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Introduction

The transition of vascular smooth muscle cells (SMCs) from a quiescent, contractile
phenotype to a motile, synthetic phenotype encompases dramatic changes in cell
morphology and gene expression. It also is accompanied by equally dramatic changes in cell
metabolism. Indeed, ultrastructural evidence of metabolic reprogramming was one of the
first features recognized for the synthetic SMC phenotype.! While our understanding of the
transcriptional basis of SMC phenotypic switching has advanced significantly in recent
decades,? a similar understanding for how metabolic pathways are linked to these
transcriptional changes lags behind.

Poldip2 and Mitochondrial Metabolism in SMCs

Polymerase delta interacting protein 2 (Poldip2) is a nuclear-encoded mitochondrial protein
that controls the lipoylation and activation of two important mitochondrial enzymes;
pyruvate dehydrogenase and alpha-ketoglutarate dehydrogenase.3 Poldip2 null mice are
perinatal lethal exhibiting general fetal growth restriction.# Poldip2 deficiency reduces the
activity of the Krebs cycle and inhibits rates of oxidative metabolism while increasing rates
of glycolytic activity in many different cell types, including vascular SMCs. While Poldip2
heterozygotes have no obvious phenotype, these mice are protected against the development
of aortic aneurysm and the formation of a neointima after femoral artery wire injury.®

One explanation for the vascular wall protective effects could be that Poldip2 is somehow
required for SMCs to undergo phenotypic switching. Paredes et al addressed this possibility
by first asking what effect does Poldip2 down regulation have on expression levels of
transcription factors (TFs) that control SMC phenotype.6 Knockdown of Poldip2 in human
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aortic SMCs (HASMCs) increased expression levels of serum response factor (SRF),
myocardin (MYOCD), and myocardin-related transcription factor-A (MRTF-A), together
with pronounced down regulation of kriippel-like factor-4 (KLF4).6 Poldip2 deficiency also
inhibited PDGF-BB-induced down regulation of contractile proteins and blocked
cholesterol-stimulated expression of macrophage markers CD68, LGALS3, and Arginase-1
in HASMCs. In a femoral artery wire injury model, medial SMCs from Poldip2+/- mice
exhibited highly differentiated phenotypes at time points when SMCs from Poldip2+/+ mice
exhibit strong down regulation of SMC marker proteins.® Therefore, a lack of mitochondrial
Poldip2 activity leads to maintenance of the SMC differentiated phenotype via effects on
expression levels of nuclear transcription factors (TFs).

Poldip2 and the Ubiquitin-Proteasome Pathway in SMCs

In cultured HASMCs, Poldip2 knockdown led to accumulation of SRF even in the presence
of cycloheximide, suggesting increased protein stability.5 Careful analysis of Poldip2-
deficient HASMCs uncovered a general decrease in capacity of the ubiquitin-proteasome
system (UPS) to degrade intracellular proteins, particularly in the nuclear compartment.
Restoration of SRF turnover was observed upon forced expression of the nuclear UPS
activator PSMC1/Rpt2 in HASMCs. These findings suggest that Poldip2 deficiency leads to
reduced activity of a nuclear-localized UPS pathway for protein turnover.

Additional experiments showed that Poldip2 deficiency reduced mitochondrial respiration,
increased glycolytic activity, and stimulated the activity of O-GIcNAc transferase (OGT).®
OGT-catalyzes the covalent modification of Ser/Thr residues with N-acetylglucosamine.”
Glycosylation of critical components of a nuclear UPS complex inhibited the turnover of
nuclear TFs, including SRF, leading to their accumulation. Down regulation of OGT activity
in Poldip2-deficient HASMCs restored nuclear UPS activity and prevented the accumulation
of SRF, MYOCD, and MRTF-A, as well as reversed the down-regulation of KLF4.

