




 

 

 
 
 
 

To my family 



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Lönn, P., Dahl, M., Van der Heide, LP., Hellman, U., Heldin, 

C-H and Moustakas, A. (2010) PARP-1 attenuates Smad-
mediated transcription. Molecular Cell, 40:521-32 

II Dahl, M., Lönn, P., Heldin, C-H and Moustakas, A. (2012) 
Regulation of novel gene targets of TGF-ß signaling by 
PARP-1. Manuscript  

III Dahl, M., Lönn, P., Vanlandewijck, M., Zieba, A., Hottiger, 
M., Söderberg, O., Heldin, C-H and Moustakas, A. (2012) 
PARP-2 activation and association with Smads during regula-
tion of TGF-ß signaling. Manuscript 

IV Zi, Z., Feng, Z., Chapnick, DA., Dahl, M., Deng, D., Klipp, 
E., Moustakas, A and Liu, X. (2011) Quantitative analysis of 
transient and sustained transforming growth factor-ß signaling 
dynamics. Molecular Systems Biology, 7:492 

 
 

Reprints were made with permission from the respective publishers. 
  



 

Related publications 

I Lönn, P., Morén, A., Raja, E., Dahl, M and Moustakas, A. 
(2009) Regulating the stability of TGF-ß receptors and Smads. 
Cell Research, 19:21-35. Review 



 

Contents 

 

Introduction ................................................................................................... 11 

Transforming Growth Factor-ß signal transduction ...................................... 13 
TGF-ß signaling via Smad proteins .......................................................... 13 
Non Smad signaling pathways ................................................................. 16 
Regulation of the TGF-ß signaling pathway ............................................ 17 

Other proteins that regulate the TGF-ß signaling pathway at the 
receptor level ....................................................................................... 17 
Regulation of the TGF-ß signaling pathway by Smad 
phosphorylation/de-phosphorylation ................................................... 18 
Regulation of the TGF-ß signaling pathway by Smad acetylation ...... 19 
Regulation of the TGF-ß signaling pathway by inhibitory Smads ...... 20 
Regulation of the TGF-ß signaling pathway by Smad and receptor 
ubiquitination ....................................................................................... 20 

Gene regulation by TGF-ß ....................................................................... 22 

ADP-ribosylation .......................................................................................... 24 
Poly (ADP-ribose) polymerase 1 ............................................................. 24 
Poly (ADP-ribose) polymerase 2 ............................................................. 26 
The Poly(ADP)ribose polymerase family ................................................ 27 

Present Investigation ..................................................................................... 29 
Aim ........................................................................................................... 29 

Specific aims: ...................................................................................... 29 
Paper I ...................................................................................................... 29 

PARP-1 attenuates Smad-mediated transcription ................................ 29 
Paper II ..................................................................................................... 30 

Regulation of novel gene targets of TGF-ß signaling by PARP-1 ...... 30 
Paper III .................................................................................................... 30 

PARP-2 activation and association with Smads during regulation of 
TGF-ß signaling ................................................................................... 30 

Paper IV ................................................................................................... 32 
Quantitative analysis of transient and sustained transforming growth 
factor-ß signaling dynamics. ................................................................ 32 



 

Future perspectives ....................................................................................... 33 

Acknowledgements ....................................................................................... 35 

References ..................................................................................................... 37 

 



 

Abbreviations 

3-AB 
ADP 
ALK 
AML-1 

3-Aminobenzamide 
Adenosine 5´-diphosphate 
Activin receptor-like kinase 
Acute myeloid leukemia 1 

AMP 
AP-1 
ARC105 
ATF-3 
BMP 
BRCT 
CDK 
CTCF 
DBD 
DNMT1 
EMT 
ERK 
EVI-1 
FKBP12 
FOX 
GADD34 
GRB2 
HaCaT 
HDAC 
JNK 
kDa 
LAP 
LKB1 
LTBP 
MAPK 
MH 
NAD 
NES 
NLS 
OAZ 
PARP-1 
PARP-2 

Adenosine 5´-monophosphate 
Activator protein 1 
Activator-mediated cofactor complex 105 
Cyclic AMP-dependent transcription factor 3 
Bone morphogenetic protein 
BRCA1-C-terminal 
Cyclin-dependent kinase  
CCCTC-binding factor  
DNA-binding domain 
DNA methyltransferase1  
Epithelial to mesenchymal transition 
Extracellular signal-regulated kinase 
Ecotropic virus integration site 1 
FK5α binding protein 12 
Forkhead box 
Growth arrest and DNA damage-inducible protein 34 
Growth factor receptor-bound protein 2 
Human keratinocyte cell line 
Histone deacetylase 
c-Jun N-terminal kinase 
Kilodalton 
Latency-associated peptide 
Liver kinase B1 
Latent TGF-ß binding protein 
Mitogen-activated protein kinase 
Mad-homology 
Nicotinamide adenine dinucleotide  
Nuclear export signal 
Nuclear localization signal 
Olf1/EBF associated zinc finger protein 
Poly(ADP-ribose) polymerase-1 
Poly(ADP-ribose) polymerase-2 



 

PARP-3 
PARG 
PARylation 
PCAF 
Pin1 
PKA 
PPM1A 
PP1 
RUNX 
SARA 
SBE 
SCP 
SGK-1 
SHC-1 
SIP-1 
siRNA 
SIRT1 
Smad 
Smurf 
SNIP-1 
STRAP 
SUMO 
TAK1 
TAZ 
TFE3 
TGF-ß 
TRIP-1 
UBA 
YY1  
 

Poly(ADP-ribose) polymerase-3 
Poly(ADP-ribose) glycohydrolase 
Poly(ADP-ribosyl)ation 
P300/CBP-associated factor 
Peptidyl-prolyl cis/trans isomerase 1 
Protein kinase A 
Protein phosphatase M1A 
Protein phosphatase 1 
Runt-related transcription factor X  
Smad anchor for receptor activation 
Smad binding element 
Small C-terminal domain phosphatase 
Serum glucocorticoid kinase 1 
SHC-transforming protein 1 
Smad-interacting protein 1 
Small interfering RNA 
Sirtuin1 
Small mothers against decapentaplegic  
Smad ubiquitination regulatory factor 
Smad nuclear-interacting protein 1 
Serine-threonine kinase receptor-associated protein 
Small Ubiquitin-like Modifier 
TGF-ß activated kinase 1 
Transcription adaptor putative zinc finger 
Transcription factor E3 
Transforming growth factor-ß  
TGF-ß receptor-interacting protein 1 
Ubiquitin associated domain 
Yin yang 1 

   



 11

Introduction 

Cancer is one of the most common diseases in the modern world. There are 
many different cancer types present while nowadays some of them can be 
treated with high efficiency. The positive progress in clinical and basic re-
search with development of more efficient diagnostic tools is one explana-
tion why we are able to defeat some cancer variants today.  

Many cancer mutations are found in patients, affecting proteins that are 
important in cellular processes such as cell division [1]. One class of such 
proteins is called Smad or Small mothers against decapentaplegic, involved 
in the Transforming Growth Factor Beta (TGF-ß) signaling pathway [2]. 
Smad proteins and the TGF-ß signaling pathway make a central part of my 
thesis. Another protein that I will discuss further is Poly (ADP-ribose) poly-
merase 1 (PARP-1) and Poly (ADP-ribose) polymerase 2 (PARP-2) which 
can modify other proteins by a process called Poly-ADP-ribosylation [3].  

