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Rationale: Abdominal aortic aneurysms (AAAs) are characterized by pathological 
remodeling of the aortic wall. Although both increased Krüppel-like factor 5 (KLF5) 
expression and macrophage infiltration have been implicated in vascular remodeling, the 
role of KLF5 in macrophage infiltration and AAA formation remains unclear.  
Objective: To determine the role of KLF5 in AAA formation and macrophage infiltration 
into AAAs. 
Methods and Results: KLF5 expression was significantly increased in human AAA 
tissues and in two mouse models of experimental AAA. Moreover, in myeloid-specific Klf5 
knockout mice (myeKlf5-/- mice), macrophage infiltration, medial smooth muscle cell loss, 
elastin degradation, and AAA formation were markedly decreased. In cell migration and 
time-lapse imaging analyses, the migration of murine myeKlf5-/- macrophages was 
impaired, and in luciferase reporter assays, KLF5 activated Myo9b transcription by direct 
binding to the Myo9b promoter. In subsequent co-immunostaining studies, Myo9b was 
colocalized with F-actin, cortactin, vinculin, and Tks5 in the podosomes of phorbol 
12,13-dibutyrate-treated macrophages, indicating that Myo9b participates in podosome 
formation. Gain- and loss-of-function experiments showed that KLF5 promoted 
podosome formation in macrophages by upregulating Myo9b expression. Furthermore, 
RhoA-GTP levels increased after KLF5 knockdown in macrophages, suggesting that 
KLF5 lies upstream of RhoA signaling. Finally, Myo9b expression was increased in 
human AAA tissues, located in macrophages, and positively correlated with AAA size. 
Conclusions: These data are the first to indicate that KLF5-dependent regulation of 
Myo9b/RhoA is required for podosome formation and macrophage migration during AAA 
formation, warranting consideration of the KLF5–Myo9b–RhoA pathway as a therapeutic 
target for AAA treatment. 
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Non-standard Abbreviations and Acronyms 
 
Abdominal aortic aneurysm, AAA; vascular smooth muscle cell, VSMC; smooth muscle 
cell, SMC; angiotensin II, Ang II; tumor necrosis factor, TNF; computed tomography, CT; 
real-time polymerase chain reaction, RT-PCR; extracellular matrix, ECM; focal adhesion 
kinase, FAK; phosphoinositide-3 kinase, PI(3)-kinase; Krüppel-like factor 5, KLF5; 
phosphate-buffered saline, PBS; smooth muscle, SM; wild-type, WT; elastic Van Gieson, 
EVG; bone marrow-derived macrophage, BMM; gene ontology, GO; siRNA against KLF5, 
si-KLF5; transcription element search system, TESS; transforming growth factor-β control 
element, TCE; phorbol 12,13-dibutyrate, PDBu; filamentous actin, F-actin.  
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Introduction 
Abdominal aortic aneurysm (AAA) is a chronic inflammatory disease characterized by the 
remodeling of the aortic wall, and it frequently leads to high morbidity and mortality due to 
vascular dissection and rupture.1 Although AAA formation is a multifactorial process 
involving the infiltration of macrophages, release of proinflammatory cytokines and 
proteases, elastin breakdown, vascular smooth muscle cell (VSMC) apoptosis, and 
increased collagen turnover, macrophages are essential contributors to the pathogenesis 
of AAAs.2, 3 Accordingly, monocytes/macrophages are reportedly activated by chronic 
inflammatory states, including atherosclerosis and oxidative stress, and by angiotensin II 
(Ang II) and inflammatory cytokines. Subsequently, macrophages infiltrate vessel walls, 
release proteases such as elastase (MMP-12) and metalloproteinases, and degrade 
extracellular matrix components such as collagen and elastin.4, 5 Simultaneously, 
infiltrating macrophages secrete inflammatory cytokines such as tumor necrosis factor 
(TNF)-α, interferon-γ, interleukin-1β, and interleukin-6 into the media and adventitia of 
aneurysmatic vessels, thereby exacerbating inflammatory responses.6    

Macrophage infiltration into vessel walls requires highly coordinated reorganization 
of actin cytoskeletal structures to create membrane protrusions called podosomes.7 
Human and murine podosomes contain many of the structural components and signaling 
proteins that are commonly found in focal adhesions, including cortactin, Tks5, vinculin, 
paxillin, and talin.8 Podosomes appear as small dots (punctate staining) with a lifespan of 
around 2-10 min. However, cytokine exposure promotes the accumulation of podosomes 
in ring-like structures called rosettes, which can last for hours, leading to sustained 
extracellular matrix (ECM) digestion.9 In addition, podosomes contain several signaling 
proteins, including Src, focal adhesion kinase (FAK), phosphoinositide-3 kinase 
(PI(3)-kinase), p190RhoGAP, and Cdc42.10 Among these, Rho regulation has been 
shown to be a key intermediate in podosome formation.11 However, there is currently little 
understanding of the mechanism of macrophage migration in the context of podosome 
formation. 

Myo9b is a member of the myosin class IX family and is a unique actin-based motor 
protein that contains a RhoGAP domain, which, like other RhoGAPs, is inhibitory to Rho 
signaling.12 Myo9b was reportedly localized with dynamic F-actin at the extending cell 
front and was shown to regulate Rho signaling and subsequent cell polarization and 
migration.12 Although Myo9b is expressed in osteoclasts and acts as a critical regulator of 
podosome patterning and osteoclast function,13 relationships between Myo9b and 
aneurysm development remain unknown.  

Krüppel-like factor 5 (KLF5) is a DNA-binding transcriptional regulator that regulates 
a number of cellular processes, including development, differentiation, proliferation, and 
apoptosis.14 In the cardiovascular system, KLF5 is a target for Ang II signaling and is an 
essential regulator of cardiovascular remodeling.14, 15 Although KLF5 is highly expressed 
in large and giant unruptured cerebral aneurysms,16 its specific contribution to podosome 
formation and macrophage infiltration during AAA formation has not been investigated.  

In the present study, we determined whether KLF5 modulates macrophage 
infiltration during AAA formation by regulating podosome formation. 
 

Methods 
Human Tissue Harvest 
AAA tissue specimens were obtained in the operating room from 11 male patients 
undergoing elective open AAA repair. Nonaneurysmal infrarenal aortic wall tissue 
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specimens were also obtained from organ donors to serve as nonaneurysmal controls 
(n=7). Each of the surgical patients gave informed signed consent before donating tissue. 
All tissue specimens were taken after a protocol approved by the Human Tissue 
Research Committee of Hebei Medical University. One portion of each aortic wall 
specimen was fixed overnight in 10% neutral buffered formalin and processed for routine 
embedding in paraffin. An adjacent portion was snap-frozen in liquid nitrogen, stored at 
-80℃, and subsequently used for protein and nucleic acid extraction. 
 
Animal Experiments and Lesion Characterization 
All male mice were housed and handled according to the guidelines of the local Animal 
Care and Use Committee at Hebei Medical University. Myeloid-specific Klf5 knockout 
mice (myeKlf5-/- mice) were derived from breedings of floxed Klf5 mice, generously 
provided by Dr Huajing Wan,17 with heterozygous LysM-cre mice (Jackson Laboratory, 
Bar Harbor, ME, USA). Genotyping was performed by PCR. To induce abdominal aortic 
aneurysms, we performed two mouse models of AngII-induced18 and CaPO4-induced 
AAA as previously described,19 and as detailed in the online-only Data Supplement 
Methods.  
 
