
MicroRNAs in Mechanical Homeostasis

Jeremy A. Herrera1 and Martin A. Schwartz2

1The Wellcome Centre for Cell-Matrix Research, University of Manchester, Manchester M13 9PT,
United Kingdom

2Yale Cardiovascular Research Center and Departments of Internal Medicine (Cardiology), Cell Biology,
and Biomedical Engineering, Yale School of Medicine, New Haven 06511, Connecticut, USA

Correspondence: martin.schwartz@yale.edu

Mechanical variables such as stiffness, stress, strain, and fluid shear stress are central to tissue
functions, thus, must be maintained within the proper range. Mechanics are especially im-
portant in the cardiovascular system and lung, the functions of which are essentially mechan-
ical.Mechanical homeostasis is characterized by negative feedback inwhich deviations from
the optimal value or set point activates mechanisms to return the system to the correct range.
In chronic diseases, homeostatic mechanisms are generally overcome or replaced with pos-
itive feedback loops that promote disease progression. Recent work has shown that
microRNAs (miRNAs) are essential to mechanical homeostasis in a number of biological
systems and that perturbations to miRNA biogenesis play key roles in cardiovascular and
pulmonary diseases. In this review,we integrate current knowledge ofmiRNAs inmechanical
homeostasis and how these mechanisms are altered in disease.

MECHANICAL HOMEOSTASIS

Homeostasis, a concept introduced in the
early 1900s by Walter Cannon (Cannon

1926), posits that many biological variables
such as blood pressure, body temperature, and
plasma pH are maintained within a defined
range or set point. This occurs through an active
process in which the variable is first sensed, and
deviations from the set point activate mecha-
nisms to return the variable toward normal val-
ues (Modell et al. 2015). For example, elevated
body temperature triggers dilation of surface
blood vessels and sweating to mediate cooling,
whereas low body temperature triggers contrac-
tion of surface blood vessels to conserve heat
and, at lower temperatures, shivering to generate

heat. Homeostasis is thus characterized by neg-
ative feedback in which a deviation sets in
motion mechanisms to move the system back
toward the initial state (Humphrey and Schwartz
2021).

Mechanical properties are important for the
proper function of all tissues (Orr et al. 2006;
Vogel and Sheetz 2006). This is especially im-
portant in the pulmonary and cardiovascular
systems, whose main functions, pumping air
or pumping blood, are fundamentally mechan-
ical. Large arteries undergo elastic expansion
during systole, which stores energy that is re-
leased during diastole; this mechanism damp-
ens pulse pressure and maximizes blood deliv-
ery to the tissues (Humphrey and Schwartz
2021). In the lung, elasticity enables efficient
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expansion and contraction of alveoli during
breathing (Tschumperlin et al. 2010). Increased
stiffness and decreased elasticity in large arteries
are both an early indicator and a contributing
factor in progressive decline of cardiovascular
function during aging or disease (Humphrey
and Tellides 2019). Cardiac elasticity also aids
pumping, and compromised elasticity in fibrosis
contributes to heart failure. In the lung, de-
creased elasticity is strongly linked to declining
function in fibrosis and emphysema (Tschum-
perlin et al. 2010). In fact, proper control of
stiffness and elasticity is critical for normal func-
tion of most tissues, with changes in mechanics
seen in prominent diseases of muscle, skin, and
bone, among others (Orr et al. 2006).

Developing embryos show viscoelastic be-
haviors, with force-induced flow of the cells
within tissues and solid-to-liquid phase transi-
tions during morphogenesis (Petridou et al.
2019); however, the vastmajority of adult tissues
behave largely as solids, characterized by stiff-
ness and elasticity (Humphrey et al. 2014). Stiff-
ness is usually expressed as Young’s modulus, or
stress/strain, a measure of how far the material
deforms under force (commonly expressed as
pascals [Pa; 1 N/m2]).

Extracellular matrix (ECM) is the main de-
terminant of tissue mechanics, at least in stiffer
tissues. Very soft tissues such as brain or fat
(<1 kPa) are largely cellular with relatively low
fractions of ECM. Muscle, skin, and blood ves-
sels are stiffer (on the order of 10 kPa) due to
higher content of fibrillar collagens, elastin, and
associated components. Scar tissue or cartilage,
comprised mainly of ECM with a small fraction
of cells, can be ∼100 kPa, and bone, consisting
mainly of calcified collagen fibrils with a small
fraction of cells, is on the order of megapascals
(Humphrey et al. 2014).