PARP-1 has a clinical relevance and specific inhibitors are used in trials 
against certain types of cancer with the aim to affect DNA-repair pathways 
in our cells. An example is the treatment of breast cancer variants with 
BRCA1 or BRCA2 mutations [4]. PARP inhibitors induce single-stranded 
DNA breaks and further these results in double- stranded breaks, as a result 
of stalled replication forks. In the normal case the DNA would be repaired 
by homologous recombination, but this is not possible in BRCA1- or 
BRCA2-deficient cancer cells [4].     

In our body and in our cells there are proteins cooperating to maintain the 
normal function of the cell. This is done by transmitting signaling molecules, 
which then trigger a starting point for a signaling pathway within the cell, 
which further triggers transcription of important genes into their protein 
products. The functions of such proteins then regulate important processes 
within the cell. 

TGF-ß is a cytokine that can be secreted by almost every cell type and 
binds to receptors on the cell membrane and triggers a signal transduction 
pathway that regulates the cell cycle, differentiation, proliferation, apoptosis 
and tumour invasiveness [2, 5]. TGF-ß activate an important signaling path-
way that affects cancer development and progression. If a factor important in 
the TGF-ß pathway is mutated, uncontrolled cell division is promoted and 
cancer development finds fertile ground [6]. For example, the kinase region 
in the TGF-ß receptor type II is mutated in tumors of the pancreas, colon, 
brain and lung [2]. Further it is known that G-C transversions or transitions 
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in the type II receptor encoding gene lead to non-functional signaling, and 
such mutations can be found in head- and neck tumours [2]. In the thesis I 
put my focus on the Smad proteins which are the key players in the TGF-ß 
signaling pathway. Smads are mutated in different cancers and one example 
is Smad2 with point mutations found located at the C-terminal in lung, ovar-
ian or liver cancers.      

TGF-ß regulate many important cellular processes in many cell type vari-
ants [2]. On the other hand, the effects of TGF-ß on genome integrity and 
tumour cell immortalization need to be further investigated.  

Studies have shown that TGF-ß can induce proteasomal degradation of 
the protein Rad51. This results in inhibition of Rad51 from acting as a DNA 
repair factor [7]. Another example has been studied where active Smad3 
forms complexes with the tumour suppressor protein BRCA1. The BRCA1 
protein gets inactivated and this will further inhibit its function in the DNA 
repair process [8].  

A process called Epithelial to Mesenchymal Transition (EMT) has also 
been connected to TGF-ß signaling and explains how a tumour change and 
become more invasive. TGF-ß can induce EMT by affecting epithelial archi-
tecture such as tight, adherens and gap junctions to make the epithelial cells 
more mesenchymal [9].  

In addition TGF-ß is capable of promoting tumour cell survival by affect-
ing various cell types including immune cells, making the immune cells un-
able to act and respond to the tumour [2].  

Another example explains tumour survival with inhibition of autocrine 
TGF-ß stimulation in hepatoma cells, leading to enhanced secretion of 
VEGF, which is an important factor in angiogenesis [2].        
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Transforming Growth Factor-ß signal 
transduction 

TGF-ß signaling via Smad proteins 
The TGF-ß family contains around 33 related factors with TGF-ß as the pro-
totype member [10]. TGF-ß is secreted as a large latent inactive complex 
that includes a long N-terminal pro-domain, the mature C-terminal domain, 
both in dimeric form and disulfide-linked to accessory proteins called latent 
TGF-ß binding proteins (LTBPs) [11].  

LTBPs have many different functions in the cell. These proteins target la-
tent TGF-ß complex to different structural compartments via extra cellular 
matrix (ECM) proteins such as fibronectin. Also LTBPs regulate latent TGF-
ß complex activation at the cell surface [11].    

The final activation of the large latent complex associated with the ex-
tracellular matrix, is mediated by extracellular proteases and integrin recep-
tors, which cause ligand release from the matrix and further binding to TGF-
ß receptor complexes [11, 12].  

If the process of ligand maturation does not function, hypertension might 
occur. Emilin-1 interacts and protects latent TGF-ß complex maturation. 
Loss of function of Emilin-1 leads to increased amount of mature TGF-ß 
ligand and signaling activation, that further results in vascular resistance and 
hypertension [11].  

The regulation of secretion of TGF-ß ligands is also essential during em-
ryogenesis. In Drosophila, a gradient amount of Decapentaplegic and Screw, 
proteins similar to BMPs, is distributed differently throughout the embryonic 
tissue at different stages of embryogenesis [13].  

TGF-ß binds specifically to the type I and II TGF-ß serine-threonine re-
ceptor kinases on the cell surface and the binding is facilitated by TGF-ß 
type III receptors, such as betaglycan and endoglin. The type III receptors 
are structurally related to the type I and II receptors primarily in their ex-
tracellular domain as they carry very short (30-50 aa) intracellular domains.  

The ligand promotes formation of the type I-type II receptor complex 
[14]. Receptor type II is constitutively auto-phosphorylated. In this complex, 
the type II receptor can transactivate the type I receptor by phosphorylating 
serine and threonine residues at the GS-domain [2, 15]. The phosphorylated 
type I receptor changes conformation, which activates its dormant kinase 
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activity, and can further phosphorylate and activate so-called receptor-
activated (R-) Smad proteins.  

 
Figure 1. TGF-ß signaling pathway. TGF-ß ligand binds to TGF-ß type I and type II 
receptors at the cell surface. The active receptor complex phosphorylates Smad2 and 
Smad3 at the MH1 domain and these Smads further interact with Smad4. The whole 
complex translocates to the nucleus and binds to specific regions on the DNA to 
initiate and regulate transcription of genes such as Smad7. After transcription termi-
nation, the complex dissociates and Smads shuttles between the nucleus and the 
cytoplasm. Yellow circles represent phosphorylation, Tß stands for TGF-ß, RII and 
RI stand for TGF-ß receptor II and TGF-ß receptor I and SBE stands for smad bind-
ing element.  
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After TGF-ß stimulation R-Smads bind the type I receptor and upon 
phosphorylation change their conformation leading to an active state. Smad 
proteins contain mainly three domains, an N-terminal Mad-homology 1 
(MH1) domain, a C-terminal Mad-homology 2 (MH2) domain and a middle 
linker domain. The MH2 domain is phosphorylated at a highly conserved 
Ser-X-Ser motif which localizes at the very C-terminal of the R-Smad pro-
teins, and is responsible for the interaction with the Co-Smad, Smad4 [16].  

While the TGF-ß type I receptor can phosphorylate two different R-
Smads, Smad2 and Smad3, all mammalian organisms have a single Co-
Smad protein, Smad4. Smad4 lacks the C-terminal Ser-X-Ser motif and can-
not be phosphorylated by the type I receptor. Smad4 forms complexes with 
receptor-phosphorylated Smad2, Smad3 but also with the phosphorylated R-
Smads of other TGF-ß family pathways, such as Smad1, 5 and 8 which sig-
nal in the bone morphogenetic protein (BMP) pathways [16].  

R-Smads also have additional phosphorylation sites beyond their C-
terminal part. P38 MAPK, ERK1/2, ROCK and CDK2/4 are kinases that can 
phophorylate the linker region of Smad2/3, and this phophorylation leads to 
cell specific transcriptional regulation [17].   

Before stimulation by TGF-ß, the R-Smads and the Co-Smads are shut-
tling between the cytoplasm and the nucleus [18]. There are mechanisms 
which regulate the localisation of Smads in the cytoplasm versus nucleus, 
and this process can be mediated by proteins such as importins or exportins 
that interact with the nuclear localization signal or the nuclear export signal 
domain of Smads. 

