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Mature vascular smooth muscle cells (VSMCs) are unique in that they can switch 

between proliferative and differentiated phenotypes. Aberrant proliferation of VSMC is 

regarded as a central feature in vascular diseases such as atherosclerosis and restenosis 

following balloon angioplasty. Transforming growth factor-~1 (TGF-~1) is known to 

inhibit smooth muscle cell cycle progression; however, the signaling pathway(s) through 

which this is accomplished is poorly understood. Entry into mitosis in dividing VSMCs is 

triggered by Cdc2/cyclin 81 complex, which is tightly controlled by phosphatase Cdc25C 

that dephosphorylates tyrosine-IS and threonine-14 on Cdc2 at onset of mitosis. A 

serine/threonine protein kinase, PKN, was recently reported to inhibit Cdc25C activity. 

PKN has been identified as a downstream target for TGF-~1 signaling in VSMCs. 

Therefore we hypothesize that PKN mediates TGF-~1-delayed cell cycle progression by 

inhibiting Cdc25C. 

In this study, TGF-~1 is shown to delay G2/M phase progression timing in PAC-1 

VSMCs. This effect is blocked by pretreatment of cells with either HA 1077 or Y -27632, 

two pharmacological inhibitors of PKN, as well as by reduced expression of PKN by 

RNA interference (RNAi). Oscillation of PKN activitY temporally correlates with G2/M 

phase progression. Co-immunoprecipitation suggests that Cdc25C and PKN physically 

associate with each other. Immunocytochemistry demonstrate that PKN and Cdc25C co

localize in the nuclei and peri-nuclear region of only dividing (M phase) cells but not in 



the interphase cells. Additionally, PKN phosphorylates Cdc25C in PAC-1 cell cultures. 

Finally, TGF-~1-induced delay of Cdc2 activation is abolished by pretreating the cells 

with Y -27632. These data suggest that PKN inhibits G2/M progression by directly 

binding to Cdc25C and inhibiting its activity by phosphorylation. 

In addition to the PKN-Cdc25C signaling pathway, TGF-~1 strongly induces the 

transcriptional activity of the Smad-dependent enhancer in PAC-1 cells. This effect is 

attenuated by blocking PKN function by either chemical inhibitors or RNAi. Active 

forms of MKK3/6 alone are sufficient to increase the Smad enhancer activity, and co

expression of dominant negative MKK3/6 decreases TGF-~1-induced activation of the 

Smad enhancer. Lastly, the Smad reporter activity induced by TGF-~1 is also 

significantly attenuated by SB203580, a highly specific pharmacological inhibitor for p38 

MAPK. These data demonstrate a novel mechanism of PKN-MKK3/6-p38 MAPK 

cascade to cross talk with the Smad pathway in PAC-1 VSMCs. 

Taken together, findings presented in this dissertation identify components of 

important intracellular signaling pathways through which TGF-~1 activates PKN to 

inhibit proliferation and promote differentiation of SMCs. Augmenting PKN-Cdc25C

Cdc2 signaling may provide a potential therapeutic approach to counter abnormal VSMC 

proliferation, prevent the clinical consequences of atherosclerosis and improve outcomes 

after angioplasty. 
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CHAPTER I 

INTRODUCTION 

The mature vascular smooth muscle cells (VSMCs) are unique among the 

myogenic lineages in that they do not terminally differentiate like their cardiac and 

skeletal muscle counterparts. These cells retain the capability of exhibiting a spectrum of 

different phenotypes including proliferative, synthetic, contractile and differentiated 

phenotypes even in mature animals. Aberrant proliferation of VSMCs contributes to the 

pathophysiology of atherosclerosis, one principal cause of morbidity and mortality in 

industrialized societies. In recent years, percutaneous transluminal coronary angioplasty 

(PfCA) has become a well-established technique to re-open the occluded arteries. 

However, the long-term effectiveness of this procedure is severely limited by vessel 

restenosis that usually develops within months after PfCA. Phenotypic modulation and 

proliferation of VSMCs as well as the migration of these cells from the tunica media into 

the intimal layer of the vessel wall are thought to contribute to development and 

progression of restenosis following angioplasty. 

Activation of the cell cycle and the genetic control of the orderly progression 

through each phase of this cycle are the final common pathways in VSMC proliferation. 

In order to divide the cell must enter a mitotic state. Accordingly, a better appreciation of 

smooth muscle cell cycle regulation is critical for developing therapies to prevent or to 

lessen the occurrence of atherosclerosis as well as post-angioplasty restenosis. 
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Transforming growth factor-f31 (TGF-f31) is one of the major cytokines found at 

vascular lesions and is believed to play important roles in the development of vascular 

diseases. Despite the considerable discrepancy regarding its precise effect as a 

proliferation stimulator or inhibitor in different cell types, TGF-f31 is believed to inhibit 

the cell cycle progression in VSMCs. Considerable effort has been devoted to elucidate 

the molecular mechanisms through which TGF-f31 regulates the G1 and S phase events. 

Nevertheless, current understanding of its GziM transition regulation is much more 

limited and recent studies have just begun to shed light on this topic. The focus of this 

study was to identify the signal transduction pathway(s) through which TGF-f31 regulates 

G2/M progression in VSMCs. Also explored are the cross-talk mechanisms between the 

classic Smad pathway and PKN-p38 MAPK pathway. 

The following section will provide a review of our current knowledge of 

proliferation regulation in VSMCs, with a particular emphasis on recent studies that 

suggest a need to rethink existing models of cell cycle control in G2/M transition. 

Phenotypic Modulation of VSMCs and vascular Diseases 

As the cellular and molecular mechanisms of major arterial diseases such as 

atherosclerosis and hypertension are being more clearly defined, it is becoming apparent 

that these pathological processes share a number of functional and biochemical features 

in the vessel wall. The vessel wall within a healthy adult artery is composed of an outer 

layer of connective tissue (adventitia), a medial layer of VSMCs (media) and an inner 

monolayer of endothelial cells (intima) (Figure 1 ). Typically, arterial diseases are 
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associated with functional and structural wall alterations including modified contractile 

properties, smooth muscle cell hypertrophy and proliferation, endothelial dysfunction, 

excessive extracellular matrix accumulation and inflammation. 

1. Phenotypic Modulation and Proliferative Phenotype 

Studies of arteries after injury and of primary cell cultures from various arterial 

vessels indicate that VSMCs retain remarkable phenotypic and mechanical plasticity, and 

thus have long been described as phenotypically diverse. These cells are unique in that 

even in adult mammal arteries, they can rapidly switch back and forth between distinct 

"contractile" and proliferative phenotypes, both of which show characteristic 

morphological, functional and gene expressional features (Figure 2) (29, 63, 64, 174). 

Fully differentiated VSMCs in intact mature vessels are of the contractile phenotype. 

They are marked by elongated morphology, abundant contractile protein expression and 

contractile apparatus assembly, and have a very limited capacity to proliferate or migrate. 

Well-identified protein markers for the contractile phenotype include smooth muscle a

actin (SM a-actin) (76, 112), smooth muscle-myosin heavy chain (SM-MHC) (115) and 

SM22 (a calponin-related protein that interacts with other contraction-associated 

proteins) (43, 102). VSMCs switch from contractile to proliferative phenotype in the 

pathogenesis of atherosclerosis and restenosis after PTCA (150). Proliferating VSMCs 

are broader and flatter than the fibroblast-like contractile cells residing within intact 

tunica media (27). They closely resemble the SMCs during embryonic development and 

exhibit the features of less differentiated cells, such as the ability to proliferate, migrate 
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and synthesize extracellular matrix proteins. It is critical to appreciate that overall control 

of VSMC differentiation/maturation and regulation of its responses to changing 

environmental cues is extremely complex (Figure 3). These local environmental cues 

include growth factors/inhibitors, mechanical influences, cell-cell and cell-matrix 

interactions, and various inflammatory mediators (146). 

2. Vascular Diseases Involving Abnormal Proliferation 

VSMCs are important factors in the pathogenesis of atherosclerosis and restenosis 

after angioplasty or stent application. In both phenomena, one characteristic change is the 

accumulation of VSMCs within the tunica intima. The contemporary paradigm is that 

migration and proliferation of these cells are stimulated by the combined action of growth 

factors, proteolytic agents and extracellular matrix proteins, produced by a dysfunctional 

endothelium and/or inflammatory cells (168). During these processes, VSMCs switch 

from a contractile to a synthetic phenotype and re-enter the cell cycle in response to 

pathological stimuli (197). 

a) Atherosclerosis 

Atherosclerosis is a process that has been classified as a chronic inflammatory 

response to vascular endothelial injury resulting in the progressive narrowing of the 

vessel lumen in the area of damage and committing in plaque rapture and thrombosis (58, 

67). Initial endothelial damage leads to the recruitment of circulating monocytes to 

adhere and migrate into the damaged vessel, where they mature into foam cells that 
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accumulate large quantity of cholesterol esters. Growth factors and cytokines are secreted 

by those foam cells as well as by platelets and monocytes to promote the VSMCs to 

migrate from tunica medium into tunica intima and proliferate there, which contributes to 

neointima formation and thickening of the vessel wall (Figure 4). Myofibroblasts may 

also play a role in the lesion formation by invading the impaired area and synthesizing 

extracellular matrix components. The platelets aggregating in this damaged area form a 

thrombus to occlude the artery. Treatment of atherosclerosis usually involves PTCA to 

widen the blocked vessel; however, the success of angioplasty procedure is greatly 

limited by the recurrent hyperplasia of the underlying VSMCs, known as restenosis. 

b) Restenosis 

Restenosis is the disease of recurring luminal narrowing in an atherosclerotic 

artery after an intra-arterial intervention. It is believed that the acute disruption of the 

endothelial layer lining at the site of angioplasty triggers this aggressive form of 

atherosclerosis, which is typically characterized by an exuberant VSMC hyperplastic 

response (13, 106). Although coronary stents have been used extensively, prevention of 

restenosis after PTCA remains a major challenge. The disease usually develops within 3 

to 6 months in 20-55% of patients after PTCA and in 10-30% of patients receiving a stent 

(54, 105). The molecular basis of restenosis is only partially understood. Mechanisms 

identified include intimal proliferation of VSMCs, excessive accumulation of 

extracellular matrix in the tunica intima and local "remodeling" (elastic recoil) of the 

dilated artery (3, 110, 144, 161, 210). The whole process causes reformation of the 
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thickened vessel recently cleared by angioplasty. Despite the complexity of the 

pathophysiologic mechanism of restenosis, accumulated evidence suggest that intimal 

hyperplasia is the major factor. Intimal hyperplasia involves multiple participants 

including platelets, different growth factors, VSMCs and endothelial cells, wall shear 

stress, and presumably other unknown factors. Vasculoproliferative cascade that leads to 

hyperplasia can be divided into three phases: 1) an early phase of platelet aggregation and 

thrombus formation, 2) an intermediate phase of VSMC recruitment, and 3) a late 

proliferative phase (32). VSMCs, endothelial cells as well as macrophages recruited into 

the injured area secrete many growth factors and cytokines that are believed to initiate 

cell proliferation. Then activated VSMCs switch from contractile/working phenotype to 

synthetic/proliferative phenotype, and 20% to 40% of medial SMCs re-enter the cell 

cycle within 3 days. During the first several months following angioplasty, the neointima 

expands, and the additional volume comprises VSMCs and extracellular matrix. 

Eventually, the amount of VSMCs within the restenotic lesion activated by injury to 

undergo proliferation may determine the severity of Iuman narrowing. 

Although there have been extensive efforts to understand and treat the vascular 

injury leading to restenosis, it continues to be responsible for significant morbidity and 

mortality in Western societies. Developing new therapies to lessen the occurrence of 

restenosis following angioplasty requires a better understanding of the molecular 

mechanisms to regulate VSMC proliferation during disease status. 
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c) Other Vascular Diseases Involving Abnormal Proliferation: 

Increased growth potential of VSMCs represents one of the crucial anomalies 

responsible for the development of quite a few diseases in addition to atherosclerosis and 

restenosis. Among those diseases include essential systemic hypertension (136) and 

pulmonary arterial hypertension (218). Systemic hypertension is a widespread 

cardiovascular disease clinically defined as a sustained diastolic pressure of >90 mmHg 

or a systolic blood pressure > 140 mmHg. Despite the extremely complex etiology 

varying between individuals, most cases of hypertension share one common feature: 

peripheral resistance rises as a result of increased vascular tone/SMC contractility and 

vascular remodeling, both of which are complicated processes that involve phenotypic 

switching of the SMC (133). Under hypertensive conditions, VSMCs are exposed to a 

chronic increased mechanical stress that is associated with enhanced proliferation. The 

greater proliferation is characterized by two intermediate states: ( 1) accelerated entry into 

the S phase of the cell cycle, and (2) abnormal contact inhibition ( 61 ). 

Other important examples illustrating defective SMC differentiation in human 

include asthma (148), transplant vasculopathy (10), and angiogenesis (formation of new 

blood vessels from preexisting ones) associated with diabetic retinopathy ( 13 7), 

rheumatoid arthritis and neovascularization of solid tumors (75). 

In summary, it is quite clear from the preceding discussion that unregulated 

proliferation of VSMCs contributes to the pathogenesis of several important human 

diseases. Elucidation of the signal transduction pathway(s) by which the proliferation of 
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VSMCs is controlled will broaden our current knowledge with respect to the 

pathophysiology of atherosclerosis and restenosis, and may provide potential therapeutic 

targets to treat these vascular diseases. 

Cell Cycle Re~:ulation of Mammalian Cells: 

The cell cycle is the final common pathway for proliferation. Although the 

upstream mitotic signals vary, the major molecular events of the cell cycle are similar in 

all mammalian cell types. Differentiated VSMCs residing within the medial layer of adult 

vessels are maintained in a quiescent, resting G0 state. Under vascular injury conditions, 

activated VSMCs are driven by a series of highly regulated cell cycle events to enter G, 

(the first gap phase during which the apparatus for DNA replication is assembled), and 

the subsequent S (DNA synthesis) phase. After the DNA replication is completed, cells 

enter a second gap phase G2 to synthesize proteins in preparation for division. Finally 

cells go to M (mitotic) phase, when the duplicated chromosomes are separated properly 

(Figure 5). 

Orderly progression through the cell cycle is ensured by a highly conserved 

family of protein kinases, the cyclin-dependent kinases (cdks) (156). Cdks have to bind to 

a specific cyclin regulatory subunit before they become activated. The cdk/cyclin 

complexes are the universal cell cycle regulators, with each complex controlling a 

specific transition between the subsequent phases in the cell cycle. Cyclin D binds to 

Cdk2, 4, 5 and 6 to stimulate quiescent G0 cells to enter the cell cycle, and Cdk2/cyclin E 

complexes regulate the GtfS transition. Major regulator throughout S phase is 
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Cdk2/cyclin A. The entry into mitosis (G2/M transition) is under the control of Cdc2 (also 

named as Cdk1) binding to cyclin B (138). Activity of Cdc2/cyclin B complex is 

regulated at multiple levels including: 1) synthesis and degradation of cyclin B (158), 2) 

phosphorylation and dephosphorylation of Cdc2 (101, 111, 117, 171), 3) cytoplasm 

/nuclear localization of the complex (157), and 4) expression of Cdk inhibitors, 

specifically p21 at G2/M transition (44, 186). 

One major focus of this project is the Cdc25 family of phosphatases. The 

mammalian Cdc25 family consists of three members, Cdc25A, Cdc25B and Cdc25C. 

Principal function of Cdc25A is believed to promote entry into S phase (83), while both 

Cdc25B and Cdc25C regulate the G2/M transition. Cdc25B is thought to regulate 

centrosomal microtubule nucleation during mitosis (55). Cdc25C activates Cdc2/cyclin 

B1 by dephosphorylating two inhibitory sites, threonine 14 (Thr-14) and tyrosine 15 

(Tyr-15) on Cdc2, to trigger the onset of mitosis (99, 178) (Figure 6). Cdc25C locates in 

the cytoplasm during interphase, and enters the nucleus just prior to mitosis (33). The 

shuttling of Cdc25C between different subcellular compartments is well known as a 14-3-

3 regulated event (141). The 14-3-3 proteins are a family of ubiquitously expressed, 

exclusively eukaryotic proteins. This family is composed of at least seven mammalian 

isoforms. 14-3-3 acts as an adaptor or "chaperone molecule", which is able to move 

freely from cytoplasm to nucleus and vise-versa (22). The specific isoforms of 14-3-3 

that bind to Cdc25C have been poorly documented in human cells, but Kumagai et al. 

reported that Cdc25C formed a complex with the 14-3-3E and 14-3-3~ in Xenopus egg 

extracts (97). 
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Several candidate kinases phosphorylate multiple sites on Cdc25C in vitro, 

including C-TAK1, Chkl/2 (93), Plk1 (199) and Cdc2 (155). However, the specific 

kinase that phosphorylates Cdc25C and controls its activity in vivo is still unknown. 

Extracellular Si~roals That Re~:ulate Smooth Muscle Cell Cycle 

Growth factors and cytokines are the major physiologic stimuli for proliferation 

of VSMCs after artery injury. To date, identified growth factors and cytokines 

responsible for the process of restenosis include platelet-derived growth factor (PDGF) 

(88), transforming growth factor- ~1 (TGF-~1) (8, 121), fibroblast growth factor (FGF) 

(109), to a smaller extent insulin-like growth factor-1 (IGF-1) (108), and epidermal 

growth factor (EGF) (14). These factors are believed to be secreted out by aggregating 

platelets, activated monocytes, endothelial cells and VSMCs themselves in both autocrine 

and paracrine manners. Although all of these factors may contribute to drive the early 

cellular events leading to restenosis, the currently accepted dogma is that PDGF is the 

major culprit, with TGF-~ 1 and FGF also playing significant roles. However, the exact 

mechanism by which cell number is regulated remains incompletely comprehended. 

1. Platelet-Derived Growth Factor (PDGF) 

Platelet-derived growth factor (PDGF) has been suggested to be a critical factor in 

VSMC migration and proliferation after vascular injury (21, 50, 169). It is a family of 

homo- and hetero-dimers encoded by four genes PDGF-A, -B, -C, and -D. The 

membrane receptors are also composed of homo- or hetero-dimers of the two PDGF 
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receptor (PDGFR) proteins, PDGFR-a and PDGFR-~. All PDGFs can function as 

homodimers, but only PDGF-A and PDGF-B form functional heterodimers (71). PDGF

BB is capable of binding to both the PDGFR-a and PDGFR-~. and therefore can bind 

both heterodimers and homodimers of the receptors. In contrast, PDGF-AA can only bind 

to PDGFR-a homodimers. PDGF-BB is expressed in multiple cell types including 

VSMCs, and has been reported as a potent mitogen for VSMCs in vitro and in vivo (38, 

78, 176, 223). In the intact aortic media, where the cells are of a contractile phenotype, 

only small amount of PDGF-A and no PDGF-B mRNA could be detected (185). Upon 

injury, PDGF expression is strongly stimulated and initiates a multitude of biological 

effects through the activation of intracellular signal transduction pathways (e.g., the Ras

Raf-ERK pathway) that contribute to SMC proliferation, migration (82) and collagen 

synthesis (7). 

Recent studies have demonstrated that inhibition of PDGF or PDGF receptor 

attenuates neointimal hyperplasia. For example, Nili et al. used decorin, a small 

proteoglycan that binds to PDGF and potently inhibits PDGF-stimulated PDGF receptor 

phosphorylation. The author showed that decorin overexpression by adenoviral-mediated 

gene delivery in balloon-injured carotid arteries significantly decreased intimal cross

sectional area as well as collagen content by 50% at 10 weeks compared to B

galactosidase-transfected or balloon-injured, non-transfected controls (139). 

