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ABSTRACT
Laura Michelle Weise Cross: Regulation of Smooth Muscle Cell Phenotype by the
RhoA Effectors mDia1 and mDia2
(Under the direction of Christopher P. Mack)
Smooth muscle cells (SMCs) play an important role in vascular development
and disease. Vascular SMCs undergo profound changes in phenotype in response
to environmental cues that aid in development and vascular repair, but perturbations
in the process contribute to many cardiovascular diseases, including atherosclerosis,
restenosis, and hypertension. Therefore, it is critical to determine the mechanisms
that control their phenotype.
We have previously shown that the small GTPase RhoA promotes SMC
differentiation through an SRF-dependent mechanism, and the RhoA effectors
mDia1 and mDia2 mediate this effect through actin polymerization-dependent
localization of the myocardin-related transcription factors (MRTFs). The primary aim
of this dissertation is to further dissect the contributions of mDia signaling to SMC
phenotype in vivo and in the nuclear compartment of the cell. Using a Cre-based
approach, we overexpressed a dominant-negative mDia variant specifically in SMCs
in a mouse model. We determined that inhibition of mDia signaling impaired cardiac
structure and normal vessel morphology in a subset of developing mice. Adult mice
exhibited altered SMC marker gene expression and abnormal SMC migration,
indicating that mDia signaling has roles in both SMC differentiation and migration.
iii

In vitro studies revealed that mDia variants that preferentially localized to the
nucleus significantly enhanced SMC-specific transcription, while those that were less
nuclear exhibited reduced SMC transcriptional activity. These observations were
also recapitulated with other RhoA signaling genes, implicating a model whereby
nuclear RhoA signaling promotes SMC differentiation.
Finally, little is known about the mechanisms regulating the expression of the
RhoA signaling gene program. Using DNase I hypersensitivity methods coupled to
high-throughput sequecing, deletion and mutation analysis, and a transgenic LacZ
approach, we present novel evidence that this signaling pathway, including mDia2,
may be regulated in an SRF-dependent manner. Because RhoA signaling promotes
SRF-dependent transcription, we hypothesize that this mechanism serves as an
auto-regulatory feed-forward circuit to promote SMC differentiation.
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE
Vascular development and vessel structure
The vascular system is composed of a complex network of arteries, veins,
and capillaries whose primary function is the transport of blood, oxygen, metabolites,
and other nutrients throughout the body. The vasculature is the first organ to develop
in the embryo, because unlike other organs, it has to be functional for the proper
growth and differentiation of all tissues. It must adapt to changing requirements
throughout embryogenesis, and major defects in the developing vasculature lead to
early embryonic lethality1. Vasculature growth and maintenance occurs through
three processes: vasculogenesis, angiogenesis, and vascular remodeling.
Vasculogenesis, which begins around embryonic day (E) 7.0-8.0 in the mouse2, is
the process by which primitive mesodermal hemangioblasts differentiate into
vascular endothelial cells (ECs) and begin to form primitive hollow tubes with an
open lumen. Angiogenesis is the proliferation and sprouting of new vessels from
these preexisting ones3. Because the maturing embryo requires efficient circulation
throughout development, larger blood vessels cannot form out of straightforward
tree-like growth after heart development. Instead, they must undergo extensive
vascular remodeling as the embryo grows in size and complexity. ECs make up the
innermost wall of blood vessels, and under normal circumstances, they provide a
smooth, intact, non-thrombogenic surface and play an important role in vascular
hemostasis, inflammation, and regulation of blood pressure4. However, as the heart
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begins to beat and blood flow starts generating hemodynamic force against the
primitive vascular endothelium, an increasing demand for vascular integrity likely
triggers the recruitment of pericytes and smooth muscle cells (SMCs) to surround
these early blood vessels for physical support, regulation of blood flow, and
maintenance of blood pressure5. Proper vascular development requires extensive
migration, proliferation, differentiation, and remodeling of SMCs.
The general structure and cellular components of blood vessels are largely
the same throughout the vasculature, although specific features vary widely based
upon location and functional requirements. The three main layers of a blood vessel
are the innermost tunica intima, consisting of endothelial cells and a thin layer of
subendothelial connective tissue, the tunica media, largely composed of vascular
SMCs with some elastic fibers and connective tissue, and the outermost tunica
adventitia, which consists of collagen-rich extracellular matrix, fibroblasts, and
various stem/progenitor/support cells6. Because arteries are subject to high pulsatile
blood pressure compared to the rest of the vasculature, their vascular walls,
particularly the muscular medial layer, are thicker than venous walls. Veins, on the
other hand, have wider diameters, larger lumens, and contain about two-thirds of all
the blood in the body (Figure 1.1A). Capillaries consist of little more than
endothelium and connective tissue in order to facilitate rapid exchange of various
substances between blood and tissues.
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Figure 1.1. SMCs play an important role in vascular development and disease. A) Schematic of
a normal artery and vein. Internal Elastic Lamina (IEL) defines border between media and intima.
External Elastic Lamina (EEL) defines border between media and adventitia. B) Vascular SMCs
derive from multiple developmental precursor lineages. The general physiological location of vascular
SMCs is indicated. C) SMCs can undergo phenotypic switching between synthetic and differentiated
states. Proliferative, migratory, and marker gene expression characteristics vary along this sliding
scale. D) SMCs play important roles in vascular pathologies. In atherosclerosis, SMC migration into
the intima contributes to plaque development by depositing ECM and forming foam cells, but SMCs
also stabilize the lesion by contributing to fibrous cap formation. Angioplasty is frequently utilized to
open highly stenotic atherosclerotic vessels, but one of the most common complications of this
procedure is post-angioplasty restenosis, in which injury to the endothelium triggers SMC phenotypic
modulation, migration and proliferation into the intima, resulting in lumen closure.
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Smooth muscle cells in vascular development and disease
ECs have been extensively studied in the vasculature, but the signals that
regulate SMC function in development, maturation, and homeostasis are complex,
highly variable, and less well understood. This is partly due to the fact that the SMCs
that invest the vasculature are derived from at least seven distinct progenitor
populations (Figure 1.1B) 7. Although these cells from diverse lineages are
morphologically indistinguishable, they can exhibit different characteristics. For
example, SMCs from different origins that exist within the same tissue display distal
separation, meaning that they rarely intermix7. Various SMCs can also display
diverse protein expression patterns and/or respond to agonists differently8. The
functional consequences of these differences are still a subject of debate in the field.
A better understanding of the mechanisms that specify and differentiate vascular
SMCs may have important implications for treating diseases of the vasculature.
During embryogenesis, the endothelium secretes platelet-derived growth
factor B (PDGF-B), a potent stimulator of SMC migration and proliferation, to recruit
SMCs and pericytes to the developing vascular plexus. The importance of SMC
investment of these primitive vessels is underscored by the fact that mice deficient in
PDGF-B exhibit early embryonic lethality due to capillary microaneurysms9, 10.
Several agonists have been shown to be important for the recruitment and initial
differentiation of SMCs in these nascent vessels, including Notch signaling, TGF-β,
and sphingosine-1-phosphate (S1P) 11, 12. Four transmembrane Notch receptors
have been described in mammals, with Notch3 being most highly expressed in
SMCs. For a thorough discussion of Notch signaling in the vasculature, the reader is

!

4!

directed to a review by Gridley13. Deletion of many of the Notch receptors or Notch
ligands, such as Jag1 and Dll4, results in embryonic lethality due to improper
vascular morphogenesis and/or arteriovenous malformations14-16. Notably, Notch 3deficient mice had markedly larger arteries with fewer smooth muscle cells investing
the medial layer compared to wild-type mice17. Notch3-/- vessels were more
morphologically similar to veins, and the gene expression profile of vascular SMCs
from these vessels also closely resembled those of veins, suggesting that Notch 3 is
required for arterio-venous specification of SMCs.
Transforming growth factor (TGF)-β is a cytokine that regulates vascular
development by promoting the growth, differentiation, and matrix deposition of ECs,
SMCs, and lymphocytes. In SMCs, as in most cells, TGF-β signals primarily through
a heteromeric complex of two serine/threonine kinase receptors, the type II TGF-β
receptor and the type I receptor ALK5 to phosphorylate and activate Smads 2 and
318. These Smads complex with Smad4, translocate to the nucleus, and activate
gene transcription, often in combination with other transcription factors/co-factors.
Several studies implicate the transcription factor serum response factor (SRF) in
TGF-β-mediated SMC differentiation19, 20. S1P is a sphingolipid agonist that signals
through its specific receptors S1PR1-5 to regulate many biological processes in
multiple cell types21. We have previously shown that S1P stimulates SMC
differentiation through an SRF-dependent mechanism22, 23, and there is recent
evidence of cross-talk between TGF-β and S1P signaling to this end24-27. SRFdependent transcription will be discussed in great detail later in this chapter.
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Although SMCs are clearly needed to provide physical support to the vascular
wall, the primary function of medial SMCs is contraction and regulation of blood
pressure and vessel tone28. Unlike skeletal and cardiac muscle, smooth muscle
does not terminally differentiate. SMCs retain a unique plasticity that allows them to
undergo profound changes in phenotype in response to environmental cues that
allows them to alternate between a contractile, differentiated state and a migratory,
proliferative state12, 28, 29. Normal adult vascular SMCs exhibit low rates of
proliferation and migration, and they express a unique set of SMC genes to maintain
a contractile, differentiated phenotype, including SM myosin heavy chain/SM MHC
(Myh11), SM α-actin (Acta2), calponin (Cnn1), and SM22 (Tagln) 12. These SMC
marker genes and other contractile-associated proteins promote the formation of
wide, elongated tensile cells that exhibit long actin and myosin filaments for efficient
contraction. Traditionally, reversion of SMCs to a less differentiated state, known as
phenotypic modulation, has been associated with less SMC differentiation marker
gene expression, higher migration, and higher proliferation (Figure 1.1C). This
plasticity promotes vessel maturation and injury repair, but improper control of this
process can contribute to multiple cardiovascular disease states, which is especially
important because arterial diseases are responsible for more morbidity and mortality
than any other type of human disease.
In atherosclerotic progression, plaques develop within the intimal layer of the
vessel as a result of the interaction between many cells, including ECs, SMCs, and
inflammatory cells30. As this lesion progresses in size and severity—causing lumen
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closure, or stenosis—both the mural wall and the plaque become more vulnerable to
rupture, often resulting in aneurysm, myocardial infarction, and/or stroke. SMCs
within these atherosclerotic plaques are phenotypically modulated from normal
medial SMCs, but they have conflicting roles in disease progression. They play a
protective role by forming a fibrous cap over the plaque and stabilizing the lesion
from rupture31, 32. However, they also contribute to the development of the lesion by
depositing extracellular matrix (ECM), endocytosing lipid deposits to form “foam
cells,” and exacerbating the inflammatory signaling cascade28. Atherosclerotic
stenosis is frequently treated by balloon angioplasty and stent placement to reduce
vessel occlusion (Figure 1.1D). Yet the incidence of restenosis as a complication of
this procedure is very high: up to 40% within 6 months after angioplasty, and up to
20% after bypass surgery33. Post-angioplasty restenosis occurs when mechanical
injury to the endothelium triggers medial SMC de-differentiation, followed by
migration and proliferation into the intima34. Bare metal stents significantly lower the
risk of restenosis compared to balloon angioplasty alone (~20-30%), and drugeluting stents, which secrete factors to reduce tissue growth into the intima have
even further lowered the risk (~5-20% incidence after 1 year) 35. However, there is
substantial room for improvement.
While it is well-established that SMC phenotypic modulation plays an
important role in atherosclerosis and restenosis, SMCs may also contribute to other
pathologies, such as hypertension, asthma, and cancer36. Systemic hypertension is
a widespread cardiovascular disease clinically defined as a sustained diastolic
pressure of >︎90 mmHg or a systolic blood pressure >︎140 mmHg28. The etiology of
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this disease is extremely complex, likely involving multiple genetic and
environmental factors. However, a common feature in the majority of hypertensive
cases is hypercontractility of vascular SMCs and remodeling of the extracellular
matrix (ECM), resulting in increased vascular stiffening37. Airway SMCs are similarly
altered in some cases of asthma38. In both cases, the lumen narrowing that
accompanies highly constrictive SMCs has negative health consequences.
Defective SMC differentiation is also a common characteristic of many forms
of cancer and metastasis. It is widely appreciated that the growth of tumors depends
upon the development of new blood vessels, but it is also important to note that
these cancer-associated vessels are often immature in that they are very poorly
invested with SMCs and pericytes. As such, they are very enlarged and extremely
leaky39, 40. In contrast, mature blood vessels, or those which are normally invested
with SMCs, are highly resistant to tumor cell penetration28. Given the fact that SMC
phenotype has a role in so many human diseases, it is important to understand the
mechanisms regulating SMC differentiation and phenotypic modulation.
Environmental cues alter SMC phenotype
SMC phenotype is influenced by a wide variety of extracellular signals,
including growth factors, contractile agonists, integrin-matrix interactions,
mechanical forces, and inflammatory stimuli from vascular injury28. The contractile
agonists angiotensin II and arginine vasopressin mediate increased expression of
SMC marker genes SM MHC, SM α-actin, and other contractile proteins like
vinmentin and tropomyosin41. ECM components also influence SMC phenotype. For
example, SMCs cultured on matrigel exhibit higher differentiation marker gene
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expression than those cultured on tissue culture plastic or fibronectin42, 43. It has also
been shown that exposure to mechanical stretch, like that which occurs when blood
begins to flow through nascent vessels, increases SMC marker gene expression44.
PDGF is a growth factor that suppresses expression of SMC marker genes,
while potently stimulating SMC migration and proliferation both in vitro and in vivo45,
46

. As such, it is considered an agonist of SMC phenotypic modulation. Blockage of

PDGF signaling has been shown to reduce SMC migration and proliferation into the
neointima in atherosclerotic and restenosis mouse models47. On the other hand,
TGF-β dramatically increases SMC marker gene transcription48, 49. Deletion or lossof-function mutations in TGF-β or its receptors lead to embryonic lethality, due to
vascular defects50. Although it was previously thought that proliferation/migration and
differentiation were mutually exclusive processes, it is now well established that
many factors beyond the proliferation status affect SMC marker gene expression
(and vice versa) 22, 48, 51. For instance, during late embryogenesis and postnatal
development, vascular SMCs exhibit high rates of proliferation while rapidly
increasing SMC marker expression52. Conversely, in advanced atherosclerotic
plaques, SMCs express low levels of differentiation markers and reduced
proliferative capability53, 54. In agreement with these observations, new agonists have
been identified that promote SMC differentiation and proliferation. Previous
members of our laboratory showed that S1P increases both SMC marker gene
expression and SMC proliferation by activating the small GTPase RhoA and ERK
MAP kinase, respectively22, 23. Accordingly, mice deficient in S1P receptors (S1PR1,
S1PR2, and/or S1PR3) exhibit vascular phenotypes due to failure of SMC
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investment and/or lack of SMC contractility55. Taken together, these data suggest
that in order to fully characterize SMC phenotype, it is necessary to assess
proliferation and migration status, in addition to SMC marker gene expression.
CArG Boxes and Serum Response Factor regulate SMC differentiation
To begin to address the question of the mechanisms that regulate SMC
differentiation, we must first define what differentiation means in an SMC-specific
context. Traditionally, the levels of SMC marker gene expression determine SMC
differentiation state. Therefore, the transcriptional mechanisms that control their
expression are of great interest. Curiously, the DNA element that was eventually
determined to be the primary regulator of SMC-specific transcription was first
discovered in the ubiquitously expressed early response growth gene, c-fos56. A 23base pair (BP) enhancer element within the c-fos promoter was strongly activated by
serum and growth factor stimulation and thus was named the serum response
element (SRE) 57. A shorter 10BP element that resembled the SRE was later
discovered within the cardiac α-actin gene, and this sequence was referred to as a
CArG box, due to its conserved DNA sequence: CC(A/T)6GG58. Mutations in the
CArG box severely attenuated expression of cardiac α-actin, demonstrating its
functional importance59. Subsequent promoter analysis identified CArG boxes within
the promoters of nearly every SMC differentiation marker gene28. Importantly,
mutations of CArG boxes within SM MHC, SM α-actin, Calponin, and SM22
promoters dramatically inactivated transcriptional activity both in vitro and in vivo6065
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10!

