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D E V E L O P M E N TA L  B I O L O G Y

Glycolytic state of aortic endothelium favors 
hematopoietic transition during the emergence of 
definitive hematopoiesis
Anu PV1, Shubham Haribhau Mehatre1, Catherine M. Verfaillie2, Mohammad Tauqeer Alam3, 
Satish Khurana1*

The first definitive hematopoietic progenitors emerge through the process of endothelial-to-hematopoietic tran-
sition in vertebrate embryos. With molecular regulators for this process worked out, the role of metabolic path-
ways used remains unclear. Here, we performed nano–LC-MS/MS–based proteomic analysis and predicted a 
metabolic switch from a glycolytic to oxidative state upon hematopoietic transition. Mitochondrial activity, glu-
cose uptake, and glycolytic flux analysis supported this hypothesis. Systemic inhibition of lactate dehydrogenase 
A (LDHA) increased oxygen consumption rate in the hemato-endothelial system and inhibited the emergence of 
intra-aortic hematopoietic clusters. These findings were corroborated using Tie2-Cre–mediated deletion of Ldha 
that showed similar effects on hematopoietic emergence. Conversely, stabilization of HIF-1α via inhibition of 
oxygen-sensing pathway led to decreased oxidative flux and promoted hematopoietic emergence in mid-
gestation embryos. Thus, cell-intrinsic regulation of metabolic state overrides oxygenated microenvironment in 
the aorta to promote a glycolytic metabolic state that is crucial for hematopoietic emergence in mammalian embryos.

INTRODUCTION
In vertebrates, the hematopoietic system develops in multiple waves 
at different extra- and intraembryonic sites. The first wave of hema-
topoiesis occurs in yolk sac (YS) at embryonic day 7.5 (E7.5), giving 
rise to primitive erythroid-myeloid progenitors (1, 2). The second 
wave marks the appearance of definitive hematopoietic stem cells 
(dHSCs) with multi-lineage, long-term repopulation capacity. The 
dHSCs are first formed in the dorsal aorta (DA) within the aorta-
gonad-mesonephros (AGM) and associated major blood vessels by 
E10.5 (3). The hemogenic endothelium lining these vessels under-
goes endothelial-to-hematopoietic transition (EHT) to give rise to 
HSCs (4). A number of physico-molecular changes during this 
trans-differentiation process lead to the appearance of intra-aortic 
hematopoietic clusters (IAHCs) (5). Now fairly well characterized 
for the molecular regulators involved and transitional cellular het-
erogeneity, this crucial event has been found to be conserved across 
vertebrate species (6–9). Runt-related transcription factor 1 (RUNX1) 
plays an important role in the emergence of hematopoietic progenitors 
in mid-gestation stage embryos (10). While endothelial deletion of 
Runx1 blocked the emergence of hematopoietic progenitors, Vav1-
Cre–mediated deletion showed only lineage-specific hematopoietic 
defects (11). Contrarily, GATA binding protein 2 (GATA2) was es-
sential during EHT process, but its sustained expression was found 
to be the key to the maintenance of definitive hematopoietic activity 
(8). While it is unequivocally established that cell-extrinsic factors 
also affect cell fate decisions, understanding of these regulators in 
EHT process has been limited.

Along with the cellular and molecular players, physical attributes 
of the niche, such as pO2, have been studied for their role in main-
taining homeostasis. The oxygen-sensing mechanism plays a major 

role in regulating the cellular metabolic pathways and energy 
production (12). Through oxygen-dependent hydroxylase activity, 
prolyl-hydroxylase domain–containing proteins induce Von Hippel-
Lindau tumor suppressor (VHL)–mediated proteasomal degrada-
tion of hypoxia-inducible factor–1α (HIF-1α), the master regulator 
of cellular response to hypoxia (13). Hypoxia-driven HIF-1α stabili-
zation can increase glycolytic flux via transcriptional activation of 
several glycolytic enzymes, in addition to lactate dehydrogenase A 
(LDHA) involved in anaerobic glycolysis (14). HIF-1α also inhibits 
oxidative mitochondrial pathways via transcriptional activation of 
pyruvate dehydrogenase kinase (PDK) that inhibits catalysis of gly-
colytic product pyruvate to acetyl coenzyme A (CoA) (15). Stabili-
zation of hypoxia pathway and the resulting glycolytic state has been 
shown to play a decisive role in adult HSC function (16, 17). Not-
withstanding the micro-niches the HSCs occupy and the availability 
of oxygen within the bone marrow (BM), it has been comprehen-
sively documented that the primitive HSCs use glycolytic means for 
energy production (18, 19). The loss of LDHA decreased glycolytic 
flux for oxidative pathways and increased the accumulation of ROS 
resulting in functional decline (20). Similarly, the deficiency of PDK 
that led to an increased oxidative metabolic flux abrogated HSC 
function (17). Expectedly, HSCs deficient in Hif-1α entered cell cy-
cle and showed poor function and faster exhaustion following he-
matopoietic stress (21). Hence, it has been established that hypoxia 
pathway leading to glycolytic metabolism for energy production 
plays a crucial role in maintaining the quiescence of adult BM HSCs. 
In the case of hematopoietic development, also, the involvement of 
hypoxia pathway has been elucidated. Using hydroxyprobe labeling, 
hypoxic nature of embryonic hematopoietic sites in aorta, placenta, 
and fetal liver (FL) was demonstrated (22). This study showed that 
VEC-Cre–mediated deletion of Hif-1α led to decrease in the emer-
gence of hematopoietic progenitors in aorta. Notwithstanding, the 
link between the hypoxia pathway and then metabolic state of the 
embryonic and fetal hematopoietic progenitors remained unclear. 
We earlier reported the differences in energy-producing metabolic 
pathways between the FL and adult BM-derived HSCs (23). These 
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studies showed that, unlike adult HSCs, higher levels of mitochon-
drial respiration and faster adenosine 5′-triphosphate (ATP) pro-
duction fuel proliferative fetal HSCs. Increased oxidative flux in 
adult HSCs has been linked with enhanced ROS levels and associ-
ated DNA damages, leading to functional decline (24). Our recent 
studies showed that a better DNA damage response in fetal HSCs 
might be central to the tolerance to proliferative stress (25). As 
dHSCs first appear in the lumen of large blood vessels, the oxygenation 
status of the microenvironment and resulting metabolic adaptations 
are of relevance to the EHT process. Recent findings have associated 
metabolic changes with the initiation of blood circulation. Single-
cell transcriptomic analysis predicted a metabolic change with 
decrease in glycolysis as hematopoietic lineage commitment com-
menced (26). Deletion of Ncx1 that leads to failure in setting up of 
heartbeat and blood circulation, blocked this metabolic switch, and 
inhibited hematopoietic maturation. However, evidence for the in-
volvement of metabolic state in the trans-differentiation that hap-
pens during EHT has been elusive.

In the present study, we performed nano–liquid chromatography–
tandem mass spectrometry (LC-MS/MS)–based proteomic analysis 
to understand the molecular program involved in the transition of 
endothelial to hematopoietic cells (HCs). Proteomics data supported 
by extracellular flux analysis strongly suggested a metabolic switch 
from glycolytic to oxidative means of energy production as endothelial 
cells (ECs) acquired hematopoietic fate. We use pharmacologic and 
genetic means to establish that the glycolytic state of ECs was critical 
for the lineage transition. Systemic inhibition or EC-specific dele-
tion of Ldha decreased glycolytic flux, leading to contraction in he-
matopoietic emergence in aorta. We could perform gain-of-function 
studies for glycolytic pathway via inhibition of oxygen-sensing 
mechanism, wherein increased glycolytic flux increased hematopoietic 
emergence.

RESULTS
Proteomic profiling of cells transitioning from endothelial to 
hematopoietic lineage
To understand the involvement of metabolic pathways in specific 
stages of EHT, we aimed at performing proteomic analysis of the 
cells transitioning from the endothelial to hematopoietic fate. The 
cells in different stages of EHT were isolated from E10.5 mouse em-
bryos. The ECs (CD31+c-kit−), hemogenic ECs (HECs; CD31+c-
kit+), and hematopoietic progenitors (HCs; CD31−c-kit+) were 
isolated by fluorescence-activated cell sorting (FACS) (Fig. 1A). The 
efficiency of the antibodies used to isolate these cell populations in 
different stages of trans-differentiation was confirmed using whole-
mount immunostaining of E10.5 embryos (fig. S1). Fluorophore-
conjugated anti-mouse CD31 and anti-mouse c-kit antibodies were 
used to detect ECs, HECs, and HCs within the dorsal aorta. Results 
clearly showed labeling of specific cell types (fig. S1, bottom). There-
after, we used these antibodies to FACS sort the three populations in 
addition to the double-negative cells (DNCs; CD31−c-kit−) that 
were used for comparison. The lysate from the sorted cells was ther-
mally denatured, reduced, and alkylated. Trypsin-digested samples 
were desalted and analyzed on nano-LC platform directly connected 
to a mass spectrometer (Fig. 1B). Following protein identification of 
2109 proteins and quantification using Proteome Discoverer pro-
gram, computational analysis was performed on the global protein 
expression to examine the molecular pathways enriched in each cell 

