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ABSTRACT 

The aim of this work was to investigate the role of TGF~ family members in the 

induction of cell growth arrest and apoptosis in immune cell types. The TGF~ superfamily 

is a large group of evolutionary conserved polypeptide growth factors, involved in 

different physiological processes. Any deregulation of the different components of the 

TGF~ signaling pathway, has been largely implicated in multiple human critical disorders 

including cancer. Activin, originall)' isolated from gonadal fluid, and more recently 

described as an antiproliferative and proapoptotic factor in different cell types has been 

implicated in different immune functions. In particular, activin and TGF~ play an 

important role in the haematopoietic tissue. They are critical death inducers in the 

immune system contributing to the elimination of different activated immune cell types. 

Control of immune cell proliferation, activation and subsequent elimination of activated 

cell populations by cell growth arrest and apoptosis are critical events for controlling 

infections and preventing autoimmune disease. However, very limited information about 

the downstream target genes and their signaling mechanism that relay on the inhibitory 

effects on cell growth by activin and TGF~ ligands. Using a screen for genes that are 

differentially regulated by activin and TGF~ in haematopoietic cells, we found that the 

phospholipids phosphatase SHIP-l was strongly upregulated by activin and TGF~. Thus, 

we hypothesized that TGF~ and activin induce cell growth arrest in immune cells through 

up-regulation of SHIP-l with a significant and subsequent decrease in PtdIns 3,4,5-P3 

levels affecting cell survival. Furthermore, we attempted to characterize the different 

intracellular signalling pathways downstream of these serine/threonine kinase receptors 
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that lead to SHIP-l overexpression as weil as the transcription factors involved in the 

mediation of transcriptional regulation of the SHIP-l gene promoter. 

Chapter 1 provides a broad introduction to the field of TGF~ signaling focusing on 

TGF~-induced apoptosis in immune cell types and the biology of inositol phosphatases 

involved in phospholipids metabolism, mainly focused on SHIP-I. Chapter 2 contains 

data demonstrating that the activin/TGF~-induced cell growth arrests and apoptosis 

through expression of SHIP-I. Data in chapter 3 proved evidences about the cross-talk 

between the Smad and JNK MAP kinase signalling pathways and their role in the 

transcriptional regulation of the SHIP-I gene promoter. Finally, chapter 4, is focused on 

the discussion and the propose model of how activin/TGF~-induced SHIP-I expression 

blocks induction of cell survival signaIs. As a dynamic cellular and molecular process the 

induction of SHIP-I by TGF~ ligands might be in co-association with other apoptosis 

molecules leading to cell growth arrest and apoptosis in different cell populations of the 

immune system. 
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RESUMÉ 

Le but de ce travail était d'étudier le rôle des membres de la famille des facteurs de 

croissance, TGF~ dans l'induction de l'arrêt de croissance des cellules et de l'apoptose 

dans les cellules immunitaires. La superfamille de TGF~ est un grand groupe de facteurs 

de croissance qui sont conservés durant l'évolution. Ils sont impliqués dans différents 

processus physiologiques. Une déréglementation des différents composants de la voie du 

signal de TGF~, a été en grande partie impliquée dans plusieurs désordres important chez 

l'humain, comme le cancer. L'activin, originellement identifiée dans le fluide gonadal a, 

plus récemment été décrit comme facteur antiprolifératif et proapoptotique dans 

différentes types et fonctions des cellules immunitaires. En particulier, les membres de la 

famille TGF~, jouent un rôle important au niveau du tissu hématopoïétique. Ils sont les 

inducteurs cruciaux de la mort cellulaire dans le système immunitaire, contribuant à 

l'élimination de différentes populations immunitaires des cellules activées. Le contrôle de 

la prolifération et de l'activation des cellules immunitaire l'élimination qui s'en suit par 

l'arrêt de la croissance cellulaire et l' apoptose, sont des événements critiques dans la 

curabilité des infections et la prévention des maladies auto-immunitaires. Cependant, 

l'information concernant les gènes impliqués et leurs mécanismes de signalisation est très 

limitée. Nous avons utilisé un criblage pour les gènes ayant une expression différencier 

par l'activin et TGF~ dans des cellules hématopoietiques. Nous avons constaté que les 

niveaux d'expression de la phosphatase des phospholipides, SHIP-l, étaient fortement 

augmentés par l'activin et le TGFp. Ainsi, nous avons proposé que le TGFp et l'activin 

induisent l'arrêt de croissance des cellules immunitaires par l'augmentation des niveaux 
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d'expression de la protéine SHIP-l. Ceci est suivi d'une diminution significative des 

niveaux de PtdIns 3,4,5-P3 qui ultimement affecterait la survie de cellules. En outre, nous 

avons essayé de caractériser les différentes voies de signalisation intracellulaire en aval de 

ces récepteurs à activité serine/thréonine-kinase qui mènent à l'augmentation de 

l'expression de SHIP-l ainsi que les facteurs de transcription impliqués dans la régulation 

du contrôle transcriptionel du gène SHIP-l dans les différents groupes de cellules 

immunitaires. 

Le chapitre 1 fournit une introduction circonstanciée de la voie de signalisation du 

TGF~, principalement se concentrant sur l'apoptose induite par TGF~ et l'activin et la 

biologie des phosphatases d'inositol impliquées dans le métabolisme des phospholipides, 

avec une emphase particulière sur SHIP-l. 

Le chapitre 2 regroupe des données qui démontrent que l'arrêt de la croissance 

cellulaire et l'apoptose se fait par l'intermédiaire de l'augmentation de l'expression de 

SHIP-l dans les cellules immunitaires. 

Les résultats présentés au chapitre 3 démontrent la coopération entre les 

signalisation des Smads et JNK dans la régulation de la transcription du gène SHIP-l. 

Pour conclure, le chapitre 4 présente une discussion des résultats obtenus et propose un 

modèle expliquant comment l'induction de l'expression de la phosphatase SHIP-l par 

l'activin et TGF~ bloque l'induction des signaux de survie dans differents groupes de 

cellules immunitaires. L'induction de SHIP-l par les ligands de la famille de TGFb, 

pourrait exister en la association avec d'autres molécules d'apoptose et faire partie d'un 

processus cellulaire et moléculaire dynamique, 

XXIII 



CHAPTER1 

INTRODUCTION AND LITERA TURE REVIEW 

1.1. - General Introduction 

Cellular communication is of central importance to prevent multicellular organisms from 

being a shapeless pile of individual cells. This communication is executed through an elaborate 

inter- and intracellular signaling network, which relays on the continuous information flow 

between different cell groups and their environment. Any disruption between these signaling 

mechanisms may affect essential biological processes for the organism, resulting ultimately in 

pathological conditions [1-7]. 

CeUs are a simple but yet complex system that communicate through direct cell-cell 

interaction, cell contact with extracellular matrix components or responding to different signaling 

molecules such as neurotransmitters, growth factors, hormones and among others. The 

extraceUular signal carried by these molecular mediators is directed transformed into an 

intracellular message by binding to cellular receptors, group of transmembranal proteins, 

predominantly located at the plasma membrane level, with certain degree of specificity inducing 

a significant change in either the activity or conformation of the receptor [8, 9]. The outcome of 

these molecular actions is the activation of downstream signaling cascades, which modulate 

differents intracellular functions [10-15]. 

Growth factors are highly conserved molecules, found in both invertebrate and vertebrate 

organisms. They control a wide range of physiological events during the lifetime of the organism. 

Among these events are: embryonic development, cell division regulation and proliferation, cell 
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migration, differentiation and cell death. The importance of these molecules is c1early illustrated 

through evolution by their conservation level [1, 16-22]. 

Cytokines are a group of inducible growth factors, central to the maintenance of cellular 

homeostasis. While cytokines affect the functions of different cell populations, they are of 

particular importance in modulating the immune system cells [23-25]. Cytokines regulate critical 

processes su ch as immune cell growth and activation, as weIl as the inflammatory response. 

regulation. One c1ass of cytokines with a central role in immune function is the Transforming 

Growth Factor beta (TGFP) superfamily [15, 26-32]. 

Growth Factors of the TGFp family encompass a large group ofmultifunctional cytokines. 

The family is comprised of TGFps, activins, bone morphogenic proteins (BMPs), and others. 

This large group of cytokines regulate cell growth, differentiation and apoptosis, in nearly aIl cell 

types where their receptors are expressed [33]. Due to their important role in the cell proliferation 

regulation, whether they are epithelial, endothelial or haematopoietic cells, disruption in the 

signaling of TGFp superfamily members can contribute to carcinogenesis. In later cancer stages, 

the growth-inhibitory role of TGFp is often replaced by a stimulatory role. By stimulating 

angiogenesis, the expression of matrix metalloproteinases, and by inhibiting the immune defence, 

this promotes metastasis [34, 35]. These observations highlight the dual role of TGFp as both a 

tumor suppressor and a tumor-promoting agent, depending on the temporal and cellular context 

[36-38]. Given the critical role of the TGFp superfamily of growth factors in the regulation of 

cell growth and apoptosis, we chose to explore the signal transduction mechanisms downstream 

of the activin/TGFp receptors that regulate cell growth arrest/apoptosis in immune cells. 

The aim of this investigation was to characterize the molecular mechanisms by which 

activin and TGFp induce cell growth arrest and apoptosis in immune cells. The research 
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presented in this thesis has uncovered previously undescribed signaling pathways involved in its 

actions leading to ceU growth arrest and apoptosis. 

This thesis is divided in four chapters. 1 will first review the literature covering the 

different TGF~ superfamily growth factors and their biology. In Chapter 2, 1 will demonstrate 

that the TGF~ family members regulate apoptosis in haematopoietic cells through the expression 

of the inositol phosphatase SHIP-l, which is a central regulator of a phospholipid metabolism. In 

addition, 1 will demonstrate the requirement of the Smad pathway in the transcriptional 

regulation of the SHIP-1 gene promoter. In Chapter 3, 1 explore the transcriptional regulation of 

the SHIP-l gene promoter more detailed. This section illustrates that not only the Smad pathway, 

but also the stress JNK MAP kinase pathway, is involved at the transcriptional level. The 

findings presented in Chapters 2 and 3 are unified during the last chapter, which consists of a 

general discussion. Our results link for the first time phospholipid metabolism to activin/TGF~

mediated apoptosis. Our results define and suggest that the TGF~ ligands as potent inducers of 

the SHIP-l expression in immune ceU types. 

1.2. General Features 

The TGF~ related growth factors belong to a large family of cytokines that have been 

implicated with a multitude of ceUular responses, ranging from development to ceU-cycle 

regulation and induction of apoptosis [19, 22, 26, 39-43]. Studies in the last fifteen years have 

identified homologous TGF~ family members in humans and all animal organisms explored [44-

46]. The complex and, at times, paradoxical behaviour of the TGF~ family members in 

promoting or inhibiting cell function, is critical to normal physiology and homeostasis. This 

makes the TGF~ ligands family, a particularly intriguing group of molecules to study. Much 

information has been gained from the study of transgenic mouse models displaying targeted 
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disruptions at different levels of the TGF~ expression and signaling. The essential functions and 

biology of the TGF~ family members elucidated by these models are detailed in Table 1.1. (pages 

16-17). 

TGF~ ligands are dimeric molecules composed of two subunits linked by a disulfide 

bridge. They bind to a specific group of transmembranal serine/threonine receptor kinases known 

as TGF-~ Receptor (T~R) type l, type II and type III. The signaling pathways activated by these 

growth factors modulate the expression of different target genes, either through transcriptional 

activation" or repression [47-49]. Their effects are mediated by a group of intracellular signaling 

molecules called Smads. These mediators are divided in three categories: Receptor activated 

Smads (R-Smads), Common mediator Smad (Co-Smad) and the Inhibitory Smads (I-Smads) [15, 

26, 32, 43, 50-55]. Of the immediate responses triggered by TGF~ ligands in a given ceIl, over 

halfresult in activation and the rest result in the repression oftarget genes. 

The TGF~ superfamily of growth factors and cytokines was first recognized in the late 

1980s [29, 56-59]. Since then, from Drosophilae melanogaster to Homo sapiens, more than 50 

family members have been identified, constituting the largest family of cytokines ever described 

[60-65]. A phylogenetic tree of representative members of the TGF~ superfamily is presented in 

Figure 1.1 (pages 6-7). Furthermore, the TGF~ superfamily members and the different 

components of their signaling pathways have been highly conserved through out evolution. [63, 

65-69]. Different types of evidence have demonstrated that close related family members have 

the ability to perform the functions of their homologues when expressed in distant species, 

further supporting their high conservation level [70, 71]. The intracellular TGF~ signaling 

pathways are also highly conserved. Figure 1.2 summarizes the different general steps that are 

involved in TGF~ signaling (pages 8-9). 
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In summary, the various biological functions of members of the TGF~ superfamily are 

illustrated in Figure 1.3 (pages 10-11). These functions highly depend on the cellular and 

temporal context. These include regulation of early embryonic development [72], cell-cyc1e 

control [73] and arrest, cell proliferation [74-76] and differentiation [77], extracellular matrix 

formation [78-81], angiogenesis [82], and immune functions such as haematopoiesis [83], T/B 

cell differentiation [84], inflammation and wound healing among others [34, 85-89]. Given these 

many essential functions, any disruption in the TGF~ signaling or loss responsiveness to TGF~ 

can result in pathological conditions, in particular malignant diseases [88, 90-92]. Figure 1.3, 

illustrates the actions of activin and TGF~ in different targeted cells (pages 10-11). 
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Figure 1.1. Transforming Growth Factor f3 superfamily. A schematic representation of a 

dendrogram that shows the evolutionary relationship among the different related members of the 

TGF~ superfamily [93]. Relationships have been based upon amino acid sequence (not shown) 

particularly in the ligand regions. 
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Figure 1.2. The TGFp signaling pathway. Schematic representation of the general steps 

involved in TGF~ signaling in cellular systems. In the TGF~ signaling machinery, inductive 

signaIs may be either TGF~ or non-TGF~ molecules that can initiate the TGF~ production, which 

is subjected to different post-translational modification and protein maturation. Then the mature 

and active TGF~ ligands exert their biological effects by binding themse1ves to their respective 

expressed-receptors in different cellular systems. 
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Figure 1.3. Effects of the TGFI3 and activin in different targeted tissues and cellular types. 

Schematic representation of the different TGF~ and activin effects in different biological systems. 

The roles of these growth factors have been implicated in different biological and physiological 

processes, as illustrated. 
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This group of growth factors has been related to oncogenesis for many years [42]. 

OriginaIly, several groups were named TGF~ in adifferent way. For example, TGF~1 was also 

considered as the Cartilage Inducing Factor [94], glioblastoma immunosuppressive factor [95, 

96], myoblast differentiation inhibitor factor [97, 98] and epithelial growth inhibitor [99]. AlI 

these observations demonstrated that the different molecules that were measured, end up being 

the TGF~ protein [73, 76, 100-102]. 

The multifunctional effects of TGF~ endow it as both a tumor suppressor and tumor 

promoting activity, depending on the stage of carcinogenesis and the responsiveness of the tumor 

cell. TGF~ ligands have the ability to inhibit epithelial cell growth through the induction of 

apoptosis and cell cycle arrest, thus contributing to a tumor suppression during the early stages of 

carcinogenesis [103-107]. However, later in their development, many tumor celIs 10se their 

responsiveness to the growth inhibitory actions of the TGF~ [69]. The 10ss of the TGF~-growth 

inhibition is associated with increased invasiveness and metastasis of tumor cells [108-114]. In 

addition, cancer cells have developed numerous molecular mechanisms for escaping the host's 

immune response, either by successfully evading a functional immune system or by suppressing 

the immune attack. Recent evidence suggest that the TGF~ family members are key cytokines 

used to escape the host's immune response [115, 116]. As mentioned before, the TGF~ 

superfamily consists of several structurally related cytokines including the TGF~s, activins and 

bone morphogenic pro teins (BMPs). l will now discuss these different family members in detail. 
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1.3. The TGFp Superfamily 

1.3.a. TGFp Subfamily 

TGFp is the prototype and founding member of one of the largest families of structuralIy 

related growth factors and polypeptides ever reported [58]. The TGFp subfamily is composed of 

five isoforms. Three of them are found in mammals: TGFp 1 [32], TGFp2 -also known as 

polyergin [117-120], and TGFp3 [121-125]. In addition, the chicken TGFp4 [126] and Xenopus 

laevis (TGFP5), both homologues ofTGFpl, are included in this family. AlI TGFp isoforms are 

encoded by distinct genes, located on different chromosomes [127-130]. 

TGFp ligands can form homo- and hetorodimers. These heterodimeric associations can 

occur between TGFp 1 and TGFp2 and between TGFp2 and TGFp3 [131, 132] . The dimers are 

linked through disulfide bond and have a molecu1ar mass of approximately 25000 Da (25 kDa). 

Based on their amino acid sequence, TGFp ligands have been found to be highly conserved 

through evolution, and have pleotropic effects. Their effect on different celI types ultimately 

depends on the molecular and temporal context in which they act [26, 133, 134]. The various 

TGFp isoforms have been shown to bind to the same group of TGFp receptors type II in vitro, 

and have similar actions. However, the different TGFp ligands present distinct expression levels 

in vivo. Knockout models featuring selective ablation ofTGFpl, TGFp2 or TGFp3 support these 

findings. While there is an overlap between the phenotypes of the various knockouts, subtle 

differences indicate many specific functions of the TGFpl, 2 and 3 [64, 135, 136]. The TGFpl 

and TGFp2 appear to have similar functions. Yet it has been suggested that the TGFp 1 p1ays a 

more important role in certain immune functions, while the TGFp2 regulates mesodermal 

induction [137, 138]. Transcriptional analysis of the different TGFp ligands indicates, that each 
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TGFp isoforms is regulated in a independent manner [139]. Table 1.1 (page 14-17) summarizes 

the different murine knockout phenotypes of the different components involved in the TGFp 

signaling pathways. 

In addition, TGFp ligands have a central role in the inhibition of cell cycle progression in 

epithelial and haematopoietic cell populations. They also control the proliferation and 

differentiation of mesenchymal cells; TGFp ligands are considered to be strong inducers of 

extracellular matrix deposition. This feature makes them critical players in wound healing, 

beyond their contribution to control the injury immune response [64, 88, 140]. The action sites of 

the various TGFp isoforms are illustrated in Figure 1.3 (pagesl0-ll). 

1.3.b. Inhibin and Activin Subfamily 

Inhibins and activins are members of the TGFp superfamily of growth factors. These 

growth factors, were initially identified as important growth factors because of their role in the 

regulation of the anterior pituitary gland [141, 142]. Inhibins were isolated in 1985 from bovine 

and porcine follicular fluid [143-146]. These hormones were found to be produced in two forms 

through dimeric association linked by a disulfide bridge between an a subunit of 18kDa and one 

oftwo related p subunits, pA and PB, with an approximately 14kDa molecular weight. Inhibin A 

is composed by an a-pA and inhibin B of a and pB subunits [143, 145, 147, 148]. Inhibins have 

the ability to suppress the synthesis and secretion of the FSH [145, 147]. 

Activins are related to inhibins. They form dimers composed oftwo p subunits [146, 149, 

150]. Activins were first discovered and characterized for their ability to regulate the production 

of FSH from anterior pituitary cells. They were originally isolated from gonadal fluid in 1986 

[151, 152]. Two groups of activins were identified: either homo- or heterodimers that include an 
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inhibin ~ subunit [145, 153]. Until now, five ~ subunits have been reported: ~A, ~B, ~C, ~E and 

~D, but only a single a subunit has been identified [146, 149, 154]. The activins isoforms 

represent an array of possible dimers: activin A (~a~a), activin B (~b~b) and activin AB (~a~b) 

[155]. The three remaining activin-related ~ subunits ~C and ~E in mammals and ~D inXenopus 

laevis, do not appear to play an important role in FSH regulation [149, 156-162]. 

Activins are not only important for different reproductive functions [163-167], but are 

also involved in the early stages of development, where they promote mesodermal induction and 

erythroid cell differentiation as documented inXenopus sp. [141, 142, 152, 168-174]. In addition, 

activins are important negative regulators of cell growth. The antiproliferative and the more 

recently discovered proapoptotic, effects of these growth factors have been reported in many 

different tissues and cell types such as erythroleukemia cells [175, 176], capillary endothelial 

cells [177,178], hepatocytes [179,180] and breast cancer cells [181], as weIl as in various 

immune cell types [182-184] such as plasmocytoma cells [84]. Interestingly, mutations in the 

different components of the activin signaling pathway have also been found in different types of 

cancer. These observation are consistent with the critical role of TGF~ in cell growth regulation 

in cancer development [185-195]. 
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Table 1.1. TGFp and related family members knockout (-/-) phenotypes. 

GENE/Ligand Phenotype Ref. 

TGF pl Present defective yolk sac hematopoiesis and severe vascular endothelial differentiation. 50 
Lethal phenotype at El 0.5 or around P2I. Dual phenotype that survives by maternaI TGF~ 1 440 
transference or rescued by TGF~ administration. Born normal but dies at P20-28 from an excessive 441 
multifocal inflammatory disease assicauted with tissue necrosis. 

TGF p2 Perinatal death. Presents multiple several defects in different anatomical structures such as: heart, 51 
lung, craniofacial, limb, spinal column, eye, inner ear, urogenital system. 

TGF p3 Lethal phenotype, which dies before Pl due to lung development delayed and with defective 52 
palatogenesis. Mice do not present craniofacial defects. 53 

Activil1 pA Lethatl phenotype, which dies before Pl. Lack ofwhiskers and lower incisors related with 
significant craniofacial defects including cleft palate. The newborns are not capable to suckle. 76 

Activil1 Bb Newborns with severe failure of eyelid fusion and profoundly impaired reproductive ability of the 
females with perinatallethality incidence. Completely viable and fertile; incompletely penetrance 77 
eyelid fusion defects. 78 

Activil1 pAl pB The combined phenotype of the single mutants. 76 

Type J receptors Phenotype Ret'. 

T pRI They die at midgestation stage of severe defects in vascular development of the yolk sac and 26 
placenta. 

ActRIA They present a significant arrest at early gastrulation. Severe abnormal visceral endoderm 
associated with a critical and severe disruption ofmesoderm formation. 126 

ActRIB During development there is a severe disruption of epiblast and extraembryonic ectoderm. The 
embryos show growth arrest at egg cylinder stage, before going to gastrulation. 127 

ALKI Organisms die at midgestation of severe vascular abnormalities. Formation of cavemous vessels 
associated with hyperdilation of large vessels. This observed phenotype is due to a deficient 
differentiation and recruitment ofvascular smooth muscle cells. 123 

Type II Phenotype Ret: 
ReœptOl S 

T pRIl Embryonically lethal around El 0.5. Lethal phenotype due to defects in yolk sac hematopoiesis and 
vasculogenesis processes. 25 

ActRIlA Approximatelly 22% present defect at the skeletal and faciallevels such as cleft palate, eyelid 
closure defects. The organisms dies shortly after birth; the remaining organisms show no 
phenotype except a suppressed FSH secretion and reduced fertility. 198 

ActRIlB Multiple defects related to left-right axis formation. Similar defect on the anteroposterior 
patterning observing randomized heart position, malposition of the great arteries, ventricular and 
atrial septal defects, right pulmonary isomerism, splenic abnormalities, and vertebral pattern 
anomalies. Perinatally lethal a few days after birth. 199 

ActRIIA/B Embryonically lethal at E7.5. Gastrulation failure and primitive streak formation is observed at the 
same embryonic time (E7.5). 175 
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Table 1.1. (Cont ... ) TGFfJ and related family members knockout (-/-) phenotypes. 

Type III Phenotype ReL 
ReLCptors 

Endoglin 

Smads 

Smadi 

Smad2 

Smad3 

Smad4 

Smad5 

Smad6 

The phenotype observed is embryonic lethal at 10.0-11.5. The embryos present an impaired 
vascular development and maturation, and cardiac defects. 

Phenotype 

Embryonically lethal at E9.5. Fail to establish chorion-allantoic circulation. 

Embryonically lethal at E7.5-8.5. Do not form an egg cylinder or a primitive streak. Lack 
mesoderm and fail to gastrulate. 

They are viable and fertile. Develop severe metastatic colorectal adenocarcinomas at 4 to 6 months 
of age. Die between 1 and 8 months due to a defective immune function: thymic involution, 
enlarged lymph nodes, and formation ofbacterial abscesses adjacent to mucosal surfaces. Small 
but viable; early forelimb malformation; survive until adulthood. Accelerated wound healing: 
increased rate of re-epithelialization and reduced local infiltration of monocytes. 

The organisms are embryonic lethal at E6.5-8.5.They fail to gastrulate or form mesoderm related 
with severe abnormal visceral development. 

They die at E 10.5-11.5 due to defects in angiogenesis with massive apoptosis of mesenchymal 
ceUs. 
Lethal phenutype. Die at E9.5-11.5; defects in yolk sac vasculature, gut, heart, neural tube, left-
right asymmetry. 
They present severe defects in left-right asymmetry; low leftyl expression; symmetrical nodal, 
lefty2 and Pitx2 expression. 

This phenotype presents multiple cardiovascular abnormalities including hyperplasia of cardiac 
valves and aortic ossification. 

124, 
125, 
201 
ReL 

165 

166, 
167, 
168 

169, 
170, 
171, 
172 

173, 
174 

176, 
177, 
178 

153 

17 



1.3.c. BMPs Subfamily 

The bone morphogenic proteins (BMPs) constitute the largest subfamily within the TGF~ 

superfamily with over 20 members (Figure 1.2, page 7). Initially the first BMPs were isolated 

from bone extracts. These new molecules had a strong bone and cartilage formation indue ers 

[196]. Since their characterization, BMPs have been widely implicated in several early 

developmental events, which are constantly maintained as later organogenesis occurs in both 

invertebrates and vertebrates [197, 198]. Mutation analysis performed on Drosophila sp. have 

shown various BMPs phenotypes. For example, the ablation of the decaplentaplegic (dpp) gene 

shows a particular phenotype which presents a set of various deficiencies and duplications of 

different structures of the fly [199]. Furthermore, two mammalian homologues of dpp, BMP2 

and BMP4, have been identified as inducing factors that are responsible for the ectopie cartilage 

formation [200]. BMPs play an important role as a critical factors involved during different 

developmental stages in Xenopus sp, [20 l]. During these embryonic events, BMPs affect the 

patteming of the mesoderm, dorsalization and the formation of eyes and wings in Drosophila sp., 

development [174, 200, 202, 203]. Within the BMPs subfamily the BMP5 subgroup has 

important physiological roles. In this family, the BMP5, BMP6/Vgrl, BMP7/0P1, and 

BMP8/0P2 are included members were aIl identified as bone-inducing proteins [204-207]. 

Interestingly, in association with the BMP2 and BMP4, this subfamily has been shown to be 

involved in the development of almost every anatomical structure and they have important roles 

in neuronal development [203, 208]. In addition, two other related members have been identified 

in a search for mammalian homologues for V grl, which was previously discover in Xenopus sp., 

oocytes [209] and BMP6/Vgrl [210]. Whatron and colleagues identified the 60A family member 

in the Drosophila sp, during the searching for homologues ofthe TGFp [211]. 
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1.3.d. GDNF subfamily 

The Glial cell-Derived Neurotrophic Factor (GDNF) subfamily encompasses GDNF, 

neurturin [212], artemin (ART), and persephin (PSP) factors [213-223]. Originally GDNF was 

isolated as a factor able to induce survival in midbrain dopaminergic neurons [221]. GDNF 

promotes the survival of other peripheral and central neuronal types but also affects kidney 

development [224]. 

Based on these features, it has been proposed that this ligand may be a promlsmg 

candidate to be used as a treatment for different nervous diseases [225, 226]. The GDNF -1- mice 

phenotype is embryonically lethal. These mice die at early stages due to severe developmental 

defects wich affecting the formation of that neural structure, kidneys and stomach [226]. The 

severe lethality of this phenotype does not permit the evaluation of its role in neuronal and 

organelle development. Nevertheless, the generation of condition al knockout mice for GNDF has 

helped to resolve this problem as weIl as to study the actions ofthis neuronal factor [227, 228]. 

Interestingly, it has been reported that GDNF ligands, signal through a completely 

different receptor system. This signaling pathway is mediated via the Ret tyrosine kinase receptor 

which is a completely different signaling receptor complex than the rest of the other TGF~ 

ligands superfamily [106, 229]. Briefly, the GDNF signaling pathways are activated by the 

binding of a GDNF dimer to a multicomponent receptor complex, which is composed of a pair of 

two subunits of glycosylphosphatidylinositol-linked ligand-binding protein named GFRal, 

which induces the receptor dimerization with two subunits of Ret. Following this, the two Ret 

molecules are transphosphorylated on specific tyrosine residues in their tyrosine kinase (TK) 

domains. This phosphorylation event leads to the activation of intracellular downstream signaling 

pathways. Interestingly, it has been reported that the GDNF can signal in a Ret-independent 
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manner [221]. In this scenario, a GDNF/GFRa1 dimer-receptor complex is able to interact with 

the neural cell adhesion molecule NCAM, inducing GDNF signaling in the absence of Ret 

tyrosine receptor, which induces the activation of the Src-like kinase, Fyn, targeting downstream 

phosphorylation events of different intracellular targets [230, 231]. 

1.3.e. Other divergent members 

1.3.e.i. Mullerian Inhibiting Substance (MIS) 

Another important group included in the TGF~. superfamily is the MülIerian inhibiting 

substance (MIS, or anti-MülIerian hormone, AMH). This subgroup is composed of the MIS and 

the Iefty! and 2 [232]. It has been shown that the Sertoli cells of the testis synthesize MIS, 

inducing the regression of the MülIerian duct in male embryos during embryogenesis. These 

observations are supported by the MIS -/- male mouse model (or male MIS receptor deficient mice, 

AMHR-/-), which results in internaI pseudohermaphroditism with uterine and ovarian tissue 

bedding [233, 234]. Inactivating mutations of the MIS (or AMHR) have been described in 

humans, which prove the MülIerian duct syndrome (PMDS) in humans [233, 234]. 

1.3.e.ii. NODAL 

Within the TGF~ superfamily, the Nodal has been considered as an intermediate member 

involved in the axial mesoderm induction as well as in the left-right asymmetry during 

development [208, 235, 236]. In similar context, the Dorsalin and GDF8 are considered 

intermediate famiIy members as well. It has been shown that these two famiIy members are 

important regulators for cell differentiation of the neural structure such as the neural tube, as well 

as in the inhibition ofskeletal muscle growth respectively [231, 237-239]. 
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1.4. TGFp Signaling Pathway 

The TGF~ signaling pathway can be divided into four general regulatory steps. First, an 

active TGF~ ligand is generated after the transcription, translation and secretion from a signaling 

cell. The ligand then traverses through the intercellular space where it can either be stored, 

associated to various extracellular matrix proteins, or it can interact with a complex of receptors 

on the surface of target cells. Upon association of ligand with this receptor complex, specific 

intracellular messengers known as Smads are activated. FinaIly, the activated Smad complex 

translocates to the nucleus, where it associates with different binding partners, regulating either 

positively or negatively the expression of specific target genes (Figure 1.4 pages 22-23). Similar 

to other signal transduction pathways, each step of the TGF~ signaling pathway is under strict 

regulation [26, 55, 69, 240]. 

1.4.a. TGFp Serine/Threonine Kinase Receptors 

1.4.a.;. Type 1 and Type II TGFp Receptors 

TGF~ and activin interact with a receptor complex formed of two different receptors, 

Type l and Type II. These two serine/threonine receptors consist of approximately 500-

aminoacid sequences. They contain an extracellular domain, a single transmembranal region and 

a large intracellular domain, which includes the serine/threonine kinase domain. 

Upon ligand binding to the type II receptor, the type l receptor is recruited into the 

complex [241-243]. Under basal conditions, type II receptors for TGF~ and activin are 

phosphorylated on serine and threonine residues but type l receptors are not [244-249]. 

Following ligand-induced receptor heterodimerization, the type l receptor is rapidly 

transphosphorylated by the kinase domain of the Type II receptor [245, 250-252]. 
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Figure 1.4. TGFfJ signaling pathway. Members of the TGF~ ligands associate with a specific 

group of serine/threonine kinase receptor that subsequently recruit and activated the downstream 

molecule known as Smads. These molecules are the canonical signaling molecules, which 

modulate at the transcriptionallevel, according to the TGF~ ligands reponse. Once in the nucleus 

the regulation 

of different regulated target genes takes place with the specific associated co-repressors or co

activators in different cell types [253,254]. 
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Phosphorylation of the type l receptor occurs in the juxtamembrane domain of the 

receptor, a region rich in glycine and serine residues known as the GS box [245]. This do main 

has been found to be highly conserved among aIl type l receptors of the superfamily. Ligand

induced phosphorylation of the serine and threonine residues in the GS box is required for a full 

activation of signaling by the TGF~ and activin type l receptors [245, 255, 256]. 

Within the GS box of type l TGF~ receptor, the penultimate residue at the boundary of 

the kinase do main is always a threonine or glutamine residue. Mutation of these residues to 

aspartate or glutamate endows the receptor with elevated kinase activity in vitro, and constitutive 

signaling activity in the cell. Mutation of the threonine residue to aspartate, known as T ÔD, 

generates a constitutively active receptor fully capable of transmitting a signal in the absence of a 

ligand or type II receptor activation [250, 256]. Figure 1.5 illustrates the main regions of the two 

types of TGF~ receptors (pages 26-27). The top figure indicates the three main major regions of 

the TGF~ type II and type l receptors. The bottom figure illustrates in a more detailed way the 

different regions and domains of the TGF~ receptors. 

I.4.a.ii. Type III TGFp Receptors 

An additional class of receptors, known as type III receptors, was discovered using ligand 

cross-linking experiments. This group of receptors consists of two related proteins, beta-glycan 

(~-glycan) and endoglin [257, 258]. It has been observed that these receptors lack of intrinsic 

signaling activity: therefore, it has been suggested that they regulate and stabilize TGF~ access to 

the signaling receptors. In addition, ~-glycans have been reported to bind to aIl three TGF~ 

ligands with high affinity [259, 260], and to facilitate ligand binding to type II receptors [51,258]. 

In contrast, endoglin has been shown to bind to TGF~ 1 and TGF~3, but not to TGF~2 [261]. 

24 



Figure 1.5. TGFp Receptors. A schematic representation of the different regions of the TGFp 

type II and type l receptors. The top figure illustrates the three main regions contained in the two 

types of receptors. The bottom figure illustrates in more detailed way the different domains and 

regulatory regions that de termine the regulation of the receptor at the ligand binding and kinase 

activity respectively. 
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1.5. TGFp Intracellular Signaling Mediators 

Upon ligand binding to the constitutively phosphorylated Type II receptor, both TGFb 

and activin initiate their singaling pathway. The type II receptor then recruits the type 1 receptor, 

and through phophorylation in the GS domain, induces activation of the type 1 receptor kinase. 

The activated receptor complex then recruits the Smad proteins, the canonical downstream 

signaling molecules for these serine/threonine kinase receptors [58, 63, 65-67, 69, 262-264]. 

1.5.a. Smads 

1.5.a.i. Classification of Smads 

Based on their different functions, Smads are divided into three families: (1) the receptor

regulated Smads (R-Smads), which are found to be the direct substrates of the TGF~ type 1 

receptors, (2) the common-partner Smad (Co-Smad) that heterodimerizes with the R-Smads upon 

ligand stimulation, and [265] the inhibitory Smads (I-Smads). The last ones are responsible for 

inhibiting signaling by the other two groups ofSmads [15,62]. 

The R-Smads Smad2 and Smad3 mediate the signaling from the TGF~ and activin 

ligands through the T~R-I/Alk5 and ActR-IB receptors, respectively [266-268]. The BMP 

signaling is mediated through the R-Smads 1, 5 and 8 which become phosphorylated and 

activated by the ActR-I, BMPR-IA or BMPR-IB receptors [269]. The Co-Smad, Smad4 (also 

known as DPC4, deleted in pancreatic carcinomas), appears to be the critical player on both 

BMP- and TGF~/activin-mediated pathways. The affinity of the Smad4 for the different R-Smad 

molecules is significantly increased through phosphorylation of the C-terminal part of R-Smads 

leading to the formation of a complex [270, 271]. 
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The third class of Smads, I-Smads, includes members such as the Daughters against dpp 

(Dad) in Drosophila [272] and Smad6 and Smad7 in vertebrates [273, 274]. The I-Smads are 

characterized as inhibitors of the TGFWactivin and signaling pathways. It has been shown that 

the TGFB, activin and BMP ligands directly induce the expression of the I-Smads. Based on this 

last feature, the I-Smads have been proposed to function as negative feedback loops, thus 

limiting the signal transduction pathway induced by TGFB ligands [275]. 

Different studies have described the mechanism by which the I-Smad blocks vary the 

TGFWs signaling pathways [273, 276, 277]. Briefly, I-Smads are capable of interacting stably 

with the type l receptor, thus competing with R-Smads and blocking their further activation [273, 

276, 277]. Interestingly, an alternative mechanism of inhibitory actions for the Smad6 has been 

described. In this scenario, the Smad6 seems to compete with the Smad4 for binding to the 

Smad l, thereby preventing the formation of a functional heteromeric Smad IISmad4 complex 

[274]. On the other hand, the Smad7 is widely considered as the general inhibitor for the TGFB 

superfamily-induced response whereas the Smad6 is a blocker of the BMP-mediated signaling; 

[278] although to date this conclusion remains controversial [276]. 

I.S.a.;;. Identification of Smads 

Smads were initially identified when screening for second-site mutations which enhanced 

the severity of mutations in the TGFB family members. The first Smad to be characterized was 

the Mothers against dpp (Mad) in Drosophila. Mad mutations were identified by their ability to 

act as dominant maternaI enhancers of dpp mutant phenotypes [279,280]. Subsequently the sma-

2, sma-3 and sma-4 were identified in the C. elegans based on their ability to replicate sorne daf-

4 (TGFB Type II receptor) mutant phenotypes [281]. Subsequent, sequence analysis of the sma 

genes with Mad shows extensive amino acid conservation. The conserved sequences were used 
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to identify similar proteins in vertebrates. The vertebrate homologues of the mad- and sma-genes 

were dubbed smads [279-283]. 

I.5.a.iii. Structure of Smads 

Structurally, the Smad proteins present three important domains. The N-terminal and C

terminal regions of the R-Smads and the Co-Smads display a great de al of homology and have 

been designated as the Mad homology 1 (MH1) and Mad homology 2 (MH2) domains, 

respectively. In addition, a middle proline-rich linker domain exists between the MH1 and MH2 

domain, known as a linker do main [53, 55, 284]. 

The MH 1 do main is known to bind DNA. It is also involved in determining the 

association with different transcription factors. On the other hand, the MH2 domain participates 

in protein-protein interactions and houses the well-characterized SSXS phosphorylation site [285, 

286]. The R-Smads, but not the Co- or I-Smads, contain aC-terminal SSXS motif which is 

phosphorylated upon the receptor's interaction [287]. The MH2 domain is involved in 

establishing both receptor-Smad and Smad-Smad interactions [288]. In addition, structural 

analysis has shown that the specificity between the R-Smads and their interaction with either 

TGFWactivin or BMP receptors, is determined by the L3 loop region within the MH2 domain 

[289-292]. Figure 1.6 illustrates the general molecular structure of Smads (pages 31-32). 
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Figure 1.6. General Structure of the Srnads. This model shows the different key location, 

structures and functions associated with the different regions of the R-Smads. R-Smads are 

composed of three regions as indicated: Two main domains that are highly conserved known as 

Mad Homology domains (MHl and MH2) located at the NH2 and COOH-terminal respectively. 

In addition, a non-conservative, middle linker region. In different molecular models it has been 

observed that in R-Smads, the MHl domain regulates the association with DNA and contains a 

nuclear localization signal (NLS). The MH2 domain is a multifunctional region that is involved 

for different intra- and intermolecular interactions associated with different transcriptional 

transactivation activities. Smads are phosphorylated in response to the TGF~ ligands on critical 

serine residues at the C-terminus. 
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l.5.b. The Smad Signaling Pathway 

TGF~ stimulation induces the receptor heterodimerization and activation, followed by the 

recruitment and activation of R-Smads by the activated Type l receptor [15, 52, 62]. 

Interestingly, R-Smads have been found to be in association with cytoskeletal elements such as 

the microtubules. Different studies have demonstrated that the microtubules play an important 

role in gui ding the Smads to the plasma membrane [293, 294]. These results showed that a 

particular FYVE-domain containing protein known as "Smad Anchor for Receptor Activation" 

SARA, modulated the proper location of the R-Smads at the plasma membrane. The FYVE

domain module is a protein structure found in another group of proteins, which are widely 

associated to the endosome formation [293]. The FYVE-domain prote in is able to interact 

directly with Smad2 and Smad3. The role of SARA is to recruit the R-Smads by controlling the 

subcellular localization ofR-Smads and by interacting with the TGF~ receptor complex when the 

signaling pathway is initiated. However, while the receptor-mediated phosphorylation and 

activation of the R-Smads induces their dissociation from SARA, they are able to bind to the 

Smad4 and translocate to the nucleus [293, 295]. Mutations of SARA induce the mislocalization 

of R-Smads, resulting in decreased TGF~-dependent transcriptional responses. These 

observations suggest that the proper regulation of the Smad localization is crucial for TGF~ 

signaling. Therefore, these observations consider SARA as an essential component of the TGF~ 

pathway that brings the R-Smad substrate to the activated TGF~ receptor complex. 

Phosphorylation of the R-Smads upon ligand activation occurs at the C-terminal region, 

specifically on the serine residues of the SSXS motif. This phosphorylation causes the release of 

the auto-inhibitory intramolecular interaction between the Mad-homology 1 (MHl) and Mad

homology 2 (MH2) domains of the R-Smads. This allows hetorodimerization with the common 
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partner Smad4 [41]. Subsequently, the Smad complex translocates to the nucleus, where it can 

associate with different co-activators and/or co-repressors of transcription, regulating the 

expression ofvarious target genes in a differential way [15, 33, 55, 68, 69, 73, 296]. 

Interactions between Smad2 and Smad3 and their Type l receptors are mediated through 

SARA proteins in human and in Xenopus [293]. No counterparts have been identified to date for 

Sara for Dpp/BMP signaling Smads. Co-Smads, including Drosophilae medea and vertebrate 

Smad4, act in association with R-Smads from multiple pathways. Co-Smads lack the SSXS 

phosphorylation sequence in their MH2 domain, making them unresponsive to direct Type l 

receptor activation [297]. However, R-Smads and Co-Smads form multimeric prote in complexes 

with each other [298]. R-Smad activation is necessary for a Co-Smad accumulation within the 

nucleus [299]. Promoter gene regions of various TGFB-regulated target genes containing R

Smads binding sites also house Co-Smad binding sites [300]. These observations suggest that 

multimeric protein complex formation is required for Co-Smads to exert an effect on target genes, 

while R-Smads have the ability to function in the nucleus with or without Co-Smads. Figure 1.7 

illustrates the general activated Smad signaling through TGFB ligands (pages 35-36). 
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Figure 1.7. Smad signaling pathway. Smad molecules play a central part in the mediation of 

the TGF family member signal transduction. Once the receptor's complexes are activated, the 

affinity of the Receptor Smads, R-Smad2/3 for SARA diminish and they are recruited by the 

activated Type 1 receptor, which subsequently phosphorylates them at the C-terminus. 

Phosphorylated R-Smads2/3 translocate to the cytoplasm in order to associate with the common

Smad, Co-Smad Smad4. Once the Smad2/3/4 complex is formed, it travels towards the nucleus 

where in association of different co-activators or co-repressors, they regulate the transcription of 

several target genes. 
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I.5.c. Cross-talk between Smad and MAP kinase pathway. 

1.5.c.i. N on-Smad Pathways 

Smads are important key players in the TGFWs family members signaling pathways. 

However, accumulating new evidence has shown that other signaling pathways are also activated 

downstream of these growth factor receptors. Different reports indicate that both TGF~ and BMP 

could send signaIs through the Jun N-terminal kinase (JNK) and p38 MAPK pathways [86, 181, 

301-304]. To date, the different molecular and biochemicallinks between TGF~ receptor and the 

different downstream MAP kinase signaling pathways has not been completely elucidated. Based 

on different studies, one potential candidate has been suggested, one who can link these two 

signaling cascade systems, the TGF~ activated kinase, TAKI, member of the MAPK kinase 

kinase (MAPKKK) family [305-307]. 

The TGF~ can rapidly activate the JNK signaling pathway via MKK4 (MAPK kinase 4) 

[302]. In a similar context the p38 is activated by the TGF~ via the p38 upstream MAPK kinase 3 

(MKK3) [303]. These activated signal pathways lead to the transcriptional activation of the 

downstream target genes. Moreover, activin can induce the p38 signaling and phosphorylation of 

the transcription factor ATF2 in human breast cancer cells [181]. These results support the 

observations made by Sano and colleagues, which revealed an interaction between the basic 

leucine zipper region of ATF2 and the MH1 domain of Smad3 and Smad4 [301, 303]. Recently, 

our lab demonstated that both the p38 MAP kinase and Smad pathways are required for activin

mediated cell growth inhibition in breast cancer cells. These results clearly highlight the 

complexity of activin signaling leading to gene activation [181]. In addition, the possible 

involvement of other molecular factors involved in the linking of TGF~ and MAPK cannot be 

ruled out. In this context, other factors such as T AB 1 and XIAP might be located further 
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upstream in the signaling pathway affecting the TAKI activation [308]. During the last decade, a 

large amount of information has accumulated, describing the cross-talk between the several 

components of the TGF~ signaling pathway with those of the MAP kinases signaling pathways. 

For instance, the Erk-activated Ras pathway is able to exert a modulatory effect at different 

levels of the TGF~ signaling cascade [309-313]. 

In this scenario, the Erk has been shown to modulate the TGF~ signaling pathway by 

decreasing the expression of a TGF~ receptor in H-Ras transformed rat's intestinal epithelial 

cells [314]. In addition, the TGF~ and BMP signaling pathways are negatively regulated by the 

oncogenic Ras, which induces a decrease in the accumulation of Smads in the nucleus. This 

Smad cytoplasmic accumulation has been observed upon EGF and HGF stimulation that induces 

phosphorylation of Smadl, Smad2 and Smad3 on MAPK and Erk consensus sites located in the 

linker region [315-317]. This phosphorylation event leads to strong cytoplasmic retenti on of the 

R-Smad, reducing significantly the transcriptional activation and regulation of different Smad

regulated target genes. Mutation of the Erk phosphorylation sites of Smad3, result in a significant 

Ras-resistance rescue of the growth inhibitory effects of the TGF~'s in the Ras-transformed cell 

types. In addition, the EGF stimulation that induces a less extensive phosphorylation and 

cytoplasmic retenti on of the Smad2 and Smad3, compared to the oncogenic Ras, which might 

explain the silencing effect of anti-mitogenic TGF~ functions of the effect of hyperactive Ras in 

different cancer cell populations [316]. Therefore, the Erk MAP kinase pathway is not only 

implicated in the cytoplasmic Smad retenti on, but also in the modulation of the Smad 

transcriptional activity. In this context, it has been reported that the expression of different Smad

interacting co-repressors is upregulated in response to activation of the Erk [318]. 

Figure 1.8 is a general schematic representation of the different signaling cascades that 

interact and regulated TGF~ signaling pathway (pages 40-41). 

37 



I.S.d. Specificity of the Smad signaling pathway. 

A vast body of studies have c1early shown that the different branches of the TGF~ family 

members can regulate several sets of target genes, via their respective downstream modulators 

such as the Smads [288]. Both R- and Co-Smads complexes are capable of interacting with 

distinct DNA sequences known as Smad Binding Elements (SBE). Among these SBE, CAGAC, 

GTCT AGAC and other GC rich domains which are widely weIl and significantly recognized by 

the Smads [33, 319, 320]. The nature of interaction between Smads and their recognized binding 

sequences have been shown to be weak, suggesting that the Smads need the assistance of other 

proteins for correct binding [33]. However, it has also been shown that a specific pentameric 

CAGAC DNA-binding motif occurs significantly in a high frequency within the genome and 

highly recognized by Smads, indicating the possibility of non-specific and promiscuous binding 

of the Smads with DNA can occur. Thus, the participation and involvement of other factors are 

therefore required for increased specificity and a proper target selection. 

Such co-factors are structurally diverse proteins that share the ability to associate with 

Smad molecules and a neighboring DNA sequences [296]. Cell type specific response could be 

explained by the fact that certain co factor combinations are expressed differentially in cell or 

tissue context [300, 321]. 
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FIGURE 1.8 - TGFp and crosstalk between other signaling pathways. TGFp ligands can 

mediate their intracellular signaIs not only activating the Smad signaling pathway, but also they 

can activate other downstream cascades in particular MAP kinase signaling pathways, like the 

Erk, the p38 stress-activated or the Jun N-terminal kinase, JNK, MAP kinase pathways. The 

activation of these pathways lead to increase the activity of different transcription factors that 

regulate the transcriptional regulation of different target genes. 
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The existence of different Smad-associated co-factors has already been shown [322, 323]. 