which are either growth-related or found in skeletal, cardiac, and/or smooth muscle
cells66.
The MADS box transcription factor, SRF, was first identified by its physical
interaction with SRE67, and it has since been shown to homodimerize at CArG boxes
(Figure 1.2A) 68. SRF regulates SMC-specific transcription by binding to conserved
CArG (CC(A/T)6GG) box elements within the promoters of virtually all SMC
differentiation marker genes61, 63, 64, 69. However, because SRF is ubiquitously
expressed, and many CArG-containing genes are not SMC-specific, additional
mechanisms are required to facilitate SMC-specific gene expression70. To date,
many SRF binding partners have been identified, supporting a model whereby SRF
transcription factors and co-factors confer cell type-specific transcription. For
example, SRF directly interacts with the transcription factors GATA-4 and Nkx2.5 to
promote cardiomyocyte differentiation71-74, and with MyoD and myogenin to drive
skeletal muscle-specific transcription75. Importantly, in 2001 Wang et al. identified
myocardin, a potent SRF co-factor that is selectively expressed in cardiac and
differentiated SMC cells in vivo76. Subsequent studies determined that two additional
myocardin-related transcription factors (MRTF-A and MRTF-B) confer SMC-specific
gene transcription by interacting physically with SRF22, 77-80. Myocardin knockout
mice exhibit embryonic lethality, due to lack of SMC differentiation and investment of
the dorsal aorta81. MRTF-B knockout resulted in defective SMC differentiation of the
neural crest cells populating the aortic arch82, 83, while MRTF-A knockout resulted in
lack of SMC marker gene expression in mammary epithelial cells during lactation84,
85
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postnatal death because these mice fail to upregulate contractile protein expression
in SMCs that populate the cardiac outflow tract and great arteries, resulting in patent
ductus arteriosus after birth86, 87.
RhoA-mediated actin polymerization regulates MRTF cellular localization
MRTF-A and MRTF-B expression is clearly important for SMC differentiation
marker gene expression, as evidenced by the phenotypes of the aforementioned
global and tissue-specific knockout mice. However, unlike myocardin, MRTF-A and
MRTF-B are more ubiquitously expressed transcription factors, indicating that their
ability to activate SMC-specific gene expression must be regulated by additional
mechanisms.
The Treisman lab was the first to link MRTF transcriptional activity to the
small GTPase RhoA88. RhoA is a member of the family of Rho GTPases, which also
includes Rac1 and Cdc42. These proteins cycle between a GDP- and GTP-bound
state, but can only interact with downstream effector proteins when bound to GTP.
Although Rho GTPases have some intrinsic GTP hydrolase activity, their activity is
tightly controlled by GTPase-Activating-Proteins (GAPs) and by Guanine-ExchangeFactors (GEFs) that promote the exchange of GDP for GTP (Figure 1.2B). Rho
proteins are further regulated by GDP-dissociation inhibitors (GDIs), which inhibit
GTPase activity by preventing nucleotide exchange. Due to their biphasic regulation,
Rho GTPases act as molecular “switches” that activate downstream effector proteins
to alter intracellular actin dynamics for cytoskeletal remodeling, membrane
trafficking, and cell adhesion89-91. RhoA exerts its functions through multiple
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Figure 1.2. The RhoA/MRTF/SRF signaling cascade regulates SMC-specific transcription. A)
Representation of the SM α-actin promoter region. Virtually all SMC differentiation marker genes
have CArG elements within their promoters, where SRF binds as a homodimer. B) Rho GTPases are
regulated by GAPs (GTPase Activating Proteins), GEFs (Guanine Exchange Factors), and GDIs
(GDP Dissociation Inhibitors). Notable, Rho GTPases can only activate downstream effectors when
bound to GTP. C) Schematic of signaling cascade that regulates SMC-specific transcription. When
RhoA is inactive, myocardin related transcription factors (MRTFs) are bound to G-actin in the
cytoplasm and unable to fully activate SMC marker gene transcription. However, when any one of
multiple extracellular stimuli activate RhoA, this leads to actin polymerization, dissociation of MRTFs
from actin, and subsequent nuclear translocation and/or retention of MRTFs.
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downstream effectors, including Rho kinase (ROCK), mammalian Diaphanous
(mDia), Citron, protein kinsase N (PKN), Rhophilin, and Rhotekin. Due in part to their
narrow tissue expression, our knowledge of the functions of Rhophilin and Rhotekin
is relatively poor. ROCK, the most studied RhoA effector, mediates Rho-dependent
actomyosin contractility through phosphorylation of myosin light chain and myosin
phsophatase, although it has been shown to play a role in differentiation, migration,
cell-cell adhesion, and apoptosis92. Citron and PKN, like ROCK, are kinases and
thus have multiple regulatory functions in the cell. mDia is a direct mediator of actin
polymerization, and its functions will be discussed in more detail later in this chapter
and throughout this dissertation. The Rho GTPases have traditionally been studied
in the context of adhesion and migration, but as more functions have been
discovered for actin in recent years, they are also now known to be critical regulators
of gene transcription.
We were the first to demonstrate that RhoA-dependent activation of MRTF
transcription is mediated by actin stress fiber formation70, 78, 80, 81, 93-96. Subsequent
studies revealed that the MRTFs contain conserved RPEL domains within their Nterminus that bind to Globular (G)-actin and trap the MRTFs in the cytoplasm by
masking a nuclear localization sequence80, 97-99. Accordingly, destruction of MRTFA’s RPEL domain results in nuclear sequestration of the transcription factor88. RhoA
activation stimulates polymerization of G-actin to filamentous (F)-actin, disrupting
actin binding to RPEL domains. Therefore, unbound MRTFs localize from the
cytoplasm into the nucleus, where they stimulate SMC-specific gene expression22, 76,
88, 98
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for the differing localization patterns of the myocardin family of transcription factors.
Myocardin’s RPEL domain very weakly binds G-actin, resulting in constitutively
nuclear localization of myocardin97. MRTF-B, on the other hand, exhibits the highest
binding affinity for G-actin, resulting in high cytoplasmic retention compared to
MRTF-A under either serum-starved or serum-treated conditions. Taken together,
our current model of SMC-specific gene transcription suggests that multiple
extracellular cues converge through the activation of RhoA, which promotes actin
polymerization and thereby reduction in G-actin availability, finally resulting in
increased translocation and/or retention of MRTF-A and MRTF-B in the nucleus.
These transcription factors then bind to SRF and potently stimulate SMC-specific
gene transcription (Figure 1.2C).
Leukemia-Associated RhoGEF (LARG) regulates RhoA activity in SMCs
Although RhoA is known to stimulate SMC-specific transcription, little is
known about the GEFs and GAPs that regulate RhoA activity specifically in SMCs.
As previously mentioned, Rho Guanine Exchange Factors (RhoGEFs) activate small
GTPases by facilitating the exchange of GDP for GTP100, 101. Multiple GEFs are
highly expressed in the vasculature, including p63Rho-GEF, Lbc, Trio, and the RGS
RhoGEFs p115 (Arhgef1), PDZ (Arhgef11), and LARG (Arhgef12) 102. Some GEFs
have been shown to activate virtually every small GTPase, while some show
specificity to only RhoA, Rac1, or Cdc42. The RGS RhoGEFs have repeatedly
shown high specificity for RhoA and are thus a major focus for RhoA-mediated SMC
differentiation. The Offermanns laboratory showed that LARG was required for the
increased contractility that accompanies salt-induced hypertension103. Our lab was
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the first to show that S1P preferentially signaled through S1PR2 to activate LARG
and promote RhoA-dependent SMC marker gene expression23, and others
demonstrated that mice deficient in LARG exhibited reduced RhoA-dependent SRF
activation and inhibition of SMC differentiation104. Because LARG is an important
regulator of SMC differentiation, it will be important to further study the mechanisms
that regulate LARG expression and activity, which will be discussed in further detail
in Chapter 4 of this dissertation.
The RhoA effectors mDia1 and mDia2 promote SMC differentiation
Since RhoA signaling is an important regulator of SMC differentiation,
dissecting the molecular pathways downstream of RhoA that modulate this process
is critical. Active GTP-bound RhoA physically interacts with multiple effectors,
including Rho-associated protein kinases (ROCK 1 and 2), mammalian diaphanous
proteins 1 and 2 (mDia1 and mDia2), protein kinase N (PKN), citron kinase,
rhophilin, rhotekin92. The most widely-studied RhoA effector ROCK stimulates actin
polymerization through a LIM-kinase-dependent signaling cascade that inhibits
cofilin’s ability to sever F-actin, and by enhancing actin fiber bundling and cell
contractility105-107. However, the ROCK inhibitor Y-27632 only partially inhibits SMC
marker gene expression, suggesting that additional RhoA effectors are important for
this process96, 108. Because the RhoA effectors mDia1 and mDia2 directly catalyze
actin polymerization109-111 and are highly expressed in SM-containing tissues79, we
hypothesized that they might regulate SMC differentiation. mDia1 and mDia2 are
members of the Diaphanous-Related Formin (DRF) family, a subset of the group of
proteins known as formins. Formins are multi-domain proteins, usually over 140 kDa
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in size that are defined by the presence of formin homology (FH) domain 2. Although
the size and function of the domains flanking the FH2 domain vary widely across the
15 formins that have been identified, the FH2 domain directly binds G- and F-actin
and has been shown to nucleate actin molecules and elongate actin filaments112.
This roughly 400 BP domain forms a sort of “doughnut-shaped” head-to-tail dimer
around the fastest-growing filament barbed end to stabilize the growing filament and
prevent capping during the elongation process113. DRFs, classified by their
autoinhibition, are characterized by three highly-conserved formin homology (FH)
domains, a conserved GTPase binding domain (GBD) that interacts with Rho
GTPases, and a C-terminal diaphanous autoregulatory domain (DAD) (Figure 1.3A)
114, 115

