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Abstract
Recent smooth muscle cell (SMC) lineage tracing studies have revealed
that SMCs undergo remarkable changes in phenotype during the development of
atherosclerosis. Of major interest, this work demonstrated that Klf4 in SMCs is
detrimental for overall lesion pathogenesis in that SMC-specific conditional
knockout of Klf4 resulted in smaller, more stable lesions that exhibited marked
reductions in the numbers of SMC-derived macrophage-like and mesenchymal
stem cell-like cells. However, since the clinical consequences of atherosclerosis
typically occur well after our reproductive years, we sought to identify beneficial
KLF4-dependent SMC functions that were likely to be evolutionarily conserved.
Herein the hypothesis that Klf4 dependent SMC transitions play an important role
in tissue repair following injury was tested.
Utilizing SMC-specific lineage tracing mice +/- simultaneous SMC-specific
conditional knockout of Klf4, we demonstrate that SMCs in the remodeling heart
following ischemia-reperfusion injury (IRI) express KLF4 and transition to a Klf4
dependent macrophage-like state and a Klf4 independent myofibroblast-like
state. Moreover, SMC-Klf4 knockout mice had exacerbated heart failure following
IRI. Surprisingly, significant cardiac dilation was observed in SMC-Klf4 knockout
mice prior to IRI. This cardiac dilation was accompanied by a reduction in
peripheral resistance, as evidenced by a reduction in blood pressure, an increase
in blood flow, and a larger passive diameter of mesenteric resistance arteries as
measured by pressure myography. KLF4 ChIP-Seq analysis on mesenteric
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vascular beds identified potential baseline SMC KLF4 target genes in numerous
pathways previously shown to be important for perivascular cell investment
including PDGF and FGF. Moreover, microvascular tissue beds in SMC-Klf4
knockout mice had gaps in lineage traced SMC coverage along the resistance
arteries and exhibited increased permeability. Taken together, these results
provide novel evidence that Klf4 has a critical maintenance role within
microvascular SMCs, including being required for normal SMC function and
coverage of resistance arteries.
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Chapter I: Introduction
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The Vascular Smooth Muscle Cell
Smooth muscle cell function
Maintaining blood flow throughout the body is critical to an organism’s
survival. Indeed, mouse embryos that fail to develop a functioning vasculature
die early in development 1–3. In adult organisms, one of the principal cells
responsible for control of blood flow is the vascular smooth muscle cell (SMC) 4–
6.

SMCs are found within arteries and veins where they are circumferentially

oriented around endothelial tubes. Adult SMCs within the vasculature have a low
basal proliferation rate and express a unique cohort of contractile genes including
Acta2, Myh11 and Tagln 6. Contraction is the main function of SMCs in healthy
adult vessels; consequently SMCs regulate blood pressure and blood flow
distribution through control of blood vessel diameter 4–6.
The primary site of blood pressure control is the resistance arteries 7.
These smaller arterioles (20-300 µm) respond to a wide range of cytokines and
physiological stimuli to regulate blood vessel diameter and peripheral resistance
through contraction and dilation of the SMC layer 8,9. One of the key signaling
molecules for blood vessel dilation is nitric oxide (NO) 10,11.
Upon endothelial cell stimulation (e.g. acetylcholine), NO is generated
from L-arginine, free oxygen, and NADPH (nicotinamide adenine dinucleotide
phosphate) by nitric oxide synthases within the endothelial cell 12. The NO then
freely diffuses into the surrounding SMCs, activating the soluble guanylate
cyclase as well as directly acting on calcium dependent potassium channels

13–15.
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Activation of the soluble guanylate cyclase leads to increased cyclic-GMP levels,
activation of protein kinase G, and a reduction in intracellular calcium 13,14,16. The
net effect of these changes is an overall relaxation of the SMC. Intriguingly, NO
has also been shown to regulate the magnitude of the constrictive response in
SMCs exposed to vasoconstrictors 17,18. Vasoconstrictors, such as angiotensin II
(AngII) and α1D-adrenoceptor agonists (e.g. phenylephrine), raise intracellular
calcium levels initiating a contraction of the SMC 19,20.
Fascinatingly, blood vessel diameter control is not the only function of
SMCs in the adult. SMCs are also active participants in the angiogenic process
21,22

and contribute during injury repair 23–25. They do this through coordinate

downregulation of their contractile genes in a process known as phenotypic
switching.

SMC phenotypic switching
SMCs are a non-terminally differentiated cell type. Upon vascular
injury23,26,27 or disease progression25,28–32, SMCs phenotypically modulate in
response to local environmental cues. The consequence of this phenotypic
modulation is a downregulation of the SMC contractile genes (e.g. Acta2, Myh11)
and an increase in SMC proliferation, migration and synthesis of extracellular
matrix 5. Recent work from the Owens’ lab and others has demonstrated, through
SMC specific lineage tracing systems, that upon phenotypic modulation SMCs
can transition to a multitude of cell types in vivo, including macrophage-like,
myofibroblast-like, and mesenchymal-stem cell-like cells 25,30,31,33,34. This ability of
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SMCs to phenotypically modulate in response to environmental cues was likely
subject to heavy evolutionary selection pressure. Organisms with mutations that
impaired their SMCs ability to phenotypically modulate would have impaired
vascular repair following injury as well as impaired angiogenesis. These
impairments would result in a reduction in overall fitness. Indeed, the promoter
elements (discussed in detail below) that control SMC contractile protein
expression are highly conserved across evolutionarily distant species including
chickens and humans 4. As uncontrolled and/or spontaneous phenotypic
modulation of SMCs would result in a vast array of complications (e.g. drastic
drops in blood pressure), this process is tightly regulated.
One of the common regulatory elements among SMC marker genes are
the CC(A/T)6GG DNA sequences (CArG elements) found within 2-3 kb of the
genes transcription start site (reviewed in 35, diagramed in Figure 1A). These
CArG elements serve as binding sites for serum response factor (SRF), a
ubiquitously expressed MADS box transcription factor that binds as a homodimer
to the CArG box DNA 35. Interestingly, several of the SMC marker gene’s CArG
elements have been demonstrated to be degenerate 36–38. SRF has a reduced
binding affinity to the degenerate SMC CArG elements compared to the
consensus CArG sequences found in other serum response genes such as c-fos
36–38.

Intriguingly, the degenerative nature of the SMC contractile gene CArG

elements does not appear to be required for normal development but is critical
for injury induced downregulation of marker gene expression (i.e. phenotypic
switching) after carotid balloon injury 38. Thus, it would appear that SMC evolved
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degenerative CArG boxes to enable phenotypic switching (described in detail
below).
Another key component of the SMC differentiation profile is expression of
the SRF coactivator myocardin 39,40. Myocardin strongly associates with SRF to
induce expression of CArG-dependent SMC genes 39,40. A growing body of
evidence suggests that myocardin-SRF complexes activate the SMC genes with
multiple CArG elements (e.g. Acta2, Myh11) more efficaciously than those with
one or none by forming higher order complexes along the same DNA face

41,42.

Indeed, myocardin overexpression by adenovirus is sufficient to drive multiple
CArG-dependent SMC marker genes, but fails to recapitulate the entire
differentiation program (reviewed in 43).
One final component of SMC differentiation control is epigenetic regulation
of DNA accessibility at SMC gene promoters. Chromatin is organized into strings
of nucleosomes, 146 bp units of genomic DNA wrapped around a core of histone
proteins (2 copies each of histones H2A, H2B, H3, H4)

44.

Organizing the DNA

into nucleosome units and larger higher order DNA structures enables the cell to
store all of its DNA within the nucleus and to dynamically control physical access
to gene promoters. This is done in part through post translational modifications to
the histone proteins, such as acetylation and methylation of histone lysine
residues 45. Histone acetylation structurally opens chromatin, making it more
accessible to DNA binding proteins and subsequent transcription. This opening is
thought to occur in part through disruption of adjacent nucleosome interactions
as well as possibly reducing the histones ability to interact with DNA 46–48.
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Histone methylation also results in a more transcriptionally active genomic
region, albeit in a different way. Histone methylation can serve as a docking site
for transcription factors 49. Both histone acetylation and methylation have been
shown to be important in SMC gene expression

48.

SMC marker gene promoters

were shown to be heavily acetylated on histone H4 and have enrichment of
H3K4 dimethylation 48. This H3K4 dimethylation is proposed to enable tethering
of myocardin to SMC gene promoters, resulting in stabilization of SRF binding to
the degenerate CArG boxes found in SMC marker gene promoters

48.

Stabilization of SRF and myocardin on SMC gene promoters would, in turn, lead
to expression of the differentiated SMC gene program. Dimethylation of H3K4 on
SMC gene promoters appears to be SMC specific and may serve as a
mechanism for lineage memory to enable or facilitate phenotypically modulated
SMCs ability to return to their differentiated state upon resolution/removal of the
de-differentiation cue 33,50.
A variety of cytokines and environmental cues (i.e. PDGF-BB, oxidized
phospholipids) have been demonstrated to influence these SMC marker gene
control elements to induce phenotypic modulation in vitro and in vivo. However,
less is known about the downstream mechanisms

51–53.

One of the downstream

factors that has been shown to play a key role in SMC phenotypic switching is
the transcription factor KLF4 23,24,27,34.
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Klf4 mediates SMC phenotypic modulation
Krüppel-like factor 4 (Klf4)
Klf4 was originally identified from a NIH 3T3 library using a zinc finger
probe of the transcription factor zif/268 54. Further characterization in vivo
identified that Klf4 is heavily enriched in gut tissues and was given the name
gut-enriched Krüppel-like factor (GKLF) 54. Like Krüppel-like factors 1-3, Klf4 has
3 highly conserved two cysteine and two histidine zinc fingers (C2H2) that enable
the transcription factor to bind to the major groove of DNA

55.

Klf4 has been

shown to both activate and repress gene expression 27,30. Within SMCs, Klf4 was
first identified using a yeast-one hybrid screen to identify binding partners of a
key TGF-β control element (TCE) within the Tagln promoter 56. Further
characterization of the Klf4 binding site revealed that it does not bind directly to
the TCE element, but rather to a G/C repressor region of the gene promoter
where it represses expression of SMC marker genes 23,27. Consistent with its
repressive role, Klf4 has historically been shown to not be expressed within
differentiated SMCs 56. However, Klf4 is upregulated in phenotypically modulated
SMCs 23,27,34,57. Klf4 activation is driven, at least in part, by binding of Sp1 to the
Klf4 promoter 23.

Klf4 influences multiple axes of SMC marker gene expression
Klf4 regulates SMC marker gene expression through several key
mechanisms. The first mechanism is deacetylation of SMC marker gene
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promoters. The Owens’ lab and others have demonstrated that following
stimulation in vitro with either PDGF-BB or oxidized phospholipids (e.g. POVPC),
pELK-1 binds to the overlapping ETS binding site near G/C repressor regions on
SMC marker gene promoters and recruits KLF4 58,59. This recruitment was also
shown to occur in vivo following carotid ligation injury, and was dependent on an
intact G/C repressor region 27. The interaction between pELK-1 and Klf4, as well
as pELK-1’s ability to interact with SRF and interrupt myocardin SRF complexes
on SMC gene promoters, is dependent on its phosphorylation

27,59.

Following its

recruitment to SMC gene promoters, KLF4 recruits histone deacetylases
(HDAC) 2, HDAC4, and HDAC5 to hypo-acetylate the promoter 27,58,60.
Co-immunoprecipitation assays have shown interaction between KLF4 and
HDAC5 in vitro following POVPC treatment 58. Following carotid artery ligation in
vivo, both HDAC2 and HDAC5 were shown to bind to the G/C repressor region of
SMC promoters 27. However, only HDAC2 was shown through sequential ChIP
assays to form a higher order complex with pELK-1 and KLF4 27. The formation
of this higher order complex was dependent on the G/C repressor as mutations
in the repressor resulted in loss of complex formation 27. Hypo-acetylation of the
SMC marker gene promoters results in physically compact and less accessible
chromatin.
Klf4 also regulates SMC marker gene expression through downregulation
of the SMC master regulator myocardin (described previously). KLF4 has been
shown to regulate myocardin expression in both rat 57 and human cells 61. In both
systems, viral mediated overexpression of KLF4 led to a drastic decrease in
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myocardin expression 57,61. Further characterization of the myocardin promoter
identified three KLF4 binding sites in a region -4016 to -2226 bp upstream of the
transcription start site 61. Utilizing luciferase reporter constructs with mutations to
one or all three KLF4 binding sites, Turner et al. demonstrated that the three
binding sites work cooperatively to reduce myocardin expression following
PDGF-BB induced phenotypic switching 61. This reduction in myocardin leads to
a decrease in SMC marker gene expression.
Finally, it is worth mentioning the interactions between miR-143, miR-145
and Klf4. MicroRNAs are small, non-coding RNAs that have been implicated in a
wide range of cellular events, including proliferation and differentiation of cells
64.

62–

miR-143 and miR-145 are thought to be transcribed as a bicistronic unit and

share common regulatory elements 65. SRF and myocardin have been
demonstrated to activate an enhancer region for these microRNAs in luciferase
reporter assays and in in vivo lacZ reporter constructs in developing mouse
embryos 65. Activation of miR-143 and miR-145 by these transcription factors
parallels the microRNAs high expression levels in differentiated SMCs. Indeed,
miR-143 binds to the Elk-1 promoter and represses luciferase activity in promoter
activation studies, while miR-145 had binding sites within the myocardin
promoter and was shown to drive activity of the promoter with a luciferase
reporter assay 65. Like myocardin and the SMC marker genes, miR-143 and miR145 are downregulated following injury or disease progression (i.e. carotid
ligation, atherosclerosis) 65. Intriguingly, miR-145 has a binding site within the
Klf4 3’ UTR and has been shown reduce KLF4 expression 65,66. miR-145 also
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represses Klf4, as well as Oct4 and Sox2, in human embryonic stem cells to
allow for normal differentiation into mesoderm, ectoderm and endoderm

67.

Taken

together, these data suggest that the expression profiles of miR-145 and Klf4 are
reciprocal and the expression of one leads to the repression of the other through
both direct and indirect mechanisms.
It is important to note that Klf4 is not the only regulator of SMC marker
gene expression. Global conditional knockout of Klf4 resulted in only a transient
delay in SMC phenotypic switching24 and siKlf4 knockdown only partially
attenuates the SMC phenotypic modulation following PDGF-BB treatment 27.
Klf5, another member of the Krüppel-like factor family, has also been shown to
be important in SMC responses to injury. The Nagai lab has demonstrated that
global Klf5 +/- animals had reduced neointima formation and medial thickening
following vascular injury 68. miR-145 has also been shown to target KLF5 for
degradation, while PDGF-BB stimulation increases KLF5 protein levels 69. KLF5
was also shown to reduce myocardin expression in SMCs in vitro 61,69. These
results suggest that Klf5 regulates SMC marker gene expression through the
same pathways as Klf4. It is likely that Klf2, Klf4, and Klf5 form a regulatory
network in SMC to regulate SMC marker gene expression during phenotypic
modulation, similar to how they form a regulatory network to enable embryonic
stem cell self-renewal70.
Klf4 has also been shown to regulate SMC proliferation. Following carotid
ligation, global conditional knockout of Klf4 resulted in enhanced neointimal
formation and increased cellular proliferation within the vessel media

24.
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Consistent with this, KLF4 was shown to bind to the p21WAF1/Cip1 promoter with
p53 to induce expression of p21WAF1/Cip1 and reduce SMC proliferation in vitro 24.
KLF4 was also shown to bind to the p21WAF1/Cip1 promoter following vascular
injury by in vivo ChIP assays 24.
Taken together, the above results demonstrate that Klf4 is not normally
expressed within differentiated SMC, but is induced upon vascular injury or
stimulation in vitro by PDGF-BB or oxidized phospholipids. Klf4 regulates a
robust network of cellular responses to down regulate SMC contractile genes and
enable SMC phenotypic modulation both in vitro and in vivo (see Figure 1B).
However, it remained unclear if Klf4-dependent phenotypic transitions had any
functional consequences following disruption of vascular homeostasis, such as
during atherosclerotic lesion formation.

