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ORIGINAL RESEARCH

Prdm16 Supports Arterial Flow Recovery by 
Maintaining Endothelial Function
Sander Craps, Jore Van Wauwe , Sofie De Moudt, Dorien De Munck, Arthur J.A. Leloup, Bram Boeckx, Tim Vervliet,  
Wouter Dheedene , Nathan Criem , Carla Geeroms , Elizabeth A.V. Jones , An Zwijsen , Diether Lambrechts,  
Paul Fransen, Manu Beerens ,* Aernout Luttun *

RATIONALE: Understanding the mechanisms that regulate arterial flow recovery is important to design treatment options for 
peripheral artery disease patients ineligible for invasive revascularization. Transcriptional orchestrators of this recovery process 
represent an appealing target for treatment design. We previously identified Prdm (positive regulatory domain-containing 
protein) 16 as an arterial-specific endothelial transcription factor but its in vivo role in arteries remains completely unknown.

OBJECTIVE: To unravel the role of Prdm16 in arteries under physiological and pathological conditions, more specifically during 
peripheral artery disease.

METHODS AND RESULTS: Within the vasculature, Prdm16 expression was strictly confined to arterial endothelial and smooth 
muscle cells. Heterozygous loss of Prdm16 caused a modest reduction of the inner arterial diameter and smooth muscle 
cell coating without compromising vasomotor function. Upon femoral artery ligation, Prdm16+/− mice featured significantly 
impaired flow recovery to ischemic limbs. This impairment was recapitulated in mice with a Prdm16 deletion specifically in 
endothelial cells (EC-Prdm16−/−) but not smooth muscle cells. Structural collateral remodeling was normal in both Prdm16+/− 
and EC-Prdm16−/− mice, but significant endothelial dysfunction postligation was present in EC-Prdm16−/− mice as evidenced 
by impaired endothelial-dependent relaxation. Upon ligation, endothelial Prdm16 deficiency altered the expression of genes 
encoding endothelial cell function regulators, many related to nitric oxide bioavailability and Ca2+ homeostasis. Accordingly, 
Prdm16 overexpression in cultured endothelial cells affected both total cellular Ca2+ levels and store-operated Ca2+ entry.

CONCLUSIONS: We showed that Prdm16 is indispensable for arterial flow recovery under pathological challenge not because 
it affects structural remodeling but due to its role in maintaining endothelial function. It, therefore, represents an appealing 
target for designing novel therapeutic strategies for no-option patients with peripheral artery disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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The blood vascular system has a dual structure com-
posed of an arterial and venous arm.1 The former 
provides oxygenated blood to tissues, and the latter 

recirculates deoxygenated blood to heart and lungs for 
reoxygenation. These opposite functions are mirrored 
by distinct molecular and morphological signatures in 

endothelial cells (ECs) lining the inside of arteries and 
veins. The existence of arterial-specific diseases (eg, 
atherosclerosis) is a likely consequence of these dis-
tinct features.2 Understanding the mechanisms deter-
mining the arterial EC signature is equally important for 
development of treatments tailored towards improving 

mailto:aernout.luttun@kuleuven.be
mailto:mbeerens@bwh.harvard.edu
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.318501
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-2969-1805
https://orcid.org/0000-0001-8798-0395
https://orcid.org/0000-0002-4201-4641
https://orcid.org/0000-0002-2488-087X
https://orcid.org/0000-0002-2006-7064
https://orcid.org/0000-0002-8583-1721
https://orcid.org/0000-0002-7398-7761
https://orcid.org/0000-0001-7902-9524
http://dx.doi.org/10.1161/CIRCRESAHA.120.318501
https://circres.ahajournals.org/content/129/1/78
https://circres.ahajournals.org/content/129/1/4


Original





 R
esearch






64    June 25, 2021� Circulation Research. 2021;129:63–77. DOI: 10.1161/CIRCRESAHA.120.318501

Craps et al Endothelial Prdm16 Supports Arterial Flow Recovery

growth of arteries and preserving their specific func-
tions during ischemic diseases caused by insufficient 
arterial blood supply.

Limb ischemia, known as peripheral artery disease 
(PAD), affects 200 million people worldwide, and this 
number will further increase in the aging population.3 
Current revascularization strategies are mainly invasive 
procedures for which many PAD patients are ineligible 
due to the presence of risk factors or multiple-vessel 
occlusion.4 Although noninvasive alternatives, for exam-
ple, administration of general angiogenic growth factors 
like VEGF (vascular endothelial growth factor) and FGF 
(fibroblast growth factor) have been tested for no-option 
patients, these have shown limited success,5 potentially 
due to lack of specificity towards an arterial response. 
Hence, the advent of more tailored molecular therapies 
is eagerly awaited. Designing such therapies requires a 
thorough mechanistic understanding of the arterial flow 
recovery process upon arterial obstruction.

To cope with such an obstruction, the vascular system 
has a collateral reserve network in which collateral arter-
ies connect 2 nurturing arteries such that flow can be 
redirected. Sudden exposure to flow imposes shear stress 
on collateral ECs which triggers structural and functional 
changes, that is, luminal expansion and acquisition of a 

Nonstandard Abbreviations and Acronyms

DA	 descending aorta
DEG	 differentially expressed gene
Dll4	 delta-like ligand 4
EC	 endothelial cell
Ehd2	 EH domain-containing 2
eNOS	 endothelial NO synthase
ER	 endoplasmic reticulum
FA	 femoral artery
Fbln5	 fibulin 5
FGF	 fibroblast growth factor
HLI	 hindlimb ischemia
Msx	 muscle segment homeobox
Nox	 NADPH-oxidase
PAD	 peripheral artery disease
Prdm	� positive regulatory domain-containing protein
SMA	 smooth muscle actin
SMC	 smooth muscle cell
Timp	 tissue inhibitor of metalloproteinases
VEGF	 vascular endothelial growth factor
WT	 wild-type

Novelty and Significance

What Is Known?
•	 Endothelial cells (ECs) in arteries have a distinct 

expression pattern including transcription factors.
•	 During peripheral artery disease (PAD), the impaired 

arterial blood supply triggers a rescue response that is 
orchestrated by transcription factors.

•	 Prdm (positive regulatory domain-containing protein) 
16 is a transcription factor mostly known for its role 
in the skeletal, adipose, hematopoietic, and nervous 
systems.

What New Information Does This Article  
Contribute?
•	 Prdm16 is a general marker of ECs and smooth muscle 

cells in the arterial but not venous arm of the adult vas-
cular system.

•	 Prdm16 in arterial ECs but not smooth muscle cells 
(SMCs) is indispensable for normal arterial blood flow 
recovery during PAD.