This raises the question of how the specificity in a Smad signal transduction is achieved. At first, 

the most important groups of Smad associated partners are the molecules named adaptor 

molecules, which are required for proper DNA-Smad interactions [322, 323]. In this context, it 

has been proposed that in order to get a proper DNA binding, Smads, particularly Smad1, 

associates with the olf-associated zing finger, OAZ [321]. Likewise Smad2 binds to the forkhead 

activin signal transducer, FAST, and Mixer [322, 323]. On the other hand, it has been shown that 

the different adaptor proteins OAZ, FAST and Mixer do not have intrinsic transcriptional activity. 

In this case, structural studies have indicated that the recognition between the Smad molecules 

and the adaptor prote in requires a specific bulging a-helix 2 region located in the MH2 domain 

in the Smad proteins and a Smad-interaction domain, which is conserved in the FAST and Mixer 

but not in the OAZ [288, 321, 323]. 

Transcription factors are another important and essential group of Smad-interacting 

proteins [322, 323]. It has been demonstrated that different types of transcription factors can 

associate and form various functional complexes with Smad proteins as it has been demonstrated 

with the for JunB [324], transcription factor binding to immunoglobulin heavy constant Il 

enhancer 3', TFE3 [325], core-binding factor A/acute myeloneus leukemia (CBFAlAML) 

proteins [326, 327] and lymphoid enhancer binding factor liT-cclI specific factor, LEFlITCF 

[328, 329]. Furthermore, it has been shown that the LEFl/TCF is the main mediator for the 

WNT/~-catenin signaling pathway. The LEFlITCF is able to co-operate with Smads in the 

activation of the Xenopus twin, Xtwn, in response to the Nodal related signaIs [329]. Smads 

associate and recruit repressors as weIl as transcriptional activators. Smads can associate with 

repressors such as the TGF~-interacting factor, TGIF [330], Sloan-Kettering Institute proto-
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oncogene (Ski) [331] and Ski-related novel gene N, SnoN [332]. These molecules act as 

repressors and they can bind to histone deacetylases, HDAC, which are generally implicated in 

chrornatin condensation and transcriptional silencing. The HDAC binding counteracts the effect 

of histone acetyltransferase, HAT activity, which is in tight association with the co-activators 

CBP and p300, which are responsible for transcriptional activation [296]. However, the relative 

balance between the levels of co-repressors versus co-activators is thought to be the crucial event 

that determines the final outcome of the transcription. 

I.5.e. Smad interacting partners 

Smads are known to be the canonical molecules that modulate the TGF~ signaling 

pathways [133, 333-335]. Smad3 and Smad4 bind to DNA but with low affinity [33]. Generally, 

these Smads can achieve higher affinity and DNA interaction by physically associating with 

different DNA binding partners [296, 336]. Based on these observations, it has been suggested 

that Smads require a specific association with an interacting partner's proteins that can act as co

activators or co-repressors, which are differentially expressed in different cell types [286, 330, 

334, 335, 337-340]. The interaction of the Smads with the different transcription factors is 

directly mediated through their MH1 or MH2 domains in a cell or tissue dependent way. This 

diversity in mo1ecu1ar association patterns of Smads in reponse to the TGF~ ligands provides a 

base for the observed comp1exity and cellular dependence oftranscriptiona1 regu1ation [300, 321, 

341]. The interaction between Smad' sand its different binding proteins is weIl documentated. 

Exarnp1es of Smad co-activators inc1ude the AP-l family members [342], the core-binding 

factors/acute mye10neous 1eukemia (CBFA/AML) proteins [327, 343-345] DBP/p300 family 

mernbers [345-347], the 1,25-dihydroxyvitamin D3 [348], and the transcription factor ATF2 [181, 

301] among others. Known Smad transcriptiona1 co-repressors inc1ude SKI and SnoN [331, 349] 
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and the TGF~-Interacting Factor (TGIF) that bind to Smad2 and Smad3 in competition with p300 

[350]. Figure 1.9 illustrates a summary of the different groups of Smad's interacting partners 

(pages 45-46). 

1.6. TGFp effects on Cell Cycle 

1.6.a. Cell Cycle 

The eukaryotic cell cycle is a biological process, which is essential for any type of cell in 

order to promote cellular division. In general the cell cycle can be divided in two main phases, 

the interphase and Mitosis. The interphase includes three subphases: G 1, Sand G2. During the 

G 1 phase, the cell prepares itself and aIl the molecular machinery for a DNA replication [335, 

351]. Subsequently, the replication of the genetic material occurs during the S phase. Following 

the DNA replication, the cell goes through the next cell cycle phase known as a gap period, also 

known as G2, where the cell is ready to progress into mitosis. During the mitosis, the genetic 

material is condensed into segregated chromosomes, therefore allowing cytokine sis to occur. In 

addition, it is known that during the development, differentiation, or growth-factor withdrawal, 

cells can enter an inactive period defined as GO, before retuming to G 1 [351]. This natural 

process is tightly regulated at different levels. In order to achieve this regulation, a precise 

control along the different transitory events between the different cell cycle phases is essential. 

The transition from the G 1 to the S phase depends on two types of proteins: cyclins and cyclin

dependent kinases (cdks) [352-357]. 
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Figure 1.9. Smads and their interacting associated partners. RSmad-Smad4 complexes are 

able to intcract with severa! DNA binding co-repressors or eo-aetivators in different ways. These 

protein-protein associations allow the formation of the transcription complex that will 

differentially regulate the expression of target specifie genes. 
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I.6.b. TGFp-induced cell growth arrest 

One of the critical roles of the TGFp is to inhibit the epithelial, endothelial and 

haematopoietic cells growth [74-76, 358]. Cancer cells have developed different mechanisms to 

escape cell growth inhibition induced by the TGFp growth factors [26, 37, 104]. Furthermore, it 

has been shown that the TGFp family members have the ability to block the cell cycle 

progression at an early G 1 phase [359, 360]. TGFp actions on cell cycle inhibition are achieved 

by controlling several important regulators of the cell cycle. In this context, it has been reported 

that the first target of TGFp happens to be the retinoblastoma (Rb). TGFp has the ability to 

significantly inhibit the hypophosphorylation ofthe Rb during the cell growth arrest [361, 362]. 

The TGFp-dependent cell growth inhibition also requires the regulation of the cyclin-dependent 

kinases (CDK) activity. The TGFp effects on the CDK have been observed at different levels 

such as their expression [363], or via blocking the cyclin/CDK complex activities as well as the 

upregulation of specific CDK inhibitors [74-76]. 

1.6.c. Cyclins and CDKi as TGFb target genes. 

During cell cycle arrest, TGFp promotes rapidly the expression ofp15 Ink4b (pIS), which 

associates to the cyclin D-CDK4/6 complex. The cyclin D-CDK4/6 complex has been described 

to act as a mitogen sensor at early G 1 phases [42]. The complex formed by Cyclin D-CDK4/6 

can also sequester CDK inhibitors of the Cip/Kip family of proteins, p21 Waf/Cip (p21) and p27 

KipI (p27). 

Induction of an addition al TGFp-regulated prote in, pIS, results in p21 and p27 

displacement from the cyclin D-CDK4/6 complexes, which then become available to target 

cyclin E/CDK2 and Cyclin A/CDK2 complexes [42]. In addition, the TGFp-induced increase 
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expression of p21, promoting its enhanced association with the p27, inactivating the cyclin 

E/CDK2 and cyclin AlCDK2 complexes. The above responses to TGF~ lead to a complete 

abrogation of the G 1 phase cyc1in/CDK complexes. Along with those responscs, the TGF~ 

secures the increasing of the CDK4 levels at the transcriptional levels [103]. Moreover, the 

TGF~ stimulation has been shown to downregulate the Cdc25A, a member of the Cdc26 family 

of tyrosine phosphatases, which removes the tyrosine phosphorylation from the CDKs. The 

outcome ofthis event leads to the further inhibition of the cyclin/CDK complexes [364]. 

Another cellular response to TGF~ that has been described is the transcriptional 

repression of the cell cycle modulating factor c-Myc [365]. This response occurs upstream of the 

CDK inhibition by the TGF~, both temporally and spatially [366, 367]. In addition, the 

overexpression of c-Myc renders cells resistant to the antiproliferative effects of the TGF~ by 

blocking p 15 and p21 transcriptional induction [368, 369]. Moreover, it has been described that 

the repression of c-Myc is achieved by a prote in complex that includes pl07, a member of the Rb 

protein family, along with the E2F4, E2F5 and Smad proteins. It has been reported that the TGF~ 

not only targets the function of the Rb proteins by inhibiting the CDKs, but also utilizes sorne of 

the Rb proteins as signaling effectors to exert its growth inhibitory pathway [370]. 

Transcriptional induction of the p15 and repression of c-Myc has, so far, been reported in a 

handful of cell types [351, 353, 356, 358, 365-369]. On the other hand, the TGF~ and related 

ligands induce the p21 transcription in various normal epithelial and carcinoma cell lines [296, 

371-374]. Figure 1.10 presents a schematic representation of the main effects of the TGF~ 

ligands on the cell cycle progression (pages 48-49). 
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Figure 1.10. TGFp effects on the regulation of cell cycle progression. General effects of the 

TGF~ lignads during the the different phases of the cell cycle. Member of the TGF~ superfamily 

of growth factors exert their effects in cell cycle arrest at the level of signal transduction events 

or Smad-cofactor complexes converging on the target genes that mediate cell cycle arrest. 
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I.6.c. TGFJ3 ligands and Apoptosis 

Currie and colleagues originally adopted the term apoptosis in 1972 to describe their 

observation of apoptosis or programmed cell death [375]. The apoptotic process results in 

proteolytic c1eavage of over a 100 substrates in mammalian cells, usually mediated by aspartate

directed cysteine proteases called caspases [376, 377]. Two main pathways are described in the 

programmed cell death: the death receptor pathway (extrinsic) and the mitochondrial pathway 

(intrinsic). 

The final balance between the survival, proliferation and death of a ceIl, is crucial to 

many physiological processes. Deregulation of this balance has been associated with various 

disease processes. Certain chronic degenerative diseases and immunodeficiencies result due to 

excessive apoptosis, whereas insufficient apoptosis contribute to the development of cancer and 

autoimmunity [378, 379, 629]. During apoptosis development it is required for the elimination of 

damaged, immature or abnormal cells. In the immune system, apoptosis is extremely important 

as it tightly regulates the selection of different T cell populations. During the immune response, 

the regulation and later depletion ofactivated T cells is also dictated by apoptosis [377,380,381, 

629]. 

Nevertheless, other signaling pathways have been reported to be involved in the induction 

and modulation of different apoptotic events. Sorne examples of these signaling pathways are: 

the MAP kinase signaling cascades, NF-kB, PKB/Akt and extracellular signaIs like TGF~ among 

others [308, 377, 382-386, 629]. As previously mentioned, one of the most important death 

inducers are the different members of the TGF~ superfamily of growth factors [69, 387-389, 629]. 

Research has demonstrated that the TGF~ is a crucial regulator of the balance between cell 

growth and apoptosis. Interestingly, the apoptotic events regulated by TGF~ ligands are cell type 

50 



and context-dependent. In fact, the TGFp may provide signaIs for either cell survival or apoptosis, 

making it a molecule with a dual role [15, 63, 387-393, 629]. Until this date, the different 

molecular mechanisms underlying the role of the TGFp family members in apoptosis are not 

completely understood. The Smad signaling is the principal pathway activated by TGF13 ligands. 

Nevertheless, it has been shown that TGFp signaling is able to cooperate with other signaling 

pathways such as the death receptor apoptotic pathway induced by the Fas-ligand and 

TNFa, stress and apoptotic MAP kinase pathways regulated by the JNK and p38, Akt, NF-kB 

and the mitocondrial apoptotic pathway which is mediated by the Bcl-2 family members. 

Furthermore, TGFp signaling has been shown to lead to oxidative process as well. These 

findings have allowed integrating TGF13 signaling cascade as a part of the apoptotic pathways 

[330, 333, 334, 338-340, 350, 394-397, 629]. The existence ofthese different interactions and the 

balance between the various stimuli provides the basis for the pro- or anti-apoptotic output of the 

TGFp ligands signaling in a given cell system. TGFp ligands are considered as an 

immunosuppressor and although the mechanisms are activated by the TGFp III 

immunosuppresion, they are not completely understood. The inhibition of apoptosis through 

TGFp ligands participate in this process. It has been demonstrated that the TGF13 is able to either 

suppress or positively modulate the apoptotic events in different T cell populations [69, 398-401, 

629]. Treatment with TGF13 can suppress or induce the sensitivity to apoptosis induced by FasL 

as well as TNF-a in activated T cells [400, 401, 629]. Therefore, based on these indications, 

TGF13 seems to be an important player in the inhibition of the Fas/FasL and TNF-a-induced 

apoptosis in immune cells [402-406, 629]. Figure 1.11 illustates the different survival and 

apoptotic signaling pathways, which interact with the TGF13 signaling pathway (shown in pages 

53-54). 
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FIGURE 1.11. Interactions of TGFp signaling cascade with apoptotic extrinsic and intrinsic 

pathways. Schematic representation of the extrinsic and intrinsic apoptotic-induced signaIs in 

different cell types. 
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Figure 1.11. 

1.7. TGFp family members in pathological conditions 

Homeostasis is understood as the physiological process that requires intractely balanced 

interactions between ceUs and the network of secreted factors in the organism. Sorne of these 

factors su ch as growth factors, hormones, cytokines among others, are the responsible to keep the 

proper function of the biological systems. Thus, any disruption or alterations at the different 

levels of the signaling pathways regulated by these growth factors have been linked to different 

pathological processes This is clearly evident in the different molecular and cellular events 

regulated by different TGF~ family members [63, 407, 408]. Different evidences have 

demonstrated that either increase or decrease in the production of TGF~ links to numerous 

diseases states (Blobe Ge et al., 2000). In addition, any mutations in the genes for TGF~ ligands, 

its receptors, or intracellular signaling pathways associated with these ligands have also been 

involved in the pathogenesis of different diseases including cancer. In this context TGF~ 

signaling pathway has been described that confer resistance to growth inhibition by TGF~, thus 

allowing uncontrolled proliferation of the cells [409-416] 

1.7.a. Role of TGF~ in Cancer 

Large amount of information indicates that in cancer cells, the production of TGF~ is 

significant decrease, followed by a significant increase in the invasiveness capacity of the cells 

by increasing their proteolytic activity and promoting their binding to several cell-adhesion 

molecules. Oncogenesis due to unrestricted growth results from defects in the negative regulatory 

control of TGF~ family members. Indeed, resistance to the antiproliferative effects of TGF~ 

ligands is often observed in different types of human cancers [417]. In early stages of 
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tumorigenesis, a cell loses its responsiveness to TGF~ mediated cell growth inhibition as a result 

of mutation or loss of expression of sorne components involved and required in the TGF~ 

signaling pathway. This has been reported in the case of pancreatic and colon cancer, which have 

several mutations affecting at least one component of the TGF~ signaling pathway [418-420]. In 

addition, Smad4, initially identified as deleted in pancreatic cancer 4 (DPC4), is found to be 

mutated in more than 50 percent ofpancreatic cancer and 30 percent of colorectal cancers [419, 

420]. Different groups have shown that normally both alleles are mutated or deleted in these 

types of cancer, thus defining Smad4 as a tumor-suppressor gene [421, 422]. Similar mutations 

have been described in other pathologies such as familial juvenile polyposis, an autosomal 

dominant disorder characterized by a predisposition of hematomatous polyps and cancers of the 

gastrointestinal track. Interestingly, no mutations in Smad3 have been found in human cancers, 

although loss of heterozygosity at this locus has been detected in sorne colorectal cancers. Thus, 

these findings c1early indicate that TGF~ signaling pathway has an essential role in tumorigenesis 

[421,422]. 

1.7.b. Role of TGFp in Tumor Progression 

Once tumor cells acquired resistance to growth inhibition by TGF~, both the tumor cells 

and the normal stromal cells within the tumors often increase their production of TGF~. 

Subsequently, in response to increased production of TGF~, the tumor cells become more 

invasive and metastize to disistant organs, at least in part as a result of TGF~-mediated 

stimulation of angiogenesis and cell motility, suppression of the immune system, and increased 

interaction of tumor cells with the extracellular matrix. In the later stages of various cancers, 

increased production of TGF~ has been associated with increased invasiveness. Thus, resistance 

to TGF~ leads to tumor formation and to great invasiveness of these tumor cells. 
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1.7.c. Fibrosis 

Perhaps the most widely studied biological function of TGFps have been in the areas of 

fibrosis and wound healing [423-425]. It has been shown that elevated levels of TGFp are often 

accompanied by fibrosis and inflammation in the heart, liver, and kidneys. Similarly, lung and 

liver fibrosis sometimes occurs as a life-threatening complication following bone marrow 

transplantation. High levels of TGFp detected pretransplant may be predictive for the 

development of these complications. These observations have suggested that the subsequent 

fibrotic effects may be associated with overproduction of TGFp. [426-428]. Thus, the continued 

presence ofhigh systemic levels ofTGFp results in uncontrolled stimulation of normal biological 

processes that ultimately results in severe disease pathologies. 

1.7.d.lmmunity 

The pleotropism of TGFps is also manifested in its ability to upregulate or downregulate 

cellular functions such as activation of different immune cell populations. The downregulating 

effects can be either beneficial or deleterious depending on the circumstances. Such 

downregulated events are like1y to be beneficial in situation where a successful immune response 

needs to become quiescent. However, the inappropriate production of TGFp during crucial 

phases of immune response generation may also blunt the development of beneficial responses 

and lead to disease progression [34, 35, 62, 63, 408, 429-434]. Hematopoiesis is regulated by the 

proper balance of self-renewal (cellular proliferation), differentiation and apoptosis of different 

hematopoietic progenitor cells. It has been demonstrated that the effects of TGFp on 

hematopoietic cells and hematopoiesis are both cell and context specific [435]. In many cases 

opposing effects of TGFp on the proliferation, differentiation and survival of hematopoietic 
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progenitor cells have been reported in vitro and in vivo. Moreover, TGF~ signaling pathway 

represent a major antiproliferative and differentiation signal for hematopoietic progenitor cells, 

effectively preventing progression through the cell cycle and promoting differentiation. l t has 

also been shown that treatment with TGF~ 1 induces cell growth arrest and inhibition in different 

immune cell types [435]. Recently, studies performed in human hematopoietic cells in vitro 

support an important role for TGF~ in the regulation of different hematopoietic-cell proliferation, 

differentiation, and apoptosis [399,435]. 

1.8. Regulation of the immune system by TGFp 

1.8.a. TGFp ligands in Immune Cell Survival 

The existence of a strict control of the different immune cell populations is required and 

essential to allow normal and correct immune response, preventing unexpected and undesirable 

self-targeted responses [436]. TGF~ is a member of a large family of evolutionary conserved 

proteins. Several of the TGF~-family receptor as weIl as their ligands are practically expressed in 

every cell and tissue in the body. The three closely related members of the superfamily, have 

been implicated as important players in the regulation of immune cell populations [437-439]. 

The different knockout mice models have highlighted the importance of these growth 

factors in different biologicals and physiologicals processes (Table 1.1, page 15-16). Sorne of the 

different reported phenotypes present multifocal inflammatory response in the pups that are born 

alive [440, 441]. TGF~ has also been implicated in T-cell differentiation. This has been 

suggested by the early discovery of the anti-prolifeartive effect of this growth factor on T cells in 

vitro, as weIl as the inhibition of interleukin-2 (IL-2), production, and a cytokine essential for T

cell proliferation through an autocrine mechanism [442-446]. 
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In addition, TGFp and related members, in particular activin, has been shown to have an 

important effect in inhibiting proliferation and cell cycle progression in immune cell types 

through a variety of mechanisms, that include up regulation of cell-cycle inhibitors p 15 INK4B [180, 

447], p21 [448,449] and/or p27 [450,451] and by the downregulation of c-myc (see Figure 1.10, 

pages 49-50). 

On the other hand, activation of naïve T cells during the immune response leads to their 

differentiation into two main effectors T -cell subsets of cell populations. The first population is 

the responsible for the cytotoxic activity, defined as CD8+ T cells and the other which performs a 

helper functions, involving CD4+ T cells. The molecular and cellular mechanisms that 

differentiates naïve T cells to these specific subpopulations that involves the triggering of a 

specifie programme of molecular and epigenetic changes, result in the stable expression of a 

specific T -cell phenotype. Although certain cytokines and growth factors can aid T -cell 

differentiation, TGFp inhibits the acquisition of most, if not aIl, effectors functions by naïve T 

cells: CD8+ T cells activated in the presence of TGFp do not acquire CTL functions and CD4+ T 

cells fail to become T-cell helper, Th1 or Th2 cells [400,452]. 

TGFp is also is involved in regulating T-cell differentiation [453]. In the case of 

inhibition of T-helper-cell differentiation, even though TGFp can inhibit both Th1 and Th2 

differentiation, the development of Th2 cells seems to be more sensitive to TGFp than 

differentiated Th1 cells [453]. TGFp has the ability to completely block the T-cell differentiation 

towards Th2 under the all-experimental conditions tested. On the other hand, the ability ofTGFp 

to inhibit Th1 differentiation, seems to depend on the strain of mice and strength of T-cell co

stimulation [387, 388, 454, 455]. It has been shown that IFN-y that is produced by differentiated 

Th 1 cells can block the TGFp inhibitory effects. One potential mechanism by which IFN-y 

58 



signaling can block TGF~ inhibitory effects is through the up regulation of Smad7, an inhibitor 

of TGF~ signaling. Nevertheless, it has been reported that IFN-y only protects naïve T cells from 

TGF~, since that fully differentiated Th! cells do not express the IFN-y receptors [454]. 

Consistent with this observation, TGF~ can inhibit IFN-y production by fully 

differentiated Thl cells in vivo [456] and in vitro [457]. The possible existence of other 

mechanisms that can block the inhibitory effects of TGF~ on T cells can not be ruled out as fully 

differentiated Th2 cells that do not make any IFN-y seem to be insensitive to TGF~ inhibition of 

Th2 cytokine secretion. 

l.8.b. Role of TGFp and activin in immune cells 

TGF~ and activin are crucial regulators of cell growth and apoptosis of the immune 

system. The different cell populations in the immune system are constantly travelling to distant 

target sites in the organism. When no longer required for immune defense, they can represent a 

considerable threat to tissue integrity: the elimination of activated immune cells by apoptosis 

prevents tissue damage. 

Activin and TGF~, as cell death inducers in the haematopoietic tissue compartment, are 

crucial to the proper elimination of activated lymphocytes and the maintenance of peripheral 

tolerance, thereby preventing autoimmune disease [34, 85, 86, 304, 440, 458-464]. 

The antiproliferative effects, and more recently discovered proapoptotic effects, of activin 

have been observed in peripheral blood granulocyte-macrophage colony-forming unit progenitors 

[463], as weIl as B cell leukemia [464], erythroleukemia [183], and plasmocytoma cells [465]. 

TGF~, also a critical regulator of immune cell growth arrest, [86, 440, 458] induces cell growth 

inhibition and apoptosis in primary cultured lymphocytes [459, 460, 466]. Consistent with this 
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observation, TGF~ 1 deficient mi ce develop extensive lymphocytic hyperproliferation with a 

significant increase in production antibodies. [85,440,458]. 

l.8.c. TGF~ in Inhibition of Antitumor Immunity 

The balance between proper and adequate immune response to several stimuli, such as an 

antigen or pathogen and tolerance, is required for normal immune homeostasis and the weIl being 

of the ho st. In this scenario, the complex self-regulation as weIl as multiple mechanisms has been 

implicated in the immune tolerance networks, involving apoptosis, anergy, and active 

suppression. TGF~ ligands are also potent immunoregulatory cytokines that contribute to the 

function and generation of different immune ceIl population [388,467]. Moreover, many cellular 

effects ofTGF~ ligands facilitate tumour establishment as weIl as its growth and metastasis [69]. 

It has been reported that both lymphocytes and tumor ceIls express TGF~ receptors. In contrast to 

immune cells, tumour ceIls eventually cease to be responsive to the inhibitory effects of TGF~ 

and acquire invasive and/or metastatic phenotype [468-470]. Thus, TGF~ is no longer able to 

inhibit tumor growth progression, but induces immunosuppression in patients with different 

advanced or metastatic tumors. In addition, TGF~ is a strong inducer of angiogenesis, a 

biological process wide1y used for different tumours to promote metastasis [471]. 

Animal studies have suggested that TGF~-mediated immunosuppression mechanism is 

the most important of these effects and that the presence of activated TGF~ in the tumor 

microenvironment protects tumor cells from recognition by the immune system [439]. In addition, 

TGF~ also has a strong effect in inactivation of natural killer (NK) and lymphokine activated 

killer (LAK) ceIls. This has been attributed to possible effect of TGF~ inhibiting TNF-a and-~ 

secretion [472-475]. Moreover, it has been reported that TGF~s is a key player in the activation 

of CD8+ T-suppressor cells, attenuating significantly the production of IgG in vitro [476-480]. 
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AIl these results strongly indicate that TGF~ has the ability to interfere with both the recognition 

and destruction of tumor cells by the immune system. Thus, these findings suggest that tumor 

growth and metastasis, are not critically affected by TGF~, thus, indicating that the primary 

TGF~'s target in vivo is the immune system and not the tumor itself. 

Lastly, although hematologic malignancies represent a broad spectrum of disease, the 

involvement of the TGF~ signaling pathway in these diseases can be characterized by several 

themes. In several immune diseases, resistance to the growth-inhibitory and apoptosic effects of 

TGF~ induces clonaI expansion and suggests and early role for the TGF~ signaling pathway in 

diseases pathogenesis. On the other hand, in certain hematopoetic diseases such as Chronic 

myeloid Ieukemia (CML) disease-specific oncoproteins interfere with TGF~ signaling after 

disease initiation and are associated with disease progression, thus these observations suggests a 

role for disrupted TGF~ signaling in disease progression. Finally, elevated levels of TGF~ ligand 

appear to be an essential mediator of different types ofleukemias [413, 435]. 

Although these studies clearly suggest a critical role for TGF~ signaling cascade in aspect of the 

pathogenesis of different hematologic malignancies, major callenges in the TGF~ signaling 

remain to be elucidated. It will be extremely interesting to evaluate the different signaling 

pathways involved in mediating the cell- and context-dependent effects of TGF~ ligands. Thus, 

the of other signaling cascades that TGF~ both signaIs through and crosstalk with, (ie: MAP 

kinase, Rho and AKT/PI-3 kinase pathways), and the mechanism for signaling thorugh these 

pathways. This will allow to both target and use TGF~ signaling casacade as a potential target for 

therapies to treat different hematologic malignancies. 
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1.8.d. Signaling pathways in immune cell populations 

During immune response, the activation of different cell populations as well as the 

beginning of several molecular/cellular processes, are tightly regulated and well-orchestrated 

processes. In particular, signal transduction through different group of receptors presented in 

lymphocytes deterrnines the fate of these cellular populations [212, 481-497]. Additionally, 

activation of different signal transduction pathways in T/B cells occurs via the specific T-cell 

Receptor and B-cell receptor, TeR and BeR, respectively. Any deffects of these types of 

receptors can lead to different immunodeficiency, autoimmune/lymphoproliferative disorders, 

leukemias or lymphomas [493-497]. Interestingly, various events are known to activate by 

ligation of the BeR; however the critical parameters deterrnining the biological outcome of the 

signal transduction are not fully understood. During the activation events, the involvement of 

different important molecules that act on phospholipid metabolism. BeR signaling results from 

the initial clustering of receptor-associated signaling elements, prote in tyrosine kinase, 

transphosphoryaltion events and subsequently recruitment of signaling molecules from the 

cytoplasm to the membrane-associated complexes [498-517]. Besides the different prote in 

components recruited here, the membrane phospholipids undergo 

phosphorylation/dephosphorylation changes during this signal transduction cascade, thereby 

ensuring the proper assembly of signaling complexes and the transduction of the signal from the 

plasma membrane, to the cytoplasm and into the nucleus. Phosphatidylinositols (PtdIins) are key 

components of the membrane and they exist in a wide variety of phosphorylated forrns. The 

different types of generated phosphatidylinositols are regulated by kinases and phosphatases. In 

particular, it has been shown that the Phospholipase Cy, (PLCy), which participates in BCR 

signal transduction, is involved in the hydrolysis of phosphatidylinositl-4,5-biphosphatase, PI-3, 
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5-P2 resulting in the production of soluble inositol-l, 4,5-triphosphate (IP3) and membrane

anchored diacylglycerol (DAG). In addition, these molecules have been shown to act as second 

messenger in weIl characterized biological events [498, 499, 518-522]. IP3 is able to stimulate 

and increase cytosolic free Ca2
+ by activating release from the endoplasmic reticulum through 

IP3-gated calcium channels and binding to IP3R, DAG is able to binds and activates many prote in 

kinase C (PKC) isoforms [523-526]. On the other hand, as with any other signaling cascade, the 

proper regulation of this signaling pathway is required and essential to maintain a proper cellular 

and molecular regulation. The phosphatidyl inositol 3-kinase (PI3K) is considered as a key 

player in the various survival and differentiation event during activation and regulation in 

lymphocyte cell populations [455,485,491]. The activation of the PI3K begins at the membrane 

level where different tyrosine kinase receptor complexes initiate their downstream cascades 

events through PI3K [516]. PI3K is a heterodimer complex molecule composed of a llO-kDa 

catalytic subunit (pll0) and an 85-kDa (p85). Once activated, PI3K induces phosphoryaltion at 

the D-3' position of phosphoinositides (Ptdlns), producing two specifie phosphatidylinositol 

substrates: phosphatidylinositol-3, 4-biphosphate, PI-3, 4,P2 and phosphatidylinositol-3, 4,5-

triphosphate, PI-3, 4,5-P3 [527-533]. Interestingly, it has been demonstrated that Ptdlns acts as 

second messenger serving as substrate for the recruitment of several proteins that require plasma 

membrane translocation for their activated. In the basal state, the levels of Ptdlns are generally 

low, but they increase rapidly after activation of the different tyrosine kinase receptors by growth 

factors [534, 535]. In this context, signaling proteins such as Akt and Btk are recruited to the 

plasma membrane, via their pleckstrin homology (PH) domains, which can recognise and bind to 

PI (3,4,5) P3 with high affinity [536-538]. For example, Akt has highly affinity for Ptdlns 3,4,5-

P3 and recruited to the plasma membrane proximity, where it can interact with other kinases such 

as PDKI and PDK2 resulting in Akt phosphorylation and activation. Once phosphorylated, Akt 
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is released from the plasma membrane to activate other specific downstream target signaling 

molecules involved in different biological events such as GSK-3 [536-538]. Moreover, sorne 

other PH-containing molecules, such as TAPP1I2, have more binding affinity for PI-3,4-P2 [539-

543]. Through the action of specific lipid phosphatases, the attenuation of growth factor or 

cytokine-induced activation takes place [544]. This process is achieved by the actions of kinases 

and phosphatases that de grade the main signaIs generated by PI lipids [516]. Among these 

molecules, the two-inositol phosphatases have been implicated in the metabolism of PI-3,4,5-P3. 

The 54-kDa tumor suppressor PTEN, which is ubiquitously expressed is responsible for the 

hydrolysis of PI-3,4,5-P3 to PI-4,5-P2, whereas the 145-kDa haematopoietic-restricted SH2-

containing inositol 5'-phosphatase SHIP (also known as SHIP-l), metabolizes PI-3,4,5-P3 to PI-

3,4-P2, have been subject of large investigation for their crucial role in maintaining the proper 

balance in different cell types [499, 507, 545-549]. 
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1.9. SHIP-l 

1.9.a. SH2-containing inositol-5' -phosphatase 1, SHIP-l 

Phospholipid metabolism has bccn extensively studied in the past year due to its critical 

role in regulating ccII proliferation, differentiation, migration, morphology and apoptosis. The 

role and importance of the phosphatidylinositols in signal transduction is critical and is further 

illllstrated by the complex pathways interconnecting the kinases and phosphatases that 

metabolize phosphatidylinositols [342, 399, 550-555]. 

The src homology 2 (SH2) domain-containing-5'-!nositol fhosphatase 1, SHIP-l, is 

known as an important negative reglliator of proliferation, survival and cell activation in several 

haematopoictic cciI types [545]. SHIP-I is a 145 kDa intracel1ular protein that specifically 

hydrolyzes the 0-5' position phosphtate of two known substrates: PtdIns-3,4,5-P3 and the 

inositol 1 ,3,4,5-tetrakisphosphate [342, 399, 556, 557]. 

SI-IIP-I expression is found in ail blood lineages, to various degrees of expression and it 

appears to change dllring haematopoietic cell development [399, 550-555]. SHIP-I 5' 

phosphatase activity is not regulated by tyrosine phosphorylation or by interaction with adaptor 

proteins but by its localization at the plasma membrane in proximity to phospholipids [558]. By 

breaking down Ptdlns 3,4,5-P3 to Ptdlns 3,4-P2, SHIP inhibits the activation of PH domain

containing proteins such as the survival kinase AKT (PKB). Thus a better lInderstanding of the 

dilTerent roles that inositol phosphates play in immune ccli functions is crucial. SHIP-l is a 

important player dllring different cellular states such as survival, differentiation, prolifeation and 

apoplosis among others [399, 558]. See Figure 1.12 in pages 67-68. 
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Figure 1.12 Mode] of the phosphatase activity of SHIP and its effects in different 

downstream signaling pathways. This figure rcpresents the role of SHIP-I, and its role in 

diffcrcnt cellular pathways. The different cascades reprcsented in this figure indicate the putative 

signaling affcctcd downstream SHIP-I's phospholids products: PI-3,4,5-P3 and PI-3,4-P2. 
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1.9.b. Identification and Structure of SHIP-l 

Inilially, SI-IIP-I was originally identified by several groups in the early 1990's as a 145 

kDa protein that was tyrosine phosphorylated by different stimuli in immune cells [545, 559]. In 

1996, the cDNA encoding Sl-IlP-1 was cloned [560-563]. Gene structure analysis has revealed 

that the human SHIP-I contains 1188 amino acids, sharing approximately 87.2% sequence 

identity with the murine SHIP-l, composed of 1190 amino acids. This molecule contains several 

motifs that are used 10 sustain different protein-protein interactions with molecules such as Grb-2 

and Shc [558-561,564]. The NH2 terminus is the most evident motif spanning approximately the 

first 100 amino acids and it binds with bigb aflinity to tbe eonserved p Y(Y/D)X(L/I1V) sequence 

in different intracellular regions of several immune receptors. In addition a well-defined 

phosphatase domain that regulates its enzymatic activity. This is a particular feature of the 

differcnt mcmbers of thc SHIP family of inositol 5' phosphatases. This is the catalytic domain, 

which carries the phosphatase activities of this molecule. SHIP-l dephosphorylates inositol rings 

at the 5' position specifically [565, 566]. In addition SHIP-l also posseses two NPXY sequences 

that bind when phosphorylated to different proteins bearing PTB domains. Finally, the C

terminus of the molecule contains several regions including three putative SH3 interacting motifs, 

and two potential phosphotyrosine binding (PTB) domain binding sites [558, 560, 561, 564]. A 

schematic representation of the general structure of the phosphatydilinositol 5' phosphatase 

SH IP-l is shown in Figure 1.13 (pages 69-70). 
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Figure 1.13. Schematic representation of the molecular structure of SHIP-1. The SH2 

do main inositol 5' -phosphatase domain and tyrosine in the C-terminus are depicted. The proline

rich sequences in the C-terminus are shown. SHIP-1 (alson known as SHIPa) has an apparent 

molecular mass of 145 kDa and its expression has been detected only in haematopoietic cell 

types. 
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1.9.c. SHIP family of proteins 

SHIP-I-related proteins have been identified [559]. Western blot analysis against SHIP-l 

has revealed the existence of at least seven different potential immunoreactive species. The 

diversity of different detectable proteins vary depending on the cell type, cell/tissue maturity and 

expression time that are being analysed. The existence of several SHIP isoforms suggests the 

possibility of specifie and/or overlaping roles for each one ofthese isoforms on a special-tempo 

manner [399.559,567]. 

The expression of the different SHIP family members (SHIPa, ~ and 8) is detectable 

mainly in haematopoietic celI types [399, 545, 549, 556, 557, 559, 568, 569]. Two related SHIP-

1 isoforms SHIP~ (135 kDa) and SHIP8 (110 kDa) have been identified. SHIP~ has a 183 base 

pair frame deletion at the C-terminus, resulting in a protein of 918 amino acids that lacks one of 

the proline-rich regions [558, 568, 570]. The expression level of SHIP~ has been observed in 

different myeloid celI as weIl as A20 B cell lines [399, 559, 568]. SHIP8 is the other family 

member, which lacks 167 base pairs region. This molecule shows a significant shift in the 

reading frame, producing 41 unique amino acids before a premature stop codon, resulting in a 

complete abscense of the COOH-terminus of the phosphatase. Thus, SHIP8 has a sequence of 

918 amino acids, and obviously lacks the tyrosine 1020 and the proline-rieh regions. 

Reecntly a new membcr of the SHIP family has been identified, SHIP-2, whieh is coded 

by a diffcrcnt gene. In addition, SHIP2 expression is more ubiquitous than that SHIP-l and 

detectable in more somatie tissues and ccli types [571, 572]. SHIP-2 shares a high homology 

with SI-II P-I especially in the SI-I2 domains, indieating the possibility of divergence of their 

binding partners. The inositol phosphatase domains also share high level of similarities, and both 

hydrolize the 5' position of the inositol ring from PtdIns-3,4,5-P3 and 1-1,3,4,5-P4 respectiveIy. 
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Both TOrp and activin, induce SHIP-l expression in different immune cell types [399], whereas 

SHIP-2 expression increases in B cells after a specific cell activation [573, 574]. Interestingly, it 

has been observed that SHIP-2 has only one NPYX motif and several proline-rich domains. Thus, 

SI-HP ràmily mcmbers are important in controlling and modlllating phospholipid metabolism, in 

particular keeping the proper balance between phosphorylated prodllcts PlP3/lP4 and 

unphosphorylatcd PIP2/IP3. The outcome of this phospholipid metabolism ensures proper 

regulation of cell proliferation and survival, apoptosis as weil as cell migration among others. 

1.9.d. SHIP-l-associated signaling molecules 

SI--IIP-1 is an intracellular phosphatase that is tyrosine phosphorylated by different 

members of the Src kinase family [510,558,568,570,575-578]. As mentioned previously SHIP-

1 phosphatase contains different regulatory as well as catalytic regions in its structure suggesting 

an important rolc for this phosphatase as an adaptor protein as weil as an enzyme. 

Furthermore, several proteins that interact with SHIP-I regulate different cellular and 

moleclliar responses. SHIP-I is reqllired for the attenuation of activated T and B ccII populations 

[579,580]. In this scenario, it has been shown that SHIP-l is recruited to the plasma membrane 

by its SH2 domains interaction with the immune receptor inhibitory motif (lTlM) localized in the 

tail or di tTcrent inhibitory receptors [579, 580]. Since SHIP-I has been considered as a negative 

regulator oC cellular signaling, its interaction with ITIMs is expected. SHIP was found to directly 

interact with FcyRLIB 1, which is the inhibitory low affinity receptor for IgG antibodies [581-583]. 

SHIP-l was originally identified as an interacting partner of immune receptor tyrosine 

based activating motif [175] of the p and y subunits of FCERI, through its SH2 domain, 

particularly with the which is a high affinity receptor for IgE antibodies [562]. SHIP-I can also 

interact via its SH2 to the IT AM motif of CD3 y, 8 and E chains as weIl as the T cell receptor ç 
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chain, c-Met [584], CDw 150/SLAM and the erythropoietin receptor [585-587]. SHIP-I also 

interacts with gr49b l, inhibitory co-receptor family member, and cytoplasmic proteins like Shc 

[585], p62dok, 00k-3, and Oab-l, p85 subunit of the PI3K [507, 575, 588, 589]. These 

interactions are regulated via the different tyrosines presented at the C-terminus of SHIP-l and 

the different SH2 domains of the interacting molecules. In addition, SHIP-l presents proline-rich 

regions in the C-tcrminus, which enables it to interact with differcnt SH3-containing molecules. 

ln this context Grb2 and Src associate with SHIP-l through its SH3 domain [590, 591]. 

1.9.e. Biology of SHIP-l 

It has been shown that SHIP-l becomes tyrosine phosphorylated after stimulation of 

immune cclls by several types of cytokines and associates with Shc [556, 557]. SHIP-I is directly 

recruited to T and B cell antigen receptor through out the association of T cell co-stimulatory 

receptor such as C028 in immune cclI types [545, 55!, 561, 592-594]. In addition, it has been 

reported that the FcyRIlb co-receptor enables the B cell to distinguish between free antigen and 

immune complexes composed of antigen bound to IgG antibodies during humoral immune 

response. The co-ligation of the B cells has served as an excellent mode! to study the role of 

SHJP-I in attenuating this signaling pathway in immune cells. This mechanism suggests that 

FcyRIIB is able to inhibit calcium intlux and downstream responses that are regulated by these 

immune receptors [498,499, 509, 559, 571, 573, 574, 581, 582, 595-599]. 

SI-IIP-l is involved in the phospholipid metabolism since it 1S able to hydrolyze 

specifically two substrates, the phosphatydilinositol-3,4,5-P3, (Ptdlns-3, 4,5-P3), and the inositol 

1 ,3,4,5-tctrakisphosphate (IP4) in vitro [342, 399, 556, 557]. These two specifie inositols aet as a 
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second messenger in different growth factor mediated signaling pathways. It has been reported 

that the phosphatase activity of SHIP-l, does not change upon growth factor stimulation [399]. 

Additionally, SI-IIP-l inhibits receptor activation in myeloid cells, mast cells and B cells 

by binding to the tyrosine phosphorylated immunoreccptor tyrosine-based inhibitory motif [lTlM; 

Py(Y/D)X(LlIIV)], of the inhibitory co-receptor FcyRIIB via its SH2 motif [545, 559, 561, 563, 

582, 583, 594, 595, 600]. SHIP-l translocation to the proximity of the plasma membrane, allows 

the phosphatase to interact with the SH2 domains of the intracellular regions of TCR or BCR via 

the interaction between ITIM. Once at the plasma membrane, SHIP-I generates PIP2 from PIP3 

to PIP2 and also prevents any membrane translocation of PH domain containing proteins such as 

Akt, BTK or PDKI [84,498,601-606]. SHIP-I gene disruption (SHIP-I-1-gene) in mice leads to 

a myeloproliferative disorder due to a increased sensitivity of the haematopoietic ceUs for several 

cytokines including GM-CSF and IL-3 [556, 569, 607]. These observations confirm the 

important role ofthis inositol phosphatase in the immune regulation and physiology [554, 607]. 

1.9.f. Synthesis and Degradation of SHIP-l 

The proper balance in protein synthesis and degradation IS crucial for a proper 

homeostasis of the organism. It has been observed that SHIP-I is detectable at the 7.5 day in 

mice embryos [558]. In addition, SHIP-I expression is restricted the haematopoietic tissue. 

MOfeover, pulse-chase experiments have revealed that the different isoforms of SHIP are 

generated that display similar half lives of about 10h [557, 558, 567]. Thus, these results have 

suggested the possibility that different smaller forms can be generated by translational 

modiflcation. Interestingly, reduced expression of SHIP-l occurs in different patients with 

leukemia [608]. lts decreased expression correlates with increased expression of BCR-ABL [591, 

599, 608-611]. Taken together these results suggest that SHfP-l could be considered as a tumor 
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suppression gene during myelopoiesis, since its downregulation seems to be required for the 

development of differcnt leukemias particularly chronic myeloid leukemia. 

1.9.g. SHIP-l and Immune cell signaling attenuation 

The role and importance of the phosphatidyl inositols in signal transduction are critical as 

illustrated by the different complex pathways that are inter-connect the kinases and phosphatases 

that metabolize phosphatidyl inositols [342]. A key and central player is Ptdlns 3,4,5-P3 that acts 

as a second messenger in response to a large array of extracellular signaIs [342]. Ptdlns 3,4,5-P3, 

like Ptdlns 3,4-P2, are the products by the enzyme PB' kinase (PB'K), which is one of the more 

relevant kinases involved in the regulation and induction of cell survival in different cell types. 

Indeed, survival signaling pathways usually trigger activation of the PB' kinase through 

transmembrane receptor, which contain intrinsic tyrosine kinase activity, recruît cytoplasmic 

tyrosine kinases or couple to seven transmembrane G protein-couple receptors [612-616]. Both 

types of phospholipids, Ptdlns 3,4-P2 and Ptdlns 3,4,5-P3 act as signaling intermediates and 

regulate downstream signal transduction cascades required for the proper maintenance of the cell 

[617]. In addition, it has been shown that they can activate a number of cellular intermediates and 

modulate different downstream molecules in particular, PH-containing domain proteins such as 

AKT, (PBK), Btk, PDK1, GRP-l, Vay, and PLCy-1. These molecules need to be targeted to the 

plasma membrane for their activation (see figure 1.12, pages 70-71) [545, 557, 618-621]. One of 

these kinases, AKT, has been implicated in the control of cell survival. Binding of the 

phospholipids to AKT results in translocation of this kinase from the cytoplasm to the plasma 

membrane that is critical for its complete activation [622, 623]. Relocation of AKT to the plasma 

membrane brings it in proximity to its regulatory kinases such as PDKI and PDK2. These latter 

are the responsible of AKT phosphorylation and its activation [624-626]. This phosphorylation 
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evets occurs specifically on Thr308 and Ser473, which are required for fully kinase activation 

[606]. 

1.9.h. SHIP-l and apoptosis in immune cells 

SHIP-l is a 145 kDa intracellular protein that recognizes and hydrolyzes the D-5' 

phosphate of Ptdlns 3,4,5-P3 [545, 561, 563, 594]. It has been shown that the expression of 

SHIP-l is haematopoietic-restricted. In addition, SHIP-l expression varies in different immune 

cellular events as weIl as during haematopoiesis development [627]. The SHIP-l knockout mice, 

are viable and fertile but have a shortened lifespan due to myeloid infiltration of vital organs [553, 

607, 628]. The increased myeloid cell proliferation observed in the SHIP-l knockout mice has 

been associated with a significant increase in the leveis Ptdlns 3,4,5-P3 as weIl as AKT 

activation. These observations clearly illustrate the criticai role pIayed by this phosphatase in 

apoptosis of different immune cell types. In addition, our group has demonstrated that the SHIP-

1 expression and its activity are directly regulated in a Smad-dependent way in different 

haematopoietic cell types. This increase in expression and phosphatase activity is related with 

TGF~-induced cell growth arrest and apoptosis [84]. This study, described in chapter2, 

demonstrates that TGF~I-induced SHIP-l expression inhibited the activation of Akt Ieading to 

apoptosis, ev en after treatment with survival factors such as IL-6 that activate Akt [498, 551]. 
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1.12. SUMMARY 

Control of immune cell proliferation, activation and subsequent elimination by cell 

growth arrest and apoptosis is critical for controlling infections and preventing auto immune 

disease. The TGF~ family is a large family of widespread and evolutionarily conserved 

polypeptide growth factors that regulate growth, differentiation, embryogenesis and apoptosis in 

nearly aIl cell types. Based on the critical roles of the different family members in different 

biological processes, deregulation of their signaling has been implicated in multiple human 

disorders including cancer. Extensive observations and experimental data built through over the 

last two past decades of research have indicated that the TGF~ and activin family of growth 

factors play an important role in controlling apoptosis in various cell types of the immune system. 

In addition, abnormal expression of TGF~ receptors has been described in several immune 

disorders. However, the regulation of TGF~ target genes and their signaling mechanisms 

involved in such immune disorders is not completely known. 

Thus, this is the core hypothesis tested through the research presented in this thesis. These 

findings should help to establish a new link between two important signaling pathways 

machinery, TGF~ signaling cascade and the phospholipids metabolism. Better understanding of 

this link will allow for the development of disease mechanism-targeting solutions for disordes 

involving different disregulation or uncontrolled cellular process in the immune system. 

77 



1. 13. REFERENCES 

1. Ottaviani, E., A. Franehini, and D. Kletsas, Platelet-derived growthfactor and 
transforming growth factor-beta in invertebrate immune and neuroendocrine interactions: 
another sign of conservation in evolution. Comp Bioehem Physiol C Toxieol Pharrnaeol, 
2001. 129(4): p. 295-306. 

2. Ayala, F.J. and M. Coluzzi, Chromosome speciation: humans, Drosophila, and 
mosquitoes. Proe Natl Aead Sei USA, 2005.102 Suppl 1: p. 6535-42. 

3. Caporale, L.H., Mutation is modulated: implications for evolution. Bioessays, 2000.22(4): 
p.388-95. 

4. Copley, R.R., L. Goodstadt, and C. Ponting, Eukaryotic domain evolution inferredfrom 
genome comparisons. CUIT Opin Genet Dev, 2003.13(6): p. 623-8. 

5. Priee, T.D., A. Qvamstrom, and D.E. Irwin, The role ofphenotypic plasticity in driving 
genetic evolution. Proe Biol Sei, 2003. 270(1523): p. 1433-40. 

6. Morgan, G.T. and H. MeMahon, Alterations in cloned Xenopus ribosomal spacers 
generated by high-frequency plasmid recombination. Gene, 1986.49(3): p. 389-94. 

