
                                                                          

University of Dundee

DOCTOR OF PHILOSOPHY

The regulation of TGF/BMP signalling by deubiquitylating enzymes

Herhaus, Lina

Award date:
2014

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 18. Jan. 2021

https://discovery.dundee.ac.uk/en/studentTheses/c53aed5a-920b-4290-a82c-f30b7d807ec6


DOCTOR OF PHILOSOPHY

The regulation of TGF/BMP signalling by
deubiquitylating enzymes

Lina Herhaus

2014

University of Dundee

Conditions for Use and Duplication
Copyright of this work belongs to the author unless otherwise identified in the body of the thesis. It is permitted
to use and duplicate this work only for personal and non-commercial research, study or criticism/review. You
must obtain prior written consent from the author for any other use. Any quotation from this thesis must be
acknowledged using the normal academic conventions. It is not permitted to supply the whole or part of this
thesis to any other person or to post the same on any website or other online location without the prior written
consent of the author. Contact the Discovery team (discovery@dundee.ac.uk) with any queries about the use
or acknowledgement of this work.









 Alkaline phosphatase assay ................................................................................................ - 75 - 2.2.1.12

 Epithelial to mesenchymal transition (EMT) assay ............................................................. - 76 - 2.2.1.13

 Cell migration assay ............................................................................................................ - 76 - 2.2.1.14

 Xenopus studies .................................................................................................................. - 76 - 2.2.1.15

2.2.2 General molecular biology.............................................................................................. - 77 - 

 DNA and RNA concentration measurement ....................................................................... - 77 - 2.2.2.1

 Plasmid transformation, amplification and isolation .......................................................... - 77 - 2.2.2.2

 Restriction enzyme digests of plasmid DNA ....................................................................... - 78 - 2.2.2.3

 Agarose gel electrophoresis ................................................................................................ - 78 - 2.2.2.4

 DNA mutagenesis ............................................................................................................... - 78 - 2.2.2.5

 Real time quantitative reverse transcription PCR (qRT-PCR) .............................................. - 79 - 2.2.2.6

2.2.3 General biochemistry...................................................................................................... - 79 - 

 Protein concentration measurement ................................................................................. - 79 - 2.2.3.1

 Immunoprecipitation .......................................................................................................... - 80 - 2.2.3.2

 Conjugation of antibodies to protein-G/A Agarose or Sepharose ...................................... - 80 - 2.2.3.3

 Subcellular fractionation ..................................................................................................... - 81 - 2.2.3.4

 Size exclusion chromatography .......................................................................................... - 81 - 2.2.3.5

 Separation of proteins by SDS-PAGE .................................................................................. - 82 - 2.2.3.6

 Coomassie staining of protein gels ..................................................................................... - 82 - 2.2.3.7

 Immunoblotting (Western blots) ........................................................................................ - 83 - 2.2.3.8

 Immunofluorescence microscopy (IF) ................................................................................. - 83 - 2.2.3.9

 Purification of GST-tagged proteins from bacteria ............................................................. - 84 - 2.2.3.10

 Purification of His6-tagged proteins from bacteria ............................................................. - 85 - 2.2.3.11

2.2.4 In vitro assays ................................................................................................................. - 86 - 

 Peptide binding assay ......................................................................................................... - 86 - 2.2.4.1

 In vitro ubiquitylation assays .............................................................................................. - 86 - 2.2.4.2

 In vitro E2~ub loading assays .............................................................................................. - 87 - 2.2.4.3

 In vitro deubiquitylation assays .......................................................................................... - 87 - 2.2.4.4

 In vitro kinase assays........................................................................................................... - 88 - 2.2.4.5

 In vitro O-GlcNAcylation assay ............................................................................................ - 89 - 2.2.4.6

2.2.5 Mass spectrometry ......................................................................................................... - 89 - 

 Preparation of samples for mass spectrometry .................................................................. - 89 - 2.2.5.1

 In-gel digestion of proteins for mass spectrometry analysis .............................................. - 90 - 2.2.5.2









file://homes/lzherhaus/Desktop/Lina_Thesis%20draft%20-%20Copy.docx%23_Toc395172647
file://homes/lzherhaus/Desktop/Lina_Thesis%20draft%20-%20Copy.docx%23_Toc395172655






