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SHEAR STRESS MAKES ITS MARK ON THE ENDOTHELIAL GENOME

Jovana Serbanovic-Canic*, Celine Souilhol*, Paul C. Evans.
(* equal contributions)

Blood flow induces a frictional force (wall shear stress; WSS) on the lumen of vessels that has
profound effects on vascular biology. It is a key determinant of the anatomical location of
atherosclerotic plaques; regions of arteries exposed to high unidirectional WSS (e.g. thoracic aorta)
are protected from atherosclerosis, whereas regions exposed to low magnitude forces that oscillate
in direction (e.g. aortic arch) are susceptible to disease'. Clinical studies and animal models revealed
that WSS also regulates the progression of atherosclerosis and plaque rupture® 2 leading to
myocardial infarction or stroke. Endothelial cells (EC) play a vital role in this system because they
can sense both the magnitude and direction of WSS and convert this ‘mechanical code’ into
appropriate biological responses, including altered transcription of multiple genes. EC populations
exposed to high atheroprotective WSS are aligned in the direction of flow and adopt a homogenous
quiescent phenotype with minimal turnover. This differs from EC exposed to low oscillatory WSS
which induces considerable phenotypic heterogeneity including cells undergoing apoptosis,
proliferation, senescence, inflammation and endothelial-to-mesenchymal transition (EndMT) which
is a form of cell plasticity 4.

In this issue of Cardiovascular Research, Bondareva et al elucidate the mechanism linking oscillatory
WSS to EC phenotype by analysing its effects on histone H3 acetylation on Lysine 27 (H3K27ac)
which is an epigenetic modification associated with active transcription. This was carried out using
human umbilical vein EC (HUVEC) which were exposed to oscillatory WSS for 6 hours or cultured
under static conditions as a control. Cells were then cross-linked prior to chromatin
immunoprecipitation using anti-H3K27ac antibodies and sequencing of the precipitated DNA. A
major strength of this hypothesis-free approach is that it detects alterations in H3K27ac at a genome-
wide level and without preconceptions. The experiment identified >30,000 H3K27ac peaks (putative
regulatory elements) in the endothelial genome and >2,500 of them were exclusively found in EC
exposed to oscillatory WSS. Importantly, the authors validated this dataset experimentally by cloning
several oscillatory WSS-specific regulatory elements into luciferase reporter constructs and
demonstrating that they respond to oscillatory flow. Bondareva et al then performed a carefully
designed series of bioinformatics studies to identify the functions of genes located near to oscillatory
WSS-regulatory elements. They observed enrichment of several gene ontology terms that have been
associated with EC dysfunction and atherosclerosis including actin cytoskeleton reorganisation,
response to stress, regulation of cell cycle, apoptotic processes and angiogenesis. Similarly,
oscillatory WSS-regulatory elements were also overrepresented in several signalling pathways that
are known to be flow-sensitive including MAP kinase, PISK/AKT, WNT, NOTCH and HIPPO
(YAP/TAZ)™'°, Finally, Bondareva et al investigated the transcription regulators associated with
oscillatory WSS-regulatory elements by analysing binding motifs and found enrichment of several
factors including HIF1a, EGR1,2 and YAP/TAZ (which binds DNA indirectly via RUNX1 and
TEAD2,4). These data are consistent with recent studies showing that these molecules are activated
by low oscillatory WSS leading to the activation of transcriptional programmes regulating glycolysis,
proliferation, inflammation, apoptosis and EndMT'%-12 (Fig. 1). In summary, H3K27ac modification
is a key response to oscillatory WSS leading to the activation of multiple genes that participate in
signalling and other downstream processes.

It is interesting to compare the observations of Bondareva et al with previous studies of flow
regulation of DNA methylation, a vital epigenetic mark associated with transcriptional repression (Fig.
1). Dunn et al studied the effects of disturbed blood on arterial EC physiology using a partial carotid
ligation model in mice'3. They found that low WSS induces the expression of DNA methyltransferase
1 (an enzyme that catalyzes DNA methylation) resulting in hypermethylation at the promoters of



several flow regulated genes including Homeobox (Hox)A5 and KLF3. On the other hand, Jiang et
al'* performed methylated DNA immunoprecipitation sequencing (MeDIP-seq) at high versus low
WSS regions of the porcine aorta and identified >5,500 regions of the genome with differential
methylation. Functional annotation revealed that differentially methylated genes were enriched for
Hox family members, and for regulators of cytoskeletal remodelling, oxidative stress and the ER
stress pathway, all of which have been associated with atherosusceptibility’>. Notably genes
regulating cytoskeleton reorganisation and the response to stress were enriched by both DNA
methylome and H3K27ac ChlP-seq indicating that they are regulated by both DNA and histone
modifications.

Although the study from Bondareva et al has illuminated the field of endothelial mechanics, it also
has limitations that should be addressed in the following future studies: (1) the data set of Bondareva
et al should be mined further to identify novel flow-sensitive pathways in addition to those already
known, (2) the H3K27ac ChlP-seq data were obtained using cultured HUVEC. While these cells are
a useful and well-established model of endothelial biology, they also exhibit differences in behaviour
compared to arterial EC exposed to physiological conditions in vivo, (3) EC were exposed to
oscillatory WSS for 6 h which is an insufficient time point to generate steady state changes in the
genomic landscape. To address points 2 and 3, H3K27ac ChlP-seq data should now be generated
using arterial EC exposed to oscillatory WSS for extended periods in vivo e.g. analysis of porcine
aorta' or the murine partial ligation model'3, (4) it would also be interesting to investigate how WSS
affects histone acetylation including effects on the expression and activity of enzymes that govern
this process i.e. histone acetylases and deacetylases, (5) future studies should consider the highly
heterogenous phenotypes of EC at atherosusceptible sites. Most omics studies use a pool of cells
and therefore information on the signalling pathways and transcriptome in single cells is lost. To
overcome this, genomic modifications, such as H3K27ac or DNA methylation, should be assessed
at a single cell level thus allowing specific patterns of genomic modifications to be coupled to specific
EC phenotypes. Collectively, these studies have the potential to identify new medicines that can slow
the progression of atherosclerosis by targeting mechanosensitive epigenetic mechanisms.



Figure 1 Oscillatory shear stress remodels chromatin and activates transcription factors
to promote atherogenesis
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