The molecular mechanism(s) for PDGF-BB to accelerate VSMC proliferation has 

been extensively studied. It has been suggested that this factor inhibits expression of 

smooth muscle-specific marker genes such as SM-actin and SM22a via a Ras-dependent 
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pathway in rat aortic VSMCs (103). PDGF-BB has also been reported to trigger the 

nuclear exclusion of Forkhead transcription factors via MEKl/2 and/or PBK signaling 

pathways, and thus down-regulates the gene expression of cell cycle inhibitors such as 

p27 to enhance progression through the cell cycle (1, 173). 

2. Transforming growth factor-fll (TGF-fll) 

The transforming growth factor-f3 (TGF--(3) superfamily comprises over 30 

vertebrate members and regulates a diverse array of cellular functions from cell division, 

differentiation to apoptosis (11, 36, 203). Disruption of the signaling pathways is 

associated with many human diseases including cancer and several hereditary conditions 

(124, 183, 184, 196). Members of this superfamily include TGF-f3s (TGF-(31, -(32, -(33), 

activins/inhibins and the bone morphogenetic proteins (BMPs) (152). 

Transforming growth factor-(31 (TGF-(31) is one of the major cytokines found at 

vascular lesions and was believed to exacerbate restenosis by promoting arterial stenosis 

through synthesizing components of the extracellular matrix (134, 172). However, the 

more contemporary view is that TGF-(31 has very diverse influences on VSMCs and its 

precise effects on vascular diseases are controversial in current literature, depending upon 

cell lines and assay conditions employed (56, 70). Several recent findings challenge the 

belief that TGF-(31 is a pro-restenotic factor: firstly, the serum concentration of TGF-(31 

in human atherosclerosis patients has been reported to inversely correlate with the 

severity of disease (59). A Clinical study with 155 uremic patients conducted by Stefoni 

et al. showed that in the coronary heart disease group (N=32) the serum concentration of 
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TGF-(31 was 26.2 +1- 4.9 ng/mL, compared to 35.1 +1- 6.8 ng/mL in dialysis patients with 

no cardiovascular disease (N=80) (P < 0.0001) (190). The authors drew a conclusion that 

low TGF-(31 serum concentration was a risk factor for atherosclerosis. Moreover, TGF

(31 is well recognized to direct differentiation of VSMCs, such as differentiation from 

mesenchymal precursors during early vascular development (40). There is also abundant 

experimental evidence suggesting that TGF-(31 induces proliferating VSMCs to switch to 

the contractile phenotype in cell culture, although the underlaying signaling mechanism 

for this to occur remains unclear (2, 70). Importantly, following balloon injury of rat 

carotid arteries, there was a strong positive correlation between the TGF-~1 level and 

mature VSMC-specific markers in vivo (60). All these observations argue in favor of a 

beneficial role of TGF-(31 in vascular diseases. 

Si~roal Transduction Pathways of TGF -tll 

The TGF-(3 family members signal via two distinct types of specific membrane

bound heteromeric serine/threonine kinase receptors, designated type I and type II. Upon 

ligand binding, two type I receptors and two type II receptors are brought together and 

form a tetramer. Then the type II receptor kinases phosphorylate and activate the type I 

receptor kinases, which then propagate subsequent signals to the Smad pathways (214). 

Type I receptors are believed to be responsible for the specificity of downstream 

signaling. 
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1. Smads 

Smads, a conserved family of signal transducers, are the major components of 

TGF-f3 family signaling pathways. They were firstly identified as the products of the 

Drosophila Mad (Mothers against Decapentaphgic) and C. elegans Sma genes (149, 

208). Smads are the only substrates for type I receptors known to have signaling function 

(125, 126): There are three distinct classes of Smads: receptor-activated Smads (R

Smads: Smad1, -2, -3, -5, and -8), common mediator Smad (Co-Smads: Smad4) and 

inhibitory Smads (1-Smads: Smad6 and Smad7). R-Smads and Co-Smads share two 

conserved domains: the N-terminal Mad homology 1 (MH1) and the C-terminal Mad 

homology 2 (MH2) domains. The MH1 domain regulates Smad nuclear import and gene 

transcription by binding to DNA and other nuclear proteins. The MH2 domain is 

responsible for oligomerization of Smads, recognition by type I receptors, and interaction 

with certain cytoplasmic adaptors as well as several transcription factors. The MH1 and 

MH2 domains are separated by a linker region. 

R-Smads are directly phosphorylated by the type I receptor kinases on two serine 

residues in a conserved SSXS motif closest to the carboxyl terminus. TGF-J3 and activin 

receptors phosphorylate Smad2 and Smad3, while BMP receptors phosphorylate Smad1, 

-5 and -8 (30). Phosphorylation triggers the release of R-Smads from the receptor 

complex as well as from SARA (S.mad !!nchor for receptor !!Ctivation), an adaptor protein 

that recruits R-Smads to the cell membrane. Phosphorylation of R-Smads also results in 

the formation of a complex of R-Smads with Smad4, the Co-Smad. Complexes of R

Smad/Smad4 translocate into the nucleus and associate with various transcriptional 
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coactivators or corepressors to either positively or negatively regulate transcription (164, 

206, 213) (Figure 7). 1-Smads are induced by TGF-Jj family members and antagonize 

TGF-Jj signaling by competing with R-Smads for receptor binding and marking the 

receptors for degradation. 

TGF-Jj responses are not solely the result of the activation of Smad cascade, but 

are highly cell-type specific and dependent upon interactions of Smad signaling with a 

variety of other intracellular signaling mechanisms. The latter pathways may or may not 

be initiated by TGF-f3 itself, and either potentiate, synergize, or antagonize, the rather 

linear TGF-Jj/Smad pathway. Indeed, cross talk of the Smad pathway with other signaling 

cascades has been intensively reported in recent years (18, 53, 94, 209, 216, 222). 2D 

phosphopeptide mapping revealed more than 10 different phosphopeptides of 

endogenous mammalian Smad2 ( 187). Phosphorylation of Smads by other kinases can 

positively regulate TGF-Jj-induced cell responses. The best-studied signaling kinases to 

increase Smad activity are the MAPKs (mitogen-activated protein kinases), which are 

discussed in details in next section. There are also signaling cascades to negatively 

regulate Smad function. For example, Ca2+-calmodulin-dependent protein kinase II 

(CaMK II) induces phosphorylation in the linker region of Smad2, -4 and to a lesser 

extent, Smad3, both in vivo and in vitro and thus prevents their nuclear accumulation 

(209). Protein kinase C (PKC) is another protein kinase that has been shown to 

phosphorylate Smad2 and Smad3 (216). PKC-dependent phosphorylation abrogates 

direct DNA binding of Smad3 and consequently its transcriptional regulation, but does 
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not affect Smad2. From the functional point of view, PKC-mediated phosphorylation of 

Smad3 inhibits TGF-(3-induced apoptosis. 

2. Mitogen-Activated Protein Kinases (MAPKs) 

Mitogen-activated protein kinase (MAPK) pathways are the most extensively 

studied signaling mechanism to influence TGF-(3-induced cell responses (18, 66). 

MAPKs play a pivotal role in regulating cell proliferation, growth and death. There are 

three distinct branches of MAPK pathway, leading to the activation of ERKl/2 or two 

stress-activated MAP kinases, JNK (Jun N-terminal kinase) and p38 (Figure 8). The 

particular branch of MAPK that cross talks with Smads is highly cell type-specific. It was 

shown in mink lung epithelial cells that ERK1 phosphorylated Smad2 at a cluster of 

Ser!fhr-Pro sites in the linker region and activates the Smad pathway in response to 

hepatocyte growth factor (HGF) or EGF (epithelial growth factor) (36, 53). JNK can act 

synergistically with Smad2/3-mediated transcriptional activation by phosphorylating 

unidentified residues outside the SSXS motif (23, 47). TGF-{31 itself can also activate all 

three MAPK pathways to affect both Smad-dependent and Smad-independent 

transcriptional responses (52, 132, 221). For example, TGF-(31 stimulates articular 

chondrocyte cell growth through ERK1/2 activation (219). TGF-(31-induced activation of 

JNK mediates phosphorylation and activation of Smad3 in mink lung epithelial cells ( 47), 

and activation of p38 is required for TGF-(31-stimulated apoptosis in hepatoctytes (104). 

Despite all the observations, the exact mechanism of how TGF-f3 regulates these 

MAPK pathways has yet to be identified. A number of reports suggest that Ras and Rho 
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family of small GTPases (enzymes that can bind and hydrolyze guanosine 5'-

triphosphate) may play an important role (94, 217, 221). Mulder et al. demonstrated that 

signaling through TGF-(31 in the absence of serum involves a rapid activation of Ras and 

subsequent induction of ERKs and JNKs in lung epithelial cells and human colon 

carcinoma cells (132). Ras-ERKJJNK pathways in this system positively modulated 

Smad1 signaling induced by TGF-(31. Edlund et al. showed that in human prostate 

carcinoma cells, rapid, transit exposure of TGF-(31 resulted in formation of lamellipodia 

by activation of the Rho GTPases Cdc42 and RhoA. In comparison, prolonged exposure 

to TGF-fH lead to the assembly of stress fibers, a process that required signaling via 

Cdc42, RhoA and Smad proteins (46). In addition, evidence was provided for the 

involvement of Rho GTPases (including RhoA, Rac1 and Cdc42)-MKK4-JNK pathway 

in TGF-(31-mediated signaling in hepatoma cells (9). 

MAPKs may also cross talk with the TGF-(31-Smad pathway at the transcription 

level: transcription factors downstream of two pathways can interact with each other and 

change their DNA-binding ability and/or transactivation activity. This mechanism 

provides additional complexity of the interaction. For example, Blanchette et al. reported 

that TGF-(31 activated Smads and Ras-ERKs pathway in parallel to up-regulate gene 

expression (18). It was also suggested that TGF-(31-induced transcriptional activation in 

chondrogenic cells involves the transcriptional cross talk between Smads and 

downstream targets of ERKl/2 and p38 (206). Although yet to be identified, the data 

argue for the possibility that Smad4 interacts with an array of transcription factors in 

these cells, including ATF-2, a known substrate of p38 and JNK. Moreover, Smads can 
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bind directly to the SBE (Smad-binding element) in the c-Jun promoter, and functionally 

synergize with JNK to activate an AP-1 (activator protein-1) element (107, 163, 212, 

224). AP-1 is the major target of the JNK signaling pathway. It is a dimer of proteins that 

belong to the Jun (c-Jun, JunB, JunD), Fos, ATF and Maf subfamilies (207). Activating 

AP-1 might explain why TGF-~1 stimulates cell number increase under certain 

circumstances, because c-Jun is mostly thought a positive regulator of cell proliferation 

(180). Smad2 was also shown to physically associate with myocyte enhancer-binding 

factor 2 (MEF-2) proteins in vivo, and this interaction leads to a cooperative activation of 

MEF-2 transcriptional activity in myoblasts (164). Interestingly, it is suggested that the 

Smad-MEF-2 interaction depends on phosphorylation of MEF-2 by p38. 

Recent work from our laboratory and others has demonstrated that TGF-~1 

treatment induces the expression of SM a-actin (a marker for contractile VSMCs and 

myofibroblasts) and the assembly of actin stress fibers in these cells (37, 166). In 

addition, TGF-~1 suppressed the serum-induced proliferation of VSMC, and this effect 

was attenuated by over-expression of Smad7 (87). Importantly, p38 and JNK were shown 

to be activated by TGF-~1 under hypertensive conditions (45). Taken together, the 

background information supports the idea that TGF-~1 -induced VSMC phenotype 

switching may involve MAPK signaling. 

PI{N: structure. re~:ulation and function 

PKN is a member of a family of novel serine/threonine protein kinases that has a 

catalytic domain highly homologous to protein kinase C (PKC) and a unique regulatory 
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region containing ~ntiparallel ~oiled-~oil fold (ACC finger) domain (128). There are three 

isoforms of PKN so far isolated: PRK-1/PKNa, PKN(3, and PRK-2/PKNy. PKNa is 

expressed ubiquitously in human and rat tissues (130), while PKN(3 and PRK-2/PKNy 

mRNA was detected in cancer cell lines but not in normal human adult tissues (147, 182). 

PKNa resides prominently in the cytoplasm in various cultured cell lines, but nuclear 

translocation can be induced by stresses such as heat shock and serum deprivation (129). 

The PKN isoform cited in most current literature and throughout the rest of this 

dissertation refers to PRK-1/PKNa, except otherwise specified. 

PKN is the first identified Ser/Thr kinase that can be activated by binding to the 

Rho small GTPase in vivo (51), and by unsaturated fatty acids such as arachidonic acids 

in vitro (220). PKN consists of 942 amino acids (130). TheN-terminal region is thought 

·'. to restrict the kinase activity in the absence of activators (92, 151), and also acts as a 

binding interface with several proteins such as Rho (6, 205) and a-actinin (131). Further 

studies revealed that aa 455-511 functions as an auto-inhibitory region (220). 

Nevertheless, how RhoA induces conformational changes in PKN to activate the latter is 

still unclear. PKN has several autophoshporylation sites within the regulatory domain 

(220). Besides, there are two critical sites residing in the catalytic domain: threonine-774, 

whose phosphorylation is required for the activation of PKN; and lysine-644, which is 

required for ATP binding and necessary for the kinase activity of PKN (Figure 9) (220). 

Potential physiological stimuli and substrates of PKN are now just beginning to 

emerge. PDK1 was shown to be able to phosphorylate PKN (51). Takahashi et al. 

reported that PKN was cleaved by caspase-3 or related protease during apoptosis to 
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generate a constitutively active kinase fragment (193). PKN efficiently phosphorylates 

MLTKa., a recently identified MAPK kinase kinase (MAPKKK) for the p38y cascade 

(192). Furthermore, the same group reported that PKN associates with each member of 

the MLTKa./MKK6/p38y signaling pathway. It also associates with PLD1 

(fhospholipase D1) both in vitro and in vivo, and stimulates the PLD1 activity through 

direct interaction (143). 

Recent studies suggest that PKN is a multi-functional kinase and plays important 

roles in cytoskeletal regulation (41), cell adhesion (26), vesicle transport (198), glucose 

transport (189) and apoptosis (191, 193). Interestingly, exogenous addition of 

constitutively active PKN delays the mitosis of Xenopus egg cycling extracts by 

inhibition of Cdc25C and subsequently the Cdc2/cyclin B activity (123). The same group 
' 
~· 

showed that PKN efficiently phosphorylated Cdc25C in vitro. However, whether PKN 

phosphorylates and inhibits Cdc25C during GiM phase transition in vivo or in cell 

culture has not been explored. 

Preliminacy Studies Su~:2est the Involvement of PKN in TGF-Pl-induced 

Proliferation Inhibition 

To identify the signaling transduction mechanisms through which TGF-{31 

regulates the G2/M transition and the potential cross talk between MAPK pathway and 

the Smad pathway in VSMCs, we studied a cloned rat pulmonary arterial smooth muscle 

cell line, PAC-1. This cell line was first developed by Rothman et al. (170) and retains 

expression of functional surface receptors similar to primary VSMCs such as the 
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receptors for angiotension II, norepinephrine and a.-thrombin. Moreover, PAC-I cells 

keep a proliferative phenotype when maintained in 10% FBS and adopt a differentiated 

phenotype with serum withdrawal, thus serve as a valuable model to examine VSMC 

biology. An imortent point that one should bear in mind is that although PAC-I cells 

resemble the primary coronary SMCs in many ways, it is an established cell line and will 

not mimic the in vivo case completely. 

Studies accomplished in this dissertation used TGF-I3I as the extracellular 

stimulus to activate the PKN pathway in PAC-I cells. As discussed earlier, the effects of 

TGF-I3I are very complicated. It could stimulate either differentiation or proliferation in 

different cell types and at different stages of the same cell type, depending on the 

concentration of this growth factor and other experimental conditions that each researcher 

chooses. However, TGF-I3I has been believed as a proliferation inhibitor in SMCs. 

Khouw et al. reported that tiusse culture media supplemented with IO% FBS contained 

5.6 ng/mL TGF-I3I (89), and the concentration range of this growth factor used in most 

studies with cell culture is 1-10 ng/mL. Our preliminary experiments suggested that 

·· •· exogenous addition of 2.5 ng/mL of TGF-131 into PAC-I cultures induced the cells to 

adopt a differentiated morphology without any significant detrimental effects such as 

apoptosis. Thus we decided to use 2.5 ng/mL final concentration of TGF-I3I throughout 

our research. 

The data shown following lead to the central hypothesis of this dissertation and 

have been published in J. Bioi. Chern., Sep 2005; 280: 31172-31181 (37). 
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1. TGF-P1 induces the assembly of actin stress fibers in PAC-1 VSMCs: 

The contractile proteins represent logical candidates as differentiation markers of 

VSMCs with contractile phenotype. Widely used markers include SM a-actin (49), SM-

MHC (4), SM-MLC (68), calponin (211) and SM-22a (a calponin-like protein) (140). 

SM a-actin and actin-associated proteins are the major components of stress fibers that 

play a critical role in controlling cell contractility. To demonstrate that TGF-~1 induces 

VSMCs to differentiate under the concentration used throughout this study, actin stress 

fiber assembly of PAC-1 cells in the absence or presence of TGF-~1 was examined by 

indirect immunofluorescence. As shown in Figure lOA, PAC-1 cells cultured in medium 

199 supplemented with 10% FBS without TGF-~1 presented a broad and flat shape that 

is typical for proliferating SMCs. In comparison, cells exposed to TGF-~1 for48 hours 

exhibited elongated spindle-shaped morphology. Moreover, the assembly of stress fibers 

was clearly recognized in these cells (Figure lOB), indicating a transition into 

differentiated phenotype. Since serum withdrawal is known to induce differentiation of 

SMCs, cells maintained in 0.5% serum were used as a positive control in this experiment 

to display actin re-organization (Figure lOC). Indeed, uniform orientation of actin fibers 

is a common feature for cells in B and C. These data suggest that TGF-f31 stimulates 

actin stress fiber assembly in PAC-1 cells, indicative of a more differentiated state. 

2. TGF ·P 1 up-regulates expression of VSMC-specific marker proteins in 

P AC-1 cells: 
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To further demonstrate that TGF-~1 induces PAC-1 cells to adopt a more 

differentiated phenotype, protein expression levels of SM a-actin, SM-MHC and SM-

22a were evaluated by Western blot analysis. Cells were maintained in 10% FBS and 

exposed to TGF-~1 for 0, 48 or 72 hours before total proteins were collected. Untreated 

(Oh), proliferating cells expressed a low level of all three definitive SMC marker proteins. 

When cells were stimulated with TGF-~1, expression of these markers increased in a 

time-dependent manner, while the GAPDH expression level held consistent in every 

experiment (Figure 11 ). When combined, data from Figure 10 and Figure 11 argue that 

TGF-f31 triggers the differentiation of PAC-1 cells. 

3. TGF-tH slows the proliferation rate ofPAC-1 cells: 

Since cell differentiation is accompanied by withdrawal from cell cycle, a direct 

result from differentiation is decreased proliferation (20). We confirmed the effects of 

TGF-f31 on PAC-1 cell proliferation rate by the following experiment: PAC-1 cells were 

plated at an equal starting density in media 199 with 10% FBS plus vehicle, 10% FBS + 

TGF-f31 or with 0.5% FBS alone. At 12, 24, 36 and 48 hours after stimulation, total cell 

numbers were counted for each treatment (Figure 12). After the first 12 hours (time 

needed for newly-plated cells to settle down in Petri dish), cells cultured in 10% FBS in 

the absence of TGF-f31 showed the most rapid increase of total numbers, with a doubling 

time of approximately 24 hours that is typical for most animal cell types. With TGF-f31 

added, total cell numbers were significantly reduced compared to the 10% FBS group, 

suggesting a slowed-down proliferation rate. Notably, cells maintained in 0.5% FBS 
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showed an almost flat proliferation curve, indicative of cell cycle arrest without serum 

stimulation. The obvious difference between the TGF-fH and 0.5% FBS curves argues 

that TGF-131 by itself is not sufficient to override all the effects of mitogenic stimuli 

present in serum, thus this growth factor can delay but not completely block the cell cycle 

progression in PAC-1 cells, although such block has been reported in other cell types 

(175). 