Klf4-dependent SMC transitions and functions are
detrimental to overall plaque pathogenesis during
atherosclerosis
Lineage tracing SMCs in vivo reveals SMCs contribute to multiple cell
types
As described in detail in the previous sections, SMCs retain a remarkable
capacity to phenotypically modulate in response to environmental cues. This
phenotypic modulation includes downregulation of all known SMC marker genes,
including the most specific SMC marker gene Myh11. This makes positive
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identification of phenotypically modulated SMCs by marker gene expression
nearly impossible. To address this, the Owens’ lab 30,33,34, as well as others71,72,
developed novel lineage tracing systems to conditionally label SMCs at the time
of tamoxifen injection with a lineage tag. The Owens’ system utilizes a tamoxifen
inducible, conditional ERT2 cre recombinase coupled to a Myh11 promoter
construct (originally cloned by the Owens lab) made by Stefan Offermanns
group 73 (detailed schematic in Figure 2A). Dr. Laura Shankman crossed this
mouse with a ROSA26 STOP-floxed eYFP reporter mouse to generate a mouse
in which all cells expressing Myh11 at the time of tamoxifen injection are
permanently labeled with the lineage tag eYFP. This lineage tag is also passed to
the progeny of the initially labeled cells. A series of 10 tamoxifen injections from
6-8 weeks of age resulted in greater than 95% labeling efficiency of SMC within
large arteries 33. There was also high efficiency labeling of SMCs within smaller
arteries and veins, as well as microvascular labeling including the vessels within
tissues such as the heart and lungs 33. No eYFP expression was seen within the
bone marrow or in circulating cells confirming there was no expression of Myh11
by bone marrow derived cells during the time of tamoxifen injection 34. There was
also no eYFP expression in animals not treated with tamoxifen, nor was there
eYFP expression in eYFP -/- animals treated with tamoxifen 33. An unfortunate
drawback of the Owens’ system is that the Myh11 ERT2 cre promoter constructed
inserted into the Y chromosome, so only male mice can be studied. Importantly
(as discussed in the next sections), this SMC lineage tracing system also
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enables conditional knockout of genes of interest (i.e. Klf4) by crossing the
lineage tracing reporter mice to mice with floxed genes of interest.
Atherosclerosis is a chronic disease that results in lipid accumulation
within arterial walls 74,75. This lipid accumulation results in the infiltration of a
variety of cell types into the newly formed lesions including SMCs and
macrophages. These lesions can rupture, leading to thrombolytic events and
myocardial infarction (MI) or stroke. Unfortunately cardiovascular disease,
including atherosclerosis and MI, remains a leading cause of death in the United
States and across the globe 76. Previous work in the atherosclerosis field
primarily relied on expression of ACTA2 to identify putative SMCs 74,77. As
discussed at length in previous sections, ACTA2 positivity is insufficient to identify
phenotypically modulated SMCs. Utilizing ACTA2 as a SMC identifier would also
misidentify other cell types that have been shown to express ACTA2, such as
macrophages, as SMCs 78. Thus, utilization of a SMC lineage tracing system like
the Owens’ system (described above) is required to definitively identify SMCs. It
is necessary to utilize an APOE-/- or a LDLR-/- mouse to study atherosclerosis in
murine models as mice do not naturally develop the disease. Crossing an APOE/-

mouse to the Owens’ system yields Myh11-CreERT2 ROSA floxed STOP eYFP

APOE-/- (SMC YFP+/+ APOE-/-) mice. These mice were subsequently used to
identify the contributions of SMCs to advanced stage atherosclerotic lesions 34.
Utilizing the SMC YFP+/+ APOE-/- mice, Shankman et al. identified that a
remarkable 82% of lineage traced SMC within atherosclerotic lesions are
ACTA2- and thus would not have been identified by traditional SMC markers

34.
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Additionally, they described a subset of SMCs that became macrophage-like
within lesions 34. These macrophage-like SMCs contributed 36% of all LGALS3+
(a macrophage marker) cells within the lesions as determined by single cell
counting of high resolution, z-stack, confocal images 34. Further characterization
of the macrophage-like SMCs by flow cytometry revealed that they expressed
multiple markers of macrophages including CD11b, CD11c, and F4/80

34.

A

significant fraction of these macrophage-like SMCs co-expressed CD11b and
F4/80 34. Utilizing transmission electron microscopy with eYFP immunogold
labeling, eYFP+ lineage traced SMCs within lesions were identified that
contained multiple large lipid vacuoles suggesting SMC derived macrophage-like
cells may be functionally phagocytizing lipoproteins and/or apoptotic cells within
the lesion.
SMCs were also shown to undergo a transition to a mesenchymal stem
cell (MSC)-like state (Sca1+CD105+) and an activated mesenchymal state
(ACTA2+PDGFβR+) 34. Previous reports had suggested that pericytes (cousins
of SMCs that wrap small arterioles and venules, as well as capillaries) isolated
from adipose tissue had MSC-like properties after expansion in vitro 79,80. To test
whether the MSC-like SMCs within atherosclerotic vessels had these MSC-like
properties, I flow sorted MSC-like SMCs (eYFP+SCA1+CD105+) and non-SMC
MSCs (eYFP-SCA1+CD105+) from 18-week western diet fed atherosclerotic
mice and grew them in MSC maintenance media

34.

I also isolated non MSC-like

SMCs (eYFP+SCA1-CD105-) to determine if exposure to the MSC culture media
could induce a switch to the MSC-like phenotype 34. After two passages, these
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non-MSC-like SMCs became unhealthy and died

34.

The SMC derived MSC-like

cells grew very slowly in the MSC culture media compared to the non-SMC
MSCs and appeared to be senescent 34. They also failed to differentiate into
adipocytes or osteoblasts when exposed to the appropriate differentiation culture
medium, while the non-SMC MSCs were able to differentiate 34. These results
suggest that SMC MSC-like cells within atherosclerotic vessels are not functional
MSCs. Shankman et al. next investigated whether Klf4 is involved in these SMC
phenotypic transitions.

Knockout of Klf4 in SMC results in smaller, more stable atherosclerotic
lesions
To generate a SMC specific knockout of Klf4, the SMC eYFP+/+ APOE-/mouse was crossed to a Klf4fl/fl mouse with flox sites between exons 1-2 and
exons 3-4 of the Klf4 gene (diagramed in Figure 2B, with the addition of APOE-/-).
Upon tamoxifen injection, all cells expressing MYH11 will be labeled with eYFP
and excise exons 2 and 3 of the Klf4 gene resulting in knockout of Klf4
(henceforth referred to as “SMC eYFP+/+ APOE-/- Klf4Δ/Δ” and “SMC eYFP+/+
APOE-/- Klf4WT/WT” littermate control mice for simplicity). After 18 weeks of
western diet, SMC eYFP+/+ APOE-/- Klf4Δ/Δ mice had an approximately 50%
reduction in overall lesion size as well as an improvement in multiple indices of
plaque stability, both signs of a less pathological lesion 34. These indices included
more than a doubling of the protective fibrous cap, an increase in the ACTA2+
cells within the cap, and a decrease in the overall LGALS3+/ACTA2+ ratio 34.
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Such a decrease is indicative of a lesion with less macrophage-like cells
compared to matrix producing cells. Interestingly, these profound morphological
changes were also accompanied by shifts in the SMC populations within the
lesion and media. SMC eYFP+/+ APOE-/- Klf4Δ/Δ mice had the same number of
eYFP+ SMC within the lesion as SMC eYFP+/+ APOE-/- Klf4WT/WT mice, but had a
53% reduction in SMC derived macrophage-like cells within lesion and a 70%
reduction in SMC derived MSC-like SMCs within the media 34. These results
were confirmed both by single cell counting and flow cytometric analysis
(although flow cytometry does not provide spatial information). To identify the
downstream KLF4 target genes within SMCs that are resulting in destabilization
of lesions and an increase in macrophage-like SMCs, comparative in vivo KLF4
ChIP-Seq analyses was performed on advanced atherosclerotic lesions from wild
type and SMC Klf4 knockout mice.

Klf4 binds over 800 putative target genes within SMC in advanced
atherosclerotic lesions
KLF4 ChIP-Seq analysis was performed on tissue samples pooled (16
mice per genotype) from both wild type and knockout animals fed 18 weeks of
western diet 34. The samples were isolated from an atherosclerosis prone region
of the vasculature that included part of the aortic arch, the brachiocephalic artery,
and the left and right carotids up to the internal/external carotid bifurcation 34.
This region is made up of a mixed pool of cells, thus Shankman et al. utilized the
power of the cell specific knockout system to isolate only Klf4 targets within
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SMCs (or Klf4 targets that had a reduction in enrichment as a result of Klf4
knockout in SMC) by comparing sequencing reads from SMC eYFP+/+ APOE-/Klf4WT/WT mice to reads from SMC eYFP+/+ APOE-/- Klf4Δ/Δ mice 34. This analysis
identified over 800 genes that were selectively enriched in SMC eYFP+/+ APOE-/Klf4WT/WT mice compared to SMC eYFP+/+ APOE-/- Klf4Δ/Δ mice 34. The identified
genes included Acta2 and Tagln, two SMC marker genes that have known Klf4
binding sites and have been shown to be bound by KLF4 during phenotypic
switching 34. Pathway analysis of the 800+ differentially enriched genes identified
an assortment of impacted pathways, including markers of macrophage
activation, antigen processing, and immune responses 34.
Taken together the previous results demonstrate that Klf4 is critical for the
transition of SMCs to a macrophage-like state, and that activation of Klf4 within
SMCs in atherosclerotic lesions has detrimental consequences on overall lesion
pathogenesis.

Identification of a Klf4 dependent SMC role in injury
repair
SMCs may contribute to the healing process post ischemia reperfusion
injury (IRI)
Klf4 activation within SMCs did not evolve to enable SMCs to transition to
macrophage-like cells in the setting of atherosclerosis. Atherosclerosis related
mortality occurs after our reproductive years, therefore Klf4 expression within
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SMCs in atherosclerosis is likely maladaptive and Klf4 expression in SMCs likely
evolved for another purpose. To investigate another role for Klf4 activation in
SMCs, we focused on injury repair processes. During injury repair, SMCs need to
undergo phenotypic modulation to contribute to the angiogenic process 81.
Macrophages and other inflammatory cells, potentially including phenotypically
modulated SMCs, are also recruited to the site of injury 82. One example of such
an injury repair process is the healing of the myocardium post ischemiareperfusion injury induced myocardial infarction (IRI-MI).
Following IRI-MI, healing of the injured myocardium occurs through a
series of events involving multiple cell types

83.

Initially, inflammatory cells

infiltrate the infarct zone and release cytokines such as IL-1β and TNFα 83,84.
They also release matrix metalloproteinases for degradation of the collagen
scaffold 83,84. Next, phagocytes clear the wound of dead cells and extracellular
matrix debris, while stimulating myofibroblasts to synthesize and deposit new
collagen for formation of fibrotic scar tissue 83. During this early proliferative
stage, neovascularization occurs to restore oxygen and nutrient flow to the cells
within the infarct zone. Finally, collagen fibrils are formed through matrix crosslinking, neovessels mature, and at least some myofibroblasts undergo
apoptosis83,85. However, the persistence of myofibroblasts in the scar tissue
leads to progressive fibrosis 85. Additionally, myofibroblasts can contribute to
interstitial fibrosis in remote sites within the non-infarcted myocardium, causing
adverse ventricular remodeling. Over time, accumulating fibrotic tissue results in
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cardiac stiffness which, combined with the loss of cardiomyocytes, leads to left
ventricular dilation and dysfunction, culminating in heart failure 85,86.
SMCs may contribute to the macrophage/phagocytic cell and/or
myofibroblast populations following myocardial infarction, as we have previously
seen these transitions occur in the setting of atherosclerosis (described in detail
previously) 30,34. Recent work from Kanisicak et al. has provided compelling
evidence based on rigorous lineage tracing models that SMCs contributed only a
small fraction of the total myofibroblast population 25. Interstitial cardiac
fibroblasts, and not SMCs or cells of myeloid origin, are the primary source of
myofibroblasts within the infarct zone 25. However, the origin of the macrophage
population following MI remains unclear. Heidt et al. demonstrated that a
population of CD11b+, F4/80high, and Ly-6Clow resident macrophages within the
heart rapidly disappear within 24 hours after myocardial infarction and are
replaced by circulating monocytes, suggesting a minimal role of resident
macrophages in the healing myocardium 87. However, this population of
macrophages only comprises approximately two percent of total cardiac
macrophages and is only one of the four groups of resident macrophages found
within the myocardium 88. Two of these groups of resident macrophages
(CD11b+, F4/80+, Ly-6C-, and MHC-IIHi or MHC-IILow) are Ly-6C- and thus would
have not been included in their analysis 88. Indeed, following AngII induced
inflammation or myocardial infarction, these two groups of resident macrophage
populations expand, through local proliferation and monocyte infiltration, and
remain the primary contributors to the cardiac macrophage population that has
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been shown to be important in cardiac remodeling post-myocardial infarction 88.
SMCs may contribute to the expansion of these groups of macrophages by
transitioning to a macrophage-like state through a Klf4 dependent mechanism,
similar to what we have previously seen in atherosclerosis

30,34.

Moreover,

additional Klf4 dependent changes in SMC function may also play a key role in
the healing myocardium including being involved in neovascularization of the
infarct zone and/or secreting various growth factors and cytokines.

Conclusion
Overall, IRI is an excellent model to study Klf4 dependent SMC functions
in the setting of injury repair. The heart is a self-contained functional system,
allowing us to assay functional output following injury with or without knockout of
Klf4 in SMCs. An additional benefit of working within the heart is the ability to use
non-invasive imaging modalities, such as echocardiography, to follow a variety of
functional parameters over time in the same animals. Thus, in combination with
our lineage tracing and knockout mouse models we can investigate SMC
contributions to the cell populations discussed above, as well as assay whether
knockout of Klf4 in SMCs leads to any changes in heart function post IRI.
We hypothesize that the summation of Klf4 dependent transitions in
SMC phenotype and function play a critical, beneficial role in maintenance
of vascular integrity and/or neovascularization during tissue repair. Our
previous work in the setting of atherosclerosis suggests that Klf4 is important to
SMC phenotypic modulation to a macrophage-like state. It remains to be seen
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whether this state is detrimental post IRI, like it is in atherosclerotic lesions, or if it
has beneficial effects within the healing myocardium.
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Figure 1: Schematic of factors that control SMC marker gene expression in
differentiated and de-differentiated states
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Figure 1: Schematic of factors that control SMC marker gene expression in
differentiated and de-differentiated states
(A) Representative schematic of control of the differentiated SMC state. SRF and
myocardin complexes are bound to the CArG boxes driving transcription of SMC
marker genes. They are also bound to the miR-143/145 promoter driving
expression of miR143 and miR145 which in turn downregulate KLF4 and ELK-1
and upregulate myocardin. The chromatin is in an open state with histones H3
and H4 acetylated (one nucleosome and one of each of the pairs of histones
shown for simplicity). H3K4 is methylated, perhaps tethering myocardin to SMC
gene promoters.
(B) Representative schematic of de-differentiation of a SMC. pELK-1 binds to the
ETS site overlapping the G/C repressor, both disrupting myocardin’s interaction
with SRF and recruiting KLF4 to the G/C repressor. KLF4 then recruits HDAC2,
HDAC4, and HDAC5 to the promoter, which results in deacetylation of histones
H3 and H4 and a closed chromatin state. HDAC2 and HDAC5 directly bind to the
G/C repressor region, however only HDAC2 forms a higher order complex with
KLF4 and pELK-1. KLF4 is upregulated by binding of SP1 to its promoter, while it
in turn binds to the myocardin promoter and downregulates its expression. KLF5
also binds to the myocardin promoter and downregulates its expression.
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Figure 2: SMC lineage tracing mouse schematic with and without knockout
of Klf4
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Figure 2: SMC lineage tracing mouse schematic with and without knockout
of Klf4
(A) SMC lineage tracing mouse schematic. Cre recombinase expression is driven
by a Myh11 promoter construct. Upon tamoxifen injection (6-8 weeks of age, 10
IP injections), the cre recombinase traffics to the nucleus where it recombines the
DNA between the loxp sites, in this case the STOP codon in the ROSA 26 locus.
This results in expression of the eYFP gene in cells expressing Myh11 at the
time of tamoxifen injection.
(B) Schematic representation of the SMC lineage tracing mouse with Klf4
knockout. Upon tamoxifen injection, cells expressing Myh11 have their cre
recombinase trafficked to the nucleus where it recombines the DNA between the
loxp sites in the ROSA26 locus and the Klf4 locus. This results in permanent
labeling of these cells with eYFP, as well as knockout of Klf4.
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Abstract
Recent smooth muscle cell (SMC) lineage tracing studies have revealed
SMCs undergo remarkable changes in phenotype during development of
atherosclerosis. Of major interest, we demonstrated that KLF4 in SMC is
detrimental for overall lesion pathogenesis in that SMC-specific conditional
knockout of Klf4 resulted in smaller, more stable lesions that exhibited marked
reductions in the numbers of SMC-derived macrophage-like and mesenchymal
stem cell-like cells. However, since the clinical consequences of atherosclerosis
typically occur well after our reproductive years, we sought to identify beneficial
KLF4-dependent SMC functions that were likely to be evolutionarily conserved.
Herein we tested the hypothesis that Klf4-dependent SMC transitions play an
important role in tissue injury-repair.
Utilizing SMC-specific lineage tracing mice +/- simultaneous SMC-specific
conditional knockout of Klf4, we demonstrate that SMCs in the remodeling heart
following ischemia-reperfusion injury (IRI) express KLF4 and transition to a Klf4dependent macrophage-like state and a Klf4-independent myofibroblast-like
state. Moreover, SMC-Klf4 knockout mice had exacerbated heart failure following
IRI. Surprisingly, we observed significant cardiac dilation in SMC-Klf4 knockout
mice prior to IRI, as well as a reduction in peripheral resistance. KLF4 ChIP-Seq
analysis on mesenteric vascular beds identified potential baseline SMC KLF4
target genes in numerous pathways including PDGF and FGF. Moreover,
microvascular tissue beds in SMC-Klf4 knockout mice had gaps in lineage traced
SMC coverage along the resistance arteries and exhibited increased
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permeability. Taken together, these results provide novel evidence that Klf4 has
a critical maintenance role within microvascular SMCs, including being required
for normal SMC function and coverage of resistance arteries.