Histology 
Mice were anesthetized, euthanized, and perfused before the collection of aortas as 
described in the online-only Data Supplement Methods, which also contains a detailed 
description of cell and tissue staining and visualization procedures. 
 
Cell Culture 
Bone marrow–derived macrophages (BMMs) and mouse vascular smooth muscle cells 
(SMC), 293A cells, and mouse RAW 264.7 cells were cultured and in vitro CaPO4 
Treatment of SMC as detailed in the online-only Data Supplement Methods. 
 
Adenovirus Expression Vector and Plasmid Constructs 
The expression plasmids of KLF5 were created by the placement of mouse KLF5 cDNAs 
into the pEGFP-C2 vector. The 5' regulatory region of mouse Myo9b (-2000 to +1 bp) was 
amplified by PCR and cloned into the pGL3-Basic vector (Promega) in order to generate 
the Myo9b promoter-reporter pGL3-Myo9b-luc. Truncated Myo9b luciferase reporters 
were generated by cloning the -1164, -1059, -547, -382 and 287 to +1 regions of the 
Myo9b promoter into pGL3. Adenoviruses encoding Klf5 (Ad-Klf5) and control (Ad-null) 
were entrusted to Invitrogen. 
 
Small Interfering RNA Transfection 
Small interfering RNAs (si-RNAs) targeting mouse Klf5 (si-Klf5) and Myo9b (si-Myo9b) 
were designed and synthesized by GenePharma (Shanghai, China). Non-specific siRNA 
(si-NS) was purchased from Santa Cruz Biotechnology. Transfection was performed 
using Lipofectamine reagent (Invitrogen) following the manufacturer’s instructions. 
Twenty-hours following transfection, mouse RAW 264.7 cells were treated with TNF-α (10 
ng/mL). Cells were then harvested and lysed for western blotting. 
 
Luciferase Assay for Myo9b Promoter Activity 
Human embryonic kidney 293A cells were maintained as previously described.20 3×104 
cells were seeded into each well of a 24-well plate and grown for 24 h prior to transfection 
with reporter plasmids and the control pTK-RL plasmid. Cells were transfected using 
Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s instructions. 
Luciferase assays were performed after 24 h using a dual luciferase assay kit (Promega). 
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Specific promoter activity was expressed as the relative ratio of firefly luciferase activity to 
Renilla luciferase activity. All promoter constructs were evaluated in a minimum of three 
separate wells per experiment. 
 
Cell Immunofluorescence, Isolation of RNA and Quantitative Real Time PCR, 
Western Blot Analysis, Oligonucleotide Pull-down Assay and Determination of the 
Amounts of Active Rho, Cdc42, and Rac Proteins  
Assessment of macrophage morphology, expression level of mRNA and protein and 
Determination of the Amounts of Active Rho, Cdc42, and Rac Proteins are detailed in the 
Methods in the online-only Data Supplement. 
 
Proximity Ligation Assay 
The WT and myeKlf5-/- macrophages were grown on cell culture inserts and incubated 
with 4% paraformaldehyde for 10 min. Proximity ligation assay was performed using the 
Rabbit PLUS and Mouse MINUS Duolink in situ proximity ligation assay (PLA) kits with 
Anti-Myo9b (mouse) and anti-cortactin (rabbit) (OLINK Bioscience, Uppsala, Sweden) 
according to the manufacturer’s protocol. Subsequently, slides were dehydrated, air-dried, 
and embedded in DAPI-containing mounting medium. Fluorescence was detected using 
a confocal microscopy (DM6000 CFS, Leica). 
 
Migration and Invasion Assays, Scanning Electron Microscopy and Time-Lapse 
Experiments 
Assessment of macrophage motility is detailed in the Methods in the online-only Data 
Supplement. 
 
Analysis of Microarray Data 
For microarray analysis, total RNA was extracted by using TRIzol® extraction method 
and a NucleoSpin RNA II kit (Macherey Nagel, Duren, Germany), from WT (n=3) and 
myeKlf5-/- (n=3) mouse aortas at day 14. Total RNA from each sample was quantified by 
the NanoDrop ND-1000 and RNA integrity was assessed by standard denaturing agarose 
gel electrophoresis. Total RNA of each sample was used for labeling and array 
hybridization as the following steps: 1) Reverse transcription with by Invitrogen 
Superscript ds-cDNA synthesis kit; 2) ds-cDNA labeling with NimbleGen one-color DNA 
labeling kit; 3) Array hybridization using the NimbleGen Hybridization System and 
followed by washing with the NimbleGen wash buffer kit; 4) the arrays were scanned by 
the Agilent Scanner G2505C (KangChen Bio-tech, Shanghai P.R. China). 

Expression data were normalized through the Robust Multichip Average (RMA) 
algorithm included in the NimbleScan software. All gene level files were imported into 
Agilent GeneSpring GX software (version 12.1) for further analysis. Genes in 6 samples 
have values greater than or equal to lower cut-off: 100.0 (“All Targets Value”) were 
chosen for data analysis. Differentially expressed genes with statistical significance were 
identified through Volcano Plot filtering. GO Analysis was applied to determine the roles 
of these differentially expressed genes played in these biological GO terms.  
 
Statistical Analysis of Experimental Data 
Statistical analysis was performed using GraphPad Prism 5 software (GraphPad 
Software, La Jolla, CA). Two-group comparisons were analyzed by the Welch Student t 
test to account for unequal variances (except for higher-powered data sets with 
equivalent variance, where we opted for an unpaired t test). Two-sided P values of <0.05 
were considered significant and denoted with 1, 2, or 3 asterisks when lower than 0.05, 
0.01, or 0.001, respectively.  
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Figure data are presented as mean±SEM, whereas data in results are given as 
relative change in comparison with the WT. For multiple comparisons or repeated 
measurements, ANOVA or repeated ANOVA followed by Tukey's posthoc test was used. 
The Spearman coefficient of rank correlation was also used to measure correlation 
between the human AAA size and KLF5 or Myo9b mRNA expression.  
 

Results 
KLF5 Is Upregulated in Human and Experimental AAA  
To investigate the roles of KLF5 in human aortic aneurysms, we initially determined KLF5 
expression in AAA and normal aortic tissues. Demographic characteristics and 
representative axial computed tomography (CT) scans are presented with corresponding 
three-dimensional volume-rendered images in Online TableⅠand FigureⅠA. KLF5 
mRNA expression was significantly higher (P = 0.0054) in human AAAs than in normal 
aortic tissues, as indicated by real-time polymerase chain reaction (RT-PCR) 
experiments (Figure 1A and Online Table Ⅱ). Moreover, KLF5 immunostaining was 
markedly increased in human AAA tissues compared with in control tissues (Figure 1B). 
Thus, to identify cell types that specifically express KLF5, we examined macrophages, 
VSMCs, and KLF5 in human AAA tissue using confocal fluorescence microscopy. In 
these experiments, KLF5 was primarily colocalized with intramural macrophages and 
smooth muscle cells (SMCs; Figure 1C and Online FigureⅠB) in AAA lesions. Among all 
MAC2-positive cells, the percentages of KLF5-positive macrophages were significantly 
higher in AAA than in controls (11.3% ± 6.2% vs. 2.8% ± 1.6%, P < 0.01 vs. control; 
Figure 1D). Furthermore, the percentages of KLF5-positive SMCs were significantly 
higher in AAA than in controls (10.4% ± 2.6% vs. 2.3% ± 1.1%, P < 0.05 vs. control; 
Figure 1E). These results suggest that both macrophages and VSMCs express KLF5 in 
human AAA. 

