and RmECs also proliferated faster (Figures

3A–3C). RmECs sprouted better in spheroid assays as they

had more and longer sprouts (Figures 3D and 3E). We also

embedded muscle explants in collagen matrix, and as soon as

5 days after embedding, we observed a more pronounced

outgrowth of isolectin B4-positive (IB4+) capillaries from oxida-

tive muscles containing RmECs (Figures 3F and 3G).

To study the functional relevance of ATF3/4 in maintaining the

angiogenic potential of RmECs, we silenced Atf3/4 using short

hairpin RNAs (shRNAs) against ATF3 as well as ATF4 in human

umbilical vein endothelial cells (HUVECs) (Atf3/4KD) (Figure S3A).

Lowering ATF3/4 in HUVECs reduced their proliferative capacity

(Figures 3H and 3I). We also assessed cell migration using

scratch wound assays, but this was not affected by Atf3/4KD

(Figures 3J and 3K). Atf3/4KD cells sprouted less (Figures 3L

and 3M), and this was caused by lower proliferation since treat-

ment with the proliferation blocker mitomycin C abrogated the

sprouting difference (Figures 3L and 3M).

Finally, to prove the functional relevance of ATF4, we used a

doxycycline-inducible ATF4 overexpression construct (Torrence

et al., 2021), which allowed us to titrate ATF4 expression leading

to a 2-fold increase in ATF4 (Figure S3B). Increasing ATF4 in

WmECs (but not RmECs) sufficed to increase proliferation (Fig-
ures 3N and 3O), despite the lower activation of ATF4 down-

stream genes when compared with RmECs (Figure S3B). Since

metabolism is a crucial mediator of EC function, and since our

unbiased RNA-seq analysis already showed that many ATF4-

dependent genes involved in AA metabolism were differentially

expressed between RmECs and WmECs, we speculated that

ATF3/4 maintains angiogenic capacity in RmECs by controlling

endothelial AA metabolism.

Atf3/4 rewires AA metabolism to metabolically prime
RmECs for angiogenesis
Sufficient AA availability is crucial for protein synthesis during

proliferation. While AA metabolism has been extensively studied

in cancer cells, several studies have meanwhile highlighted that

EC AA metabolism extensively rewires during angiogenesis (Hit-

zel et al., 2018; Huang et al., 2017; Kim et al., 2017; Vandekeere

et al., 2018). Based on our unbiased RNA-seq analysis, we first

verified by RT-PCR that neutral AA transporters (SLC1A4,

SLC1A5, SLC7A1, and SLC7A5), which were previously shown

to be ATF3/4 dependent and which we confirmed as differen-

tially expressed in RmECs versus WmECs (Figure 4A), were

downregulated in Atf3/4KD HUVECs (Figure 4B). This coincided

with reduced uptake of AA such as leucine and glutamine

(Figure 4C). Also, the expression of several enzymes involved

in the generation of NEAAs such as asparagine (ASNS) and

de novo serine and glycine biosynthesis (PSAT1, PSPH,

PHGDH, and SHMT2) was lower in WmECs (Figures 4A and

S4A) and Atf3/4KD cells (Figures 4A and S4A). To test whether

de novo serine/glycine biosynthesis was reduced in WmECs as

well as in Atf3/4KD cells, we supplemented U-13C-glucose, a

main substrate for serine/glycine biosynthesis in ECs (Vande-

keere et al., 2018), to the medium and traced its incorporation

in serine/glycine. We first confirmed that ECs use glucose for

de novo synthesis of serine and glycine (Figures 4D and 4E).

Additionally, WmECs and Atf3/4KD incorporated less U-13C-

glucose into serine and glycine (Figures 4D and 4E). This broad

rewiring of AA uptake and synthesis suggested that ATF3/4 are

required to maintain intracellular AA balance. Indeed, WmECs

and Atf3/4KD HUVECs had reduced levels of most, but not all,

AAs (Figures 4F and 4G).

To understand how reduced AA uptake and synthesis impair

proliferation in WmECs and upon Atf3/4KD, we assessed the ac-

tivity of several anabolic pathways. First, protein synthesis was

lower in WmECs and upon Atf3/4KD (Figures 4H, 4I, S4C, and

S4D), which was not unexpected because of the lower intracel-

lular AA levels. Moreover, since glycine and one-carbon (1C)

units generated during serine-to-glycine conversion are used

for de novo purine dNTP synthesis (Labuschagne et al., 2014),

we also assessed whether purine synthesis was affected by

ATF3/4. Indeed, WmECs and Atf3/4KD had lower purine levels

(Figures 4J and 4K). We also found lower contribution of glycine

and serine-derived 1C units in purines shown by a lower fraction

of purines with mass value of m+6 or higher upon U-13C-glucose

feeding (Diehl et al., 2019) (Figures 4L and 4M).

Importantly, metabolic differences between WT and Atf3/4KD

ECs as well as RmECs and WmECs were independent of prolif-

eration. Contact-inhibited (CI) ECs had lower levels of Atf3/4 and

downstream genes (Figure S4E), suggesting that proliferation

coincides with increased ATF3/4 activity. On the other hand,
Cell Metabolism 33, 1793–1807, September 7, 2021 1797
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Figure 3. ATF3/4low WmECs have a lower angiogenic potential

(A) Representative images of EdU incorporation (gray) and EdU intensity in RmECs and WmECs combined with CD31 (red) and ERG (green) staining. Scale

bar, 100 mm.

(B) Quantification of the percentage of EdU+ ECs (CD31+) in RmECs versus WmECs (n = 6).

(C) Quantification of (per mEC) EdU median intensity of RmECs versus WmECs (n = 5).

(D and E) Representative bright field pictures (D) and quantification (E) of number of sprouts and average and total sprout length in spheroids composed of RmECs

and WmECs (n = 30). Scale bar, 50 mm.

(F and G) Representative images (F) and quantification of the length (G) of vascular sprouts from collagen embeddedmuscle explants from red oxidative (top row)

and white glycolytic (bottom row) muscles or muscle areas. Explants were stained for isolectin B4 (IB4) (red), phalloidin (green), and Hoechst (blue). Scale

bar, 100 mm.

(H and I) Representative fluorescence images (H) and quantification (I) of EdU incorporation (red) and Hoechst (blue) in scr versus Atf3/4KD HUVECs (n = 4). Scale

bar, 100 mm.

(J and K) Representative pictures (J) and quantifications (K) of scratch wound width in mitomycin C (mitoC)-treated WT (scr) and Atf3/4KD HUVECs (n = 3).

(L andM) Representative pictures (L) and quantifications (M) of total and average sprout length and number of sprouts in WT (scr) and Atf3/4KD HUVEC spheroids

(n = 30), with or without mitomycin C (mitoC) treatment. Scale bar, 50 mm.

(N and O) Representative images (N) and quantification (O) of EdU incorporation (gray) in GFP orAtf4 (Atf4OE) overexpressing RmECs andWmECs combined with

CD31 (red) and ERG (green). Scale bar, 100 mm.

Two-tailed unpaired Student’s t test in (B), (C), (E), (G), and (I) (*p < 0.05). One-way ANOVAwith Tukey’smultiple comparisons test in (M) and (O) (*p < 0.05; n.s., not

significant). Two-way ANOVA with Sidak’s multiple comparisons test in (K). Bar graphs represent mean ± SEM. See also Figure S3.
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Atf3/4KD CI ECs retained lower expression of AA genes when

compared with WT HUVECs despite efficient activation of genes

associated with endothelial quiescence pathways (Figure S4E).

Under CI conditions, Atf3/4KD ECs retained lower glutamine

and leucine uptake (Figure S4F) and intracellular AA levels (Fig-
1798 Cell Metabolism 33, 1793–1807, September 7, 2021
ure S4G), even though differences in AAs under normal culture

conditions were small, altogether leading to lower protein syn-

thesis (Figure S4H). Finally, to confirm that intracellular AA levels

were different between quiescent non-proliferating RmECs and

WmECs in vivo, we isolated and immediately lysed RmECs
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Figure 4. ATF3/4 rewires AA metabolism and biomass synthesis to metabolically prime RmECs for angiogenesis

(A and B) Gene expression analysis of neutral AA transporters and metabolic genes in RmECs and WmECs (A), as well as WT (scr) and Atf3/4KD HUVECs (B)

(n = 3–6).

(C) Leucine and glutamine uptake assay in WT (scr) and Atf3/4KD HUVECs (n = 6).

(D and E) Incorporation of [U-13C]-glucose carbon into serine and glycine in RmECs versus WmECs (D), as well as WT (scr) versus Atf3/4KD HUVECs (E) (n = 4).

(F and G) Intracellular free AA abundance in RmECs versus WmECs (F) (n = 10), and WT (scr) versus Atf3/4KD HUVECs (G) (n = 5).

(H and I) Protein synthesis rate in RmECs versus WmECs (H), as well as WT (scr) versus Atf3/4KD HUVECs (I) (n = 8–12).

(J and K) Intracellular purine levels in RmECs versus WmECs (J), and WT (scr) versus Atf3/4KD HUVECs (K) (n = 5).

(L and M) Total levels and labeling of ADP from [U-13C] glucose in RmECs versus WmECs (L) as well as WT (scr) versus Atf3/4KD HUVECs (M) (n = 4–5).

(N andO) Representative fluorescence images (N) and quantification (O) of EdU incorporation (red) inWT (scr) andAtf3/4KD HUVECs cultured in control conditions

(ctrl) and upon supplementation with NEAAs or EAAs (n = 6). Scale bar, 100 mm.

(P and Q) Representative pictures (P) and quantifications (Q) of total sprout length and number of sprouts in WT and Atf3/4KD HUVEC spheroids cultured under

control conditions (ctrl) and upon supplementation with NEAAs or EAAs (n = 25). Scale bar, 50 mm.

(legend continued on next page)
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and WmECs for AA analysis and found lower levels of most AAs

in WmECs compared with RmECs (Figure S4I).

To further study whether the metabolic differences between

ATF3/4+ RmECs and ATF3/4low WmECs were causing the differ-

ences in proliferation/sprouting, we increased AA availability by

adding EAAs as well as NEAAs to the normal culture medium.