Introduction
Smooth muscle cells (SMC) are non-terminally differentiated, highly plastic
cells that can undergo reversible phenotypic switching from a differentiated,
contractile state to a proliferative, migratory state that also exhibits increased
ECM synthesis 4. This plasticity is essential for the development of new blood
vessels and the repair of damaged ones. Upon vascular injury or stimulation with
a variety of cytokines, including PDGFBB or IL-1β, SMC upregulate the stem cell
pluripotency factor KLF4 resulting in the subsequent down regulation of SMC
contractile/marker genes such as Myh11, Acta2 and Tagln 24. Indeed, recent
SMC lineage tracing studies by our lab and others have shown that attempts to
identify SMC-derived cells following injury or during development of
atherosclerosis using typical SMC marker panels not only fails to identify the
majority of SMC-derived cells but also misidentifies them as being other cell
types 30,33,34. For example, we showed that >80% of SMC-derived cells are
negative for SMC markers like ACTA2, and of these, >50% have activated
multiple markers of macrophages including LGALS3, CD11b, F4/80, and CD11c,
myofibroblasts (ACTA2+ MYH11-), and/or mesenchymal stem cells (Sca1+
CD105+) 34. Similar SMC lineage tracing model systems have been used by
other labs to show that SMC also transition to a variety of other cell types,
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including beige adipocytes in response to cold stress 89, and to myofibroblasts
following myocardial infarction (MI) induced by permanent ligation of the left
anterior descending artery 25.
One of the key proteins that controls SMC phenotypic switching is the zinc
finger transcription factor KLF4. KLF4 is not normally expressed within SMC in
large conduit arteries, but is rapidly induced upon vascular injury 57. Upon
induction, KLF4 contributes to the down regulation of SMC marker genes through
several known mechanisms including KLF4 recruitment by pELK-1 to the G/C
repressor regions of SMC marker gene promoters and the subsequent
recruitment of HDAC2, HDAC4, and HDAC5, resulting in epigenetic silencing of
the locus through deacetylation 27,58. KLF4 induction also reduces expression of
the SMC master differentiation control gene myocardin and destabilizes serum
response factor (SRF) binding to SMC marker gene promoters

57.

KLF4 can also

repress SMC growth at least in part through binding to the p21WAF1/Cip1 promoter
along with p53 24. Taken together the preceding results indicate that Klf4 is
activated upon vascular injury and plays a critical role in regulating phenotypic
transitions of arterial SMC but is not normally expressed in healthy conduit
arteries.
Little is known about the factors and mechanisms that control SMC
phenotypic transitions in vivo. However, recent studies in our lab have shown
that Klf4-dependent transitions in SMC phenotype and function play a critical role
in the pathogenesis of atherosclerosis. SMC specific conditional knockout of Klf4
within Western diet fed ApoE-/- mice resulted in marked reductions in lesion size
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and increased multiple indices of plaque stability including a doubling of the
fibrous cap thickness 34. Notably, loss of Klf4 in SMC did not result in a change in
the overall number of SMC within lesions but significantly reduced the number of
SMC-derived macrophage- and MSC-like cells while increasing the ACTA2+ cells
that invested in the fibrous cap 34. Comparative in vivo ChIP-Seq analyses of
advanced atherosclerotic lesions from wild type and SMC Klf4 knockout mice
identified over 800 putative KLF4 regulated genes, including >70 encoding
markers of macrophage activation, antigen processing, and immune responses
34.

These results suggest that Klf4 is critical for the transition of SMC to a

macrophage-like state, and that activation of Klf4 within SMC in atherosclerotic
lesions has detrimental consequences on overall lesion pathogenesis. This
suggests that Klf4 activation in atherosclerosis is maladaptive, and that Klf4’s
activation and function in SMC evolved for another purpose.
One possible setting where Klf4 activation in SMC may be beneficial, and
thus evolutionarily conserved, is in the setting of injury-repair. During injuryrepair, SMC need to phenotypically modulate to contribute to the angiogenic
process 81. Macrophages and other inflammatory cells, potentially including
phenotypically modulated SMC, are also recruited to the site of injury 82. One
example of such an injury-repair process is the healing myocardium post
ischemia-reperfusion injury MI (IRI-MI). Following acute IRI-MI, healing of the
injured myocardium begins with an influx of inflammatory cells including large
numbers of phagocytic cells positive for macrophage markers that infiltrate the
infarct zone and release cytokines as well as matrix metalloproteinases 83,84.
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These phagocytic cells also play a critical role in clearing the infarct zone of dead
cells and ECM debris, while stimulating myofibroblasts to produce new collagen
for formation of fibrotic scar tissue 85 as well as stimulating angiogenesis and
revascularization of the infarct zone 90. SMC may contribute to the expansion of
these groups of phagocytic cells by transitioning to a macrophage-like state
through a Klf4 dependent mechanism, similar to what we have previously seen in
atherosclerosis 30,34. Moreover, additional Klf4 dependent changes in SMC
function may influence neovascularization of the infarct zone, including through
the secretion of various growth factors and cytokines by SMC.
Studies herein utilize our novel SMC lineage tracing and conditional Klf4
knockout mice to test the hypothesis that the summation of Klf4 dependent
transitions in SMC phenotype and function play a critical, beneficial role in
maintenance of vascular integrity and/or neovascularization during tissue repair.
Using an IRI model, we found that SMC are a relatively minor source of
myofibroblasts and macrophages post IRI-MI, with the macrophage-like
transitions being Klf4 dependent. However, contrary to expectations, we
discovered that Klf4 plays a critical protective role within resistance vessels at
baseline, in that conditional SMC-specific Klf4 knockout resulted in acute
reductions in peripheral resistance, a dilated heart, and evidence for increased
vascular leakage. These changes appear to be due, at least in part, to a reduced
coverage of resistance vessels with SMC and SMC derivatives, as well as
dysregulation of key SMC signaling pathways including PDGF and FGF
signaling.
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Material and Methods
Generation of SMC eYFP+/+ Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ animals
All animal protocols and procedures were performed in accordance with a
University of Virginia Institutional Animal Care and Use Committee approved
protocol. Myh11-CreERT2 ROSA floxed STOP eYFP, Myh11-CreERT2 ROSA
floxed STOP eYFP Klf4 wt/wt, and Myh11-CreERT2 ROSA floxed STOP eYFP Klf4
fl/fl male

littermate control mice were used for this study. Mice were genotyped as

previously described 33,34. The Myh11-CreERT2 transgene is located on the Y
chromosome, thus experimental mice were exclusively male in the study. Cre
recombinase was activated in male mice with a series of ten 1-mg tamoxifen
(Sigma, T-5648) intraperitoneal injections from 6 to 8 weeks of age, for a total of
10 mg of tamoxifen per mouse. Mice were then given at least a 2 week period to
recover before experiments/tissue isolation were performed to allow residual
tamoxifen to leave the system.
Ischemia-Reperfusion – Acute Myocardial infarction
SMC eYFP+/+ Klf4WT/WT (n=10) and SMC eYFP+/+ Klf4Δ/Δ (n=12) mice were
anesthetized with pentobarbital sodium (100 mg/kg; intraperitoneal) or
ketamine/xylazine (80/8 mg/kg body weight; intraperitoneal) and orally intubated.
Mice were ventilated with a small animal respirator (150 strokes/min and 150-200
µl stroke volume). The heart was exposed by left thoracotomy, and the coronary
artery is occluded by passing a suture beneath the left anterior descending artery
(LAD) and tightening over a piece of polyethylene-60 tubing for a period of 60
minutes. Reperfusion was induced by removing the tubing. Ketoprofen or
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buprenorphin (0.1 mg/kg body weight; subcutaneous) were administered as postoperative analgesics.
Tissue harvest and processing
Mice were euthanized via carbon dioxide asphyxiation. Following
euthanasia, mice whose tissues were to be used for whole mount preparations or
paraffin embedding were perfused through the left ventricle of the heart near the
apex with 5 mL phosphate buffered saline (PBS), followed by 10 mL
4% paraformaldehyde and another 5 mL PBS. Hearts, mesentery, retinas, and
spinotrapezius muscle were dissected, post-fixed in 4% paraformaldehyde for
30 mins (whole mounts) or 2 hours (paraffin embedding) and either paraffin
embedded or processed for whole mount imaging. Paraffin embedded sections
were subsequently sectioned serially at 10 µm thickness for further analysis.
Heart tissues that were used for frozen sections were processed as above
except used periodate-lysine-paraformaldehyde (PLP) in the place of
4% paraformaldehyde. After post fixation, frozen sections were equilibrated in
increasing sucrose gradients at 4oC (7.5% sucrose overnight, 15% sucrose for
4 hours, 30% sucrose for 2 hours). After the final sucrose equilibration, tissues
were embedded in optimum cutting temperature formulation (OCT), cooled in
liquid nitrogen and stored at -80oC until sectioned. Frozen tissues were sectioned
serially at 5 µm thickness for further analysis.
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Immunohistochemical and immunofluorescent analysis
Hematoxylin and eosin staining was done on 7 day post ischemiareperfusion injury hearts. Masson’s trichrome staining was done on 7 day
ischemia-reperfusion injury hearts. Immunohistochemical staining was done on
baseline and 7 day post ischemia-reperfusion injury hearts using an antibody
specific for KLF4 (Santa Cruz sc20691) and visualized by 3,3’-diaminobenzidine
(DAB, Acros Organic). Immunofluorescent staining of paraffin embedded, frozen
and whole mount tissues (heart, retina, spinotrapezius muscle) of SMC eYFP +/+
Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ mice was done utilizing primary antibodies
specific for GFP (Abcam ab6673, 4 μg/ml), KLF4 (R&D Systems AF3158, 1
µg/ml), LGALS3 (Cedarlane CL8942AP, 2 μg/mL), MYH11 (Kamiya Biomedical
Company MC-352, 1 µg/ml), GFP biotinylated (Abcam ab6658, 4 μg/ml), and
CD31 (DIA-310, 0.8 μg/ml). A primarily conjugated ACTA2-FITC (Sigma-Aldrich
F3777; 1:500) antibody was also used. Secondary antibodies used for
immunofluorescence include donkey anti-goat 555 (Life Technologies A21432,
1:250), donkey anti-goat 647 (Life Technologies A21447, 1:250) streptavidin,
Alexa Fluor 555 (Life Technologies S32355, 1:250), and donkey anti-rat Dylight
650 (Abcam ab102263; 1:200). Animal numbers are listed in the appropriate
figure legends. DAPI (Thermo Fisher Scientific D3571, 0.05 mg/mL) was also
used to label DNA.
Image capture and analysis
Hematoxylin and eosin, Masson’s trichrome and KLF4 DAB staining were
captured using a Zeiss Axioskop2 microscope fitted with an AxioCamMR3
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camera. Image acquisition was performed with AxioVision40 V4.6.3.0 software
(Carl Zeiss Imaging Solution). Digitized images of Masson’s trichrome staining
were analyzed using Image Pro Plus Software 7.0 (Media Cybernetics Inc.).
Areas of interest were drawn within the software to demarcate the infarct zone
and the left ventricle and then the areas of these regions were calculated.
Immunofluorescent images were captured using a Zeiss LSM700 confocal
microscope. Zen 2009 Light Edition Software (Zeiss) was used to acquire a zstack image at 1 µm intervals at 2048 x 2048 or 1024 x 1024 resolution. Analysis
of z-stack images was performed in Zen 2009 Light Edition Software (Zeiss).
Quantification of cell markers was done manually in the Zen 2009 software on
z-stack images to assess co-localization of markers within a single cell (DAPI+
nucleus). Quantification of gaps in eYFP+ cell coverage was done utilizing the
line segment distance tool in the Zen 2009 software. Images in figures are
maximum intensity projections of the confocal z-stacks. CD31
immunofluorescence pixilation was done in Image Pro Plus Software 7.0 (Media
Cybernetics Inc.). Positive staining color in the left ventricle was chosen at the
pixel level and defined using a color cube-based method. Area of the left
ventricle was calculated as described for Masson’s trichrome analysis.
Echocardiography
Echocardiography was performed on a FUJIFILM VisualSonics VEVO
2100 system. In brief, mice were anesthetized via inhaled isoflurane induction at
2.5% + 500 mL/min oxygen flow and maintained at 1% + 500 mL/min oxygen
flow. Mouse temperature, heart rate, and respiration rate were monitored
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throughout the procedure. Warmed Aquasonic (Parker labs 01-08) ultrasound gel
is applied over the thorax and a 30 MHz probe is positioned over the chest in a
parasternal position to acquire images. Long and short axis B-mode and M-mode
images were captured at heart rates between 400-600 beats per min and
respiration rates between 100-120 respirations per minute. Analysis of heart
parameters and function was done on the VEVO 2100 machine software using
Simpson’s method. Animal numbers are listed in appropriate figure legends.
Blood pressure measurements
SMC eYFP+/+ Klf4WT/WT (n=7) and SMC eYFP+/+ Klf4Δ/Δ (n=5) mice were
anesthetized with inhaled isoflourane + oxygen and placed on a heated surgery
table. The right carotid artery was exposed and cannulated with a Millar catheter.
Blood pressure measurements were taken and then animals were euthanized.
Blood flow measurements
Perfluorobutane microbubbles stabilized with the lipid monolayer shell
were prepared as described previously 91. Microbubbles were subjected to
flotation to remove large size particles to assure lack of microbubble retention in
the capillaries. Microbubbles (~900 million particles per ml concentration, mean
size ~2 µm, as determined by Coulter counter) were injected as intravenous
bolus to isoflurane-anesthetized SMC eYFP+/+ Klf4WT/WT (n = 7) and SMC eYFP+/+
Klf4Δ/Δ (n = 5) animals on a warming pad. Contrast ultrasound imaging of hind
limb vasculature was performed with a clinical-grade Sequoia c512 instrument
equipped with 15L8 probe, in CPS mode, at 7 MHz. Lateral spatial resolution of
contrast ultrasound imaging at the frequency utilized (7MHz) is ~0.2 mm; beam
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elevation at focal zone is <1mm. Coupling between the tissue and the probe was
achieved with ultrasound gel. Microbubbles in the target vasculature were
destroyed by a high-intensity pulse (MI, 1.9), and inflow of microbubbles into the
muscle was observed as replenishment of contrast, in real time (10 Hz), at MI =
0.2, which is not destructive to the microbubbles present in the field of view.
Contrast replenishment video was processed using Siemens Syngo software, to
compute the time constant of the replenishment curve according to a single
exponential equation y = A(1-e-βt), where A is the plateau video intensity or
microvascular cross-sectional area and β is the rate of rise of the video intensity
or microbubble velocity. Relative volumetric flow, f, was calculated using the
equation f = Aβ 92. Flow was measured within a region of interest in the
microvasculature of the quadriceps femoris (adjacent to the femoral artery).
Pressure myography
Pressure myography was done on SMC eYFP+/+ Klf4WT/WT (n = 3) and
SMC eYFP+/+ Klf4Δ/Δ (n = 3) animals as previously described 93. In brief, mice
were euthanized by CO2 asphyxia and first order mesenteric arteries were
isolated and placed in Krebs-HEPES containing (in mM) NaCl 118.4, KCl 4.7,
MgSO4 1.2, NaHCO3 4, KH2PO4 1.2, CaCl2 2, HEPES 10, and glucose
6. Isolated vessels were then transferred to a pressure arteriograph (Danish
MyoTechnology), cannulated at both ends with glass micropipettes, and secured
with 10–0 nylon monofilament suture. Arteries were perfused with Krebs-HEPES
supplemented with 1% BSA and superfused with Krebs-HEPES. Arteries were
pressurized to 80 mmHg and heated to 37˚C for a 30 minute equilibration step.
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Following equilibration, vessels were stimulated with cumulative
concentrations of phenylephrine (2 vessels per animal, PE, 10-9 to 10-4 M;
Sigma), acetylcholine (4 wild type vessels, 3 knockout vessels, ACh, 10-9 to 103 M)
10