population. To examine the overall difference between the pro-
teomic profile of the cells in different stages of EHT, we first per-
formed principal components analysis using three biological 
replicates (n = 3) for each cell type based on the mean values from 
three technical replicates for each sample (N = 3) (Fig. 1C). Repli-
cates of each cellular proteome clustered together with clear separa-
tion between the cells in distinct differentiation stages. The DNC 
and HEC populations showed clear separation from the EC and HC 
populations that were placed unexpectedly closer. Followed by this, 
a heatmap using the entire dataset was created to visualize the abun-
dance of individual proteins in different samples (Fig. 1D). Hierar-
chical clustering of the samples on heatmap also confirmed the 
resemblance of overall proteomic profiles of EC and HC popula-
tions. The proteins differentially expressed between different pairs of 
cell populations were then used for Venn diagram analysis (Fig. 1, E 
and F). For this analysis, we used proteins that were up-regulated 
(Fig. 1E) or down-regulated (Fig. 1F) with fold change of >2 and P 
value of <0.05. As noted from the hierarchical clustering analysis, 
we found a higher number of proteins differentially expressed 
between HC versus HEC (957 proteins) and HEC versus EC 
(1023 proteins) than between HC versus EC (504 proteins) popula-
tions. Results differed modestly when we compared the numbers of 
up-regulated (Fig.  1E) and down-regulated proteins (Fig.  1F) be-
tween different sets of cell populations. To highlight the proteins dif-
ferentially expressed in the cells at progressive stages of EHT, we 
plotted log2 fold change against the corresponding −log10 adjusted 
P values. Volcano plots were analyzed for each pair of cell popula-
tions, namely, HC versus EC (Fig. 1G), HC versus HEC (Fig. 1H), 
and HEC versus EC (Fig. 1I). For each comparison, differentially 
expressed proteins with fold change of >2 and P value of <0.05 
were highlighted.

Hematopoietic transition from endothelial lineage involves 
a metabolic switch to mitochondrial pathways
Next, we aimed at identifying the candidate pathways involved in 
the process of trans-differentiation from endothelial to hematopoi-
etic lineage. We used the list of differentially expressed proteins, 
identified for each cell population to perform pathway enrichment 
analysis using Reactome database. Venn diagram analysis was per-
formed for the pathways differentially expressed between each pair 
of cell populations, namely, ECs, HECs, and HCs with P value of 
<0.05 (Fig. 2, A and B). Both, up-regulated (Fig. 2A) and down-
regulated (Fig. 2B) pathways between different pairs of cell population 
showed a high level of exclusivity with hardly any pathways com-
monly up-regulated or down-regulated between different stages of 
trans-differentiation. The differentially expressed pathways up-
regulated (P < 0.05) between HC versus EC (Fig. 2C), HC versus 
HEC (fig. S2A), and HEC versus EC (fig. S2B) populations and 
down-regulated (P < 0.05) between HC versus EC (Fig. 2C), HC 
versus HEC (fig. S2C), and HEC versus EC (fig. S2D) populations 
were identified. To identify the candidate pathway/s involved in the 
EHT process, we focused on the two terminal differentiation stages 
during this trans-differentiation process. Comparison of HC and EC 
populations for differentially enriched pathways presented interesting 
results (Fig. 2C). Among the 830 detected pathways, 17 pathways 
were significantly enriched in the HC population. We observed that 
the cellular processes involved in complex I biogenesis and respira-
tory electron transport were represented significantly higher in HCs 
in comparison to that in the ECs. Heatmap analysis of the proteins 
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Fig. 1. Proteomic analysis of AGM cells undergoing EHT. (A) Experimental scheme depicting the protein extraction and mass spectrometric analysis of the aortic cells 
in the process of EHT. AGM from E10.5 embryo is sub-dissected to harvest the aortic tissues followed by collagenase mediated mild dissociation to get a single-cell sus-
pension. The HCs (CD31−c-kit+ cells), HECs (CD31+c-kit+ cells), ECs (CD31+c-kit− cells), and DNCs (CD31−c-kit− cells) were isolated by fluorescence-activated cell sorting 
(FACS). (B) The cells lysed by sonication were reduced and alkylated before trypsinization and desalting. Trypsinized peptides were analyzed by label-free nano–LC-MS/
MS followed by bioinformatic analysis (n = 3, N = 3). (C) Principal components analysis was performed on untargeted proteomic profiles of HC, HEC, EC, and DNC samples 
from AGM tissues of E10.5 embryos. PC, principal component. (D) Hierarchical clustering of differentially expressed proteins detected and quantified by MS. (E) Venn dia-
gram analysis of the proteomes detected from the ECs, HECs, and HCs. The number of proteins commonly or exclusively up-regulated between each pair (HCs versus HECs, 
HCs versus ECs, and HECs versus ECs) of cell populations is shown. (F) Venn diagram analysis of proteins commonly or exclusively down-regulated between each pair (HCs 
versus HECs, HCs versus ECs, and HECs versus ECs) of cell populations was shown. Volcano plots showing proteins differentially expressed between (G) HC versus EC, 
(H) HC versus HEC, and (I) HEC versus EC populations. Log2 fold change and −log10 adjusted P values are plotted on the x and y axes, respectively. Represented data are 
based on three independent biological replicates (n = 3), each with three technical replicates (N = 9). Red dots represent proteins with statistically significant (P < 0.05) 
higher abundance of >2 fold change. Green dots represent proteins having statistically significant (P < 0.05) lower abundance with >2 fold change.
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Fig. 2. Proteomic profile predicts a metabolic switch from glycolytic to oxidative respiration during EHT process. (A) Venn diagram analysis of the pathways en-
riched in EC, HEC, and HC populations. The number of pathways commonly or exclusively up-regulated between each pair (HCs versus HECs, HCs versus ECs, and HECs 
versus ECs) of cell populations is shown. (B) Venn diagram analysis of pathways commonly or exclusively down-regulated between each pair (HCs versus HECs, HCs versus 
ECs, and HECs versus ECs) of cell populations. (C) Reactome pathway analysis of global differentially enriched pathways with a P value of <0.05. Both significantly up- and 
down-regulated pathways in HCs versus ECs are illustrated. RBCs, red blood cells; GTPase, guanosine triphosphatase. (D) Heatmap illustrating the proteins involved in 
significantly altered metabolic pathways between HCs and ECs, namely, the respiratory electron transport chain and complex I biogenesis. (E) Model depicting key 
changes in the energy-producing metabolic pathways during hematopoietic lineage commitment from aortic endothelium. Enrichment status of various enzymes in-
volved in galactose catabolism, gluconeogenesis, glycolysis, pentose phosphate pathway, tricarboxylic acid (TCA) cycle, complex I biogenesis and respiratory electron 
transport in HCs versus ECs has been illustrated. Color codes for changes upon hematopoietic commitment from endothelial fate are shown in the figure. Enzymes not 
detected in the proteomic profile are represented as broken arrows. The schematic was created via BioRender.
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included in these cellular processes confirmed the findings and 
identified several key proteins enriched in the HCs (Fig. 2D). With 
hematopoietic lineage commitment, we also observed a decrease in 
the enrichment of several of the glycolytic enzymes, such as glucose-
6-phosphate isomerase, 6-phosphofructokinase, enolase, and pyruvate 
kinase. To expand our observations on broader energy-producing 
metabolic pathways, we included cellular process that was differen-
tially represented between ECs and HCs, nonsignificantly (fig. S3A). 
We could notice that glycolysis pathway was enriched in the EC 
population in comparison to that in the HC population (P > 0.05). 
Subsequently, we explored the enrichment levels of the detected 
proteins that belonged to these pathways (fig. S3B). Among these 
proteins, we focused on the proteins relevant to the metabolic status 
of the cells and were differentially expressed between HCs versus 
ECs with P < 0.05 (fig. S3C). We noted that several proteins that assist 
in increasing glucose levels or other glycolytic intermediates were 
also enriched in the EC population. These include galactokinase en-
zyme that mediates galactose catabolism contributing to glycolytic 
pathway (Fig. 2E and fig. S3C). This was also reflected in the down-
regulation of the galactose catabolism pathway in HCs (Fig. 2E and 
fig. S3A). Gluconeogenesis that acts as an alternative source of glucose 
was also represented at a higher level in EC cells, albeit nonsignificantly 
(fig. S3A and Fig. 2E). Malate dehydrogenase and glucose-6-phosphate 
isomerase enzymes that mediate gluconeogenesis pathway showed a 
notable decrease with hematopoietic lineage commitment (fig. S3B 
and Fig. 2E). Others, such as enolase, phosphoglycerate mutase, and 
trios-phosphate isomerase, showed a lower enrichment in HCs in 
comparison to that in ECs (Fig. 2E and fig. S3C). Primarily working 
as a catabolic pathway, pentose phosphate pathway (PPP) acts as a 
source of reduced form of nicotinamide adenine dinucleotide phos-
phate for glycolytic processes (27). 6-Phosphogluconate dehydrogenase 
that mediates PPP was also enriched in ECs (Fig. 2E and fig. S3B). 
Apart from these, several other enzymes from this pathway showed 
a nonsignificant decrease in enrichment status in the HCs (Fig. 2E 
and fig. S3C). Succinate-CoA ligase, an important regulator of the 
tricarboxylic acid cycle was significantly down-regulated, indicative 
of a possible increased flux. As several of these pathways, especially 
gluconeogenesis, galactose catabolism, and PPP, have also their in-
volvement in oxidative pathways, these results warranted a more 
detailed analysis of the metabolic state of the cells undergoing 
EHT. Notwithstanding, in silico analysis of the proteomics data 
from the cells undergoing EHT pointed toward an increase in the 
mitochondrial respiratory pathways at the expense of glycolytic flux 
in HCs. These observations are indicative of a metabolic switch in 
corroboration of the earlier findings made using the transcriptomics 
data from the cells (26).

