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Introduction 

Although cancer is one of the most well studied diseases, the long term sur-
vival of patients is still poor. One of the major reasons cancer is so deadly is 
because of metastasis from the primary tumor into different organs, with 
poor prognosis for the patient. The exact molecular mechanism of metastasis 
is currently heavily studied, but not yet fully clarified. 

Transforming Growth Factor  (TGF- ) is an important regulator of many 
biological processes during embryogenesis and in the adult organism. TGF-  
is known to play an important role in cell proliferation, differentiation, cell 
motility, apoptosis and many other cellular processes. This growth factor 
also plays an important role during tumor formation and metastasis. In early 
stages of tumorigenesis TGF-  acts as a tumor suppressor by preventing cell 
growth. However, during more advanced stages of tumor development, 
TGF-  acts as a tumor promoter by enhancing tumor cell differentiation into 
a more invasive type of cells.  

Since the discovery of the TGF- 1 cytokine 25 years ago, many research 
groups all over the world have contributed to understanding the molecular 
biology of this signaling pathway. Although the complete mechanism of how 
TGF-  influences tissue homeostasis, tumor formation and cancer progres-
sion remains to be elucidated, it became clear that many of the physiological 
effects of TGF-  are mediated through crosstalk with other pathways, allow-
ing for diverse context-specific responses to TGF-  signaling activation.  
The aim of the research here presented is to uncover novel mechanisms al-
lowing for diversification of TGF-  signaling. 
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Signaling pathways 

Notch signaling 
Almost a century ago, T.H Morgan’s group described a strain of Drosophila 
with notches at the margins of their wing blades. In accordance with the 
phenotype, this mutation was named Notch1. Roughly twenty years later, the 
developmental role of Notch became widely appreciated when Poulson and 
colleagues discovered that complete loss of the Notch gene in Drosophila 
resulted in lethal hyperplasia of the embryonic nervous system2. Today, 
Notch is established as an important signaling pathway regulating cell-to-cell 
communication not only during embryogenesis, but also in the adult organ-
ism where it affects proliferation, apoptosis, cell fate and differentiation. 

The Notch signaling cascade from receptor to nucleus 
The Notch signaling pathway is heavily conserved throughout evolution in 
metazoan organisms ranging from sea urchins to mammals3. The latter ex-
press four types of Notch receptors (Notch 1-4) while C. elegans expresses 
two redundant receptors and Drosophila only one4,5. Interestingly, the li-
gands for the Notch receptor are also anchored in the plasma membrane, 
therefore only allowing Notch signal activation when cells are in close prox-
imity to each other. This is in stark contrast to most signaling pathways, 
where the ligand is a secreted molecule6.  

The ligands of the Notch signaling pathway belong to the family of Del-
ta/Serrate/LAG-2 (DSL) family of ligands and are subdivided into two 
classes, Jagged and Delta/Delta-like. This subdivision is dependent on the 
presence or absence of a cysteine-rich domain in the ligand. In addition, 
Notch ligands consist of a signal peptide, a DSL domain followed by a Delta 
and OSM-11-like proteins (DOS) motif and tandem repeats of epidermal 
growth factor (EGF)-like domains7. Mammals express five different ligands 
(Delta-like 1, 3, 4 and Jagged 1 and 2), while Drosophila only expresses two 
(dDelta and Serrate)8 (Figure 1).  

The mammalian Notch receptors are synthesized as polypeptides that are 
cleaved in their heterodimerization (HD) domain by furin-like convertases in 
the Golgi apparatus. This event is known as the S1 cleavage and it converts 
the polypeptide into a Notch extracellular domain (NECD)-Notch trans-
membrane and intracellular domain (NTICD) heterodimer9. The former  
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Figure 1. The Notch family of ligands and receptors 

contains 29-36 EGF-like repeats10 and a negative regulatory region (NRR) 
composed of three cysteine rich LIN repeats and the N terminal half of the 
HD domain. The intracellular domain consists of C-terminal part of the HD 
domain, an RBPj  associated module (RAM), seven ankyrin repeats, nuclear 
localization signals (NLS) and finally, a transactivation domain comprised of 
a conserved proline/glutamic acid/serine/threonine (PEST) motif5,8 (Figure 
1). 

Notch signaling is initiated by binding of the ligand to the EGF-like re-
peat 11-12 region of the receptor11. After binding, the extracellular domain 
of the receptor is cleaved at a juxtamembrane site by either ADAM10 (also 
known as Kuzbanian, Kuz) or TACE (tumor necrosis factor alpha converting 
enzyme, also known as ADAM17). This process is called the S2 cleavage of 
the receptor12,13 and is enhanced by endocytosis of the ligand in the ligand 
expressing cell14-17. Truncation of the extracellular domain allows binding of 
-secretase, a complex of cleaving proteases, to the NTICD. This binding 

results in cleavage of the NTICD at site S3, releasing the Notch intracellular 
domain (NICD) from the plasma membrane. This process is referred to as 
the S3 cleavage18-20. After this event, the NICD translocates to the nucleus 
where it can bind to the DNA binding protein CBF1/RBPj /Su (H)/Lag-1 
(CSL) through the RAM domain21,22(Figure 2).  

In absence of Notch activation, CSL functions as a repressor of gene tran-
scription and its location on gene promoters primes the cellular response 
upon activation of Notch5. Without NICD in the nucleus, CSL is bound to 
co-repressors like nuclear receptor co-repressor (NcoR)23 and 
SMART/HDAC1-associated repressor protein (SHARP)24, which in turn 
bind other global co-repressors like C-terminal binding protein (CtBP)25. 
Binding of the NICD to CSL causes dissociation of these transcriptional 
repressors and, subsequently, the ankyrin repeats of the NICD assist to re-
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cruit the co-activator Mastermind/Lag-3 (MAML). Recruitment of additional 
co-activators like p300 or CREB binding protein (CBP) then induces upre-
gulation of target genes26-31(Figure 2). 

In addition to inducing gene activation, the NICD-CSL/co-activator com-
plex also promotes rapid degradation of the NICD, which is necessary to 
enable fast adaptation to rapid changes in Notch signaling strength. After 
transcriptional activation, recruitment of cyclin-dependent kinase (CDK) 8 
causes phosphorylation of the NICD32. This allows recruitment of an E3-
ubiquitin ligase called F-box and WD40 domain protein 7 (FBXW7), which 
leads to ubiquitination and subsequent degradation of the NICD33,34. The C-
terminal PEST domain of the NICD is required for this interaction and, con-
comitantly, Notch receptors with C-terminal truncations contribute to hyper-
activation of Notch signaling (see further). After NICD removal, the tran-
scriptional co-activators dissociate from CSL, and co-repressors are allowed 
to bind once more4(Figure 2). 

Modulation of the Notch signaling pathway 
Proper and timely regulation of activation of signaling pathways like Notch 
is of paramount importance both during development as well as for tissue 
homeostasis. Several systems are in place to safeguard proper signaling.  

Ubiquitination is a well studied posttranslational modification affecting 
Notch signaling strength. Induction of Notch cleavage by ligands depends on 
several E3 ligases like Neuralized35 and Mind Bomb (MIB)36,37, which sup-
ports Epsin-mediated endocytosis of the ligand (Figure 2). Likewise, traf-
ficking of the Notch receptors is also regulated through several E3 ubiquitin 
ligases. The Itch/NEDD4/Su(dx) family of HECT domain E3 ligases target 
the Notch receptors for degradation4,38,39, while a RING finger ligase called 
Deltex promotes Notch signaling in Drosphila40. On the contrary, in some 
mammalian cells Deltex negatively regulates Notch signaling41, bringing 
possible species specific roles for E3 ligases in focus. Lastly, the ubiquitina-
tion of the NICD by FBXW7 has been discussed in the previous chapter as 
an important mechanism to terminate Notch signaling. 

The multiple EGF-like repeats of the Notch receptors contain several sites 
for glycosylation and joining of a fucose to these repeats by O-fucosyl trans-
ferase (O-fut) is a priming event for later glycosylation by Fringe pro-
teins42(Figure 2). Although it was initially believed that glycosylation is pa-
ramount for generating a functional receptor, it was recently proven that 
glycosylation is determining which ligand is binding to the receptor43. Nev-
ertheless, it is difficult to establish a determined role for glycosylation in 
every context. For example, Lunatic Fringe (Lfng) promotes Delta binding 
and inhibits Jagged binding in T-cells44. However, Lfng inhibits Delta bind-
ing to Notch in the somite45. In addition, Jagged1 can still bind to glycosy-
lated Notch2, but not to glycosylated Notch1 although both glycosylations 
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are mediated by Fringe46. These examples illustrate the general complexity 
of signaling pathway regulation by posttranslational modifications. 

 

 
Figure 2. The Notch signaling pathway. Transcriptional targets of Notch depicted in 
the nucleus indicate genes and pathways targeted during tumorigenesis. Green 
circles designate enhancing effects, while red circles designate inhibitory roles. 
CoR: Co-repressors, CoA: Co-activators, Ub: Ubiquitin, T-ALL: T-cell lymphoblas-
tic leukemia, Mel: Cutaneous melanoma, Skin: Non melanoma skin cancer. ECM: 
Extracellular matrix/space. 
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Notch Signaling in cancer 
Abberant regulation of signaling pathways is the cause for a plethora of 
physical disorders. Notch signaling itself has been linked so far to three inhe-
rited syndromes caused by mutations in the ligands or receptors47: cerebral 
autosomal dominant arteriopathy with subcortical infarcts and leukoencepha-
lopathy (CADASIL)48, the Alagille syndrome49 and spondylocostal dysosto-
sis50. In addition, Notch signaling plays important roles in cancer. 

T-cell acute lymphoblastic leukemia (T-ALL) 
Among all types of cancer, the role of Notch in T-cell acute lymphoblastic 
leukemia (T-ALL) is understood the most51. T-ALL is a form of leukemia in 
which the bone marrow is infiltrated with immature lymphoblasts resem-
bling T-cells phenotypically and in over 50% of all cases Notch1 contains 
activating mutations. Notch1 plays important roles at different stages of T-
cell development and deletion of Notch1 results in complete absence of T-
cells in mice52.  

Constitutive activation of Notch1 is in most T-ALL cases achieved 
through mutations or insertions in the HD domain, destabilizing the receptor 
in the resting state or exposing the S2 cleavage site, respectively. This leads 
to constitutive ligand-independent cleavage of Notch153. Another mechanism 
of hyperactivation is by mutation or deletion of the PEST domain, thus pre-
venting downregulation by FBXW734. The latter also contains inactivating 
mutations in 15% of T-ALL cases54, although it is of importance to note that 
FBXW7 is also mediating degradation of other oncogenes besides Notch155, 
thus its role in carcinogenesis is broader than mere Notch1 regulation.  

Oncogenic Notch1 itself mostly functions through upregulation of anabol-
ic pathways like the PI3K-Akt-mTOR pathway, controlling cell growth, 
proliferation and survival56, or through upregulation of c-Myc, a well-
established oncoprotein57. In addition, G1/S cell cycle progression is pro-
moted by Notch1 through upregulation of the cyclin dependent kinases 
(CDK) 4/658 and S phase kinase associated protein (SKP) 2. The latter is a 
ubiquitin ligase promoting proteasomal degradation of the cell cycle inhibi-
tors p21 and p2759. Furthermore, the activity of the famous tumor suppressor 
p53 is blocked by Notch, possibly through increase of ARF60, a negative 
regulator of mouse double minute 2 homologue (mdm2)61(Figure 2).  