or sodium nitroprussiate (7 wild type vessels, 8 knockout vessels, SNP, 10-

to 10-3 M) and luminal diameter was assessed in µm using the DMT vessel

acquisition suite. Results are expressed in mean ± SEM or percent maximal
lumen diameter. The maximal lumen diameter was determined at the end of the
PE dose response by incubating arteries in calcium-free Krebs-HEPES
containing ethylenbis-(oxyethylenenitrolo) tetra-acetic acid (EGTA, 2 mmol/L)
and sodium nitroprussiate (SNP, 10 μmol/L).
Passive diameter (2 vessels per animal) was measured by increasing the
intraluminal pressure from 0 mmHg to 140 mmHg by steps of 20 mmHg in a
calcium free Krebs-HEPES supplemented with EGTA and SNP as described
above. The lumen diameter was measured as described above and expressed in
mean ± SEM or % increase from 0 mmHg.
KLF4 chromatin immunoprecipitation-sequencing (ChIP-seq) analysis
Mesenteric arcades were isolated from SMC eYFP+/+ Klf4WT/WT (n=7) and
SMC eYFP+/+ Klf4Δ/Δ mice (n=7) and snap-frozen in liquid nitrogen. Frozen
tissues were ground in a mortar and pestle, resuspended in PBS with sodium
butyrate (Sigma-Aldrich B5887, 20mM), and subsequently spun at 500g in a
centrifuge to remove lipids. Remaining cells were then pooled by mouse
genotype and processed for ChIP-seq as previously described 34. In brief, cells
were fixed with 1% paraformaldehyde for 10 minutes at room temperature.
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Cross-linked chromatin was then sheared by sonication into fragments 200-600
base pairs in size. The chromatin fragments were then immunoprecipitated with
anti-KLF4 (Santa Cruz sc20691, 2 µg) antibody complexed with magnetic beadcoupled protein G (ThermoFisher 10004D, 10 µL beads per sample). Genomic
DNA was then eluted and purified off the bead complexes and library
construction was performed using the TruSeq DNA Sample Guide protocol by
Illumina following manufacturer's instructions. Sequencing was performed at the
University of Virginia Genomics Core using an Illumina Miseq Sequencing
System.
Sequencing reads from an Illumina MiSeq Sequencing System were
aligned to the mouse genome (mm9 assembly) using the BOWTIE alignment tool
94.

These aligned reads were then processed and converted into bam/bai format

(http://genome.ucsc.edu/goldenPath/help/bam.html), and then loaded in the
Integrative Genomics Viewer (http://www.broadinstitute.org/igv/) for visualization.
The processing steps involved removing duplicate reads and format conversions
using the SAMtools suite 95. The reads were also converted to BED format
(http://genome.ucsc.edu/FAQ/FAQformat#format1) for further data analysis
processes such as peak calling. KLF4 peaks were identified using MACS14

96

using the SMC eYFP+/+ Klf4Δ/Δ as input and with a P value for significant peak
calling ≤ 1 × 10−6. Once peaks were obtained, BEDtools 97 was used to identify
the closest genes to each peak. Functional annotation was performed using
DAVID 98 and PANTHER (http://pantherdb.org/) 99. The GSE accession number
is GSE107641.

40

Intravital confocal microscopy
Intravital confocal microscopy of the cornea was performed as previously
described 100. Briefly, SMC eYFP+/+ Klf4WT/WT (n=7) and SMC eYFP+/+ Klf4Δ/Δ
(n=7) mice were anesthetized with an intraperitoneal injection of
ketamine/xylazine/atropine (60/4/0.2 mg/kg body weight) (Zoetis; Kalamazoo,
MI/West-Ward; Eatontown, NJ/Lloyd Laboratories; Shenandoah, IA). Topical
anesthetic to numb the eye was administered as a drop of sterile 0.5%
Proparacaine Hydrochloride Ophthalmic Solution before imaging. Mice were
imaged on a confocal microscope (Nikon Instruments Incorporated, Melville, NY;
Model TE200-E2; 20X objective optimized for 2 channels-laser excitation
wavelengths at 488 and 543). Ophthalmic lubricant Genteal gel (Alcon; Fort
Worth, TX) was applied to the eye to prevent drying during imaging. Eyelashes
and whiskers were gently pushed back with Genteal gel, mice were placed on a
microscope stage with a warming pad, and the snout was gently restrained with a
nosecone.
Permeability measurements and quantification
Following anesthetization, 70 kilodalton Dextran-Rhodamine B
(ThermoFisher D1841, 5 mg/ml) was administered via a retro-orbital injection
immediately prior to imaging, such that movie recording started < 5 minutes postinjection. Digital images of the vascular networks were acquired using a
NikonTE200-E2 confocal microscope, as described above. One field of view per
cornea was imaged with full-thickness Z-stacks (25-30 slices at 3 μm between
each slice) on repetition for 60 minutes. To capture the entire corneal vascular
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network in the field of view, we created volume renders of z-stacks using the
maximum intensity projection. Then, using ImageJ, we measured the mean pixel
intensity in three equal-size regions of interest (ROIs) that were evenly
distributed across three different areas in the field of view (above limbus, in
vascular loops within the limbus, and below the A-V pair defining the start of the
limbus), for a total of nine ROIs being analyzed per frame. These values were
then plotted against time. Finally, we quantified the Area Under the Curve to
capture the total leak of dextran from the vasculature over time. Researchers
were blinded to the genotype of the animals until the end of analysis.
Bone marrow transfer
Bone marrow transfers were performed as previously described

101.

Briefly, eYFP+/+ Klf4Δ/Δ (n=3) recipient mice were lethally irradiated with a dose of
1200RADS (2x 600RADS, 3 hours apart). 30 minutes after radiation,
unfractionated bone marrow cells taken from femurs of whole body DsRED+
mice were administered to recipient mice via retro-orbital injections, 1 x 106
cells/mouse. Bone marrow was allowed to reconstitute for 6 weeks. After 6
weeks, mice received the normal series of 10 intraperitoneal tamoxifen injections
(1-mg tamoxifen, Sigma, T-5648). Following a 2 week rest period, mice received
a retro-orbital injection of isolectin-Alexa fluor 647 (ThermoFisher I32450) 30
minutes prior to euthanasia. Tissues were then isolated and processed for whole
mount imaging.
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Statistical Analysis
Statistics were performed using GraphPad Prism Version 6 software. The
Kolmogorov-Smirnoff normality test was used to determine if data were normal.
To assess genotype contributions to various echocardiography parameters
across multiple time points, two-way analysis of variance (ANOVA) was
performed. ANOVA was also used to compare groups in pressure myography
experiments. For individual comparisons between data, unpaired two-tailed ttests were performed. Welch’s correction was applied when variance was not
equal between groups. Mann Whitney U tests were performed instead of t-tests if
the data was non-normally distributed. The statistical tests used for each set are
detailed in the figure legends.

Results
KLF4 is upregulated in SMC within the infarct zone post ischemiareperfusion (acute MI)
We began by determining if SMC express KLF4 post IRI-MI utilizing our
previously described tamoxifen inducible SMC lineage tracing system (Myh11CreERT2 ROSA floxed STOP eYFP, SMC YFP+/+) 33. In agreement with the
literature, we found no evidence of eYFP+ lineage traced SMC expressing KLF4
at baseline (Figure 3A, yellow arrows). However, after a 1 hour left anterior
descending artery occlusion followed by reperfusion, there was a marked
increase in KLF4 expression within the heart, especially within the infarct zone
(Figure 3B). A subset of these KLF4 expressing cells were eYFP+, indicating
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they were of SMC origin (see SMC highlighted with white arrows in Figure 3C).
Based on these observations, we proceeded to test how SMC specific
conditional knockout of Klf4 impacted cardiac function before and after IRI-MI
induced by a sixty minute ligation of the left anterior descending artery. Myh11CreERT2 ROSA floxed STOP eYFP Klf4 fl/wt male and ROSA floxed STOP eYFP
Klf4 fl/wt female mice were bred yielding a 1:2:1 ratio of Myh11-CreERT2 ROSA
floxed STOP eYFP Klf4 wt/wt and Myh11-CreERT2 ROSA floxed STOP eYFP Klf4
fl/fl male

littermate control mice for experimental use. After a series of 10

tamoxifen injections at 6-8 weeks of age, we observed high efficiency (>95%),
simultaneous activation of the eYFP reporter gene and knockout of Klf4
exclusively in SMC in the Klf4fl/fl mice yielding Myh11-CreERT2 ROSA floxed
STOP eYFP Klf4Δ/Δ mice (Figure 3C and D) [henceforth referred to as “SMC
eYFP+/+ Klf4Δ/Δ” and “SMC eYFP+/+ Klf4WT/WT” littermate control mice for
simplicity].

A subset of SMC transitioned to macrophage- and myofibroblast-like cells
following IRI-MI
To determine if SMC are contributing to macrophage and myofibroblast
cell populations post IRI-MI, we utilized our SMC YFP+/+ mice to ascertain SMC
phenotypic switching. Seven days post IRI-MI a subset of SMC transitioned to a
LGALS3+ macrophage-like state (Figure 4A). However, these macrophage-like
SMC comprised less than 2% of the overall LGALS3+ macrophage population
(Figure 4B). Utilizing our SMC eYFP+/+ Klf4Δ/Δ mice, we found that Klf4 knockout

44

Figure 3: KLF4 is upregulated in SMC in the infarct zone post IRI-MI
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Figure 3: KLF4 is upregulated in SMC in the infarct zone post IRI-MI
(A) Representative immunofluorescence images of baseline hearts from SMC
eYFP+/+ mice (n = 8). Yellow arrows are highlighting eYFP+KLF4- cells. White
arrows are highlighting eYFP-Klf4+ cells. Scale bars represent 20 µm. (B)
Representative 3,3′-Diaminobenzidine (DAB) staining for KLF4 within baseline
and seven day post IRI-MI hearts. (C) Representative immunofluorescence
images from SMC eYFP+/+ Klf4WT/WT (n = 7) and SMC eYFP+/+ Klf4Δ/Δ (n = 9)
animals seven days post IRI-MI showing a marked decrease in eYFP+KLF4+
cells in SMC eYFP+/+ Klf4Δ/Δ animals. White arrows are highlighting eYFP+KLF4+
cells. Yellow arrows are highlighting eYFP+KLF4- cells. Scale bars represent 20
µm. (D) Quantification of eYFP+KLF4+ cells in SMC eYFP+/+ Klf4WT/WT (n = 7)
and SMC eYFP+/+ Klf4Δ/Δ (n = 9) animals seven days post IRI-MI. p value was
determined by unpaired, two tailed t-test with Welch’s correction. ** = p < 0.01.
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significantly reduced the number of SMC that transitioned to a LGALS3+
macrophage-like state (Figure 4A & B). This reduction in SMC derived LGALS3+
macrophage-like cells following SMC specific Klf4 knockout is consistent with our
previous work in the setting of atherosclerosis 34. We also examined whether the
previously reported SMC to myofibroblast transitions 25 were Klf4 dependent.
Knockout of Klf4 had no effect on SMC transitions to a myofibroblast-like state
(eYFP+Acta2+Myh11-), again consistent with our published work on late stage
atherosclerosis (Figure 4C & D). Taken together, these results demonstrate a
role for Klf4 in the phenotypic switching of SMC to a macrophage- but not
myofibroblast-like state. However, the overall contributions of SMC to these
populations was <1% for MFs 25 and <2% for macrophages. Nevertheless, given
that Klf4 regulates multiple SMC responses, including growth and suppression of
SMC marker genes 24,27,58, as well as our previous evidence of >800 KLF4 target
genes in SMC, we proceeded to analyze if knockout of Klf4 in SMC had any
functional effects following IRI-MI.

SMC specific Klf4 knockout induced cardiac dilation at baseline and
exacerbated development of an ischemic dilated cardiomyopathy
Hematoxylin and eosin staining of hearts seven days post IRI-MI revealed
that SMC eYFP+/+ Klf4Δ/Δ animals had dilated hearts when compared to wild type
littermate controls (Figure 5A) and also exhibited an increased heart to body
weight ratio at twenty one days post IRI-MI (Figure 5B). Infarct size relative to left
ventricle size was not increased in knockout animals compared to wild type

47

Figure 4: SMC specific Klf4 knockout impairs SMC phenotypic switching to
macrophage-like but not myofibroblast-like cells
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Figure 4: SMC specific Klf4 knockout impairs SMC phenotypic switching to
macrophage-like but not myofibroblast-like cells
(A) Representative immunofluorescence images of SMC eYFP+/+ Klf4WT/WT (n =
7) and SMC eYFP+/+ Klf4Δ/Δ (n = 9) animals seven days post IRI-MI showing a
marked decrease in eYFP+LGALS3+ cells in SMC eYFP+/+ Klf4Δ/Δ animals. White
arrows are highlighting eYFP+LGALS3+ cells. Yellow arrows are highlighting
eYFP+LGALS3- cells. Scale bars represent 20 µm. (B) Quantification of percent
eYFP+ cells within the infarct zone, percent of eYFP+ cells that are LGALS3+
within the infarct zone and percent of LGALS3+ cells that are eYFP+. Knockout
of KLF4 resulted in a decrease of eYFP+LGALS3+ cells. p value was determined
by unpaired, two tailed t-test for percent eYFP+ cells and unpaired, two tailed ttest with Welch’s correction for percent eYFP+ cells that are LGALS3+ and
percent LGALS3+ cells that are eYFP+. (C) Representative
immunofluorescence images of SMC eYFP+/+ Klf4WT/WT (n = 7) and SMC eYFP+/+
Klf4Δ/Δ (n = 7) animals seven days post IRI-MI showing no difference in
eYFP+ACTA2+MYH11- cells in SMC eYFP+/+ Klf4Δ/Δ animals when compared to
SMC eYFP+/+ Klf4WT/WT. Yellow arrows are highlighting eYFP+Acta2+Myh11cells. Scale bars represent 20 µm. (D) Quantification of percent eYFP+ cells
within the infarct zone, and the percent of eYFP+ cells that are
eYFP+ACTA2+MYH11- myofibroblast-like cells within the infarct zone. p value
was determined by unpaired, two tailed t-test. * = p < 0.05, ** = p < 0.01.
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Figure 5: SMC specific Klf4 knockout leads to an increased cardiac dilation
post MI

