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Myocardin-related transcription factor A (MRTFA) is a
coactivator of serum response factor, a transcription factor that
participates in several critical cellular functions including cell
growth and apoptosis. MRTFA couples transcriptional regula-
tion to actin cytoskeleton dynamics, and the transcriptional
targets of the MRTFA–serum response factor complex include
genes encoding cytoskeletal proteins as well as immediate early
genes. Previous work has shown that MRTFA promotes the
differentiation of many cell types, including various types of
muscle cells and hematopoietic cells, and MRTFA’s in-
teractions with other protein partners broaden its cellular
roles. However, despite being first identified as part of the
recurrent t(1;22) chromosomal translocation in acute mega-
karyoblastic leukemia, the mechanisms by which MRTFA
functions in malignant hematopoiesis have yet to be defined. In
this review, we provide an in-depth examination of the struc-
ture, regulation, and known functions of MRTFA with a focus
on hematopoiesis. We conclude by identifying areas of study
that merit further investigation.

Myocardin-related transcription factor A (MRTFA), which
has also been named MKL1, MAL, or BSAC, is expressed in
most cells. First identified as a member of the fusion product
resulting from the recurrent t(1;22)(p13;q13) chromosomal
translocation found uniquely in pediatric acute mega-
karyoblastic leukemia (AMKL), its primary function lies in its
ability to coactivate the transcription factor serum response
factor (SRF) and thereby induce the transcription of genes
affecting cell migration, adhesion, and structure (1, 2).
Through binding to SRF, MRTFA serves as a key regulator not
just of hematopoietic differentiation but also muscle and
myofibroblast maturation and solid cancer metastasis (3–7).
This wide range of functions in both normal and pathological
processes, as well as in multiple tissue types, makes MRTFA a
worthy candidate for further research and investigation.

Roles for the other two members of the myocardin-related
transcription factor family (myocardin and MRTFB, alias
MKL2) in both cytoskeletal reorganization and cell differen-
tiation have been described (7). Myocardin’s role is best
characterized for cardiac and smooth muscle cells, where it is
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predominantly expressed. MRTFB is more widely expressed
than myocardin and is also critical for cardiac muscle and
blood vessel development; Mrtfb knockout (KO) in mice is
embryonic lethal because of defective cardiovascular devel-
opment (8–10). In the adult, MRTFB has not been widely
studied, with most reported functions of MRTFB largely
redundant with those of MRTFA. In contrast, MRTFA has
been widely studied in the adult (4, 7). Here, we focus on
MRTFA and its critical role in hematopoiesis.

In addition to its primary role as a transcriptional coac-
tivator for SRF, MRTFA also interacts with other proteins (e.g.,
SMADs) in an SRF-independent manner. While interactions
between MRTFA and proteins other than SRF have been
observed, the relative impact of these interactions on cellular
and cytoskeletal function is not yet clear. This promising area
of research may shed more light on the role of MRTFA in
hematopoietic cell differentiation and AMKL.

The significance of a better understanding of MRTFA is
multifold. In addition to a role in AMKL, MRTFA has been
clearly implicated in normal hematopoiesis, immune function,
wound healing, and cancer metastasis (10, 11). Elucidating the
mechanisms by which MRTFA drives normal differentiation in
the many cell types in which it is expressed could lead to the
identification of novel therapeutics not only for AMKL but
other diseases as well. In this review, we aim to provide a
comprehensive overview of the current state of research sur-
rounding MRTFA, with a focus on what is known about its
role in hematopoietic cells, and conclude with areas that are
worthy of further exploration.

MRTFA protein structure

Protein structure and domain functions

Figure 1 shows the exon organization and subsequent pro-
tein isoforms encoded by the different transcriptional start site
and splice variants of MRTFA. MRTFA has five principal
functional protein domains and is encoded by 15 exons. The N
terminus of the protein contains a number of RPEL motifs.
Canonical RPEL motifs have the amino acid sequence
RPxxxEL, where x can be any amino acid. The first RPEL-like
sequence of MRTFA, referred to as RPEL1 and encoded by
exon 4, has the sequence RRxxxEL and is thus not a “true”
RPEL motif. RPEL2 and RPEL3 are canonical and are encoded
by exons 6 and 7. These RPEL domains are required for the
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Figure 1. The five transcript variants of human MRTFA, including translation start and stop sites as well as locations of each of the five domains
and their corresponding exons. Below each transcript is a schematic of the protein encoded by the variant with critical domains indicated. hMRTFA,
human MRTFA; MRTFA, myocardin-related transcription factor A; TV, transcript variant.
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interaction between MRTFA and monomeric G-actin that
regulates the cellular localization and activity of MRTFA.
Highly disordered in the unbound protein, RPEL2 and RPEL3
are induced to form stable alpha helices upon binding to G-
actin (12). Deletion of the RPEL domains renders the protein
predominantly nuclear and constitutively active (13). While
one transcript variant of MRTFA contains only RPEL2 and
RPEL3, the others also contain the noncanonical RPEL1
(Fig. 1) (6, 13). Although the significance of these transcript
variants is not yet clear, Guettler et al. showed that in tran-
script variants containing three RPEL motifs, RPEL2 and
RPEL3 are most critical for actin binding with RPEL1 playing a
lesser role (14).

MRTFA contains two regions enriched for basic residues
(e.g., lysine and arginine), located on either side of RPEL3. The
first basic domain, encoded by exon 7 upstream of RPEL3,
contains a nuclear localization signal, and promotes MRTFA
nuclear localization (6, 13). The second basic domain, encoded
within exon 10, also plays a role in nuclear localization, but its
primary function is to bind SRF. SRF binding occurs via an
interaction between a hydrophobic β-sheet in MRTFA and a
hydrophobic pocket in the DNA-binding domain of SRF (6, 14).
The second basic domain is critical for most known functions of
MRTFA. Deletion of the two basic regions prevents MRTFA
from accumulating in the nucleus (6). Downstream of the basic
2 J. Biol. Chem. (2021) 296 100543
domains is a glutamine-rich region canonically referred to as
the “Q-rich” domain. Though no function for the Q-rich
domain of MRTFA has been identified, the Q-rich domain of
the related protein myocardin binds SRF (13, 15, 16).

Of potential interest is the SAP domain, named for the SAF-
A/B, Acinus, and PIAS proteins in which it was discovered and
which mediates binding to DNA in those three proteins. SAP
domains form amphipathic helices, which are required for this
DNA-binding ability (17). DNA binding via the SAP domain
has not been convincingly demonstrated for MRTFA. The
coding sequence of the SAP domain starts at the 30 end of exon
11 and continues into exon 12. Deletion of the SAP domain
has no effect on the ability of MRTFA to activate SRF-
mediated transcription in transient transfection assays in
HeLa cells (6). However, it has been suggested that the SAP
domain may be required for MRTFA to activate transcription
independent of SRF (18, 19).

Following the SAP domain, also encoded by exon 12, is a
conserved leucine-zipper (LZ) domain. Found in many pro-
teins, including others of the myocardin family, the LZ domain
enables MRTFA homodimerizeration as well as hetero-
dimerization with MRTFB or myocardin (3, 11). Deletion of
the LZ domain decreases, but does not abolish, activation of
SRF target genes, indicating that MRTFA preferentially binds
SRF as a dimer, but this is not obligatory (11).



Figure 2. Comparison of MRTFA, MRTFB, and myocardin structures, displaying the location of each conserved domain described in the text. Note
that noncanonical RPEL-like domains have little to no actin binding. Amino acid sequence similarities (% identity) between myocardin family proteins within
the key domains are shown. hMRTFA, human MRTFA; MRTFA, myocardin-related transcription factor A; TV, transcript variant.
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At the C terminus of MRTFA is a transcriptional activation
domain (TAD), beginning in exon 12 and continuing through
exon 15. Deletion of this domain, from amino acid residue 630
onward, prevents the activation of MRTFA target genes and
acts as a dominant negative form of MRTFA (6). Record et al.
described a patient with a homozygous nonsense mutation in
this domain that resulted in decreased transcription of actin in
neutrophils, deleteriously affecting the process of phagocytosis
and inducing severe immunodeficiency (20).

mRNA transcript variants

Some or all of the five domains described above (RPEL,
basic, SAP, LZ, and TAD) are present in all reported isoforms
of MRTFA. To date, five mRNA transcript variants (TVs) of
human MRTFA (hMRTFA) have been reported, each con-
taining between 12 and 15 exons. In all forms of the protein,
exons 1 and 2 are not translated. Translation of hMRTFA-TV1
(referred to as MKL1_L by Scharenberg et al.), hMRTFA-TV3,
and hMRTFA-TV4 are initiated by a nontraditional GTG start
codon in exon 3 (21). Kozak et al. define a flanking consensus
sequence required for GTG to function as a start codon, which
is present in exon 3; an alternative tRNA is utilized in this
context, which translates the alternative start codon as
methionine (22). As hMRTFA-TV1, hMRTFA-TV3, and
hMRTFA-TV4 each contain a complete exon 4, which encodes
RPEL1, each of these isoforms contain all three RPEL domains.
TVs hMRTFA-TV1 and hMRTFA-TV3 have alternative
splicing and/or stop codons as depicted in Figure 1.

The translated protein encoded by hMRTFA-TV2, which
begins with a traditional ATG in exon 4, is the only isoform to
lack RPEL1. hMRTFA-TV5 (referred to as MKL1_S by
Scharenberg et al.) begins with an alternate exon 3, termed
exon 30, but proceeds to canonical exon 4, resulting in a
translated protein with three RPEL motifs (21).