It is now generally accepted that tissue me-
chanics, principally stiffness, is under homeo-
static control. This concept is supported by the
observation that, with a few exceptions, constit-
uents of the cells and the ECM turn over many
times during a human life, yet tissue stiffness
remains relatively constant (Humphrey et al.
2014). Perturbations in mechanical stresses, at
least over a modest range, trigger responses that

restore tissue stresses. For example, increases or
decreases in blood pressure trigger remodeling
of artery walls to increase or decrease wall thick-
ness and return stress (force/unit area) toward
initial values (Humphrey and Schwartz 2021).
Small injuries typically trigger a healing re-
sponse in which excess collagen is initially
deposited to serve as a scaffold for subsequent
remodeling, transiently stiffening the tissue, but
as healing proceeds, the collagen is cleared and
normal tissue composition and organization are
restored (Martin 1997). Liver can undergo sub-
stantial fibrosis secondary to chemical or viral
injury, but if the injury is terminated, normal
tissue architecture and stiffness are frequently
restored, consistent with the impressive regen-
erative capacity of this tissue (Cordero-Espinoza
and Huch 2018).

WHEN HOMEOSTASIS FAILS

More severe, chronic, or repetitive injury fre-
quently leads not to recovery of normal tissue
organization and stiffness but to scar formation,
commonly termed fibrosis (Weiskirchen et al.
2019). Fibrotic tissue consists mainly of dense,
aligned bundled collagen fibrils, sparsely popu-
lated by cells, that is substantially stiffer than the
original tissue. Scarring is thought to be benefi-
cial in that the damage is rapidly repaired to
withstand infection or new insults, but the im-
mediate benefit can be associated with deleteri-
ous effects in the long term.

This dichotomy is exemplified by events fol-
lowing myocardial infarction (MI) (Prabhu and
Frangogiannis 2016; Lafuse et al. 2020). Block-
age of a coronary artery leads to severe hypoxia
and death of cardiac myocytes in the affected
region. If the patient survives the immediate de-
cline in heart function, a healing response is set
inmotion. Damage signals from themyocytes as
well as hypoxia itself activates both cardiac fi-
broblasts and cells of the innate immune system
(neutrophils, monocytes, and macrophages).
Together, these cells degrade and phagocytose
the dead cells and damaged ECM, and secrete a
variety of inflammatory factors, fibrillar colla-
gens, and other ECM components. Cytokines
secreted by the immune cells, the most impor-
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tant of which is TGF-β, induce fibroblasts to
differentiate into myofibroblasts that express
smooth muscle actin and myosin and become
strongly contractile. These cells both secrete
abundant fibrillar collagens and mediate force-
dependent reorganization of collagen fibrils into
denser, stiffer networks. Rapid post-MI fibrosis
is beneficial because it strengthens the tissue
against the mechanical stresses of the beating
heart. If it fails, fatal rupture of the heart wall
is the result, usually 1- to 2-wk post-MI. Thus,
efficient fibrosis is essential for survival. Howev-
er, the stiffer, nonbeating fibrotic tissue impairs
cardiac function. In severe cases, this stresses
the remaining healthy heart tissue and leads to
heart failure. In some less severe cases, abnormal
strains within the boundary zone between the
soft, beating tissue and the stiff, nonbeating scar
result in fibrosis of this otherwise normal tissue
(Rouillard and Holmes 2014). As that tissue
stiffens, it creates a new boundary zone, which
can lead to progressive expansion of the fibrotic
zone and eventually heart failure.

Chronic, unresolved inflammation or injury
of any tissue can result in fibrosis, which further
impairs normal function and in severe cases re-
sults in organ failure (Weiskirchen et al. 2019).
In most tissues (kidney, liver, heart, skin, etc.),
scarring is secondary to tissue injury, infection,
or inflammation. In such instances, fibrosis ex-
acerbates organ dysfunction but does not initi-
ate the problem. Idiopathic pulmonary fibrosis
(IPF) is an exception in that fibrosis is the pri-
mary cause of tissue dysfunction (Wolters et al.
2014). IPF typically begins at the lung periphery
and then invades centrally into the normal alve-
oli, eventually taking over most of the lung and
leading to asphyxiation.

