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Abstract

Abstract

Transforming growth factor-B (TGF-B)/activin/nodal signalling play a critical role in many
physiological and pathophysiological processes such as in embryogenesis, adult tissue
homeostasis as well as in disease onset and progression. They signal via heteromeric
complexes of type | and type Il receptors, which phosphorylate and activate downstream
signal effectors- Smad2 and Smad3 (Smad2/3). Phosphorylation of the C-terminal SxS motif
of Smad2/3 by the receptors, induces them to form oligomeric complexes with Smad4 and
accumulate in the nucleus where they regulate transcription. In addition to the SxS
phosphorylation, Smad2/3 can also be phosphorylated at their linker region. Smad2/3 are
comprised of two highly conserved MH1 and MH2 domains connected by an unstructured
linker that contains several phosphorylatable serine and threonine residues. Specifically, there
are proline-directed linker threonine (LT) and serine (LS) residues that are phosphorylated by
various kinases such as PIBK/mTORC2, MAPKs, Rho/ROCK, GSK3-f3, CDKs etc. to regulate
Smad2/3 activity by altering their subcellular localisation, transcription, and protein stability.
LT and LS are closely linked and are perceived to have similar functions in TGF-§ signalling.
However, a study in our lab showed that they are differentially regulated, suggesting they may
also have different functions in TGF-f signalling. Therefore, this study aims to dissect the
individual roles of LS and LT in regulating TGF-B signalling by using various cell models such
as human embryonic stem cells (hESCs), mouse embryonic stem cells (mESCs), and PC3
cells for mechanistic and functional studies. LS was found to be phosphorylated by CDK8/9
while LT was not much affected. Inhibition of LS phosphorylation (pLS) delayed the
deactivation of Smad2, resulting in their nuclear accumulation and augmented transcriptional
activity. Conversely, inhibition of pLS in inactivated Smad2 after withdrawing the agonist,
resulted in Smad2 proteasomal degradation. These findings reveal two distinct mechanisms
by which pLS can regulate TGF-f signalling, which will greatly impact our understanding of
effects of non-canonical Smad signalling on canonical TGF- signalling and also provides

potential insights into ways TGF-3 responses could be manipulated for therapeutic benefits.
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Chapter 1 Introduction

1.1 TGF- superfamily

1.1.1 Overview

Transforming growth factor-B (TGF-f3) superfamily proteins are encoded by 33 genes in
mammals and include TGF-fs, activins, nodal, bone morphogenetic proteins (BMPs), growth
differentiation factors (GDFs), and Mullerian-inhibiting substance (MIS). These proteins form
homo- or heterodimeric polypeptides which activate various signalling pathways and regulate
a wide variety of biological functions including embryonic development, cellular homeostasis,
wound healing, immune regulation, and regeneration (Morikawa et al., 2016, Derynck and
Budi, 2019). Thereby, disruption of TGF- signalling is implicated in the pathogenesis of
numerous diseases, such as fibrosis, cancer, neurodegenerative and connective tissue
disorders (Massagué, 2012). The core components of the TGF-f signalling pathway are highly
conserved in evolution, across multiple species from Drosophila melanogaster to

Caenorhabditis elegans to mammals (Huminiecki et al., 2009).

All the TGF-B superfamily proteins are produced and secreted as precursor forms into the
extracellular matrix where they mature as disulphide-linked dimeric polypeptide ligands by
eliminating the LAP. These mature dimeric ligands are able to bind to the serine/threonine-
containing receptor complexes and activate these receptors as well as the downstream
effectors receptor-activated Smads (R-Smads) via their phosphorylation at specific regions
(Fig 1.1) (Morikawa et al., 2016, David and Massagué, 2018, Derynck and Budi, 2019,
Tzavlaki and Moustakas, 2020). Activated R-Smads form functional protein complexes with
the common partner Smad (co-Smad)- Smad4, accumulate in the nucleus, where they interact
with partner transcription factors, and regulate expression of target genes (Inman et al., 2002,
Schmierer and Hill, 2005, Ross and Hill, 2008, Hill, 2016, Tzavlaki and Moustakas, 2020).
Evidently, R-Smads are crucial components of TGF- signalling pathways as they are both
effectors and transcription mediators. Based on the ligand specificity to distinct receptors and
the downstream R-Smads involved, the TGF-f3 superfamily is broadly divided into two major