The differential expression of these TVs and their relative
significance to the function of MRTFA remains unclear.
Scharenberg et al. confirm expression of at least hMRTFA-
TV1, hMRTFA-TV2, and hMRTFA-TV5 in human tissues and
also indicate that each of these TVs can activate SRF; however,
thus far, only hMRTFA-TV1 and hMRTFA-TV2 have been
found to be expressed in mice (13, 21). Scharenberg et al. also
postulate that exon 30, the start site of hMRTFA-TV5, is linked
to a different promoter (21). Ishikawa et al. propose that
because of the missing RPEL1 in hMRTFA-TV2, this isoform
of MRTFA may have decreased affinity for actin and thus
increased nuclear localization, but this is disputed by the
assessment by Guettler et al. that RPEL1 does not play a sig-
nificant role in actin binding (14, 23). Further investigation
into functions of each of these TVs in discrete cell types and
developmental stages is critical to elucidating the role of
MRTFA in cell maturation and leukemogenesis.

Relationship to other myocardin family proteins

Overall, the three myocardin family proteins (Fig. 2) have an
average of 35% similarity, with increased homology in the five
conserved domains (6, 7). Although myocardin contains three
RPEL-like motifs, only RPEL3 has a canonical RPEL sequence.
The lack of the canonical consensus sequence in the first 2
RPEL-like domains (RPEL1 and RPEL2) in myocardin likely
underlies myocardin’s low affinity for G-actin and constitu-
tively nuclear localization (14). The RPEL1-like sequences of
both MRTFA and MRTFB, while highly similar, are nonca-
nonical, containing RR rather than RP, and in the case of
MRTFB, RPEL1 terminates with QL rather than EL (6, 12, 13).

Overall, MRTFA and MRTFB are 51% similar; the addition
of 71 amino acids to the N-terminal end of MRTFB may in-
crease its transcriptional activation activity (5). All three
coactivate SRF in a basic domain-dependent manner, though
myocardin also requires the Q domain (6, 7). Additionally, all
myocardin family proteins can form homodimers or hetero-
dimers with each other with the ability to dimerize being more
critical for myocardin function than either MRTFA or MRTFB
(24, 25). While myocardin is expressed primarily in cardiac
and smooth muscle cells, MRTFA and MRTFB are ubiqui-
tously expressed (6, 7). As well as sharing more than half of
their amino acid sequence, MRTFA and MRTFB can
compensate for one another functionally which is of particular
importance to hematopoietic development (see MRTFA in
megakaryopoiesis).

Posttranslational regulation of MRTFA

Most of what is known regarding regulation of MRTFA
function occurs at the protein level; there is little to no in-
formation in the literature about transcriptional or
J. Biol. Chem. (2021) 296 100543 3
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translational regulation of MRTFA expression. Investigation of
MRTFA gene regulation could be an area of fruitful research
shedding light on its wider expression relative to myocardin.

Dependence on G-protein–mediated actin polymerization

Posttranslational regulation of MRTFA includes its bind-
ing to G-actin, which affects cellular localization and func-
tion. Upon activation by membrane receptors and/or
mechanical stimuli, signaling via RhoA and/or other G-
proteins indirectly regulates MRTFA localization by pro-
moting formin-mediated actin polymerization (13, 26, 27).
MRTFA binds monomeric G-actin in the cytoplasm via its
RPEL motifs until actin polymerization is induced via RhoA
signaling (26, 28). Unable to bind F-actin, MRTFA is released
from G-actin and undergoes a conformational change
revealing the nuclear localization signal in the basic region,
resulting in importin α/β-dependent translocation of
MRTFA to the nucleus—see Figure 3 (13, 29). Once in the
nucleus, MRTFA is generally considered free to bind and
activate SRF. However, it can be kept in an inactive state by
binding to nuclear G-actin (30). Increased nuclear G-actin
inhibits SRF-mediated gene expression, with effects on cell
proliferation and migration that mimic those of non-
polymerizable nuclear actin mutants (31, 32).

It is important to note that MRTFA cycles between nucleus
and cytoplasm even in the absence of RhoA signaling with
nuclear import requiring the basic domains and nuclear
export, mediated by XPO1, requiring MRTFA binding to G-
actin (33). MRTFA cycling is also regulated by MAPK/ERK-
directed phosphorylation of several key MRTFA residues.
Figure 3. Schematic representation of MRTFA activation and regulation
histone 3 lysine 4; MRTFA, myocardin-related transcription factor A; SRF, serum
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Phosphorylation at S454 increases the association between
MRTFA and G-actin, thereby decreasing SRF activation and
promoting nuclear export (30, 34). In contrast, phosphoryla-
tion of S498 (also mediated by MAPK/ERK) prevents the as-
sociation between MRTFA and G-actin, resulting in increased
localization of MRTFA to the nucleus as well as functional
activation of SRF (35). The mechanisms by which differential
serine phosphorylation is regulated are not yet known (30).

Additional regulators of MRTFA include filamin A and Four
and a Half LIM domain protein 2. Filamin A enhances MRTFA
activity directly via enhanced nuclear actin polymerization
(36). MRTFA is protected from degradation by the proteasome
via interaction with Four and a Half LIM domain protein 2
(37).

Mechanosensitive signaling

In recent years, the role of mechanosensitive signaling in
MRTFA activation has become increasingly well-defined. As
the cellular location of MRTFA is dependent on actin poly-
merization, it follows that changes in cellular morphology that
alter the actin cytoskeleton may also affect MRTFA. Cell
stretching and other morphological changes that occur when
cells migrate can induce nuclear accumulation of MRTFA and
subsequent transcription of SRF targets (38, 39). However,
nuclear localization is maintained only while the cells are
experiencing mechanical stress. When internal and external
forces on the cytoskeleton are balanced, MRTFA is predomi-
nantly cytoplasmic (40). Extracellular mechanical stress–
mediated MRTFA activation is critical for myofibroblast
maturation. Mechanical stress in myofibroblasts caused by
as well as interactions with its various transcriptional partners. H3K4,
response factor.
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increased matrix stiffness results in MRTFA–SRF–dependent
activity, and lack of MRTFA in these cells not only renders
them unresponsive to mechanical stress but also prevents cell
maturation (41).

Alterations in nuclear shape also affect MRTFA activity.
Increased nuclear stiffness in embryonic stem cells is associ-
ated with nuclear accumulation of MRTFA in a manner
dependent on lamins A and C (42). Linker of nucleoskeleton
and cytoskeleton (LINC) complexes, which couple nuclear
morphology to extracellular signaling via the cytoskeleton may
enhance RhoA (42). Increased RhoA signaling leads to upre-
gulated SRF–MRTFA–dependent gene expression, including
expression of the LINC complex member Sun2, which, via
LINC-mediated enhancement of RhoA activation, may create a
positive feedback loop (43). Further supporting a connection
between MRTFA, chromatin, and the LINC complex, the in-
hibition of reprogramming of somatic cells to induced
pluripotent stem cells by enhanced MRTFA activity requires
Sun2, a key component of the LINC complex (44).

Role in transcription

Regardless of the regulatory signals that result in release of
G-actin and translocation of MRTFA to the nucleus, once
localized there, MRTFA is able to activate SRF-dependent
gene expression in part by helping to recruit epigenetic
modifiers and may also regulate other signaling pathways
including those mediated by SMAD family proteins.

Interaction with SRF

The transcription factor SRF stimulates expression of im-
mediate early genes, including c-Fos, as well as genes encoding
cytoskeletal proteins (28). SRF binds to the genomic DNA via
consensus binding domains known as serum response ele-
ments. These serum response elements are further classified as
CArG boxes because of their CCAT-richGG sequence. As a
MADS-box transcription factor, SRF contains a DNA-binding
MADS domain, so named for the transcription factors in
multiple species in which it was identified (MCM1, AGA-
MOUS, DEFICIENS, and SRF), each of which can bind to
CArG sequences (6). SRF can be coactivated by MRTFA or by
the ternary complex factor (TCF) family of transcriptional
coactivators, which are a subfamily of Ets transcription factors
including Elk1 and SAP1. In contrast to MRTFA, which binds
SRF in response to Rho signaling and actin polymerization,
TCF-mediated SRF activation is dependent on MAPK/ERK
signaling (6, 13). Though MRTFA/SRF and TCF/SRF target
genes overlap to some extent, MRTFA is considered to pro-
mote cytoskeletal gene expression and cellular maturation,
whereas TCF/SRF is considered to stimulate proliferation
associated genes.