Nup153 and CAN/Nup214 are proteins that regulate the Smads transport 
through the nuclear pore. Nup153 exists on the nuclear side of the nuclear 
pore that associate with Smads during Smad export. CAN/Nup214 on the 
other hand is located on the cytoplasmic side of the nuclear pore, responsible 
for Smad import [19].  

TAZ is a protein which binds to nuclear Smads and if the normal function 
of TAZ is inhibited, the Smad complex cannot translocate to the nucleus, 
making TAZ a regulator of protein nuclear import [13]. The MH1 domain is 
responsible for the translocation to the nucleus and binding to DNA via a ß-
hairpin structure [20].  

The linker domain contains interaction points for ubiquitin ligases such as 
Smurfs via a Pro-Tyr (PY) motif, and phosphorylation sites by several 
kinases including MAPK as explained above [21, 22]. After activated R-
Smads (Smad 2/3) together with Smad4 translocate to the nucleus, they bind 
to DNA to regulate transcription of genes involved in the control of growth 
or differentiation [2].  

The stoichiometry of the Smad complex inside the nucleus is still a de-
bate. For example, the Mix2 gene-promoter is supposed to be regulated by 
binding of a heterotrimer with two Smad2 proteins binding to one Smad4 
whereas the JunB gene-promoter is regulated by binding of a Smad dimer, 
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Smad3 and Smad4 [23]. However, crystallographic studies support a Smad 
trimer as the biochemically stable complex that is supported by the chemical 
properties of each Smad subunit [24].   

The Smad complex binds to specific Smad-binding elements (SBEs) and 
an optimal sequence in the DNA is 5´-AGAC-3´. Smads have a weak affin-
ity for this short DNA sequence which can be found roughly every 1 kilo 
base pairs in mammalian genomes. Thus specificity for gene regulation in 
response to TGF-ß is defined by the presence of multiple copies of SBEs in 
promoter and/or enhancer regions and is further made by other, so-called co-
factors, that bind to Smads and to DNA near the SBEs and cooperate with 
the Smads [23, 25]. This is confirmed by recent chromatin immunoprecipita-
tion (ChIP) studies, at a genome-wide level that find most Smad complexes 
bound near AP-1 binding sites in keratinocytes or near HNF42 sites in hepa-
tocytes [26, 27].  

Examples of sequence-specific transcription factors are AP-1, FoxH1, 
FoxO, AML, OAZ, Sp1 and Runx. These transcription factors can help 
Smads to bind to specific promoters/enhancers on the DNA. Smad7 expres-
sion requires AP1, Sp1 and TFE3 co-transcription factors that after coopera-
tion with Smads create a strong complex bound to the promoter. Other ex-
amples of co-factors involved in the process are co-activators, SMIF, 
CBP/p300, MSG and ARC105 [16, 23, 28]. One example of such a co-
activation is the association with the TRAP-DRIP-Mediator-ARC complex. 
Smad 2, 3 and 4 can interact with the Mediator complex via their MH2 do-
mains, and this multiprotein complex attracts the RNA polymerase II to start 
transcription of specific TGF-ß target genes [17].   

In addition there are so called co-repressors which bind to nuclear Smad 
complexes such as c-Ski/SnoN, Evi-1, c-Myc, ATF-3, SNIP1, TGIF, Tob 
and SIP1. The co-repressors repress transcription in the ground state and 
must be removed (e.g. Ski/SnoN) for a gene to be induced by TGF-ß/Smads 
[16, 23, 29]. Alternatively, the co-repressors mediate active repression of 
target genes by TGF-ß Smad signaling. Repression of the c-Myc gene is 
mediated by Smad3 and Smad4 in complex with E2F4 or E2F5 and DP1. 

The complex binds to so called inhibitory elements in the c-Myc promoter 
which result in repression of transcription of the gene after TGF-ß stimula-
tion [23].     

Non Smad signaling pathways 
Examples of non Smad signaling responses have been proposed. The protein 
kinase Src has been reported to phosphorylate the Tyr284 in the TGF-ß re-
ceptor type II leading to complex formation with GRB2 and SHC that fur-
ther triggering the p38 MAPK pathway [16].  
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Also, TGF-ß receptors have the ability to recruit tumour necrosis factor α 
receptor associated 6 (TRAF6), and this protein ubiquitinates and activates 
the TGF-ß activated kinase 1 (TAK1). TAK1 then activates the p38 and c-
Jun N-terminal kinase (JNK) pathways involved in apoptosis and cell migra-
tion responses [16].      

Regulation of the TGF-ß signaling pathway 
Other proteins that regulate the TGF-ß signaling pathway at the 
receptor level 
Termination and activation of the signaling is complex and involves many 
processes. The TGF-ß receptor type III binds and brings the TGF-ß ligand to 
TGF-ß receptors type I and II. There are reports that missregulation in ex-
pression of this receptor leads to different variants of cancers. Overexpres-
sion of the TGF-ß type III receptor is found in colon cancer [30]. Further, on 
the receptor level, the fusion protein between ETV6 (Ets variantgene 6) and 
NTRK3 (neutrophin -3 receptor) can interact with the TGF-ß type II receptor 
and this interaction prevents the receptor from associating with the TGF-ß 
type I receptor. Since this mechanism occurs in fibrosarcoma it is suggested 
that the fusion protein leads to tumor cell proliferation by inhibiting the anti-
proliferative TGF-ß pathway [31].  

Another example where inhibition of the TGF-ß receptor takes place, is 
the FKBP12 binding to the TGF-ß type I receptor, which results in blocking 
the phosphorylation sites in the GS-domain.  

There are proteins such as TRIP-1 and STRAP that also interfere and 
have the capability to block TGF-ß signaling [32, 33]. TRIP-1 competes with 
Smad binding to TGF-ß receptors at the cell surface and the protein can fur-
ther be phosphorylated by the receptors. STRAP on the other hand is sup-
posed to bind the receptors via Smad7, and this complex will block Smad2/3 
phophorylation and activation. As an alternative, STRAP is suggested to 
recruit phosphatases to the receptor complex, to shut down the TGF-ß sig-
naling pathway [34].  

Also the protein TRAP-1 is supposed to bind to activated TGF-ß recep-
tors and this interaction inhibits further downstream signaling [34].  

Moreover, the PDZ-binding protein, Dapper 2, has the capability to affect 
and downregulate TGF-ß signaling activation by inducing lysosomal degra-
dation of the TGF-ß receptors [31].  

The type I transmembrane prostate androgen-induced RNA (TMEPAI) is  
a target gene of TGF-ß signaling, and the protein contains two PY motifs 
and one Smad- interacting motif (SIM). TMEPAI can specifically inhibit the 
TGF-ß signaling pathway by interfering with and blocking Smad2/3 phos-
phorylation. It can do that by binding to the adaptor protein SARA, which is 
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a protein that in the normal case would interact and present the Smads to the 
TGF-ß receptor complex [31].  

GADD34 has been a reported phosphatase to interact with the TGF-ß re-
ceptor I via Smad7. The protein is a subunit of the holoenzyme PP1 [35]. This 
phosphatase has the capability to de-phosphorylate the TGF-ß type I receptor. 
The adaptor protein SARA has been reported to further enhance the interac-
tion between PP1 and the receptor, leading to inactivation of the TGF-ß sig-
naling pathway [36]. The function of SARA is difficult to understand since 
this protein also has been reported to positively regulate TGF-ß signaling. 