Blood vessels also become fibrotic under
conditions of chronic inflammation. In athero-
sclerosis (which means stiffening of arteries),
the increased stiffness itself has adverse conse-
quences. Stiffness of the subendothelial ECM
shifts endothelial gene expression profiles to-
ward a more inflammatory phenotype (Vander-
Burgh and Reinhart-King 2018) and amplifies
inflammatory responses of monocyte/macro-
phage cell types (Li et al. 2020). Increased stiff-
ness of the vessel wall also leads to decreased

energy storage during systole, which amplifies
pulse pressure and increases damage to small
vessels downstream (Humphrey and Tellides
2019). This effect also interferes with cardiac
circulation. Arterial stiffness is thus one of sev-
eral positive feedback loops that contribute to
disease progression.

INFLAMMATION TIPS THE BALANCE
BETWEEN HOMEOSTASIS AND FIBROSIS

The duration or intensity of inflammation is, in
most cases, the variable that distinguishes nor-
mal healing from fibrosis (Martin 1997; Cor-
dero-Espinoza and Huch 2018; Lafuse et al.
2020). In all cases, tissue cells sense damage or
infection and express cytokines and cell-adhe-
sion molecules that recruit and retain a variety
of leukocytes. Early arriving neutrophils fight
infection and clean up debris. Later arriving
monocytes or resident tissue macrophages are
activated to phagocytose debris and dead cells,
release factors that recruit and activate fibro-
blasts, and begin building and strengthening
the tissue. In the case of small wounds or minor
damage, this process is relatively rapid and self-
limiting. Macrophages switch from inflamma-
tion to repair, anti-inflammatory factors like IL-
10 and TGF-β are produced, and inflammatory
status decreases (i.e., is resolved). Fibroblasts dif-
ferentiate to myofibroblasts under the influence
of secreted inflammatory factors, hypoxia and
TGF-β (Hinz 2016), and further condense and
strengthen the wound by producing and con-
tracting fibrillar collagens. As the tissue damage
is repaired and normal tissue homeostasis is re-
stored, immune cells and fibroblasts depart, de-
activate, or die, leading to restoration of normal
tissue architecture.

When the injury is more severe, infection
arises and healing is delayed, and/or when
underlying inflammatory conditions are pres-
ent, scar rather than normal tissue is formed.
The evolutionary logic is that rapid healing to
prevent further injury or infection is more
important than perfect restoration of tissue or-
ganization. Immune functions that deal with
acute, potentially fatal threats are thus given
priority (Kotas and Medzhitov 2015). Severe,
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chronic, or repeated insults that give rise tomore
severe inflammation thus generally lead to fibro-
sis and loss of homeostasis (Humphrey and
Schwartz 2021).

REVERSIBLE VERSUS NONREVERSIBLE
CHANGES IN TISSUE ARCHITECTURE

The distinction between normal healing and
fibrosis is remarkably age- and species-depen-
dent. In mice, amputation of a small portion of
the left ventricular apex leads to regeneration in
late embryos or early neonates, but this capacity
is lost over the first week or so after birth; past
this age, fibrosis irreversibly replaces the normal
tissue (Uygur and Lee 2016; Vujic et al. 2020).
By contrast, zebrafish and amphibians retain the
ability to regenerate heart tissue during adult-
hood. Mechanistic explanations for these differ-
ences vary. One study reported that tissue stiff-
ening in fibrosis is the key factor via activation of
Notch signaling, which impedes regeneration
(Notari et al. 2018). Inability of terminally dif-
ferentiated cardiac myocytes to reenter the cell
cycle is likely an important mechanism (Vujic
et al. 2020). As discussed above, inhibiting in-
flammation blocks both regeneration and scar-
ring, underscoring its dual role (Uygur and Lee
2016).

In contrast to heart, liver shows substantial
ability to reverse at least moderate fibrosis
and recover normal tissue architecture and
function (Cordero-Espinoza and Huch 2018).
Instances of this are seen clinically where fi-
brosis secondary to viral infection substantially
reverses following eradication of the virus.
This correlates with the greater proliferative
capacity of hepatocytes, although the distinctly
softer, nonbeating mechanical environment
of the liver versus the heart is a potential con-
tributor.