To examine whether TGF-131-attenuated proliferation of PAC-1 cells is mediated 

via PKN signaling pathway, two chemical inhibitors, HA1077 andY -27632, were used in 

the proliferation assay. Both inhibitors have widely utilized as inhibitors of Rho kinase 

(ROCK) (80), but also recently found to inhibit PKN and PRK-2 to a similar extent (IC50 

values are listed in Table 2) (5, 35, 80). HA1077 andY -27632 block the activity of target 

kinases by competing with ATP for binding to the ATP-binding site within the catalytiC 

domain. Pre-treatment of PAC-1 cells with either HA1077 or Y-27632 prior to TGF-131 

stimulation attenuated TGF-131-incuced proliferation inhibition (Figure 13). 

In summary, we demonstrated that exposure of PAC-1 cells to TGF-131 stimulated 

the assembly of actin stress fibers and increased the protein expression of SMC-specific 

markers including SM a-actin, SM-MHC and SM22. On the other hand, TGF-~1 

stimulation also resulted in decreased total cell numbers. These studies confirm a pro-

differentiation and anti-proliferation role of this growth factor at a concentation of 2.5 

ng/mL in PAC-1 cells. 
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Project Hypothesis and Specific Aims: 

Abnormal proliferation of VSMCs is a major characteristic of vascular diseases 

such as atherosclerosis and restenosis following angioplasty. TGF-131 is believed to play 

important roles in the development of vascular diseases, but there are numerous 

contradictory reports regarding its precise effects on VSMCs, and the mechanism through 

which it regulates smooth muscle cell cycle has not been elucidated completely. The 

Smad signaling pathway constitutes the main signal transduction pathway downstream of 

TGF-13 receptors; however, recent studies also argue for the involvement of other 

signaling pathway(s) in the response of proliferating VSMCs to TGF-131. We 

hypothesize that a protein kinase PKN plays an important role in TGF-fH-induced 

delay of cell cycle progression. Furthermore, we propose that the TGF-fH

stimulated PKN-p38 signaling cascade cross talks with the Smad pathway to 

regulate gene transcription in VSMCs (Figure 14). The finding of this investigation 

will identify a novel mechanism for TGF-131 to regulate GiM phase transition and 

contribute to the development of new therapies to prevent or to counter abnormal VSMC 

proliferation in atherosclerotic and restenotic lesions. 

To test the proposed role of PKN in mediating TGF-131 signaling, the following 

specific aims were addressed: 

Specific Aim #1: To elucidate the roles of TGF-fH on GiM progression in PAC-1 

VSMCs and determine the requirement of PKN in mediating the downstream 

effects of TGF -P 1. 
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PAC-1 smooth muscle cells were released from G1/S synchronization and 

cultured in the presence of TGF-f31 or a vehicle control. Cell cycling profiles were 

monitored by flow cytometry, and the mitotic index was measured by immunostaining. 

To determine whether TGF-f31-mediated changes in the timing of G2/M progression 

requires activation of PKN, we assessed the ability of pharmacological inhibitors as well 

as siRNA against PKN to block the TGF-f31 effects. Fluctuation of PKN activity with or 

without TGF-f31 treatment during the cell cycle was analyzed by Western blot analysis. 

Specific Aim #2: To demonstrate that the downstream targets of PKN include the 

components of the cell cycle regulation machinery. 

PAC-1 cells were cultured in the presence of TGF-f31 or a vehicle control. The 

ability of PKN to directly phosphorylate Cdc25C in PAC-1 cells was tested. Physical 

interaction of PKN with Cdc25C was examined by co-immunoprecipitation, and co

localization of PKN and Cdc25C through out the cell cycle was determined by 

immunocytochemistry. PKN-mediated change in the activity of Cdc2/cyclin B 1 complex 

was studied by Western blot analysis using an antibody specifically recognizing the 

inactive Cdc2. 

Specific Aim #3: To elucidate the involvement of PKN-p38 signaling for TGF-JH

mediated, Smad-dependent gene regulation. 

PAC-1 cells were transfected with a Smad-dependent enhancer-reporter 

construct, and the enhancer activity was measured in the presence of TGF-f31 or a vehicle 
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control. To determine whether the PKN-MKK3/6-p38 pathway is involved in TGF-f31-

induced activation of Smads, specific blocking methods were tested for their ability to 

attenuate the activation of Smad-dependent enhancer-reporter induced by TGF-f31. The 

blockers used were: 1) pharmacological inhibitors of Rho-dependent kinases and p38; 2) 

siRNA against PKN; 3) dominant negative constructs of MKK3 or MKK6. 
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Figure 1. The wall of an adult artery 

The walls of arteries have 3 layers that surround the lumen: 

• Tunica Adventitia: Outermost layer. Made primarily of loose connective tissue. 

Anchors the blood vessel to the surrounding tissue. 

• Tunica Media: Consists primarily of smooth muscle and is responsible for 

vasoconstriction and vasodilation. Usually the thickest layer in arteries. 

• Tunica Intima: Endothelium overlying sparse connective tissue. Acts as a 

selectively permeable barrier to blood solutes. Secretes vasoconstrictors and 

vasodilators. Provides a smooth surface that repels blood cells and platelets. 

(Adapted from 
http://academic.p~:cc.edu/-aimholtz/ AandP/206 ONLINE/BloodFlow /bloodflow l.html) 
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Figure 2: Phenotypic switching of vascular smooth muscle cells: comparison of 

synthetic and contractile phenotypes 

VSMCs maintain considerable plasticity throughout life and can exhibit a diverse range 

of different phenotypes. During embryonic development and atherosclerosis, VSMCs 

keep a high rate of proliferation and migration, and produce extracellular matrix (ECM) 

proteins. In contrast, these processes are much reduced in differentiated VSMCs within 

normal mature organisms. Differentiated cells express a unique repertoire of contractile 

proteins and exhibit an extremely low rate of proliferation and low synthetic activity. 

Adapted from Thyberg J, Hedin, U, Sjolund M, Palmberg K and Bottger BA. Regulation 

of Differentiated Proteins and Proliferation of Arterial Smooth Muscle Cells. 

Arteriosclerosis. 1990; 10:966-990. 
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Figure 3: The differentiation state of the VSMCs is highly plastic and dependent on 

integration of multiple local environmental cues 

VSMCs can exhibit a broad spectrum of phenotypes ranging from the highly 

synthetic/proliferative cells depicted on the left to the highly contractile fully 

differentiated/mature cells shown on the right. VSMC differentiation/maturation and 

phenotypic modulation/switching is dependent on the complex interaction of a multitude 

of local environmental cues, not any single factor. Change in any one of these cues may 

lead to alterations in the phenotypic state of the SMC. 

Adapted from Gary K. Owens, Meena S. Kumar and Brian R. Wamhoff. Molecular 

Regulation of Vascular Smooth Muscle Cell Differentiation in Development and Disease, 

Physiol. Rev. 84: 767-801, 2004 
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Figure 4: Proliferation of vascular smooth muscle cells in progressing 

atherosclerotic lesion. 

Circulating monocytes are recruited into the damaged vessel and mature into foam cells. 

Growth factors and cytokines are secreted out by the foam cells to promote the VSMCs 

in tunica media migrating into tunica intima and proliferating there, which leads to 

thickening of the vessel wall. 

Adapted from Glass GK, Witztum, JL. Atherosclerosis: The Road Ahead. Cell. 2001; 

104:503-516. 
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Figure 5: The four successive phases of a typical eukaryotic cell cycle 

The eukaryotic cell cycle is traditionally divided into four distinct phases: G1, S, G2 and 

M. DNA replication occurs during S (synthesis) phase. Cells divide in M (mitosis) phase. 

G1 phase is the gap between M phase and the next S phase; G2 is the gap between S phase 

and M phase. Growth factors control the animal cell cycle at a point in late G 1 called the 

restriction point. Without growth factors available at this time point, the cells enter a 

quiescent G0 stage. Orderly progression through the phases is tightly controlled by cyclin

dependent kinases and their cyclin parterner. The major regulator at GiM transition is 

Cdc2/cyclin B complex. 
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Figure 6: Cdc2 regulation in animal cells 

Cdc2 forms a complex with cyclin B newly synthesized during S phase. In G2 phase, 

Cdc2 is phosphorylated on threonine-I6I, which is required for Cdc2 kinase activity. 

Cdc2 is also phosphorylated on tyrosine-IS and threonine-I4 at this stage, which inhibit 

its activity. When the cell is ready to progress through the G2/M transition, Cdc2SC 

removes the phosphate groups on tyrosine-IS and threonine-I4 to activate the 

Cdc2/cyclin B complex. The complex activity is then terminated toward the end of 

mitosis by proteolytic degradation of cyclin B. 

Adapted from Cooper, G.M., Hausman, R.E.: The Cell, A Molecular Approach, 3ro ed, 

p603 
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Figure 7: Signal transduction pathways of TGF-~ 

TGF-(3 family members have two types of receptors: type I and type II. Ligand binding 

triggers two of type I and two of type II receptors to associate and form a tetramer 

complex. Type II receptors phosphorylate the type I receptors. The latter are 

constitutively active kinases and propagate the signal to downstream by 

phosphorylating/activating Smad2 or Smad3. Phosphorylated Smad2 or Smad3 forms a 

complex with Smad4 before translocating into the nucleus to regulate specific gene 

transcription. 

Adapted from Moustakas A, Souchelnytskyi S, Heldin CH.: Smad regulation in TGF-beta 

signal transduction. J. Cell Science, (2001) 4359-43 
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Figure 8: Phosphorylation cascades of MAP Kinase pathways 

MAPKs are regulated by phosphorylation cascades. Two upstream protein kinases 

activated in series lead to activation of ERKs, JNKs or p38, and additional kinases may 

also be required upstream of this three-kinase module. 

Adapted from Pearson, G., Robinson, F., Gibson, TB., Xu, B., Karandikar, M., Berman, 

K., and Cobb, MH: Mitogen-Activated Protein (MAP) Kinase Pathways: Regulation and 

Physiological Functions. Endocr. Rev., Apr 2001; 22: 153 - 183. 
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Figure 9. Primary structures of human PKN isoforms 

The C-terminal region of PKN contains the Serffhr type protein kinase domain, which 

shows high sequence homology to that of PKC family members. The N-terminal region 

of PKN contains ~ntiparallel ~oiled-~oil fold (ACC finger) and also bind to the small 

GTPase RhoA. A stretch of about 130 amino acids between the ACC domain and the 

catalytic domain of PKN has a weak homology to the C2 domain of PKC. The C-terminal 

part of the C2-like region functions as an auto-inhibitory region. The ACC domain and 

the C2-like region are conserved among the isoforms. 

Adapted from Muka, H: The Structure and Function of PKN, a Protein Kinase Having a 

Catalytic Domain Homologous to That of PKC. J. Biochem, 2003, Vol. 133, No. 117-27 
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Figure 10. Analysis of the actin stress fiber assembly of PAC-1 cells by 

immunofluorescence staining. 

PAC-1 cells treated with 10% FBS plus vehicle control (4mM HCl + 0.1% BSA) (A), 

10% FBS plus TGF-~1 (2.5 ng/mL) (B) or 0.5% FBS (C) were stained with a primary 

antibody specifically recognizing SM a-actin followed by Alexa Fluor® 594-conjugated 

secondary antibody. 
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Fig 11: TGF-IH induces the protein expression of smooth muscle-specific markers in 

PAC-1 cells: 

PAC-1 cells were stimulated with TGF-(31 (2.5 ng/mL) for 0, 48 or 72 hours prior to 

lysis. Whole cell lysates were subjected to Western blot analysis to evaluate the relative 

changes in SM a-actin (A), SM-MHC (B) and SM-22a (C) protein levels. The same 

membranes were stripped and re-probed for GAPDH to show an equal loading in each 

lane. 
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Fig 12: TGF -Ill attenuates serum-induced proliferation of P AC-1 cells: 

PAC-I cells were plated at an equal starting density and cultured in media 199 

supplemented with 10% FBS plus vehicle control (closed squares), 10% FBS plus TGF

~l(open circles) or 0.5% FBS (closed triangles). Total cell number was counted at 12, 

24, 36, and 48 hours of treatment for each group. Results are expressed as the mean ± 

SEM of 3 independent experiments. Data was analyzed with GraphPad Prism software 

(version 4.0, GraphPad Software Inc.) using two-way ANOVA with Bonferroni's post

hoc test for inter-group comparisons. There is a significant decrease in TGF-~1 groups 

compared to control at 24 h (**• p< 0.01), 36 hand 48 h (***• p< 0.001). 
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Fig 13: Rho-dependent signaling is involved in TGF-fH-inhibited proliferation of 

PAC-1 cells: 

PAC-1 cells were plated at an equal starting density and cultured in media 199 

supplemented with 10% FBS plus vehicle control (closed squares), TGF-~1 alone (open 

circles), TGF-~1 + HA1077 (closed triangles), or TGF-~1 + Y -27632 (closed diamonds). 

Total cell number was counted at 12, 24, 36, and 48 hours of treatment for each group .. 

Results are expressed as the mean ± SEM of 3 independent experiments. Data was 

analyzed with GraphPad Prism software (version 4.0, GraphPad Software Inc.) using 

two-way ANOV A with Bonferroni' s post-hoc test for inter-group comparisons. There is a 

significant decrease in TGF-f31 groups compared to control at 24 h (**• p< 0.01), 36 h 

and 48 h (***• p< 0.001). There is a significant increase in HA1077 + TGF-f31 or Y-

27632 + TGF-f31 compared to TGF-f31 groups at 24 h (t, p< 0.05), 36 h (tt, p< 0.01), 

and 48 h (ttt. p< 0.001). 
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Figure 14: Schematic illustration of the hypothetic signaling pathway through which 

TGF -~ 1 induces cell cycle delay in VSMCs. 

We propose that PKN plays an important role in TGF-~1-induced delay of cell cycle 

progression by inhibiting the activity of Cdc25C, which leads to a retarded G2/M 

transition. The PKN-MKK3/6-p38 pathway may cross talk with the Smad pathway to 

regulate the transcription of specific genes critical for cell cycle. 
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CHAPTER II 

MATERIALS AND METHODS 

Cell culture and reagents: 

Rat pulmonary arterial smooth muscle cells (PAC-1) have been previously 

described (170). PAC-1 cells were maintained in medium 199 (Invitrogen, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Atlanta, GA) and 

Cellgro® gentamycin (Fisher, Hampton, NH) in a humidified incubator at 37°C. All 

experiments were performed on cells between pass 3 and pass 15. TGF-(31 (used at 2.5 

ng/mL), hydroxyurea (used at 1 mM), propodium iodide (used at 10 ng/mL), trypsin 

inhibitor (used at 25 mg/mL) and RNase (used at 10 mg/mL) were purchased from 

Sigma-Aldrich (St. Louis, MO). HA1077 (used at 20 ~-tM), Y -27632 (used at 10 ~-tM) and 

SB203580 (used at 10 ~-tM) were purchased from Calbiochem® (EMD Biosciences, San 

Diego, CA). 

HA1077, Y -27632 and SB203580 inhibit their target kinases by competing with 

ATP for its binding to the kinase. The specific concentrations of these chemical inhibitors 

used in this study were chosen based on the following reasons: 1) Although there have 

been no reports regarding the IC50 values of HA1077 and Y -27632 to inhibit PKN, 

HA1077 was shown to inhibit ROCK with the·IC50 value of 1.9 ~-tM and PRK2 with the 

IC50 value of 4 f..tM. Y -27632 inhibits ROCK with the IC50 value of 2.1 ~-tM. PRK2 loses 

85% or 94% of its kinase activity with the presence of HA1077 (20 ~-tM) or Y -27632 (10 

~-tM), respectively. 2) Our preliminary studies showed that HA1077, when used at 20 f..tM, 
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and Y -27632, when used at 10 ~M. efficiently attenuated PKN-induced activation of 

SMC-specific gene transcription without significant cytotoxicity. 3) SB203580 was 

demonstrated to selectively inhibit p38 MAPK with the IC50 value of 0.6 ~M. In our 

preliminary study, SB203580, when · used at 10 ~M. efficiently attenuated TGF-~1-

induced activation of the Smad-dependent enhancer-reporter without significant 

cytotoxicity. · Pharmacological characteristics of these inhibitors are listed in appendix 

(Table 2) of this dissertation. 

Antibodies: 

Rabbit anti-phospho-PKN (Thr-778P), anti-phospho-Cdc2 (Tyr-15P), anti-Cdc2, 

and anti-phospho-Histone H3 (Ser-lOP) antibodies were purchased from Cell Signaling 

Technology (Beverly, MA). Total PKN was detected by mouse anti-PKN antibody from 

BD Transduction Laboratories (San Jose, CA). Rabbit anti-Cdc25C antibody, rabbit anti

cyclin B1 antibody and mouse anti-c-Myc (9E10) monoclonal antibody were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal anti-Flag (M2) 

and rabbit polyclonal anti-Flag antibodies were purchased from Sigma Aldrich (St. Louis, 

MO). Mouse anti-GAPDH antibody was purchased from Chemicon International 

(Temecula, CA). Alexa Fluor® 633 donkey-anti-goat, Alexa Fluor® 594 goat-anti-mouse 

and Alexa Fluor® 488 goat anti-rabbit antibodies were from purchased Molecular Probes 

(Eugene, OR). 
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Synchronization: 

To synchronize PAC-1 cells at the G1/S border, exponentially growing cells were 

treated with 1 mM hydroxyurea (Sigma-Aldrich, St. Louis, MO) for 24 hours. Cells were 

released to cycle by washing three times with fresh serum-free medium 199 and then 

changing to medium 199 supplemented with 10% FBS. 

Plasmids: 

Expression vectors encoding Flag-tagged wild type PKN, active PKN (PKN

AF3), which encodes amino acids 561-942 (the catalytic domain), and kinase-dead PKN 

(PKN-AF3 (K644E)), which contains a mutation in the ATP-binding domain of PKN, 

were a gift from Y. Ono (Kobe University, Japan) (193, 220). Expression vector 

encoding myc-tagged wild type Cdc25C, Cdc25C (S216A), which is a nuclear retained 

mutant, and Cdc25C (C377S), which is a phosphatase-dead mutant, were a gift from J. 

Decaprio (Dana-Farber Cancer Institute and Harvard Medical School, Boston, MA) (33). 

The 12 x CAGA (Smad binding element)-luciferase enhancer-reporter (CAGA12-MLP~ 

luc) was provided by R.G. Janknecht (Molecular Biology and Virology Laboratory, The 

Salk Institute, La Jolla, CA) (84). Expression vectors encoding constitutively active 

MKK3/6 (MKK3(E)/MKK6(E)) and dominant negative MKK3/6 (MKK3(A)/MKK6(A)) 

were obtained from J. Han (Scripps Research Institute, La Jolla, CA) (65). 
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Flow Cytometry: 

Cells were plated at a density of 3.5 x 104/ml in 6-well plate and synchronized at 

G1/S phase border. When HA1077 or Y -27632 was used, cells were pre-treated with 

these inhibitors for 1 hour before release, and then incubated for indicated times in the 

presence of either vehicle control (4mM HCl + 0.1% BSA) or TGF-f31. At the indicated 

time, cells were collected by scraping with a rubber policeman. 1 x 106 cells were 

suspended in citrate buffer and treated with trypsin (20 mg/mL, Gibco, Carlsbad, CA) at 

room temperature for 10 minutes to obtain clean nuclei. Trypsin inhibitor (Sigma

Aldrich, St. Louis, MO) and RNase A (Sigma-Aldrich, St. Louis, MO) were then added 

to the cell suspension to inactivate the trypsin and digest RNA. Cells were stained with 

10 ng/rnL propodium iodide (Sigma-Aldrich, St. Louis, MO) and subject to DNA content 

analysis within 3 hours. Cell cycle analysis was performed by flow cytometry with 

FACScan (Becton Dickinson, San Jose, CA) using the program CELLQuest (Becton 

Dickinson, San Jose, CA). 