•	 Prdm16 supports normal arterial blood flow recov-
ery not by mediating the structural collateral arterial 
remodeling response but rather by preserving arterial 
endothelial function.

Arterial ECs have a distinct profile that makes them 
vulnerable to artery-restricted diseases like PAD. Upon 
PAD, limb blood flow is impaired which causes damage 
sometimes necessitating amputation. The impaired blood 
flow triggers a rescue mechanism driven by transcription 
factors during which flow is redirected through collateral 
arteries that thereby feature structural changes. Identify-
ing these transcription factors and revealing their mode of 
action is crucial for designing novel strategies to improve 
arterial blood flow and avoid amputation in PAD patients. 
Here, we found that Prdm16 is a transcription factor 
highly expressed in arterial ECs and SMCs. Through its 
expression in arterial ECs, Prdm16 rescued arterial blood 
flow upon PAD. Surprisingly, the mechanism of action was 
not related to governing the structural collateral remodel-
ing process but rather to preserving endothelial function. 
Unlike most research in the PAD field, the present study 
establishes that supporting structural collateral remodel-
ing is not the only important action to guarantee normal 
arterial blood flow recovery as the latter equally relies on 
preserving EC functionality. We identified Prdm16 as a 
key promoter of arterial EC function during PAD. Hence, 
Prdm16 represents an interesting target to design novel 
PAD treatment strategies that ideally should combine 
structural and functional rescue.
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thicker smooth muscle cell (SMC) coat.6 This remodeling 
process is known as adaptive arteriogenesis and con-
verges on transcription factors. Msx (muscle segment 
homeobox) 1 is part of a mechanosensing pathway that 
fuels collateral arterial growth. It induces a proinflam-
matory state in collateral ECs, enabling them to recruit 
monocytes to initiate collateral expansion.7 In addition 
to shear stress-driven collateral growth proximal to the 
obstruction, hypoxia triggers capillary growth more dis-
tally. This angiogenic response is also mediated through 
transcription factors (eg, TFEB [trancription factor-EB]).8

Inspired by the finding that Msx1 triggered structural 
collateral growth during PAD,7 we sought to determine 
whether other transcription factors from our previously 
established arterial EC signature were also involved.9 
Prdm (positive regulatory domain-containing protein) 16 
emerged as a likely candidate as it was the most differ-
entially expressed transcription factor with an unknown 
role in arteries in vivo.9 Prdm16 is part of a family of 17 
members that are involved in a spectrum of biological 
processes including cell fate decision making.10 Although 
initially identified as an oncogene in myelodysplastic syn-
drome and acute myeloid leukemia,11 Prdm16 is currently 
mostly known for its roles in brown/beige adipose tissue 
fate decision,10,12 craniofacial development,13 hemato-
poietic/neuronal stem cell maintenance, and homeosta-
sis14,15 and in the context of certain cardiomyopathies.16 
Accordingly, Prdm16 expression has been documented 
in brown and beige adipose tissue, the skeletal, hema-
topoietic, and nervous systems  and the heart.10,11,13–15 
Constitutive homozygous deficiency of Prdm16 in mice 
causes respiratory failure and perinatal death.13 Recently, 
Prdm16 expression was reported in retinal arterioles,17 
yet, a detailed analysis of its expression and role in the 
adult arterial system, more specifically during adaptive 
arteriogenesis, remains unexplored.

METHODS
Extended methods and a Major Resources Table (Table I in the 
Data Supplement) are provided in the Data Supplement.

Data Availability
The authors declare that the majority of supporting data are pre-
sented within this article and in the Data Supplement. Data not 
directly presented are available from the corresponding author 
upon reasonable request. Single-cell RNA sequencing data have 
been deposited in the ArrayExpress database at EMBL-EBI 
(www.ebi.ac.uk/arrayexpress; accession number E-MTAB-9703).

Mouse Strains and Cell Type–Specific Prdm16 
Deletion
Animal experiments were approved by the KU Leuven Ethics 
Committee on Animal Use. Three mouse lines were used: ubiq-
uitous constitutive Prdm16 knockout mice (Prdm16Gt(OST67423)

Lex; or Prdm16+/−)13; EC-specific Prdm16 knockout mice 

(Cdh5-CreERT2;Prdm16fl/fl; or EC-Prdm16−/−) generated by inter-
crossing the Cdh5-CreERT2 driver line18 with Prdm16fl/fl mice19; 
mice with Prdm16 deficiency in SMCs (Sm22α-Cre;Prdm16fl/

fl; or SMC-Prdm16−/−) generated by crossing the Sm22α-Cre 
driver line20 with Prdm16fl/fl mice. EC-specific Prdm16 deletion 
was induced by tamoxifen (4 intragastric injections on postna-
tal day 1 to 4 for long-term deletion or, for short-term deletion, 
5 daily injections in week 10, starting 14 days before hindlimb 
ischemia (HLI) induction). Tamoxifen-induced deletion effi-
cacy was ≈80% and Prdm16 loss in collaterals was restricted 
to ECs or SMCs in EC-Prdm16−/− and SMC-Prdm16−/− mice, 
respectively (Figure I in the Data Supplement).

Prdm16 Expression Analysis
Prdm16 expression was examined by X-gal 5-bromo-4-chloro-
3-indolyl-D-galactopyranoside (X-gal)  staining (taking advan-
tage of the presence of a gene-trap cassette in the Prdm16 
locus encoding β-galactosidase in Prdm16+/− mice)13 or by an 
in-house optimized immunofluorescence staining.

Structural, Biomechanical, and Blood Pressure 
Measurements
Inner diameter and SMC cross-sectional area of descending 
aorta (DA) and femoral artery (FA) were measured in cross-
sections of adult Prdm16+/+ and Prdm16+/− mice. Biomechanical 
measurements were obtained by mounting DA segments 
in a Rodent Oscillatory Tension Set-Up to Study Arterial 
Compliance.21 Blood pressure was determined via noninvasive 
tail-cuff measurements on a CODA system (Kent Scientific).

HLI Induction and Follow-Up
HLI studies were performed in 8- to 12-week old Prdm16+/−, 
EC-Prdm16−/−, SMC-Prdm16−/− mice and their wild-type (WT) lit-
termates by FA ligation.7 Reperfusion recovery was monitored by 
laser doppler imaging (Lisca, PIMII), and necrosis was assessed 
by an in-house developed necrosis score. At day 3 or day 21 
postligation, adductor or gastrocnemius muscles were dissected 
out and processed for histology, RNA, or protein extraction. Gene 
expression was quantified by quantitative real-time polymerase 
chain reaction as described online using primer sets listed in 
Table II in the Data Supplement. Protein quantification was per-
formed by Western blotting, as described online. Fibrosis/fibro-
adipose tissue22 in day 21 postligation gastrocnemius muscles 
was investigated on Sirius red-stained cross-sections. Collateral 
remodeling in the adductor region was evaluated by studying 
inflammatory cell recruitment around growing collaterals at day 
3 postligation on Cd45- or Cd68-αSMA (smooth muscle actin) 
double-stained cross-sections and by determining luminal and 
medial expansion at day 21 postligation on Cd31-αSMA double-
stained cross-sections. To determine capillary density in the gas-
trocnemius muscle, an identical Cd31/αSMA staining was used. 
Morphometry was performed by a blinded investigator.