7. Dukas, R., Costs ofmemory: ideas and predictions. J Theor Biol, 1999. 197(1): p. 41-50. 
8. Pawson, T., Signal transduction. Look at a tyrosine kinase. Nature, 1994.372(6508): p. 

726-7. 
9. Pawson, T., Tyrosine kinase signalling pathways. Prineess Takamatsu Symp, 1994. 24: p. 

303-22. 
10. BeeeITa, A. and A. Lazeano, The role of gene duplication in the evolution of purine 

nucleotide salvage pathways. Orig Life Evol Biosph, 1998.28(4-6): p. 539-53. 
Il. Lazeano, A., et al., On the levels of enzymatic substrate specijicity: implications for the 

early evolution ofmetabolic pathways. Adv Spaee Res, 1995. 15(3): p. 345-56. 
12. Lazeano, A., et al., The origin and early evolution ofnucleic acid polymerases. Adv 

Spaee Res, 1992. 12(4): p. 207-16. 
13. Lazeano, A. and S.L. Miller, How long did if takefor life to begin and evolve to 

cyanobacteria? J Mol Evol, 1994.39(6): p. 546-54. 
14. Lazeano, A. and S.L. Miller, On the origin ofmetabolic pathways. J Mol Evol, 1999. 

49(4): p. 424-31. 
15. Massague, J., TGF-beta signal transduction. Annu Rev Bioehem, 1998.67: p. 753-91. 
16. Hague, A., et al., Escapefrom negative regulation ofgrowth by transforming growth 

factor beta and from the induction of apoptosis by the dietary agent sodium butyrate may 
be important in colorectal carcinogenesis. Cancer Metastasis Rev, 1993.12(3-4): p. 227-
37. 

17. Sachs, L. and J. Lotem, The network ofhematopoietic cytokines. Proe Soc Exp Biol Med, 
1994.206(3): p. 170-5. 

18. Santoni-Rugiu, E., et al., Evolution ofneoplastic development in the liver oftransgenic 
mice co-expressing c-myc and transforming growth factor-alpha. Am J Pathol, 1996. 
149(2): p. 407-28. 

19. Irish, V.F. and W.M. Gelbart, The decapentaplegic gene is requiredfor dorsal-ventral 
patterning of the Drosophila embryo. Genes Dev, 1987. 1(8): p. 868-79. 

78 



20. Ferguson, E.L. and K.V. Anderson, Localized enhancement and repression of the activity 
of the TGF-betafamily member, decapentaplegic, is necessary for dorsal-ventral pattern 
formation in the Drosophila embryo. Development, 1992.114(3): p. 583-97. 

21. Xu, T., et al., Targeted disruption of the biglycan gene leads to an osteoporosis-like 
phenotype in mice. Nat Genet, 1998.20(1): p. 78-82. 

22. Xu, x., et al., Smad proteins act in combination with synergistic and antagonistic 
regulators to target Dpp responses to the Drosophila mesoderm. Genes Dev, 1998. 
12(15): p. 2354-70. 

23. Herpin, A., C. Lelong, and P. Favrel, Transforming growthfactor-beta-related proteins: 
an ancestral and widespread superfamily of cytokines in metazoans. Dev Comp Immunol, 
2004.28(5): p. 461-85. 

24. Kulkami, A.B., T. Thyagarajan, and J.J. Letterio, Function of cytokines within the TGF
beta superfamily as determined from transgenic and gene knockout studies in mice. CUIT 
Mol Med, 2002.2(3): p. 303-27. 

25. Wang, S.N., J. Lapage, and R Hirsehberg, Loss oftubular bone morphogenetic protein-7 
in diabetic nephropathy. J Am Soc Nephrol, 2001. 12(11): p. 2392-9. 

26. Massague, J., How cells read TGF-beta signais. Nat Rev Mol Cell Biol, 2000. 1(3): p. 
169-78. 

27. Massague, J., et al., TGF-beta receptors. Mol Reprod Dev, 1992.32(2): p. 99-104. 
28. Massague, J., et al., Multiple type-beta transforming growthfactors and their receptors. J 

Cell Physiol Suppl, 1987. Suppl 5: p. 43-7. 
29. Roberts, A.B., et al., Type beta transforming growthfactor: a bifunctional regulator of 

cellular growth. Proe Nad Aead Sei USA, 1985.82(1): p. 119-23. 
30. Roberts, A.B., et al., Transforming growthfactorsfrom neoplastic and nonneoplastic 

tissues. Fed Proe, 1983.42(9): p. 2621-6. 
31. Rodriguez, c., et al., Cooperative binding of transforming growth factor (TGFJ-beta 2 to 

the types 1 and II TGF-beta receptors. J Biol Chem, 1995.270(27): p. 15919-22. 
32. Derynek, R., et al., Human transforming growth factor-beta complementary DNA 

sequence and expression in normal and transformed cells. Nature, 1985.316(6030): p. 
701-5. 

33. Shi, Y. and J. Massague, Mechanisms ofTGF-beta signalingfrom cell membrane to the 
nucleus. Cell, 2003. 113(6): p. 685-700. 

34. Letterio, J.J. and A.B. Roberts, Regulation ofimmune responses by TGF-beta. Annu Rev 
Immunol, 1998.16: p. 137-61. 

35. Letterio, J.J. and A.B. Roberts, TGF-beta: a critical modulator ofimmune cellfunction. 
Clin Immunol Immunopathol, 1997.84(3): p. 244-50. 

36. Akhurst, RJ. and R Derynek, TGF-beta signaling in cancer--a double-edged sword. 
Trends Cell Biol, 2001. 11(11): p. S44-51. 

37. Derynek, R, R.J. Akhurst, and A. Balmain, TGF-beta signaling in tumor suppression and 
cancer progression. Nat Genet, 2001. 29(2): p. 117-29. 

38. Wakefield, L.M. and A.B. Roberts, TGF-beta signaling: positive and negative effects on 
tumorigenesis. CUIT Opin Genet Dev, 2002. 12(1): p. 22-9. 

39. Gelbart, W.M., et al., The decapentaplegic gene complex in Drosophila melanogaster. 
Co Id Spring Harb Symp Quant Biol, 1985.50: p. 119-25. 

79 



40. Schutte, M., DPC4/SMAD4 gene alterations in human cancer, and their functional 
implications. Ann Oncol, 1999.10 Suppl 4: p. 56-9. 

41. Hahn, S.A., et al., DPC4, a candidate tumor suppressor gene at human chromosome 
18q21.1. Science, 1996.271(5247): p. 350-3. 

42. Massague, land D. Wotton, Transcriptional control by the TGF-beta/Smad signaling 
system. Embo J, 2000. 19(8): p. 1745-54. 

43. Massague, l, J. Heino, and M. Laiho, Mechanisms in TGF-beta action. Ciba Found 
Symp, 1991. 157: p. 51-9; discussion 59-65. 

44. Krishna, S., L.L. Maduzia, and RW. Padgett, Specificity ofTGFbeta signaling is 
conferred by distinct type 1 receptors and their associated SMAD pro teins in 
Caenorhabditis elegans. Development, 1999. 126(2): p. 251-60. 

45. Newfeld, S.J., RG. Wisotzkey, and S. Kumar, Molecular evolution of a developmental 
pathway: phylogenetic analyses ~f transforming growth factor-beta family ligands, 
receptors and Smad signal transducers. Genetics, 1999. 152(2): p. 783-95. 

46. Marquez, RM., et al., Transgenic analysis of the Smadfamily ofTGF-beta signal 
transducers in Drosophila melanogaster suggests new roles and new interactions 
betweenfamily members. Genetics, 2001.157(4): p. 1639-48. 

47. Lichtman, A.H., et al., Retrovirus infection alters growthfactor responses ofT 
lymphocytes. J Immunol, 1987. 138(10): p. 3276-83. 

48. Raza, A., et al., High expression oftransforming growthfactor-beta long cel! cycle times 
and a unique clustering of S-phase cel!s in patients with acute promyelocytic leukemia. 
Blood, 1992.79(4): p. 1037-48. 

49. Reynolds, D.S., W.H. Boom, and A.K. Abbas, Inhibition ofB lymphocyte activation by 
interferon-gamma. J Immunol, 1987.139(3): p. 767-73. 

50. Assoian, RK., et al., Transforming growth factor-beta controls receptor levels for 
epidermal growthfactor in NRKfibroblasts. Cell, 1984.36(1): p. 35-41. 

51. Lbpez-Casillas, F., J.L. Wrana, and J. Massague, Betaglycan presents ligand to the TGF 
beta signaling receptor. Cell, 1993. 73(7): p. 1435-44. 

52. Massague, J., Receptorsfor the TGF-betafamily. Cell, 1992.69(7): p. 1067-70. 
53. Massague, J., TGFbeta signaling: receptors, transducers, and Mad proteins. Cell, 1996. 

85(7): p. 947-50. 
54. Massague, J., L. Attisano, and lL. Wrana, The TGF-betafamily and its composite 

receptors. Trends Cell Biol, 1994.4(5): p. 172-8. 
55. Massague, J. and Y.G. Chen, Controlling TGF-beta signaling. Genes Dev, 2000. 14(6): p. 

627-44. 
56. Massague, J., Identification ofreceptor proteinsfor type-alpha transforming growth 

factor. Methods Enzymol, 1987. 146: p. 143-53. 
57. Spom, M.B., et al., Transforming growthfactor-beta: biologicalfunction and chemical 

structure. Science, 1986.233(4763): p. 532-4. 
58. Roberts, A.B., et al., New class oftransforming growthfactors potentiated by epidermal 

growth factor: isolation from non-neoplastic tissues. Proc Nad Acad Sci USA, 1981. 
78(9): p. 5339-43. 

59. Roberts, A.B., et al., Purification and properties of a type beta transforming growth 
factor from bovine kidney. Biochemistry, 1983.22(25): p. 5692-8. 

80 



60. Kingsley, D.M., The TGF-beta superfami/y: new members, new receptors, and new 
genetic tests offunction in different organisms. Genes Dey, 1994.8(2): p. 133-46. 

61. Massague, l, Transforming growthfactor-alpha. A modelfor membrane-anchored 
growthfactors. J Biol Chem, 1990.265(35): p. 21393-6. 

62. Massague, l, The transforming growth factor-beta family. Annu Rey Cell Biol, 1990. 6: 
p.597-641. 

63. Massague, J., How cells read TGF-beta signais. Nat Rey Mol Cell Biol, 2000.1(3): p. 
169-78. 

64. Spom, M.B. and A.B. Roberts, TGF-beta: problems and prospects. Cell Regul, 1990. 
1(12): p. 875-82. 

65. Dennler, S., M.l Goumans, and P. ten Dijke, Transforming growthfactor beta signal 
transduction. J Leukoc Biol, 2002.71(5): p. 731-40. 

66. Miyazono, K and C.H. Heldin, The mechanism of action of transforming growth factor
beta. Gastroenterol Jpn, 1993.28 Suppl 4: p. 81-5; discussion 86-7. 

67. Miyazono, K, P. ten Dijke, and C.H. Heldin, TGF-beta signaling by Smad proteins. Ady 
Immunol, 2000. 75: p. 115-57. 

68. Schuster, N. and K Krieglstein, Mechanisms ofTGF-beta-mediated apoptosis. Cell 
Tissue Res, 2002. 307(1): p. 1-14. 

69. Siegel, P.M. and l Massague, Cytostatic and apoptotic actions ofTGF-beta in 
homeostasis and cancer. Nat Rey Cancer, 2003. 3(11): p. 807-21. 

70. Risbridger, G.P. and B. Cancilla, Role of activins in the male reproductive tract. Rey 
Reprod, 2000. 5(2): p. 99-104. 

71. Tatsumi, M., et al., Transforming growthfactor-beta(1) restores antiplateletfunction of 
endothelial ceUs exposed to anoxia-reoxygenation in jury. Thromb Res, 2000. 98(5): p. 
451-9. 

72. Whitman, M., Smads and early developmental signaling by the TGFbeta superfami/y. 
Genes Dey, 1998. 12(16): p. 2445-62. 

73. Saltis, 1., TGF-beta: receptors and cel! cycle arrest. Mol Cell Endocrinol, 1996.116(2): p. 
227-32. 

74. Alexandrow, M.G., et al., Overexpression of the c-Myc oncoprotein blocks the growth
inhibitory response but is required for the mitogenic effects of transforming growth factor 
beta 1. Proc Nat! Acad Sci USA, 1995.92(8): p. 3239-43. 

75. Alexandrow, M.G. and H.L. Moses, Transforming growthfactor beta 1 inhibits mouse 
keratinocytes late in G 1 inde pendent of effects on gene transcription. Cancer Res, 1995. 
55(17): p. 3928-32. 

76. Alexandrow, M.G. and H.L. Moses, Transforming growthfactor beta and cell cycle 
regulation. Cancer Res, 1995.55(7): p. 1452-7. 

77. Bottinger, E.P., et al., Expression of a dominant-negative mutant TGF-beta type II 
receptor in transgenic mice reveals essential roles for TGF-beta in regulation of growth 
and differentiation in the exocrine pancreas. Embo J, 1997.16(10): p. 2621-33. 

78. Dennler, S., et al., Direct binding ofSmad3 and Smad4 to critical TGF beta-inducible 
elements in the promoter of human plasminogen activator inhibitor-type 1 gene. Embo J, 
1998.17(11): p. 3091-100. 

79. Moses, H.L., et al., TGF beta regulation of epithelial cel! proliferation: role oftumor 
suppressor genes. Princess Takamatsu Symp, 1991. 22: p. 183-95. 

81 



80. Nunes, L, et al., Structure and activation of the large latent transforming growth factor
Beta complex. J Am Optom Assoc, 1998.69(10): p. 643-8. 

81. Saharinen, J., et al., Latent transforming growth factor-beta binding proteins (LTBPs)-
structural extracellular matrix proteins for targeting TGF-beta action. Cytokine Growth 
Factor Rev, 1999.10(2): p. 99-117. 

82. Larsson, J., et al., Abnormal angiogenesis but intact hematopoietic potential in TGF-beta 
type 1 receptor-dejicient mice. Embo J, 2001. 20(7): p. 1663-73. 

83. Oshima, M., H. Oshima, and M.M. Taketo, TGF-beta receptor type II dejiciency results 
in defects of yolk sac hematopoiesis and vasculogenesis. Dev Biol, 1996. 179(1): p. 297-
302. 

84. Valderrama-Carvajal, H., et al., Activin/TGF-beta induce apoptosis through Smad
dependent expression of the lipid phosphatase SHIP. Nat Cell Biol, 2002. 4(12): p. 963-9. 

85. Kulkami, A.B., et al., Transforming growthfactor beta 1 null mutation in mice causes 
excessive injlammatory response and early death. Proc Natl Acad Sci USA, 1993.90(2): 
p.770-4. 

86. Letterio, J.J. and A.B. Roberts, TGF-beta: a critical modulator ofimmune cellfunction. 
Clin Immunol Immunopathol, 1997.84(3): p. 244-50. 

87. Roberts, A.B., TGF-beta signalingfrom receptors to the nucleus. Microbes Infect, 1999. 
1(15): p. 1265-73. 

88. Roberts, A.B., et al., Transforming growthfactor-beta: possible roles in carcinogenesis. 
Br J Cancer, 1988.57(6): p. 594-600. 

89. Yang, x., et al., Targeted disruption ofSMAD3 results in impaired mucosal immunity 
and diminished T cel! responsiveness to TGF-beta. Embo J, 1999. 18(5): p. 1280-91. 

90. Jonson, T., et al., Altered expression ofTGFB receptors and mitogenic effects ofTGFB in 
pancreatic carcinomas. Int J Oncol, 2001. 19(1): p. 71-81. 

91. Stampfer, M.R. and P. Yaswen, Culture systems for study ofhuman mammary epithelial 
cel! proliferation, differentiation and transformation. Cancer SUry, 1993. 18: p. 7-34. 

92. Williams, A.c., et al., In vitro models ofhuman colorectal cancer. Cancer SUry, 1993. 16: 
p. 15-29. 

93. Bottner, M., K. Krieglstein, and K. Unsicker, The transforming growthfactor-betas: 
structure, signaling, and roles in nervous system development and functions. J 
Neurochem, 2000. 75(6): p. 2227-40. 

94. Seyedin, S.M., et al., Purification and characterization oftwo cartilage-inducingfactors 
from bovine demineralized bone. Proc Nad Acad Sci USA, 1985. 82(8): p. 2267-71. 

95. Bodmer, S., et al., Immunosuppression and transforming growthfactor-beta in 
glioblastoma. Preferential production of transforming growth factor-beta 2. J Immunol, 
1989. 143(10): p. 3222-9. 

96. Kuppner, M.C., et al., Inhibition oflymphocytefunction by glioblastoma-derived 
transforming growthfactor beta 2. J Neurosurg, 1989.71(2): p. 211-7. 

97. Florini, J.R., et al., Transforming growthfactor-beta. A very potent inhibitor ofmyoblast 
differentiation, identical to the differentiation inhibitor secreted by Buffalo rat liver ceUs. 
J Biol Chem, 1986.261(35): p. 16509-13. 

98. Massague, J., et al., Type beta transforming growthfactor is an inhibitor ofmyogenic 
differentiation. Proc Nad Acad Sei USA, 1986.83(21): p. 8206-10. 

82 



99. Harrington, W.N. and G.C. Godman, A selective inhibitor of ceU proliferationfrom 
normal serum. Proc Natl Acad Sci USA, 1980.77(1): p. 423-7. 

100. Dai, G. and D.N. McMurray, Effects ofmodulating TGF-beta 1 on immune responses to 
mycobacterial infection in guinea pigs. Tuber Lung Dis, 1999.79(4): p. 207-14. 

101. Huang, H.N., et al., [The gene expression of some cytokines and collagen proteins in rat 
bone tissue is related to estradiol (E2) and age}. Shi Yan Sheng Wu Xue Bao, 1999. 
32(4): p. 373-9. 

102. Sun, P., et al.,p53-independent role ofMDM2 in TGF-beta1 resistance. Science, 1998. 
282(5397): p. 2270-2. 

103. Ewen, M.E., p53-dependent repression of cdk4 synthesis in transforming growthfactor
beta-induced G1 ceU cycle arrest. J Lab Clin Med, 1996. 128(4): p. 355-60. 

104. Massague, J., G1 cell-cycle control and cancer. Nature, 2004. 432(7015): p. 298-306. 
105. Massague, land K. Polyak, Mammalian antiproliferative signais and their targets. Curr 

Opin Genet Dev, 1995.5(1): p. 91-6. 
106. Massague, J. and F. Weis-Garcia, Serine/threonine kinase receptors: mediators of 

transforming growthfactor betafamily signais. Cancer SUry, 1996.27: p. 41-64. 
107. Roberts, lM., et al., Cyclins, Cdks, and cyclin kinase inhibitors. Co Id Spring Harb Symp 

Quant Biol, 1994. 59: p. 31-8. 
108. Bates, R.C. and A.M. Mercurio, The Epithelial-Mesenchymal Transition (EMT) and 

Colorectal Cancer Progression. Cancer Biol Ther, 2005. 4(4): p. 365-70. 
109. Bottinger, E.P. and M. Bitzer, TGF-beta signaling in renal disease. J Am Soc Nephrol, 

2002. 13(10): p. 2600-10. 
110. Flanders, K.C., Smad3 as a mediator ofthefibrotic response. Int J Exp Pathol, 2004. 

85(2): p. 47-64. 
111. Hay, E.D., An overview of epithelio-mesenchymal transformation. Acta Anat (Basel), 

1995. 154(1): p. 8-20. 
112. Kang, P. and K.K. Svoboda, Epithelial-Mesenchymal Transformation during 

Craniofacial Development. J Dent Res, 2005.84(8): p. 678-90. 
113. Moustakas, A., et al., Mechanisms ofTGF-beta signaling in regulation of cell growth and 

differentiation. Immunol Lett, 2002. 82(1-2): p. 85-91. 
114. Nakajima, Y., et al., Mechanisms involved in valvuloseptal endocardial cushion 

formation in early cardiogenesis: roles of transforming growth factor (TGF)-beta and 
bone morphogenetic protein (BMP). Anat Rec, 2000.258(2): p. 119-27. 

115. Garcia-Sainz, J.A., et al., [Receptors andfunctions ofTGF-beta, a crucial cytokine in 
wound healing]. Gac Med Mex, 2003. 139(2): p. 126-43. 

116. Ignotz, R.A., J. Heino, and J. Massague, Regulation of cell adhesion receptors by 
transforming growthfactor-beta. Regulation ofvitronectin receptor and LFA-1. J Biol 
Chem, 1989.264(1): p. 389-92. 

117. Wrann, M., et al., T cell suppressor factor from human glioblastoma cells is a 12.5-kd 
protein closely related to transforming growthfactor-beta. Embo J, 1987.6(6): p. 1633-6. 

118. McPherson, lM., et al., The growth inhibitor of African green monkey (BSC-1) cells is 
transforming growthfactors beta 1 and beta 2. Biochemistry, 1989.28(8): p. 3442-7. 

119. Hanks, S.K., et al., Amino acid sequence of the BSC-1 cell growth inhibitor (polyergin) 
deducedfrom the nucleotide sequence of the cDNA. Proc Natl Acad Sci USA, 1988. 
85(1): p. 79-82. 

83 



120. Madisen, L., et al., Transforming growthfactor-beta 2: cDNA cloning and sequence 
analysis. Dna, 1988.7(1): p. 1-8. 

121. ten Dijke, P., et al., Transforming growthfactor type beta 3 maps to human chromosome 
14, region q23-q24. Oncogene, 1988.3(6): p. 721-4. 

122. ten Dijke, P., et a1., Identification of another member of the transforming growth factor 
type beta genefamily. Proc Nat! Acad Sci USA, 1988.85(13): p. 4715-9. 

123. Derynck, R., et al., A new type oftransforming growthfactor-beta, TGF-beta 3. Embo J, 
1988. 7(12):p. 3737-43. 

124. Yang, D.R., et al., Identification of glycosylated 38-kDa connective tissue growthfactor 
(IGFBP-related protein 2) and proteolytic fragments in human biological fluids, and up
regulation of IGFBP-rP2 expression by TGF-beta in Hs578T human breast cancer ceUs. 
J Clin Endocrinol Metab, 1998. 83(7): p. 2593-6. 

125. Piek, E., C.R. Heldin, and P. Ten Dijke, Specificity, diversity, and regulation in TGF-beta 
superfamily signaling. Faseb J, 1999. 13(15): p. 2105-24. 

126. Pan, H. and J. Halper, Cloning, expression, and characterization of chicken transforming 
growthfactor beta 4. Biochem Biophys Res Commun, 2003. 303(1): p. 24-30. 

127. Burt, D.W. and I.R. Paton, Molecular cloning and primary structure of the chicken 
transforming growthfactor-beta 2 gene. DNA Cell Biol, 1991. 10(10): p. 723-34. 

128. Burt, D.W. and I.R. Paton, Evolutionary origins of the transforming growthfactor-beta 
genefamily. DNA Cell Biol, 1992. 11(7): p. 497-510. 

129. Burt, D.W., I.R. Paton, and B.R. Dey, Comparative analysis ofhuman and chicken 
transforming growthfactor-beta 2 and -beta 3 promoters. J Mol Endocrinol, 1991. 7(3): 
p. 175-83. 

130. Burt, D.W. and A.S. Law, Evolution of the transforming growthfactor-beta supeifamily. 
Prog Growth Factor Res, 1994.5(1): p. 99-118. 

131. Cheifetz, S., et a1., The transforming growthfactor-beta system, a complex pattern of 
cross-reactive ligands and receptors. Cell, 1987.48(3): p. 409-15. 

132. Ogawa, Y., et al., Purification and characterization oftransforming growthfactor-beta 
2.3 and -beta 1.2 heterodimersfrom bovine bone. J Biol Chem, 1992.267(4): p. 2325-8. 

133. Massague, land Y.G. Chen, Controlling TGF-beta signaling. Genes Dev, 2000. 14(6): p. 
627-44. 

134. Wrana, J.L., Crossing Smads. Sci STKE, 2000.2000(23): p. REL 
135. Roberts, A.B. and M.B. Spom, Differentiai expression of the TGF-beta isoforms in 

embryogenesis suggests specific roles in developing and adult tissues. Mol Reprod Dev, 
1992.32(2): p. 91-8. 

136. Larsson, J. and S. Karlsson, The role ofSmad signaling in hematopoiesis. Oncogene, 
2005. 24(37): p. 5676-92. 

137. Jennings, lC., et al., Comparison of the biological actions ofTGF beta-1 and TGF beta-2: 
differential activity in endothelial ceUs. J Cell Physiol, 1988. 137( 1): p. 167-72. 

138. Miller, A., et a1., Suppressor T ceUs generated by oral tolerization to myelin basic protein 
suppress both in vitro and in vivo immune responses by the release of transforming 
growthfactor beta after antigen-specific triggering. Proc Natl Acad Sci USA, 1992. 
89(1): p. 421-5. 

139. Roberts, A.B., et al., Multipleforms ofTGF-beta: distinct promoters and differential 
expression. Ciba Found Symp, 1991. 157: p. 7-15; discussion 15-28. 

84 



140. Massague, J., et al., TGF-beta receptors and TGF-beta binding proteoglycans: recent 
progress in identijj;ing their functional properties. Ann N Y Aead Sei, 1990.593: p. 59-
72. 

141. Gaddy-Kurten, D., K. Tsuchida, and W. Yale, Activins and the receptor serine kinase 
superfami/y. Recent Prog Horm Res, 1995.50: p. 109-29. 

142. Gaddy-Kurten, D. and W.W. Yale, Activin increases phosphorylation and decreases 
stability of the transcription factor Pit-1 in MtTW15 somatotrope cells. J Biol Chem, 
1995.270(48): p. 28733-9. 

143. Robertson, D.M., et al., Isolation ofinhibinfrom bovinefollicular jluid. Bioehem 
Biophys Res Commun, 1985. 126(1): p. 220-6. 

144. de Jong, F.H. and D.M. Robertson, Inhibin: 1985 update on action and purification. Mol 
Cell Endocrinol, 1985. 42(2): p. 95-103. 

145. Ling, N., et al., Isolation and partial characterization of a Mr 32,000 protein with inhibin 
activity from porcinefollicular jluid. Proc Nad Acad Sci USA, 1985.82(21): p. 7217-21. 

146. Mason, A.J., et al., Complementary DNA sequences of ovarianfollicular jluid inhibin 
show precursor structure and homology with transforming growth factor-beta. Nature, 
1985. 318(6047):p. 659-63. 

147. Miyamoto, K., et al., Isolation ofporcinefollicular jluid inhibin of32K daltons. Bioehem 
Biophys Res Commun, 1985.129(2): p. 396-403. 

148. Rivier, J., et al., Purification and partial characterization ofinhibinfrom porcine 
follicular jluid. Biochem Biophys Res Commun, 1985.133(1): p. 120-7. 

149. Oda, S., et al., Molecular cloning andfunctional analysis of a new activin beta subunit: a 
dorsal mesoderm-inducing activity in Xenopus. Biochem Biophys Res Commun, 1995. 
210(2): p. 581-8. 

150. Boyd, F.T., et al., Transforming growthfactor-beta receptors and binding proteoglycans. 
J Cell Sci Suppl, 1990. 13: p. 131-8. 

151. Bilezikjian, L.M., A.Z. Corrigan, and W. Yale, Activin-A modulates growth hormone 
secretionfrom cultures ofrat anterior pituitary cells. Endoerinology, 1990.126(5): p. 
2369-76. 

152. Thomsen, G., et al., Activins are expressed early in Xenopus embryogenesis and can 
induce axial mesoderm and anterior structures. Cell, 1990.63(3): p. 485-93. 

153. Yale, W., et al., Purification and characterization of an FSH releasing proteinfrom 
porcine ovarianfollicular jluid. Nature, 1986.321(6072): p. 776-9. 

154. Bernard, D.l, S.C. Chapman, and T.K. Woodruff, Mechanisms ofinhibin signal 
transduction. Recent Prog Horm Res, 2001. 56: p. 417-50. 

155. Knight, P.G., Roles ofinhibins, activins, andfollistatin in thefemale reproductive system. 
Front Neuroendocrinol, 1996. 17(4): p. 476-509. 

156. Kron, R., et al., Expression of hum an activin C protein in insect larvae infected with a 
recombinant baculovirus. J Yirol Methods, 1998.72(1): p. 9-14. 

157. Schmitt, J., et al., Structure, chromosomallocalization, and expression analysis of the 
mouse inhibin/activin beta C (Inhbc) gene. Genomies, 1996. 32(3): p. 358-66. 

158. Fang, l, et al., Molecular cloning of the mouse activin beta E subunit gene. Bioehem 
Biophys Res Commun, 1996.228(3): p. 669-74. 

85 



159. Fang, J., et al., Genes codingfor mouse activin beta C and beta E are closely Unked and 
exhibit a liver-specific expression pattern in adult tissues. Biochem Biophys Res 
Commun, 1997.231(3): p. 655-61. 

160. Loveland, K.L., J.R. McFarlane, and D.M. de Kretser, Expression of activin beta C 
subunit mRNA in reproductive tissues. J Mol Endocrinol, 1996. 17(1): p. 61-5. 

161. de Kretser, D.M., et al., The roles of inhibin and related peptides in gonadal function. 
Mol Cell Endocrinol, 2000.161(1-2): p. 43-6. 

162. O'Bryan, M.K., et al., Cloning and regulation of the rat activin betaE subunit. J Mol 
Endocrinol, 2000. 24(3): p. 409-18. 

163. Yale, W., et al., Chemical and biological characterization of the inhibinfamily ofprotein 
hormones. Recent Prog Horm Res, 1988.44: p. 1-34. 

164. Ying, S.Y., Inhibins, activins, andfollistatins: gonadal proteins modulating the secretion 
offollicle-stimulating hormone. Endocr Rev, 1988.9(2): p. 267-93. 

165. Mather, lP., et al., Activin stimulates spermatogonial proliferation in germ-SertoU ceIl 
coculturesfrom immature rat testis. Endocrinology, 1990. 127(6): p. 3206-14. 

166. Woodruff, T.K., et al., Inhibin and activin locally regulate rat ovarianfolliculogenesis. 
Endocrinology, 1990. 127(6): p. 3196-205. 

167. Woodruff, T.K. and lP. Mather, Inhibin, activin and thefemale reproductive axis. Annu 
Rev Physiol, 1995.57: p. 219-44. 

168. Asashima, M., et al., The vegetalizingfactor belongs to afamily ofmesoderm-inducing 
pro teins related to erythroid differentiation factor. Naturwissenschaften, 1990. 77(8): p. 
389-91. 

169. Green, lB. and lC. Smith, Graded changes in dose ofaXenopus activin A homologue 
elicit stepwise transitions in embryonic ceUfate. Nature, 1990.347(6291): p. 391-4. 

170. Musci, T.J., E. Amaya, and M.W. Kirschner, Regulation of the fibroblast growth factor 
receptor in early Xenopus embryos. Proc Nat! Acad Sci USA, 1990.87(21): p. 8365-9. 

171. Slack, lM., Growthfactors as inducing agents in early Xenopus development. J Cell Sci 
Suppl, 1990.13: p. 119-30. 

172. Smith, lC., et al., Identification of a potent Xenopus mesoderm-inducingfactor as a 
homologue of activin A. Nature, 1990.345(6277): p. 729-31. 

173. van den Eijnden-Y an Raaij, A.l, et al., Activin-like factor from a Xenopus laevis ceUline 
responsiblefor mesoderm induction. Nature, 1990.345(6277): p. 732-4. 

174. Harland, R.M., Neural induction in Xenopus. CUIT Opin Genet Dev, 1994.4(4): p. 543-9. 
175. Kitamura, K., et al., Smad7 selectively interferes with different pathways of activin 

signaling and inhibits erythroid leukemia cel! differentiation. Blood, 2000. 95(11): p. 
3371-9. 

176. Yamashita, T., et al., Synergistic action of activin A and hexamethylene bisacetamide in 
differentiation of murine erythroleukemia ceIls. Cancer Res, 1990. 50( 11): p. 3182-5. 

177. Uhl, M., et al., SD-208, a novel transforming growthfactor beta receptor l kinase 
inhibitor, inhibits growth and invasiveness and enhances immunogenicity of murine and 
human glioma ceIls in vitro and in vivo. Cancer Res, 2004. 64(21): p. 7954-61. 

178. Petri, J.B., et al., Cyclosporine A delays wound heaUng and apoptosis and suppresses 
activin beta-A expression in rats. Eur J Dermatol, 1998.8(2): p. 104-13. 

86 



179. Takabe, K., et al., Interruption of activin A autocrine regulation byantisense 
oligodeoxynucleotides accelerates liver tumor cell proliferation. Endocrinology, 1999. 
140(7): p. 3125-32. 

180. Ho, J., et al., Activin induces hepatocyte cell growth arrest through induction of the 
cyclin-dependent kinase inhibitor p15INK4B and Spl. Cell Signal, 2004. 16(6): p. 693-
701. 

181. Cocolakis, E., et al., The p38 MAPK pathway is required for cell growth inhibition of 
hum an breast cancer cells in response to activin. J Biol Chem, 2001. 276(21): p. 18430-6. 

182. Furia, B., et al., Enhancement ofnuclear factor-kappa B acetylation by coactivator p300 
and HIV-l Tat pro teins. J Biol Chem, 2002. 277(7): p. 4973-80. 

183. Lebrun, II and W.W. Yale, Activin and inhibin have antagonistic efJects on ligand
dependent heteromerization of the type 1 and type II activin receptors and human 
erythroid difJerentiation. Mol Cell Biol, 1997. 17(3): p. 1682-91. 

184. Abe, M., et al., Potent induction of activin A secretionfrom monocytes and bone marrow 
stromal fibroblasts by cognate interaction with activated T ceUs. J Leukoc Biol, 2002. 
72(2): p. 347-52. 

185. Adkins, R.B., et al., Antibody blockade of the Cripto CFC domain suppresses tumor cell 
growth in vivo. J Clin Invest, 2003. 112(4): p. 575-87. 

186. Alexander, lM., et al., Tumor-specific expression and alternate splicing ofmessenger 
ribonucleic acid encoding activin/transforming growth factor-beta receptors in human 
pituitary adenomas. J Clin Endocrinol Metab, 1996.81(2): p. 783-90. 

187. Bianco, C., et al., Cripto-l activa tes nodal- and ALK4-dependent and -independent 
signaling pathways in mammary epithelial Cells. Mol Cell Biol, 2002. 22(8): p. 2586-97. 

188. Bianco, C., et al., A Nodal- and ALK4-independent signa ling pathway activated by 
Cripto-l through Glypican-l and c-Src. Cancer Res, 2003. 63(6): p. 1192-7. 

189. Danila, D.C., et al., Overexpression ofwild-type activin receptor alk4-l restores activin 
antiproliferative efJects in human pituitary tumor ceUs. J Clin Endocrinol Metab, 2002. 
87(10): p. 4741-6. 

190. Landis, M.D., et al., Gene expression profiling of cancer progression reveals intrinsic 
regulation of transforming growth factor-beta signaling in ErbB2/Neu-induced tumors 
from transgenic mice. Oncogene, 2005. 

191. Matsuyama, S., et al., SB-43l542 and Gleevec inhibit transforming growthfactor-beta
induced proliferation ofhuman osteosarcoma ceUs. Cancer Res, 2003.63(22): p. 7791-8. 

192. Panopoulou, E., et al., Activin A suppresses neuroblastoma xenograft tumor growth via 
antimitotic and antiangiogenic mechanisms. Cancer Res, 2005. 65(5): p. 1877-86. 

193. Schulte, K.M., et al., Activin A and activin receptors in thyroid cancer. Thyroid, 2001. 
11(1): p. 3-14. 

194. Su, G.R., et al., ACVRlB (ALK4, activin receptor type lB) gene mutations in pancreatic 
carcinoma. Proc Nat! Acad Sei USA, 2001. 98(6): p. 3254-7. 

195. Zhou, Y., et al., Truncated activin type Ireceptor Alk4 isoforms are dominant negative 
receptors inhibiting activin signaling. Mol Endocrinol, 2000. 14(12): p. 2066-75. 

196. Zou, H., et al., BMP signaling and vertebrate limb development. Co1d Spring Harb Symp 
Quant Biol, 1997.62: p. 269-72. 

197. Chen, D., M. Zhao, and G.R. Mundy, Bone morphogenetic proteins. Growth Factors, 
2004.22(4): p. 233-41. 

87 



198. Faure, S., et al., Endogenous patterns of BMP signaling du ring early chick development. 
Dev Biol, 2002.244(1): p. 44-65. 

199. Spencer, F.A., F.M. Hoffmann, and W.M. Gelbart, Decapentaplegic: a gene complex 
affecting morphogenesis in Drosophila melanogaster. Cell, 1982.28(3): p. 451-61. 

200. Wozney, J.M., Bone morphogenetic proteins. Prog Growth Factor Res, 1989. 1(4): p. 
267-80. 

201. Faure, S., et al., Endogenous patterns of TGFbeta superfamily signaling du ring early 
Xenopus development. Development, 2000.127(13): p. 2917-31. 

202. Howell, M., et al., Xenopus Smad4beta is the co-Smad component of developm en ta lly 
regulated transcription factor complexes responsible for induction of early mesodermal 
genes. Dev Biol, 1999.214(2): p. 354-69. 

203. Mehler, M.F., et al., Bone morphogenetic proteins in the nervous system. Trends Neurosci, 
1997. 20(7): p. 309-17. 

204. Wharton, K., et al., Molecular les ions associated with alleles of decapentaplegic identifY 
residues necessary for TGF-beta/BMP cell signaling in Drosophila melanogaster. 
Genetics, 1996.142(2): p. 493-505. 

205. Celeste, A.J., et al., Identification oftransforming growthfactor betafamily members 
present in bone-inductive protein purifiedfrom bovine bone. Proc Nat! Acad Sci USA, 
1990.87(24): p. 9843-7. 

206. Ozkaynak, E., et al., OP-l cDNA encodes an osteogenic protein in the TGF-beta family. 
Embo J, 1990.9(7): p. 2085-93. 

207. Ozkaynak, E., et al., Osteogenic protein-2. A new member of the transforming growth 
factor-beta superfamily expressed early in embryogenesis. J Biol Chem, 1992. 267(35): p. 
25220-7. 

208. Hogan, B.L., Bone morphogenetic proteins in development. Curr Op in Genet Dev, 1996. 
6(4): p. 432-8. 

209. Weeks, D.L. and D.A. Melton, A maternaI mRNA localized to the vegetal hemisphere in 
Xenopus eggs codesfor a growthfactor related to TGF-beta. Cell, 1987.51(5): p. 861-7. 

210. Lyons, K.M., R.W. Pelton, and B.L. Hogan, Patterns ofexpression ofmurine Vgr-l and 
BMP-2a RNA suggest that transforming growthfactor-beta-like genes coordinately 
regulate aspects of embryonic development. Genes Dev, 1989.3(11): p. 1657-68. 

211. Wharton, K.A., G.H. Thomsen, and W.M. Gelbart, Drosophila 60A gene, another 
transforming growth factor beta family member, is closely related to human bone 
morphogenetic proteins. Proc Nat! Acad Sci USA, 1991. 88(20): p. 9214-8. 

212. Flaishon, L., et al., Low levels ofIFN-gamma down-regulate the integrin-dependent 
adhesion of B cells by activating a pathway that interferes with cytoskeleton 
rearrangement. J Biol Chem, 2001. 276(50): p. 46701-6. 

213. Airaksinen, M.S. and M. Saarma, The GDNF family: signalling, biologicalfunctions and 
therapeutic value. Nat Rev Neurosci, 2002. 3(5): p. 383-94. 

214. Alberch, J., E. Perez-Navarro, and J.M. Canals, Neuroprotection by neurotrophins and 
GDNF family members in the excitotoxic model of Huntington /s disease. Brain Res Bull, 
2002. 57(6): p. 817-22. 

215. Ba1oh, R.H., et al., The GDNF family ligands and receptors - implicationsfor neural 
development. Curr Op in Neurobiol, 2000.10(1): p. 103-10. 

88 



216. English, A.W., Cytokines, growthfactors and sprouting at the neuromuscular junction. J 
Neurocytol, 2003. 32(5-8): p. 943-60. 

217. J osso, N. and N. di Clemente, Serine/threonine kinase receptors and ligands. CUIT Opin 
Genet Dey, 1997.7(3): p. 371-7. 

218. Krieglstein, K., Factors promoting survival ofmesencephalic dopaminergic neurons. Cell 
Tissue Res, 2004. 318(1): p. 73-80. 

219. Krieglstein, K., C. Suter-Crazzolara, and K. Unsicker, Development ofmesencephalic 
dopaminergic neurons and the transforming growthfactor-beta superfamily. J Neural 
Transm Suppl, 1995.46: p. 209-16. 

220. Neet, K.E. and R.B. Campenot, Receptor binding, internalization, and retrograde 
transport ofneurotrophicfactors. Cell Mol Life Sci, 2001. 58(8): p. 1021-35. 

221. Saarma, M., GDNF - a stranger in the TGF-beta superfami/y? Eur J Biochem, 2000. 
267(24): p. 6968-71. 

222. Saarma, M. and H. Sariola, Other neurotrophic factors: glial ceilline-derived 
neurotrophicfactor (GDNF). Microsc Res Tech, 1999.45(4-5): p. 292-302. 

223. Yano, H. and M.V. Chao, Neurotrophin receptor structure and interactions. Pharm Acta 
Hely, 2000. 74(2-3): p. 253-60. 

224. Massague, l, Neurotrophicfactors. Crossing receptor boundaries. Nature, 1996. 
382(6586): p. 29-30. 

225. Arenas, E., et al., GDNF prevents degeneration and promotes the phenotype o.fbrain 
noradrenergic neurons in vivo. Neuron, 1995.15(6): p. 1465-73. 

226. Lipschutz, lH., Molecular development of the kidney: a review of the results of gene 
disruption studies. Am J Kidney Dis, 1998.31(3): p. 383-97. 

227. Huang, L., et al., Glial celiline-derived neurotrophicfactor (GDNF) is requiredfor 
difJerentiation of pontine noradrenergic neurons and patterning of central respiratory 
output. Neuroscience, 2005.130(1): p. 95-105. 

228. Angrist, M., et al., Germline mutations in glial ceilline-derived neurotrophicfactor 
(GDNF) and RET in a Hirschsprung disease patient. Nat Genet, 1996. 14(3): p. 341-4. 

229. Weis-Garcia, F. and l Massague, Complementation between kinase-defective and 
activation-defective TGF-beta receptors reveals a novel form of receptor cooperativity 
essentialfor signaling. Embo J, 1996. 15(2): p. 276-89. 

230. Paratcha, G., F. Ledda, and C.F. Ibanez, The neural ceil adhesion molecule NCAM is an 
alternative signaling receptor for GDNF family ligands. Cell, 2003.113(7): p. 867-79. 

231. Zhou, F.Q., l Zhong, and W.D. Sni der, Extraceilular crosstalk: when GDNF meets N
CAM. Cell, 2003.113(7): p. 814-5. 

232. Salhi, I., et al., The anti-Mullerian hormone type II receptor: insights into the binding 
domains recognized by a monoclonal antibody and the naturalligand. Biochem J, 2004. 
379(Pt 3): p. 785-93. 

233. Mishina, Y., et al., Bmpr encodes a type 1 bone morphogenetic protein receptor that is 
essentialfor gastrulation during mouse embryogenesis. Genes Dey, 1995.9(24): p. 3027-
37. 

234. Resendes, B.L., et al., Role for anti-Mullerian hormone in congenital absence of the 
uterus and vagina. Am J Med Genet, 2001. 98(2): p. 129-36. 

89 



235. Jones, C.M., et al., Nodal-related signaIs induce axial mesoderm and dorsalize mesoderm 
du ring gastrulation. Development, 1995. 121(11): p. 3651-62. 

236. Beddington, R., Left, right, left. turn. Nature, 1996.381(6578): p. 116-7. 
237. Moses, H.L. and R. Serra, Regulation of difJerentiation by TGF-beta. Curr Opin Genet 

Dev, 1996.6(5): p. 581-6. 
238. Husmann, L, et al., Growthfactors in skeletal muscle regeneration. Cytokine Growth 

Factor Rev, 1996.7(3): p. 249-58. 
239. Florini, J.R, D.Z. Ewton, and S.A. Coolican, Growth hormone and the insulin-like 

growthfactor system in myogenesis. Endocr Rev, 1996.17(5): p. 481-517. 
240. Massague, 1., et al., Transforming growthfactor-beta. Cancer Surv, 1992.12: p. 81-103. 
241. Franzen, P., et al., Cloning of a TGF beta type 1 receptor thatforms a heteromeric 

complex with the TGF beta type II receptor. Cell, 1993.75(4): p. 681-92. 
242. Attisano, L., et al., Identification of human activin and TGF beta type 1 receptors that 

form heteromeric kinase complexes with type II receptors. Cell, 1993.75(4): p. 671-80. 
243. Ebner, R., et al., Cloning of a type 1 TGF-beta receptor and ifs efJect on TGF-beta 

binding to the type II receptor. Science, 1993.260(5112): p. 1344-8. 
244. Lin, H.Y. and X.F. Wang, Expression cloning ofTGF-beta receptors. Mol Reprod Dev, 

1992.32(2): p. 105-10. 
245. Wrana, J.L., et al., Mechanism of activation of the TGF-beta receptor. Nature, 1994. 

370(6488): p. 341-7. 
246. Attisano, L., et al., Activation of signalling by the activin receptor complex. Mol Cell Biol, 

1996. 16(3): p. 1066-73. 
247. Mathews, L.S. and W.W. Yale, Characterization oftype II activin receptors. Binding, 

processing, and phosphorylation. J Biol Chem, 1993.268(25): p. 19013-8. 
248. Mathews, L.S. and W.W. Yale, Molecular andfunctional characterization of activin 

receptors. Receptor, 1993.3(3): p. 173-81. 
249. Tsuchida, K., L.S. Mathews, and W.W. Yale, Cloning and characterization of a 

transmembrane serine kinase that acts as an activin type 1 receptor. Proc Natl Acad Sci 
USA, 1993.90(23): p. 11242-6. 

250. Attisano, L. and J.L. Wrana, Signal transduction by members of the transforming growth 
factor-beta superfami/y. Cytokine Growth Factor Rev, 1996.7(4): p. 327-39. 

251. Chen, F. and R.A. Weinberg, Biochemical evidence for the autophosphorylation and 
transphosphorylation of transforming growth factor beta receptor kinases. Proc Natl 
Acad Sci USA, 1995.92(5): p. 1565-9. 

252. Willis, S.A., et al., Formation and activation by phosphorylation of activin receptor 
complexes. Mol Endocrinol, 1996.10(4): p. 367-79. 

253. Derynck, Rand X.H. Feng, TGF-beta receptor signaling. Biochim Biophys Acta, 1997. 
1333(2): p. FlOS-50. 

254. Derynck, R., et al., Nomenclature: vertebrate mediators ofTGFbetafamily signaIs. Cell, 
1996. 87(2): p. 173. 

255. Souchelnytskyi, S., et al., Phosphorylation of Ser 165 in TGF-beta type 1 receptor 
modulates TGF-beta1-induced cellular responses. Embo J, 1996. 15(22): p. 6231-40. 

256. Wieser, R, J.L. Wrana, and 1. Massague, GS domain mutations that constitutively 
activate T beta R-L the downstream signaling component in the TGF-beta receptor 
complex. Embo J, 1995.14(10): p. 2199-208. 

90 



257. Gougos, A. and M. Letarte, Primary structure of endoglin, an RGD-containing 
glycoprotein ofhuman endothelial cells. J Biol Chem, 1990.265(15): p. 8361-4. 

258. Wang, X.F., et al., Expression cloning and characterization of the TGF-beta type III 
receptor. Cell, 1991. 67(4): p. 797-805. 

259. Cheifetz, S. and J. Massague, Isoform-specific transforming growthfactor-beta binding 
proteins with membrane attachments sensitive to phosphatidylinositol-specific 
phospholipase C. J Biol Chem, 1991. 266(31): p. 20767-72. 

260. Segarini, P.R., D.M. Rosen, and S.M. Seyedin, Binding oftransforming growthfactor
beta to cell surface pro teins varies with cell type. Mol Endocrinol, 1989. 3(2): p. 261-72. 

261. Cheifetz, S., et al., Endoglin is a component of the transforming growth factor-beta 
receptor system in human endothelial ceUs. J Biol Chem, 1992.267(27): p. 19027-30. 

262. Todaro, G.J. and J.E. De Larco, Growthfactors produced by sarcoma virus-transformed 
cells. Cancer Res, 1978.38(11 Pt 2): p. 4147-54. 

263. Moses, R.E., Permeabilized cells. Methods Enzymol, 1995.262: p. 497-9. 
264. Moses, R.L., et al., Transforming growthfactor production by chemically transformed 

cel/s. Cancer Res, 1981. 41(7): p. 2842-8. 
265. Dey, B.R., et al., Repression of the transforming growthfactor-beta 1 gene by the Wilms' 

tumor suppressor WT1 gene product. Mol Endocrinol, 1994.8(5): p. 595-602. 
266. Eppert, K., et al., MADR2 maps to 18q21 and encodes a TGFbeta-regulated MAD-related 

protein that isfunctional/y mutated in colorectal carcinoma. Cell, 1996.86(4): p. 543-52. 
267. Macias-Silva, M., et al., MADR2 is a substrate of the TGFbeta receptor and ils 

phosphorylation is requiredfor nuclear accumulation and signaling. Cell, 1996.87(7): p. 
1215-24. 