Targets of MRTFA–SRF transcriptional activity

MRTFA/SRF complexes bind to their target genes as a
quaternary unit with two MRTFA and two SRF molecules (6).
This induces a 55.5 degree DNA bend, enabling MRTFA to
contact the DNA in such a way that it flanks SRF on either side
(45). Although SRF binds DNA on its own, in the absence of
MRTFA, SRF binds DNA less efficiently, and the expression of
SRF targets is significantly reduced (46). MRTFA-dependent
targets of SRF tend to be involved in cell adhesion, cell
motility, and migration [e.g., myosin regulatory light poly-
peptide 9 (MYL9), myosin heavy chain 9 (MYH9), and actin] as
well as include immediate early genes (e.g., c-Fos and Jun-B)
(13). It has been suggested that MRTFA engages in homeo-
static regulation of actin levels within the cell; an increase in
G-actin reduces the amount of free MRTFA in the nucleus,
decreasing MRTFA–SRF–mediated transcription of actin, and
vice versa (47, 48).
SRF-independent mechanisms of transcriptional activation

MRTFA may play a role in transcription that is independent
of SRF by direct DNA association via its SAP domain. SAP
domains in other proteins bind DNA and are associated with
chromosomal organization, DNA repair, and RNA post-
transcriptional modification (17). Asparuhova et al. suggest
that the application of cyclic strain in fibroblasts and mam-
mary epithelial cells induces expression of tenascin-C in an
MRTFA-dependent yet SRF-independent manner; their data
suggest that MRTFA binds directly to the tenascin-C promoter
via the SAP domain (18). Additional studies from this same
group suggest that mechanical stress, independent from the
RhoA pathway, may be responsible for this SRF-independent
activity (19, 49). However, as Gau et al. conclude, MRTFA
and SRF regulate other genes known to be sensitive to me-
chanical strain, so the idea that stress induces MRTFA to
switch to another mode of gene activation seems unlikely (50).
Further replication of these experiments as well as research
into the SAP domain is required; nowhere else in the literature
has a function for the SAP domain of MRTFA been described.

MRTFA likely regulates gene expression via coordinated
induction of epigenetic changes including activation of histone
3 lysine 4 (H3K4) methylation. Cheng et al. (51) observed that
H3K4 methylation surrounding the promoter of matrix met-
allopeptidase 9, a known MRTFA target that plays a role in cell
motility through tissue including metastasis, is reduced in the
absence of MRTFA. The mechanisms underlying MRTFA’s
associations with the H3K4 complex are not clear, but MRTFA
can associate with WDR5, a member of the H3K4 methylase
complex, and assist in recruiting other members of the com-
plex, including SET1, which increases histone methylation at
target genes (52, 53). MRTFA can also interact with SMAD1,
3, and 4, downstream effectors of TGF-β, independently from
SRF (54). While the broad physiological significance of this
interaction is not yet known, MRTFA inhibits differentiation
to mature muscle myocytes through interaction with SMAD1/
4 (55).

Recent evidence supports an interaction between the TAD
of MRTFA and STAT5b, which suggests a role in JAK/STAT
signaling. It is not yet clear whether this occurs independently
from interactions between MRTFA and SRF, which are
J. Biol. Chem. (2021) 296 100543 5
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enhanced by this process (56). Together, these studies show
that MRTFA interacts with multiple factors to regulate tran-
scription downstream of different signaling pathways and that
some of these effects may be independent from SRF.

Control of cell maturation and function

While many questions remain regarding MRTFA’s multiple
protein–protein interactions, its importance in cell maturation
and differentiation is well established. In the hematopoietic
system, MRTFA plays a critical role in hematopoietic stem cell
(HSC) homing and megakaryocyte maturation, as well as in
regulating the function of cells in the innate immune system.

MRTFA in megakaryopoiesis

Megakaryocytes are cells of the myeloid lineage found pri-
marily in the adult bone marrow and fetal liver and to a lesser
extent in the spleen and lung. They can arise from bipotent
megakaryocyte-erythroid progenitors and perhaps also from a
megakaryocyte-biased subpopulation of hematopoietic stem/
progenitor cells (57, 58). Megakaryocytes are ultimately
responsible for producing platelets—approximately 1011 per
day in humans. Mature megakaryocytes are large and highly
polyploid with multilobated nuclei, and their maturation re-
quires multiple rounds of endomitosis with massive cytoskel-
etal reorganization (59, 60). Common cell surface markers
include CD41 and CD61—also known as platelet glycoproteins
IIb and IIIa—which form a heterodimeric complex that binds
fibrinogen. More mature megakaryocytes also express the
multiprotein CD42 complex that binds von Willebrand factor
(60, 61). Maturation is promoted by thrombopoietin, which
binds to the thrombopoietin receptor, first identified as the
myeloproliferative leukemia protooncogene and abbreviated as
c-MPL (62). For more information on the role of non-MRTFA
transcription factors in megakaryopoiesis, see Szalai et al. and
Tijssen et al. (63, 64).

Cheng et al. first identified MRTFA as a potential actor in
megakaryopoiesis by showing that MRTFA KO bone marrow
exhibits increased numbers of megakaryocytes with dramati-
cally reduced polyploidization and decreased platelet output,
pointing to a role for MRTFA in polyploidization and/or
maturation (52). Furthermore, MRTFA expression increases in
murine fetal liver–derived megakaryocytes throughout matu-
ration, and MRTFA overexpression in murine bone marrow-
derived megakaryocytic progenitors increases megakaryocyte
polyploidization as well as the expression of megakaryocyte
markers CD41, CD42, and CD61. Gilles et al. showed that
siRNA-mediated knockdown of MRTFA during the early
stages of differentiation reduced filopodia and proplatelet
formation, and introduced abnormalities in the structure of
the demarcation membrane (5). These data indicate that
MRTFA primarily affects the later stages of megakaryocyte
maturation, including platelet production.

The ability of MRTFA to promote megakaryocyte maturation
is dependent on its function as a coactivator of SRF. Conditional
KO of SRF in the megakaryocyte lineage similarly results in low
ploidy megakaryocytes and thrombocytopenia in mice; these
6 J. Biol. Chem. (2021) 296 100543
megakaryocytes also exhibit abnormal actin cytoskeletons and
reduced or altered proplatelet formation (52, 65). SRF condi-
tional KO results in a more severe maturation defect than
MRTFA KO, suggesting that MRTFA may have a degree of
functional redundancy with other myocardin family proteins
(66). Consistent with this, Smith et al. found that the double KO
of MRTFA and MRTFB increases the severity of the throm-
bocytopenic phenotype relative to MRTFA KO alone.

Consistent with the requirement for SRF, epigenetic studies
reveal that overexpression of MRTFA promotes megakaryo-
cyte maturation by outcompeting TCF coactivators for SRF,
resulting in increased SRF binding at CArG box-containing
promoters and heightening the transcription of genes essen-
tial for megakaryopoiesis (67). Important targets of MRTFA-
SRF in megakaryopoiesis include actin, vinculin, MYL9,
MYH9, and myomesin-1 (5, 52).

MRTFA/SRF-induced downregulation of gene expression
appears to be required for megakaryocyte polyploidization by
enhancing endomitosis of megakaryoblasts. During the first
round of endomitosis, wherein the 2N megakaryocyte becomes
4N, the cleavage furrow fails to fully close thereby preventing
cytokinesis (68). ARHGEF2, a guanine exchange factor, must
be downregulated to prevent completion of cytokinesis (69,
70). Through mechanisms that are not yet fully understood,
MRTFA, via SRF, downregulates ARHGEF2 transcription to
prevent endomitosis and promote megakaryocyte poly-
ploidization. MRTFA KO megakaryocytes, which fail to un-
dergo polyploidization, have increased ARHGEF2 expression
relative to wild-type megakaryocytes. In these MRTFA KO
cells, ARHGEF2 knockdown is sufficient to restore normal
ploidy levels (70).

Other hematopoietic cell types affected by loss of function of
MRTFA

The role of MRTFA in the expression of actin and other
cytoskeletal genes has far-reaching impacts on the differenti-
ation and function of diverse cell types, and its dysregulation
can have significant clinical consequences. Record et al.
describe a patient with a loss of function mutation in the
MRTFA TAD that initially manifested as severe immunode-
ficiency coupled with thrombocytopenia as well as abnormal
scarring because of defective fibroblast migration. Patient
neutrophils exhibited impaired phagocytosis and chemotaxis, a
phenotype that is recapitulated by shRNA knockdown of
MRTFA in HL60 cells (20). Sprenkeler et al., in reporting a
second clinical case of severe neutrophil dysfunction caused by
MRTFA deficiency, did not observe impaired fibroblast
migration and suggest that this is a result of MRTFB acting in
a redundant and compensatory manner because of the fact
that MRTFB is expressed in fibroblasts (15). Although this
seemingly conflicts with the observations by Record et al.,
deletion of the MRTFA TAD domain confers a dominant
negative effect on the protein, possibly precluding the rescue
ability of MRTFB (15). Regardless, these observations suggest
that MRTFA, in its role as a mediator of cytoskeletal gene
transcription, is required for normal neutrophil function.



Figure 4. Overview of MRTFA KO mice developed by Li et al (71) and Sun et al. (72), including their respective exon deletions. Below each transcript
is a schematic of the predicted protein encoded by the variant with critical domains indicated. LZ, leucine-zipper; MRTFA, myocardin-related transcription
factor A; TAD, transcriptional activation domain.
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Gene expression programs initiated by MRTFA are also
involved in HSC chemotaxis and migration (71, 72). Murine
fetal liver HSCs lacking SRF exhibit impaired motility and
response to chemotactic signaling, ultimately failing to colo-
nize the bone marrow during development (73). A similar
effect is observed in MRTFA/B double KO cells, and HSCs
lacking MRTFA/B or SRF fail to engraft when transplanted
into irradiated recipients (73).

In macrophages, MRTFA, MRTFB, and SRF regulate cyto-
skeletal gene expression programs and appear to promote
macrophage function with specificity for proinflammatory
macrophages (74). Yu et al. report that MRTFA is necessary
for the activation of proinflammatory transcription by helping
to recruit members of the H3K4 methylation complex to these
inflammatory promoters (53). Further, Zhang et al. found
reduced IL-6 secretion from murine macrophages when
MRTFA is inhibited, a process which may be regulated directly
by p38 phosphorylation of several key residues of MRTFA (75).
Whether these processes of MRTFA-directed epigenetic
modification, or its ability to activate the transcription of
inflammatory-related genes, occur independently of SRF re-
mains to be confirmed.