Moreover, post-translational modifications like sumoylation are also in-
volved in regulation of the TGF-ß receptor complex [37]. SUMO proteins 
resemble ubiquitin, and via E3 ligases, become attached to lysines on the 
intracellular domain of the TGF-ß type I receptor. Also, activated receptor is 
required for the SUMO proteins to be able to find their specific targets. The 
modification of the receptor enhances the binding and recruitment of Smads 
which leads to a more robust TGF-ß signaling and gene transcription [36].            

Regulation of the TGF-ß signaling pathway by Smad 
phosphorylation/de-phosphorylation 
Dephosphorylation of R-Smads has been one suggestion in how to stop the 
signaling properly and nuclear phosphatases have been found for the R-
Smads, Smad1, Smad2 and Smad3 [38, 39].   

There is evidence that small C-terminal domain phosphatases or SCPs, 
dephosphorylates the linker region of Smad1, 2 and 3 after BMP or TGF-ß 
stimulation. SCPs also has the ability to dephosphorylate different regions of 
the different Smads, where SCP can desphorylate the C-terminal region of 
Smad1, but not of Smad2/3 shown by experiments using a siRNA knock-
down approach of SCPs and overexpression of recombinant SCP proteins. 
Furthermore, using knockdown approaches of SCP1/2 shows an increased 
linker phophorylation in Smad2/3. The effect of the enhanced phophoryla-
tion is a decrease in transcription after TGF-ß stimulation and therefore 
SCPs are positive regulators of TGF-ß signaling [39].    

Dephosphorylation of Smads for example by the nuclear phosphatase 
PPM1A/PP2Cα leads to dissociation of the R-Smad/Co-Smad complex that 
will lead to shut down of the transcription and the Smad proteins will be 
further exported from the nucleus [40].  

One example describes Smad4 being phosphorylated by ERK at Thr276, 
and this modification of Smad4 leads to failure in cellular localization. 
Phosphorylation of Thr276 in Smad4 is suggested to only regulate the nu-
clear export/import since point mutation of that particular phosphorylation 
site did not affect the actual transcriptional activation by Smad4 together 
with R-Smads [41]. Furthermore, the kinase LKB1 has been reported to 
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phosphorylate Smad4, an important event for proper and functional TGF-ß 
signaling; LKB1 negatively regulate TGF-ß-Smad4 dependent gene tran-
scription [42]. 

In summary and as mentioned above, kinases such as P38 MAPK, ERK1/2, 
ROCK, CDK2/4, CaCMK and PKC are kinases important for phosphorylation 
and regulation of Smads, leading to cell specific transcription [17].     

Regulation of the TGF-ß signaling pathway by Smad acetylation 
A post-translational modification like Smad acetylation is another important 
mechanism to maintain the proper signaling by TGF-ß. Smad2 can be alterna-
tively spliced into two different forms. The first variant, the full-length, has 
the TID and GAG domains, and the second variant lacks the TID part known 
as exon3. Acetylation of Lys19 by the coactivators p300/CBP (CREB binding 
protein) in the short form of Smad2 results in an enhanced binding to specific 
promoter sequences in the nucleus with enhanced transcription. The MH1 
domain that exists in Smad2 is known to be the domain that binds DNA [43].  

Further, the difference of Smad binding to DNA between the two iso-
forms is explained by the MH1 domain in the full length protein. The exon3 
part or TID domain is suggested to block the MH1 DNA binding capability 
by simply change the protein conformation maybe also by create an interac-
tion with the MH2 domain. When activated receptors phosphorylate Smad3 
and the shorter version of Smad2, acetylation will make the MH1 domain of 
short Smad2 more available for DNA binding [44].  

Again, as mentioned, acetylation of Lys19 changes the structure of the 
MH1 domain in Smad2 leading to the enhanced binding to DNA [44].  

Moreover, since acetylation also exists and can modify the full length 
Smad2 as well, this modification is suggested to have another function for 
the protein. Mutation of full length Smad2, K19R, has been created to illus-
trate that this form still interacts with Smad4 and the complex can translo-
cate to the nucleus. However, this form was also shown to be in a high con-
centration in the nucleus as a result of less effective nuclear export [43].  

Acetylation of Smad2, and the different functions that result from differ-
ent modified forms of Smad2, may be context- dependent since full-length 
Smad2 is expressed in adult and embryonic tissues while the short form of 
Smad2 is expressed during mouse development [43]. 

In another context involving Smad2 and acetylation, active Smad2 to-
gether with Smad4 recruits p300 to acetylate the histones on the DNA. Fur-
ther, the activity of p300 seems to be specific for active Smad2- dependent 
transcription, since it has the capability to acetylate the histone H3 of the 
Smad target promoter [45].  

One report also explain an enhanced acetylation of Smad2 after TSA 
treatment, an inhibitor of HDAC, indicating that HDAC can act as a de-
acetylating factor [43]. 
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Regulation of the TGF-ß signaling pathway by inhibitory Smads 
The first mechanism for stopping the signaling that was understood is the 
regulation by so called inhibitory-Smads (Smad6 and Smad7). I-Smads are 
upregulated after transcription in response to TGF-ß and act as a negative 
feedback loop by binding to the receptor complex and competing with R-
Smads for binding to the type I receptor which will block R-Smad activation 
by receptors [46].  

A more detailed event of such a negative feedback loop concerns the in-
teraction between salt-inducible kinase (SIK) and Smad7. TGF-ß induces the 
transcription of SIK and as a consequence the translated product, together 
with Smad7, degrade the TGF-ß type I receptor by the ubiquitin machinery 
(explained below) [47].  

Similar events can be seen with E3 ligases such as Tiul1/WWP1 and 
NEDD4-2 where these ligases can interact with I-Smads and further with the 
TGF-ß type I receptor. This complex leads to activation of the ligases fol-
lowed by ubiquitination and degradation of the receptor [31].  

The I-Smad, Smad7, is known to also affect the TGF-ß signaling pathway 
in the nucleus by competing out R-Smad binding to Smad4 and thereby af-
fecting the Smad complex binding to specific promoters on DNA. In addi-
tion, Smad7 competition and binding to Smad4 recruits histone deacetylases 
like HDAC1 and SIRT1, which affect the outcome of the signaling [31].  

In addition, I-Smads recruit phosphatases and ubiquitin ligases to the re-
ceptor thus inhibiting its activity [21]. FKBP12 can function as an adaptor 
protein that forms a complex with Smad7 and Smurf1 and this complex can 
induce ubiquitination and degradation of the TGF-ß type I receptor [36]. 

Furthermore, it has been reported that Smad7 can be acetylated in the nu-
cleus which prevents the ubiquitination and degradation of Smad7, since the 
acetylated lysines in the protein are the same lysines that can bind ubiquitin. 
This modified form of Smad7 is supposed to inhibit the TGF-ß receptor and 
its activation [23].     

Regulation of the TGF-ß signaling pathway by Smad and 
receptor ubiquitination 
Another general mechanism that can be involved to shut off the signaling is 
ubiquitination. Ubiquitin is a small protein and  consists of 76 amino acids 
[48]. Ubiquitin acts on its substrates through enzymes called ubiquitin ligas-
es. Ubiquitin can form covalently attached polymers of different shapes on 
the target protein and one of the well studied shapes serves as a signal for the 
protein to be degraded [49].  

The specific polyubiquitin chain made by ubiquitins interlinked via lysine 
48, results in degradation of the substrate by proteolytic machineries called 



 21

proteasomes [49]. Ubiquitination of substrates in the TGF-ß signaling path-
way is of course very important to maintain proper signaling.  

