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Emerging roles of the myocardin family of proteins in lipid
and glucose metabolism
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Abstract Members of the myocardin family bind to the transcription factor serum response
factor (SRF) and act as coactivators controlling genes of relevance for myogenic differentiation
and motile function. Binding of SRF to DNA is mediated by genetic elements called CArG boxes,
found often but not exclusively in muscle and growth controlling genes. Studies aimed at defining
the full spectrum of these CArG elements in the genome (i.e. the CArGome) have in recent
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years, unveiled unexpected roles of the myocardin family proteins in lipid and glucose homeo-
stasis. This coactivator family includes the protein myocardin (MYOCD), the myocardin-related
transcription factors A and B (MRTF-A/MKL1 and MRTF-B/MKL2) and MASTR (MAMSTR).
Here we discuss growing evidence that SRF-driven transcription is controlled by extracellular
glucose through activation of the Rho-kinase pathway and actin polymerization. We also describe
data showing that adipogenesis is influenced by MLK activity through actions upstream of
peroxisome proliferator-activated receptor γ with consequences for whole body fat mass and
insulin sensitivity. The recently demonstrated involvement of myocardin coactivators in the
biogenesis of caveolae, �-shaped membrane invaginations of importance for lipid and glucose
metabolism, is finally discussed. These novel roles of myocardin proteins may open the way for
new unexplored strategies to combat metabolic diseases such as diabetes, which, at the current
incidence, is expected to reach 333 million people worldwide by 2025.
This review highlights newly discovered roles of myocardin-related transcription factors in lipid
and glucose metabolism as well as novel insights into their well-established role as mediators
of stretch-dependent effects in smooth muscle. As co-factors for serum response factor (SRF),
MKLs regulates transcription of genes involved in the contractile function of smooth muscle
cells. In addition to mechanical stimuli, this regulation has now been found to be promoted by
extracellular glucose levels in smooth muscle. Recent reports also suggest that MKLs can regulate
a subset of genes involved in the formation of lipid-rich invaginations in the cell membrane
called caveolae. Finally, a potential role of MKLs in non-muscle cells has been discovered as they
negatively influence adipocyte differentiation.
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Abstract figure legend This review highlights newly discovered roles of myocardin-related transcription factors (MKL)
in lipid and glucose metabolism as well as novel insights into their well-established role as mediators of stretch-dependent
effects in smooth muscle. As a co-factor for serum response factor (SRF), MKL regulates transcription of genes involved
in the contractile function of smooth muscle cells. In addition to mechanical stimuli, this regulation has now been found
to be promoted by extracellular glucose levels in smooth muscle. Recent reports also suggest that MKL can regulate a
subset of genes involved in the formation of lipid-rich invaginations in the cell membrane called caveolae. Finally, a
potential role of MKLs in non-muscle cells has been discovered as they negatively influence adipocyte differentiation.

Discovery and domain organization of myocardin
family coactivators

Cell-linage specification, and subsequently formation of a
vast diversity of cell types, requires a coordinated interplay
between intracellular and extracellular signalling events
that converge on genomic activation. This coordination is
also essential for proper cell function and requires the
association of sequence-specific DNA-binding proteins
like transcription factors and their co-regulators to
cognate sites on DNA. Co-regulators are not generally
considered to bind DNA directly; instead they help provide
specificity of cellular transcription by interacting with
DNA-binding proteins (Spiegelman & Heinrich, 2004).

The Myocardin family of transcriptional coactivators
(Fig. 1) provides a classic example of a group of proteins
that control gene expression without directly binding
to DNA. This family includes the protein myocardin
(MYOCD), the myocardin-related transcription factors A
and B (MRTF-A/MKL1 and MRTF-B/MKL2) and MASTR

(MAMSTR) (Wang et al. 2001, 2002). All members
except MASTR bind to serum response factor (SRF; blue
globules in Fig. 1), a highly interactive transcription
factor controlling gene expression in a wide range of
cell types. SRF is a member of the MADS family of
transcription factors that share a conserved MADS-box
domain involved in regulating binding to DNA. Binding of
SRF to DNA is mediated by A/T-rich regulatory elements,
known as CArG boxes, which are present in promoters
and intronic sequences of target genes (Miano, 2003; Sun
et al. 2006).

