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Introduction Circulation of blood throughout the cardiovascular system results in biomechanical forces that profoundly influence vessel
development and maintenance. Fluid shear stress along the inner lining of blood vessels imparts mechanical forces upon vascular cells.
Endothelial cells (ECs), which line all blood and lymphatic vessels, are exquisitely equipped to sense mechanical forces and to transduce
these stimuli into biochemical signals, which control their proliferation, migration, cytoskeleton organization, and cell-cell adhesion.
Vascular malformations can arise when patterns of blood flow change or when vascular cells develop a disturbed response to
hemodynamic forces due to genetic mutations. For instance, genetic evidence suggests that mutations causing dysregulated RAS/MAPK
and nitric oxide (NO) signaling within vascular cells lead to malformations and dysplasias. The influence of biomechanical cues on
genetically vulnerable cells provides a promising therapeutic avenue. Vascular malformations are often incurable, and patients experience
lifelong chronic pain, disfigurement, or even premature death. A major obstacle to developing useful therapies is our poor understanding of
the molecular underpinnings of these vascular defects. Tangible therapeutic approaches may be based on the novel idea that vascular cell
responses to blood flow can be normalized using pharmacological modulation.Vascular malformations and dysplasias arise when
mechanotransduction goes awry in endothelial cells Brain vascular malformations/dysplasias (VaMs) can lead to stroke with severe
consequences or sudden death at any age (1, 2). [...]
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Introduction

Circulation of blood throughout the car-
diovascular system results in biomechan-
ical forces that profoundly influence ves-
sel development and maintenance. Fluid
shear stress along the inner lining of blood
vessels imparts mechanical forces upon
vascular cells. Endothelial cells (ECs),
which line all blood and lymphatic vessels,
are exquisitely equipped to sense mechan-
ical forces and to transduce these stimuli
into biochemical signals, which control
their proliferation, migration, cytoskele-
ton organization, and cell-cell adhesion.
Vascular malformations can arise when
patterns of blood flow change or when vas-
cular cells develop a disturbed response
to hemodynamic forces due to genetic
mutations. For instance, genetic evidence
suggests that mutations causing dysreg-
ulated RAS/MAPK and nitric oxide (NO)
signaling within vascular cells lead to mal-
formations and dysplasias. The influence
of biomechanical cues on genetically vul-
nerable cells provides a promising thera-
peutic avenue. Vascular malformations are
often incurable, and patients experience
lifelong chronic pain, disfigurement, or
even premature death. A major obstacle
to developing useful therapies is our poor
understanding of the molecular underpin-
nings of these vascular defects. Tangible
therapeutic approaches may be based on
the novel idea that vascular cell respons-
es to blood flow can be normalized using
pharmacological modulation.

Vascular malformations

and dysplasias arise when
mechanotransduction goes
awry in endothelial cells

Brain vascular malformations/dysplasias
(VaMs) can lead to stroke with severe con-
sequences or sudden death at any age (1, 2).
In other organs, VaMs can also cause hem-
orrhages, deformities, and severe chronic
pain. A major impediment to the develop-
ment of treatments is the poor understand-
ing of the molecular pathways and factors,
including mechanical forces, that stimulate
their development and growth. Vascular
cells are sensitive to the deleterious combi-
nation of germline mutations present from
conception (hereditary VaMs) and somatic
mutations that arise later in life (sporad-
ic VaMs). Perplexingly, mutated vascular
cells sometimes remain dormant despite
the presence of causative mutations.
Mounting evidence shows that within a
defined deleterious genetic context, bio-
mechanical forces due to fluid shear stress
catalyze the formation of VaMs.