Two well-studied ubiquitin ligases, Smad ubiquitination regulatory fac-
tors, Smurf1 and 2 can via their HECT domain transfer ubiquitin to sub-
strates such as Smad1, Smad2 and Smad5 and TGF-ß and BMP receptors 
[22, 46, 50-52]. Smurfs bind to the so-called PY motifs on the linker region 
of R-Smads and I-Smads. An example concerning ubiquitination of Smad 
2/3, involves the protein Pin1. Pin1 is a prolyl-cis-trans isomerase, which 
binds to Smad2 and Smad3 and this interaction is enhanced when these 
Smads are phophorylated in the linker region. Further, Pin1 promotes 
Smurf2 binding to the Smads that trigger the ubiquitination and degradation 
of Smad2/3 [53, 54].  

Also, the E3 ligase NEDD4L/NEDD4-2 can act on activated Smad2/3 and 
the phospohrylated linker of the Smads provides a docking site for the en-
zyme leading to Smad ubiquitination and degradation. The turnover can be 
regulated by the kinase SGK1, which can phophorylate and inactivate 
NEDD4L [55, 56].  

Smad4 though lacks PY-motifs but can still be targeted via R-Smads 
which bring the ubiquitin ligase to Smad4 in the same protein complex [57]. 
Smad4 can then be degraded by the proteasomes to again maintain proper 
signaling [57]. Furthermore, ubiquitination of proteins not only leads to deg-
radation but also plays roles during receptor endocytosis, transcription and 
DNA repair.  

Smad4 can be mono-ubiquitinated on its lysine 507 which seems to be 
important in proper TGF-ß signaling and this type of ubiquitination is not 
involved in the process of degradation [58]. Smad4 monoubiquitination has 
also been reported to be promoted by p300 and this modification leads to 
removal of Smad complexes from DNA to terminate transcription of TGF-ß 
target genes [59].  

In addition, another ubiquitin ligase, Ectodermin, has a specific function 
in monoubiquitinating Smad4, resulting in inactive Smad4 unable to bind 
phospho-Smad2. This process can be reversed by a de-ubiquitinase called 
FAM (USP9x) that removes ubiquitin from Smad4 and activates the TGF-ß 
signaling pathway [60].  

Another report explains the function of the de-ubiquitinating enzyme 
UCH37, which competes with Smurf1/2 binding to Smad7. Instead, the 
complex formed between UCH37 and Smad7 prevent the TGF-ß receptor to 
be ubiquitinated and degraded, and therefore instead promote a functional 
TGF-ß signaling pathway [36].  

Also the heatshock protein Hsp90 has a function in preventing TGF-ß 
type I and type II receptor degradation by Smurf2 [36].  

Jab1, another protein involved in co-activation of c-Jun and responsible 
for the degradation of the cell cycle inhibitor p27 and the tumour suppressor 
p53, target indirectly Smad4 for ubiquitination and degradation mediated by 
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the proteasome. This event inhibits TGF-ß induced transcription, and Jab1 
acts as a negative regulator in the signaling cascade [61].  

In another context concerning the BMP pathway, Smad1 and Smad4 can 
be targeted for ubiquitination by binding to the ubiquitin E3 ligase CHIP, 
and the modification leads to inhibition of transcription from 
Smad1/Smad4/Smad5 complexes [62].  

Furthermore, Arkadia is another ubiquitin ligase that indirectly affects 
Smad signaling by releasing the transcriptional activity from Smad2/3-
dependent gene promoters/enhancers. This is done by degrading the tran-
scriptional co-repressor SnoN which limits Smad transcriptional activity 
[63]. Also, Arkadia is supposed to directly bind to and induce ubiquitination 
of Smad2/3 in embryonic cells, leading to Smad2/3 degradation via the pro-
teasomes [34]. In addition, Arkadia can also be involved in Smad7 degrada-
tion which relieves the negative feedback loop it has on the signaling path-
way and via this mechanism also enhances TGF-ß signaling [64].  

Recently, it has been shown that CK1γ2-mediated phophorylation of 
Smad3 in S418, induces ubiquitination and degradation of Smad3 [34]. Fur-
thermore, Axin/GSK-3ß can phosphorylate inactive Smad3. The phosphory-
lated form of Smad3 on Thr66 can then be degraded by the ubiquitination 
machinery [34]. 

Thus phosphorylation/de-phosphorylation, ubiquitination/de-ubiquitination 
and acetylation/de-acetylation are major mechanisms for regulation of TGF-ß 
receptor and Smad signaling [21]. This suggests that additional post-
translational modifications may affect TGF-ß/Smad signaling. 

Gene regulation by TGF-ß  
As mentioned above, all Smads, except full length Smad2, have the ability to 
bind DNA directly, and as an example, the ß-hairpin loop in the MH1 do-
main of Smad3 is responsible for the SBE interaction [23].  

Since this part of Smad proteins is conserved through evolution, it is ar-
gued that other factors need to be involved to selectively regulate gene-
transcription after TGF-ß signaling activation [23]. This provides the basis in 
how we try to explain the different gene transcriptional responses and pro-
files, between different cell types.  

Furthermore there are additional DNA sequences that have been found to 
be important for Smad interaction. One example is the c-Myc promoter with 
an additional TGF-ß inhibitory element that is important for c-Myc regula-
tion. Smads have the ability to bind this sequence even though it is not a 
typical SBE [23, 65].  

The selective regulation of some TGF-ß target genes such as c-Myc and 
Id1 can be mediated by Smad3 but not Smad2, which specifically binds co-
transcription factors such as ATF3 and FoxO with high affinity [23, 65]. 
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Further as mentioned, the regulation of specific gene targets may vary be-
tween cell types in different stages of an organism. One such example is the 
regulation of the Mix2 promoter by FoxH1-Smad2-Smad4 interaction and 
the mesoderm development in Xenopus [23].  

Another example is the regulation of Vent2 in the mesoderm differentia-
tion of Xenopus. A complex between OAZ, Smad1 and Smad4 is formed to 
bind to Vent2 promoter after BMP stimulation [23].  

Also in the context of diseases, the gene regulation by cofactors may dis-
rupt the normal cell responses. Evi-1, explained above, can form a fusion 
protein with AML1 after chromosomal translocation. This fusion product is 
supposed to affect and inhibit TGF-ß signaling and give rise to hematopoetic 
stem cell malignancies [23, 66].  

Also there have been attempts to study the TGF-ß signaling on a genome-
wide level as described above. Chromatin immunopreciptitation coupled to 
sequencing approaches have been performed in ovarian cancer cellines. Cell 
morphogenesis and developmental protein expression were specifically regu-
lated by Smad4 in this cell line, which is information that can be used to 
generate a gene signature in prognosis for ovarian cancer [26, 67].  

A genome wide Smad4 promoter binding analysis was performed in hu-
man keratinocytes. Except of early TGF-ß- regulated targets by Smad4 such 
as Smad7, PAI1 and p27, new targets were found. CDC6, a protein involved 
in cell proliferation, and ECT2, a protein involved in cell transformation, 
were found to be regulated by Smad4 since Smad4 was found on their pro-
moters after 1.5 h of TGF-ß stimulation [26]. 

Also, genome wide analysis has been performed in embryonic stem cells 
after BMP response. Smad1, Smad5 and Smad4 were found to bind promot-
ers of genes encoding for developmental regulators [26, 68].  

Furthermore, Smad2- versus Smad3- versus Smad4- dependent gene 
regulation after TGF-ß stimulation was investigated in Hep3B cells, using a 
genome wide oligonucleotide microarray. SiRNA mediated knockdown of 
different Smads showed that Smad3 and Smad4 specifically up-regulate Bcl-
2-interacting mediator of cell death (Bim), a protein important for apoptosis, 
after TGF-ß signaling [69].  