categories: the TGF-B/activin/nodal subfamily, briefed simply as TGF-p family hereafter, and
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the BMP subfamily. Smad2 and Smad3 are the R-Smads of TGF- family, whereas Smad1,
5 and 8 are the R-Smads belonging to the BMP subfamily (Shi and Massagué, 2003). In
addition, there is another type of Smads, called inhibitory Smads (I-Smads), Smad6 and
Smad7. Smad6 inhibits BMP subfamily signalling while Smad7 can inhibit both TGF-3- and
BMP-mediated signalling (Hanyu et al., 2001, Heldin and Moustakas, 2012). The molecular
structures of most of the TGF-B components have been established, contributing to better
insights into the structural basis of their biological functions, specific interactions in the
pathway and diverse regulatory mechanisms (Hinck et al., 2016, Derynck and Budi, 2019,
Tzavlaki and Moustakas, 2020). Given that signalling pathways of TGF- superfamily contain
a large number of components with various regulatory mechanisms and have critical biological
functions, TGF-f signalling is often dysregulated in various human diseases and therefore,
present an effective target for therapeutic intervention. An overview of the signalling by TGF-

B and BMP pathways is depicted (Fig 1.7).
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w TGF-B/Activin/Nodal

Cytoplasm

Smad1/5/8

Nucleus

Figure 1.1: An overview of TGF-B and BMP signalling

Binding of TGF-B/Activin/Nodal to their receptor complex activate Smad2 and Smad3 (Smad2/3).
Smad2/3 activation promotes their binding to Smad4 to form functional complexes that accumulate in
the nucleus to induce target gene expression. Similarly, BMP binding to its receptor complex activate
Smad1/5/8 to promote their interaction with Smad4 and nuclear accumulation. Smad6 and Smad7 are
inhibitory Smads that negatively regulate the two branches of TGF-f signalling as shown. ‘¥’ represents
phosphorylation.

1.1.2 Historical perspective of TGF- signalling

TGF-B was discovered in the early 1980s as a growth factor secreted by transformed
mouse fibroblasts and identified to have both transforming activity for anchorage-independent
cell growth in soft agar and bind to epidermal growth factor (EGF) receptors (de Larco and
Todaro, 1978). It was later purified from tumour cells but lost its transforming property when

subjected to the extraction procedure that could be completely restored if EGF was added to

the assay (Roberts et al., 1980, Roberts et al., 1981, Anzano et al., 1982), indicating that it
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constituted more than one synergizing component, which was later found to be TGF-a (now
identified as EGF) that could not induce soft agar colonies, and TGF-§3 that could remarkably
induce many, large colonies but only in the presence of small amount of EGF. This, in my
opinion, is an early indicator of importance of crosstalk of TGF-[3 signalling with other signalling
pathways in defining its role in health and disease. Further, TGF-3 could also be purified from
normal tissues like platelets, human placenta, and bovine kidney, strongly suggesting a role
of TGF-B in both normal physiology and malignancy (Assoian et al., 1983, Frolik et al., 1983,
Roberts et al., 1983). More studies confirming the bifunctional role of TGF-3 showed that
similar concentrations of TGF- could induce both enhancement and inhibition of colony
formation in different cell types (Tucker et al., 1984, Roberts et al., 1985). Moreover, the same
cell type could have contrasting effects of TGF-3, depending on the availability of other growth
factors in the culture system (Roberts et al., 1985). Together, these early findings strongly
suggest the significance of the cellular context and signalling crosstalk in defining TGF-3
activity. Many subsequent in vivo studies too demonstrated the growth-promoting and -
inhibitory effects of TGF-$ (Silberstein and Daniel, 1987, Jhappan et al., 1993, Pierce et al.,
1993, Cui et al., 1996, Fowlis et al., 1996), prompting a perplex question that how TGF-38, can
possess both of these functions. Extensive research into it has now established the consensus
that effects of TGF- superfamily ligands are highly dependent on the cellular context provided
by the cell’s transcriptional landscape and the activity of other signalling pathways in the cell

(Morikawa et al., 2016, David and Massagué, 2018).