Myocardin was discovered in a bioinformatics-based
screen (Wang et al. 2001). Whereas myocardin expression
is largely confined to the cardiovascular and gastro-
intestinal systems, MKL1 and MKL2 are expressed in a
wide range of embryonic and adult tissues (Wang et al.
2002). MEF2-activating SAP transcriptional regulator
(MASTR or MAMSTR) is a more divergent member of
the myocardin family that is expressed in skeletal muscle
and in the adrenal gland. It encompasses a unique peptide
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sequence that allows association with myocyte enhancer
factor 2 (MEF2), a MADS-box transcription factor related
to SRF that is involved in the regulation of muscle and
growth-associated gene expression (Black & Olson, 1998;
Creemers et al. 2006). MASTR lacks an SRF-binding
domain (orange domain named +Q in Fig. 1) and hence,
does not interact with SRF (Wang et al. 2001).

As schematically depicted in Fig. 1, myocardin and
MKL share homology in several domains that facilitate
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Figure 1. Domain organization of myocardin family
coactivators and association with DNA-binding transcription
factors
The key at the top shows the different functional domains. Below
this are simplified schematic representations of the myocardin family
proteins. Two splice variants of myocardin (MYOCD) exist and the
smooth muscle (SMC) variant is shown. Lower left, binding of MKL1
to the serum response factor (SRF) occurs in competition with
ternary complex factors such as ELK. The MKL–SRF complex controls
cytoskeletal genes such as TAGLN, MYL11 and ACTA2, whereas
ELK–SRF controls genes of relevance for growth, such as FOS.
Several proteins may influence MKL–SRF complex formation,
including SCAI, KLF4 and MED23. Some effects of myocardin family
coactivators appear to be mediated by the SAP domain. Those
transcriptional influences are funnelled through direct binding to
DNA or, alternatively, and as illustrated, via an as yet unidentified
transcription factor. Here we discuss data showing that CAV1, CAV2
and SDPR depend on the SAP domain of myocardin. One study
suggested that MKL may exert effects through SMAD3 (lower right).

their function as coactivators of SRF. These include
a basic and a glutamine-rich domain (+Q, orange),
which is required for binding to SRF, and a trans-
criptional activation domain (TAD), which is important
for stimulating SRF activity. Furthermore, all family
members encompass a highly conserved SAF-A, Acinus,
PIAS (SAP, green in Fig. 1) domain, implicated in
communicating specificity to target gene activation and
chromatin remodelling (Aravind & Koonin, 2000). A
particularly strongly conserved domain, located at the N
terminus, consists of a series of motifs known as RPELs
(blue in Fig. 1). The RPEL repeats are central for the ability
of MKLs to bind monomeric globular actin (G-actin), and
thus for their retention in the cytosol (Miralles et al. 2003).
Nuclear MKL translocation is mediated by activation
of the Rho-actin signalling pathway that releases MKL
from monomeric G-actin as a consequence of actin poly-
merization, leading to transportation into the nucleus
where it stimulates SRF activity (Sotiropoulos et al. 1999;
Vartiainen et al. 2007). The association of MKL with
SRF potently stimulates the transcription of a group
of genes involved in myogenic differentiation and cyto-
skeletal organization (Blank et al. 1992; Solway et al. 1995;
Li et al. 1997; Esnault et al. 2014). By contrast, myo-
cardin is nuclear and constitutively active due to lack of
RPEL domains, rendering it insensitive to changes in actin
dynamics (Miralles et al. 2003).

SRF versus SAP domain targets

As ‘coactivators’, the myocardin family interact with at least
three factors. SRF (Fig. 1) is the archetypal and most widely
studied factor (Wang et al. 2001; Posern & Treisman,
2006; Olson & Nordheim, 2010), but interactions with
SMAD3 (Qiu et al. 2005) and MEF2 (Creemers et al.
2006) have also been described. An intriguing domain
that is conserved in all myocardin family proteins is the
SAP domain, and some transcriptional effects depend
on the SAP domain and occur independently of SRF.
An example is the matrix protein tenascin C, which is
induced by mechanical tension via MKL1 independently
of SRF (Asparuhova et al. 2011). We recently discovered
that caveolins (CAV1, CAV2, CAV3) and cavin-2 (SDPR)
are induced by myocardin and that knock-down of SRF
had little effect on this transcriptional response (Krawczyk
et al. 2015). There are many conceivable ways in which the
SAP domain may act. One is via binding to an unidentified
transcription factor (Fig. 1). Another is through direct
interaction with DNA. Available evidence is insufficient
to distinguish between these possibilities, but it is clear
that the SAP domain is important, if not critical, for the
function of myocardin family coactivators.