. In the inactive state, the DRFs are inhibited by an intramolecular interaction

between the DAD and the N-terminal diaphanous inhibitory domain (DID) within the
FH3 domain, thus blocking the catalytically-active FH2 region116, 117. RhoA binding to
the GBD interrupts the DID-DAD interaction, which exposes this region (Figure
1.3B). The DRFs then dimerize and cooperate with the actin-binding protein
profilin—which binds to the proline-rich FH1 domain and recruits G-actin
molecules—to stimulate and accelerate actin polymerization (Figure 1.3C) 118, 119.
Our lab has previously shown that mDia1 and mDia2 were highly expressed
in SMC tissues and, when activated, strongly up-regulated SMC marker gene
expression and that their effects were mediated by MRTF nuclear localization79, 120.
Co-expression of either mDia1 or mDia2 with constitutively-active RhoA, or overexpressing a constitutively-active form of the DRF that lacks the inhibitory GBD/DID
domains strongly increased SMC-specific promoter activity in SMC precursor
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Figure 1.3. mDia1 and mDia2 promote SMC differentiation by directly catalyzing actin
polymerization. A) Schematic of diaphanous-related formins (DRFs). GBD, GTPase-binding domain;
FH, formin homology domain; DD, dimerization domain; CC, coiled coil domain; DAD, diaphanous
autoregulatory domain. B) DRFs are normally found in the autoinhibited state, in which an interaction
between the N-terminal diaphanous inhibitory domain (DID) within the FH3 domain binds to the Cterminal DAD. Binding of RhoA (or other Rho GTPases) alleviates this interaction, exposing the
catalytically active FH1/FH2 domains. C) When in the active state, the FH2 domains of DRFs potently
stimulate actin polymerization, in cooperation with the actin-binding protein profilin, which binds to the
FH1 domain.
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(10T1/2) cells. Furthermore, siRNA-mediated knockdown of mDia1 and/or mDia2
significantly reduced expression of endogenous SMC marker gene expression and
MRTF-A nuclear translocalization upon treatment with the RhoA agonist S1P,
indicating that mDia signaling is required for these responses79. Notably, mDia1 and
mDia2 have at least some redundant functions114, 115 and knocking down both
resulted in additive effects on these end-points.
Regulation of MRTFs by nuclear actin
The first evidence to suggest a link between nuclear actin and the regulation
of gene transcription was published by two separate groups in 1984121, 122. However,
these studies were initially ignored because the general consensus at the time was
that actin did not exist in the nuclear compartment and these researchers must have
had experimental contamination from abundant cytoplasmic actin. Furthermore, the
primary reagent used to visualize actin filaments, phalloidin, had never detected
polymerized actin in the nucleus. Now, roughly 30 years later, it is widely accepted
that actin not only exists in the nucleus, but it also plays a role in regulating gene
transcription by interacting with chromatin remodeling complexes as well as all three
RNA polymerases123. The structural configuration of nuclear actin has been difficult
to determine, primarily because the tools to identify polymerized nuclear actin are
lacking. However, short-actin-containing filaments were previously identified in the
nuclear pore complexes of amphibian oocytes124-126, and immunochemical studies
have had some success in identifying other nuclear actin structures. Interestingly,
McDonald et al. used a fluorescence recovery after photobleaching (FRAP) method
to estimate that roughly 20% of nuclear actin is polymeric127. Polymerized nuclear
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actin has also been inferred by the ability of actin polymerization inhibitors such as
latrunculin and cytochalasin to attenuate the activities of RNA polymerase and
chromatin modifying enzymes128, and recent studies have directly visualized
polymerized actin in the nucleus using high phalloidin concentrations and/or actinbinding domains fused to fluorescent probes129, 130.
Although the binding of G-actin to MRTFs was originally thought to sequester
MRTFs in the cytoplasm, Vartiainen et al. determined that the major rate-limiting
step in MRTF nuclear accumulation was actually the export of G-actin-bound MRTF
to the cytoplasm, rather than the import of unbound MRTFs131. Furthermore, these
authors demonstrated that MRTF-A interaction with actin in the nucleus did not
prevent its association with SRF-target genes, although it did inhibit transcriptional
activity. This finding indicates that nuclear G-actin is a critical determinant of MRTF
nuclear accumulation and activity, but not much is known about the mechanisms
regulating G-actin levels in the nuclear compartment. Because the DRFs mDia1 and
mDia2 regulate MRTF localization via actin polymerization79 and we and others had
observed mDia2 shuttling between the cytoplasmic and nuclear compartments132,
we hypothesized that the RhoA/mDia signaling cascade may regulate MRTF
accumulation and activity within the nucleus. Testing this hypothesis is the focus of
Chapter 3 of this dissertation.
RhoA and the DRFs mDia1 and mDia2 promote SMC migration
As a potent stimulator of actin polymerization, RhoA and its downstream
effectors also regulate the actin and adhesion dynamics that control cell migration
and division. Three main categories of actin filament structures can be distinguished
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that play an important role in cellular migration: 1) lamellipodia, which are broad
membrane protrusions at the leading edge of a migrating cell that are composed of a
meshwork of branched actin filaments, 2) filopodia, which are small “spike-like”
membrane projections that are stabilized by actin filament bundles of various sizes,
and 3) actin stress fibers, which are long, contractile cytoplasmic extensions that
connect to and/or communicate with focal adhesions and are also involved in crosstalk with myosin bundles92. Traditionally, Rac activation is associated with
lamellipodia, Cdc42 with filopodia, and RhoA with stress fibers, although there is
some overlap. For instance, using fluorescent biosensors, the Hahn lab has shown
that RhoA activity is concentrated at the leading edge of migrating cells where it is
thought to promote actin-based protrusions. RhoA is also involved in actindependent retraction of the tail edge of the cell and with ruffling at the cell edge133.
Many studies have shown that mDia1 and mDia2 promote the extension of new
actin filaments in filopodia formation5. Finally, it is becoming increasingly clear that
formins also regulate microtubule-dependent processes. Several studies indicate
that mDia1 and mDia2 associate with stable microtubules and these associations
may play critical roles in cytokinesis and cell migration91, 92, 134-151. Given their roles in
virtually every parameter that defines SMC phenotype, it will be valuable to further
study the RhoA/mDia/actin signaling cascade in SMCs, which is a major focus of
Chapter 2 of this dissertation.!
Epigenetic regulation of SMC differentiation
A major challenge in the vascular biology field is to determine the
mechanisms that regulate the transitions in SMC phenotype during development, but
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also in vascular injury and in the progression of cardiovascular diseases like
atherosclerosis and hypertension. There are three components to this question: 1)
Which extracellular cues and signals influence the differentiation and maturation of
SMCs? 2) What molecular mechanisms and intracellular signaling pathways alter
SMC-specific gene expression? 3) How are these signaling cascades are altered
from tissue to tissue and in disease states? The first two questions have been
previously discussed, but the third line of questioning is at the heart of understanding
the epigenetic mechanisms that regulate SMC differentiation.
The importance of SRF and the myocardin factors in regulating SMC
differentiation has been well established, but it is clear that additional mechanisms
are critical for the pattern of SMC-specific gene expression observed in vivo. For
example, the absence of SMC marker gene expression in the adult heart, where
myocardin expression is the greatest, and in other epithelial cell types that express
high MRTF levels strongly suggests that these cells posses a signal that specifically
inhibits myocardin factor-dependent activation of the SMC gene program.
Alternatively, SMCs may possess an additional positive signal required for SMCspecific marker gene expression. One mechanism likely to be important is
modification of chromatin structure that regulates transcription factor access to DNA.
Genomic DNA is organized into a fundamental structure called a nucleosome,
which consists of an octamer of histone proteins (dimers of histones H2A, H2B, H3
and H4) wrapped by 146 base pairs of DNA. Nucleosomes are connected to each
other by linker chromatin, primarily consisting of DNA and histone H1. The Nterminal tails of the histones are not bound to the nucleosome core and histone
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modifying enzymes can subject these tails to modifications—such as acetylation,
phosphorylation, and methylation—which alter chromatin structure and, therefore,
the accessibility of genomic DNA to transcriptional activators and repressors. For
example, histone acetyl transferases have been shown to modify lysine residues on
H3 and H4 by adding negatively-charged acetyl groups. These are thought to
interfere with the binding of these histones to DNA, thus in effect, relaxing the
chromatin and allowing transcription factor access to DNA. Conversely, histone
deacetylases remove acetyl groups, promoting more tightly-wound chromatin
structure, and thereby inhibiting transcription factor access and gene transcription. In
fact, H3 and H4 acetylation has been detected at the CArG-containing regions of
SMC-specific promoters65, 152. Unlike acetylation, histone methylation can be
associated with either gene activation or gene silencing, depending on whether or
not methylation recruits positive or negative transacting factors. Methylation at lysine
4 of histone 3 (H3K4) is associated with very highly transcriptionally active genes,
whereas methylation at H3K9 is strongly associated with gene inactivation.
Some labs have observed a unique pattern of histone modifications at SMC
marker promoter regions in SMCs vs. non-SMCs, including H3K4 and H3K79
dimethylation153. Recent studies from our lab and others suggest that the myocardin
factors may help bring about changes in chromatin structure required for SMC
differentiation. We have shown that MRTF-A and myocardin interact with the H3K9
histone demethylase, jmjd1a, and that jmjd1a-dependent demethylation of H3K9 at
SMC-specific promoters plays a critical role in differentiating 10T1/2 cells into SMC
and in regulating SMC phenotype154. In addition, myocardin recruits histone
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acetyltransferases and components of the ATP-dependent SWI/SNF nucleosome
remodeling complex to the SMC-specific promoters155. Taken together, these
studies support a model where cell-specific and locus-selective epigenetic
modifications play a role in the regulation of SMC phenotype.
Collaboration with members of the ENCODE consortium
Open chromatin regions are unassociated with nucleosomes, open to
transcription factor access, and, therefore, considered to be the hallmark of a DNA
regulatory element (Figure 1.4). The ENCODE (ENCyclopedia Of DNA Elements)
Consortium, which is a follow-up to the Human Genome Project, aims to identify all
functional elements within the human genome, and is, therefore, interested in
identifying open chromatin regions. Because these regions are unassociated with
nucleosomes, they are sensitive to nuclease digestion and can be identified by the
employment of DNase hypersensitivity (DHS) assays, in which intact, isolated nuclei
are subjected to limited digestion by the enzyme DNase I. Although this method has
been used for many years, its applicability was originally limited to DHSs in close
proximity to a gene of interest, and the process used to be very slow and laborintensive. Recently, high-throughput advancements in chromatin
immunoprecipitation (ChIP), microarray, and next-generation sequencing have made
it possible to characterize chromatin-structure on a genome-wide scale. Notably,
DNase-seq methods generate genome-wide DHS maps that identify putative DNA
regulatory elements with single-nucleotide resolution. Since our lab is interested in
identifying epigenetic mechanisms that regulate SMC-specific gene expression, we
collaborated with ENCODE researchers Jason Lieb (formerly at UNC, now at
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Closed Chromatin
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Open Chromatin
Figure 1.4. Chromatin structure affects transcription factor binding. Histone modifications alter
DNA accessibility. Heterochromatin, the most compact, closed chromatin, is inaccessible to
transcription factors (TFs). Thus, transcription is effectively turned “off.” However, histone
modifications that loosen chromatin structure allow transcription factor binding, and thus, activation of
gene transcription.
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University of Chicago), Terry Furey (UNC) and Greg Crawford (Duke) to map open
chromatin regions in human aortic SMCs and possibly identify novel transcription
mechanisms that regulate SMC phenotype. Over 125 cell types have been analyzed
by DHS methods, so we can use this database to identify open chromatin regions
that are specific to human SMCs.
Objective of this dissertation research
It is necessary to further elucidate the mechanisms that promote SMC
differentiation during development and maturation of the vasculature, as well as
those that regulate SMC phenotypic modulation in vascular injury or disease. The
diaphanous-related formins mDia1 and mDia2 are of particular interest to us
because we have previously shown their importance for driving SMC differentiation
in cultured cells due to actin polymerization-mediated localization of the MRTFs, but
they also have an critical role in cellular migration. In vivo studies of this actin-based
regulation of SMC differentiation are severely lacking. Therefore, the primary goal of
my dissertation was to determine the contributions of mDia-mediated actin signaling
to SMC phenotype in vivo during vascular development, in the maintenance of the
normal, differentiated state, and following phenotypic modulation that results from
vascular injury.
Previous lab members have also observed the nuclear shuttling of the DRF
mDia2 and LARG, and others have shown that nuclear actin regulates gene
transcription. Consequently, the second objective of this dissertation was to
complete the nuclear RhoA/mDia studies begun by Dean Staus, PhD and Matt
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Medlin, PhD, and determine if nuclear RhoA signaling plays a role in MRTF
localization and/or activity.
Finally, open chromatin regions are the hallmark of DNA regulatory elements,
and our lab is interested in identifying novel loci that may regulate SMC
differentiation and/or phenotype. Since the RhoA signaling cascade, including LARG
and the diaphanous-related formins mDia1 and mDia2, is an important regulator of
SMC-specific transcription and the expression of these proteins is highly SMCspecific, the final aim of this dissertation was to determine if there were any SMCspecific open chromatin regions within the genes of this pathway. If so, my goal was
to elucidate the mechanisms that might regulate expression of these genes in
SMCs.
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CHAPTER 2: INHIBITION OF DIAPHANOUS FORMIN SIGNALING IN VIVO
IMPAIRS CARDIOVASCULAR DEVELOPMENT AND ALTERS SMOOTH
MUSCLE CELL PHENOTYPE
Overview
We and others have previously shown that RhoA-dependent stimulation of
myocardin related transcription factor (MRTF) nuclear localization promotes smooth
muscle cell (SMC) marker gene expression. The goal of the present study was to
provide direct in vivo evidence that actin polymerization by the diaphanous-related
formins contributes to the regulation of SMC differentiation and/or phenotype.
Conditional cre-based genetic approaches were used to over-express a wellcharacterized dominant negative variant of mDia1 (DNmDia) in SMC. DNmDia
expression in SM22 expressing cells resulted in embryonic and perinatal lethality in
~20% of mice due to defects in myocardial development and SMC investment of
peripheral vessels. While most DNmDia+/SM22Cre+ mice exhibited no overt
phenotype, the re-expression of SMC differentiation marker gene expression that
occurs following carotid artery ligation was delayed, and this effect was
accompanied by a significant decrease in MRTF-A localization. Interestingly,
neointima growth was inhibited by expression of DNmDia in SMC and this was likely
due to a defect in directional SMC migration and not to deficiencies in SMC
proliferation or survival. Finally, by using the tamoxifen-inducible SM MHCCreERT2
line, we showed that SMC-specific induction of DNmDia in adult mice decreased
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SMC marker gene expression. Our demonstration that diaphanous-related formin
signaling plays a role in heart and vascular development and the maintenance of
SMC phenotype provides important new evidence that Rho/actin/MRTF signaling
plays a critical role in cardiovascular function.
Introduction
Smooth muscle cell (SMC) differentiation plays an important role in vascular
development and maintenance. Although medial SMC express a repertoire of
contractile-associated differentiation markers, they do not terminally differentiate
even in adult animals. Vascular SMCs can undergo profound changes in phenotype
in response to environmental cues that allows them to alternate between a
contractile, differentiated state and a migratory, proliferative state12, 28, 29. This
plasticity promotes vessel maturation and injury repair, but phenotypically modulated
SMC that exhibit decreased differentiation marker gene expression and increased
growth, migration, and matrix production have also been shown to contribute to the
progression of several important cardiovascular diseases including atherosclerosis,
hypertension, and restenosis12, 28. Therefore, a better understanding of the signaling
mechanisms that control these SMC functions will be critical.
Most SMC differentiation marker genes including SM myosin heavy chain
(SM MHC), SM α-actin, calponin, and SM22 are regulated by serum response factor
(SRF) binding to conserved CArG (CC(A/T)6GG) elements within the promoters of
these genes12. Because SRF is a ubiquitously-expressed protein that regulates the
expression of many non-SMC-specific CArG-containing genes, additional co-factors
confer SMC-specific gene transcription by interacting physically with SRF22, 76-80. The
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cardiac and SMC selective SRF co-factor, myocardin, strongly transactivates SMCspecific transcription and is required for SMC differentiation in vivo81. Two
myocardin-related transcription factors, MRTF-A and MRTF-B, have also been
identified that regulate SMC differentiation marker gene expression. Indeed, genetic
deletion of myocardin or MRTF-B in the mouse resulted in embryonic lethality
attributable to defects in SMC differentiation in the dorsal aorta and brachial arches,
respectively81-83. Mice lacking MRTF-A fail to upregulate SMC differentiation marker
gene expression in myoepithelial cells during lactation84. Additionally, selectively
ablating myocardin using Wnt1- or Pax3-Cre causes early postnatal death. These
mice fail to upregulate contractile protein expression in SMCs that populate the
cardiac outflow tract and greater arteries, and the ductus arteriosus remains patent
after birth86, 87.
The precise contributions of each myocardin factor to SMC differentiation are
complicated by the high functional homology and overlapping expression patterns of
this family, the well-known plasticity of SMCs, and the existence of multiple SMC
lineages. However, it is clear that the identification of the molecular mechanisms that
regulate myocardin factor activity will be critical for our understanding of the control
of SMC phenotype. We and others have demonstrated that RhoA-mediated actin
polymerization stimulates MRTF nuclear localization and is critical for SMC marker
gene expression in at least some SMC cell-types70, 78, 80, 81, 88, 93-96.!However, direct in
vivo evidence that this mechanism plays a role in the regulation of SMC
differentiation or phenotypic modulation is lacking.!
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We have previously identified a number of signaling mechanisms that control
RhoA activity in SMC22, 23 and have characterized the pathways downstream of
RhoA that regulate MRTF-dependent SMC-specific transcription79, 120. The Rhoassociated kinases (ROCK 1 and 2) increase actin polymerization indirectly through
a kinase cascade that inhibits cofilin’s ability to sever F-actin, and they also promote
stress fiber formation by enhancing actin fiber bundling and cell contractility105-107, 109.
However, we have shown that inhibition of ROCK signaling only partially inhibited
SMC-specific promoter activity96, 108, suggesting that additional RhoA effectors were
important. The diaphanous-related formins (DRFs), mDia1 and mDia2, are RhoA
effectors that directly catalyze linear actin polymerization in cooperation with
profilin109-111, 156, 157. We have shown that both are highly expressed in SMC, and
when activated, strongly up-regulate SMC marker gene expression79. Importantly,
siRNA-mediated knockdown of mDia1 and mDia2 in primary rat aortic SMC resulted
in a significant reduction in SMC-specific promoter activity, endogenous SMC
marker gene expression, and MRTF nuclear localization79, 120.
RhoA signaling also regulates the actin and adhesion dynamics that control
cell migration and division. Using fluorescent biosensors, Pertz et al. detected RhoA
activity near the leading edge of migrating cells where it is thought to promote actinbased cell protrusion. RhoA activity is also high at the rear of migrating cells where it
induces the contractile forces necessary for trailing edge retraction133. Several
studies have shown that mDia1 and mDia2 catalyze the linear actin polymerization
that is required for filopodia formation147. RhoA signaling also controls cell adhesion
by modulating focal adhesion formation and RhoA dependent activation of mDia2 at
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the cleavage furrow may be important for cytokinesis141, 150. Furthermore, the
misregulation of formins may play a role in human diseases, particularly cancer, in
which cancer cells may be less adhesive, and more migratory and invasive146.
Therefore, in addition to their roles in promoting SMC differentiation, both RhoA and
mDia1/2 are critical players in cell movement and migration. Given its pleitropic
effects on nearly all of the parameters that define SMC phenotype it will be critical to
further study RhoA/mDia/actin signaling in SMC.
The goal of the present study was to define the contributions of mDiamediated actin polymerization to SMC phenotype in vivo. We used genetic models
to inhibit DRF signaling in SMCs during cardiovascular development, and we studied
the effects of mDia inhibition on SMC phenotypic modulation in adult mice subjected
to carotid artery ligation. Our results indicate that mDia signaling was required for
normal cardiovascular development, and that inhibition of mDia signaling attenuated
SMC differentiation marker gene expression but reduced neointima formation by
inhibiting SMC migration.
Materials and Methods
Animal Studies – The DNmDia cDNA variant was cloned into a previously described
pBSCX1-LEL plasmid vector158, 159 (see Figure 2.2a), and transgenic mice were
generated by the University of North Carolina Animal Models Core. All animals were
housed in a university animal care facility accredited by the American Association for
Accreditation of Laboratory Animal Care, and all procedures were approved by the
University of North Carolina Institutional Animal Care and Use Committee. DNmDia
mice were bred with either SM22α-Cre mice (Jax) 160 or SM MHC-CreERT2 mice103
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to express DNmDia in an SMC-dependent manner. Some DNmDia mice were
crossed to the R26R Cre-recombinase reporter mouse line to map Cre expression.
To visualize in vivo LacZ expression, whole tissues were fixed in 4%
paraformaldehyde for 15 min, incubated in X-gal staining solution for 16 hr, fixed for
another 24 hr, dehydrated in increasing concentrations of methanol, and visualized
by X-gal clearing solution. For injury studies, carotid artery ligation was performed as
previously described161. Briefly, a suture was tied around the left common carotid
artery just below the bifurcation and the right carotid artery served as a sham
control. Animals were sacrificed at various times following injury, and tissues were
embedded in either paraffin or OCT. To determine neointimal area, we used ImageJ
(NIH) to measure circumference of the lumen, internal elastic lamina (IEL), and
external elastic lamina (EEL). Intimal area = IEL are minus lumen area. Medial area
= EEL area minus IEL area.
Immunofluorescence/Immunohistochemistry – For IHC in either transfected or
knockdown cells, cells were fixed in 4% paraformaldehyde for 20 minutes,
permeabilized in 0.5% Triton X-100 for 3 min, blocked in 10% goat serum/3% BSA in
PBS for 1 hr, then exposed to antibody in blocking solution for 1 hr. Alexa Fluor
secondary antibodies were used for visualization at 1:1000 and DAPI (200 nM) was
used to detect nuclei. TUNEL staining was performed with the In Situ Cell Death
Detection Kit, TMR red (Roche) as per the manufacturer’s instructions. For DAB
staining, HRP-conjugated secondary antibodies (Sigma) were used and signals
were visualized by development using ImmPACT DAB Peroxidase Substrate (SK4105, Vector labs). For MRTFA-DAPI colocalization, a confocal microscope was
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used to visualize 8 µm sections of ligated and uninjuted carotid arteries. The ImageJ
Plug-In “Colocalization Threshold” was used to quantify percent pixilation overlap of
DAPI and endogenous MRTF-A.
Western Blotting and Antibodies – To examine protein levels, lysates from cells or
tissues were prepared by lysing in RIPA buffer with protease and phosphatase
inhibitors as previously described161. The following primary antibodies were used:
Flag M2 (F1804, Sigma), SM MHC (ab53219, Abcam), SM α-actin (A5228, Sigma),
Calponin/CNN1 (LS-B7497, LifeSpan Bio), SM22/Transgelin (sc-271719, Santa
Cruz), α-Tubulin (T6074, Sigma), phospho-histone H3 (6-570, Millipore), and MRTFA (sc-32909, Santa Cruz). Blots were next incubated with horseradish peroxidase
secondary antibodies (Sigma). Blots were visualized after incubation with Luminol
Enhancer Solution (Thermo Scientific).
Plasmids, Cell Culture, and Transient Transfections – DNmDia cDNA (amino acids
567–1182, minus the 20AA from 750–770) was subcloned into flag pcDNA3.1 and/or
pmCherry-C3 (Clontech). LifeAct (MGVADLIKKFESISKEE) was cloned into the Nterminus of pEGFP-C1 (Clontech). 10T1/2 cells were obtained from ATCC and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal bovine
serum (FBS) and 0.5% penicillin-streptomycin. SMCs from rat or mouse thoracic
aorta were isolated and cultured as previously described162 and maintained in
DMEM:F12, also with 10% FBS and 0.5% penicillin-streptomycin. For transfections,
cells were maintained in 10% FBS media, and transfected 24 hr after plating at 7080% confluency, using the transfection reagent, TransIT-LT1 (Mirus), as per
protocol. For sphingosine-1-phosphate (S1P) treatment, 24 hr post-transfection cells
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were serum-starved in DMEM with 0.5% FBS for 16 hr and then treated with S1P
(Mateya) at 10 µM for 24 hr (Immunoblot) or 4 min (MRTFA localization).
Small Interfering RNA (siRNA) Mediated Knockdowns – The following short
interfering (si)RNAs were obtained from Invitrogen: control (GFP) 5'GGUGCGCUCCUGGACGUAGCC-3' , mDia1 5’-GGACCUCUAUUGCCCUCAATT3’, and mDia2 5'- GCAUGACAAGUUUGUGAUATT-3'. 10T1/2 or SMCs were split
and replated at 48 hr post knockdown for transwell assays, scratch wound assays,
cytotoxicity assays, and tetrazolium MTT assays.
Cytotoxicity Assays – Cells were split and replated at 20K cells/well into 48-well cell
culture plates for cytotoxicity assays. Assays were carried out as per protocol of
Cytotoxicity Detection Kit: LDH (Roche). Cells were maintained in 1% serum.
Negative control = untransfected cells. Positive control = NTC-siRNA cells in media
with 1% Triton-X-100. Absorbance at 490 nm was measured in three separate
experiments.
Proliferation Assays – Cells were split and replated at 5K/well into 96-well cell
culture plates for tetrazolium MTT assays. Cells were serum-starved for 16 hr and
treated with either 10% serum, 1 ng/ml TGF-β, or 20 ng/ml PDGF-BB for 24 hr. MTT
assays were carried out as per protocol of Cell Proliferation Kit I: MTT (Roche).
Absorbance at 600 nm was normalized to serum-starved NTC-siRNA for each cell
type for three separate experiments.
Flow Cytometry – 10T1/2 Cells or mouse aortic SMCs were split and resuspended at
a concentration of ~1x106 cells/ml in 0.1% Triton X-100 in PBS. DAPI was added to
cell suspension at 1 ug/ml, and cells were incubated on ice for 30 min prior to cell
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cycle analysis on a Becton Dickinson LSRII. At least 50,000 cells were scored per
siRNA condition, per cell type, in three separate experiments.
Migration Assays – For transwell assays, SMCs and 10T1/2 cells were trypsinized
and resuspended in serum-free media or 0.5% media, respectively. Approximately
20K cells were plated on transwell filters (8 µm pore size) precoated with fibronectin,
using the same media with 20 ng/ml PDGF-BB as a chemoattractant. After 7 hours,
the cells were fixed in 4% paraformaldyhyde and the remaining cells in the upper
chamber were removed with a cotton swab. Migrated cells were stained with 1%
Crystal Violet and visualized by microscopy. For scratch wound assays, 10T1/2 cells
were split and replated post-knockdown at high confluence, scratched with a P1000
pipette tip, and visualized every 3 hr until wound closure. For live cell imaging,
10T1/2 cells were transfected with both LifeAct-GFP and mCherry or mCherryDNmDia and imaged every 5 min for both unstimulated (random) migration (~8 hr)
and scratch wound-stimulated (directional) migration (~24 hr). Cell movement was
quantified using ImageJ.
Statistical Analyses – All values are presented as means ± SD. Comparisons were
performed by using unpaired Student t test or X2 analysis, as appropriate. All tests
were 2-tailed, and significance was accepted at p<︎0.05.
Results
Inhibition of mDia signaling in SM22-expressing cells led to some embryonic and/or
perinatal lethality
To determine the contributions of actin polymerization to the regulation of
SMC differentiation and/or phenotype in vivo, we used a genetic approach to over-
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express a dominant negative variant of mDia1 (previously described as F1FHΔ1109,
163

) specifically in SMC (Figure 2.1A). Because mDia1 and mDia2 are RhoA

effectors with considerable functional overlap114, 115, it is important to note that this
variant inhibits the function of all DRFs by dimerizing with endogenous profilin and
other formins and/or binding nonproductively with barbed actin filaments109, 163.
Another consideration for our approach was that DNmDia inhibits actin
polymerization more specifically than alternative interventions that target Rho and its
many effectors or ROCK and its many substrates. To ensure that this variant could
alter smooth muscle phenotype, we transfected Flag-DNmDia into multipotential
10T1/2 mouse cells and treated them with the RhoA agonist sphingosine-1phosphate (S1P). We and others have shown that these cells strongly upregulate
SMC-specific gene expression when treated with TGF-β or the RhoA agonist S1P11,
22, 79