There are additional cellular programs that have been investigated such as 
EMT (mentioned above). TGF-ß has been found to regulate and induce tran-
scription of a set of cell markers/proteins such as Snail, Slug and HMGA2, 
that further affect the cell to cell adhesion properties by down regulating the 
expression of E-cadherin [70].     
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ADP-ribosylation 

ADP-ribosylation is a process where an enzyme of the PARP family uses 
NAD+ molecules to modify others, to build long branches of ADP-ribose 
units on the target proteins. This process has been studied in many years 
using the prototype enzyme PARP-1. However, the processes regulated by 
the other members of the PARP family only now begin to be explored [71].  

To study deeper how PARPs act, it is necessary to create new molecular 
tools and strategies to be able to answer the scientific questions remaining. 
Already in the early 1980s, PARP inhibitors were discovered such as 3-
aminobenzamide, an inhibitor that has great impact even today in the fight to 
beat specific breast cancer variants [71].      

Poly (ADP-ribose) polymerase 1 
Poly ADP-ribose polymerase 1 is a 116 kDa protein that consists of different 
domains such as an N-terminal double zinc finger DNA-binding domain, a 
central auto-modification domain including a BRCA C-terminal domain 
(BRCT) , a nuclear localization signal and a C-terminal catalytic domain [3]. 
One conserved motif in the catalytic domain containing 50 amino acids is 
supposed to be the PARP-1 signature and this motif creates the active site of 
the enzyme. PARP-1 is mainly found in the nucleus and associates with 
chromatin [72]. 

The main known function of PARP-1 is poly(ADP-ribosyl)ation (PARy-
lation) of other proteins which is accomplished by the C-terminal catalytic 
domain [73]. PARP-1 utilizes NAD+ as a co-enzyme and catalyzes this reac-
tion and forms a polymer up to 200 units of ADP-ribose which are derived 
from the NAD+ molecules. As PARP-1 uses NAD+ to transfer ADP-ribose to 
its substrates, it also releases the remaining nicotinamide plus one proton. 

The ADP-ribose unit is covalently attached to the protein acceptor via an 
aspartic, glutamic or a lysine residue. PARP-1 then catalyses further reac-
tions to form polymeric branches, adding one or many of these ADP-ribose 
molecules and the protein target gets heavily modified. The PAR modifica-
tion may result in repelling the target from other modified proteins because 
of the negatively charged forces offered by the polymeric ADP-ribose [3].                             

PARP-1 can get activated through different stimuli such as DNA damage 
induced by oxidation, alkylation or ionizing radiation [73]. PARP-1 then 
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moves to the broken DNA and binds single- or double- stranded breaks via 
its zinc finger domain.  

PARP-1 can also act on histones which means that PARP-1 PARylates 
the histones in the chromatin. This leads to unrapping of nucleosomes and 
makes DNA available for proteins involved in for example the DNA repair 
mechanism [74, 75]. Histones are the main proteins in the chromatin and H1 
and H2B seem to be the best targets for PARP-1 [72].  

If heavy DNA damage is induced, PARP-1 can promote cell death and 
this means that PARP-1 can act as a sensor guiding the cell to decide 
whether to go towards DNA repair or apoptosis. In apoptosis, PARP-1 can 
get cleaved by caspase 3/CPP32 proteins, preventing PARP-1 from function-
ing in DNA damage and detection responses [76].   

In addition, PARP-1 can PARylate itself acting as a signal for recruitment 
of the essential proteins involved in the DNA damage response. PARP-1 can 
also PARylate proteins like p53, NFκB, XRCC1, DNA-PK and the chroma-
tin insulator CTCF [72, 74, 77]. As an example, the PARylation of NFκB 
makes the protein unable to bind to its specific DNA sequence [74]. On the 
other hand, PARP-1 also binds NFκB independent of the PARylation activ-
ity, and after PARP-1 gets acetylated with binding of p300, the whole com-
plex co-activates transcription of NFκB target genes [78].  

CTCF is also known to affect the DNA methylation machinery together 
with PARP-1, a mechanism that is still not clear, however PARP-1 seem to 
PARylate and de-activate the DNMT1 protein responsible for DNA methyla-
tion and the modified form of DNMT1 is further affected by CTCF [79].  

Moreover, PARP-1 has the capability to PARylate histone-3-lysine-4-3-
methylation (H3K4me3), blocking de-methylation of this protein, and fur-
ther PARP-1 inhibits the demethylase KDM5B resulting in a more relaxed 
chromatin structure [80].  

Another clear example of PARP-1 affecting processes and signaling 
pathways in the cell, concerns the ERK signaling cascade. PARP-1 binds to 
a phosphorylated form of ERK2. An auto modified active form of PARP-1 
together with ERK2, can then phosphorylate the transcription factor Elk1 
that is responsible for expression of c-fos [81].  

Furthermore, PARP-1 has been shown to directly interact with the tran-
scription factor OAZ which is involved in the BMP signaling pathway and 
the DNA-binding transcription factor YY1 [72, 82]. YY1 binds the BRCT 
motif and can activate the enzymatic activity of PARP-1. Interestingly YY1 
binds to nuclear Smad complexes and inhibits specific gene responses to 
TGF-ß and BMP signaling [83].  

This indicates first, that PARP-1 can bind and PARylate specific tran-
scription factors, then second, PARP-1 has the ability to specifically regulate 
the histones in nucleosomes bound to the gene target promoters [72].  

Also other mechanisms in the cell are regulated by PARP enzymes such 
as the telomere elongation process.  
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PARylation of components in the telomere elongation complex, such as 
TRF1, makes the protein unable to bind DNA and as a consequence the te-
lomerase activity is enhanced [74]. In addition, PARP-1 also affects another 
telomere factor, where PARP-1 binds to and PARylates TRF2 after DNA 
damage response, making TRF2 unable to bind DNA [84].    

Finally, we recently revealed PARP-1 function in the TGF-ß signaling 
pathway [85]. In contrast to the finding in my thesis that Smads get PARy-
lated and negatively affect Smad- dependent gene transcription, another role 
for PARP-1 has been found in vascular smooth muscle cells. PARP-1 acti-
vates and PARylates Smad3 and itself after TGF-ß stimulation. Interestingly, 
Smad3 dissociates from PARP-1 after being PARylated, and binds to the 
target gene promoter. Also, a reduced phospho-Smad3 level was observed 
after TGF-ß stimulation with siPARP-1 treatment leading to a reduced pho-
pho-Smad3 accumulation in the nucleus compared to control cells treated 
with TGF-ß [86].    

Since PARP-1 and PARylation both enhance and decrease the binding of 
various modified transcription factors, it is likely that PARP-1 affects pro-
teins in complex manner that is context- dependent and cell- dependent [86]. 

In summary, PARP-1 and protein PARylation are important in cellular 
processes involving chromatin modification, transcription, cell death and 
survival pathways, cell division and telomere regulation. 

Poly (ADP-ribose) polymerase 2 
There are 18 members of the PARP family including Poly (ADP-ribose) 
polymerase 2. Human PARP-2 can exist in two isoforms where the second 
variant lacks 13 amino acids in the N-terminal region.  

PARP-2 shares similar domains as PARP-1, although the protein is sig-
nificantly smaller (66 kDa) [87, 88]. This protein has a nuclear localization 
signal but a DNA binding domain that is different from PARP-1. Still 
PARP-2 has the ability, like PARP-1, to bind single stranded breaks in the 
DNA but with less efficiency [84, 89]. PARP-2 has rather been reported to 
recognize gaps and flap structures on DNA [84]. 

