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Abstract

The transition of endothelial cells between quiescence and proliferation is essential for regulating
the extent of the vasculature that supplies oxygen and nutrients to tissues. A study now shows that
the FOXO1 transcription factor regulates endothelial cell proliferation by controlling levels of the
metabolite 2-hydroxyglutarate.

The decision whether to cycle and form a new cell is relatively straightforward for single
cell organisms such as bacteria and yeast: when nutrients are plentiful, divide; when
nutrients are sparse, arrest. For unicellular organisms, the presence or absence of metabolites
that can be used as fuels, such as glucose and glutamine, plays a decisive role in cell cycle
decisions. In multicellular organisms, by contrast, a more complex system for regulating cell
proliferation is required, as it is necessary to ensure that specific cells within an organism
can be selectively activated for division, while simultaneously ensuring that cells do not
divide excessively if nutrients are plentifull. Tissue-specific regulation of proliferation in
multicellular organisms is largely achieved by deploying signaling pathways that respond to
cell type-specific mitogens to trigger cascades that induce proliferation. In the last decade,
pioneering studies have shown that proliferation-promoting transcription factors such as
MY C and p53 induce not only cell division, but also nutrient utilization by inducing
expression of enzymes in metabolic pathways, thus reorganizing metabolism to promote a
proliferative or quiescent state?. For the endothelial cells that line blood vessels, previous
studies have demonstrated the importance of the FOXOL1 transcription factor for inducing
and maintaining a quiescence®. In a paper now published in Nature Cell Biology, Andrade et
al. demonstrate that FOXO1 activation results not only in changes in gene expression, but
also an altered metabolome®. In particular, this study shows that the metabolite 2-
hydoxyglutarate regulates endothelial proliferation, thereby opening up the possibility of a
metabolic regulatory system that functions in parallel to the protein and kinase-based
regulatory systems that control a cell’s decision to cycle.
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Activity of the FOXO1 pathway in endothelial cells is regulated by its phosphorylation by
the PIBK/AKT pathway, an important regulatory pathway for cell proliferation’. FOXO1
inactivation results in excessive endothelial cell proliferation and blood vessel growth,
whereas overexpression of FOXO1 results in a loss of blood vessels as endothelial cells
reversibly exit the cell cycle and become quiescent. In their article, Andrade et al.
investigate the mechanism whereby FOXO1 affects endothelial cell proliferation. Using a
mutated version of FOXO1 in which three AKT phosphorylation sites are replaced with
alanines, the authors performed a metabolomics analysis that revealed that endothelial cells
with constitutive nuclear FOXO1 contain higher levels of branched chain amino acid
metabolites, including the metabolite 2-hydroxyglutarate. 2-hydroxyglutarate levels were
also higher when FOXO1 levels were induced by a physiological quiescence and FOXO1-
inducing signal, contact inhibition. 2-hydroxyglutarate is a metabolite formed by the
oncogenic, mutated form of isocitrate dehydrogenase®. 2-hydroxyglutarate can inhibit the
function of enzymes that normally bind alpha-ketoglutarate, which includes
demethylases0: 11 and prolyl hydroxylases'2. However, oncogenic forms of isocitrate
dehydrogenase induce the R-enantiomer3, whereas Andrade et al. found that the S-
enantiomer was induced by FOXOL1. In investigating the mechanism whereby 2-
hydroxyglutarate accumulates in cells with FOXO1 activation, the authors discovered
reduced activity of the oxoglutarate dehydrogenase (OGDH) complex. This complex
catalyzes conversion of 2-oxoglutarate to succinyl CoA, and when its activity was reduced,
there was an accumulation of the substrate, 2-oxoglutarate. This increased pool of 2-
oxoglutarate could be converted to 2-hydroxyglutarate.