, making them a useful tool for studying the regulation of smooth muscle cell

differentiation. In excellent agreement with our previous demonstration that DNmDia
inhibited the activities of exogenous SMC-specific promoters in luciferase assays in
a dose-dependent manner79, over-expression of DNmDia inhibited the endogenous
expression of multiple SMC-specific marker genes and the nuclear localization of
MRTF-A in S1P-treated 10T1/2 cells (Figure 2.1B-D).
Flag-tagged DNmDia was cloned into a previously described transgene
construct in which the constitutive expression of DNmDia (driven by a fragment of
the β-actin promoter) is inhibited by the upstream insertion of a floxed EGFP-Stop
cassette164, 165 (Figure 2.2A). DNmDia transgenic mice were generated on a
C57BL/6 background and were crossed to a well-characterized SM22Cre line160 that
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Figure 2.1. DNmDia expression inhibited SM-specific marker expression. A) Schematic of fulllength and dominant negative mDia1. FH, formin homology domain; GBD, GTPase-binding domain;
DID, diaphanous inhibitory domain; DAD, diaphanous autoinhibitory domain. B) 10T1/2 cells
transfected with DNmDia or empty expression vector (EV) were serum-starved, and treated with
sphingosine-1-phosphate (S1P) for 16 hr. Endogenous SMC marker expression was detected by
immunoblotting. C) 10T1/2 cells expressing mCherry or mCherry-DNmDia were serum-starved,
treated with S1P for 4 min, and then fixed. Localization of endogenous MRTF-A was determined by
immunohistochemistry. D) Quantification of MRTF-A nuclear localization from three separate
experiments with over 100 cells counted per condition. * p < 0.05.
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expresses Cre in most SMC subsets and in the developing myocardium166 (Figure
2.3A). Although many DNmDia+/SM22Cre+ mice were viable, the number that
reached adulthood was approximately 20% less than that expected by Mendelian
ratios (Figure 2.2B). A number of DNmDia+/SM22Cre+ mice died in utero with nonviable embryos beginning to appear at around E15.5. Hemorrhage was detected in 6
out of 17 DNmDia+/SM22Cre+ embryos between E15.5 – E18.5 and was most
visible near the smaller, more peripheral blood vessels of the head, limbs, and body
wall (Figure 2.2C). Immunohistologic examination of these mice revealed severely
dilated blood vessels that were poorly invested with SM α-actin expressing cells
(Figure 2.2D). Importantly, SMC coverage of larger blood vessels like the aorta and
carotid arteries was not significantly affected in hemorrhagic DNmDia+/SM22Cre+
embryos (Figure 2.2D), suggesting that different SMC populations may have varying
susceptibilities to aberrant forming signaling.
A subset of DNmDia+/SM22Cre+ mice also exhibited cardiac abnormalities,
including ventricular septal defect and hypoplasticity of the ventricular wall and
septum at E18.5 (Figure 2.2E). Since this SM22Cre line can drive Cre expression in
the embryonic heart, it was likely that DRF signaling was important for myocardial
cell proliferation/survival during this developmental window. Indeed, phosphohistone H3 staining revealed a dramatic reduction in myocardial cell proliferation in
DNmDia+/SM22Cre+ mice. A significant number of DNmDia+/SM22Cre+ mice died
perinatally, and while these mice appeared fairly normal at birth they quickly became
runted and did not survive past postnatal day 9. All dead pups had milk in their
stomach, suggesting that the runted phenotype was not due to a nursing defect.
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Figure 2.2. DNmDia expression in SM22-expressing cells resulted in some embryonic/perinatal
death. A) Schematic of the Cre-dependent transgene construct used to drive DNmDia expression. B)
+
+
Genotype ratios from the DNmDia x SM22Cre cross. C) Gross images of littermate control and
+
+
hemorrhagic DNmDia /SM22Cre embryos. D) H&E and SM α-actin staining of the indicated blood
+
+
vessels from DNmDia /SM22Cre and littermate control mice. Arrows point to a severely dilated
vessel with incomplete SMC investment. E) H&E and phospho-histone H3 staining of hearts from
+
+
DNmDia /SM22Cre and control mice at E18.5. Arrow points to ventricular septal defect. F) Western
blot for SMC differentiation marker gene expression in the aorta, bladder, and heart from littermate
+
+
control and phenotypically normal 4-week-old DNmDia /SM22Cre mice.
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Figure 2.3. SMC-specific expression in our transgenic models. X-gal stained SMC tissues of
+
+
+
+
T2
+
DNmDia /SM22Cre /Rosa (A) and tamoxifen-treated DNmDia /SMMHCCreER /Rosa mice (B).
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Histological analysis revealed lung congestion and hearts with thin ventricular walls
and low phospho-histone H3 expression, again suggestive of heart function defects
in these mice (Figure 2.4A,B).
A few, but not all, of these runted, hairless DNmDia mice also presented with
patent ductus arteriosus (PDA) (Figure 2.4C). The ductus arteriosus (DA) is a
muscular artery that directs blood flow from the pulmonary artery to the aorta in the
developing embryo, thus shunting blood away from the lungs. Normally, the DA
closes shortly after birth at the onset of breathing, establishing distinct pulmonary
and systemic blood circulation86. After closure, the SMCs populating the DA secrete
ECM and undergo apoptosis, resulting in a fibrotic ligament called the ligamentum
arteriosus. However, when the DA fails to close, this results in a congenital PDA,
irregular mixing of blood between the pulmonary artery and aorta, pressure overload
on the lungs, hypoxia, and congestive heart failure. The Parmacek lab previously
showed that lack of myocardin expression in SMCs populating the outflow tract led
to PDA and early postnatal death due to a failure of SMC contraction86. Based upon
our observations, it is possible that DNmDia expression in developing SMC
populations inhibits contraction and prevents closure of the DA. We will need to
directly measure contractile gene expression in these SMC populations to determine
the validity of this hypothesis. However, the fact that we have observed reduced SM
α-actin staining in some tissues from DNmDia mice suggests that inhibition of mDia
signaling prevents SMC differentiation during development in at least some contexts
(Figure 2.4B,D).
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Figure 2.4. Some DNmDia mice exhibited a runted, hairless phenotype. A) Gross images of a
+
+
+
+
runted DNmDia /SM22Cre mouse, a phenotypically normal DNmDia /SM22Cre mouse, and a
wildtype littermate at P9. B) Representative H&E sections from the heart, lungs, skin, and bladder of
the above animals. Note the thin ventricular wall, congested lungs, undifferentiated bladder, and
+
+
degenerative hair follicles in the runted, hairless DNmDia /SM22Cre mouse. C) Some runted,
hairless mice also exhibited patent ductus arteriosus, indicated by arrows. RA, right atrium; LA, left
atrium; RV, right ventricle; LV, left ventricle; Eso, esophagus; Br, bronchus; PA, pulmonary artery;
DAo, descending aorta. D) A runted phenotype was also observed at E13.5, coinciding with a
hypoplastic and less-differentiated heart.
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Importantly, the DNmDia+/SM22Cre+ mice that survived to adulthood had no
overt phenotype and a normal lifespan. Somewhat surprisingly, heart and vessel
morphology and SMC marker gene expression were unaffected even though
DNmDia was strongly expressed in these tissues (Figure 2.2F).
DNmDia expression altered SMC phenotype following arterial injury
It is clear that the activation of compensatory pathways during development
can modify the phenotype of genetically modified mice and that the application of
acute stresses can unmask previously undetected effects of genetic modifications.
The lack of phenotype in adult DNmDia+/SM22Cre+ provided us with an excellent
model for examining the effects of mDia signaling on SMC phenotypic modulation
following vascular injury. To this end, we subjected DNmDia+/SM22Cre+ and control
littermates to a carotid artery ligation procedure that results in a large neointima by
21 days and a down-regulation of SMC differentiation marker gene expression in
medial SMC that peaks at ~4-5 days post-injury and eventually returns to normal161
(Figure 2.5).
In excellent agreement with the Western blot data shown in Figure 2.2F,
immunohistochemical analyses revealed no differences in SM α-actin, SM MHC, or
calponin expression between uninjured arteries from control and
DNmDia+/SM22Cre+ mice (Figure 2.5). As expected, differentiation marker
expression in medial SMC was reduced at 4 days post-ligation in control mice, and a
similar reduction was observed in DNmDia+/SM22Cre+ animals (Figure 2.5C).
However, while SMC differentiation marker gene expression was already returning
to baseline by day 7 post-injury in control mice, it remained down-regulated in
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Figure 2.5. DNmDia delayed SM marker gene re-expression and reduced neointima formation
+
+
after carotid artery ligation. Adult DNmDia /SM22Cre mice and littermate controls were subjected
to ligation of the right carotid artery, just below the bifurcation. Left carotid arteries served as
uninjured controls. All sections were taken about 500 µm below the ligation site. A) Carotid arteries
were harvested at 7- or 21-days post-ligation, fixed, and embedded in paraffin. DAB staining for SM
α-actin was performed on 12 µm sections. B) Neointima formation was quantified from 12 µm H&Estained paraffin sections at 7- and 21-days post-ligation. Intimal areas were measured by ImageJ and
are expressed relative to medial area. % Lumen stenosis = Intimal area / Area encompassed by
Internal Elastic Lamina (IEL). N = 7 WT and 7 DNmDia mice at 7 days. N = 11 WT and 11 DNmDia
mice at 21 days. C) Carotid arteries were harvested from mice at 4 days or 7 days post-ligation and
frozen in OCT medium. Immunofluorescence staining for SM MHC and Calponin was performed on 8
µm sections. D) MRTFA localization was imaged by immunofluorescence in frozen sections taken
from uninjured carotid arteries and carotid arteries 7-days after ligation. Nuclear localization was
determined using ImageJ analysis of MRTF-A and DAPI co-staining. N = 3 WT and 3 DNmDia mice
for both unligated and 7-day ligated carotid arteries. E) phospho-histone H3 staining of 12 µm paraffin
sections from 7-day ligated WT and DNmDia carotid arteries. Arrowheads point to IEL. *p < 0.05.
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DNmDia+/SM22Cre+ mice (Figure 2.5A,C). This difference was not apparent at the
21-day time-point (Figure 2.5A), suggesting that the recovery of SMC marker gene
expression was delayed but not completely inhibited in this model. Importantly, the
differences in SMC marker gene expression at the 7-day time point were
accompanied by reductions in MRTF-A nuclear localization (Figure 2.5D), an effect
likely due to decreased actin polymerization in DNmDia-expressing SMC.
The ability of DNmDia to inhibit SMC marker gene expression in this model
suggested that these cells were more phenotypically modulated. However, injured
vessels from DNmDia+/SM22Cre+ mice had significantly less neointima formation
and less overall stenosis than controls (Figure 2.5A,B). Taken together, these data
suggest that mDia signaling has complex effects on SMC phenotype and provide
strong evidence that SMC differentiation and growth/migration are not mutually
exclusive and are independently regulated.
Inhibition of mDia signaling reduced directional SMC migration
Extensive evidence including the results from elegant lineage tracing studies
indicates that the majority of neointima SMC originate from the medial SMC layer
and that injury-induced increases in SMC migration and proliferation are critical for
neointima formation. Although it is well known that RhoA signaling has complex and
sometimes biphasic effects on these processes, the role of mDia signaling in SMC is
less clear. Thus, we performed additional analyses to identify the mechanism for
decreased neointima formation in DNmDia+/SM22Cre+ mice.
Although control mice exhibited larger neointimas than DNmDia mice, at 7
days post-ligation, we observed similar percentages of proliferating cells within the
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Figure 2.6. Inhibition of mDia signaling did not alter cell cycle, death, or proliferation. siRNAmediated knockdown of mDia1 and/or mDia2 was performed in 10T1/2 or mouse SMCs. A) 48-hr
post-knockdown, cells were subjected to indicated media conditions for 24 hr, followed by colorimetric
tetrazolium MTT assay. Absorbance at 600nm corresponds to active cell proliferation. N = 3 separate
experiments. B) 48-hr post knockdown, cells were fixed, permeabilized, and probed for phosphohistone H3. C) Quantification of pH3+ cells from three separate experiments with over 100 cells
counted per condition. D) 48-hr post-knockdown, cells were harvested, briefly stained with DAPI, and
subjected to cell cycle analysis by flow cytometry. 50,000+ cells cells were analyzed in three separate
experiments. E) 48-hr post-knockdown, cells were split and re-plated in 1% serum media. After 6hr,
media was removed from cells and subjected to colorimetric cytotoxicity assay based upon lactate
dehydrogenase activity in the media, which occurs upon plasma membrane rupture, and is measured
by absorbance at 490 nm. Negative control = untransfected cells. Positive control = cells treated with
1% Triton X-100. N = 3 separate experiments. F) 48-hr post-knockdown, SMCs were fixed,
permabilized, and stained for TUNEL+ cells. Positive control = cells subjected to UV light for 4 hr. G)
Quantification of TUNEL+ cells from siRNA-knockdown SMCs and DNmDia-overexpressing 10T1/2
cells. Three separate experiments with over 100 cells counted per condition. * p < 0.05.
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neointima (Figure 2.5E). To confirm this effect, we used several mDia loss-offunction models to assess proliferation in cultured cells. In agreement with the lack
of effect on neointimal cell proliferation we observed in vivo, knockdown of mDia1,
mDia2, or both in mouse aortic SMC or 10T1/2 cells had no significant effects on cell
proliferation as measured by phospho-histone H3 staining or MTT assays (Figure
2.6A-C). In addition, mDia knockdown or DNmDia overexpression had no effect on
cell cycle progression as measured by flow cytometry of DAPI-stained cells, and
results from TUNEL and lactate dehydrogenase release assays revealed no effects
on apoptosis or cytotoxicity, respectively (Figure 2.6D-G). Furthermore,
DNmDia+/Rosa26+/SM22Cre+ mice showed uniform expression in the aorta,
bladder, lungs, and heart, indicating no cell death in DNmDia+ cells in vivo (Figure
2.3A).
Based upon these results and previous studies demonstrating that mDiamediated actin polymerization was required for filopodia formation and cell
migration92, 147, we hypothesized that the decrease in neointima size in
DNmDia+/SM22Cre+ mice resulted from a decrease in migration from the medial
SMC layer. In strong support of this, siRNA-mediated knockdown of mDia1, mDia2,
or both resulted in a 50-70% decrease in SMC migration in transwell assays (Figure
2.7A) and attenuated scratch wound closure in 10T1/2 cells (Figure 2.7B).
Interestingly, live cell tracking studies demonstrated that sub-confluent cells
expressing DNmDia-mCherry were capable of random migration and that these cells
migrated similar distances to control cells (Figure 2.8A). Although DNmDiaexpressing and control cells also traversed similar distances in scratch wound
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Figure 2.7. mDia knockdown inhibited SMC migration. A) siRNA was used to knock down mDia1,
mDia2, or both in primary mouse aortic SMC. Equal numbers of mouse SMCs from each knockdown
group were plated onto fibronectin-coated transwell inserts and migration was stimulated for 8 hours
by addition of 20 ng/ml PDGF-BB to the bottom well. Following fixation and staining with Crystal
Violet, SMC migration was evaluated in three separate experiments and expressed relative to
migration of control cells set to 100%. *p < 0.05. B) Confluent cultures of control (NTC) and mDia1/2
knockdown 10T1/2 cells were scratched with a P1000 pipette tip and visualized every three hours.
Shown are time-points immediately after (0h) and 15h after scratch wounding.
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assays, directional migration toward the wound was inhibited in DNmDia expressing
cells (Figure 2.8B,C), strongly suggesting that inhibition of mDia signaling in SMC
leads to defects in directional migration and/or cell polarity. Accordingly, DNmDiaexpressing cells exhibited significant polarity defects as evidenced by lamellipodia
formation in multiple directions (Figure 2.8D) and failure of the microtubule
organizing center (MTOC) to orient toward the scratch wound (Figure 2.8E).
mDia signaling may promote maintenance of SMC differentiation in adults
The effects of DNmDia expression in SM22-expressing cells during
development were incompletely penetrant, and it is likely that stochastic differences
in the timing and/or level of DNmDia expression during a critical developmental
window helps explain these results. Compensatory pathways may also play a role
and our demonstration that DNmDia had no effect on SMC function at baseline in
adults, but delayed the re-expression of SMC differentiation marker gene expression
following carotid injury supports this idea. To test this hypothesis further, we crossed
DNmDia+ mice with the SMMHC-CreERT2 line that allowed us to activate DNmDia
expression specifically in SMC in adult mice, effectively by-passing any
compensatory pathways activated during development. Intraperitoneal injection of
tamoxifen for 5 consecutive days activated Cre in the SMC layers of the aorta,
bladder, lungs, and stomach in this model. (Figure 2.3B). Although we observed
considerable variability in DNmDia expression following tamoxifen treatment, SMC
marker gene expression in the aorta, bladder, and stomach was down-regulated
(Figure 2.9).

!

50!