Indeed, it is known that high AA concentrations in culturing me-

dia can ‘‘rescue’’ deficits in cellular AA levels (Harding et al.,

2003; Torrence et al., 2021). Addition of NEAAs, but not EAAs,

completely rescued proliferation (Figures 4N and 4O) as well as

sprouting ofAtf3/4KD ECs (Figures 4P and 4Q).We also observed

increased proliferation of WmECswhen cultured in medium con-

taining additional NEAAs, while RmEC proliferation was not

affected by NEAA supplementation (Figures 4R and 4S). Of

note, adding NEAAs to the culture medium did not affect

Atf3/4 expression (Figure S4J). Finally, we also reduced average

AA availability in the culture medium to that previously measured

in muscle (Felig and Wahren, 1971) by lowering it to 1/3 of full

medium AA concentration. Culturing WmECs and Atf3/4KD

HUVECs under 1/3 AA levels further reduced intracellular AA

levels when compared with full medium conditions (Figures

S4K and S4L). In support of this, while WT (Scr) HUVECs were

not affected by reduced AA availability, 1/3 AA availability

increased the sprouting and proliferation deficit in Atf3/4KD

HUVECs (Figures S4M–S4P). Altogether, these data underscore

the primary role for AAmetabolism in driving the functional differ-

ences between RmECs and WmECs.

Ultimately, we aimed at getting further insight into whether

ATF3/4 control angiogenesis through interacting with known

transcriptional regulators of angiogenesis. Atf3/4KD did not,

however, reduce angiogenic activity by increasing the activity

of NOTCH or FOXO1 as it did not affect the expression of known

FOXO1 or NOTCH targets (Figures S4Q and S4R). Atf3/4KD also

did not change the activation of NOTCH target genes upon

stimulation with the NOTCH ligand DLL4 (Figure S4R). Lowering

ATF3/4 has also been associated with increased P53 stability,

but we could not detect P53 stabilization in Atf3/4KD cells

(Figure S4S), nor was it identified in our TF analysis of upregu-

lated genes in RmECs over WmECs (Figure 2H). ATF4 is known

to form heterodimers with other bZIP TFs, such as C/EBP, in

order to control gene expression (Kilberg et al., 2009), but only

CHOP-10 showed modest enrichment in our TF motif analysis

(Figure 2H). Since the bZIP TF cMYC is a powerful driver of EC

metabolism and growth (Wilhelm et al., 2016), we decided to

explore whether ATF3/4 control EC proliferation via affecting

cMYC. We did not observe altered expression of known cMYC

target genes CDK4, CCND2, and CCNB2 upon Atf3/4KD, or

altered expression of cMYC itself, suggesting that the prolifera-

tive defect under normal conditions was not due to a primary

defect in cMYC activity (Figures S4T and S4U). Interestingly,

cMYC controls the expression of ATF3/4 (Tameire et al., 2019;

Tamura et al., 2005). ATF4 and cMYC also share common target

genes in cancer cells, most of which are involved in AA transport

and metabolism (Tameire et al., 2019). cMYC overexpression
(R and S) Representative fluorescence images (R) and quantification (S) of EdU in

control (ctrl) and upon supplementation with NEAA (n = 12). Scale bar, 100 mm.

Two-tailed unpaired Student’s t test in (A)–(M) (*p < 0.05; n.s., not significant).

(*p < 0.05). Bar graphs represent mean ± SEM. See also Figure S4.
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increased ATF3/4 mRNA content and expression of several

(ATF3/4-dependent, see above) AA metabolic genes (Figures

S4T and S4U). Moreover, while cMYC overexpression in

Atf3/4KD cells was still able to activate genes involved in cell-cy-

cle regulation, it failed to activate the AA-related transcriptional

signature, showing that ATF3/4 are required for cMYC-mediated

induction of genes involved in AA metabolism (Figure S4U).

Finally, Atf3/4KD blunted the ability of cMYC to increase sprout-

ing (Figures S4V and S4W) and proliferation capacity (Figures

S4X and S4Y) under low mitogenic, 1/3 AA conditions, whereas

NEAA supplementation fully rescued proliferation (Figures S4X

and S4Y). Thus, basal ATF3/4metabolically prime ECs for angio-

genesis and cMYC-induced proliferation.

Exercise leads to selective expansion of RmECs
To study whether RmECs are also primed for angiogenesis

in vivo, we used voluntary wheel running as a model for exer-

cise-induced angiogenesis (Chinsomboon et al., 2009). Single

mice were put in cages with free access to running wheels (Fig-

ure S5A). After 14 days of exercise, we found an increase in IB4+

vessel area and more ERG+ ECs in the oxidative area of the

QUAD, whereas we did not observe increased vessel density

in the glycolytic area (Figures 5A–5D). We also detected higher

vessel density in oxidative areas of the GAS (Figures S5B and

S5C). Subsequently, we performed scRNA-seq on mECs iso-

lated from the GAS of sedentary and exercised mice. Cell clus-

tering showed that there was a shift between the two capillary

subpopulations following exercise, as the Atf3/4+ mEC popula-

tion increased, while Atf3/4low capillary mECs proportionally

decreased (Figure 5E). Other mEC populations such as venous,

arterial, and arteriolar ECs kept approximately the same cell

abundance. Subsequently, we investigated whether Atf3/4+

capillary ECs proliferate themselves or Atf3/4low capillary ECs

transformed into Atf3/4+ capillary ECs. To address this question,

we applied RNA velocity analysis on our scRNA-seq dataset

from sedentary and exercised samples to predict the future state

of individual cells (La Manno et al., 2018). No clear extrapolated

future states (arrows) were found between Atf3/4+ and Atf3/4low

capillary ECs, suggesting no general movement of capillary ECs

from Atf3/4low toward Atf3/4+ population (Figure 5F). These data

showed that different mEC populations were in a steady-state

relationship and suggested that during exercise, the ATF3/4+

RmECs proliferate whereas the Atf3/4low WmECs remain quies-

cent. To test this, we repeated the running experiment and in-

jected mice with EdU (single injection of 50 mg/g body weight).

As expected, proliferation was observed in very few cells in the

sedentary group, but it increased substantially in exercised

mice (Figures 5G–5I). First, the majority of proliferating cells

(EdU+) were ECs (ERG1+). Second, the increase in proliferating

mECs (EdU+ERG1+) was largely limited to oxidative areas,

whereas mECs within the glycolytic area did not proliferate (Fig-

ures 5G–5J). Flow cytometry analysis of RmECs and WmECs

confirmed a selective increase in the number of EdU+ RmECs

upon exercise (Figures S5D and S5E) and they proliferated faster
corporation (gray) in RmECs and WmECs (CD31, red; ERG, green) cultured in

One-way ANOVA with Tukey’s multiple comparisons test in (O), (Q), and (S)
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Figure 5. Exercise leads to selective expansion of RmECs

(A) Representative fluorescence image showing IB4 (red) combined with type I (MHCI, green), type IIa (MHCIIa, blue), and type IIb (MHCIIb, yellow) fiber-type

staining on QUAD cross-sections. Oxidative, peri-oxidative, and glycolytic areas are marked. Scale bar, 400 mm.

(B) Representative fluorescence images of IB4 (red) and ERG (green) staining in oxidative and glycolytic areas of QUAD from sedentary versus exercised (14 days

voluntary running) mice. Scale bar, 50 mm.

(C and D) Quantification of IB4+ area (% of total area, C) and number of ERG+ ECs (D) within oxidative and glycolytic areas of sedentary versus exercised mice

(n = 3–4).

(E) t-SNE plot derived from scRNA-seq of mECs from sedentary versus exercised mice (14 days voluntary running). Pie charts show the fraction of each pop-

ulation in sedentary (top) and exercised (bottom) mice.

(F) RNA velocity analysis of mECs from sedentary (top) and exercised (bottom) mice (14 days voluntary running). Arrows indicate extrapolated future states

of ECs.

(G and H) Representative images of staining of serial sections of QUAD for type I (MHCI, green), type IIa (MHCIIa, blue), and type IIb (MHCIIb, yellow) fibers (first

section) and EdU incorporation (gray) co-stained with IB4 (red) and ERG (green) (second section) after 14 days of exercise (G). Scale bar, 200 mm.Magnification of

white box (90� rotated) is shown in (H); arrows indicate EdU+ERG+ ECs. Scale bar, 50 mm.

(I) Quantification of % EdU+ERG+ ECs in oxidative and glycolytic areas of QUAD from sedentary versus exercised mice (n = 3).

(J) Representative fluorescence images showing EdU incorporation (gray) and IB4 (red) on thick longitudinal QUAD sections. Arrows indicate EdU+IB4+ ECs.

Scale bar, 20 mm.

(K) Quantification of spatial distribution of EdU+ERG+ proliferating ECs in QUAD of sedentary versus exercised mice (n = 6).

Two-tailed unpaired Student’s t test in (C), (D), and (I) (*p < 0.05; n.s., not significant). Two-way ANOVAwith Sidak’smultiple comparisons test in (K) (*p < 0.05; n.s.,

not significant). Bar graphs represent mean ± SEM. See also Figure S5.
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(Figures S5F and S5G). We also found more ATF3+ ECs in the

oxidative area after training, while the number of ATF3+ ECs in

the glycolytic area did not change (Figures S5H and S5I). Anal-

ysis of spatial distribution of proliferative mECs revealed that
EdU+ mECs were present inside the oxidative area. We also

found some proliferating ECs in the adjacent peri-oxidative

area, which contains a mixture of oxidative and glycolytic fibers,

but their number gradually and rapidly decreasedwith increasing
Cell Metabolism 33, 1793–1807, September 7, 2021 1801
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Figure 6. Deletion of Atf4 in ECs impairs exercise-induced EC proliferation and vascular expansion

(A) Scheme showing the generation of Pdgfb-Cre 3 Atf4Loxp/Loxp (Atf4DEC) mice and experimental plan.

(B) Left: heatmap of the top 75 most highly variable genes in WT RmECs versus WT WmECs. Right: relative expression in Atf4DEC/DEC RmECs versus Atf4DEC/

DEC WmECs.

(C) Left: heatmap showing relative expression of ATF4-dependent anabolic gene set in WT RmECs versus WT WmECs. Right: relative expression in

Atf4DEC/DEC RmECs versus Atf4DEC/DEC WmECs. Bold gene names refer to DEGs between WT RmECs and WT WmECs (log fold change > 1 and adjusted p

value < 0.05).

(D) PCA showing sample distances between RmECs and WmECs (WT and Atf4DEC/DEC).

(E and F) Representative fluorescence images of serial sections of QUAD from WT and Atf4DEC/DEC mice stained for type I (MHCI, green), type IIa

(MHCIIa, blue), and type IIb (MHCIIb,yellow) fibers (first section) and EdU incorporation (gray) co-stained with IB4 (red) and ERG (green)

(second section) after 14 days of exercise (E). Scale bar, 100 mm. Magnification of white box is shown in (F); arrows indicate EdU+ERG+ ECs. Scale

bar, 50 mm.