Switch from glycolytic to oxidative pathways coincides 
transition of endothelial to hematopoietic fate
On the basis of proteomic analysis of the cells undergoing EHT, we 
hypothesized that the ECs undergo a metabolic switch to a highly 
oxidative mode. Before examining the importance of these path-
ways in the hematopoietic emergence, we first aimed at confirming 
whether the metabolic state of the ECs changed as they transition 
into hematopoietic lineage. As the proteomic profile indicated an 
increased mitochondrial respiratory rate, we queried whether the 
cells in progressive stages of EHT differed in the mitochondrial con-
tent and activity. We used probes to quantify the mitochondrial 
mass and membrane potential of the cell populations identified by 

immunostaining followed by flow cytometry (fig. S4A). The cells 
identified as EC and HC populations were labeled for MitoTracker 
Green (Fig. 3A) and MitoTracker Red CMXRos (Fig. 3B) for total 
and active mitochondria, respectively. Analysis of the total mito-
chondrial content presented unexpected results as we noted signifi-
cantly higher mitochondrial content in ECs than that in HCs 
(Fig. 3A). However, the active mitochondrial content showed a 
marked increase as the ECs trans-differentiated into the hematopoi-
etic lineage (Fig. 3B). These results were validated by quantifying 
mitochondrial reactive oxygen species (ROS) levels via staining with 
MitoSOX Red (Fig. 3C). A clear increase in the mitochondrial ROS 
production was noted in HC than EC population. We followed these 
experiments with flow cytometry–based examination of glucose up-
take by ECs in comparison to HCs (Fig. 3D). We used fluorescent 
glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-
deoxy-​d-glucose (2-NBDG). The results showed a clear difference 
between the two cell types, where ECs showed a significantly higher 
fluorescence due to 2-NBDG uptake (Fig. 3D). We followed this 
with examining the expression of the most efficient glucose trans-
porter GLUT3 by flow cytometry. Analysis of its expression showed 
a significantly higher level in ECs than in the HC population of the 
dissected AGM tissue (Fig. 3E). Upon analysis of the proteomics 
data from the cells undergoing EHT, we noticed that only GLUT1 
was detected among all the glucose transporters and was expressed 
at higher levels in ECs. To confirm these observations, we performed 
flow cytometry analysis to examine the expression of GLUT1 using 
specific antibodies along with immunostaining for c-kit and CD31. 
Comparison of mean fluorescence intensity (MFI) for GLUT1 sig-
nals confirmed a significantly higher expression levels in ECs than 
that in HCs (Fig. 3F). We also performed whole-mount immunos-
taining of control E10.5 embryos to analyze GLUT1 expression in 
IAHCs within the DA (Fig. 3G). Qualitative analysis of the images 
showed a clear overlapping of GLUT1 and CD31 signals in the 
IAHCs (marked by dotted lines) with lower levels in c-kit–expressing 
non-ECs (marked by arrowheads). For some of the proteins that are 
important for glycolytic state of the cells and were not detected in 
our proteomics data, we performed gene expression analysis by 
quantitative reverse transcription polymerase chain reaction (PCR) 
(fig. S4, B to G). While several of them, such as hexokinase 1 (Hk1; 
fig. S4B), Ldha (fig. S4C), phosphofructokinase (Pfk; fig. S4F), and 
pyruvate dehydrogenase E1 alpha 1 (Pdha1; fig. S4G), showed no 
change, we found the expression of Pdk (fig. S4D) and Glut1 
(fig. S4E) to be significantly higher in ECs in comparison to that in 
HCs. Overall, these experiments supported the hypothesis generat-
ed from the proteomics data that the EHT process involves a meta-
bolic switch. We then enquired whether the proteomic profile, 
coupled with the mitochondrial function and glucose uptake analy-
sis, accurately represented the status of glycolytic and mitochondrial 
metabolism in these cells. To this end, we aimed at bioenergetic pro-
filing of the FACS-sorted EC (CD31+c-kit−), HEC (CD31+c-kit+), 
and HC (CD31−c-kit+) populations using Seahorse XFp (Agilent) 
extracellular flux analyzer. We chose to perform analysis for the ex-
tracellular acidification rate (ECAR) on FACS-sorted cell popula-
tions at different stages of EHT. The results showed a clear decrease 
in the glycolytic ECAR in HECs and HCs when compared to that in 
the ECs (Fig. 3H and fig. S4, H and I). The glucose-induced glyco-
lytic rate in HECs and HCs also remained significantly lower than 
in the ECs (fig. S4J). Similar observations were made for maximal 
glycolysis, measured by the addition of ATP synthase inhibitor 
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oligomycin (fig. S4K) and glycolytic reserve (fig. S4L). These differ-
ences upon hematopoietic commitment of ECs to HCs continued as 
the cellular loss of endothelial marker (fig. S4, J to L). These results 
clearly established that the aortic ECs are highly glycolytic in nature 
and achieve higher mitochondrial function during hematopoietic 
transition. Hence, the metabolic switch coincided with the lineage 
transition during the trans-differentiation process.

Pharmacologic inhibition of glycolysis abrogates EHT
The findings from the proteomics data, coupled with the analysis 
of mitochondrial and metabolic status of cells undergoing EHT, 
showed a switch from glycolytic to oxidative state. We next exam-
ined how crucial these respective metabolic states were in this lin-
eage transition. We first used pharmacologic approach to inhibit the 
anaerobic glycolytic processes using LDHA inhibitor sodium oxamate 
(NaOX; 300 mg/kg). As a structural analog of pyruvate, it inhibits 

anaerobic processing of pyruvic acid to produce lactic acid, resulting 
in an increased mitochondrial function (28). Timed mating experi-
ments were performed, and E9.5 pregnant dams were used for 
NaOX treatment, given intraperitoneally. Embryos were harvested 
at E10.5 for the analysis of hematopoietic emergence using whole-
embryo staining, followed by confocal microscopy–based deep issue 
imaging (schematic in Fig. 4A). First, we examined whether NaOX 
treatment of the pregnant dams was sufficient to induce metabolic 
change in the AGM tissue. For this purpose, we performed ECAR 
analysis on the FACS-sorted EC and HC population from dissected 
AGM tissues. We observed a significant decrease in the glycolytic 
flux in the ECs from NaOX-treated embryos (Fig. 4, B and C), with 
no effect on glycolytic capacity and glycolytic reserve (fig. S5, A to 
C). However, we did not observe any significant change in the ECAR 
in HC fraction of the cells (fig. S5D). LDHA has been shown to in-
duce a metabolic switch from a glycolytic state to a more oxidative 

Fig. 3. Lower mitochondrial function and increased glucose uptake support the glycolytic state of aortic ECs. (A) Flow cytometry–based quantification of total 
mitochondria in E10.5 AGM-derived EC and HC populations. The cells were immunolabeled with antibodies against CD31 and c-kit along with MitoTracker Green. Cells 
gated for EC (CD31+c-kit−) and HC (CD31−c-kit+) populations were further analyzed for MitoTracker Green fluorescence. Representative histograms along with mean fluo-
rescence intensity (MFI) values for MitoTracker Green are shown. (B) Quantification of active mitochondrial content based on MitoTracker Red CMXRos intensity in ECs and 
HCs. (C) Mitochondrial ROS content analyzed in ECs and HCs by MitoSOX Red staining along with immunostaining for endothelial and hematopoietic markers. (D) Com-
parison of glucose uptake between ECs and HCs using fluorescent glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-​d-glucose (2-NBDG). (E) Im-
munostaining for GLUT3 expression in EC and HC populations. Fluorophore-conjugated antibodies against CD31, c-kit, and GLUT3 were used for cell surface staining of 
cells derived from E10.5 AGM tissues. (F) Representative flow cytometry plots for GLUT1 expression in AGM-derived ECs and HCs identified by immunostaining for CD31 
and c-kit. MFI values are provided for five biological replicates. Data represented in (A) to (F) are based on n = 3 to 4 and N = 5 to 6. (G) Whole-mount confocal images for 
GLUT1 expression in IAHCs within the embryonic aorta. Dotted line marks the IAHC area with CD31 expression overlapping high expression of GLUT1. Arrowheads indi-
cate IAHC areas with CD31lo/− cells with lower expression of GLUT1. n = 2. Scale bar, 50 μm. (H) Extracellular flux analysis of FACS-sorted ECs (CD31+c-kit−), HECs (CD31+c-
kit+), and HCs (CD31−c-kit+) from AGM tissues of mid-gestation embryos. Extracellular acidification rate (ECAR) was analyzed using Seahorse XFp glycolysis stress test in 
the three populations (n = 3 to 4). For all panels, data are presented as means ± SEM. Nonsignificant (ns) indicates P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001 by two-tailed unpaired t test.
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state (29). Therefore, we tested whether the treatment with NaOX 
led to any change in the oxidative means of energy production at the 
expense of glycolytic processes. We performed oxygen consump-
tion rate (OCR) analysis on the sorted EC and HC populations of 
dissected AGM tissues from control and NaOX-treated embryos 
(Fig. 4, D to G). The endothelial fraction of the cells showed increase 

in the OCR (Fig. 4D), reflected in an increased ATP production 
(Fig. 4E). Although we did not observe any change in the glycolytic 
rate in hematopoietic fraction, we noted a robust increase in the 
basal aerobic respiration (Fig. 4, F and G). Increased mitochondrial 
metabolic activity was also reflected in an increased maximal respi-
ration (fig. S5E) and ATP production (fig. S5F) in the hematopoietic 