Nano–Computed Tomography
Prdm16+/− and Prdm16+/+ littermates were subjected to FA 
ligation and perfused 7 days later with barium sulfate/gela-
tin. After overnight solidification, limbs were dissected out and 
scanned with a Phoenix Nanotom M, and scans were optimized 
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during three-dimensional reconstruction (Datos|x, Waygate 
Technologies). Images were analyzed as described online.

Organ Bath and Myograph Measurements
DA and FA segments of Prdm16+/− or long-term EC-Prdm16−/− 
mice and their corresponding WT littermates were dissected 
out and mounted in an organ bath or on a myograph (DMT, 
610M), respectively.23,24 Active contractions and relaxations 
were monitored during cumulative dose exposure to phen-
ylephrine (contraction), acetylcholine (EC-dependent relax-
ation), or diethylamine NONOate (EC-independent relaxation). 
To study vasomotor function upon HLI, right FA segments 
downstream of the ligation site of Prdm16+/− or long-term 
EC-Prdm16−/− mice, and their corresponding WT littermates 
were isolated and mounted on a myograph day 3 postligation. 
FA segments of the unligated left side served as control. For 
EC-Prdm16−/− and WT littermates, DA vasomotor function was 
recorded from the same mice.

Single-Cell RNA Sequencing
On day 3 postligation, FA segments downstream of the liga-
tion and corresponding segments on the unligated side from 
EC-Prdm16−/− or EC-Prdm16+/+ littermates (n=4 each) were 
dissected out and collected on ice. FA segments were pooled 
per sample type (ligated and unligated, for both EC-Prdm16−/− 
and EC-Prdm16+/+), converted into single-cell suspensions, and 
barcoded libraries were prepared using kits from 10X Genomics 
and sequenced on an Illumina Nextseq and NovaSeq6000 as 
described online. Raw data processing, quality control (Figure 
II in the Data Supplement), comparative analysis of Cd45+ 
(Ptprc+) clusters, and differential expression/functional anno-
tation analyses of the arterial EC cluster was performed as 
described online using Cell Ranger, Harmony, and MAST soft-
ware packages/algorithms.25–27

Lentiviral Transduction and Ca2+ Measurements
A lentivirus overexpressing full-length mouse Prdm16 (clone 
ID 6409778; Thermo Scientific Molecular Biology) was used.9 
Human umbilical vein ECs (generated after obtaining informed 
consent from donors)9 were transduced and after 6 days, har-
vested and seeded for Ca2+ measurements. As control, cells 
were transduced with a Cherry-expressing lentivirus. Human 
umbilical vein ECs were loaded with Fura-2AM (Fura-2 acetoxy-
methyl) and total cellular and endoplasmic reticulum (ER) Ca2+ 
content and store-operated Ca2+ entry were measured 24 hours 
later as described online.

Statistics
Continuous data are presented as mean±SEM. Detailed infor-
mation on statistics is provided in the Data Supplement (Table 
III in the Data Supplement).

RESULTS
Prdm16 Universally Marks Adult Arteries
From comparative profiling of human umbilical cord 
ECs, PRDM16 emerged as an arterial EC-enriched 

transcription factor.9 This expression pattern was con-
served in adult mice, as Prdm16 was only detectable 
in arteries and not veins, with strong expression in both 
ECs and SMCs. This arterial-exclusive expression was 
present in the intima and media of multiple adult blood 
vessel types with strong expression in the carotid artery, 
thoracic aorta, and FA, the former 2 representing elas-
tic conduit arteries, the third one being a smaller caliber 
muscular artery (Figure 1A through 1F). Similar obser-
vations were made in other arteriovenous pairs (Figure 
IIIA through IIID in the Data Supplement). Whole-mount 
staining of the retina revealed that arterial expression 
was retained down to the arteriolar level (Figure 1G), in 
accordance with a previous study.17 Next to physiologi-
cal conditions, Prdm16 expression was also prominent 
in ECs and SMCs of collateral arteries following HLI 
induction (Figure 1H). Compared with the unligated side, 
Prdm16 expression in collateral ECs and SMCs was 
relatively stable during the first 3 days postligation, then 
subsequently declined followed by a slow recovery from 
day 7 onwards (Figure IIIE and IIIF in the Data Supple-
ment). Thus, Prdm16 universally marked ECs and SMCs 
of arteries and not veins, independent of anatomic loca-
tion, vessel caliber, artery type, or health status.

Ubiquitous Heterozygous Prdm16 Deficiency 
Does Not Affect Arterial Vasomotor Function
Next, we questioned whether the arterial-restricted 
expression pattern of Prdm16 reflected a functional role 
in adult arteries under physiological conditions. Although 
homozygous Prdm16 deficiency causes respiratory fail-
ure and death around birth,13 heterozygous Prdm16 mice 
were viable and fertile. DA and FA dimensions were 
slightly smaller in Prdm16+/− versus Prdm16+/+ mice 
(Figure 2A through 2C). SMC cross-sectional area was 
significantly decreased in the FA and showed a trend 
towards decrease in the DA in Prdm16+/− mice (Figure 2D 
through 2F). Despite reduced arterial dimensions, base-
line arterial vasomotor function was normal, as evidenced 
by identical blood pressure (not shown) and similar maxi-
mal contraction and EC-dependent or EC-independent 
relaxation in the DA and FA of Prdm16+/− and Prdm16+/+ 
littermates (Figure 2G through 2O). Further examinations 
showed normal biomechanical properties of Prdm16+/− 
DA segments at physiological stretch frequency and 
pressure (Figure IV in the Data Supplement). Thus, 
Prdm16 heterozygous deficiency did not affect baseline 
arterial vasomotor function or biomechanics.