A ‘subtractive transcript profiling screen’ was recently
devised to distinguish between SRF-dependent and
SAP-dependent targets using mammary epithelial cells

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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(Gurbuz et al. 2014). These authors overexpressed full
length MKL1 and domain-deletion mutants (mutB:
unable to bind SRF; �SAP: lacking SAP domain) and
performed microarrays. By subtracting the �SAP and
mutB gene lists, respectively, from the MKL1 full-length
gene list, groups of SRF-dependent (blue circle in Fig. 2A)
and SAP-dependent (red circle in Fig. 2A) targets were
defined. As expected, a number of targets depended on
both domains. In Fig. 2A targets of potential relevance for
lipid metabolism are listed within each group, some of
which are discussed in greater detail below. It is important
to point out that independent ChiP-Seq analyses have
indicated that only a low fraction (5%) of MKL1 binding
to DNA occurs independently of SRF (Esnault et al. 2014).
This is much less than the fraction of targets that are
SAP domain-dependent (and thus independent of an
important SRF-binding domain, Fig. 2A). Whether this
apparent discrepancy is due to use of different cell types,
to the fact that overexpression versus serum stimulation
was used for MKL activation, or to use of different
experimental strategies is not currently known.

Despite the growing amount of transcriptomic data
available, it has been difficult to identify a specific
transcription factor that mediates the effects of the
SAP domain. Results of analyses of transcription factor
binding sites using oPOSSUM (http://opossum.cisreg.ca/)
are shown in Fig. 2B and C. When all SAP-dependent
targets (Gurbuz et al. 2014) are entered into the analysis
(Fig. 2B) two transcription factors deviate considerably

from the overall relationship between Z-score and
promoter GC content: NF-YA and Pax4. NF-YA often
stands out in such analyses, as the sequence motif to
which it binds is exceptionally frequent. Pax4 shows little
promise as this factor is primarily expressed in testis and
intestine (http://www.gtexportal.org/), making it a less
likely candidate. This leaves approximately 30 potential
transcription factors that could be involved. However,
it may be difficult to further pinpoint the transcription
factor mediating the effects of the SAP domain by only
using in silico analyses. This is further illustrated by the
fact that when SRF-dependent gene targets (Gurbuz et al.
2014) are entered into the analysis, SRF, albeit deviating
from the overall relationship between GC content and
Z-score, clusters with at least 30 other factors (Fig. 2C).
This emphasizes a need for direct experimental approaches
to determine how the SAP domain mediates its trans-
criptional effects.

Selected myocardin family targets of potential
relevance for lipid metabolism

As discussed below, MKL1 expression is reduced by
adipogenic cues. Paradoxically, a number of the MKL
targets identified (Gurbuz et al. 2014) would non-
etheless seem to promote adipogenesis. One example
of an MKL-regulated and SRF-dependent target is
diacylglycerol O-acyltransferase 2 (Dgat2), which plays
a key role in triglyceride synthesis (Stone et al. 2004).
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Figure 2. SRF- versus SAP-dependent targets
Gene targets of myocardin coactivators may broadly be
defined as SRF-dependent (blue circle), SAP-dependent (red
circle) and those that depend on both domains. A recent
subtractive profiling approach (Gurbus et al. 2014) was used
to define these groups. Targets of relevance for lipid
homeostasis in each group are indicated in A. Panels B and C
show transcription factor binding site analyses using
oPOSSUM. In B, all SAP-dependent targets identified by
Gurbus et al. were entered into the analysis and in C all
SRF-dependent targets were used. Enrichment (Z-scores) of
binding sites for different transcription factors are shown
relative to promoter GC content.
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Another example in this group is Lrp1, which is a
lipoprotein receptor that belongs to the LDL receptor
family. Lrp1 has been found to be important for adipocyte
differentiation and is upregulated in adipocytes of obese
mice (Masson et al. 2009). Moreover, the MKL1-target
Noggin is involved in differentiation of mesenchymal stem
cells (MSC) to adipocytes. By direct binding to bone
morphogenetic protein (BMP), Noggin inhibits osteoblast
and promotes adipocyte differentiation (Sawant et al.
2012).