Fig. 4. LDHA inhibition impairs EHT. (A) Schematic showing the experimental design to understand the effect of LDHA inhibitor NaOX on the metabolic state and he-
matopoietic emergence in mid-gestation stage embryos. IP, intraperitoneal. (B) Glycolytic stress test performed to examine ECAR in ECs after NaOX treatment. (C) Effect 
of NaOX treatment on the glycolytic rate in sorted aortic ECs. (D) Mito stress test performed to examine OCR in sorted aortic ECs. FCCP, carbonyl cyanide p-trifluorometh
oxyphenylhydrazone. (E) Comparison of ATP production calculated from mito stress test performed on aortic ECs from control and NaOX-treated embryos. (F) Quantifica-
tion of OCR in HCs by mito stress test. (G) Comparison of basal respiration in sorted HCs from embryos with or without NaOX treatment. (H) Representative images from 
IAHC analysis of control and NaOX-treated E10.5 embryos using whole-mount immunofluorescence imaging. Top panel shows dark-field images; middle and bottommost 
(zoomed-in) panels shows immunofluorescence images captured for CD31 and c-kit signals. Scale bars, 50 μm. (I) IAHCs on the dorsal and ventral sides of the entire length 
of aorta counted separately and compared between control and NaOX-treated embryos. (J) Total number of cluster cells emerged on the dorsal and ventral sides of em-
bryonic aorta compared between control and NaOX-treated embryos. (K) Size analysis of the IAHCs appeared in the aortic lumen in control and NaOX-treated embryos. 
Numbers of cells per cluster appeared in the embryonic aorta, each dot representing one cluster. (L to P) The proportion of (L) 1-cell, (M) 2- to 5-cell, (N) 6- to 10-cell, (O) 
11- to 15-cell, and (P) 16-cell or larger clusters was plotted for control and NaOX-treated embryos. Data from 4 to 12 biological replicates are presented. Bars represent the 
means ± SEM. ns indicates P > 0.05; *P < 0.05, **P < 0.01, and ***P < 0.001 by two-tailed unpaired t test.
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fraction. Overall, we concluded that NaOX treatment of the preg-
nant dams alters the metabolic state of the developing embryos, in-
hibiting aerobic glycolytic flux and inducing higher oxidative means 
of energy production. We used this model to understand the rele-
vance of metabolic switch from a glycolytic to oxidative mode 
observed as the ECs transitioned into hematopoietic lineage. We 
performed IAHC analysis using whole-embryo immunostaining 
(Fig. 4H). The IAHCs were counted along the entire length of aorta 
divided into ventral and dorsal side (schematic in fig. S5G). The re-
sults showed that NaOX treatment led to a significant decrease in 
the number of IAHCs on both dorsal and ventral sides of the aorta 
(Fig. 4I). This was also reflected in a significantly reduced numbers 
of total c-kit+ cells within the aorta (Fig. 4J). The effect was strong 
enough to result in a significant reduction in the number of c-kit+ 
cells per IAHC (Fig. 4K). Upon analysis of size distribution of the 
IAHCs, we noted that there was a decrease in the proportion of one-
cell IAHCs (Fig. 1L) with a concomitant increase in the two- to five-
cell clusters (Fig. 4M). The relative proportion of clusters with more 
than five c-kit+ cells remained unchanged (Fig. 4, N to P). These 
results indicate that there might be a stage-specific effect of meta-
bolic change with a more robust impact on initial hematopoietic 
commitment.

As RUNX1 could further resolve IAHC heterogeneity and cellu-
lar composition within, we performed whole-mount immunostain-
ing of embryos for RUNX1 along with CD31 and c-kit (Fig. 5, A and 
A′). Embryos with NaOX treatment showed a significant decrease in 
the number of RUNX1+ IAHC cells in comparison to the embryos 
from untreated dams (Fig. 5B). Further analysis showed a similar 
decrease in the number of CD31+RUNX1+c-kit+/high IAHC cells in 
the DA (Fig. 5C). These results strongly suggested the importance of 
the glycolytic state of ECs in hematopoietic emergence in embryonic 
aorta. In addition to aorta, hematopoietic progenitors also emerge 
in other large arteries such as vitelline and umbilical arteries (UA) 
(30). To further support our data, we enquired whether the meta-
bolic regulation of EHT and ensuing hematopoietic emergence fol-
lows same principle across hematopoietic sites. We analyzed the 
number of IAHCs in UA after NaOX treatment using whole-mount 
immunofluorescence imaging of control and NaOX-treated em
bryos (Fig. 5D). The results showed that NaOX treatment led to a 
significant decrease in the density of IAHCs in UA (presented as 
IAHCs/500 μm of the UA length; Fig. 5E).

We continued to explore the effect of inhibition of glycolytic flux 
using and performed explant cultures of the caudal part (CP) of the 
mid-gestation mouse embryos. The tissues were maintained ex vivo 
in the presence of stem cell factor (SCF), interleukin-3 (IL-3), and 
fms-like tyrosine kinase-3 ligand (FLT3L) for a period of 7 days, fol-
lowed by methylcellulose-based colony-forming unit cell (CFU-C) 
assays to examine the function of the emerging hematopoietic sys-
tem (schematic in fig. S6A). Results showed a clear decrease in the 
emergence of hematopoietic progenitors in the presence of NaOX, 
as there was a reduction of total CFU-C counts (Fig. 5F). Detailed 
analysis of individual colonies showed a specific decrease in the 
CFU-GM (granulocyte and macrophage) and the most primitive 
CFU-GEMM (granulocyte, erythrocyte, macrophage and mega-
karyocyte) colonies (Fig. 5G). We did not observe any change in the 
number of BFU-E (burst-forming unit-erythroid), CFU-G (granu-
locyte), and CFU-M (megakaryocyte) (Fig. 5G). These experiments 
were also performed using E9.5 embryos that showed similar results 
with reduced number of total CFU-Cs (fig. S6B). Among different 

progenitors, we noted a significant decrease in the numbers of BFU-E 
(fig. S6C). While no change was noted in CFU-G (fig. S6D) and 
CFU-M (fig. S6E), we observed a significant and robust decrease 
in the number of CFU-GM (fig. S6F) and CFU-GEMM (fig. S6G). 
To check the effect of direct inhibition of glycolysis in the process 
of EHT, we used 2-deoxy-​d-glucose (2-DG; Fig. 5, H and I), a 
glucose analog that inhibits glycolysis via its actions on hexoki-
nase, and PFK-015 (Fig. 5, J and K), a potent and selective 
6-phosphofructo-2-kinase inhibitor. We performed explant culture 
of E10.5 CP with or without the presence of these inhibitors fol-
lowed by colony formation assay. Results showed a clear decrease in 
the emergence of hematopoietic progenitors as reflected in the re-
duction of total CFU-C counts in 2-DG–treated embryo explants 
(Fig. 5H). Detailed analysis of individual colonies showed a decrease 
in the CFU-G, CFU-GM, and CFU-GEMM colonies (Fig. 5I). We 
did not observe any change in the number of BFU-E and CFU-M 
(Fig. 5I). Similarly, PFK-015 treatment also showed a significant 
reduction in total CFU-C counts (Fig. 5J) with a specific decrease 
in the CFU-G, CFU-M, CFU-GM, and CFU-GEMM colonies (Fig. 5K). 
These results showed that glycolytic function was crucial for EHT 
process. Enhancement in oxidative metabolic pathways inhibited 
the process of trans-differentiation of ECs into hematopoietic lin-
eage in the mid-gestation mouse embryos.