(G) Representative fluorescence images of IB4 vascular staining in glycolytic and oxidative areas of QUAD from WT and Atf4DEC/DEC mice in sedentary and

exercised conditions. Scale bar, 50 mm.

(legend continued on next page)
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distance from the oxidative area (Figure 5K). Subsequent addi-

tional analysis of IB4+ area and number of ERG1+ ECs and EdU+-

ERG1+ ECs within this peri-oxidative area confirmed that there

was an increase in vessel density (Figures S5B, S5C, and S5J–

S5L). Thus, upon exercise, ATF3/4+ RmECs, but not ATF3/4low

WmECs, become angiogenic.

Deletion of Atf4 in ECs impairs exercise-induced
endothelial proliferation and vascular expansion
To confirm the functional role of Atf3/4+ ECs in vivo, we inter-

crossed Atf4LoxP/LoxP mice (Ebert et al., 2012) with EC-specific

inducible Pdgfb-CreERT2 mice (Claxton et al., 2008), to generate

Atf4DEC/DEC mice (Figure 6A). Tamoxifen injection (1 mg/day for

5 days followed by washout of at least 7 days) led to an efficient

decrease in Atf4 mRNA (Figure S6A). We subsequently evalu-

ated the transcriptional changes (bulk RNA-seq) induced by

loss of ATF4 in RmECs and WmECs isolated from Atf4DEC/DEC

muscles. From the 782 and 140 genes that were differentially ex-

pressed betweenWT RmECs andWmECs, respectively (log fold

change > 1 and adjusted p value < 0.05), only 211 and 126 re-

mained differentially expressed between RmECs and WmECs

after ATF4 knockout (Figure 6B). The effect of ATF4 knockout

was much more pronounced in RmECs than in WmECs, as

73% of DEGs in RmECs were not different any longer after

Atf4 deletion, while only 10% of WmECs DEGs were affected

by the knockout. Moreover, loss of Atf4 completely wiped out

the differential regulation of the anabolic program in RmECs (Fig-

ure 6C), and principal component analysis revealed that Atf4-

deficient RmECs were almost indistinguishable from WmECs

(Figure 6D). These data show that ATF4 is a main transcriptional

regulator of RmECs.

To verify that endothelial ATF4 defines the angiogenic poten-

tial of RmECs in vivo, we performed exercise experiments.

Running distance was not different between genotypes (Fig-

ure S6B). While we noticed an increase in IB4+ vascular density

upon exercise in WT mice, this was not the case in Atf4DEC/DEC

mice (Figures 6E–6H). This was not due to reduced baseline

vascularization, as vascular density of Atf4DEC/DEC muscle was

similar to that of WT littermates. We did not observe more

dead mECs under sedentary or exercised conditions (Fig-

ure S6D). Rather, exercise-induced proliferation of mECs in the

oxidative areas of Atf4DEC/DEC muscle was reduced (Figures

6E–6I). Lower exercise-induced vascular expansion did not

affect short-term (2-week) training adaptations: we found similar

increases in exercise performance (Figure S6C) and muscle fi-

ber-type composition (Figure S6E), and the expression of oxida-

tive enzymes was not different between genotypes (Figures

S6F–S6H).

Finally, to exclude that reduced exercise-induced proliferation

of Atf4DEC/DEC mECs was secondary to systemic effects caused

by widespread deletion of Atf4 in ECs, we performed low-dose

tamoxifen injections in Atf4DEC/DEC mice, which we intercrossed

with Rosa26mTmG fate-tracing mice. Low-dose tamoxifen injec-

tion (1/100 dilution—0.01 mg in a single injection 5 days before
(H and I) Quantification of IB4+ area (% of total area) (H) and the percentage of

Atf4DEC/DEC mice in sedentary and after exercise (n = 6). One-way ANOVA with

represents a single mouse.

Bar graphs represent mean ± SEM. See also Figure S6.
starting the exercise intervention) resulted in mosaic recombina-

tion with approximately 20% of ECs being mGFP labeled (Fig-

ures S6I and S6J). Subsequently, we verified whether in

response to exercise, mGFPWT ECs proliferate and expand

whereas mGFPATF4 KO ECs do not. In order to label all prolifer-

ating cells, we performed repetitive EdU injections (three times

in the last 24 h) (Figures S6I and S6K). Upon exercise, mGFPWT

ECs efficiently increased proliferation, as we found 4% of ECs to

be EdU+. As expected, mGFPATF4 KO ECs did not increase pro-

liferation: the fraction of mGFPATF4 KO/EdU+ ECs was lower

when compared with mTomatoWT non-recombined ECs in the

same muscle from the same animal as well as the recombined

mGFPWT ECs from Pdgfb-CreERT2RosamTmG mice (which do

not carry the Atf4LoxP/LoxP alleles) (Figures S6I and S6K). Conse-

quently, the contribution of mGFPATF4 KO ECs to the total mEC

population decreased (Figures S6I and S6J). In conclusion, these

data provide further evidence that ATF4 is required for exercise-

induced mEC proliferation and vascular expansion.

DISCUSSION

Using scRNA-seq, we identified a specific population of mECs

that is characterized by altered levels of Atf3/4 and downstream

genes. While all other populations efficiently expressed Atf3/4,

levels were very low in one capillary population, which was en-

riched in the glycolytic muscle areas. It was recently reported

in several cell types, including muscle stem cells (van den Brink

et al., 2017) and neurons (Wu et al., 2017), that the activation of

stress-responsive genes such asAtf3/4 can be artificially evoked

during standard cell dissociation procedures. In scRNA-seq da-

tasets (Barry et al., 2019; Goveia et al., 2020), the appearance of

subpopulations with high expression of bZIP TFs and stress-

responsive genes was attributed to EC activation, either due to

isolation (Barry et al., 2019) or tumor-derived factors (Goveia

et al., 2020). On the other hand, Atf3/4 have previously been

linked to EC biology in vivo: ECs driving regeneration of the EC

lining of large arteries express bZIP TFs and ATF3 is required

for endothelial regeneration in large arteries (McDonald et al.,

2018). High ATF3 has also been linked to diabetic angiopathy

(Okamoto et al., 2006). Moreover, increased muscle capillary

density upon sulfur AA starvation is associated with increased

ATF4 (Longchamp et al., 2018). Isolation of ECs in the presence

of actinomycin D, a transcriptional inhibitor, which prevents the

activation of stress-responsive genes during cell isolation (Wu

et al., 2017), showed that our isolation protocol did not cause dif-

ferential expression of Atf3/4. Moreover, we found that differ-

ences in ATF3+ mECs were present on tissue sections and that

culturing RmECs versus WmECs did not wash out the difference

in ATF3 protein levels or the expression of Atf3/4. Subsequent

bulk RNA-seq profiling of ATF3/4+ RmECs versus ATF3/4low

WmECs followed by TF-binding motif enrichment analysis re-

vealed that ATF4-binding motifs were most abundantly present

in the promotor sequences of those genes, which were more

highly expressed in RmECs, suggesting that ATF4 defines the
EdU+ERG+ ECs (I) in oxidative versus glycolytic areas in QUAD of WT versus

Tukey’s multiple comparisons test (*p < 0.05; n.s., not significant). Each dot
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transcriptional differences between RmECs and WmECs.

Genetically removing Atf4 from ECs considerably reduced the

transcriptional differences between RmECs and WmECs. More-

over, Atf4DEC/DEC mice showed blunted exercise-induced angio-

genesis, altogether underscoring the functional role of ATF4 as a

main transcriptional regulator of RmECs in vivo.

Previous studies already highlighted the importance of AA

metabolism for EC biology. ECs take up large amounts of gluta-

mine (Huang et al., 2017; Kim et al., 2017) and use it for the syn-

thesis of biomass. Removing glutamine from the medium

increased ATF4 while reducing mTORC1 activation and prolifer-

ation/migration (Huang et al., 2017). In contrast, removing methi-

onine and cysteine promoted angiogenesis in vitro in an ATF4-

dependent fashion (Longchamp et al., 2018). In addition to those

observations, ATF4 can be activated as part of a widespread

anabolic program (Adams, 2007; Ben-Sahra et al., 2016; Tor-

rence et al., 2021). Among the most variably expressed genes

in RmECs were genes in AA uptake and metabolism that are

linked to the anabolic ATF4-dependent program (Torrence

et al., 2021). We found that ATF3/4low cells within the glycolytic

area did not proliferate in response to exercise and, when

brought in culture under angiogenic conditions, showed a signif-

icantly lower proliferation rate when compared with ECs isolated

from oxidative areas (which have higher ATF3/4). Lowering

ATF3/4, either with knockdown approaches in HUVECs or by us-

ing WmECs, coincided with a reduced expression of several

genes involved in AA uptake and metabolism. Consistently,

ATF3/4low cells took up fewer AAs and had lower intracellular

levels of both EAAs and NEAAs. We also assessed whether AA

synthesis was affected and found that serine/glycine biosyn-

thesis from glucose was lower in primary ATF3/4low WmECs

and Atf3/4KD HUVECs. Knockdown of Phgdh, which arrests de

novo serine biosynthesis from glucose, reduced EC proliferation

and viability even in the presence of serine (Vandekeere et al.,

2018). In contrast to the latter observations, we did not observe

acute loss of viability under normal culturing conditions upon

knockdown of Atf3/4 in HUVECs. We also did not observe lower

vascular density in sedentary adult muscle upon deletion of Atf4,

or an increased number of dead ECs in Atf4DEC/DEC mice, which

argues against significant loss of EC viability. The reduction in

Phgdh and serine/glycine biosynthesis was lower in our study,

and the remaining flux through serine biosynthesis likely sufficed

to maintain viability while restricting proliferative capacity.

Importantly, increasing the availability of NEAAs, but not EAAs,

in the culture medium completely restored proliferation and

sprouting in Atf3/4KD HUVECs as well as WmECs. This shows

that ATF3/4 controls EC proliferation through metabolism.

Finally, the metabolic and transcriptional differences were pre-

sent in quiescent mECs as well as in CI HUVECs, and we found

higher levels of AAs in primary isolated (non-cultured) RmECs

compared with WmECs. Thus, ATF3/4 metabolically prime

mECs for proliferation and angiogenesis by controlling AA avail-

ability and metabolism.