Lastly, Notch is known to enhance nuclear factor kappa B (NF B) signal-
ing through upregulation of NF B itself62, promoting nuclear retention of 
NF B63 and activation of I B kinase64(Figure 2). 

Solid tumors 
The Notch signaling pathway is mostly described as promoting tumorigene-
sis, like in the case of T-ALL (see previous chapter). However, signaling 
pathways can have very different roles depending on the cell type and tissue 
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in which signal activation occurs. Concomitantly, Notch acts as a tumor 
suppressor in the skin. In the following chapter both roles of Notch in tumor 
progression will be discussed. 

During breast development, Notch signaling is required for committing 
mammary stem cells to the luminal lineage at the expense of the myoepi-
thelial lineage. In humans, it seems that Notch3 is the main regulator of 
mammary cell fate specification while in mouse mostly Notch1 is activated 
in luminal cells. Indeed, constitutive overexpression of NICD1 in mammary 
stem cells leads to an increase of luminal progenitor cells and additionally, 
promoted their self-renewal rate which ultimately enhances tumorigene-
sis65,66. Additionally, it was recently discovered that NICD4 is overexpressed 
in breast cancer stem cell lines and in primary human tissue samples67. In 
contrast to the other receptors, Notch2 induces apoptosis in breast cancer 
cells, therefore fulfilling the role of a tumor suppressor in breast cancer pro-
gression68.  

As mentioned before, signaling molecules can have very different physio-
logical effects depending on the tissue they are expressed in. This is nicely 
illustrated by the tumor promoting role of Notch2 in cutaneous melanoma, 
where Notch2 is upregulated69,70. Notch signaling is important to maintain 
the pool of melanocyte stem cells and deletion of Notch 1 or 2 in mice leads 
to loss of coat color and advances hair graying, both signs of loss of melano-
cytes71,72. Hyperactivation of Notch signaling can enhance melanoma forma-
tion through upregulation of Nodal, a transforming growth factor (TGF)  
family member shown to be associated with cancer progression73(Figure 2). 
Also, NICD1 overexpression leads to loss of E-cadherin and upregulation of 
melanoma adhesion molecule (MCAM), two important events in melanoma 
development74. In the light of the chapter on epithelial to mesenchymal tran-
sition (EMT) in this introduction, it is also important to mention the upregu-
lation of N-Cadherin by Notch1 during melanoma progression75(Figure 2). 

The role of Notch signaling in cancer progression is also well understood 
in a plethora of other cancers76 and description of all of those goes beyond 
the scope of this introduction. However, in light of paper I, it is of impor-
tance to elaborate a bit on the tumor suppressive properties of Notch signal-
ing. Usually Notch signaling is involved in maintaining the undifferentiated 
state of cells (e.g. intestine, brain) and extrapolation of this role towards 
cancer establishes Notch as a tumor promoter. In striking contrast to this, 
Notch can also induce terminal differentiation of cells and concomitantly, 
induce cell cycle arrest77, which counteracts tumorigenesis. This effect of 
Notch signaling has been described in prostate78, small cell lung cancer79 and 
hepatocellular carcinoma79, but is mostly studied in the skin.  

Deletion of Notch 1/2 or CSL leads to hyperproliferation of the skin, hair 
loss and epidermal cyst formation, confirming the tumor suppressive role of 
Notch in this tissue80,81. One possible explanation for this phenotype is that 
the potent cell cycle inhibitor p21WAF1/Cip1 (referred to as p21 from now on), 
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is a direct target of Notch signaling82. In addition to cell cycle withdrawal, 
Notch signaling leads to induction of differentiation markers83 and downre-
gulation of p6384, a p53 family member associated with squamous cell carci-
noma85. Indeed, a reciprocal negative feedback loop between Notch and p63 
can be observed in keratinocytes84,86. Finally, it is also important to note that 
Notch1 is a downstream target of the tumor suppressor p53 and negatively 
regulates Rho-associated coiled-coil-containing protein kinase (ROCK) 1/2 
and myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) , 
two effectors of Rho GTPases promoting tumorigenesis87(Figure 2).  

In conclusion, the role of Notch signaling in cancer is a prime example of 
the copious roles signaling pathways can fulfill depending on their context of 
activation. This also illustrates the challenge that lies in treatment of cancer 
by use of pharmaceutical inhibitors targeting signaling pathways. Full mole-
cular understanding of signaling pathways like Notch is of the utmost impor-
tance for developing safe and specific drugs targeting the multiple types of 
cancer.   
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TGF-  signaling 
In 1978 it was discovered that murine sarcoma virus transformed cells pro-
duce a factor that allowed phenotypical transformation of cultured normal rat 
kidney (NRK) cells. This factor was subsequently called the sarcoma growth 
factor (SGF)88. Later, it turned out that all the transforming power of this 
factor was contained in two separate substances89. One was named TGF- , 
which afterwards was found to be a member of the EGF family90. The other 
substance was called TGF-  and was shown to induce growth of NRK cells 
in the presence of small amounts of EGF89. When Harold Moses et al found 
later that TGF-  could also inhibit cell growth91, it only started to expose the 
plethora of roles TGF-  can fulfill depending on its temporal and spacial 
activation.   

Ligands of the TGF-  superfamily 
The TGF-  superfamily is a group of structurally related dimeric cytokines 
that are secreted by several cell types, consisting of around 30 family mem-
bers92. Besides the TGF-  ligand itself, other members include growth diffe-
rentiation factors (GDFs), bone morphogenetic proteins (BMPs), activins 
and more 93,94.  They are known to be critically involved in a broad range of 
cellular activities, such as embryonic development, tissue homeostasis, proli-
feration, differentiation and apoptosis95-98. The decision regarding which 
physiological program is activated, depends on the cell type and the context 
in which the TGF-  signal is received. 

TGF-  ligands are produced as larger precursor proteins consisting of 3 
distinct domains: An N-terminal signal peptide, an amino-terminal propep-
tide (also known as latency-associated peptide, LAP) and a carboxy-teminal 
mature ligand99-101(Figure 3). In the Golgi apparatus, the precursor molecule 
is processed by endoproteases of the convertase family, like furin102. How-
ever, LAP remains non-covalently bound to the mature peptide after secre-
tion, keeping the ligand inactive and preventing binding to the receptor103. 
This inactive complex is known as the small latency complex (SLC) (Figure 
4). Further regulation of TGF-  involves binding of latent TGF-  binding 
proteins (LTBPs) to the SLC, forming the large latency complex 
(LLC)104(Figure 4). The latter can link the complex to the extracellular ma-
trix (ECM), therefore effectively creating an extracellular storage space for 
TGF-  ligand until it is needed. This also allows elaborate and intriguing 
ways by which various tissues can exert influences on TGF-  pathway acti-
vation105,106.  

The final activation of TGF-  involves liberation of the active cytokine 
from the LLC, which can be achieved by cleavage of inhibiting factors from 
the mature peptide by proteases like plasmin107, elastase/chymase108, matrix-
metalloprotease (MMP) 9109 and others (Figure 4). A second way of activat-
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ing the ligand is by binding of thrombospondin-1 (TSP-1). This protein can 
bind to LAP, resulting in a conformational change of LAP and dissociation 
of mature TGF-  ligand from SLC or LLC110. Integrin v 6 works in a simi-
lar way, allowing integrin-mediated TGF-  activation111. Other components 
that can liberate TGF-  include reactive oxygen species (ROS)112, activated 
plasma cells113,114 and low pH115, although it is doubtful the latter occurs 
physiologically in vivo due to the extreme pH needed (Figure 4). 

 
Figure 3: Structural domains of the TGF-  ligand, receptors and Smads. The recep-
tor kinase domain is split by two kinase inserts. Phosphorylation sites are indicated 
in the type I receptor and the R-Smads. 

Receptors of the TGF-  superfamily 
All cytokines of the TGF-  superfamily transduce their signal from the 
extracellular environment across the plasma membrane into the cell by bind-
ing to heteromeric complexes of membrane-bound receptors94,116-118. The 
receptors can be divided into 2 subclasses, type I and type II receptors. They 
possess a common structure, consisting of a short cysteine-rich extracellular 
domain (which is subject to N-linked glycosylation119), a single transmem-
brane domain and an intracellular domain that contains serine/threonine ki-
nase domains. What differentiates the type I receptor from the type II recep-
tor is the presence of a glycine-serine repeat (known as the GS-region) at the 
amino-terminal boundary of the cytosolic kinase domain of the type I recep-
tor120,121(Figure 3). One might have expected the family of the receptors to be 
as large as the TGF-  ligand family, but only five type II and seven type I 
receptors (also known as activin-receptor-like kinases, ALKs) exist in hu-
mans93. Recognition of the different ligand stimuli is achieved by combina-
torial ligand-receptor interactions, i.e. different ligands have varying affinity 
for different combinations of type I and type II receptor complexes. For ex-
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ample, TGF-  signals via the type I receptor ALK-5, but this receptor is also 
capable of transducing signals by GDF9 and myostatin122,123, while ALK-1 is 
also able to signal after TGF-  in endothelial cells and neurons124,125. One 
example of a specific ligand receptor pair is the newly evolved and tissue-
specific ligand Müllerian inhibiting substance, MIS (AMH) and its type II 
receptor, MISRII (AMHRII). It has been observed both in mouse models and 
in human disease that mutation of the receptor or the ligand gives rise to 
exactly the same phenotype, so it seems MIS is the only ligand for MI-
SRII126,127. 

   Signaling induced by a member of the TGF-  superfamily always needs 
two type II and two type I receptors, forming a heterotetramer of the type II 
and type I homodimeric subunits128,129. The type II receptor has constitutive 
kinase activity and upon ligand binding, receptor heteromerisation is induced 
so that the type II receptor kinase phosphorylates the type I receptor on se-
rine residues present in its GS-domain121. Therefore, the type I receptor lies 
downstream of the type II receptor, and it has been shown that the type I 
receptors determine the specificity of the signal130(Figure 4).  

Besides the twelve receptors known for TGF-  signaling, there are also 
accessory receptors that can enhance the signaling by presenting ligands 
close to the receptors94. One of the accessory receptors is Betaglycan (also 
known as the TGF-  type III receptor) that facilitates binding of TGF- 2 to 
the type II receptor T RII131. Other examples include Cripto (facilitating 
binding between nodal and ALK-4 and ALK-7)132 and Endoglin, which can 
bind to BMP and TGF-  type I and II receptors133,134(Figure 4) 

After heterotetramerisation of the receptor complex, the receptor–
regulated (R)-Smads are phosphorylated and activated135.  However, several 
pathways can be activated through mechanisms not involving the conven-
tional Smad signaling136. 

Canonical TGF-  signaling: Smads as signal transducers 
The family of Smad proteins 
TGF-  pathway signaling through Smad proteins (also known as canonical 
TGF-  signaling) is the most common mechanism by which TGF-  receptor 
complex activation transfers the signal from plasma membrane to the nuc-
leus135,137. The etymology of the term Smad comes from a fusion between 
Sma (small body size) and Mad (mothers against decapentaplegic) 138. Those 
were the names given to the genetic mutants that corresponded to these pro-
teins when they were detected in Caenorhabditis elegans139 and in Drosophi-
la melanogaster140, respectively.  