In addition to its important roles in the hematopoietic
system, KO models (Fig. 4) have revealed the effects of Mrtfa
KO on multiple other cell types, briefly discussed here.
Consistent with the finding that loss of MRTFA impairs the
differentiation of smooth muscle from embryonic stem cells,
Mrtfa KO impacts lactation in mice (3, 71). In their paper
describing the first Mrtfa KO mouse, which expresses a
truncated version of MRTFA missing exons 9 through 14, Sun
et al. observe that MRTFA KO mothers are unable to nurse
their pups. Mothers produce milk normally, but defective
mammary myoepithelial cells are unable to contract properly
and cannot release it (72). Li et al. observe the same phe-
nomenon in their KO mouse model—which lacks only exons 9
and 10—and similarly report an inability to maintain differ-
entiation of mammary myoepithelial cells resulting in prema-
ture involution of the mammary glands (71). While Sun et al.
report decreased megakaryocyte ploidy and thrombocytopenia
in their model, Li et al. do not, perhaps due to the fact that in
their model the entire TAD remains intact despite the deletion
of exons 9 and 10 (for a schematic representation of these
deletions and summary of phenotypes, see Fig. 4 and Table 1).
In addition to nursing defects, MRTFA KO pups are not born
in Mendelian ratios because of occasional failure of cardiac
muscle cell differentiation in utero and subsequent death of
the embryo (72).

Consistent with its role in activating cytoskeletal genes,
MRTFA also mediates cell migration in pathological contexts.
For example, deficiency of the MRTFA/SRF complex, and thus
its target genes MYH9, MYL9, and MMP9, reduces the inva-
siveness and speed of cell migration in solid tumors (4, 76).
MRTFA expression positively correlates with invasive tumor
migration and is dependent on TGF-β signaling (50, 77).
Excellent reviews on the subject of MRTFA in metastasis and
migration are Gau et al. and Scharenberg et al. (50, 78).

Acute megakaryoblastic leukemia

MRTFA was originally identified as part of the recurrent
t(1;22) translocation in AMKL. AMKL is a subtype of acute
myeloid leukemia (AML) characterized by the proliferation
and accumulation of abnormal megakaryoblasts in the bone
marrow and peripheral blood (79). AMKL is exceedingly rare
in adults, accounting for approximately 1% of adult AML
cases, but occurs in about 10% of pediatric AML cases and
frequently presents with extensive fibrosis of the bone marrow
(79, 80). This disease is subdivided into two major groups,
AMKL in patients with Down Syndrome (DS-AMKL) and
AMKL in patients without Down Syndrome (non-DS-AMKL).
Both types of AMKL are treated with nonspecific chemo-
therapies which have limited efficacy and can be highly toxic.
Although patients in both of these subgroups present with
similar phenotypes, these two groups of disease are biologically
and clinically distinct and the putative mechanism of leuke-
mogenesis differs between them. Non-DS-AMKL progress
rapidly and has a poorer prognosis than DS-AMKL, though
survival varies depending on the causative mutation (80, 81).
Non-DS-AMKL has been found to be associated with several
J. Biol. Chem. (2021) 296 100543 7



Table 1
Summary of phenotypic differences between MRTFA KO mice
created in different laboratories

Phenotype Li et al. (71) Sun et al. (72)

Mammary gland involution Yes Yes
Decreased platelet count Yes Yes
Increased mean platelet volume Yes Yes
Decreased megakaryocyte ploidy No Yes
Increased megakaryocyte number No Yes

MRTFA, myocardin-related transcription factor A.
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different recurrent chromosomal translocations including
t(1;22)(p13;q13), which encodes the RBM15-MRTFA fusion
protein (79-81). For a more in-depth review of AMKL, see
Khan et al. and Laurent et al. (82, 83).

RBM15-MRTFA fusion protein

The t(1;22)(p13;q13) translocation is highly specific to in-
fantile AMKL and is nearly always diagnosed in patients
younger than 6 months of age (79). Owing to the high speci-
ficity of the t(1;22)(p13;q13) translocation to infant AMKL, it is
hypothesized that this translocation may occur in utero
affecting a developmentally unique hematopoietic stem or
progenitor population. The fusion protein encoded by t(1;22)
is RBM15-MRTFA (also known as OTT-MAL or RBM15-
MKL1) (1, 2). The breakpoint in chromosome 1 occurs in
the 4 kilobase RBM15 (RNA binding motif 15) intron 1; the
breakpoint in the MRTFA gene on chromosome 22 can occur
in an intron either upstream or downstream (more common)
of exon 3 (2, 80, 84). This rearrangement generates an in-
frame fusion that contains almost the entire full-length cod-
ing region and all known functional domains of RBM15. When
the translocation occurs upstream of exon 3, the entire
MRTFA coding sequence is included, plus an additional 20
amino acids encoded by in frame codons upstream of the first
ATG of MRTFA (2, 80). Although both RBM15-MRTFA and
the reciprocal fusion mRNA MRTFA-RBM15 occur in patient
samples, only RBM15-MRTFA retains all of the functional
regions of both MRTFA and RBM15, making it the candidate
oncoprotein (1). Additionally, the predicted MRTFA-RBM15
peptide is severely truncated, containing only 17 to 25 amino
acids, and does not contain any known protein motifs, sug-
gesting it is nonfunctional (1). The molecular mechanisms by
which the RBM15-MRTFA chimeric protein promotes
leukemic transformation are still unknown. However, clues to
the functions of this chimeric protein are revealed by the
normal functions of the fusion partners.

RBM15 encodes a nuclear protein with three RNA recog-
nition motifs (RRMs) and a Spen paralog & ortholog C-ter-
minal (SPOC) domain (1, 79, 80). RBM15 exhibits significant
homology to the Drosophila Spen protein, an RRM protein
that plays a role in cell fate specification and cell survival (80).
The activity of METTL3, the enzyme responsible for methyl-
ating target adenines for N6-methyladenosine (m6A) RNA
modification, requires the presence of RBM15 (85). The pri-
mary function of RBM15 is to serve as a linker between the
RNAs that are bound to its RRM domains and this m6A RNA
8 J. Biol. Chem. (2021) 296 100543
methylation complex. It is highly likely that the phenotype of
hematopoiesis-specific inducible Rbm15 KO mice, which lose
long-term reconstituting HSC function, is because of loss of
m6A RNA modification as hematopoiesis-specific inducible
Mettl3 KO mice also lack functional long-term reconstituting
HSCs (86). Whether m6A RNA modification accounts for the
published roles of RBM15 in RNA splicing, chromatin
remodeling, and nuclear export of RNA is not yet known (87).

As in other SPEN family members, the SPOC domain of
RBM15 can interact with the SMRT (silencer of retinoid and
thyroid receptors) and N-CoR (nuclear receptor corepressor)
complexes. These interactions suggest that RBM15 may act as
a transcriptional repressor when associated with DNA. How-
ever, to date, it has not been shown whether the fusion protein,
RBM15-MRFTA, is capable of interacting with the SMRT/N-
CoR complex via the SPOC domain of RBM15. In addition,
Ma et al. show that RBM15 affects Notch signaling by binding
to RBPJk (recombination signal binding protein for immuno-
globulin kappa J region), a transcription factor critical for
Notch signaling (80). RBM15 has cell type–specific stimulatory
and inhibitory effects on Notch signaling in transient trans-
fection assays (88).

RBM15 is differentially expressed during myelopoiesis;
additionally, suppression of Rbm15 enhances myeloid differ-
entiation, while enforced expression inhibits this process (80).
This evidence indicates that RBM15 plays a key role in normal
hematopoiesis and its aberrant regulation may promote the
development of AMKL (86, 89).

Mouse model of t(1;22) AMKL

A mouse model to study the RBM15–MTRFA fusion pro-
tein was produced to assess the mechanisms underlying
transformation to AMKL (2, 89). In this model, a cDNA
encoding full-length human MRTFA was inserted downstream
of exon 1 of endogenous murine Rbm15, which is analogous to
what occurs in the t(1;22) translocation. Homozygotes are
embryonic lethal (personal communication, Krause Lab).
Heterozygotes are viable, have a modest increase in mega-
karyoblasts in the fetal liver and, in vitro, their spleen-derived
hematopoietic progenitors have an increased colony replating
capacity (81). About 5% of heterozygous Rbm15-MRTFA
transgenic mice develop leukemia after a long latency period
(�16 months) (89). Critical, though, to the link with human
AMKL, the leukemia that they develop is characteristic of
AMKL. Thus, the mouse model is informative, but does not
parallel the presentation of human AMKL in infants.