Several SAP-dependent MKL1 targets of potential
relevance for adipogenesis have also been identified,
including phosphoinositide-dependent protein
kinase-1 (PDK1) and Major facilitator superfamily
domain-containing protein 2 (Mfds2) (Gurbuz et al.
2014) (Fig. 2A). PDK1 is an enzyme involved in the
insulin signalling pathway by activating PKB/Akt. PDK1
is also involved in adipocyte differentiation, by activating
peroxisome proliferator-activated receptor γ (PPARγ)
(Yin et al. 2006). Mfsd2 belongs to the ‘major facilitator
superfamily’ of transporters and is highly expressed
in brain endothelial cells where it contributes to the
blood–brain barrier function (Ben-Zvi et al. 2014).
Mfsd2a has been directly demonstrated to transport
lysophosphatidylcholine in brain endothelial cells, and
mice lacking Mfsd2a have smaller brains and reduced
omega-3 fatty acid content (Nguyen et al. 2014). A recent
study has shown a central role of MKL/SRF signalling in
blood–brain barrier regulation (Weinl et al. 2015) and
one may therefore speculate that Mfsd2a is a relevant
target of MKL1 in this regard.

Induction of caveolae by myocardin family
coactivators

Caveolae are 50–100 nm cave-like structures in the
cell membrane that are enriched in cholesterol and
sphingolipids. The core protein components of caveolae
are caveolins (CAV1, CAV2, CAV3) and cavins (PTRF,
SDPR, PRKCDBP, MURC). Caveolins are 20–24 kDa
proteins embedded in the inner leaflet of the plasma
membrane and whose N- and C-termini are intracellular.
Caveolins bind cholesterol and have an extreme propensity
to oligomerize. It is thought that clusters of 140 or so
caveolin monomers are required for formation of one
caveola. Cavins on the other hand are cytosolic proteins
that form homo- and heterotrimers (Kovtun et al. 2015)
that associate with caveolins at the membrane.

Caveolae are involved in a number of cellular processes,
including lipid metabolism and insulin signalling
(Stralfors, 2012; Echarri & Del Pozo, 2015; Kovtun et al.
2015). These critical functions are underscored by rare
congenital diseases caused by mutations in caveolins
and cavins, the structural proteins of caveolae, that

cause lipodystrophy in combination with a host of
other changes (Kim et al. 2008; Hayashi et al. 2009;
Rajab et al. 2010). Immunoelectron microscopy has
demonstrated that insulin receptors are concentrated in
caveolae (Gustavsson et al. 1999), and, in keeping with a
functional role of this localization, insulin resistance has
been reported in both caveolin-3 (CAV3) (Oshikawa et al.
2004) and caveolin-1 (CAV1) (Cohen et al. 2003) knockout
mice. The latter study demonstrated that insulin resistance
was due to destabilization of insulin receptor-β subunit
in adipose tissue. Recent work also demonstrated that
caveolin-1 is targeted by two microRNAs (miR-103 and
miR-107) that are induced by obesity in mice and humans
(Trajkovski et al. 2011). Overexpression of miR-103/107
caused insulin resistance and this effect was absent in CAV1
knockout mice. This supports the view that CAV1 may be
targeted to ameliorate insulin resistance. Obesity-induced
CAV1 repression is not a universal finding, however, and
it has been reported that CAV1 increases with some diet
protocols (Gomez-Ruiz et al. 2010).