We induced aneurysm formation in ApoE-/- mice by chronic infusion of AngII. Infusion 
of AngII for 4 weeks led to a significant increase in the aortic external diameter (1.63 ± 
0.11 mm; P < 0.001) and displayed an aneurysmal phenotype compared with 
saline-infused control (0.68 ± 0.02 mm; Online Figure ⅡA and ⅡB). In addition, 
hematoxylin and eosin staining showed luminal dilation, aortic dissection, intraluminal 
thrombus, decreased smooth muscle layers, and wall thinning in AngII-infused mouse 
aortas (Figure 1F). 

Affected aortic tissues were harvested for RNA extraction and immunohistochemistry 
after the induction of the aneurysm. In these experiments, KLF5 expression was 
significantly increased by 3.37 ± 0.79-fold (P < 0.01, n = 4) in AngII-infused aortic walls 
(Figure 1G). Furthermore, immunohistochemical KLF5 expression progressively 
increased with the aortic diameters after AngII infusion (Figure 1H). Moreover, confocal 
immunofluorescence staining of KLF5, MAC2, and smooth muscle (SM) α-actin 
demonstrated that KLF5 (red) was expressed in both macrophages and VSMCs in 
experimental AAAs (Figures 1I and 1J, Online Figure ⅡC-E). And a similar result was 
also obtained in CaPO4-induced AAA model (Online Figure Ⅲ). These findings were 
consistent with those of human AAA tissues, suggesting that KLF5 may be relevant to the 
formation of aneurysms in humans and in the present mouse model of AAA.  
 
Myeloid-Specific Knockout of Klf5 Attenuates Macrophage Infiltration and 
Aneurysm Formation  
KLF5 was upregulated in infiltrating macrophages and macrophage infiltration was 
markedly increased in human and experimental AAA tissues. Thus, to investigate the 
relationships between KLF5 expression and macrophage infiltration, myeloid-specific Klf5 
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knockout mice (myeKlf5-/- mice) were generated by crossing Klf5-flox mice with LysM-cre 
mice. Subsequently, experimental AAAs was induced in ApoE-/- (control) and 
ApoE-/-myeKlf5-/- mice following chronic infusion of Ang II. As shown in Figure 2A-C, 
myeKlf5-/- mice (1.30 ± 0.12 mm, n=21) had a >30% reductions in the aortic external 
diameter compared with control (1.67 ± 0.17 mm, n=20, p < 0.05), and the survival rates 
were significantly higher in ApoE-/- myeKlf5-/- mice than in control mice (85.7% vs. 60%, p 
< 0.05). Moreover, hematoxylin and eosin staining showed that the myeloid-specific 
knockout of Klf5 effectively protected against medial SMC loss, as indicated by media 
thicknesses (Figure 2D). To further determine the role of macrophages in AAA formation, 
macrophage depletion was induced by injecting clodronate liposomes, and 
CaPO4-induced mouse AAA models were developed. As shown in Online Figure Ⅴ, 
macrophage depletion markedly decreased infrarenal aortic expansion, with near 
absence of macrophage infiltration, suggesting that macrophages play an important role 
in AAA formation. 

Correspondingly, co-immunostaining with anti-KLF5, anti-MAC2, anti-Ly6G and 
anti-SMA-α antibodies showed that KLF5-positive macrophages and neutrophils that had 
infiltrated the aortic wall were markedly fewer in myeKlf5-/- mice than in control mice 
(Figure 2E-G). A similar results was also obtained in CaPO4-induced AAA model (Online 
Figure Ⅳ-Ⅶ). 
    We further examined the influence of myeloid KLF5 expression on leucopoiesis by 
comparing total leukocyte counts between control and myeKlf5-/- mice. The results 
showed that the number of neutrophils and monocytes in peripheral blood was unaffected 
by KLF5 expression, and the total number of leukocytes and subpopulations were similar 
between control and myeKlf5-/- mice (Online Table Ⅲ and Online Figure ⅧA and ⅧB). 
Although myeKlf5-/- mice show a significant reduction in the fraction of Ly6G+ neutrophils 
in bone marrow and a significant increase in the fraction of SigF+ eosinophils in spleen, 
Ly6G+ neutrophils, CD11b+ monocytes and SigF+ eosinophils were not altered by CaPO4 
exposure in number or (sub) population in bone marrow, peripheral blood and spleen 
except increase of monocytes in spleen by flow cytometry analysis (Online FigureⅧC-Ⅷ
H). 

To further validate whether myeKlf5-/- neutrophils affects aneurysm formation, we 
transiently depleted neutrophils in myeKlf5-/- and control mice by using rat anti-mouse 
Ly6G/Ly6C (Gr-1) monoclonal antibody, and confirmed that neutrophils were depleted by 
flow cytometry (designated anti-Ly6G+myeKlf5-/- mice; Online Figure ⅨA and ⅨB). As 
shown in Online Figure ⅨC and ⅨD,  anti-Ly6G+myeKlf5-/- mice also had reduction in 
maximal aortic dilation compared with control mice exposed to CaPO4 for 14 d 
(anti-Ly6G+myeKlf5-/-: 57.7 ± 4.6% vs. control: 87.1 ± 6.3%, P<0.01). 
Immunohistochemical staining showed that neutrophil depletion effectively protected 
against medial SMC loss induced by CaPO4 exposure, and reduced the infiltration of 
neutrophils in myeKlf5-/- mice (Online Figure ⅨE-G). However, we only depleted 
neutrophils in WT mice did not protected against medial SMC loss induced by CaPO4 
exposure, and did not reduced the macrophages in anti-Ly6G+ mice, suggesting that 
KLF5+ neutrophils still facilitates aneurysm formation. 

In addition, in the CaPO4-injured aortic tissues of wild-type mice, 
M1-type macrophages rather than M2-type macrophages infiltrated into AAA tissues 
facilitating inflammation and AAA formation; but in myeKlf5-/- mouse models, the 
infiltrating M1-type macrophages were reduced, whereas the infiltrating M2-type 
macrophages were increased. Moreover, the expression of M1 macrophage markers, 
including TNF-α, MCP-1, IL-1β and iNOS, was also downregulated, with increased 
expression of M2 markers, including Arg-1, Mrc-1, PPARγ and Retnal (Online Figure Ⅹ).  
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Likewise, myeKlf5-/- macrophages derived from bone marrow of myeKlf5-/- mice 
exhibited the decreased expression of M1 markers, but the enforced expression of KLF5 
in myeKlf5-/- macrophages resumed M1 marker expression induced by LPS treatment 
(Online Figure Ⅺ). Simultaneously, myeKlf5-/- macrophages showed less phagocytotic 
activity than WT macrophages, as shown by zymosan phagocytosis assay (Online Figure 
Ⅻ). Together, KLF5 deletion in macrophages affects the pro-inflammatory response of 
macrophages and phagocytotic function. We also further confirmed that KLF5 deletion in 
macrophages did not significantly affect the proliferation of macrophages that had 
infiltrated the aortic wall, as evidenced by double-immunofluorescence staining of 
CaPO4-injured aortic sections with MAC2 and Ki67 (Online Figure XIII A), as well as by 
decreased PCNA expression (Online Figure XIII B). 
Defective in Vitro Migration of myeKlf5-/- Macrophages  
To further investigate the roles of KLF5 in macrophage migration and infiltration, we 
prepared bone marrow-derived macrophages (BMMs) from control and myeKlf5-/- mice 
and compared macrophage migration using cell scratch migration assays. These 
experiments showed the diminished migration of myeKlf5-/- macrophages into 
cell-denuded gaps compared with WT macrophages (Figures 3A and 3B). In further 
experiments, Boyden chamber transwell migration assays were performed with 
macrophages seeded in the upper chamber and Ang II-stimulated VSMCs in the lower 
chamber (Figure 3C), and the numbers of myeKlf5-/- and WT macrophages that migrated 
through the porous membrane were counted. These experiments showed that 
significantly fewer myeKlf5-/- macrophages than WT macrophages migrated across the 
membrane (Figures 3D and 3E). Accordingly, scanning electron microscopy showed that 
the pseudopodial projections formed by myeKlf5-/- macrophages when passing through 
membrane pores were fewer and shorter than those formed by WT macrophages (Figure 
3F). Moreover, reduced KLF5 expression was confirmed in myeKlf5-/- macrophages on 
the other side of the membrane using dual immunofluorescence staining (Figure 3G). 