A

B

C

D

E

Figure 2.8. DNmDia reduced directional migration. A) Subconfluent cultures of 10T1/2 cells were
transfected with mCherry (Control) or mCherry-DNmDia. Live-cell imaging was used to monitor
random (unstimulated) migration of 8 cells from each group for 8h. Individual cell migration paths from
a relative starting point (0,0) are shown and net distance traveled was quantified using ImageJ. B)
Confluent cultures of 10T1/2 cells expressing either mCherry-EV or mCherry-DNmDia were subjected
to scratch wound with a P1000 pipette tip. Nine cells near the wound edge from each group were
tracked for 24 hr. Graphs are oriented such that migration toward the scratch wound is indicated by a
positive value on the x-axis. C) Confluent cultures of 10T1/2 cells expressing either mCherry-EV or
mCherry-DNmDia were scraped with a P1000 pipette tip and then placed on an inverted microscope
equipped with a heated, humidified, and O2/CO2 perfused stage. Pictures taken every 5 minutes for
24 hr were assembled into movies using Quicktime. Nine cells from each group, starting at the front
of the scratch wound, were tracked. The averages of their displacement towards the wound was
averaged at every time point and plotted for 24 hr. D) Lamellipodia were counted and direction was
scored relative to scratch wound at 1-hr intervals for 24 hours. % lamellipodia scored towards the
wound is indicated. N = 9 cells for both groups, and 100+ lamellipodia were counted for each cell. E)
10T1/2 cells expressing either mCherry or mCherry-DNmDia were subjected to scratch wound for 8
hrs, fixed, and probed for α-Tubulin and stained with DAPI to mark MTOC orientation. 100+ cells
were counted in three separate experiments. * p < 0.05.
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Figure 2.9. Induction of DNmDia in adult mice inhibited SMC differentiation marker gene
+
+
expression. A) 3 littermate control and 6 DNmDia /SMMHCCre mice were injected with tamoxifen
IP for 5 consecutive days. The indicated tissues were harvested after 3 weeks, and frozen sections
were immunostained for the indicated SMC differentiation marker. Representative images are shown.
B) SMC differentiation marker gene expression was quantified in the above tissues by Western blot.
Expression values are expressed relative to α-Tubulin and are normalized to expression in control
animals set to 1. *p < 0.05.
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Discussion
To our knowledge, these results provide the first in vivo evidence that
signaling through the diaphanous-related formins is critical for SMC differentiation
marker gene expression and proper heart development. Our results also suggest
that inhibition of mDia signaling inhibits neointima formation by attenuating directed
SMC migration from the medial SMC layer of injured vessels.
Although 80% of DNmDia+/SM22Cre+ mice exhibited no detectable
phenotype, a significant number died during embryonic development or perinatally.
Several embryos exhibited considerable hemorrhaging, suggesting that vessel
integrity was affected by SMC-specific expression of DNmDia. Although the larger
vessels were properly layered with SM α-actin-expressing cells, there appeared to
be defects in SMC/pericyte investment of smaller vessels. Carramusa et al.
demonstrated that mDia1 was required for proper E-cadherin junction formation
between MCF-7 cells167 and inhibition of EC-SMC or SMC-SMC junctions in
DNmDia-expressing cells could contribute to the hemorrhage observed. This
phenotype was similar to that observed in global S1P2/S1P3 receptor double
knockout mice55, which also showed a lack of SMC/pericyte investment of smaller
blood vessels. Our previous studies demonstrating that S1P and S1P-dependent
RhoA signaling were critical for SMC differentiation22, 23 provide additional functional
links between these two models.
Many deaths were attributed to heart defects that included considerable
hypoplasticity. Since SM22, like many SMC differentiation markers, is expressed in
the myocardium during embryonic development, our Cre-based expression model
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resulted in permanent and constitutive expression of DNmDia in myocardial cells
potentially as early as E8.5166. Thus, the defects in heart development observed
were likely due to myocardial cell-autonomous effects of DNmDia on cell
proliferation. Since the IVS forms primarily by proliferative expansion of muscular
tissue of the outer curvature168, the VSDs observed may have been due to
decreased protrusion of this structure from the apical wall. However, we cannot rule
out a potential effect on the endocardial cushions that contribute to the anterior
portion of the IVS. A number of sarcomeric protein mutations lead to cardiac septal
defects169 and it is possible that abnormal sarcomere organization due to defects in
linear actin polymerization in DNmDia-expressing cells could be involved.
Interestingly, neither knockdown of mDia1 and mDia2 nor expression of DNmDia
had significant effects on proliferation in SMC. Gopinath et al. reported that mDia1
knockdown in c2c12 skeletal muscle cells inhibited cell cycle progression, perhaps
suggesting that proliferation in striated muscles is more sensitive to mDia
inhibition170. Taken together, our results demonstrate that DRF signaling plays a
functional role in normal cardiac development and blood vessel maturation.
Nevertheless, additional studies using Cre driver lines that are more cardiac-specific
will be needed to determine the precise role of mDia/DRF signaling on
cardiomyocyte proliferation and heart development.
We did not detect differences in SMC marker gene expression in the
DNmDia+/SM22Cre+ mice that survived to adulthood. However, we observed
developmental defects in SMC investment and vessel integrity and a delay in the reexpression of SMC marker genes following carotid artery in these animals. When
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coupled with the decrease in SMC marker gene expression upon activation of
DNmDia expression in adult SMC, these data strongly support our original
hypothesis that mDia-mediated actin polymerization plays a role in the regulation of
SMC phenotype in vivo. It is important to note that because DNmDia expression in
our model occurs only after initial SM22 activation, we do not yet know whether
mDia signaling is required for the initial differentiation of SMC or whether it is more
important for SMC maturation and/or maintenance.
DNmDia+/SM22Cre+ mice exhibited reduced neointima formation following
carotid artery ligation, and our cell culture studies suggest that this is likely due to a
migration defect. Notably, Touré et al. previously demonstrated that global mDia1
knockout (Drf1-/-) mice had reduced neointimal expansion following guide wire injury
in femoral arteries due to a migration defect171. However, in their model system,
Drf1-/- cells exhibited fewer lamellipodia in response to ligands for receptor for
advanced glycation endproducts (RAGE), indicating that the smooth muscle
migration defect was secondary to an immunoreactivity response. Due to the fact
that mDia1 deficiency has known migration defects in immune cells172-175, the role of
mDia signaling specifically in smooth muscle cells during vascular remodeling was
still unclear. Although it is well known that mDia1 and mDia2 control linear actin
polymerization92 and are required for filopodia formation and cell migration in
cultured cells149, 176, 177 and in vivo172-174, our data indicate that DNmDia expression
had no effect on overall SMC movement, but instead inhibited directional migration.
A growing body of evidence suggests that the diaphanous-related formins have
important effects on microtubule organization and on cell polarity142, 151, 175, 178-181,
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and our demonstration that MTOC and lamellipodia positioning were altered in
DNmDia expressing cells strongly supports these results. Thus, it will be critical to
identify the signaling mechanisms downstream of the diaphanous-related formins
that regulate cell polarity in SMCs.
Finally, previous studies have implicated MRTF-A-dependent transcription in
the regulation of cell migration in multiple cell types182-186. For example, Minami et al.
observed significantly attenuated neointima formation in wire-injured femoral arteries
of MRTF-A knockout mice or WT mice treated with the MRTF-A inhibitor
CCG1423187. They also demonstrated that knockdown of MRTF-A in cultured
vascular SMCs inhibited cell migration, coinciding with the reduced expression of
vinculin, matrix metalloproteinase-9 (MMP-9), and integrin β1, which are targets of
SRF and regulators of cell migration. Because MRTF-A expression plays a role in
cell migration that is dependent upon its transcriptional activity, it is likely that
mechanisms preventing MRTF-A nuclear localization would also impair SMC
migration. Therefore, in addition to the direct role mDia signaling plays in migration,
it may also control this process by regulating MRTF-A location and transcriptional
activity.
In summary, our data demonstrate that diaphanous-related formin-mediated
actin polymerization plays a role in proper heart and vascular development, the
maintenance of the differentiated SMC, and directional SMC migration. These
results provide important new evidence that the Rho/actin/MRTF signaling axis plays
a critical role in controlling SMC phenotype and support additional studies on this
pathway during cardiovascular development and disease.
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CHAPTER 3: NUCLEAR RHOA SIGNALING REGULATES MRTF-DEPENDENT
SMC-SPECIFIC TRANSCRIPTION1
Overview
We have previously shown that RhoA-mediated actin polymerization
stimulates smooth muscle cell (SMC)-specific transcription by regulating the nuclear
localization of the myocardin-related transcription factors (MRTFs). On the basis of
the recent demonstration that nuclear G-actin regulates MRTF nuclear export and
observations from our laboratory and others that the RhoA effector, mDia2, shuttles
between the nucleus and cytoplasm, we investigated whether nuclear RhoA
signaling plays a role in regulating MRTF activity. Previous lab members identified
sequences that control the subcellular localization of the RhoA guanine nucleotide
exchange factor (GEF), leukemia-associated RhoGEF (LARG), as well as the RhoA
effector, mDia2, and demonstrated that SMC-specific transcriptional activity was
altered by their ability to localize to the nucleus. Using a fluorescence recovery after
photo-bleaching (FRAP) technique, our lab also demonstrated that mDia signaling
reduces nuclear actin mobility, suggesting that mDia signaling regulates nuclear
actin dynamics. In this study, we took advantage of nuclear localization variants of
mDia2, RhoA, and LARG to demonstrate that nuclear RhoA signaling enhances
MRTF nuclear accumulation and SMC-specific transcription.
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1

Some of this chapter previously appeared in an article in The American Journal of Physiology –
Heart and Circulatory Physiology. The original citation is: Staus DP, Weise-Cross L, Mangum KD,
Medlin MD, Mangiante L, Taylor JM, Mack CP. “Nuclear RhoA signaling regulates MRTF-dependent
SMC-specific transcription,” Am J Physiol Heart Circ Physiol. 2014 Aug 1;307(3):H379-90.
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Introduction
Smooth muscle cell (SMC) differentiation is critical during vasculogenesis and
angiogenesis, and it is well recognized that defective control of this process plays an
important role in the progression of atherosclerosis and restenosis12. Serum
response factor (SRF) regulates the expression of a number of muscle-specific,
cytoskeletal, and early response growth genes by binding to conserved CArG
[CC(A/T)6GG] cis elements found within their promoters188. The cell type- and genespecific effects of SRF are mediated by direct interactions with additional cofactors.
The SRF cofactors of the myocardin family (myocardin and the myocardin-related
transcription factors, MRTF-A and MRTF-B) promote SMC-specific differentiation
marker gene expression77 and their importance in this process is supported by the
phenotypes of global and tissue-specific knockouts81-85.
Miralles et al. were the first to demonstrate that MRTF-A activity was
regulated by the small GTPase RhoA via a mechanism that involves G-actin binding
to the RPEL domains within the MRTF-A N-terminus that masks the MRTF-A
nuclear import sequence88 (See Figure 1.2C). Interestingly, Vartiainen et al. showed
that the rate-limiting determinant of MRTF-A nuclear accumulation was Crm-1dependent nuclear export and that MRTF-A binding to G-actin in the nucleus was
required for this export mechanism131. These authors also showed that the
association between MRTF-A and G-actin in the nucleus inhibited the transcriptional
activity of MRTF-A without preventing its association with SRF target genes.
Although these data indicate that nuclear G-actin modulates MRTF-A nuclear
accumulation and activity, we know very little about the regulation of G-actin levels
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within the nucleus.
We have previously shown that the RhoA signaling cascade is important for
regulating SMC-specific differentiation. Specifically, sphingosine-1-phosphate (S1P)
activates RhoA through leukemia-associated RhoGEF (LARG) 23, RhoA activation
promotes actin-polymerization dependent nuclear localization of the MRTFs96, and
this process is mediated in part via the diaphanous-related formins (DRFs) mDia1
and mDia279. However, information on the relationship between the activity of these
proteins and their cellular localization is lacking. Nuclear localization has traditionally
been considered an important property for transcription factors, histone modifying
proteins, and other DNA binding/modifying proteins. However, recent evidence
suggests that nuclear localization may have functional implications for Rho proteins
as well. Several RhoGEFs including Net1 and Ect2 have been shown to localize to
the nucleus189-191, and active RhoA has been measured in nuclear fractions192,
although the functional significance of these findings has not been fully addressed.
LARG is known to cycle through the nuclear compartment in a Crm-1-dependent
manner193, and both our laboratory and others observed that mDia2 shuttles through
the nucleus120, 132. Therefore, all the necessary components for RhoA-mediated actin
polymerization are present in the nucleus. Our lab has shown that treatment of
10T1/2 cells with S1P induced RhoA activity in the nucleus and forced nuclear
localization of RhoA and LARG, enhancing the ability of these proteins to stimulate
MRTF activity120. Taken together, these data support a model whereby RhoAdependent nuclear actin polymerization regulates SMC-specific transcription and
nuclear structure. The goal of this study was to determine if previously described
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nuclear variants of mDia2 and LARG could enhance MRTF nuclear localization and
if a nuclear-targeted constitutively active RhoA variant could stimulate SMC-specific
transcription.
Materials and Methods
Cell culture – SMCs were isolated from thoracic aortas of 8-wk-old mice by
enzymatic digestion as described previously79 and were maintained in DMEM/F12
(1:1) plus 10% fetal bovine serum and 0.5% penicillin-streptomycin. 10T1/2 cells
were maintained as above but in DMEM.
Plasmids – mDia2 and LARG constructs were subcloned into an N-terminal Flagtagged pcDNA3.1 expression vector and/or into EGFP-C1 (Clontech). MRTF-A/B
were obtained and cloned as described previously79. Flag-RhoA (L63) was a gift
from Gary Owens (University of Virginia). Deletions and point mutations in mDia2
and LARG were generated by Dean Staus and Matt Medlin, respectively, using the
Quikchange Site-Directed Mutagenesis Kit (Stratagene).
siRNA knockdown – The following short-interfering (si)RNAs were obtained from
Invitrogen; nontargeted control siRNA (NTC) (to GFP)
5′GGUGCGCUCCUGGACGUAGCC-3′, mDia2 5′-GCAUGACAAGUUUGUGAUATT3′, and mDia1 5′-GGACCUCUAUUGCCCUCAATT-3′. 10T1/2 cells were transfected
with siRNAs using Dharmafect (Dharmacon) and were harvested 96 h
posttransfection for protein expression analysis.
Western blotting – Cleared cell lysates were separated by SDS-PAGE, transferred to
nitrocellulose, and then probed with the following antibodies: Flag M2 (Sigma),
GAPDH (Santa Cruz Biotechnology), α-Tubulin (Sigma), SM α-actin (Sigma),
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calponin (Lifespan), SM22 (a generous gift from Mario Gimona; University of
Salzburg, Austria), mDia1 (Santa Cruz Biotechnology) and mDia2 (a generous gift
from Henry Higgs, Dartmouth College, Hanover, NH).
Immunoflourescence and protein localization – 10T1/2 cells were plated in four-well
chamber slides, maintained in 10% serum for 48 h, fixed in 4.0% paraformaldehyde,
and permeabilized in 0.5% Triton X-100. Slides were incubated for 2 h in primary
anti-Flag M2 antibody (Sigma). Alexa Fluor 555 anti-mouse secondary antibody
(1:500), Alexa Fluor 488 Phalloidin (1:500) and DAPI (90 nM) were added for 1 h.
For all localization experiments, GFP- or Flag-tagged proteins were scored into three
separate categories: nuclear, cytoplasmic, or diffuse (a nuclear:cytoplasmic ratio
from approximately 0.75 to 1.25). Localization results are presented as averages of
at least three separate experiments in which at least 100 cells per condition were
scored.
Transient transfections and reporter gene assays – Mouse aortic SMCs or 10T1/2
cells were seeded on 48-well plates and transfected at 70–80% confluency using
TransIT-LT1 (Mirus), according to the manufacturer's protocol. Luciferase assays
were conducted 48 h after transfection using the Steady-Glo system (Promega). The
SM22 and SM α-actin promoters have been previously described22. For
sphingosine-1-phosphate (S1P) treatment, cells were serum starved in 0.5% FBS for
18 h and then treated with S1P (10 µM; Matreya) for 24 h.
Statistical analyses – Results are presented as means ± SE from at least three
independent experiments. For luciferase assays and GFP-based nuclear RhoA
activity experiments, group differences were analyzed by paired Student's t-test. For
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all experiments, significance was considered as P < 0.05.
Results
mDia1 and mDia2 are required for SMC differentiation marker gene expression
Our lab previously demonstrated that overexpression of the DRFs mDia1 and
mDia2 increased SMC-specific promoter activity in 10T1/2 and rat aortic SMCs,
while siRNA-mediated knockdown of mDia1 and/or mDia2 significantly inhibited this
activity79, 120. We have previously shown that S1P upregulates SMC differentiation
marker gene expression in multipotential 10T1/2 cells through RhoA-dependent
stimulation of MRTF nuclear localization22, 23, so we wanted to determine the
contributions of mDia1 and mDia2 signaling in this model. Knockdown of mDia1 or
mDia2 inhibited SM α-actin, SM22, and calponin expression in S1P-treated cells,
and the combinatorial knockdown inhibited SMC marker gene expression more
effectively than either knockdown alone, suggesting that each of these formins has
an independent effect on SMC marker gene expression (Figure 3.1A). Furthermore,
knockdown of mDia1 and mDia2 considerably attenuated nuclear translocation of
endogenous MRTF-A upon S1P treatment (Figure 3.1B), indicating that mDia
signaling-dependent SMC marker gene expression is likely mediated by nuclear
accumulation and transcriptional activity of the MRTFs. Interestingly, mDia1 and
mDia2 protein levels increased upon S1P treatment, and mDia1 expression was
slightly inhibited by mDia2 knockdown. These results suggest that mDia1/mDia2
expression may be important for SMC-specific gene expression and may be
regulated by a positive feedback loop. Taken together, these results further support
the idea that mDia1 and mDia2 regulate SMC-specific transcription.
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Figure 3.1. Knockdown of mDia1 and mDia2 inhibited smooth muscle cell (SMC)-specific gene
expression. Multi-potential 10T1/2 cells were transfected with nontargeted control siRNA (NTC) or
siRNA to mDia1, mDia2, or both. A) Following 18 h of serum starvation in 0.5% FBS and 24 h of
exposure to 10 µM sphingosine-1-phosphate (S1P) or vehicle, cell lysates were subjected to Western
analysis with the indicated antibody. B) Following 18 h of serum starvation in 0.5% FBS, cells were
treated with 10 nM S1P for 4 min, fixed, and probed for endogenous MRTF-A. Over 100 cells were
counted for each condition in three separate experiments. Representative images are shown.
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mDia2 shuttles between the nucleus and cytoplasm
We and others originally attributed the transcriptional effects of mDia1 and
mDia2 to a decrease in cytoplasmic G-actin levels that promoted MRTF nuclear
import. However, given that the rate-limiting step in MRTF-A nuclear accumulation
was shown to be nuclear export131, we wanted to test whether these actin
polymerization factors had a nuclear function. All three DRFs are predominantly
cytoplasmic in 10T1/2 cells under normal conditions. However, our lab showed that
treatment with leptomycin B induced virtually complete nuclear localization of GFPtagged or endogenous mDia2, indicating that mDia2 shuttles through the nucleus
and that its cytoplasmic localization is maintained by Crm-1-dependent nuclear
export120. Subsequent mDia2 deletion studies identified nuclear import signals (NLS)
in the N-terminus and FH2 domain and a novel nuclear export signal (NES) at the Cterminus (Figure 3.2A). The reader is directed to Staus et al. 120 for a detailed
account of sequence analysis of these regions. Importantly, mutation
(L1064A/L1065A) of the NES resulted in significant nuclear localization of mDia2 in
the absence of leptomycin B (Figure 3.2C).
Nuclear localization of mDia2 enhances MRTF activation
mDia2 shuttles through the nucleus and is an important regulator of SMC
differentiation marker gene expression. Because that alone is not evidence that
mDia2 nuclear activity promotes SMC differentiation, previous lab members
compared wild-type and nuclear localization-deficient mDia2 variants for their ability
to stimulate SM22 promoter activity. Those mDia2 variants that were unable to
translocate to the nucleus did not stimulate SM22 promoter activity or MRTF-B
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Figure 3.2. Nuclear localization of mDia2 and LARG potently stimulated MRTF-B nuclear
accumulation. Schematic of the nuclear localization variants of (A) mDia2 and (B) LARG. C)
Quantification of localization of the indicated mDia2 and LARG variants in 10T1/2 cells. *p<0.05
compared to Wt. D) Quantification of GFP-MRTF-B localization in 10T1/2 cells co-expressing Flagtagged mDia2 or LARG variants or empty vector (EV). *p<0.05 compared to empty vector (EV).
#p<0.05 compared to mDia2 Wt.
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nuclear localization as strongly as wild-type mDia2, despite their ability to bind to
RhoA, suggesting that the decreased transcriptional effects observed were not due
to deficient activation of the mDia2 variants120. Furthermore, mDia2 variants that
preferentially localized to the nucleus, such as the L1064A/L1065A mutant,
stimulated SM22 transcriptional activity to a greater extent than Wt mDia2. We
showed that the L1064A/L1065A mutation significantly increased MRTF-B nuclear
localization compared to Wt mDia2 (Figure 3.2D), suggesting that the increased
promoter activity we observed with this mutant was a direct result of higher MRTF
nuclear accumulation.
Nuclear localization of RhoA and LARG increases MRTF-dependent transcription
We have previously shown that the RhoGEF LARG is a critical regulator of
RhoA activity in SMCs. Given previous studies demonstrating that monomeric LARG
shuttles through the nucleus193, we wanted to test whether this property was
important for the ability of LARG to promote MRTF-dependent transcription. Cotransfection of LARG nuclear localization variants with the SM22-luciferase reporter
demonstrated that overexpression of a nearly constitutively nuclear variant (ΔC
LARG) (Figure 3.2B) significantly increased SMC-specific transcription compared to
wild-type LARG120. When coupled with the observation that both wild-type and ΔC
LARG variants significantly enhanced MRTF nuclear localization (Figure 3.2D),
these data suggest that activation of RhoA in either compartment can regulate
MRTF-dependent transcription. Providing further support for this idea, a nucleartargeted constitutively active variant of RhoA exhibited significantly higher
transcriptional activity than its cytoplasmic counterpart (Figure 3.3A) without
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Figure 3.3. Nuclear-targeted RhoA stimulated SMC-specific transcription. A) 10T1/2 cells were
transfected with SM22-luciferase, MRTF-B, and either a cytoplasmic or nuclear-targeted variant of
constitutively active L63RhoA. *p<0.05 vs. empty vector. **p<0.05 vs. L63RhoA. B) Phalloidin
staining of 10T1/2 cells expressing the cytoplasmic and nuclear-targeted variants of L63RhoA.
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enhancing cytoplasmic actin polymerization, as measured by phalloidin staining
(Figure 3.3B), indicating that the observed increase in SMC-specific promoter
activity was due to RhoA activity in the nuclear compartment.
Discussion
The present study extends our understanding of the RhoA-dependent
mechanisms that regulate SMC-specific gene expression. We previously
demonstrated that nuclear localization of mDia2 and LARG enhanced SMC-specific
transcription. Here, we confirm that was likely due to increased MRTF nuclear
accumulation, providing physiological relevance to RhoA signaling within the nuclear
compartment. When coupled with our demonstration by FRAP that mDia signaling
regulates nuclear actin mobility120, our results support a model whereby RhoAdependent nuclear actin polymerization promotes MRTF nuclear accumulation by
decreasing nuclear G-actin pools. These data add to a growing body of evidence
indicating that nuclear actin polymerization has important physiological functions and
highlight the need to further characterize nuclear RhoA signaling, including other
effectors such as mDia1. Although mDia1 was not detected in the nucleus following
leptomycin B treatment (as mDia2 was), it remains possible that its cytoplasmic
localization is maintained by a Crm-1-independent nuclear export mechanism. In
fact, an mDia1 N-terminal deletion mutant was shown to be predominantly nuclear in
NIH 3T3 cells194, and mDia1 was previously identified in a multi-protein complex with
exportin6, a nuclear envelope protein not inhibited by leptomycin B that mediates the
export of an actin-profilin complex195, suggesting that mDia1 may enter the nucleus
under some conditions.
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Notably, our data demonstrate that nuclear-targeted constitutively active
RhoA significantly increased SM22 promoter activity, and co-transfection of MRTF-B
synergistically activated this response. Although we and others had previously
detected relatively low levels of RhoA in the nucleus, the mechanisms that control
RhoA levels and/or activity in this compartment are currently unclear. Because of
their relatively small size (roughly 21 kDa), the small GTPases should be able to
enter the nucleus by passive diffusion. However, many including Rac1 and RhoC
contain a C-terminal polybasic region that facilitates nuclear import196. The presence
of profilin, ROCK2, and LIMK2 in the nucleus suggests that actin polymerization
through this RhoA-dependent pathway may also be important for nuclear function195,
197, 198