In humans, the Smads can be divided into three distinct subfamilies: Re-
ceptor-regulated Smads (R-Smads) consisting of Smad 1, 2, 3, 5 and 8, the 
common partner Smad (Co-Smad) Smad4 and finally the inhibitory Smads 
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(I-Smads) Smad6 and Smad7138(Figure 3). TGF-  signal propagation is 
achieved by phosphorylation of the R-Smads on their C-terminal serine resi-
dues by the active type I receptor141-143(Figure 3). Specificity of R-Smad 
phosphorylation is determined by the L45 loop in the type I receptor kinase 
domain. Therefore, Smad2 and Smad3 are downstream of ALK4, ALK5 and 
ALK7, whereas Smad1, Smad5 and Smad8 are phosphorylated by ALK1, 
ALK2, ALK3 and ALK6144. Smad4 functions as a shared binding partner for 
all the R-Smads and is the only Co-Smad identified in mammals, whereas 
two Co-Smads (Smad4  and Smad4 ) are present in Xenopus145,146. Finally, 
the two remaining Smads, Smad6 and Smad7, function as negative regula-
tors of TGF-  superfamily signaling by receptor degradation or inhibition of 
R-Smad/Co-Smad complex formation147 (See also later chapter). 

R-Smads and Smad4 have a similar structure consisting of a Mad homol-
ogy 1 (MH1) domain, a linker region and a Mad homology 2 (MH2) do-
main148(Figure 3). The MH1 domain of R-Smads (with the exception of 
Smad2) can bind directly to specific promoter DNA sequences called Smad 
binding elements (SBE)149-151. Also, this domain contains a nuclear localiza-
tion signal (NLS) necessary for accumulation of Smads in the nucleus152,153 
and for Smad3 and Smad4 it has been shown that this can interact with Im-
portin 154 and 152, respectively. An important function for the MH2 domain 
is to mediate the homodimeric and heterodimeric complex formation be-
tween R-Smads and Co-Smads155. Moreover, although some transcription 
factors can bind to the MH1 domain, most regulatory proteins bind to the C-
terminal MH2 domain of the R-Smads and Co-Smad, e.g. p300 and 
CBP156,157. The two MH domains are connected through a not so well con-
served linker region, which is a flexible region providing interaction points 
for ubiquitin ligases via its PY motif158-160. Moreover, the linker domain con-
tains target sites for kinases like mitogen activated protein kinases 
(MAPKs)161 and CDKs162(Figure 3). Finally, Smad4’s linker region contains 
also a nuclear export signal (NES)146. 

Smad signal transduction from membrane to nucleus 
As described before, TGF-  signaling is initiated when the ligand binds the 
heterodimerized active receptor complex. Activation of the type I receptor 
allows binding of the R-Smads to their GS motif, which is rich in phospho-
serines and phosphothreonines and provides high affinity for the L3 loop 
region of the R-Smads. By this mechanism the type I receptor can directly 
phosphorylate the R-Smads on their carboxy-terminal SSXS motif163(Figure 
3). R-Smads and Co-Smads occur as monomers in their resting state and 
their MH1 and MH2 domains mutually inhibit each other164,165. Phosphoryla-
tion by the type I receptor relieves this inhibitory interaction and allows a 
heteromeric complex formation with the Co-Smad, Smad4. Finally, this 
phosphorylation also allows dissociation of the Smad oligomer from the 
receptor complex155. 
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Binding of the ligand to the receptor complex does not only activate the 
type I receptor and subsequently causes Smad phosphorylation, but also 
promotes internalization of the receptor complex via clathrin-coated pits into 
endosomes in the cytoplasm166,167. However, Smads exert their function as 
transcriptional regulators in the nucleus. Thus, influencing the shuttling be-
tween cytoplasm and nucleus is a powerful way of regulating general TGF-  
signaling. Although both R-Smads and Co-Smads constantly shuttle between 
cytoplasm and nucleus during the resting state, they mainly reside in the 
cytoplasm146,168,169. It has been proposed that their cytoplasmic localization 
depends on cytoplasmic tethering proteins. The best studied protein that can 
fulfill this function is SARA (Smad anchor for receptor activation). It can 
bind to Smad2 and Smad3, the TGF-  receptors and the endosomal com-
partment. When there is no TGF-  signaling present, SARA assists in keep-
ing Smad2 and Smad3 in the cytoplasm and when active TGF-  signaling 
occurs, SARA is important for their recruitment to the receptor complex170-

172(Figure 4). It has to be noted that some data suggests that nuclear export 
rates for both R-Smads and Co-Smads are higher than their import rates, 
therefore allowing a more cytoplasmic localization in an unstimulated 
state173,174.  

In general, it has been proposed that phosphorylation of R-Smads and oli-
gomer formation allows accumulation in the nucleus, and dephosphorylation 
by nuclear Smad phosphatases promotes nuclear export168. Import into the 
nucleus can be achieved by exposure of the NLS, blocking NES or release 
from cytoplasmic tethering factors. Analogously, export involves exposure 
of NES sequences, blocking of NLS and dissociation from nuclear tethering 
factors175. Different Smads use different mechanisms for nuclear import and 
export, and the exact mechanism of Smad shuttling is still under examina-
tion. Smad3 can interact with importin- 1 and can translocate to the nucleus 
in a Ras related nuclear protein (Ran) dependent mechanism153,154,176(Figure 
4). Interestingly, Smad2 cannot interact with importin- 1, but it is using an 
epitope in the MH2 domain for translocation in a nucleoporin dependent 
fashion177. Recently, RanBP3 has been proposed to mediate nuclear export 
of Smad2, after dephosphorylation of the latter by PPM1A178. Export of 
Smad3 from the nucleus is achieved by a mechanism involving Exportin 4 
and the GTPase Ran179(Figure 4). For Smad4 the import mechanism has 
been linked to binding with importin 7/8180, importin- 152 or nucleoporins181, 
and the nuclear export is dependent on binding with CRM1146. The latter is 
also able to export the Smad7/Smad ubiquitination regulatory factor (Smurf) 
2 complex out of the nucleus, eventually causing degradation of the active 
receptor complex (see further) (Figure 4). 

When inside the nucleus, the R-Smad/Co-Smad complex can bind to 
DNA and regulate a plethora of genes involved in cell differentiation, em-
bryonic development, immune responses, proliferation, migration and apop-
tosis. Smad binding to specific sequences in promoter DNA (SBE) is me-
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diated by the MH1 domain149-151. The minimal SBE sequence required for 
binding is 5’ –AGAC- 3’, a sequence commonly found in promoter se-
quences in the human genome182. As a consequence, TGF-  signaling can 
influence the activation or repression of hundreds of genes. In order to 
achieve cell type specific and pathway specific responses to TGF-  signal-
ing, many Smad interacting transcription factors and co-activators or co-
repressors are necessary for mediating transcriptional responses135. Sequence 
specific Smad-interacting transcription factors include members of the fol-
lowing families: bHLH (Basic helix-loop-helix)183, basic leucine zipper 
(bZIP)184, forkhead185, homeodomain186, NF B187, Runt related transcription 
factor (Runx)188, and more189. A well studied cofactor for Smad-mediated 
transcription is CBP/p300157,190. Finally, there are many co-repressors known 
to influence Smad-mediated transcription such as v-ski avian sarcoma viral 
oncogene homologue (Ski)/Ski related novel gene (Sno) N191, Avian Myelo-
cytoma viral oncogene homologue (Myc)192, Ecotropic viral incorporation 
site 1 (Evi-1)193, etc. Other ways of mediating Smad binding to SBE’s is by 
histone and chromatin modification194 or by posttranslational modifications 
like phosphorylation, ubiquitination or sumoylation. In conclusion, all these 
mechanisms allow extensive fine-tuning of the TGF-  signal. 

Non-canonical TGF-  signaling 
Although Smads are the main effectors upon TGF-  signaling, they are not 
the sole molecules that can act as a transducer after TGF-  pathway activa-
tion. Many more so called non-Smad pathways can be activated, including 
proteins activated by the MAPK (consisting of extracellular signal regulated 
kinases (ERK’s), p38 and c-Jun N-terminal kinases (JNK)), as well as Rho-
like GTPases (Rho, Rac and Cdc42). Other examples include activation of 
protein kinase A (PKA), phosphatidylinositol-3´ (PI3) kinase, partitioning-
defective (Par) 6 and TGF-  activated kinase 1 (TAK1)117,136,195-199(Figure 4). 
These alternative effectors serve as important nodes of crosstalk between 
TGF-  signaling and other major signaling pathways. This allows regulation 
of complex biological events like apoptosis, EMT, proliferation and migra-
tion136.  

Not only are there several non-Smad components activated by the active 
receptor complex, but also the Smads themselves can be regulated by pro-
teins other than the type I receptors. For example, it has been shown that 
transcription intermediate factor 1  (TIF1 ) can bind to Smad2-Smad3 and 
replace Smad4200(Figure 4). Also the ERK pathway is capable of interacting 
with Smads. Ras signaling activates the ERK kinases, which are able to 
phosphorylate the R-Smads in the linker region, interfering with their nuc-
lear localization201. As mentioned before, CDK4 and 2 can also phosphory-
late Smads in the same region, although in this case the phosphorylation 
inhibits the transcriptional function of Smad, resulting in inhibition of the  
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Figure 4. The TGF-  signaling pathway. Red circles indicate inhibition, while green 
circles designate positive effects. TGF- : TGF-  superfamily ligands; TGF RII: 
TGF-  receptor type II; TGF RI: TGF-  receptor type I; TF: Transcription factor; 
ECM: Extracellular matrix/space.   
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antiproliferative effect of TGF-  signaling162(Figure 4). Mitogen and stress 
activated kinase 1 (MSK1), a p38 substrate, can promote the association 
between Smad3 and p300, regulating the transcriptional activity202. Finally, 
protein kinase C (PKC) is capable of phosphorylating Smad3 in the MH1 
domain, effectively blocking DNA binding203(Figure 4). 

Negative regulation of TGF-  signaling 
Ending the TGF-  signal is of critical importance to control the activity of 
the pathway. Negative regulation can be achieved on many levels of the 
signaling cascade. 

Regulation of availability of the ligand and receptors is one major system 
to control strength and activity of the signal. One way to limit ligand availa-
bility is by the use of ligand traps, i.e. soluble proteins that can bind to spe-
cific TGF-  superfamily members and prevent them from binding to their 
receptors. Examples are Follistatin, Decorin, 2-macroglobulin, Chor-
din/SOG, LAP, Noggin and more94,204. Ligand traps are known to be secreted 
extracellularly and form gradients of inhibitory activity, which is of impor-
tance for several developmental processes during early embryogenesis205. 
BAMBI (BMP and activin membrane-bound inhibitor) is a transmembrane 
protein whose extracellular and transmembrane domains are structurally 
similar to type I receptors but they lack the intracellular domain, therefore 
functioning as a dominant antagonist of receptor complexes206(Figure 4). 
Recently a novel mechanism regulating receptor availability was described. 
Similar to Notch receptors4, the type I TGF-  receptor can be cleaved by 
TACE, therefore reducing the amount of available receptor on the cell sur-
face207(Figure 4). In addition, Smad6 and Smad7 (the I-Smads) are function-
ing as major negative regulators of TGF-  signaling. They are transcription-
ally induced by TGF-  signaling and participate in a negative feedback loop 
by binding to the receptors and preventing phosphorylation of R-
Smads208,209(Figure 4). Finally, receptor availability is controlled by endocy-
tosis into lipid rafts and subsequent degradation210. 