 An important structure, the lysine 36 in the DNA binding domain of 
PARP-2, is responsible for interaction with importins, proteins important for 
PARP-2 nuclear import [90].  

Both PARP-1 and PARP-2 contain a conserved catalytic domain and 
PARP-2 utilizes NAD+ as a co-enzyme as PARP-1. PARP-2 though has a 
weaker PARylation activity compare to PARP-1 [87, 88].  

The small structural difference in the catalytic domain in PARP-2 com-
pared to PARP-1 has been investigated. Three amino acid insertions in the 
loop of PARP-2 could explain the specificity between these two enzymes 
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where PARP-2 recognizes and PARylates different targets compared to 
PARP-1 [84].     

PARP-1 and PARP-2 are both implicated in DNA damage detection and 
repair and recently there are studies explaining the crosstalk between these 
two proteins. PARP-1 and PARP-2 are able to make a complex and they 
have the capacity to modify each other.  

PARP-2 is found to interact with similar factors as PARP-1; proteins in-
volved in the DNA damage and detection pathways such as XRCC1, DNA 
polymerase ß and DNA ligase III [88].  

Interestingly though, PARP-1 seems to be more important and dependent 
on recruiting XRCC1 to damaged DNA sites, however PARP-2 seems to 
play an important cooperative role together with PARP-1 to regulate addi-
tional structures (gap and flap structures) on DNA at a later time point, to 
fully complete the repair process [84].    

A study has been made using high-density protein microarrays, with the 
aim to find interaction partners to PARP-2. PARP-2 binds to FK506-binding 
protein 3, SH3 and cysteine-rich domain-containing protein 1 [91]. 

 Furthermore, PARP-2 has been shown to act as a transcriptional repres-
sor, by direct binding to the proximal part of the SIRT1 promoter, a gene 
responsible for cell metabolism [92].  

Recently, a post-translational modification has been found regulating 
PARP-2 activity. PARP-2 gets acetylated by PCAF and GCN5L on lysines 
36 and 37 and this modification leads to decreased PARP-2 binding to DNA 
[93]. The lysine residues in PARP-2, that becomes acetylated, seem also to 
be important for the autoPARylation activity of PARP-2. Mutations on these 
lysines prevent PARP-2 to become auto-mono-ADP-ribosylated [93].  

In summary, PARP-2 is involved in similar processes as PARP-1 where 
PARP-2 can bind and regulate centromeres during cell division, and PARP-2 
has the ability like PARP-1 to bind and regulate TRF2, making TRF2 unable 
to bind DNA [84].        

The Poly(ADP)ribose polymerase family 
As mentioned above there are many members of the PARP family, however 
the different functions of these members are still not completely known.  

PARPs have been studied mostly in the context of DNA damage and de-
tection responses. One study, that further confirmed that this family of pro-
teins is involved in the above mentioned responses, showed that PARP-1, 
PARP-2 and poly(ADP)ribose glycohydrolase (PARG) make complexes 
with proteins involved in RNA metabolism, DNA repair, apoptosis, glycoly-
sis and cell cycle regulation [94].  

In addition, there have been efforts to study the global effects of PARPs 
in the cell. PARP-1 and PARG, another enzyme in the PARP family with the 
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ability to remove ADPribose units from the target protein, have been studied 
in MCF-7 human breast cancer cells [95]. Surprisingly, PARP-1 and PARG 
can regulate same set of stress response and metabolic genes in the same 
direction, even though these enzymes act and function in an opposite man-
ner. This finding explains the complexity in gene regulation by PARPs [95].  

PARP-1 and PARG can be found on the same gene promoters and some-
times the expression of a certain gene is dependent on the enzymatic activity 
of the proteins but not always [95]. This suggests further that PARP-1 and 
PARG rather function as scaffold proteins to co-regulate gene transcription. 

Another interesting study revealed the crosstalk between a third member 
of the PARP family, PARP-3 binding to PARP-1. PARP-3 can bind to and 
PARylate PARP-1 independent of the response to DNA damage. PARP-3 is 
a mono-ADP-ribose-polymerase and the protein has the capability to modify 
histone H1 [96]. This protein is not supposed to primarily be located in the 
nucleus.              
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Present Investigation 

Aim 
The aim of this thesis was to investigate the regulatory protein network in 
the TGF-ß signaling pathway. Post-translational modifications such as ubiq-
uitination and phosphorylation regulate Smad signaling, and our aim was to 
find additional enzymes that affect the Smads during TGF-ß signaling. Fur-
ther we wanted to study the function of such an enzyme both in biochemical 
detail and on a genome- wide level. Also, another aim was to study the im-
pact on TGF-ß ligand amount and duration in activation of the signaling 
pathway by using mathematical modelling.  

Specific aims: 
Identification of new interacting partners of Smads in the TGF-ß signaling 
pathway. 
 
Examine the role of such enzymes in detail and on a genome wide level. 
 
Analyze quantitatively the TGF-ß signaling pathway in order to identify new 
regulatory mechanisms.   

Paper I 

PARP-1 attenuates Smad-mediated transcription 
Transforming growth factor ß (TGF-ß) regulates many cellular processes 
such as proliferation, differentiation and migration during embryonic devel-
opment.  

There are many cellular mechanisms that regulate the strength and dura-
tion of the signaling and we found that the protein Poly(ADP-ribose) poly-
merase-1 (PARP-1) is one of the responsible proteins involved in such a 
mechanism.  



 30 

We found PARP-1 in a proteomic screen as a Smad-interacting partner 
and further we found that PARP-1 binds to Smads during TGF-ß stimula-
tion.  

We further concluded that the enzymatically active PARP-1 acted as a 
negative regulator during TGF-ß signaling by ADPribosylating the Smads in 
the nucleus.  

As a consequence, we propose a model whereby ADPribosylated Smads 
dissociate from DNA and this reduces their transcriptional activity, leading 
to the shutdown of TGF-ß signaling. 

Paper II 

Regulation of novel gene targets of TGF-ß signaling by PARP-1 
Based on the observations with PARP-1 as a negative regulator of TGF- ß 

dependent gene transcription we here wanted to perform a microarray screen 
with the aim to find if possible, all the genes that are regulated by PARP-1 
after response to TGF-ß.  

Our setup was scrambled SiRNA treated cells compared with PARP-1 
SiRNA treated cells during TGF-ß stimulation. We used two independent 
experimental sets (not replicates) with different TGF-ß stimulation time 
points (2 and 8h).  

Interestingly we found different genes in each experimental set and we 
were able to verify several gene targets from the array for the two sets sepa-
rately. We found genes up-regulated when PARP-1 was silenced but we also 
found down-regulated genes, suggesting that PARP-1 plays more complex 
roles in TGF-ß regulated transcription than we previously appreciated.  

This genome-wide analysis opens the way to explore deeper the func-
tional role PARP-1 plays during TGF-ß signaling. 

Paper III 

PARP-2 activation and association with Smads during regulation 
of TGF-ß signaling 
There are many cellular mechanisms that regulate the strength and duration 
of the TGF- ß signaling and in the previous paper we found that the protein 
Poly(ADP-ribose) polymerase-1 (PARP-1) is one of the responsible factors 
involved in such a mechanism.  
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We found PARP-1 in a proteomic screen as a Smad-interacting partner 
and further we found that PARP-1 binds to and ADP-ribosylate Smads dur-
ing TGF- ß stimulation. Since there are more members of the PARP family 
(18 members) we were interested to investigate if PARP-2, another nuclear 
protein which shares similar function as PARP-1, is also involved in the 
negative regulatory mechanism of TGF-ß signaling.  