This chapter will provide you with an introduction on the fundamental concepts of TGF-3
signalling pathway and also discuss the role and regulation of R-Smads in TGF-f signalling,
mainly focusing on the Smad2/3-mediated TGF-f3 signalling and occasional mentions of the
BMP pathway. Specially, | would like to introduce you to the important role of post-translational
modifications (PTMs) such as phosphorylation and ubiquitination of Smad2/3 linker region in

dictating their activity and regulating TGF-f signalling.
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1.2 TGF-B family
1.2.1 Functional importance of TGF-f/activin/nodal signalling

1.2.1.1 Embryonic development

Signalling pathways of TGF-$ family have important functions in various developmental
processes (Jia and Meng, 2021). Nodal signalling is crucial for the induction of mesoderm and
endoderm in vertebrates and critically involved in the left-right (LR) asymmetric development,
dorso-ventral (DV) patterning and organogenesis of bone and lungs. Evidently, loss of nodal
activity results in deficiency of mesodermal and endodermal tissues while the ectodermal
tissues expand uncontrollably (Camus et al., 2006, Mesnard et al., 2006). A raise in nodal
expression immediately post-implantation provides essential cues required for establishing
the body plan and cell fate decisions in early mice embryos (Robertson, 2014, Hill, 2018).
Moreover, in pre-implantation mouse embryos, nodal is essential for maintaining the
expression of pluripotency genes such as Oct4 (Pou5f1) and Nanog (Vallier et al., 2009). In
early mouse embryos, Smad2 has a more dominant role than Smad3 as Smad2 knockout
mice exhibits early embryonic lethality at E7.5-12.5 while Smad3 knockout mice develops
normally but has higher susceptibility to colorectal cancer and autoimmune disorders later in
life (Brown et al., 2007). Also, in Xenopus embryos, Smad2 is expressed highly abundantly
than Smad3 supporting a more important role of Smad2 in early embryonic development (Hill,

2018).

1.2.1.2 Embryonic stem cell (ESC) self-renewal and pluripotency

Fate of ESCs is determined by a complex signalling network determined by various factors
like cellular microenvironment and cell-cell contact. Maintenance of ESC pluripotency is also
regulated by intrinsic and extrinsic factors (Yilmaz and Benvenisty, 2019). Key intrinsic factors
involved are the transcription factors Oct4, Nanog, and Sox2 which are highly expressed in
ESCs and form the core transcription network that maintain pluripotency. On the other hand,
extrinsic factors include growth factors, cytokines, and extracellular molecules, which act to
maintain the proper expression of intrinsic factors through regulating signalling pathways.
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Leukaemia inhibitory factor (LIF) in mouse ESCs (mESCs) as well as cooperative effect of
fibroblast growth factor (FGF) and activin signalling in hESCs in conjunction with the intrinsic
factors maintain ESC pluripotency and self-renewal (Ohtsuka et al., 2015, Mossahebi-
Mohammadi et al., 2020, Vallier et al., 2005, Chng et al., 2011). In hESCs, nodal/activin
signalling is required for both maintaining pluripotency and stem cell differentiation (Beyer et
al., 2013a). Smad2/3 form complexes with key pluripotent factors like Nanog to suppress FGF
mediated neuroectoderm differentiation (Vallier et al., 2009). Also, Smad2/3 can bind with
Oct4, TEA domain family members (TEADs), and YAP/TAZ, together termed as the TSO
complex (TEAD, Smad, and Oct4), to repress the expression of mesendodermal genes such
as eomesdermin (EOMES), T-box transcription factor Brachyury, hepatocyte nuclear factor 3-
B (HNF3B, or commonly called as FOXA2), and homeobox proteins MIXL1 and goosecoid
(GSC) to maintain pluripotency (Beyer et al., 2013b). By contrast, high activin signalling is
necessary for endoderm differentiation and Smad2/3 could possibly achieve these two distinct
effects of activin signalling in hESCs by binding to different set of transcription partners during

pluripotency maintenance and differentiation (Pauklin and Vallier, 2015)