Mitotic Index Assay: 

The PAC-I cells grown on slides were synchronized at G/S phase border and 

then released into cell cycle. Cells were pre-treated with HA1077, Y -27632 or vehicle 

control (water) for 1 hour prior to the addition ofTGF-f31 or vehicle control (4mM HCl + 

0.1 %BSA) for the indicated time. Treated cells were then fixed in 1:1 acetone : methanol 

for 20 min at -20°C. The coverslips were blocked with 5% BSA in HBSS (hank's 

balanced salt solution) at room temperature for 1 hour, then incubated in primary 
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antibody (monoclonal anti-a smooth muscle actin, Sigma) overnight at 4°C in HBSS + 

1% BSA followed by the addition of secondary antibody (Alexa Fluor® 594 goat-anti

mouse lgG; Molecular Probes, Eugene, Oregon) in 1% BSA in HBSS at 37°C for 1 hour. 

Nuclei were stained with DAPI. Fluorescence was visualized using an Olympus AX70 

fluorescent microscope. Mitotic cells in late prophase, metaphase, anaphase, and 

telophase were identified under the fluorescence microscope and expressed as a fraction 

of the total cells counted. At least 3,000 cells were counted in each preparation. Each data 

set was independently replicated a minimum of three times with each experimental group 

tested in triplicate. Results are expressed as the mean ± SEM. Data was analyzed with 

GraphPad Prism software (version 4.0, GraphPad Software Inc., San Diego, CA) using 

one-way ANOVA with Bonferroni's post-hoc test for inter-group comparisons. 

Western blot analysis 

Total cell lysates (TCL) were obtained by directly lysing the cells in 1 x lysis 

buffer (50mM Tris.CL (pH7.0), 2% SDS, 5% Sucrose, 50mM NaF, 10 mM sodium 

pyrophosphate). Protein concentrations were quantitated and approximately 15-20 ~g 

TCL was subjected to 4-12% SDS-PAGE. Proteins were then transferred to nitrocellulose 

membrane (Schleicher Schuell BioScience, Keene, NH) using an XCell SureLock™ 

Mini-Cell (Invitrogen, Carlsbad, CA). Membranes were washed for five minutes in TBS 

+ 1% Tween-20 (TBSff) and blocked in TBSff + 5% nonfat milk over night at 4°C. 

After blocking, membranes were washed three times with TBSff (10 minutes each) and 

incubated with primary antibodies for 3 hours at room temperature. Membranes were 
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then washed three times with TBS!f (10 minutes each) and incubated with secondary 

antibodies for 1 hour at room temperature. Primary and secondary antibodies were 

diluted in TBSff + 1% BSA. Immunoblots were developed using the detection system 

(Cell Signaling Technology, Beverly, MA) according to the manufacturer's instructions. 

All immunoblotting reagents were purchased from Cell Signaling Biotech, unless 

otherwise indicated. Primary antibodies used for western blotting are listed within the 

methods section for each specific experiment. 

Immunocytochemistry 

Colocalization of PKN and Cdc25C was assessed using indirect 

immunocytochemistry. PAC-1 cells were cultured on 1.5% gelatin-coated coverslips in 

12-well tissue culture plates at a starting density of 1 x 104 cells/well. 24 hours post

plating, cells were synchronized at G1/S phase border and then released to cycle. Cells 

were pre-treated with HA1077, Y -27632 or vehicle control (water) for 1 hour prior to 

replacing the media and the addition of TGF-131 or vehicle control (4mM HCl + 0.1% 

BSA) for indicated times. Following treatment, cells were fixed in 1: 1 acetone:methanol 

solution for 15 min at -20 °C. The coverslips were blocked with 5% BSA in HBSS 

overnight at 4°C, then stained by either rabbit anti-rat Cdc25C primary antibody followed 

by Alexa Flour® 488-labeled goat anti-rabbit lgG, or goat anti-rat PKN primary antibody 

followed by Alexa Flour® 633-labeled donkey anti-goat lgG. Nuclei were counter 

stained with DAPI. Cells were rinsed five times with HBSS/0.1% Tween-20 and then 

mounted on slides by using Prolong Antifade mounting media (Molecular Probes, 
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Eugene, OR). Images of representative fields were obtained using a UV laser scanning 

Zeiss LSM 410 confocal microscope. The fields shown are representative data collected 

from three independent experiments. 

RNA interference and phospho-Histone H3 staining: 

The pSUPER-PKN RNAi vector was constructed by ligation of the following 

oligonucleotide pair to the pSUPER.neo+gfp vector, which was obtained from 

Oligoengine, according to manufacturer's instructions: 

5' gatccccGATTGACATCATCCGCATGttcaagagaCATGCGGATGATGTCAA TCttttta 

3'(sense), 

5' agcttaaaaaGATTGACATCATCCGCATGtctcttgaaCATGCGGATGATGTCAATCggg 

3' (antisense). 

The scramble siRNA negative control was constructed by ligation of the following 

oligonucleotide pair to the pSUPER.neo+gfp vector: 

5' gatccccACGCACACGTGCAT ATGTTttcaagagaAACATATGCACGTGTCGCTttttta 

3 '(sense), 

5'agcttaaaaaACGCACACGTGCATATGTTtctcttgaaAACATATGCACGTGTGCGTggg 

3' (antisense). 

PAC-1 cells were plated in 12-well tissue culture plates at a starting density of 3.3 x 1if 

cells per well on 1.5% gelatin-coated coverslips. Within 40h after plating, cells were 

transfected with 250 ng of either PKN siRNA or scramble siRNA using 
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LipofectAMINE™ supplemented with Plus reagent (Invitrogen) per manufacturer's 

instructions. Total DNA per well was normalized with empty vector. 24 hours following 

transfection, cells were treated with TGF-~1 for 1h and then fixed with 1:1 acetone: 

methanol. Fixed cells were stained with rabbit anti-phospho-Histone H3 primary 

antibody (Cell Signaling Technology) followed by Alexa Fluor® 488 goat-anti-rabbit 

secondary antibody (Molecular Probes). Fluorescence was visualized using an Olympus 

AX70 fluorescent microscope. Fovea plug-in of Photoshop was utilized to quantify the 

fluorescence intensity. A minimum of 3,000 cells was counted in at least 5 different fields 

to calculate the percentage of phospho-Histone H3 positive cells. The fields shown are 

representative data collected from three independent experiments. 

Assessment of Cdc25C Phosphorylation by TGF-JH-activited PKN in Cultured 

P AC-1 cells: 

PAC-1 cells were plated in T -175 tissue culture flasks at a starting density of 6 x 

106 cells per flask. 24h after plating, cells were co-transfected with plasmids encoding 

either wild type or kinase-dead form of PKN (Flag-tagged) and plasmid encoding wild 

typ~ Cdc25C (myc-tagged). 24 hours after transfection, cells were washed intensively 

with ATP-free, serum-free DMEM. Then alpha toxin (used at 8,000 U per flask; Sigma

Aldrich, St. Louis, MO) was added into DMEM + 10% FBS at 37°C for 10 minutes to 

permeabilize cells. Each flask was labeled with 12.5 14Ci (y -32P) ATP for 15 minutes and 

stimulated with TGF-~1 for another 30 minutes. Cells were then washed with ice-cold 

DMEM before harvested in 2 mL of lysis buffer containing 50mM Tris.CL (pH7.0), 2% 
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SDS, 5% Sucrose, 50mM NaF, 10 mM sodium pyrophosphate. Insoluble components 

were collected by centifugation and supernatant was transferred to fresh tubes. Lysates 

were processed for Cdc25C immunoprecipitation with an anti-myc antibody (Santa Cruz 

Technology) at 4°C overnight, followed by protein G-Sepharose (Sigma-Aldrich) 

precipitation. Precipitated proteins were resolved on 4-12% SDS-PAGE and visualized 

by autoradiography. 

Co-immunoprecipitation of PKN and Cdc25C: 

PAC-1 cells were cultured in 100-mm tissue culture dishes at a starting density of 

2.33 x Hf cells/mL in media 199 supplemented with 10% FBS plus gentamicin. 40 

hours post-plating, cells reached approximately 50,..,(50% confluency. Cells were 

transfected with 5 f..tg DNA/dish of the expression plasmids for Flag-tagged PKN and 

Myc-tagged Cdc25C using LipofectAMINE TM Plus reagent according to manufacturer's 

instructions (Invitrogen, Carlsbad, CA). Three hours post transfection, transfection 

reagent was removed and cells were re-fed in medium 199 supplemented with 10% FBS. 

At 24h post-refeeding, cells were harvested and lysed in lysis buffer (50mM Tris-HCL 

[pH;8.0], 2% SDS, 5% Sucrose, 50mM NaF, 10 mM sodium pyrophosphate). 2 mg of 

total cell lysates were used for the indicated immunoprecipitations (IPs). M2 Flag

agarose (Sigma) (1:1 slurry, 20 J.tl) and anti-c-Myc (9E10) antibody (Santa Cruz 

Technology) were used to IP Flag-PKN or Myc-Cdc25C proteins overnight at 4°C, 

respectively. Endogenous PKN or Cdc25C protein was immunoprecipitated overnight at 

4°C by using 2 ~-tg of anti-PKN antibody (Becton Dickinson) or anti-Cdc25C antibody 
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(Santa Cruz Technology), respectively, followed by lh incubation at 4°C with protein G

Sepharose (Sigma) (1: 1 slurry, 20 ~-tl). IPs were washed five times with ice-cold PBS 

before boiling in SDS-PAGE sample buffer and loading on 4-12% SDS-PAGE gels. 

Transient transfection and Smad-dependent enhancer-reporter assays 

For experiments using TGF-j31, PAC-I cells were cultured in 12-well tissue 

culture plates at a starting density of 2.33 x Hf cells/mL in media 199 supplemented with 

10% FBS plus gentamicin. 40 hours post-plating, cells reached approximately 50~0% 

confluency and were transfected with 25 ng/well of the CAGA12-MLP-luciferase 

enhancer-reporter plasmids using LipofectAMINE ™ Plus reagent according to 

manufacturer's instructions (Invitrogen, Carlsbad, CA). Three hours later, transfection 

reagent was removed and cells were re-fed in medium 199 supplemented with 10% FBS. 

Transfected cells were then pre-treated with HA1077 (20~-tM), Y -27632 (10~-tM), 

SB203580 (10~-tM), or vehicle control (water) for three hours prior to the addition of 

TGF-f31 (2.5ng/mL diluted in 4mM HCl + 0.1% BSA) or vehicle control (4mM HCl + 

0.1% BSA). 48 hours after the TGF-j31 exposure, the cells were lysed with Reporter 

Lysis Buffer (Promega, Madison, WI) and luciferase activity was determined by 

luminometry (Turner Designs Luminometer Model 20, Turner Designs, Sunnyvale, CA) 

using a commercially available substrate kit (Promega, Madison, WI). Each data set was 

independently replicated a minimum of three times with each experimental group tested 

in triplicate. Results are expressed as the mean ± SEM. Data was analyzed with 
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GraphPad Prism software (version 4.0, GraphPad Software Inc., San Diego, CA) using 

one-way ANOVA with Bonferroni's post-hoc test for inter-group comparisons. 

For MKK3/6 experiments, PAC-1 cells were cultured in 12-well tissue culture 

plates at a starting density of 2.33 x 104 cells/mL in media 199 supplemented with 10% 

FBS plus gentamicin. 48 hours post-plating, cells (approximately 70% confluent) were 

co-transfected with empty vector control (pcDNA3.1 +), 10 ng of MKK3(E) or MKK6(E) 

plus 25 ng of 12 x CAGA-MLP-luciferase enhancer-reporter using LipofectAMINE™ 

Plus reagent per manufacturer's instructions (Invitrogen, Carlsbad, CA). Total plasmid 

DNA/well was maintained constant by inclusion of empty vector plasmid. 3 hours post 

transfection, transfection reagent was removed and cells were re-fed in medium 199 

supplemented with 10% FBS. 24 hours post re-feeding, the cells were lysed with 

Reporter Lysis Buffer (Promega, Madison, WI) and luciferase activity was determined by 

luminometry (furner Designs Luminometer Model 20, Turner Designs, Sunnyvale, CA) 

using a commercially available substrate kit (Promega, Madison, WI). Each data set was 

independently replicated a minimum of three times with each experimental group tested 

in triplicate. Results are expressed as the mean ± SEM. Data was analyzed with 

GraphPad Prism software (version 4.0, GraphPad Software Inc.) using one-way ANOV A 

with Bonferroni's post-hoc test for inter-group comparisons. 

Assessment of PKN phosphorylation 

PAC-1 cells were cultured in 60-mm tissue culture dishes at a starting density of 

1.4 x lOS cells per dish in media 199 supplemented with 10% FBS plus gentamicin. 20 
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hours post-plating, cells (approximately 70% confluent) were synchronizaed at G1/S 

phase border by incubating with 1 mM hydroxyurea for 24 hours. After released into cell 

cycle by intensive wash with serum-free media 199, cells were treated with vehicle 

control (4mM HCl + 0.1% BSA) or TGF-~1 (2.5ng/mL diluted in 4mM HCl + 0.1% 

BSA) for 0, 2, 4, 6, 8,10, 12 or 24 hours prior to lysis with 1 x SDS sample buffer (50mM 

Tris.CL (pH7.0), 2% SDS, 5% Sucrose, 50mM NaF, 10 mM sodium pyrophosphate). 

Cell lysate was collected by scraping and transferred to a sterile 1.5 mL microfuge tube. 

Genomic DNA was sheared by passing the lysate through a 22-gauge syringe (5 times). 

The lysate was centrifuged at 12,000 x g and the supernatant was transferred to a sterile 

1.5 mL microfuge tube. To detect the phosphorylation status of PKN (indicative of its 

activity), lysates were subjected to western blot analysis using an primary antibody that 

recognizes the phosphorylated (active) form of PKN and PRK2 (rabbit anti-phospho

PKN (Thr-778)/ PRK2(Thr-816) (Cell Signaling Technology, Beverly, MA). GAPDH 

was detected using a mouse anti-GAPDH antibody (Chemicon International, Temecula, 

CA) to ensure equal loading in each lane. Results were independently replicated a 

minimum of three times to ensure reproducibility of data. 

Assessment of Cdc2 phosphorylation 

PAC-1 cells were cultured in 100-mm tissue culture dishes at a starting density of 

1.4 x lOS cells per dish in media 199 supplemented with 10% FBS plus gentamicin. 20 

hours post-plating, cells (approximately 70% confluent) were synchronizaed at G/S 

phase _border by incubating with 1 mM hydroxyurea for 24 hours. Mter released into cell 
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cycle by intensive wash with serum-free media 199, cells were treated with vehicle 

control ( 4mM HCl + 0.1% BSA) or TGF-~ 1 (2.5ng/mL diluted in 4mM HCl + 0.1% 

BSA) for 0, 2, 4, 6, 8,10, 12 or 24 hours prior to lysis with 1 x SDS sample buffer (50mM 

Tris.CL (pH7.0), 2% SDS, 5% Sucrose, 50mM NaF, 10 mM sodium pyrophosphate). 

Cell lysate was collected by scraping and transferred to a sterile 1.5 mL microfuge tube. 

Genomic DNA was sheared by passing the lysate through a 22-gauge syringe (5 times). 

The lysate was centrifuged at 12, 000 x g and the supernatant was transferred to a sterile 

1.5 mL microfuge tube. To detect the phosphorylation status of Cdc2 (indicative of its 

activity), lysates were subjected to western blot analysis using an primary antibody that 

recognizes the Tyr-15 phosphorylated (inactive) form of Cdc2 (rabbit anti-phospho-Cdc2 

(Tyr-15)(Cell Signaling Technology, Beverly, MA). GAPDH was detected using a 

mouse anti-GAPDH antibody (Chemicon International, Temecula, CA) to ensure equal 

loading in each lane. Results were independently replicated a minimum of four times to 

ensure reproducibility of data. 
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CHAPTER III 

RESULTS 

Preface: 

Preliminary Studies have confirmed a pro-differentiation and anti-proliferation 

role of TGF-fH in PAC-I cells (Figure 10-13). Since cell cycle is the final common 

pathway for proliferation, decreased proliferation rate implies a delayed or arrested cell 

cycle. We were specifically interested in the role of PKN in this process. Since PKN has 

been reported to delay GiM phase transition in Xenopus eggs, we chose to focus on the 

G2 and M phase events in this dissertation. PAC-I cells were synchronizined at G/S 

border and then released into the cycle with the presence or absence of TGF-(3I. Flow 

cytometry analysis revealed a two-hour delay in the G2/M transition timing when cells 

were exposed to TGF-(3I, and pre-treatment with either Rho-dependent kinase inhibitors 

or siRNA specifically against PKN abolished this effect. This finding strongly suggests 

that PKN carries an important function in mediating TGF-(3I-induced cell cycle delay. 

The downstream signaling transduction pathway was investigated, and cross talk 

mechanism between the newly identified PKN-p38 pathway and the classical Smad 

avenue was also explored. 

Part 1: PKN mediated TGF-fH-induced cell cycle delay by phosphorylating Cdc25C 

in P AC-1 VSMCs 
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Involvement of RhoA-dependent Signaling in TGF-fH-induced G2/M Transition 

Delay: 

The role(s) that TGF-~1 receptor signaling plays iii mediating cell cycle events 

has been intensively studied in a variety of tissue types but mechanistically these 

functions are not completely understood. Recent studies have focused on the effects of 

TGF-~1 receptor signaling on G1 and S phase events, and demonstrated that TGF-~1 

delays or arrests G1 phase progression by inducing the expression of CDKs. However a 

search of recent studies unearths little new information concerning mechanisms when 

attention is focused on the G2 and M phase events of the cell cycle. This is particularly 

true for studies in smooth muscle tissue. What is currently known is far from complete. It 

has been reported that PKN, a RhoA-activated protein kinase, phosphorylates a specific 

member of the cellular Cdc25 phosphatase family, Cdc25C in vitro. PKN-mediated 

phosphorylation of Cdc25C appears to inhibit the ability of this phosphatase to trigger the 

G2/M phase transition (123). Although observed in vitro, whether this process naturally 

occurs in vivo or in living cells in tissue culture has yet to be addressed. To investigate 

the role of PKN in TGF-~1-mediated cell cycle inhibition with an emphasis on GzfM 

events, PAC-1 cells were first synchronized at the G/S phase boundary by exposure of 

cells in culture to hydroxyurea, then following the agents removal, cells in culture were 

released and allowed to enter into the cell cycle. In the absence of exposure to exogenous 

TGF-~1. -80% of PAC-1 cells in culture were synchronized at G1/S phase boundary 

following removal of hydroxyurea when cells were assessed by flow cytometry analysis. 

Cells orderly progressed through S phase during the first 2 hours after the release and 
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started to accumulate at GiM phase at 4h (Figure 15). The bulk of the cells exited from 

G2/M phase during 6 to 8h after the release, indicating by the significant decreased 

percentage of cells in G2/M peak (Figure 16, P < 0.05) and a net 18.07% ± 0.53% drop in 

G2/M phase cell percentage (Table 1). Numbers of cells distributed in each phase of the 

cell cycle at 6 and 8 hrs after the synchronization release were quantified and the net 

percentage of the cells exiting from G2/M phase was analyzed in Table 1 and Figure 16. 