The R-Smad/Co-Smad complex, being a major node for TGF-  signaling, 
is a hotspot for negative regulation of the pathway. Dephosphorylation of R-
Smads is achieved by pyruvate dehydrogenase phosphatase (PDP)211 and 
protein phosphatase 2a (PP2a)212 for Smad1, protein phosphatase magnesium 
dependent 1A (PPM1A), dephosphorylating Smad2/3213, and finally small C-
terminal domain phosphatases (SCPs), which dephosphorylate 
Smad1/2/3214,215. This dephosphorylation leads to dissociation from Smad4 
and nuclear export, effectively inhibiting Smad-dependent signal-
ing216(Figure 4). Another way to stop signaling besides dephosphorylation is 
preventing phosphorylation of R-Smads in the first place. This can be 
achieved via binding of R-Smads to TMEPAI (transmembrane prostate an-
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drogen induced protein), a direct target of TGF-  signaling, preventing type I 
receptor mediated phosphorylation of the R-Smads217.  Also, it has been 
shown that I-Smads are able to interfere with complex formation between R-
Smads and Smad4218(Figure 4). Finally, ubiquitination is an important con-
trol mechanism to affect TGF-  signaling. Two of the best studied ubiquitin 
E3 ligases are Smurf1 and Smurf2. Smurf2 can ubiquitinate Smad1/2/5, 
while Smurf1 targets Smad1/5, both causing degradation of their sub-
strates219,220. Smurfs can also bind to Smad7 but this does not cause degrada-
tion of Smad7. Instead, Smad7 is acting as a scaffold protein to direct 
Smurfs to the TGF-  receptors, causing degradation221,222. Interestingly, 
Smurfs cannot bind to Smad4, but through binding R-Smads or I-Smads that 
can bind to Smad4, it can ubiquitinate Smad4 and subsequently cause its 
degradation223(Figure 4). Smad7 is degraded by its own E3 ligase, Arka-
dia224, and can be protected from degradation by acetylation in its N-terminal 
domain by p300, therefore negatively regulating signaling225. 

Finally, negative control of TGF-  signaling can be achieved in the nuc-
leus by preventing binding of the R-Smad/Co-Smad complex to DNA. c-Ski 
and Sno-N are proteins that are able to bind to the MH2 domain of Smad2 
and Smad3, preventing activation of transcription and they can sequester R-
Smads in the cytoplasm226,227. A similar protein, Evi-1, is also able to bind to 
the MH2 domain of Smad2 and Smad3, but it does not disrupt the interaction 
between Smads and their co-activators p300 and CBP, like c-Ski and Sno-N 
do228,229. Other negative regulators of Smad mediated transcription include 
TGF-  induced factor (TGIF), c-Myc and zinc finger E-box binding homeo-
box 2 (ZEB2)230-232. Lastly, physical removal of the Smads from the DNA by 
PARylation is another method of preventing overreaction of the transcrip-
tional response to TGF-  signaling activation233(Figure 4).     

Such diversity in mechanisms of negative regulation on different levels 
allows very effective both cell- and context-specific responses to TGF-  
signaling pathway activation. Although much research effort in the TGF-  
field is focused upon elucidating pathway regulation, the complete network 
of mechanisms is far from known. 

TGF-  signaling in cancer 
One of the most challenging aspects of TGF-  signaling is to unravel its role 
in cancer. Indeed, TGF-  is known as a double-edged sword during cancer 
progression, being a tumor suppressor or a tumor promoter depending on the 
context of signal activation. The following chapter will briefly touch on both 
aspects of TGF-  signaling during cancer progression, with an emphasis on 
the molecular alterations governing tumor progression. 
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TGF-  as a tumor suppressor  
Tumorigenesis can be blocked by several physiological processes including 
growth inhibition, differentiation and apoptosis. All these events can be re-
gulated by TGF-  and therefore, disruption of the TGF-  signaling pathway 
can be a leading factor in tumor development234,235. In addition to these cell-
autonomous roles of TGF-  during carcinogenesis, it is important to mention 
the well-studied roles of TGF-  in mediating tumor induced inflammation 
and in stroma regulation236,237. However, delineation of these effects goes 
beyond the scope of this introduction, and will not be discussed. 

Aside from targeting the pathway itself, restricting ligand availability and 
blocking presentation of the ligand to the receptors can be a way to prevent 
TGF-  activation. Endoglin enhances binding between ligands and receptors 
and inherited mutations of Endoglin lead to the hemorrhagic telangiectasia 
syndrome, which can include early-onset juvenile polyposis syndrome 
(JPS)238. Also ligand trap overexpression is known to be involved in tumor 
onset, i.e, Gremlin-1, a BMP antagonist, is involved in several cancers in-
cluding skin basal cell carcinoma239, and Follistatin overexpression is linked 
to breast cancer bone metastasis240, gastric cancer241 and liver cancer242.    

Being a cardinal component of the TGF-  signaling pathways, the recep-
tors are often affected in cancer. The TGF-  receptor type II especially 
seems a common target for inactivating mutations in cancer and one of the 
most common alteration is insertion or deletion of an additional adenine in 
the 10-base adenine repeat in the coding region of the receptor243,244. In tu-
mors with microsatellite instability (which is a sign of defective DNA re-
pair), these mutations are especially common, with the exception of breast 
and endometrial tumors244-246. But the type I TGF-  receptors are not spared 
from alterations either. Indeed, TGF R1 mutations are found in subtypes of 
ovarian and esophageal cancers247,248, amongst other types of cancer244.In 
contrast, mutations of R-Smads in cancer are rather rare244. However, inacti-
vation of Smad4 is a prevailing event in many cancers244, most notably in 
JPS249 and pancreatic cancers250.     

Interestingly, the frequent occurrence of mutations in the TGF-  receptors 
and in Smad4 does not correlate well with the observation that tissue-
specific knockouts of TGF RII or Smad4 rarely lead to spontaneous tumor 
formation251-255. Breast cancer is an exception to this, since deletion of 
TGF RII in mouse mammary epithelium leads to hyperplasia256 and knock-
out of Smad4 in mouse mammary glands gives spontaneous squamous cell 
carcinoma257. The likely explanation for this discrepancy can be found in the 
fact that the tumor suppressive role of TGF-  only becomes apparent when 
the organism is exposed to physical injury or mutagenic stress, and not dur-
ing tissue homeostasis. Indeed, deletion of TGF RII enhances carcinogene-
sis of the breast in mice infected with the mouse polyomavirus256 and also 
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promotes tumorigenesis of oncogenic RAS induced lesions in the pan-
creas251. The latter also occurs upon Smad4 deletion255. 

As mentioned before, TGF-  exerts its tumor suppressor activity mostly 
through induction of differentiation, through apoptosis and by inhibiting cell 
growth. Firstly, differentiation can be promoted by TGF- -mediated inhibi-
tion of inhibitor of differentiation (Id) proteins, therefore promoting differen-
tiation towards a less proliferative cell type or senescence258. Another exam-
ple is the promotion of mesenchymal precursor cells towards the osteoblast 
lineage by BMP’s259. Secondly, TGF- -induced cell cycle arrest is achieved 
mainly in two ways: By induction of CDK inhibitors like p15260 and 
p21261,262 (See also paper I), and by repression of c-Myc, an inhibitor of CDK 
inhibitors263. Lastly, TGF-  is able to limit tissue growth through induction 
of apoptosis, which can be achieved through Smad-mediated upregulation of 
proapoptotic proteins, including death associated protein kinase (DAPK), 
growth arrest and DNA damage inducible gene 45b (GADD45b), Bcl-2 inte-
racting mediator of cell death (BIM) and more264-267, or through crosstalk to 
other pathways regulating apoptosis, like  MAPK pathways267. 

TGF-  as a tumor promoter 
With the plethora of tumor suppressive roles of TGF-  signaling, it is con-
founding that the majority of tumors actually overproduce TGF- . Indeed, 
plasma levels of TGF-  in patients can even be used to predict survival for 
patients after surgery, with high levels correlating with low life expectan-
cy268. The answer to this discrepancy is that TGF-  slowly loses its initial 
tumor suppressing abilities during carcinogenesis, and potentiates its tumor 
promoting abilities234,267. 

Acquisition of motility by cancer cells is a major mechanism promoting 
tumor progression. Epithelial cells can transform to a more migratory cell 
type through EMT (See later chapter), but TGF-  can also specifically en-
hance motility of cells. TGF-  can promote cell invasion through upregula-
tion of several genes involved in actin reorganization and cell motility. Indi-
rectly, TGF-  can upregulate genes coding for transcription factors involved 
in cancer cell invasion, like Cut-like 1 (CUTL1)269. But TGF-  can also in-
duce genes that directly influence cell migration. Expression of tropomyosin 
through both Smad dependent and Smad independent signaling enhances cell 
contractility and subsequently, migration270. Another  TGF-  signaling target 
is neuroepithelial cell transforming gene 1 (NET1), which activates Rho 
GTPases271. A family member of the latter, RhoA, can also directly be de-
graded by TGF-  through a mechanism that circumvents gene induction, 
namely through polyubiquitination by Smurf1199. 

In addition, TGF-  can also modulate the tumor stroma to enhance tumo-
rigenesis. One of the main effectors in the stroma are the cancer associated 
fibroblasts. These cells could be derived from the original tumor by EMT272, 
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and they are an ample source of TGF- -induced cancer-promoting growth 
factors273 like PDGF274, FGF-2275 and CTGF276.  

Furthermore, TGF-  can aid the process of metastasis. One interesting 
mechanism is through upregulation of Angiopoietin-like 4 (Angptl4), a pro-
tein that disrupts vascular endothelial cell-cell junctions and therefore facili-
tates extravasation of the cell277. Once the cancer cells arrive at their site of 
metastasis, TGF-  can promote growth of the new metastases. This is nicely 
illustrated by the role of TGF-  in bone metastasis. TGF-  stimulates pro-
duction of parathyroid hormone related protein (PTHrP), which enhances 
bone resorption, leading to TGF-  release from bone matrix storages, bols-
tering a prometastatic loop and aiding tumor growth278. 

Finally, it is important to mention that TGF-  also promotes tumor 
growth by assisting immune system evasion, as well as influencing angioge-
nesis279,280.   

Crosstalk between pathways 
Given the complexity of multicellular organisms, it is striking that so few 
core signaling pathways exist. The conserving nature of signaling is nicely 
illustrated by the diverse roles of Notch and TGF-  during embryogenesis, in 
the adult organism and in diseases like cancer. Many of these divergent roles 
can be contributed to the extensive crosstalk that exists between pathways, 
allowing for very precise regulation of signaling in space and time. This 
chapter will highlight some interesting points of interaction between the 
Notch and the TGF-  pathway, both through ternary pathways or directly. 

The Wnt signaling pathway 
Notch signaling is closely entwined with several other signaling pathways, 
including Wnt signaling. When the Wnt pathway is idle, glycogen synthase 
kinase 3  (GSK3 ) phosphorylates -catenin, thereby inducing the degrada-
tion of -catenin through the proteasome. Upon activation of Wnt signaling, 
GSK3  activity is inhibited by Dishevelled (Dsh). This prevents -catenin 
degradation, which is transported to the nucleus where it can bind to mem-
bers of the lymphoid enhancer binding factor/T-cell-specific factor 
(LEF/TCF) transcription factor family, leading to the activation of Wnt 
pathway gene targets281.  