1.2.1.3 Cancer

TGF-B has anti-proliferative role in healthy, non-malignant cells and early-stage tumours.
It inhibits cell cycle progression and expression of oncogenes such as c-Myc (David and
Massagué, 2018, Batlle and Massagué, 2019, Yu and Feng, 2019). Furthermore, TGF-3
activity helps to maintain genetic stability and induces cell apoptosis in cells with damaged
DNA (David and Massagué, 2018). However, its tumour-suppressive and pro-apoptotic roles
are often lost when cells transform and become cancer cells. Instead, TGF-8 promotes cancer
progression in these cells as dictated by the genetic and epigenetic changes in the tumour
cells. Although the exact mechanisms for this switch in the function of TGF-B is unclear,
several potential mechanisms have been proposed, such as, direct binding of oncoproteins to
activated Smad2/3 and induce PTMs in them thus, altering their role from anti-proliferative to

tumour-promoting (Kretzschmar et al., 1999, Hough et al., 2012, Bae et al.,, 2014). For
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example, elevated Erk/MAPK activation in cancer cells confers specific phosphorylation of
Smad2/3 in their linker region and suppresses their growth-inhibitory effects by restricting their
nuclear localisation and transcriptional activity (Kretzschmar et al., 1999). Also, TGF-f triggers
expression of EMT-associated genes like ZEB-1, SNAI1, SLUG, and TWIST and hyperactive
TGF-B signalling in cancer cells can cause deregulation of cell adhesion proteins to promote
cell detachment and metastasis (Heldin et al., 2009). Also, some aggressive tumours and
cancer stem cells begin expressing nodal which is not normally expressed in adult tissues,
and contribute to the hyperactivation, EMT and metastasis of cancer cells. This paradox in the
role of TGF-B in cancer progression complicates its therapeutic targeting but can be resolved
by first assessing the role of TGF-B in a specific tumour type and then deciding if it needs to

be inhibited or supported as part of the cancer therapy.

1.2.1.4 Fibrosis and other diseases

Fibrosis causes loss of normal tissue function and can occur as a response to repetitive
injury and tissue damage. It is an imbalanced, hyper-responsive wound healing process and
is characterized by modification of healthy parenchymal tissue in the extracellular matrix
(ECM) and its replacement with collagen-rich ECM due to hyperactivated fibroblasts. TGF-3
activation in these fibroblasts causes increased cell and nuclear sizes, upregulation in protein
synthesis, changes in cellular metabolism, altered gene expression, and heightened ECM
protein expression, especially an increase in collagen production which is a hallmark of fibrosis
(Budi et al., 2021, Lodyga and Hinz, 2019). TGF-B is a potent mediator of fibrosis in many
organs such as kidney, heart, lung, and liver. TGF-§ signalling promotes inflammation and
renal fibrosis to cause chronic kidney disease (CKD) in patients. It also causes pathogenesis
of many liver diseases, such as hepatitis, cirrhosis, and hepatocellular carcinoma (Walton et
al., 2017). TGF-B is also a master regulator of pulmonary health and disease and its
dysregulation causes lung pathologies like pulmonary fibrosis and cystic fibrosis (Lederer and
Martinez, 2018, Kramer and Clancy, 2018). TGF-B also induces cardiac fibrosis via its

canonical and non-canonical signalling pathways and can cause chronic heart failure. Overall,
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an upregulation of mediators of TGF-B signalling and downregulation of its antagonists
characterize the molecular basis of TGF-p-mediated fibrosis. Development of therapeutic

targets that inhibit TGF-B signalling can be used in the treatment of fibrosis.

In addition to cancer and fibrosis, TGF-3 signalling is dysregulated in many other human
diseases including cardiovascular diseases, neurological conditions, neurodegenerative
diseases, auto-immune disorders, and aging-related conditions (David and Massagué, 2018,
Goumans and ten Dijke, 2018, Kashima and Hata, 2017, Tominaga and Suzuki, 2019,
Hammond et al., 2019). The reason TGF-B signalling is implicated in so many diseases, is
that it has crucial roles in maintaining cellular homeostasis in adult cells and tissues.
Therefore, any disruption of its functions can easily cause an imbalance in the cellular

metabolic and transcriptional landscape and present pathological conditions.
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1.2.2 TGF-B biosynthesis and activation