Taken together, the present observations indicate that myeKlf5-/- macrophages have 
impaired migration. However, the movement of macrophages in both directions across 
membranes may lead to the aberrant positioning and migration of Klf5-deficient 
macrophages at rate similar to that of WT macrophages. Thus, to validate these 
observations, time-lapse imaging experiments were performed, and the effects of KLF5 
deficiency on forward and backward movement were investigated using chemotaxis 
assays in culture dishes. Because MCP-1 or TNF-α has been shown to contribute to 
mouse models of AAA,21, 22  macrophages were seeded in culture dishes and MCP-1 or 
TNF-α was added to one side of the culture dish to establish a spatial chemotactic 
gradient. Although WT macrophages exhibited marked time-dependent migration toward 
high concentrations of MCP-1 (Figures 3H and 3I), the movement of myeKlf5-/- 
macrophages was minimal (Figures 3H, 3J, and 3K). The results of TNF-α treatment 
were similar to those obtained with MCP-1 (Online Figure XV). Taken together, these 
data demonstrate that KLF5 is required for macrophage migration and infiltration during 
the formation of aneurysms. 

 
KLF5 Mediates Myo9b Expression via Direct Binding to the Transforming Growth 
Factor-β Control Element (TCE) Site-1 in the Myo9b Promoter 
To identify genes that are regulated by KLF5 during macrophage migration and infiltration, 
we performed RNA expression profiling using microarray analyses of AAA and normal 
abdominal aortas from control and ApoE-/-myeKlf5-/- mice. The experiments showed that 
motility-related gene expression markedly differed between AAA and normal aortic 
tissues. Among identified genes, Myo9a (2.67-fold) and Myo9b (3.22-fold) were the most 
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downregulated in experimental AAA tissues from Ang II-treated ApoE-/-myeKlf5-/- mice 
(Figure 4A). In subsequent gene ontology (GO) analyses, myosin filaments and 
complexes were the most enriched in GOs targeted by the genetic deletion of KLF5 
(Figure 4B). Furthermore, the quantitative RT-PCR analyses of motility-related gene 
expression following in vivo Ang II treatments demonstrated that Myo9a, Myo9b, and 
Macf1 were significantly downregulated in AAA tissues from ApoE-/-myeKlf5-/- mice 
compared with those from control mice (Figure 4C). Taken together, these data suggest 
that KLF5 is required for the expression of myosin genes.  

To confirm that KLF5 directly regulates Myo9a and Myo9b gene expression, we 
generated KLF5 overexpressing and knockdown macrophages by infecting with Ad-Klf5 
or transfecting with siRNA against KLF5 (si-Klf5), respectively. In these experiments 
(Figures 4D and 4E), the overexpression of KLF5 significantly increased basal and 
TNF-α-induced Myo9a and Myo9b expression at transcription and translation levels. 
Conversely, the knockdown of KLF5 by si-Klf5 blocked TNF-α-induced and basal Myo9a 
and Myo9b expression (Figures 4F and 4G). These results suggest that KLF5 plays a key 
role in the regulation of Myo9a and Myo9b expression regardless of TNF-α stimulation. 

The two class IX mammalian myosins Myo9a and Myo9b are actin-based motorized 
signaling molecules that negatively regulate RhoA signaling,23 and the impaired migration 
of Myo9b-/- peritoneal macrophages has been previously shown.12 Thus, to investigate 
the molecular mechanisms by which KLF5 promotes Myo9b gene expression, we used 
Transcription Element Search System (TESS) string-based search 
(http://www.cbil.upenn.edu/tess/) programs, and identified five putative binding sites of 
KLF5 (CACCC or its reverse sequence GGGTG; TCE site) in the −1396 to +1 base pair 
(bp) region of the Myo9b promoter (Figure 4H). Subsequently, to determine whether 
KLF5 regulates the expression of Myo9b gene expression via interactions with the Myo9b 
promoter, we performed luciferase reporter assays in 293A cells using Myo9b promoter–
luciferase reporter constructs containing murine Myo9b −1396 to +1 bp sequences. In 
these experiments, the overexpression of KLF5 concentration-dependently increased 
Myo9b promoter activity (Figure 4I). Subsequent truncation of the Myo9b promoter 
sequence from −1396 to −382 bp did not affect the activation of the promoter by KLF5. 
However, further deletion of −382 and −287 bp dramatically decreased the activation by 
KLF5 (Figure 4J), indicating that the TCE site 1 at −319 bp is critical for the 
KLF5-mediated transcriptional activation of Myo9b. Thus, to investigate whether KLF5 
directly binds to TCE site-1 in macrophages, we conducted oligonucleotide pull-down 
assays using macrophage lysates and biotinylated oligonucleotide probes. As shown in 
Figure 4K, KLF5 bound only to the TCE site-1 of the Myo9b promoter, and mutation of the 
TCE site-1 abolished KLF5 binding. Furthermore, no KLF5 bands were detected when 
probes containing WT or mutant sites 2, 3, 4, or 5 were used. These results suggest that 
KLF5 activates Myo9b transcription by directly binding the TCE site-1 of the Myo9b 
promoter.  

 
KLF5 Deletion Reduces Podosome Rosette Formation in Macrophages by 
Downregulating Myo9b Expression 
Adhesion and migration of monocyte-derived cells are reportedly regulated by 
podosomes,7 and KLF5 was required for macrophage migration in the present study 
(Figures 3A through 3K). Thus, to investigate the relationships between the 
KLF5-regulated migration of macrophages and podosome formation, BMMs were 
prepared from control and ApoE-/-myeKlf5-/- mice and were treated with the inducer of 
podosome formation phorbol 12,13-dibutyrate (PDBu).24 Subsequently, podosome 
formation was visualized in macrophages according to the immunohistochemical 
co-localization of filamentous actin (F-actin) and cortactin (Figure 5A). Although 

http://www.cbil.upenn.edu/tess/
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podosomes can present as rosettes and as individual punctates,25 we hardly observed 
podosome rosettes in macrophages under normal culture conditions (data not shown), 
but stimulation with PDBu promoted podosome rosette formation (Figure 5A). However, 
no rosette structures were observed in myeKlf5-/- macrophages regardless of the 
presence of PDBu. In addition, immunofluorescence staining with an anti-Myo9b antibody 
revealed the colocalization of Myo9b with F-actin and cortactin in podosome rosettes 
(Figure 5A), indicating that Myo9b participates in PDBu-induced podosome formation.  