Pluripotent intestinal cells need both Notch and Wnt in order to keep pro-
liferating without differentiating282. Blocking of either Wnt or Notch signal-
ing in these cells leads to differentiation towards absorptive cells or secretory 
cells, respectively282. The preservation of pluripotency of these cells is 
achieved in two ways. Firstly, cell cycle progression is secured by inhibition 
of the cell cycle inhibitor p21 by both signaling pathways. Wnt exerts its 



 31

block via upregulation of c-Myc283, while Notch utilizes SKP2 induction59. 
Secondly, differentiation is blocked by inhibition of the bHLH transcription 
factor Human atonal 1 (Hath1), which is required for pluripotent intestinal 
cell differentiation284. While Notch again uses transcriptional repression of 
this differentiation factor by upregulation of Hes126,285,286, Wnt directly de-
grades Hath1 through phosphorylation by GSK3  only when Wnt signaling 
is active287. 

In addition to Notch, also TGF-  signaling intercommunicates with sev-
eral components of the Wnt signaling pathway on several levels. Both TGF-

 and Wnt regulate each other’s ligand levels, which is especially important 
during embryogenesis. For example, Wnt-8c induces Nodal and BMP2 
downregulates Wnt-7a in chicken embryos288,289. In addition, both signaling 
pathways regulate expression of connective tissue growth factor (CTGF), 
which blocks ligand-receptor binding of BMP4, but enhances that of TGF- , 
therefore regulating osteoblastic differentiation induced by BMP290. Also, 
Smads are known to interact with components of the Wnt signaling pathway.  
Especially the role of Smad7 is intriguing in this context. As mentioned be-
fore, the canonical role for Smad7 is to downregulate TGF-  receptors94, but 
in addition it also promotes degradation of -catenin through Smurf2 me-
diated ubiquitination94. In prostate cancer cells however, -catenin nuclear 
translocation is dependent on Smad7, highlighting again tissue context speci-
ficity of signaling crosstalk291. Finally, crosstalk between Wnt and TGF-  
signaling can also occur in the nucleus where both signaling pathways regu-
late the same genes like Goosecoid, Chordin, Noggin and more292. Indeed, 
Smad2/3/4, -catenin and Lef1 can form a complex in the nucleus293,294, but 
interestingly, this does not mean that all Wnt target genes are regulated 
through Smad4, confirming that presence of additional transcription factors 
is critical for full gene activation295.   

Convergence of Notch and TGF-  signaling on p53 
Another interesting interplay exists between Notch and the tumor suppressor 
p53296. In T-ALL, Notch suppresses p53 by increasing the activity of mdm2. 
This can be achieved through decreasing expression of ARF, a negative reg-
ulator of mdm260, or by activation of the PI3-Akt pathway297. In addition to 
this, Notch1 can bind directly to p53, subsequently blocking binding of p53 
to DNA298. Interestingly, Notch can also activate p53 in systems where 
Notch signaling results in growth inhibition or apoptosis. More specifically, 
Notch is suppressed in later stages of cervical cancer since it is able to down-
regulate the viral oncogene E6 though several mechanisms299-301. Converse-
ly, p53 is also able to regulate Notch signaling in both a positive and nega-
tive way. Presenilin-1, a catalytic component of the -secretase complex, is 
under transcriptional suppressive control of p53 in neurons and thymo-
cytes,302 while in primary keratinocytes p53 positively regulates Notch1303.  
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Interestingly, there are no reports to date of TGF-  signaling directly af-
fecting p53. However, p53 is also able to significantly affect TGF-  signal-
ing not only in a cancer context, but also during development304,305. The lat-
ter is surprising since p53 knockout mice develop normally and canonical 
ways of p53 activation (i.e. DNA damage, radiation, oxidative stress, etc) are 
unlikely to occur during development. Smad mediated TGF-  signaling can 
be mediated by p53 in several ways. Firstly, there are more than 50 loci in 
the genome where p53 binding elements lie in close proximity to SBE’s and 
it has been shown that for the AFP promoter p53 is required for TGF-  me-
diated repression of the AFP gene306. Secondly, transcriptional activation of 
the Mix2 promoter relies on binding of a Smad2/Smad4 complex to Fork-
head box H1 (FoxH1) and to p53, resulting in synergistic upregulation of 
Mix2307. This cooperation between Smads and p53 was also extended to-
wards several mammalian target genes like p21 and MMP2307. The former 
two mechanisms are of importance mostly during Xenopus development, but 
also in a cancer context, p53 can influence TGF-  signaling. Mutated p53 is 
able to repress the gene encoding the type II TGF-  receptor, effectively 
attenuating the whole TGF-  signaling pathway308. 

In conclusion, Notch signaling has the potential to severely modify TGF-
 signaling through p53, which could be of great importance not only during 

carcinogenesis but also in embryogenesis and tissue homeostasis. 

Direct crosstalk between Notch and TGF-  
Many more pathways and molecules offer a bridge between Notch and TGF-

 signaling, and an overview of all possible nodes of interaction goes beyond 
the scope of this introduction. However, several studies also describe direct 
interaction between Notch and TGF-  signaling, including Paper I of this 
thesis.  

A common mechanism of crosstalk between pathways is regulation of 
availability of ligands/receptors through transcriptional regulation. For ex-
ample, Nodal induces expression of Dll2 in Ciona embryos and Jagged is a 
TGF-  target gene in mammalian cells309,310. In addition to this, the NICD is 
also able to bind to Smad3 and this complex facilitates translocation to the 
nucleus, where they upregulate transcription factors like Foxp3 and Hes1311-

313. Also BMP responsive Smads are able to interact with the NICD. Phos-
phorylated Smad1 binds to NICD and this interaction is enhanced by binding 
of p300314. Opposing this pathway synergism, Notch can also sequester p300 
away from Smads, inhibiting the anti-proliferative effect of TGF- 315. Addi-
tional mechanisms of Notch antagonism include interaction of Notch4 with 
the R-Smad/Co-Smad complex, inhibiting TGF-  induced growth arrest316, 
and activated Notch can prevent Smad3 from binding to the promoters of 
p15, p16, p21 and p27 in the muscle317. The latter mechanism restores the 
regenerative potential of the muscle and might play an important role in 
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treatment of age-related muscle atrophy. Finally, TGF-  and Notch seem to 
have opposing functions during prostate development318.  

In light of the chapter on epithelial polarity and plasticity, it is important 
to also acknowledge the emerging crosstalk between TGF-  and Notch dur-
ing EMT. Indeed, in several epithelial cell lines it was demonstrated that 
Notch signaling is required for TGF-  induced EMT, since the upregulation 
of Jagged1 and Hairy/enhancer of split (Hey) 1, a transcriptional repressor 
downstream of Notch signaling, is required for TGF-  induced EMT319. In 
addition, the E-cadherin repressor Slug (see below) is a direct target of 
Notch signaling320. A recent report also suggests that Notch itself can induce 
EMT in rat alveolar epithelial cells, likely via TGF- 321. Finally, Notch also 
cooperates with BMP2 in inducing EMT in mouse endocardium epithelial 
cells322.  

Salt-inducible kinase 
SIK (salt-inducible kinase) was discovered as a protein kinase expressed in 
the myocardium of the developing mouse heart323. It was called Msk (myo-
cardial SNF-1 like kinase) due to the high resemblance with the SNF1 kinase 
in yeast. Thus, it is often called SNF1LK (Sucrose non-fermented 1-like 
kinase). The name SIK comes from the observation that it is induced in the 
adrenal glands of rats fed on a high-salt diet324. It has also been shown that 
SIK has important functions in adipogenesis and steroidogenesis325.  Finally, 
studies have shown that SIK is induced during PC12 cell depolarisation, 
receiving the name KID-2 (kinase induced for depolarisation-2)326. Two 
more isoforms of SIK are known, SIK2/QIK and SIK3/QSK327.  

SIK is a member of the AMPK (AMP activated protein kinase) family of 
serine/threonine kinases, consisting of 13 kinases activated by the master 
kinase LKB1 through phosphorylation on threonine 182 in the T-loop of the 
substrates328,329. However, it is important to mention that LKB1 is not the 
sole activator of AMPKs. For example, glycogen synthase kinase-3  (GSK-
3 ) and 14-3-3 can cooperate with LKB1 to activate SIK330,331. All members 
of the AMPK family have high sequence similarities but their functions are 
diverse, such as stress response and cell polarity control, microtubule regula-
tion and cellular transport regulation332-335.    

The secondary structure of SIK consists of two major domains: An N-
terminal serine/threonine kinase domain followed by an ubiquitin associated 
(UBA) domain) (Figure 5). For the latter it has been shown that it is of vital 
importance for the conformation of SIK and for the LKB1-mediated phos-
phorylation and activation336. The kinase domain is important for the catalyt-
ic function of SIK337. The C-terminal part after the UBA domain does not 
contain any known protein domains except for a nuclear localization domain, 
with serine 577 being of vital importance338. Recent research has shown that 
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phosphorylation of serine 577 by protein kinase A is an important mechan-
ism to regulate subcellular distribution of SIK339(Figure 5). 

New substrates for SIK are emerging rapidly. SIK can phosphorylate the 
transducer of regulated CREB activity (TORC) which relieves it from its 
function as a co-activator of CREB by inducing its nuclear export340. SIK 
also promotes survival of skeletal myocytes by phosphorylating class 2 his-
tone deacetylases (HDAC’s)341,342.  

 
Figure 5. SIK domain structure. The phosphorylation sites of LKB1 (T182) and PKA 
(S577) are indicated. The blue bar represents a NLS. S/T: Serine/Threonine. 
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Epithelial polarity and plasticity 

Epithelial junctions 
In metazoans, epithelial cells serve as barriers between the external and in-
ternal environment of the organism, and are also able to form glands. In ac-
cordance with their boundary function, they allow almost no intercellular 
space and tightly control secretion, selective absorption and transcellular 
transport343. Therefore, it is imperative that the epithelial cells form strong 
connections to each other, which can be accomplished through creation of 
desmosomes, gap junctions, adherens junctions (AJ) and tight junctions 
(TJ)343. Due to their role in EMT and during cancer progression, the latter 
two will be discussed in the following chapter. 

The AJ is found more basal than the TJ in epithelial cells, and is com-
posed of cadherins and catenins344. The former are a large family of trans-
membrane proteins that connect neighboring cells together, with E-cadherin 
as the prototype member345(Figure 6). Their connection is calcium depen-
dent, hence the name. The cytoplasmic tail of the cadherins interacts with 
several catenins, including -catenin346 and p120347 (also known as -
catenin). Their main role is to connect the cadherins to the cytoskeleton, 
therefore strengthening the transcellular bond345. Through binding of -
catenin to -catenin, the AJ is connected to several actin associated proteins, 
including Vinculin348, Formin349 and zona occludens (ZO) 1350, the latter 
allowing a connection to the TJ (see later)(Figure 6). The AJ is also able to 
influence transcription through -catenin, which is a key member of the Wnt 
signaling pathway (See above)281. When -catenin is bound to the TJ, it is 
sequestered away from the nucleus so it is unable to activate Wnt responsive 
genes281. As a result, the binding between -catenin and E-cadherin is heavi-
ly regulated through phosphorylation by several kinases, including, but not 
limited to, Casein kinase (CK) 1351/2352 and protein kinase D1353. Finally, it 
is important to mention that another catenin, plakoglobin, is able to replace 

-catenin in the AJ, allowing Wnt signaling to mobilize -catenin while pre-
serving an intact AJ present354.   