Dysregulation of Notch signaling

Although much remains to be discovered, published data
have revealed several potential mechanisms by which the
RBM15–MRTFA fusion could promote AMKL. As with
RBM15, the RBM15–MRTFA fusion protein binds to and
activates RBPJk-mediated gene expression in vivo and in vitro
in a dose-dependent manner suggesting that AMKL
could result at least in part from dysregulated Notch signaling
(80, 81).
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This activity is mediated by the TAD of MRTFA and
the RRM domains of RBM15 (81). Activation of Notch
signaling has been implicated in HSC self-renewal, and Notch
signaling inhibits myeloid differentiation under certain con-
ditions, indicating that dysregulation of this pathway may be
important in megakaryoblast transformation in AMKL (80, 81,
84). Studies performed with Notch inhibitors demonstrated
that in the presence of RBM15-MRTFA, activation of RBPJk
target genes is independent of the upstream Notch signaling
pathway and may occur as a result of direct interactions be-
tween the fusion protein and RBPJk (81). Although deregu-
lated Notch signaling may play a key role in the pathogenesis
of AMKL, alone this dysregulation is insufficient to induce
leukemia. Because Notch signaling may also act to promote
normal megakaryocyte maturation, Mercher et al. suggest that
stimulation of Notch signaling by RBM15-MRTFA may un-
derlie the megakaryocytic phenotype of t(1;22) AMKL (81).

Aberrant regulation of SRF target genes

In addition to aberrant Notch signaling, RBM15–MRTFA
may also exert its oncogenic effects via aberrant regulation of
SRF target genes. RBM15–MRTFA has been demonstrated to
have an increased ability over MRTFA alone to activate SRF-
dependent gene transcription, even at very low expression
levels. However, nonintuitively, simultaneous overexpression
of RBM15–MRTFA with MRTFA leads to inhibition of SRF
target gene expression, suggesting that the relative ratio of
fusion protein to endogenous MRTFA differentially perturbs
SRF-dependent transcription (7, 12). Like RBM15, the
RBM15–MRTFA fusion protein is constitutively nuclear, and
RBM15–MRTFA fails to respond to cytochalasin D, which
induces SRF activity by dissociating MRTFA from G-actin
(84). Consistent with a lack of actin-dependent nuclear shut-
tling, RBM15-MRTFA does not bind G-actin despite the
presence of intact RPEL domains (84).

The Rho-independent nature of RBM15–MRTFA also
suggests that a potential mechanism of leukemogenesis is the
uncoupling of SRF activation from upstream signaling path-
ways. RBM15–MRTFA also activates SRF responsive pro-
moters that are usually considered to be TCF-dependent and
MRTFA-independent, thus presenting another possible
mechanism of dysregulation leading to the development of
AMKL (84). Interestingly, RBM15–MRTFA has a cytotoxic
effect and leads to decreased proliferation in the HEK293 cell
line, indicating that RBM15–MRTFA–expressing AMKL cells
have undergone other modifications to be able to survive (84).
Taken together, these data indicate that RBM15–MRTFA
likely leads to AMKL via aberrant regulation of both Notch
and SRF target genes. Finally, while it is known that m6A RNA
modification is critical for leukemogenesis, the extent to which
RBM15–MRTFA promotes AMKL by modifying the m6A
epitranscriptome is not yet known (86).

Epigenetic regulation

Another potential mechanism by which the RBM15–
MRTFA fusion gene may promote transformation is through
dysregulation of epigenetic modifications leading to abnormal
gene expression. Several critical regulators of epigenetic
markers, including the Set1-like enzymes, Setd1a and Setd1b,
and mixed-lineage leukemia (MLL) 1, MLL2, and MLL3 are
implicated in leukemias, solid tumors, and other hematopoi-
etic diseases (89). Both RBM15 and RBM15-MRTFA, but not
MRTFA alone, coimmunoprecipitate with Setd1b in 6133
cells, a murine cell line expressing the fusion protein (89). The
association of RBM15 and RBM15–MRTFA with the Setd1b
H3K4 histone methyltransferase (HMT) complex suggests that
in the presence of the RBM15–MRTFA protein, the normal
targeting of the complex is altered, leading to aberrant epige-
netic regulation and leukemogenesis. In the 6133 cell line,
which was derived from an AMKL that occurred in a 16-
month-old Rbm15-MRTFA transgenic mouse, overexpression
of exogenous Rbm15-MRTFA promotes cellular proliferation,
including cytokine-independent proliferation, and supports
cell survival, possibly via interactions with the Setd1b HMT
complex (89). Taken together, these findings suggest that
leukemic transformation may be a consequence of abnormal
interactions between Rbm15-MRTFA and HMT complexes,
including the Setd1b HMT complex. Further studies must be
conducted to determine the role of epigenetic regulation in the
development of AMKL.

Cooperating mutations

In the murine Rbm15-MRTFA transgenic mice (on a C56Bl6
background), addition of MPLW515L, an activating mutant of
the thrombopoietin receptor induces a fully penetrant, early
onset, and fatal disease that closely recapitulates human
AMKL (81). Increased phosphorylation of ERK1/2 and cell
proliferation were also observed, further indicating that this
MPL mutation could enhance leukemic transformation (81).
In patients with t(1;22), several additional cooperating muta-
tions in tyrosine kinases and other signaling molecules have
been identified (90). It is vital that future endeavors determine
the functionality of cooperating mutations that promote
transformation to AMKL.

Directions of future research

We have described here numerous functions for MRTFA in
megakaryopoiesis, muscle cell differentiation, and leukemo-
genesis. A comprehensive study of each structural domain of
MRTFA and their functions in various hematopoietic cells
should be undertaken to understand how these processes are
driven. To supplement this information, the tissue-specific
expression levels of each TV of MRTFA should be charac-
terized. Additional information about MRTFA-SRF tran-
scriptional targets in megakaryopoiesis is desired; how does
the activation of cytoskeletal gene expression by MRTFA-SRF
lead to proplatelet formation? Furthermore, it should be
investigated how RBM15–MRTFA interferes with or otherwise
alters normal megakaryopoiesis beyond acting as a constitutive
activator of SRF.

The potential ability of MRTFA to bind and regulate tran-
scription factors other than SRF (e.g., SMADs) is of particular
J. Biol. Chem. (2021) 296 100543 9
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interest as this may be an alternate avenue by which MRTFA
drives the development of megakaryocytes or other hemato-
poietic cells. Because MRTFA appears to interact with mem-
bers of the H3K4 methylation complex in various cell types, a
comprehensive study of this process is needed. Further char-
acterization of the SAP domain and its ability to bind DNA
independently of SRF could augment this information. Finally,
though it is known that the RBM15–MRTFA fusion protein
plays a role in AMKL progression by way of epigenetic mod-
ifications, this is an area that warrants further investigation.
We anticipate that further definition of the molecular mech-
anisms by which MRTFA controls cell differentiation and
maturation will provide potential avenues of investigation for
novel AMKL-specific therapies as well as treatments for other
diseases associated with improper regulation of cell maturation
and development.

Author contributions—F. R., S. T. L., and M. Y. M. researched the
primary literature, wrote and edited the manuscript. V. S. and D. S.
K. oversaw the process and edited the manuscript.

Funding and additional information—Funding for this study came
from the National Institutes of Health CA222518 (D. S. K.),
DK114031 (D. S. K.), and DK120798 (V. S.). The content of this
article is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: AML, acute myeloid
leukemia; AMKL, acute megakaryoblastic leukemia; DS-AMKL,
AMKL in patients with Down Syndrome; H3K4, histone 3 lysine 4;
HMT, histone methyltransferase; hMRTFA, human MRTFA; HSC,
hematopoietic stem cell; LINC, linker of nucleoskeleton and cyto-
skeleton; LZ, leucine-zipper; MLL, mixed-lineage leukemia;
MRTFA, myocardin-related transcription factor A; MYH9, myosin
heavy chain 9; MYL9, myosin regulatory light polypeptide 9; non-
DS-AMKL, AMKL in patients without Down Syndrome; SRF,
serum response factor; TAD, transcriptional activation domain;
TCF, ternary complex factor; TV, transcript variant.

References

1. Ma, Z., Morris, S. W., Valentine, V., Li, M., Herbrick, J. A., Cui, X.,
Bouman, D., Li, Y., Mehta, P. K., Nizetic, D., Kaneko, Y., Chan, G. C.,
Chan, L. C., Squire, J., Scherer, S. W., et al. (2001) Fusion of two novel
genes, RBM15 and MKL1, in the t(1;22)(p13;q13) of acute mega-
karyoblastic leukemia. Nat. Genet. 28, 220–221

2. Mercher, T., Coniat, M. B., Monni, R., Mauchauffe, M., Nguyen Khac, F.,
Gressin, L., Mugneret, F., Leblanc, T., Dastugue, N., Berger, R., and
Bernard, O. A. (2001) Involvement of a human gene related to the
Drosophila spen gene in the recurrent t(1;22) translocation of acute
megakaryocytic leukemia. Proc. Natl. Acad. Sci. U. S. A. 98, 5776–5779

3. Du, K. L., Chen, M., Li, J., Lepore, J. J., Mericko, P., and Parmacek, M. S.
(2004) Megakaryoblastic leukemia factor-1 transduces cytoskeletal signals
and induces smooth muscle cell differentiation from undifferentiated
embryonic stem cells. J. Biol. Chem. 279, 17578–17586

4. Smith, E. C., Thon, J. N., Devine, M. T., Lin, S., Schulz, V. P., Guo, Y.,
Massaro, S. A., Halene, S., Gallagher, P., Italiano, J. E., Jr., and Krause, D.
10 J. Biol. Chem. (2021) 296 100543
S. (2012) MKL1 and MKL2 play redundant and crucial roles in mega-
karyocyte maturation and platelet formation. Blood 120, 2317–2329