Blood flow creates two main hemo-
dynamic forces that impact vascular cells
and shape blood vessel architecture: fric-
tional forces along the longitudinal axis
of the inner vessel surface (referred to as
fluid shear stress) and blood pressure that
stretches the vessel wall across its diame-
ter. Cells lining major arterial blood ves-
sels close to the heart experience pulsatile
flow at high speed and under high pres-
sure, while venous and capillary ECs are
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exposed to much lower pressure flow, with
almost no pulsatility. While flow within
the large-caliber vessels is largely lami-
nar (parallel to the vessel), oscillatory and
disturbed flow occurs at vascular branch-
ing points or at valvular structures. Under
both types of mechanical stress, ECs expe-
rience stretch and pulling at cell-cell junc-
tions, which are themselves anchored to
the cytoskeleton. Multiple sensors exist
both along the plasma membrane and at
cell junctions that relay physical forces
across the cell cytoplasm to the nucleus. It
is noteworthy that the endothelium, which
has been shown over the last few decades
to be highly regionalized and heteroge-
neous (3), is able to withstand and thrive
under these varied conditions.

Physical forces caused by blood flow are
sensed and transduced by ECs and smooth
muscle cells via multiple intracellular sig-
naling transduction pathways (4). These
signaling processes engage a wide range
of molecular events — including modifica-
tions of adaptor proteins at adherens junc-
tions or focal adhesions, local changes in
actomyosin network contractility, or induc-
tion of biomechanical signaling that reg-
ulates downstream pathways such as NO
and cGMP signaling. NO and cGMP are key
determinants of cellular contractility/stiff-
ness, vessel caliber, and blood pressure reg-
ulation (5, 6). Although vascular ECs likely
harbor the same basic machinery across
the vascular tree, it is clear that different
vessel beds interpret and respond to blood
flow in different ways, depending on their
location and cellular context.

The last decade has seen mounting evi-
dence linking blood flow patterns and car-
diovascular malformations. For instance,
patients with constant-flow left ventricular
assist devices that produce a nonpulsatile
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Figure 1. Approaches to investigating molecular mechanisms underlying vascular malformations. (A) Imaging of typical vascular lesions in moyamoya
angiopathy (MMA), arteriovenous malformations (AVM), and cerebral cavernous malformations (CCM). (B) Vascular anomalies develop in different vascular
beds that are subject to different hemodynamic environments. MMA lesions appear in intracranial carotid artery bifurcations; AVMs can appear anywhere
in the body, including the central nervous system, in internal organs, and subcutaneously; CCMs primarily develop in the brain but can also occur in the
spinal cord. Multiple parallel experimental approaches, both in vivo and in vitro, are needed to study the influence of mechanosensitive pathways on
vascular malformations. (C) We propose that future studies are needed to interrogate the signaling pathways linked to vascular malformations, including,
in vivo and in vitro, gain-of-function mutations (GOF) in the MAPK pathway (mutations observed in MMA, AVMs, and CCMs) and the Notch, KRAS (AVMs),
and KLF2/4 (CCMs) pathways, as well as loss-of-function mutations (LOF) in the NO and cGMP pathways (MMA). Figure illustrated by Jose Cabrera (UT
Southwestern) and Jeanne Mora Garcia (Potsdam University).

blood flow exhibit gastrointestinal arterio-
venous malformations (AVMs) and stroke
more frequently than patients using pul-
satile flow devices (7, 8). Further evidence
for the role of mechanobiology in several
inherited vasculopathies has emerged with
the discovery that pathogenic changes to
RAS/MAPK pathway and NO signaling
cause disturbed biomechanical signaling.
RAS/MAPK signaling and NO signaling
(i) have surfaced as central pathways that
integrate biomechanical stimuli with cell
cycle regulation, cell fate responses, and
migration (9-11); (ii) are defective in many
types of VaMs (12, 13); and (iii) are the tar-
gets of well-characterized drugs, making
them excellent tools for manipulation.
For instance, cerebral cavernous malfor-
mations (CCMs) are caused by inherited
mutations in the CCMI-3 genes (14, 15),
resulting in activation of MAPK and KLF2/4
signaling (16, 17). The latter are major
blood flow-responsive genes. Mutations
in MAPK and NO pathway genes were also
reported in moyamoya angiopathy (MMA),
a cerebrovascular condition affecting
internal carotid artery bifurcations (13, 18,
19). MAP2K1 and NOTCH mutations cause
peripheral AVMs (20, 21), while somatic
KRAS mutations elicit cerebral AVMs (22).
NOTCH is an arterial EC mechanosensor
of laminar shear stress (23). Capillary mal-
formation AVMs (CM-AVMs) result from

loss-of-function mutations in RASAI (24),
a RAS suppressor, or its associated receptor
EPHBA4 (25). The identification of defective
signaling pathway components in these
numerous vascular malformations under-
scores their centrality to normal vascular
homeostasis and health.