Ubiquitous or EC-Specific Prdm16 Deficiency 
Impairs Arterial Flow Recovery Upon HLI
To test whether Prdm16 had a role in arteries during 
PAD, FAs of Prdm16+/− and Prdm16+/+ littermates were 
ligated to trigger adaptive arteriogenesis. Prdm16+/+ 
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mice had spontaneous arterial flow recovery to >80% 
at day 21, whereas recovery was impaired from day 7 
onwards in Prdm16+/− mice (Figure  3A and 3B; Fig-
ure VA and VB in the Data Supplement). Accordingly, 
Prdm16+/− mice had more tissue necrosis, fibrosis, and 
fibro-adipose tissue in their gastrocnemius muscles than 
Prdm16+/+ littermates (Figure  3C and 3D; Figure VC 
through VE in the Data Supplement). Because Prdm16 
was expressed in both EC and SMC compartments, we 
investigated which cell type was mainly responsible for 
the defective flow recovery by inducing HLI in mice with 
Prdm16 deficiency in ECs or SMCs using Cre-medi-
ated excision driven by the tamoxifen-inducible Cdh5 
or the constitutive Sm22α promoter, respectively. Long-
term (ie, from birth onwards) Prdm16 deficiency in ECs 
caused a significant impairment in arterial flow recovery, 

compared with their corresponding WT littermates, which 
was accompanied by worsened tissue necrosis, more 
fibrosis, and fibro-adipose tissue in the gastrocnemius 
muscle (Figure 3E through 3H; Figure VF through VJ in 
the Data Supplement). When shortening the duration of 
Prdm16 deficiency in ECs by starting tamoxifen adminis-
tration only 14 days before HLI induction, the impairment 
in flow recovery was shifted towards a later time-point 
(Figure 3I and 3J; Figure VK and VL in the Data Supple-
ment) and follow-up until 6 weeks after HLI induction 
revealed that this impairment did not resolve later on (not 
shown). This less severe recovery deficit also correlated 
with lower scores for necrosis, fibrosis, and fibro-adipose 
tissue (Figure 3K and 3L; Figure VM through VO in the 
Data Supplement). In contrast, constitutive Prdm16 loss 
in SMCs did not impair arterial flow recovery (Figure 3M 

Figure 1. Prdm (positive regulatory domain-containing protein) 16 is a universal arterial marker in health and disease.
A–F, X-gal (5-bromo-4-chloro-3-indolyl–D-galactopyranoside) staining on cross-sections of adult Prdm16+/− arteriovenous pairs. Arteries are 
shown in (A, C, and E), venous counterparts in (B, D, and F). G, Whole-mount X-gal staining on a flat-mounted retina of a Prdm16+/− adult mouse. 
H, Immunofluorescence staining for Prdm16 (green) and αSMA (smooth muscle actin; red) on adductor sections of the unligated (UL) and ligated 
(L) side 7 d after femoral artery ligation (FAL). Arrowheads and asterisks indicate endothelial and smooth muscle cells, respectively, in A–F, and 
H. Black dashed lines in A–F, and H and dashed box in G show location of the cross-section or whole-mount staining. Scale bars: 50 μm in A–F, 
25 μm in G, and 10 μm in H.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.318501
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.318501
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.318501
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.318501
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.318501
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.318501


Original





 R
esearch






68    June 25, 2021� Circulation Research. 2021;129:63–77. DOI: 10.1161/CIRCRESAHA.120.318501

Craps et al Endothelial Prdm16 Supports Arterial Flow Recovery

and 3N; Figure VP and VQ in the Data Supplement). 
Accordingly, there was no alteration in necrosis, fibrosis, 
or fibro-adipose tissue in SMC-Prdm16−/− versus SMC-
Prdm16+/+ gastrocnemius muscles (Figure 3O and 3P; 
Figure VR through VT in the Data Supplement). Thus, 
Prdm16 deficiency in ECs but not SMCs had a detrimen-
tal time-dependent effect on arterial flow recovery.

Ubiquitous or EC-Specific Prdm16 Deficiency 
Does Not Impair Vessel Remodeling Upon HLI
Structural vascular remodeling during adaptive arte-
riogenesis is initiated by inflammatory cell recruitment 
towards the endothelium of collaterals which primes 
them for luminal and medial expansion.7,28 Recruitment of 
Cd45+ cells around growing collaterals at the ligated side 

at day 3 postligation in the adductor region was unaltered 
in Prdm16+/− and long-term EC-Prdm16−/− mice com-
pared with their corresponding WT littermates (Figure 4A 
through 4C; Figure VIA through VID in the Data Supple-
ment). Accordingly, the increase in inner diameter and 
SMC cross-sectional area of the remodeled collaterals 
was not affected by ubiquitous or EC-restricted Prdm16 
deficiency (Figure 4D through 4I; Figure VIE through VIH 
in the Data Supplement). Analysis of the day 3 Cd45+ 
cell infiltrate around EC-Prdm16−/− arteries at single-cell 
resolution revealed 4 Cd45+ (Ptprc+) cell types among the 
14 annotated clusters, that is, Cd68+ monocyte/macro-
phages, Ly6g+ monocyte/neutrophils, Cd3+ T, and Cd79a+ 
B lymphocytes (Figure VIIA through VIID in the Data Sup-
plement). There were no major genotypic differences in 
extent or composition of the lymphoid/myeloid cell groups, 

Figure 2. Ubiquitous heterozygous 
Prdm (positive regulatory domain-
containing protein) 16 deficiency 
slightly affects arterial geometry but 
not vasomotor function.
A–C, Schematic representation (A) and 
quantification of descending aorta (DA; 
B) and femoral artery (FA; C) diameter 
of Prdm16+/+ (n=13 for DA; n=7 for FA) 
and Prdm16+/− (n=14 for DA; n=8 for FA) 
mice. D–F, Schematic representation (D) 
and quantification of DA (E) and FA (F) 
smooth muscle cell (SMC) cross-sectional 
area of Prdm16+/+ (n=7 for DA and FA) 
and Prdm16+/− (n=8 for DA and FA) mice. 
G–I, Schematic representation (G) and 
quantification of the phenylephrine (PE)-
induced absolute contraction (AC) in DA 
(H) and FA (I) of Prdm16+/+ (n=5 for DA; 
n=7 for FA) and Prdm16+/− (n=6 for DA; 
n=7 for FA) mice (concentration PE: 3×10-

6 mol/L for DA and FA). J–L, Schematic 
representation (J) and quantification of 
relative acetylcholine (ACh)-mediated 
relaxation of DA (K) and FA (L) from 
Prdm16+/+ (n=6 for DA; n=7 for FA) and 
Prdm16+/− (n=5 for DA; n=7 for FA) mice. 
M–O, Schematic representation (M) and 
quantification of relative diethylamine 
NONOate (DEANO)–mediated relaxation 
of DA (N) and FA (O) from Prdm16+/+ (n=6 
for DA; n=7 for FA) and Prdm16+/− (n=6 
for DA; n=7 for FA) mice. Data represent 
mean±SEM. *P<0.05: vs corresponding 
control (Table III in the Data Supplement). 
EC indicates endothelial cell, and M in 
(K,L,N,O), molar.
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and the comparable Cd68+ monocyte/macrophage 
recruitment around EC-Prdm16−/− and EC-Prdm16+/+ col-
laterals was confirmed by immunofluorescence staining 