IV 

LIST OF TABLES  

Table 2-1 Buffers and solutions .............................................................................................................. - 59 - 

Table 2-2 Plasmids .................................................................................................................................. - 62 - 

Table 2-3 qRT-PCR primers ..................................................................................................................... - 64 - 

Table 2-4 siRNA oligonucleotides ........................................................................................................... - 65 - 

Table 2-5 Antibodies .............................................................................................................................. - 67 - 

Table 2-6 Inhibitors ................................................................................................................................ - 71 - 

Table 3-1 Assessment of OTUB1 mutants ............................................................................................ - 132 - 

Table 3-2 OTUB1 binds E2 enzymes ..................................................................................................... - 136 - 

Table 3-3 Statistical analysis of the proliferation assay ....................................................................... - 146 - 

  



V 

DECLARATIONS 

 

I declare that the following thesis is based on the results of investigations 

conducted by myself, and that this thesis is of my own composition. Work other 

than my own is clearly indicated in the text by reference to the relevant 

researchers or to their publications. This dissertation has not in whole, or in part, 

been previously submitted for a higher degree. 

 

 

 

Lina Herhaus 

 

 

 

 

I certify that Lina Herhaus has spent the equivalent of at least nine terms 

in research work at the School of Life Sciences, University of Dundee, and that 

she has fulfilled the conditions of the Ordinance General No. 14 of the 

University of Dundee and is qualified to submit the accompanying thesis in 

application for the degree of Doctor of Philosophy. 

 

 

 

        Dr Gopal P. Sapkota 

  



VI 

ACKNOWLEDGEMENTS 

 

I would like to thank my supervisor Gopal Sapkota for giving me the 

opportunity to perform my PhD studies under his supervision. I am grateful for 

all his guidance and encouragement, as his mentorship enabled the start of my 

scientific career.  

I also want to thank past and present members of the MRC unit and 

Sapkota group, in particular Ana, Janis, David, Alejandro and Tim who have 

made the lab an enjoyable place to work.  

I would like to acknowledge and thank all the technical and administrative 

MRC support staff, especially Simone and Tom for cloning my constructs and 

Bob, Dave and Joby for help with mass spectrometry.  

Finally, I would like to thank my family, especially my parents and 

grandparents for all their support throughout my studies and most of all: my 

husband Marco, without whom this would not have been possible.  

  



















XV 

OGT  O-GlcNAc transferase 

OTU  ovarian tumour domain 

p   pico 

p300  E1A Binding Protein P300 

p38 MAPK mitogen-activated protein kinase 14 

p53   Tumour Protein p53 

PAGE  polyacrylamide gel electrophoresis 

PAI-1   Plasminogen activator inhibitor-1 

PAR6  Partitioning defective 6 homolog 

PAWS1 Protein Associated With SMAD1 

PBS  phosphate-buffered saline 

PCR   polymerase chain reaction 

PDP  mitochondrial enzyme Pyruvate dehydrogenase  

PDZ post synaptic density protein, Drosophila disc large tumor 

suppressor and zonula occludens-1 protein 

PEI   polyethylenimine  

PHD  Plant Homeo Domain  

PI3K  Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PIAS  protein inhibitor of activated STAT E3 SUMO ligase 

PIM1  proto-oncogene Serine/Threonine-protein kinase 1 

PIN1  peptidyl-prolyl cis-trans isomerase  

PKA  protein kinase A 

PKC  protein kinase C 

PKG  protein kinase G 

PMDS  Persistent Müllerian Duct syndrome  

PMSF  phenylmethanesulphonylfluoride  

PP1  protein phosphatase 1  

PP2A  protein phosphatase 2  

PPM1A  protein phosphatase Mg2+/Mn2+ dependent 1A  

pS16   phospho-Serine 16 

PTMs   post-translational modifications  

PVDF  polyvinylidene difluoride  

qRT-PCR  quantitative reverse transcriptase PCR 



XVI 

RAS  rat sarcoma protein family 

RBR   RING, in-between RING and RING2 

REST  RE1-Silencing Transcription factor 

RhoA  RAS homolog gene family member A 

RIG1  retinoic acid-inducible gene 1 

RING   really interesting new gene 

RNA  ribonucleic acid 

RNAi  RNA interference 

RNF12  RING Finger Protein 12 

ROC1  RING box protein 1 

rpm   revolutions per minute 

R-SMADs  receptor-regulated SMAD  

RT  room temperature  

RUNX(2) Runt-related transcription factor 2 

s   seconds 

S1  site 1 

SARA  SMAD anchor for receptor activation  

SART3 Squamous cell carcinoma antigen recognized by T-cells 3 

SBE  SMAD binding element  

SCF  Skp, Cullin, F-box containing complex 

SCP(1-3)  small C-terminal domain phosphatase (1-3) 