Following synchronization and release, analysis by flow cytometry identified a 2h delay 

in the cell cycle progression in the profile of PAC-1 cultures exposed to TGF-{31 when 

compared to identically treated cultures not exposed to TGF-{31, the vehicle-only treated 

group. The analysis argues that the maximum number of cells accumulating in the G2/M 

transition phase the cell cycle was achieved at 8h in the cell cycle for cultures not 

exposed to TGF-{31. In contrast, PAC-1 cells synchronized and release from the G1/S 

boundary of the cell cycle were delayed in progressing through the GiM transition phase 

of the cell cycle by -2h and reach its accumulation maximum by lOb following release. 

Thus the percentage of cells exiting the G2/M transition phase of the cell cycle at 6-8 hrs 

significantly decreased with TGF-{31 exposure. 

We were interested to see if PKN, a downstream RhoA-dependent kinase of the 

TGF-{31 receptor could function in such a cell cycle role. As a first step in delineating a 

functional role for PKN in delaying cell progression through the G2/M transition, we 

decided to first use the two specific inhibitors of the RhoA-depenent kinases in PAC-1 

cultures. Therefore, cultured PAC-1 cells were pre-treated with either of two 

pharmacological inhibitors of the RhoA-dependent kinases HA1077 or Y -27632, both of 
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which have been reported to specifically block the function of the RheA-dependent 

kinases including Rho kinase, PKN and PRK-2 (5, 12, 35, 80). The PAC-1 cultures were 

first synchronized by exposure to hydroxyurea and released into the cell cycle either in 

the presence or absence of either inhibitor, and then cultured in the absence or presence 

of TGF-131. When pre-treated with HA1077 or Y -27632, normal cell cycle profiles were 

completely restored. These results suggest that TGF-131 receptor signaling presumably 

works through one or more of the RheA-dependent kinases. 

RhoA Signaling is required for TGF-f:H-mediated Delay in Mitosis of PAC-1 

VSMCs: 

We were even more interested to determine precisely which phase of the cell 

cycle TGF-{31 receptor signaling delayed by activating one of its downstream RheA

dependent kinases. Since cells in both G2 and M phases have replicated their DNA and 

present in the same 4N (two sets of chromosomes) peak in flow cytometry image, this 

technique cannot distinguish the G2 phase cells from those cells that have already entered 

into mitosis (theM phase) of the cell cycle. Thus we elected to used a mitotic cell index 

assay to precisely determine whether the delayed G2/M progression observed between 6-

8 hrs following synchronization and release in TGF -131-treated group resulted from a 

delay of progression into the M phase of the cell cycle. The Mitotic Index (MI) is defined 

as "number of mitotic cells divided by total number of cells in the field". This assay 

directly measures the fraction of total cultured cells in true mitosis. PAC-I cultures 

exposed to TGF-131 also showed a delayed time for the MI to reach a maximum. The MI 
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maximum value was achieved at 8h following synchronization and release in cultures 

exposed to TGF-131 compared to 6h in control cultures released in the absence ofTGF-131 

(Figure 17). At 6h time point, 16.9% ± 1.1% of cells were dividing in the control group, 

and exogenously added TGF-131 significantly decreased the number to 11.1% ± 0.19% 

(Figure 17B: ** P<0.001, TGF-131 compared to the control). In agreement with the 

experiments described above using analysis by flow cytometry, HA1077 or Y -27632 pre

treatment significantly abolished the effect of TGF-131 (tt: P<0.001, HA1077+ TGF-131 

or Y -27632+TGF-131 compared to the TGF-131 group). Notably, HA1077 group had aMI 

at 6h comparable to the control, but Y -27632 induced an increase of dividing cells 

(P<0.05, Y -27632+ TGF-131 compared to the control), suggesting Y -27632 treatment 

overrides TGF-j31-induced delay. Conversely, at 8h after release, the MI in the control 

dropped to 3.9%, and TGF-j31 group showed 13.9% cells dividing at the time point that is 

much higher to the control (Figure 17C: ** P<0.001, TGF-131 compared to the control). 

HA1077 and Y -27632 brought the numbers back to the control level (tt: P<0.001, 

HA1077+ TGF-j31 or Y -27632+TGF-j31 compared to the TGF-j31 group). 

PKN is required for TGF-fH-mediated Delay in GzfM transition ofPAC-1 VSMCs: 

As discussed earlier, RhoA has multiple targets (PKN, PRK-2, ROCK) that might 

mediate the downstream effects ofTGF-j31 on-SMC cell cycle regulation. Moreover, both 

HA1077 and Y -27632 inhibit not only PKN, but also PRK-2 and ROCK (Table 2). To 

specifically address if the TGF-131-induced GM transition delay is the result of 

downstream activation of PKN and to identify PKN as a specific mediator of TGF -j31-
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induced G2/M transition delay, we decided to employ the use of PKN siRNAs. Previous 

studies in our laboratory have shown that PKN activity could be significantly attenuated 

in PAC-1 cultures transiently transfected with siRNAs against PKN (37). Therefore, 

siRNAs designed to specifically attenuate PKN mRNA transcription were used in P AC-1 

cultures to delineate a functional role for PKN as the downstream kinase in mediating the 

TGF-fH-induced G2/M transition delay. PAC-1 cultures were transiently transfected with 

a plasmid harboring siRNA against PKN or with a scrambled siRNA control plasmid 24 

hours prior to exposure to TGF-j31. Cultures were subsequently harvested for Western 

blot analysis 48h later and/or fixed for phospho-histone H3 staining. Histone H3 is one of 

the four core histone proteins (H2A, H2B, H3 and H4) found in chromatin. 

Phosphorylation at Ser-10 of histone H3 is tightly correlated with chromosome 

condensation during mitosis (72). Cells stain positively for phospho-Histone H3 (Ser-10) 

when they have progressed through the G!M transition and entered into early M phase. 

Cells that cannot pass the G2/M boundary and stay in G2 phase will stain negative for this 

marker. Firstly, we demonstrated that the siRNA sequence targeted was consistently able 

to knock out PKN expression over the scrambled control siRNA up to 50% (Figure 18A). 

We predicted that i) TGF-j31 should delay the G2/M transition and thus decrease the 

number of phospho-histone H3-postive cells compared to the vehicle-treated control; ii) 

knocking-out the protein expression of PKN via RNAi strategy would abolish TGF-j31-

induced GzfM transition delay, thus increase the number of phospho-histone H3-postive 

cells compared to the TGF-j31-treated group; iii) the scrambled siRNA negative control 

will have little effect on the G2/M transition delay. In agreement with the prediction, anti-
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phospho-H3 immunofluorescence microscopy revealed that exposure of PKN siRNA

transfected cells to TGF-f3I resulted in a marked increase in histone H3 phosphorylation, 

indicating reduced expression of PKN accelerates mitosis. In contrast, the scramble 

siRNA-transf~cted cells showed no significant difference compared to the TGF-f3I group 

(Figure I8B, C). Together the RNAi results strongly argue that the TGF-(31-induced 

G2/M transition delay is due to a large part if not totally to TGF-(31-induced PKN 

activation. We can argue that PKN alone, not its closely related family members PRK-2 

or ROCK drive the G2/M transition delay. 

Oscillation of PKN Activity temporally coincides with the Cell Cycle Progression: 

We have previously shown that TGF-f3I activates PKN from 5 minutes up to I 

hour stimulation in PAC-I cells (37). Oscillation of activity and/or protein expression 

level is a common mechanism shared by most cell cycle regulators to quickly regulate the 

dynamic cell cycle events. Here we asked whether the activity of PKN fluctuates 

throughout the cell cycle, and whether TGF-f3I changes the timing pattern. To address 

this question, PAC-I cells were released from G1/S synchronization and treated with 

vehicle control or TGF-(31. The phosphorylation status of PKN was determined by 

Western blot analysis using an antibody that specifically recognizes the active form of 

PKN (phospho-Thr-778). As shown in Figure 19, in both control (vehicle-treated only) 

and TGF-f3I-exposed cultures, Thr-778 phosphorylation (as an indication of PKN 

activation) increased up to its maximal level by 6h after the synchronization release. 

Nevertheless, control cultures immediately thereafter showed a significant drop between 
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6 and 8h: this decline coincides directly with the timing of largest percentage of PAC-1 

cells exiting from the GziM transition in a normal cell cycle. In comparison, in TGF-fH

exposed cultures, Thr-778 phosphorylation kept at relatively stable high level for the next 

2 hours, and then showed a significant decline between 8 and lOb. GAPDH was shown 

here to indicate as the loading control. The experiment was repeated three times and a 

reprentative figure was shown. These data demonstrate that the activity of PKN does 

fluctuate through the cell cycle and reaches the highest peak when cells accumulate at 

G2/M phase border. They also argue that TGF-fH delays the decrease of PKN activity for 

2 hours, temporally coinciding with the delayed G2/M transition timing observed in TGF

fH group. 

PKN phosphorylates Cdc25C in P AC-1 cells: 

It has been reported that purified PKN protein efficiently phosphorylates Cdc25C in 

vitro (123). However, whether PKN also phosphorylates Cdc25C either in vivo or in a 

mammalian cell culture system has never been investigated. We, therefore, have 

attempted to address this question by exogenously over-expressing wild type PKN by 

transfecting plasmids encoding PKN gene in PAC-1 cultures. When wild type Cdc25C 

was co-transfected to be used as the kinase substrate, followed by exogenous addition of 

TGF-~1 into the cultures, Cdc25C was efficiently phosphorylated (Figure 20, right lane). 

In contrast, when kinase-dead PKN was over-expressed to compete with the endogenous 

PKN, and the chemical inhibitor Y -27632 was used to further block PKN activity, TGF

f:H-induced Cdc25C phosphorylation was significantly decreased (Figure 20, left lane). 
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This result supports that PKN, when activated by TGF-(31, does phosphorylate Cdc25C in 

PAC-1 VSMCs. 

PKN and Cdc25C co-immunoprecipitate: 

We demonstrate that TGF-(31 receptor signaling can induce a 2h delay in G2/M 

transition apparently through activation of PKN and that attenuating PKN activity by 

siRNA restores normal progression by blocking PKN-induced phosphorylation of 

Cdc25C. When these results are considered in view of the fact that Cdc25C activity 

plays a critical role in driving progression through the G2/M boundary, and that PKN has 

been shown to phosphorylate Cdc25C in Xenopous egg extracts, we sought to examine 

whether PKN and Cdc25C directly interact with each other. Our experimental approach 

here is to assess physical interaction by co-localization over the cell cycle by conducting 

co-immunoprecipitation. First, PAC-I cultures were transiently transfected with an 

expression vector harboring either a constitutively active PKN (PKN-AF3) that lacks a 

significant portion of its regulatory domain, or a kinase-dead form of PKN (K644E), 

which contains a point mutation in the ATP-binding domain). Non-transfected cells were 

used as the control. An anti-PKN antibody was used to pull down both endogenous and 

over-expressed PKN, and the precipitants were subjected to anti-Cdc25C Western blot 

analysis. Cdc25C was readily detected in all 3 lanes (Figure 21), but there was 

significantly more Cdc25C precipitated when PKN was over-expressed. Since the amino

terminal region (1-540) was truncated from the active and the kinase-dead forms of PKN, 
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these data suggest that PKN binds to Cdc25C vta the carboxyl terminal , and the 

association is not dependent on the activity of PKN. 

To further verify the physical interaction, plasmids encoding Flag-tagged PKN 

(wild type) and Myc-tagged Cdc25C (wild type) were co-transfected into PAC-1 cells. 

The cells were given 24 hours to express these proteins before harvesting. Total cell 

lysates were .. subjected to IP with an anti-myc Ab or a control mouse lgG. The presence 

of PKN in anti-myc immunocomplex was detected by anti-Aag Western blot analysis. 

This experiment worked vice versa, that is, the presence of Cdc25C could also be 

detected in anti-Aag immunocomplex by anti-myc Western blot analysis (Figure 22). 

PKN and Cdc25C co-localize in dividing cells: 

To further study the temporal and spatial patterns of interaction between PKN and 

Cdc25C, we asked when and where this kinase binds to its substrate. PAC-1 cells were 

synchronized at G /S border and then released into cell cycle. Cells were immunostained 

for PKN and Cdc25C at 2h or 6h after the release, when bulk of the cells were in S phase 

or at G2/M phase transition, respectively, according to our cell cycle analysis. At 2h after 

release, PKN showed punctual diffusion in both cytoplasm and the nuclei, while Cdc25C 

was primarily in the cytoplasm (Figure 23). There was no significant colocalization 

observed in this stage. In contrast, at 6h after the release (when most of the cells in the 

field were dividing), PKN and Cdc25C overlay at the perinuclear region (Figure 24), 

suggesting that PKN colocalizes with its substrate when the cells go through the G2/M 

transition. 
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Cdc25C associates with Cyclin Bl: 

It is known that cyclin B1 binds to and regulates the kinase activity of Cdc2 (42). 

Moreover, Cdc25C dephosphorylates Cdc2 to activate Cdc2/cyclin B 1 complex, and the 

activated Cdc.2/cyclin B1 complex in turn phosphorylates Cdc25C to further induce its 

phosphatase activity, thus forming a positive feedback loop (74, 81). It is easy to 

speculate the physical association between Cdc25C and Cdc2/cyclin B 1 as a super 

immunocomplex. We studied the interaction of Cdc25C with the cyclin B 1 by co

immunoprecipitation experiments. We transiently expressed an empty vector control or 

expression plasmids encoding Myc-tagged Cdc25C in PAC-1 cells. Except for the wild 

type Cdc25C, we examined two Cdc25C mutants in this experiment: 1). Cdc25C 

(S216A), a Cdc25C mutant that substituted alanine for serine-216. Phosphorylation of 

Cdc25C at S216 generates a binding site for the 14-3-3 family of proteins to retain 

Cdc25C in the cytoplasm (33), thus abolishing of this site results in nuclear residing 

Cdc25C. 2). Cdc25C (C377S), a phosphatase-dead mutant. Myc-tagged Cdc25C was 

recovered from the cell extracts by immunoprecipitation with an anti-Myc antibody, and 

the immunoprecipitates were then probed with an anti-cyclin B1 antibody. Cyclin B1 

clearly interacted with both wild type Cdc25C and Cdc25C (S216A) (Figure25, Lane 3 

and 4), while no apparent binding of the C377S mutant to cyclin B1 was observed, 

comparable to the empty vector contol (Figure 25, lane 1 and 5). When Myc-tagged wild 

type Cdc25C was expressed and the normal mouse IgG was used in immunoprecipitaion, 

very weak binding could be observed (lane 2). These results suggest that cyclin B 1 
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associates with both wild type and nuclear form of Cdc25C, and the interaction is 

dependent on the Cdc25C phosphatase activity. 

PKN mediates TGF-fH-prolonged inhibitory phosphorylation ofTyr-15 ofCdc2: 

In eukaryotic cells, entry into M phase is mainly governed by Cdc2/cyclin B 1 

complex~ Before mitosis, the kinase activity of Cdc2 is suppressed by inhibitory 

phosphorylation of Tyr-15 and Thr-14 residues. At the onset of mitosis, Cdc25C removes 

the inhibitory phosphate groups and activates Cdc2. We therefore examined the 

phosphorylation status of Tyr-15 in Cdc2 in response to TGF-fH plus or minus Y -27632. 

As shown in Figure 26, TGF-f31 exposure delayed the dephosphorylation of Tyr-15 (as 

the indication for the activation of Cdc2) for 2 hours compared to the control, while the 

PKN inhibitor pretreatment shifted the Cdc2 activation curve back to the control pattern. 

This observation is fully consistent with the mitotic index data and further confirms that 

PKN is involved in TGF-f31-induced G2/M transition delay. · 

Part II: PKN-MKK3/6-p38 signaling cascade cross talks with the TGF-P1-activated 

Smad pathway in P AC-1 VSMCs 

In recent studies from our laboratory, we have observed that TGF-J31 activates a 

novel PKN-MKK3/6-p38 signaling cascade in PAC-I cells (37). We hypothesize that 

kinase(s) in this cascade cross talks with the Smad pathways based on the following 

rationales: 1). the effects of TGF-f31 have been considered to be mediated primarily 

through the Smad pathways; and 2). components of the MAPK cascades were reported to 
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affect the ability of Smads to regulate gene transcription by phosphorylating Smads. To 

test our hypothesis, we used a Smad-dependent enhancer-reporter construct (CAGA12-

MLP-luc, containing 12 tandem Smad consensus binding sites) to monitor changes in the 

transcription activity of Smads. 

TGF-fll activates Smad transcription factor via downstream signaling ofRhoA: 

To examine whether downstream signaling of RhoA is involved in transcriptional 

regulation of Smads, the effects of HA1077 andY -27632 on TGF-~1-stimulated Smad 

activation were tested. PAC-1 cells were transiently transfected with the Smad-dependent 

enhancer-reporter plasmid or an empty vector control. Following transfection, the cells 

were pre-treated with either HA1077 or Y -27632 1 hour prior to exposure to TGF-~1. 48 

hours after the addition of TGF-~1 , the activity of the enhancer was determined based on 

the amount of luciferase expressed. As indicated in Figure 27, TGF-~1 stimulation of 

transfected PAC-1 cells in the absence of inhibitors resulted in a very significant increase 

in the activity of Smad-dependent enhancer. However, pre-treatment of the cells with 

either HA1077 or Y -27632 significantly reduced the ability to TGF-~1 to induce the 

activity of this enhancer. This demonstrates that TGF-~1-mediated effect on the 

transcriptional activation of the Smad-dependent enhancer-reporter is dependent upon the 

downstream targets of RhoA. 

PKN is required for TGF-fll-induced activation ofSmad-dependent transcription: 
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The previous figure demonstrates that RhoA signaling is involved in TGF-~1-

induced Smad transcription activity. However, since HA1077 and Y -27632 cannot 

distinguish the relative contribution between PKN, PRK-2 and ROCK, the requirement of 

PKN for the effects of TGF-~1 on the Smad-dependent enhancer-reporter was tested by 

RNAi strategy. To do this PAC-1 cells were co-transfected with an empty vector control, 

plasmids encoding PKN siRNA (PKN527) or a scramble siRNA control (PKN527neg) 

with the Smad enhancer constructs. 24 hours after transfection, cells were stimulated with 

TGF-~1 for another 48 hours before they were lysed and the reporter activity was 

measured by luciferase assay. Similar to the chemical inhibitors, the PKN siRNA very 

significantly attenuated TGF-~1-induced reporter activation, while the scramble siRNA 

control did not show statistic difference compared to the TGF-~1 group (Figure 28A). 

This result strongly argues that PKN is required for a full activation of the Smad

dependent enhancers stimulated by TGF-~1. Western blot analysis of PKN protein level 

was performed under the exact conditions used in the reporter assays to ensure the 

efficient knockout of PKN expression (Figure 28B). 

MKK3/6 activates Smad transcription factor: 

According to the data published by our laboratory, MKK3/6 and p38 MAP kinase 

are lying downstream of PKN signaling cascade to mediate TGF-~1-induced activation 

of several transcription factors including SRF, MEF2 and GAT A. To examine whether 

MKK3/6 and p38 also play a role in TGF-~1-mediated activation of Smad, we first tested 

the ability of MKK3 and MKK6 to activate the Smad-dependent enhancer-reporter. 
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PAC-I cells were transiently co-transfected with an increasing dose of empty vector 

control, constitutively active MKK3 or 6 with the Smad-dependent enhancer-reporter. 

The activity of reporter was examined by luciferase assay at 24 hrs after re-feeding. As 

seen in Figure 29, both active MKK3 and MKK6 increased the transcriptional activity of 

Smad 2-3 fold in the range of I0,...,25 ng of DNA per well of I2-well plates. Higher DNA 

doses did not show any induction over an empty vector control. 