50

Figure 5: SMC specific Klf4 knockout leads to an increased cardiac dilation
post MI
(A) Representative images of hematoxylin and eosin staining of SMC eYFP+/+
Klf4WT/WT (n = 7) and SMC eYFP+/+ Klf4Δ/Δ (n = 9) animals seven days post IRI-MI
showing a cardiac dilation in the knockout animals. Scale bars represent 1 mm.
(B) Quantification of heart weight/body weight ratios for SMC eYFP +/+ Klf4WT/WT (n
= 3) and SMC eYFP+/+ Klf4Δ/Δ (n = 4) animals twenty one days post IRI-MI. p
value was determined by unpaired, two tailed t-test. (C) Quantification of infarct
area as a ratio of left ventricle area for SMC eYFP+/+ Klf4WT/WT (n = 7) and SMC
eYFP+/+ Klf4Δ/Δ (n = 9) animals seven days post IRI-MI. (D, E) Echocardiography
time course of SMC eYFP+/+ Klf4WT/WT (0 [n=12], 7 [n=6], 14 [n=3], and 21 [n=2]
days post MI) and SMC eYFP+/+ Klf4Δ/Δ (0 [n=14], 7 [n=9], 14 [n=5], and 21 [n=5]
days post MI) animals. Knockout animals had increased end systolic and end
diastolic volumes and an increased cardiac dilation. p value (**) was determined
by two-way ANOVA. There was also a significant increase in end systolic and
end diastolic at baseline. p value (#, ##) was determined by unpaired, two tailed
t-test. (F-I) Echocardiography time courses examining stroke volume, ejection
fraction, fractional shortening and cardiac output show decreases as expected
post IRI-MI, but no difference between knockout and wild type animals. ** = p <
0.01, # = p < 0.05, ## = p < 0.01.
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animals seven days post IRI-MI (Figure 5C). The cardiac dilation in SMC eYFP+/+
Klf4Δ/Δ mice was further confirmed by echocardiographic analyses of the left
ventricle. Following IRI-MI, SMC specific Klf4 knockout animals have a
significantly increased end systolic and end diastolic volumes (Figure 5D & E).
Functional parameters, including ejection fraction and cardiac output, were not
different between knockout and wild type animals but did show a decrease over
time as expected following IRI-MI (Figure 5F-I).
Closer examination of the echocardiography data showed significant
increases in end systolic and end diastolic volumes at baseline, i.e. prior to IRIMI (Figure 6A and 4B), which is only two weeks after the last tamoxifen injection
and just 4 weeks since the first of our series of ten tamoxifen injections required
to induce >95% Cre recombinase dependent eYFP activation and genetic
knockout of Klf4 in SMC 34. The increase in end diastolic volume was larger than
the increase in end systolic volume, resulting in an increase in stroke volume
(Figure 6C). These data suggest that SMC eYFP+/+ Klf4Δ/Δ animals had a
preexisting cardiac dilation as a consequence of Klf4 knockout in SMC. This
preexisting cardiac dilation would likely negatively impact knockout animals’
recovery following IRI-MI.
To investigate whether an altered myocardial capillary density, previously
shown to be associated with idiopathic dilated cardiomyopathy in humans

102,

contributes to the cardiac dilation we see in our baseline SMC eYFP+/+ Klf4Δ/Δ
animals, we examined CD31+ vascular density within the left ventricle (Figure
6D). CD31+ vascular density was not altered in baseline SMC eYFP+/+ Klf4Δ/Δ
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Figure 6: SMC specific knockout of Klf4 leads to left ventricular dilation,
decreased blood pressure, and increased blood flow at baseline
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Figure 6: SMC specific knockout of Klf4 leads to left ventricular dilation,
decreased blood pressure, and increased blood flow at baseline
Echocardiography analysis of (A) end systolic volume, (B) end diastolic volume,
(C) stroke volume at baseline in SMC eYFP+/+ Klf4WT/WT (n = 12) and SMC
eYFP+/+ Klf4Δ/Δ (n = 14) animals. p value was determined by unpaired, two tailed
t-test. (D) Quantification of CD31+ pixel density within the left ventricle of
baseline SMC eYFP+/+ Klf4WT/WT (n = 6) and SMC eYFP+/+ Klf4Δ/Δ (n = 6) animals.
(E) Blood pressure measurements were performed using a carotid blood
pressure probe on SMC eYFP+/+ Klf4WT/WT (n = 7) and SMC eYFP+/+ Klf4Δ/Δ (n =
5) animals and showed an approximately 5 mmHg drop in blood pressure at
baseline. p value was determined by unpaired, two tailed t-test. (F) Relative
volumetric blood flow rate was measured by contrast ultrasound in an area of
interest near the femoral artery in SMC eYFP+/+ Klf4WT/WT (n = 7) and SMC
eYFP+/+ Klf4Δ/Δ (n = 5) animals. p value was determined by unpaired, two tailed ttest. * = p < 0.05, ** = p < 0.01.
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animals compared to SMC eYFP+/+ Klf4WT/WT. Another potential cause of left
ventricular dilation is a reduction in peripheral resistance. Thus, we next
examined the blood pressure and blood flow rate in our mice, the two main
determinants of peripheral resistance (i.e. Q=P/R). SMC eYFP+/+ Klf4Δ/Δ animals
had an approximately 5 mmHg drop in mean arterial blood pressure at baseline
when measured using a carotid blood pressure probe (Figure 6E). To calculate
blood flow within the resistance arteries, we utilized contrast ultrasound
combined with injectable microbubbles. We began by destroying the bubbles
within the vasculature of the leg with an ultrasonic pulse and measured the
subsequent bubble refill rate in a region of interest within the microvasculature of
the quadriceps femoris. SMC eYFP+/+ Klf4Δ/Δ animals had an increased relative
volumetric flow rate within the region of interest (Figure 6F). Taken together,
these data support the conclusion that Klf4 has a previously unknown, protective
role in SMC homeostasis and its loss results in a reduction in peripheral
resistance. The main vessels responsible for peripheral resistance and blood
pressure control are the resistance arteries, so we next investigated the
contractile properties of the resistance arteries in our SMC Klf4 knockout and
wild type control mice.

SMC Klf4 knockout resulted in increased resistance vessel passive
diameter indicative of outward remodeling
To investigate the effect of knockout of Klf4 in SMC on resistance artery function,
we performed pressure myography on first order mesenteric arteries. Under
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calcium free conditions, the diameter of first order SMC eYFP+/+ Klf4Δ/Δ arteries
was increased at all pressures when compared to these same resistance vessels
from SMC eYFP+/+ Klf4WT/WT littermate control mice (Figure 7A). However, the
vessel response to increasing pressure was the same between knockout and
wild type mice indicating that SMC Klf4 knockout did not alter the mechanical
properties of the vessel (Figure 7B). Similarly, SMC eYFP+/+ Klf4Δ/Δ resistance
vessels also exhibited an increased diameter compared to those from SMC
eYFP+/+ Klf4WT/WT littermate controls during phenylephrine-induced contraction in
calcium containing medium (Figure 7C). However, no change was seen in the
ability of knockout vessels to contract in response to the phenylephrine
stimulation compared to wild type vessels (Figure 7D). A possible explanation for
changes in vessel diameter in our SMC eYFP+/+ Klf4Δ/Δ vessels is an alternation
in the vessel’s response to the vasodilator NO. Thus, we examined whether there
was a change in endothelial-dependent (acetylcholine treated, Figure 7E) or
endothelial independent (SNP treated, Figure 7F) activation of the NO axis in
isolated first order mesenteric vessels in our SMC eYFP+/+ Klf4WT/WT and SMC
eYFP+/+ Klf4Δ/Δ animals. We observed no difference in the knockout versus wild
type vessels (Figure 7E and 7F). Taken together, these results indicate that the
reduced blood pressure and cardiac dilation observed in SMC-specific Klf4
knockout mice is due at least in part to outward remodeling and/or dilation of
resistance arteries. This remodeling and/or dilation is not accompanied by a
change in phenylephrine dose responsiveness or the vessel’s response to NO.
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Figure 7: SMC specific Klf4 knockout first order mesenteric resistance
arteries are dilated compared to their wild type counterparts.
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Figure 7: SMC specific Klf4 knockout first order mesenteric resistance
arteries are dilated compared to their wild type counterparts.
(A) Quantification of pressure myography to assess the passive properties of first
order mesenteric vessels from SMC eYFP+/+ Klf4WT/WT (n = 3) and SMC eYFP+/+
Klf4Δ/Δ (n = 3) animals (2 vessels per animal) at baseline. SMC eYFP+/+ Klf4Δ/Δ
vessels were significantly dilated when compared to SMC eYFP+/+ Klf4WT/WT
under all pressures. p value was determined by two way anova. (B) Passive
diameters normalized to respective diameters at 0 mmHg. (C) Quantification of
pressure myography to assess the phenylephrine response of first order
mesenteric vessels from SMC eYFP+/+ Klf4WT/WT (n = 3) and SMC eYFP+/+ Klf4Δ/Δ
(n = 3) animals at baseline (2 vessels per animal). SMC eYFP+/+ Klf4Δ/Δ vessels
were significantly dilated when compared to SMC eYFP+/+ Klf4WT/WT under all
stimulations of phenylephrine. p value was determined by two way anova. (D)
Phenylephrine stimulated lumen diameters normalized to respective maximal
lumen diameters. (E) Quantification of pressure myography to assess the
endothelial-dependent acetylcholine response of first order mesenteric vessels
from SMC eYFP+/+ Klf4WT/WT (n = 3, total vessels = 4) and SMC eYFP+/+ Klf4Δ/Δ (n
= 3, total vessels = 3) animals at baseline. (F) Quantification of pressure
myography to assess the endothelial independent sodium nitroprussiate
response of first order mesenteric vessels from SMC eYFP+/+ Klf4WT/WT (n = 3,
total vessels = 7) and SMC eYFP+/+ Klf4Δ/Δ (n = 3, total vessels = 8) animals at
baseline. *** = p < 0.001, **** = p < 0.0001.
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That is, results indicate that Klf4 appears to be required for maintenance of
normal resistance vessel structure (i.e. size).

In vivo KLF4 ChIP-Seq identified PDGF signaling as a key pathway
regulated by Klf4 within the mesenteric vascular bed
To begin to understand what genes KLF4 might regulate to cause these
unexpected baseline changes in resistance vessel structure and function
associated with acute SMC specific Klf4 knockout, we performed comparative in
vivo KLF4 ChIP-Seq analyses on the mesenteric resistance vessel arcade from
our SMC eYFP+/+ Klf4Δ/Δ and SMC eYFP+/+ Klf4WT/WT control mice to identify SMC
KLF4 regulated genes and gene pathways. ChIP-Seq analysis of complex tissue
samples that consist of numerous different cell types and phenotypes is usually
highly problematic in that it is nearly impossible to ascertain what changes are
contributed by one cell type versus another. Moreover, many differences may be
lost due to inadequate sensitivity in detecting even large changes in relatively low
abundance, but functionally important, cell types including SMC. In contrast,
performance of these analyses in our experimental SMC Klf4 knockout model
allows us to ascertain overall changes (i.e. primary and secondary) resulting from
initial conditional loss of a single gene (i.e. Klf4) exclusively in SMC. As such, to
identify putative KLF4 target genes within SMC in resistance vessels that could
mediate our observed structural and functional changes, we performed KLF4
ChIP-Seq analyses on chromatin extracted from mesenteric resistance vessel
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arcades from our SMC eYFP+/+ Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ animals two
weeks following the last tamoxifen injection (Figure 8A).
In brief, SMC eYFP+/+ Klf4WT/WT sequencing reads were normalized to
SMC eYFP+/+ Klf4Δ/Δ reads to identify those reads that were enriched in wild type
animals. Remaining reads were then tabulated as peaks and associated with
genes, resulting in a list of putative SMC-KLF4 target genes that were then
subjected to pathway enrichment analysis (Figure 8A). Of major interest, results
of these analyses identified the PDGF signaling pathway as the most significantly
enriched pathway (p<0.0001, Figure 8B). PDGF signaling is known to be critical
for SMC investment of nascent blood vessels during vascular development and
angiogenesis 103–105. However, surprisingly there is no known role of PDGF
signaling in the homeostasis of the normal vasculature

105.

Other enriched

pathways included FGF signaling and angiogenesis, as well as several
inflammatory pathways including Interferon-gamma signaling and Toll receptor
signaling (Figure 8B). The ubiquitin proteasome pathway was also enriched in
our Klf4 ChIP-Seq (Figure 8B), a pathway that is not only involved in protein
degradation but also trafficking 106. Intriguingly, the enriched genes within these
pathways do not simply include the receptors, but also a host of kinases,
phosphatases and transcription factors (Figure 8C).
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Figure 8: KLF4 ChIP-Seq identifies PDGF signaling pathway as being
differentially regulated between SMC Klf4 knockout and wild type
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Figure 8: KLF4 ChIP-Seq identifies PDGF signaling pathway as being
differentially regulated between SMC Klf4 knockout and wild type
(A) Cartoon representation of the area taken for the KLF4 ChIP-Seq and analysis
work flow. Red line on mesentery indicates where the tissue was cut. (B)
Enriched PANTHER pathways in SMC eYFP+/+ Klf4WT/WT (n = 7) compared to
SMC eYFP+/+ Klf4Δ/Δ (n = 7) animals. Red line indicates p=0.05. p value
calculated by DAVID software (C) Top 5 enriched genes in the PDGF and FGF
signaling pathways.
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Resistance vessels from SMC Klf4 knockout mice exhibit gaps in SMC
coverage
Given our results showing that KLF4 regulates several pathways
previously shown to be critical in regulating SMC growth, migration, and
investment of blood vessels, we next sought to determine if SMC loss of KLF4
expression and subsequent reductions in blood pressure and peripheral
resistance may be associated with morphological changes in resistance vessels.
We focused our evaluations of resistance vessel morphology on the retina two
weeks after the last tamoxifen injection given the ease of obtaining very high
resolution, low background images of the entire vascular network using whole
mount preparations. Of major interest, resistance arteries of SMC eYFP +/+ Klf4Δ/Δ
mice had an approximately four fold increase in prominent gaps in eYFP+
perivascular cell coverage (eYFP- vascular area) over SMC eYFP+/+ Klf4WT/WT
animals, which only had small eYFP+ coverage gaps (Figure 9A white arrows,
9B).These gaps in eYFP+ coverage still had ACTA2+MYH11+ perivascular cells
investing the arteriole (Figure 9A, white arrows) and were not bulging outward,
suggesting these replacement perivascular cells are functional. These eYFPgaps were also present in other vascular beds, including the spinotrapezius
(Figure 9C). Notably, the eYFP- cells within the gaps are unlikely to represent
SMC that failed to undergo Cre recombination given that we observed no
differences in recombination frequencies within large vessels of SMC eYFP +/+
Klf4Δ/Δ versus SMC eYFP+/+ Klf4WT/WT mice in our previous studies in this model
33,34

and it is extremely unlikely the Cre recombination frequency of the eYFP
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Figure 9: SMC specific knockout of Klf4 results in non-continuous lineage
traced SMC coverage along vessels in the microvasculature.
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Figure 9: SMC specific knockout of Klf4 results in non-continuous lineage
traced SMC coverage along vessels in the microvasculature.
(A) Representative whole mount immunofluorescence images of SMC eYFP+/+
Klf4WT/WT (n = 8) and SMC eYFP+/+ Klf4Δ/Δ (n = 8) retinas. White arrows highlight
gaps in eYFP+ cell coverage that have been filled with cells expressing ACTA2
and MYH11 but not eYFP. Scale bars represent 50 µm. (B) Quantification of %
eYFP- length compared to whole vessel length in SMC eYFP+/+ Klf4WT/WT (n = 5)
and SMC eYFP+/+ Klf4Δ/Δ (n = 6) retinas. p value was determined by Mann
Whitney U test. (C) Representative whole mount immunofluorescence images of
SMC eYFP+/+ Klf4WT/WT (n = 8) and SMC eYFP+/+ Klf4Δ/Δ (n = 8) spinotrapezius.
White arrows highlight gaps in eYFP+ cell coverage that have been filled with
cells expressing ACTA2 and MYH11 but not eYFP. Scale bars represent 50 µm.
(D) Quantification of vascular leakage within the limbal vascular bed of the
cornea based on intravital microscopic evaluation of interstitial levels of a 70 kDa
dextran levels 0-1 hour post-injection. Results show the area under the curve for
dextran+ pixels in the interstitial space near the vasculature in SMC eYFP+/+
Klf4WT/WT (n = 7) and SMC eYFP+/+ Klf4Δ/Δ (n = 7). The p value was determined by
two way anova for comparisons across the entire vascular network and Sidak’s
multiple comparisons between individual locations. (E) SMC eYFP+/+ Klf4Δ/Δ
animals were lethally irradiated and given a bone marrow transfer from whole
animal constitutive DsRED+ mice. No DsRED+ cells (yellow arrows) were found
in the eYFP+ SMC gaps in the spinotrapezius (white arrows). Scale bars
represent 50 µm. ** = p <0.01, **** = p < 0.0001.
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reporter gene locus would differ between SMC Klf4 knockout and wild type mice.
As such, the gaps are likely to represent loss of SMC coverage of resistance
vessels and subsequent replacement by a non-SMC cell source that did not
express Myh11 at the time of tamoxifen injections.
To determine if the areas of incomplete eYFP+ cell coverage were leaky,
mice were perfused with a 70 kDa dextran-Rhodamine dye and the corneas were
examined for presence of the dye outside of the vasculature using real-time in
vivo confocal microscopy. Significant leak of dye into the interstitium was seen in
the areas beneath the limbal vessels in SMC eYFP+/+ Klf4Δ/Δ mice (Figure 9D).
We also saw significantly increased leak across the entire network in SMC
eYFP+/+ Klf4Δ/Δ compared to SMC eYFP+/+ Klf4WT/WT mice. We did not observe
evidence of red blood cells or fibrin deposits adjacent to the gaps suggesting
there was not frank loss of endothelial integrity in these regions, although we
cannot rule out the possibility that there may have been a transient loss of
endothelial integrity that did not persist.
Next, we investigated whether bone marrow derived cells were the source
of the replacement cells within the eYFP+ gaps. Six week old SMC eYFP +/+
Klf4Δ/Δ mice underwent lethal irradiation and a bone marrow transfer from
constitutive globally labeled DsRED+ mice. The mice were then given six weeks
to recover, treated with a series of ten tamoxifen injections over two weeks, and
then harvested two weeks later to simulate our original SMC Klf4 knockout
experiments. DsRED+ cells were observed in the interstitium of retina whole
mounts, an indication of successful bone marrow reconstitution (Figure 9E,
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yellow arrows). The microvasculature of these mice showed that the cells
occupying the gaps in eYFP+ coverage (eYFP- vascular area) in SMC eYFP+/+
Klf4Δ/Δ animals were not DsRED+ and thus not derived from a bone marrow cell
source (Figure 9E, white arrows).
Taken together, these results indicate the following. First, pre-existing
SMC normally maintain continuous SMC coverage of resistance vessels through
a process that is Klf4 dependent. Second, upon SMC specific conditional
knockout of Klf4, there is loss of pre-existing differentiated SMC coverage of
resistance vessels. These lost SMC are rapidly replaced from a non-bone
marrow derived source of undetermined origin. Third, the replacement cells
express classical SMC marker genes such as Acta2 and Myh11 but fail to
maintain normal vascular integrity. Fourth, the overall consequence of conditional
genetic loss of Klf4 in SMC is impaired maintenance of peripheral resistance
likely due in part to outward remodeling and functional dilation of resistance
vessels.