268. Zhang, Y, et al., Receptor-associated Mad homologues synergize as effectors of the 
TGF-beta response. Nature, 1996.383(6596): p. 168-72. 

269. Thomsen, G.R., Xenopus mothers against decapentaplegic is an embryonic ventralizing 
agent that acts downstream of the BMP-2/4 receptor. Development, 1996. 122(8): p. 
2359-66. 

270. Souchelnytskyi, S., et al., Phosphorylation of Ser465 and Ser467 in the C terminus of 
Smad2 mediates interaction with Smad4 and is required for transforming growth factor
beta signaling. J Biol Chem, 1997.272(44): p. 28107-15. 

271. de Caestecker, M.P., et al., The Smad4 activation domain (SAD) is a proline-rich, p300-
dependent transcriptional activation domain. J Biol Chem, 2000.275(3): p. 2115-22. 

272. Tsuneizumi, K., et al., Daughters against dpp modulates dpp organizing activily in 
Drosophila wing development. Nature, 1997.389(6651): p. 627-31. 

273. Nakao, A., et al., Identification ofSmad7, a TGFbeta-inducible antagonist ofTGF-beta 
signalling. Nature, 1997.389(6651): p. 631-5. 

274. Rata, A., et al., Smad6 inhibils BMP/Smadl signaling by specifically competing with the 
Smad4 tumor suppressor. Genes Dev, 1998.12(2): p. 186-97. 

275. Christian, J.L. and T. Nakayama, Can't get no SMADisfaction: Smad proteins as positive 
and negative regulators ofTGF-betafamily signais. Bioessays, 1999.21(5): p. 382-90. 

276. Imamura, T., et al., Smad6 inhibits signalling by the TGF-beta superfamily. Nature, 1997. 
389(6651): p. 622-6. 

91 



277. Souehelnytskyi, S., et al., Phosphorylation ofSmad signalingproteins by receptor 
serinelthreonine kinases. Methods Mol Biol, 2001. 124: p. 107-20. 

278. Itoh, S., et al., Transforming growthfactor betai induces nuclear export ofinhibitory 
Smad7. J Biol Chern, 1998.273(44): p. 29195-201. 

279. Raftery, L.A, et al., Genetic screens to identifj; elements of the decapentaplegic signaling 
pathway in Drosophila. Geneties, 1995.139(1): p. 241-54. 

280. Sekelsky, J.J., et al., Genetic characterization and cloning ofmothers against dpp, a gene 
required for decapentaplegic function in Drosophila melanogaster. Geneties, 1995. 
139(3): p. 1347-58. 

281. Sayage, c., et al., Caenorhabditis elegans genes sma-2, sma-3, and sma-4 define a 
conservedfamily oftransforming growthfactor beta pathway components. Proe Natl 
Aead Sei USA, 1996. 93(2): p. 790-4. 

282. Derynek, R., et al., Nomenclature: vertebrate mediators ofTGFbetafamily signais. Cell, 
1996.87(2): p. 173. 

283. Derynek, R. and Y. Zhang, lntracel!ular signalling: the mad way to do it. CUIT Biol, 1996. 
6(10): p. 1226-9. 

284. Attisano, L. and lL. Wrana, Smads as transcriptional co-modulators. CUIT Opin Cell 
Biol, 2000. 12(2): p. 235-43. 

285. Wrana, J.L., Crossing Smads. Sei STKE, 2000.2000(23): p. REL 
286. Wrana, lL. and L. Attisano, The Smad pathway. Cytokine Growth Factor Rey, 2000. 

11(1-2): p. 5-13. 
287. Heldin, C.H., K. Miyazono, and P. ten Dijke, TGF-beta signallingfrom cel! membrane to 

nucleus through SMAD proteins. Nature, 1997. 390(6659): p. 465-71. 
288. Chen, Y.G., et al., Determinants ofspecificity in TGF-beta signal transduction. Genes 

Dey, 1998. 12(14): p. 2144-52. 
289. Lo, R.S., et al., The L3 loop: a structural motif determining specific interactions between 

SMAD proteins and TGF-beta receptors. Ernbo J, 1998. 17(4): p. 996-1005. 
290. Lux, A, L. Attisano, and D.A Marehuk, Assignment oftransforming growthfactor betai 

and beta3 and a third new ligand to the type 1 receptor ALK-I. J Biol Chern, 1999. 
274(15):p.9984-92. 

291. Maeias-Silya, M., et al., Specific activation of Smadi signaling pathways by the BMP7 
type 1 receptor, ALK2. J Biol Chern, 1998.273(40): p. 25628-36. 

292. Oh, S.P., et al., Activin receptor-like kinase 1 modulates transforming growthfactor-beta 
1 signaling in the regulation of angiogenesis. Proe Natl Aead Sei USA, 2000. 97(6): p. 
2626-31. 

293. Tsukazaki, T., et al., SARA, a FYVE domain protein that recruits Smad2 to the TGFbeta 
receptor. Cell, 1998.95(6): p. 779-91. 

294. Dong, C., et al., Microtubule binding to Smads may regulate TGF beta activity. Mol Cell, 
2000.5(1): p. 27-34. 

295. Xu, land L. Attisano, Mutations in the tumor suppressors Smad2 and Smad4 inactivate 
transforming growth factor beta signaling by targeting Smads to the ubiquitin
proteasome pathway. Proe Natl Aead Sei USA, 2000.97(9): p. 4820-5. 

92 



296. Massague, J. and D. Wotton, Transcriptional control by the TGF-betalSmad signaling 
system. Embo J, 2000. 19(8): p. 1745-54. 

297. Wisotzkey, R.G., et al., Medea is a Drosophila Smad4 homolog that is difJerentially 
required to potentiate DPP responses. Development, 1998. 125(8): p. 1433-45. 

298. Brummel, T., et al., The Drosophila activin receptor baboon signais through dSmad2 and 
controls cell proliferation but not patterning during larval development. Genes Dev, 1999. 
13(1): p. 98-111. 

299. Liu, F., C. Pouponnot, and J. Massague, Dual role of the Smad41DPC4 tumor suppressor 
in TGFbeta-inducible transcriptional complexes. Genes Dev, 1997.11(23): p. 3157-67. 

300. Chen, X., et al., Smad4 and F AST-I in the assembly of activin-responsive factor. Nature, 
1997.389(6646): p. 85-9. 

301. Sano, Y., et al., ATF-2 is a common nuclear target ofSmad and TAKI pathways in 
transforming growthfactor-beta signaling. J Biol Chem, 1999.274(13): p. 8949-57. 

302. Hocevar, B.A., T.L. Brown, and P.H. Howe, TGF-beta inducesjibronectin synthesis 
through a c-Jun-N-terminal kinase-dependent, Smad4-independent pathway. Embo J, 
1999.18: p. 1345-1356. 

303. Hanafusa, H. and e. al., Involvement of the p38 mitogen-activated protein kinase pathway 
in transforming growthfactor-beta-induced gene expression. J Biol Chem, 1999.274: p. 
27161-27167. 

304. Perlman, R., et al., TGF-beta-induced apoptosis is mediated by the adapter protein Daxx 
thatfacilitates JNK activation. Nat Cell Biol, 2001. 3(8): p. 708-14. 

305. Miyazono, K., TGF-beta receptors and signal transduction. Int J Hematol, 1997.65(2): p. 
97-104. 

306. Shibuya, H., et al., TABI: an activator of the TAKI MAPKKK in TGF-beta signal 
transduction. Science, 1996.272(5265): p. 1179-82. 

307. Yamaguchi, K., et al., Identification of a member of the MAPKKKfamily as a potential 
mediator ofTGF-beta signal transduction. Science, 1995.270(5244): p. 2008-11. 

308. Takatsu, Y., et al., TAKI participates in c-Jun N-terminal kinase signaling during 
Drosophila development. Mol Cell Biol, 2000. 20(9): p. 3015-26. 

309. Javelaud, D. and A. Mauviel, Crosstalk mechanisms between the mitogen-activated 
protein kinase pathways and Smad signaling downstream of TGF-beta: implications for 
carcinogenesis. Oncogene, 2005.24(37): p. 5742-50. 

310. Hasson, P., et al., EGFR signaling attenuates Groucho-dependent repression to 
antagonize Notch transcriptional output. Nat Genet, 2005.37(1): p. 101-5. 

311. Mori, S., et al., TGF-beta and HGF transmit the signais through JNK-dependent Smad213 
phosphorylation at the linker regions. Oncogene, 2004.23(44): p. 7416-29. 

312. Wenner, C.E. and S. Yan, Biphasic role ofTGF-betal in signal transduction and 
crosstalk. J Cell Physiol, 2003. 196(1): p. 42-50. 

313. Leivonen, S.K., et al., Smad3 and extracellular signal-regulated kinase 112 coordinately 
mediate transforming growth factor-beta-induced expression of connective tissue growth 
factor in humanjibroblasts. J Invest Derrnatol, 2005. 124(6): p. 1162-9. 

314. Zhao, Y. and S.L. Young, Expression of transforming growth factor-beta type II receptor 
in rat lung is regulated du ring development. Am J Physiol, 1995.269(3 Pt 1): p. L419-26. 

93 



315. Kretzschmar, M., J. Doody, and J. Massague, Opposing BMP and EGF signalling 
pathways converge on the TGF-betafamily mediator SmadJ. Nature, 1997.389(6651): p. 
618-22. 

316. Kretzschmar, M., et al., A mechanism ofrepression ofTGFbetal Smad signaling by 
oncogenic Ras. Genes Dey, 1999.13(7): p. 804-16. 

317. Kretzschmar, M., et al., The TGF-beta family mediator SmadJ is phosphorylated directly 
and activatedfunctionally by the BMP receptor kinase. Genes Dey, 1997.11(8): p. 984-
95. 

318. Lo, R.S., D. Wotton, and J. Massague, Epidermal growthfactor signaling via Ras 
controls the Smad transcriptional co-repressor TGIF. Embo J, 2001. 20(1-2): p. 128-36. 

319. Shi, x., et al., SmadJ interacts with homeobox DNA-binding proteins in bone 
morphogenetic protein signaling. J Biol Chem, 1999.274(19): p. 13711-7. 

320. Shi, Y, et al., Crystal structure of a Smad MHI domain bound to DNA: insights on DNA 
binding in TGF-beta signaling. Cell, 1998. 94(5): p. 585-94. 

321. Rata, A., et al., OAZ uses distinct DNA- and protein-binding zinc jingers in separate 
BMP- Smad and Oif signaling pathways. Cell, 2000. 100(2): p. 229-40. 

322. Chen, Y, II Lebrun, and W. Yale, Regulation oftransforming growthfactor beta- and 
activin-induced transcription by mammalian Mad proteins. Proc Natl Acad Sci USA, 
1996.93(23): p. 12992-7. 

323. Germain, S., et al., Homeodomain and winged-helix transcription factors recruit 
activated Smads to distinct promo ter elements via a common Smad interaction motif 
Genes Dey, 2000.14(4): p. 435-51. 

324. Zhang, Y, X.R. Feng, and R. Derynck, Smad3 and Smad4 coopera te with c-Jun/c-Fos to 
mediate TGF-beta-induced transcription. Nature, 1998.394(6696): p. 909-13. 

325. Rua, X., et al., Specificity in transforming growthfactor beta-induced transcription of the 
plasminogen activator inhibitor-l gene: interactions of promo ter DNA, transcription 
factor muE3, and Smad proteins. Proc Natl Acad Sci USA, 1999.96(23): p. 13130-5. 

326. Ranai, J., et al., Interaction and functional cooperation of PEBP21CBF with Smads. 
Synergistic induction of the immunoglobulin germline Calpha promo ter. J Biol Chem, 
1999. 274(44):p. 31577-82. 

327. Pardali, E., et al., Smad and AML proteins synergistically confer transforming growth 
factor betal responsiveness to human germ-fine IgA genes. J Biol Chem, 2000. 275(5): p. 
3552-60. 

328. Labbe, E., A. Letamendia, and L. Attisano, Association ofSmads with lymphoid enhancer 
binding factor liT cell- specific factor mediates cooperative signaling by the 
transforming growthfactor-beta and wilt pathways. Proc Natl Acad Sci USA, 2000. 
97(15): p. 8358-63. 

329. Nishita, M., et al., Interaction between Wnt and TGF-beta signalling pathways du ring 
formation ofSpemann's organizer. Nature, 2000. 403(6771): p. 781-5. 

330. Wotton, D., et al., A Smad transcriptional corepressor. Cell, 1999.97(1): p. 29-39. 
331. Luo, K., et al., The Ski oncoprotein interacts with the Smad proteins to repress TGFbeta 

signaling. Genes Dey, 1999.13(17): p. 2196-206. 
332. Sun, Y, et al., Interaction of the Ski oncoprotein with Smad3 regulates TGF-beta 

signaling. Mol Cell, 1999.4(4): p. 499-509. 

94 



333. Attisano, L. and S. Tuen Lee-Hoeflich, The Smads. Genome Biol, 2001. 2(8). 
334. Kretzschmar, M. and J. Massague, SMADs: mediators and regulators ofTGF-beta 

signaling. CUIT Opin Genet Dey, 1998.8(1): p. 103-11. 
335. Derynck, R, Y. Zhang, and X.H. Feng, Smads: transcriptional activators ofTGF-beta 

responses. Cell, 1998.95(6): p. 737-40. 
336. Massague, J., Integration of Smad and MAPK pathways: a link and a linker revisited. 

Genes Dey, 2003.17(24): p. 2993-7. 
337. Heldin, C.H. and P. ten Dijke, SMAD destruction turns offsigna lling. Nat Cell Biol, 1999. 

1(8): p. EI95-7. 
338. Moustakas, A., Smad signalling network. J Cell Sci, 2002. 115(Pt 17): p. 3355-6. 
339. Attisano, L. and J.L. Wrana, Smads as transcriptional co-modulators. CUIT Opin Cell 

Biol, 2000. 12(2): p. 235-43. 
340. Liberati, N.T., et al., Smads bind directly to the Junfamily of AP-l transcription factors. 

Proc Natl Acad Sci USA, 1999.96(9): p. 4844-9. 
341. Feng, X.H. and R. Derynck, Spec(ficity and Versatility in TGF- Signaling Through Smads. 

Annu Rey Cell Dey Biol, 2005. 
342. Zhang, X. and P.W. Majerus, Phosphatidylinositol signalling reactions. Sernin Cell Dey 

Biol, 1998.9(2): p. 153-60. 
343. Tsuji, K., Y. Ito, and M. Noda, Expression of the PEBP2alphaA/AML3/CBFAl gene is 

regulated by BMP4/7 heterodimer and its overexpression suppresses type l collagen and 
osteocalcin gene expression in osteoblastic and nonosteoblastic mesenchymal cells. Bone, 
1998. 22(2): p. 87-92. 

344. Hanai, J. and K. Miyazono, [PEBP2/CBF is a nuclear target ofSmads in TGF-beta super 
family signaling}. Tanpakushitsu Kakusan Koso, 2000. 45(1): p. 48-54. 

345. Feng, X.H., et al., The tumor suppressor Smad4/DPC4 and transcriptional adaptor 
CBP/p300 are coactivators for smad3 in TGF-beta-induced transcriptional activation. 
Genes Dey, 1998.12(14): p. 2153-63. 

346. Janknecht, R., N.J. Wells, and T. Hunter, TGF-beta-stimulated cooperation ofsmad 
pro teins with the coactivators CBP/p300. Genes Dey, 1998. 12(14): p. 2114-9. 

347. Topper, J.N., et al., CREB binding protein is a required coactivator for Smad-dependent, 
transforming growthfactor beta transcriptional responses in endothelial cells. Proc Nad 
Acad Sci USA, 1998.95(16): p. 9506-11. 

348. Yanagi, Y., et al., Positive and negative modulation ofvitamin D receptor function by 
transforming growthfactor-beta signaling through smad pro teins. J Biol Chem, 1999. 
274(19): p. 12971-4. 

349. Sun, Y., et al., SnoN and Ski protooncoproteins are rapidly degraded in response to 
transforming growthfactor beta signaling. Proc Natl Acad Sci USA, 1999.96(22): p. 
12442-7. 

350. Wotton, D., et al., The Smad transcriptional corepressor TGIF recruits mSin3. Cell 
Growth Differ, 2001. 12(9): p. 457-63. 

351. Swanton, C., Cell-cycle targeted therapies. Lancet Oncol, 2004.5(1): p. 27-36. 
352. Chen, x., M.J. Rubock, and M. Whitman, A transcription al partner for MAD proteins in 

TGF-beta signalling. Nature, 1996.383(6602): p. 691-6. 

95 



353. Kornmann, M., P. Tangvoranuntakul, and M. Korc, TGF-beta-l up-regulates cyclin Dl 
expression in COLO-357 ceUs, whereas suppression of cyclin Dl levels is associated with 
down-regulation of the type 1 TGF-beta receptor. Int J Cancer, 1999.83(2): p. 247-54. 

354. Jeffrey, P.D., et al., Mechanism ofCDK activation revealed by the structure ofa cyclinA
CDK2 complex. Nature, 1995.376(6538): p. 313-20. 

355. Pardali, K., et al., Smad pathway-specific transcriptional regulation of the ceil cycle 
inhibitor p21 (WAFl/Cipl). J Cell Physiol, 2005.204(1): p. 260-72. 

356. Burdette, J.E., et al., Activin A mediates growth inhibition and ceU cycle arrest through 
Smads in human breast cancer ceUs. Cancer Res, 2005. 65(17): p. 7968-75. 

357. Feng, X.H., X. Lin, and R. Derynck, Smad2, Smad3 and Smad4 cooperate with SpI to 
induce pl 5 (Ink4B) transcription in response to TGF-beta. Embo J, 2000.19(19): p. 5178-
93. 

358. Ten Dijke, P., et al., Regulation of cel! proliferation by Smad pro teins. J Cell Physiol, 
2002.191(1): p. 1-16. 

359. Morales, c.P., R.F. Souza, and S.J. Spechler, HaUmarks of cancer progression in 
Barrett's oesophagus. Lancet, 2002. 360(9345): p. 1587-9. 

360. Hanahan, D. and R.A. Weinberg, The hailmarks ofcancer. Cell, 2000.100(1): p. 57-70. 
361. Laiho, M., et al., Growth inhibition by TGF-beta linked to suppression ofretinoblastoma 

protein phosphorylation. CeU, 1990.62(1): p. 175-85. 
362. Hu, W., et al., Anomalies of the TGF-beta postreceptor signaling pa th way in ovarian 

cancer ceillines. Anticancer Res, 2000. 20(2A): p. 729-33. 
363. Zhang, T. and C. Prives, Cyclin a-CDK phosphorylation regulates MDM2 protein 

interactions. J Biol Chem, 2001. 276(32): p. 29702-10. 
364. Iavarone, A. and J. Massague, Repression of the CDK activator Cdc25A and ceil-cycle 

arrest by cytokine TGF-beta in ceils lacking the CDK inhibitor p15. Nature, 1997. 
387(6631): p. 417-22. 

365. Blain, S.W. and 1. Massague, Different sensitivity of the transforming growthfactor-beta 
cel! cycle arrest pathway to c-Myc and MDM-2. J Biol Chem, 2000. 275(41): p. 32066-70. 

366. Liu, x., et al., Disruption of TGF-beta growth inhibition by oncogenic ras is linked to 
p27Kipi mislocalization. Oncogene, 2000.19(51): p. 5926-35. 

367. Feng, X.H., et al., Direct interaction of c-Myc with Smad2 and Smad3 to inhibit TGF
beta-mediated induction of the CDK inhibitor pI5(Ink4B). Mol Cell, 2002. 9(1): p. 133-
43. 

368. Warner, BJ., et al., Myc downregulation by transforming growthfactor beta requiredfor 
activation of the pl 5 (Ink4b) G(1) arrest pathway. Mol Cell Biol, 1999. 19(9): p. 5913-22. 

369. Claassen, G.F. and S.R. Hann, A role for transcription al repression of p21 CIP l by c-Myc 
in overcoming transforming growthfactor beta -induced ceU-cycle arrest. Proc Nad Acad 
Sci USA, 2000. 97(17): p. 9498-503. 

370. Liu, X., et al., Transforming growth factor beta-induced phosphorylation of Smad3 is 
required for growth inhibition and transcriptional induction in epithelial cel!s. Proc Nad 
Acad Sci USA, 1997.94(20): p. 10669-74. 

371. Akiyoshi, S., et al., Targets oftranscriptional regulation by transforming growthfactor
beta: expression profile analysis using oligonucleotide arrays. Jpn J Cancer Res, 2001. 
92(3): p. 257-68. 

96 



372. Zayadil, J., et al., Genetic programs of epithelial cel! plasticity directed by transforming 
growthfactor-beta. Proc Natl Acad Sci USA, 200l. 98(12): p. 6686-9l. 

373. Zayadil, J. and E.P. Bottinger, TGF-beta and epithelial-to-mesenchymal transitions. 
Oncogene, 2005.24(37): p. 5764-74. 

374. Zayadil, J., et al., Integration ofTGF-beta/Smad and JaggedJ/Notch signalling in 
epithelial-to-mesenchymal transition. Embo J, 2004. 23(5): p. 1155-65. 

375. Kerr, J.F., A.H. Wyllie, and A.R. Currie, Apoptosis: a basic biological phenomenon with 
wide-ranging implications in tissue kinetics. Br J Cancer, 1972.26(4): p. 239-57. 

376. Gartner, A., et al., A conserved checkpoint pathway mediates DNA damage--induced 
apoptosis and cel! cycle arrest in C. elegans. Mol Cell, 2000. 5(3): p. 435-43. 

377. Hengartner, M.O., Apoptosis and the shape of death. Dey Genet, 1997.21(4): p. 245-8. 
378. Chan, T.A., et al., 14-3-3CYis required to prevent mitotic catastrophe after DNA damage. 

Nature, 1999.401: p. 616-620. 
379. Chan, T.A., et al., Cooperative effects ofgenes controlling the G2/M check point. Genes 

Dey, 2000.14: p. 1584-1588. 
380. Hengartner, M.O., The biochemistry of apoptosis. Nature, 2000.407(6805): p. 770-6. 
381. Hengartner, M.O. and J.A. Bryant, Apoptotic cel! death: from worms to wombats. but 

what about the weeds? Symp Soc Exp Biol, 2000. 52: p. 1-12. 
382. Schiffer, M., et al., Apoptosis in podocytes induced by TGF-beta and Smad7. J Clin 

Inyest, 2001. 108(6): p. 807-16. 
383. Liu, B., et al., Fibroblast growthfactor and insulin-like growthfactor differential!y 

modulate the apoptosis and G 1 arrest induced by anti-epidermal growth factor receptor 
monoclonal antibody. Oncogene, 2001. 20(15): p. 1913-22. 

384. Liu, Q.A. and M.O. Hengartner, The molecular mechanism ofprogrammed cell death in 
C. elegans. Ann N Y Acad Sci, 1999.887: p. 92-104. 

385. Saha, D., et al., Synergistic induction ofcyclooxygenase-2 by transforming growthfactor
betal and epidermal growthfactor inhibits apoptosis in epithelial cells. Neoplasia, 1999. 
1(6): p. 508-17. 

386. Choi, M.E., Mechanism oftransforming growthfactor-beta1 signaling. Kidney Int Suppl, 
2000. 77: p. S53-8. 

387. Roberts, A.B., The ever-increasing complexity ofTGF-beta signaling. Cytokine Growth 
Factor Rey, 2002. 13(1): p. 3-5. 

388. Roberts, A.B., Molecular and cel! biology ofTGF-beta. Miner Electrolyte Metab, 1998. 
24(2-3): p. 111-9. 

389. Roberts, A.B., TGF-beta signalingfrom receptors to the nucleus. Microbes Infect, 1999. 
1(15): p. 1265-73. 

390. Massague, J., Receptorsfor the TGF-betafamily. Cell, 1992.69(7): p. 1067-70. 
391. Massague, J., The TGF-betafamily ofgrowth and differentiationfactors. Cell, 1987. 

49(4): p. 437-8. 
392. Attisano, L., et al., TGF-beta receptors and actions. Biochim Biophys Acta, 1994. 

1222(1): p. 71-80. 
393. Attisano, L., et al., Activation of signalling by the activin receptor complex. Mol Cell Biol, 

1996.16(3): p. 1066-73. 
394. Datto, M. and X.F. Wang, The Smads: transcriptional regulation and mouse models. 

Cytokine Growth Factor Rey, 2000. 11(1-2): p. 37-48. 

97 



395. Derynck, R., Y. Zhang, and X.H. Feng, Smads: transcriptional activa tors ofTGF-beta 
responses. Cell, 1998.95(6): p. 737-40. 

396. Derynck, R. and Y.E. Zhang, Smad-dependent and Smad-independent pathways in TGF
betafamily signalling. Nature, 2003. 425(6958): p. 577-84. 

397. Wotton, D. and J. Massague, Smad transcriptional corepressors in TGF betafamily 
signaling. Curr Top Microbiol Immunol, 2001. 254: p. 145-64. 

398. Fink, S.P., et al., Transforming growthfactor-beta-induced growth inhibition in a Smad4 
mutant colon adenoma cellline. Cancer Res, 2001. 61(1): p. 256-60. 

399. Valderrama-Carvajal, H., et al., Actvin/TGF-beta induce apoptosis through Smad
dependent expression of the lipid phosphatase SHIP. Nat Cell Biol, 2002. 4: p. 963-969. 

400. Thomas, D.A. and J. Massague, TGF-beta directly targets cytotoxic T cell functions 
during tumor evasion ofimmune surveillance. Cancer Cell, 2005. 8(5): p. 369-80. 

401. Nagatsu, T., et al., Changes in cytokines and neurotrophins in Parkinson's disease. J 
Neural Transm Suppl, 2000(60): p. 277-90. 

402. Deigner, H.P., U. Haberkom, and R. Kinscherf, Apoptosis modulators in the therapy of 
neurodegenerative diseases. Expert Opin Investig Drugs, 2000.9(4): p. 747-64. 

403. Schlapbach, R, et al., TGF-beta induces the expression of the FLICE-inhibitory protein 
and inhibits Fas-mediated apoptosis ofmicroglia. Eur J Immunol, 2000. 30(12): p. 3680-
8. 

404. Chang, H., A.L. Lau, and M.M. Matzuk, Studying TGF-beta superfamily signaling by 
knockouts and knockins. Mol Cell Endocrinol, 2001. 180(1-2): p. 39-46. 

405. Chang, N.S., TGF-beta-induced matrix proteins inhibit p42/44 MAPK and JNK 
activation and suppress TNF-mediated IkappaBalpha degradation and NF-kappaB 
nuclear translocation in L929 fibroblasts. Biochem Biophys Res Commun, 2000. 267(1): 
p. 194-200. 

406. Inman, G.J. and M.J. Allday, Apoptosis induced by TGF-beta 1 in Burkitt's lymphoma 
cells is caspase 8 dependent but is death receptor inde pendent. J Immunol, 2000. 165(5): 
p.2500-10. 

407. Massague, 1., Wounding Smad. Nat Cell Biol, 1999. 1(5): p. EI17-9. 
408. Massague, 1., S.W. Blain, and RS. Lo, TGFbeta signaling in growth control, cancer, and 

heritable disorders. Cell, 2000. 103(2): p. 295-309. 
409. Blobe, G.C., et al., A novel mechanismfor regulating transforming growthfactor beta 

(TGF-beta) signaling. Functional modulation of type III TGF-beta receptor expression 
through interaction with the PDZ domain protein, GIPC. J Biol Chem, 2001. 276(43): p. 
39608-17. 

410. Blobe, G.C., et al., Functional rolesfor the cytoplasmic domain of the type III 
transforming growth factor beta receptor in regulating transforming growth factor beta 
signaling. J Biol Chem, 2001. 276(27): p. 24627-37. 

411. Chen, W., et al., Beta-arrestin 2 mediates endocytosis oftype III TGF-beta receptor and 
down-regulation ofits signaling. Science, 2003. 301(5638): p. 1394-7. 

412. Dong, M. and G.C. Blobe, Role oftransforming growthfactor-beta in hematologic 
malignancies. Blood, 2006. 107(12): p. 4589-96. 

413. Elliott, RL. and G.C. Blobe, Role oftransforming growthfactor Beta in human cancer. J 
Clin Oncol, 2005. 23(9): p. 2078-93. 

98 



414. Kirkbride, K.C. and G.c. Blobe, Inhibiting the TGF-beta signalling pathway as a means 
ofcancer immunotherapy. Expert Opin Biol Ther, 2003. 3(2): p. 251-61. 

415. Mo, l, et al., Regulation of ALK-I signaling by the nuclear receptor LXRbeta. J Biol 
Chem, 2002.277(52): p. 50788-94. 

416. Schiemann, W.P., et al., Context-specific effects offibulin-5 (DANCE/EVEC) on cel! 
proliferation, motility, and invasion. Fibulin-5 is induced by transforming growth factor
beta and ajJècts protein kinase cascades. J Biol Chem, 2002. 277(30): p. 27367-77. 

417. Fynan, T .M. and M. Reiss, Resistance to inhibition of cel! growth by transforming growth 
factor-beta and ils role in oncogenesis. Crit Rev Oncog, 1993.4(5): p. 493-540. 

418. Villanueva, A., et al., Disruption of the antiproliferative TGF-beta signa ling pathways in 
human pancreatic cancer cel!s. Oncogene, 1998. 17( 15): p. 1969-78. 

419. Grady, W.M. and S.D. Markowitz, Genetic and epigenetic alterations in colon cancer. 
Annu Rev Genomics Hum Genet, 2002. 3: p. 101-28. 

420. Grady, W.M., et al., Mutation of the type II transforming growthfactor-beta receptor is 
coincident with the transformation of human colon adenomas to malignant carcinomas. 
Cancer Res, 1998.58(14): p. 3101-4. 

421. Hahn, S.A., et al., DPC4, a candidate tumor suppressor gene at human chromosome 
18q21.1. Science, 1996.271: p. 350-353. 

422. de Winter, J.P., et al., DPC4 (SMAD4) mediates transforming growthfactor-betal (TGF
betal) induced growth inhibition and transcriptional response in breast tumour cel!s. 
Oncogene, 1997. 14(16): p. 1891-9. 

423. Border, W.A., Transforming growthfactor-beta and the pathogenesis ofglomerular 
diseases. CUIT Opin Nephrol Hypertens, 1994.3(1): p. 54-8. 

424. Yamamoto, T., et al., Sustained expression ofTGF-beta 1 underlies development of 
progressive kidney fibrosis. Kidney Int, 1994.45(3): p. 916-27. 

425. McCartney-Francis, N.L. and S.M. Wahl, Transforming growthfactor beta: a matter of 
life and death. J Leukoc Biol, 1994.55(3): p. 401-9. 

426. Anscher, M.S., I.R. Crocker, and R.L. Jirtle, Transforming growthfactor-beta l 
expression in irradiated liver. Radiat Res, 1990. 122(1): p. 77-85. 

427. Anscher, M.S., et al., Changes in plasma TGF beta levels du ring pulmonary radiotherapy 
as a predictor of the risk of developing radiation pneumonitis. Int J Radiat Oncol Biol 
Phys, 1994.30(3): p. 671-6. 

428. Anscher, M.S., et al., Transforming growth factor beta as a predictor of liver and lung 
fibrosis after autologous bone marrow transplantation for advanced breast cancer. N 
Engl J Med, 1993.328(22): p. 1592-8. 

429. Siegel, P.M., et al., Transforming growthfactor beta signaling impairs Neu-induced 
mammary tumorigenesis while promoting pulmonary metastasis. Proc Natl Acad Sci U S 
A, 2003. 100(14): p. 8430-5. 

430. Siegel, P.M., W. Shu, and J. Massague, Mad upregulation and Id2 repression accompany 
transforming growth factor (TGF)-beta-mediated epithelial cel! growth suppression. J 
Biol Chem, 2003. 278(37): p. 35444-50. 

431. Letterio, ll, et al., Autoimmunity associated with TGF-betal-deficiency in mice is 
dependent on MHC class II antigen expression. J Clin Invest, 1996.98(9): p. 2109-19. 

432. Letterio, J.J., et al., Maternai rescue oftransforming growthfactor-beta 1 nul! mice. 
Science, 1994.264(5167): p. 1936-8. 

99 



433. Letterio, J.J. and A.B. Roberts, Transforming growthfactor-beta1-deficient mice: 
identification ofisoform-specific activities in vivo. J Leukoe Biol, 1996.59(6): p. 769-74. 

434. Massague, J., J. Heino, and M. Laiho, Mechanisms in TGF-beta action. Ciba Found 
Syrnp, 1991. 157: p. 51-9. 

435. Blobe, G.C., et al., A noveZ mechanismfor reguZating transforming growthfactor beta 
(TGF- beta) signaling. Functional modulation of type III TGF-beta receptor expression 
through interaction with the PDZ domain protein, GIPC J Biol Chern, 2001. 276(43): p. 
39608-17. 

436. Gorelik, L., S. Constant, and R.A Flayell, Mechanism oftransforming growthfactor 
beta-induced inhibition ofT helper type 1 differentiation. J Exp Med, 2002. 195(11): p. 
1499-505. 

437. Massague, J., P.F. Pilch, and M.P. Czeeh, Electrophoretic resolution ofthree major 
insu lin receptor structures with unique subunit stoichiometries. Proe Nat! Aead Sei USA, 
1980.77(12): p. 7137-41. 

438. Massague, J. and K. Polyak, Mammalian antiproliferative signais and their targets. CUIT 
Op in Genet Dey, 1995.5(1): p. 91-6. 

439. Massague, J. and R.A Weinberg, Negative regulators ofgrowth. CUIT Opin Genet Dey, 
1992.2(1): p. 28-32. 

440. Shull, M.M., et al., Targeted disruption of the mouse transforming growth factor-beta 1 
gene results in multifocal injlammatory disease. Nature, 1992.359(6397): p. 693-9. 

441. Kulkami, AB., et al., Transforming growthfactor beta 1 null mutation in mice causes 
excessive injlammatory response and early death. Proe Nat! Aead Sei USA, 1993.90(2): 
p.770-4. 

442. Kehrl, J.H., Transforming growthfactor-beta: an important mediator of 
immunoregulation. Int J Cell Cloning, 1991. 9(5): p. 438-50. 

443. Kehrl, J.H., et al., Transforming growthfactor beta is an important immunomodulatory 
proteinfor human B lymphocytes. J Irnrnunol, 1986. 137(12): p. 3855-60. 

444. Kehrl, J.H., et al., Further studies of the role oftransforming growthfactor-beta in 
human B cellfunction. J Irnrnunol, 1989.143(6): p. 1868-74. 

445. Kehrl, J.H., et al., Production oftransforming growthfactor beta by human T 
lymphocytes and ifs potential role in the regulation ofT cell growth. J Exp Med, 1986. 
163(5): p. 1037-50. 

446. Brabletz, T., et al., Transforming growthfactor beta and cyclosporin A inhibit the 
indu cible activity of the interleukin-2 gene in T cells through a noncanonical octamer
binding site. Mol Cell Biol, 1993.13(2): p. 1155-62. 

447. Hannon, G.J. and D. Beach, p15INK4B is a potential ejJector ofTGF-beta-induced cel! 
cycle arrest. Nature, 1994.371(6494): p. 257-61. 

448. Datto, M.B., et al., Transforming growthfactor beta induces the cyclin-dependent kinase 
inhibitor p21 through a p53-independent mechanism. Proe Nat! Aead Sei USA, 1995. 
92(12): p. 5545-9. 

449. Datto, M.B., Y. Yu, and X.F. Wang, Functional analysis of the transforming growth 
factor beta responsive elements in the WAFl/Cipl/p21 promoter. J Biol Chern, 1995. 
270(48): p. 28623-8. 

450. Polyak, K., et al.,p27Kipl, a cyclin-Cdk inhibitor, links transforming growthfactor-beta 
and contact inhibition to ceil cycle arrest. Genes Dey, 1994.8(1): p. 9-22. 

100 



451. Polyak, K., et al., Cloning ofp27Kip1, a cyclin-dependent kinase inhibitor and a potential 
mediator of extracellular antimitogenic signaIs. Cell, 1994.78(1): p. 59-66. 

452. Bollard, C.M., et al., Adapting a transforming growth factor beta-related tumor 
protection strategy to enhance antitumor immunity. Blood, 2002.99(9): p. 3179-87. 

453. Seoane, J., et al., Integration of Smad and forkhead pathways in the control of 
neuroepithelial and glioblastoma cell proliferation. Cell, 2004. 117(2): p. 211-23. 

454. Seder, R.A., et al., Factors involved in the difJerentiation ofTGF-beta-producing cells 
from naive CD4+ T cells: IL-4 and IFN-gamma have opposing effects, while TGF-beta 
positively regulates its own production. J Immunol, 1998. 160(12): p. 5719-28. 

455. Roberts, A.B. and M.B. Sporn, Physiological actions and clinical applications of 
transforming growthfactor-beta (TGF-beta). Growth Factors, 1993.8(1): p. 1-9. 

456. Appoloni, O., et al., Association between the TNF-2 aUele and a better survival in 
cardiogenic shock. Chest, 2004. 125(6): p. 2232-7. 

457. Glader, P.S., c.G. Lofdahl, and K.A. von Wachenfeldt, aiphaEbeta7 expression on CD8+ 
T-cells in COPD BALjluid and on TGF-beta stimulated T-cells in vitro. Lung, 2005. 
183(2): p. 123-38. 

458. Dang, H., et al., SLE-like autoantibodies and Sjogren's syndrome-like 
lymphoproliferation in TGF-beta knockout mice. J Immunol, 1995.155(6): p. 3205-12. 

459. Chaouchi, N., et al., Characterization oftransforming growthfactor-beta 1 induced 
apoptosis in normal human B cells and lymphoma B celllines. Oncogene, 1995. 11(8): p. 
1615-22. 

460. Arsura, M., M. Wu, and G.E. Sonenshein, TGF beta 1 inhibits NF-kappa BIRel activity 
inducing apoptosis of B cells: transcriptional activation of 1 kappa B alpha. Immunity, 
1996.5(1): p. 31-40. 

461. Sternberg, D., et al., Restrictin-Plstromal activin A, kills its target ceils via an apoptotic 
mechanism. Growth Factors, 1995.12(4): p. 277-87. 

462. Hashimoto, O., et al., The role of activin type 1 receptors in activin A-induced growth 
arrest and apoptosis in mouse B-ceil hybridoma ceils. Cell Signal, 1998. 10(10): p. 743-9. 

463. Mizuguchi, T., M. Kosaka, and S. Saito, Activin A suppresses proliferation ofinterleukin-
3-responsive granulocyte-macrophage colony-forming progenitors and stimulates 
proliferation and difJerentiation of interleukin-3-responsive erythroid burst-forming 
progenitors in the peripheral blood. Blood, 1993.81(11): p. 2891-7. 

464. Nishihara, T., N. Okahashi, and N. Ueda, Activin A induces apoptotic ceil death. Biochem 
Biophys Res Commun, 1993. 197(2): p. 985-91. 

465. Brosh, N., et al., The plasmacytoma growth inhibitor restrictin-P is an antagonist of 
interleukin 6 and interleukin Il. Identification as a stroma-derived activin A. J Biol 
Chem, 1995.270(49): p. 29594-600. 

466. Fischer, G., et al., Lymphoma models for B cel! activation and tolerance. X Anti-mu
mediated growth arrest and apoptosis of murine B celllymphomas is prevented by the 
stabilization ofmyc. J Exp Med, 1994.179(1): p. 221-8. 

467. Roes, J., B.K. Choi, and B.B. Cazac, Redirection ofB cell responsiveness by 
transforming growthfactor beta receptor. Proc Nad Acad Sci USA, 2003. 100(12): p. 
7241-6. 

468. Tu, W.H., et al., The loss ofTGF-beta signaling promotes prostate cancer metastasis. 
Neoplasia, 2003. 5(3): p. 267-77. 

101 



469. Tian, Y.C., et al., TGF-beta1-mediated alterations ofrenal proximal tubular epithelial 
ceU phenotype. Am J Physiol Renal Physiol, 2003. 285(1): p. F130-42. 

470. Roberts, A.B., et al., Smad3 is key to TGF-beta-mediated epithelial-to-mesenchymal 
transition, .fibrosis, tumor suppression and metastasis. Cytokine Growth Factor Rey, 
2005. 

471. Ueki, N., et al., Potentiation ofmetastatic capacity by transforming growthfactor-beta 1 
gene transfection. Jpn J Cancer Res, 1993.84(6): p. 589-93. 

472. Naganuma, H., et al., Improved bioassay for the detection oftransforming growthfactor
beta 1 and beta 2 in malignant gliomas. Neurol Med Chir (Tokyo), 1994.34(3): p. 143-9. 

473. Naganuma, H., et al., Transforming growthfactor-beta inhibits interferon-gamma 
secretion by lymphokine-activated hUer ceUs stimulated with tumor ceUs. Neurol Med 
Chir (Tokyo), 1996.36(11): p. 789-95. 

474. Naganuma, H., et al., Inhibition oftumor necrosisfactor-alpha and -beta secretion by 
lymphokine activated killer ceUs by transforming growth factor-beta. Jpn J Cancer Res, 
1994.85(9): p. 952-7. 

475. Chao, C.C., et al., Morphine inhibits the release oftumor necrosisfactor in human 
peripheral blood mononuclear ceU cultures. Int J Immunopharmacol, 1993.15(3): p. 447-
53. 

476. Gray, lD., et al., Generation of an inhibitory circuit involving CD8+ T ceUs, IL-2, and 
NK ceU-derived TGF-beta: contrasting effects of anti-CD2 and anti-CD3. J Immunol, 
1998. 160(5): p. 2248-54. 

477. Ohtsuka, K., et al., Decreased production ofTGF-beta by lymphocytes from patients with 
systemic lupus erythematosus. J Immunol, 1998. 160(5): p. 2539-45. 

478. Ohtsuka, K., et al., Cytokine-mediated down-regulation ofB ceU activity in SLE: effects 
ofinterleukin-2 and transforming growthfactor-beta. Lupus, 1999.8(2): p. 95-102. 

479. Zheng, S.G., et al., Generation ex vivo ofTGF-beta-producing regulatory T ceUsfrom 
CD4+CD25- precursors. J Immunol, 2002.169(8): p. 4183-9. 

480. Xu, M.Z. and J. Staynezer, Regulation of transcription ofimmunoglobulin germ-line 
gamma 1 RNA: analysis of the promoter/enhancer. Embo J, 1992.11(1): p. 145-55. 

481. Donjerkoyic, D. and D.W. Scott, Activation-induced ceU death in B lymphocytes. Cell 
Res, 2000. 10(3): p. 179-92. 

482. Amiri, K.I. and A. Richmond, Role of nuclear factor-kappa B in melanoma. Cancer 
Metastasis Rey, 2005.24(2): p. 301-13. 

483. Arbibe, L., et al., ToU-like receptor 2-mediated NF-kappa B activation requires a Rac1-
dependent pathway. Nat Immunol, 2000.1(6): p. 533-40. 

484. Brennan, P., et al., Phosphatidylinositol 3-kinase couples the interleukin-2 receptor to the 
ceU cycle regulator E2F. Immunity, 1997.7(5): p. 679-89. 

485. Fukao, T., et al., PI3K-mediated negativefeedback regulation ofIL-12 production in DCs. 
Nat Immunol, 2002. 3(9): p. 875-81. 

486. Fung, M.M., F. Rohwer, and K.L. McGuire, IL-2 activation of a PI3K-dependent STAT3 
serine phosphorylation pathway in primary human T ceUs. Cell Signal, 2003. 15(6): p. 
625-36. 

102 



487. Kojima, H., et al., CD4+CD25+ regulatory T ceUs attenuate the phosphatidylinositol 3-
kinase/A kt pathway in antigen-primed immature CD8+ CTLs duringfunctional 
maturation. J Immunol, 2005.174(10): p. 5959-67. 

488. Lin, D.A. and J.A. Boyce, IL-4 regulates MEK expression requiredfor lysophosphatidic 
acid ... mediated chemokine generation by human mast ceUs. J Immunol, 2005. 175(8): p. 
5430-8. 

489. McDonald, c., et al., Induction ofgenes involved in ceU cycle progression by interleukin-
4. J Interferon Cytokine Res, 2004. 24(12): p. 729-38. 

490. Procko, E. and S.R. McColl, Leukocytes on the move with phosphoinositide 3-kinase and 
ifs downstream efJectors. Bioessays, 2005.27(2): p. 153-63. 

491. Schabbauer, G., et al., PI3K-Akt pathway suppresses coagulation and inflammation in 
endotoxemic mice. Arteriosc1er Thromb Vasc Biol, 2004. 24(10): p. 1963-9. 

492. Wong, W.S., Inhibitors of the tyrosine kinase signaling cascade for asthma. CUIT Opin 
Pharmacol, 2005. 5(3): p. 264-71. 

493. Ehrhardt, A., et al., Distinct mechanisms determine the patterns of difJerential activation 
of H-Ras, N-Ras, K-Ras 4B, and M-Ras by receptors for growth factors or antigen. Mol 
Cell Biol, 2004.24(14): p. 6311-23. 

494. Miller, A.T. and L.J. Berg, New insights into the regulation andfunctions of Tee fam ily 
tyrosine kinases in the immune system. CUIT Opin Immunol, 2002.14(3): p. 331-40. 

495. Thuille, N., et al., Protein kinase C beta is dispensable for TCR-signaling. Mol Immunol, 
2004.41(4): p. 385-90. 

496. Weil, R. and A. Israel, T-ceU-receptor- and B-ceU-receptor-mediated activation of NF
kappaB in lymphocytes. CUIT Opin Immunol, 2004.16(3): p. 374-81. 

497. Xu, W., et al., B ceil antigen receptor signaling enhances IFN-gamma-induced Stail 
target gene expression through calcium mobilization and activation of multiple serine 
kinase pathways. J Interferon Cytokine Res, 2005. 25(2): p. 113-24. 

498. Aman, M.J., et al., The inositol phosphatase SHIP inhibits Akt/PKB activation in B ceUs. 
J Biol Chem, 1998.273(51): p. 33922-8. 

499. Bolland, S., et al., SHIP modulates immune receptor responses by regulating membrane 
association ofBtk. Immunity, 1998.8(4): p. 509-16. 

500. Brumatti, G., et al., Comparison of the anti-apoptotic efJects ofBcr-Abl, Bcl-2 and Bcl
x(L) foUowing diverse apoptogenic stimuli. FEBS Lett, 2003.541(1-3): p. 57-63. 

501. Bunce, C.M., et al., Comparison of the levels of inositol metabolites in transformed 
haemopoietic ceUs and their normal counterparts. Biochem J, 1993.289 (Pt 3): p. 667-73. 

502. Carpenter, c.L., Btk-dependent regulation of phosphoinositide synthesis. Biochem Soc 
Trans, 2004. 32(Pt 2): p. 326-9. 

503. Clay ton, E., et al., A crucial role for the p 11 Odelta subunit of phosphatidylinositol 3-
kinase in B cell development and activation. J Exp Med, 2002. 196(6): p. 753-63. 

504. Cook, M.C., B ceU biology, apoptosis, and autoantibodies to phospholipids. Thromb Res, 
2004.114(5-6): p. 307-19. 

505. Forssell, J., A. Nilsson, and P. Sideras, Reducedformation ofphosphatidic acid upon B
ceil receptor triggering of mouse B-Iymphocytes lacking Bruton's tyrosine kinase. Scand J 
Immunol, 2000. 52(1): p. 30-8. 

103 



506. Griffin, J.D., Phosphatidyl inositol signaling by BCR/ABL: opportunities for drug 
development. Cancer Chemother Pharmacol, 2001. 48 Suppl 1: p. S 11-6. 

507. Gupta, N., et al., The SH2 domain-containing inositol 5'-phosphatase (SHIP) recruits the 
p85 subunit of phosphoinositide 3-kinase du ring FcgammaRIIbl-mediated inhibition of B 
cel! receptor signaling. J Biol Chem, 1999.274(11): p. 7489-94. 

508. Lens, S.M., et al., A dual role for both CD40-ligand and TNF-alpha in controlling human 
B cel! death. J Immunol, 1996. 156(2): p. 507-14. 

509. Marshall, A.J., et al., Regulation of B-cel! activation and difJerentiation by the 
phosphatidyUnositol 3-kinase and phospholipase Cgamma pathway. Immunol Rev, 2000. 
176: p. 30-46. 

510. Nakamura, K., A. Brauweiler, and lC. Cambier, Effects of Src homology domain 2 
(SH2)-containing inositol phosphatase (SHIP), SH2-containing phosphotyrosine 
phosphatase (SHP)-l, and SHP-2 SH2 decoy proteins on Fc gamma RIIBI-effector 
interactions and inhibitory functions. J Immunol, 2000. 164(2): p. 631-8. 

511. Rid1ey, A.l, Membrane rujjling and signal transduction. Bioessays, 1994. 16(5): p. 321-
7. 

512. Smithgall, T.E., SH2 and SH3 domains: potential targets for an ti-cancer drug design. J 
Pharmaco1 Toxicol Methods, 1995.34(3): p. 125-32. 