MicroRNAs IN MECHANICAL
HOMEOSTASIS

We have established that tissues exhibit me-
chanical homeostasis in which deviations inme-
chanical properties from the set point activate
pathways to return to the initial state. Evidence

to date identifies microRNAs (miRNAs) as the
critical mediators of this process. MiRNAs are
small regulatory RNAs, usually 22 nucleotides
long, that when bound in an active RNA-induced
silencing complex (RISC), induce translational
repression or degradation of target mRNAs (Ha
and Kim 2014). Given that miRNAs are rapidly
produced and among the longest-lived tran-
scripts (Reichholf et al. 2019) and that a single
miRNA can modulate hundreds of mRNA tran-
scripts (Baek et al. 2008), they are well positioned
tomediate the complexwebof functions involved
in tissue homeostasis.

Support for this concept comes primarily
from a study that investigated the role of
miRNAs in endothelial cells cultured on tissue
culture plastic, a substrate of pathological stiff-
ness (Moro et al. 2019). They found that elevated
substrate stiffness dramatically up-regulated
>100 RISC-associatedmiRNAs whose collective
function was to dampen expression or transla-
tion of cytoskeletal, contractile, adhesion, and
matrix (CAM) genes (Moro et al. 2019). Re-
markably, this set of miRNAs comprised nearly
60% of the total RISC-bound miRNA pool.
Prominent miRNAs included miRNA-29, -7,
-30, and the 17–92 miR cluster family members
that play major roles in suppressing expression
of fibrillar collagens, other ECM proteins, and
critical pathways (e.g., proliferation and TGF-β)
that contribute to fibrosis (Fig. 1). As these are
the principal genes involved in tissue stiffening,
the modulation by miRNAs had the character-
istics of a negative feedback circuit that would
oppose tissue stiffness. To test this notion in
vivo, the authors showed that blocking miRNA
processing by loss of Argonaute 2 (Ago2) or
mutation of the miRNA target sequences in
the 30 untranslated regions (UTRs) of key target
genes caused tissue stiffening, elevated contrac-
tility, and ECMdeposition in zebrafish embryos.
Another study demonstrating that tissue stiff-
ness caused a general increase ofmiRNAswhose
targets include focal adhesion proteins and the
mechanosensitive Hippo pathway agree with
these findings (Song et al. 2019). Together, these
data lead to the conclusion that mechanical ho-
meostasis is significantly mediated by miRNA
regulatory networks.
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HOMEOSTATIC REGULATION OF FLUID
SHEAR STRESS

A second form of mechanical homeostasis that
implicatemiRNAs involves endothelial cells and
fluid shear stress, the frictional force from blood
flow. Endothelial cells activate a wide range of
pathways in response to shear stress (for re-
views, see Zhou et al. 2014; Baeyens et al.
2016). One important consequence of shear
stress sensing is adjustment of artery diameters
to accommodate the required blood flow to the
downstream tissues. Decreased vascular resis-
tance in a tissue (due to growth or increased
metabolic demand and vasodilation) increases
flow through the feeding arteries, which then
remodel to increase lumen diameter and bring
shear stress back toward the initial range (for
review, see Humphrey and Schwartz 2021). En-

dothelial cells have also been shown to encode a
shear stress set point, at which specific pathways
are maximally activated at different values
(Baeyens et al. 2015). For example, the Smad1/
5/8 pathway shows a peak of activation at phys-
iological shear stress and induces genes that
confer vascular stability (Baeyens et al. 2015).
Notch, which also supports vascular stability,
also peaks in the physiological range (Fang
et al. 2017). By contrast, NF-κB, which induces
inflammatory genes in endothelial cells, exhibits
a maximum at both low and high shear stress
values with a minimum at physiological shear
stress, as befits a process that is central to remod-
eling (Baeyens et al. 2015). Smad2/3 signaling is
activated with a sharp peak at low shear stress
values and promotes artery inward remodeling,
consistent with mechanical homeostasis (Deng
et al. 2021).

COL4A2,1A2,6A2,
CTGF, SERPINE,
ANXA2, THBS1

RHOB, MYH9,
MYL6, MSN1,
DBN1, VCL

miRNA-29, -7, -17,
-21, -30, -31, -18a,
-34a, -197

Increased microRNAs

Mechanical homeostasis

Stiffness

CDH5, NRP1,
MCAM, CMPR2,
CTNNB1, integrins

Cytoskeletal
and contraction
↓

↓

Extracellular
matrix

↓

Cell adhesion↓

Figure 1. Mechanical homeostasis via microRNAs. Cellular sensing of matrix stiffness induces a network of
microRNAs that dampen cytoskeletal, contractile, adhesion, and matrix (CAM) gene expression to restore
physiological conditions. This negative feedback mechanism is central to mechanical homeostasis.
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FAILED HOMEOSTASIS