The TJ is the most apical junctional structure present in epithelial cells. 
Similar to AJ, they consist of transmembrane proteins, important for sealing 
the junction through homophilic binding, and intracellular adaptor proteins 
linking the transmembrane proteins to the actin cytoskeleton. The latter also 
allow for various interactions with mediators of TJ stability355. In contrast to 
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the AJ, there are several families of transmembrane proteins, including Oc-
cludin, Claudins and the Junction adhesion molecules (JAMs) (Figure 6). 
Occludin was the first transmembrane protein identified in the TJ complex. 
It contains four transmembrane domains, two extracellular loops and two 
intracellular loops and its binding to the ZO proteins is required for its loca-
lization at the TJ356(Figure 6). In addition, Occludin interacts with the TGF-  
receptor complex, allowing TGF-  dependent dissolution of the TJ com-
plex357.  Interestingly, knockout mice for Occludin reveal no major changes 
in TJ morphology, but downregulation of Occludin expression is correlated 
to cancer progression in several types of cancer356,358,359.  

Claudins have a similar structure as Occludin, but lack any sequence si-
milarity355. In mammals, 24 family members are known, with some Claudins 
having tissue specific expression patterns360. The ZO proteins are the main 
interaction partners for the Claudins, linking them to the actin cytoskeleton 
(Figure 6). In addition, Claudins also interacts with protein associated with 
Lin seven 1 (PALS1) associated TJ protein (PATJ)355. In contrast to Occlu-
din, knockout of specific Claudins yields severe phenotypes361 and in cancer, 
Claudin expression can be used to differ between histological tumor types, 
as well as act as prognostic markers362. In light of the chapter on EMT, it is 
also important to mention that Snail1 negatively regulates expression of both 
Occludin and Claudins363,364(Figure 7).  

Finally, the JAMs are a third group of transmembrane TJ proteins365. In 
contrast to the previously discussed groups, the JAMs only have one trans-
membrane domain, one extracellular domain and one cytoplasmic tail366. The 
family consists of four members and, like the other transmembrane protein 
families, their extracellular domains interact through homophilic interactions 
with JAMs from the neighboring cell367. In addition to their binding to the 
ZO proteins355, they also bind Par3, linking the Par3/Par6/aPKC polarity 
complex to the TJ (See later)368(Figure 6). 

In order to preserve the cuboidal structure of the epithelial cells and 
strengthen the TJ, association with the cytoskeleton is of the utmost impor-
tance. Most transmembrane proteins of the TJ are unable to interact directly 
with the cytoskeleton, so therefore they utilize intracellular adaptor pro-
teins355. A subset of these proteins can be classified as membrane associated 
guanylate kinase (MAGUK) family proteins, based on the presence of a 
GUK domain. It is important to note that this domain does not have any cata-
lytic function and thus serves for protein-protein interactions369. Prominent 
members of the MAGUK family are the ZO proteins (Figure 6). In addition 
to linking the transmembrane proteins to the cytoskeleton370, ZO-1 also binds 
ZO-1 associated nucleic acid binding protein (ZONAB), a Y-box transcrip-
tion factor that can influence the cell cycle through binding to CDK4371. 
Under conditions of high cell density, ZONAB, with CDK4 bound, binds to 
ZO-1 at the TJ, effectively sequestering CDK4 away from the nucleus and 
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Figure 6. Junctions and protein complexes involved in maintaining epithelial polari-
ty .The three epithelial polarity complexes are depicted: The Par complex and its 
mechanism of asymmetrical distribution, the Crumbs complex and the Scribble 
complex. Please note that the Crumbs complex is actually located between the TJ 
and the AJ. The location depicted in this scheme is only for the sake of clarity. Clau: 
Claudin; Occ: Occludin; E-Cad: E-cadherin, -Cat: -Catenin; -Cat: -Catenin. 
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preventing cell division. When the cell density is low, ZO-1 expression is 
low and ZONAB, with CDK4, can translocate to the nucleus. There, CDK4 
can promote S phase entry, and ZONAB itself can activate transcription of 
target genes371(Figure 6). In addition, ZO proteins are also able to bind 
members of the AJ and play not well defined roles in AJ formation370.  

Another subgroup of the MAGUK proteins consists of the membrane as-
sociated guanylate kinase inverted (MAGI) family. Similar to ZO proteins, 
they are able to link the TJ to the actin cytoskeleton and play also roles in 
TJ/AJ assembly during polarization355,372. Additionally, they interact with the 
tumor suppressor protein tyrosine phosphatase and tensin homologue 
(PTEN), recruiting it to the junctions and thus MAGI proteins can play roles 
in tumorigenesis373.  

Finally, there are also many adaptor proteins in the epithelial junction that 
do not belong to the MAGUK family. One well studied protein to mention is 
Cingulin, an important structural link between the junction and the actin 
cytoskeleton, since it can interact with the ZO’s, actin and JAM-A374-

376(Figure 6). Interestingly, Cingulin does not seem to be required for TJ 
formation, but mutation of the Cingulin gene alters the levels of several TJ 
proteins, possibly through negative regulation of RhoA377,378.  

Epithelial polarity complexes  
The homeostasis of epithelial cells is safeguarded through regulation of sev-
eral protein complexes involved in polarity regulation. Hence, these protein 
complexes are called polarity complexes and they are key players in various 
types of polarity besides apicobasal polarity, including asymmetrical divi-
sion, axon growth and directed cell migration379. However, for the sake of 
clarity, this chapter will be limited to the role of three major polarity com-
plexes in epithelial cells: The Crumbs/PALS1/PATJ complex (hereafter 
called the Crumbs complex), the Scribble/Lethal giant larvae (Lgl)/Disc 
large (DLG) complex (henceforth referred to as the Scribble complex) and 
the Par3/Par6/aPKC complex (hereafter designated as the Par com-
plex)380(Figure 6). 

The Crumbs complex was analyzed first in 1990 in Drosophila epithelia, 
where it was found that knockout of Crumbs led to defective epithelial pola-
rization in flies381. Crumbs is a transmembrane protein localized between the 
TJ and the AJ, and its main connection to the cytoplasm is through binding 
of PALS1382. Concomitantly, knockdown of PALS1 in epithelial cells also 
interferes with TJ formation and causes polarity defects, likely due to failure 
of recruitment of the Par complex to the TJ (see further)383. Interestingly, this 
knockdown also results in loss of PATJ, the final member of the Crumbs 
polarity complex380,383. In addition to its interaction with PALS1, PATJ also 
binds strongly to ZO-3 and Claudin-1(Figure 6), therefore physically linking 
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the Crumbs polarity complex to the TJ. PATJ is also of importance for cell 
polarity, since knockdown of PATJ results in mislocalization of ZO-1, ZO-3, 
Occludin, Crumbs and PALS1384,385. In mammals, PATJ has a close homolo-
gue called multi-PDZ domain protein (MUPP) 1386. This protein also binds 
to PALS1 and contains 13 PDZ domains, thus linking the Crumbs domain 
firmly to the TJ complex through several interactions with structural TJ pro-
teins, including Claudins, JAMs and coxsackie and adenovirus receptor 
(CAR)380.  

The Par complex is also localized in the apical domain of the cell and is 
linked to the TJ through interaction of JAMs with Par3368(Figure 6). This 
interaction is important for Par3 to fulfill its role as a scaffold protein for the 
other members of the Par complex, i.e. Par3 and aPKC387(Figure 6). Accor-
dingly, downregulation of Par3 leads to mislocalization of Par6, aPKC and 
other TJ markers, disrupting the TJ complex380,387, and concomitantly, Par3 
is downregulated during TGF-  induced EMT388,389 (see also paper IV).  In 
addition to the other members of the Par complex, Par3 also interacts with T-
cell lymphoma invasion and metastasis (Tiam) 1390, LIM domain kinase 
(LIMK) 2391 and the adaptor protein 14-3-3392. The latter is important for the 
asymmetrical distribution of the Par complex. When Par3 is at the basolater-
al side of the cell, it is phosphorylated by Par1 (also known as MARK2, a 
member of the AMPK family, which includes SIK), preventing the Par com-
plex from forming and enabling 14-3-3 to bind Par3392. This effectively re-
stricts the active Par complex from the basolateral side of the cell. Converse-
ly, Par1 is phosphorylated by aPKC at the apical side of the cell, enabling 
14-3-3 to bind to Par1 and restricting Par1 from the apical domain393(Figure 
6). Atypical PKC is the only member of the Par complex with catalytical 
activity, and this activity is important for the formation of TJ394. In epithelial 
cells, aPKC is constitutively bound to the third member of the Par complex, 
Par6395. The latter binds to the GTPase Cell division cycle (Cdc) 42, which is 
activated upon E-cadherin homodimerization and mediates phosphorylation 
and subsequent activation of aPKC380,396,397. Par6 also binds to ALK5199 (see 
later) and LGL, a member of the Scribble complex. Par6/LGL binding al-
lows aPKC to phosphorylate LGL, dissociating LGL from the Par6/aPKC 
complex ensuring the basolateral localization of the Scribble complex, as 
well as safeguarding correct apical localization of the Par complex355,398,399.  

The Scribble complex is different from the other two polarity complexes 
since it is localized on the basolateral domain of the epithelial cell. Mamma-
lian Scribble is able to bind to ZO-2, but only in unpolarized cells400. When 
polarization occurs, ZO-2 localizes to the TJ, while Scribble binds LGL401, 
which is localized at the basolateral side of the cell (Figure 6). LGL might 
play roles in basolateral exocytosis through its interaction with syntaxin 4402. 
The final member of the Scribble complex is DLG, a member of the MA-
GUK family. Mammalian Scribble and DLG both bind to GUK Holder 
(GUKH)403. In addition, DLG regulates epithelial polarity through interac-
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tion with Membrane protein palmitoylated (MPP) 7404, Calmodulin asso-
ciated kinase (Cask)405, adenomatous polyposis coli (APC)406 and PTEN407.   

Epithelial to mesenchymal transition 
EMT is a global differentiation that changes fully polarized epithelial cells to 
mesenchymal migratory cells, while the reverse process is termed MET. 
During EMT, the cells lose both TJ and AJ as well as cell-matrix adhesion 
and they gain mesenchymal characteristics like enhanced motility and inva-
siveness408. EMT is known to occur during embryonic development, where a 
distinction is made between primary, secondary and tertiary EMT409. Prima-
ry EMT occurs early in development during mesoderm and parietal endo-
derm formation, as well as during neural crest delamination409,410. In later 
stages of development, several organs including the pancreas or the liver 
require a secondary EMT for successful development411,412. During heart 
development, EMT occurs three times, with the tertiary EMT taking place 
during formation of the cushion mesenchyme in the heart413. In addition to 
its roles in embryogenesis, EMT is known to occur in adult organisms in 
response to injury413 as well as in pathological conditions like fibrosis414 and 
cancer415(Figure 7).  

Based on these different contexts in which EMT manifests itself, it has 
been proposed to classify EMT into three subtypes. All EMT events that 
happen during embryogenesis give rise to cells unable to cause fibrosis or 
spread systemically through circulation, and subsequently, these EMTs are 
termed type 1 EMTs. When EMT is induced in the adult organism as a repair 
response to trauma or inflammation, it is classified as type 2 EMT. The last 
classification encompasses all EMT events occurring during carcinogene-
sis408,416. Interestingly, despite the different contexts during which EMT oc-
curs, a common set of regulators underlies this differentiation process. 