Endothelial specific deletion of Ldha abrogates 
hematopoietic emergence
Pharmacologic inhibition of LDHA that induced an increase in the 
oxidative means with decreased glycolytic flux led to decreased he-
matopoietic emergence. These experiments targeted metabolic state 
systemically with possible indirect effects on the processes involved 
in EHT as well as off-target effects of pharmacologic intervention. 
To circumvent these issues, we used a genetic model wherein Ldha 
was deleted in hemato-ECs. Tie2-Cre and Ldhafl/fl mice were crossed 
(Fig. 6, A and B) to achieve biallelic deletion of Ldha (Tie2-Ldha−/−), 
which were then used to examine the emergence of IAHCs in comparison 
to littermate controls (Tie2-Ldha+/+ embryos). We performed whole-
mount immunostaining of Tie2-Ldha+/+ and Tie2-Ldha−/− embryos 
to analyze IAHCs within the DA (Fig. 6C). Quantification of emerging 
IAHCs on the dorsal and ventral sides of the dorsal aorta showed a 
clear decrease in the clusters per aorta in in Tie2-Ldha−/− embryos 
(Fig. 6D). The change in the number and distribution pattern of 
IAHCs in Tie2-Ldha−/− embryos were similar to what was observed 
in NaOX-treated embryos. We also noted a similar decrease in the 
total number of aortic cluster cells in aortic lumen, upon Tie2-Cre–
mediated Ldha deletion (Fig. 6E). However, the reduction in the 
number of HCs was more robust on the ventral side. These results 
showed an overall decrease in the clusters size, as a decrease in the 
frequency of c-kit+ cells per IAHC was observed (Fig. 6F). To rule 
out that these observations could be due to altered expression of c-
kit, we performed quantification of its expression in IAHC cells. We 
analyzed the whole-mount immunostained Tie2-Ldha+/+ and Tie2-
Ldha−/− embryos and compared the MFI of signals for c-kit expres-
sion (fig. S7A). We did not observe any change in the intensity of 
c-kit signals in IAHC cells upon Ldha deletion (fig. S7B). Next, we 
performed size distribution for IAHCs in the aortic lumen, and we 
did not observe any change in the frequency of clusters based on 
their size (Fig. 6G). These results suggested uniform decrease in the 
cluster numbers irrespective of the size. Overall, these experiments 
confirmed the observations made via pharmacologic disruption of 
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LDHA activity. As observed following systemic inhibition of LDHA 
activity, Tie2-Cre–mediated deletion of Ldha led to a significant de-
crease in hematopoietic emergence in mid-gestation embryos.

Increased glycolytic flux mediated by VHL inhibition 
increases hematopoietic emergence
Our results established a metabolic shift from the glycolytic to 
oxidative state during the course of hematopoietic transition from 
endothelial lineage. Inhibition of glycolytic processes, achieved 
through pharmacological inhibition and Tie2-Cre–mediated dele-
tion of Ldha, established the importance of the glycolytic state as 
they led to a decline in the hematopoietic emergence. In the next 
experiments, we aimed at stabilizing glycolytic process at the ex-
pense of mitochondrial function. Hypoxia pathway in response 
to cellular oxygen–sensing mechanism regulates the switch be-
tween glycolytic and mitochondrial metabolic states. We aimed 

to stabilize HIF-1α to inhibit mitochondrial function and in-
crease glycolytic flux by using VHL inhibitor VH298. First, we 
examined the efficiency of VH298 to stabilize HIF-1α by per-
forming whole-mount immunostaining of embryos from control 
and VH298-treated dams with HIF-1α antibody along with CD31 
and c-kit. The results clearly showed higher levels of HIF-1α 
protein in IAHCs and vascular endothelium of VH298-treated 
embryos (fig.  S8A). After confirming the efficacy of VH298 to 
stabilize HIF-1α, we performed metabolic flux analysis on the 
ECs and HCs sorted from AGM tissues dissected from embryos 
from control and VH298-treated pregnant dams (Fig. 7, A to D). 
We noted a robust decrease in OCR in ECs (Fig. 7, A to C) and 
HCs (Fig.  7D) from AGM. This showed a clear decrease in the 
mitochondrial respiration, confirming the effects of VHL inhibi-
tion in augmenting glycolytic flux at the expense oxidative me-
tabolism. We followed this with the analysis of IAHCs following 

Fig. 5. Direct inhibition of glycolytic pathway reduces the emergence of hematopoietic progenitors in aorta. (A and A′) Whole-mount immunofluorescence imag-
ing for IAHC analysis based on the expression of RUNX1 along with c-kit and CD31. Cluster analysis was performed for control (A) and NaOX-treated (A′) embryos. Scale 
bars, 50 μm. (B) Comparison of total number of RUNX1+ cells in the aortic lumen in control and NaOX-treated embryos. (C) Number of CD31+RUNX1+c-kit+/high IAHC cells 
in the DA compared between control and NaOX-treated embryos. (D) Confocal-based immunofluorescence images of umbilical artery (UA) in control and NaOX-treated 
embryos immunostained with anti-CD31 and anti–c-kit antibodies. Scale bars, 50 μm. (E) Comparison of hematopoietic cluster density (IAHCs/500 μm of UA length) in UA 
of control and NaOX-treated embryos. (F) Comparison of the total colonies appeared in the explant cultures of E10.5 embryos maintained with or without NaOX for 7 days. 
(G) Number of different types of colonies, namely, BFU-Es, CFU-Gs, CFU-Ms, CFU-GMs, and CFU-GEMMs, obtained per cultured embryo explant. (H to K) Effect of direct 
inhibition of glycolysis on hematopoietic progenitor emergence. Ex vivo explant culture of mid-gestation embryonic caudal parts (CPs) was performed with or without 
the presence of 2-DG or PFK-015 followed by colony assay. (H) Comparison of the total number of colonies appeared in the explant cultures with or without 2-DG. (I) 
Number of different types of colonies appeared in CFU assay performed after the explant cultures with or without 2-DG. (J) Total number of colonies compared between 
embryo explants maintained with and without PF-015. (K) Comparison of different types of colonies obtained per embryo explant plotted for the two groups. Presented 
data are based on five to eight biological replicates. Bars represent the means ± SEM. ns indicates P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by 
two-tailed unpaired t test.
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VH298 treatment for 24 hours (Fig.  7E). The results showed a 
clear increase in the emergence of hematopoietic clusters follow-
ing VH298 treatment (Fig. 7F). This was in sharp contrast to the 
observations made following LDHA inhibition or deletion. 
IAHCs on the dorsal and ventral sides of the aortic lumen showed 
a significant increase upon VH298 treatment. We also noted an 
increase in the overall number of c-kit+ cells emerged in the 

aorta after VH298 treatment (Fig.  7G). This increase in c-kit+ 
cells was significant only for the clusters that appeared on the 
dorsal side of the aorta (Fig. 7H). However, it did result in an in-
crease in the size of hematopoietic clusters as the number of c-
kit+ cells per cluster was significantly higher following VH298 
treatment (Fig. 7I). However, the proportion of differently sized 
clusters did not show any change, reflecting a homogenous effect 

Fig. 6. LDHA deletion impairs HC emergence from aortic endothelium. (A) Schematic representation of breeding scheme used to generate Tie2-Ldha+/+ and Tie2-
Ldha−/− embryos. (B) PCR-based genotyping of the embryos using DNA extracted from tissues of E10.5 embryo proper. bp, base pairs. (C) Representative images showing 
gross morphology of the E10.5 Tie2-Ldha+/+ and Tie2-Ldha−/− embryos in the top panel. Bottom panel shows whole-mount confocal images for the quantification of IAHCs 
in embryonic aorta. Maximum intensity projection images are shown with immunostaining performed for CD31 and c-kit on E10.5-genotyped embryos. Scale bars, 
50 μm. (D) On the basis of the three-dimensional images obtained, we quantified the IAHCs on the dorsal and ventral sides across the aortic length. The numbers of IAHCs 
per aorta were compared between Tie2-Ldha+/+ and Tie2-Ldha−/− embryos. (E) The number of cells in each hematopoietic cluster emerged from the aortic endothelium 
was counted. The total number of aortic cluster cells was compared between Tie2-Ldha+/+ and Tie2-Ldha−/− embryos at E10.5. The total number of cluster cells appeared 
per embryo was plotted. (F) Comparison of cluster size between Tie2-Ldha+/+ and Tie2-Ldha−/− embryos. The number of cells in each aortic cluster across the length of 
E10.5 embryo was plotted, each dot representing one IAHC. (G) Frequency distribution of differently sized clusters in embryonic aorta compared between Tie2-Ldha+/+ 
and Tie2-Ldha−/− embryos. The proportion of clusters grouped according to the cell number per IAHC (1 cells, 2 to 5 cells, 6 to 10 cells, 11 to 15 cells, and 16 cells or larger) 
was plotted for each embryo. Presented data are based on two to five biological replicates. Data are represented as means ± SEM. ns indicates P > 0.05; *P < 0.05 and 
**P < 0.01 by two-tailed unpaired t test.
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(fig. S8B). In support of these results, we conducted explant cul-
ture of the CP of the mid-gestation embryos. The cultures were 
maintained for 7 days in the presence of SCF, Flt-3 L, and IL-3, 
with or without VH298 as performed for NaOX (schematic in 
fig. S6A). This was followed by comparison of emergence of he-
matopoietic progenitors in aortic tissues by performing methyl-
cellulose colony assays. While we did not observe any significant 
change in the total number of colonies emerged after 7 days 
(Fig.  7J), we did observe an increase in the number of BFU-E 
colonies in cultures with VH298 (Fig. 7K). Direct impact of stabi-
lization of hypoxic pathway on erythroid lineage differentiation 
might be the underlying reason, as we noted a decrease in the 
number of CFU-G colonies. There were comparable numbers of 

CFU-Gs, CFU-Ms, and CFU-GEMMs generated in both control 
and VH298-treated explants (Fig.  7K). We then went on test 
whether the effect of HIF-1α to stabilization was consistent for 
hematopoietic emergence in UA as well. As performed in the case 
of LDHA inhibition, hematopoietic clusters were enumerated 
and normalized for a length of 500 μm of UA of control (Fig. 7L) 
and VH298-treated (Fig. 7L′) embryos. The results showed a sig-
nificant increase in the density of IAHCs that appeared in the UA 
of VH298-treated embryos in comparison to that of the control 
embryos (Fig. 7M). Hence, inhibition of oxygen-sensing pathway 
that results in the stabilization of HIF-1α led to an increase in the 
hematopoietic emergence. We concluded that a glycolytic state 
was crucial for the conversion of ECs to hematopoietic lineage.