5. Gilles, L., Bluteau, D., Boukour, S., Chang, Y., Zhang, Y., Robert, T.,
Dessen, P., Debili, N., Bernard, O. A., Vainchenker, W., and Raslova, H.
(2009) MAL/SRF complex is involved in platelet formation and mega-
karyocyte migration by regulating MYL9 (MLC2) and MMP9. Blood 114,
4221–4232

6. Cen, B., Selvaraj, A., Burgess, R. C., Hitzler, J. K., Ma, Z., Morris, S. W.,
and Prywes, R. (2003) Megakaryoblastic leukemia 1, a potent transcrip-
tional coactivator for serum response factor (SRF), is required for serum
induction of SRF target genes. Mol. Cell Biol. 23, 6597–6608

7. Cen, B., Selvaraj, A., and Prywes, R. (2004) Myocardin/MKL family of SRF
coactivators: Key regulators of immediate early and muscle specific gene
expression. J. Cell Biochem. 93, 74–82

8. Wei, K., Che, N., and Chen, F. (2007) Myocardin-related transcription
factor B is required for normal mouse vascular development and smooth
muscle gene expression. Dev. Dyn. 236, 416–425

9. Li, J., Zhu, X., Chen, M., Cheng, L., Zhou, D., Lu, M. M., Du, K., Epstein, J.
A., and Parmacek, M. S. (2005) Myocardin-related transcription factor B is
required in cardiac neural crest for smooth muscle differentiation and
cardiovascular development. Proc. Natl. Acad. Sci. U. S. A. 102, 8916–8921

10. Oh, J., Richardson, J. A., and Olson, E. N. (2005) Requirement of myo-
cardin-related transcription factor-B for remodeling of branchial arch
arteries and smooth muscle differentiation. Proc. Natl. Acad. Sci. U. S. A.
102, 15122–15127

11. Selvaraj, A., and Prywes, R. (2003) Megakaryoblastic leukemia-1/2, a
transcriptional co-activator of serum response factor, is required for
skeletal myogenic differentiation. J. Biol. Chem. 278, 41977–41987

12. Mizuguchi, M., Fuju, T., Obita, T., Ishikawa, M., Tsuda, M., and Tabuchi,
A. (2014) Transient alpha-helices in the disordered RPEL motifs of the
serum response factor coactivator MKL1. Sci. Rep. 4, 5224

13. Miralles, F., Posern, G., Zaromytidou, A. I., and Treisman, R. (2003) Actin
dynamics control SRF activity by regulation of its coactivator MAL. Cell
113, 329–342

14. Guettler, S., Vartiainen, M. K., Miralles, F., Larijani, B., and Treisman, R.
(2008) RPEL motifs link the serum response factor cofactor MAL but not
myocardin to Rho signaling via actin binding. Mol. Cell Biol. 28, 732–742

15. Sprenkeler, E. G. G., Henriet, S., Tool, A., Kreft, I. C., van der Bijl, I.,
Aarts, C., van Houdt, M., Verkuijlen, P., van Aerde, K., Jaspers, G., van
Heijst, A., Koole, W., Gardeitchik, T., Geissler, J., de Boer, M., et al. (2020)
MKL1 deficiency results in a severe neutrophil motility defect due to
impaired actin polymerization. Blood 135, 2171–2181

16. Wang, D. Z., Li, S., Hockemeyer, D., Sutherland, L., Wang, Z., Schratt, G.,
Richardson, J. A., Nordheim, A., and Olson, E. N. (2002) Potentiation of
serum response factor activity by a family of myocardin-related tran-
scription factors. Proc. Natl. Acad. Sci. U. S. A. 99, 14855–14860

17. Aravind, L., and Koonin, E. V. (2000) Sap - a putative DNA-binding motif
involved in chromosomal organization. Trends Biochem. Sci. 25, 112–114

18. Asparuhova, M. B., Ferralli, J., Chiquet, M., and Chiquet-Ehrismann, R.
(2011) The transcriptional regulator megakaryoblastic leukemia-1 medi-
ates serum response factor-independent activation of tenascin-C tran-
scription by mechanical stress. FASEB J. 25, 3477–3488

19. Gurbuz, I., Ferralli, J., Roloff, T., Chiquet-Ehrismann, R., and Aspar-
uhova, M. B. (2014) SAP domain-dependent Mkl1 signaling stimulates
proliferation and cell migration by induction of a distinct gene set
indicative of poor prognosis in breast cancer patients. Mol. Cancer 13, 22

20. Record, J., Malinova, D., Zenner, H. L., Plagnol, V., Nowak, K., Syed, F.,
Bouma, G., Curtis, J., Gilmour, K., Cale, C., Hackett, S., Charras, G.,
Moulding, D., Nejentsev, S., Thrasher, A. J., et al. (2015) Immunodefi-
ciency and severe susceptibility to bacterial infection associated with a
loss-of-function homozygous mutation of MKL1. Blood 126, 1527–1535

21. Scharenberg, M. A., Pippenger, E. B., Sack, R., Zingg, D., Ferralli, J.,
Schenk, S., Martin, I., and Chiquet-Ehrismann, R. (2014) TGF-beta-
induced differentiation into myofibroblasts involves specific regulation of
two MKL1 isoforms. J. Cell Sci. 127, 1079–1091

22. Kozak, M. (1989) Context effects and inefficient initiation at non-AUG
codons in eucaryotic cell-free translation systems.Mol. Cell Biol. 9, 5073–
5080

http://refhub.elsevier.com/S0021-9258(21)00321-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref3
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref3
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref3
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref3
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref22


JBC REVIEWS: MRTFA in hematopoiesis
23. Ishikawa, M., Shiota, J., Ishibashi, Y., Hakamata, T., Shoji, S., Fukuchi, M.,
Tsuda, M., Shirao, T., Sekino, Y., Ohtsuka, T., Baraban, J. M., and Tab-
uchi, A. (2013) Identification, expression and characterization of rat
isoforms of the serum response factor (SRF) coactivator MKL1. FEBS
Open Bio 3, 387–393

24. Sasazuki, T., Sawada, T., Sakon, S., Kitamura, T., Kishi, T., Okazaki, T.,
Katano, M., Tanaka, M., Watanabe, M., Yagita, H., Okumura, K., and
Nakano, H. (2002) Identification of a novel transcriptional activator,
BSAC, by a functional cloning to inhibit tumor necrosis factor-induced
cell death. J. Biol. Chem. 277, 28853–28860

25. Sawada, T., Nishiyama, C., Kishi, T., Sasazuki, T., Komazawa-Sakon, S.,
Xue, X., Piao, J. H., Ogata, H., Nakayama, J., Taki, T., Hayashi, Y.,
Watanabe, M., Yagita, H., Okumura, K., and Nakano, H. (2008) Fusion of
OTT to BSAC results in aberrant up-regulation of transcriptional activity.
J. Biol. Chem. 283, 26820–26828

26. Hill, C. S., Wynne, J., and Treisman, R. (1995) The Rho family GTPases
RhoA, Rac1, and CDC42Hs regulate transcriptional activation by SRF.
Cell 81, 1159–1170

27. Ridley, A. J., and Hall, A. (1992) The small GTP-binding protein rho
regulates the assembly of focal adhesions and actin stress fibers in
response to growth factors. Cell 70, 389–399

28. Sotiropoulos, A., Gineitis, D., Copeland, J., and Treisman, R. (1999)
Signal-regulated activation of serum response factor is mediated by
changes in actin dynamics. Cell 98, 159–169

29. Pawlowski, R., Rajakyla, E. K., Vartiainen, M. K., and Treisman, R. (2010)
An actin-regulated importin alpha/beta-dependent extended bipartite
NLS directs nuclear import of MRTF-A. EMBO J. 29, 3448–3458

30. Posern, G., Miralles, F., Guettler, S., and Treisman, R. (2004) Mutant
actins that stabilise F-actin use distinct mechanisms to activate the SRF
coactivator MAL. EMBO J. 23, 3973–3983

31. McNeill, M. C., Wray, J., Sala-Newby, G. B., Hindmarch, C. C. T., Smith,
S. A., Ebrahimighaei, R., Newby, A. C., and Bond, M. (2020) Nuclear actin
regulates cell proliferation and migration via inhibition of SRF and TEAD.
Biochim. Biophys. Acta Mol. Cell Res 1867, 118691

32. Stern, S., Debre, E., Stritt, C., Berger, J., Posern, G., and Knoll, B. (2009) A
nuclear actin function regulates neuronal motility by serum response
factor-dependent gene transcription. J. Neurosci. 29, 4512–4518

33. Hayashi, K., and Morita, T. (2013) Differences in the nuclear export
mechanism between myocardin and myocardin-related transcription
factor A. J. Biol. Chem. 288, 5743–5755

34. Muehlich, S., Wang, R., Lee, S. M., Lewis, T. C., Dai, C., and Prywes, R.
(2008) Serum-induced phosphorylation of the serum response factor
coactivator MKL1 by the extracellular signal-regulated kinase 1/2
pathway inhibits its nuclear localization. Mol. Cell Biol 28, 6302–6313

35. Panayiotou, R., Miralles, F., Pawlowski, R., Diring, J., Flynn, H. R., Skehel,
M., and Treisman, R. (2016) Phosphorylation acts positively and nega-
tively to regulate MRTF-A subcellular localisation and activity. Elife 5,
e15460

36. Kircher, P., Hermanns, C., Nossek, M., Drexler, M. K., Grosse, R.,
Fischer, M., Sarikas, A., Penkava, J., Lewis, T., Prywes, R., Gudermann, T.,
and Muehlich, S. (2015) Filamin A interacts with the coactivator MKL1
to promote the activity of the transcription factor SRF and cell migration.
Sci. Signal 8, ra112