Understanding how the RAS/MAPK
pathway is dysregulated in these vasculop-
athies should also clarify why ECs behave
abnormally in response to blood flow. Spe-
cifically, CCMs occur in slow-flow cere-
bral venous capillaries, while AVMs and
MMA are fast-flow vasculopathies; yet all
of these pathologies are associated with
dysregulation of MAPK signaling (Fig-
ure 1). Another critical discovery was that
blood flow has a vasoprotective effect in
CCM. While CCM-deficient aortic ECs
of zebrafish undergo pathological growth
in the absence of blood flow, this was pre-
vented when blood flow was restored (26).
Similar observations were made in a cell
culture model of CCM (27). These findings
demonstrate that the dysregulation of the
RAS/MAPK pathway and NO signaling
has different molecular and cellular con-
sequences when vascular cells are exposed
to different flow conditions. While some
regions of the vasculature develop pathol-
ogies, others are protected.

Both changes in flow and manipula-
tion of the signaling pathways involved

can restore vascular function and integri-
ty of defective vessels. In a recent study,
disturbed mechanotransduction in CCM-
deficient endothelium was normalized
using ERK5 and MEKKS3 inhibitors, which
suppressed CCM lesion formation in mouse
models (17). This approach demonstrated
the importance of elucidating exactly how
modulating mechanotransduction cascades
can impact slow-flow RAS/MAPK vascu-
lar pathologies. However, we will need to
develop different approaches for rewir-
ing mechanotransduction pathways when
treating fast-flow vascular diseases such as
MMA, which is linked to aloss of NO signal-
ing. Observations that the effects of biome-
chanical inputs can be bypassed by targeting
specific pathways underscore the potential
for novel small molecule-based therapeu-
tic applications. Potentially, dysregulated
RAS/MAPK and NO signaling in diseased
cells can be normalized pharmacologically,
either by reactivating muted responses or
by taming excessive signaling in response
to flow. Such interventions may prevent the
manifestation of VaMs despite the presence
of sensitizing mutations and short-circuit
VaMs by intervening in downstream events.

Future directions

The task in front of us is challenging and
requires that we characterize how differ-
ent flow patterns impact both normal and
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mutant vascular cells. Basic research in this
direction will help answer several funda-
mental questions: How do RAS/MAPK and
NO pathways maintain vascular homeo-
stasis and integrity in response to distinct
hemodynamic forces? How do different
flow patterns impact mutated vascular
cells? Can these mechanisms be exploited
for translation into therapies?

The central concept for these critical
questions has resulted in formation of the
Recalibrating Mechanotransduction in Vas-
cular Malformations by Pharmacological
Intervention (ReVAMP) consortium, fund-
ed by the Leducq Foundation Transatlantic
Network of Excellence program. Its goal is
to uncover protective molecular cascades
activated by hemodynamic forces that are
altered in RAS/MAPK- and NO pathway-
mutated cells (Figure 1). Comprehensive
interrogation of these forces and models
will potentially benefit development of
curative approaches to normalize biome-
chanical homeostasis in mutant vascular
cells. What is needed are proof-of-principle
studies in animal and organoid models in
which VaMs are treated by pharmacological
intervention with the aim of enabling affect-
ed vessel beds to recalibrate to a healthy
morphology. Ultimately, such experiments
will help to elucidate how RAS/MAPK
vasculopathies affect the vascular cellular
machinery involved in sensing and trans-
mitting mechanical forces.
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