ATF4 functions in heterodimers with other bZIP TFs and also

co-regulates many of its target genes together with other TFs

(Kilberg et al., 2009). Many of those bZIP TFs, such as cMYC

(Wilhelm et al., 2016), C/EBP (Kakogiannos et al., 2020; Loinard

et al., 2012; Min et al., 2017), JunD (Gerald et al., 2004), and

others (Hamik et al., 2006), have been linked to endothelial
1804 Cell Metabolism 33, 1793–1807, September 7, 2021
biology before. Also, ATF3/4 have been previously shown to sta-

bilize P53 (Yan et al., 2005), a known regulator of angiogenesis

(Gogiraju et al., 2015). We currently do not know which bZIP

TFs co-regulate metabolic gene expression together with

ATF4. We only observed that CHOP-10 TF motifs were enriched

in RmECs, albeit with low significance. Since ATF4 and CHOP

are known to bind the same promotors, the importance of this

finding warrants future investigation. Within this study, we

focused on the interplay with cMYC because of its known role

in promoting angiogenesis through coordinating the expression

of genes involved in metabolism, growth, and proliferation (Po-

tente and Carmeliet, 2017). However, it is worthwhile to note

that cMYC was not identified in our unbiased TF motif analysis.

This is not surprising since cMYC signaling is repressed in quies-

cent ECs (Wilhelm et al., 2016). Rather, the transcriptional activa-

tion of ATF4 by cMYC seems to be a necessary step during

angiogenic activation. In this respect, reducing ATF3/4 did not

impair the ability of cMYC to activate genes involved in cell-cycle

control but clearly blunted the cMYC-induced activation of

genes involved in AA metabolism. This selective targeting of

metabolic genes resulted in the inability of cMYC to promote

proliferation of ECs in culture. These observations underscore

once more the powerful role of metabolism as a critical engine

of angiogenesis.

Our study largely focused on revealing the molecular mecha-

nisms throughwhich ATF3/4+mECsmaintain angiogenic capac-

ity (or why ATF3/4low ECs lose their angiogenic capacity), and we

did not evaluate whether ATF4 is required for maintenance of

quiescence or endothelial function in vivo. In this respect, an

oxidizing microenvironment as well as AA deprivation activate

ATF4 through the integrative stress response leading to the acti-

vation of genes involved in adaptation to stress. We observed

that a small subset of this adaptive gene set was differentially ex-

pressed between RmECs and WmECs in an ATF4-dependent

fashion. Future research should evaluate whether ATF3/4

contribute to EC homeostasis and function during quiescence.

It is tempting to speculate about the upstream mechanism

leading to lower ATF3/4 in WmECs. Since ATF3/4+ mECs were

largely enriched within the red oxidative area, one possibility

could be that the oxidative microenvironment of type I/IIa fibers

is responsible for maintaining basal ATF3/4 levels over time,

while ATF3/4 is gradually lost in glycolytic muscle areas. Indeed,

oxidative stress is a known regulator of Atf4 expression (Harding

et al., 2003). On the other hand, scRNA-seq of mouse aortic

ECs, which presumably have amore uniformmetabolic microen-

vironment when compared with skeletal muscle, also confirmed

the presence of ATF3+ cells that expanded upon aortic injury

(McDonald et al., 2018). Moreover, it is worthwhile noting that

the transcriptional and functional differences between the capil-

lary populations were maintained upon short-term (7 days) cul-

ture. RNA velocity analysis also showed that Atf3/4low mECs

were not on a trajectory toward acquiring genetic properties of

Atf3/4+ cells upon exercise. These observations, however,

require confirmation using lineage tracing studies. We only

observed expansion of the Atf3/4+ population, suggesting that

differences in Atf3/4 are (epi)genetically imprinted in these pop-

ulations. McDonald et al. further showed that the Atf3+ popula-

tion is gradually lost during aging and coincides with reduced

aortic regeneration, indicating that ECs can permanently lose
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Atf3/4 under specific conditions such as aging. Future studies

should reveal whether long-term exercise is able to maintain

ATF3/4 expression into aging and whether this is associated

with improved aortic regeneration.

Limitations of study
Angiogenesis is an early adaptive response to training (Andersen

and Henriksson, 1977; Waters et al., 2004), and various exercise

adaptations are dependent on endothelial function. For instance,

the exercise-induced increase in glucose uptake is dependent

on an increase in blood perfusion (McConell et al., 2020). More-

over, inhibition of vasodilation and angiogenesis in response to

exercise impaired exercise-induced increases in performance

(Van der Stede et al., 2021). We did not observe a difference in

performance, muscle oxidative parameters, or fiber-type

changes. We consider it a limitation of our study that the training

period did not go beyond 2 weeks, which is necessary to make

sound statements about the interaction between exercise-

induced vascular expansion and training adaptations.
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Goat anti-Carbonic Anhydrase IV (CAR4)

Polyclonal Antibody
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Rabbit anti-Aquaporin 1 antibody Abcam Cat# ab15080; RRID: AB_2056839

Monoclonal Anti-Actin, alpha-Smooth Muscle -

Cy3(TM) antibody produced in mouse

Sigma-Aldrich Cat# C6198; RRID: AB_476856
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Mouse anti-PSPH antibody Santa Cruz Biotechnology Cat# sc-271421; RRID: AB_10610605

Rabbit anti-ATF3 antibody [EPR19488] Abcam Cat# ab207434; RRID: AB_2734728

Rabbit anti-ATF4 (D4B8) antibody Cell Signaling Technology Cat# 11815; RRID: AB_2616025

P21 antibody (EPR362) Abcam Cat# ab109520; RRID: AB_10860537

Mouse anti-P53 (1C12) monoclonal antibody Cell Signaling Technology Cat# 2524; RRID: AB_331743

c-Myc monoclonal antibody (9E10) Thermo Fisher Scientific Cat# MA1-980; RRID: AB_558470

Rabbit Anti-Hexokinase II Monoclonal Antibody,

Unconjugated, Clone C64G5

Cell Signaling Technology Cat# 2627S; RRID: AB_2232946

Total OXPHOS Rodent WB Antibody Cocktail Abcam Cat# ab110413; RRID: AB_2629281

Mouse anti-b-actin antibody Cell Signaling Technology Cat# ab181861; RRID: AB_2566811

Donkey anti-Goat IgG (H+L) AF 594 Thermo Fisher Scientific Cat# A-11058; RRID: AB_142540

Donkey anti-Rat IgG (H+L) AF 568 Abcam Cat# AB175475; RRID: AB_2636887

Donkey anti-Sheep IgG (H+L) AF 350 Thermo Fisher Scientific Cat# A-21097; RRID: AB_2535751

Donkey anti-rabbit IgG (H+L) AF 488 Thermo Fisher Scientific Cat# A32790; RRID: AB_2762833

Donkey anti-Goat IgG (H+L) AF 488 Thermo Fisher Scientific Cat# A32814; RRID: AB_2762838

Donkey anti-rabbit IgG (H+L) AF 568 Thermo Fisher Scientific Cat#A10042; RRID: AB_2534017

Donkey anti-rabbit IgG (H+L) AF 350 Thermo Fisher Scientific Cat# A10039; RRID: AB_2534015

Donkey anti-rat IgG (H+L) AF 488 Thermo Fisher Scientific Cat#A-21208; RRID: AB_2535794

Goat anti-mouse IgG2b AF 488 Thermo Fisher Scientific Cat# A-21141; RRID: AB_141626
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Goat anti-mouse IgG1 AF 350 Thermo Fisher Scientific Cat# A21120; RRID: AB_1500805

Goat anti-mouse IgM AF 568 Thermo Fisher Scientific Cat# A-21043; RRID: AB_2535712

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7074S; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7076; RRID: AB_330924

Anti-streptavidin, HRP-conjugated Abcam Cat# ab7403

Chemicals, peptides, and recombinant proteins

Collagenase IV Thermo Fisher Scientific Cat# 17104019

Dispase II Sigma-Aldrich Cat# D4693

Puromycin Sigma-Aldrich Cat# P8833

Endothelial cell growth supplement Sigma-Aldrich Cat# E2759

Hoechst Thermo Fisher Scientific Cat# 62249

5-Ethynyl-2’-deoxyuridine (EdU) Thermo Fisher Scientific Cat# C10632/4

SYTOX Blue Thermo Fisher Scientific Cat# S34857

Alexa-647 Fluor conjugated isolectin B4 Thermo Fisher Scientific Cat# I32450

Alexa-568 Fluor conjugated isolectin B4 Thermo Fisher Scientific Cat# I21412

[6-3H]-thymidine PerkinElmer Cat# NET355

[U-13C]-glucose Cambridge Isotope Laboratories Cat# CLM-1396

L-[3,4-3H(N)]-Glutamine PerkinElmer Cat# NET551250UC

L-[14C(U)]-Leucine PerkinElmer Cat# NEC279E050UC

EasyTag EXPRESS35S Protein Labeling Mix PerkinElmer Cat# NEG772002MC

recombinant human Delta-like ligand 4 R&D Systems Cat# 1506-D4

EdU (5-ethynyl-20-deoxyuridine) Thermo Fisher Scientific Cat# A10044

Tamoxifen Sigma-Aldrich Cat# T5648

MEM Non-Essential Amino Acids

Solution (100X)

Gibco Cat# 11140050

MEM Amino Acids Solution (50X) Gibco Cat# 11130051

Critical commercial assays

Click-iT Cell Reaction Buffer Kit Thermo Fisher Scientific Cat# C10269

RNeasy Plus Micro Kit QIAGEN Cat# 74034

Tyramide SuperBoost Kit Thermo Fischer Scientific Cat# B40936

In Situ Cell Death Detection Kit, POD Sigma-Aldrich Cat# 11684817910

Click-iT HPG Alexa Fluor 488 Protein

Synthesis Assay Kit

Thermo Fisher Scientific Cat# C10428

Click-iT HPG Alexa Fluor 594 Protein

Synthesis Assay Kit

Thermo Fisher Scientific Cat# C10429

CD31 S-Pluribead anti-ms PluriSelect Cat# 29-03100-10

Deposited data

Single cell RNA-seq raw data for muscle ECs This paper GEO: GSE158984

RNA-seq raw data for RmECs versus WmECs,

WT and Atf4DEC/DEC
This paper GEO: GSE174785

Experimental models: Organisms/strains

Mouse: C57BL6/N wild type Charles River Laboratories N/A

Mouse: atf4fl/fl Ebert et al., 2012 N/A

Mouse: pdgfb-CreERT2 Claxton et al., 2008 N/A

Experimental models: Cell lines

Primary muscle endothelial cells (mECs) This paper N/A

Primary human umbilical vein endothelial

cells (HUVEC)