Because MCP-1 increased macrophage migration26, we determined whether the 
numbers of cells carrying individual podosomes or podosome rosettes were altered in 
response to MCP-1, and whether the knockout of KLF5 affected MCP-1-induced 
podosome formation. These experiments showed significantly greater numbers of 
macrophages containing podosome rosettes among MCP-1-treated cells than among 
untreated cells. Moreover, the knockout of Klf5 significantly reduced the formation of 
podosome rosettes regardless of MCP-1 treatment (Figure 5B). Conversely, the numbers 
of macrophages with individual podosomes did not differ between control and myeKlf5-/- 
macrophages in the presence and absence of MCP-1 or TNF-α (Figure 5C, Online Figure 
XVIC and XVII).  

To further demonstrate Myo9b localization in podosome rosettes, 
coimmunofluorescence staining was performed using anti-vinculin, anti-Tks5 (both 
podosome marker proteins),27 and anti-Myo9b antibodies in PDBu-treated macrophages. 
In agreement with the above observations of Myo9b colocalization with F-actin and 
cortactin (Figure 5A and Online Figure XVIA), Myo9b colocalized with vinculin and Tks5 
following PDBu and MCP-1 or TNF-α treatments (Figure 5D and Online Figure XVID). To 
confirm the interaction of Myo9b and cortactin, we performed an in situ PLA. Because a 
PLA signal can be detected when the proteins of interest are in close proximity, this 
technique enabled us to detect direct protein–protein (Myo9b and cortactin) interaction in 
macrophages. The interaction of Myo9b and cortactin in WT macrophages with PDBU 
and MCP-1 treatment was observed. The specificity of this interaction was confirmed by 
the absence of association between Myo9b with cortactin in myeKlf5-/- macrophages with 
same treatment (Figure 5E). 

The specificity of anti-Myo9b antibody staining was confirmed by the absence of 
colocalization myo9a with cortactin and F-actin (Figure 5F), and defective podosome 
formation in myeKlf5-/- macrophages was rescued by the overexpression of KLF5, as 
indicated by the immunofluorescence staining of podosome markers (Figure 5G and 
Online Figure XVIE). Furthermore, whereas Myo9b immunostaining was barely 
detectable in myeKlf5-/- macrophages (Figures 5A and 5G), the enforced expression of 
KLF5 in myeKlf5-/- macrophages resulted in marked Myo9b staining (Figure 5G). Hence, 
KLF5-mediated Myo9b expression may be critical for the formation of podosome rosettes 
in MCP-1 or TNF-α-treated macrophages.  

In further studies, we assessed podosome formation in abdominal aortas from 
mouse and human AAA using immunostaining. The staining of mouse and human AAA 
tissues for F-actin and cortactin showed the presence of podosome rosette structures 
that were remarkably similar to those observed in vitro (Figures 5H and 5I, Online Figure 
XVIF and XVIH). Moreover, no costaining of the podosome proteins cortactin and F-actin 
was observed in aortas from myeKlf5-/- littermates or human controls (Figure 5J and 5K, 
Online Figure XVIG and XVI I). These data suggest that podosomes form in vivo, their 
morphological characteristics are retained in tissues, and KLF5 facilitates podosome 
formation in vivo and in vitro. 

 
Macrophage-Specific Knockdown of Myo9b Reduces Podosome Formation and 
Migration of Macrophages Following Treatment with MCP-1 
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To further investigate the roles of Myo9b in podosome formation and macrophage 
migration, we knocked down endogenous Myo9b by transfecting macrophages with 
mouse Myo9b-specific siRNA or non-specific siRNA. These experiments demonstrated 
the marked attenuation of Myo9b expression in si-Myo9b-transfected macrophages 
compared with cells transfected with si-NS following treatment with MCP-1 (Figure 6A). 
Moreover, PDBu-induced formation of podosome rosettes was significantly decreased in 
si-Myo9b-transfected cells regardless of MCP-1 stimulation (Figures 6B and 6C), 
suggesting that Myo9b is required for podosome formation in macrophages. Myo9b 
knockdown also led to significantly reduced macrophage migration compared with that in 
si-NS-transfected cells regardless of MCP-1 treatment (Figure 6D), again suggesting that 
podosome formation facilitates macrophage migration. Furthermore, we demonstrated 
that KLF5 overexpression promotes the formation of podosome rosettes in 
si-NS-transfected macrophages, and this effect was abrogated following Myo9b 
knockdown using siRNA (Figures 6E and 6F). In addition, knockdown of Myo9b also 
reduced podosome formation and migration of macrophages following treatment with 
TNF-α (Online Figure XVIII). Taken together, these findings suggest that KLF5 promotes 
podosome formation in macrophages by regulating Myo9b expression.  
RhoA-GTP Levels Increase after Knockdown or Deletion of KLF5 in Macrophages 
Because the activation of small GTPases Cdc42, Rac1, and RhoA is required for cell 
migration,11 we investigated the roles of these molecules in TNF-α-induced podosome 
formation and cell migration. As shown in Figure 7A, the expression levels of GTP-bound 
Cdc42, Rac1, and RhoA were markedly increased within 15 min of TNF-α stimulation. In 
particular, GTP-bound RhoA expression was maximal at 30 min and subsequently 
decreased to basal levels by 6 h (Figure 7 A). Moreover, Myo9b expression progressively 
increased with decreases in active GTP-RhoA levels, suggesting a negative correlation 
between GTP-RhoA and Myo9b.  

 To confirm that KLF5-induced formation of podosomes is related to the activation of 
GTP-bound RhoA, Rac1, and Cdc42, we performed further experiments using 
KLF5-knockdown and -overexpressing macrophages. In these experiments, KLF5 
overexpression clearly upregulated Myo9b and decreased GTP-bound RhoA expression, 
but did not affect the Rac1 and Cdc42 activation. In contrast, the knockdown of KLF5 
markedly downregulated Myo9b expression and increased GTP-bound RhoA levels in 
macrophages (Figures 7B and 7C), indicating that KLF5-induced Myo9b negatively 
regulates RhoA signaling. In addition, the treatment of myeKlf5-/- macrophages with the 
RhoA specific inhibitor Rhosin (30 μM) led to increased PDBu-induced podosome 
formation. However, the inhibition of RhoA signaling by Rhosin also increased podosome 
formation in WT macrophages, albeit slightly (Figures 7D and 7E). Accordingly, Boyden 
chamber assays showed significant decreases in the numbers of migrated myeKlf5-/- 

macrophages following treatment with Rhosin (Figure 7E). These data suggest that KLF5 
and KLF5-regulated Myo9b lie upstream of the RhoA signaling, and KLF5, Myo9b, and 
RhoA co-regulate macrophage podosome formation and migration. 

 
Myo9b Is Upregulated and Localized to Macrophages in Human AAA 
In the present study, KLF5 promoted podosome formation and macrophage infiltration by 
upregulating Myo9b. Thus, we performed further experiments to corroborate these data 
in human aortic aneurysms. Initially, we examined Myo9b expression in human AAA 
tissues and normal aortic tissues using confocal immunofluorescence staining for Myo9b 
(red) and showed markedly increased expression in human aneurysm tissues compared 
with normal tissues. Moreover, Myo9b localized in MAC2-positive macrophages, as 
indicated by the analyses of aortic tissue sections (Figure 8A). In addition, RT-PCR 
analyses showed significant increases in Myo9b mRNA expression in AAA samples 
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compared with non-aneurysm tissues (Figure 8B), further suggesting that Myo9b is 
induced during human AAA formation. 