Mechanistic Links between SMC Metabolism and Transcription

While reports of specific examples for metabolism-transcription coupling in SMCs are
relatively few at the present time, it is worth recalling the often repeated quote by Max
Delbriick (1949) that “any living cell today carries with it the experiences of a billion years
of experimentation by its ancestors”.8 This experimentation has produced in mammalian
cells a complex interconnecting web of thousands of coupled reactions. The many
mechanisms linking metabolism to transcription progress from the simple direct binding of
metabolites to nuclear receptors (lac repressor, retinoic acid receptors), to metabolic
enzymes that can shuttle to the nucleus and themselves act as TFs (see,
moonlightingproteins.org), and then to progressively more complex mechanisms including
hypoxia sensing by prolylhydroxylases and hypoxia inducible factors,? and the Poldip2
example reported by Paredes et al. In addition to directly acting on TFs, we also know
many examples of metabolites acting at the epigenetic level of transcriptional regulation
including fatty acid oxidation control of histone acetylation via AcetylCoA,10 S-
adenosylmethionine regulation of methylation of histones and DNA,! and alpha-
ketoglutarate and nicotinamide regulation of DNA methylation and protein deacetylase
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activities respectively.12 Thus rather than distinct categories of metabolism and transcription,

we are better served by conceptually merging these categories into one common and highly

interwoven network for regulation of the mammalian genome.

A Revised View of SMC Phenotypic Diversity

Summary

The intricacy of SMC metabolic links to transcriptional activity suggests that the
malfunction of a single protein within this web can have surprising and unpredictable
phenotypes depending on connections it makes with other elements in the network. For most
proteins, these connections are often transient with rapidly changing binding partners and
characterized by fluxes of substrates and products through reactions that are highly
compartmentalized within the cell. These principles of metabolic regulation can possibly
explain the evolution of self-reinforcing feed-forward transcriptional networks that commit
SMCs to long-term changes in cell fate and differentiation in, for example, vascular
development. At the same time, activation of such feed-forward switches in the wrong place
or at the wrong time could promote disease. Putting these concepts into motion suggests a
revised model of SMC phenotypes /n7 vivo. This revised model views SMCs in a common
vessel wall as existing in transient heterogeneous subsets of metabolic-transcriptional states
in oscillation between real or potential phenotypes. Any external change in environment
(injury, inflammation, matrix disruption) therefore acts not on one type of SMC but a highly
diverse population of cells with different potentials to respond to the change in environment.
13 Many cells may either be unable to respond or fail to cross a “threshold” to respond based
on their complement of links between metabolism and transcription. Under such
hypothetical conditions, one can begin to see how only subsets of SMCs, or possibly even
single SMCs, can participate in the response to vascular injury or perturbation.13-15 While
there is much to learn about metabolism-transcription coupling in SMCs, the rapid advances
in genome-wide and single cell methods to assess gene expression and epigenetic states
suggests a new phase of discovery is upon the SMC field.

The findings reported by Paredes et al in this issue of Circulation Researchlink SMC
metabolism with SMC phenotype via metabolic control of a nuclear ubiquitin-proteasome
system that degrades TFs required to establish and maintain the differentiated SMC
phenotype.® They provide a glimpse of the intricate web of interconnected pathways that
have evolved to ensure that changes in SMC phenotype are tightly coupled to coordinate
changes in SMC metabolism. Given the rapid advances in methods available to assess whole
genome transcriptomes, we can anticipate identification of many more examples of how
SMC metabolic pathways are linked with SMC proliferative disorders in the near future.
They also raise new questions about how diet and mitochondrial function interact with
diverse human genomes carrying genetic variants in the proteins and cis-regulatory
sequences that constitute the SMC metabolome. 16
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Figure.
Metabolic-transcriptional coupling in smooth muscle cells (SMCs). A, In the normal vessel

wall, SMCs appear homogeneous but actually exist in many different real or potential
phenotypes based on local variations in metabolic reactions and their links to transcriptional
coupling. B, In the injured vessel wall, preexisting states of metabolic-transcriptional
coupling mean that only a small number of “primed” SMCs are able to cross a critical
threshold and respond to the change in environment. Platelets (dark blue), leukocytes (light
blue), endothelial cells (tan), secreted factors (circles, triangles), SMCs (red), primed and
dividing SMC (pink).
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