PromoCell Cat# C-12203

293T DSMZ Cat# ACC 635
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Oligonucleotides

pMD2.G plasmid AddGene Cat# 12259

psPAX2 plasmid AddGene Cat# 12260

GIPZ Lentiviral shRNAs anti-human atf3 Horizon Discovery Cat# V3LHS352238

GIPZ Lentiviral shRNAs anti-human atf3 Horizon Discovery Cat# V3LHS352240

GIPZ Lentiviral shRNAs anti-human atf3 Horizon Discovery Cat# V3LHS405369

GIPZ Lentiviral shRNAs anti-human atf4 Horizon Discovery Cat# V2LHS272113

GIPZ Lentiviral shRNAs anti-human atf4 Horizon Discovery Cat# V3LHS302002

GIPZ Lentiviral shRNAs anti-human atf4 Horizon Discovery Cat# V3LHS302003

pLenti-C-mGFP-P2A-Puro Lentiviral Gene

Expression Vector

Origene CAT# PS100093

Lenti ORF clone of human cMyc Origene Cat# RC201611L4

ATF4 doxycycline-inducible overexpression vector Torrence et al., 2021 N/A

Software and algorithms

FlowJo Software (version 10.4.2) Three Star https://www.flowjo.com/

ImageJ (for image analysis) NIH https://imagej.nih.gov/ij/

Prism 8 (version 8.0.0) GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Adobe Illustrator CS6 (version 16.0.4) Adobe https://www.adobe.com/

R 4.0.3 cran.r-project https://cran.r-project.org/bin/windows/base/
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Katrien De

Bock (katrien-debock@ethz.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The mouse single cell RNA-seq data reported in this study are publicly available at the Gene Expression Omnibus (GEO) repository

under the accession number (GSE158984). The bulk RNA-seq data are publicly available at GEO under accession number

(GSE174785). Please check https://shiny.debocklab.hest.ethz.ch/Fan-et-al/ forhttps://shiny.debocklab.hest.ethz.ch/Fan-et-al/ for

data visualization. Comparisons between RmECs and WmECs (bulk RNA-seq) can be downloaded from the app. All other data

are available from the corresponding author on request.

All original codes are available from the lead author upon request.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Wild type C57BL/6N mice were purchased from Charles River (Freiburg im Breisgau, Germany). Atf4LoxP/LoxP mice were generated

using homologous recombination in embryonic stem (ES) cells as described in Ebert et al. (2012). To label proliferating cells, an intra-

peritoneal injection of 5-ethynyl-2’-deoxyuridine (EdU) (E10187, Thermo Fischer Scientific) solution (5mg/ml in saline) was performed

7 hours before sacrificing the mice. To obtain inducible EC-specific Atf4 knockout (Atf4DEC/DEC) mice, Atf4LoxP/LoxP mice were inter-

crossed with Pdgfb-CreERT2 mice, an EC-selective inducible Cre-driver line (Claxton et al., 2008). Rosa26mTmG mice (Muzumdar

et al., 2007) intercrossed with Pdgfb-CreERT2 mice were used for in vivo labeling of ECs. Recombination was induced in 8-10 weeks

old mice by daily intraperitoneal administration of 1mg tamoxifen (T5648, Sigma-Aldrich) dissolved in 1:10 ethanol: corn oil solution

for 5 consecutive days. A wash out period of at least 7 days was allowed before starting the experiments. Tamoxifen-treated

Cre-negative littermates were used as control for all experiments. For low dose tamoxifen experiments, a single dose containing

a 1/100 diluted tamoxifen solution (final amount: 0.01mg/ mouse in a single injection) was injected five days before starting the ex-

ercise intervention. All mouse lines were maintained on a C57BL/6N background.
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Mice were randomly allocated to different treatment groups, and the investigator was blinded to the group allocation during

the experiment as well as during the analysis. All mice were housed at standard housing conditions (22 �C, 12 h light/dark cy-

cle), with ad libitum access to chow diet (18 % proteins, 4.5 % fibers, 4.5 % fat, 6.3 % ashes, Provimi Kliba SA) and water.

Health status of all mouse lines was regularly monitored according to FELASA guidelines. All animal experiments were approved

by the local animal ethics committee (Kantonales Veterin€arsamt Z€urich, licenses ZH211/19, and ZH014/16), and performed ac-

cording to local guidelines (TschV, Zurich) and the Swiss animal protection law (TschG). All mice used in this study were male, 8

to 12 weeks old.

Isolation of primary muscle endothelial cells (ECs)
mEC isolation for scRNA-seq or mRNA analysis

Mice were euthanized and gastrocnemius muscles from both hindlimbs were immediately dissected and placed in an Petri dish on

ice. Muscles were minced with a scalpel until a homogeneous paste-like mash was formed. Thereafter, the mashed muscle was

enzymatically digested in digestion buffer containing 2mg/ml Dispase II (D4693, Sigma-Aldrich, Steinheim, Germany), 2mg/ml Colla-

genase IV (17104019, Thermo Fisher Scientific, Zurich, Switzerland), 2 mMCaCl2 and 2%BSA in PBS at 37�C for 10 min, with gentle

shaking every 3 min. The reaction was stopped by immediately adding an equal volume of ice cold HBSS containing 20% FBS and

the suspension was passed through a 70-mm cell strainer (#431751, Corning, New York, USA) then 40-mm cell strainer (#431750,

Corning, New York, USA) to remove tissue debris. Cell suspension was centrifuged at 500 g for 5 min at 4�C, then the pellet was

washed with ice cold HBSS (+20% FBS) followed by a centrifugation at 400 g for 5 min in 4�C. Next, the cell pellet was re-suspended

in antibody medium (EGM2 CC-3162, Lonza, Basel, Switzerland) with anti-mouse CD31 PE antibody (1:400) (553373, BD Biosci-

ences, Basel, Switzerland) and anti-mouse CD45 PerCP antibody (1:400) (557235 BD Biosciences, Basel, Switzerland) and placed

on ice for 20 min in the dark. Before sorting, the cell suspension was washed in FACS buffer (1xPBS+1%BSA) and centrifuged at

400 g for 5 min, 4�C, then the washed cell pellet was re-suspended in FACS buffer containing cell viability dye, SYTOX blue

(1:1000) (S34857, Thermo Fischer Scientific, Zurich, Switzerland). Viable endothelial cells (CD31+, CD45-, SYTOX blue-) were sorted

by a FACS Aria III (BD Bioscience) sorter. For single cell RNA-seq, ECs were directly sorted (130 mm nozzle) into ice cold collecting

medium (EGM2). The collected ECs were placed on ice (no more than 30 min) until loading into10x genomics chromium. For RNA

extraction, 200,000 ECs were directly sorted (70 mm nozzle) into 700 ml RNA lysis buffer, and RNA extraction was performed by

RNeasy Plus Micro Kit (74034 QIAGEN).

Capillary mEC isolation for culturing

For primary capillary mEC isolation, skeletal muscles from hind-limb were dissected and superficial big vessels were carefully

removed. In muscle gastrocnemius and quadriceps femoris, oxidative and glycolytic muscle areas were mechanically separated us-

ing a scalpel. Muscles were minced and enzymatically digested as mentioned above at 37�C for 30 min, with gentle shaking every

10min. The reaction was stopped by adding an equal volume of ice cold HBSS containing 20% FBS and the suspension was passed

through a series of 100 and 70 mmcell strainers (#352360, 352350, Corning, New York, USA) to remove tissue debris. After a series of

centrifugation and washing steps, the heterogeneous cell population was resuspended in EC culture medium (M+E: 50% full M199

medium+ 50% Endopan 3, details see Cell culture section below) and seeded in collagen type I (125-50, Sigma)-coated plates. Due

to the higher expression of P-glycoprotein in ECs compared to other skeletal muscle cells, mECs were selected by adding 4 mg/ml

puromycin (P8833, Sigma-Aldrich, St. Louis, USA) to the medium overnight. After 7 days in culture, the purity of mECs was deter-

mined by CD31 fluorescence staining and only cultures containing at least 85% of the cells positive for CD31 were used for further

experiments.

mEC isolation for metabolomics

Muscleswere dissected, minced and enzymatically digested for 10min in digestion buffer at 37 �C to prepare a single cell suspension

(see above). Thereafter, mECswere purified by CD31 pluribeads (29-03100-10, PluriSelect, Leipzig, Germany) according to theman-

ufacturer’s instructions. The purified mEC pellets were immediately lysed in ice cold metabolite extraction buffer (80% methanol,

containing 2 mM d27 myristic acid).

Comparison of different mEC dissociation procedures

To avoid the dissociation induced activation of immediate early genes (IEGs) in mECs, we optimized our mEC isolation protocol by

comparing different dissociation procedures. Briefly, skeletal muscle were dissected and finely minced on ice cold petri dishes as

described above. Minced tissues were enzymatically digested for 40 or 10 min in digestion buffer (mentioned above) at 37 �C. As
a control, we compared the dissociation procedure with or without the addition of actinomycin D (ActD) (A1410, Sigma-Aldrich), a

transcriptional inhibitor which prevents the activation of IEGs during cell isolation (Wu et al., 2017). Vehicle or ActD (45 mM)was added

in the whole dissociation procedure. 40 min digestion protocol without ActD robustly activated atf3 compared with ActD treatment,

while 10min digestion with or without ActD showed no difference in the expression of such IEGs which indicated short digestion time

(10 min) did not affect the expression of Atf4 and Atf3 in muscle ECs (Figure S2A). Of note, despite the positive effect concerning

transcriptional inhibition during cell dissociation, digestions with ActD had a significant increase of dead cells and a reduction of total

mECs yield (data not shown). Therefore, we decided to use the 10 min digestion protocol without ActD for single cell RNA-seq and

RNA extraction.

For reasons of consistency, we each time compared RmECs to WmECs from the same mouse.
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Muscle explant ex vivo culture
Mouse skeletal muscleswere dissected as described above, formuscle gastrocnemius and quadriceps femoris, oxidative and glyco-

lyticmuscle areasweremechanically separated using a scalpel. Thenmuscle tissuewas cut into small cubes (1.5 x 1.5 x 1.5mm), and

embedded in collagen gel (1ml gel = 375ml type I collagen (4mg/ml)+ 475ml methyl cellulose stock solution containing 40% FBS+

150ml NaHCO3 (15.6mg/ml)+10ml NaOH (1M)). EC growth medium (M+E) were pipetted on top of the gel to induce sprouting.