Finally, we investigated the correlation between Myo9b expression and AAA 
expansion rates in patients with initial CT diagnoses of AAAs. AAA expansion rates were 
calculated according to the changes in maximal anterior–posterior (AP) diameters of 
AAAs during the 1-year follow-up period. In the analysis, Myo9b mRNA expression in 
abdominal aneurysmal walls was positively correlated with AAA size. However, although 
a clear trend was observed, KLF5 expression was not significantly associated with AAA 
size, potentially reflecting more complicated functions (Figures 8C and 8D). These results 
suggest that Myo9b is a target of KLF5 and plays important roles in human AAA 
formation. Moreover, taken with the present in vitro and in vivo data, these observations 
suggest that Myo9b functions as an aneurysm-promoting factor during AAA formation 
and progression. 

 
 

Discussion 
Previous studies have shown that KLF5 is highly expressed in large and giant unruptured 
cerebral aneurysms.16 However, the mechanisms by which KLF5 participates in AAA 
formation remain unknown. Here we present in vitro and in vivo evidence of an important 
role of KLF5 during AAA formation. In particular, following the Ang II stimulation of 
abdominal aortas, KLF5 directly upregulated Myo9b expression and promoted 
macrophage migration by inducing the formation of podosome rosette structures and 
inhibiting RhoA signaling. Accordingly, (1) KLF5 knockdown attenuated macrophage 
migration in vitro and infiltration in vivo; (2) KLF5 directly bound the Myo9b promoter and 
induced myo9b expression in macrophages; (3) KLF5 promoted podosome formation 
and migration in macrophages, partially through Myo9b and its downstream effector 
RhoA; (4) KLF5 and Myo9b were co-expressed in human AAA tissues and macrophages 
that had infiltrated vascular walls; and (5) the upregulation of KLF5 and Myo9b 
expression was correlated with the progressive dilation of human AAAs. 

KLF5 has been identified as an oncogenic transcription factor that is highly 
expressed in tumor cell lines, and it reportedly promotes cell proliferation and migration in 
several cancer types, including breast, bladder, and intestinal cancers.28 In accordance, 
the present data show that KLF5 is substantially upregulated in human and experimental 
AAA tissues and is localized in SMCs and infiltrated macrophages. Although the 
proliferation-specific and anti-apoptotic roles of KLF5 have been demonstrated in VSMCs, 
the corresponding roles in macrophages during aneurysm formation remain unclear. 

In a previous study, AAA formation in global KLF4 and SM-specific KLF4 knockout 
mice was demonstrated using an Ang II model of aneurysm formation.29 Moreover, 
myeloid-specific conditional KLF6-deficient mice reportedly exhibited aortic dissection 
and the presence of intramural macrophages due to the reduced expression and 
secretion of granulocyte-macrophage colony- stimulating factor (GM-CSF).30 Accordingly, 
myeloid-specific KLF5 knockout resulted in decreased aortic aneurysm formation and 
concomitantly reduced Myo9b expression in the present Ang II- or CaPO4-induced 
mouse AAA models. Taken together, our results indicate that KLF5 acts as an important 
regulator of aneurysm formation by promoting macrophage infiltration and migration.  

KLF5 was previously shown to promote the migration of basal keratinocytes by 
promoting the transcription of integrin-linked kinase and the consequent activation of 
Cdc42 and myosin light chain, which are critical for cell migration and motility.31 In the 
present study, several lines of evidence have implicated Myo9b as a direct target of KLF5. 
Specifically, KLF5 and Myo9b were co-expressed in human AAA tissues and 
macrophages, and the expression of Myo9b was decreased and increased following the 
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knockdown and overexpression of KLF5, respectively. In addition, KLF5 directly bound 
the Myo9b promoter and promoted Myo9b expression in macrophages. Moreover, 
mutation of the KLF5-binding site in the Myo9b promoter abolished KLF5-stimulatory 
effects on Myo9b expression, and KLF5 and Myo9b promoted macrophage migration and 
podosome rosette formation. 

KLF5 can be induced by Ang II or proinflammatory factors such as interleukin-1β, 
lipopolysaccharide, and TNF-α. Accordingly, KLF5 and Myo9b were induced following 
treatments with TNF-α, indicating that KLF5 and its downstream target gene Myo9b are 
responsive to various extracellular pro-inflammatory stimuli, including Ang II and CaPO4. 
KLF5 has been shown to regulate target genes by interacting with nuclear factor-κB.32 
However, it remains unclear whether KLF5 and nuclear factor-κB form a transcription 
complex at the Myo9b gene promoter. 

Cell migration and invasion require the reorganization of actin cytoskeletal structures 
to produce membrane protrusions such as podosomes and invadopodia.7 The formation 
of podosomes is necessary for cross-tissue migration during normal human development 
and is central to embryogenesis and angiogenesis as well as atherosclerotic plaque 
formation and cancer cell metastasis.8 Podosomes are largely found in invasive cell types, 
including macrophages, osteoclasts, and dendritic cells,8 and podosome deficiency leads 
to the reduced immunity of monocyte-derived macrophages and the bone resorption of 
osteoclasts, potentially reflecting their functions in motility and matrix remodeling.33, 34 
Podosomes are also found in VSMCs and may mediate VSMC migration and contribute 
to intimal hyperplasia during vascular injury or atherosclerosis. Although phorbol esters 
and cytokines have been shown to induce podosome formation, the functional 
relationship of podosome formation in rosettes in human AAA and mouse experimental 
AAA tissues has not been previously characterized. However, the present data suggest 
that podosomes are critical for macrophage migration and infiltration. 

The Rho family of GTPases play important roles in cell migration by regulating actin 
organization and microtubule dynamics, myosin activity, and cell–extracellular matrix and 
cell–cell interactions.35 Myo9b modulates lamellipodial protrusions and tail retractions by 
suppressing RhoA in migrating immune cells12 and contains a RhoGAP domain in its tail 
region. Similar to other RhoGAPs, this domain promotes the hydrolysis of Rho-bound 
GTP to switch Rho from the active GTP-bound conformation to the inactive GDP-bound 
state. Accordingly, as a motorized signaling molecule, Myo9b directly links Rho signaling 
with the actin cytoskeleton. Endothelial and SMC podosome rosettes have been found in 
tumor vasculature and in miR-143 (145) knockout mouse aortas24, 25 and play important 
roles in cell migration. To our knowledge, Myo9b has not previously been shown to 
influence AAA formation, and the roles of podosomes in the actin-rich structures of AAA 
remain poorly understood. However, the present gain- and loss-of-function experiments 
show that KLF5 negatively regulates RhoA signaling by promoting Myo9b expression, 
which in turn affects macrophage migration in vitro and infiltration in vivo. Moreover, 
Myo9b was highly expressed in the macrophages of human AAA tissues, and its 
expression was positively correlated with the advanced dilation of AAAs in patients. 
Although RhoA mediates stress fiber formation and generates contractile forces that are 
required for the retraction of the trailing edge during cell migration,33 numerous studies 
show that the activation of RhoA products enhances the development of actin stress 
fibers and impairs the migration of cancer cells.36 Although these observations are 
consistent with our results, recent studies suggest tumor-suppressive roles of RhoA in 
human lung cancer and T cell lymphoma.36, 37 In addition, the blockade of RhoA signaling 
significantly increased podosome formation in myeKlf5-/- macrophages, suggesting 
KLF5-independnet podosome formation. Indeed, Mark Schramp et al reported that ERK5 
promotes Src-induced podosome formation in Src-transformed fibroblasts by limiting Rho 
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activation38. Pathways through which KLF5 modulates Rho activity, podosome formation 
and cellular invasion are of considerable interest. Thus, the ensuing molecular 
mechanisms warrant further investigation. 