Because CAV1 and CAV3, and SDPR (cavin-2) and
PRKCDBP (cavin-3), can substitute for each other,
caveolae with distinct protein compositions exist in
different cell types (Bastiani et al. 2009). Indeed, the ratio
between SDPR and PRKCDBP mRNAs differs by at least
one order of magnitude between visceral adipose tissue,
where the ratio is high, and the aorta, where it is low
(http://www.gtexportal.org/). CAV3 to CAV1 expression
ratios vary even more extremely, with the highest ratio
seen in skeletal muscle. Tissue-specific transcriptional
mechanisms are considered to underlie such expression
differences but their nature is poorly defined. Motivated
by the presence of SRF-binding CArG-boxes at the PTRF
(cavin-1) and SDPR (cavin-2) loci, we recently addressed
the hypothesis that myocardin family coactivators regulate
cavins and caveolins (Krawczyk et al. 2015). Regulation
by both myocardin and MKL1 was observed for both
caveolins and cavins (induction of caveolae by myocardin
is graphically illustrated in Fig. 3), suggesting that myo-
cardin family coactivators may constitute something akin
to a main switch for caveolae biogenesis. A promoter
assay indicated that proximal sequences are involved in
the case of CAV1 regulation. However, SRF silencing had
little effect, suggesting involvement of the SAP domain.
Given the function of caveolae in lipid homeostasis and
insulin sensitivity, one would predict that regulation of
caveolae genes is one way by which myocardin family
coactivators could influence lipid homeostasis. Further
work is, however, required to test if this regulatory
mechanism is operative in adipose tissue and, if so, how it
works together with PPARγ, which also activates the CAV1
gene (Matsusue et al. 2003). In fact, as discussed in further
detail below, MKL1 and PPARγ are likely to be mutually
antagonistic in adipocytes.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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A newly discovered role of MKL1 in adipogenesis

Adipocyte differentiation (or adipogenesis) is a tightly
orchestrated process including various transcription
factors, of which PPARγ is considered the master
regulator (Rosen et al. 2000). Expression of PPARγ is
controlled by several pro-adipogenic factors including
CCAAT-enhancer binding proteins (C/EBPs) and
Kruppel-like factors (KLFs) as well as anti-adipogenic
factors like GATA-binding (GATA2/3) and forkhead
box (FOXO) proteins. Transcriptional coactivators play
a central role in regulation of PPARγ. For example,
histone acetyltransferases (HATs) modify the chromatin
structures (Grunstein, 1997), whereas others (like
PGC-1α and p160/SRC family) participate by forming
PPARγ-containing protein complexes that influence
adipocyte differentiation.

Adipogenesis requires a drastic remodelling of cell
morphology, where cells change their shape from
elongated to spherical. One may envision that this
cell shape change has an impact on the actin cyto-
skeleton and consequently the activity of myocardin family
coactivators. A first observation in a recent study on
adipogenesis was that the cell rounding associated with
a disruption of actin stress fibres, and that interventions
stabilizing the actin cytoskeleton suppress adipogenesis.
The authors (Nobusue et al. 2014) then went on to
show that the increased G-actin pool caused by stress
fibre disassembly caused cytosolic sequestration of MKL1.
This was associated with increased expression of PPARγ

MYOCD (SMC) +Q SAP TAD

Ad-CMV-nullAd-CMV-null Ad-CMV-MYOCDAd-CMV-MYOCD

Figure 3. Myocardin promotes formation of caveolae
Electron micrographs from cells infected with control adenovirus
(null, left) and adenovirus encoding myocardin (MYOCD, right) are
shown below the domain diagram for myocardin. Caveolae
(highlighted in pink in the micrograph to the right), which are
omega-shaped organelles of relevance for lipid metabolism and
mechanoprotection, are more numerous in cells transduced with
myocardin (Krawczyk et al. 2015). SRF knockdown experiments and
promoter analysis suggested that this effect is mediated by the SAP
domain.

and its target genes (Fabp4, Cebpa1, Plin1 and Slc2a4).
Interestingly, suppression of MKL1 expression triggered
spontaneous adipocyte differentiation without adipogenic
stimuli. Overexpression of PPARγ moreover decreased
the level of MKL1, establishing a mutually antagonistic
relationship between these transcription factors. Earlier
work identified enrichment of SRF-binding sites in regions
undergoing chromatin remodelling during adipogenesis,
and demonstrated that overexpression of SRF directly
antagonizes adipogenesis (Mikkelsen et al. 2010). In all,
these findings suggested that adipocyte differentiation is
initiated by a disruption of actin stress fibres, leading
to cytosolic retention of MKL1, subsequent PPARγ

expression, and lipid storage, as illustrated in the upper
part of Fig. 4.