. Although RhoA-mediated actin polymerization in the cytoplasm is known to

enhance MRTF nuclear import, it is possible that changes in G-actin levels in the
cytoplasm affect G-actin levels in the nucleus or vice versa. However, the
relationship between these two pools of actin is presently unclear and is an
interesting topic for future studies.
Importantly, a high-profile study by Baarlink et al. used several nucleartargeted approaches in combination with phalloidin staining and the actin-binding
reagent, Lifeact, to demonstrate that nuclear mDia signaling promoted dynamic
nuclear actin polymerization and the nuclear accumulation of MRTF-A in HeLa cells
and NIH3T3 fibroblasts129. In agreement with our results, this suggests that the
subcellular localization of mDia2 (or perhaps other DRFs) may be a critical
mechanism for controlling SMC phenotype. For example, several studies have
demonstrated that mDia2 localizes to the cell periphery, where it promotes cell
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migration136, 140, 176. Thus increased localization of mDia2 to the nucleus would inhibit
SMC phenotypic modulation by simultaneously inhibiting SMC migration and
promoting SMC differentiation marker gene expression. Clearly, it will be important
to determine the mechanisms that regulate mDia2 nuclear localization. A related
formin, Formin I, has also been shown to localize to cytoplasmic and nuclear
compartments. Interestingly, mice homozygous for a Formin I mutation that was
predominantly cytoplasmic exhibited limb and kidney defects, providing in vivo
evidence that nuclear localization can be an important determinant of formin
function199. Our DNmDia mouse model exhibits cardiovascular defects during
development and alterations to SMC phenotype in adults, suggesting that mDia
signaling is a critical regulator of SMC function in vivo. However, we have not yet
examined the effects of mDia subcellular localization in such a model.
Another interesting question is whether the nuclear localization of mDia2 is
influenced by its activation state. Given the presence of an NLS in the FH2 domain
and import and export sequences at the N and C termini, the dramatic
conformational change that occurs following RhoA-mediated disruption of the DIDDAD interaction may lead to differential exposure of these domains. Unfortunately,
most reports examining the localization of active mDia2 have used the ΔGBD
version, which lacks the N-terminal NLS. Our lab previously demonstrated that the
localization of a full-length constitutively active mDia2 variant (A272D) was
significantly less susceptible to leptomycin B-mediated nuclear accumulation120.
However, additional experiments will be required to test whether mDia2 activation
affects its subcellular localization.
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In summary, the results from the present study indicate that nuclear
localization of mDia2, the RhoGEF LARG, and RhoA play an important role in the
control of MRTF subcellular localization and SMC-specific gene transcription,
implying a role for nuclear RhoA signaling in MRTF-dependent gene expression.
With the abundance of evidence implicating actin in a variety of nuclear processes, it
will be critical to further characterize actin structure within the nucleus, to identify the
molecules that regulate actin dynamics in this compartment, and to determine the
contributions of actin polymerization to general and cell-type-specific gene
expression.
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CHAPTER 4: EXPRESSION OF THE RHOGEF LARG AND RHOA EFFECTOR
MDIA2 IS REGULATED BY A SMC-SPECIFIC, SRF-DEPENDENT MECHANISM
Overview
The phenotypic state of smooth muscle cells (SMCs) plays an important role
in vascular development and disease, and it is therefore critical to determine the
mechanisms that regulate SMC differentiation. As previously discussed, many of the
signaling molecules that alter SMC phenotype have been identified, including the
RhoA signaling cascade. However, very little is known about the mechanisms
regulating their expression in SMCs. To identify novel cis-regulatory elements for
genes expressed in SMCs, we generated genome wide maps of open chromatin by
DNase-seq and used bioinformatic analysis to identify SMC-specific DNase I
hypersensitivity sites (DHSs). Notably, virtually all the components of the RhoA
signaling pathway had SMC-specific DHSs. Based upon the presence of CArG box
elements within these regions, we hypothesized that expression of the RhoA
signaling program is regulated in a serum response factor (SRF)-dependent manner,
and that this mechanism serves as an auto-regulatory feed-forward circuit that
controls SMC phenotype. In this study, we present more detailed analysis of DHSs
from two RhoA signaling molecules, leukemia-associated RhoGEF (LARG), and
mDia2. In vitro transcriptional assays, gel shift, and chromatin immunoprecipitation
assays suggest that SRF binds to these enhancer regions and may regulate the
expression of these genes. Using a transgenic LacZ approach, preliminary evidence
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also suggests that a larger region of the mDia2 promoter, encompassing the DHS
and the transcriptional start site may drive SMC-selective expression in vivo.
Introduction
It is well-established that serum response factor (SRF) and the myocardin
family of transcription factors (myocardin, MRTF-A, and MRTF-B) mediate smooth
muscle cell (SMC)-specific transcription by interacting with CArG box elements
within the promoters of SMC differentiation marker genes12, 28. However, because
these transcription factors and co-factors are expressed in many non-SMC tissues,
additional mechanisms must be required for SMC-specific gene expression. The
identification of histone modifications and histone modifying enzymes that regulate
chromatin accessibility has led to the concept of a “histone code” for transcriptional
regulation. Histone acetylation has been detected at the CArG-containing regions of
SMC-specific promoters65, 152, and we and others have shown that methylation of the
lysine residues of histone H3 plays a critical role in SMC differentiation153, 154. Based
upon these studies and others suggesting that the myocardin factors may recruit
histone modification proteins to bring about changes in chromatin structure155, 200, 201,
it is clear that epigenetic mechanisms regulate SMC phenotype.
Recent advances in bioinformatics technologies have made it possible to
characterize chromatin structure on a genome-wide scale, and we were interested in
utilizing this technology to identify novel regulatory elements in SMCs. In a
collaborative effort with Terry Furey, Jason Lieb, and Greg Crawford, we mapped
open chromatin regions in human aortic SMC using a DNaseI hypersensitivity
method coupled to high-throughput sequencing202. These regions of the genome are
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unassociated with nucleosomes and are therefore often associated with regulatory
factor binding. Due to their “open” characteristic, they are sensitive to this type of
enzymatic digestion. The Encyclopedia of DNA Elements (ENCODE) Consortium
has DHS data from over 125 human non-SMC cell types, so in addition to finding all
open chromatin regions in SMCs, we used this database to determine which DHSs
are SMC-specific. Both datasets are potentially useful for determining the
mechanisms that regulate SMC differentiation, although in this study we gave priority
to SMC-specific DHSs. The goals of this study were to identify novel open chromatin
regions that might alter SMC phenotype and determine the mechanisms that
regulate the expression of those genes.
Materials and Methods
Cell culture. – Human aortic SMC (HuAoSMC; Cambrex) were maintained in
Clonectics SmGM media containing 10% FBS, insulin, hEGF, hFGF, and
gentamicin. Primary aortic vascular SMC were isolated from mice as previously
described203. In brief, thoracic aortas were stripped of the endothelial and adventitial
layers by micro-dissection. The SMCs in the media were isolated by enzymatic
digestion in buffer containing trypsin and collagenase. Cells were maintained in
Dulbecco's modified eagle medium with F12 supplemented with 10% fetal bovine
serum and 0.5% penicillin/streptomycin. 10T1/2 cells were obtained from ATCC and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal bovine
serum (FBS) and 0.5% penicillin-streptomycin.
DNase-seq and DHS determinations. – Briefly, intact nuclei were prepared from
serum-starved human aortic SMCs. After limited digestion with DNase I, biotinylated
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linkers were ligated onto DNase-digested ends, and following purification of these
DNA pieces on streptavadin beads, the addition of a second linker, and PCR
amplification, the remaining DNA fragments were sequenced and then aligned to
human reference genome sequences using BWA analysis. DNase-hypersensitive
sites (DHSs) were called by MACS software in human aortic SMCs. The ENCODE
database contains DNase I hypersensitivity data from >125 non-SMC human celltypes, so by comparing DHSs that were found in human aortic SMCs with DHSs that
occur in many other cell types, we were able to identify several “SMC- specific” open
chromatin regions that may function as SMC-specific transcriptional regulatory
elements. The specific cells used for comparison in this study were lymphoblastoid,
K562 leukemia, HepG2 hepatocellular carcinoma, human umbilical vein endothelial
cells (HUVEC), NHEK keratinocytes, HI embryonic stem cells, HeLa S3 cervical
carcinoma, L6 myoblasts, and L6 myotube cells.
Cloning DHSs – The following primer sets were used to clone SMC-specific DHSs
from HuAoSMC genomic DNA into pGL3 luciferase vectors:
LARG DHS.2 (681 bp): FWD 5’-GGCAGGACTGACTGTAGCAGTGGAGATG-3’,
REV 5’-CCACTGCATACAATTTACAAAGTATTGCTGGG-3’. mDia2 DHS.1 (431 bp):
FWD 5’-GACCATGATGAAGTGAGACAAAACAAGATCAC-3’, REV 5’AGCTAAGCAGAGGAGGTTGGCTTTATAGGC-3’. mDia2 Conserved Region A (352
bp): FWD 5’-GGTAGTGACATCTAACACTTTCAACTGAACC -3’, REV 5’TGAAAAGCAAAATGATAGCAGGAAGAGATGG-3’. mDia2 Conserved Region B
(390 bp): FWD 5’-ATAGGGATGATTGTCTCAGATTTAGAACAGG-3’, REV 5’CGTAGCAGTTTTTTCCTGTATTATTCTGCAGC-3’. mDia2 SRF/DHS.2 (1347 bp):
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FWD 5’-TGCAGTGAGTAGAGATCTCACCACTGCACTCC-3’, REV 5’CCTGATAGAAGAACCTAAGACACAACCTCAAGGC-3’. mDia2 DHS.3 (671 bp):
FWD 5’-CAAGAACTTGGGGACCAAGTTTTATTCTAGAG-3’, REV 5’CAGTTTTTCCATATTCCTAAGGAAAATGGTGG-3’. CArG mutations were
generated using the Quikchange Site-Directed Mutagenesis Kit (Stratagene).
Transient Transfections and Transcriptional Assays – For transfections, cells were
maintained in 10% FBS media, and transfected 24 hr after plating at 70-80%
confluency, using the transfection reagent, TransIT-LT1 (Mirus), as per protocol.
Luciferase assays were performed 48 hrs post-transfection as previously
described23, 79, using the Steady-Glo® Luciferase Assay System (Promega). For Xgal staining, cells were fixed in 4% paraformaldehyde and stained with X-gal staining
solution (5 mM Ferricyanide, 5 mM Ferrocyanide, 2 mM MgCl2, 1% DOC, 1mg/ml Xgal) for 16 hr. Slides were washed in PBS and imaged.
siRNA-mediated Knockdown and Western blots – The following short interfering
(si)RNAs were obtained from Invitrogen: non-targeted control (NTC) 5'GGUGCGCUCCUGGACGUAGCC-3'; SRF 5’- GAUGGAGUUCAUCGACAACAA- 3’.
To examine protein levels, lysates from cells were prepared by lysing in RIPA buffer
with protease and phosphatase inhibitors as previously described161. Lysates were
electrophoresed on 10-15% SDS-polyacrylamide gel, transferred to nitrocellulose,
and immunoblotted with the following primary antibodies from Santa Cruz: mDia1
(sc-10886), mDia2 (sc-135261), GAPDH (sc-25778), and SRF (sc-335). The LARG
antibody was a kind gift from Keith Burridge. Blots were next incubated with

!

76!