In summary, the present data provide direct evidence that KLF5 is an important 
macrophage-borne stimulator of aneurysm formation, and it mediates Myo9b gene 
transcription by directly binding to the Myo9b gene promoter. Under these conditions, 
macrophage podosome formation and cell migration are promoted following the negative 
regulation of RhoA signaling. Taken together, these data show that the KLF5-dependent 
regulation of Myo9b/RhoA is required for podosome formation and cell migration in 
macrophages during AAA formation and warrant consideration of the KLF5–Myo9b–
RhoA pathway as a therapeutic target for AAA treatment. 
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 Novelty and Significance 
What Is Known? 
• Abdominal aortic aneurysm (AAA) is a chronic inflammatory disease characterized by the 

remodeling of the aortic wall. 
• KLF5 is an essential regulator of cardiovascular remodeling and is highly expressed in 

cerebral aneurysms. 
• Macrophage infiltration into vessel walls depends on podosome formation; Myo9b is 

involved in osteoclast podosome formation. 
• Myo9b regulates Rho signaling and cell migration. 
 
What New Information Does This Article Contribute? 
• KLF5 is required for podosome formation, macrophage migration and infiltration in vivo and 

in vitro. 
• KLF5 activates Myo9b transcription by direct binding to the Myo9b promoter. 
• Myo9b is elevated in human AAA tissues and positively correlated with AAA size. 
• KLF5-dependent regulation of Myo9b/RhoA is important for podosome formation and 

macrophage migration during AAA formation. 
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Abdominal aortic aneurysm (AAA) is a permanent dilation of abdominal aorta caused by 
chronic inflammation, elastin breakdown and SMC apoptosis. The increasing prevalence of 
AAA and the lack of effective drug treatments stress the need for a detailed understanding of 
the disease mechanism. Inflammation has been embraced as a potential target for 
intervention. In particular, the accumulation and subsequent activation of leukocyte subsets, 
including macrophage, in aneurysmal wall have been investigated for their roles in aneurysm 
formation and progression in human AAA and experimental AAA. Our work demonstrates that 
KLF5 and Myo9b expressions are elevated in macrophages that had infiltrated the 
aneurysmal tissues. In the AngII- and CaPO4-induced mouse AAA model, deletion of the 
KLF5 in macrophages protects mice from AAA formation and aneurysm-associated 
pathological changes, including SMC depletion, macrophage infiltration and inflammation. In 
cultured macrophages, we found that KLF5 is required for both MCP-1- and TNF-α-induced 
infiltration and Myo9b–mediated inhibition of RhoA signaling and podosome formation. We 
show that Myo9b acts as a downstream regulator of KLF5 in macrophages. Our data suggest 
that KLF5-dependent regulation of Myo9b/RhoA is required for podosome formation and 
macrophage migration during AAA formation, warranting consideration of the 
KLF5-Myo9b-RhoA pathway as a therapeutic target for AAA treatment. 
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Figure 1. KLF5 is elevated in human abdominal aortic aneurysms (AAAs) 
and AngII-induced AAA model. A, qRT-PCR for KLF5 expression in human 
AAA tissues (n=11) and normal abdominal aorta (n=7). **P < 0.01 vs. control. 

B, Representative photographs of immunohistochemical staining for KLF5 in 

AAA tissue and control. Scale bars=50 μm. C, Confocal immunofluorescence 
performed on human AAA sections stained with MAC2, SM α-actin, KLF5, and 

4′,6-diamidino-2-phenylindole (DAPI). Arrows indicate KLF5+ MAC2-positive or 

KLF5+ SM α-actin-positive cells. Scale bars=50 μm. D and E, Statistics of 
KLF5+ MAC2-positive cells and KLF5+ SM α-actin-positive cells in human AAA 
tissue and control. *P＜0.05 and **P＜0.01 vs. control. F, Representative 

photographs of hematoxylin and eosin (HE)-stained abdominal aortic sections 

of C57BL/6 mice infused with saline or Ang II for 28 d. G, KLF5 mRNA 
expression relative to GAPDH in the injured aortas of C57BL/6 mice infused 
with saline or Ang II for 28 d. Data represent the mean±SEM, *P＜0.05 vs. 

saline. n=4 in each group. H, Representative images immunostained with 
KLF5 (brown) in the abdominal aortic sections of C57BL/6 mice infused with 

saline or Ang II for 28 d. Scale bars=50 μm. I and J, Confocal 
immunofluorescence performed on mouse aortic sections stained with KLF5, 

MAC2, SM α-actin, and DAPI. Scale bars=50 μm. 
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Figure 2. Myeloid-specific knockout of Klf5 attenuates aneurysm formation. A, 

Representative photographs of AAA induced by Ang II infusion (dashed). Scale 

bar=2.5 mm. B. The maximal aortic external diameter for control (n=20) and ApoE-/- 

myeKlf5-/- mice (n=21) exposed to Ang II for 28 d. Data represent the mean±SEM. *P 
< 0.05 vs. control. C, Survival curve of Ang II-infused ApoE-/- (n=20) and ApoE-/- 

myeKlf5-/- mice (n=21). *P < 0.05, log-rank test. D, HE-stained representative sections 

of aortas from the Ang II-infused control (ApoE-/-) and ApoE-/- myeKlf5-/- mice. Scale 

bars=50 μm. E through G, Dual immunofluorescence staining of KLF5 (red), MAC2 

(green), Ly6G (green) and SMA-α (green) in the injured aortas of control and ApoE-/- 

myeKlf5-/- mice exposed to Ang II for 28 d. Scale bars=50 μm.  
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Figure 3. myeKlf5-/- macrophages are defective in their migration ability. A, 

Representative photomicrographs of a scratch assay performed with macrophages 

from ApoE-/- or ApoE-/- myeKlf5-/- mice immediately after scratching and 12 h later. B, 

Quantification of cells migrating into the scratch gap. The data are mean±SEM from 

three independent experiments. *P＜0.05 vs. WT. C, An in vitro co-culture system is 

shown where macrophages were seeded in the top compartment and Ang 

II-stimulated SMCs in the bottom compartment. D, Boyden chamber assay showing 

WT and myeKlf5-/- macrophages traversed the filter to the other side and stained by 
HE. E, Quantification of cells migrated to the lower side of the membrane. *P＜0.05 vs. 