Fig. 7. Stabilization of HIF-1α promotes IAHC formation. (A) Mito stress test performed to examine the effect of VH298 on metabolic state of the aortic ECs. (B) Com-
parison of average OCR values in sorted aortic ECs before and after the addition of mitochondrial activity modulators. (C) Comparison of maximal respiration calculated 
from mito stress test. (D) Comparison of OCR examined by mito stress test performed using HCs sorted from control and VH298-treated E10.5 embryos. (E) Confocal 
microscopy–based whole-mount embryo imaging to compare the emergence of IAHCs in control and VH298-treated embryos (n = 5 to 8 independent biological replicates). 
The left panel shows gross morphology of the embryos imaged on a stereozoom microscope. The middle and right panels show confocal images for embryos immunos-
tained for CD31 and c-kit. Scale bars, 50 μm. (F) Aortic clusters and (G) the total number of cluster cells counted for the dorsal and ventral sides along the aorta and com-
pared between control and VH298-treated embryos. (H) Number of c-kit+ cells in the aortic clusters along the dorsal and ventral side of DA in control and VH298-treated 
embryos. (I) Comparison between the control and VH298-treated embryos for c-kit+ cells per cluster. (J) Comparison of the colonies appeared in the explant cultures of 
E10.5 embryos maintained with or without VH298. (K) Number of BFU-Es, CFU-Gs, CFU-Ms, CFU-GMs, and CFU-GEMMs obtained per cultured embryo explant plotted for 
the two groups. (L) Confocal-based whole-mount immunofluorescence images of UA in control and (L′) VH298-treated embryos stained for CD31 and c-kit. Scale bars, 
50 μm. (M) Density of hematopoietic clusters represented as numbers normalized for a length of 500 μm of UA in control and NaOX-treated embryos. Data are represented 
as means ± SEM. ns indicates P > 0.05; *P < 0.05, **P < 0.01, and ***P < 0.001 by two-tailed unpaired t test.
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DISCUSSION
BM-resident adult HSCs rely on glycolytic means of energy produc-
tion and show very little mitochondrial activity (31). Mediated by 
ROS accumulation, induction of oxidative metabolic activity leads 
to functional decline (32). Contrarily, clearance of oxidative stress in 
freshly isolated mouse and human HSCs leads to improved hemato-
poietic recovery and function (33). As the master regulator of hy-
poxia response, HIF-1α plays a crucial role in determining the 
metabolic state of the cells. It was demonstrated that the level of 
HIF-1α stabilization fine-tunes the function of adult HSCs (21). 
Some of the transcriptional targets of HIF-1α are determinants of 
metabolic pathways and have been shown to regulate cell fate deci-
sions in HSCs (17). With significant deviation in their function 
from the adult HSCs, embryonic and fetal HSCs present a specific 
case study in hematopoiesis. EHT is a unique trans-differentiation 
process that happens during embryonic development, leading to the 
emergence of a completely divergent cell type (34). In this process as 
well, hypoxia pathway was indicated to play an important role as in 
Zebrafish. The expression of runx1 and cmyb, which are important 
determinants of hematopoietic emergence in aorta, is positively 
regulated by HIF-1α (35). These findings were confirmed using a 
mouse model wherein EC-specific deletion of Hif-1α resulted in a 
decrease in the hematopoietic emergence, demonstrated through 
in vitro hematopoietic progenitor assays (22). In addition, a signifi-
cant decrease in the number of IAHCs and HECs was reported. 
Later, studies on Zebrafish hematopoietic emergence, it was eluci-
dated that Hif-2α plays an additive role and a double deletion led to 
a more robust decrease in the hematopoietic emergence (36). A re-
cent report showed that initiation of heartbeat provided triggered a 
metabolic switch essential for the process of EHT (26). Differential 
gene expression analysis indicated a decrease in the glycolytic pro-
cesses during normal EHT process. However, description of the in-
volvement of metabolic pathways in the process of hematopoietic 
emergence remained elusive.

We conducted a detailed analysis of the metabolic state of the 
cells during the process of EHT. Our proteomics data supported the 
involvement of a metabolic switch from glycolytic to oxidative res-
piration when the cells transited from endothelial to hematopoietic 
fate. Proteins associated with complex I biogenesis and respiratory 
electron transport processes were enriched in sorted HCs. Hypoxic 
response plays a very important role in deciding the metabolic path-
ways used by the cells to meet energy requirement. Stabilization of 
HIF-1α can directly lead to promotion of glycolytic pathways and 
inhibition of the flux toward oxidative phosphorylation (37). Al-
though we did not observe up-regulation of glycolytic processes per 
se, several determinants were seen to be up-regulated in ECs. An 
increase in the level of mitochondrial activity upon hematopoietic 
transition also pointed toward this metabolic switch. Intriguingly, 
the total mitochondrial content remained higher in ECs, albeit with 
lower activity. Increased production of mitochondrial ROS con-
firmed an overall higher state of mitochondrial function.

Energy production via glycolytic pathways is less efficient and 
requires a higher level of glucose uptake that can support energy 
production. Higher glucose levels have been shown to suffice for a 
transition to induce expression of glycolytic enzymes and transition 
into an aerobic glycolytic state (38). Glucose uptake in a cell is gov-
erned by the level of expression of glucose transporters. As the ki-
netics of glucose transport varies across the transporter proteins, 
expression of specific glucose transporter may also affect glucose 

uptake (39). Increase in the glucose uptake was shown to induce Hif-
1α expression stimulating hematopoietic development in Zebrafish 
aorta (35). We noted a significantly higher level of GLUT1 and 
GLUT3 expression, which is known to have highest turnover rate 
for glucose transport across the membrane. The differential level of 
GLUT1 and GLUT3 in ECs was reflected in an overall increase in 
the glucose uptake. It is also important to note that some of the en-
zymes involved in gluconeogenesis and galactose metabolism that 
can act as additional sources of glucose were also elevated in ECs. 
These experiments showed that metabolic machinery of the ECs 
supported glycolytic processes rather than mitochondrial respira-
tion for energy production. Confirmation of the existence of a meta-
bolic switch during the transition of endothelial to hematopoietic 
lineage came from extracellular flux analysis. Reflected in the ECAR, 
the ECs were clearly more glycolytic in their metabolic state that 
showed a robust decline upon trans-differentiation into hematopoi-
etic lineage. These were rather unexpected findings and warranted 
exploration of the importance of the metabolic state in hematopoi-
etic lineage commitment.

The metabolic state of the innate and adaptive immune cells has 
been shown to regulate their functional attributes (40). In the case of 
stem cells, the choice of metabolic pathways used has been linked to 
cell fate decisions (41). While the primitive HSCs were shown to 
remain in glycolytic state, their more differentiated progeny utilized 
mitochondrial pathways for energy production (21). A functional 
loss in HSCs due to genetic perturbations or physiological changes 
such as aging also involves metabolic shift to mitochondrial path-
ways (42). Therefore, it was intriguing to see the activation of mito-
chondrial pathways in the cells that acquired hematopoietic lineage. 
However, intrinsically, the aortic hematopoietic progenitors differ 
significantly from adult BM HSCs. As such, these hematopoietic 
progenitors are incapable of engrafting the adult hematopoietic sys-
tem without ex vivo maturation (3). While they undergo a massive 
expansion and maturation in the FL and are easily engraftable in the 
adult BM, they still show that a significant transcriptomic difference 
remains distinct from adult HSCs (43). Our earlier data detected 
metabolic differences between the HSCs derived from FL and adult 
BM, wherein FL HSCs showed a remarkable up-regulation of mito-
chondrial function and oxidative metabolic pathways (23). This 
metabolic change also coincides with a major functional change in 
the HSCs, as they transition from a proliferative to a largely quies-
cent state (44).

Abrogation of oxygen-sensing pathway that resulted in enhanced 
glycolytic flux at the expense of oxidative processes, positively af-
fected hematopoietic emergence. Both EC and HC populations 
showed a robust decrease in the OCR, following treatment with 
VHL inhibitor VH298 that stabilizes hypoxia pathway. A significant 
enhancement in the number of emerging clusters without any 
change in the proportion of differently sized IAHCs pointed to inhi-
bition of early steps of hematopoietic commitment of the endothe-
lial precursors. A recent study demonstrated the importance of 
Meis1, a transcription regulator of HIF-1α in the specification of 
hemogenic endothelium (45). This study very elegantly showed that 
Meis1 was responsible for early marking of ECs for hematopoietic 
commitment. These results could also point to the involvement of 
an intrinsically regulated HIF-1α pathway in EHT process that 
makes oxygenation status of the aorta less relevant to the overall 
process. On the contrary, mechanical forces exerted by the blood 
flow could play a bigger role in the induction of this process as 
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shown in Zebrafish (46). Biomechanical forces linked with the blood 
flow were implicated in the process of hematopoietic lineage com-
mitment in vascular ECs both in vitro and in vivo (47, 48).