5 days later, muscle explants were fixed with 4% PFA at room temperature and proceeded with staining: Collagen gel with

embedded explants were gently taken out with a forceps and placed on a petri dish. Excessive collagen was removed using a scalpel

and cut into smaller pieces and transferred to a well of a 24-well plate with PBS containing 3% BSA, 0.2% Triton X-100 for 2h at RT.

Gel pieces were then incubated at 4�C overnight with staining cocktail: Isolectin GS-IB4 Alexa Fluor 568 (IB4, 1:250, I21412, Thermo

Fisher Scientific) + Phalloidin-iFluor 488 Reagent (1:1000, ab176753, abcam) diluted in PBS containing 3%BSA, 0.05%Triton X-100.

After staining, gel pieces were incubated with hoechst (62249, Thermo Fisher Scientific, 1:2000) for 1 hour and washed with PBS +

0.05 %, Triton X-100 12 hours at 4�C. Vascular outgrowth was photographed using an Olympus confocal microscope (FV1200).

METHOD DETAILS

Exercise experiments
For exercise training experiments, mice were individually housed in open cages equipped with an upright running wheel device (TSE

Systems, Bad Homburg vor der Höhe, Germany) for the duration of the intervention. Non-running control (sedentary) mice were also

single caged in cages of equal dimensions but without running wheels. Continuous recording of wheel movements was performed

out of which total distance (km), speed (m/s), and number of running bouts was calculated.

For exercise capacity testing, mice were acclimatized to a treadmill system for 4 sessions (5-lane treadmill, Harvard Apparatus,

Panlab) before exercise capacity testing. Each animal rested in the treadmill lane for 5 min, followed by 5min at 7m/min, 10 min at

10m/min and 15min at 12m/min at 5� angle. Following acclimatization, mice underwent an aerobic exercise capacity test to exhaus-

tion on a treadmill with 5� angle. Mice were motivated to run with a shock grid set at 0.4 mA. Starting speed was 5 m/min and was

increased by 1 m/min until exhaustion. Speed was capped at a maximum of 25 m/min until exhaustion. Treadmill session was termi-

nated if the mice failed to return to the treadmill after 3 consecutive attempts within the last minute of running. Aerobic capacity is

expressed as total time during the test. Access to running wheels was restricted for 24 h before testing.

Single cell RNA-seq and data analysis
FACS sorted muscle-derived ECs were resuspended in 250 ml EGM2 medium (CC-3162, Lonza, Basel, Switzerland), targeting the

required 1,000 cells/ml concentration, accounting for a 10–20% loss. We pipetted 9.7 ml cell suspension (concentration of 913

cells/ml, ~8,800 cells), targeting the recovery of ~5,000 cells. Single-cell RNA-seq libraries were obtained following the 10x Genomics

recommended protocol, using the reagents included in the Chromium Single Cell 30v2 Reagent Kit. Libraries were sequenced on the

NextSeq 500 (Illumina) instrument, aiming at 50k mean reads per cell.

The 10x Genomics scRNA-seq data was processed using cellranger-2.0.2 with the mouse GRCm38.p5 genome Ensembl release

91. Based on filtered gene-cell countmatrix by CellRanger’s default cell calling algorithm, we performed the Seurat workflow. In order

to exclude low quality cells and doublets, cells with less than 500 or more than 3000 detected genes were filtered out. Fourteen prin-

cipal components were chosen in the dimensionality reduction step. A resolution of 0.8 in the unsupervised clustering resulted in

the final populations. Lymphatic endothelial cells (Lyve1, Maf, Prox1, Slc45a3, Sema3d, Sema3a, Pdpn) and smooth muscle cells/

pericytes (Rgs5, Acta2, Myl9, Myh11) were manually removed. Identification of CapEC 1 top marker genes relative to CapEC 2

were performed using scran and scater packages (Lun et al., 2016; McCarthy et al., 2017).

To compare mECs from sedentary versus exercise mice, we harvested mECs from three mice in each condition. Subsequently,

cells with less than 300 or more than 2500 genes, while in exercised mice, we removed cells that have less than 400 or more than

3000 expressed genes. Then two datasets were integrated with by combining the count matrix and processed with standard Seurat

workflow. 14 principal components were chosen and a resolution of 0.6 was used in the cell clustering. RNA velocity was estimated

by velocyto python module (La Manno et al., 2018) with exonic reads and intronic reads only. Estimated RNA velocity was then over-

laid on the t-SNE embedding of the integrated sample.

Bulk RNA-seq and data analysis
mECs were directly sorted (70 mm nozzle) into 700 ml RNA lysis buffer, and RNA extraction was performed using RNeasy Plus Micro

Kit (74034 QIAGEN). RNA quality test was performed by Agilent High Sensitivity RNA ScreenTape System (G2964AA). Samples with

RNA Integrity Number (RIN)R 8.0 were further analyzed. Bulk RNA-seq libraries were obtained following the Smartseq II recommen-

ded protocol. Libraries were sequenced on the Novaseq 6000 (Ilummina) instrument and sequenced data were processed using

Kallisto to generate a count file matrix for each individual sample. Samples were pooled together on a single dataset for downstream

analysis and genes with one count or less across all samples were filtered out. Variance stabilizing transformation (VST) for negative

binomial data with a dispersion-mean trendwas used for exploratory analysis such as PCA and identification of highly variable genes.

Following DESeq2 analysis workflow (Love et al., 2014), differential expression analysis were performed on the raw counts after esti-

mation of size factors (controlling for differences in the sequencing depth of the samples), the estimation of dispersion values for each

gene and fitting a generalized linear model.
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Transcription factor motif enrichment analysis were performed using gProfiler online tool (https://biit.cs.ut.ee/gprofiler/gost) were

an adjusted p-value ordered list of differentially expressed genes (log fold change > 1 and adjusted p-value < 0.05) were given

as input.

Custom enrichment analysis (ATF4 dependent biological process) were performed using a kstest from hypeR package version

1.6.0 (Federico and Monti, 2020) on the adjusted p-value ordered list of differentially expressed genes. ATF4 dependent categories

were derived from Han et al. (2013).

Cell culture
Isolated primary mouse skeletal muscle endothelial cells (mECs) and commercially purchased human umbilical vein endothelial cells

(HUVECs) from pooled donors (C-12203, PromoCell, Heidelberg, Germany) were routinely cultured in a 1:1 ratio of M199 ((11150059,

Thermo Fisher Scientific) supplemented with 20% fetal bovine serum (FBS) (10270-106, Thermo Fisher Scientific), 30 mg/L endothe-

lial cell growth factor supplements (EGCS) (E2759, Sigma-Aldrich), 10 U/ml heparin (H3149 Sigma-Aldrich) and 1% Penicillin-Strep-

tomycin (10,000 U/ml) (15140122, Thermo Fisher Scientific) and Endopan 3 (P04-0010K, PAN BIOTECH, Aidenbach, Germany)

(denoted as M+E). 1/3 amino acid (AA) medium was made by mixing full AA DMEM (11966025, Thermo Fischer Scientific) and AA

freemedium (D9800-27, Biomol, Hamburg, Germany) in a 1:2 ratio. Thismediumwas supplementedwith equal amount of endothelial

growth factor SingleQuots (CC-4133, Lonza, Basel, Switzerland) and other missing components (i.e., 5.5 mM glucose, 2% FBS, 1%

Pen/Strep, 1mM sodium pyruvate) as used for routinely culture. Low mitogenic/AA medium was made by mixing full AA DMEM

(11966025, Thermo Fischer Scientific) (supplemented with endothelial growth factor SingleQuots (CC-4133, Lonza, Basel,

Switzerland)) and AA free medium (D9800-27, Biomol, Hamburg, Germany) in a 1:2 ratio, resulting in a 1/3 AA and 1/3 growth factor

concentration. For 13C tracing experiments with [U-13C]-glucose, glucose-free full AA and 1/3 AA DMEM (same as above) medium

(with equal levels of endothelial cell growth factors) was reconstituted with 5.5 mM [U-13C]-glucose (CLM-1396, Cambridge Isotope

Laboratories), and cells were incubated for 48 hours to reach steady state. PrimarymECswere only used until passage (p)1, HUVECs

were only used between p1 and p5. Cells were routinely maintained in 5% CO2 and 95% air at 37 C, and regularly tested for

mycoplasma.

Knock down and overexpression plasmid constructions and lentiviral particle production

Multiple GIPZ Lentiviral shRNAs target human Atf3 (V3LHS352238; V3LHS352240; V3LHS405369) and Atf4 (V2LHS272113;

V3LHS302002; V3LHS302003) were purchased from Dharmacon (Horizon Discovery; Waterbeach, United Kingdom). A nonsense

scrambled shRNA sequence was used as control. Lentiviral particles were generated by transfection of HEK 293 cells (Cat.#

ACC635; DSMZ, Braunschweig, Germany) with Pmd2 (AddGene, Plasmid #12259), lentiviral envelope plasmid psPAX2 (AddGene,

Plasmid #12260) and the plasmid containing scramble or against Atf3/4 gene sequences. The inducible ATF4 overexpression vector

was a gift from Brendan Manning (Department of Molecular Metabolism, Harvard T.H. Chan school of Public Health, Boston, MA,

USA) (Torrence et al., 2021). ATF4 expression was induced with 1ug/ml doxycycline (Sigma-Aldrich, D3447) for 24 hours. The over-

expression human plasmid for cMyc (Cat. #RC201611L4) was purchased from Origene. For cMYC overexpression, WT or Atf3/4KD

HUVECs were transduced with lentiviral particles expressing the human c-Myc ORF for 16 hours. Thereafter, the medium was

changed, and cells were used for experiments. Lentiviral particles were generated by transfection of HEK 293 cells with the respec-

tive plasmid and pLenti-C-mGFP-P2A-Puro Lentiviral Gene Expression Vector (Cat. #PS100093, Origene). Lipofectamine 2000

(Cat.# 11668030; Thermo Fisher Scientific) was used for transfection. Viral particles were collected at least 48 hours after incubation.

Cells were transduced 24 hours in the presence of 8 mg/ml polybrene and re-fed with fresh medium the next day. Atf3/4KD HUVECs

were used in functional assays at least 5 days post-transduction.