WT. F, Scanning electron microscopy showing that myeKlf5-/- macrophages had 

shorter and fewer pseudopod projections. G, Dual immunofluorescence staining of 

KLF5 (red) and MAC2 (green) in WT and myeKlf5-/- macrophages. Scale bars=50 μm. 
H, MCP-1-stimulated migration of WT and myeKlf5-/- macrophages was traced by 

using time-lapse imaging. I and J, Each line represents the movement of each 

macrophage from ApoE-/- and ApoE-/-myeKlf5-/- mice. K, Migration distances per hour 

were measured by Image J. n=21 cells, ***P＜0.001 vs. WT. 
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Figure 4. KLF5 mediates Myo9b expression via direct binding to the TCE site-1 
in the Myo9b promoter. A, A subset of the differentially expressed mRNAs detected 

in the injured aortas of control (ApoE-/-) (n=3) and myeKlf5-/- (ApoE-/- myeKlf5-/-) mice 

(n=3) with microarray analysis was selected and summarized. B, The Gene Ontology 

enrichment analysis showing the significantly changed genes in the injured aortic 

tissues of myeKlf5-/- and control mice. C, Six changed genes were validated by 

qRT-PCR in the aortic tissues of control and myeKlf5-/- mice. *P＜0.05 and **P＜0.01 

vs. control. D and E, Macrophages were infected with Ad-null or Ad-Klf5 for 24 h and 

then were treated or not with TNF-α (10 ng/mL). The expression of KLF5, Myo9a and 
Myo9b was analyzed by Western blotting (D) and qRT-PCR (E). *P<0.05 vs. Ad-null, 
#P＜0.05 vs. Ad-null+TNF-α, **P＜0.05 vs. Ad-Klf5. F and G, Macrophages were 

transfected with si-NS or si-Klf5 for 24 h and then treated or not with TNF-α. The 
expression of KLF5, Myo9a and Myo9b was examined as described above. *P＜0.05 

vs. si-NS, #P＜0.05 vs. si-NS+TNF-α. H, A schematic map of the −1396 to +1 bp 

region of the Myo9b promoter showing the position of five KLF5-binding sites. I, A 

luciferase reporter controlled by the Myo9b promoter was transfected into 293A cells 

along with increasing amounts of KLF5 expression plasmid. Luciferase activity was 

measured using the dual luciferase reporter assay system. Data represent the relative 

Myo9b promoter activity normalized to pRL-TK activity. *P ＜ 0.05 vs. 

pEGFP-N1-transfected group. J, 293A cells were transfected with the Myo9b 

promoter–reporter plasmids containing various 5'-deletion fragments. Luciferase 

activity was measured as described above. *P ＜ 0.05 vs. promoter-reporters 

containing the -1164 to -382 bp region. K, An oligo pull-down assay was done with 

macrophage lysates and biotinylated double-stranded oligonucleotide containing the 

consensus TCE sites-1, 2, 3, 4, and 5 (Wt and Mut) as probes. The DNA-bound 

protein was detected by Western blotting with anti-KLF5 antibody. 
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Figure 5. KLF5 deletion reduces podosome rosette formation in macrophages 
through down-regulating Myo9b expression. A, The WT and myeKlf5-/- 

macrophages were treated or not with MCP-1 for 24 h, and then were stimulated for 

30 min with PDBu. Fluorescence staining of cortactin (anti-cortactin) and F-actin 

(rhodamine-phalloidin) was used to visualize podosomes. Scale bars=10 μm. B and 
C, The percentage of individual podosome- and podosome-rosette-positive 

macrophages. *P＜0.05 vs. untreated or WT group. D, Colocalization of Myo9b with 

F-actin or vinculin and Tks5 in macrophages treated with PDBu and MCP-1. Scale 

bar=10 μm. E, Detection of Myo9b and cortactin interaction in WT and myeKlf5-/- 

macrophages using Duolink with two primary antibodies. Duolink signals are shown in 

red and green, DAPI was used for staining of nuclei. Stained cells were examined by 

confocal microscopy. Scale bars=10 μm. F, Colocalization of Myo9a with cortactin and 

F-actin was not detected. Scale bar=10 μm. G, myeKlf5-/- macrophages were infected 

with Ad-Klf5 or Ad-null for 24 h and then treated with MCP-1 and PDBu. Podosomes 

were visualized as described above. Scale bars=10 μm. H and I, Fluorescence 

staining of cortactin and F-actin on AAA tissue sections of the Ang II-induced WT 

(ApoE-/-) mice (H) and human AAA (I). Scale bars=20 μm. J and K, The percentage of 

podosome-rosette-positive macrophages in AAA tissues of Ang II-induced WT 

(ApoE-/-) mice and human AAA. The data represent mean±SEM of 3 independent 

experiments in which 400 cells were analyzed. 
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Figure 6. Myo9b knockdown reduces podosome formation and migration of 
macrophages induced by MCP-1. A and B, Macrophages were transfected with 

si-Myo9b or si-NS for 24 h and then treated with MCP-1 for 24 h. Myo9b knockdown 

was determined by Western blotting with anti-Myo9b (A), podosomes were visualized 

by staining with rhodamine-phalloidin, anti-Myo9b and anti-cortactin antibodies (B). 

Scale bars=10 μm. C, The percentage of podosome-rosette-positive macrophages. 

*P＜0.05 vs. si-NS+MCP-1-untreated group; ***P＜0.001 vs. si-NS+MCP-1 group or 

si-NS+MCP-1-untreated group. D, The macrophage migration was determined by 

Boyden chamber assay. *P＜0.05 vs. si-NS+MCP-1-untreated group; ***P＜0.001 vs. 

si-NS+TNF-α-untreated group or si-NS+MCP-1 group. E, Macrophages were 

transfected with si-Myo9b or si-NS for 24 h, and then infected with Ad-null or Ad-Klf5 

for 24 h, podosomes were visualized as described above. Scale bars=10 μm. F, The 

percentage of podosome-rosette-positive macrophages was calculated. *P＜0.05 vs. 

si-NS+Ad-null group, **P＜0.01 vs. si-NS+Ad-null group or si-NS+Ad-Klf5 group. The 

data represent mean±SEM of 3 independent experiments in which 300 cells were 

analyzed. 
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Figure 7. RhoA-GTP level increases after knockdown or deletion of KLF5 in 
macrophages. A, Macrophages were stimulated with or without TNF-α for the 
indicated times. GTP-bound Cdc42, Rac1 and RhoA were determined by GST 

pull-down and immunoblotting with anti-RhoA, anti-Rac1 and anti-Cdc42 antibodies. 

Band intensities that were measured and normalized to GAPDH were shown on the 

below (n=3). *P＜0.05 vs. TNF-α for 0 min. B and C, Macrophages were infected with 

Ad-null and Ad-Klf5 or transfected with si-NS and si-Klf5. GTP-bound Cdc42, Rac1 

and RhoA were determined as described above. D, WT and myeKlf5-/- macrophages 

were pretreated with or without Rhosin for 2 h and then treated with PDBu for 30 min, 

podosomes were visualized by staining with rhodamine-phalloidin, anti-Myo9b and 

anti-cortactin antibodies. Scale bars=10 μm. E, The percentage of 

podosome-rosette-positive macrophages. **P＜0.01 vs. WT + Rhosin-untreated 

group; *P ＜ 0.05 vs. myeKlf5-/-+Rhosin-untreated group; △P ＜ 0.05 vs. 

WT+Rhosin-untreated group. F, The macrophage migration was determined by 

Boyden chamber assay. **P＜0.01 vs. WT+Rhosin-untreated group; *P＜0.05 vs. 

myeKlf5-/-+Rhosin-untreated group; △P＜0.05 vs. WT+Rhosin-untreated group. The 

data represent mean±SEM of 3 independent experiments in which 300 cells were 

analyzed. 
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Figure 8. Myo9b is upregulated in human AAA and is localized to macrophages. 
A, Confocal immunohistochemistry of human AAA and non-aneurysm sections 

stained with MAC2, Myo9b, and DAPI. Scale bars=10 μm. B, Myo9b mRNA was 

determined by qRT-PCR in human AAA (n=11) and normal aortic tissues (n=7). **P＜
0.01 vs. control. C and D, Correlation analysis between KLF5 or Myo9b mRNA and 

human AAA size. Spearman’s correlation coefficients were used to test the strength of 
a link between KLF5 (C) or Myo9b (D) mRNA and AAA size. Spearman’s correlation 
coefficients and P values are shown in each graph. RU=relative unit. 
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