Contrary to the impact on the IAHC and hematopoietic progen-
itor numbers, the explant cultures followed by methylcellulose-
based colony-forming assay–based quantification of hematopoietic 
emergence did not show any change following VH298 treatment. 
Activation of hypoxia pathway has been shown to directly affect 
erythropoietic activity in HSC population (49), erythropoietin be-
ing the transcriptional target of HIF-1α (50). We did observe an in-
creased output of BFU-E colonies in the explant cultures treated 
with VH298. As there was a corresponding decrease in the number 
of CFU-Gs, the total number of hematopoietic progenitors re-
mained unchanged after 7 days of explant culture. Hence, the results 
from gain-of-function studies for the role of glycolytic state using 
stabilization of hypoxia pathway showed enhanced hematopoietic 
emergence. These findings complement earlier published loss-of-
function studies for the role of HIF-1α.

Stabilization of hypoxia pathway also decreased mitochondrial 
function reflected in oxygen consumption rate. Increased hemato-
poietic emergence indicated that the oxidative metabolic state of the 
hematopoietic progenitors might not be crucial for overall develop-
ment of the hematopoietic system. Results from experiments con-
ducted using inhibition of LDHA by NaOX that resulted in gain of 
function for oxidative pathways at the expense of glycolytic processes 
were in congruence. In response to NaOX treatment, both endo-
thelial and hematopoietic fractions of the dissected AGM-derived 
cells showed a robust increase in cellular OCR, indicative of elevated 
mitochondrial pathways. This led to clear inhibition of hematopoi-
etic emergence in aorta reflected in the number of IAHCs that ap-
peared in the dorsal and ventral sides. A robust decrease in the size 
of hematopoietic clusters showed that an increase in the mitochon-
drial function was important for the events after transition of endo-
thelial to hematopoietic lineage. However, IAHC size distribution 
presented an interesting phenotype wherein a decrease in the single-
cell clusters was noted with a similar increase in the bigger clusters. 
While these results pointed to an early-stage–specific role of glyco-
lytic pathways, cell-specific deletion of Ldha in hemato-endothelial 
lineage did not follow this trend. It could also be concluded that, 
despite hematopoietic progenitors showing a higher level of mito-
chondrial metabolic pathway, an increase in the oxidative processes 
proved detrimental for overall hematopoietic emergence. Explant 
cultures of the CP of mid-gestation period embryos confirmed the 
results from IAHC analysis. The number of hematopoietic progeni-
tors, reflected in the total number of CFU-Cs, decreased significant-
ly in NaOX-treated explant cultures. Similar effects were noticed 
when glycolysis process was blocked using glucose analog 2-DG and 
PFK inhibitor PFK-015. While oxidative pathways can be compen-
sated by alternative biochemical sources, these results show that 
glycolytic process cannot be compromised with, for a normal hema-
topoietic development. Hence, an increase in the oxidative meta-
bolic pathways or a mere inhibition of anaerobic glycolytic process 
was sufficient for the abrogation of hematopoietic development. 
Tie2-Cre–mediated cell-specific deletion of Ldha was sufficient to 
mimic these effects almost entirely. Tie2-Ldha−/− embryos showed a 
strong inhibition of hematopoietic emergence at E10.5, similar to 
the observations made following NaOX treatment. These results in-
dicated cell-intrinsic pathways affecting cell fate decisions in re-
sponse to altered metabolic state. Again, we noted a sharp decline in 

c-kit+ cells per cluster, uniformly across clusters of different sizes, 
suggesting that oxidative pathways remain inhibitory even after he-
matopoietic commitment.

In conclusion, this study provides the first direct evidence of a 
metabolic switch that governs the EHT process in vertebrates. The 
glycolytic state of the ECs plays a crucial role in this trans-
differentiation into hematopoietic lineage. Considering that the 
emergence of HSCs in the embryo takes place in the lumen of aorta 
with ample blood supply, how cell-intrinsic pathways use hypoxic 
means remains to be understood. This study also elucidates a meta-
bolic link between oxygen sensing and hematopoietic emergence 
and function in mouse embryo. It is to be examined whether the 
outcome of this study could be applicable to the ongoing efforts to 
produce fully “mature” hematopoietic progenitors from the pluripo-
tent stem cells.

MATERIALS AND METHODS
Mice
Twelve- to 16-week-old Tie2-Cre (gift from M. Yanagisawa) and Ld-
hafl/fl (gift from D. Scadden) mice were maintained in the animal 
facility of KU Leuven. C57BL/6J-NCBS mice were maintained in 
the animal facility of Indian Institute of Science Education and Re-
search Thiruvananthapuram (IISER TVM). During the experi-
ments, mice were maintained in individually isolated cages, fed with 
autoclaved acidified water, and irradiated food (Safe Diet, France) 
ad  libitum. All procedures involving the use of animals were ap-
proved by the Institutional Animal Ethics Committees of IISER 
TVM and KU Leuven. At IISER TVM, experiments were conducted 
following the guidelines of the Committee for the Purpose of Con-
trol and Supervision of Experiments on Animals, Govern-
ment of India.

Genotyping
Tie2-Cre and Ldhafl/fl mice were mated to get Tie2-Ldhafl/+ mice that 
were mated again to get embryos with Tie2-Cre–mediated biallelic 
deletion of Ldha exon 3. Genotyping was performed on DNA iso-
lated from tail tip for adult mice and skin tissues of individual mid-
gestation embryos using the strategy as described before (20, 51). 
All primer sequences are provided in table S1.

Embryo generation and embryonic tissue isolation
Eight- to 12-week-old adult male and female mice were used for 
timed mating to generate mid-gestation embryos. Observation of 
vaginal plugs was considered as E0.5 of mouse development. Em-
bryos along with YS were removed from the uterus of the mother. 
YS were carefully removed leaving the vitelline and UA intact. Pre-
cise staging of embryos was done on the basis of the day of isolation 
and the number of somite pairs (sp). Embryos were collected at 
E10.5 (between 32 and 36 sp) of development in phosphate-buffered 
saline (PBS) supplemented with 10% of fetal bovine serum (FBS).

Pharmacologic treatment of pregnant females
Pharmacologic inhibition of anaerobic glycolysis was achieved by 
intraperitoneal injection of E9.5 pregnant mice with LDHA inhibi-
tor NaOX (300 mg/kg; Sigma-Aldrich). Stabilization of HIF-1α in 
the developing embryos was achieved by intraperitoneal injection of 
VHL inhibitor VH298 (150 mg/kg; Sigma-Aldrich). In both cases, 
embryos were harvested 24 hours (at E10.5) after treatment.
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Flow cytometry and cell sorting
For analysis of the cells in different stages of EHT, cells obtained from 
dissected AGM tissues were immunolabeled with fluorophore-
conjugated antibodies against specific markers. Dissected AGMs 
from the embryos were pooled, dissociated by 0.35% collagenase I 
(Sigma-Aldrich) (0.35% enzyme in PBS with 20% FBS) treatment for 
30 min at 37°C, and washed with PBS containing 10% FBS. The dis-
sociated AGM cells were stained with allophycocyanin/cyanine7–
conjugated anti–c-kit (CD117) and phycoerythrin-conjugated 
anti-CD31 antibodies (from BioLegend) and sorted on a BD 
FACSAria III sorter using a 70-μm nozzle. EC, HEC, and HC pop-
ulations were identified as CD31+c-kit−, CD31+c-kit+, and CD31−c-
kit+, respectively. The cell populations were sorted by FACS, using a 
FACSAria III (Becton Dickinson). Details of clones used for each 
antibody are provided in the Supplementary Materials.

Mitochondrial mass, ROS, and glucose uptake analyses
Mitochondrial mass, active mitochondrial content, and mitochon-
drial ROS were assessed by MitoTracker Green FM, MitoSOX Red, 
and MitoTracker Red CMXRos staining, respectively. Briefly, follow-
ing immunostaining for CD31 and c-kit, single-cell suspension of 
AGM was incubated with MitoTracker Green (150 nM), MitoSOX 
Red (10 μM), or MitoTracker Red CMXRos (100 nM) in PBS contain-
ing 5% FBS for 30 and 15 min, respectively, at 37°C. Glucose trans-
porter expression was analyzed by staining single-cell suspension 
prepared from dissected AGM tissue with fluorescein isothiocyanate–
conjugated anti-GLUT3 antibody or primary anti-GLUT1 antibody 
along with CD31 and c-kit antibodies for 20 min on ice. Immunos-
taining with purified primary antibody was followed by additional 
PBS wash and incubation with fluorophore-conjugated secondary 
antibodies. For glucose uptake assay, AGM cell suspension after CD31 
and c-kit immune-staining was incubated with 2-NBDG (200 μM), a 
fluorescent glucose analog for 20 min at 37°C. After staining, the cells 
were washed with PBS and analyzed using a BD FACSAria III cytom-
eter. The flow cytometry data including MFI was analyzed using 
FlowJo software (BD Biosciences) with isotype-stained/unlabeled 
cells as negative controls.