513. Takata, M., et al., Tyrosine kinases Lyn and Syk regulate B cell receptor-coupled Ca2+ 
mobilization through distinct pathways. Embo J, 1994.13(6): p. 1341-9. 

514. Toledano, B.l, et al., Characterization of B lymphocytes rescued from apoptosis by 
platelet-activating factor. Cell Immunol, 1999. 191(1): p. 60-8. 

515. Tybulewicz, V.L., Commentary: New insights into the complexity ofphosphatidylinositol 
lipid signaling in B lymphocytes. Eur J Immunol, 2004. 34(11): p. 2964-7. 

516. Wain, C.M., l Westwick, and S.G. Ward, Heterologous regulation ofchemokine 
receptor signaUng by the lipid phosphatase SHIP in lymphocytes. Cell Signal, 2005. 
17(10): p. 1194-202. 

517. Weiss, A. and D.R. Littman, Signal transduction by lymphocyte antigen receptors. Cell, 
1994.76(2): p. 263-74. 

518. Ballou, L.R., et al., Ceramide signalling and the immune response. Biochim Biophys 
Acta, 1996. 1301(3): p. 273-87. 

519. Lin, C.T., et al., Fc receptor-mediated signal transduction. J Clin Immunol, 1994.14(1): 
p. 1-13. 

520. Marshall, J.G., et al., Restricted accumulation of phosphatidylinositol 3-kinase products 
in a plasmalemmal subdomain during Fc gamma receptor-mediated phagocytosis. J Cell 
Biol, 2001. 153(7): p. 1369-80. 

521. Saba, lD. and T. HIa, Point-counterpoint ofsphingosine l-phosphate metabolism. Circ 
Res, 2004. 94(6): p. 724-34. 

522. Ward, S.G. and D.A. Cantrell, Phosphoinositide 3-kinases in T lymphocyte activation. 
CUIT Op in Immunol, 2001. 13(3): p. 332-8. 

523. Boulay, G., et al., Modulation ofCa(2+) entry by polypeptides of the inositoll,4, 5-
tris phosphate receptor (IP3R) that bind transient receptor potential (TRP): evidencefor 
roles ofTRP and IP3R in store depletion-activated Ca(2+) entry. Proc Nat! Acad Sci US 
A, 1999. 96(26): p. 14955-60. 

104 



524. Jellerette, T., et al., Down-regulation of the inositoll,4,5-trisphosphate receptor in mouse 
eggs following fertilization or parthenogenetic activation. Dev Biol, 2000. 223(2): p. 238-
50. 

525. McGowan, T.A. and K. Sharma, Regulation ofinositoll,4,5-trisphosphate receptors by 
transforming growth factor-beta: implications for vascular dysfunction in diabetes. 
Kidney Int Suppl, 2000. 77: p. S99-103. 

526. Slawecki, M.L., G.C. Carlson, and A. Keller, Differentiai distribution ofinositoll,4,5-
triphosphate receptors in the rat olfactory bulb. J Comp Neurol, 1997.389(2): p. 224-34. 

527. Kapeller, R., et al., Internalization of activated platelet-derived growthfactor receptor
phosphatidylinositol-3' kinase complexes: potential interactions with the microtubule 
cytoskeleton. Mol Cell Biol, 1993. 13(10): p. 6052-63. 

528. Kapeller, R., et al., Identification oftwo SH3-binding motifs in the regulatory subunit of 
phosphatidylinositoI3-kinase. J Biol Chem, 1994.269(3): p. 1927-33. 

529. Kapeller, R., et al., Phosphoinositide 3-kinase binds constitutively to alpha/beta-tubulin 
and binds to gamma-tubulin in response to insulin. J Biol Chem, 1995.270(43): p. 
25985-91. 

530. Pras ad, K.V., et al., Src-homology 3 domain ofprotein kinase p59jjm mediates binding to 
phosphatidylinositol 3-kinase in T cells. Proc Natl Acad Sci USA, 1993.90(15): p. 
7366-70. 

531. Prasad, K.V., et al., Regulation ofCD4-p56Ick-associated phosphatidylinositol 3-kinase 
(PI3-kinase) and phosphatidylinositol4-kinase (PI4-kinase). Philos Trans R Soc Lond B 
Biol Sci, 1993.342(1299): p. 35-42. 

532. Auger, K.R., et al., Constitutive cellular expression of PI 3-kinase is distinct from 
transient expression. Biochem Biophys Res Commun, 2000.272(3): p. 822-9. 

533. Wang, J., et al., Direct association ofGrb2 with the p85 subunit ofphosphatidylinositol 
3-kinase. J Biol Chem, 1995.270(21): p. 12774-80. 

534. Franke, T.F., et al., Direct regulation of the Akt proto-oncogene product by 
phosphatidylinositol-3,4-bisphosphate. Science, 1997.275(5300): p. 665-8. 

535. Toker, A. and L.e. Cantley, Signalling through the lipid products ofphosphoinositide-3-
OH kinase. Nature, 1997.387(6634): p. 673-6. 

536. Bobe, R., et al., Phosphatidylinositol 3-kinase-dependent translocation ofphospholipase 
Cgamma2 in mouse megakaryocytes is independent of Bruton tyrosine kinase 
translocation. Blood, 2001. 97(3): p. 678-84. 

537. Cullen, P.J., et al., Modular phosphoinositide-binding domains--their role in signalling 
and membrane trafficking. CUIT Biol, 2001. 11(21): p. R882-93. 

538. Dubois, T., et al., Casein kinase I associa tes with members of the centaurin-alphafamily 
ofphosphatidylinositol 3,4,5-trisphosphate-binding pro teins. J Biol Chem, 2001. 276(22): 
p. 18757-64. 

539. Dowler, S., et al., Identification of pleckstrin-homology-domain-containing proteins with 
novel phosphoinositide-binding specificities. Biochem J, 2000. 351(Pt 1): p. 19-31. 

540. Dowler, S., et al., DAPP 1: a dual adaptor for phosphotyrosine and 3-phosphoinositides. 
Biochem J, 1999.342 (Pt 1): p. 7-12. 

541. Dowler, S., G. Kular, and D.R. Alessi, Protein lipid overlay assay. Sci STKE, 2002. 
2002(129): p. PL6. 

105 



542. Dowler, S., et al., Phosphoinositide 3-kinase-dependent phosphorylation of the dual 
adaptor for phosphotyrosine and 3-phosphoinositides by the Src family of tyrosine kinase. 
Biochem J, 2000. 349(Pt 2): p. 605-10. 

543. Thomas, c.c., et al., Crystal structure of the phosphatidylinositol 3,4-bisphosphate
binding pleckstrin homology (PH) domain of tandem P H-domain-containing protein 1 
(TAPPl): molecular basis oflipid specificity. Biochem J, 2001. 358(Pt 2): p. 287-94. 

544. Liu, Q. and D.J. Dumont, Molecular cloning and chromosomallocalization in human and 
mouse of the SH2-containing inositol phosphatase, INPP5D (SHIP). Amgen EST 
Program. Genomics, 1997.39(1): p. 109-12. 

545. Krystal, G., et al., SHIPs ahoy. Int J Biochem Cell Biol, 1999.31(10): p. 1007-10. 
546. Gimbom, K., et al., SHIP down-regulates FcepsilonRJ-induced degranulation at 

supraoptimal IgE or antigen levels. J Immunol, 2005.174(1): p. 507-16. 
547. Pengal, R.A., et al., SHIP-2 inositol phosphatase is inducibly expressed in human 

monocytes and serves to regulate Fcgamma receptor-mediated signaling. J Biol Chem, 
2003.278(25): p. 22657-63. 

548. Mancini, A., et al., The SH2-containing inositol 5-phosphatase (SHIP)-J is implicated in 
the control of ceil-ceil junction and induces dissociation and dispersion of MDCK ceUs. 
Oncogene, 2002. 21(10): p. 1477-84. 

549. Huber, M., et al., The role ofSHIP in mast ceU degranulation and IgE-induced mast ceU 
survival. Immunol Lett, 2002.82(1-2): p. 17-21. 

550. Liu, L., et al., The Src homology 2 (SH2) domain of SH2-containing inosito1 phosphatase 
(SHIP) is essential for tyrosine phosphorylation of SHIP, ifs association with Shc, and its 
induction of apoptosis. J Biol Chem, 1997.272(14): p. 8983-8. 

551. Liu, L., et al., SHIP, a new player in cytokine-induced signalling. Leukemia, 1997.11(2): 
p. 181-4. 

552. Liu, L., et al., Interleukin-3 induces the association of the inositol 5-phosphatase SHIP 
with SHP2. J Biol Chem, 1997.272(17): p. 10998-1001. 

553. Liu, Q., et al., The inositol polyphosphate 5-phosphatase ship is a crucial negative 
regulator of B ceU antigen receptor signaling. J Exp Med, 1998. 188(7): p. 1333-42. 

554. Liu, Q., et al., SHIP is a negative regulator of growthfactor receptor-mediated PKB/Akt 
activation and myeloid cel! survival. Genes Dev, 1999. 13(7): p. 786-91. 

555. Liu, Q., et al., The SH2-containing inositol polyphosphate 5-phosphatase, Ship, is 
expressed du ring hematopoiesis and spermatogenesis. Blood, 1998.91: p. 2753-2759. 

556. Huber, M., et al., The src homology 2-containing inositol phosphatase (SHIP) is the 
gatekeeper ofmast ceU degranulation. Proc Natl Acad Sci USA, 1998.95(19): p. 
11330-5. 

557. Huber, M., et al., The role ofSHIP in growthfactor induced signalling. Prog Biophys 
Mol Biol, 1999.71(3-4): p. 423-34. 

558. Rohrschneider, L.R., et al., Structure,function, and biology ofSHIP proteins. Genes Dev, 
2000. 14(5): p. 505-20. 

559. March, M.E. and K. Ravichandran, Regulation of the immune response by SHIP. Sernin 
Immunol, 2002.14(1): p. 37-47. 

560. Lioubin, M.N., et al.,pJ50Ship, a signal transduction molecule with inositol 
polyphosphate-5-phosphatase activity. Genes Dev, 1996.10(9): p. 1084-95. 

106 



561. Damen, lE., et al., The 145-kDa protein induced to associa te with Shc by multiple 
cytokines is an inositol tetraphosphate and phosphatidylinositol 3,4,5-triphosphate 5-
phosphatase. Proe Nat! Aead Sei USA, 1996.93(4): p. 1689-93. 

562. Osborne, M.A, et al., The inositol 5'-phosphatase SHIP binds to immunoreceptor 
signaling motifs and responds to high ajJinity IgE receptor aggregation. J Biol Chem, 
1996.271(46): p. 29271-8. 

563. Ware, M.D., et al., Cloning and characterization ofhuman SHIP, the 145-kD inositol 5-
phosphatase that associates with SHC after cytokine stimulation. Blood, 1996. 88(8): p. 
2833-40. 

564. Wolf, I., et al., Cloning of the genomic locus ofmouse SH2 containing inositol 5-
phosphatase (SHIP) and a novel Il O-kDa splice isoform, SHIPdelta. Genomics, 2000. 
69(1): p. 104-12. 

565. Hejna, lA, et al., Cloning and characterization of a human cDNA (INPPL1) sharing 
homology with inositol polyphosphate phosphatases. Genomies, 1995. 29( 1): p. 285-7. 

566. Jefferson, AB. and P.W. Majerus, Mutation of the conserved domains oftwo inositol 
polyphosphate 5-phosphatases. Biochemistry, 1996.35(24): p. 7890-4. 

567. Geier, S.J., et al., The human SHIP gene is difJerentially expressed in ceUlineages of the 
bone marrow and blood. Blood, 1997.89: p. 1876-1885. 

568. Lucas, D.M. and L.R. Rohrschneider, A novel splicedform ofSH2-containing inositol 
phosphatase is expressed during myeloid development. Blood, 1999.93(6): p. 1922-33. 

569. Huber, M., et al., Targeted disruption ofSHIP leads to Steelfactor-induced 
degranulation of mast ceUs. Embo J, 1998. 17(24): p. 7311-9. 

570. March, M.E., et al., p135 src homology 2 domain-containing inositol 5'-phosphatase 
(SHIPbeta) isoform can substitutefor p145 SHIP infcgamma RIIB1-mediated inhibitory 
signaling in B ceUs. J Biol Chem, 2000. 275(39): p. 29960-7. 

571. Muraille, E., et al., Distribution of the src-homology-2-domain-containing inositol 5-
phosphatase SHIP-2 in both non-haemopoietic and haemopoietic ceUs and possible 
involvement of SHIP-2 in negative signalling of B-cells. Biochem J, 1999.342 Pt 3: p. 
697-705. 

572. Erneux, C., et al., The diversity and possible functions of the inositol polyphosphate 5-
phosphatases. Biochim Biophys Acta, 1998. 1436(1-2): p. 185-99. 

573. Brauweiler, AM. and J.c. Cambier, Autonomous SHIP-dependent FcgammaR signaling 
in pre-B ceUs leads to inhibition of cell migration and induction of cell death. Immunol 
Lett, 2004. 92(1-2): p. 75-81. 

574. Brauweiler, AM., I. Tamir, and lC. Cambier, Bilevel control of B-cell activation by the 
inositol 5-phosphatase SHIP. Immunol Rev, 2000. 176: p. 69-74. 

575. Lemay, S., et al., Dok-3, a nove! adapter molecule involved in the negative regulation of 
immunoreceptor signaling. Mol Cell Biol, 2000. 20(8): p. 2743-54. 

576. Petrie, R.J., et al., Transient translocation of the B cell receptor and Src homology 2 
domain-containing inositol phosphatase to lipid rafts: evidence toward a role in calcium 
regulation. J Immunol, 2000. 165(3): p. 1220-7. 

107 



577. Phee, H., A. Jacob, and K.M. Coggeshall, Enzymatic activity of the Src homology 2 
domain-containing inositol phosphatase is regulated by a plasma membrane location. J 
Biol Chem, 2000. 275(25): p. 19090-7. 

578. Pradhan, M. and K.M. Coggeshall, Activation-induced bi-dentate interaction of SHIP and 
Shc in B lymphocytes. J Cell Biochem, 1997.67(1): p. 32-42. 

579. Jensen, W.A., et al., FcgammaRIIB-mediated inhibition ofT-ceU receptor signal 
transduction in volves the phosphorylation of SH2-containing inositol 5-phosphatase 
(SHIP), dephosphorylation of the linker of activated T-ceUs (LAT) and inhibition of 
calcium mobilization. Biochem Soc Trans, 2001. 29(Pt 6): p. 840-6. 

580. Tridandapani, S., et al., Regulated expression and inhibitory function of Fcgamma Rllb in 
human monocytic cells. J Biol Chem, 2002.277(7): p. 5082-9. 

581. Ono, M., et al., Deletion ofSHIP or SHP-J reveals two distinct pathwaysfor inhibitory 
signaling. Cell, 1997. 90(2): p. 293-301. 

582. D'Ambrosio, D., D.C. Fong, and J.C. Cambier, The SHIP phosphatase becomes 
associated with Fc gammaRIIBJ and is tyrosine phosphorylated during 'negative' 
signaling. Immunol Lett, 1996.54(2-3): p. 77-82. 

583. Fong, D.C., et al., Mutational analysis reveals multiple distinct sites within Fc gamma 
receptor lIB thatfunction in inhibitory signaling. J Immunol, 2000. 165(8): p. 4453-62. 

584. Stefan, M., et al., Src homology 2-containing inositol 5-phosphatase J binds to the 
multifunctional docking site of c-Met and potentiates hepatocyte growth factor-induced 
branching tubulogenesis. J Biol Chem, 2001. 276(5): p. 3017-23. 

585. Mikhalap, S.V., et al., CDwJ50 associates with src-homology 2-containing inositol 
phosphatase and modulates CD95-mediated apoptosis. J Immunol, 1999. 162(10): p. 
5719-27. 

586. Mikhalap, S.V., et al., The adaptor protein SH2DJA regulates signaling through CDJ50 
(SLAM) in B ceUs. Blood, 2004. 104(13): p. 4063-70. 

587. Shlapatska, L.M., et al., CDJ50 association with either the SH2-containing inositol 
phosphatase or the SH2-containing protein tyrosine phosphatase is regulated by the 
adaptor protein SH2DJA. J Immunol, 2001. 166(9): p. 5480-7. 

588. Brauweiler, A., et al., Differentiai regulation of B cel! development, activation, and death 
by the src homology 2 domain-containing 5' inositol phosphatase (SHIP). J Exp Med, 
2000. 191(9): p. 1545-54. 

589. Tamir, 1., et al., The RasGAP-binding protein p62dok is a mediator ofinhibitory 
FcgammaRIIB signais in B cells. Immunity, 2000. 12(3): p. 347-58. 

590. Kavanaugh, W.M., et al., Multiple forms of an inositol polyphosphate 5-phosphatase form 
signaling complexes with Shc and Grb2. CUIT Biol, 1996.6(4): p. 438-45. 

591. Wisniewski, D., et al., A novel SH2-containing phosphatidylinositol 3,4,5-trisphosphate 
5-phosphatase (SHIP2) is constitutively tyrosine phosphorylated and associated with src 
homologous and coUagen gene (SHC) in chronic myelogenous leukemia progenitor cells. 
Blood, 1999. 93(8): p. 2707-20. 

592. Edmunds, C., et al., CD28 stimulates tyrosine phosphorylation, cellular redistribution 
and catalytic activity of the inositollipid 5-phosphatase SHIP. Eur J Immunol, 1999. 
29(11): p. 3507-15. 

108 



593. Damen, J.E., et al., Multipleforms of the SH2-containing inositol phosphatase, SHIP, are 
generated by C-terminal truncation. Blood, 1998.92(4): p. 1199-205. 

594. Chacko, G.W., et al., Negative signaling in B lymphocytes induces tyrosine 
phosphorylation of the 145-kDa in os itol polyphosphate 5-phosphatase, SHIP. J Immunol, 
1996. 157(6): p. 2234-8. 

595. Ono, M., et al., Role of the in osito 1 phosphatase SHIP in negative regulation of the 
immune system by the receptor Fc(gamma)RIIB. Nature, 1996.383(6597): p. 263-6. 

596. Aman, M.J., A.C. Tosello-Trampont, and K. Ravichandran, Fc gamma RIIBlISHIP
mediated inhibitory signaling in B ceUs in volves lipid rafts. J Biol Chem, 2001. 276(49): 
p.46371-8. 

597. Aydar, Y., et al., FcgammaRII expression onfoUicular dendritic ceUs and 
immunoreceptor tyrosine-based inhibition motif signaling in B ceUs. Eur J Immunol, 
2004.34(1): p. 98-107. 

598. Kato, L, T. Takai, and A. Kudo, The pre-B ceU receptor signalingfor apoptosis is 
negatively regulated by Fc gamma RIIB. J Immunol, 2002. 168(2): p. 629-34. 

599. Tzeng, S.J., et al., The B ceU inhibitory Fc receptor triggers apoptosis bya novel c-Abl 
family kinase-dependent pathway. J Biol Chem, 2005. 280(42): p. 35247-54. 

600. Fong, D.C., et al., Selective in vivo recruitment of the phosphatidylinositol phosphatase 
SHIP by phosphorylated Fc gammaRIIB du ring negative regulation of IgE-dependent 
mouse mast ceU activation. Immunol Lett, 1996. 54(2-3): p. 83-91. 

601. Astoul, E., S. Watton, and D. Cantrell, The dynamics ofprotein kinase B regulation 
during B ceU antigen receptor engagement. J Cell Biol, 1999.145(7): p. 1511-20. 

602. Carver, D.J., M.l Aman, and K.S. Ravichandran, SHIP inhibits Akt activation in B cells 
through regulation of Akt membrane localization. Blood, 2000. 96(4): p. 1449-56. 

603. Baran, c.P., et al., The inositol 5'-phosphatase SHIP-l and the Src kinase Lyn negatively 
regulate macrophage colony-stimulatingfactor-induced Akt activity. J Biol Chem, 2003. 
278(40): p. 38628-36. 

604. Helgason, C.D., et al., A dual role for Src homology 2 domain-containing inositol-5-
phosphatase (SHIP) in immunity: aberrant development and enhancedfunction ofb 
lymphocytes in ship -/- mice. J Exp Med, 2000.191(5): p. 781-94. 

605. Huber, M., M.R. Hughes, and G. Krystal, Thapsigargin-induced degranulation ofmast 
ceUs is dependent on transient activation of phosphatidylinositol-3 kinase. J Immunol, 
2000. 165(1): p. 124-33. 

606. Scheid, M.P., et al., Phosphatidylinositol (3,4,5)P3 is essential but not sufficientfor 
protein kinase B (PKB) activation; phosphatidylinositol (3,4)P2 is requiredfor PKB 
phosphorylation at Ser-473: studies using ce Us from SH2-containing inositol-5-
phosphatase knockout mice. J Biol Chem, 2002.277(11): p. 9027-35. 

607. Helgason, C.D., et al., Targeted disruption ofSHIP leads to hemopoietic perturbations, 
lung pathology, and a shortened life span. Genes Dev, 1998. 12(11): p. 1610-20. 

608. Sattler, M., et al., BCR/ABL directly inhibits expression of SHIP, an SH2-containing 
polyinositol-5-phosphatase involved in the regulation of hematopoiesis. Mol Cell Biol, 
1999. 19(11):p. 7473-80. 

609. Jiang, X., et al., Evidencefor a positive role ofSHIP in the BCR-ABL-mediated 
transformation of primitive murine hematopoietic ceUs and in human chronic myeloid 
leukemia. Blood, 2003.102(8): p. 2976-84. 

610. Oki, S., et al., Dokl and SHIP act as negative regulators ofv-Abl-induced pre-B ceU 
transformation, proliferation and Ras/Erk activation. Cell Cycle, 2005. 4(2): p. 310-4. 

109 



611. Sattler, M., et al., The phosphatidylinositol polyphosphate 5-phosphatase SHIP and the 
protein tyrosine phosphatase SHP-2 form a complex in hematopoietic ceUs which can be 
regulated by BCR/ABL and growthfactors. Oncogene, 1997.15(19): p. 2379-84. 

612. Clark, E.A. and 1.S. Brugge, Integrins and signal transduction pathways: the road taken. 
Science, 1995.268(5208): p. 233-9. 

613. Holting, T., et al., Epidermal growthfactor (EGF)- and transforming growthfactor 
alpha-stimulated invasion and growth of follicular thyroid cancer ceUs can be blocked by 
antagonism to the EGF receptor and tyrosine kinase in vitro. Eur 1 Endocrinol, 1995. 
132(2): p. 229-35. 

614. Tseng, 1., et al., The B cell antigen receptor complex: mechanisms and implications of 
tyrosine kinase activation. Irnrnunol Res, 1994.13(4): p. 299-310. 

615. Segal, R.A. and M.E. Greenberg, IntraceUular signaling pathways activated by 
neurotrophicfactors. Annu Rey Neurosci, 1996.19: p. 463-89. 

616. Dubin, A.E., et al., Lysophosphatidic acid stimulates neurotransmitter-like conductance 
changes that precede GABA and L-glutamate in early, presumptive cortical neuroblasts. 1 
Neurosci, 1999. 19(4): p. 1371-81. 

617. Datta, S.R., A. Brunet, and M.E. Greenberg, Cellular survival: a play in three Akts. 
Genes Dey, 1999. 13(22): p. 2905-27. 

618. Huber, M., et al., The role of the SRC homology 2-containing inositol5'-phosphatase in 
Fc epsilon Rl-induced signaling. CUIT Top Microbiol Irnrnunol, 1999.244: p. 29-4l. 

619. Rabkin, S.W., M. Huber, and G. Krystal, Modulation ofpalmitate-induced cardiomyocyte 
cel! death by interventions that alter intraceUular calcium. Prostaglandins Leukot Essent 
Fatty Acids, 1999.61(3): p. 195-20l. 

620. Frurnan, D.A., L.E. Rarneh, and L.C. Cantley, Phosphoinositide binding domains: 
embracing 3-phosphate. Cell, 1999.97(7): p. 817-20. 

621. Rarneh, L.E. and L.e. Cantley, The role of phosphoinositide 3-kinase lipid products in 
cellfunction. J Biol Chern, 1999.274(13): p. 8347-50. 

622. Datta, K., et al., AH/PH domain-mediated interaction between Akt molecules and its 
potential role in Akt regulation. Mol Cell Biol, 1995. 15(4): p. 2304-10. 

623. Franke, T.F., et al., The protein kinase encoded by the Akt proto-oncogene is a target of 
the PDGF-activated phosphatidylinositol 3-kinase. Cell, 1995.81(5): p. 727-36. 

624. Gold, M.R., et al., Targets of B-cell antigen receptor signaling: the phosphatidylinositol 
3-kinase/Akt/glycogen synthase kinase-3 signaling pathway and the RAP-I GTPase. 
Irnrnunol Rey, 2000.176: p. 47-68. 

625. Scheid, M.P. and 1.R. Woodgett, PKB/AKT:functional insightsfrom genetic models. Nat 
Rey Mol Cell Biol, 200l. 2(10): p. 760-8. 

626. Steele-Mortirner, O., et al., Activation of Akt/protein kinase B in epithelial cells by the 
Salmonella typhimurium effector sigD. 1 Biol Chern, 2000.275(48): p. 37718-24. 

627. Geier, S.J., et al., The human SHIP gene is difJerentially expressed in celllineages of the 
bone marrow and blood. Blood, 1997.89(6): p. 1876-85. 

628. Liu, Q., et al., The SH2-containing inositol polyphosphate 5-phosphatase, ship, is 
expressed du ring hematopoiesis and spermatogenesis. Blood, 1998.91(8): p. 2753-9. 

629. Sanchez-Capelo A.Dual rolefor TGF-beta 1 in apoptosis. Cytokine Growth Factor. Rey. 
2005. Feb; 16 (1): 15-34. 

110 



CHAPTER2 

Activin/TGF -~ induce apoptosis through Smad

dependent expression of the lipid phosphatase SHIP-l 

2.1. Prologue 

Control of immune cell proliferation, activation and subsequent elimination by cell 

growth arrest and apoptosis is critical for controlling infections and preventing 

auto immune disease. The TGF~ and activin family of growth factors play an important 

role in controlling apoptosis in various cell types of the immune system. However, there 

is very limited information regarding their target genes and their signaling mechanisms. 

Using a screen for genes that are differentially regulated by TGF~ ligands in 

haematopoietic cells, 1 found that SHIP-l is strongly up regulated by activin and TGF~. 

Based on these observations, 1 analyzed the ability of TGF~ and activin to induce cell 

growth arrest in immune cells through up-regulation of SHIP-l. In addition, 1 

demonstrated that activin/TGF~-induced SHIP-l was related with a decrease in 

Ptdlns3,4,5-P3 levels with a direct inhibition of the survival kinase Akt. Thus, the results 

presented in this chapter demonstrated for the first time a link for the first time TGF~

induced apoptosis to phospholipid metabolism and enlarge our knowledge of the 

mechanism of action of the activin/TGF ~ serine kinase receptors. 
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2.2. ABSTRACT 

Members of the TGF~ family regulate fundamental physiological processes, such 

as cell growth, differentiation and apoptosis in nearly aIl cell types [1]. As a result, defects 

in their signaling pathways have been linked to uncontrolled cell proliferation and 

carcinogenesis [1]. Given their critical role, here we explored the signal transduction 

mechanisms, downstream of the activin/TGF~ receptors, leading to cell growth 

arrest/apoptosis. We show that TGF~ family members regulate apoptosis in hematopoietic 

cells through expression of the inositol phosphatase SHIP-l, a central regulator of 

phospholipids metabolism [2]. We further demonstrated the requirement of the Smad 

pathway in the transcriptional regu1ation of the SHIP-1 gene. Activin/TGF~-induced 

SHIP-1 expression and activity leads to intracellular changes in the pool of phospholipids, 

as weIl as in inhibition of the phosphorylation of the protein kinase AKT and cell 

survival. Our results link for the first time phospholipids metabolism to activin/TGF~

mediated apoptosis and define TGF~ family members as potent inducers of SHIP-1 

expression. 
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2.3. INTRODUCTION 

TGFp and activin belong to a large family of ubiquitous and evolutionary 

conserved polypeptide growth factors that play a critical role in controlling cell growth 

and apoptosis. TGFp and its receptors are expressed by almost every cell in the body and 

deregulation of its signaling pathways have been implicated in multiple human disorders 

including cancer [1]. Similarly, activin originally isolated from gonadal fluid [3] is also an 

important regulator of cell growth and apoptosis of various cell types [4]. TGFp and 

activin signal through a complex of two serine kinase receptors that upon ligand 

stimulation recruit and phosphorylate Smad2 and Smad3, the canonical downstream 

effector molecules for these receptors. Once activated Smad2 and Smad3 heterodimerize 

with the tumor suppressor prote in Smad4 and translocate to the nucleus where they 

participate in transcriptional activation of target genes. However, the nature of these genes 

and the downstream biochemical processes that they regulate to control cell growth 

remain largely unknown. 

2.4. RESULTS AND DISCUSSION 

TGFp and activin induce growth inhibition and apoptosis of both cultured and 

primary lymphocytes [4-6]. Down-regulation ofBcl2 family members [7-9], NF-Kappa B 

inhibition [6], up-regulation of the proapoptotic factor Bax [10], or activation of caspase 

proteases [11] have all been reported in response to TGFp and activin in various myeloid 

leukemia and B-lymphoma cell types. It was also recently shown that the death adaptor 

prote in Daxx could mediate TGFp-induced apoptosis in B-celllymphomas [12]. To begin 

to elucidate the mechanism of action of these growth factors we initially screened for 

genes that were differentially regulated by activin and TGFp by gene profiling using gene 
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DNA chip technology. We used munne plasmocytoma, MPC-11, hybridomas, B9, 

mye1oma, Ml as weIl as purified human primary lymphocytes in which cell viability was 

potently decreased by 40 to 50 percent in response to activin and TGF~ respectively 

(Fig.2A.l.a, pages 115-116). The effect of activin and TGF~ is observed primarily on 

apoptosis as shown by Annexin V labe1ing in B9 hybridoma cells (Fig.2A.l.b, see pages 

117-118) and flow cytometry analysis (Fig.2A.l.c, see page 119-120). 

SHIP-l is a 145 kD intracellular phosphatase that hydrolyzes the D-5' position 

phosphate of both phosphatidylinositol 3,4,5-trisphosphate (PtdIns-3,4,5-P3) and 1,3,4,5-

tetrakisphosphate (IP4) [13] and plays a critical role in cell growth regulation [2]. As 

shown in Fig. 2A.2.a, activin induces a c1ear and rapid increase in SHIP-l mRNA in 

MPC-11 cells and exert its effect through a direct transcriptional regulatory mechanism, 

as it is not affected by the translational inhibitor cyc1oheximide. The same result was 

obtained in B9 cells and Ml cells treated with activin or TGF~ (data not shown) 

(Fig.2A.3.a, pages 123-124). 
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Figure 2.4.1.a Activin and TGF~ induce apoptosis in hematopoietic cells. 

Cell viability colorimetrie assay (MTT) [3-( 4,5-Dimethylthiazolyl-2)-2,5 

Diphenyltetrazoliumbromided (MTT)] in triplicate of plasmocytoma MPC-II, hybridoma 

B9, myeloma Ml cells and purified human lymphocytes, stimulated or not with activin or 

TGF~ respectively for seventy-two hours. Values are expressed in arbitrary units. 
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Figure 2.4.1.b. Activin and TGF~ induce apoptosis in hematopoietic cells. 

B9 cells were stimulated for different periods of time with activin as indicated. The level 

of apoptosis obtained was analyzed by Annexin V labelling. The treated cells were 

analyzed by direct immunofluorescence. 
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Figure 2.4.1.c. Activin and TGF~ induce apoptosis in hematopoietic cells. 

MPCII, B9 and Ml cells were stimulated or not with activin and TGF~ respectively for 

72 hours. The distribution of cells in the cell cycle was quantified by analysis· of 

propidium iodide stained cells using flow cytometry. 
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Figure 2.4.2.a. Activin and TGF~ induce SHIP-l mRNA levels. 

Total mRNA extracted from MPC-ll cells that were stimulated with activin for 0, 8 and 

24 hours. Affymetrix Gene Chip MullkSubB microarray was performed using this 

mRNA. Reverse transcription reactions were performed to confirm the microarray results 

using oligo-dT and cDNAs were amplified using specific oligonuc1eotides to SHIP-l and 

GAPDH as a control. The results were analyzed by densitometry and values are expressed 

as fold-induction compared to the control after normalization to the GAPDH mRNA 

levels. 
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Figure 2.4.3.a. Activin and TGF~ induce SHIP-l rnRNA levels. MPC-ll, B9 and Ml 

eells were stimulated with activin for 0, 15',30', 1h, 2h, 4h, 8h, 16h, and 24 hours with or 

without cycloheximide pretreatment (lOug/ml for 3h). Reverse transcription reactions 

were perfonned using oligo-dT and cDNAs were ampli fied using specifie 

oligonucleotides to SHIP-1 and GAPDH as a control. The results were analyzed by 

densitometry and values are expressed as fold-induction compared to the control after 

nonnalization to the GAPDH mRNA levels. 
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To determine if the activin-induced increase in SHIP-l mRNA level was followed 

by an increase in SHIP-l prote in expression, MPC-ll, B9, Ml cells and purified human 

lymphocytes were stimulated with activin or TGFp for different periods of time and total 

cell lysates analyzed by Western blots using a specific monoclonal antibody to SHIP-l. 

As shown in Fig.2.4.3.b (pages 126-127), while there was Httle or no detectable 

expression of SHIP-l in non-stimulated cells, a clear increase in SHIP-l prote in 

expression was observed when cells were treated with activin/TGFp. This effect was 

observed within 4 to 8 hours following stimulation and was further increased at 16 and 24 

hours. The anti-SHIP-l antibody recognized two forms of SHIP-l in our cell lines, a 

predominant 145 kDa form and a much lower expressed 135 kDa form (Fig.2.4.3.b, pages 

126-127). This is in agreement with that observed in hum an bone marrow cell and 

peripheral blood mononuclear cells where high levels of the 145 kDa and lower levels of 

a 135 kDa form, generated by alternative splicing, are expressed [14]. As a control, the 

blots were stripped and reprobed with an antibody directed against Stat3 to demonstrate 

equalloading (Fig.2.4.3.b., lower panels, pages 126-127). 

Together our results highlight TGFp family members as direct positive 

transcriptional regulators of SHIP-l expression and define a novel-signaling pathway for 

these growth regulatory factors. Interestingly, the 3' lipid phosphatase PTEN, also known 

as TEPI (TGFp-regulated and epithelial-cell-enriched phosphates) is also regulated by 

TGFp [15], suggesting that these two phosphatases share a common mechanism of action 

in regulating cell death in response to TGFp family members. 
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Figure 2.4.3.b. Activin and TGFp induce SHIP-l protein expression. 

MPC-11, B9, Ml cells and human purified lymphocytes were stimulated with activin or 

TGFp for 0, 4, 8, 16, and 24h. Total cell lysates were obtained and analyzed by 

immunoblot using a specific monoclonal antibody against SHIP-1 (upper panel). The blot 

was stripped and reprobed with an anti-Stat3 antibody to confirm equal loading (lower 

panel). 
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To then characterize the transcriptional mechanisms by which activin/TGF~ 

induce expression of SHIP-l mRNA, we cloned a lA kb fragment from the 5' regulatory 

sequence of the mouse SHIP-l gene, based on the genomic structure of the SHIP-l gene 

[16]. The SHIP-l gene promoter was then subcloned upstream of the firefly luciferase 

gene in PGL3 basic vector (SHIP-I-Lux) and its activity was strongly induced by activin 

and TGF~ (Fig. 2AA.a, pages 130-131). 

To investigate the role of the Smad pathway in activin/TGF~-induced SHIP-l 

gene promoter activation, we used murine embryonic fibroblasts (MEFs) established from 

Smad4 knock-out mice, in which the Smad pathway is inactivated [17]. Wild type 

MEFs(+I+) and Smad4(-I-) MEFs were transfected with either SHIP-l -Lux or ARE-Lux, 

another activin/TGF~ responsive promoter construct, used as a control. While both gene 

promoter constructs were strongly activated by activin and TGF~ in MEFs(+I+), this effect 

was aboli shed in the Smad4(-I-) MEFs but fully restored wh en Smad4 was co-transfected, 

confirming the requirement and critical role played by the Smad pathway in the mediation 

ofthese effects (Fig.2AA.b, pages 132-133). 

To further investigate the specific role played by Smad2 and Smad3 in 

activin/TGF~-mediated SHIP-1 gene promoter induction, 293 cells were co-transfected 

with the SHIP-l-Lux reporter construct and cDNAs encoding for Smad2, Smad3, Smad4, 

the inhibitory Smad7 [18] or the dominant negative forms of Smad2 and Smad3 

(~NSmad2 and ~NSmad3) [19, 20]. The 293 cells express relatively low levels of TGF~ 

receptors but they do respond to both activin and TGF~ (Fig. 2AA.a, see pages 130-131) 

and transient transfection of these cells is usually achieved at very high efficiency. 

Overexpression of Smad2, Smad3 or Smad4 significantly increased activin/TGF~-
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mediated activation of the SHIP-l promoter, while expression of Smad7, ~NSmad2 and 

~NSmad3 completely abolished these effects (Fig.2.4.4.c. lower panel, see pages 136-

137). Together these results demonstrate the requirement of the Smad pathway 

downstream of the activin and TGF~ receptor signaling cascade for activation of the 

SHIP-1 gene promoter. 
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Figure 2.4.4.a. Activin/TGF~-induced SHIP-l transcription requires Smad2, Smad3 

and Smad4. 

293 cells were transfected with the SHIP-l -Lux reporter construct or empty luciferase 

vector (pGL3) and the ~-galactosidase expression plasmid. Cells were stimulated with 

either activin or TGF~ for 18h. The luciferase activity was normalized to ~-galactosidase 

values. Results represent means and standard deviations of three independent 

experiments. 

130 



pc ,U AI/.I:-l.lI'~ ~TP-l.lI'\ " IIIP-I-l.lI'( 
F,\S"I-I 

Figure 2AA.a. 

131 



Figure 2.4.4.b. Activin/TGF~-induced SHIP-l transcription requires Smad signaling 

pathway. 

Mouse embryonic fibroblasts (MEFs) established from the Smad4 knockout mice (-/-) or 

from wild type mice (+/+) were transfected with the SHIP-l -Lux and ARE-Lux/Fast! 

promoter constructs with or without an expression vector encoding Smad4. The 

activin/TGF~ response was measured using a luciferase assay. The Luciferase activity 

was normalized to b-galactosidase values. Results represent means and standard 

deviations of three independent experiments. 
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SHIP-l ' s 5 'phosphatase activity does not change significantly following cytokine 

stimulation [21], suggesting that its effects are regulated by the level of expression [2]. To 

determine whether activin/TGF0-induced SHIP-l expression is followed by a 

concomitant increase in SHIP-l phosphatase activity, we measured the intracellular levels 

ofSHIP-l's two substrates, IP4 and PtdIns3,4,5-P3, as described in Methods. As shown in 

Fig.2A.5.a (see pages l38-l39), activin and TGF0 induced a marked increased in SHIP-l 

expression and a clear decrease in IP 4 levels while the levels of IP3 were concomitantly 

increased. This is interesting since SHIP-l 's ability to hydrolyze IP4 has only been 

clearly demonstrated in vitro using 5'-phosphatase assays [l3], and no report of any 

changes in IP3 and IP4 levels have been reported with cells from SHIP-l"/- mice [22]. 

Therefore, our findings provide the first evidence demonstrating that SHIP-l functions as 

an IP 4 phosphatase in vivo. It will be interesting to determine in future studies if the 

changes in IP3/IP 4, resulting from TGF0/activin-induced SHIP-I expression and activity, 

affects the entry of extracellular calcium and subsequent activation of calcium dependent 

prote in kinases since these events are tightly regulated by IP3 [23]. 

To measure PtdIns3,4,5-P3 levels, total phosphatidylinositols from B9 cells, 

stimulated or not with activin for different periods of time were extracted, separated by 

thin layer chromatography and analyzed by autoradiography. As shown in Fig. 2A.5.b., 

(pages 140-141), treatment of the cells with activin led to a marked decrease in 

PtdIns3,4,5-P3 levels after 6 to 24 hours of treatment, correlating with the activin effect 

on SHIP-l -increased expression (Fig.2A.3.b, pages 126-127). The same effects were 

observed in MPC-l1 and Ml cells stimulated with activin or TGF0 (Figure 2A.S.b., lower 

panel, pages 140-141). The observed decrease in Ptdlns3,4,5-P3 is unlikely due to a 

l34 



change in PTEN activity as no change in PTEN mRNA was observed in our AffYmetrix 

experiment (1.15 fold-induction) or in PTEN protein expression in MPC-ll cells treated 

with activin (Fig.2.4.6.a, pages 148-149), confirming that this effect is specifically due to 

activin/TGF~-mediated SHIP-I expression. Together, our data clearly indicate that 

activin/TGF~-mediated SHIP-l prote in expression is followed by an increase in SHIP-l 

lipid phosphatase activity. Phospholipid metabolism plays a critical role in regulating cell 

growth and apoptosis. 

135 



Figure 2.4.4.c. Smad2, Smad3 and Smad4 are required and enhanced the 

Activin/TGF~-induced SHIP-l transcription gene promoter. 

293 cells were transiently transfected with the SHIP-l-Lux reporter construct in the 

presence of various Smad expression plasmids, as indicated, stimulated with either activin 

or TGF~. The promoter activation was assessed for luciferase activity. The Luciferase 

activity was normalized to ~-galactosidase values. Results represent means and standard 

deviations of three independent experiments. 
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Figure 2.4.5.a. Activin/TGF~-induced SHIP-l expression and activity lead to change 

in phospholipids metabolism. MPC-II, B9 and Ml ceUs were treated or not with activin 

and TGF~ respectively, were labeled with Myo-[2)H(N)]-Inositol. Total radiolabeled 

phospholipids were extracted and the IP3 and IP4 separated by differential elution buffers. 

Levels of IP4 (left panel) and IP3 (middle panel) are expressed in cpm. SHIP-I prote in 

expression levels were assessed by Western blot (right panel). 
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Figure 2.4.5.b. Activin/TGF~-induced SHIP-l expression and activity lead to 

inhibition of AKT phosphorylation. 

89 cells treated with activin for different periods of time were metabolically labeled with 

32p-orthophosphate. PtdIns3,4,5-P3 were separated by thin layer chromatography, 

analyzed by autoradiography and quantified by densitometry. 
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The second messenger Ptdlns3,4,5-P3 is produced by the enzyme PB kinase and 

regulates activation and phosphorylation of the pleckstrin homology domain-containing 

protein kinase AKT [24]. By breaking down Ptdlns3,4,5-P3 to Ptdlns 3,4-P2, SHIP-1 

terminates the activation of the kinase AKT [25]. As AKT is a central regulator of cell 

growth and survival, we focused on analyzing the role of activin/TGF~-induced SHIP-I 

expression on AKT activation. As shown in Fig.2.4.5.c. (pages 143-144), treatment of 

MPC-ll cells with sodium pervanadate for 15 min led to activation of the PB kinase 

pathway and subsequent phosphorylation of AKT on Thr308
• Interestingly, this effect was 

largely decreased in cells pretreated with activin and TGF~ for 24 hours. The levels of 

AKT were shown to be similar in the different samples by stripping and reprobing the blot 

with an anti-AKT antibody and increased SHIP-1 expression in response to activin was 

assessed by anti-SHIP-1 immunoblot (Fig. 2.4.5.c, pages 143-144). The same effect was 

observed in B9 and Ml cells treated with activin or TGF~ and no direct activin/TGF~ 

effect was observed on AKT phosphorylation (Fig. 2.4.5.c, pages 143-144). 

To add more physiological relevance to our results, we examined the effects of 

TGF~-induced SHIP-1 expression on AKT phosphorylation in response to IL-6, a natural 

cell survival factor in immune cells. Interestingly, the IL-6-induced phosphorylation of 

AKT on Ser473 and Thr308 was blocked in Ml cells overexpressing SHIP-1 in response to 

TGF~ (Fig.2.4.5.d, pages 145-146) and the same effect was observed in B9 cells 

pretreated with activin. Together, these results indicate that activin/TGF~-induced 

expression of the inositol phosphatase SHIP-l is coupled with a decrease in cell survival 

stimuli-induced AKT activation and provide a phospholipid-dependent mechanism of 

action for these growth factors in the mediation of apoptosis. 
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Figure 2.4.5.c. Activin/TGF~-induced SHIP-l expression and activity lead to 

inhibition of AKT phosphorylation. 

Treatment ofMPC-II, B9 and Ml cells with activin and TGF~ for 24 hours results in an 

increase in SHIP-I expression (upper panel) and antagonizes AKT phosphorylation on 

Thr308 in response to 0.2 mM Na pervanadate (middle panel). Reprobing of the blot with 

anti-AKT confirmed equalloading (lower panel). 
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Figure 2.4.5.d. Activin/TGF~-induced SHIP-l expression and activity lead to 

inhibition of AKT phosphorylation. 

Activin/TGF~-induced SHIP-l expression in B9 and Ml cells antagonizes AKT 

phosphorylation in response to IL-6 on both Thr308 and Ser 473 (middle panels). 

Reprobing of the blot with anti-AKT confirmed equal loading (lower panel). Increased 

SHIP-l expression in response to TGF~ was monitored by anti-SHIP-l immunoblot 

(upper panel). 

145 



[L-" 

"HII' 

1'11.'''I'·h''.\~T 
,T.\(:·~; 

l'il·'''I'·il''.\~T 
, ,,-l-.~' 

.\hT 

Il'i 

+ + + 

.: l " ':0 -lli 1) 

+ 

[L-II 

,>H1P 

l'il,''pll'). \~ T 
iT.\O~:· 

l'il""I'il".\~T 
1'--17.', ) 

Figure 2.4.S.d. 

1\[1 

+ + + + 

" '::11 -lli 

146 



The SHIP-1 knockout mouse, which is viable and fertile, has a shortened lifespan 

due to myeloid cell overproduction and infiltration of vital organs [26], highlighting the 

critical role played by this phosphatase in the apoptosis of immune cells. To determine the 

contribution of SHIP-l to activin/TGF~-mediated proapoptotic effects, we examined their 

effects in the absence of SHIP-l. We used phosphorothioate antisense oligonucleotides to 

the 5'-coding sequence of SHIP-1 (SHIP-l -ASI and SHIP-l -AS2) or a scrambled 

sequence as a control (CTL-l). As shown in Fig. 2.4.6.a. (pages 148-149), pretreatment of 

MPC-ll cells with the antisense oligonucleotide to SHIP-l inhibited activin-induced 

expression of SHIP-l while not affecting PTEN and Stat3 protein levels. Interestingly, 

blocking expression of basal endogenous level of SHIP-l also led to an increase in basal 

AKT phosphorylation, independently of activin stimulation of the cells, further 

demonstrating the critical role played by SHIP-l in regulating AKT activity (Fig. 2.4.6.a, 

pages 148-149). Interestingly, activin-mediated growth inhibition of MPC-ll cells was 

clearly antagonized and almost completely reversed in the presence of 50 /lM of anti

SHIP-I antisense oligonucleotides while not affected by the control oligonucleotide (Fig. 

2.4.6. b, pages 150-151). The same effects were observed in B9 and Ml ceBs treated with 

activin and TGF~ respectively as weB as in human purified lymphocytes (Fig. 2.4.6.c, 

pages 152-153). 

147 



Figure 2.4.6.a. Inhibition of expression of the lipid phosphatase SHIP-l prevents 

activin and TGFp-induced apoptosis. 

SHIP and PTEN prote in expression Ieveis as well as AKT phosphorylation in MPC-11 

cells treated or not with the antisense oligonucleotide to SHIP mRNA (SHIP-AS2) were 

measured by Western blot in cells stimulated or not with activin for 24h. For Ioading 

controis the blot was reprobed with an anti-Stat3 antibody. 
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Figure 2.4.6.b. Inhibition of expression of the lipid phosphatase SHIP-l prevents 

activin and TGFp-induced apoptosis. 

MPC-ll cells were treated with 50 IlM of phosphorothioate antisense oligonucleotide to 

SHIP mRNA (SHIP-AS 1 and SHIP-AS2) or a with a control oligonucleotide (CTL-l) for 

10h before being stimulated with activin. Cell viability was assessed after 72h by MTT 

colorimetrie assays carried out in triplicate. Values are expressed in arbitrary units. 
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Figure 2.4.6.c. Inhibition of expression of lipid phosphatase SHIP-l prevents activin 

and TGFp-induced apoptosis in human purified lymphocytes. 

Human purified lymphocytes were treated with 50 flM of each phosphorothioate antisense 

oligonucleotide to SHIP mRNA (SHIP-AS 1 and SHIP-AS2) or a with a control 

oligonucleotide (CTL-1) for 10h before being stimulated with activin and TGF~. Cell 

viability was assessed after 72h by MTT colorimetric assays carried out in triplicate. 