SRF
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Slc2a4
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Perivascular stromal cell Beige adipocyte

Figure 4. MKL1 repression controls adipogenesis and
browning of fat
Recent studies have shown that MKL1 represses Pparγ , a key
adipogenic factor. Adipogenic cues cause rounding of DFAT cells
(Nobusue et al. 2014) associated with depolymerization of actin and
resultant MKL1 inhibition, leading to de-repression of Pparγ . Pparγ
target genes (Slc2a4, Plin1, Fabp4) are subsequently transcribed and
adipogenesis ensues. Another study showed that MKL1 knockout
mice develop increased ‘brite’ or ‘beige’ fat depots with increased
UCP1 expression and have a favourable metabolic profile (McDonald
et al. 2015). These effects were mediated by BMP7 and
p38MAPK-dependent commitment of mesenchymal stem cells to
the UCP1+ lineage via suppression of ROCK and MKL1 activity.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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Also, of considerable interest, the MED23 subunit of
the mediator complex, a protein complex which regulates
cellular processes and gene transcription, plays a role for
directing cell linage commitments of mesenchymal cells
into adipocytes or SMCs (Yin et al. 2012). Expression
of MED23 promoted binding of ELK1 to SRF, leading
to expression of genes associated with adipogenesis,
while MED23 deficiency destabilized the ELK–SRF
complex, favouring MKL1–SRF binding and expression
of SMC-related genes. Thus MED23 performs a balancing
act in terms of directing differentiation of mesenchymal
cells into either SMCs or adipocytes.

In another recent study, MKL1 was shown to regulate
commitment of mesenchymal stem cells (MSCs) into
beige adipocytes in white adipose tissue through a
bone morphogenic protein 7 (BMP7)–Rho-associated
protein kinase (ROCK)-dependent pathway (McDonald
et al. 2015). BMP7 suppressed ROCK activity causing
cell rounding and this induced browning. Trans-
forming growth factor β (TGFβ), on the other
hand, promoted formation of actin filaments and
promoted smooth muscle cell (SMC) differentiation
(McDonald et al. 2015). Pharmacological ROCK
inhibition enhanced the BMP7-induced increase of
Fabp4 and PPARγ. Treatment with the MKL inhibitor
CCG-1423 moreover enhanced adipocyte differentiation
and uncoupling protein 1 (UCP1) expression without
affecting the actin filament arrangement, arguing that
BMP7 stimulates brown adipocyte differentiation in a
ROCK and MKL/SRF-dependent fashion. Interestingly,
reduced body weight, increased multilocular adipocytes,
smaller adipocyte size and decreased expression of
angiotensinogen (Atg) argued for increased browning of
adipose progenitors in MKL1 knockout mice (McDonald
et al. 2015). MKL1 deficiency moreover protected against
high fat diet-induced obesity and insulin resistance, and
this was associated with increased energy expenditure. In
all, these findings argue for favourable metabolic effects of
reduced adipocyte MKL1 activity via effects on adipocyte
browning (illustrated in the lower part of Fig. 4).

The studies by Nobusue et al. (2014) and McDonald
et al. (2015) point to important roles of MKL1 in
adipocytes, but they also raise novel questions. What, for
instance, is the role of MKL2 in adipocytes and how can
positive regulation of mediators in adipogeneis (Dgat2,
Noggin, etc.) be reconciled with MKL1 suppression as
adipogenesis commences. One may speculate that a high
MKL2 expression in mature adipocytes might allow for
actin-dependent regulation of gene expression later in life.

MKL as glucose sensor. Diabetes is strongly associated
with hypertension, which is one of the major risk factors
for cardiovascular disease (Chobanian et al. 2003). The
cause of this effect is, at least in part, due to increased
vascular smooth muscle contractility as demonstrated in

a number of studies using hyperglycaemic animal models,
as well as in diabetic patients (White & Carrier, 1988;
Abebe et al. 1990; Fleischhacker et al. 1999; Ungvari
et al. 1999; Guo et al. 2005). One of the underlying
mechanisms is increased activation of Rho-kinase in both
endothelial cells (Rikitake & Liao, 2005) and smooth
muscle (Xie et al. 2006, 2010). In smooth muscle,
activation of the Rho-kinase pathway results in a calcium
sensitization, a phenomenon where phosphorylation of
the myosin light chains is increased via inhibition of
the light chain phosphatase (Uehata et al. 1997). This
mechanism can mediate a rapid increase in smooth
muscle contractility under hyperglycaemic conditions.
However, elevated Rho-kinase activation may also result
in transcriptional effects in vascular smooth muscle by
promoting actin polymerization and nuclear translocation
of MKL1/2.