To determine whether this effect was dependent upon the kinase activity of 

MKK3 and MKK6, PAC-I cells were co-transfected with the Smad enhancer-reporter 

plasmid along with an increasing dose of the dominant negative MKK3 or MKK6 

mutants. The cells were exposed to TGF-I3I for 24 hours before the luciferase activity 

was measured. The dominant negative MKK3 or MKK6 effectively reduced the ability of 

TGF-I3I to increase the activity of the Smad enhancer (Figure 30). 

Taken together, these data demonstrate that MKK3/6 can stimulate Smad

dependent transcription at a relative low dose and in a kinase activity-dependent manner. 

p38 is required for TGF-JH-induced activation of Smad-dependent transcription: 

p38 MAPK is the most downstream kinase in the PKN-MKK3/6-p38 cascade. To 

examine whether p38 is also involved in transcriptional regulation of Smads, the effects 

of SB203580 (a specific chemical inhibitor against p38) on TGF-I3I-stimulated Smad 

activation is tested. Again, PAC-I cells were transiently transfected with the Smad

dependent enhancer-reporter plasmid. Following transfection, the cells were pre-treated 
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with SB203580 1 hour prior to exposure to TGF-~1. 48 hours after the addition of TGF

~1, the activity of the enhancer was determined by luciferase assay. As indicated in 

Figure 31, pre-treatment of the cells with SB203580 significantly reduced the ability of 

TGF-~1 to stimulate the activity of this enhancer. This demonstrates that p38 is required 

for TGF-~1-mediated effect on the transcriptional activation of Smads. 
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Figure 15: Cell cycle pattern ofPAC-1 VSMCs 

PAC-I cells were synchronized at G/S phase border by treating with hydroxyurea (1 

mM) for 24 hours and then released into the cell cycle (time 0). Cells were fixed at the 

time indicated and analyzed for their cell-cycle distribution by flow cytometry. The 

flower cytometer automatically counted 1 x 106 cells and analyzed the percentage of cells 

in G1, Sand GJM phases based on their DNA contents. 
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Figure 16: Downstream signaling of RhoA is involved in TGF-JH-induced GjM 

progression delay of P AC-1 cells. 

PAC-I cells were synchronized at G/S phase border by incubating with hydroxyurea (I 

mM) for 24 hours and pre-treated with HAI077 (20 t-tM), Y -27632 (10 t-tM) or vehicle 

control (water) for I hour before they were released into the cell cycle. TGF-131 (2.5 

ng/mL) or vehicle control (4 mM HCl + 0.1% BSA) was added at the time of release 

(time 0). The flow cytometer automatically counted 1 x 106 cells and analyzed the 

percentage of cells in G1, Sand G2/M phases based on their DNA contents. The 6h and 8h 

cell cycle distribution profiles are shown here. 
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Table 1: Statistic analysis of cell cycle distribution for 6h and 8h after the 

synchronization release. 

Cell cycle distribution in control, TGF-131, HA1077 + TGF-131 and Y -27632 + TGF-131 

groups at 6 and 8 hrs after release are shown here. Data are means ± SEM of at least 3 

independent experiments. *Asterisk indicates significant decrease between TGF-131 

groups and control (p< 0.05). t indicates a significant increase between HA1077 + TGF-

131 or Y -27632 + TGF-131 compared to TGF-131 groups (p< 0.05). 
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Figure 17: TGF-fH-inuced delay of progression through mitosis is blocked by 

HA1077 or Y-27632 

PAC-1 cells cultured on 1.5% gelatin-coated coverslips were synchronized at G/S 

border and pre-treated with HA1077 (20 ~-tM), Y -27632 (10 ~-tM) or vehicle control 

(water) for 1 hour before they were released into the cell cycle. TGF-131 (2.5 ng/mL) or 

vehicle control (4mM HCl + 0.1% BSA) was added at the time of release. (A) Mitotic 

index curve. At 0, 2, 4, 6, 8 and 10 hours after synchronization release, cells were fixed 

and stained for SM a-actin (to count the total cell number) and DAPI (to count the 

dividing nuclei) by indirect immunocytochemistry. Mitotic nuclei were identified from a 

population of 3,000 nuclei each in 3 independent experiments. (B, C) Statistic analysis of 

the 6h (B) and 8h (C) numbers. Data are presented as mean ± SEM of 3 independent 

experiments. At 6h after synchronization release, there is a significant decrease of mitotic 

cell percentage in TGF-131 group compared to the vehicle control {p<O.Ol). There is a 

significant increase in HA1077+TGF-131 and Y-27632+TGF-131 groups compared to the 

TGF-131 group (p<0.01). At 8h after synchronization release, there is a significant 

decrease of mitotic cell percentage in TGF-131 group compared to the vehicle control 

(p<0.01). There is a significant increase in HA1077+ TGF-131 and Y -27632+ TGF-131 

groups compared to the TGF-131 group (p<0.01). 
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Figure 18: PKN is required for the G/M transition delay induced by TGF-131 

(A) Western blot analysis of PKN. PAC-1 cells were transfected with empty vector 

(pSuper.neo+gfp), PKN siRNA (PKN527) or scramble siRNA using LipofectAMINE™ 

and Plus™ reagents. Cells were harvested 24 h post-transfection and blot was probed 

with anti-PKN antibody. Following PKN detection, membranes were stripped and 

GAPDH was measured to ensure equal protein loading. (B, C) Effects of the reduced 

expression of PKN on mitotic speed. PAC-1 cells cultured on cover slips were not 

transfected and treated with vehicle control in the upper left panel. Cells in the upper left, 

lower right and lower left panels were transfected with empty vector (pSuper.neo+gfp ), 

PKN siRNA or scramble siRNA. 24 h post-transfection, cells were treated with TGF-131 

for 4 hours prior to be fixed and stained for phospho-Histone H3 (B). Magnification, x 

40. Cells stained positive for phospho-Histone H3 were identified by Fovea plug-in of 

Photoshop software based on the fluorescence intensity, and results are expressed as 

percentage of phospho-Histone H3-postive cells in a population of 2,000 cells (C). Data 

are means ± SEM of at least 3 independent experiments. There is a significant decrease of 

p-Histone H3 (+) cell percentage in empty vector + TGF-131 groups compared to the 

vehicle control (p<0.001). There is a significant increase in PKN siRNA groups 

compared to the empty vector groups (p<O.<XH). There is no statistic significant 

difference between the empty vector and the scramble siRNA groups. 
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Figure 19: Phosphorylation of PKN coincides with the cell cycle progression: 

PAC-1 cells were synchronized at G/S phase border by hydroxyurea and then released 

into the cell cycle. Cells were treated TGF-131 (2.5ng/mL) or vehicle control (4mM HCl + 

0.1% BSA), and harvested at 0, 2, 4, 6, 8, 10, 12 and 24 hours. The phosphorylation 

status of PKN following TGF-131 treatment was analyzed by Western blot analysis using 

a primary antibody that recognizes phospho-PKN (Thr-778P). The upper panel exhibits 

the Western signals attributed to the graphic display generated by NIH Image J™. The 

blots were stripped and re-probed for GAPDH level as the loading control. Values are 

representative of three independent experiments. 
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Figure 20: PKN phosphorylates Cdc25C in P AC-1 cells. 

Control cells were co-transfected with kinase-dead PKN and wild type, myc-tagged 

Cdc25C (left lane), and experimental cells were co-transfected with wild type PKN and 

wild type, myc-tagged Cdc25C (right lane). 24 hours post transfection, cells were 

penetrated with a-toxin before exposed to TGF-(31 (2.5 ng/mL) and labeled with [y-32P] 

ATP. Radiolabeled Cdc25C was immunoprecipitated with anti-myc antibody and applied 

to autoradiography (upper panel). The immunoprecipitation with anti-myc antibody 

without radiolabeling followed by anti-myc Western blotting was performed to show the 

loading control (lower panel). A representative image of three independent experiments 

was shown. 
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Figure 21: Over-expressed PKN interacts with endogenous Cdc25C in PAC-1 cells. 

Plasmids encoding either active form PKN (middle lane) or kinase-dead PKN (right lane) 

were transfected into PAC-1 cells. Non-transfected cells (left lane) were used as the 

control in this experiment. The celllysates were immunoprecipitated with the anti-PKN 

antibody followed by immunoblots with anti-Cdc25C antibody to detect the presence of 

endogenous Cdc25C in the immunocomplex. 
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Figure 22:0ver-expressed PKN and Cdc25C interact in PAC-1 cells. 

Flag-tagged PKN and Myc-tagged Cdc25C were co-expressed in PAC-1 cells. In (A), the 

cell lysates were immunoprecipitated with the anti-Myc antibody and analyzed by 

Western blot analysis using the anti-Flag antibody to detect the presence of Flag-tagged 

PKN (right panel). The amount of input Cdc25C was visualized using the anti-Myc 

antibody (left panel). In (B), the celllysates were immunoprecipitated with the anti-Flag 

antibody and analyzed by Western blotting using the anti-Myc antibody to detect the 

presence of Myc-tagged Cdc25C (right panel). The amount of input PKN was visualized 

using the anti-Flag antibody (left panel). The immunoprecipitation with normal mouse 

IgG was done as the control experiment. 
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Figure 23: PKN and Cdc25C do not colocalize in the S-phase cells: 

PAC-I cells cultured on 1.5% gelatin-coated coverslips were synchronized at G/S phase 

border by hydroxyurea (1 mM) and then released into the cell cycle. At 2h (when bulk of 

the cells were in S-phase) after the release, the cells were fixed and stained with anti

PKN antibody followed by Alexa Auor® 633 donkey-anti-goat antibody, and anti

Cdc25C antibody followed by Alexa Auor® 488 goat anti-rabbit antibody. Nuclei were 

examined by DAPI staining. 40x Magnification, Auorescence was visualized by 

traditional fluorescence microscopy. 
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Figure 24: PKN and Cdc25C colocalize in theM-phase cells: 

PAC-I cells cultured on 1.5% gelatin-coated coverslips were synchronized at G/S phase 

border by hydroxyurea (1 mM) and then released into the cell cycle. At 6h (when bulk of 

the cells were in M-phase) after the release, the cells were fixed and stained with anti

PKN antibody followed by Alexa Fluor® 633 donkey-anti-goat antibody, and anti

Cdc25C antibody followed by Alexa Fluor® 488 goat anti-rabbit antibody. Nuclei were 

examined by DAPI staining. A: Arrows point to a cell preparing to divide (right arrow, 

condensed nucleoli can be seen), two cells that are separating (middle arrow) and two 

cells that almost finish dividing (left arrow). 40 x Magnification, Fluorescence was 

visualized by traditional fluorescence microscopy. B: Arrows point to a cell preparing to 

divide (middle arrow) and two cells that are separating (right and left arrows). 40 x 

Magnification, Fluorescence was visualized by confocal microscopy. 
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Figure 25: Over-expressed Cdc25C interacts with endogenous cyclin Bl in PAC-1 

cells. 

PAC-1 cells were transfected with equal amount of DNA of an empty vector control (lane 

1) or expression plasmids encoding wild type, Myc-tagged Cdc25C (lane 2 and 3), Myc

tagged Cdc25C (S216A, nuclear isoform, lane 4) or Myc-tagged Cdc25C (C377S, 

phosphatase-dead mutant, lane 5). The Myc-tagged protein was recovered from the cell 

lysates by immonoprecipitation with an anti-Myc antibody except for lane 2, in which 

immunoprecipitation was done with normal mouse IgG as a control. All the 

immunoprecipitates were then probed with an anti-cyclin B1 antibody in Western blot 

analysis. 
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Figure 26: Cdc2 activation in response to TGF-f31 is delayed by Y-27632: 

(A.) PAC-1 cells were synchronized at G/S phase border by hydroxyurea and then 

released into the cell cycle. Cells were pre-treated with Y -27632 for 1 hour followed by 

treatment with vehicle control or TGF-131, and harvested at 0, 2, 4, 6, 8, 10, 12 and 24 

hours. The phosphorylation status of tyrosine-IS (Tyr-15) of Cdc2 was determined by an 

anti-phospho-Tyr-15 antibody in Western blot analysis. The upper panel exhibits the 

Western signals attributed to the graphic display generated by The blots were stripped 

and re-probed for GAPDH level as the loading control. (B.) Overlay of the p

Cdc2/GAPDH oscillation curves in control group (black), TGF-131 group (red) and Y-

27632/TGF-131 group (green). Band intensity was measured by NIH Image J™. The 

experiment was repeated four times and a representative figure is shown. 
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Figure 27. TGF -~ 1-induced activation of the Smad-dependent enhancer is 

attenuated by HA1077 or Y-27632 

PAC-1 cells were transiently transfected with 25ng of 12 x Smad-luciferase enhancer

reporter plasmid (described in methods) using LipofectAMINETM and Plus™ reagents. 

Three hours post transfection, cells were re-fed in media supplemented with 10% FBS. 

Transfected cells were pre-treated with HA1077 (20!-lM), Y -27632 (10!-lM) or vehicle 

control (water) for one hour prior to treatment with TGF-~1 (2.5 ng/mL) or vehicle 

control (4mM HCl + 0.1% BSA) for 48 hours. Following treatment, luciferase activity 

was determined by luminometry. (***: p < 0.001 compared to control, ttt: p < 0.001 

compared to TGF-~ 1 alone) 
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Figure 28: PKN is required for TGF-f31-mediated activation of the Smad-dependent 

enhancer-reporter. 

(A.) PAC-I cells were transfected with 250ng/well of control vector (pSUPER.neo+gfp), 

PKN siRNA or scramble siRNA using LipofectAMINE™ and Plus™ reagents. 48 hours 

post-transfection, cells were lysed and total PKN was measured by Western blot analysis. 

Following PKN detection, membranes were stripped and GAPDH was measured to 

ensure equal protein loading. (B.) PAC-I cells were transfected with 250ng/well of 

control vector (pSUPER.neo+gfp), PKN siRNA (PKN527) or scramble siRNA 

(PKN527neg) using LipofectAMINE™ and Plus™ reagents. Following 3 hours of 

transfection, cells were re-fed with media supplemented with 10% FBS and incubated for 

48 hours to ensure PKN knockdown. Cells were then treated with TGF-I3I or vehicle 

control for 48 hours prior to luciferase assay.(***, p< O.OOI compared with control; ttt, 

p< O.OOI compared with TGF-I3I alone. There is no statistic difference between TGF-I3I 

groups and TGF-13I+ PKN527neg groups.) 
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Figure 29. Active MKK3/6 increases the activity of the Smad transcription factor in 

a dose dependent manner 

PAC-I cells were transfected with 25ng of the 12 x Smad-luciferase enhancer-reporter 

plasmid (described in methods) along with increasing amounts of either empty vector 

control (Control), active MKK3 (MKK3b(E)) or active MKK6 (MKK6b(E)) using 

LipofectAMINE™ and Plus™ Plus transfection reagents. Cells were refed with media 

supplemented with 10% FBS following 3 hours of transfection. Luciferase activity was 

measured 24 hours after re-feeding. A: lOng of either empty vector control, active 

MKK3 or active MKK6 was transfected. (***: p < 0.001 compared to control; **: p < 

0.01 compared to control); B: dose curve of empty vector control, active MKK3 or active 

MKK6 to stimulate the Smad enhancer-reporter. 
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Figure 30. Dominant negative MKK3/6 attenuated the TGF-~1-induced activation 

of the Smad enhancer-reporter in a dose dependent manner 

PAC-1 cells were transfected with 25ng of the 12 x Smad-luciferase enhancer-reporter 

plasmid (described in methods) along with increasing amounts of either empty vector 

control (Control), dominant negative MKK3 (MKK3b(A)) or dominant negative MKK6 

(MKK6b(A)) using LipofectAMINE™ and Plus™ transfection reagents. Cells were refed 

with media supplemented with 10% FBS following 3 hours of transfection. 24 hours 

later, TGF-fH was added to stimulate the Smad enhancer-reporter for another 24 hours, 

and luciferase activity was measured. A: SOng of either empty vector control, 

MKK3b(A) or MKK6b(A) was used. (***: p < 0.001 compared to control group; ttt: p 

< 0.001 compared to control+TGF-~1 group; tt: p < 0.01 compared to control+TGF-~1 

group). B: dose curve of empty vector control, MKK3b(A) or MKK6b(A) to inhibit the 

TGF-~1-induced Smad enhancer-reporter activation. 
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Figure 31. TGF-f31-induced activation of the Smad-dependent enhancer is 

attenuated by SB203580 

PAC-1 cells were transiently transfected with 25ng of 12 x Smad-luciferase enhancer

reporter plasmid (described in methods) using LipofectAMINE™ and Plus™ reagents. 

Three hours post transfection, cells were re-fed in media supplemented with 10% PBS. 

Transfected cells were pre-treated with SB203580 (10~-tM) or vehicle control (water) for 

one hour prior to treatment with TGF-fH (2.5 ng/mL) or vehicle control ( 4mM HCl + 

0.1% BSA) for 48 hours. Following treatment, luciferase activity was determined by 

luminometry. (***: p < 0.001 compared to control, t: p < 0.05 compared to TGF-f31 

alone) 
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Chapter IV 

Discussion 

Studies of arteries after injury and of primary cell cultures from various arterial 

vessels indicate that VSMCs retain surprisingly phenotypic and mechanical plasticity (64). 

Even in adult animal, these cells can still switch back and forth between distinct "contractile" 

or proliferative phenotypes, both of which show unique morphological, functional and gene 

expressional characteristics. Aberrant proliferation of VSMCs is known to play an integral 

role in the development of important vascular diseases such as atherosclerosis, 

postangioplasty restenosis and hypertension. A better understanding of the molecular 

mechanisms involved in regulation of VSMC proliferation during disease status is required 

for developing new therapies to lessen the severity of atherosclerosis and the occurrence of 

restenosis. 

Transforming growth factor-~1 (TGF-~1) is believed to play an important role in 

restenosis by promoting arterial stenosis through synthesizing components of the 

extracellular matrix (134). However, TGF-(31 has very diverse influences on VSMCs and its 

precise effects on vascular diseases is controversial in current literature depending upon cell 

lines and assay conditions employed (70). TGF-(31 is well recognized to direct differentiation 

of VSMCs from mesenchymal precursors during early vascular development (2). Also, there 

is abundant experimental evidence suggesting that TGF-(3 induces proliferating VSMCs to 

switch to the contractile phenotype in cell culture (70, 73). Following balloon injury of rat 

carotid arteries, there is a strong positive correlation between the changes of levels of TGF-(3 

and mature VSMC-specific markers in vivo (60). 
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A role for TGF-131 in the cell cycle regulation of multiple cell types has been 

demonstrated (122). TGF-131 is primarily known to arrest cell proliferation during G1 

phase of the cell cycle by inducing the expression of cyclin-dependent kinase (CDK) 

inhibitors (CK.Is) such as p15ink4
b (p15), p21cipt (p21), and p27kipt (p27) (119), and by 

downregulating the G/S phosphatase Cdc25A (77). Despite the extensive 

characterization on its effects on G1 and S phase, the molecular mechanism underlying 

TGF-131-induced G2/M arrest, however, remains poorly understood. Interestingly, it was 

recently reported that TGF-131 could induce G2 arrest in Hep3B (aRb-negative hepatoma 

cell line) cells at least in part through stabilization of protein kinase Wee1, which 

phosphorylate& Cdc2 on Tyr-15 and subsequently inhibits Cdc2 (69). Moreover, our 

laboratory has recently illustrated a linear signaling pathway in which TGF-f31 activates 

PKN through the small GTPase RhoA in VSMCs (37). PKN was shown to be able to 

inhibit the G2/M phase phosphatase Cdc25C in vitro and arrest the division of Xenopus 

eggs (123). Taken together, these data support the hypothesis that TGF-131 may mediate 

its downstream effects on the GiM phase regulation via the activation of a PKN-driven 

signaling cascade. 