SDS   sodium dodecyl sulphate 

SH  Src Homology 

ShcA  Src Homology 2 Domain Containing Transforming Protein 1 

siRNA  small interfering RNA 

SIRT1  Sirtuin 1 

SLIM1  skeletal muscle LIM protein 1 

SMAD-LP linker-phosphorylated SMAD 

SMAD-TP tail-phosphorylated SMAD 

SMURF1/2   SMAD ubiquitylation regulatory factor 1/2 

SnoN  Ski-related novel protein N 

SOCS  BC box-Suppressor of Cytokine Signalling 

sOGT  short cytoplasmic form of OGT 







XIX 

AMINO ACID CODE 

 

amino acid    thee letter code one letter symbol  

Alanine    Ala   A 

Arginine    Arg   R 

Asparagine    Asn   N 

Aspartic acid    Asp   D 

Cysteine    Cys   C 

Glutamic acid   Glu   E 

Glutamine    Gln   Q 

Glycine    Gly   G 

Histidine    His   H 

Isoleucine    Ile   I 

Leucine    Leu   L 

Lysine     Lys   K 

Methionine    Met   M 

Phenylalanine   Phe   F 

Proline    Pro   P 

Serine     Ser   S 

Threonine    Thr   T 

Tryptophan    Trp   W 

Tyrosine    Tyr   Y 

Valine     Val   V 

any amino acid   Xaa   X 

  





















- 9 - 

The DUBs encoded by the human genome are classified into five distinct 

functional and structural groups: the Cysteine proteases: ubiquitin-specific 

proteases (USPs), ovarian tumour proteases (OTUs), ubiquitin C-terminal 

hydrolases (UCHs) and Josephins, and the zinc metalloproteases 

JAB1/MPN/MOV34 (JAMM/MPN+). Similar to the DUBs that process ubiquitin, 

there are other ubiquitin-like proteases (ULPs) that selectively remove specific 

UBLs. For example, SUMO and NEDD8 are removed by ULPs that belong to 

the Adenain family of Cysteine proteases, whereas ISG15 is cleaved by a ULP 

that resembles the adenovirus protease (Komander et al., 2009, Reyes-Turcu et 

al., 2009, Nijman et al., 2005, Hay, 2007). 

As the human genome encodes less than 100 DUBs, it is highly likely 

that DUBs are intricately regulated in order to oppose the action of over 600 E3 

ubiquitin ligases in diverse signalling cascades. Overall DUB specificity is 

achieved by a combination of substrate and target recognition. Additionally, this 

is regulated by conformational/post-translational changes, subcellular 

localisation and interactions with regulatory partners. To ensure specificity 

even further, DUBs also distinguish between UBLs, isopeptides, linear 

peptides and different types of ubiquitin linkage and chain structure as well as 

exo- versus endo- deubiquitylation. Enzymatic activity of DUBs might be cryptic 

and regulated by occluding the substrate-binding sites of certain DUBs or by 

inducing conformational changes that activate the catalytic site (Amerik and 

Hochstrasser, 2004, Clague et al., 2012a, Katz et al., 2010, Komander et al., 

2009, Nijman et al., 2005, Reyes-Turcu et al., 2009). Apart from these 

substrate-induced conformational changes and post-translational modifications, 

activity can also be induced by scaffold or adapter proteins and allosteric 

interactions as well as transcriptional regulation of DUB expression (Amerik and 
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Figure 1-3 O-GlcNAc modification of proteins 