Sample preparation for proteome analysis
FACS-sorted ECs (c-kit−CD31+), HECs (c-kit+CD31+), HCs (c-
kit+CD31−), and DNCs (c-kit−CD31−) from E10.5 AGM were sus-
pended in 100 μl of lysis buffer [0.01 M tris base (pH7.4), 0.14 M 
NaCl, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride] 
prepared in LiChrosolv water for chromatography and sonicated 
for 15 min. To each 100 μl of cell lysate, 900 μl of ice-cold acetone 
was added, and, after incubation at −20°C for 20 min, lysates were 
centrifuged at 17,400 relative centrifugal force (rcf) for 10 min. Pre-
cipitate was dissolved in 250 μl of LC/MS grade water and repre-
cipitated using 900 μl of ice-cold acetone followed by centrifugation. 
Pelleted proteins were suspended in 100 μl of 50 mM ammonium 
bicarbonate and thermally denatured at 65°C for 10 min. Proteins 
were then reduced by adding 2.5 μl of 200 mM dithiothreitol (DTT) 
solution and incubation at 60°C for 45 min followed by alkylation 
with addition of 10 μl of iodoacetamide (IAA) and incubation at 
37°C for 45 min. A second reduction by 2.5 μl of aliquot of 200 mM 
DTT was added and followed by incubation at 37°C for 30 min to 
consume excess IAA. Protein was then digested by the addition of 
4 μg of SOLu-Trypsin and incubated at 37°C overnight. The enzy-
matic digestion was quenched by adding 1 μl of formic acid, and the 

samples were speed-vacuum–dried and resuspended in 100 μl of 
ammonium bicarbonate before desalting. Desalting was performed 
by PierceTM C-18 spin columns as per the manufacturer’s protocol 
before analysis.

MS analysis
Before MS analysis, all samples were resuspended in 50 μl of 0.1% 
formic acid. Ten microliters of each sample (0.2 ± 0.05 mg/ml) in 
triplicates was analyzed on a Thermo Fisher Scientific EASY-nLC 
1000 system directly connected to the Thermo Fisher Scientific 
The Q Exactive – A Benchtop Orbitrap Mass Spectrometer. Ac-
claim PepMap 100 C18 (3 μm, 75 μm by 20 mm; nanoViper Trap, 
1200 bar; Thermo Fisher Scientific) trap column and Acclaim PepMap 
100 C18 HPLC (2 μm, 75 μm by 150 mm; nanoViper FS, 1200 bar; 
Thermo Fisher Scientific) analytical column were used for the sepa-
ration of sample. The mobile phases A and B consisted of 0.1% for-
mic acid in LiChrosolv water for chromatography and LiChrosolv 
Reag. Ph Eur. acetonitrile, respectively. The applied 140-min multi-
step gradient ranged from 5 to 95% mobile phase B at a constant 
flow rate of 300 nl/min. The eluent was directly introduced into the 
mass spectrometer via Thermo Fisher Scientific Nanospray Flex ion 
source connected with the Thermo Fisher Scientific Nano Bore 
Emitter Stainless Steel of 40 mm with an outer diameter of 1/32 inch. 
The applied spray voltage was 18000.00 (+) and 2000.00 (−), and the 
capillary temperature was set to 250°C. We measured in positive ion 
mode. Full-scan MS spectra were recorded from 350 to 1500 mass/
charge ratio at resolution 70,000 followed by MS/MS spectra 
recorded from 200 to 2000 scans at resolution 17,500. Protein iden-
tification and quantification were performed using Thermo Fisher 
Scientific Proteome Discoverer Software (version 2.3). Peptides with 
more than six amino acids were considered during the entire analy-
sis. For proteome comparison between cell types of E10.5 AGM, 
values for the protein technical replicates (N = 3) were taken with 
the average of all detected values, and the biological replicates 
(n = 3) were imputed by taking the average of the nonzero values. 
Single-value imputation refers to replacing missing values by a con-
stant or a randomly selected value. Here, we have replaced the blank 
values with the lowest abundance value detected. Differential proteome 
expression analysis was carried out using RStudio. Pathway enrich-
ment analysis was performed with the Reactome Pathway Database 
by comparing proteome generated by MS for each cell type with 
UniProt2Reactome.txt and analyzed by RStudio.

Seahorse metabolic flux analysis
The glycolytic rate (ECAR) and the mitochondrial respiration rate 
(OCR) in cell populations from IAHCs, namely, ECs, HECs, and 
HCs were accessed using seahorse XFp-Analyzer (Agilent, USA) as 
described by the manufacturer. Briefly, cells pooled from AGM tis-
sues were sorted on FACSAria III, and 30,000 cells were plated into 
each well of SeaHorse XFp cell culture miniplates pre-coated with 
Cell Tak (Corning). The plates were allowed to equilibrate in a non-
CO2 incubator at 37°C for 30 min before analysis. For ECAR analysis, 
XF base medium was supplemented with glutamine (0.584 g/liter). 
ECAR was measured in basal condition, and three readings were 
taken after sequential addition of glucose (10 mM), oligomycin (1 μM), 
and 2-DG (50 mM) into the injection ports. For OCR analysis, XF 
base medium was supplemented with glutamine (0.584 g/liter), glu-
cose (4.5 g/liter), and 1 mM sodium pyruvate. OCR was measured in 
basal condition and after sequential addition of oligomycin (1 μM), 
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carbonyl cyanide p-trifluoromethoxyphenylhydrazone (2 μM), rote-
none (0.5 μM), and antimycin A (0.5 μM) into the injection ports. 
Metabolic parameters were derived following the manufacturer’s 
instructions (Agilent, USA).

Whole-mount immunofluorescence analysis
Embryos followed by sp. counting were stained for whole-mount im-
munofluorescence analysis as previously described (9). Briefly, the em-
bryos were fixed in 2% paraformaldehyde in PBS, trimmed, and 
stained for CD31 and c-kit followed by Alexa Fluor–conjugated sec-
ondary antibodies. For GLUT1, RUNX1, and HIF-1α staining, an ad-
ditional incubation with purified primary antibody followed by 
washing with PBS containing 0.1% skimmed milk and 0.4% Triton X-
100. The embryos were then incubated with fluorophore-conjugated 
secondary antibodies before washing thrice in PBS-MT. Washed em-
bryos were then dehydrated, cleared, and mounted with a 1:2 mix of 
benzyl alcohol and benzyl benzoate in FastWells incubation chamber 
(Grace Bio-Labs, USA). Image acquisition was performed using a Leica 
upright confocal microscope system using a 10× or a 40× water 
dipping objective. Image processing was carried out using LAS X soft-
ware. For quantification of IAHCs, the entire length of aorta divided 
into ventral and dorsal side. Hematopoietic clusters were counted 
separately for the ventral and dorsal sides. In addition, the number of 
c-kit+ cells were also enumerated for each cluster. 

Explant culture and methylcellulose colony-forming assay
The explant culture of the tissues from mid-gestation stage embryos 
was performed as previously described with modifications (52). Brief-
ly, the CP of the E10.5 embryos was dissected just above the forelimbs, 
and the FL and heart were removed and cultured for 7 days on top of 
0.8-μm–pore size mixed cellulose membranes at the gas-liquid inter-
face in Iscove’s modified Dulbecco’s medium supplemented with 20% 
FBS and IL-3 (100 ng/ml), SCF (100 ng/ml), and FLT3L (100 ng/ml) 
(all growth factors procured from R&D systems Inc.). The explants 
were maintained in the medium containing NaOX (500 mM), VH298 
(10 μM), 2-DG (100 μM), PFK-015 (10 μM), or dimethyl sulfoxide as 
carrier control for 7 days. The tissues were then dissociated by collage-
nase treatment (0.35% collagenase type I in PBS with 20% FBS) for 
30 min at 37°C. The cells were plated in tissue culture–treated six-well 
plates (CytoOne) in duplicate wells in MethoCult (STEMCELL Tech-
nologies) and cultured at 37°C, and colonies were scored after 7 days.

Quantitative reverse transcription PCR
AGM from mid-gestation mouse embryos were dissected, dissociated 
into single-cell suspensions, and subjected to FACS-based sorting of 
EC, HEC, and HC cell populations. Total RNA was isolated from each 
population using an RNeasy plus Micro kit (QIAGEN) and subjected 
to cDNA synthesis using a PrimeScript RT reagent kit (Takara). Real-
time quantitative PCR was performed using the TB Green Premix 
(Takara) in a CFX96 Real-Time PCR system (Bio-Rad) following the 
standard protocols using primers in table S1. Relative gene expression 
was calculated by comparative cycle threshold (Ct) method and nor-
malized to actin expression.

Statistical analysis and data visualization
Statistical analyses and data visualization were performed using Graph-
Pad Prism and RStudio. The data with normal distribution, tested by 
using the Shapiro-Wilk test, are represented as means ± SEM. Data 
with non-normal distribution are represented in scatter plots. The 

equality of group variance was tested using Brown-Forsythe test. Com-
parisons between samples from two groups with normally distributed 
data with equal variance were made using the unpaired two-tailed 
Student’s t test. Schematics and graphical abstract were generated in 
part by BioRender (www.biorender.com/). For all analyses, P value of 
≤0.05 was accepted as statistically significant. Asterisks in the figures 
indicate statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S3
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