(Figure VIIE through VIIJ in the Data Supplement). The 
lack of a remodeling deficit in Prdm16+/− adductors was 
confirmed by 3-dimensional reconstruction of the vessel 

Figure 3. Ubiquitous or endothelial cell (EC)–specific Prdm (positive regulatory domain-containing protein) 16 deficiency 
impair flow recovery and boost necrosis and fibrosis upon hindlimb ischemia (HLI).
A–D, Schematic representation/time-line (A; w [weeks]; wild-type [WT]) and quantification of flow recovery (B; expressed as % of ligated [L] over 
unligated [UL]), d 21 necrosis (C; expressed in arbitrary units [AU]) and d 21 fibrosis scores (D) in Prdm16+/+ (n=8–12) or Prdm16+/− (n=8–12) 
mice after HLI induction. E–H, Schematic representation/time-line (E; T: tamoxifen) and quantification of flow recovery (F; expressed as % of L 
over UL), d 21 necrosis (G; expressed in AU), and d 21 fibrosis scores (H) in long-term EC-Prdm16+/+ (n=11–12) or EC-Prdm16−/− (n=9–10) 
mice after HLI induction. I–L, Schematic representation/time-line (I) and quantification of flow recovery (J; expressed as % of L over UL), d 21 
necrosis (K; expressed in AU) and d 21 fibrosis scores (L) in short-term EC-Prdm16+/+ (n=10–16) or EC-Prdm16−/− (n=10–13) mice after HLI 
induction. M–P, Schematic representation/time-line (M) and quantification of flow recovery (N; expressed as % of L over UL), d 21 necrosis (O; 
expressed in AU), and d 21 fibrosis scores (P) in smooth muscle cell (SMC)-Prdm16+/+ (n=8) or SMC-Prdm16−/− (n=10) mice after HLI induction. 
Data in B, D, F, H, J, L, N, and P represent mean±SEM. *P<0.05: vs corresponding control (Table III in the Data Supplement).
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Figure 4. Ubiquitous or endothelial cell (EC)–specific Prdm (positive regulatory domain-containing protein) 16 deficiency do 
not affect structural vascular remodeling upon hindlimb ischemia.
A–C, Schematic representation (A) and quantification of Cd45+ inflammatory cell (IC) recruitment around expanding collaterals in the adductor 
region of the ligated (L) and unligated (UL) side at 3 d after femoral artery ligation (FAL) in Prdm16+/+ (n=5) or Prdm16+/− (n=3) mice (B) and 
long-term EC-Prdm16+/+ (n=8) or EC-Prdm16−/− (n=5) mice (C). D–F, Schematic representation (D) and quantification of collateral inner diameter 
at d 21 after FAL in Prdm16+/+ (n=8) or Prdm16+/− (n=8) mice (E) and long-term EC-Prdm16+/+ (n=11) or EC-Prdm16−/− (n=8) mice (F). G–I, 
Schematic representation (G) and quantification of smooth muscle cell (SMC)–coating (measured as cross-sectional medial area) of remodeled 
collateral arteries at d 21 after FAL in Prdm16+/+ (n=7) or Prdm16+/− (n=8) mice (H) and long-term EC-Prdm16+/+ (n=11) or EC-Prdm16−/− (n=8) 
mice (I). J–L, Schematic representation (J) and quantification of capillary density in gastrocnemius (gc; black box) muscle at d 21 after FAL in 
Prdm16+/+ (n=6) or Prdm16+/− (n=6) mice (K) and long-term EC-Prdm16+/+ (n=12) or EC-Prdm16−/− (n=9) mice (L). Data represent mean±SEM. 
*P<0.05: vs indicated condition (Table III in the Data Supplement). Adductor region (add) studied in A–I is indicated by a white box in J.
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network by nano-computed tomography (CT), as evident 
from a comparable expansion of the total vascular volume 
or growth/remodeling of the collaterals (Figure VIII in the 
Data Supplement).

In addition to adaptive arteriogenesis in the adductor 
region, flow distribution to the downstream ischemic muscle 
can be improved by increasing capillary density in the gas-
trocnemius region.8 Unlike in their Prdm16+/+ littermates, 
Cd31+ capillary density in the gastrocnemius muscle of the 
ligated limb was significantly increased in Prdm16+/− and 
long-term EC-Prdm16−/− mice, likely representing a com-
pensatory (but insufficient) response to aggravated isch-
emia driven by increased Vegfa levels (Figure 4J through 
4L; Figure VII through VIL in the Data Supplement; not 
shown). Altogether, the deficit in flow recovery in Prdm16+/− 
and long-term EC-Prdm16−/− mice could not be explained 
by structural vascular remodeling impairment.

EC-Specific Prdm16 Deficiency Causes 
Attenuated EC-Dependent Relaxation Upon HLI
To study vasomotor function upon HLI induction, FA 
segments downstream of the ligation site were isolated 
from Prdm16+/−, long-term EC-Prdm16−/− and their cor-
responding WT littermates at day 3 postligation and 
mounted on a myograph. Phenylephrine-mediated con-
tractions tended to be lower in FA segments of the 
ligated versus the unligated side but Prdm16 deficiency 
did not affect contraction (Figure 5A through 5C). Like-
wise, EC-dependent relaxation in response to acetylcho-
line was altered in the FA segment of the ligated side, but 
this response was not impaired in Prdm16+/− compared 
with their Prdm16+/+ littermates (Figure 5D and 5E). In 
contrast, HLI triggered a significantly lowered response 
to acetylcholine in long-term EC-Prdm16−/− compared 
with EC-Prdm16+/+ FA segments on the ligated side 
(Figure 5D and 5F). Vice versa, EC-independent relax-
ation upon exposure to NO-donor diethylamine NONO-
ate was not significantly affected by HLI or by Prdm16 
deficiency (Figure  5G through 5I). Vasomotor function 
of the FA at the unligated side (Figure 5C, 5F, and 5I) 
and the DA upstream of the ligation (Figure IX in the 
Data Supplement) was very similar between long-term 
EC-Prdm16−/− mice and their EC-Prdm16+/+ littermates. 
Altogether, endothelial Prdm16 deficiency resulted in 
early-onset EC dysfunction only when challenged by HLI.