Failure of homeostasis is a hallmark of disease in
general. Failure of mechanical homeostasis is a
theme in amultitude of pathologies, most prom-
inently in the cardiovascular system and the
lung. Both hypertrophic and dilated cardiomy-
opathy are strongly, if not universally, associated
with fibrosis (Dobaczewski et al. 2011). Just as
negative feedback is the hallmark of homeosta-
sis, positive feedback is a key aspect of disease,
especially chronic, progressive disease. For ex-
ample, stiffening of the heart walls impedes
pumping, which further stresses cardiac myo-
cytes, which release factors that stimulate fibro-
blasts, thus accelerating heart failure (Kong et al.
2014).

Positive feedback loops are highly evident at
the cellular level. Stiff environments, both 2D
and 3D, increase fibrosis via multiple mecha-
nisms, including increased activation of TGF-β
due to increased cellular contractility (for re-
view, see Hinz 2015), increased cell responsive-
ness to TGF-β expression (Chambers et al.
2018), and assembly of ECMs that facilitate
the transition of fibroblasts to myofibroblasts
(Klingberg et al. 2018). An interesting feature
of these effects includes slow time courses that
have been characterized as mechanical memory.
Prolonged exposure and growth of fibroblasts on
very stiff tissue culture plastic or glass substrates
not only promotes the transition to the myofi-
broblast phenotype (increased contractile state)
but induces a long-lived fibrotic state that is not
readily reversed upon transfer to a soft substra-
tum (Balestrini et al. 2012). Durable profibrotic
states have also been observed with fibroblasts
isolated from stiff IPF tissue (IPF fibroblasts).
IPF fibroblasts (as compared to fibroblasts iso-
lated from soft elastic normal lung) show in-
creased ECM expression and resistance to apo-
ptosis even after multiple passages in culture,
and, when implanted into mice, they also form
fibrotic lesions in vivo (Ramos et al. 2001; Nho
and Hergert 2014; Xia et al. 2014).

Long-lived miRNAs are well positioned to
mediate mechanical memory. A study of mes-
enchymal stromal cells (MSCs) found that
miRNA-21 was elevated on a pathologically stiff

substratum and remained high after transfer to a
softer substrate, which contributed to a persis-
tent fibrotic state (Li et al. 2017). Elevated levels
of miRNA-21 have been observed in fibrotic
tissues from multiple sources including IPF
specimens (for review, see Huang et al. 2015).
Target genes for miRNA-21 include the tumor-
suppressor phosphatase and tensin homolog
(PTEN), which hydrolyzes PI3 lipids to inhibit
Akt and other pathways, and SMAD7, which
inhibits TGF-β signaling. MiRNA-21 suppres-
sion of PTEN is consistent with fibrosis progres-
sion, as this will lead to increased cell growth,
migration, and invasion (Meng et al. 2007). In
addition, miRNA-21-mediated suppression of
SMAD7 will increase ECM production (McClel-
land et al. 2015).

MicroRNAs IN DISEASE

Changes in miRNAs in disease states have been
extensively cataloged, including fibrotic disease
of arteries, lungs, and elsewhere (Xin et al. 2014;
Bagnato et al. 2017; Wojciechowska et al. 2017),
although interpretations are less clear. The me-
chanical homeostasis concept predicts that
miRNA regulation may be physiological but in-
adequate, meaning that miRNAs change in the
right direction to oppose disease processes but
are ineffective, or they may lead to pathology,
meaning that homeostatic regulation is lost and
miRNA changes contribute to disease processes.
Reexamination of the literature provides in-
stances of both.

Stiffness and Abnormal miRNA Regulation

Mechanical homeostasis dictates that elevated
tissue stiffness will drive increased expression
of homeostatic miRNA networks that limit ex-
pression of adhesion, contractile, and ECM
genes. Consistent with this framework, miRNAs
are generally up-regulated in scleroderma (Zhu
et al. 2012), cardiac fibrosis (Thum et al. 2007;
van Rooij et al. 2008), and liver fibrosis (Chen
et al. 2017); in all these cases, miRNA-21 levels
are increased. These effects can be interpreted as
regulation that is physiological but presumably
insufficient to prevent or reverse disease. By
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contrast, reported changes in miRNA levels in
kidney disease are variable (Assmann et al.
2018). Changes in miR-29 levels also vary, de-
creasing in scleroderma, cardiac fibrosis, and
liver-induced injury models but either increas-
ing or decreasing in liver fibrosis (Bandyopad-
hyay et al. 2011; Hyun et al. 2014). These more
complex changes may reflect the multiple dis-
ease processes involved, that is, fibrosis and stiff-
ening is only one aspect of tissue dysregulation
in kidney disease, or it could indicate that ho-
meostatic miRNA mechanisms are disrupted.