Values are expressed in arbitrary units. 
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To further demonstrate the requirement of SHIP-l in activin/TGF~-mediated 

apoptosis, we used chicken B-lymphocytes (DT -40) as well as DT -40 cells in which 

either the SHIP-l gene (SHIP-l of
o

) or the SHP-l gene (SHP_l ofo
) were deleted by 

homologous recombination [27]. As shown in Fig. 2.6.d (left panel, pages 155-156), in 

parental DT -40 and DT -40 deficient in SHP-l cells, activin and TGF~ inhibited cell 

viability. However, DT -40 cells deficient in SHIP-l were resistant to these effects of 

activin/TGF~. Finally, to determine whether SHIP-l was also important for the apoptosis 

of normal primary cells in response to TGF~ family members, cell viability of bone 

marrow derived macrophages from wild type mice (+/+) and SHIP-l -deficient mice (-/-) 

was examined. As shown in Fig. 2.6.d (lower panel, pages 155-156), activin/TGF~ 

treatment of wild type macrophages led to a 70% reduction in cell viability while there 

was only a 20% reduction in SHIP-l -/- macrophage survival (Fig. 2.6.d, lower panel, 

pages 155-156). To explain the residualloss ofviability in SHIP-l -/- macrophages it is 

conceivable that activin and TGF~ utilizes altemate pathways to induce cell death in 

immune cells. This is consistent with a recent finding showing that TGF~ could mediate 

apoptosis through the adapter prote in Daxx and the JNK pathway [12]. Similar results 

were obtained with two different preparations ofbone marrow derived macrophages. 
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Figure 2.4.6.d. Inhibition of expression of the lipid phosphatase SHIP-l prevents 

activin and TGFp-induced apoptosis in chicken and mou se immune cell types. 

Parental chicken B lymphocytes (DT-40), DT-40 SHIP-deficient (SHIP -/-) cells, DT-40 

SHP-l deficient (SHP-l -/-) cells as well as bone marrow derived macrophages from 

nonnal mice (+/+) and SHIP-deficient mice (-/-) were stimulated or not with activin or 

TGF~ for 72h and cell viability assessed by MTT assays carried out in triplicate. Values 

are expressed in arbitrary units and represent the average and standard deviation of 4 

separate experiments. 
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Together, our results demonstrate that regulation of SHIP-I expression by TGF~ 

family members is critical and required for their pro-apoptotic effects in both nonnal and 

cancer cells. Based on SHIP-l' s critical role as a cell death regulator in immune cells, 

one might expect abnonnalities in its expression in pathological conditions such as 

leukemia and autoimmune diseases. The human SHIP-l gene is located on chromosome 2 

at 2q36-37 and ev en though mutations or deletions in this region do no represent a 

hall mark of human diseases, aberrant translocations and sporadic abnonnalities at this 

chromosomal location have been detected in several leukemias [28]. Finally, white the 

involvement of phospholipid metabolism in cellular homeostasis has been widely 

documented, little is known regarding the regulation of expression of lipid kinases and 

phosphatases that maintain the intracellular pool of phospholipids. Here we demonstrate 

that TGF~ family members directly regulate the expression and activity of the lipid 

phosphatase SHIP-l. Furthermore, our results link for the first time TGF~-induced 

apoptosis to phospholipid metabolism and enlarge our knowledge of the mechanism of 

action of the activin/TGF~ serine kinase receptors. 
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2.5 Material and Methods 

2.5.1. Cell Culture. - MPC-llcells, 293, CHO, wild type and Smad4 knock-out 

(Smad4-/-) mouse embryonic fibroblasts (MEFs) were cultured in DMEM containing 

10% FCS, Ml cells were cultured in RPMI containing 10% FCS. B9 were cultured in 

RPMI containing 10% FCS supplemented with 50 !-lM p-mercaptoethanol. DT -40 wild 

type, DT-40 (SHIP-l -/-) and DT-40 (SHP-l -/-) were cultured in DMEM, 10% FCS, 2% 

chicken serum. Bone marrow derived SHIP-l +/+ and -/- macrophages were obtained as 

described [29] and maintained in IMDM containing 10% FCS and 1000U ofM-CSF/ml. 

2.5.2. Cloning and generation of SHIP-l reporter construct and luciferase 

assays. - The lA kb sequence of the SHIP-l gene promoter was generated by PCR from 

MPC-l1 genomic DNA. The amplified promoter fragment was digested by XhoI and 

HindIII and cloned into the pGL3 Luciferase basic reporter vector to generate the lA kb 

SHIP-1 -Lux reporter construct. For luciferase assays, the SHIP-l -Lux and ARE

Lux/Fastl constructs were co-transfected by calcium phosphate in 293 cells with an 

expression vector encoding for p-galactosidase gene, in the presence or absence or 

various Smad expression plasmids, a described in the figure legend. Transfections of the 

MEFs were performed using Lipofectamine Plus (Invitrogen Life Technologies) 

according to the manufacturer's instructions. One day after transfection, cells were serum 

starved for 12 hours and treated with or without activin (0.5 nM) or TGFp (0.2 nM)- for 

18 hours. Then, cells were washed once with PBS and lysed in 250 !-lI oflysis buffer (1 % 

Triton X-I00; 15 mM MgS04; 4 mM EGTA; 1 mM DTT; 25 mM glycylglycine) on ice. 

The luciferase activity of each sample was measured using 45 !-lI of cell Iysate (EG&G 

Berthold Luminometer) and nonnalized to the p-galactosidase activity. 
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2.5.3. Reverse Transcription Polymerase Chain Reaction (RT -PCR). - MPC

Il, B9 and Ml were treated with activin and TGFp for different periods oftime and total 

RNA extracted using Trizol reagents (Life Technologies, GibcoBRL, Gaithersburg, MD). 

Reverse transcription (RT) of total cellular RNA and amplification of DNA products for 

SHIP-l and GAPDH were carried out using Superscript First Strand Synthesis System for 

RT -PCR (Invitrogen Life Technologies). Primer sequences used for SHIP-l amplification 

were as follows: Sense: 5'-CCTCCAACCCCTCCCTCCCAACCA-3'; and antisense 5'-

AACGCCGGCGGCATGGCAGTCCTGCCAA-3'. Densitometric analysis was 

performed using Alpha Innotech Corporation Fluorochem 8000 software version 3.04. 

2.5.4.Cell viability assay (MTT). - Cells were plated in triplicate at 5000 

cellsllOO!l1 in RPMI medium with 2% FCS. Cells were stimulated or not with activin (0.5 

nM) or TGFp (0.2 nM) and incubated over a 3-day period. Cell growth was assessed 

using the non-radioactive MTT cell growth assay for eukaryotic cells (Cell Titer 96, 

Promega G 4000). Absorbance was measured at 570 nm with a reference wavelength at 

450 nm, using a Bio-tek Microplate reader. DT-40 parental and knockout (SHIP-l -/

and SHP-l -/-) cell1ines were plated in triplicate at 5000 cellsllOO !lI in 2% FCS; 1% 

chicken serum DMEM. SHIP-l +/+ and -/- macrophages were plated in triplicate at 5000 

cellsllOO !lI in IMDM medium with 10% FCS and 2% M-CSF. Cells were stimulated with 

activin or TGFp for three days before being assessed by MTT assay 

2.5.5.Flow Cytometry. - Cells were plated in triplicates at 300 000 cells/l ml in 

RPMI medium with 2% FCS. Cells were stimulated or not with activin (0.5 nM) or 

TGF~ (0.2 nM) and incubated over a 3-day period. Cells were subsequently washed in 

PBS and fixed in 70% ethanol ovemight. Cellular DNA was then labeled with 50ng/ml 
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Propidium Iodide (PI) in PBS, 1.6% Triton and incubated ovemight at 4 oC in the presence 

of 50mg/ml RNAseA. The next day flow cytometry was carried out in an EPICS XL 

series flow cytometer (Beckman Coulter, Miami, FL). Fluorescence was excited by an 

argon-ion air-cooled 15m W continuous laser power at 488nm. PI emission peak was at 

620nm and excitation peak was at 536nm. At least 20 000 gated events were recorded for 

each sample, and the data were analyzed by Multi-cycle software for Windows (Phoenix 

Flow Systems). 

2.5.6.Annexin V labeling. - Cells were plated in RPMI containing 2% FCS and 

stimulated with activin for 0, 16, 24 and 36 hOUTS. Cells were then collected, washed, 

stained with annexin V coupled to fluorescein isothiocyanate (Roche #828681) in 

accordance with the manufacturer's instructions and analyzed by immunofluorescence 

(Nikon Eclipse E600) using the MetaImaging Series-Metamorph software (Universal 

lmaging Corporation). 

2.5.7.Western Blot Analysis. - Cells were plated in RPMI containing 2% FCS 

and stimulated or not with activin, TGF~ 11-6 or sodium pervanadate for the indicated 

times. Cells were lysed on ice in lysis buffer (50mM HEPES pH7.5, 150 mM NaCl, 100 

mM Na fluoride, 10 mM Na pyrophosphate, 5mM EDTA, 10% Glycerol, 0.5 % NP40, 

0.5% Na deoxycholate) supplemented with 100 mM Na vanadate, 1 mM PMSF, 10 ~g/ml 

aprotinin, 1 0 ~g/ml leupeptin, and 2 ~g/ml pepstatin. Total cell extracts were then 

separated on a 10% SDS-polyacrylamide gel, transferred onto nitrocellulose and 

incubated with the indicated specific antibodies ovemight at 4°C (anti-SHIP-l , Santa 

Cruz sc-8425; anti-PTEN, Santa Cruz sc-7974; anti-Stat3 sc-8019; anti-AKT, NEB 9272; 

anti-phospho-Thr3
0

8-AKT, NEB 9275S; anti-phospho-Ser473-AKT, NEB 9276S). 
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2.5.8. Intracellular phosphoinositols (IP3, IP 4) measurements. - cens were 

plated at 5 X106 cens/ml in inositol free medium containing 1 mCi Myo-[2)H(N)]

Inositol and stimulated or not with activin and TGF~ for 16h. Cens were washed three 

times with Krebs HEPES (146 mM NaCl; 4.2 mM KCl; 0.5 mM MgC\z; 1.0 mM CaC\z; 

10mM HEPES pH 7.4; 20 mM LiCl; 5.9 mM Glucose) and lysed with 5% of perchloric 

acid. The supematant were conected in 500 III of HEPES-KOH buffer (HEPES 75 mM 

and KOH 1.5M), adjusted to pH 7 with 5% perchloric acid and phospholipids were 

separated using DOWEX AG lX-8 (200-400 mesh) column. IP I and IP2 were first 

removed from the column by washing with ammonium formate (400 mM) and elution of 

the inositol phosphates IP3 and IP4 was performed using specific buffers (IP3 : 700 mM 

ammonium formate, 100 mM formic acid (HCOOH); IP 4: 1000 mM ammonium formate, 

100 mM formic acid (HCOOH)). Measurement and quantification of each isoform of 

inositol phosphate were then performed using a WinSpectral 1414 Liquid Scintillation 

Counter. 

2.5.9. Phosphatidylinositol (Ptdlns3,4,5-P3) measurement.- cens were plated 

at 5 Xl 06 cens/ml in phosphate free RPMI medium, pretreated or not with activin and 

TGF~ for 24h or the indicated times for the activin time course experiment. Cells were 

collected and labeled with 100 IlCi 32p orthophosphate (PerkinElmer Inc. NEX053) for 3h 

in incubation medium (0.1 % BSA in phosphate free medium) at 37°C. cens were washed 

three times with phosphate free medium and cells were resuspended with 500 III 

HCl:EtOH buffer. Phosphatidilinositols were extracted with chloroform, lyophilized, 

resuspended in 25 III of chloroform, separated by thin layer chromatography and analyzed 
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by autoradiography. Densitometric analysis was perforrned us mg Alpha Innotech 

Corporation Fluorochem 8000 software version 3.04. 

2.5.10. Antisense oligonucleotides treatment. - Cells were plated in 96-well 

plates at 5 XI 03 cells/well in 2% FCS and treated or not with antisense oligonuc1eotides 

for SHIP-l mRNA (SHIP-l -AS 1 and SHIP-l -AS2) or a control antisense 

oligonuc1eotide (CTL-l) at 50 !lM. After 12 hours the cells were stimulated with activin 

(0.5 nM) or TGFp (0.2 nM). Seventy two hours following ligand stimulation cell growth 

was measured using the MTT assay as described above. We used the following 

phosphorothioate oligonuc1eotides: SHIP-l -AS 1 5'-CAGGGACCA TGGCAGGCA TG-

3'; SHIP-l -AS2 5'-GGGTGCATTACCCATGTTCC-3'. The sequence of the control 

oligonuc1eotide (CTL-l) was 5'- TCAGACTGGCTCTCTCCATG -3'. 
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CHAPTER3 

Activin and TGF~ regulate expression of the 

phosphatidyl inositol 5' phosphatase SHIP-l through 

Smads and AP-l 

3.1. Prologue 

Activin and TGF~ are potent cell growth inhibitors and proapoptotic factors in 

immune cells, but the intracellular target genes that relay their signaIs remain unknown. In 

a screen for downstream-regulated target genes for TGF~ ligands in different immune cell 

types, we found that the Src homology 2 [1] domain-containing 5' inositol phosphatase, 

SHIP-l, was significantly upregulated. The Smad signaling pathway plays a central role in 

the mediation of the TGF~ family members signal transduction. However, accumulating 

evidence indicates that other signaling pathways also participate in the mediation of TGF~ 

intracellular signaIs. TGF~ family members can activate and signal through several MAPK 

pathways, such as the ERK, the p38 stress-activated kinase or the Jun N-terminal kinase 

(JNK). Our previous studies have demonstrated that TGF~ family members induced cell 

growth arrest and apoptosis through Smad-dependent increase of the SH2-containing 

Inositol Phosphatase 5', SHIP-I, in different immune cell types. Activin/TGF~-induced 

SHIP-I correlated with a decrease in phospholipids (PtdIns-3, 4, 5-P3) and inhibition of the 

survival kinase Akt and led to increase in cell growth arrest and apoptosis. These results 

suggest new mechanisms by which these growth factors modulate the phospholipid 

products and their metabolism to induce cell growth-arrest and apoptosis in immune cells. 
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In order to better understand the mechanism by which TGFJ3 and activin regulate 

SHIP-l expression and to further dissect the downstream transcriptional events involved in 

this process, we extended our studies to delineate the potential signaling pathways involved 

at the transcriptional level that regulates the SHIP-l gene promoter as well as the 

identification of the different DNA binding sites and the transcriptional factors that mediate 

activin and TGFJ3 effects in immune cell types. Furthermore, we analysed the involvement 

not only of Smad signaling pathway but also MAP kinase signaling pathway in the 

transcriptional regulation of the SHIP-l gene promoter in immune cell types. 

3.2. ABSTRACT 

Members of the TGFJ3 family of growth factors are highly conserved during 

evolution. TGFJ3 family members have unique immunoregulatory properties. Almost aIl 

immune cells pro duce them. The function of TGFJ3 ligands in the haematopoietic tissue is 

critical as like any death inducers in this compartment, since they prevent tumorogenesis 

and contribute to the elimination of activated lymphocytes and the maintenance of 

peripheral tolerance. However, the mechanisms by which these growth factors exert their 

growth-inhibitory effects remain unclear. In this study, we show that TGFJ3 ligands regulate 

positively the expression of the SH2-containing inositol 5' phosphatase, SHIP-l, at the 

transcriptional level through the Smad pathway as weIl as the stress MAPK signaling 

pathways. Our results show that the association between Smad4 and AP-l transcription 

factors regulates in a conformation-dependent the transcription regulation for the SHIP-l 

gene promoter in immune cells types. 
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3.3. INTRODUCTION 

Cancer cells have developed numerous molecular mechanisms for escaping and 

avoiding the host's immune response. These actions take place, either by successfully 

evading a fully functional immune system or by actively suppressing the immune attack. 

Due to these actions, the cancer cells are not longer recognized and effectively eliminated 

by the host's defence system. Current evidence strongly suggests that an active cell

mediated immunosuppressor mechanism is initiated via the secretion of immunosuppressor 

cytokines. Among these type of molecules, the Transforming Growth Factor ~ (TGF~) 

seems to be one of the key cytokines widely used to escape the immune response generated 

by the host's defence system. TGF~ super family of cytokines is a large category of 

ubiquitous and highly conserved polypeptide growth factors that has been referred as 

regulators of a plethora of biological processes inc1uding cell growth, differentiation, 

embryogenesis and apoptosis in nearly all cell types [2]. This family of growth factors 

inc1udes the TGF~s, the activins and the morphogenetic proteins (BMPs) among others [3-

6]. However, deregulation, disruption or mutation involved in TGF~ signaling pathway 

components have been correlated with several physiological disorders, diseases and 

oncogenic processes [5, 7-11]. 

Activin, a member of this family, considered as a molecular element that 

participates in the anterior pituitary function, was isolated from the gonads based on its 

ability to control and regulate the secretion levels of follic1e-stimulating hormone (FSH) 

from this anatomical structure [12-14]. As a member of the TGF~ family of growth factors, 

activin plays an important role in regulating cell growth and differentiation of numerous 

cell types [15]. Since its moiecular identification, the antiproliferative and proapoptotic 
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effects of activins have been observed in many tissues and cell types. [16]. The 

immunoregulatory properties of the TGF~ family members have been widely studied and 

has shown that these growth factors are produced by every leukocyte lineage and control 

differentiation, proliferation, survival and state of activation of immune cells [8, 17]. The 

physiology of activin and TGF~ in the haematopoietic tissue is essential in this tissue. They 

prevent tumorogenesis and contribute to the elimination of activated lymphocytes and the 

maintenance of peripheral tolerance [17, 18]. 

Despite their critical role in the elimination of damaged or abnormal cells in the 

immune system, the mechanisms by which these growth factors induce apoptosis remain 

largely unexplored. Recent evidence has shown that sorne of the effects of activin on 

programmed cell death may be mediated through suppression of Bel2 expression as 

described in hybridoma cells or up-regulation of the proapoptotic factor Bax and 

subsequent caspase activation as described in myeloid leukemia cells [19]. 

Down regulation of Bel2 family members or activation of caspase activity has also 

been reported in response to TGF~ [20]. Recently it was shown that the death adaptor 

prote in Daxx could mediate TGF~-induced apoptosis through the JNK pathway in B-cell 

lymphomas [21]. This Smad-independent effect is mediated through a direct interaction of 

Daxx and the type II receptor for TGF~ and indicates that other signaling pathways are 

involved in the mediation of the activin and TGF~ effects on programmed cell death in 

immune cell types. Furthermore, we have recently reported that activin and TGF~ regulate 

cell growth arrest/apoptosis in both normal and cancer haematopoietic cells through 

expression of the inositol phosphatase SHIP-l, a central regulator of phospholipids 

metabolism in immune cell types [22]. 
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Inhibition of growth arrest is signalled by the binding of TGF~ to the constitutively 

activated kinase Type II receptor, its oligomerization with and sequential activation of the 

Type 1 receptor. This occurs with the immediate transphosphorylation of a juxtamembrane 

glycine and serine-rich domain of the receptor (GS box), that is highly conserved among aIl 

type 1 receptors of the TGF~ family [23-25]. Once activated this receptor functions as a 

tetrameric complex, with the type 1 receptor transmitting the intracellular signaIs by 

recruiting and phosphorylating downstream molecules known as the receptor-associated 

Smad proteins (R-Smads: Smad2 and Smad3). R-Smads containing two serine residues 

located at the carboxy-terminus, complexes with the common Smad or co-Smad, Smad4 

forming a complex (Smad2/3/4). The Smad complex, then translocates to the nucleus where 

it regulates the transcriptional activation or repression of target genes alone or with DNA

associated binding proteins partners of different [26-29]. 

Smad signaling pathway is essential for most, but not aIl, TGF~-mediated gene 

regulation [30]. TGF~ has been shown to activate and signal through other downstream 

signaling pathways such as the extracellular-signai-regulated kinase 1 and 2 (ERKl, 

ERK2), the p38 or c-Jun amino-terminal kinase (JNK) mitogen-activated protein kinase 

(MAPKs) in various cell lines and this can proceed rapidly and independently of Smads 

[29, 31, 32]. Activation of the p38 and JNK signaling pathways leads to increased activity 

of different transcription factors such as AP-l (Jun-Fos) and ATF2, also known as CRE

binding protein (CREBPl), which regulate the transcription of gene promoter using AP-l 

(Jun-Fos) and CREBPlIATF-transcriptional binding sites [33, 34]. Recently we have 

reported that activin and TGF~ induce cel! growth arrest through Smads, p38 kinase and the 

transcription factor ATF2 in breast cancer cells [35]. Similar results were observed in liver 

cell types treated with TGF~ ligands. In this context, both, activin and TGF~ were found 
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capable of inducing cell growth inhibition in human hepatocarcinoma cells through the 

increased gene expression of the cyclin-dependent kinase inhibitor (CDKI) plSINK4B in a 

Smad-dependent the involvement of SpI in promoting plSINK4B gene activation [36]. In 

addition, different studies have demonstrated that TGF~-mediated transcriptional activation 

of several target genes requires the participation of the AP-l transcription factor family 

members. The expression of many AP-l proteins is induced as an early response to TGF~ 

in a cell type-specific manner. Molecular studies in Drosophilae melanoganster have 

revealed direct overlap between AP-l and TGF~ signaling, suggesting a conserved 

convergence of these pathways that is evolutionarily conserved. Thus, these results 

demonstrate the existence of a strong regulated link between TGF~ signaling pathway and 

AP-l in regulating the TGF~ expression of target genes. Moreover, TGF~ and BMP also 

send signaIs through the JNK and p38 signaling modules [37-40]. In sorne cases, TGF~ has 

also been reported to signal through an ERK 112-dependent mechanism [41]. In summary, 

activin/TGF~ signal transduction is mediated through the canonical Smad pathway but also 

requires distinct signaling cascades that provide tissue specificity, highlighting the 

complexity of activin and TGF~ signaling leading to gene activation. Taken together, these 

studies demonstrate the existence of a strong link between TGF~ signaling and AP-l in the 

regulation of the expression of different target genes. 

Here, we have explored the transcriptional mechanisms of the mouse SHIP-l gene 

promoter regulation by activin and TGFp signaling pathway. We show that this promoter 

contains several regulatory sequences. The binding of Smads and AP-l transcription factors 

to specific sequence elements is necessary for efficient basal promoter activity and 

induction by activin and TGFp. Moreover, promoter-mapping analysis indicates, that in 

addition to the Smads, activin and TGFp ligands requires the transcription factor AP-l to 
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regulate SHIP-l gene expression. Together, our results define the SHIP-l as an important 

target for TGF~ family members in immune cells, thus highlighting the critical role for 

these growth factors in regulating immune cell growth and apoptosis. 

3.4. RESUL TS 

3.4.1. Loss of expression of the inositol phosphatase SHIP-l blocks TGFll ligands

mediated growth arrest: 

We have previously shown that TGF~ and activin induce growth inhibition through 

the regulation of the phosphatidyl inositol phosphatase SHIP-l expression [22]. SHIP-l 

expression has been demonstrated to be restricted to haematopoietic cells where it plays a 

critical role in immune cell growth regulation[42]. To further investigate the signaling 

pathways and mechanisms used by TGF~ and activin to regulate SHIP-l expression and 

their role in immune cell growth arrest, we used chicken B lymphocyte cells (DT40) as a 

model system. We examined the TGF~ ligands effects in wild type DT40 cells and in DT40 

celllines in which SHIP-l gene (SHIP-l"/") was deleted by homologous recombination [43]. 

As a control, we used DT40 cell in which another tyrosine phosphatase SHP-l was deleted 

as previously reported [43]. Cells were stimulated with activin or TGF~ for 24h and the 

expression level of SHIP-l in these cell lines was determined by western blot analysis 

using a specific monoclonal antibody. As shown in Fig.3 A.1.a (pages 174-175), while there 

is no or little detectable expression of SHIP-l in non-stimulated cells, a marked increase is 

seen in cell exposed to activin or TGF~. We observed that the activin or TGF~ treatment 

did not affect the expression of other proteins such as the tyrosine phosphatase SHP-1 and 

the 3' phosphatidyl inositol PTEN as shown in figure 3A.l.a (middle panel, pages 174-

175). As a loading control the membranes were stripped and reprobed with a specific 

monoclonal antibody directed against Stat3 showing equal loading (Fig.3A.l.a, lower 

172 



panel, pages 174-175). Thus, these results are in agreement with our previous observation 

showing that activin and TGF~ can induce SHIP-l expression in various immune cell lines 

where these growth factors induce cell growth arrest and apoptosis [22]. 
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Figure 3.4.1.a. Activin and TGFp induce SHIP-1 protein expression in chicken B

lymphocytes. 

Chicken B-lymphocytes DT40, SHIP-l -/- and SHP-l -/- were stimulated or not with 

activin [0.5 nM] and TGFp [0.2 nM] for 24h. Total cell lysates were obtained and 

examined by western blot analysis using a specifie monoclonal antibody against SHIP-l 

(upper panel). The blot was stripped and reprobed with an anti-SHP-l, anti-PTEN. For 

loading control, the membranes were stripped and reprobed anti-tubulin antibody (lower 

panel). 
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We then investigated the role of SHIP-I in TGF~ ligands-mediated growth arrest in 

these B celllymphocytes. Wild type DT40 cells, (SHIP-I-1
-) and (SHP-I-I

-) cells, cultured in 

the presence of 2% foetal bovine serum (FBS) and 0.5% chicken serum (CS), were 

stimulated with activin or TGF~ for different period of time. As shown in Fig.3.4.l.b 

(upper panel, pages 177-178), activin strongly inhibits growth of these chicken B 

lymphocyte cells. This effect increases with time of stimulation to reach 60% growth 

inhibition after 5 days. However, this effect is completely abolished in the (SHIP-I-I
-) cells 

(Fig.3.4.1.b, middle panel, pages 177-178). In the control (SHP-I-I
-) cells, activin retains its 

growth inhibitory effect similar to what was observed in the wild type cells (Fig.3.4.l.b, 

right panel, pages 177-178). The same esults were obtained in cells stimulated with TGF~ 

(data not shown). As a control the cell growth arrest effect was compared to MPC-ll and 

Ml cell lines, which have been previously shown to response to Activin and TGF~ 

respectively. Thus, these results indicate that activin exerts a strong effect in cell growth 

inhibitory effects in lymphocytes in a SHIP-l dependent manner. 

176 



Figure 3.4.1.b. Activin and TGF~ induce cell growth arrest in haematopoietic cells. 

Cell viability colorimetric assay non-radioactive (MTT) [3-( 4,5-Dimethylthiazolyl-2)-2,5 

Diphenyltetrazoliumbromided (MTT)] was performed in triplicate using B-Iymphocytes 

cells (DT40), SHIP-I-/-, SHP-I-/-. Plasmocytoma MPC-II, and myeloma Ml cells we 

used as a reference control,. The different celllines were then stimulated or not with activin 

[0.5 nM] and TGF~ [0.2 nM] respectively for a 5-days period. Absorbance was measured at 

570 nm with a reference wavelength at 450nm, and O.D. values were quantified. The 

absorbance values represent the average of 3 independent experiments. 
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3.4.2. TGFp ligands activate and signal through the Smad and stress-activated 

signaling pathways in immune cells. 

Smads are the downstream key p1ayers in the activin/TGF~ signaling pathways. 

However, depending on the target tissue, other signaling cascades such as MAPK, can a1so 

be activated downstream of these growth factor receptors. As reported previous1y, both 

activin and TGF~ are critical regulators of haematopoietic cell growth and survival [44]. 

We investigated the effect of activin and TGF~ on these signa1ing pathways in immune 

cells. We used DT 40 wt cells but a1so myeloma (Ml) and p1asmocytoma (MPC-11) cells in 

which, as we previous1y showed, activin/TGF~-mediated SHIP-1 expression is c1early 

correlated with a strong induction of proapoptotic/growth inhibitory effect in these cell 

lines [44]. To pursue this goal, cells were p1ated in starvation media overnight and then 

stimu1ated for different periods of time with either activin (DT40, MPC-11) or TGF~ 

(DT40, Ml). We initially eva1uated the activation of the Smad signaling pathway in these 

different immune cell types reflected by the phosphory1ation leve1s of Smad2 in response to 

TGF~ ligands. Cell lysates were then subjected to a western blot analysis using phospho

Smad2 specific antibody. As shown in Fig. 3.4.2.a (upper panel, pages 181), the exposure 

of all three ceIl 1ines to activin/TGF~ 1ead to a c1ear and rapid increase in Smad2 

phosphory1ation. Equal loading of the proteins was demonstrated by reprobing the 

membrane with an anti-Smad2/3 antibody (Fig.3.4.2.a, 10wer panel, page 181). These 

resuIts c1early indicate that the Smad pathway is induced in immune cells in response to 

both activin and TGF~ ligands. 
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Figure 3.4.2.a. TGF~ ligands activate the Smad signaling pathways in immune cells. 

Treatment with activin and TGF~ induces activation of Smad signaling pathway in immune 

cell types. Western blot analysis of the levels of phosphorylation of Smad2/3 following 

treatment with activin [0.5 nM] and TGF~ [0.2 nM] to MPC-ll, Ml and DT40 as 

indicated. Membranes were stripped and reprobed with total anti-Smad2/3 to confirm equal 

loading (lower panel). 

180 



1'\;:11\ III 

.T( iF!1-: Il 

J 

--
1 JlI 

o (1 

ur Pdll .• ---
• 

•••. · .... 1 ••• · ... J ........ , - ---

Figure 3.4.2.a. 

181 



We next determined whether the stimulation with TGF~ ligands, have an effect on 

the p38 signaling pathway. To investigate this, lysates of control and treated-cells were 

subjected to western blot analysis using a specifie phospho-p38 antibody. As shown in Fig. 

3.4.2.b (pages 183-184), both activin and TGFp induce phosphorylation of the p38 kinase. 

In order to confirm the kinase p38 signaling pathway is weil activated by TGFp ligands, we 

determine whether the upstream MAP kinase MMK3 [45] and downstream transcription 

factor ATF2, target of the p38 MAPK, were activated upon treatment with these growth 

factors. To address this issue, we used phosphospecific antibodies directed to MKK3 and 

ATF2. Figure 3.4.2.b (pages 183-184), clearly demonstrates that treatment with the ligands 

(activin and TGFP), resulted in a rapid and clear increase in the phosphorylation levels of 

the p38 upstream kinase MKK3, which paralleled the increase in phosphorylation for 

ATF2, downstream target of the p38 kinase, (Figure 3.4.2.b. lower panel, pages 183-184) 

[46]. As 10ading controls, membranes were stripped and reprobed with antibodies to 

tubulin, p38 and ATF2 respective1y (Fig. 3.4.2.b, pages 183-184). 
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Figure 3.4.2.b. TGF~ ligands activate the stress-activated kinase p38 pathway in 

immune cells. 

Treatment with activin and TGF~ induces activation of stress p38 MAP kinase signaling 

pathway in immune cell types. Western blot analysis indicates the levels ofphosphorylation 

of MKK3, p38 AND ATF2, following treatment with activin [O.SnM] and TGF~ [O.2nM] 

to MPC-ll, Ml and DT 40 at different periods of time as indicated. Membranes were 

stripped and reprobed with total anti-tubulin, anti-p38 and anti-ATF2 respectively to 

confirm equalloading (lower panel). 
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We next eva1uated the effects of activinlTGF~ on the JNK signaling pathway. U sing 

a phospho-specific anti-JNK antibody that recognizes both activated isoforms of JNK (42 

kDa, 44 kDa) [47-49] we found that TGF~ ligands can activate the JNK kinases 

(Fig.3.4.2.c, 10wer panel, see page 187-188). Interesting1y, specific JNK isoforms seem to 

be activated in response to activin and TGF~ stimulation in a cell-type specific manner. 

While TGF~ activates both 42 and 44 kDa JNK isoforms in Ml, ceIl, activin c1early 

activates the 44 kDa in DT40 and 42 kDa in plasmocytoma cells (Figure 3.4.2.c, pages 187-

188). The significance ofthese findings remains unknown. The transcription factor c-Jun, a 

JNK downstream target, is also phosphorylated in response to activin/TGF~ in the three 

cell lines. The membranes were stripped and reprobed with antibodies for total JNK and c

Jun respectively in the three different cell lines in order to ascertain equal loading of 

samples (Figure 3.4.2.c, bottom panel, pages 187-188). Thus, taken together these results, 

provide evidence demonstrating that both the canonical Smad pathway and stress-activated 

kinases, p38 and JNK, are activated in response to TGF~ ligands in immune ceIls, 

suggesting that these pathways may play a role in integrating the effects of activin/TGF~

mediated on SHIP-l expression and cell growth arrest. 

To further identify the DNA sequences on the SHIP-l promoter that confer 

activin/TGF~ responsiveness we c10ned 2,143 bp upstream of the initiation start site on the 

mouse SHIP-l gene. Primers were designed based on the 5' end region of the mouse SHIP-

1 gene previous1y reported (GenBank accession number: U39203) [50]. This upstream 

region was then subcloned into the luciferase reporter vector pGL3-Basic. To test the 

responsiveness of this promoter construct CHO cells were transiently transfected with the 

2,143bp construct or a responsive promoter construct (3TP-Lux) as a control and stimulated 

or not with activin and TGF~ for 18h. As shown in Figure 3.4.3.a (pages 189-190), both 
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growth factors strongly induce SHIP-l gene promoter activity as well as 3TP-lux activity. 

This indicate that activin/TGF~ regulatory sequences are present in the 2, 1 Kb upstream 

section of the SHIP-l gene. 

Analysis of this 5' -flanking regions us mg MA TInspector pro gram 

(http://www.genomatix.de/cgi-bin/matinspector/matinspector.pl) did not result in the 

predication of a core promoter region. No T AT A-box and no Ge-box were fund in the 

environment of the transcription start site. Despite the lack of these important elements, we 

could identify several putative transcription factor-binding sites in the mouse SHIP-

1/2143bp gene promoter region, including several Smad, ATF2 and AP-l DNA binding 

elements (Figure 3.4.3.b, see pages 191-192). 
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Figure 3.4.2.c. TGF~ ligands activate and signal through the JNK signaling pathway 

in immune cells. 

Treatment with activin and TGFp induces activation of the JNK MAP kinase-signaling 

pathway in immune cell types. Western blot analysis indicates the levels ofphosphorylation 

of JNK and a downstream target molecules c-Jun following treatment with activin [O.5nM] 

and TGFp [O.2nM] to MPC-ll, Ml and DT40 at different periods of time as indicated. 

Membranes were stripped and reprobed with total anti-JNK and anti-tubulin, respectively to 

confirm equal loading (lower panel). 
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Figure 3.4.3.a. Activin and TGFp' treatment induce activation of the SHIP-1 2143 bp 

gene promoter. 

CHO cells were transfected with the 3TP-Lux and SHlP-l 2143-Lux reporter constructs or 

empty luciferase vector (pOL3) and the b-galactosidase expression plasmid. Cells were 

stimulated with either activin [O.5nM] or TOF~ [O.2nM] for 18h. The luciferase activity 

was normalized to ~-galactosidase values. Results represent means and standard deviations 

of three independent experiments. 
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Figure 3.4.3.b. Analysis of the 5' UTR regions of the SHIP-l gene promoter. A 

schematic representation of the different potential transcriptional binding sites identified 

within the SHIP-l gene promoter. These different sequences were identified by 

MA TInspector program: 
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To better characterize specific regulatory sequences within the 2.1kb section of the 

SHIP-l promoter, progressive truncation mutants were generated by PCR using 5' specific 

sense primers. These truncated promoter regions were then subcloned in pGL3-basic vector 

respectively (Fig.3.4.3.c. pages 195-196) and their responsiveness to activin and TGF~ was 

assessed as described above for the 2,143 bp construct. As shown in Figure 3.4.3.b (page 

191-192) removal of the first 1,112 base pair (SHIP-1-2143-Lux, mutants SHIP-1-1651-

Lux, SHIP-1-1231-Lux, SHIP-1-1031-Lux) did not alter activin and TGF~ effect. When the 

next 200bp were rem ove d, we observed a significantly 50% decrease in the activin/TGF~ 

response (mutant SHIP-1831-Lux). Further truncation of the next 200bp induced no change 

in the activin/TGF~ response, while removing the next 200bp also resulted in 50% decrease 

in activity (mutant SHIP--431-Lux). Finally, removal of the 100bp proximal to the start site 

(mutant SHIP-l-131-Lux) completely abolished the residual activity. Together these results 

indicate that SHIP-1 gene promoter contains three important domains (1, II and Ill) that are 

necessary for mediating activin/TGF~ induces transcriptional activation (Figure 3.4.3.d. see 

pages 197-198). 

Based on our results from the signaling pathways activated downstream of 

activin/TGF~ in these cells (Fig.3.4.2, pages 180-181; 184-185; 187-188) and the deletion 

analysis (Figure 3,4,3,c, pages 195-196), we focused our attention to putative Smad, ATF2 

and AP-1 binding sites within these three domains. Sequence analysis revealed a Smad4 

binding consensus site found in domain l, and two AP-1 binding consensus sites, which are 

located in the third domain (Fig.3.4.3.c, pages 191-192). No ATF2 DNA binding site was 

found in any of the three domains nor was any binding site for Smad4 and AP-l found in 

domain Il. 
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3.4.4. Role of Smad4 and AP-l transcription factors in the transcriptional regulation 

of the SHIP-l gene promoter. 

To confirm the importance ofthese three domains in activin/TOF~-mediated SHIP-

1 gene promoter activity, we generated specific internaI deletion mutants within the full

length (2,143-Lux) promoter construct, in which each of the three domains were removed 

individually or in combination (Fig.3.4.4.a, see pages 200-201). These deletion constructs 

were fused to the basic luciferase reporter gene (pOL3) and the response to TOF~ ligands 

was evaluated. 
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Figure 3.4.3.c. SHIP-l 2.1 kb gene promoter progressive truncation analysis. Different 

progressive truncation analysis of the SHIP-l 2.1 kb gene promoter were transfected in 

CHO cell for at least 18 h. Cells then were stimulated with or without activin [0.5 nM] and 

TGF~ [0.2 nM] respectively for l8h and their responsiveness were assessed by luciferase 

assay. The luciferase activity was normalized to ~-galactosidase values. Results represent 

means and standard deviations of three independent experiments. 
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Figure 3.4.3.d. Schematic representation of the SHIP-l promoter and the three 

potential regulatory domains involved in the transcriptional activation. 
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· As shown in Figure 3.4.4.a removal of each single domain leads to more of 50% 

decrease in luciferase activity (Figure 3.4.4.a, constructs B, C, and D, see page 200-2001). 

These results suggest that each of these domains participate in the transcriptional regulation 

of the SHIP-l gene in response to TGF~ ligands. Next, we removed these three domains in 

combination (Fig. 3.4.4.a; constructs E, F, Gand H, pages 200-201). We then evaluated the 

ability of these to respond to TGF~ ligands and we observed that the activation is severely 

reduced if not completely abolished in response to activin and TGF~ as expected (Fig. 

3.4.4.a, pages 200-201). These results clearly indicate that these three domains play an 

important role in the activin/TGF~-induction of the SHIP-l gene promoter. The 

involvement of these domains seems to be crucial for the proper transcriptional 

conformation and regulation of the SHIP-l gene promoter region in response to TGF~ 

ligands. As mentioned above, we identified a Smad4 binding site in domain l, and two AP

l binding sites within domain III. In order to evaluate the role of these potential 

transcription-binding sites, we modified the Sm ad and AP-l binding sequences in the 

SHIP-1-2143-Lux construct. For this purpose, we generated a series of reporter constructs 

that contained specific site-direct mutations targeting these transcription binding sites 

within in domain 1 and domain III (Fig.3.4.4.b, see pages 202-203). As expected, each of 

these constructs produced the same effect of the deletion of the separate domain, inducing 

more that 50% decrease in ligand-induced activity (Fig. 3.4.4.b, see pages 202-203). 
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Figure 3.4.4.a. Internai deletion analysis of SHIP-l gene promoter regulation. 

The different individual 200 bp internaI deletions of the SHIP-l 2.1 kb gene promoter 

constructs were transfected in CHû cells for 18h. Cell were synchronized by starvation for 

12h and then stimulated for at least 18h with or without activin [0.5nM] or TGF~ [0.2nM] 

for 18h respectively. Their responsiveness to activin/TGF~ was assessed by luciferase 

activity. The luciferase activity was normalized to ~-galactosidase values. Results represent 

means and standard deviations of three independent experiments. 
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Figure 3.4.4.b. Effect of internai deletions in Smad4 and AP-l binding sequence on 

SHIP-l gene promoter activity. The different individual specifie point mutations for 

Smad4 and AP-l binding sequences respectively of the SHIP-l 2.1 kb gene promoter 

constructs were generated and then transfected in CHO cells for 18h. Cell were 

synchronized by starvation for 12h and then stimulated for at least 18h with or without 

TGFp. Their responsiveness to activin/TGFp was assessed by luciferase activity. The 

luciferase activity was normalized to p-galactosidase values. Results represent means and 

standard deviations ofthree independent experiments. 
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These results indicate that regulation of the SHIP-l gene promoter by TGF~ family 

members requires the presence of a Smad4 DNA binding site at position -855, and two AP

l DNA binding sites in the proximal region of the promoter position -151 and -31. Our 

results also indicate that a third region 10cated between domain 1 and II also plays an 

important role, even though it does not contain any Smad, ATF2 or AP-l binding 

regulatory sites. 

3.4.5. Activin and TGFp induce Smad4 and AP-l binding to the mouse SHIP-l gene 

promoter. 

We performed electro-mobility shi ft assays (EMSA) using nuclear cell extracts 

from cells stimulated either with activin or TGF~ in an attempt to characterize the DNA

binding activity of the Smad4 and AP-l transcription factors that specifically bind to the 

SHIP-l gene promoter (Smad4: 5'-AAC ATA GCC ATG TCT AGC CAC AGA GGG 

AAT 3'; AP-I (AP-l#l: 5'-AAA CAG GAA GTC AGT CAG TTA AGC TGG TAG-3' 

and AP-l #2: 5'-TGG GAG TGG CTG CTG ACC CAG TCC AGG AGA-3'). Nuclear 

extracts were prepared as previously described [51] from non-stimulated or TGF~

stimulated Ml cells for different periods of time: while, maximum binding occurred at 45 

min the complex could be clearly detected after 10 min. (Fig. 3.4.5.a, pages 206-209). This 

suggests that de nova protein synthe sis is not necessary and that a preexisting 

transcriptional complex is rapidly and post-translationally modified or translocated into the 

nucleus. As shown in Fig. 3.4.5.a, (pages 206-207; 208-209) while no shift is observed in 

the absence of stimulation, a specifie protein-DNA complex showed retarded gel mobility 

in cells stimulated with TGF~ for the Smad4 and the two AP-l probes (lanes 1 and 2 for 

each panel, pages 206-207 and 208-209 respectively). The specificity of the retarded 
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protein complex was verified by co-incubating the reaction with cold competitor probes 

[100X] that induced complete disappearance of the signal (lanes 3 and 4 for each panel). 

This DNA-binding complex formation is specific since this excess of the non-radiolabelled 

oligonucleotide probes, displace the corresponding bands (Fig. 3.4.5.a., see pages 206-209). 

In order to determine whether our 24 bp oligonucleotide probes used in the mobility 

shift assays could interfere with transcription factor other than Smad4 and AP-l, we 

generated mutant probes in which the wildtype sequence for Smad4 or AP-l binding sites 

were specifically changing disrupting the specific recognition sequence for these 

transcription factor respectively. These specific sequences are: MUTSmad4: 5'-GCA AAC 

ATA GCC ATA CTC AGC CAC AGA GGG -3'; MUTAP-l #1: 5'-GCC TGA AAC AGG 

AAG TAA AAC AGT TAA GCT GGT AGG-3'; MUTAP-I # 2: 5'-GAG TGG CTG CTG 

TTT T AG TCC AGG AGA C-3 '). The mutant and wild type probes were then used in shi ft 

assays using nuclear extracts from Ml myeloma cells stimulated or not with TGF~. 

As shown in Figure 3.4.5.a and b (see pages 206-209 respectively), incubation of 

the nuclear extracts with the mutants probes for Smad4 and the two AP-I, were unable to 

induce any retarded prote in complex (lanes 1 and 2 in each panel) as compared to the wild 

type probes (lanes 3 and 4 in each panel). These results show that the interaction is 

sequence-specific as mutant probes are unable to induce any complex formation. Thus, the 

presence of a Smad4 binding site and two AP-l binding sites are required for TGF~ ligands 

to induce the SHIP-l promoter and prevention of Smad4 and AP-l to bind to their 

respective sites abolishes TGF~ effect. Similar effects were obtained using nuclear extracts 

from MPC-II plasmocytoma cell lines stimulated with activin. 
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Figure 3.4.5.a. Activin/TGFp treatment induces Smad4 DNA binding to the SHIP-l 

gene promoter. Smad 4 binds to SHIP-l gene promoter in upon activin and TGFp 

stimulation. Nuclear extracts from non-stimulated Ml (lane 1) or stimulated with TGFp 

[0.2nM] (lane 2) were incubated with a 32p labeled Smad4 probe and separated by 

electromobility shi ft assay (EMSA). In lane 3 and 4 the specificity on the retarded protein 

complex was verified by co-incubating the reaction with cold probes [lOOX]. In addition, a 

specific mutant probes for Smad4 biding site was used to confirm that the probes used 

during these experiments were not interfering with other proteins (lanes 5 and lane 6). In 

lane 7 and 8, the specificity on the retarded protein complex was verified by co-incubating 

the reaction with cold mutant probe for Smad4 [lOOX]. 
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Figure 3.4.5.b. Activin/TGF~ treatment induces AP-l DNA binding to the SHIP-l 

gene promoter. AP-l binds to SHIP-l gene promoter in upon activin and TGFp 

stimulation. Nuclear extracts from non-stimulated Ml (lane 1) or stimulated with TGFp 

(lane 2) were incubated with a 32p labeled AP-l # 1 and AP-l #2 probes respectively they 

were separated by electromobility shift assay (EMSA). In lane 3 and 4 the specificity on the 

retarded prote in complex was verified by co-incubating the reaction with cold probes 

[lOOX]. In addition, a specific mutant probes for AP-l biding site was used to confirm that 

the probes used during these experiments were not interfering with other proteins (lanes 5 

and lane 6). In lane 7 and 8, the specificity on the retarded prote in complex was verified by 

co-incubating the reaction with cold mutant probe for AP-l #1 and AP-l #2 [lOOX]. 
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We next extended our analysis to determine whether Smad 4 could directly interact 

with AP-l as previously observed [52]. To demonstrate the physical presence of Smad4 and 

AP-l on the DNA of their respective binding sites, DNA Affinity frecipitation assay 

(DNAP) experiments were performed. Briefly, we used a 3' biotinylated oligonucleotides 

corresponding to the Smad4 (Smad4: 5'-AAC ATA GCC ATG TCT AGC CAC AGA 

GGG AAT 3'-Biot and 3'-TTG TAT GGC TAC AGA TCG GTG TCT CCC TTA-5') and 

the two AP-l (AP-l#l: 5'-AAA CAG GAA GTC AGT CAG TTA AGC TGG TAG-3'

Biot and 3'-TTT GTC CTT CAG TCA GTC AAT TCG ACC ATC-5'; and AP-l #2: 5'

TGG GAG TGG CTG CTG ACC CAG TCC AGG AGA-3' -Biot and 3' -GCC CTC ACC 

GAC GAC TGG GTC AGG TCC TCT-5'). 

The different biotinylated oligonucleotides were then incubated and mixed with 

100-200 /-lg of nuclear cell extracts from unstimulated and stimulated MPC-ll 

plasmocytoma cell lines and incubated with activin at 4°C for 2 hr. After this, 30 /-lI of 

resuspended Streptavidin beads were added to each reaction-mixtured and kept at 4°C 

overnight with shaking. The prote in complexes associated with the beads were washed 3 

times and subjected to a western blot analysis. We used anti-Smad4 and anti-c-Jun specific 

monoclonal antibodies to determine the presence of these transcription factors in the 

immunoprecipitated DNA-protein complexes. As is shown in Fig 3.4.5.c (pages 212-213), 

formation of activin/TGF~-induced Smad4-DNA complex was detected. (Fig. 3.4.5.c., left 

panel, pages 212-213). Similar results were obtained when we evaluated the presence of 

any member involved in the formation ofthe AP-l complex, c-Jun [53]. In addition, Figure 

3.4.5.c, right panel, (pages 212-213) demonstrate that activin and TGF~, are able to induce 

the recruitment of AP-l sites of the SHIP-l promoter. Nuclear extracts from MPC-ll cells 
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incubated with or without activin for 45 min were treated with the biotynilated probe for 2 

hrs. After washing, the DNA-protein complexes were subjected to electrophoresis and 

western blot analysis respectively. As shown in Fig.3.4.5.c (left panel, pages 212-213), 

activin clearly induces the DNA binding of Smad4 on its specific binding site. Similarly, 

activin is able to induce DNA binding of c-Jun on the two proximal AP-l sites 

(Figure.3.4.5.c right panel, pages 212-213). Interestingly, both 49KDa and 47KDa but not 

43 kDa isoforms of c-Jun was able to bind DNA. Equal loading and purity for the nuclear 

extracts were confirmed by using an anti- TFIIB antibody. As shown in Fig.3.4.5.c (bottom 

panel, pages 212-213), whereas there is no detectable presence of TF lIB in the cytoplasmic 

fractions, a significant and equal amount of this protein was observed in the nuclear 

extracts prepared of both non-stimulated and stimulated samples. (Fig. 3.4.5.c bottom 

panel, pages 212-213). 
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Figure 3.4.5.c. Binding of Smad 4 and c-Jun to SHIP-l gene promoter. Ml ceUs were 

starved for 24 h in serum-free culture medium and then treated with TGF~ for 45 min. The 

nuclear extracts were prepared and subjected to ONA affinity precipitation assay. Wild

type [54] Smad4 and c-Jun 3'-biotinated oligonucleotides corresponding to domain 1 and III 

in the SHIP-I gene promoter regions were used as probes for ONA affinity precipitation 

assay. ONA-proteins complexes bound were incubated with sepharose beads. 