Discussion
Klf4 has previously been shown to be undetectable within large conduit
arteries at baseline but is rapidly upregulated upon vascular injury 24,57. Herein,
we show compelling evidence that Klf4 has a previously unknown, beneficial,
functional role in microvascular SMC within resistance arteries at baseline.
Knockout of Klf4 specifically in SMC resulted in far reaching cardiovascular
effects, including loss of SMC perivascular coverage (Figure 9), a leaky

67

vasculature (Figure 9C), dilation of resistance arteries (Figure 7), an overall
reduction in peripheral resistance (Figure 6E & F), and a heart dilation (Figure 6A
& B). We postulate that loss of Klf4 expression within SMC in resistance vessels
resulted in transient loss of SMC perivascular coverage but ultimate replacement
with ACTA2+ MYH11+ cells derived from a non-SMC and non-myeloid source
yet to be determined. This replacement results in an increased permeability of
the vasculature and was associated with significant dilation of resistance vessels.
Although this dilation was modest, it was sufficient to result in reduced peripheral
resistance as peripheral resistance changes as a function of the fourth power of
changes in vessel radius. It is unclear to what extent the resistance vessel
dilation is a function of outward vessel remodeling. It is also unclear whether
these functional changes may be related to the loss of SMC coverage of
resistance vessels in SMC Klf4 knockout mice, and/or the lost SMC being
replaced by cells from a non-SMC source. However, the net result was an
increased diameter at any given intraluminal pressure which likely is the primary
cause of reductions in peripheral resistance. This increased vessel diameter was
not due to changes in the response to NO, but may have been the result of a
change in the availability of NO which has been shown to play a key role in flow
induced arteriolar remodeling 107,108.The reductions in peripheral resistance (and
accompanying hypotension) may contribute to the observed heart dilation as very
low diastolic blood pressures have been associated with increased
cardiovascular risk 109–111, even in non-hypertensive individuals 112,113, although
the underlying mechanisms are poorly understood.
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We also demonstrated Klf4 dependent phenotypic switching of SMC to a
macrophage-like state following IRI-MI. The eYFP+ SMCs made up less than 2%
of macrophages within the myocardium, suggesting a limited role for this process
within the healing myocardium. However, this limited number of macrophage-like
SMCs may still influence the infarct zone through paracrine signaling. Our KLF4
ChIP-Seq on mesenteric arcades (Figure 8), as well as our previous KLF4 ChIPSeq on atherosclerotic lesions 34, identified >70 KLF4 regulated proinflammatory
genes including numerous cytokines known to be involved in regulating
recruitment and/or the function of inflammatory cells such as macrophages and T
cells. These data coupled with the enrichment in the ubiquitin proteasome
pathway (Figure 8B) suggest that macrophage-like SMC may indeed have a
paracrine role following IRI-MI, by influencing the abundant populations of
inflammatory cells that infiltrate the infarct zone post IRI-MI. The data also more
broadly suggest that SMC paracrine signaling may be important in a variety of
other pathological conditions such as diabetes, metabolic disease, and cancer.
Indeed recent work by Murgai et al. demonstrated that Klf4 dependent changes
in SMC phenotype and function, including SMC deposition of fibronectin, are
critical for pre-metastatic niche formation in mouse models of lung cancer

114.

Much like in the setting of atherosclerosis, the Klf4 dependence of pre-metastatic
niche formation in mouse models of lung cancer is likely a maladaptive function
of Klf4 in SMC.
Surprisingly, our data suggest that Klf4 is required for maintenance of
perivascular coverage at baseline. Within two weeks of the last tamoxifen
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injection, SMC eYFP+/+ Klf4Δ/Δ mice already have developed gaps in eYFP+
coverage, suggesting that microvascular SMC have a higher turnover rate than
previously thought and that the normal replacement cells come from preexisting
SMC through a Klf4 dependent process. Our KLF4 ChIP-Seq implicates several
key SMC signaling pathways, including PDGF and FGF, not only as being KLF4
targets but also as having an important role in the maintenance of continuous
SMC coverage (Figure 8B). When KLF4 is lost these pathways become
dysregulated. However the direction of change is unclear as KLF4 has been
shown to act as both a repressor and an activator of gene transcription 27,30. One
potential explanation for the loss of eYFP+ SMC coverage in SMC eYFP+/+
Klf4Δ/Δ mice is a dysregulation of potent mitogen pathways that results in the
migration of SMC away from the vessel. This would appear to be unlikely, as we
saw no eYFP+ cells in the interstitium away from vessels in the retinas and
spinotrapezius muscles of our knockout mice. Ultimately, Klf4 loss in SMC results
in activation of a compensatory process wherein a non-SMC, non-myeloid source
of SMC progenitors fill the gaps in perivascular coverage and activate SMC
marker genes including Acta2 and Myh11. Although these replacement cells
have activated the SMC gene expression profile, they may not be perfect
replacements as we are able to detect functional changes in vessel diameter by
pressure myography as well as an increased vessel permeability. However, we
cannot ascribe the observed functional changes simply to these replacement
cells. Rather, we can only conclude that the functional changes are the overall
consequence of initial loss of Klf4 exclusively in SMC plus any possible
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downstream secondary effects. Given the hundreds of putative KLF4 target
genes in SMC identified in our KLF4 ChIP-Seq analyses, the underlying
mechanisms responsible for the observed functional changes in resistance
vessels are likely to be extraordinarily complex.
The source of the MYH11+ACTA2+ replacement cells remains unknown,
although we know they do not come from a bone marrow source (Figure 9E).
One possible source would be an unlabeled MYH11- SMC progenitor cell. This
would be difficult to investigate, as there is no known marker to label such a
population. Other possible sources of replacement cells include endothelial cells
undergoing endothelial to mesenchymal transitions and SCA1+ adventitial stem
cells 115–117. Unfortunately, these possibilities cannot be tested as lineage tracing
of these populations would require a Cre recombinase-independent system since
we require use of the Myh11 ERT2-Cre lineage tracing and simultaneous Klf4
knockout systems to generate the gaps. There is also no definitive model system
for rigorous lineage tracing of SCA1+ stem cell populations since Sca1 is also
expressed by numerous other cell types.
In conclusion, results of the present studies have shown that Klf4 has a
previously unknown, crucial maintenance role within resistance vessels in that its
loss is associated with dilation of resistance vessels, reduced blood pressure,
and development of a cardiac dilation. Further studies will be needed to identify
the complex mechanisms by which Klf4 regulates SMC function within resistance
vessels and the extent to which this process is conserved across species
including in humans. Indeed, identifying unique Klf4 targets in atherosclerosis
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and cancer will be necessary for the development of any targeted treatment
strategies to avoid disrupting the critical homeostatic role Klf4 plays within
baseline SMC. In addition, based on recent genome association studies showing
that Klf4 polymorphisms are highly associated with coronary artery disease
will be important to determine how dysregulation of KLF4 expression might
contribute to microvascular dysfunction associated with type 2 diabetes,
metabolic disease, and obesity.

118,
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Chapter III: Additional Studies

73

Knockout of Klf4 in SMC alters metabolic pathways
Experimental background
We have previously assessed the effects of Klf4 knockout in SMCs on the
binding of KLF4 to DNA within cells of mesenteric cascades (see Figure 8).
Unfortunately this ChIP Seq analysis is insufficient to give directionality to gene
expression changes as KLF4 has been shown to be both an activator and
repressor of gene expression 27,30. To more directly assess the effects loss of
KLF4 within SMCs have on gene expression in baseline animals, we performed
RNA Seq on the mesentery arcades isolated from SMC eYFP+/+ Klf4WT/WT and
SMC eYFP+/+ Klf4Δ/Δ mice.

Results:
SMC specific Klf4 knockout results in metabolic dysregulation
To perform the RNA Seq, RNA was isolated from the mesenteric arcades
of SMC eYFP+/+ Klf4WT/WT (n=9) and SMC eYFP+/+ Klf4Δ/Δ (n=9) mice. RNA was
pooled from 3 animals of the same genotype to generate a single sequencing
run. Pooling in this way gave us 3 wild type and 3 knockout samples for analysis.
The most dysregulated pathways are shown in Figure 10A. Intriguingly, knockout
of Klf4 within SMCs resulted in the dysregulation of oxidative phosphorylation
and mitochondrial dysfunction, suggesting a role for KLF4 within SMCs in
metabolism (Figure 10A). To test whether this metabolic disruption resulted in a
functional change, we measured fasting blood glucose levels in our SMC eYFP+/+
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Klf4WT/WT (n=7) and SMC eYFP+/+ Klf4Δ/Δ (n=8) mice. At baseline, SMC eYFP+/+
Klf4Δ/Δ mice did not have an altered fasting blood glucose (Figure 10C). However,
when challenged with a diet induced obesity (DIO) model initiated through a 4
week high fat diet feeding SMC eYFP+/+ Klf4Δ/Δ (n=12) mice had an elevated
fasting blood glucose relative to their DIO SMC eYFP+/+ Klf4WT/WT (n=8) controls
(Figure 10C). This suggests that KLF4 within SMCs helps normalize fasting
blood glucose levels when challenged in a DIO model. Overall, these data
indicate that KLF4 expression within SMCs plays a role in metabolic regulation.

Discussion
Due to the duality of KLF4’s action as a transcription factor, our previous
ChIP Seq results identified pathways that were affected by knockout of KLF4 in
SMCs but not the direction of potential change in those pathways. To our
surprise, RNA Seq results (Figure 10) implicated numerous metabolic pathways
as being dysregulated. Additional studies will be required to assess whether this
dysregulation is a primary effect within SMCs or through secondary mediators.
The mechanism of action for this change also remains unclear, although
combinatorial analysis of our KLF4 ChIP Seq and RNA Seq experiments may
help identify preliminary target genes where KLF4 is bound to the gene promoter
and corresponding gene expression is disrupted.
We measured the fasting blood glucose levels of our mice to test for
functional consequences of disrupting the implicated metabolic pathways (Figure
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10A, oxidative phosphorylation and mitochondrial dysfunction). SMC eYFP+/+
Klf4Δ/Δ had similar fasting blood glucose levels to their wild type counterparts
under baseline conditions, however they had a significantly increased fasting
blood glucose after challenge with a high fat diet. This suggests that SMC
eYFP+/+ Klf4Δ/Δ mice are unable to respond to the DIO model as well as their wild
type counterparts. As such, a logical next step is to perform a glucose tolerance
test in all groups to examine systemic responses to acute challenge. Further
discussion of future experiments to characterize this metabolic change in SMC
eYFP+/+ Klf4Δ/Δ can be found in the Future Directions section.
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Figure 10: SMC specific Klf4 knockout results in disruption of metabolic
pathways
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Figure 10: SMC specific Klf4 knockout results in disruption of metabolic
pathways
(A) Enriched IPA pathways in SMC eYFP+/+ Klf4WT/WT (n=9) compared to SMC
eYFP+/+ Klf4Δ/Δ (n=9) animals. Red line indicates p=0.05. p value calculated by
IPA software. (B) Most dysregulated upstream regulators as identified by IPA
analysis. (C) Fasting blood glucose levels from SMC eYFP+/+ Klf4WT/WT (n=7),
SMC eYFP+/+ Klf4Δ/Δ (n=8), SMC eYFP+/+ Klf4WT/WT 4 week DIO feed fed (n=8),
and SMC eYFP+/+ Klf4Δ/Δ 4 week DIO feed fed (n=12) animals. p value was
determined by unpaired, two tailed t-test. * = p < 0.05.
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Aging SMC eYFP+/+ Klf4Δ/Δ and SMC eYFP+/+ Klf4WT/WT
results in gaps in eYFP+ coverage within vascular beds
Experimental background
Our previous studies had identified gaps in eYFP+ SMC coverage within
the microvasculature (Figure 9). These microvascular beds were also
hyperpermeable and leaky (Figure 9). Hyperpermeability of microvascular beds
is a hallmark of the aging vasculature (reviewed in

119).

As such, we

hypothesized that knockout of Klf4 in SMCs would result in a worsening of aging
associated hyperpermeability. This hypothesized increase in hyperpermeability
compared to an aged wild type mouse may also be associated with an increase
in the abundance and/or size of the gaps in eYFP+ SMC coverage.

Results:
Wild type and SMC specific Klf4 knockout mice develop gaps in eYFP+
SMC coverage with age
I began by aging a cohort of SMC eYFP+/+ Klf4WT/WT (n = 5) and SMC
eYFP+/+ Klf4Δ/Δ (n = 4) mice to 75 weeks (~19 months) of age. The mice received
tamoxifen at the normal time point of 6-8 weeks of age. Mice are considered to
have reached “old age” when they are 18-24 months old, corresponding to 56-69
years of age in humans 120. I isolated several microvascular beds from these
mice and performed whole mount immunostaining. I observed gaps in eYFP+
coverage within the spinotrapezius muscle (Figure 11A), mesentery (Figure 11B)
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and retina (data not shown) in both SMC eYFP+/+ Klf4WT/WT and SMC eYFP+/+
Klf4Δ/Δ mice. Interestingly, these gaps did not appear to be more abundant in the
aged SMC eYFP+/+ Klf4Δ/Δ mice than in their younger counterparts. These gaps
were in both larger (>100 µm) and smaller (<50 µm) vessels. Similar to our
previously reported results in young animals, these gaps were filled with eYFPcells that have upregulated ACTA2 and MYH11. These data demonstrate that
both SMC eYFP+/+ Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ mice develop gaps in
eYFP+ SMC coverage within their vasculature at 19 months of age.

Discussion
Our previously results had demonstrated Klf4 plays a role in maintenance
of SMCs along microvessels, as well as the permeability of those microvessels.
The results presented in Figure 11 demonstrate that at least part of this
phenotype is recapitulated through aging of wild type mice. This suggests that
KLF4 expression in baseline SMC plays a role in the maintenance of eYFP+
SMC coverage that is lost with age. One possible mechanism that might explain
this observation is that loss of KLF4 results in an increased turnover of vascular
SMCs, as KLF4 has previously been shown to repress SMC proliferation

24.