Prdm16 in ECs Regulates Their Function 
Through Ca2+ and NO Homeostasis
To explore mechanisms of this early-onset EC dysfunc-
tion in an unbiased way, we performed in situ differential 
expression analysis in EC-Prdm16−/− and EC-Prdm16+/+ 
littermates at day 3 postligation by single-cell RNA 
sequencing of FA segments from the ligated and unli-
gated side. Cluster analysis revealed 14 cell populations, 

including Sox17+ arterial ECs (Figure 6A and 6B; Figure 
VIIA through VIIC in the Data Supplement). To identify 
genes with altered expression specifically in arterial ECs by 
induction of HLI in a Prdm16-dependent or Prdm16-inde-
pendent way, we performed a 2-step analysis (Figure 6C). 
First, we shortlisted (based on statistical significance, 
degree of differential expression, and percentage of cells 
featuring expression changes) the genes altered by FA 
ligation by comparing the ligated and unligated side for 
EC-Prdm16+/+ and EC-Prdm16−/− separately. Next, we 
overlapped these shortlists to distinguish genes commonly 
regulated (type A genes) from those that were uniquely 
changed (type B genes) among genotypes. This revealed 
218 type A and 398 type B genes, of which 217 were 
uniquely altered in EC-Prdm16+/+ (type B1 genes) and 
181 were exclusively changed in EC-Prdm16−/− mice (type 
B2 genes). We considered both type B1 and B2 genes 
to be potentially involved in the observed EC dysfunction 
(Figure 6C; Tables IV and V in the Data Supplement). We 
next performed functional annotation analysis on type B1 
and B2 genes to identify and prioritize unique genotype-
dependent processes known to be involved in EC function. 
Among prioritized functions related to type B1 genes, we 
identified gap junctions and endocrine and other factor-
related Ca2+ reabsorption, whereas Ca2+ binding and mul-
tiple functional terms related to fat(ty acid) handling were 
found associated with type B2 genes (Figure 6D: Tables 
VI and VII in the Data Supplement).

Accordingly, an in-depth literature analysis on the 30 
type B genes—the majority of which were downregu-
lated upon ligation—associated with the prioritized func-
tions revealed that as many as 50% of them related to 
Ca2+ handling (Figure 6E; Table VIII in the Data Supple-
ment). Next, because the vascular relaxation deficit in 
EC-Prdm16−/− mice was no longer apparent after NO-
donor supplementation, we hypothesized that changes in 
prioritized genes might reflect altered regulation of NO 
bioavailability. NO decrease can be caused by reduced 
levels/activity of eNOS (endothelial NO synthase) or by 
Nox (NADPH-oxidase)-induced eNOS uncoupling, the 
latter resulting in production of radical oxygen species 
rather than NO.29 In support of this hypothesis, 33% 
of prioritized genes have a documented involvement in 
eNOS regulation/NO production, and 17% are known to 
be involved in redox status regulation (Figure 6E; Table 
VIII in the Data Supplement). Finally, ≈43% of the pri-
oritized genes have been associated with the process 
of clathrin- or caveolae-related endocytosis, the latter 
known to play an important role in EC function, including 
regulation of eNOS/NO production, redox status as well 
as Ca2+ homeostasis (Figure 6E; Table VIII in the Data 
Supplement).29 Altogether, our in situ differential expres-
sion analysis identified functions and associated genes 
converging on several pathways that previously have 
been associated with regulation of EC functionality, most 
notably, Ca2+ and NO.
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To verify a role for endothelial Prdm16 in Ca2+ and 
NO homeostasis upon HLI, we performed additional 
experiments. Given the technical complexity of in vivo 
Ca2+ measurements in the FA, and because ECs in 
culture rapidly lose Prdm16 expression,9 we used a 
complementary approach based on intracellular Ca2+ 
measurements upon Prdm16 overexpression in human 

umbilical vein ECs. Prdm16 overexpression increased 
intracellular Ca2+ storage by ≈18% (Figure 7A) as mea-
sured by exposing cells to the ionophore ionomycin 
upon chelation of extracellular Ca2+. Repeating these 
experiments using thapsigargin, which causes deple-
tion of the ER Ca2+ store, instead of ionomycin, showed 
that this increase in stored Ca2+ was not at the level of 

Figure 5. Endothelial cell (EC)–specific Prdm (positive regulatory domain-containing protein) 16 deficiency causes impaired 
EC-dependent relaxation upon hindlimb ischemia.
A–C, Schematic representation (A) and quantification of phenylephrine (PE)-mediated absolute contraction (AC) in femoral artery (FA) segments 
of the ligated (L) and unligated (UL) side 3 d after FA ligation (FAL) in Prdm16+/+ (n=7) or Prdm16+/− (n=5–6) mice (B) and long-term EC-
Prdm16+/+ (n=3–5) or EC-Prdm16−/− (n=4–5) mice (C). D–F, Schematic representation (D) and quantification of relative EC-dependent 
relaxation upon administration of acetylcholine (ACh) in FA segments at d 3 after FAL in Prdm16+/+ (n=7) or Prdm16+/− (n=5–6) mice (E) 
and long-term EC-Prdm16+/+ (n=3–5) or EC-Prdm16−/− (n=4–5) mice (F). G–I, Schematic representation (G) and quantification of relative 
EC-independent relaxation upon administration of diethylamine NONOate (DEANO) in FA segments at d 3 after FAL in Prdm16+/+ (n=7) or 
Prdm16+/− (n=5–6) mice (H) and long-term EC-Prdm16+/+ (n=3–5) or EC-Prdm16−/− (n=4–5) mice (I). Data represent mean±SEM. *P<0.05: vs 
indicated condition (significance is only indicated in case of a differential genotypic response to FAL; Table III in the Data Supplement). M in (B, C, 
E, F, H, I) indicates molar.
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Figure 6. In situ analyses upon hindlimb ischemia induction in endothelial cell (EC)–specific Prdm (positive regulatory domain-
containing protein) 16–deficient mice and their wild-type littermates reveal differential expression changes related to NO 
bioavailability and Ca2+ homeostasis.
A, Schematic representation of the study design for the in situ differential expression analysis based on single-cell RNA sequencing 3 d after 
femoral artery ligation (FAL). The regions of interest (ROI) from which single-cell suspensions from the ligated (L) or unligated (UL) side were 
generated for EC-Prdm16+/+ (red) and EC-Prdm16−/− (dark pink) mice are indicated by a black box. The ROI material from 4 animals was pooled 
to obtain sufficient cells. B, Uniform Manifold Approximation and Projection (UMAP) plot highlighting cell clusters annotated as arterial endothelial 
cell (aEC) in red. C, Schematic representation of the 2-step model used for identification of differentially expressed genes (DEGs) in aECs that 
were commonly (type A; red) or genotype-dependently (type B; light pink) altered when comparing the ligated (L) vs the unligated (UL) side. D, 
Diagrams showing results of the combined functional annotation analysis by Database for Annotation, Visualization and Integrated Discovery and 
Gene Set Enrichment Analysis for Kyoto Encyclopedia of Genes and Genomes (KEGG; left) and for Gene Ontology terms molecular_functions 
(GO-MF; right), expressed as % of genes of the total number of DEGs. Functional categories prioritized because of their known association with 
EC (dys)function are named. E, Heat maps (upper left) showing the 30 genes represented by the prioritized functional terms in D. Color scale 
code is shown on top. Table (lower left) showing the documented involvement of the genes in regulation of eNOS (endothelial NO synthase)/
NO production, redox state, and Ca2+ homeostasis. Cartoon (right) reveals location of genes encoding for structural components of caveolae or 
clathrin-coated pits. Arrows indicate caveolae recycling. LDL indicates low-density lipoprotein.
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the ER (Figure 7B). Finally, store-operated Ca2+ entry, 
measured by readdition of extracellular Ca2+ after ER 
depletion with thapsigargin, was increased by ≈21% 
upon Prdm16 overexpression (Figure  7C). To further 