37. Hinson, J. S., Medlin, M. D., Taylor, J. M., and Mack, C. P. (2008)
Regulation of myocardin factor protein stability by the LIM-only protein
FHL2. Am. J. Physiol. Heart Circ. Physiol. 295, H1067–H1075

38. Somogyi, K., and Rorth, P. (2004) Evidence for tension-based regulation
of Drosophila MAL and SRF during invasive cell migration. Dev. Cell 7,
85–93

39. Hoffman, L. M., Smith, M. A., Jensen, C. C., Yoshigi, M., Blankman, E.,
Ullman, K., and Beckerle, M. C. (2020) Mechanical stress triggers nuclear
remodeling and the formation of transmembrane actin nuclear lines with
associated nuclear pore complexes. Mol. Biol. Cell 31, 1774–1787

40. McGee, K. M., Vartiainen, M. K., Khaw, P. T., Treisman, R., and Bailly, M.
(2011) Nuclear transport of the serum response factor coactivator
MRTF-A is downregulated at tensional homeostasis. EMBO Rep. 12,
963–970
41. Huang, X., Yang, N., Fiore, V. F., Barker, T. H., Sun, Y., Morris, S. W.,
Ding, Q., Thannickal, V. J., and Zhou, Y. (2012) Matrix stiffness-induced
myofibroblast differentiation is mediated by intrinsic mechano-
transduction. Am. J. Respir. Cell Mol. Biol. 47, 340–348

42. Talwar, S., Jain, N., and Shivashankar, G. V. (2014) The regulation of gene
expression during onset of differentiation by nuclear mechanical het-
erogeneity. Biomaterials 35, 2411–2419

43. Thakar, K., and Carroll, C. W. (2019) Mkl1-dependent gene activation is
sufficient to induce actin cap assembly. Small GTPases 10, 433–440

44. Hu, X., Liu, Z. Z., Chen, X., Schulz, V. P., Kumar, A., Hartman, A. A.,
Weinstein, J., Johnston, J. F., Rodriguez, E. C., Eastman, A. E., Cheng, J.,
Min, L., Zhong, M., Carroll, C., Gallagher, P. G., et al. (2019) MKL1-actin
pathway restricts chromatin accessibility and prevents mature pluripo-
tency activation. Nat. Commun. 10, 1695

45. Zaromytidou, A. I., Miralles, F., and Treisman, R. (2006) MAL and
ternary complex factor use different mechanisms to contact a common
surface on the serum response factor DNA-binding domain. Mol. Cell
Biol. 26, 4134–4148

46. Esnault, C., Stewart, A., Gualdrini, F., East, P., Horswell, S., Matthews, N.,
and Treisman, R. (2014) Rho-actin signaling to the MRTF coactivators
dominates the immediate transcriptional response to serum in fibroblasts.
Genes Dev. 28, 943–958

47. Salvany, L., Muller, J., Guccione, E., and Rorth, P. (2014) The core and
conserved role of MAL is homeostatic regulation of actin levels. Genes
Dev. 28, 1048–1053

48. Leitner, L., Shaposhnikov, D., Descot, A., Hoffmann, R., and Posern, G.
(2010) Epithelial Protein Lost in Neoplasm alpha (Eplin-alpha) is tran-
scriptionally regulated by G-actin and MAL/MRTF coactivators. Mol.
Cancer 9, 60

49. Asparuhova, M. B., Secondini, C., Ruegg, C., and Chiquet-Ehrismann, R.
(2015) Mechanism of irradiation-induced mammary cancer metastasis: A
role for SAP-dependent Mkl1 signaling. Mol. Oncol. 9, 1510–1527

50. Gau, D., and Roy, P. (2018) SRF’ing and SAP’ing - the role of MRTF
proteins in cell migration. J. Cell Sci. 131, jcs218222

51. Cheng, X., Yang, Y., Fan, Z., Yu, L., Bai, H., Zhou, B., Wu, X., Xu, H.,
Fang, M., Shen, A., Chen, Q., and Xu, Y. (2015) MKL1 potentiates lung
cancer cell migration and invasion by epigenetically activating MMP9
transcription. Oncogene 34, 5570–5581

52. Cheng, E. C., Luo, Q., Bruscia, E. M., Renda, M. J., Troy, J. A., Massaro, S.
A., Tuck, D., Schulz, V., Mane, S. M., Berliner, N., Sun, Y., Morris, S. W.,
Qiu, C., and Krause, D. S. (2009) Role for MKL1 in megakaryocytic
maturation. Blood 113, 2826–2834

53. Xu, W., Zhao, Q., Wu, M., Fang, M., and Xu, Y. (2019) MKL1 mediates
TNF-alpha induced pro-inflammatory transcription by bridging the
crosstalk between BRG1 and WDR5. J. Biomed. Res. 33, 164–172

54. Ji, H., Tang, H., Lin, H., Mao, J., Gao, L., Liu, J., and Wu, T. (2014) Rho/
Rock cross-talks with transforming growth factor-beta/Smad pathway
participates in lung fibroblast-myofibroblast differentiation. Biomed. Rep.
2, 787–792

55. Iwasaki, K., Hayashi, K., Fujioka, T., and Sobue, K. (2008) Rho/Rho-
associated kinase signal regulates myogenic differentiation via myocardin-
related transcription factor-A/Smad-dependent transcription of the Id3
gene. J. Biol. Chem. 283, 21230–21241

56. Ziang, Y., Wang, J., Li, J. P., Guo, W., Huang, F., Zhang, H. M., Li, H. H.,
Dai, Z. T., Zhang, Z. J., Li, H., Bao, L. Y., Gu, C. J., Chen, K., Zhang, T. C.,
and Liao, X. H. (2020) MKL-1 is a coactivator for STAT5b, the regulator
of Treg cell development and function. Cell Commun. Signal 18, 107

57. Debili, N., Coulombel, L., Croisille, L., Katz, A., Guichard, J., Breton-
Gorius, J., and Vainchenker, W. (1996) Characterization of a bipotent
erythro-megakaryocytic progenitor in human bone marrow. Blood 88,
1284–1296

58. Xavier-Ferrucio, J., and Krause, D. S. (2018) Concise review: Bipotent
megakaryocytic-erythroid progenitors: Concepts and Controversies. Stem
Cells 36, 1138–1145

59. Branehog, I., Ridell, B., Swolin, B., and Weinfeld, A. (1975) Megakaryo-
cyte quantifications in relation to thrombokinetics in primary thrombo-
cythaemia and allied diseases. Scand. J. Haematol. 15, 321–332
J. Biol. Chem. (2021) 296 100543 11

http://refhub.elsevier.com/S0021-9258(21)00321-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref41
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref41
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref41
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref41
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref45
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref45
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref45
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref45
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref46
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref46
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref46
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref46
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref47
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref47
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref47
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref49
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref49
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref49
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref50
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref50
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref51
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref51
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref51
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref51
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref52
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref52
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref52
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref52
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref53
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref53
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref53
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref54
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref54
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref54
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref54
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref55
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref55
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref55
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref55
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref56
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref56
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref56
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref56
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref57
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref57
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref57
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref57
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref58
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref58
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref58
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref59
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref59
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref59


JBC REVIEWS: MRTFA in hematopoiesis
60. Zimmet, J., and Ravid, K. (2000) Polyploidy: Occurrence in nature,
mechanisms, and significance for the megakaryocyte-platelet system. Exp.
Hematol. 28, 3–16

61. Rabellino, E. M., Levene, R. B., Leung, L. L., and Nachman, R. L. (1981)
Human megakaryocytes. II. Expression of platelet proteins in early
marrow megakaryocytes. J. Exp. Med. 154, 88–100

62. Broudy, V. C., and Kaushansky, K. (1995) Thrombopoietin, the c-mpl
ligand, is a major regulator of platelet production. J. Leukoc. Biol. 57, 719–
725

63. Szalai, G., LaRue, A. C., and Watson, D. K. (2006) Molecular mechanisms
of megakaryopoiesis. Cell Mol. Life Sci. 63, 2460–2476

64. Tijssen, M. R., and Ghevaert, C. (2013) Transcription factors in late
megakaryopoiesis and related platelet disorders. J. Thromb. Haemost. 11,
593–604

65. Halene, S., Gao, Y., Hahn, K., Massaro, S., Italiano, J. E., Jr., Schulz, V.,
Lin, S., Kupfer, G. M., and Krause, D. S. (2010) Serum response factor is
an essential transcription factor in megakaryocytic maturation. Blood
116, 1942–1950

66. Ragu, C., Boukour, S., Elain, G., Wagner-Ballon, O., Raslova, H., Debili,
N., Olson, E. N., Daegelen, D., Vainchenker, W., Bernard, O. A., and
Penard-Lacronique, V. (2010) The serum response factor (SRF)/mega-
karyocytic acute leukemia (MAL) network participates in megakaryocyte
development. Leukemia 24, 1227–1230

67. Rahman, N. T., Schulz, V. P., Wang, L., Gallagher, P. G., Denisenko, O.,
Gualdrini, F., Esnault, C., and Krause, D. S. (2018) MRTFA augments
megakaryocyte maturation by enhancing the SRF regulatory axis. Blood
Adv. 2, 2691–2703