The hexosamine biosynthetic pathway (HBP) provides the sugar substrate for 
O-GlcNAcylation as glucose is converted into UDP-N-acetylglucosamine (UDP-
GlcNAc). The enzyme O-GlcNAc transferase (OGT) catalyses the addition, 
whereas the enzyme O-GlcNAcase (OGA) catalyses the removal of the amino 
sugar to/from nuclear and cytoplasmic proteins. Modified proteins are involved 
in multiple cellular processes, which upon misregulation can cause a variety of 
diseases. 
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The phospho-antibodies stated in Table 2-5 are specific to the following 

residues: anti-phospho-S463/465 SMAD1 (SMAD1-TP), anti-phospho-S465/467 

SMAD2 (SMAD2-TP), anti-phospho-S423/425 SMAD3 (SMAD3-TP), anti-

phospho-T179 SMAD3 (SMAD3-LP), anti-phospho-S16 OTUB1.  

Species-specific HRP-coupled secondary antibodies (1:5000) were 

obtained from Thermo Scientific and HRP-coupled light chain specific 

secondary antibodies (1:10000) were purchased from Jackson Immuno 

Research. Rabbit anti-sheep IRDye 800CW and goat anti-mouse IRDye 680LT 

were from LI-COR. Alexa Fluor® 488 donkey anti-sheep IgG (A11015) and 

Alexa Fluor® 594 goat anti-rabbit IgG (A11012) were used 1:1000 for 

immunofluorescence and purchased from Invitrogen.  

 
Table 2-5 Antibodies 

Antibody Product reference Source Conditions 

ALK3 DSTT S985C sheep 1:1000 Milk 
ALK5 DSTT S426D sheep 1:1000 Milk 
BIRC6 Cell Signalling #8756 rabbit 1:1000 Milk 
Caspase 3 Cell Signalling #9662 rabbit 1:1000 Milk 
CK2 Abcam ab10466 rabbit 1:1000 Milk 
E-cadherin Cell Signalling #3195 rabbit 1:1000 Milk 
Fibronectin Sigma-Aldrich F3648 rabbit 1:2000 Milk 
FLAG-M2 HRP Sigma-Aldrich A 8592 mouse 1:2000 Milk 
GAPDH Cell Signalling #2118 rabbit 1:5000 Milk 
GFP DSTT S268B sheep 1:2000 Milk 
GST HRP Abcam ab3416 rabbit 1:5000 Milk 
HA HRP Roche 12 013 819 001 rat 1:2000 Milk 
Histone 2B-ub Cell Signalling #5546 rabbit 1:1000 Milk 
LAMIN A/C Cell Signalling #2032 rabbit 1:1000 Milk 
Na+/K+-ATPase Cell Signalling #3010 rabbit 1:1000 Milk 
O-GlcNAc Abcam ab2739 mouse 1:1000 BSA 
OGT Santa Cruz sc-32921 rabbit 1:1000 Milk 
OTUB1 DSTT S104D, S300D, S499D sheep 1:1000 Milk 
OTUB1 Abcam ab82154 goat 1:1000 Milk 
OTUB1 pS16 DSTT R3383 rabbit 1:1000 BSA 
PARP Cell Signalling #9542 rabbit 1:1000 Milk 
Phalloidin Invitrogen A12379 - 1: 50 used for IF  
SMAD1 DSTT S618C sheep 1:1000 Milk 
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OTUB1 by stabilising the folding of the N-terminal ubiquitin binding helix of 

OTUB1 (Wiener et al., 2013). 

The amino acid sequence of OTUB1 is highly similar to OTUB2 

(Edelmann et al., 2009). The major difference between OTUB1 and OTUB2 is 

the N-terminal extension in OTUB1. Additionally, their molecular modes of 

action are distinct. While both cleave ubiquitin chains, OTUB1 also acts in a 

non-canonical mode through the inhibition of E2 enzymes (section 3.1.3). 

 

3.1.3 Non-canonical mode of OTUB1 action: inhibition of E2 enzymes 

In addition to its ability to cleave K48-linked ubiquitin chains, OTUB1 has 

been reported to act in a catalytically independent manner (non-canonical). 

Several studies have described the non-canonical mode of OTUB1 action in 

which OTUB1 inhibits the ubiquitylation of target proteins by binding to and 

inhibiting E2 ubiquitin conjugating enzymes, independently of its catalytic 

activity (Wiener et al., 2012, Nakada et al., 2010, Juang et al., 2012, Sato et al., 

2012).  