Preliminary studies from our laboratory showed that exposure of PAC-1 cells to 

TGF-131 for 48 hours did result in a significant decrease in the total cell number, 

suggesting a slowed down cell cycle in our experimental model. The goals of this project 

include: 1). to elucidate the roles of TGF-131 on G2/M progression in PAC-1 VSMCs; 2). 

to determine whether PKN is required in mediating the downstream effects ofTGF-131 as 
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part of the cell cycle regulation machinery; and 3). to elucidate the involvement of PKN

p38 signaling for TGF-fH -mediated, Smad-dependent gene regulation. 

Data from the present study demonstrate that TGF-fH delays the G2/M 

progression timing for 2 hours (6-10 hours after synchronization release to complete the 

transition compared to 6-8 hours in control) in PAC-1 smooth muscle cells. However, 

TGF-fH does not completely block the cell cycle progression, as evidenced by the same 

cell cycle distribution pattern seen in all groups at 10 hours after release. One possible 

explanation of this partial inhibition effect may root in the fact that the cells are cultured 

in a serum-containing medium and exposed to multiple strong mitogenic signals. As 

such, those mitogenic signals override the anti-proliferation signal from TGF-f31. It is 

important to note that through the use of two pharmacological inhibitors, HA1077 andY-

27632, TGF-f31-induced G2/M transition delay was fully restored. These two inhibitors 

were commonly used as Rho kinase (ROCK)-specific inhibitors, but were also shown to 

inhibit the kinase activity of PKN and its closely related family member PRK-2 (5, 12, 

80). Although HA1077 andY -27632 cannot distinguish between ROCK/PKN/PRK-2, it 

is safe to state that one or more of these kinases downstream of RhoA play important 

roles in mediating the effects of TGF-f31 on cell cycle inhibition. 

Prolonged G2/M progression may result from delay in three stages: prolonged G2 

phase, delayed G2/M transition, and/or prolonged M phase. How cytometry detects the 

cell cycle stage by analyzing the DNA content. Since DNA replication happens before G2 

and M phase, cells in these two stages all show 4N DNA content and present as a fused 

peak in a flow cytometry image. In order to distinguish whether the effects of TGF-{31 
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resulted from a delay in G2 or M phase, we performed the mitotic index assay to directly 

examine the dividing cells under fluorescence microscope. In agreement with the flow 

cytometry data, most of PAC-1 cells under a normal cell cycle are dividing at 6 hours 

after the release (indicated by the 6-hour peak on the MI curve) and quickly progress 

through the mitosis during 6-8 hour. In contrast, most of the cells exposed to TGF-~1 

start to divide at 8 hour and exit from mitosis during 8-10 hour. The chemical inhibitor 

pre-treated groups show a similar pattern as the control. These results imply that the 

prolonged G2/M progression timing seen in the flow cytometry data potentially results 

from a delay of exit from G2/M transition and entrance into M phase. 

Given the fact that TGF-~1 can activate multiple downstream signaling pathways 

and the chemical inhibitors do not selectively inhibit PKN only, it was necessary to use 

more selective blocking methods to study the specific contribution of PKN to TGF-~1 -

induced G2/M delay. This was accomplished by using RNAi strategy. When PKN 

expression was reduced by PKN siRNA in PAC-1 cells exposed to TGF-~1, percentage 

of phospho-histone H3 positive cells notably increased. Since phospho-histone H3 is a 

mitotic marker for cells that are capable of progressing through the G2/M transition and 

entering into early M phase, this result strongly indicates that knockout of PKN 

expression accelerates the entrance into M phase. The finding of siRNA data supports a 

critical role of PKN, not ROCK or PRK-2, in mediating the downstream signaling 

pathway of TGF-~1 to retard the G2/M transition. 

Most of the elements in the cell cycle machinery share a common feature: their 

activity, transcription and translation expression levels, and/or spatial localization 
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oscillate dramatically over the course of a cell cycle, providing a stringently controlled 

but also dynamic mechanism to regulate the rapid changes happening in each phase and 

transition stage. For example, the cyclins are tightly regulated by means of sequential 

activation-inactivation of cyclin-dependent kinases, and the mRNA levels of most cyclin 

genes oscillate during the cycle in mammalian cells ( 48). Protein phosphorylation and 

dephosphorylation are basic regulatory mechanisms in the control of the cell cycle as in 

other types of cellular regulation. A good example is that the major regulator in GiM 

transition, Cdc2/cyclin B1 complex is held in an inactive form by inhibitory 

phosphorylation at Tyr-15 and Thr-14 by Wee1 (which phosphorylates Tyr-15 only) and 

Myt1 (which phosphorylates both Thr-14 and Tyr-15) during interphase (127, 188). The 

complex is activated by dephosphorylation at these sites by Cdc25C at the onset of 

mitosis. Since PKN is a potential cell cycle regulator, it is easy to speculate whether PKN 

activity also fluctuates with the cycle. We addressed this question by using a specific 

antibody that recognizes the phospho-PKN in Western blot analysis. PKN is active when 

phosphorylated at the indicated site (128). As expected, phosphorylation of PKN at Thr-

778 shows a significant increase at 6h after the G/S synchronization release and dropped 

almost to the starting level during 6-8 hour. We noticed that this period of time is critical 

for cells to progress through the G2/M transition. In comparison, PKN activity stays at a 

relative high level constantly between 6-10 hours after the release with TGF-fH exposure, 

thus the timing for PKN activation induced by TGF-131 temporally coincides with the 

timing for the GiM progression delay in both groups. This observation indicates that the 

PKN activity in VSMCs is very likely linked with cell cycle progression. It is interesting 
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to note that PKN has already been partially activated at time 0 of synchronization release 

without exogenously added TGF-rn. The following explanations can be proposed: 1). 

Since we culture cells in media containing 10% FBS, the cells are always exposed to 

multiple growth factors including TGF-B1, which have turned on the signaling pathway 

before the synchronization release; 2). We speculate that there are at least two distinct 

pools of PKN in VSMCs that have different subcellular localization and signaling 

pathway, and carry different functions. Mukai et al. reported that there were cytosolic, 

plasma membrane and nuclear fractions of PKN in multiple types of cell lines, and the 

cytosolic fraction reacts differently to stresses compared to the membrane fraction (129). 

It is possible that portion of PKN is required for maintaining normal function of cells and 

the activity does not fluctuates during the different stages of cell cycle. To resolve this 

question, clearly much additional work is needed. 

Cdc25C triggers the onset of mitosis by regulating Cdc2 activity, but how 

Cdc25C itself is regulated is poorly understood. The majority of studies thus far have 

focused on the phosphorylation-dependent changes in the subcellular localization of 

Cdc25C (159, 195). Activation of Cdc25C requires phosphorylation of several sites in the 

Cdc25C amino-terminal domain; but the kinase(s) to carry this function in vivo have not 

been clearly identified. One of these kinases appears to be the Polo-related kinase (Plk) 

(96). Cdc2/cyclin B1 complex itself has also been proposed to phosphorylate and activate 

Cdc25C, providing the potential for a positive feedback loop (74). The best known 

inhibition mechanism is that phosphorylation of Ser-216 in human Cdc25C creates a 

binding site for a small phosphoserine-binding protein called 14-3-3 (97, 154). Binding to 

126 



14-3-3 enhances the rate of Cdc25C export from the nucleus and helps retaining Cdc25C 

in the cytoplasm (95). Kinases identified to phosphorylate Ser-216 include Chkl (86) and 

C-TAKl (153). Misaki et al. reported that PKN was able to phosphorylate Cdc25C and 

inhibit its activity in vitro (123). Isagawa et al. expanded this finding by showing that 

PKN phosphorylates Ser-216 in Cdc25C, which then facilitates the association between 

Cdc25C and I4-3-3 (79). However, the experiment was also done with recombinant 

proteins by in vitro kinase assay. Here we asked whether PKN could phosphorylate 

Cdc25C in our PAC-I cells. Indeed, when wild type PKN was over-expressed and 

stimulated with TGF-j3I, Cdc25C immunoprecipitated from PAC-I cell lysates was 

highly phosphorylated. When kinase-dead mutant of PKN was over-expressed and Y-

27632 was used to further inhibit the activity of endogenous PKN, Cdc25C was only 

slighly phosphorylated in PAC-I cells. Combining the work done by Isagawa et al. and 

the data presented here, it is likely that PKN phosphorylates Cdc25C on Ser-2I6 in 

VSMCs and retains Cdc25C in cytoplasm, thereby providing a mechanism to slow down 

the cell cycle. Further studies will be required to confirm the phosphorylation site(s) of 

PKN in Cdc25C in VSMCs. 

PKN has been identified as a component in MAPK signaling cascade (37, I92). It 

is well known that the specificity and efficiency of MAPK cascades are dependent on 

scaffold proteins or physical interactions of upstream kinase and its downstream substrate 

(62). Because PKN is shown to phosphorylate Cdc25C in vitro and in PAC-I cells, we 

wanted to analyze the interaction between PKN and Cdc25C. This was accomplished by 

co-immunoprecipitation and immunofluorescence co-localization studies. When we 
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transiently expressed Aag-tagged wild type PKN and myc-tagged wild type Cdc25C, 

PKN and Cdc25C clearly co-immunoprecipitate with each other. PKN has been reported 

to primarily locate in the cytosolic compartment in fibroblasts such as NIH 3T3 cells 

(129). Subcellular localization of Cdc25C during the cell cycle is more complicated, 

because this protein shuttles continuously in and out of the nucleus, and its steady state 

localization is determined by the relative rates of import and export. During interphase, 

Cdc25C is phosphorylated at Ser-216 and sequestered in the cytoplasm by binding to 14-

3-3. During mitosis, dephosphorylation of Ser-216 then allows import into the nucleus. 

Indirect immunostaining data present in this study show that during interphase, PKN 

diffuses in the cytoplasm and nuclei while Cdc25C locates primarily in the cytoplasm. 

When the cells prepare to divide and the cell body starts to condense, both PKN and 

Cdc25C become predominantly localized in the perinuclear region, suggesting that the 

kinase and its downstream target might be recruited to the same subcellular region 

proximate to where they are needed. When the mitosis begins, the whole cell shrinks and 

the nuclear envelope breaks down. At this time point, PKN and Cdc25C display an 

enriched overlapping throughout the cell. Taken together, these observations support the 

conclusion that PKN and Cdc25C form a complex during late G2 and M phases. Further 

studies with a mammalian two-hybrid system will be carried out to precisely determine 

the regions on both proteins for interaction. 

Because Cdc2/cyclin B 1 complex is the major regulator of all the important 

events in G2/M progression and also the direct downstream target of Cdc25C, we 

proposed that TGF-fH-activated PKN should delay the activation of Cdc2. This 
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hypothesis was confirmed by the Western blot analysis with TGF-~1 exposure combined 

with the usage of PKN inhibitor. We used an antibody that specifically recognizes Tyr-15 

phosphorylated/inactivated form of Cdc2 to monitor the activity of Cdc2/cyclin B1 

complex. Dephosphorylation (indication of gaining activity of Cdc2 kinase) started at 2 

hours after the synchronization release and kept at a steady high speed from 4 to 8 hours. 

TGF-~1 exposure delayed the whole process to 2 hours later, shown by the 

phosphorylation curve shifting to the right (Figure 26). Pre-treatment of Y -27632 fully 

restored the timing pattern seen in control group, suggesting the involvement of RhoA 

kinase(s) during the TGF-~1-induced delay. 

The best-characterized downstream signal transduction avenue of TGF-~1 is the 

Smad pathway. By binding to the Smad-dependent elements (SBE) in enhancer regions 

of specific sets of genes, Smads regulate transcription of those proteins that are 

responsible for the effects of TGF-~1. In recent years, there have been numerous reports 

regarding the cross talks between the relative simple Smad pathways and other signaling 

transduction pathways to synergistically regulate gene transcription in response to TGF

~1, and thus adds complexity as well as flexibility for carrying out the functions of this 

growth factor. All three branches of MAPK pathways (ERK.s, JNKs and p38) have been 

demonstrated to be able to phosphorylate Smads and subsequently change their ability to 

bind to SBE (23, 53, 94, 104). However, most studies were done in cancer cell lines and 

epithelial cells, while a search for reports using VSMCs as the model reveals very limited 

information. Although little is known regarding how PKN elicits its downstream effects 
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on transcription factor activation and gene expression, it was suggested that PKN 

activates p38 in NIH-3T3 and HEK 293 cells to alter transcription (118). In addition, 

Takahashi et al. reported that PKN associates with each member of the p38y MAPK 

signaling pathway (MLTKa, MKK6, and p38y) (192). In agreement with these previous 

studies, our laboratory has established a signaling transduction pathway in which TGF-131 

stimulates the PKN-MKK3/6-p38 cascade to increase the transcription activity of SM a

actin, SM-MHC, and SM22a promoters and SRF, MEF2 and GAT A dependent

enhancers in the PAC-1 VSMCs (37). It is rational to speculate that components of the 

PKN-MKK3/6-p38 pathway are also capable of affecting the activity of Smads in PAC-1 

cells. 

To investigate the regulation mechanism(s) for Smad activity, we used a Smad

dependent enhancer-reporter construct CAGA12-MLP-Luc that contains 12 core binding 

element for Smad (CAGA) in tandem. TGF-131 stimulation strongly induced the reporter 

activity. To determine whether PKN is important for the regulation of the Smad

dependent enhancer-reporter, firstly we used HA1077 or Y -27632 prior to TGF-fH 

exposure. Both chemical inhibitors very significantly attenuated the Smad-dependent 

enhancer-reporter activation induced by TGF-131, suggesting that downstream kinase(s) 

of RhoA does play an important role in altering the Smad-dependent transcription. 

However, neither HA 1077 nor Y -27632 showed a completely blockage. This is not 

surprising because the widely accepted dogma is that signaling from the TGF-131 receptor 

kinase directly to Smad2 and Smad3 is the predominant pathway in mediating TGF-131 

effects. In order to dissect the contribution of different signal transduction pathways to 

130 



TGF-fH-induced activation of Smad-dependent enhancer, RNAi strategy was used to 

specifically knock out the protein expression of PKN. TGF-f3I-induced reporter activity 

was very strongly inhibited under such circumstance. Data presented here argue that 

PKN is critical for the up-regulation of Smad-dependent transcription in PAC-I VSMCs. 

Although not the only player here, the PKN pathway is obviously required for the 

maximal activation of the Smad-dependent enhancer. To our knowledge, this is the first 

time for PKN to be reported having the ability to affect the Smad pathway. 

It will be of great interest to discern the mechanism through which PKN regulates 

Smads. We propose two possibilities here: I). PKN directly phosphorylates Smad2, 

Smad3 and/or Smad4 and thus changes their ability to form complex, translocate into 

nucleus or bind to enhancer regions; 2). PKN elicits its effects by sending the signal to 

the downstream targets, MKK3/6 and p38, and affect the Smad activity indirectly. To test 

the second proposed mechanism, constitutively active forms of MKK3 or MKK6 were 

co-transfected into PAC-I cells with the Smad-dependent enhancer-reporter. Indeed, 

over-expression of active MKK3 or MKK6 was capable of stimulating the Smad

dependent gene. Since there are no chemical inhibitors against MKK3/6 available at this 

time point, we co-transfected dominant-negative MKK3 or MKK6 with the enhancer 

construct to inhibit the endogenous MKK3/6 by competing, and stimulated the cells with 

TGF-tH. Dominant-negative MKK3 or MKK6 showed significant blockage for the 

reporter activity. It will be interesting in future studies to detect whether other methods to 

inhibit MKK3/6 such as RNAi could attenuate TGF-f3I-induced Smad activation. 

p38 MAP kinase is the most downstream component in the PKN-MKK3/6-p38 
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cascade. In recent years, evidences began to emerge that p38 synergizes or antagonizes 

with Smads to exert biological effects of TGF-I3I, but the proposed mechanisms are 

controversial. Kamaraju et al. showed that in a human breast cancer cell line 

MCFIOCAih, both p38 and ROCK phosphorylate Ser-203 and Ser-207 residues in the 

linker region of Smad2/3 (85). Activation of the p38 MAP kinase pathway is necessary 

for the full transcriptional activation potential of Smad2/3 by TGF-I3I, whereas activity 

of Rho/ROCK is necessary for both down-regulation of c-Myc protein and up-regulation 

of p2I; both mechanisms are necessary for TGF-f3I-mediated growth inhibition of this 

cell line. In addition, Seay et al. reported that TGF-I3I led to potent growth inhibition of 

primary VSMC isolated from normal mouse aortae by inducing G0/G1 arrest (I77). 

Smad2/3, p38, ERKl/2, and JNK pathways were all activated in these mouse VSMCs, 

but only Smad2/3 and p38 were involved in the growth inhibition. However, results in 

their study do not support a role for p38 to affect Smad phosphorylation, translocation, or 

reporter gene expression. In contrast to the data arguing that p38 lies upstream of Smads, 

Ungefroren et al. found that TGF-13I-induced gene expression in pancreatic cells was 

dependent on p38 activation, which was downstream of Smads and required a functional 

Smad pathway (20I). We demonstrate here that SB203580 (a specific chemical inhibitor 

of p38) can significantly abolish Smad-dependent enhancer-reporter activation induced 

by TGF-I3I in PAC-I VSMCs. Whether p38 directly phosphorylates Smads leading to the 

cell cycle inhibition in PAC-I cells remains an unanswered but very important question 

that needs to be further explored. 
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In summary, the major focus of the attempts in this dissertation was to identify 

molecular mechanisms that regulate SMC cell cycle and proliferation. A number of novel 

results are presented. First, we provide convincing evidence that PKN plays a pivotal role 

in TGF-fH -induced proliferation inhibition of VSMCs. Of key importance, PKN delays 

G2/M transition timing by physically interacting with, phosphorylating and subsequently 

inhibiting Cdc25C. For the first time, PKN was shown to phosphorylate Cdc25C in cell 

culture, while the only previous report regarding this function was carried out by in vitro 

kinase assay. Moreover, we show that the retarded cell cycle progression coincides with a 

concomitant delay of decrease in PKN activity and increase in the activity of Cdc2/cyclin 

B 1 complex. Cdc25C was shown to associate cyclin B 1, thus there might be a super 

immunocomplex formed at the G2/M border composed of PKN, Cdc25C, Cdc2 and 

cyclin Bl. Second, our study also demonstrates that PKN-MKK3/6-p38 pathway is 

required for full activation of Smad-dependent transcription in PAC-1 cells, although the 

exact mechanisms through which this kinase cascade elicits the changes in Smad activity 

have not been completely elucidated. Together with previously published data, our work 

adds new complexity to the cooperation between the RhoA-PKN-Cdc25C pathway, 

PKN-MKK3/6-p38 pathways and the Smad signaling that contribute to the growth 

inhibitory effects of TGF-(31 (Figure 32). Understanding how PKN regulates SMC 

phenotypic switching (stimulate differentiation and inhibit proliferation) will provide 

novel insight into potential therapeutic targets designed to prevent the aberrant 

proliferation of SMCs that contributes to the vascular diseases. 
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Figure 32. Schematic overview of the roles that PKN plays in TGF-fH-induced 

phenotypic switching of VSMCs 

A role for PKN in the inhibited proliferation and stimulated differentiation of VSMCs has 

been demonstrated. The downstream effects of TGF-fH might require multiple signaling 

pathways including synergizing between the Smads and the PKN/p38 cascade. 
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CHAPTERV 

FUTURE DIRECTIONS 

Despite the attempt presented in this study to identify some of the key unresolved 

challenges regarding the mechanisms of cell cycle inhibition in VSMCs, lots of questions 

remain open and require additional study. Several principal future areas that we plan to 

explore are summarized in this chapter. 