A key molecular change that characterizes the process of EMT is the 
downregulation of the AJ protein E-cadherin at the mRNA and protein lev-
el417(Figure 7). Transcriptional repression of E-cadherin is achieved by the 
high induction of a plethora of well studied transcription factors, including 
the two-handed zinc finger/homeodomain proteins (ZEB1/2), the bHLH 
proteins (E12/E47, Twist1), LEF-1 and the Snail family of zinc finger pro-
teins (Snail1, Snail2/Slug)417(Figure 7). In recent years, the latter have 
emerged as major regulators of the EMT process, since Snail1 is known to 
repress more targets involved in EMT besides E-cadherin, i.e. Crumbs, an 
important regulator of the polarity complex418, hepatocyte nuclear factor 4  
(HNF4 ), a modulator of epithelial polarity in hepatocytes419 and several 
Claudins, including Claudin 1364, 3, 4 and 7363 (See previous chapter) (Figure 
7).  Considering the heterogeneous effects of Snail1, it is not surprising that 
many signaling pathways exert their effect on EMT through modulation of 
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Snail1. Snail1 expression can be induced by several signaling pathways ca-
pable of influencing EMT, including TGF- 420, FGF421, Wnt422 and Notch423. 
In addition to transcriptional regulation, Snail1 is also regulated posttransla-
tionally424 through phosphorylation by GSK3 425 and p21 activated kinase 
(PAK)426. Conversely, dephosphorylation is achieved through action of the 
small C-terminal domain phosphatase (SCP)427. 

 In addition to AJ stability regulation, also the TJ complex and epithelial 
polarity is regulated during EMT428. The Par3/Par6/aPKC complex discussed 
before can be regulated in several ways. Par6 interacts with ALK5 and can 
be phosphorylated by the TGF-  type II receptor, leading to degradation of 
RhoA by Smurf1199. In addition, ZEB1 can repress PATJ, a member of the 
Crumbs complex, and Lgl2, a member of the Scribble complex429. As men-
tioned before, Snail1 also affects TJ stability and polarity through repression 
of Claudin, Crumbs and HNF4 409(Figure 7). Finally, the downregulation of 
other structural TJ components like Occludin and ZO-1 is often observed 
during EMT409. It is important to mention that, besides inhibition of the epi-
thelial program, EMT also encompasses initiation of the mesenchymal diffe-
rentiation program. The latter is often achieved through direct induction of 
proteins important for the mesenchymal phenotype of cells, like Vimentin, 
Smooth muscle actin, Fibronectin and more430. 

TGF-  signaling, amongst other pathways, is a major inducer of EMT. So 
far it has been shown that only the members of TGF-  subfamily ligands, i.e. 
TGF- 1, TGF- 2 and TGF- 3, can induce EMT431. However, when the re-
ceptors activating Smad2 and Smad3 are ectopically expressed, all of them 
can induce EMT, suggesting that their corresponding ligands (TGF- , Acti-
vin, Nodal, Myostatin and others) have a similar effect431. Interestingly, 
BMPs not only fail to induce EMT, but they antagonize the TGF-  effects 
and they can revert mesenchymal cells back to epithelial cells (MET)432,433. 
These opposite effects on EMT by distinct members of the TGF-  superfa-
mily can be explained by the regulation of the Id genes by TGF-  and BMP 
ligand-specific Smad pathways432. For example, downregulation of the Id 
genes by TGF-  is important for the subsequent downregulation of E-
cadherin and ZO-1 and eventually the establishment of EMT, while sus-
tained induction of the Id genes by BMPs blocks EMT432. However, as de-
scribed before, Notch can cooperate with BMP2 in inducing EMT in mouse 
endocardium epithelial cells322, highlighting once more the cell type specific 
effects of signaling.   

Since TGF-  signaling is capable of regulating over 500 genes, it is logi-
cal to assume that TGF-  can affect EMT by inducing changes in gene ex-
pression. Besides E-cadherin repressing transcription factors, TGF-  also 
regulates NET1271, Tropomyosin434, CUTL1269 and the transcription factor 
high mobility group A2 (HMGA2)435. The latter is of particular importance 
as it has been shown to be an upstream inducer of many major transcription-
al repressors of E-cadherin during TGF- –induced EMT. HMGA2 is inter-
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esting because its transcription is induced by Smads, binds to Smads and 
induces expression of Snail1 and possibly Twist1435. Despite the prominent 
role of Smad2/3/4 in EMT, many reports claim that non-canonical TGF-  
signaling is critical for TGF- -induced EMT. In certain cell models, EMT 
depends on MAP kinases436, PI3 kinase437, the NF- B pathway438 and more.  

Currently we are far from understanding all the details of TGF- -
mediated EMT. Despite this, some discoveries have already offered new 
therapeutic approaches towards cancer. The growing evidence that EMT is 
an important mechanism for invasion and metastasis of cancer cells warrants 
continuous research in this field. 

 

 
Figure 7. Schematic overview of EMT during cancer progression. The red cells have 
lost their cell-cell contacts and have acquired motility through the EMT process. 
They can break through the basement membrane, invade the surrounding tissue and 
freely pass in and out of the blood stream, ultimately promoting metastasis in distant 
organs through the process of MET.    
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Present investigation 

Aim 
The aim of the thesis was to uncover novel mechanisms of pathway crosstalk 
allowing for diversification of TGF-  signaling. The specific aims were: 

 
 To investigate the crosstalk between Notch and TGF-  signaling 

in controlling cell proliferation. 
 

 To identify new target genes of TGF-  signaling involved in 
pathway regulation and alteration of signaling outcome. 

 
 To clarify the role of SIK in the negative feedback loop of TGF-  

signaling. 
 
 To elucidate the role of SIK during epithelial to mesenchymal 

transition. 

Paper I 
Notch signaling is necessary for epithelial growth arrest by TGF- . 
Hideki Niimi*, Katerina Pardali*, Michael Vanlandewijck, Carl-Henrik 
Heldin and Aristidis Moustakas 
J Cell Biol. 2007 February 26; 176(5): 695–707 

* The first two authors contributed equally to the work 
 

The first paper describes novel crosstalk between TGF-  and Notch signal-
ing. Both pathways are known to act as tumor suppressors by inhibiting cell 
proliferation. Conversely, Notch is a well described tumor promoter, induc-
ing oncogenic growth, while TGF-  assists in tumor invasion and metastasis. 
In this work we focused on the former role of both pathways in human skin 
cells, where both pathways are known to function as tumor suppressors.  

Notch and TGF-  cooperate to arrest epithelial growth, with Notch activi-
ty being a prerequisite for TGF-  induced cytostasis. The latter is demon-
strated in a transcriptomic screen in which TGF-  stimulated epithelial cells 
are treated with the -secretase inhibitor GSI, blocking endogenous Notch 
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signaling. Blocking of the latter pathway reduces the amount of TGF-  res-
ponsive genes by 36%, suggesting that a large subsection of the TGF-  gene 
program incorporates regulation by Notch. In addition, we demonstrate that 
TGF-  induces the expression of the Notch ligand Jagged1, and modulates 
the Notch receptor profile. 

Amongst the genes coregulated by Notch and TGF-  are a large number 
of genes involved in apoptosis, as well as cell cycle regulators. A prominent 
gene belonging to the last group is the cell cycle inhibitor p21, which is an 
important effector of TGF-  mediated growth arrest. Interestingly, GSI only 
attenuated the late response of p21 to TGF-  stimulation which is due to the 
fact that both transcriptional induction of the Notch ligand Jagged1 by TGF-

 and endogenous levels of the Notch effector CSL are necessary for pro-
longed p21 upregulation. Finally, the paper depicts that mutual inhibition of 
cell proliferation by TGF-  and Notch is lost in human mammary cells in 
which the p21 gene has been knocked out, highlighting the role of p21 as a 
node of crosstalk between these two pathways. In conclusion, paper I estab-
lishes a novel crosstalk between Notch and TGF-   in  mediating epithelial 
homeostasis. 

Paper II 
TGF-  induces SIK to negatively regulate ALK5 receptor signaling 
Marcin Kowanetz*, Peter Lönn*, Michael Vanlandewijck, Katarzyna  
Kowanetz, Carl-Henrik Heldin and Aristidis Moustakas 
J Cell Biol. 2008 Aug 25; 182(4):655-62. 

* The first two authors contributed equally to the work 
 

Proper regulation of the TGF-  signaling pathway is of paramount impor-
tance for maintaining tissue homeostasis. Therefore, several negative regula-
tors of the signaling pathway exist that can attenuate TGF-  signaling. Paper 
II describes a novel target of TGF-  signaling, the serine/threonine kinase 
salt inducible kinase (SIK), a member of the AMPK family of protein kinas-
es (Figure 8).  

SIK is a direct target of TGF-  signaling and negatively regulates TGF-  
signaling through degradation of the TGF-  type I receptor ALK5. Although 
SIK is able to bind to ALK5, its main interaction partner is Smad7, a well 
established negative regulator of TGF-  signaling that is required for SIK 
dependent receptor turnover (Figure 8). In addition, the paper highlights the 
importance of the two function domains of SIK, namely the kinase domain 
and the UBA domain. The latter is shown to bind ubiquitinated proteins, 
emphasizing a role for ubiquitin in SIK mediated ALK5 degradation. Final-
ly, the paper demonstrates endogenous TGF-  signaling attenuation by SIK, 
i.e., downregulation of SIK causes upregulation of several genetic programs 
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mediated by TGF-  like proliferation (through p21 and p15) and differentia-
tion (through Id2). 

In conclusion, paper II offers another node of pathway conjunction 
through SIK, allowing upstream regulators of SIK activity (like LKB1, 
GSK3  and PKA) to influence TGF-  signaling strength. 

Paper III 
SIK and Smurf2 cooperate to downregulate the TGF-  type I receptor 
Peter Lönn*, Michael Vanlandewijck*, Marcin Kowanetz, Katarzyna  
Kowanetz, Carl-Henrik Heldin and Aristidis Moustakas 
Manuscript 

* The first two authors contributed equally to the work 
 

Paper III further unravels the mechanism by which SIK is influencing TGF-  
signaling, introducing cooperation of SIK with the E3 ubiquitin ligase 
Smurf2 (Figure 8).  

The paper demonstrates that SIK is an immediate-early target of Smad-
mediated (canonical) TGF-  signaling, similar to Smad7 and Smurf2. A 
trimeric complex is formed between Smad7, Smurf2 and SIK, and the latter 
requires active Smurf2 in order to downregulate ALK5 (Figure 8). Addition-
ally, individual knockdown of SIK and Smurf2 both enhance TGF-  signal-
ing, while simultaneous knockdown of both negative regulators does not 
further enhance TGF-  signaling activity, suggesting they work via the same 
mechanism. In accordance with the SIK dependency on Smurf2 activity, 
Smurf2 requires the phosphorylation activity of SIK for efficient ALK5 de-
gradation.  