Immunohistochemistry and histology
Muscle samples were harvested and embedded in Tissue-Tek and frozen in liquid N2-cooled isopentane. Frozen muscle cross sec-

tions (7-10 mm) or longitudinal sections (20 mm) were made using a cryostat (Leica CM 1950) and collected on Superfrost Ultra Plus

slides (Thermo Fischer Scientific). Cross sections were permeabilized in PBS with 0.5% Triton X-100 and blocked for 1 h at room

temperature in PBS with 0.05% Tween-20, 1% BSA (BS). Primary antibody incubations were performed at 4 �C overnight. Slides

were subsequently washed in PBS and incubated for 1 hour in blocking buffer with the appropriate secondary antibodies. Nuclei

were stained with Hoechst. The following primary and secondary antibodies were used: anti-CD31 (AF3628, R&D Systems,

1:250) or anti-CD31 (abcam, ab7388, 1:250), anti-CD62P (Selp) (abcam, ab59738 1:250), anti-Von Willebrand Factor (VWF) (abcam,

ab11713, 1:500), anti-a smooth muscle actin Cy3 conjugated (aSMA) (1:500, C6198, Sigma-Aldrich), anti-Ephrin-B2 (AF496, R&D

Systems,1:200), anti- Carbonic Anhydrase IV (Car4) (PA5-47312 Thermo Fischer Scientific, 1:250), anti-Aquaporin 1 (ab15080, ab-

cam 1:250), Alexa Fluor 594 donkey anti-goat IgG (H+L) (1:250, A-11058, Thermo Fisher Scientific), Alexa Fluor 568 donkey anti-rat

IgG (H+L) (1:250, ab175475, abcam), Alexa Fluor 350 donkey anti-sheep IgG (H+L) (1:250, A-21097, Thermo Fisher Scientific), Alexa

Fluor 488 donkey anti-rabbit IgG (H+L) (1:250 dilution, A-32790, Thermo Fisher Scientific), Alexa Fluor 488 donkey anti-goat IgG (H+L)

(1:250, A-32814, Thermo Fisher Scientific), Alexa Fluor 350 donkey anti-rabbit IgG (H+L) (1:250 dilution, A- 10039, Thermo Fisher

Scientific).

Fiber type staining combined with isolectin B4 staining was performed in two steps: First, fiber type staining was performed as

described (Masschelein et al., 2020). In short, sections were dried and washed for 5 min in PBS supplemented with 0.05% Triton-

X-100 (PBST) and subsequently blocked for 60 min in PBST + 10% goat serum (16210064, Thermo Fisher Scientific). Afterwards

a primary antibody cocktail diluted in PBST + 10% goat serum was applied for 120 min against MyHC-I (1:50 dilution, BA-F8
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from hybridoma, Iowa City, IA, USA), MyHC-IIa (1:200 dilution, SC-71 from hybridoma) and MyHC-IIb (1:100 dilution, BF-F3 from hy-

bridoma). After washing 3 times for 5 min, a secondary antibody cocktail, diluted in PBST + 10% goat serum, was applied for 60 min.

Secondary antibodies were: Alexa Fluor 488 goat anti-mouse IgG2B (1:250 dilution, Thermo Fisher Scientific), Alexa Fluor 350 goat

anti-mouse IgG1 (1:250 dilution, A-21120, Thermo Fisher Scientific), Alexa Fluor 568 goat anti-mouse IgM (1:250 dilution, A-21043,

Thermo Fisher Scientific). After a 3 x 5 min wash, muscle sections were briefly fixed in 2% PFA for 5 min, and washed with PBS. For

additional IB4 vascular staining, muscle sections were incubated overnight at 4 �C with with Isolectin GS-IB4 Alexa Fluor 647 (IB4,

1:500, I32450, Thermo Fisher Scientific) diluted in blocking buffer 0.1% Triton X-100. For ATF3 stainings on muscle cryosections,

7 mm frozen cross / 20 mm longitudinal muscle sections were fixed with 4%PFA for 7 minutes after which an antigen retrieval step

was performed with Target Retrieval Solution, (Citrate pH 6.0) (S236984-2, Agilent Dako). After 3x 3 min wash with PBS, sections

were treated with 3% H2O2 in PBS for 7min and wash again with PBS 3x 3 min. Thereafter, samples were permeabilized for

30 min in 0.5% TritonX-100 in PBS at RT and blocked with 1%BSA in PBS for 1 hour. Then sections were incubated with ATF3 anti-

body (1:100, HPA001562, Sigma-Aldrich) overnight at 4 �C and goat anti-rabbit biotinylated secondary antibody(ab6720) was added

(90 min in RT: 1/1000 dilution in 1% BSA/PBS). Thereafter sections were incubated in streptavidin-HRP (1:1000 in PBS, ab7403, ab-

cam) for 1 hour at RT and treated with Alexa flour 674/488 (1:100) in amplification diluents for 17min (Tyramide SuperBoost Kit, strep-

tavidin, B40936, Thermo Fisher Scientific). After 3x 3min PBSwash, the following antibodies were used for further staining: anti-CD31

(abcam, ab7388, 1:250), antibodies for fiber type staining (same as above). Cell nuclei were stained with Hoechst (62249, Thermo

Fisher Scientific, 1:2000).

For ATF3 staining in cultured primary muscle ECs, cells were fixed with 4% PFA for 5 min, then permeabilized with 0.5% Triton

X-100 for 5 min, and subsequently incubated for 1 h in blocking buffer (PBS with 1%BSA) at RT. Thereafter cells were incubated

with following antibodies at 4 �C overnight: Rabbit anti-ATF3 antibody (1:250, ab207434, Abcam); Goat anti-Mouse/Rat CD31/

PECAM-1 antibody (1:250, 3628, R&D Systems). Cell nuclei were stained with Hoechst (62249, Thermo Fisher Scientific, 1:2000).

In order to assess the number of ATF3high cells, we used a user-defined threshold based on calculating the mean intensity of all cells.

For EdU detection combined with ERG and/or CD31/IB4, EdU was first visualized using the EdU Click-iT Cell Reaction Buffer Kit

(C10269, Thermo Fisher Scientific) according to manufacturer’s instructions, and subsequently incubated for 1 h in blocking buffer

(PBS with 1%BSA) at room temperature (RT). Thereafter, sections were incubated overnight at 4 �Cwith Isolectin GS-IB4 Alexa Fluor

568 (1:500, I21412, Thermo Fischer Scientific), goat anti-Mouse/Rat CD31/PECAM-1 antibody (1:250, 3628, R&D Systems) and ERG

antibody (#97249, Cell Signaling, 1:200) diluted in blocking buffer with 0.1% Triton X-100. For immunohistochemical detection of

apoptosis of ECs on muscle cryosections, In Situ Cell Death Detection Kit, POD (11 684 817 910, Roche) was used according to

the manufacturer’s instructions, thereafter, sections were further stained with isolectin B4 (647), ERG and Hoechst as

mentioned above.

Images were taken with a Zeiss Axio observer Z.1 or an Olympus confocal microscope (FV1200). All images were captured at the

same exposure time for one experiment. Composite images were stitched together using the tiles module in the ZEN 2011 imaging

software (Zeiss). Fiber type composition, vascular density (% IB4/CD31+ area) and ERG numbers were quantified within the oxidative

and glycolytic areas of the muscle using ImageJ software.

RNA extraction and quantitative RT-PCR
RNA of directly FACS sorted mEC was extracted using an RNeasy Plus Micro Kit according to the manufacturer’s instructions

(QIAGEN, 74034). RNA of cultured mECs and HUVECs was extracted using PureLink RNA Mini Kit (12183020, Thermo Fischer

Scientific). RNA purity and concentration were assed via a spectrophotometer (Spark 10M, Tecan). RNA was reverse-transcribed

to cDNA by High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 43-688-13). A SYBR Green-based master

mix (Thermo Fisher Scientific, A25778) was used for real-time qPCR analysis with primers listed in Table S1. To compensate for var-

iations in RNA input and efficiency of reverse-transcription, 18S was used as a housekeeping gene. The delta-delta CT method was

used to normalize the data.

In vitro analysis of EC function
Proliferation

Cultured primary mouse muscle ECs (no longer than 8 days, p1) or HUVECs were incubated in growth medium containing 10 mM

5-ethynyl-2’-deoxyuridine (EdU) for 15 hours. For nonessential and essential amino acids (NEAA and EAA) supplementation exper-

iments in HUVECs, 1xMEMNEAA (11140-050, Gibco) or 1xMEMEAA (11130-036, Gibco) was added for 48 hours. For NEAA and EAA

supplementation in W/RmECs, 1xMEM NEAA (11140-050, Gibco) was added from the day of isolation (day 0) till day 5, and medium

was changed every day. As a measure of proliferation, incorporation EdU was assessed using the Click-iT Cell Reaction Buffer Kit

(C10269, Thermo Fisher Scientific), according to the manufacturer’s instructions. Briefly, after EdU incorporation, cells were

fixed with 4% paraformaldehyde for 10 min and permeabilized for 20 min in 0.5% Triton X-100 with 3% BSA in PBS, followed by

reaction with the Click-iT reaction cocktail for 45 min in dark at room temperature. Thereafter, cells were washed briefly and counter-

stained with Hoechst (#62249, Thermo Fisher Scientific,1:2000) and antibodies against CD31 (AF3628, R&D Systems, 1:250) or ERG

(#97249, Cell Signaling, 1:250). Cells were imaged using a Zeiss Axio Observer.Z1 fluorescence microscope (Carl Zeiss, Oberko-

chen, Germany). EdU+ cells and ERG+ ECs were counted in at least 5 random fields and the percentage of EdU+ cells in ECs was

calculated.
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Scratch wound assay

A scratch wound was applied on confluent EC monolayers (pre-treated with 1 mg/ml mitomycin C for 24 hrs where indicated) using a

200 ml tip. After scratch wounding (T0) and photography using a Leica DMI6000 B inverted microscope (Leica Microsystems, Man-

nheim, Germany), the cultures were further incubated in growthmedium and fixedwith 4%PFA 24 hours after first scratch (T24). Cells

were photographed again (T24) and gap areas at both time points were measured using the Fiji software package (https://fiji.sc) in

order to calculate the percentage of wound closure using the following expression: (1 – (T24gap area/T0gap area)) x 100.