The non-canonical mode of action relies on OTUB1 binding to ubiquitin 

charged-E2 enzymes (E2~ub) through the ubiquitin-binding motif in the N-

terminus. The charged E2~ub and free ubiquitin bind OTUB1 in a way that 

mimics K48-linked cleaved chains (Figure 3-3B,C). Therefore, OTUB1 can 

inhibit E2s that generate any ubiquitin-linkage type on substrate proteins. The 

ubiquitin that is bound to the E2, is positioned at the S1' ubiquitin-binding 

(proximal) site of OTUB1, forming a pseudo-substrate complex (Figure 3-3C) 

(Messick et al., 2008, Wiener et al., 2012, Wang et al., 2009, Nakada et al., 

2010, Juang et al., 2012, Sato et al., 2012).  
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The binding of OTUB1 to the UBE2N~ub conjugate is allosterically 

regulated by free ubiquitin, which binds to the distal ubiquitin-binding region of 

OTUB1 (Figure 3-3). Hence, in the absence of free ubiquitin, OTUB1 binds 

charged and uncharged E2s with similar affinity. The binding of conjugated 

donor ubiquitin to OTUB1 is encouraged by conformational changes in the OTU 

domain, which maximises contacts with the ubiquitin bound at the OTUB1 

proximal site. Furthermore, the formation of a 20-amino acid ubiquitin-binding 

helix at the N-terminus of OTUB1, which is disordered in the apo enzyme, 

contacts the donor ubiquitin in the distal site favouring binding (Messick et al., 

2008, Wiener et al., 2012, Wang et al., 2009, Nakada et al., 2010, Juang et al., 

2012, Sato et al., 2012). The N-terminal region of OTUB1 possibly disrupts the 

interaction between UBE2N and its co-factor UBE2V1, thereby disrupting the 

donor ubiquitin-E2 interaction. A similar mechanism is possible for the 

interaction between OTUB1 and UBE2D2, whereby the OTUB1 N-terminus 

might interfere with acceptor ubiquitin binding to the E2 (Wiener et al., 2012).  

The OTUB1-interacting surface on UBE2D2 or UBE2N is in vicinity to the 

interface that mediates E2-E3 interaction and is conserved among the 

UBE2E/D families, leading to the prediction that the interaction mode of all 

OTUB1-interacting E2s is universal (Juang et al., 2012). Interestingly, 

uncharged E2 binding increases OTUB1 affinity for K48-diubiquitin by stabilising 

the N-terminus of OTUB1. Hence, the ratio of charged and uncharged E2s in 

cells as well as the amount of K48-linked ubiquitin present could regulate 

OTUB1 activity. Furthermore, OTUB1 could coexist in E2-OTUB1 and E2~ub-

OTUB1 complexes (Wiener et al., 2013). 

In summary, for the non-canonical mode of action, OTUB1 inhibits the 

ubiquitin transfer from the E2 to the E3. OTUB1 occludes the E3 binding site on 
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3.1.4 Cellular functions of OTUB1  

Both canonical and non-canonical roles of OTUB1 have been implicated 

in the regulation of several cellular processes (Zhang et al., 2012c, Xia et al., 

2008, Rumpf and Jentsch, 2006, Peng et al., 2014, Li et al., 2014), including 

immune response (Li et al., 2010, Soares et al., 2004, Goncharov et al., 2013), 

estrogen signalling (Stanisic et al., 2009) and DNA damage response (Nakada 

et al., 2010).  

The catalytic activity of OTUB1 is required for its function in apoptosis 

and pathogen invasion. By regulating the E3 ubiquitin ligase cellular inhibitor of 

apoptosis (c-IAP1) via deubiquitylation, OTUB1 regulates the assembly of 

tumour necrosis factor (TNF) receptor signalling complexes and regulates 

apoptosis (Goncharov et al., 2013). OTUB1 was found to stabilise active RhoA 

through deubiquitylation, thereby influencing the susceptibility of host cells to 

bacterial invasion by Yersinia (Edelmann et al., 2010).  