Increased turnover might lead to exhaustion of the lineage traced population and
consequent replacement of the gap cells from an alternative source. If
exhaustion does occur, it would be recapitulated with age as aging would
inherently result in more turnover of the vessel SMCs. Intriguingly, SMC eYFP+/+
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Klf4Δ/Δ mice appeared to have a similar frequency and size of gaps as their wild
type counterparts. However, further quantification is needed to determine if the
percent eYFP- vessel coverage in the aged mice is greater than or equal to that
seen in baseline SMC eYFP+/+ Klf4Δ/Δ mice.
Further studies are also required to determine if the aged wild type and
knockout mice develop vascular leakiness, as we did not test this in this group of
mice. If the wild type mice do develop vascular leakiness, it would be interesting
to determine if aging alone recapitulates other aspects of the KLF4 knockout
phenotype. One phenotype of particular interest would be investigating the effect
of Klf4 knockout on aging related arterial stiffness and hypertension.
Over two thirds of individuals over the age of 65 experience
hypertension121. This aging associated hypertension is associated with increased
arterial stiffness and an enhanced response to vasoconstrictors 122. As such, I
would hypothesize that knockout of Klf4 in SMC may protect against aging
related hypertension as we have demonstrated that SMC eYFP+/+ Klf4Δ/Δ mice
exhibit dilation of their resistance vessels (Figure 7) and a reduction in blood
pressure (Figure 6). However, SMC eYFP+/+ Klf4Δ/Δ mice also have an increased
fasting blood glucose when challenged with a high fat diet. Recent work has
demonstrated that metabolic syndrome, which includes hyperglycemia, promotes
arterial stiffening and the development of hypertension

123,124.

Further studies are

needed to determine whether aging SMC eYFP+/+ Klf4Δ/Δ mice would also result
in an elevated fasting blood glucose when compared to wild type controls. If aged
SMC eYFP+/+ Klf4Δ/Δ mice have an elevated fasting blood glucose this would
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likely have a negative impact on any benefit that the reduced blood pressure
seen in SMC eYFP+/+ Klf4Δ/Δ mice has on aging related hypertension. Thus, the
net result of KLF4 knockout in SMC may simply be no change in aging related
phenotypes. Further studies will be needed to truly understand the role of Klf4
within SMC during aging.
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Figure 11: Advanced age SMC eYFP+/+ Klf4Δ/Δ and SMC eYFP+/+ Klf4WT/WT
mice have gaps in eYFP+ SMC coverage in multiple microvascular beds.
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Figure 11: Advanced age SMC eYFP+/+ Klf4Δ/Δ and SMC eYFP+/+ Klf4WT/WT
mice have gaps in eYFP+ SMC coverage in multiple microvascular beds.
(A) Representative whole mount immunofluorescence images of SMC eYFP +/+
Klf4WT/WT (n = 5) and SMC eYFP+/+ Klf4Δ/Δ (n = 4) spinotrapezius muscle. White
arrows highlight gaps in eYFP+ cell coverage that have been filled with cells
expressing ACTA2 and MYH11 but not eYFP. Scale bars represent 100 µm.
(B) Representative whole mount immunofluorescence images of SMC eYFP+/+
Klf4WT/WT (n = 5) and SMC eYFP+/+ Klf4Δ/Δ (n = 4) mesenteric arcades. White
arrows highlight gaps in eYFP+ cell coverage that have been filled with cells
expressing ACTA2 and MYH11 but not eYFP. Scale bars represent 100 µm.
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Chapter IV: Future Directions
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The studies performed in Chapters II and III detail a novel, baseline role of
the transcription factor KLF4 within vascular SMCs. Specifically, Klf4 was shown
to be critical for the maintenance of baseline vessel integrity, as well as the
maintenance of continuous SMC coverage (Figure 9). SMC specific Klf4
knockout also led to a dilation of resistance vessels and a decrease in peripheral
resistance (Figures 6 and 7). Combined, the above observations suggest that
Klf4 is critical for SMC control of blood pressure. SMCs were also shown to
contribute to wound healing following IRI, both through Klf4 dependent and Klf4
independent mechanisms (Figures 4 and 5). Similar to what has been observed
in atherosclerosis, SMCs transition to a macrophage-like state through a Klf4
dependent mechanism following IRI (Figure 4).
Although we have begun to further characterize the role of Klf4 within
SMCs, several key questions remain. First, what are the key KLF4 target genes
that become dysregulated in knockout animals, resulting in the development of
eYFP- gaps? Here we have demonstrated that gaps in eYFP+ SMC coverage
occur in SMC eYFP+/+ Klf4Δ/Δ mice in multiple microvascular beds (Figure 9). We
have also shown that aged SMC eYFP+/+ Klf4WT/WT mice develop gaps in eYFP+
SMC coverage (Figure 11). However, we have not determined the fate of the
missing eYFP+ cells, nor have we identified the key dysregulated KLF4 target
genes that lead to the loss of eYFP+ coverage beyond implicating several
pathways through KLF4 ChIP Seq analysis (Figure 8). Second, what is the
source of the replacement SMCs that fill in the gaps? We demonstrated that Klf4
knockout in SMCs resulted in gaps in eYFP+ coverage throughout the
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vasculature and these gaps in eYFP+ coverage were filled with replacement cells
(Figure 9). These replacement cells express traditional SMC marker genes, but
may not fully recapitulate normal SMC function as these microvessels exhibit
increased permeability. Determining the origin of the replacement cells may
provide valuable insight into how loss of KLF4 in SMCs results in gaps. Third, do
our observed phenotypes persist, or is there eventual compensation for the loss
of KLF4 in SMCs? Preliminary results demonstrated that aged SMC eYFP+/+
Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ mice developed phenotypically similar gaps in
size and number. This suggests that there may be eventual compensation for the
loss of KLF4 within SMCs. Fourth, how does SMC specific Klf4 knockout result in
dysregulated metabolic pathways? RNA Seq analysis on mesenteric arcades
from our wild type and knockout animals revealed dysregulation of metabolic
pathways in our knockout animals (Figure 10). This dysregulation does not result
in altered fasting blood glucose levels at baseline. However, knockout animals
challenged with a high fat diet have significantly elevated fasting blood glucose
levels when compared to high fat diet fed wild type controls. The mechanism
behind this increased fasting blood glucose in a diet induced obesity model
remains unclear. These questions are discussed in further detail below.
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What are the pathways downstream of KLF4 that lead to the development
of gaps in eYFP+ SMC coverage within the microvasculature following SMC
specific knockout of KLF4?
One hypothesis that would explain the loss of eYFP+ cells along the
microvasculature is that SMC specific Klf4 knockout results in migration of SMCs
away from the blood vessel. Our KLF4 ChIP Seq implicated several key SMC
migratory pathways, including PDGF and FGF signaling, as being enriched in
wild type but not knockout animals (Figure 8). PDGF and FGF signaling are
known to be critical for SMC migration as well as SMC investment of nascent
blood vessels during vascular development and angiogenesis

103–105,125.

However, there is no known role of these growth factors in the active
maintenance of perivascular coverage within the normal vasculature 105. Our
results suggest that there may indeed be an active maintenance role for these
mitogens within baseline SMCs.
There are two potential hypotheses that could explain how Klf4 is
modulating the PDGF and FGF signaling pathways. First, KLF4 within baseline
SMC may be downregulating expression of the PDGF and FGF receptors. Loss
of KLF4 would therefore lead to upregulation of these receptors and an increase
in PDGF and FGF ligand sensitivity. These sensitive SMCs would be more prone
to phenotypic modulation and migration towards PDGF and FGF ligands,
resulting in gaps as they left the blood vessel and were replaced by cells from a
non-SMC source. In support of this hypothesis, our KLF4 ChIP Seq analysis
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revealed that KLF4 was enriched on the PDGFRβ, PDGFRα, and FGFR1
promoters in wild type mice compared to Klf4 knockout mice (data not shown).
Several experiments would begin to test this hypothesis. First,
immunofluorescent staining for PDGFRβ, PDGFRα, and FGFR1 receptors within
the microcirculation would give preliminary data on which, if any, of these
receptors expression profile changes with Klf4 knockout. Performing these
experiments by immunofluorescent staining enables us to utilize our lineage
tracing system to specifically examine PDGFRβ, PDGFRα, and FGFR1
expression changes in SMCs. Utilizing this method also enables us to investigate
receptor expression in eYFP- cells, potentially helping to identify a population of
cells that express and/or upregulate the receptors in SMC eYFP+/+ Klf4Δ/Δ
animals. Such a population may be the source of the replacement cells
(discussed in detail in the next section). An alternative approach to quantify
receptor levels would be to utilize flow cytometry. Flow cytometry would enable
more discrete quantification of the expression levels of the receptors of interest.
Flow cytometry also enables a larger staining panel such that an experiment
could include all three receptors of interest as well as our SMC lineage tag and
cell specific lineage markers for other cell populations of interest, such as
endothelial cells and Sca1+ cells. However, utilizing flow cytometry would result
in the loss of valuable spatial information. As such, I believe it should be used as
a complementary approach to immunofluorescent staining as the spatial location
of the eYFP+ cells expressing any of the receptors is critical. Overall, these
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studies would begin to describe the capacity various cell types within the
microvasculature have to respond to the PDGF and FGF ligands.
The second, related hypothesis is that KLF4 within SMC is downregulating
expression of the PDGF and FGF ligands. Interestingly, KLF4 is enriched on the
PDGFA, PDGFB, and PDGFC promoters in wild type animals compared to
knockout animals in our KLF4 ChIP Seq (data not shown). This suggests that
KLF4 is regulating both the PDGF receptors and the production of the mitogens.
To assess the levels of PDGF and FGF isoforms in SMC eYFP+/+
Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ mice cytokine assays could be performed.
Both ELISA and Luminex assays could be used to assay PDGF and FGF isoform
levels. These studies would provide information on the levels of key mitogens
within the microcirculation, and would include other key SMC signaling mitogens
implicated in our ChIP Seq such as vascular endothelial growth factor (VEGF).
However, ELISA and Luminex assays do not determine the source of the
mitogens. To assess this, RNA FISH could be utilized in conjunction with
immunofluorescent staining to visualization whether SMC eYFP+/+ Klf4Δ/Δ mice
exhibit changes in SMC production of the identified ligands of interest from the
cytokine assays. Alternative sources of ligands could also be interrogated, such
as endothelial production of PDGF or FGF. Endothelial production is of particular
interest as endothelial production of PDGF and FGF could be a retention signal
necessary to maintain SMCs in a perivascular location. This would appear less
likely than a primary effect in SMCs as disruption of such a retention mechanism
would likely result in large, systemic dropout of eYFP+ SMCs. Indeed, I only
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observed an approximately 5 percent drop in eYFP+ coverage in knockout
animals (Figure 9). As an alternative approach, siKLF4 treatment of cultured
microvascular SMCs could be used to investigate the production of PDGF and
FGF ligands by SMCs. This would enable more direct integration of KLF4’s
interaction with these pathways. However, previous results from our lab suggest
that cultured SMCs may already be de-differentiated as siKLF4 treatment results
in an increase in SMC contractile genes 23. Cultured SMCs also fail to
recapitulate critical in vivo regulatory pathways, supporting the hypothesis that
cultured SMCs are at least partially de-differentiated 5,126. This would complicate
interpretation of any cell culture experiments. Ultimately, I fear these proposed
studies would simply be descriptive or that the levels of change in the FGF,
PDGF, and/or other ligands of interest would be too minute to detect through
these methods.
Overall, the best experiment to investigate both receptor and ligand
changes for the PDGF and FGF signaling pathways as a result of Klf4 knockout
in SMCs is single cell RNA Seq. Through single cell RNA Seq, we can identify
effects of SMC specific Klf4 knockout on multiple cell populations including
SMCs, endothelial cells, Sca1+ adventitial cells, interstitial fibroblasts, and tissue
resident macrophages. Identification of cell populations is done by clustering
cells that are expressing multiple known lineage marks of an appropriate cell type
together. Through this methodology, one can identify novel subsets of a
particular cell type that may have similar marker gene expression but divergent
expression of other genes, such as the PDGF receptors. Recent work from the
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Betsholtz lab has shown through similar single cell RNA Seq analysis that there
are location specific subsets of vascular SMCs within the brain and lung 127. Such
subsets are presumably present in other tissues throughout the body, not just the
brain and lungs. The identified SMC subsets included arterial SMC, arteriole
SMC, venous SMC, and the functionally related pericyte population 127.
Intriguingly, they found KLF4 expression varied within these populations with the
arterial SMC having the highest expression (online data set for paper). This
suggests that our observed gap phenotype may arise due to loss of KLF4 from a
particular subset of SMCs. Thus, we could cluster our SMC populations based on
expression of KLF4. Within the high expressing KLF4 population, we would work
to identify an expression profile that is altered with KLF4 knockout. Of particular
interest to this hypothesis, we would investigate expression differences in PDGF
and FGF receptors and ligands as well as other known migratory gene pathways.
Importantly, single cell RNA Seq allows for the examination of secondary and
tertiary effects in other cell types. Thus, we could also determine whether Klf4
knockout is altering production of PDGF and FGF in other cell types, such as
endothelial cells. Overall, single cell RNA Seq would provide a wealth of data
about the migratory capacity of SMCs within the microvascular tissue assayed.
Taken together, I find it unlikely that the above experiments investigating
migration of SMCs away from the blood vessel will be fruitful. Indeed, while
performing extensive whole mount imaging of the spinotrapezius, retinal, and
mesenteric vascular beds I never found eYFP+ cells away from blood vessels in
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the interstitium. As such, I do not believe migration of SMCs away from the blood
vessel explains the development of the gaps in eYFP+ SMC coverage.
A second hypothesis that could explain the loss of eYFP+ cells is that
SMC specific Klf4 knockouts results in the increased apoptosis of SMCs. An
increase in apoptosis in the eYFP+ SMC population would lead to gaps in eYFP+
SMC coverage, particularly if SMC specific Klf4 knockout also effects
proliferation of the surrounding SMCs (discussed in detail below). To assess this,
we could perform immunofluorescent staining for cleaved caspase 3 or perform a
Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL)
assay as a marker of apoptotic cells. An increase in apoptosis would require a
subsequent increase in phagocytic cell clearance at the sites of the gaps. To
determine if this is occurring, we could once again do immunofluorescent staining
with a macrophage marker, such as LGALS3 or F4/80, to see if there is a
macrophage accumulation around the gaps. Of particular interest,
immunofluorescent staining would allow us to identify if any SMCs are becoming
macrophage-like, as we have demonstrated occurs during atherosclerosis and
following IRI, to participate in the phagocytosis of their apoptotic neighbors.
Immunofluorescent staining provides needed spatial resolution of macrophage
accumulation around gaps, however it only assays macrophage accumulation at
a snapshot in time. It remains uncertain when the gaps appear following
tamoxifen injection. They could develop as a result of Klf4 knockout in SMCs
after the first tamoxifen injection, or develop as a result of cumulative changes
due to the loss of Klf4 up to 4 weeks after the first tamoxifen injection (2 weeks
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after the last injection). Thus, examination of multiple time points is necessary to
capture potential macrophage accumulation.
.

A third hypothesis that could explain the loss of eYFP+ cells is that SMC

specific Klf4 knockout results in an alteration of SMC proliferation rate. An
increased proliferation rate could lead to exhaustion of a progenitor pool and thus
development of gaps as eYFP+ cells are no longer able to replace themselves
and a secondary cell type is recruited to fill the gaps. Alternatively, SMCs in SMC
eYFP+/+ Klf4Δ/Δ mice may undergo proliferation at a reduced rate, resulting in the
need for another, eYFP- cell type to contribute to the maintenance of continuous
SMC coverage.
Several immunofluorescent antibody assays are available (i.e. Ki67) to
investigate SMC proliferation. However, these assays only determine
proliferation at a given moment in time. A better experiment would be the use of
BrdU mini pumps. These pumps continuously deliver BrdU, a thymidine analog,
which is incorporated into the DNA of proliferating cells. Due to the continuous
nature of BrdU delivery, utilizing mini pumps enables the determination of growth
fractions. Growth fractions are the integral of proliferation over the length of the
experiment. Importantly, utilizing BrdU mini pumps captures any growth fraction
change that occurs over the length of the experiment, whether it occurs as a
result of Klf4 knockout after the first tamoxifen injection, the last injection or at
another time point.
I believe changes in proliferation are the most likely cause of the gaps in
eYFP+ SMCs. Specifically, an increase in proliferation rate leading to exhaustion
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of a progenitor pool. My results in aged wild type mice demonstrated that wild
type animals develop phenotypically similar gaps in eYFP+ coverage as the
knockout animals. As discussed previously, an increase in turnover of vascular
SMCs due to loss of KLF4 could explain these results as a progenitor pool is
exhausted and alternate sources are recruited to maintain SMC coverage. To
investigate this hypothesis, I have generated an entire data set of SMC eYFP+/+
Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ BrdU mini pump implanted animals. These
animals had the BrdU mini pumps implanted at the time of their first tamoxifen
injection and were sacrificed 4 weeks later. If there is an increase in proliferation
due to KLF4 knockout in SMCs, it will be reflected as an increased growth
fraction. Alternatively, if KLF4 knockout is having the opposite effect and
reducing SMC proliferation, this will be reflected in these experiments as a
decrease in growth fraction. Analysis of these animals is still ongoing.