Normal lung has a Young’s modulus in the
range of 1–2 kPa, which increases ∼10× in IPF
lung (Booth et al. 2012; Sicard et al. 2018). Sev-
eral studies reported that, in IPF tissue, ∼10% of
miRNAs were deregulated and generally de-
creased, suggesting that homeostatic mecha-
nisms were no longer operating (Pandit et al.
2010; Oak et al. 2011). For instance, miRNA-7,
-17, -18a, -20a, -29, -30a, -106b, and -186 were
increased with high stiffness in the mechanical
homeostasis pathway described by Moro et al.
(2019) but suppressed in IPF tissues. Similarly,
miRNA-214 and -509 were suppressed on soft
substrates in normal cells but elevated in IPF.
Interestingly, miRNA-128, -31, and -324 were
up-regulated on stiff substrates in normal cells
and elevated in IPF, indicating that not all
miRNAs are deregulated.

Ex vivo studies using decellularized human
lung slices have provided important insights
into these processes. These scaffolds maintain
their initial mechanical properties (Booth et al.
2012; Herrera et al. 2018), consistent with the
notion that the ECM is the main determinant of
tissue mechanics (Humphrey et al. 2014). Cul-
turing normal lung fibroblasts on decellularized
IPF lung tissue (IPF-ECM) compared to normal
lung ECM induced translation of ECM proteins
typical of IPF tissue (Parker et al. 2014). This
finding suggests the existence of positive feed-
back in which abnormal cells deposit ECM that
further promote abnormal behavior. Interest-
ingly, miRNA-29, which is among the genes
most strongly induced by stiff substrates in other
settings (Herrera et al. 2018; Moro et al. 2019),
decreased on IPF-ECM (Parker et al. 2014; Her-
rera et al. 2018). This miRNA is a major sup-

pressor of ECM synthesis (Peng et al. 2012), and
thus is likely to be functionally important in this
setting. These results imply that the miRNA-
driven mechanism that mediates mechanical
homeostasis in normal tissue does not operate
in IPF and, further, that its blockade is encoded
in the matrix. This study also shows that
IPF-ECM reduced miRNA-29 via an miRNA-
processing defect caused by suppressing expres-
sion of Dicer1, the enzyme that cleaves miRNA
precursors to generate the mature species. They
also confirmed reduced Dicer1 mRNA and pro-
tein levels in fibrotic lesions in IPF and demon-
strate that Dicer1 depletion was sufficient to
induce a profibrotic phenotype in fibroblasts
cultured on normal decellularized lung (Herrera
et al. 2018). Induction of lung fibrosis via global
suppression of miRNA processing by Dicer1
depletion is consistent with the previously dis-
cussed results in zebrafish where global suppres-
sion of miRNA processing via depletion or mu-
tation of Argonaute 2 induced tissue stiffening
and hypercontractility (Moro et al. 2019). Over-
coming mechanical homeostasis by blocking
miRNA biogenesis pathways can thus contrib-
ute to fibrosis (Fig. 2).

Cell migration/invasion and survival are
also important aspects of fibrotic disease. Fibro-
blasts and immune cells generally migrate into
inflamed or injured tissue (Eming et al. 2014).
Apoptosis of myofibroblasts is a component of
the resolution phase that restores normal tissue
architecture, and thus is a key feature of healthy
healing, whereas their persistence is linked to
fibrosis in multiple tissues (Hinz and Lagares
2020). The PI3 kinase (PI3K) pathway is a cen-
tral regulator of all of these processes (Hers et al.
2011). ECM stiffness can promote PI3K signal-
ing and stimulate all of these functions, which
again involves miRNAs. In hepatocellular carci-
noma cells, stiffness increases expression of
miR-17-5p, which directly targets PTEN, the
phosphatase that hydrolyzes PI3 lipids to termi-
nate PI3K and Akt signaling (Gao et al. 2020).
Reducing PTEN expression activates PI3K and
Akt signaling to promote cell migration, inva-
sion, and survival (Gao et al. 2020). Stiff ECM
was also reported to increase miR-18a, another
PTEN-targeting miRNA, to activate Akt signal-
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ing (Mouwet al. 2014). Decreased PTEN/elevat-
ed Akt signaling are an established hallmark of
IPF pathogenesis (Xia et al. 2008; Mercer et al.
2016). Thus, loss of mechanical homeostasis has
the capacity to drive disease in an miRNA-de-
pendent manner.