The paper further uncovers Smad7 as a phosphorylation substrate of 
SIK1. The phosphorylation sites were mapped by Edman degradation to 
serines 7, 16 and 259, in agreement with the observation that SIK mainly 
phosphorylates Smad7 in the N-terminal domain (aa 1-261). However, triple 
mutation of these serines did not fully abolish SIK mediated Smad7 phos-
phorylation, suggesting that additional phosphorylation sites must exist in 
Smad7. 
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Paper IV 
SIK phosphorylates and degrades Par3 to mediate tight junction disassembly 
during epithelial-mesenchymal transition 
Michael Vanlandewijck, Marta Lomnytska, Christer Busch, Carl-Henrik 
Heldin and Aristidis Moustakas 
Manuscript 
 
Publication of a phosphorylation motive for SIK motivated us to perform an 
in sillico screen for additional SIK phosphorylation substrates. Several novel 
proteins were uncovered in this screen, and in paper IV we focus on the inte-
raction between SIK and the polarity protein Par3 (Figure 8). 

Protein sequence alignment of the predicted phosphorylation site (serine 
885) in Par3 between species reveals high conservation of the phosphoryla-
tion site. Furthermore, SIK and Par3 form a complex and similarly to the 
mechanism in Paper II and III, SIK efficiently degrades Par3 through activi-
ty of its kinase domain (Figure 8). In addition, Par3 is a substrate for SIK 
mediated phosphorylation, since SIK downregulation attenuates Par3 phos-
phorylation. Mutational analysis strongly suggests that serine 885 is the 
phosphorylation site of SIK in Par3, since mutation of serine 885 to alanine 
protects Par3 from SIK mediated degradation, while mutation of neighboring 
serines has no effect.  

SIK also affects the Tight Junction (TJ) stability of the cells, a process 
known to be positively regulated by Par3. Overexpression of SIK destroys 
the TJ complex, while downregulation of SIK protects TJ downregulation 
during TGF-  induced EMT, a process in which TJ dissolution is well estab-
lished. Conversely, Par3 downregulation dramatically enhances TGF-  in-
duced EMT. Finally, the paper describes the expression of SIK in various 
epithelial tumors, and correlates expression of SIK to Par3 and TGF-  activi-
ty. 

In conclusion, Paper IV proposes a novel role for SIK in regulating epi-
thelial polarity through downregulation of Par3 during TGF-  mediated can-
cer progression. 
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Figure 8. Model of the role of SIK in TGF-  signaling. 
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Future perspectives 

One of the persistent enigmas in the field of cancer research is the contra-
dicting roles signaling pathways can fulfill during different stages of the 
disease. This thesis focuses on the TGF-  signaling pathway, which acts as a 
tumor suppressor during early stages of tumor growth, but enhances carcino-
genesis in later stages of the disease. So what makes this pathway switch 
roles so dramatically? The answer most likely lies in the crosstalk that exists 
between different signaling pathways, regulating each other continually to 
allow the cell to respond properly to signals from their surroundings. How-
ever, this crosstalk shows high temporal and spacial specificity and the chal-
lenge lies in finding exactly when, where and how a normal cell is put on the 
path towards malignancy. 

Paper I 
In the first paper we describe a novel crosstalk between Notch and TGF-  in 
regulating growth arrest in epithelial cells. In the microarray screen that was 
performed we found several proteins that were specifically regulated by both 
signaling pathways. Although we focused our attention on p21, we have to 
acknowledge that several other factors involved in cell growth regulation 
were discovered. It would be of great interest to investigate how these other 
factors integrate with TGF-  induced growth arrest. Furthermore, several 
genes were found to strongly depend on Notch signaling for their activation, 
including serine/threonine kinase receptor-associated protein (STRAP) and 
Smurf1, two proteins involved in TGF-  receptor turnover. Therefore, in 
light of paper II and III, it would be of great interest to investigate the role of 
Notch in mediating TGF-  signaling strength and duration. Finally, explora-
tion of the genes that are coregulated by Notch and TGF-  involved in other 
physiological processes besides cell proliferation (e.g. EMT, stemness, ECM 
regulation, etc) is highly warranted.  

It is important to note that although Notch signaling is primarily described 
as a tumor promoter in cancer progression, Notch can function also as a tu-
mor suppressor in a subset of human cancers, including non melanoma skin 
cancer. In addition, mouse models with a liver or skin specific knockout of 
Notch develop spontaneous cancer. Our microarray screen was performed in 
normal non-tumorigenic human keratinocytes, and thus we confirm the role 
of both Notch and TGF-  as tumor suppressors for normal skin cells. How-
ever, considering the plethora of tumor promoting roles both pathways can 
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exert on other cell types, it would be very informative to repeat the microar-
ray setup presented in paper I in another cell system related to carcinogene-
sis. One possible candidate would be the MCF10A cell system for breast 
cancer progression, possibly uncovering novel targets regulated by both 
pathways involved in tumorigenesis. 

Finally, the effect of the -secretase inhibitor on R-Smad phosphorylation 
is an important observation that warrants additional investigation. Although 
we have demonstrated that it is unlikely that the results of the microarray are 
due to a Notch independent effect of GSI on R-Smad phosphorylation, we 
acknowledge that GSI affects R-Smad phosphorylation. Recently the group 
of Rik Derynck has unveiled a mechanism whereby the TGF-  type I recep-
tor is cleaved by TACE (see first chapter on Notch), negatively regulating 
TGF-  signaling. Therefore we can speculate that -secretase is also in-
volved in TGF-  receptor cleavage, a possibility that definitely demands 
additional investigation. 

Paper II and III 
The following two papers describe SIK as a novel player in negative regula-
tion of the TGF-  signaling pathway. We demonstrate that SIK forms a ter-
nary complex with Smad7 and Smurf2, and that SIK and Smurf2 both de-
pend on each other for their activity. However, there are still multiple ques-
tions regarding the exact mechanism by which SIK affects TGF-  receptor 
degradation.  

In paper III, we provide evidence that SIK phosphorylates Smad7 in the 
N-terminal part of the protein. However, even after mapping and subsequent 
mutation of the suspected phosphorylation sites, we were unable to abolish 
SIK mediated phosphorylation of Smad7. Identification of the acceptor se-
rine/threonine would allow for generation of phosphospecific antibodies 
against the phosphorylation site and would help greatly in understanding the 
role SIK plays in TGF-  receptor turnover. Furthermore, elucidation of the 
exact nature of the trimeric complex between SIK, Smad7 and Smurf2 is 
essential. Based upon the data in paper III, the binding between SIK and 
Smad7 seems to be independent of the kinase activity of SIK, while the 
binding between Smurf2 and SIK requires a functional SIK kinase, an ob-
servation that requires further investigation. 

In addition, we do not know in which step of receptor downregulation 
SIK comes into play. Other groups have demonstrated that UBA domains 
can be involved in internalization or relocalization of ubiquitinated pro-
teins439,440. Therefore it can be postulated that SIK can affect receptor inter-
nalization, a hypothesis that is supported by our observation that SIK knock-
down results in more receptors on the cell surface. Specific antibodies and 
high-resolution microscopy could further address the role SIK might play in 
receptor internalization. 
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In paper II, we indicate that the mRNA levels of SIK are induced by both 
TGF- 1 and BMP7. We investigated primarily the role SIK plays in TGF-  
receptor turnover, but it would also be of interest to verify if SIK plays any 
roles in BMP signaling, or if the BMP7 mediated SIK upregulation is only a 
mechanism for BMP to regulate TGF-  signaling strength.  

SIK is a member of the AMPK family, which are all kinases that are 
phosphorylated and activated by the upstream kinase LKB1. However, sev-
eral other proteins are able to regulate SIK activity, like GSK3  and PKA. 
How these upstream activators of SIK influence TGF-  signaling is another 
interesting area of investigation. Additionally, it would be interesting to de-
termine if the other members of the AMPK family are targets of TGF-  sig-
naling, and if they have any role to play in the pathway. 

Paper IV 
During the time we were investigating the role of SIK in TGF-  signaling 
(Paper II and III), Katoh et al. published a sequence motif for SIK phospho-
rylation340. This motivated us to perform an in silico screen for new sub-
strates of SIK. To our surprise, we discovered several proteins with possible 
involvement in EMT. One promising candidate was Par3, which turned out 
to be phosphorylated and degraded by SIK during TGF-  induced EMT. 

Although serine 885 clearly is important for SIK mediated downregula-
tion of Par3, we lack clear evidence that SIK is directly phosphorylating 
Par3. We attempted to generate GST constructs of Par3 in order to perform 
in vitro kinase assays, but failed to efficiently express the constructs in bac-
teria (data not shown). Another possible approach to solve this question is to 
carry out peptide phosphorylation assays. 

In paper IV we describe a direct interaction between SIK and Par3. How-
ever, the exact nature of this binding is unknown. Our data suggest that SIK 
binds to the N-terminal part of Par3, but generation of deletion mutants of 
Par3 and SIK is required to elucidate the full interaction between these two 
proteins. In addition, SIK phosphorylates Par3 in the aPKC binding domain, 
so it is also imperative to check if SIK mediated Par3 phosphorylation dis-
rupts SIK-aPKC binding. 

During TGF- -induced EMT, Par3 is downregulated, which has also been 
described by another group388,389. Therefore, to really establish a role for SIK 
in this downregulation, we need to perform experiments by which we re-
place endogenous Par3 with a Par3 construct containing the serine 885 muta-
tion and observe if we can prevent Par3 downregulation during EMT and if 
such mutant Par3 interferes with the EMT process. 

Some of our preliminary data suggests that Par3 is downregulated through 
ubiquitination and subsequent proteasomal degradation (data not shown). 
Since Ozdamar et al. published that Par6 phosphorylation by the type II 
TGF-  receptor leads to Smurf-mediated degradation of RhoA199, we can 
postulate that Smurf E3 ligases might be implicated in Par3 downregulation.  
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Our in sillico screen for SIK substrates yielded several more interesting 
targets that could be involved in TGF-  induced EMT. One interesting can-
didate to follow up would be Cingulin, a structural component of the tight 
junctions. SIK mediated downregulation of Cingulin could disrupt linkage of 
the tight junction to the actin cytoskeleton, and disrupt expression of several 
tight junction proteins378.  

Preliminary data suggest that SIK is overexpressed in cancer and that 
there is a positive correlation between SIK expression and phosphorylation 
of Smad2, while there seems to be a negative correlation between SIK and 
Par3. However, to really prove this hypothesis, we need to check our com-
plete set of cancer patients to verify the correlation between these proteins. 
Furthermore, we have generated a functional phospho-specific antibody 
against active SIK (i.e. phosphorylation on threonine 182) and it would be 
informative to also investigate the presence of active SIK in cancer patients. 
Additionally, generation of a phospho-specific antibody against serine 885 
phosphorylated would be of great help in several experiments, including 
staining of the tumor samples from our patients. 

Papers II and III describe SIK as a negative regulator of TGF-  signaling, 
while paper IV demonstrates that SIK can have a positive effect on EMT, 
one of the physiological outcomes of TGF-  signaling. This discrepancy can 
be explained by differences in duration and strength of TGF-  signaling. We 
propose that SIK acts as a negative regulator during initial TGF-  signaling, 
in order to prevent hyperactivation of the signaling pathway. However, dur-
ing prolonged TGF-  stimulation, SIK can affect EMT through destruction 
of epithelial tight junctions and polarity.  

 
The work in this thesis highlights one of the leading enigmas in the cancer 
field, namely that not only signaling pathways can act as double-edged 
swords during cancer progression, but that even the role of single proteins is 
not unilateral. The balance between tissue homeostasis and disease is a pre-
carious one, depending on a highly dynamic, complex network of protein 
interactions that can be very different from cell to cell. In order to cure can-
cer, we need to understand cancer, and this requires a full apprehension of 
the intricate signaling networks that exist between cells and tissues. 
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