OTUB1 has been reported to deubiquitylate TRAF3 and 6, thereby 

negatively regulating the virus induced type I interferon production and cellular 

antiviral response (Li et al., 2010). Furthermore, it was suggested that HSCARG 

recruits OTUB1 to TRAF3 (Peng et al., 2014). However, whether the catalytic 

activity of OTUB1 is required for cellular responses was not assessed in either 

of the studies. Furthermore, OTUB1 has been reported to act as a specific 

receptor for the ubiquitylated E3 ligase GRAIL, enhancing its degradation and 

thereby regulating CD4+ T cell clonal anergy and promoting IL2 production 

(Soares et al., 2004). OTUB1 function in the regulation of T cell anergy can be 

antagonised by ARF-1, a longer isoform of OTUB1 resulting from an alternative 

splicing and start codon. The OTUB1 mediated degradation of GRAIL, which is 

opposite to the expected function of a DUB, is independent of its catalytic 
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3.2.5 Expression of OTUB1 in different tissues and cell lines 

To further investigate the function of OTUB1, mouse tissues and different 

cancer cell lines were probed for the expression of OTUB1 protein. Mouse 

spatial tissue distribution of OTUB1 revealed that it was ubiquitously expressed, 

with high expression levels observed in the brain (Figure 3-9A). Moreover, 

OTUB1 was ubiquitously expressed across many human cell lines, with 

relatively high expressions observed in breast cancer cells (Figure 3-9B). 

 
 

 

Figure 3-9 OTUB1 is ubiquitously expressed 

A) Indicated mouse tissues were homogenised in lysis buffer, and 20 µg of 
protein lysate were resolved by SDS-PAGE and immunoblotted with antibodies 
against OTUB1, GAPDH and tubulin (the latter ones used as loading controls). 
B) Different cancer cell lines were lysed and extracts resolved by SDS-PAGE 
and immunoblotted with the indicated antibodies. GAPDH and tubulin 
immunoblots were used as loading controls. 
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Figure 3-16 Characterisation of OTUB1 activity in vitro 

A) A schematic representation of OTUB1 indicating the positions of key 
residues and domains. B&C) Human recombinant GST-OTUB1 or indicated 
GST-OTUB1 mutants were incubated with K48-linked diubiquitin chains in a 
DUB assay buffer for 1 hour at 30 °C. The reaction was stopped by the addition 
of 1x SDS sample buffer, the assay mix was resolved by SDS-PAGE and 
immunoblotted with GST or ubiquitin antibodies as indicated. D) As in B&C, 
however GST-OTUB1 was incubated with K48-linked 2-7 polyubiquitin chains. 
E) As in D, however GST-OTUB1 was incubated with K63-linked 2-7 
polyubiquitin chains.  
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Figure 3-17 The catalytic activity of OTUB1 is not influenced by SMAD3 

Human recombinant GST-OTUB1 or GST-OTUB1 D/C/H were incubated with 
K48-linked diubiquitin in the presence or absence of tail-phosphorylated or 
unphosphorylated SMAD3 peptide in a DUB assay buffer for 1 hour at 30 °C. 
The reaction was stopped by the addition of 1x SDS sample buffer, the assay 
mix was resolved by SDS-PAGE and immunoblotted with GST or ubiquitin 
antibodies as indicated.  
 

3.2.9 SMAD2/3 are polyubiquitylated by NEDD4L 

NEDD4L had previously been described as the E3 ubiquitin ligase that 

polyubiquitylates SMAD2/3 (Gao et al., 2009, Kuratomi et al., 2005), however 

the type of ubiquitin chain linkages on SMAD2/3 have not been identified. To 

verify that NEDD4L polyubiquitylates SMAD3, both proteins were 

overexpressed in HEK293 cells and SMAD3 immunoprecipitated (Figure 

3-18A). In the presence of NEDD4L, the polyubiquitylation of SMAD3 intensifies 

and probing with K48-ubiquitin specific antibody indicates that part of the 

ubiquitin chains formed on SMAD3 are K48-linked (Figure 3-18A). K48-linked 

polyubiquitylation leads to proteasomal degradation (Pickart, 1997), which can 

be blocked by the proteasomal inhibitor Bortezomib (Adams et al., 1999). 

NEDD4L mediated degradation of endogenous SMAD2/3 (Figure 3-18B, lane 2) 

can be rescued by the addition of Bortezomib (Figure 3-18B, lane 4). 
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