support the involvement of Prdm16 in NO bioavailability 
upon HLI, we investigated the levels of eNOS and Nox 
in situ. Although induction of eNOS protein expression 
in the adductor region was not affected by endothelial 
Prdm16 deficiency (eNOS protein, expressed as ratio of 
ligated versus unligated side of EC-Prdm16+/+ versus 
EC-Prdm16−/− mice: 1.4±0.5 versus 1.1±0.4; n=3–4, 
P=8.57×10-1 by Mann-Whitney test; Figure X in the 
Data Supplement), induction of Nox2 and Nox4 expres-
sion was increased in EC-Prdm16−/− mice suggesting 
more eNOS uncoupling (Figure 7D and 7E). Altogether, 
these findings suggest that Prdm16 controls EC func-
tion by affecting Ca2+ signaling and NO availability.

DISCUSSION
Currently, there are no effective options to restore arterial 
flow in PAD patients ineligible for invasive revasculariza-
tion.4,5 The lack of specificity towards the arterial part of 
the vasculature may be one reason for the inefficacy of 
VEGF- or FGF-based angiogenic growth factor mono-
therapy.30 Identifying transcriptional regulators orches-
trating arterial flow recovery may lead to development 
of more tailored strategies. Here, we report that loss of 
the arterial-restricted transcription factor Prdm16 sig-
nificantly impaired flow recovery in a mouse PAD model. 
Intriguingly, Prdm16 deficiency did not compromise the 
arterial remodeling response that classically occurs in 
this model, but its absence in ECs significantly attenu-
ated EC-dependent relaxation upon HLI induction. Our 
unbiased screen for molecular targets downstream of 
Prdm16 unveiled a potential role in regulating NO bio-
availability and Ca2+ homeostasis.

Apart from its expression in mouse retinal arterioles,17 
this transcription factor has not been reported in adult 
blood vessels nor was its role known in this compart-
ment. Here, we performed a systematic analysis of 
Prdm16 expression in adult blood vessels and found it 
to be universally restricted to arteri(ol)es, independent 
of artery type, location, caliber, or health status. Due 
to this arterial-specific expression, we hypothesized 
a crucial role for Prdm16 during adaptive arteriogen-
esis. Arterial flow recovery was severely impaired, even 
when only one Prdm16-allele was missing. Unexpect-
edly, this impairment caused by Prdm16 deficiency was 
not due to an attenuated arterial remodeling response, 
unlike we previously reported for Msx1.7 The increased 
angiogenic response in the gastrocnemius muscle of 
Prdm16+/− mice likely represented an insufficient com-
pensatory attempt to improve blood distribution in this 
area. In contrast to Msx1,7 Prdm16 expression was not 
triggered by shear stress or hypoxia in vitro (not shown) 
nor in vivo, which is in line with our current observation 
that Prdm16 is not directly involved in driving the shear 
stress-induced collateral remodeling or the hypoxia-
induced angiogenic response in the adductor and 

Figure 7. Prdm (positive regulatory domain-containing 
protein) 16 regulates Ca2+ homeostasis and Nox (NADPH-
oxidase) gene expression.
A–C, In vitro Ca2+ handling experiments following treatment of 
Prdm16- or Cherry-overexpressing human umbilical vein endothelial 
cells (ECs) with ionomycin in Ca2+-free medium (A; n=12; quantified 
as area under the curve [AUC]), thapsigargin in Ca2+-free medium 
(B; n=8; quantified as AUC) and exposure to high extracellular 
Ca2+ following endoplasmic reticulum (ER) Ca2+ depletion using 
thapsigargin treatment as a measure for store-operated calcium entry 
(C; n=8; quantified as maximum peak value (MPV) of the response to 
CaCl2). Mean differences between Cherry and Prdm16 overexpression 
conditions and corresponding % change are indicated above the 
X-axis in diagrams on the left. D and E, Diagram showing expression 
of Nox2 (D) and Nox4 (E; expressed as ratio of ligated (L) vs unligated 
(UL) side and as % of EC-Prdm16+/+) in the adductor muscle of long-
term EC-Prdm16+/+ (red; n=6–7) or EC-Prdm16−/− (pink; n=7) mice 
at 3 d postligation. Data represent mean±SEM. *P<0.05 vs indicated 
condition (Table III in the Data Supplement). EGTA indicates ethylene 
glycol tetraacetic acid; and SOC, store-operated Ca2+ entry.
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gastrocnemius region, respectively. Rather, Prdm16 has 
an early role in arterial flow recovery by preservation of 
endothelial function. This not only demonstrates that the 
mechanism by which arterial transcription factors affect 
arterial flow recovery can be fundamentally different but 
it also suggests that proper collateral remodeling and 
the angiogenic response alone are not sufficient for full 
arterial flow restoration. Our findings are in line with a 
previous study in mice with a heterozygous deficiency 
for Notch ligand Delta-like ligand 4 (Dll4) from which the 
authors concluded that ischemic recovery is not simply 
determined by the extent of the collateral network but 
rather by normal vascular function.31 Although it remains 
to be determined whether adaptive arteriogenesis also 
encompasses changes in arterial specification, this pro-
cess is likely more important during development than in 
adult, as previously reported in the same study.31