PARP-2 has recently been reported to bind to and function together with 
PARP-1. We found that PARP-2 gets ADP-ribosylated together with PARP-
1 and Smad4 when they form a complex. PARP-2 on its own appears to have 
weak or no ADP-ribosylation activity. Our data suggest that PARP-1 is re-
quired for the activity of PARP-2 or alternatively, that PARP-2 activity be-
comes activated by Smad4 of the TGF-ß signaling pathway.  

Further we found that PARP-2 binds to Smads in the nucleus and we 
found that the complex is stronger when PARP-1 is overexpressed. While 
PARP-2 by itself negatively regulates TGF- ß target gene transcription in a 
similar fashion as PARP-1, further work is needed to understand the link 
between PARP-1 and PARP-2 during TGF-ß/Smad-regulated transcription. 

 
Figure 2. PARP-1 and PARP-2 affect the Smads in the nucleus. PARP-1 binds to 
the Smad complex, gets activated and PARylates both itself, Smad3 and Smad4. 
PARP-2 acts and gets PARylated after Smad complex formation via PARP-1, either 
forming a dimer with PARP-1 before making a complex with Smads, or PARP-2 
binds to PARP-1 after PARP-1establishing the complex formation with Smads. 
PARP-1 and PARP-2 further negatively regulate transcription of genes such as 
Smad7 possibly by removing and dissociating an active Smad transcriptional com-
plex. Yellow circles represent phosphorylation, SBE stands for smad binding ele-
ment and red stars represent poly(ADP)ribose units.        
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Paper IV 

Quantitative analysis of transient and sustained transforming 
growth factor-ß signaling dynamics. 
In this project we have investigated how the dose and time course of TGF-ß 
stimulation regulates Smad signaling dynamics using mathematical model-
ing.  

The concentration of TGF-ß ligand is essential when it comes to duration 
of Smad2 phosphorylation. Short pulses of TGF-ß stimulation can activate 
cell signaling, and we show that short repeated stimulation with TGF-ß can 
generate long-term signaling responses.  

Activation of the TGF-ß signaling pathway is regulated by the amount of 
TGF-ß ligand present in the cell. Time of duration of the ligand is also im-
portant since short-term activation of the signaling pathway was terminated 
by depletion of TGF-ß.  

The model suggested that TGF-ß- induced Smad2 phosphorylation is 
graded in the short-term stimulation but surprisingly became ultrasensitive 
(on-off-like) in the long-term stimulation.  

My contribution was to validate the model experimentally by showing 
that Smad7, an immediate-early gene that responds to TGF-ß/Smad signal-
ing, shows a graded response to TGF-ß.  

In contrast, cell growth arrest caused by TGF-ß is a long-term and multi-
genic physiological response and shows a switch-like rather than graded 
behavior. The modeling and experimental analyses suggest that ligand deple-
tion is likely a major mechanism involved in transforming a graded response 
into a switch-like response. 
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Future perspectives 

The area of research presented in this thesis illustrates the complexity of cell 
signaling. With this in mind you do not get surprised, and you really expect, 
that something abnormal might happen within the cell; some proteins start to 
behave different and as a consequence, cells start to behave un-natural. On 
the other hand, the evolution did create safe mechanisms in the cell, essential 
for us to be able to survive.  

With this philosophical introduction I am still confident that we will make 
further progress in the molecular biology research and the war against dis-
eases such as cancer. The TGF-ß signaling pathway is not an exception in 
discussing complexity.  

TGF-ß ligands bind to TGF-ß receptors and initiate a signal transduction. 
There are many regulatory events before and after Smads bind to specific 
gene promoters in the nucleus and in this thesis I focus on the regulation of 
Smads and the signaling dynamics after the initiation of the TGF-ß signaling 
cascade.  

There are many different post-translational modifications that regulate the 
TGF-ß pathway, such as phosphorylation/de-phosphorylation, ubiquitina-
tion/de-ubiquitination, sumoylation and acetylation [46, 97].  

In paper I-III, I focus on the poly(ADP)ribose polymerase family of pro-
teins. PARP-1 and PARP-2 affect Smad PARylation and further negatively 
regulate Smad- dependent gene transcription. PARP-1 seems to have a ro-
bust role in regulating the Smads by PARylation whereas PARP-2 interest-
ingly seem to act via PARP-1 for proper Smad modification and regulation. 
PARP-2 though alone still has a significant role in the cell, since siRNA 
treated cells for PARP-2 showed effects in gene transcription. 

A genome- wide microarray experiment after knocking down PARP-1 in 
human keratinocytes, showed a complex picture in gene regulation. We hy-
pothesised after paper I, that PARP-1 would negatively affect a distinct set 
of TGF-ß regulated genes, but to our surprise PARP-1 affected many differ-
ent genes in both directions. 

This finding is consistent with similar approaches using PARP-1 knock-
out embryonic stem and liver cells [98]. The explanation might be that 
PARP-1 behaves in a context- dependent manner; PARP-1 acts differently in 
different cells under different conditions.  

How TGF-ß activates and PARylates Smads needs to be further investi-
gated and further work is required to find out how PARP-1 and PARP-2 
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regulate transcription of specific gene targets, possibly via other transcrip-
tion factors. In addition, it would be a good idea to make mutant constructs 
of both PARP-1 and PARP-2; how would a catalytic inactive PARP-1 affect 
PARP-2 PARylation, performing In Vitro PARylation assays together with 
Smad4? Also, how would a catalytic inactive PARP-2, or removal of PARP-
2 from the cell, affect Smad complex binding to DNA?    

 In addition, another study revealed that Smads get PARylated and posi-
tively affect gene transcription in smooth muscle cells [86]. Alternatively, 
PARP-1 acts on many different levels in the cells at the same time, where 
different pools of PARPs, dependent on cell type, have more important roles 
in a specific moment for the cell. That could explain the differences between 
paper I and the observations made with smooth muscle cells, where the lev-
els of PARP-1 in these cells rather regulate the phospho-Smad3 levels. Acti-
vated PARP-1 after TGF-ß stimulation, leads to enhanced phopho-Smad3 
accumulation in the nucleus with enhanced transcription. The different ob-
servations are worthwhile to investigate further.  

Also, it gets more complicated when performing siRNA experiments for 
PARP-1, since there are many evidences that PARP-1 acts and modifies the 
chromatin structure and architecture. Since I have studied the transcriptional 
regulation of Smads by PARP-1, it is very likely that these observed effects 
are reduced at certain moments, if the general transcriptional machinery is 
also affected by a changed chromatin structure by PARP-1.  

It is worthwhile to investigate further, the modified histones around TGF-
ß target gene promoters and Smad binding to the same gene promoter by 
ChIP, after siControl and siPARP-1 treatments in cells. Also, using inhibi-
tors specific towards PARP-1, and performing ChIP assays to study the 
modified histones around TGF-ß target genes, and the binding between 
PARP-1 and the histones/target gene promoter, will be revealing.  

In paper IV we try to explain the complexity and sensitivity of the TGF-ß 
signaling pathway; receptors responding to different amount of TGF-ß dur-
ing different time periods, giving rise to different gene responses and gene 
profiles.  

If possible, use of the same approach and expanding the mathematical 
model, to investigate the impact of additional post-translational modifica-
tions that exist in the TGF-ß signaling pathway, such as PARylation, will be 
of major interest.  

The above mentioned factors, together with the fact that enzymes can 
modify Smads, leave you with the conclusion that more studies have to be 
done on different levels, both on a large scale but also on a detailed level. 
More robust and innovative molecular tools are required to be able to answer 
the biological questions remaining.     
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