horseradish peroxidase secondary antibodies (Sigma) and visualized after
incubation with Luminol Enhancer Solution (Thermo Scientific).
Gel Shift assays – Whole cell extracts were prepared by scraping SMC in lysis buffer
(20 mM HEPES, pH 7.9, 5 mM EDTA, 10 mM EGTA, 5 mM NaF, 0.1 µg/ml okadaic
acid, 10% glycerol, 0.4 M KCl, 0.4% Triton X-100, 1 mM dithiothreitol, 5 µg/ml
leupeptin, 5 µg/ml aprotinin, 1 mM benzamidine). Lysates were left on ice for 5–10
min, and cell debris was pelleted and discarded. Supernatants were then frozen in
liquid N2 and stored at –80 °C for later use. Binding reactions were set up by
combining 25 µg of lysate, a 32P-labeled oligonucleotide probe (20,000 cpm), and
0.25 µg dI·dC in binding buffer (10 mM Tris, pH 7.5, 50 mM NaCl, 100 mM KCl, 1
mM dithiothreitol, 1 mM EDTA, 5% glycerol). Reactions were incubated for 30 min
before loading on nondenaturing 5% polyacrylamide gel that was pre-run at 170V for
1 h. Electrophoresis was performed at 170V in 0.5× TBE (45 mM Tris borate, 1 mM
EDTA). Gels were dried and exposed to film for 24–72 h at –80 °C. Flag-tagged SRF
and myocardin factors were translated in vitro using the TnT kit (Promega). Binding
reactions contained 1 µL SRF, 2 µL of myocardin factor, 20 000 cpms of 32P-labeled
oligonucleotide probe, and 0.20 µg dIdC in binding buffer (10 mmol/L Tris, pH 7.5,
50 mmol/L NaCl, 100 mmol/L KCl, 1 mmol/L DTT, 1 mmol/L EDTA, 5% glycerol). For
supershifts, 1 µL of antiflag antibody (Sigma) was added after the first 20 minutes of
incubation. For supershift studies, 1 µl of SRF antibody (sc-335) was added after 20
min of incubation.
SRF ChIP-seq – SMCs were grown to confluency, crosslinks between DNA and
proteins were formed with formaldehyde, and cells are then centrifuged at low
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speed. These cells were then lysed and sonicated, and lysates were incubated with
beads bound to SRF antibody. The bead-antibody-SRF-DNA complexes were then
precipitated out of solution, and the crosslinks were reversed. The remaining DNA
was sent for sequencing at the UNC Genome Analysis Facility. We used MACS
software to align the sequences identified from the SRF ChIP-seq with the whole
genome to identify SRF ChIP-seq peaks.
ChIP assays – ChIP assays were performed according to the Farnham protocol
(http://farnham.genomecenter.ucdavis.edu.libproxy.lib.unc.edu/protocol.html). In
brief, cultured cells were chemically cross-linked for 10 minutes in 1% formaldehyde,
and pelleted by centrifugation at 4°C for 5 minutes at 300 g. Cells were incubated in
cell lysis buffer (5 mM PIPES pH 8.0 85 mM KCL 0.5% NP40 1 mM NF 1 mM NaVa
Roche protease inhibitors cocktail) and resuspended in nuclear lysis buffer (50 mM
Tris-Cl pH 8.1 10 mM EDTA, 1% SDS proteases and phosphates inhibitors as
above) and sonicated to average size of 500 bp. Equal amounts of sample were
immunoprecipitated with 2 µg of anti-SRF (Santa Cruz, Sc-335) or anti-RNA pol II
(Covance, 8WG16) Ab. ChIP PCRs were performed using Red Taq ReadyMix
(Sigma) using primers targeted to the mDia2 DHS.1 region. To control for
nonspecific binding, immunoprecipitations were also performed with IgG antibody.
Generation of Transgenic Mice – The mDia2 DHS.1 variant was cloned into a
previously described promoterless LacZ plasmid vector62. The mDia2 ΔC 2235
variant was cloned into a previously described Hsp68-LacZ plasmid vector that we
received as a kind gift from Eric Olson204, with permission from Janet Rossant205. In
both cases, transgenic mice were generated by the University of North Carolina
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Animal Models Core. All animals were housed in a university animal care facility
accredited by the American Association for Accreditation of Laboratory Animal Care,
and all procedures were approved by the University of North Carolina Institutional
Animal Care and Use Committee.
Results
Identification of Genome-Wide DHSs in Human Aortic SMCs
Open chromatin regions in human aortic SMCs (HuAoSMCs) were
determined by using DNase-seq. These DHSs were then compared to DNase-seq
data from other human non-SMC cell lines to determine which were specific to
HuAoSMCs (example, Figure 4.1A). Of those DHS sites that were determined to be
SMC-specific, we chose several novel regions found within genes that are
selectively expressed in SMC and/or that have been linked to regulation of the SMC
phenotype for further analysis. Of note, many genes within the RhoA signaling
pathway itself—including LARG, mDia2, and the MRTFs—had multiple SMC-specific
DHS sites, suggesting that their expression may be important for SMC
differentiation. This was of particular interest to us because virtually nothing is known
about the mechanisms that regulate the expression of RhoA and the RhoA signaling
cascade. We cloned 20+ SMC-specific DHSs into luciferase reporter vectors and
transfected them into SMC and endothelial cells (ECs) to confirm SMC-specific
activity of these open chromatin regions. Several of these DHSs had remarkable
activity in SMCs with virtually no activity in ECs, strongly supporting the utility of this
experimental approach (Figure 4.1B).
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Figure 4.1. SMC-specific DHSs were identified from ENCODE data. A) Schematic of the open
chromatin determinations in a ~8kb region near the mDia2 transcritional start site (TSS) from 11
selected cell-types. Note the two SMC-specific peak calls just upstream (red circle) and downstream
of the TSS. B) Mouse smooth muscle cells (SMCs) and endothelial cells (ECs) were transfected with
luciferase reporter vectors containing SMC-specific DHS sites. Luciferase reporter assays were
performed 48 hr later. Activity is expressed as fold activation over a promoterless luciferase vector.
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Motif analysis with the program CisFinder identified SMC-specific open
chromatin regions revealed that many of the identified SMC-specific DHS sites were
highly enriched in CArG box sequences, with 40% containing at least one CArG
element (Figure 4.2A). As previously mentioned, the MADS box transcription factor
SRF promotes SMC-specific transcription by binding to CArG boxes within the
promoters of SMC differentiation genes. It is predicted that about 3 million CArG
elements exist in the mouse genome, but even if you account for the fact that
virtually all known functional CArG elements reside within 4 kb of the transcriptional
start site for any given gene66, that still leaves thousands of CArGs in the genome.
We and others in the SRF field are particularly interested in determining 1) which of
these CArGs actually binds SRF, 2) which CArGs are functional, and 3) if this
functionality is somehow regulated by cell-type. The high transcriptional activity we
observed in the DHSs of RhoA signaling genes, the presence of CArG elements in
these regions, and their SMC-selective nature suggest that the expression of the
RhoA signaling pathway genes may be regulated by an SMC-specific SRFdependent mechanism. Because the signaling of this pathway is known to promote
SMC differentiation, we therefore hypothesize that this mechanism serves as an
auto-regulatory feed-forward circuit that controls SMC differentiation.
SRF binds and transcriptionally activates the LARG and mDia2 DHSs
A full analysis of the RhoA signaling gene program DHSs is beyond the scope
of this dissertation. Therefore, we chose to focus on the transcriptional regulation of
mDia2 and LARG because 1) we have previously shown that they contribute
considerably to the regulation of SMC differentiation; 2) they have high expression in
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Figure 4.2. RhoA signaling gene program may be regulated in part by SRF. A) RhoA signaling
proteins have SMC-specific DHSs and CArG elements. RED, alpha subunits of heterotrimeric G
proteins; TAN, RhoGEFs; PURPLE, a small GTPase and modulator of RhoA activity; GREEN, direct
RhoA effectors; ORANGE, downstream modulators of actin cytoskeleton; BLUE, transcription
factors/co-factors. B) mDia1 and mDia2 expression in 10T1/2 cells that were serum-starved (Veh) or
treated with S1P for 24h. C) siRNA-mediated knockdown of NTC or SRF was performed in
HuAoSMCs for 72 hr. Lysates were probed with the indicated antibodies.
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SMCs23, 79; and 3) they had some of the highest transcriptional activity in our
preliminary analysis. Furthermore, we had previously observed a dramatic increase
in mDia2 expression upon treatment with the RhoA agonist S1P (Figure 4.2B), and
LARG expression was significantly inhibited by siRNA-mediated knockdown of SRF
(Figure 4.2C), indicating that both proteins may be regulated in a RhoA/MRTF/SRFdependent manner.
We first created a standard deletion series of the 431-bp mDia2 DHS.1
(Figure 4.3A) to determine which part(s) of the DHS were responsible for the high
SMC-specific transcriptional activity we had observed. Although none of the smaller
enhancer regions had the same level of transcriptional activity as the full DHS.1,
only those pieces that contained the CArG element had any activity over the
promoterless luciferase vector (Figure 4.3B). Based upon this observation, we
hypothesized that mDia2 DHS.1 promoter activity was dependent upon SRFmediated activation. Although we did not create a standard deletion series of the
681-bp LARG DHS.2, we hypothesized that its activity may also be regulated in this
manner. Therefore, we generated the indicated CArG mutations (Figure 4.3C), and
cotransfected both the wild-type (Wt) and CArG mutant constructs into cells with and
without the SRF cofactor MRTF-A. While MRTF-A synergistically activated promoter
activity of Wt luciferase constructs, CArG mutation abolished baseline activity and
prevented MRTF activation, providing further evidence that LARG and mDia2 DHS
activity is SRF-dependent (Figure 4.3D,E).
Although we hypothesized that both the mDia2 and LARG CArG sequences
mediate SRF-dependent transcription, they do not conform to the canonical
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LARG DHS.2 CCATTTGTGG ! CCATTTGTCC
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Figure 4.3. Mutation of CArG elements ablated mDia2 DHS and LARG DHS activity. A)
Schematic of mDia2 DHS.1 deletion variants that were cloned into luciferase vectors. B) Promoter
activity of mDia2 DHS.1 deletion variants in SMCs. C) Sequence of mDia2 DHS.1 and LARG DHS.2
CArGs before (left) and after (right) mutation. Note that the indicated canonical CArG is the most
commonly found CArG element, but that a canonical CArG = CC(A/T)6GG. (D) mDia2 DHS.1 and (E)
LARG DHS.2 Wt and CArG mutation (mut) variants were transfected into cells ± MRTF-A. Luciferase
assays were performed 48 hr later.
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Figure 4.4. The mDia2 and LARG DHSs bound SRF. A) Gel shift assays with the mDia2 and LARG
CArG probes and the indicated in vitro translated proteins. SRF, serum response factor; MCD,
myocardin. B) ChIP assays of SRF and (RNA) Pol II binding to the mDia2 DHS in human aortic
SMCs with and without TGF-β treatment.
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consensus CArG sequence due to the presence of a G/C substitution within the A/T
rich region (Figure 4.3C), which typically attenuates SRF binding to some degree.
Gel shift assays revealed that both mDia2 and LARG CArG regions formed ternary
complexes with in vitro-translated SRF and myocardin, demonstrating that they were
at least capable of interacting with SRF (Figure 4.4A). We followed up these results
with a genome-wide SRF ChIP-seq in HuAoSMCs to identify genomic regions that
interact with SRF in cultured cells. An SRF ChIP-seq peak was identified at LARG
DHS.2. Somewhat surprisingly, there was not an SRF ChIP-seq peak at mDia2
DHS.1, although one was identified about 1 kb downstream, suggesting that an area
wider than the 431-bp DHS might be required for full SRF-dependent transcriptional
activation. In agreement with these observations, the mDia2 DHS.1 weakly bound
endogenous SRF in human aortic SMC ChIP assays, and this binding was only
slightly increased by treatment with the SMC differentiation agonist TGF-β (Figure
4.4B).
The mDia2 DHS.1 alone does not drive SMC-specific expression in vivo
Because mDia2 DHS.1 exhibited SMC-specific promoter activity that was
comparable with many SMC marker promoters, we tested whether this region could
act as a “transcriptional cassette” to drive SMC-specific expression in vivo. We
cloned the mDia2 DHS.1 into a previously-described promoterless LacZ vector62 and
transfected it into cultured mouse endothelial cells, aortic SMCs, and 10T1/2 cells.
After fixing cells and incubating with X-gal staining solution, we observed expression
only in SMCs and 10T1/2 cells (Figure 4.5A). We generated transgenic mice with
this construct and analyzed F1 transgenic mice for LacZ expression using
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Figure 4.5. mDia2 DHS.1 drove SMC-specific expression in vitro but not in vivo. A) mDia2
DHS.1-LacZ was transfected into cells. 24 hr later, cells were fixed, stained with X-gal solution,
washed in PBS, and imaged. B) E14.5 embryos from a transgenic mDia2 DHS.1-LacZ line were
fixed, stained with X-gal solution, dehydrated, and imaged in X-gal clearing solution. Note blue
staining in a ring around the body cavity and at the nostrils.
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standard methods at multiple developmental stages, including E13.5, neonates, and
adults. Although we observed some transgene-specific expression, the mDia2
DHS.1 by itself was not sufficient to drive expression in SMC (Figure 4.5B). We
hypothesized that this lack of expression in vivo could be due to the fact that the
mDia2 DHS.1 was not a large or active enough region to act as a promoter and/or
we needed to include a basal promoter in the LacZ vector to allow the mDia2 region
to act as an enhancer. Therefore, we expanded our mDia2 region of interest and
obtained the previously-described Hsp68-LacZ vector205 for future in vivo studies.
Additional analysis revealed an mDia2 promoter region with exceptional SMCspecific transcriptional activity
Taking into account genomic mDia2 regions identified by our DHS screen, by
SRF ChIP-seq analysis, and by high vertebrate conservation, we selected several
regions of interest within the mDia2 promoter and gene that might be important for
mDia2 expression (Figure 4.6A). We cloned several of these regions individually and
in combination with one another into a luciferase vector to see if we could identify
additional enhancer elements with SMC-specific activity. Somewhat surprisingly, the
regions of high conservation and the mDia2 DHS.2, which overlapped with an SRFChIP seq peak, showed little to no activity (Figure 4.6B), even in luciferase vectors
that combined these regions with the highly active DHS.1 (data not shown). The
SMC-specific DHS.3 was the only new region of interest that showed any
transcriptional activity, but its activity was very high in ECs, suggesting that its
activity was less SMC-specific. However, due to our previous determinations that
CArG elements in both the SM α-actin promoter and the first intron were required to
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Figure 4.6. A 2235-bp mDia2 promoter region had remarkable SMC-specific transcriptional
activity. A) Schematic of the mDia2 gene that summarizes our SMC-specific open chromatin
determinations (DHSs), mammalian sequence conservation regions, and SRF binding peaks. B) The
indicated mDia2 regions of interest were cloned into luciferase vectors, transfected into cells, and
luciferase assays were performed 48 hr later. C) Deletion series of the region spanning DHS.1
through DHS.3. D) Transcriptional activity of the indicated mDia2 deletion variants was measured 48
hr post-transfection.
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drive SMC-selective expression in vivo62, we hypothesized that the region spanning
DHS.1 to DHS.3 might be of further interest.
We cloned the 3344-bp region spanning DHS.1 to DHS.3 into a luciferase
vector to test its activity, and created a deletion series from the C terminus (Figure
4.6C). Fragments ΔC 1931 and ΔC 1719 showed virtually no activity, while ΔC 2396
and ΔC 2235 showed remarkably high transcriptional activity, suggesting that: 1)
inclusion of the transcriptional start site greatly increased transcriptional activity, and
2) there may be some inhibitory region between DHS.1 and Exon 1. After
preliminary transcriptional activity analysis, we chose to further study ΔC 2235
because it had much higher SMC-specific activity than ΔC 2396 and significantly
lower activity in ECs. After generating additional deletion mutants from the N
terminus, we showed that DHS.1 was required for the remarkably high activity in ΔC
2235 (Figure 4.6C,D).
Notably, mDia2 ΔC 2235 exhibited exceptionally high activity that was
significantly diminished but not eliminated by the previously described CArG
mutation, and was greatly activated by treatment with TGF-β in 10T1/2 cells (Figure
4.7A). We did not observe increased activation upon the addition of TGF-β in SMCs,
but this may be due to the fact that 10T1/2 cells are much less differentiated than
SMCs and are thus more susceptible to TGF-β stimulation. We cloned mDia2 ΔC
2235, as well as the mDia2 ΔC 2235 CArG mutant, into an Hsp68-LacZ vector and
transfected into mouse ECs, SMCs, and 10T1/2 cells. Upon X-gal staining, we
observed high expression in SMCs and 10T1/2 cells, and this expression was
diminished by mutation of the CArG element (Figure 4.7B). We submitted
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Figure 4.7. CArG mutation diminished mDia2 ΔC 2235 activity. A) mDia2 DHS.1 and ΔC 2235 Wt
and CArG mutation (mut) variants were transfected into cells and either serum-starved or serumstarved and treated with TGF-β for 24 hr. Luciferase assays were performed 48 hr after transfection.
B) mDia2 ΔC 2235-Hsp68LacZ or mDia2 ΔC 2235 mut-Hsp68LacZ was transfected into cells. 24 hr
later, cells were fixed, stained with X-gal solution, washed in PBS, and imaged.
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Hsp68-LacZ-mDia2 ΔC 2235 and Hsp68-LacZ-mDia2 ΔC 2235 CArG mutation
constructs to the Animal Models Core at UNC. To date, expression patterns in two of
four Hsp68-LacZ-mDia2 ΔC 2235 founder lines, named #8 and #28, have been at
least partially analyzed, and results are detailed below.
Prior to breeding, tail discs from all four mDia2 ΔC 2235 founders were
subjected to X-gal staining, to determine if LacZ expression could be observed in the
small vessels of the tail (Figure 4.8A). Previous studies have also observed SMC
marker gene expression in the hair follicles (Figure 4.8B) 206-208, which contributes to
the developing idea that hair follicle mesenchymal stem cells are a robust source of
cells that can be differentiated into multiple cell types, including SMCs208-210.
Therefore, we analyzed expression in this subset of cells as well. All four founders
exhibited blue staining in the hair follicles of the tail disc. At least one founder, #8,
also exhibited expression in tail blood vessels, confirmed by co-expression with the
SM differentiation marker, SM α-actin (Figure 4.8C), suggesting that at least one
mDia2 ΔC 2235 founder may exhibit SMC-specific expression in vivo. Further
analysis will need to be performed on the F1 generation from this line, but to-date,
we have no progeny to examine. We have, however, observed transgene-specific
LacZ expression in the progeny of founder #28. Although we only observed hair
follicle transgene expression in tail discs from this founder, embryos from this line
displayed a largely chondrocyte/osteoblast-like pattern of expression. As shown in
Figure 4.8D, staining was detected in the eye, the sockets of the limbs, the ribcage,
the digits of the fingers and toes, the nostrils, and the right ventricle. Further analysis
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Figure 4.8. mDia2 ΔC 2235-Hsp68LacZ drove some SMC-specific expression. A) Cartoon of
procedure for examining X-gal expression in tail vessels and hair follicles. B) X-gal staining was
performed on the tail disc of a Rosa-SM22-Cre mouse. Arrowheads point to hair follicles. Arrows
point to vessels. C) LacZ and SM α-actin expression in the tail disc of founder #8. Note blue staining
in both the hair follicles and the smaller vessels, confirmed by SM α-actin expression in a serial
section. D) X-gal staining on F1 embryo (E15.5) from Founder #28. I – whole embryo; II – eye; III –
arm, arrows point to blue staining at the joints; IV – rib cage; V – nostrils and right ventricle (arrow); VI
– toes.
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will need to be performed in neonates and adults to characterize the specific cellular
pattern of expression in vivo.
Discussion
Here, we provide novel evidence that the RhoA signaling gene program may
be regulated in an SRF-dependent mechanism. We performed DNase-seq analysis
in human aortic SMCs and identified SMC-specific open chromatin regions in most
of the genes involved in the RhoA signaling pathway, indicating that their expression
may be important for regulating SMC phenotype. Furthermore, most of these genes
had CArG box elements within the SMC-specific DHSs, suggesting that SRF binding
may regulate their expression. Interestingly, although DHS sites were identified at all
the CArG-containing regions in the promoters of the canonical SM differentiation
marker genes, only the DHS site encompassing the SM α-actin first intron was
determined to be SMC-specific. To our knowledge, these somewhat surprising
results are the first to suggest that SMC differentiation marker gene expression in
non-SMCs is not repressed by strict heterochromatinization. It will be critical to
determine additional mechanisms that regulate SMC marker gene expression in
SMCs and/or their repression in other cell types. It is also important to note that our
determinations were only done in human aortic SMCs, and because SMCs derive
from many different lineages, it is possible that open chromatin regions may vary
among different SMC populations. Unfortunately, such a determination is beyond the
scope of this dissertation but is a very interesting topic for future studies.
In this study, we primarily focused on the transcriptional regulation of mDia2,
and, to a lesser extent, on LARG. For both the mDia2 DHS.1 and LARG DHS.2, the
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CArG elements determined their transcriptional activity, and our gel shift
experiments showed that both these regions bound SRF. SRF knockdown inhibited
LARG expression in SMCs, and activation of the RhoA/MRTF/SRF signaling
cascade by S1P increased mDia2 expression. Taken together, these results support
the hypothesis that mDia2 and LARG are regulated in an SRF-dependent manner.
Notably, mDia1 had only one SMC-specific DHS and no CArG element. mDia1
expression does increase slightly upon S1P treatment, but not nearly as robustly as
mDia2. It is possible that mDia1 expression is regulated by some other mechanism.
Our lab had also previously observed that TGF-β treatment enhances mDia2
expression, supporting a model whereby mDia2 expression increases upon SMC
differentiation. It is possible that the mechanisms that regulate SMC differentiation
during development may be different from those that promote differentiation after
phenotypic modulation and from those that maintain sustained differentiation marker
gene expression. Based upon previous results that DNmDia expression may have a
larger role in regulating SMC differentiation after phenotypic modulation or in adults,
this suggests that mDia2 expression may be an important intermediate regulator of
SMC differentiation.
Although further analysis is needed, preliminary evidence suggests that the
mDia2 ΔC 2235 region drives SMC-specific expression in at least one founder, but a
more chondrocyte/osteoblast-like pattern of expression in another. These are
interesting results, in part because SMCs have many similarities to these cell types.
For example, both chondrocytes and SMCs exhibit phenotypic plasticity, and their
differentiation state is controlled, at least in part, by a MADS box transcription factor:

!

95!