What is the source of the eYFP- replacement cells that fill in the eYFP+
gaps within the microvasculature?
As discussed above, the mechanism behind the development of the gaps
in eYFP+ SMC coverage remains unclear. However, it is clear that the loss of
eYFP+ SMC coverage results in replacement of SMCs from an eYFP- source. It
is also clear that the replacement cells are not coming from a bone marrow
source (Figure 9). There are several prime candidates that may be contributing to
these replacement cell populations.

95

First, endothelial cells may be undergoing endothelial to mesenchymal
transitions to fill the gaps. Endothelial to mesenchymal transitions are a welldefined process in which endothelial cells transition to a mesenchymal
phenotype, such as a SMC-like cell 115,116,128. The transformation occurs during
development, as well as in response to mitogens like TGF-β 115,116,129. In our
system, endothelial cells may be activated as a response to loss of eYFP+ SMCs
and transition to a SMC-like phenotype to maintain vascular tone in that region of
the vessel. To determine whether this is occurring in our baseline model, we
need a cre recombinase independent way to either lineage trace endothelial cells
or a cre recombinase independent way to lineage trace SMC and knockout Klf4
as Klf4 knockout in SMCs is required for the formation of gaps in young animals.
The Owens’ lab has recently begun characterizing a system that would be
capable of doing this. The dre recombinase system functions similar to a cre
recombinase, but the dre recognizes a functionally distinct rox site 130,131. Our dre
system utilizes the Myh11 promoter driving dre recombinase expression,
enabling similar labeling and knockout studies (using rox sites) as we have done
previously in our Myh11 cre model. An additional advantage of the dre system is
the ability to perform studies in both male and female mice as the Myh11 dre
promoter construct did not insert in the Y chromosome. Using the dre system, we
can breed in a lineage tracing system of our choice to determine whether that cell
type contributes to the replacement gap cells. To investigate endothelial cells we
could utilize a vascular endothelial cadherin lineage tracing system (driving a
separate reporter such as tdTomato). Utilizing the dre/cre dual lineage tracing
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system would enable us to not only see gaps in eYFP+ coverage, but also
determine if lineage traced (e.g. tdTomato+) endothelial cells are undergoing
endothelial to mesenchymal transitions and filling in the gaps.
Another possible cell type that may contributing to the gap replacement
cells are Sca1+ adventitial progenitor cells. These progenitor cells have been
classified into two types, those that gives rise to mural cells (including SMC) and
those that give rise to macrophage-like cells 132. These adventitial cells have
been shown to contribute to SMC populations in models of atherosclerosis and in
vitro 117,133. Thus it is possible that these cells are contributing to the replacement
cell population. However, determining if they do will be difficult. Unlike with
endothelial cells, there is no definitive lineage tracing model for Sca1+ adventitial
cells as Sca1 is expressed by a variety of cell types including activated
lymphocytes134, hematopoietic stem cells135, and progenitor populations within
various tissues including skeletal muscle136 and the heart 137,138. A more selective
marker for these cells has yet to be identified.
Various interstitial cells may also be the source of the replacement cells,
including interstitial fibroblasts or tissue resident macrophages. I believe this is
less likely than the cell populations discussed above. Investigating these
populations would also be difficult as markers for these populations vary based
on tissue type and the markers tend to be nonspecific. Finally, it is possible an
eYFP- SMC progenitor cell is giving rise to the replacement cells. This is
currently an impossible hypothesis to test, as there is no known expression
profile of such a cell so you would be unable to lineage trace them.
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As an alternative to utilizing dual lineage tracing systems to investigate the
populations described above, we could exploit the fact that gaps develop in wild
type animals with age. Using aged mice instead of SMC specific Klf4 knockout
mice enables the use of alternative cre driven lineage reporter mice. In this way
we could investigate whether the potential gap replacement cells described
above, such as endothelial cells, do contribute to gap replacement. For example,
we could perform whole mount immunostaining on 18 month old vascular
endothelial cadherin lineage tracing mice, used to lineage trace endothelial cells,
and look for lineage traced endothelial cells that are outside of their normal
luminal proximity and are expressing markers of SMCs. Unfortunately, this
methodology has several critical limitations. First and foremost, we have not
confirmed that the gaps that develop in aged mice are occurring through the
same process as the SMC specific knockout of Klf4 gaps. This is an important
first step. As discussed previously, we hypothesize that the aged mice would
develop similar hyperpermability defects as the Klf4 knockouts, however this is
still untested. We have also demonstrated extensive systemic vascular changes
in the Klf4 knockout mice that would affect the environmental cues SMCs in the
microvasculature sense. We have not determined if any of these parameters are
altered in the aged mice. Second, not utilizing a SMC lineage tracing system
prohibits confirmation that gaps develop in lineage traced SMC coverage. For
example, you would not be able to determine if an endothelial cell has undergone
an endothelial to mesenchymal transition and moved to replace a missing SMC,
or if it has undergone this transition for another purpose. Third, no alternative
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hypotheses can be tested through these experiments. That is, if the experiments
reveal the lineage traced cell type does not contribute to the replacement cell
population, the only future direction is to try another lineage tracing system.
Finally, these studies would be extremely expensive to perform as they would
require complex mouse lines and extensive time in a vivarium.
Ultimately, efforts to determine what the source/sources of the
replacement cells are would be extremely costly and time consuming while
contributing mostly descriptive information. It is not entirely surprising that there
is a replacement mechanism for lost SMCs, as there would be strong
evolutionary selection pressure on such a mechanism to maintain vascular tone.
Importantly, we have no direct evidence that it is the development of gaps, and
subsequent replacement from non eYFP+ sources, that leads to our observed
phenotypes. We do know that what we have observed is the summation of
changes as a result of knockout of Klf4 specifically in SMCs.

Is there a compensatory mechanism for loss of KLF4 in SMC?
As discussed at length throughout this dissertation, a functioning
vasculature is critical for the survival of an individual. Thus, having a
compensatory mechanism to enable the vasculature’s proper function (i.e.
normalized vessel diameter and blood pressure) would be highly selected for
during evolution. Therefore, I hypothesize that there is eventual compensation for
loss of Klf4 in SMCs. Preliminary results from our aged mice demonstrated that
both SMC eYFP+/+ Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ mice develop gaps (Figure
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11). Interestingly, it does not appear that knockout mice had significantly more or
larger gaps than their wild type littermates. One explanation for this is that the
initial loss of Klf4 results in the increased turnover of SMCs (hypothesis
discussed in detail above), but there is eventual compensation for its loss.
Additional studies are required to determine if the other vascular
phenotypes we observed in SMC eYFP+/+ Klf4Δ/Δ mice normalize with time.
Normalization of our observed phenotypes would be suggestive of compensation
for the loss of Klf4. Specifically, examination of functional cardiovascular
parameters is needed. To begin, I would perform an echocardiography time
course to examine functional changes in heart performance over time. As
echocardiography is a noninvasive procedure, we could do this once every
3 months until we reach a final aged time point of 18-24 months. To assay
peripheral vasculature parameters, I would utilize carotid artery telemetry.
Telemetry systems allow for the monitoring of blood pressure and blood flow for
up to a month in a freely moving animal. Performing telemetry at an intermediate
time point of 6 months of age, as well as an aged time point of 18 months would
begin to describe the effects of Klf4 knockout on the peripheral vasculature over
time. Examination of vascular permeability would also be necessary at an
intermediate and late age. Vascular permeability would be determined by dextran
perfusion assays as detailed in Chapter II. Combined, these techniques would
determine if there is functional recovery of cardiovascular performance over time
in the SMC eYFP+/+ Klf4Δ/Δ mice, or if performance remains impaired.
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Two likely genes that might compensate for the loss of Klf4 are Klf2 and
Klf5. As discussed in the introduction, Klf5 performs similar functions to Klf4
within SMCs. Klf5 has also been shown to share several common regulatory
pathways with Klf4 61,69. Thus, the loss of Klf4 may result in the upregulation of
Klf5 within SMCs. We could examine this directly by performing KLF5
immunohistochemistry in our SMC eYFP+/+ Klf4WT/WT and SMC eYFP+/+ Klf4Δ/Δ
mice. We could also perform a western blot to determine if Klf4 knockout in SMC
leads to an increase in total Klf5 levels in various vascular beds. Initial flow
sorting of eYFP+ cells from vascular beds could be used for cell type specificity
for such a western blot experiment. Less is known about the role of Klf2 within
vascular SMCs. KLF2-deficient mice have relatively normal vasculogenesis and
angiogenesis during development, but do not survive beyond E12.5-E14.5 due to
severe hemorrhage 1,139. More recent studies have demonstrated that KLF2 is
necessary for SMC migration and investment of endothelial tubes during
development 140. If KLF2 within vascular SMCs plays a similar role in the adult, it
may be upregulated upon loss of Klf4 in an attempt to resolve the vascular leak
that occurs with loss of KLF4. Similar studies to those described above can be
performed to examine the regulation of Klf2. Importantly, even if compensation
does occur, our conclusion that Klf4 is important in baseline SMC maintenance
remains true.
If the proceeding studies do identify compensation for loss of Klf4 by Klf2
and/or Klf5, the logical follow up experiment is combinatorial knockout of Klf2,
Klf4 and Klf5. Such an approach would allow us to determine if compensation for
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loss of Klf4 is happening through these genes. Therefore, we would assess
whether the functional cardiovascular parameters including blood pressure
reduction, hyperpermeability, and cardiac dilation decline further, potentially
leading to the death of the animals. Generation of a triple knockout system would
involve the breeding of our Klf4 knockout mouse with mice containing floxed Klf2
and Klf5 genes, as conventional knockout of Klf21,139 and Klf568 are embryonic
lethal. We would also want to investigate mice that only had 2 of the 3 floxed
genes (Klf4 and Klf2 floxed, Klf4 and Klf5 floxed) to determine whether any
combination of two Klf genes is sufficient for any observed phenotypes. Each of
these individual mice would need to be extensively validated and characterized.
In particular, we would need to assess knockout efficiency in these mice. With
our Klf4 knockout mouse there is an assumption (backed by data) that cells that
are eYFP+ are highly likely to have also excised the Klf4 flox sites. This
assumption would need to be rigorously tested in a proposed double or triple
knockout system to ensure that eYFP labeling is a good indicator of knockout
efficiency for both (in the double Klf floxed systems) or all three genes (triple Klf
flox). Overall, these experiments would be extremely costly and time consuming.
As such, they should only be pursued if there is a strong indication that
compensation is occurring.
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How does SMC specific Klf4 knockout result in dysregulated metabolic
pathways?
RNA Seq analysis on our SMC specific Klf4 knockout and wild type mice
revealed that there is significant dysregulation of metabolic pathways in the
knockout mice (Figure 10). Examining fasting blood glucose levels in the
knockout mice, we observed no differences (Figure 10C). However, upon
stimulation with a DIO model of high fat diet feeding, SMC eYFP+/+ Klf4Δ/Δ had
significantly elevated fasting blood glucose levels when compared to their DIO
fed wild type litter mates (Figure 10C). The mechanism that leads to elevated
blood glucose levels after DIO remains unclear, although it appears that SMC
eYFP+/+ Klf4Δ/Δ mice are primed for metabolic dysfunction that manifests itself
upon challenge.
Our RNA Seq was done on the mesentery of our mice. The mesentery is a
pathological fat pad that has been implicated in the pathogenesis of various
metabolic diseases including obesity and diabetes. During the progression of
these diseases, pathological fat pads become highly inflamed (reviewed in

141).

This inflammation is associated with an influx of macrophages and other immune
cells into the tissue. Macrophages are generally characterized into two subtypes,
M1 and M2 macrophages. M1 macrophages are proinflammatory, while M2
macrophages are anti-inflammatory 142,143. As we have previously demonstrated
both here (Figure 4) and elsewhere 30,34, SMCs contribute to macrophage
populations during the setting of injury repair and disease pathogenesis.
Therefore, SMCs may be contributing to these macrophage cell populations
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following high fat diet feeding. Knockout of KLF4 would presumably disrupt these
transitions, similar to what we have seen in previous models. Interestingly M2
macrophages preferentially perform oxidative phosphorylation (reviewed in 144).
Our RNA Seq results on baseline mice identified dysregulation of oxidative
phosphorylation in our knockout mice. This may be due, at least in part, to a
reduction in a baseline conversion of SMC to M2 macrophage-like cells. A loss of
SMC derived M2 macrophages would likely worsen any pathologic changes that
result from DIO feeding as this may result in there being fewer anti-inflammatory
M2 macrophages within the tissue and thus more unresolved inflammation. As
such, I hypothesize SMCs undergo phenotypic transitions to a M2 macrophagelike state under baseline conditions.
Preliminary flow cytometry studies in baseline mice have identified SMC
derived macrophage-like cells in both the mesentery and epididymal fat (Dr. Anh
Nguyen and R. Haskins, unpublished observations). Interestingly, we have also
identified these macrophage-like SMCs in a variety of nonfat tissues at baseline
including the diaphragm and heart, although they are very low in number (Dr.
Anh Nguyen and R. Haskins, unpublished observations). Following DIO high fat
diet feeding (2, 4 or 8 weeks of diet), Dr. Gamze Bulut and Dr. Anh Nguyen in the
Owens’ lab have also identified SMC derived macrophage-like cells in both the
mesentery and epididymal fat. Further studies are needed to determine what the
relative abundance of these macrophage-like SMCs is within these tissues, both
at baseline and after DIO feeding. The Klf4 dependence of this transition also
needs to be determined, although I hypothesize it would be Klf4 dependent. It
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also remains unclear whether these macrophage-like SMCs are M1 or M2
macrophage-like cells. Taken together, we believe the above data may represent
a novel source of tissue resident macrophages. If this hypothesis proves to be
correct, it would be extremely significant to numerous fields of study. As such,
this has become the main project of Dr. Bulut in the lab.
Further potential support for a baseline SMC to macrophage-like
conversion can be found in recent reports in the literature that have shown that
CD206+ macrophages control permeability within microvascular tissues,
including the mesentery 145. Interestingly, these macrophages were
predominately M2 145. I would hypothesize that SMCs contribute to this
population of macrophages under baseline conditions and that KLF4 knockout in
SMC would prevent SMC transitions to this macrophage-like state. This
hypothesis would fit with our data that demonstrated SMC eYFP+/+ Klf4Δ/Δ mice
had increased microvascular permeability (Figure 9). Further studies are needed
to determine if our macrophage-like SMCs express CD206 and are found in
perivascular locations, like those described by the Iruela-Arispe group.
Overall, I believe that the metabolic changes we observed as a result of
knockout of Klf4 in SMC can be attributed in part to a loss of these hypothesized
SMC derived M2 macrophage-like cells throughout the body. As discussed
above, I believe that SMCs may contribute to the subset of M2 macrophages that
control permeability within the microvasculature. Disruptions in vessel
permeability, like those we observe in our SMC eYFP+/+ Klf4Δ/Δ mice, would result
in disruption of the normal diffusion gradients of nutrients into the surrounding
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tissue thus changing substrate availability and potentially the cells metabolic
state. Macrophages are also known to produce a host of cytokines146. A
reduction in SMC derived macrophage-like cells would likely alter the paracrine
signals a variety of cell types within the microvasculature sense. Additional
studies are required to determine what these cytokines might be, and the cell
types they are affecting. Initial screens could be done utilizing cytokine arrays. In
particular, investigation of changes in proinflammatory cytokines as well as
angiogenic factors and known SMC cytokines would be of interest.

Summary
I believe two of the future studies discussed here should be given priority
over the others. First, is there eventual compensation, by Klf2/Klf5 or otherwise,
for loss of Klf4? It is critical to know whether the phenotypes we have
demonstrated occur in SMC eYFP+/+ Klf4Δ/Δ mice persist beyond our
experimental time point of 10 weeks of age (2 weeks after the last tamoxifen
injection). If they do persist, this is important to take into account when
interpreting all future studies with these mice. This may be of particular relevance
to the other priority study, which is the investigation of whether SMCs are a novel
source of tissue resident macrophages. These studies are a priority as they
would be the first demonstrated circumstance of SMC phenotypic transitions to a
macrophage-like state in a non-pathological condition. As such, this may be one
of the Klf4 dependent SMC functions that is beneficial and thus has been
selected for during evolution. Identifying a novel source of tissue resident
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macrophages would also have wide ranging implications on the study of
macrophages in various pathological conditions including cardiovascular disease,
obesity, and cancer.
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