To better understand the mechanism whereby FOXO1 affects OGDH activity, Andrade et al.
performed RNA-seq. The RNA-seq analysis indicated that FOXO1 did not affect OGDH
transcript or protein levels. Instead, RNA-seq revealed that FOXO1 induces enzymes that
regulate catabolism of branched chain amino acids, while metabolomics analysis revealed
that FOXO1 induces the accumulation of multiple intermediates in branched chain amino
acid catabolism, which are known inhibitors of OGDH!#. Andrade et al showed that
treatment with one of these branched chain amino acid breakdown products, 3-methyl-2-
oxovalerate (KMV), reduced OGDH activity and caused an increase in S-2HG.

To assess the effects of S-2HG treatment of endothelial cells, the authors monitored the cell
cycle and found that treating endothelial cells with S-2HG resulted in arrest in the GO/G1
phase of the cell cycle that was reversed when S-2HG was removed. The quiescent state
induced by S-2HG shared characteristics with endothelial quiescence, including
downregulation of genes associated with cell cycle progression, decreased metabolic activity
and reduced RNA and protein synthesis. S-2HG also made the endothelial cells less mobile
in scratch assays. Three-dimensional endothelial spheroid cultures made fewer sprouts and
mouse model experiments demonstrated that pups treated with S-2HG grew less developed
vascular networks in their eyes. Further demonstrating a role for OGDH in endothelial cell
proliferation, Andrade et al. knocked out OGDH from endothelial cells in mice and found
that the mice had a sparse blood vessel network, consistent with a greater likelihood that
endothelial cells enter quiescence when OGDH is inactivated.
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The results of this study shed light on a poorly understood signaling system based on
metabolites and their effects. While previous studies have indicated changes in metabolism
associated with the transition between proliferation and quiescence, these changes largely
involved molecules that affect flux through metabolic pathways that are involved in the
acquisition and metabolism of nutrients, and the ensuing generation of ATP and energy®.
The induction of S-2-hydroxyglutarate by FOXO1 is more surprising because 2-
hydroxyglutarate is not part of a metabolic pathway leading to nutrient utilization, TCA
cycle or oxidative phosphorylation. The authors suggest S-2-hydroxyglutarate may serve to
modulate the activity of the endothelial cell proliferation regulator hypoxia inducible factor
(HIF), but its roles in modifying the activity of enzymes that post-translationally modify
histones and DNA may also be involved. The findings thus demonstrate that transcription
factors can modulate cell fate through increasing expression of specific target genes, leading
to changes in the levels of metabolites, including metabolites that are not directly involved in
ATP production. These metabolites can serve as signaling molecules that regulate cell fate
decisions, such as the proliferation-quiescence transition, and consequently the expansion or
contraction of specific tissues within an organism.

These findings by Andrade et al. raise fascinating questions for future investigation. It will
be important to determine the specific mechanism whereby 2-hydroxyglutarate induces
quiescence in endothelial cells. The physiological significance of this signaling pathway also
remains to be established. Under what conditions is signaling through 2-hydroxyglutarate
the predominant determinant of blood vessel expansion or contraction, and in what
conditions are other pathways of greater importance. Does 2-hydroxyglutarate contribute to
the development of vasculature during normal development, or to the growth of new vessels
in response to hypoxia? Is 2-hydroxyglutarate a more important signaling molecule for some
types of blood vessels than others, or for blood vessels within some organs than others? The
research also raises broader questions. Do other transcription factors affect cell fate by
modulating levels of metabolites in addition to RNA and protein? Are there additional
metabolites that have the capacity to regulate the transition between proliferation and
quiescence. Finally, future studies will be required to determine whether metabolites play a
role in proliferation or quiescence in other cell types, and therefore regulate the expansion or
contraction of other tissues.
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Figure 1.
Schematic of proposed regulatory pathway. In Andrade et al., the authors propose a

regulatory pathway in the endothelial cells that line blood vessels. The FOXO1 transcription
factor increases the expression of metabolic enzymes that generated catabolic intermediates
of branched chain amino acids such as 3-methyl-2-oxovalerate (KMV). Elevated levels of
these intermediates inhibit the activity of the oxoglutarate dehydrogenase (OGDH) complex.
Reduced activity of this complex results in an accumulation of S-2-hydroxyglutarate
(S-2HG), which can promote endothelial cell quiescence.
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