IPF is spatially heterogenous, with stiff
fibrotic tissue immediately next to regions of in-
tact, soft alveoli, and the fibroblastic focus (FF;
the hallmark lesion of IPF) situated at this inter-
face (Raghu et al. 2018). The FF is a signature
lesion of IPF compared to other instances of fi-
brosis, and is where activated fibroblasts invade
the normal tissue to deposit ECMand expand the
fibrotic region (Herrera et al. 2019). Efforts to
model this active fibrotic front has led to the the-
ory that tissue stiffness drives myofibroblast acti-
vation and ECM production in an organized and

directional manner. However, atomic force mi-
croscopy micro-indentation has recently shown
that the FF is nearly as soft as normal lung
(Young’s modulus of ∼2 kPa) (Fiore et al.
2018). Failure of mechanical homeostasis at the
FFmust therefore involve other factors.We spec-
ulate that a combination of other mechanical
properties, such as strain, may be a contributing
factor, as the spatial outside-in fibrotic remodel-
ing characteristic of IPF was shown to be driven
by elevated mechanical strain (Wu et al. 2020).
Strain may also be under homeostatic control,
although this concept is largely unexplored.

Shear Stress and miRNA Deregulation

Atherosclerosis is the principal disease of large-
to medium-sized arteries, leading to formation

miRNA-7, -16, -20, -21,
-27, -29, -122, -126

Decreased microRNAs

Mechanical homeostasis

Fibrosis

Cytoskeletal
and contractile

↓

↓

Extracellular
matrix

↓

Ago2, Dicer1↓

Cell adhesion

↓

Figure 2. Loss of mechanical homeostasis in fibrosis due to defects in microRNA (miRNA) processing. Cellular
responses to fibrotic (stiff ) tissues fail to increase miRNAs that target cytoskeletal, contractile, adhesion, and
matrix (CAM) genes, often due to the loss of key miRNA processing machinery such as Argonaute 2 (Ago2) or
Dicer1. Loss of miRNAprocessing leads to decreasedmiRNA expression alleviating its repression on CAMgenes
to promote fibrosis progression.
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of fibro-fatty lesions that in late stages restricts
blood flow to affected tissues (Libby et al. 2019).
In extreme cases, complete blockade of blood
flow induces severe ischemia and tissue damage,
which can be fatal in the heart (MI) or brain
(stroke) or can lead to amputation of affected
limbs (peripheral arterial disease). Plaques
form at regions of arteries that experience low
and disturbed fluid shear stress, that is, shear
stress with changes in direction during the car-
diac cycle (Zhou et al. 2014; Baeyens et al. 2016).
These shear stress patterns render these regions
susceptible to the systemic metabolic and in-
flammatory stimuli that drive disease, while ar-
tery regions that are under high unidirectional
shear are protected.

Shear stress regulates a large number of
miRNAs, including miRNA-29, -7, 10a, 19a,
21, -30a, and 34a, many of which are potentially
involved in disease (Qin et al. 2010; Weber et al.
2010; Lee et al. 2017). Consistent with mechan-
ical homeostasis, miRNA-10a, which targets the
leukocyte adhesion receptor VCAM-1 and the
critical proinflammatory transcription factor
NF-κB, is up-regulated by atheroprotective,
high laminar shear stress but decreased by dis-
turbed shear stress in vitro (Lee et al. 2017) and
in vivo (Fang et al. 2010). Disturbed shear stress
was also shown to promote inflammation by
enhancing maturation of miRNA-93 and
miRNA-484, which target KLF2, a potent anti-
inflammatory transcription factor (Gongol et al.
2019). Disturbed shear stress regulates these
miRNAs via dephosphorylation of nucleolin,
which facilitates processing of miRNA-93 and
miRNA-484 precursors into their mature spe-
cies. This process is reversed by physiological
flow, implicating miRNA processing in me-
chanical homeostasis.