SRF for SMCs and Mef2 for chondrocytes211, 212. Furthermore, a recent study by
Briot et al. posits that the vascular SMCs that populate the descending aorta will
actually default to the chondrogenic cell fate unless certain transcription factors
(Pax1, Scx, and Sox9) are repressed by Jag1213. Therefore, additional analysis of
the mDia2 ΔC 2235 will need to be done to determine if these other transcription
factors bind to and activate transcription. Several studies have also shown that
phenotypically modulated vascular SMCs can be transdifferentiated into other cells
of mesenchymal lineage, including osteoblasts, chondrocytes, and adipocytes214, 215.
It will be valuable to assess transgene expression in the mDia2 ΔC 2235 Founder
#28 line at additional time points to fully characterize the expression pattern, and it
will be necessary to section through embryos and/or tissues to identify the specific
cells in which LacZ is expressed. We also cannot rule out the possibility that the
expression pattern we observed was due, at least in part, to transgene insertion
variability. We will have a better idea of the effects of this variability once we have
analyzed embryos and neonates from the other three founder lines. Finally, we also
want to characterize the transgene expression pattern, or lack thereof in mDia2 ΔC
2235 CArG mutant lines to determine if lack of a functional SRF binding site alters
transgene expression in vivo.
In conclusion, this study presents novel data to support the notion that the
RhoA signaling gene program, including mDia2 and LARG, may be regulated in an
SRF-dependent manner. Because the RhoA signaling pathway regulates SRFdependent transcription of SMC marker genes, we hypothesize that this pathway
may function in a transcriptional feed-forward circuit to regulate SMC differentiation.
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Future studies in the Mack lab will prioritize the analysis of the DHSs of additional
RhoA signaling components for SMC-specific transcriptional activity and SRF
binding to support this notion.
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CHAPTER 5: CONCLUSIONS, PERSPECTIVES, AND FUTURE DIRECTIONS
The LARG/RhoA/MRTF/SRF signaling axis regulates SMC differentiation
Vascular smooth muscle cells (SMCs) play an important role in multiple
processes in vascular development and disease, largely dependent upon their
remarkable plasticity, or ability to undergo dramatic changes in phenotype12.
Vascular remodeling is a necessary response to changes in blood flow, as occurs
during development, when SMCs migrate and proliferate to invest growing blood
vessels. SMC phenotypic switching is also a critical component of vessel repair in
response to injury, which likely exists because it gave some evolutionary survival
advantage216. However, when the synthetic SMC phenotype predominates in the
vasculature, this is frequently a major underlying cause of vascular pathologies like
vein-graft failure and restenosis. In both cases, smooth muscle cell proliferation and
deposition of extracellular matrix (ECM) contributes to intimal thickening and lumen
narrowing28, 217. These arteries are more prone to occlusion, which increases the
likelihood of myocardial infarction, stroke, aneurysm, vessel ischemia, and/or
peripheral vascular disease. Such conditions present a huge health care burden and
have considerable consequences on quality of life. Better treatments for these
cardiovascular maladies are sorely needed, underscoring the necessity for
identifying the underlying mechanisms that promote these diseases.
SMC plasticity is primarily regulated by changes in gene expression rather
than protein activity36. Therefore, the transcriptional mechanisms that regulate SMC
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gene expression are particularly important for understanding SMC plasticity.
Although there is no single factor that regulates SMC differentiation, it is wellestablished that SRF promotes SMC-specific gene expression by interacting with
CArG box elements within the promoters of virtually all SMC differentiation marker
genes62-65, 218. Because SRF is ubiquitously expressed, myocardin and the
myocardin-related transcription factors (MRTF-A and MRTF-B) confer SMC-specific
gene expression by physically binding to SRF and synergistically activating
transcription78, 81-85, 219. We and others have demonstrated that the small GTPase
RhoA promotes SRF-dependent transcription through actin polymerization-mediated
nuclear localization of the MRTFs22, 96, in part by activating the DRFs, mDia1 and
mDia279. Consequently, proteins that increase RhoA activation in SMCs promote
SMC differentiation through this mechanism. Our lab also showed that sphingosine1-phosphate (S1P) preferentially activates RhoA through leukemia-associated
RhoGEF (LARG) 23. Therefore, prior to this dissertation, we had developed a model
of SMC differentiation whereby LARG activates RhoA, which stimulates mDia1/2mediated actin polymerization, resulting in increased MRTF nuclear
localization/accumulation, and enhances SRF-dependent transcription of SMC
differentiation marker gene expression (Figures 1.2, 1.3). However, several
important questions remained. In this dissertation, I set out to: 1) determine the
contributions of this signaling pathway to SMC phenotype in vivo; 2) study the
contributions of these proteins to SMC differentiation in the nuclear compartment;
and 3) test the hypothesis that expression of the RhoA signaling gene program,
particularly mDia2 and LARG, may be regulated in an SRF-dependent manner.
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DRF signaling plays an important role in cardiovascular development and
disease
The expression of SRF, myocardin, and the MRTFs has been studied in
SMCs, and all are clearly important for proper SMC differentiation, as evidenced by
the serious, and often lethal, consequences of global and tissue-specific knockouts
of these transcription factors81, 82, 84, 86. RhoA and ROCK have also been studied in
the context of many cardiovascular diseases, including hypertension, myocardial
infarction, and stroke220. However, there are very few studies to look at the effects of
deficient actin polymerization in a SMC-specific context.
As described in Chapter 2, to determine if actin polymerization-dependent
localization of the MRTFs had an effect on SMC phenotype in vivo, we generated
transgenic mice which over-express a dominant-negative (DN) variant of mDia1 in a
Cre-specific context. Importantly, DNmDia dimerizes with and inhibits the activities of
all diaphanous-related formins (DRFs). Using a previously described SM22-Cre
line160, we showed that expression of DNmDia during development impaired cardiac
development and morphology of smaller blood vessels in about 20% of mice,
resulting in ventricular septal defect (VSD) and hemorrhage, respectively. Although
the hearts showed reduced proliferation, the smaller hemorrhagic blood vessels
exhibited a paucity of smooth muscle cell investment, as was observed in
S1PR2/S1PR3 double knockout mice55. Somewhat surprisingly, the remaining
DNmDia mice that survived showed no obvious defects or lack of SMC
differentiation in unchallenged conditions. They did, however, exhibit reduced
neointimal formation after carotid artery ligation. Based upon our in vitro studies with
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DNmDia expression and mDia1/2 knockdown, and the fact that we saw no
differences in proliferative capacity in vivo or in vitro, we proposed that the reduced
neointima was due to impaired directional migration. Because the enlarged,
hemorrhagic blood vessels we observed in the developing embryo did not have a
lack of SM marker gene expression, but rather a lack of SMC investment (Figure
2.2), it is possible that the defects we observed at that time point were also due to a
SMC migration deficiency. In other words, SMCs that are normally recruited to
developing vessels in the embryo may have been unable to efficiently migrate to the
sites where they were needed.
Importantly, adult DNmDia+/SM22Cre+ mice exhibited delayed SM marker
gene expression following carotid artery ligation, and adult DNmDia+/SMMHCCre+
mice had lower SM marker expression, at least in some SM cell types (Figure 2.9).
This effect was mediated at least in part through impaired MRTF-A nuclear
localization (Figure 2.5), providing evidence that actin polymerization-dependent
regulation of MRTF subcellular localization does alter SMC phenotype in vivo. Taken
together, these results suggest that mDia signaling is important for SMC marker
gene expression in vivo, although it may be more important as an intermediate
regulator of differentiation rather than playing a primary role in differentiation during
development.
As previously mentioned, in this study, we showed that DNmDia
overexpression and mDia1/2 knockout impaired SMC migration. Since DRF
signaling affects actin polymerization, this was not a wholly unsurprising finding.
However, it is also possible that inhibition of SRF signaling impairs SMC migration
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through a less direct mechanism too. Previous studies have shown that MRTF-Adependent transcription regulates the expression of many migration-related proteins,
including MMP-9, integrin beta-1, and vinculin187. Because we showed that DNmDia
expression inhibits MRTF-A nuclear localization, in vitro and in vivo, the
transcriptional regulation of these proteins may be altered. It would be interesting to
measure the expression levels of integrin beta-1, MMP-9, and vinculin in cells with
mDia1/2 KD and/or DNmDia overexpression, to see if there is a difference at all
compared to control cells. If so, we could use a previously described constitutivelyactive variant of MRTF-A80 to determine if it could rescue the altered expression and
migration phenotype.
Here, we present evidence that mDia signaling regulates SMC migration and
differentiation in vivo, although the contribution of mDia to each of these processes
appears to differ at various developmental windows and in response to injury. Due to
the fact that this was an overexpression model, endogenous activities of mDia1 and
mDia2 may not have been completely inhibited. Furthermore, DNmDia has the
capability to inhibit all DRFs, so even though mDia1 and mDia2 are highly expressed
in SMCs, some of the migration defects we observed may not have been entirely
attributable to mDia1/2 signaling. Therefore, conditional SMC double knockouts of
mDia1 and mDia2 will be necessary to fully characterize the role of mDia1 and
mDia2 specifically in SMCs.
There have been few mDia1/2 knockout studies to date or human diseases
associated with impaired mDia1/2 signaling. mDia1 global knockout mice exhibit
myeloproliferative defects221-223 and impaired cell migration148, 172, 174. mDia2

!

102!

deficient mice present with impaired cytokinesis of hematopoietic cells141, 150. The
human homologs of mDia1 and mDia2 (Diaph1 and Diaph3, respectively) have been
associated with rare forms of genetic deafness, termed DFNA1 and DFN2224-226.
Some studies suggest that the primary defect in this form of deafness is improper
formation of the inner ear vasculature227, 228. In support of this hypothesis, mice
lacking the S1PR2 receptor exhibit defects in the vascular bed of the inner ear
vessels and are deaf at an early age229, 230. Given the fact that we have already
observed some phenocopying of DNmDia mice and SiPR2/S1PR3 double knockout
mice, possibly linking these signaling pathways, this presents a possible model
whereby impaired mDia1/2 signaling leads to abnormal structure and function of the
SMCs of the inner ear stria vascularis, resulting in deafness. Smooth muscle cell
deficiencies have also been linked to cancer and metastasis. A common
complication in cancer is leaky blood vessels, which allows cancer cells to penetrate
the wall and metastasize to other locations in the body. This is frequently due to
incomplete investment of vessel walls, which is a phenotype we observed in the
DNmDia model. A better understanding of this signaling pathway may have major
consequences for these diseases.
RhoA Signaling in the nucleus promotes SMC-specific transcription
Many proteins exert different functions depending upon their subcellular
localization. It is now well-accepted that actin exists in the nucleus, but in what form
and for what function are still major topics for debate231. In recent years, it has
become increasingly common to find actin regulatory proteins in the nucleus, yet the
potential roles of nuclear actin are just beginning to come to light232. The
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diaphanous-related formins (DRFs) are a particularly interesting group of proteins
when it comes to nuclear function. Although mDia1 nuclear localization has never
been directly visualized, mDia1 has been detected with the exportin6 complex195 and
the transcriptional regulator HAN11233. FHOD1 cleavage by caspase-3 targets it to
the nucleus234, suggesting that it may have some nuclear function. Our lab and Miki
et al. demonstrated that mDia2 nuclear localization is regulated by some specific
NLSs, NESs, and CRM1-dependent nuclear export120, 132. However, whether or not
formin nuclear localization had a specific function was unknown until very recently.
Formins are known to polymerize actin, and recent reviews highlighted the
possible roles of nuclear actin filaments235-237. FRAP experiments provided the first
evidence that actin polymers might exist in the nucleus. We and others have
previously utilized GFP-actin monomers to measure the time it takes to repopulate a
bleached area in the nucleus120, 127, 238. This method is based upon the fact that actin
monomers diffuse much faster than actin filaments. Therefore, higher concentrations
of F-actin, as occurs when constitutively active mDia1 is targeted to the nucleus,
impede FRAP time, while higher concentrations of G-actin, as occurs upon
treatment with the actin polymerization inhibitor Jasplakinolide, reduce FRAP
time120.
Recent studies have used a nuclear-targeted form of the fluorescently-labeled
protein, “LifeAct,” to directly visualize actin in the nucleus129, 130. These studies
support the hypothesis that a pool of nuclear actin exists in a dynamic equilibrium
between G-actin and F-actin states. We attempted to utilize LifeAct in our nuclear
RhoA signaling study, but we did not observe the same nuclear actin filament
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structures in either SMCs or 10T1/2 cells. Instead, we saw a variety of actin network
structures that co-stained with SM α-actin, but paradoxically increased in frequency
when we treated cells with actin polymerization inhibitors such as Latrunculin B
(Figure 5.1). Notably, when using cytoplasmic LifeAct, we never saw such
structures, and cytoplasmic actin structures responded to actin polymerization
inhibitors as expected. The nature of the differences between the structures we
observed and those seen by Baarlink et al. 129 is presently unknown.
Our results demonstrate that mDia2 variants that preferentially localize to the
nucleus potently stimulate SMC-specific transcription by increasing MRTF nuclear
accumulation, while mDia2 variants that are excluded from the nucleus or less
capable of moving to that compartment are significantly less able to stimulate SMCspecific transcription. We also present novel evidence that nuclear targeted RhoA
and LARG also stimulate SMC-specific transcription, at least as well as, but often
more strongly than, their cytoplasmic variants (Figure 3.2, Figure 3.3). These studies
suggest that their activities in the nucleus and/or their ability to translocate there
enhances transcription and MRTF localization, in excellent agreement with previous
Mack lab members120 and other studies129. Our studies show that RhoA-dependent
changes in the nucleoskeleton provide a mechanism to control nuclear
compartmentalization of the MRTFs. Furthermore, because nuclear actin itself has
an effect on transcription, this suggests a mechanism whereby RhoA signaling in the
nucleus may play a wide variety of roles in chromatin accessibility and gene

!

105!

A

Strong Network

Weak Network

Individual Fibers

Diffuse

mCherryLifeactNLS

DAPI

B

SS

SS + LB

C

mCherryLifeactNLS

SM α-actin

DAPI

Figure 5.1. Abnormal actin structures were observed with LifeAct-NLS transfection. A)
Representative images of the different types of actin structures we observed. B) 10T1/2 cells were
serum-starved (SS), treated with Latrunculin B (LB), fixed, and stained for SM α-actin and DAPI. C)
Actin structures were counted in 100+ SS and LB-treated 10T1/2 cells.
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expression. This is an exciting possibility and will be a priority for future studies in
our lab.
One of the remaining questions about nuclear actin that needs to be addressed
is how nuclear actin and cytoplasmic actin pools might communicate with each
other. LINC (linkers of the nucleoskeleton to the cytoskeleton) complexes are likely
to play a role, but little is known about such communication to date239. At the very
least, we should be cautious about considering nuclear actin polymerization as an
isolated cellular response. Baarlink et al. demonstrated that knockdown of the DRFs
mDia1 and mDia2 inhibited nuclear actin polymerization129, suggesting some sort of
link between cytoplasmic and nuclear compartments. Furthermore, we already know
that regulation of MRTFs involves an interplay between the nuclear and cytoplasmic
compartments, and it is unlikely that this is the only case of such cross-talk. It will be
interesting to determine what role, if any, the DRFs play in regulating F-actin and Gactin ratios in both the cytoplasmic and nuclear compartments.
Expression of the RhoA signaling pathway may act as a feed-forward circuit to
promote SMC differentiation
Understanding the mechanisms that regulate SMC differentiation is
complicated by the fact that they retain a unique plasticity that allows for modulation
between a wide variety of phenotypes and by their derivation from a multitude of cell
lineages. Based upon previous evidence that histone modifications alter SMC
differentiation65, 152, 240 and that the myocardin family of transcription factors recruit
proteins that modify chromatin structure154, 155, 201, it has become clear that
epigenetic mechanisms play a role in regulating SMC phenotype. In collaboration

!

107!

with members of the ENCODE Consortium, we used DNase I hypersensitivity (DHS)
methods coupled to high throughput sequencing and bioinformatic analysis to
identify SMC-specific DHS sites in human aortic SMCs.
Our data demonstrated at least two novel results. First, although accessibility
to the CArG-containing regions of SMC differentiation marker gene promoters is
clearly important for transcription, these chromatin regions were open in multiple
non-smooth muscle cell-types. This was somewhat surprising to us due to the
observed in vivo expression pattern of SMC markers and the fact that SRF and the
MRTFs are widely expressed transcription factors. Clearly additional mechanisms
must be involved in the regulation of SMC-specific transcription.
Our second observation that most genes in the RhoA signaling pathway had
SMC-specific open chromatin regions in their promoters might partially explain the
first observation. Because RhoA signaling promotes actin polymerization-dependent
nuclear localization of the MRTFs, the mechanisms that regulate expression of the
RhoA signaling cascade are another means of regulating SMC-specific transcription
and differentiation. Even more interesting was the observation that most of the RhoA
signaling genes contained CArG-like elements within their SMC-specific DHSs,
suggesting that SRF binding to these open chromatin regions may regulate gene
expression. Coupled with the fact that the RhoA signaling gene program is highly
expressed in SMCs and this pathway is a known regulator of SMC-specific
transcription, we hypothesized that SRF-mediated transcriptional regulation of the
RhoA signaling pathway participates in a feed-forward circuit to drive SMC
differentiation.
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Our preliminary results with the mDia2 DHS.1 and LARG DHS.2 showed that
the CArG-like elements within these regions were capable of binding SRF and
myocardin in gel shift assays, and mutation of these elements completely eliminated
the high transcriptional activity we had observed in mouse SMCs and 10T1/2 cells.
Our SMC SRF ChIP-seq experiment identified SRF binding sites at the LARG
DHS.2 and near the mDia2 DHS.1, further supporting the idea that SRF regulates
the transcription of mDia2 and LARG in SMCs.
Based upon the previous observations that mDia2 is highly expressed in
SMCs79, the presence of a SMC-specific DHS within its promoter region, and our in
vitro studies demonstrating that SRF binding regulates the transcriptional activity of
the DHS, we hypothesized that mDia2 DHS.1 may act as a transcriptional cassette
to drive SMC-specific expression in vivo. Using a transgenic LacZ approach, we
determined that the DHS alone was not capable of driving SMC-specific expression
in mice. However, we expanded our region of interest to include the SRF ChIP-seq
peak and the transcriptional start site, and we cloned this larger region into a LacZ
construct with a basal Hsp68 promoter. Preliminary analysis shows that at least one
transgenic line had expression in the small vessels of the tail and another showed
an embryonic expression pattern similar to the related chondrocyte/osteoblast cell
type.
These findings provide a foundation for future exploration. It will be important
to also analyze embryos at different timepoints, neonates, and adult mice from this
line because better expression in SMCs may be visible in adult mice. Additionally, it
has been shown that SMCs and chondrocytic/osteoblastic cells can derive from the
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same precursors213. Therefore, it is possible that the pattern of expression we
observed at E15.5 may differ from the expression pattern at late embryonic stages
or in postnatal mice. We also have more mDia2 ΔC 2235 transgenic lines in which to
assess transgene expression, and mDia2 ΔC 2235 CArG mut transgenic lines that
we haven’t yet received. It will be valuable to compare transgene expression among
all founder lines in order to draw more concrete conclusions about the pattern of
expression, determine the effects of removing an SRF binding site, and rule out
expression differences that might have resulted from where the transgene inserted
in the genome. For example, the fact that we observed transgene expression in the
hair follicles of all four mDia2 ΔC 2235 founders suggests that this expression is
likely due to the transcriptional activity of the mDia2 ΔC 2235 promoter element and
not a random effect of transgene insertion.
In this study, we primarily focused on the transcriptional regulation of mDia2
and to a lesser extent, LARG. Our DHS determinations and SRF ChIP-seq data
provide numerous interesting avenues for future experimentation, although they are
beyond the scope of this dissertation. More RhoA signaling genes will need to be
studied to complete this story, but the evidence we present for SRF-dependent
regulation of mDia2 and LARG expression in SMCs is very promising.
Conclusions
Here, we present interesting data on the role of the RhoA signaling pathway,
including the DRFs mDia1 and mDia2, in regulating SMC phenotype. We are the
first to show that DRF signaling plays an important role in cardiac structure and
proper vessel formation in the developing embryo, and in regulating SMC phenotype
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in adults and in the acute phase of arterial injury. We also contribute important data
to the growing field of nuclear actin dynamics, and our results suggest that RhoA
and mDia1/2 signaling specifically in the nuclear compartment promotes SMCspecific transcription. Finally, our genomic data presents novel evidence that
expression of the RhoA signaling gene program, including mDia2 and LARG, may
be regulated in a RhoA/MRTF/SRF-dependent manner. Although the latter is still a
developing story, the work in this dissertation presents a foundation on which to
build future studies with our DNase hypersensitivity data set in SMCs.
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