Utility of human primary coronary VSMC cultures or transgenic model: 

The major diseases we hope to target are atherosclerosis and restenosis following 

PfCA, the major causes of heart attack and stroke in Western nations. Both diseases 

involve complex inflammatory-fibroproliferative responses to various forms of insults to 

the endothelium and vessel wall resulting in phenotypic modulation of VSMCs. A major 

challenge in understanding phenotypic switching of VSMCs is that these cells have 

remarkable plasticity and can exhibit a broad range of phenotypic states. The gene 

expression patterns of VSMCs dynamically change in response to environmental cues 

associated with normal development and vascular disease, making it very difficult to 

directly test causality in models of experimental atherosclerosis. Importantly, we should 

recognize that overall control of SMC proliferation/differentiation is extremely 

complicated and involves the cooperative interaction of many factors and signaling 

pathways that are just beginning to be understood. Studies done in this dissertation were 

carried out in cell cultures using a rat pulmonary cell line PAC-1 as the model. Although 
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many features of PAC-1 (including their physioeletronic characteristics, surface receptor 

expression patterns and ability to proliferate with serum) make it a valuable model to 

study the phenotypic switching of SMCs, research using a human coronary SMC line or 

primary cultures might demonstrate results that are different with data from PAC-1 cells 

but mimic the in vivo case better. Even with a coronary cell line or a primary culture, 

there is unequivocal evidence showing that the system employed often fails to adequately 

recapitulate regulatory pathways that are key factors in an animal. As such, we need to 

bear in mind that data obtained from cell cultures do not always agree with the data from 

in vivo model and need to be interpreted with caution. For example, Madsen et al. 

reported that there might be several redundant pathways by which Sp1 and other 

transcription factors suppress SMC differentiation marker gene expression (114). 

However, the same group found that in a transgenic model, abrogation of a single 

repressor pathway alone was sufficientto nearly block SM22 promoter-S-gal transgene 

suppression within complex experimental atherosclerotic lesions (204). Another example 

is that a 547 bp of the 5'-region ofthe SM-actin promoter was found sufficient to drive 

very high expression in cardiac and skeletal muscle during development in a manner 

similar to the endogenous SM-actin gene, but this same promoter construct was 

completely inactive in SMCs in over 12 independent transgenic founder lines (112). 

The extracellular stimulus we used in this study to activate the PKN signaling 

pathway is TGF-131. However, very little is known regarding whether TGF-131 is really 

one of the specific environmental cues that regulate SMC differentiation or proliferation 

in vivo. Knockout of TGF-131 (39), the type I TGF-receptor (142), or the TGF-receptor II 
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(145) are all reported to associate with early embryonic lethality due at least in part to 

defective vascular maturation and/or SMC differentiation. Nevertheless, no direct 

evidence has clearly demonstrated that the primary defect was the result of a direct effect 

on the SMC. Indeed, a major difficulty in identifying factors that regulate SMC 

differentiation in vivo is that most candidate factors identified based on studies in 

cultured SMCs are also involved in regulating differentiation of other cell types during 

embryogenesis. Knocking out these factors result in embryonic lethality before SMC 

differentiation normally occurs, and/or altering SMC differentiation through secondary 

mechanisms. 

Despite the shortcomings of each approach, combined results from cell culture 

and transgenic studies can provide valuable insights into physiological functions of 

growth factors and proteins. Thus, future strategies that our laboratory plan to take in 

addition to the present study with PAC-1 cells include using human aortic VSMC lines as 

well as transgenic animal models to determine the importance of PKN signaling in vivo. 

Mechanism for TGF-f31 to activate the RhoA-PKN-p38 pathway: 

Although many studies have been carried out to define the post-receptor signaling 

mechanisms for TGF-~1, a clear understanding has not yet been obtained. Smads are 

accepted as the well-established downstream targets for TGF-~1 receptors, but the 

current publications have not ruled out other putative effectors in downstream signaling. 

All three MAP kinases have been reported to be activated by TGF-~1 stimulation in 

different cell types, but little is known about the precise mechanism how the signal 
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transduction pathways are turned on. Seay et al. showed that TGF-P1 induced 

phosphorylation of p38 in primary VSMCs, and transfection with a constitutive active 

TGF-P type I receptor kinase (ALK5) expression plasmid in the absence of TGF-P1 led 

to a significant phosphorylation of p38 (177). Conclusion drawn by the authors was that 

ALK5 kinase activity was sufficient to activate p38 pathway. Evidences exist to show 

that TGF-Pl induced sustained activation of small GTPase Rho and its effecter Rho

kinase in pulmonary endothelial cell (17, 31 ). Similar results are observed in different 

cell types: for example, Maddala et al. suggested that TGF-P1 induced activation of Rho 

and actin cytoskeletal reorganization in human lens epithelial cells (113). Portella et al. 

demonstrated that the epithelial-mesenchymal transition (EMT) can be induced by TGF

Pl and that this transition can be blocked by expression of dominant negative TGF-Pl 

receptor mutants (160). Later, TGF-P1 was reported to mediate the EMT through a 

RhoA-dependent mechanism (16). Masszi et al. expanded this work to elucidate a central 

role for RhoA in TGF-P1-induced SM-actin expression during EMT (120). Studies by 

Balmain et al. further support a role for RhoA in the induction of the spindle phenotype 

in view of the latter's demonstration that TGF-Pl can stimulate cell motility and 

cytoskeletal organization. A further development by Balmain's group is that RhoA 

activation leads directly to the activation of the DNA binding capacity of serum response 

factor (SRF), the known most important transcription factor to control the differentiation 

of SMC, and to induction of their downstream target sequences (162). 

Despite the emerging experimental supports for TGF-P1 to stimulate RhoA 

signaling pathway, the underlying mechanism(s) whereby TGF-Pl activates Rho remains 
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to be clarified. The process may involve rapid activation of guanine nucleotide exchange 

factors (GEFs), the inhibition of GTPase-activating proteins (GAPs) or GDP dissociation 

inhibitors (GDis) (I94), and several additional mechanisms may also be evoked for more 

prolonged effects. For example, TGF-J3I was found to stimulate the synthesis of NETI, a 

RhoA-specific GEF, in several cell types (18I). De novo protein synthesis of NETI was 

required in this process and the Smad signaling pathway was essential for the induction 

of NEfi, which in turn led to the increase of Rho activity. 

Previous study in our laboratory also suggests that RhoA, PKN and p38 are 

activated quickly in PAC-I cells. Since RhoA activation was observed within 2-5 

minutes of TGF-J3I exposure, it is unlikely that the mechanism of TGF-J3I to stimulate 

RhoA involves new transcription. However, we have not ruled out the possibility for 

TGF-J3I to rapidly increase the activity of existing Rho-GEFs and/or decrease the activity 

of Rho-GAP and GDis in PAC-I cells. In addition, it will be interesting to test whether 

PKN and p38 are directly phosphorylated and activated by TGF-J3I receptor kinases, as 

an independent mechanism of RhoA activation in PAC-I cells. 

Potential different pools of PKN: 

Activity of PKN temporally coincides with the cell cycle progression in PAC-I 

cells, as predicted as a cell cycle regulator. It . is interesting to notice that the baseline of 

PKN activity was relatively high, shown by the fact that PKN reached about 50% of 

maximal activity at time 0 (G1/S border) in the absence of any exogenously added 

stimulators and never dropped to zero throughout the cell cycle. We propose that there 
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might be distinct pools of PKN that are different in subcellular localization, physiological 

functions and signal transduction pathways. In support to this hypothesis, Zhu et al. 

recently demonstrated that there was a novel plasma membrane pool of PKN (225). This 

integral membrane form of PKN is phosphorylated at Ser-377 and catalytically active to 

initiate RhoA-mediated and ligand-dependent transcriptional activation of the androgen 

receptor and to mediate RhoA-induced neurite retraction in mouse neuronal cells. 

Immunocytochemistry studies from Mukai et al. showed that PKN resided 

prominently in the cytoplasmic region in nonstressed NIH 3T3, BALB/c 3T3 and Rat-1 

cells (129), but stresses such as heat shock, sodium arsenite and serum starvation induced 

a reversible nuclear translocation of PKN. However, indirect immunostaining in PAC-1 

cells revealed that PKN located in both the cytoplasm and nucleus during interphase. 

When the cells approached for the GiM transition, PKN became more concentrated 

around the perinuclear region. And when the cells started to divide, nuclear membrane 

broke down and PKN co-localized with Cdc25C in the whole cell area. Since the nuclear 

boundary never existed at this stage, it was very difficult to test the hypothesis that PKN 

translocated into the nucleus and physically associated with the substrate Cdc25C. Future 

strategy to address this issue is that we will tag PKN with red fluorescence protein and 

tag Cdc25C with green fluorescence protein. The fluorescence tags will allow us to 

monitor the movement and distribution of these proteins throughout the cell cycle. Also 

will be answered the question of whether there are multiple pools of PKN to reside in 

distinct subcellular compartments and respond differently to TGF-~1 stimulation. 
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Identification of the phosphorylation site(s) on Cdc25C as the targets of PKN: 

The mitotic inducer Cdc25 phosphatase controls the activation of Cdc2/cyclin B1 

complex and entry into mitosis in eukaryotic cells. Cdc25C is highly regulated by 

multiple post-translational modifications within its N-terminal regulatory domain and 

site-specific protein interactions. Phosphorylation and interacting proteins modulate the 

nuclear import and export signals on Cdc25C, inducing dramatic changes in its 

localization within the cell. Although there have been multiple phosphorylation sites 

identified on Cdc25C required for its activation, much less is known about the inhibitory 

mechanism. The best-characterized negative regulation of Cdc25C is phosphorylation on 

Ser-216, the 14-3-3-binding site, when cells need to block mitotic entry under normal 

conditions or after DNA damage. Ser216-phosphorylated Cdc25C is bound to 14-3-3 and 

sequestered in the cytoplasm during interphase (154). 

PKN was shown to phosphorylate Cdc25C in vitro and inhibit its phosphatase 

activity (123). Data presented in this dissertation expanded the previous work by 

demonstrating that PKN phosphorylated Cdc25C in PAC-1 cell cultures in response to 

TGF-fH stimulation. However, there has been no report regarding the precise site(s) on 

Cdc25C targeted by PKN. Based on the evidence that phosphorylation by PKN is 

inhibitory to Cdc25C activity, we speculate that PKN phosphorylates Cdc25C on Ser-216 

and trigger its binding to 14-3-3, thus delays the nuclear translocation of Cdc25C at the 

G2/M transition. Since PAC-1 cells are not completely arrested at the G2/M border by 

TGF-f31 but only the progression timing is delayed, there must be some antagonizing 

mechanism to dephosphorylate the PKN targeting site(s) on Cdc25C. Extensive further 
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studies will be required to determine the sites affected by PKN and the potential 

phosphatase to reverse the phosphorylation/inhibition of PKN on Cdc25C. 

TGF-f31-indoced RhoA-ROCK-Cdc25A pathway and GzfM events: 

The role that RhoA plays in cell cycle regulation besides its well-established effects 

in cytoskeleton reorganization just started to be unveiled. Among the downstream 

effector proteins of RhoA, ROCK is primarily thought as a mediator of the formation and 

maintenance of actin stress fibers, whereas PKN activation has been implicated in the 

delay of GiM progression (123). However, recent findings regarding TGF-fU-mediated 

cell cycle checkpoint control and EMT have converged to the RhoA/ROCK signaling 

pathway. It is reported that TGF-f31-induced RhoA-ROCK activation was involved in the 

inhibition of Cdc25A (15, 24). Cdc25A is one of the Cdc25 phosphatase family members. 

By removing inhibitory phosphates from tyrosine and threonine residues of cyclin

dependent kinases (CDKs), Cdc25 phosphatases activate the CDKs and promote cell 

cycle progression. In mammalian cells, three Cdc25 analogues, Cdc25A, -B, and -C, have 

been identified (57, 135). Cdc25C is believed to promote the GiM transition through 

dephosphorylation of Cdc2, and Cdc25B is proposed to act as an initiator of the same 

process (55, 98). In contrast, Cdc25A has been considered to regulate G1/S transition and 

activate Cdk2/cyclin E and Cdk2/cyclin A by inducing Cdk2 tyrosine 

dephosphorylation(19, 179, 202). 

In a recent publication, Brown et al. demonstrated that TGF-f31-stimulated ROCK 
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rapidly inhibited Cdc25A (24). Similarly, Bhowmick et al. showed that TGF-~1-rapidly 

stimulated ROCK translocation to the nucleus and phosphorylation of Cdc25A at a site 

inhibitory to its phosphatase activity. The data suggest a two-phase model for TGF-~1 

inhibition of G/S progression: there is an initial step in which Cdc25A enzymatic activity 

is inhibited; and the secondary response involves Smad-dependent transcriptional up

regulation of Cdk-inhibitory proteins and down-regulation of Cdc25A. Notably, although 

Cdc25A has been considered primarily as a G1/S regulator, several recent publications 

also suggest it plays critical role in GiM transition (116, 215). To make this picture even 

more complicated, Turowski et al. showed that Cdc25C not only plays a role at the G2/M 

transition but also in the modulation of DNA replication where its function is distinct 

from that of Cdc25A (200). Cdc25C RNA interference was accompanied by S phase 

inhibition. In cells depleted of Cdc25C by antisense or siRNA, normal cell cycle 

progression could be re-established through microinjection of wild type Cdc25C protein 

but not inactive C377S (the phosphatase-dead form) mutant protein. Since our data 

support a signaling pathway of TGF-~1-RhoA-PKN-Cdc25C to inhibit G2/M transition, 

further analysis of the possible involvement of this pathway in G/S event as well as an 

analog RhoA-ROCK-Cdc25A pathway in TGF-f31-induced GzfM delay seems interesting 

and will provide deeper insights of cell cycle regulation. 

Elucidate the detailed cross talk mechanisms between the Smad pathway and the 

PKN cascade: 
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Smad2 and Smad3, the receptor Smads to propagate TGF-fH signaling, have long 

been known the substrates of TGF-f31 Type I receptor kinase. However, there are also 

reports suggesting that other kinases can also phosphorylate Smad2/3 to alter their 

oligomerization with Smad4, nuclear translocation and the activity to regulate 

transcription (167). All three MAPK branches were proposed to be able to phosphorylate 

Smads, and this effect is highly cell type specific (25, 28, 165). However, the 

phosphorylation sites on Smad2, 3 and 4 by MAPKs have not been carefully studied. 

Kamaraju et al. reported that in a human breast cancer cell line, phosphorylation of 

Smad3 at Ser-203 and Ser-207 (two amino acid residues in the linker region) is uniquely 

dependent on the Rho/ROCK and p38 pathways (85); furthermore, they showed that 

activation of the p38 MAP kinase pathway was necessary for the full transcriptional 

activation potential of Smad2/Smad3 by TGF-f31. From the Smad-dependent enhancer

reporter assays presented in this dissertation, we know that each component of the PKN

MKK3/6-p38 kinase cascade is capable to alter the transcriptional regulation ability of 

Smads in PAC-1 VSMCs. The following questions need to be addressed in the future 

study: 1). Can PKN, MKK and/or p38 phosphorylate Smad2, -3 or -4? 2). Does the 

phosphorylation change the ability for Smads to form complex, translocate into nucleus 

and bind to DNA? 3). What are the phosphorylation sites on Smads of these kinases? 

Answers to these questions will help us to understand the basis of the cooperative effects 

of Smad signaling and signaling through the PKN-p38 pathway more fully. 
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Identification of genes synergistically regulated by the Smad and the PKN-p38 

pathways: a potential role of p21 

Many of the effects induced by TGF-~I result from its ability to regulate 

transcription of specific sets of genes. Among these genes, cyclin-dependent kinase 

(CDK) inhibitor p2I is one of best understood. Several reasons make p2I a good 

candidate to study the concerted transcription regulation of the Smad pathway and the 

p38 pathway induced by TGF-f3I: first, there are extensive studies suggest that induction 

of p2I causes growth inhibition by TGF-~I in a Smad-dependent manner (34, IOO). 

Second, p2I is the only CDK inhibitors known to function at both G1 and G2 phases, 

while the others (piS, pi6, p27, p57) inhibit CDKs only in G1 phase. Since we are 

focusing on G2/M delaying events, p2I is a reasonable target to start with. Third, 

although the cross talk of Smad signaling pathway with other signaling pathways on p2I 

transcription remains poorly understood, there are indeed investigations suggesting Smad 

and MAPKs cooperate to regulate the gene expression of p21. Kim et al. reported that 

activation of H20 2-mediated ERK signaling pathway was required for p2I expression by 

TGF-~1. The authors proposed a cooperative model whereby TGF-~I-induced receptor 

activation stimulates not only a Smad pathway but also a parallel H20 2-mediated ERK 

pathway that acts as a key determinant for association between Smads and Sp I 

transcription factor (9I). In addition to the regulation at transcription level, p2I can be 

regulated by post-translational mechanisms. p38 and JNKs activated by TGF-~I were 

reported to induce G1 arrest through phosphorylation of p2I in vivo that led to the protein 
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stabilization of the p21 (90). It will be valuable to carefully analyze whether the PKN

p38 cascade controls transcription of cell cycle regulators such as p21, and whether the 

process involves the function of Smads. 

In summary, the findings of this dissertation delineate a novel signaling pathway 

through which TGF-~1 activates PKN to induce cell cycle delay in PAC-I smooth 

muscle cells. Data presented here provide convincing evidence that PKN inhibits the 

function of Cdc25C phosphatase, the key regulator of G2/M transition, by physically 

interacting with and phosphorylating Cdc25C. The PKN-MKK3/6-p38 cascade that has 

been shown to play important roles in TGF-~1-induced differentiation of SMCs is also 

reported here to cross talk with the classical Smad pathway to regulate Smad-dependent 

gene transcription. Although additional studies are needed in many areas, this data 

contributes to a better appreciation of the cellular and molecular mechanisms controlling 

VSMC phenotypic modulation that are critical in a diverse range of major human 

diseases, including atherosclerosis, restenosis following PTCA, hypertension and cancer. 
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APPENDIX 

Table 2: Specificity of Inhibitors against PKN, PRK2 and Rho Kinase 

Percenta~e of kinase activity left with the presence of the inhibitors: 

HA 1077 (20f'M) 

Y·27632 (10JlM) 

PRK2 

85% 

94% 

Rho kinase 

93% 

87% 

(Adapted from Davies eta/. (2000) Biochem J. 351 95-105) 

ICSO values of each inhibitor: 

IC50 

HA1077 

Y-27832 

PRK2 Rho kinase 

1.9 I'M 

(Adapted from Nakayama eta/. (2005) Genes to Cells. 1 0(2) :1 07) 

IC50 p38 

58203580 0.8~ 

(Referred to Calbiochem® product data sheet) 
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Figure 33: Dose Curve of Smad-dependent Enhancer-Reporter (CAGA12-MLP

Luc) in Response to TGF-fH Stimulation 

PAC-1 cells were transfected with increasing dose of the Smad-luciferase enhancer

reporter plasmid (described in methods) using LipofectAMINE™ and Plus™ transfection 

reagents. Cells were refed with media supplemented with 10% PBS following 3 hours of 

transfection. 24 hours later, TGF-~1 was added to stimulate the Smad enhancer-reporter 

for another 24 hours, and luciferase activity was measured. (**: p < 0.01 compared to 0 

ng control group) 
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Figure 34: Dose Curve of SB293580 (p38 inhibitor) to attenuate TGF-JH-induced 

Smad-dependent Enhancer-Reporter Activation 

PAC-I cells were transfected with 25ng of the Smad-luciferase enhancer-reporter 

plasmid (described in methods) using LipofectAMINE™ and Plus™ transfection 

reagents. Cells were refed with media supplemented with 10% FBS following 3 hours of 

transfection. 24 hours later, cells were pre-treated with increasing dose of p38 for 1 hour 

prior to TGF-(31 stimulation for another 24 hours, and luciferase activity was measured. 

(**: p < 0.001 compared to control; t: p < 0.05 compared to control+TGF-(31 group; tt: 

p < 0.001 compared to control+TGF-(31 group) 
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