Subsequently, these complexes were eluted and then resolved by 10% SOS-PAGE for 

immunoblot analysis with anti-Smad4 and anti-c-Jun antibodies respectively. Western blot 

analysis was done as described above. Equal loading was revealed by using a mouse 

monoclonal antibody against the nuclear Pol II transcription factor II B, TFIIB (bottom 

panel). 
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Smad4 and AP-l co-operation has been previously reported in other TGF~ 

responsive systems [53]. Interestingly, it appears that Smad4/ AP-l association occurs once 

these transcription factors are phosphorylated and activated followed by a specific 

molecular association that subsequently induces their respective binding to the specific 

binding site sequences (Figure 3.4.5.c., pages 212-213). Thus, these results demonstrated 

that Smad4 and AP-l are being recruited to their specific binding sites the domain l, and 

domain III of the SHIP-l gene promoter in a ligand-dependent manner. 

3.4.6. Activin and TGFp signaling induces complex formation between Smad4 and 

AP-l. 

To determine if Smad4 and AP-l physically interact, co-immunoprecipitation 

experiments were performed. MPC-Il and Ml cells were stimulated with activin or TGF~ 

respectively to different time points. Total cel! lysates were incubated with an anti-Smad4 

or anti-c-Jun antibodies. These immunoprecipitated complexes were then revealed by 

Western blot with the c-Jun or anti-Smad4 specific monoclonal antibodies respectively. As 

shown in Figure 3.5.6.a (pages 215-216), both Smad4 and c-Jun associate with each other 

in a ligand-dependent manner. As a control, totallysates were immunoblotted with the anti

Smad4 or anti-c-Jun antibody to show equal expression levels of endogenous proteins. The 

outcome of these experiments indicates that activin and TGF~ signaling pathways lead to 

complex formation between the Smads and AP-l transcription factors in immune cell types. 
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Figure 3.4.6.a. Activin and TGFp indu ce Smad4 and c-Jun interaction in an 

activin/TGFp-dependent manner. Co-immunoprecipitation analysis using anti-Smad4 

and anti-c-Jun antibody (Santa Cruz), from MPC-II and Ml cell pretreated with activin 

and TGF~ respectively, were immunoblotted for endogenous Smad4 and c-Jun (top panel). 

Total lysates revealed the interaction between Smad and c-Jun in a ligand-dependent 

manner. Total lysates revealed for anti-Smad4 and anti-c-Jun demonstrate equal protein 

expression (bottom panel). 
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3.5. Discussion. 

TGF~ ligands are involved in the regulation of a large variety of biological processes such 

as cell cycle arrest and apoptosis [1]. Both activin and TGF~ up-regulate cell cycle arrest 

inducing factors p15INK4B [2] and p21cIPI/WAFl [3, 4]. Activin and TGF~ also down-regulate 

growth-promoting transcription factors like c-myc [5], inhibitors ofDNA binding (ID)-1 and ID-

2 [6] and the tyrosine phosphatase Cdc25A [7]. 

Even though activin and TGF~ act as a potent inhibitor of cell growth, their effects on cell 

cycle arrest and apoptosis regulators in immune cell types have not been fully characterized. In 

this study we demonstrated that both activin and TGF~ exert a strong growth inhibitory effect in 

immune cells and that their effects are mediated through transcriptional activation of SHIP-l. Our 

findings also revealed for the first time that both Smad and the AP-l family of transcription 

factors are required for maximal induction of SHIP-l gene by activin and TGF~. 

Using the B lymphocyte cell line DT40 we first elucidated the mechanisms involved in 

the induction of inositol phosphatase SHIP-l expression by activin/TGF~. We confirmed the 

involvement and activation of Smad pathway as expected, and additionally demonstrated the 

involvement also of JNKI AP-l signaling pathway. 

Our findings clearly demonstrated that activin and TGF~ induce Smad-AP-l complex 

formation that is required for their synergistic actions are in agreement with similar findings in 

immune cell types [8, 9]. Sequence and deletion analysis of the promoter region of SHIP-l 

revealed that Smad4 consensus binding site resides between -1031 to -831 bp, whereas two AP-l 

response elements are situated in the region of -131 to -1 bp upstream of the initiation site [8, 9]. 
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Deletion analysis of the different mutants of SHIP-l promoter-Iuciferase constructs 

revealed that removal of either domain 1 or domain III significantly attenuates the stimulatory 

effects of activin or TGF~ by approximately 50%. Surprisingly, deletion of the promoter 

sequence between these two domain sequences, domain II (-830 to -232 bp), significantly 

attenuated the normal effects to a comparable extent. 

Interestingly, our results from the sequence analysis of the full-Iength SHIP-l gene 

promoter indicated that domain II did not appear to contain any activin/TGF~-regulated response 

elements previously reported. 

These observations raise the question of how does TGFfJ induced association between 

Smads (Smad4) and AP-l transcription factors (c-Jun and/or c-Fos), allowing them interact with 

their respective regulatory sites in domain 1, and domain III, which are quite separated? 

Our promoter sequence analysis provides a possible answer to this question. We identified 

the existence of an intermediate promoter region (domain II), situated -830 bp to -232 bp 

between domain l, and domain III. This promoter region seems to be required and involved in the 

activin/TGF~-induced SHIP-l gene promoter activation. 

Removal of domain II results in a significant decrease in promoter activity by 

approximately 50%. Moreover, the activin/TGF~-induced promoter activity was almost if not 

completely abolished, when these regions were deleted in different combination (Constructs A-H, 

Figure 3 AA.a, and page 201). Interestingly, sequence analysis of the domain II in the SHIP-l 

gene promoter, indicate the absence of potential consensus binding sequences which could be 

acti vin/T G F ~-transcriptional regulated. 

This suggests that this promoter regions is involved in a ligand-independent regulatory 

transcriptional regulation indicating that the full-Iength promoter (-2143 to -1 bp) is required for 

synergizing the inductive effects of Smads and AP-l. 
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The most characterized intracellular mediators of the activin/TGFp signaling pathways 

are the two pathway-specific Smads: Smad2 and Smad3. Both Smad2 and Smad3 heterodimerize 

with the common Smad partner Smad4 in a ligand-dependent manner. Once the Smad complex is 

formed and activated, it translocates into the nucleus where it participates in the activation of 

target genes. However, it has been shown recently that the Smad proteins do not act in seclusion, 

but rather interact with various other signaling molecules, required for specific activin/TGFp

induced target gene activation in different cell context. 

Our results clearly indicate that activin/TGFp-mediated SHIP-l expression requires both 

the Smad pathway and the transcription factor c-Jun. It has been reported that TGFp anti

proliferative effects in immune cells also involves both the Smad and AP-l [9]. Furthermore, 

work from others as weIl as data presented herein clearly indicate that Smad proteins physically 

interact with the transcription factors c-Jun and c-Fos upon activin or TGFp stimulation [9]. Thus, 

this could represent a general mechanism of cell growth inhibition by TGFp family members in 

their various target tissue. 

Different reports have demonstrated that the role of Smad2 and Smad3 in mediating both 

activin and TGFp effects on gene transcription of target genes is clearly complex. For example, 

activin/TGFp effects on the reporter construct 3TP-Lux that contains a section of the 

plasminogen activator inhibitor-l (PAl -1) display a significant increase in response of TGFp as 

weIl as in the presence ofSmad 2 or Smad3 [10-15]. 

However, other activin and TGFp responsive promoters such as the goosecoid promoter, 

respond in a completely different manner to Smad2 and Smad3, with Smad2 exerting a positive 

effect and Smad3 an inhibitory effect [16, 17]. This could presumably be due to a competition 

between Smad2 and Smad3 for their common DNA binding site on the goosecoid promoter [18]. 
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These observations c1early suggest that while Smad2 acts as a positive regulator, Smad3 plays a 

dual role depending on the nature of the promoter. 

Our findings reported in Chapter 2 indicate that with respect to the SHIP-l gene promoter 

activation, both Smad2 and Smad3 act as a positive regulators of the activin and TGFp response 

[15]. We also showed that Smad2 and Smad3 in the presence of Smad4 increased the SHIP-l 

gene promoter activation in response to activin and TGFp. 

In addition, we also previously reported that while both Smad2 and Smad3 act as positive 

regulators, Smad7 completely abolishes the activin/TGFp-induced SHIP-l gene promoter activity, 

confirming the role of Smad7 as a strong inhibitor of the activin/TGFp signaling pathways [15, 

19]. 

Several promoters, which are transcriptionally activated by TGFp ligands, require the 

association and interaction of Smad protein with other transcription factors such as SP-l [20], 

CREB/p300, myocardin (Myocd) [21], hairy/enhancer-of-split-related transcription repressor 

(Hey) [22], PKA, GA-binding protein (GABP) [23], glucocorticoid receptor (GR) [23-26], ATF2 

[27], ATF3 [6], hepatocyte nuc1ear factor 4 (HNF-4) [28], TGFp stimulated factor 1 (TSFl) [29], 

NFkB [30, 31], p53 [32] and AP-l [9, 33, 34]. 

For this latter group of transcription factors, transcriptional cooperation between Smads 

(Smad4) and AP-l (c-Jun) correlates with a physical interaction between these proteins required 

for the transcriptional activation of different TGFp-regulated promoters [9]. AP-l family member, 

c-Jun and c-Fos, can form homo- or heterodimers in order to activate transcription in different 

promoter regions of several target genes through their ability to interact directly with the AP-l 

binding site [35, 36]. 

To date different DNA consensus binding sequences in the promoter regions of several 

TGFp-induced target genes have been described [35, 36]. For example, the 12-0-tetradecanoyl-
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13-acetate (TPA)-responsive gene promoter elements (TRE) are involved in the transcriptional 

responses of several TGF~-regulated target genes. Interestingly, it has been described that 

members of the AP-1 transcription factors family members, c-Jun and c-Fos bind to and regulate 

transcription from TREs, which are therefore known as AP-l binding sites [9]. In this 

experimental system, Smad proteins interact directly with the TRE in a ligand-dependent manner. 

Association of Smad3 with Smad4 can activate TGF~-inducible transcription from the 

TRE in both c-Jun/c-Fos-dependent and -independent manner [9]. Thus, these protein-protein 

associations complement interactions between c-Jun and c-Fos, and between Smad3 and Smad4 

[9]. 

lnterestingly, the proposed mechanism of transcriptional activation by TGF~, through 

functional and physical interactions between Smad3-Smad4 and c-Jun-c-Fos, strongly suggests 

that Smad signalling and MAPKlJNK signalling converge at AP-l-binding sites on different 

promoter oftarget genes [9]. 

Our finding lead us to propose a new transcriptional model in which domain II might play 

a promoter conformation role, which is necessary for the activinlTGF~-mediated transcriptional 

activation of the SHIP-l promoter. Domain II brings into proximity domain l, and domain III 

thereby permitting the Smadl AP-l complex to exert maximal activation of SHIP-l promoter 

activity. 

In this scenario, the direct interaction between Smad4 and c-Jun will maximize the 

activin/TGF~-induced transcriptional activation of the SHIP-l gene promoter in immune cell 

types. Thus, collectively our results propose a novel transcriptional mechanism by which activin 

and TGF~ regulate the transcriptional activation of the SHIP-l gene promoter. 
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Additionally, this transcriptional regulation requires the direct association between the 

activated Smads and AP-l (c-Jun) transcriptional factors acquired by a promoter conformational 

change regulated by domain II. 

ln this study, 1 also provided data showing that activin and TGF~ activate and signal 

through the p38 module of MAP kinase pathway, which specifically regulates a specific 

downstream transcription factor, ATF2/CREBPl as previously reported [37-43]. Our promoter 

analysis data did not reveal the presence of any A TF2/CREBP 1 binding sequences in the three 

different promoter regions (domain l, II and III), which are involved in the transcriptional 

regulation ofthe SHIP-l gene promoter. 

The precise role of p38 signalling cascade in activin/TGF~-induced SHIP-l expression 

remains to be elucidated. It will therefore be interesting in future studies to determine whether the 

Smads physically interact with members of the p38 MAP kinase cascade to regulate the 

transcriptional activation of the SHIP-I gene promoter. 

The results presented here do not imply that the activin/TGF~-induced SHIP-l expression 

is the only molecular mechanism used by TGF~ family members to induce and regulate growth 

arrest and apoptosis in immune cells. The existence of other regulated genes and signaling 

pathways in immune cells potentially modulated by any TGF~ ligand cannot be disregarded. 

This statement is supported based on the recent observations that demonstrate the involvement of 

DAXX and DAPK signaling pathways in TGF~-induce cell growth arrest and apoptosis [45]. 

Collectively, taken together the above findings, we can conclude that the mechanism described 

here by which activin and TGF~ exert their cell growth inhibitory and apoptotic effect in immune 

cell system is essential to keep the proper balance in cellular functions which is reflected in the 

host's homeostasis. 
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In summary the data presented in this chapter demonstrate that Smads and c-Jun interact 

with distinct domains of SHIP-l gene promoter. In addition, these transcription factors contribute 

equally to the inductive effect of activin and TGF~. The effects of Smad4 and c-Jun are 

synergistic, but only when the intervening region connecting Smad4 and c-Jun response binding 

elements is presented. This coupled with the fact that Smads and AP-l physically associate, 

suggest that the domain connecting these group of transcription factors, response domain provide 

a proper conformational folding of the promoter to bring the two elements in close proximity. 
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3.6. Material and Methods 

3.7.1. Cell culture: Cell lines were obtained from the American Type Culture 

Collection (ATCC). MPC-l1, CHO, 293, wild type and Smad4 knock-out (Smad4-1
-) 

mouse embryonic fibroblasts (MEF) cells were cultured in culture with DMEM media 

containing 10% FCS, 100 lU/ml penicillin, 1 00 ~g/ml streptomycin and 2mM L

Glutamine (complete medium). Ml cells were cultured in RPMI containing 10% FCS 

supp1emented with 100 lU/ml penicillin, 100 ~g/ml streptomycin and 2mM L-Glutamine 

(complete medium). DT40 cells were cultured in DMEM containing 10% FCS, 2% 

Chicken serum (CS), supplemented with 50mM b-mercaptoethanol, 100 lUs/ml 

penicillin, 100 ~g/ml streptomycin and 2mM L-Glutamine (complete medium). All the 

celllines were kept at 37° C in a humidified 5% CO2: 95% air atmosphere. 

3.6.2. Cloning and generation of SHIP-l-l 2.2 kb reporter constructs: The 

2.2-kb sequence of the SHIP-l-l gene promoter was generated by PCR from genomic 

DNA extracted from MPC-11. The amplified promoter fragment was digested by XhoI 

and Hind III and c10ned into the pGL3 luciferase basic reporter vector (lacking 

promoter/enhancer sequences) to generate the 2.2-kb SHIP-I-Lux reporter construct. 

Furthermore, the 5' SHIP-l deletion constructs were generated by PCR. The sequences of 

the oligonuc1eotides c10ned are: SHIP-1-2143 (2.2): 5'-CCG CTC GAG GGA TCC CAG 

ACA TTG GAC GG-3'; SHIP-1-1651 (1.7): 5'-CCG CTC GAG GCT CTA TAA GAG 

AGC AGG C-3'; SHIP-1-1231 (1.2): 5'-CCG CTC GAG CAA GCT CCT GCC ATG 

GAT GA-3'; SHIP-I-I031 (1.0): 5'-CCG CTC GAG AGA TGA AGG AGT GAA CAA 

TCA-3'; SHIP-1-831 (0.8): S'-CCG CTe GAG TGA eTG Gee ATT TGG GCT TC-3'; 

SHIP-1-731 (0.7): 5'-CGC CTC GAG TTT TAG CTA GGG AT AGT GTT GCT CAC 
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AGT-3'; SHIP-1-631 (0.6): 5'-CCG CTC GAG ATT AAA ACA ACC CCT ACA GAT 

GT-3'; SHIP-1-431 (0.4): 5'-CGC CTC GAG CCT ATT CAC AAA TGT TGG GCC-3'; 

SHIP-1-231 (0.2): 5'-CCG CTC GAG CCC CCC CCC CAC TTG GTT TCT-3'; SHIP-

1-131 (0.1): 5'-TAA GCT GGT AGG AGC AGC AGA GGC AAT TTC T-3'; and the 

complementary strand used for aIl the PCR reactions: 5' -CCC AAG CTT A TG CCR 

GCC ATG GTC CCT -3' OR 5' -CCC AAG CTT GGG TCT CCT GGA CTG GGT C-3'. 

SHIP-I promoter internaI deletions are: SHIP-1-2.2 ~ 1.0-0.8: 5'-CAT CTA ACG TGA 

CAA GGT TCA TGA CTG GCC ATT TGG GCT TCT-3' and its complementary strand: 

5'-AGA AGC CCA AAT GGC CAG TCA TGA ACC TTG TCA CGT TAG ATG-3'; 

SHIP-1~ 0.6-0.4: 5'-TTC TGA CAT CAA CTA GCT TCA CCT ATT CAC AAA TGT 

TGG GCC-3'and its complementary strand: 5'-GGC CCA ACA TTT GTG AAT AGG 

GAA GCT AGT TGA TGT CAG AAG-3'; SHIP-1 ~ 0.2-0.0:5'-GGT GTC ACA TCT 

AAC GTG ACA AGG TTC AGA GGT GTC ACA TCT AAC-3' and its complementary 

strand: 5'-TCT GAA CCT TGT CAC GTT AGA TGT GAC AAC TCT GAA CCT TGT 

CAC GTT-3'. The amplified promoter fragment was digested by XhoI and Hind III and 

cloned into the pGL3 luciferase basic reporter vector (lacking promoter/enhancer 

sequences). Each PCR mixture consisted of 25mM MgS04, dNTPs (lOmM each), IX 

PCR reaction buffer, primer (IOIJM each) and 1.25 U Vent Taq Polymerase, performed in 

a reaction volume of 50 fJl. AlI the constructs were sequence-checked. The site-directed 

mutagenesis in the mouse SHIP-I gene promoter was performed using the QuickChange 

Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer's protocols. 

For this the sequences of the mutant oligonucleotides cloned are: SHIP-I gene promoter 

mutants are: SHIP-1-2.2 mutSmad4Binding Site (BS): 5'- GCA AAC ATA GCC ATA 
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CTC AGC CAC AGA GGG -3' and its complementary strand: S'-CCC TCT GTG GCT 

GAG TAT GGC TAT GTT TGC-3'; SHIP-I-2.2 mutAPl #IBS: 5'-GCC TGA AAC 

AGG AAG TAA AAC AGT TAA GCT GGT AGG-3' and its complementary strand: 5'

CCT ACC AGC TTA ACT GTT TTA CTT CCT GTT TCA GGC-3'; SHIP-I-2.2 

mutAPl # 2BS: S'-GAG TGG CTG CTG TTT TAG TCC AGG AGA C-3' and its 

complementary strand: 5'-GTC TCC TGG ACT AAA ACA GCA GCC ACT C-3' 

3.6.3. Transfection and Luciferase report assay: The 2.2-kb SHIP-l-Lux, 5' 

deletion constructs and 3TP-Lux constructs were transiently co-transfected by 

Lipofectamine Plus according to the manufacturer's instructions (lnvitrogen Life 

Technologies) in CHO cens with a CMV~-gal expression vector encoding for ~

galactosidase gene used as an internai control. One day after transfection, cells were 

synchronized by serum starvation for 12 hrs and treated with or without activin (0.5nM) 

ofTGF~ (O.2nM) for 18 hrs. Then, cens were washed once with PBS and Lysed in 250 III 

of lysis buffer (1% Triton X-lOO; 15mM MgS04; 4mM EGTA; ImM DTT; 25mM 

glycyglycine) on ice. The luciferase activity of each different sample was measured using 

in combination 45 III of cell lysates and 5 III of cocktail assay reagent (EG&G Berthold 

Luminometer) and normalized to the relative ~-galatosidase activity. 

3.6.4. Western blot analysis: Cells were plated in DMEM and RPMI (MPC-Il 

and Ml respectively) starvation media for at least 12 h. After this starvation time period, 

the cells were stimulated in a time dependent manner either with or without activin 

(0.5nM) or TGF~ (O.2nM). cens were lysed on ice in lysis buffer (50mM Hepes at pH 

7.5, 150mM sodium chloride, 100mM sodium fluoride, lOmM sodium pyrophosphate, 

5mM EDTA, 10% glycerol, 0.5% NP40 and 0.5 % sodium deoxycholate). Supplemented 
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with 100mM sodium vanadate, 1mM pheny1 methy1suphonyl fluoride (PMSF), 10 mg 

ml-l aprotinin, 10 mg mr' leupeptin and 2 mg mr' pepstatin. Total cell extracts were 

then separated on a 10% SDS-polyacrylamide gel electrophoresis (PAGE) gel, 

transferred to nitrocellulose. Electrophoresis was performed in 500 ml of IX TGS, using 

the Bio-Rad Protean electrobotting apparatus. Proteins on the membrane were visualized 

by Red Ponceaus S staining. Nitrocellulose membranes were washed with TBS-T (TBS 

with 0.05% Tween-20) for 10 min, at room temperature. Non-specific sites were blocked 

by soaking the membrane in TBB buffer (lX TBS containing 5% non-fat milk, 0.05% 

Tween-20) for 1h at room temperature. Western blotting was performed with a 1 :3000 

dilution of different antibodies in (antibody buffer) overnight at 4° C (anti-SHIP-l sc-

8425, anti-phospho-Smad2 Sc-6829, anti-Smad2/3 sc-8332, anti-Smad4 sc-7966, anti

phospho-p38 NEB92 11 S, anti-p38 NEB 9212, anti-phospho-MKK3 sc-8407, anti

phospho ERK1/2 NEB 9106, anti-ERK1I2 NEB 9102, anti-phospho JNK RD System 

MABl7761, anti-JNK sc-1648, anti-phospho-ATF2 sc-8398, anti-phospho-C-Jun sc-

16312-R, anti-Tubulin Sigma T4026). As a secondary antibody, we used anti-mouse or 

anti-rabbit horseradish peroxidase-conjugated (HRP), in al: 10,000 dilution in TBB 

buffer, for 1 h at room temperature. After 3 washes of 15 min with TBS-T at room 

temperature, bands were visualized by enhanced chemiluminescente (Lumi-Light Plus 

Western blotting substrate, Boehringer) according to the manufacturer's instruction and 

detected using an Alpha Innotech Fluorochem Imaging system (Packard Camberra). 

3.6.5. Nuclear Extracts Preparation: MPC-11, Ml and CHO cells were seeded 

(15 X 106 cells/reaction) in starvation media for at 1east 12h. Right after, cells were rinse 

with IX PBS and then, stimulated with or without activin (0.5nM) ofTGF~ (0.2nM) for 
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45 min at 37° C in a humidified 5% C02 atmosphere. After washing, cells were 

resuspended in a hypotonic buffer containing 10mM Hepes-KOH pH7.9, 1.5mM MgC}z, 

lOmM KCI, 0.5mM DTT, 1mM Na3 V04, 20mM NaF, 1mM PMSF and prote in 

inhibitors. The cell lysates were incubated for 15 min on ice and centrifuged at 14000 

rpm for 15 min at 4°C. The pellet obtained was resuspended in a hypertonic buffer 

containing: 20mM Hepes-KOH pH 7.9, 25% glycerol, 420mM NaCI, 1.5mM MgCI2, 

0,2mM EDTA, 1Mm Na3V04, 20mM NaF and protein inhibitors. After and additional 

incubation for 20 min was performed on ice, and then vortex for 30 min. The suspension 

was centrifuged again at 14,000 rpm for 5 min and the supernatant containing the nuc1ear 

extracts were measured by MSA to determine their prote in concentration. The nuc1ear 

extracts were stored at -80°C until they were used. 

3.6.6. Electromobility-retardation shift assays (EMSAs): Electrophoretic 

mobility shift assays (EMS As) were performed by incubation of 10 ).tg ofnuc1ear extracts 

proteins for 45 min on ice with the 32p specific labelled probes corresponding to the 

Smad4 and the two API sites for 20 min at room temperature. Samples were analyzed by 

electrophoresis on a 5% polyacrylamide nonreducing gel. The gels were pre-run in 0.5 X 

TBE buffer for 1 h). For supershift experiments, 1 ).tg of antibody (anti-Smad4 and anti-c-

Jun both from Santa Cruz) were added to 10 ).tg ofnuc1ear extracts and incubated for 1 hr 

prior adding the 32P-Iabeled oligonuc1eotide probes on ice. The oligonuc1eotides used 

were based on the putative Smad4 and API binding sites in the SHIP-1-1 gene promoter, 

as predicted by the MA TInspector Professional 

hll1 ":.'C''''·.'-'.'''-'-'-' .. '-'èlC''-'''.'.'-'-'_".I-'-'J' transcription factor search programs we found Smad4 

and the two API binding sites (wild type and mutant respectively). The used 
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oligonucleotides were: 5'-AAA CAG GAA GTC AGT CAG TTA AGC TGG TAG-3' 

(Smad4 WT); 5'-GCA AAC ATA GCC ATA CTC AGC CAC AGA GGG-3' (Smad4 

mut); 5'-GCA AAC ATA GCC ATA CTC AGC CAC AGA GGG-3' (API 1 WT); 5'

GCC TGA AAC AGG AAG TAA AAC AGT TAA GCT GGT AGG-3' (API 1 mut); 5'

GCC TGA AAC AGG AAG TAA AAC AGT TAA GCT GGT AGG-3' (API 2 WT) and 

S'-GAG TGG CTG CTG TTT TAG TCC AGG AGA C-3' (API 2 mut). Double stranded 

oligonucleotides were obtained by mixing the single stranded oligo with their 

complement in a molar ration 1: 1, incubating them for 10 min at 95 oC, and cooling 

down slowly to 4°C. Gels were dried and bands were visualized by autoradiography. 

3.6.7. DNA affinity precipitation assay -DNAP-: MPC-ll and Ml ceUs were 

seeded at 20 X 106 cells/ 100 cm2 plate and cultured for 24h. CeUs were treated with 

0.5nM Activin or 0.2nm TGF~ respectively for 1 h, washed twice with PBS and coUected 

in PBS with a ceU lifter. After ceUs were pelleted at 735 X g and resuspended in DNA 

affinity precipitation (DNAP) buffer containing 25mM Tris [pH 7.5], 80mM NaCI, 

35mM KCI, 5 Mm mGcL2, 10% glycerol, lmM DTT, and 0.1% IPEGAL CA-630, with 

the previously described mixture of phosphatase and protease inhibitors and the addition 

ofO.5mM NaF). The ceUs then were disrupted for 10 s three times at setting 3 on a Heat 

System ultrasonic processor XL and rotated for 30 min at 4 oC. The extracted whole-cell 

lysates were cleared by centrifugation at 1O,000-x g for 20 min at 4°C. 

3.6.8. Immunoprecipitation and co-immunoprecipitation analysis: The 

foUowing day, ceUs were harvested, immunoprecipitated with anti-myc or anti-flag 

antibodies (Santa Cruz) and western blot for endogenous Smad4 and/or Apl. Total ceU 

lysates revealed for anti-myc used as a control to demonstrate equal protein loading. 
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3.6.9. Cell viability assay [3-(4, 5-Dimethulthiazolyl-2)-2, t 

Diphenyltetrazoliumbromide (MTT)]: CHO cells were plated in triplicate at 5000 cells 

Il 00 ~l density in DMEM medium with 2% FCS. Cells were stimulated or not with 

activin (0.5nM) or TGFp (0.2nM) and incubated over a 3-day period. Cell growth was 

assessed using the non-radioactive MTT cell growth assay for eukaryotic cells (Cell Titer 

96 Promega G 4000). Absorbance was measured at 570 nm with a reference wavelength 

at 450 nm, using a Bio-tek Microplate reader. DT-40 parental and knock-out H7-ll 

(SHIP-lo/O) and Y9-3 (SHP-l) celllines were plated in triplicate at 5000 cells/l 00 !-lI in 

2% FCS; 1 % CS DMEM. Cells were stimulated with activin and TGFp for three days 

before being assessed by MTT assay. 
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CHAPTER4 

GENERAL DISCUSSION 

4.1.1. Activin and TGFp-induced apoptosis in immune 

cell types. 

Members of the activin/TGF~ family of growth factors are important mediators of 

cell growth arrest and apoptosis in different cell types including those ones of immune 

origin. A vast amount of information has demonstrated that activin and TGF~ are potent 

inducers of apoptosis and G 1 arrest [1-6]. In addition, these growth factors also are 

capable of moditying the activity and expression of cell cycle molecules such as cyclin

dependent kinases inhibitors, in example, p 15 [7, 8], and down regulation of proto

oncogenic factors, such as c-myc [9]. 

The main objective of the work described in this thesis was to elucidate the 

intracellular signaling pathways and their downstream target genes that relay activin and 

TGF~ cell growth inhibitory effects in immune cells. For this purpose, 1 explored these 

downstream mechanisms through the TGF~ and activin receptor in different immune cell 

lines as weIl as human primary lymphocytes. 

Gene expression profiles revealed SHIP-l as a potential signaling target for TGF~, 

leading us to postulate that activin and TGF~ exert potent growth regulatory effects in 

immune cells. Our screening of activin/TGF~-regulated genes revealed that several genes 

were differentially regulated. In the study presented in Chapter 2, we found that the Src

homology 2 (SH2) domain-containing 5' Inositol phosphatase, SHIP-l, is strongly up 
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regulated by TGF~ family members. Increased in SHIP-I mRNA was directly correlated 

with increase in SHIP-I expression at the protein level. These results were confirmed 

using other celllines such as the hybridoma celllines (B9), mouse myeloid B lymphocyte 

cells Ml, acute promyelocitic leukemia HL-60 and the B-cell chicken lymphocytes DT40. 

Our study described in Chapter 2 defines a critical role for SHIP-l with activin and TGF~ 

signaling and revealed for the first time an important biological link between TGF~ 

signaling and phospholipids metabolism. 

The phosphatidyl inositols, Ptdlns 3, 4, 5-P3 and PtdIns 3, 4-P2, participate in the 

activation pro cess of Akt/PKB. The ability of these phospholipid products to recruit 

PDKI and then to activate Akt at the plasma membrane has been well documented [10-

14]. The full activation of Akt requires PtdIns-3,4,5-P3-mediated phosphorylation of 

Thr308 and Ser473 [10-15]. Interestingly, phosphorylation of Thr308 residue within the 

PH domain by PI3K has unmasks the activation site of Akt [15]. These findings prompted 

up to investigate the effect ofactivin/TGFB-induced SHIP-l expression on the 

phosphorylation and activation status of Akt [15-18]. Our data ciearly demonstrated that 

the Akt activation was significantly antagonized by activin/TGFB-induced SHIP-l, 

followed by a significant increase in PtdIns-3, 4-P2 and a decrease in PtdIns-3, 4, 5-P3 

levels at the same time of the increase in SHIP-l expression in activin and TGFB 

stimulated cells. SHIP-l expression significantly reduced Thr308 and Ser473 

phosphorylation in Akt modifying significantly its activity. Our findings concur with the 

mode! proposed by Scheid et al [15], which suggested that only phosphorylation of the 

Thr308 residue of Akt is PtdIns 3,4,5-P3 dependent and is sufficient for full activation of 

Akt [15]. 
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The generation of Ptdlns-3,4,5-P3 is a transient event as these phospholipids are 

rapidly broken down by the lipid phosphatases [19-22]. Survival signaling pathways lead 

to activation of the PB kinase, production of PtdIns-3, 4, 5-P3 and Akt activation. 

Deregulation of the PB kinase pathway, has been related to many human diseases. Over

activation of tyrosine kinase signaling pathways involving subsequent increased PB 

kinase and Akt activities is a significant occurrence in oncogenesis. AIso, increased Akt 

activity has been widely reported in breast and other types of cancers, such as leukemia 

[23-27]. Thus, the data presented in chapter 2, highlights the role of growth factors from 

the TGFp superfamily in regulating cell growth arrest and apoptosis through SHIP-l

mediated inhibition of phosphoinositol signaling, our findings reveal, a novel SHIP-I 

dependent mechanism by which TGFp family members and their serine kinase receptors 

regulate phospholipids and induce cell death in the immune system cell growth inhibition 

and apoptosis in haematopoietic cell lines. These findings provide a mechanistic insight 

into the regulation of the immune function by activin/TGFp-induced cell growth arrest 

and apoptosis [2, 4, 28-33]. Lastly, our findings suggest that activin and TGFp are key 

modulators of the expression levels of SHIP-I in both normal and cancer immune cell 

populati ons. 

4.2.1. Transcriptional Regulation of the SHIP-l gene 

promoter by activin and TGFp in immune cells. 

In Chapter 3, certain data was provided demonstrating the effects of activin and 

TGFp on the regulation of the SHIP-l gene promoter at the transcriptional level. In 

addition, our results presented in this section clearly indicate that activin/TGFp-mediated 
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effects on the SHlP-l-induced expreSSIOn are specifically restricted to the immune 

system. As we previously mentioned, TGF~ are involved in a large variety of biological 

processes ranging from development, cell growth arrest, apoptosis as weIl as in a broad 

range of pathogenic mechanisms involving primary effects on immune cells [5, 34]. 

Moreover, different studies revealed that activin and TGF~ ligands induce cell cycle arrest 

by up-regulating important molecular factors involved in cell cycle arrest such as the 

cyclin-dependent kinase inhibitors, p15lNK4B [35], p21cIPI/WAFI [36, 37] in different cell 

types. TGF~ ligands also down-regulate growth-promoting transcription factors like c

myc [38], inhibitor of DNA binding (ID)-l and ID-2 [39] and the tyrosine phosphatase 

Cdc25A [40] in different cell types. Even activin and TGF~ act as potent cell growth 

inhibitors, their effects on cell cycle arrest and apoptosis regulators in immune cell types 

have been less well characterized. The data presented in this study demonstrated that both 

activin and TGF~ significantly mediated the transcriptional regulation of the promoter 

region of inositol phosphatase SHIP-l in immune cell types. In addition, we provided 

several evidences that indicate for the first time that the Smad and the AP-l family of 

transcription factors are required for transducing activin and TGF~ signaIs to increase 

specifically SHIP-l expression and cell growth arrest/apoptosis in immune cell types. We 

also showed that SHIP-l transcription is controlled through three important promoter 

elements (domains). Interestingly, we identified the presence of sorne DNA consensus 

binding sites for TGF~-mediated transcription factors only in the domain 1 and domain III 

which seem to be required for the proper activin/TGF~-mediated SHIP-l gene promoter 

transcripitional activation. Therefore, these observations clearly indicate that the SHIP-I 

expression is regulated by on activin and TGF~ signaling cascade in immune cells. 
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In the chicken B lymphocyte cell line DT40, we demonstrated the involvement 

and activation of the Smad pathway as well as the JNKI AP-1 pathways. We also showed 

that Smad4 and c-Jun interact in a 1igand-dependent manner. This ligand-dependent 

interaction seems to be involved in the enhancement of the transcriptional activation of 

the SHIP-1 gene promoter in a synergistic manner in different immune cell types. These 

findings concur with certain previous observations demonstrating that activin and TGF~ 

can activate Smad and JNK signaling pathways, inducing a physical association of the 

Smad complex with the AP-1 in a ligand dependent fashion in different immune cell 

types. It has been reported that the Smad3 can, through its MHl and MH2 domains, 

interact directly with the c-Jun and the c-Fos upon TGF~ stimulation [41]. AP-1 DNA 

binding sites can be activated either by direct binding of the Smad3 to the specific DNA 

binding consensus site or by interaction of the hetoromeric TGF~-induced Smad3/Smad4 

complex and the AP-1 transcriptional factor complex, in such a manner as to provide 

additional stability to the complex [41, 42]. Therefore, these observations suggest that this 

transcriptional complex not only provides transcriptional diversity to the system, but also 

suggests a cross-talk base between MAP kinase cascades, JNK kinase and Smad signaling 

pathways in the transcriptional activation of the TGF~-regulated downstream target 

genes, in addition to direct phosphorylation of Smad proteins from receptor tyrosine 

kinases which activate the MEK1 or a signal downstream [42, 43]. 

In addition, our results identified three putative promoter regions (domains l, II 

and III) involved in the transcriptional activation of the SHIP-1 gene promoter by activin 

and TGF~ in immune cells. Deletion analysis of the SHIP-1 promoter (-2143 to -1 bp), 

demonstrated the presence of a potential putative Smad4 consensus binding element at the 
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-855 bp position, located within domain 1 (-1031 to -831) upstream of the initiation site, 

whereas two additional AP-l (c-Jun) responsive consensus-binding sites were located at 

the -131 bp and -31 bp positions respectively, in domain III (-231 to -1), which is located 

close to the proximal to the start site. 

The Smad binding specificity depends on the differential expression of different 

Smad-associated partners in a cell-dependent context [2]. Clarifying how this 

transcriptional plasticity is attained, it is essential to understand the embryonic 

development and cancer. In this context, it has been reported that most carcinomas have 

selectively lost the growth arrest response and gained metastatic abilities in response to 

the TGF~. Sorne of these regulators appear to act in parallel to the Smad signal 

transduction cascade and converge at the target gene expression level [44]. However, we 

also observed that both, activin and TGF~ significantly promote the recruitment of Smad4 

and c-Jun at their respective consensus response elements presented in distinctive regions 

of the SHIP-l gene promoter regions respectively in a ligand dependent way. We 

demonstrated that the activin/TGF~-induced Smad4/c-Jun association is required to the 

promote SHIP-l promoter activation. Our findings concur with previous reports, that 

demonstrate the cross-talk between Smad and JNK signaling pathways as essential for the 

transcriptional regulation of different activinlTGF~-induced target genes [41, 45]. As 

previously discussed, the analysis of the SHIP-l promoter-Iuciferase construct revealed 

that the deletion of either domain 1 or domain III significantly attenuate the stimulatory 

effects of activin or TGF~ by approximately 50%. Surprisingly, the elimination of the 

promoter sequence between these domains, specifically domain II (-830 to -232 bp) also 

attenuated significantly its stimulatory effects to a comparable extent. Interestingly, our 

analysis sequence results from the full-Iength SHIP-l gene promoter indicate that the 
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domain II did not appear to contain any activin/TGF~-regulated response elements 

previously reported. Collectively these results, indicate that the full-length promoter (-

2143 to -1 bp) is required for synergizing the inductive effects of Smads and AP-l. 

Activin/TGF~-mediated induction of the Smad proteins (Smad4) and the AP-l (c

Jun) transcription factors led to their physical association and cooperatively enhance 

transcriptional activation of the SHIP-l gene promoter in immune cell types. Therefore, 

our findings clearly indicate that the TGFp ligands, activin and TGFp itself, can activate 

both Smad and JNK signaling pathways, inducing physical association of the Smad 

complex with AP-l (c-Jun), promoting SHIP-l expression via Smad4 and c-Jun response 

elements presented in distinct regions of the SHIP-l gene promoter. The most 

characterized intracellular mediators of the activin/TGFp signaling pathways are the two 

receptor-specific Smads: Smad2 and Smad3. Both Smad2 and Smad3 heterodimerize with 

the common Smad partner Smad4 in a ligand-dependent manner and then, this complex 

translocates into the nucleus where it activate different target genes. However, it has been 

shown that the Smad proteins do not act in seclusion, but rather interact with other various 

signaling molecules, required for specific activin/TGFp-induced target gene activation. 

Our results clearly indicate that activinlTGFp-mediated SHIP-l expression requires both 

the Smad pathway and the transcription factor c-Jun. [41]. The combined activation of 

these transcription factors could represent a general mechanism of cell growth inhibition 

by the TGFp. The involvement of the Smad2 and Smad3 in mediating both activin and 

TGFp effects on gene transcription of target genes is clearly complex [2, 3, 42, 46, 47]. 

Both activin and TGF~ are capable of activating a specific promoter reporter construct 

3TP-Lux, which contains a section of the plasminogen activator inhibitor-l (PAI-l) and 

where responsiveness to activin and TGF~ is enhanced by Smad 2 or Smad3 [33, 48-52]. 
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However, it has also been shown that other activin and TGFp responsive promoters such 

as the goosecoid promoter, respond in a completely different manner to Smad2 and 

Smad3 [53, 54]. In this context, Smad2 significantly increase the TGFp-induced 

goosecoid promoter gene activity, meanwhile Smad3 has an inhibitory effect [53, 54]. 

This may be due to a competition between Smad3 and Smad4 for their common DNA 

binding site on the goosecoid promoter [55]. These observations clearly suggest that while 

the Smad2 acts as a positive regulator, the Smad3 plays a dual role depending on the 

nature of the promoter. Our data indicates that conceming the SHIP-l gene promoter 

activation, both the Smad2 and Smad3 act as positive regulators of the activin and TGFp 

action [33]. Meanwhile, when the Smad2 and Smad3 are in the presence of the Smad4, 

they increase the SHIP-l' s gene promoter activation in response to activin and TGFp 

[33]. In addition, we also previously reported that while both Smad2 and Smad3 act as 

positive regulators, the Smad7 completely abolishes the activinlTGFp-induced SHIP-l 

gene promoter activity, confirming the role of the Smad7 as a strong inhibitor of the 

activin/TGFWs signaling pathways [2, 3, 33, 42, 46, 47]. Transcriptional activation of 

several promoter elements by TGFp ligands, depended on the interaction and association 

of the Smad proteins with other transcription factors such as SP-l [56], CREB/p300 , 

myocardin (Myocd) [57], hairy/enhancer-of-split-related transcription repressor (Hey) 

[58], PKA, GA-binding protein (GABP) [59], glucocorticoid receptor (GR) [59-62], 

ATF2 [63], ATF3 [39], hepatocyte nuclear factor 4 (HNF-4) [64], TGFp stimulated factor 

1 (TSFl) [65], NFkB [66, 67], p53 [68] and AP-l [41, 69, 70]. For the AP-l familyof 

transcription factors, it has been demonstrated that the transcriptional cooperation 

between Smads (Smad4) and AP-l (c-Jun) correlates with a physical interaction between 

these proteins required for the transcriptional activation of different TGFp-regulated 
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promoters [41]. AP-1 family members, c-Jun and c-Fos, which can form homo- or 

heterodimers in order to activate transcription in different promoter regions of several 

target genes through their ability to interact directly with the AP-1 binding site [71, 72]. 

The TGFp-receptor activation induces the formation of a DNA-protein complex. As 

previous1y reported by Roberts and others [42, 73], receptor-activated Smads (R-Smads), 

Smad2 and Smad3, required Smad4 to form a heterotrimeric complex to induce 

transcriptional activation, ev en though it has been described that these transcription 

factors can travel into to the nucleus in the absence of the Smad4 [42, 73]. It has been 

described by Zhang et al. [41], that the Smad3 can interact directly with the c-Jun and c

Fos through its MH1 and MH2 domain. This association, clearly leads to the suggestion 

that the AP-1 DNA binding consensus sites can be activated either by direct binding of 

Smad3 and Smad4 to the DNA elements itself or by a specific interaction of the 

heteromeric Smad3/Smad4 complex and the AP-1 transcription factor complex, in such a 

manner as to provide additiona1 stabi1ity to the comp1ex. Besides providing transcriptional 

diversity, this mechanism also suggests a cross-talk base between the MAP kinase 

cascade and the JNK kinase and talk between the JNK MAP kinase and the TGFp/Smad 

signaling pathway, in addition to direct phosphorylation of the Smad proteins through 

signaIs from the tyrosine kinase receptor, which activates the MAP kinase signaling 

pathway or a downstream kinases [41-43,45, 73]. 

The Smad3 with the Smad4 association can activate the TGFp-inducible 

transcription from the TRE in both c-Jun/c-Fos-dependent and -independent manner [41]. 

Thus, these protein-protein associations complement the interactions between c-Jun and c

F os, and between the Smad3 and Smad4 [41]. Transcriptional activation, through 
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functional and physical interactions between Smad3-Smad4 and c-Jun-c-Fos, strongly 

suggest that the Smad signaling and MAPKJJNK signaling converge at the AP-1-binding 

sites on different promoters of target genes [41, 45]. 

It is required to date the different DNA consensus binding sequences in the 

promoter regions of several TGFp-induced target genes that have been described [71, 72]. 

For example, the 12-0-tetradecanoyl-13-acetate (TPA)-responsive gene promoter 

elements (TRE) are involved in the transcriptional responses of several TGFp-regulated 

target genes. Members of the AP-1 transcription factors family members, c-Jun and c-Fos 

bind to and regulate transcription from TREs, which are therefore known as AP-1 binding 

sites [41]. Smad proteins interact directly with the TRE, particularly which the Smad3 in a 

ligand-dependent manner. The TGFp-receptor activation induced the formation of a 

DNA-protein complex. The association of the Smad3 with the Smad4 can activate the 

TGF~-inducible transcription from the TRE in both c-Jun/c-Fos-dependent and -

independent manner [41]. Furtherm ore , we physically demonstrated the association 

between Smads and c-Jun/ AP-l. These and related findings [41], suggest that these 

protein-protein associations complement the interactions between c-Jun and c-Fos, and 

between Smad3 and Smad4 [41]. Therefore transcriptional activation by TGFWs involves 

functional and physical interactions between the Smad3-Smad4 and c-Jun-c-Fosx, this 

strongly suggests that Smad signaling and MAPKJJNK signaling converge at the AP-l

binding promoter sites [41]. 

We also provided data showing that activin and TGF~ activate and signal through 

the p38 module of the MAP kinase pathway, which specifically regulates a certain 

downstream transcription factor, ATF2/CREBPI as previously reported [8, 74-76]. The 
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SHIP-1 promoter does not appear to contain putative ATF2/CREBP 1 binding sequences 

in the three different promoter regions (domain l, II and III), which are invo1ved in the 

transcriptiona1 regu1ation of the SHIP-l gene promoter. The precise role of the p38 

signaling cascade in activin/TGF~-induced SHIP-l expression remains to be elucidated. 

Future studies should help c1arify whether or not Smads physically interact with members 

of the p38 MAP kinase cascade to regu1ate the transcriptiona1 activation of the SHIP-l 

gene promoter. 

In our initial deletion analysis of the SHIP-l promoter gene, we observed that 

wh en either of these three promoter domains were removed individually there was 

approximately a 50% decrease in the promoter activation. Interestingly enough, the 

elimination of these domains in different combination or all together, significantly 

abolished a1most if not completely the activin/TGF~-induced SHIP-l promoter activity. 

Our promoter analysis of the three domains revealed the presence of a specifie Smad 

binding consensus site (the Smad4 binding site), domain 1 (- 1031 bp to - 831 bp). In 

addition, we also found two AP-1 consensus binding sites 10cated within domain III (-231 

bp to -1 bp) upstream of the transcription initiation site in the SHIP-l gene. Thus, our 

results suggest that these three domains play an important part in the transcriptional 

regu1ation of the SHIP-l gene promoter. Moreover, our result demonstrate that both the 

Smad4 and AP-1 are specifically recruited in, domains 1 and III respectively. These 

observations raise the question of: How does the TGFp induced association between 

Smad (Smad4) and AP-l transcription factors (c-Jun and/or c-Fos), allow them to 

interact with their respective regulatory sites in domain l, and domain III, which are 

separated by domain II situated at -830 bp to -232 bp region upstream of the 

transcription initiation site? Our promoter sequence ana1ysis provides a possible 
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answer to this question. This promoter region seems to be required and involved in the 

activin/TGF~-induced SHIP-l gene promoter activation. The removal of domain II, led to 

a significant decrease in the promoter activity by approximately 50%. Additionally, 

combined deletions within the SHIP-l gene promoter, resulted in a significant inhibition 

of the activin/TGF~-induced promoter activity. As far as we could determine there were 

no known binding sequences for activin/TGF~-regulated transcription factors. Thus 

domain II participates in a ligand-independent regulatory transcriptional role. 

Based on our observations, we propose a new transcriptional model in which 

domain II might play a promoter conformation role, which is necessary for the 

activin/TGF~-mediated transcriptional activation of the SHIP-l promoter. The 

conformational change occurring in the SHIP-l gene promoter mediated by domain II, 

make it likely to bring domain 1 and III into proximity, which contain specific Smad4 and 

AP-l binding sequences respectively. We have also demonstrated that these groups of 

transcription factors associated in a ligand-dependent manner. Once these transcription 

factors are recruited in their DNA binding sequences in a activin/TGF~-dependent 

manner, domain II induces a specific change in the conformation that permits the direct 

contact between the Smad4 and AP-l (c-Jun) complexes to their domains 1 and III 

respectively. In this scenario, the direct interaction between Smad4 and c-Jun will 

maximize the activin/TGF~-induced transcriptional activation of the SHIP-l gene 

promoter in immune cell types. 