Spheroid capillary sprouting assay

Spheroids were prepared as previously described (De Bock et al., 2013) with minor modifications. Briefly, spheroids containing 1000

HUVECs, or mECs per 25 ml droplet were plated overnight as hanging drops in a 20%methylcellulose (9004-67-5, Sigma-Aldrich) in

EGM2 mixture. The next day, spheroids were collected in 10% FBS in PBS, concentrated using several centrifugation steps and

embedded in a Fibrinogen gel (5 mg/ml fibrinogen (F8630, Sigma-Aldrich) dissolved in EGM2 plus 1U/ml thrombin (T4648,

Sigma-Aldrich). To assess tip cell competition, cells were mixed at the indicated ratio. Growth medium (with or without mitomycin

C) were pipetted on top of the gel to induce sprouting. 24 hours later, spheroids were fixed with 4% PFA at room temperature

and photographed using a Leica DM IL LED microscope (Leica Microsystems GmbH, Wetzlar, Germany). Dll4 stimulation: culture

plates were coated with 1 mg/ml recombinant human Delta-like ligand 4 (rhDll4, cat.1506-D4 R&D Systems) with 0.1% gelatin.

The control plates were coated with 0.1% gelatin supplemented with 0.02% BSA. Prior to EC seeding, excessive coating solution

was removed by aspiration and ECs were seeded at a density of 30.000 cells/cm2. Cells were harvested 24 hours after seeding. Con-

tact inhibition: ECs were seeded in 50%EGM2 / 50% full M199medium at a density of 15,000 cells/cm2 and were further cultured for

3 days until contact inhibition was reached. To generate the corresponding proliferative control, contact inhibited cells were trypsi-

nized and cultured for 24 hr to re-initiate proliferation.

Immunoblot analysis
Endothelial cells

Cells were collected and lysed with [50 mM Tris–HCl pH 7.0, 270 mM sucrose, 5 mM EGTA, 1 mM EDTA, 1 mM sodium orthovana-

date, 50mMglycerophosphate, 5mMsodiumpyrophosphate, 50mMsodium fluoride, 1mMDTT, 0.1%Triton-X 100 and a complete

protease inhibitor tablet (C755C25, Roche Applied Science)]. Lysates were centrifuged at 10,000 g for 10 min at 4�C. Supernatant
was collected, and protein concentration was measured using the DC protein assay kit (5000116, Bio-rad). 5-10 mg of total protein

was loaded in a 10-well pre-casted gradient gel (456-8086, Bio-Rad). After electrophoresis, a picture of the gel was taken under

UV-light to determine protein loading using stain-free technology. Proteins were transferred onto a PVDF membrane (Bio-rad,

170-4156) with a semi-dry system and subsequently blocked for 1 h at room temperature with 5% milk in 0.1% TBS-Tween. Mem-

braneswere incubated overnight at 4 �Cwith primary antibodies listed in key resources table. The appropriate HRP-linked secondary

antibodies (see key resources table) were used for chemiluminescent detection of proteins. Membranes were scanned with a Chem-

idoc imaging system (Bio-rad) and quantified using Image Lab software (Bio-rad).

Muscle samples

samples were homogenized in ice cold lysis buffer (1:10, w/v) (modified RIPA buffer: 50 mM Tris-HCl (pH 7.5), 1 mMEDTA, 10% (v/v)

glycerol, 1% (v/v) Triton-X, 0.5% sodium deoxycholate, 0.1%SDS, 1 mMDTT, and protease/phosphatase inhibitor cocktail) using an

OMNI-THq Tissue homogenizer (OMNI International, Kennesaw, GA, USA) for 20 s until a consistent homogenate was formed.

Samples were centrifuged at 4 �C at 10,000 g for 10 min and the supernatant with proteins collected. Protein concentration was

determined using the DC assay protein method to equalize the amount of protein. Samples were prepared 3:4 with 43 laemmli buffer

containing 10% 2-mercaptoethanol. An amount of 20–40 mg of total protein was loaded in a 15-well pre-casted gradient gel (Bio-rad,

#456–8086). After electrophoresis, a picture of the gel was taken under UV-light to determine protein loading using stain-free tech-

nology. Proteins were transferred via semi-dry transfer onto a polyvinylidene fluoride membrane (Bio-rad, #170-4156) and subse-

quently blocked for 1 h at room temperature with 5%milk in TBS- Tween. Membranes were incubated overnight at 4 �Cwith primary

antibodies: Hexokinase-II (Cell Signaling #2867S) and Oxphos (unboiled samples, Abcam #110413). The appropriate secondary an-

tibodies (1:5000) for anti-rabbit and anti-mouse IgG HRP-linked antibodies were used for chemiluminescent detection of proteins.

Membranes were scanned with a chemidoc imaging system (Bio-rad) and quantified using Image lab software (Bio-rad).

Amino acid uptake

HUVECs were starved in amino acid free DMEM (supplemented with endothelial cell growth factors) for 1 hour after which

L-[3,4-3H(N)]-Glutamine (NET551250UC, PerkinElmer) or L-[14C(U)]-Leucine (NEC279E050UC, PerkinElmer) was added in the me-

dium to a final concentration of 400 nM (Glutamine) or 300 nm (Leucine). After 15 min of incubation at 37 �C, cells were carefully

washed three time with ice cold PBS and were lysed in 0.1 N NaOH. The resulting suspension was measured by liquid scintillation

counting to determine the intensity of radioactivity. The cells with labeling medium covered and removed immediately were used as

background.

Protein synthesis

Protein synthesis rate was determined by Click-iT HPG Alexa Fluor 488/594 Protein Synthesis Assay Kits (C10428/ C10429, Thermo

Fisher Scientific) according to the manufacturer’s instructions (2 hours HPG medium incubation), or by assessing radioactive amino

acid incorporation into proteins. Briefly, cells were incubated with EC growth medium containing 2 mCi/ml EasyTag EXPRESS35S

Protein Labeling Mix (NEG772002MC, PerkinElmer) for 6 hours. Thereafter, the medium was removed, and the cells were washed

with ice cold PBS. After protein precipitation with 10% TCA for at least 1 hr, the suspension was transferred to an eppendorf tube
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and the protein pellet was collected by a centrifugation at 15,000 rpm for 15 min. Finally, the protein pellet was dissolved in 0.5 M

NaOH containing 0.1% Triton X. The amount of [35S]-Protein Labeling Mix incorporated into protein was measured by scintillation

counting and corrected for total protein content.

Mass spectrometry analysis

Metabolites were extracted from 300K cells in 300 ml of extraction buffer (80%methanol, containing 2 mM d27 myristic acid). Extrac-

tion samples were then centrifuged in 4�C for 15 min at 20,000 g and the supernatant was transferred to LC-MS vials. The pellet was

used to measure protein levels for normalization purposes. Targeted measurements of amino acids and nucleotides were performed

using a Dionex UltiMate 3000 LC System (Thermo Scientific) coupled to a Q Exactive Orbitrapmass spectrometer (Thermo Scientific)

operated in negative ionisation mode. Separation of metabolites prior to MS measurement was performed using a Dionex UltiMate

3000 LC System (Thermo Scientific) coupled to a Q Exactive Orbitrap mass spectrometer (Thermo Scientific) operating in negative

ion mode. Practically, 15 ml of the sample was injected on a C18 column (Aquility UPLC HSS T3 1.8mm2.1x100mm) and the following

gradient was performed by solvent A (H2O, 10mM Tributyl-Amine, 15mM acetic acid) and solvent B (100% Methanol). Chromato-

graphic separation was achieved with a flow rate of 0.25 ml/min and the following gradient elution profile: 0min, 0%B; 2min, 0%

B; 7min, 37%B; 14min, 41%B; 26min, 100%B; 30min, 100%B; 31min, 0%B; 40min, 0%B. The column was placed at 40�C
throughout the analysis. The MS operated in full scan mode using a spray voltage of 3.2 kV, capillary temperature of 320�C, sheath
gas at 40.0, auxiliary gas at 10.0. The AGC target was set at 3e6 using a resolution of 70.000, with a maximum IT of 128 ms. For 13C-

glucose tracing experiments (incorporation into serine and glycine) we corrected for naturally occurring isotopes (Fernandez et al.,

1996). For relative metabolite levels, the total ion count was normalized to the protein content.

Flow Cytometry

For endothelial cell percentage analysis in oxidative and glycolytic muscles, different muscle parts were dissected, separated and

enzymatically digested as described above, cells were incubated in dark for 30 min with anti-mouse CD31 PE antibody (553373,

BD Biosciences) and anti-mouse CD45 PerCP antibody (557235 BD Biosciences) (1:400 diluted in FACS buffer (1xPBS+1%

FBS)). Cells were washed with FACS buffer before loading. For EdU proliferation experiments, cells from EdU-injected mice (7 hours

labeling) were labeled with the click-iT plus EdU Alexa Fluor 647 Flow Cytometry Assay Kit (C10634, Thermo Fischer Scientific) ac-

cording to the manufacturer’s instructions and thereafter stained with antibodies for cell surface markers CD31 (same as above) and

APC/Fire 750 anti-mouse CD45 antibody (103154, BioLegend, 1:400). For analysis of mTomato+ EC and mGFP+ EC analysis upon

low dose tamoxifen injection, muscles were dissected, separated and enzymatically digested as described above, cells were labeled

with the click-iT plus EdU Alexa Fluor 647 Flow Cytometry Assay Kit (C10634, Thermo Fischer Scientific) according to the manufac-

turer’s instructions and thereafter stained with APC/Fire 750 anti-mouse CD31 Antibody (1:100, 102434, BioLegend) overnight at

4�C. Cells were analyzed using a FACS Aria III (BD Bioscience) sorter. Data were analyzed using FlowJo 10 software (Tree Star).

A complete list of all antibodies and staining reagents used can be found in key resources table.

QUANTIFICATION AND STATISTICAL ANALYSIS

The images presented in the manuscript are representative of the data (quantification of image is approximately the group average)

and the image/staining quality. All data represent mean ± SEM. GraphPad Prism software (version 8.0.0) was used for statistical an-

alyses. Investigators were always blinded to group allocation. All datasets passed normal (Gaussian) distribution test by Shapiro-

Wilk/ Kolmogorov-Smirnov method with significance level (alpha) 0.05. Unless otherwise indicated, when comparing two group

means, Student’s t test was used in an unpaired two-tailed fashion. Formore than two groups, one-way ANOVAwith Tukey’smultiple

comparisons test was used and for experimental set-ups with a second variable, two-way ANOVAwith Sidak’s multiple comparisons

test was used. The statistical method used for each experiment is indicated in each figure legend. Asterisks in figure legends

denote statistical significance. No experiment-wide multiple test correction was applied. p > 0.05 is considered non-significant

(n.s.). p < 0.05 is considered significant (*).
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