In a recent study we found that long-term (> 1 week)
glucose-induced activation of the Rho-kinase signalling
pathway subsequently results in an increased F/G-actin
ratio and elevated expression of contractile markers in
cultured mouse aortic smooth muscle cells (Fig. 5)
(Thi Hien et al. 2016). The effects of glucose on
smooth muscle differentiation were completely blocked
by MKL1/2 siRNA or CCG-1423 (Thi Hien et al.
2016), an inhibitor of MKL1/2 nuclear translocation
(Hayashi et al. 2014). High glucose also reduced the
expression of KLF4, a known repressor of myocardin
expression (Liu et al. 2005). Furthermore, we found that
human mammary arteries from diabetic patients and
mesenteric arteries from hyperglycaemic mice expressed
significantly higher levels of several contractile smooth
muscle markers (Thi Hien et al. 2016). Another recent
study demonstrated elevated levels of the MKL-regulated,
smooth muscle-enriched microRNAs miR-143/145 in
saphenous veins from diabetic patients (Riches et al.
2014). Together, these results suggest that hyperglycaemia
can activate MKL1/2-dependent transcription in smooth
muscle. However, in skeletal muscle, activation of the
Rho–actin–MKL1/SRF pathway in normoglycaemic type
2 diabetic patients has been demonstrated to be linked to
insulin resistance, suggesting that additional factors may
be involved in MKL1/2-activation in diabetes (Jin et al.
2011).

Several reports have suggested that smooth muscle
cells exposed to hyperglycaemic or diabetic conditions
undergo a phenotypic shift towards an osteogenic
phenotype (Towler et al. 1998). This is mainly defined
by an increased osteopontin expression, which is
stimulated by hyperglycaemia via the glucose-sensitive
transcription factor nuclear factor of activated T cells
(NFAT) (Nilsson-Berglund et al. 2010). Interestingly,
glucose-induced osteopontin expression is promoted by
PKC/Rho-kinase activation (Kawamura et al. 2004), which
is activated by multiple mechanisms including increased
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glucose metabolism via the hexosamine biosynthetic
pathway and formation of advanced glycation end
products (Schleicher & Weigert, 2000; Thi Hien et al.
2016). In breast cancer cells, MKL1 can directly
activate the transcription of osteopontin suggesting that
similar mechanisms can regulate osteogenic and contra-
ctile smooth muscle differentiation. However, despite
similarities in the regulatory mechanisms, these trans-
criptional programmes are often activated in different
situations, suggesting a more complex control, possibly
including epigenetic mechanisms.

Chronic exposure to high glucose is strongly associated
with microvascular complications of diabetes, including
diabetic nephropathy, retinopathy and neuropathy.

GLUCOSE

RhoA

F/G-actin

MKL translocation

Tagln
Myh11
Acta2

and others

SRF

MKL

KLF4

Figure 5. Glucose-induced changes in the G- to F-actin ratio
leads to MKL activation
Schematic illustration of MKL1 activation by high extracellular
glucose via RhoA/ROCK and changes in the F- to G-actin ratio. MKL1
and MKL2 have RPEL motifs that allow for binding to G-actin and
that confer a cytosolic localization. When actin is polymerized, MKLs
dissociate from actin and move into the nucleus. In addition, high
glucose somehow reduces Klf4. Klf4 is a repressor of myocardin
expression and impairs binding of SRF to CArG boxes via GC-rich
repressor elements. In this manner, high glucose potently stimulates
SRF target gene expression in smooth muscle and in diabetic
nephropathy.