The flow recovery deficit upon Prdm16 deficiency 
resulted in fibrosis, fibro-adipose tissue accumulation, 
and toe loss. Although these could be manifestations 
indirectly caused by lack of oxygen supply, they may also 
result from a direct effect of Prdm16 deficiency. Quan-
titative real-time polymerase chain reaction analysis of 
gastrocnemius tissue at day 3 postligation revealed that 
endothelial Prdm16 deficiency tended to alter expres-
sion of genes encoding fibrosis regulators (not shown), 
some of which (ie, tissue inhibitor of metalloprotein-
ases (Timp)1 and Timp4) were altered in the same way 
in our single-cell RNA sequencing dataset (Table V in 
the Data Supplement), suggesting those genes may be 
directly targeted by Prdm16. However, fibro-adipose tis-
sue accumulation in Prdm16+/− gastrocnemius muscles 
was likely not resulting from a direct effect of Prdm16 
on adipogenic differentiation of mesenchymal precursors 
since lack of Prdm16 in the latter is known to decrease 
adipogenesis.12 The fact that we found a similar increase 
in fibro-adipose tissue upon loss of Prdm16 in nonmes-
enchymal cells, that is, ECs, further argues against this 
direct effect scenario. Finally, the increased occurrence 
of toe loss upon endothelial Prdm16 deficiency may 
potentially be related to neuropathy, as the latter has 
been associated with EC dysfunction through break-
down of the peripheral blood-nerve barrier.32

In search of the cell type(s) responsible for the flow 
recovery deficit, we used cell type–specific knockout 
mice. Although EC-specific loss of Prdm16 recapitu-
lated—and even somewhat aggravated—the reperfu-
sion deficit observed in Prdm16+/− mice, Prdm16 loss in 
SMCs did not. This suggests that Prdm16 expression in 
ECs had a dominant role in guaranteeing normal arte-
rial flow recovery after FA ligation. Although this pre-
cludes an important role for SMC-Prdm16 in the current 
PAD model, our findings do not exclude its potential 
importance in other (arterial) disease models. Like in 
Prdm16+/− mice, mice completely lacking Prdm16 in their 
ECs had a normal collateral growth response. However, 

EC-Prdm16−/− mice showed significantly attenuated EC-
dependent vasorelaxation of the FA segment connecting 
downstream of the ligation with the collateral network 
but not in the upstream DA or the contralateral unligated 
FA segments. This indicates that the dysfunction was 
specifically unveiled in the region affected by the patho-
logical challenge and that proper EC function is a critical 
determinant of normal arterial flow recovery, in line with 
the previous findings in Dll4+/− mice.31 To our knowledge, 
this is the first report of vasomotor function recordings in 
a PAD model. Our recordings did not only reveal a defec-
tive response in EC-Prdm16−/− mice compared with their 
WT littermates but also showed that HLI per se caused 
the FA to become less capable of responding.

Although Prdm16+/− and EC-Prdm16−/− mice both had 
impaired flow recovery, EC-dependent relaxation was 
only affected in the latter. This could be explained in dif-
ferent ways. First, there may be gene dose-dependency, 
such that abnormal vasomotor responses are only pres-
ent upon homozygous lack of Prdm16 in ECs. Second, 
as mentioned above, Prdm16 deficiency in non-ECs may 
also contribute to the flow recovery deficit in Prdm16+/− 
mice. Third, Prdm16 deficiency in ECs may encompass 
other features of EC dysfunction not revealed by the 
used set of vasomotor tests. When looking in more detail 
at our vasomotor recordings, we noticed that contraction-
relaxation curves of the ligated FA segments of 80% 
of Prdm16+/− (Figure XI in the Data Supplement) and 
75% of EC-Prdm16−/− mice featured spikes, suggestive 
for abnormal vascular function. A broader interference 
with EC homeostasis is also supported by our unbiased 
screen for molecular mechanisms that could account for 
a Prdm16-related role in preserving EC function.

We performed this unbiased screen by an in situ differ-
ential expression analysis at single-cell resolution in arte-
rial ECs. The Prdm16-dependent functions and associated 
genes emerging from this analysis converged on a broad 
role for Prdm16 in processes previously associated with 
many aspects of EC (dys)function, including regulation of 
eNOS production/activation, redox and Ca2+ homeosta-
sis, gap junctions, and fat(ty)acid handling.29,33–35 Indeed, 
endothelial Prdm16-deficiency affected the in situ expres-
sion of several genes previously associated with eNOS 
activation, including Cavin2 and EH domain-containing 
(Ehd)2.36,37 Furthermore, a role for Prdm16 in promoting 
NO bioavailability during HLI was supported by the fact 
that endothelial loss of Prdm16 upregulated Nox genes, 
known to cause eNOS uncoupling and oxidative stress29 
and downregulated several genes that protect against oxi-
dative stress (eg, fibulin [Fbln]5 and retinol-binding protein 
[Rbp]7).38,39 A role for Prdm16 in Ca2+ homeostasis also 
emerged from our in situ expression analysis, and we vali-
dated this by in vitro functional studies. In the PAD model 
used in the current study, the sudden increased perfu-
sion in collaterals and the connecting downstream FA 
alters extracellular Ca2+ concentrations to which ECs are 
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exposed and the shear stress sensed by ECs triggers an 
intracellular Ca2+ response through release from internal 
stores.40 Prdm16 overexpression did not seem to affect 
the Ca2+ content of the major intracellular store, that is, 
the ER, suggesting that other compartments, for example, 
mitochondria (representing the second-largest Ca2+ store), 
may be involved.40,41 Intriguingly, endothelial Prdm16 reg-
ulated several genes encoding structural components 
of endocytotic organelles, that is, caveolae and clathrin-
coated pits (Figure 6E; Table VIII in the Data Supplement) 
and clathrin-related functional terms emerged from our 
annotation analysis (Table VII in the Data Supplement). It is 
known that caveolae play an important role in EC function, 
including regulation of eNOS/NO production and oxida-
tive stress through recruitment of Nox as well as in Ca2+ 
homeostasis.29 Although clathrin-mediated endocytosis 
has not been associated with eNOS/NO production, sev-
eral structural genes localized in clathrin-coated pits have 
been associated with Ca2+ handling (Figure 6E; Table VIII 
in the Data Supplement).

In conclusion, our study demonstrates an unprec-
edented role for Prdm16 in sustaining arterial flow 
recovery in a mouse PAD model, mainly by preserving 
endothelial function, rather than affecting structural 
remodeling. Our findings may have important implica-
tions for the  design of future therapeutic avenues for 
no-option PAD patients. Inducing collateral growth or 
angiogenesis per se may be insufficient for recovery 
from an ischemic insult, but approaches aimed at collat-
eral arterial network expansion should be complemented 
with those aiming at preserving arterial functionality. 
Our  data indicate that the arterial-restricted transcrip-
tion factor Prdm16 is an appealing target to design such 
complementary approaches.
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