An underappreciated aspect of atherosclero-
sis is that shear stress homeostasis is compro-
mised only at late stages. The initial intrusion of
plaques into artery lumens is compensated by
outward (so-called Glagov) remodeling that
maintains lumen diameter; however, this mech-
anism fails in severe disease for reasons that are
not well understood (Korshunov et al. 2007).
However, the recent identification of Smad2/3
as key mediators of inward remodeling provides

a likely answer (Deng et al. 2021). Smad2/3 in
endothelial cells is activated downstream of in-
flammatory cytokines or inflammatory dis-
turbed flow; by contrast, in healthy arteries,
Smad2/3 is suppressed by Let-7 family miRNAs
(Chen et al. 2012, 2015a). Let-7 members are
also increased by physiological laminar shear
stress (Qin et al. 2010). However, in diseased
arteries, Let-7 miRNAs decrease and Smad2/3
activation increases, which strongly correlates
with disease severity in human coronary arter-
ies. These results suggest a mechanism by which
inflammation activates the pathway that under
normal conditions mediates artery inward re-
modeling, which correlates with failure of com-
pensatory (Glagov) remodeling.

Maintenance or expansion of artery lumen
diameter is strongly dependent on expression
and activation of NOS3 (endothelial NOS or
eNOS)-dependent production of nitric oxide
(NO) (Luque Contreras et al. 2006). Physiolog-
ical shear stress induces eNOS expression in part
via changes in the levels of miRNAs that target
eNOS directly or indirectly via its upstream in-
ducer Klf2 (for review, see Boon et al. 2012).
Conversely, regions of arteries under low/dis-
turbed shear stress show decreased Klf2 and
eNOS expression; this occurs in part via changes
in levels of miR-93 and miR-484 (Gongol et al.
2019) and in part via induction of miRNA-92a,
which targets KLF2 and KLF4 (Wu et al. 2015;
Loyer et al. 2014; Chen et al. 2015b). In the
partial carotid artery ligationmodel of disturbed
shear stress in vivo, increased miRNA-712
promotes endothelial inflammation and barrier
dysfunction by down-regulation of the metallo-
proteinase inhibitor TIMP3, which would in-
crease the activity of matrix-degrading proteases
(Son et al. 2013); the human counterpart of
miRNA-712, miRNA-663, is also up-regulated
by disturbed shear stress in vitro (Ni et al.
2011).

Under low flow, endothelial inflammatory
activation and leukocyte recruitment is an es-
sential component of normal vessel remodeling
to recover normal shear stress and terminate the
activated state; by contrast, disturbed flow fails
to induce remodeling, instead inducing a per-
manently activated state (for review, see Baeyens
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et al. 2016; Chen et al. 2020). This state is by
itself relatively benign, but in the presence of
other risk factors such as high low-density
lipoprotein (LDL) cholesterol and triglycerides,
diabetes, oxidative stress, or elevated inflamma-
tory status, these regions are susceptible to de-
velopment of atherosclerotic plaque.

SUMMARY AND PERSPECTIVES

Mechanics is central to the function of the heart,
arteries, and lung, and altered mechanics play a
central role in diseases of these organs. The
identification of an miRNA network that main-
tains tissue stiffness permits reinterpretation of
extensive data from disease studies, leading to a
model in which disruption of miRNA-mediated
mechanical homeostasis by pathological factors
is an essential step in disease. MiRNA dysregu-
lationmost often leads to fibrosis, which accom-
panies unresolved injury or inflammation in
most tissues but is especially deleterious in the
heart, arteries, and lung. Inflammation is a ma-
jor contributor to failed homeostasis but other
mechanisms have been observed, such as loss of
Dicer1 expression in IPF. An interesting impli-
cation is that global inhibition of miRNA pro-
cessing is profibrotic and thus occurs in disease
states. Indeed, Dicer1 deletion inmice promotes
fibrosis and dysfunction of kidney, heart, and
other organs (da Costa Martins et al. 2008; Ha-
jarnis et al. 2018). These results imply thatmeth-
ods to restore miRNA regulatory networks is a
promising direction for treatment of fibrosis.
Delivery methods for RNA therapeutics, in
many cases targeting specific tissues, are devel-
oping rapidly and are of intense interest to the
pharmaceutical/biotechnology industry (Jiang
et al. 2017). Convergence of these two new re-
search directions offers great opportunities for
treating a class of currently intractable diseases.
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