68. Geddis, A. E., Fox, N. E., Tkachenko, E., and Kaushansky, K. (2007)
Endomitotic megakaryocytes that form a bipolar spindle exhibit cleavage
furrow ingression followed by furrow regression. Cell Cycle 6, 455–460

69. Birkenfeld, J., Nalbant, P., Bohl, B. P., Pertz, O., Hahn, K. M., and Bokoch,
G. M. (2007) GEF-H1 modulates localized RhoA activation during
cytokinesis under the control of mitotic kinases. Dev. Cell 12, 699–712

70. Gao, Y., Smith, E., Ker, E., Campbell, P., Cheng, E. C., Zou, S., Lin, S.,
Wang, L., Halene, S., and Krause, D. S. (2012) Role of RhoA-specific
guanine exchange factors in regulation of endomitosis in megakaryocytes.
Dev. Cell 22, 573–584

71. Li, S., Chang, S., Qi, X., Richardson, J. A., and Olson, E. N. (2006)
Requirement of a myocardin-related transcription factor for development
of mammary myoepithelial cells. Mol. Cell Biol. 26, 5797–5808

72. Sun, Y., Boyd, K., Xu, W., Ma, J., Jackson, C. W., Fu, A., Shillingford, J. M.,
Robinson, G. W., Hennighausen, L., Hitzler, J. K., Ma, Z., and Morris, S.
W. (2006) Acute myeloid leukemia-associated Mkl1 (Mrtf-a) is a key
regulator of mammary gland function. Mol. Cell Biol. 26, 5809–5826

73. Costello, P., Sargent, M., Maurice, D., Esnault, C., Foster, K., Anjos-
Afonso, F., and Treisman, R. (2015) MRTF-SRF signaling is required for
seeding of HSC/Ps in bone marrow during development. Blood 125,
1244–1255

74. Sullivan, A. L., Benner, C., Heinz, S., Huang, W., Xie, L., Miano, J. M., and
Glass, C. K. (2011) Serum response factor utilizes distinct promoter- and
enhancer-based mechanisms to regulate cytoskeletal gene expression in
macrophages. Mol. Cell Biol. 31, 861–875

75. Zhang, H., Trivedi, A., Lee, J. U., Lohela, M., Lee, S. M., Fandel, T. M.,
Werb, Z., and Noble-Haeusslein, L. J. (2011) Matrix metalloproteinase-9
and stromal cell-derived factor-1 act synergistically to support migration
of blood-borne monocytes into the injured spinal cord. J. Neurosci. 31,
15894–15903
12 J. Biol. Chem. (2021) 296 100543
76. O’Connor, J. W., and Gomez, E. W. (2013) Cell adhesion and shape
regulate TGF-beta1-induced epithelial-myofibroblast transition via
MRTF-A signaling. PLoS One 8, e83188

77. Medjkane, S., Perez-Sanchez, C., Gaggioli, C., Sahai, E., and Treisman, R.
(2009) Myocardin-related transcription factors and SRF are required for
cytoskeletal dynamics and experimental metastasis. Nat. Cell Biol. 11,
257–268

78. Scharenberg, M. A., Chiquet-Ehrismann, R., and Asparuhova, M. B.
(2010) Megakaryoblastic leukemia protein-1 (MKL1): Increasing evidence
for an involvement in cancer progression and metastasis. Int. J. Biochem.
Cell Biol. 42, 1911–1914

79. Gruber, T. A., and Downing, J. R. (2015) The biology of pediatric acute
megakaryoblastic leukemia. Blood 126, 943–949

80. Ma, X., Renda, M. J., Wang, L., Cheng, E. C., Niu, C., Morris, S. W., Chi,
A. S., and Krause, D. S. (2007) Rbm15 modulates Notch-induced tran-
scriptional activation and affects myeloid differentiation. Mol. Cell Biol.
27, 3056–3064

81. Mercher, T., Raffel, G. D., Moore, S. A., Cornejo, M. G., Baudry-Bluteau,
D., Cagnard, N., Jesneck, J. L., Pikman, Y., Cullen, D., Williams, I. R.,
Akashi, K., Shigematsu, H., Bourquin, J. P., Giovannini, M., Vainchenker,
W., et al. (2009) The OTT-MAL fusion oncogene activates RBPJ-medi-
ated transcription and induces acute megakaryoblastic leukemia in a
knockin mouse model. J. Clin. Invest. 119, 852–864

82. Khan, I., Malinge, S., and Crispino, J. (2011) Myeloid leukemia in Down
syndrome. Crit. Rev. Oncog 16, 25–36

83. Laurent, A. P., Kotecha, R. S., and Malinge, S. (2020) Gain of chromo-
some 21 in hematological malignancies: Lessons from studying leukemia
in children with Down syndrome. Leukemia 34, 1984–1999

84. Descot, A., Rex-Haffner, M., Courtois, G., Bluteau, D., Menssen, A.,
Mercher, T., Bernard, O. A., Treisman, R., and Posern, G. (2008) OTT-
MAL is a deregulated activator of serum response factor-dependent gene
expression. Mol. Cell Biol. 28, 6171–6181

85. Patil, D. P., Chen, C. K., Pickering, B. F., Chow, A., Jackson, C., Guttman,
M., and Jaffrey, S. R. (2016) m(6)A RNA methylation promotes XIST-
mediated transcriptional repression. Nature 537, 369–373

86. Gao, Y., Vasic, R., Song, Y., Teng, R., Liu, C., Gbyli, R., Biancon, G., Nelakanti,
R., Lobben, K., Kudo, E., Liu, W., Ardasheva, A., Fu, X., Wang, X., Joshi, P.,
et al. (2020) m(6)A modification prevents formation of endogenous double-
Stranded RNAs and deleterious innate immune responses during hemato-
poietic development. Immunity 52, 1007–1021.e1008

87. Uranishi, H., Zolotukhin, A. S., Lindtner, S., Warming, S., Zhang, G. M.,
Bear, J., Copeland, N. G., Jenkins, N. A., Pavlakis, G. N., and Felber, B. K.
(2009) The RNA-binding motif protein 15B (RBM15B/OTT3) acts as
cofactor of the nuclear export receptor NXF1. J. Biol. Chem. 284, 26106–
26116

88. Mackinnon, R. N., Wall, M., Zordan, A., Nutalapati, S., Mercer, B.,
Peverall, J., and Campbell, L. J. (2013) Genome organization and the role
of centromeres in evolution of the erythroleukaemia cell line HEL. Evol.
Med. Public Health 2013, 225–240

89. Lee, J. H., and Skalnik, D. G. (2012) Rbm15-Mkl1 interacts with the
Setd1b histone H3-Lys4 methyltransferase via a SPOC domain that is
required for cytokine-independent proliferation. PLoS One 7, e42965

90. Jelinek, J., Oki, Y., Gharibyan, V., Bueso-Ramos, C., Prchal, J. T., Ver-
stovsek, S., Beran, M., Estey, E., Kantarjian, H. M., and Issa, J. P. (2005)
JAK2 mutation 1849G>T is rare in acute leukemias but can be found in
CMML, Philadelphia chromosome-negative CML, and megakaryocytic
leukemia. Blood 106, 3370–3373

http://refhub.elsevier.com/S0021-9258(21)00321-5/sref60
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref60
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref60
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref61
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref61
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref61
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref62
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref62
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref62
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref63
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref63
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref64
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref64
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref64
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref65
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref65
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref65
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref65
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref66
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref66
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref66
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref66
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref66
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref67
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref67
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref67
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref67
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref68
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref68
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref68
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref69
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref69
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref69
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref70
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref70
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref70
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref70
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref71
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref71
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref71
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref72
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref72
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref72
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref72
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref74
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref74
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref74
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref74
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref76
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref76
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref76
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref79
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref79
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref81
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref81
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref81
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref81
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref81
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref81
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref82
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref82
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref83
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref83
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref83
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref84
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref84
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref84
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref84
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref85
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref85
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref85
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref86
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref86
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref86
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref86
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref86
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref87
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref87
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref87
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref87
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref87
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref88
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref88
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref88
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref88
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref89
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref89
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref89
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref90
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref90
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref90
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref90
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref90
http://refhub.elsevier.com/S0021-9258(21)00321-5/sref90

	MRTFA: A critical protein in normal and malignant hematopoiesis and beyond
	MRTFA protein structure
	Protein structure and domain functions
	mRNA transcript variants
	Relationship to other myocardin family proteins

	Posttranslational regulation of MRTFA
	Dependence on G-protein–mediated actin polymerization
	Mechanosensitive signaling

	Role in transcription
	Interaction with SRF
	Targets of MRTFA–SRF transcriptional activity
	SRF-independent mechanisms of transcriptional activation

	Control of cell maturation and function
	MRTFA in megakaryopoiesis
	Other hematopoietic cell types affected by loss of function of MRTFA

	Acute megakaryoblastic leukemia
	RBM15-MRTFA fusion protein
	Mouse model of t(1;22) AMKL
	Dysregulation of Notch signaling
	Aberrant regulation of SRF target genes
	Epigenetic regulation
	Cooperating mutations

	Directions of future research
	Author contributions
	Funding and additional information
	References