Lastly, it is well established that the Smads bind to DNA with low affinity, and it 

is due to this that they require the interaction with other co-activator or co-repressors to 

mediate DNA-binding more efficient in the specific SBE located in the promoter regions 

of the several target genes [2]. We have identified a potential putative p53 consensus 
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binding site overlapping with the Smad4 binding site located in domain 1 (-1031 bp to -

831 bp) in the SHIP-l gene. It was been previously reported that the p53 is required for 

the TGF~ gene responses by cooperating with Smad [68, 77]. In addition, the p53 requires 

the Smad's activity to perform its TGF~-like effects [68, 78, 79]. Since the p53 acts in a 

selective manner on a subset of TGF~ target promoters, rather than as a general enhancer 

of the TGF~ responses [68, 78, 79]. Moreover, it has been demonstrated that p53 

associates with Smad2 and Smad3 in vivo in a TGF~-dependent manner, but at the same 

time, p53 is recruited to its own consensus binding site on a promoter to enhance and 

maximize a TGF~-induced transcription [68, 79]. In addition, p53 contains the binding 

domain for other transcription factors, such as JunD, member of the AP-l transcription 

factors family. The AP-l proteins have been implicated in cell proliferation, apoptosis as 

weB as in tumorigenesis [80-83]. Thus, these observations suggest that these other 

transcription factors may modulate and stabilize the interaction between p53 and Smads. 

While the p53/Smad2 complex regulates the transcriptional regulation of the Mix.2 [43, 

84,85], the Smad2 MH2 region is free to interact with FAST-l (Forkhead Activin Signal 

Transducer 1) and Smad4. Based on these observations, it has been suggested in this 

experimental system that the Smad2 may bridge the DNA-bound of the p53 and FAST-l 

leading to the assemblement of a more stable and specific multifactorial complex [86]. 

Interestingly, p53 can be an important player for TGF~-induced growth arrest in 

mammalian cells [86]. In addition, p53 pathway also contributes to TGF~-mediate 

activation of the PAI-l and Mix.2 genes that bear a functional p53 binding-element, 

suggesting the existence of a putative co-regulated mechanism controled by TGF~ and 

p53 signaling pathways. Moreover, it has been suggested that only two cellular responses 
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might be under a general control of p53 family members and TGF~, particularly, ceU 

growth arrest and extraceUular matrix remodelling and attachment [79]. Thus, it is 

possible that p53 could participate in the activinlTGF~-mediated transcriptional 

regulation of the SHIP-l in association with Smad4 and AP-l complex in immune cells. 

The model that we proposed here, suggests the involvement of p53 in that the 

transcription al regulation of the activin/TGF~-induced SHIP-I transcriptional activation 

cannot be ruled out. The results presented here should not be taken to mean solely as an 

indicative that the regulation of the SHIP-l expression is the only molecular mechanism 

used by TGF~ family members to induce and regulate growth arrest and apoptosis in 

immune celIs. The existence of other regulated genes and signaling pathways in immune 

celIs potentially modulated by any TGFp ligand cannot be disregarded. This statement is 

supported based on the recent observations that demonstrate the involvement of DAXX 

and DAPK signaling pathways in TGFp-induced cell growth arrest and apoptosis [87]. 

Collectively, these pathways may govem the extent to which activin and TGFp ligands 

exert their effects of cell growth inhibition and apoptosis in immune cell system. 

In summary the data presented in Chapter 3 demonstrates that the Smad and c-Jun 

interact with distinct domains of the SHIP-l gene promoter. In addition, these 

transcription factors contribute equally to the inductive effect of activin and TGFp. The 

effects of Smad4 and c-Jun are cooperative, but only when the intervening region 

connecting Smad4 and c-Jun response binding elements are presented. This coupled with 

the fact that Smad and AP-l physicaUy associate, suggesting that the domain connecting 

these transcription factor groups, response domain provide a proper conformational 

folding of the promoter to bring the two elements into close proximity. 
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Finally, the advances made since the initial identification and cloning of the type 

II activin receptor in 1991 have led to the characterization of over a dozen related receptor 

serine kinases as well as, to the discovery of the Smad proteins and have improved our 

knowledge of the mechanism of action of activin and TGFp. The identification of the 

activin/TGFp-regulated target genes and intracellular signaling pathways that le ad to cell 

growth arrest and apoptosis in immune cells will be of high interest for the development 

of therapeutic approaches towards cancer and autoimmune diseases. The different 

evidences presented in this doctoral thesis have addressed the role of the inositol 

phosphtase SHIP-1 in the mediation of the proapoptotic effect of the TGFp family 

members, to define the contribution of the different signaling pathways involved in these 

effects and to characterize the transcriptional machinery that relay these signaIs. 

4.3. - A proposed model for the possible transcriptional 

regulation of the SHIP-l gene promoter by activin and 

TGF~ in immune cells. 

The TGFp superfamily of growth factors and cytokines has been involved in 

different biological processes. The TGFp signaling pathway has been largely related with 

a plethora of human conditions, including fibrosis, cancer and different autoimmune 

diseases. Based on the evidence presented in this thesis and a number of different studies, 

a model is proposed to explain how activin and TGFp mediates apoptosis and cell growth 

arrest through the transcriptional activation of the SHIP-1 gene promoter (Figure 4.3.l. 

pages 255-256). 
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Figure 4.3.1. A proposed model for the activin/TGF~-induced SHIP-l expression in 

immune cell types. Upon ligand stimulation, the activin/TGF~ signaling pathway is 

activated which leads to the activation of the Smad cascade that goes into the nucleus and 

in association with the AP-I regulates the transcriptional activation of the SHIP-I gene in 

immune cells. 
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While the TGF~ signaling cascade participates in parallel with other signaling 

pathways in a cellular dynamic context, the general process by which activin/TGF~

induced SHIP-l expression can be divided into several sequential steps. First, activin and 

TGF~ signaling is initiated by the ligand binding to two transmembrane spanning activin 

type II receptors (ActRII) at the cell-surface. Consecutively, this leads to the recruitment 

and phosphorylation of the activin type I receptor [88]. Once activated the TGFp receptor 

complex, the ALK4 phosphorylates the main downstream intracellular mediator the 

receptor Smad2 and Smad3 on two C-terminal serine residues (SSxS motif) [42, 48]. 

Once phosphorylated, the Smad2 and Smad3, then hetoro-oligomerize in the cytoplasm 

with the common Smad, Smad4, and translocate to the nucleus where they interact with 

several transcription factors, co-activator or co-repressors to regulate the SHIP-l gene 

promoter transcriptional activation in a specific manner. In our model although the Smad 

pathway represents the canonical signaling pathway used by activin and TGFp, other 

intracellular pathways are known to mediate signaling by the activin and TGF~ growth 

factors. In this case the MAP Kinase JNK is activated in response to activin and TGF~ in 

the immune cells downstream of the TGFp receptor complex. In this model we also 

proposed that p53 pathway is also activated in response to activin and TGFp. Following 

receptor activation by activin and TGF~, Smad, JNK and p53 signaling cascades are 

activated. Therefore the Smad complex (Smad2/Smad3/Smad4), c-Jun and p53 can move 

into the nucleus. Once these transcription factors are recruited at their specific consensus 

binding sites in the SHIP-l promoter, Smad complex (Smad2/Smad3/Smad4)/p53 in 

domain 1 and c-Jun in the domain III respectively. Once recruited these growth factors, 

there is a conformational change induce by the intermediate promoter region, domain II, 
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which brings the Smad complex close to c-Jun (Figure 4.3.2.). In this scenario, the 

interaction of the Smads/p53 complex with c-Jun, in particular Smad3/Smad4 could 

stabilize the transcriptional complex, enhancing the activin/TGF~-induced activation of 

the SHIP-l gene promoter. Thus, the participation of the activin/TGF~-induced p53/Smad 

(Smad2/Smad3/Smad4)/AP-l (c-Jun) complex in the transcriptional regulation of the 

SHIP-l gene promoter may induce a more stable transcriptional complex maximizing the 

SHIP-l expression (Figure 4.3.2.) 

Once SHIP-l is expressed, it translocates to the plasma membrane where it 

associates via its SH2 domain with the phosphotyrosine residues located in the 

intracellular fraction of the FcyRII, receptors involved in the attenuation of proliferating 

signaIs in immune cells. Subsequently, SHIP-l 's phosphatase activity increases directly 

with its expression level. Therefore, it is' recruited into the plasma membrane, SHIP-l, 

metabolizes the PtdIns, 3, 4, 5-P3, to Ptdlnd, 3, 4-P2. Moreover, with these decreased 

levels of PIP3, the recruitment of the PH-domain containing proteins such as PKB/Akt, 

involved in proliferation, is significantly attenuated, followed by a clear induction of cell 

growth arrest and apoptosis. Thus, with this model we propose a new mechanism in 

which the TGF~ ligands, activin and TGF~, induce and regulate cell growth arrest and 

apoptosis via the regulation at the transcriptional and expression levels of the inositol 

phosphatase SHIP-l in cell populations of the immune system (Figure 4.3.2, pages 259-

260). 
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Figure 4.3.2. A proposed model for the transcription al activation of the SHIP-l gene 

promoter regulated by Smads and AP-l upon activin and TGFp stimulation in 

immune cell types. 
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4.4. Conclusion Remarks 

The TGF~ superfamily of growth factors has been significantly expanding over 

the last several years. There is accumulating evidence which c1early indicates that this 

category of growth factors and cytokines mediate different biological functions inc1uding 

those immune-related through the expression of different target genes. In the future, more 

work needs to be done in order to elucidate the different mechanisms used by the TGFWs 

involved in several aspects of cell growth arrest and apoptosis. To achieve this, it is 

essential to identify those physiological TGF~-mediated target genes. Transcriptional 

activity, expression and phosphatase activity of the SHIP-l is directly regulated by activin 

and TGF~ signaling pathways in immune cells. SHIP-l is a critically important regulator 

of cell death in immune cells, due to its role in different signaling pathways. Importantly, 

linking for the first time the TGF~-induced apoptosis to phospholipids metabolism helped 

to expand our understanding of how activin and TGF~ serine kinase receptors functions in 

the regulation of immune cell proliferation and apoptosis. 
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Claims of originality 

5.1. Claims of originality 

The core of the research presented in this thesis is the original data contained in 

Chapter2, has been published in Nature Cel! Biology journal (Appendix 1). The data 

contained in Chapter 3, a complete manuscript ready to be submitted for publication. 

Thus, the work presented in chapters 2 and 3 of this thesis has provided several nove! and 

original contribution to the existing body of the scientific knowledge in TGFp 

superfamily of growth factors. These include: 

1. Identification of the phosphatydilinositol phosphatase SHIP-I as a novel and direct 

activin/TGFp-regulated target gene in immune cells. 

2. Demonstration that TGFp family members regulate cell growth arrest and apoptosis 

through the expression of SHIP-l. 

3. Demonstration of a novel link between phospholipids metabolism and to activin/TGFp

mediated apoptosis. 

4. Demonstration that absence of the activin/TGFp-induced SHIP-I expression significantly 

diminishes the inhibitory cell growth and proapoptotic effects of activin and TGFp. 

5. Demonstration that in the activin/TGFp-induced transcriptional activation of SHIPI, 

Smad and JNK MAP kinase signaling pathways are involved in a synergistic manner. 
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Finally, the concluding discussion in Chapter 4 contains intellectual contribution in terms 

of the generation of a novel hypothesis on the role of activn/TGFb-induced SHIP-I 

expression involved in cell growth arrests and apoptosis in the immune system. This is an 

issue particularly lacking data prior to this thesis, particularly the effects of these growth 

factors in the transcriptional regulation and expression of the inositol phosphtase SHIP-l 

in immune cell types. 
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Figure 1 Aetivin and TGF-p induee apoptosis in haematopoietic cells. a, Cell 
viability colonmetric as say (MTT) of MPC-ll cells and purifled human lymphocytes, 
treafed wlth or wlthout actlvin or TGF·p for 72 h. Expenments were performed in 
tnplicate and values are expressed in arbilrary units. b. For annexin V labelling. 89 

- Cycloheximide 

a 

o Control 
o Actlvin 

s G2/M 

cells were stimulated for different times with activin and analysed by direct immuno
fluorescence. c, MPCll cells were treated with or without activin for 72 h. The dis
tribution of cells ln the cell cycle were quantlfied by propidium iodide staining of 
cells using flow cytometry. 
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Figure 2 Activin and TGF-p induce SHIP expression. a, MPC-ll cells were stimu
lated with activin for various tlmes with or wlthout pretreatment with cycloheximide 
(10 Jlg ml-' for 3 hl. rn-PCR reactlons were performed using oligo-dT and cDNAs 
were amplified using oligonucleotldes specific to SHIP. RT-PCR of GAPOH was used 
as a control. The results were analysed by densitometry and values are expressed 

ilw w 1 1 1 111111. 

Mt 
Purifjed 

lymphocytes 

as fold-inductlon compared with control alter normalization to the GAPOH mRNA lev
els. b, MPC-ll cells, Ml cells and human purrried lymphocytes were stimulâted wlth 
activin or TGF-fl for various times. Total ceillysates were analysed by immunoblotting 
using a speciflc monoclonal antibody against SHIP (top). Equalloading was con
flrmed by stripPing and reprobing the blot with an antl-Stat3 antibody Ibottom). 
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Figure 3 Activin;TGFIl-induced transcription of SHIP requires Smad2, 
Smad3 and Smad4. a. 293 eells were transfeeted with the SHIP-Lux reporter 
construe! or empty IUCIferase veclor (pGL31 and the Il-galaetosidase expression 
plasmid_ Cells were tt1en stirnulated Wlttl aetivin or TGF-rl for 18 Il. The Iuciferase 
aetivity was norrnalized ta Il-galactosldase values. Results represent me an and stan
dard devlatlons of three Independent experirnents. b, MEFs established frorn the 

ln!erest ingly, the 3' lipid phosphatase PTEN, also kllown as TEP 1 
(TCF-Ij-regulated and epithclial-cell-cnriched phosphates), is also 
regulald by TC;F-Ij (reC 15). This suggests that these two phos
phatases sharc a coml11on Illcchanisl11 for rcgulating cel! death in 
rcsponse to stimulation by TCF-[:\ lillnily members. 

']() characlcri/c the transniptional mcchanisms by which 
activin/TCF-13 induce expression of SHiP mRNA, we c10ned a 
1.4-kb fragment t'rom the 5' regulatory sequence of the mouse 
SllIP gene on the basis of the gcnoll1ic structure of the SE-llP gene"'. 
The SI-III' genc proulOter was t hen subcloned upslream of the Gre
ny luciferase gene in the l'GU basic vector (SHIP-Lux). Wc 
observed that promoter activity was strongly induced by activin 
and T(~F-r3 trealment (rig. 3a). To invcstigatc the role of the Smad 
p<lthway in activin/TGF-f3-induced activation of the SHIP genc 
promotcr, wc uscd murinc cmbryonic fibroblasts (MEFs) l'stab
lished l'rom Smad4 knockout Illicc, in which the Smad pathway is 
inactivated'/ Wild-type and S1r1I/d4-1- MErs were transfected with 
l'ilher SHll'-Llix or ARE-Lux, ~lnolhcr control activin/TGF-I3-
responsive promotcr construct. Although both gene promo ter con
struels were strongly activatcd hy activin and TGF-13 in wild-type 
MFI's, this cllect \Vas aboli shed in the SIr/(/d4-1 MEFs, and fully 
r('storcd whcn Slllad:j \Vas cotransfcctcd (Fig. 3b). This conllrms 
that the Sillad pathway is criticd fe)J- mediating these efTects. 

Srnad4/ or Smad4'/' were transfeeted with the SHIP-Lux and ARE-Lux/Fast! pro
rnoter construets, wlth or without an expression veetor eneoding Smad4. The 
aetivinrrGF-ll response was rneasured uSlng a luciferase assay. C, 293 cells were 
lransfected with the SHIP-Lux reporter construet and vanous Srnad expression plas· 
mids, as indieated. Cells were then stimulated with activin or TGF-Il and assessed 
for luciferase aetivily. 

11) fllrthl'r invcstigate the function of Smad2 and Smad3 in 
activin/TGF-I3-mediated induction of the SHIP gene promoter, 293 
cclIs were eotransfected with the SHIP reporter construet and 
cDNAs encoding Sm,Hil, Smad3, Smad4, the inhibitory Smad7 
(rcf. 18) or the dominant-negative forms of Smad2 and SI11ad3 
(~N-Smad2 and ~N-Sl11ad3; refs 19,20).293 cclls express relatively 
low levels of TGF-13 receptors, but do respond to trealment with 
activin and TGF-13 (Fig. 3a). ln addition, transient transfection of 
these cells is usually achieved at very high efticiency. Overexpression 
of Smad2, Smad3 or Smôd4 signifîeantly incrcased activin/TGF-I3-
mediated activation of the SHJP prol11oter, whereas expression of 
Smad7, ~N-Sl1lad2 or ~N-Smad3 cOll1pletely abolished these cfrccts 
(Fig. 3e). Togcther, these results dCl110nstratc that the Smad pathway 
is required downstream of the activin and TGF-p receplor signalling 
cascade for activation of the SHJP gene promoter. 

The 5' phosphatase activity of SHIP does not change signifl
cilntly after cytokine stimulation", suggesting that ils effects are 
regulated by the Ievel of expression'. To determinc whethcr 
activin/TGF-13-induccd expression of SHJP rcsults in a concomi
tant increase in SHIP phosphatase activily, we measured the intra
cellular levels of the two SHIP substrates, InsP" and PtdlnsP, (sec 
Methods). Activin induced a marked increase in Si-{fP expression 
and a cIcar decrcasc in InsP., Ievels, whereas the lcvel of InsP, was 
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Figure 4 Activin(fGF-(3-induced SHIP expression and activity inhibit Akt 
phosphorylation. a, MPC.ll cells treated with or without aetivln were labelled with 
Myo-2A·I(N)·lnosltol. Talai radlolabelled phospholipids were extracted and the InsP J 

and InsP., ware sellarated by differential elullon. Levels of InsP" (Ieft) and InsP, (mld· 
dlel are expressed in counts per minute (cpm). SHIP prote in levels were assessed 
by western hlot (nght). b, B9 cells treated with aetivin for Mferent tlmes were 
metabolically labellee! wlth VP-orthophosphate. PtdlnsP.I was separated by thln layer 
chromatography, analysed by auloracllography and Quantifiee! by densltometry. 

concomitantly increascd. This is intercsting, as the ability of SI-TIP 
lO hydrolyse InsP, hdS onll' becil dearly demonstrated in v;tro using 
5' -phosphatasc assays' " and no report of anl' changes in InsP1 and 
lns!'" kvels have been reported l'Vith cells from SHlp-l- mice". 
ThercJ(lfe, our flndings provide the flrst evidence that SHIP func
tions as an lnsl'-, phosphatasc in vivo, Il will be interesling 10 deter
mine if the changes in the level.s of Insl'JlnsP" resulting from 
TC;I'-~/activin-induccd SJ-ilP expression and activitl' atIects the 
entry of extracellular calcium and subsequent activation of calei
um-dependcnt protcin kinases, as these events arc tightll' rcgulat
cd bl' Insl', (ref. 23). 

!() llleaSlIl"L' l'tdIiLsl'\ Ievels, 119 cclls were either!cft untreatee! or 
were stimllL>ted wit" activill f,)r variolls times, beforc extraction of 
total phosphatidl'linositols. Sal11l'lcs were then scparated bl' thin 
layer chronwtography and <1nall'sed bl' autoradiography Treatment 
of the cclls with ,lCtivin resultcd in a marked decrcase in PtdlnsP, 
levcls after 6-24 h of treatment (Fig, 4b), corrclating with the effcet 
of activin on SHIP-increased expression (Fig, 2b). The same dIects 
wcre observed in M P( :-11 and MI cells stilllulated with activin or 
TGF-~ (data nol sho\'ln), The obscrved decrcase in PtdlnsP, levels is 
probably not caused by a change in PTEN activity, as no change in 
PTEN III RNA was o!lserved in our gCIle chip microarray experimcnt 
(l, 15-1,)ld induction) or in the Icvcl of P'!'EN protein in MPC-li 

ID 
S 

M1 cells 

TGF-(l + + + + 

IL-6: o 5 20 40 0 5 20 40 (min) 

SHIP 1 =--~~I 
P-Akt 

(Thr 308) [_--= ________________ J 
P-Akt 

(Ser 473) 1 --- 1 

Akt 1 ---1 
C, Treatment of MPC-ll celis wlth aclivin for 24 h increases SHIP expression (top) 
and antagonlzes Akt phosphorylation of Thr 308 in response to 0.2 mM sodium 
pervanadate (middle). Equalloading was confirmed by reprobing the blot with an 
anti-Akt antibody (bottorn). d, TGF-B-induced SHIP expression in Ml eells antago
nizes Akl phosphorylation in response ta IL-6 on both Thr 308 and Ser 473 (mid
dlel. Equalloading was confinned by reprobing the blot wlth an antl-Akt antibody 
(bottom). Increased SHIP expression in response to TGF-Il was monitored by 
imrnunoblottlOg wlth an antl-SHIP antibody (top). 

cel!s treated with activin (Fig. Sa). This conllrms that the cffect is 
caused specifical!l' by activin/TGF-~-mediated expression of SHfP. 
Together, our data clearly indicate that activin/TGF-~- increased 
SHIP expression is associated with ,111 increase in SHIP lipid phos
phatase activitl'. 

Phospholipid metabolism is eritical for the regulation of cel! 
growth and apoptosis. The second messenger PtdlnsP" is produced 
by the enzyme phosphatidl'linositol-3-0H kinase (PI(3)K) and 
regulates activation and phosphorl'lation of the pleckstrin homol
ogy e!omain-eontaining protein kinase Alzt (ref, 24). Bl' breaking 
clown Ptdlnsl', 10 Ptdlns!'." SHIP terminates the activation of Akt 
(rcL 25). As Akl is a œntra(reglilator of œil growth and survival, wc 
focused on dnall'sing the role or TGF-f3/<lctivin-induccd SI-{fP 
expression on Akt activation, Treatment of MPC-11 cclls with 
sodium pervanadate f()r 15 min resulted in activation of the PI(3)K 
pathway and subsequent phosphorl'lation of Akt on Thr 308 (Fig. 
4c), Interestingly, this effect was I<ugell' inhibited in œHs pretreated 
with aClivin for 24 h. Equal loading of Akt was confirmed by strip
ping and reprobing the blot l'Vith an anti-Akt antibodl', and 
increased SHIP expression in rcsponse to activin WOlS assessed bl' 
immunoblotting with an anti-SHIP antibodl' (Fig. 4c), The sa me 
efTect \'las observee! in B9 and MI cells treated l'Vith activin or 
TGF-~. and 110 direct activin/TGF-~ cffect was observcd on Akt 
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Figure 5 Inhibition of SHIP expression prevents activin- and TGF-f:Hnduced 

apoptosis, a, SHIP and PTEN protein levels were measured by western blotting 

of cells stllnulated in the presence or absence of actlvin for 24 h, Similarly, phos

phorylation of Akt in MPC-ll cells treated with or without SHIP-AS2 was assessed 

by western blotting, As a loading control, the blots were stripped and reprobed 

with an anti-Stat3 antlbody, b, MPC-l.l cells were treated for 10 h with 50 flM 

SHIP-ASI and SHIP-AS2, or with CTL-l, before stimulation with activin, Cell viabili

ty was assessed after 72 il by Mn colorirnetric assays, Experirnents were per

lorrned ln triplicale and values arc expressed in arbitrary unrts, c, Human purified 

phosphorylalion (dilta no! shown), To add mme physiologicaJ 
rclevancc 10 our rcsulls, wc cX<ll1lincd lhe elreels uf TGF-~
induccd S/lIP cxpression Oll Akt phosphorylation in response 10 

interlcukin-6 (IL-6), <l natural œil survival [\Ctor in immune cclls. 
IL-h-indllœd phosphorylation of Akl on Ser 473 and Thr 308 was 
hlockcd in MI (Cils cxpressing SH/Pin rcsponse to TGF-~ (Fig. 4d), 
and lhe sarne eFfcct was obscrvcd in 89 ecUs pretreated witb activin 
(see 5upplclllcntary Information, Fig. 52), Togethcr, these rl'sults 
indicale that activinrrCF-f3-induced expression ofSH1P is coupled 
to a dccreasc in ccli survival stimuli-induced activation of Akt, and 
proVilk a phospholipid-dependenl Illcchanislll of action for these 

Iyrnphocytes were trealed for 10 h wlth 50 pM SHIP-ASI and SHIP-AS2, or with 

CTU, before stimulation with activin and TGF-Il, Cell viability was assessed after 

72 h by Mn colorimetrie assays, Experirnents were performed in Iriplicate and 

values are expressed in arbitrary units, d, Parental, SH/p! and SHP 1! DTAO 

cells, as weil as bone marrow-derived macrophages (BMM) from SH/P''"' and 

SH/P 1 mice, were stimulated in the presence or absence of actlvin or TGF-[l for 

72 il, Cell viability was assessed by Mn assays , Experlments were performed in 

triplicate, Values are expressed in arbitrary units and represent the average and 

standard deviation of four separate experirnents, 

growth t'lctors in medialing apoptosis. 
The SHIP knockout mouse (which is viable and fertile), has a 

shortcned lifespan that is causcd by overproductioll of myeloid 
cells and infiltration of vital organs"', highlighting the importance 
of this phosphalase in the apoptosis of immune cclls. To determinc 
the contribution of SHIP 10 activin/TCF-~-mcdiated pro-clpoplot
ic etTects, we examined thcir efJects in the absencc of SHIP. Wc Llscd 
phosphorothioate antisense oligonuclcotides to the 5' -coding 
sequence of SHlI' (SHIP-ASI and SHIP-AS2) or a scrambled 
sequence as a control (CTL-I ). Pretrcatment of M PC-Il cells with 
lhe antiscnse oligonllclcotide 10 SHIP inhibited activin-induccd 
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expression of SUlI' (Fig. 5a), although it did not affect the levels of 
l'TEN and Stat:l. B10cking expression of the basal endogenolls levrl 
of SHIP aiso rcsultcd in an increase in b;\sal Akt phosphorylation 
indepcndcntly 01" ;\ctivin stimulation, fùrther dcmonstrating the 
importance of SHI» in regubting Akt activity (Pig. Sa). Activin
rnediated growth inhibition 01" MPC-li eells was antagonized and 
alrnos! completcly reversed in the presence of 50 ~M anti-SHIP 
antismse oligonllcleotides, althollgh it was lInaffected by the con
trol oligonllcleotide (Fig. Sb). The same effects wcre observed in 
Ml cells treated with TGF-i:\ (sec Supplernentary Information, 
Fig S5), as well as in human l'mified lymphocytes (Fig. 5c). 

1'0 further detno\\strate the reqllirement of SHI!' in 
activin/T( ;F-[:\-mediated apoptosis, wc usee! parental chicken B 
lymphocytes (DT-'IO), as weil as DT-40 cells in which either the 
Sfill' gene (SllI»'!) or the tyrosine phosphatase Si-IPI gene 
(SHI' II ) \Vere delcted bl' homologous recombination17 ln both 
parcntal and SFIP1-dcficient DT-40 cclls, activin and TGF-~ inhib
itcd (l'II viability. l-Iowcver, SI-Ilp! DT-40 cclls were resistant to the 
elTccts or activin/TC;F-i1. Fin,\lIy, to determinc whcther SHIP is also 
important f(lr the TGF-[:\-indllccd apoptosis of normal l'rimary 
cclls, the ccl! viabilit y of bone marrow-dcrived macrophages l'rom 
wild-type and SHIP-deflcil'llt mice was examined. Aetivin/TGF-~ 
trcatment or wild-type macrophages resulted in a 70'X) reduction in 
ecll viahility, whereas only a 20%) rl'duetion in SHllJ'!- macrophage 
survival was reeordcd (Fig. 5d, right). To eXl'lain the residualloss of 
viability in SI-Ilf'! macrophages, it is conccivablc that activin ;lIld 
TGF-~ utilize alterna te pathways to inducc ecll dcath in immune 
cells. This is consistent with reeent stlldies showing that TC;F-~ can 
mcdiatc <\poptosis through the adaptor protcin Daxx and the fNK 
(c-[lm N-terminal kinase) pathway l2. SimiLtr rcsults were obtained 
with two difterent preparations of macrophages derived from bone 
marrow. Our results demonstrate that regulJtion of SHIf' expression 
bl' TGF-~) bmily !1lembers is critical and required for their pro-apop
totie elYects in both normal and cancer cells. 

As SHIP is a critically important reguJator of ccli death in 
immune cells, ODe might expect to l1nd abnormalities in its expres
sion in pathological conditions, weh as lellkaemia and auto-immune 
diseases. The human SHll'gcne is located on chromosome 2 at posi
tion 2q.'6-37, and although mutations or deletions in this rl'gion do 
not represent a hall mark of hUlllan discascs, aberrant translocations 
and sporadic ahnormalities althis chromosomallocation have been 
dctected in scverallcukaemias'". Finally, although the involvemmt of 
phospholipid l11etabolislll in cellular hO!1leostasis has been widely 
documentcd, lilllc is known about the regulation of lipid kinase and 
phosphatasl~ expression that maintains the intracellular pool of 
phospholipids. Here, we demonstrate that the expression and activi
ty of SHIl' is regulated directly by TGF-~ family members. 
Furlhcrmore, our rcsults link Tl;F-~-indllccd apoptosis to phospho
lipid \11etabolism and cxpand our understanding of how 
activin/TGF-~ serine kinase reccptors function. U 

Methods 
Cel! culture 
1\(1)( -Il, ';')3, (:III). Ilhll\ild (\Pl dlld .').'1111<11 I\IU ~ \\'l'\"Ç ddturnlili 1 )1\11 .\ll'()IlI,lllllllg l{)'~'i, loclé11 

(,II(,'l'11I111 (1 C\), ,\11 (\ II~ \\\'1,' Cldlllrl,d in RP.\lll'Ulll,lilllllg JO')'" I.cS. W) l'dl.., Wl'Il' çult\lIl'd in 

IU',\l! ullll.111l11 \~', 1 (l<t" 1 ( '.'l ~llppl('I1lt'l1ll'\1 \I/il il :;U fi 1\ 1 P Ilwrt,ll*lL'II1,\l1(11. \\'ikl Iypl', SIIfI' ;1 nd 

,'',/!l'/ 1)'1 If) Ldl, \\'<,'r~' ~lIltul'vd III Ui\II:J\Il'tlill,llllÎl\g IU'!'(J rc<.., and l'hiLl,l'll ~l'nlill. !lOIIC IHM 

r\'\~ \kri\c'd ,'-.1/11' ,'Ild \'/111' 'l1,jcrol'h,I;~t'~ w~n' ohL1ÎII('d d~ dt'~lnlwd'" ,md lIl,lIl1ldilWd in 11\1I1J\·\ 

("01II1.1ll1i IIg H)'I'" l'C ...... llld 1 Ol){) L' Ild l ,,( 111,1~ 1 nphagl' ,-()I,)ny·slillllll~\\ing bd"r (1'111\ :SF). 

Cloning and generation of SHIP reporter construct and luciferase assays 
'l'Ill' I.·l-kb ~t'qll(,I)Ç~' 01' Ihe ,,>j-II/! !-~l'Ill' \-'IOlllolcr \-\",1:' gl'IWI Md hl' peR (rolll rvlPC-IJ gCllollli( DNA

l'hl' ;Illlplllll'd prtHll(\(L'I- fr,\).!.I11l'1l1 W,\:. dil-'S~lcd h, X/lOI .llld 1//IId1l1 <lnd doned intn the p(;L':; 

lu,'ikl ,he khi~ rq)(,rkl" V,'CI"I l,) gCIlL'l",lIC Ih~ 1,1 kh SIIJI' Lux rCp0J'lL'l" L·on",lrll<':l. l'Ill' IULikr"s~' 

:l'~~l)'~, 111l' S\-IIJl I.\lx ,1l1d ,\I{I' IlI\/hl~11 lUIlSlnKb WL'IC colr;HlSlècl(,d hy (<11dlll1l phll.~phak in 29) 

(dl, wilh ail L'\1'I'l"",j,1I1 \'l'd"l l'Ikoding for 1)-g,II.lcl()~ld,1.';(_: f-',cne, 111 the [)ll'~CIlCC or ah~cnce 01 VMIOUS 

,"mad (,xpl\'\~i(lll pl;["I))id~, ,1~ {k,'lrilw,l in the Iq;~'lld li! hg, 3, [\.1 Fh \Vcre Irans[{>l\cd wilh 

1 i!,llk, l.lllÙIl(' l'Ill'> (1111'ilrugcll, ( drhbMI, ('A). Olle d,l~ .lnl'r Irall~klti()n, (db W{'1"C ,"'('fllm-~t,lr\'t'd (nr 

I,~ h ,IIHllr,:,lk'(] \,\'1111 .11 \\'illlO\l1 <I~ll\111 ((1..) llt'll) PI" 1'(;1" Il (O.? Il:\1) l,li IX h,(:l'II, WCIT Ihell W,I~lll'd 

01\(,· wllh 1'1\:- .tlh.ll:.,~'d III ,:SO III (ll Iy,i\ hllll,'r l Ilito!l X-IOU, 1:> Illl\lll1dl~llc\iUIil q!ll'h,lle, 

4- mM H,'T\, 1 !lli\·[ dÎthlOthll'ilol ;llld 2~ mM glycylglycinl') 1111 iL'C. The 11ICil'crd:.C ddlvily or eath 

s,lI11pk W,I:-. 1IlL';\:.ulùl ill;lI\ LC&C Ikrtl10ld LUl11iIIUIIlL'll'r II~Îng ,1'; ~tI or l'dllys.lit' alld !loJ"ln;\li/ùIIO 

111(' fl-g,tlacl(l~ida~L' ,luivilr. 

Reverse-transcription PCR 
MP(~-II, Il';! ilnd 1\11 cdh .wre lrl\ltl'd \\"ith ,IClivhl ,Ull! T(;r 11 for (h11i.:rell1 liflll':- ,llld loldl RN,\ Wd~ 

l'XI r,K!L.:d IIslng "l1'IJ.\)1 f(:,lgenl~ (1Ilvltmgcll). 1{l'Wl"~C 1 r,Ul~l'flptlon (If lotal cellillar RNA .lllli <Il11pilfll'a

tiol) of 1 lNA products fUI' SIII!! and }!.lyC!.:rallkh}'tk 3-ph(l~ph;J1Ç dclwdr()gl'!l<l~l' ((;AI'I)j Il were L'o.r

riel! out usillg Sllpl'r~cl"Îpl FiISI Str,lnd S\'nthl'~i:- S)"st"111 loI' RT-PUZ (l11vitl"llg~'n), l'rill1el" ~l'l]ll.:ncc.~ 

LI.~cd loI' SHI]! dn1pliCicatioil \Vere ,I~ follows (~l'l1St'; UT(;C :AAC<:U TC \~CT( ;(:C"A{ ;CA-Y ,md 

allli~cll~C S'-/\M:(;( XJ_;( ;CC(;(:AT{ ;(;{ :A<;'!'(:CI'(;(:C;AA-3'j, 1 knsilolllclric <\Il<lly~i,\ W,IS l't:r(orllll'd 

USill!:, Alph,l lnnolL'l'h COI por,lllull (S,Ill Ll',lndro, CA) J.'!uorOCht'fll XOOO ~nrtw,lre \"<.'r~i,H1 }JJ.1. 

Cel! viability assay (Mn) 
CL'lb wcr,' plalnl illlripliL<lk' dl S,OOll (L'II~ pcr IUO pl in RPM! clIlll,lining H:S, Cclis Wt'rc stimu· 

1,Ilcd ill the prescnCt' or ,lh~Clh_l' llf<lltivill (0.5 nJ\'J) 01 'J'l;F (~(0.2 nM) <lnd in(lIk\ll'd 11ver a thl'.:e·day 

['l'I"wd. (;t.:ll ~rmvth \Vil':> ,ls",('~ùcd ll~il\P. Ihc [1\)11 ·r,\di(l'lClive t\fl'T cdl ~ro\Vlh a~~,ly liJl" l'lIkarYl)tk lcll\ 

(Cdl Till'r lJ6, C;'IOUO; l'rPlllcga, l\.üdi'OIl, \\!). Ab,orb,lI1ù' Wil~ llIC,bllred ,1t 570 1l\l1 \VIth a rl'rCrCllCl' 

w,l\"(.'lenglh al 4S0 Ilmllslllg a njokk 1 \ViIHH1Ski, V'[) llIicruplalt' Il'<ldn. wdd It'lW, ,,,'{fil' ,Illd ,'l'fl/'I 

ll'1I1illl'~ \\l'r~' plall'd ill Irip\iL'dk ill 5,nOO cdls pCI lOi) pl in DMH\l conlaîning 2% Ft:S dl1d l '!'" 

chicken ~('rtllll. SJ-/fI' ,mL! S/I/I) fl1acrophHge~ \\l'l'(.' pLlll'd in tripli"lll' ,\t 5,lJOO u:lls pl'r IO() pl III 

IMI lM Illù liuI11 ulntailling lon'il n,:- ,1Ild ~vICSI'. Ldb \Vere ~til1lllLltl'd \VIth ,ldlVÎtl {'r TC!, [\ (or 

tllre!.: d;ly~ hcrnn' beill!!. assc~~{'d hi I\-ITT <lssay. 

Flow cytometry 
Cd\s w~'rc pLltcd in Iriphc,lle ,l[ 300,000 LCIl~ pel' ml in [(PMI l'ontainint!. H'o n;,), ( l'Ils \Wrl' ~ljll111\al

~'d in the pn'Sl'l1lt' or ,lh,"l'llL"C or :lclÎvin lfl.5 nM) or '['(;\.'-(1 (0.2 niv!) ,1nd ilH:lIhdted over a Ihrcc-da)' 

perim!. Slibscqllt'ntly, cclL~ werc w,lsl1l'd in PHS ,1Ild fixl'd ovel'Iligh\ in ï()I}(, t'lh,l\1ol. Cellular 1 )NA W,I~ 

Ih~'11 labelkd wÎlh 50 ng 1111-' propldiullI iotlidc (PI) in PB'), 1 H!,;) Trilon X-IOO and incuhated 

uvernighl al 4 ,.(: in tht' prCM~nl(' or [0 pg nll- ' RNAse A, 

The llt'xt day, cens \Vere 'lIl'11yscd in ,1Il U']CS XL scrit's no\V cylumeler (lkckm,1Il Cuullcr, Miallli, 

FI.), HI\()rc~Ct'JKe W<l\ c\~'ilt'd by i!ll argon-inn nir-coolcd 15- mW UJl1\iJllIOLJ~ LL\~'r pl1\Vcr <II ·-IXH l\!ll, 

1'1 Cl1lis~illJ) peak was al 620 11111 ,1Ild t'\Cit.ltÎOI1 pt\lk W<l~ <il S.lh 11111. At k<l~1 20JJOO pilet! CV('JlI~ \Vere 

rc(ol(kd for C,ll'h saml,!e ,Iml thL' dala \Ven' ,\I1al>'~ed hl' I\.'\ulti ·cl'dl' ~()Ih\'are Cor Willdu\V~ (PlwL'lli.\ 

l'Ill\V ~y\klns, San 1 liL'g(), (:,\). 

Annexin V labelling 
ecus weil' ]llnled illl~PM! C(llildilllllg rc~ ,111l1 ~111ll\lIHkd with ,Idlvin ("ni (l, 16,2'1 ,Inti .Hl h. C{'I1~ 

were LIIl'n d)lkLtcd, \l'a~hed, slilincd \vith anllnÎJ\ V-Illlurt'~çdn i~,)lh lUt y,lIlak' (X2X6H l , Hnl'll(') in 

,\u.:md,IJ\Cl' \VIth the 1ll,11IuCKlurcr\ in:.truCliolls dnd <ln'llyscd h)' illlllllll1\lnl\()r~'~cel1Ct' mlCl'I\((lPY 

(f'dtpsc E{j()O: Nikon, M()lllr~'~ll, (:anada) U~ll1g. thl' l'viciai maginy, Seril'~' ~lct,IJ\1()rph ,~un warc 

(L'nlvcr,~,,1 !m.lglllg (:orpOl'illlll11, ! l(lwllinglown, [JA), 

Western blot analysis 
C:ell\ Wl'rc pIM(~d ln RPMI ulllLailling 2 fh, FCS and ~till\l1laled in Lhl' prc~ençl' or <Jb~cnCL' (If "divin, 

'1 (;1,'-[1, 11~(J or l>odiulIl pel Vdlwdale for thc IlIdk,1tcd till1('~. Ct'll~ w~'rl' lyscd 011 iCl' III Iy,~î~ bll(k'r ()O 

InM 1 lqws ,II pH 7.5, 150 111,\1 sodiulTI l'1\lorlde, 100 mM ~oditlln Ilunri(k, JO mi\.l sodiuTIl l'rmphos. 

phatt:,5 1111"1 FI>TA, 10°/" glyc('rnl, ll,:;f\'i> NI"IO and (j.5\~'" sodium t!CO\)'chlllak) ~llppklHt'l1tcd with IIJO 

11\:-.. 1 sodiulIl v,l!\,ltbk, 1 !lI1\,1 phcll}'II1ll'lhj'bulphonvi nl\oridc (PJ\1Sl'l. 10 ~lg IlII I ,lprut\nill, 10 pg 

1111" IcUpCl'tlll and 2 pg ml- ' l)('p~t'llill, 'l'pt.ll cdl extracts \Wrl' lheil ~(,p,Hdtl'd 1111 n 10% ')[)S-p(lly:lcry-

1.1I11idt: gel l'kClrophore.~i~ (p,'\(a~) gcl,lr,l11~krrL"d to llill'(lcelllll(l~l' and inLllhdl\'d wilh the lIHliL<lIetl 

~pccilïc ,tlltih\\dit.:~ OVl'lïllght dl ·1 "c {,llli i-,)llI P "c-~·12:;, ,ln li· 1''[ F,N ~c-7974, <lnli-SI<i13 ~(-8() Ill, ;"anld 

(:ru/, Bio[\:l'hnlliogy, Santa Cr m, CA: .Inli-Akl Y272, ~lllIL-ph(l:'l'll(l· !'Ill" :"()X-AI\l ()2Î5S, dilli-ph()~pho

,)('r ,17:; AkllJ27ôS, ;-.Je\\' Engl'll1d \)iol,\b~, Ikv~'dy, MA), 

Intracellular phosphoinositol (InsP" InsP4) measurements 
Cclb Wl'f(' pl,lted ,Il S;< 106 ~ells ~)l'r Illl ill illositul-frt'l' llledillill wn\;linÎng 1 me! l\1~'o-2-\I[-(N)-iIlO,\

hol and ~lil1lublcd in lhe presl'ncc or nb:.cncc of .lClivin ,l!ld Tt;F-(l for lô h, Cdl~ W('I't' w<lshed thr<.'e 

lilll('~ with Krl'hs-J:-kpe~ (l'~h mM sodiuln chloride, 4.2 mlvl potassium chll'ri(k o.:; m~·1 1ll,lgn,,::.iulll 

chluridl', !,O mM calcium (hloridc, III m]' .... 1 ilcpt'~ ,II plI ïA, 20 mM lithium (hloride and 5.';! mM glll

(osc) ,lIld lysct! with 5{% perchlunc acid, '! he supl'rnatnnt was (ollt.'dcd in 50() pl of 1 kpcs~pola,~.,>ium 

hvdroxide huiler (ÎS HlM Hcpt's imd 1.51\'1 pot;:lssiull1 hydro\ide), adjll~tl'd Itll'Il 7 wilh 5% pcrchlo

ric M'id ;.Ind phol>pholipidl> were I>cpar~lted Llsing d j)OWEX ,'\G 1 X-~ (200-400 I\\t'sil) wlurnn, 

In:-.I'I dnd [J\,~P, were IIr",! rl'rll{wc(1 (ronl lhe C(l[umn by washing wilh nrnl110niulTl formait' 

(,WU mM) alld dution \l!' ]J1,\I'; and IllS]', \V,h pcrformcd \Ising ~pl'ciIJC bit/ICI':' ([n, ... ['" 7()O mM ,lJnllh)

Ilium rutm,ltc ,llld 11)0 IllM forrni~' ,\cHI; lml\, 1 J\.l .11lll1\nniu!1l forilldte and ](JO mM fOllllic M·kll. 

l\k:L~\lr<.'n1Cllt ,md qWlIltiJ'trali()\1 (l(" c.Kh illnsi\oll'h\l~J'hatl' î~I)(orrn Wd.\ thclll'crf"olllll'd lL~lllg il 

\\'inSj1i'l'! 1',11 (Pcrkin Elmer, Bo~1011, J\'1 i\) 1,11·1 liquid .\(inlillnllun COUlllel, 

Phosphatidylinositol (PtdlnsP3 ) measurement 
(:dl~ WCIl' l'Lll\'d al:; x lU" c~'l1~ pel' 1\11 ill phl)\phUll'-rrc<.' RPl\lll\wdiullI, l'rdn'dletl ill th L' f'J"C:.CIILt.' tH 

ah,t'Ilec o! aClivin :H1d 1 (,].'-1\ r(lr 2,1 h or lh~ indic,\tcd IIIlW'> (or lh L' ddl\'in Il 1 Il l' olur:.ç ~'xl'~'rlln(:nl. 

CclL~ Wl'fC l'Illlt:cted ~1I1d 1~lhL'lkd \vith 100 pCi "I)-,)rlhLll-'fl\bl'hal~' (N I:XO,:'j; PCII<ll1l:1l1lcr) fur J h il1 

illl'uhation mcdium (O. 1 (){, IISA ill pho:.pIJak-frcl' medium) al J7 "L, wash~'d Ihl·l'<.'1111le~ wÎth pho,~

phil Le· rrct' IllCJllll)1 alld rl'stl.~pl'lldl'd \Vith :")00 pl (If ] [(:I:[:I()1 ! Ilulll'(. !'h(l~ph;llidylil1oSlh,ls \VL'n: 

l':\(racll·d with chl,lrofprm, lyophilized, rcsllspcndcd in ~5 ~d (If chlnl1lrnnH, ~epilratt'd by lhill byer 

chrol11i1lognlphy <1nd <1J1<lly:.cd by aulor,H!iogr<lphy. 1 )cnsiloJ1lct rie ;Jnalysis wa~ pcrrormcd usi\lg Alpha 

Innoll'ch i:nrjlnr;llion FIlIOl'Odll'rll ){()OO ~nn\V,\rl' vcr<.in!1 jJJ4. 

Antisense oligonucieotide treatment 
CdL ... wert' pl;ltt'.J in 'J6-wcll platc~ .11 5 X JO' l'clis ~)l'r weil in l'CS ,md In';l\ed 111 the pre~('llCt' ur 

Üb~l'Ill~' o( <lIlIISl'mL' ()llgonllcknlld('~ rOl Sfl/P III RNA (SHI P-AS l ,md SII1I'-i\S~) or ,1 ((1111 roI <ll1li

,~~'Il,"L' nligulllll'kotilk (( :Tl.-Il al 50 pM. Anc!' 12 b, ('dl~ Wl'l"l' ~IJIlllllilll'd \Vilh ,Il'tivin 10.5 1\1\-'!l(11 

H;I-·j3 10 2 II"'\). CL'lI gru.,vth W,I~ Il1l',I~lIrt'\1 7.~ h ,11h01' lig,llld ~lirnul,llion lI~lllg Lill' MT']" ,h.\ay, a~ 
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Fig.Sl ActlVlll anu TGFII ,nduce "poptasis in hermtopoietlc cells. 69 and Ml cells 
were stil1lulatecl or not wlth activin or TGrl1 for 72 hours. The distribution of cells 
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Fig.52 Activln-induced SHIP expression in 89 cells antagonizes AKT phosphoryla
tion in response tll IL-6 on bath Thr308 and Ser 473 Imiddle panels!. Reprobing of 
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Fig.53 Inhibition of expression of the lipid phosphatase SHIP prevents TGFll· 
,nduced apoptosls. a, SHIP and PTEN proteln expression levels as weil as AKT 
phosphorylatioll in Ml cells treated or not with the antisense olrgollucleotide ta 
SI-IIP ITIRNA ISHIP-AS2) were measured by Western blot in cells stimulated or not 
with TGFI\ tor 24h. For loading controls the blot was reprobed wlth an anti-Stat3 

20' 

b 

70 
60 
50 
40 
30 
20 
10 

Apoptosis Gl S G2/M 

in the cell cycle were quantified by analysis of propidium iodide stained ce Ils using 

flow cytometry. 
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the blot with anti-AKT confirmed equalloading Ilower panel). Increased SHIP expres
sion in response to actrvin was monltored by anti-SHIP immunoblot lupper panel!. 
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antibody. b, Ml cells were treated with 50 'M of phosphorothioate antisense 
oligonucleotide to SHIP mRNA ISHIP-ASI and SHIP-AS2) or a with a control oligonu
cleotide ICTL-I) for 10h before being stimulated with TGFrl. Cell viability was 
assessed alter 72h by MTT colorimetric assays carried out in triplicate. Values are 
expressed in arbitrary units. 

©2003 Nature Publlshing Group 