Several recent studies have established a link between
the epigenetic machinery and hyperglycaemia-induced
cellular dysfunction (Brasacchio et al. 2009; Villeneuve &
Natarajan, 2010; Villeneuve et al. 2010; Zhong & Kowluru,
2013; De Marinis et al. 2016). One of the hallmarks
of diabetic nephropathy and of a variety of chronic
kidney diseases is the accelerated synthesis of extracellular
matrix leading to tubulointerstitial fibrosis. This is
a well-orchestrated epithelial-to-mesenchymal trans-
ition (EMT) process that involves the down-regulation
of the epithelial programme, the activation of the
mesenchymal–fibrogenic programme and finally the
activation of the myogenic programme (Zeisberg &
Neilson, 2010). Interestingly, suppressor of cancer cell
invasion (SCAI), which had been identified as a negative
regulator of MKL1 in the context of cancer (Brandt
et al. 2009), was shown to act also as an endogenous
inhibitor of SMA expression and renal fibrosis (Fintha
et al. 2013). More recently, Xu et al. showed that MKL1
expression was induced in the kidney by high glucose
and synergized with glucose to promote the transcription
of collagen type I, the major component of extracellular
matrix. The authors elegantly demonstrated that MKL1
recruited the histone acetyltransferase p300 and WDR5,
a key component of the histone H3K4 methyltransferase
complex to collagen promoters and engaged them in trans-
criptional activation (Xu et al. 2015). That study portrays
MKL1 as a glucose-responsive regulator of renal fibrosis
and suggests that targeting the epigenetic machinery
associated with MKL1 might be an attractive therapeutic
approach for the treatment of diabetic nephropathy.

Myocardin family coactivators as mechanosensors

Building on the prior demonstration (Sotiropoulos
et al. 1999) that actin dynamics controls SRF activity,
Treisman and colleagues demonstrated in 2003 (Miralles
et al. 2003) that this involves MKL1. Since the actin
cytoskeleton is ideally suited to sense and transmit
mechanical forces, MKL1 constitutes an appealing nodal
point in the conversion of mechanical force to a trans-
criptional response. Mechanical stretch of the vascular
wall promotes the expression of smooth muscle markers
that are regulated by the myocardin family (Zeidan
et al. 2003, 2004; Albinsson et al. 2004). This trans-
criptional regulation requires Rho-activation and an
increased polymerization of actin filaments suggesting
involvement of MKL1/2 rather than myocardin (Albinsson
et al. 2004; Albinsson & Hellstrand, 2007). The earliest
demonstration, to our knowledge, that MKL1 translocates
to the nucleus as a consequence of pulling forces in vivo
was made in Drosophila (Somogyi & Rorth, 2004). This
finding has subsequently been confirmed in numerous
mammalian cell types (e.g. Cui et al. 2015, and reviewed
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in Mendez & Janmey, 2012). Recent in vivo evidence for
a role of MKL1 in ‘mechano-transcription’ coupling is
the exclusion of MKL1 from muscle cell nuclei following
denervation (Collard et al. 2014). In that model, reciprocal
manipulation of MKL1 protects and worsens, respectively,
the ensuing muscle atrophy. Two recent studies have
fuelled the concept that caveolae are mechanoprotective
organelles that can flatten in response to membrane
forces and provide a membrane reservoir that prevents
membrane rupture (Cheng et al. 2015; Lo et al. 2015).
In our view, it makes perfect sense that MKL1, which
responds to mechanical forces, control caveolae genes
(Krawczyk et al. 2015), and hence upregulates mechano-
protective systems. Such adaptation would prime cellular
defences against future mechanical insult.

Concluding remarks

Studies on myocardin family proteins were originally
focused on the cardiovascular system due to the prominent
cardiovascular phenotypes of corresponding transgenic
mice. However, recent work has uncovered novel and
unexpected roles of myocardin family coactivators
in adipogenesis and adipocyte browning. This effect
is funnelled, in part, through repression of PPARγ.
Paradoxically, a number of MKL targets would seem to
promote adipogenesis, while MKL1 itself is downregulated
during adipocyte differentiation. A unique role of MKL2 in
adipocytes may reconcile these disparate findings. Another
research frontier relates to formation of the blood–brain
barrier. Indeed, caveolae and Mfsd2a, a lysophosphatidyl
transporter, may be at a crossroads between blood–brain
barrier regulation and lipid turnover. MKL1 and MKL2
moreover respond to both metabolic and mechanical cues,
transforming these into genomic responses. This is likely to
be of relevance for several disease states, including hyper-
tension and diabetic nephropathy.
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