Like other members of the TGF- superfamily, a TGF-$ family ligand is synthesised as a
~50 kDa precursor protein, containing a C-terminal shorter mature TGF-§ ligand and an N-
terminal covalently bound pro-segment, known as the latency-associated protein (LAP) (Fig
1.2A) (Derynck et al., 1985, Robertson and Rifkin, 2016). The LAP aids in correct protein
folding, stabilisation, PTMs, and further processing of the TGF- precursor in the ER lumen
(Gray and Mason, 1990). The LAP also directly masks the amino acid residues of the C-
terminal amino acids of the mature TGF- ligand, to prevent binding to the receptors (Shi et
al., 2011). Moreover, the signal peptide at the N-terminal of the LAP is recognized by signal
recognition proteins (SRP) and associated SRP receptors, helping in the transportation of the
TGF-B precursor into the ER lumen (Gentry et al., 1988). In the ER lumen, TGF-B precursors
dimerise via three disulphide bonds, two in the pro-segment and one in the mature domain, to

form the small latent complex (SLC) (Fig 1.2B) (ten Dijke and Arthur, 2007).

Concomitantly, large multidomain glycoproteins called as latent TGF-B-binding proteins
(LTBPs) are also translated in the ER lumen and associate with the SLC via a pair of disulphide
bonds with the LAP to from the large latency complex (LLC) (Fig 1.2B) (Miyazono et al., 1991,
Gleizes et al., 1996, Saharinen et al., 1996). However, in immune cells, SLC crosslinks with
glycoprotein A repetitions predominant (GARP) to form the LLC (Wang et al., 2012, Liénart et
al., 2018). LLC is then cleaved by the furin family proteases at the junction of the LAP and the
mature TGF-f in the Golgi complex but the precursor TGF- dimers still remain bound to each
other and to the LTBPs via disulphide bonds (Dubois et al., 1995). These furin-cleaved LLC
accumulates in secretory vesicles and undergoes exocytosis, to be deposited in the ECM,

until its activation (Fig 1.2C and D) (Robertson and Rifkin, 2016).

Many ECM proteins can bind with the LLC via the LAP or the mature TGF-( to keep the
latent TGF-B tethered to the ECM. For example, collagen, fibronectin, fibrillin, and
thrombospondin in the ECM, can bind to and sequester TGF-B (Robertson and Rifkin, 2016).

Proteolytic disruption of the ECM activates TGF-B, releasing the mature ligands for
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subsequent receptor binding and downstream signal transduction. Other factors, including pH,
reactive oxygen species (ROS), thrombospondin-1 and integrins, are also reported to be able
to activate TGF-B (Robertson and Rifkin, 2016). Particularly, integrins play a major role in
activating TGF-f3. During inactive state, integrins remain bound to the RGD sequence in LAP
and in turn preserve LAP structure to prevent the release of mature TGF-B (Munger et al.
1999; Annes et al. 2004). However, integrin-mediated traction between cell and ECM can
change LAP structure, freeing mature TGF-( ligands (Annes et al. 2004). In addition, study by
Mu et al.,, suggests that integrins may also interact with proteases such as matrix
metalloproteinase 1 (MMP1) to cleave LAP structure and release mature TGF-( ligands as
inhibiting MMPs blocked TGF-B activation (Mu et al., 2002). Moreover, a mice model with
modified RGD sequence exhibited phenotype similar to TGF-B-1-null mice, highlighting the

importance of integrins in activating TGF- (Aluwihare et al. 2009).
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Figure 1.2: Ligand processing and presentation to the receptors

A) TGF-B is secreted as a precursor form (pro-TGF-) comprised of an N-terminal signal peptide, LAP,
or the pro-domain, and mature TGF-3. B) Pro-TGF-f3 is processed in the ER lumen after the removal
of the signal peptide, where it undergoes dimerisation and further binds to LTBPs to form LLC. C) LLC
is transported to the trans-Golgi apparatus where furin enzyme cleaves it at the junction of LAP and
mature TGF-B. D) Cleaved LLC is exocytosed via secretory vesicles and is deposited in the ECM until
activated. On activation, mature TGF-3 is released from its scaffold and is free to bind to available
receptors on the cell surface.
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1.2.3 TGF-B receptor activation

Mature TGF-B can bind to cell surface localised TGF-B receptors and initiate the
downstream cascade of signal transduction. TGF-3 receptors are composed of type | and type
Il receptors, which are somewhat structurally similar to each other and have an extracellular
glycosylated N-terminal domain, an a-helical trans-membrane domain, a small juxta-
membrane domain, and a C-terminal cytoplasmic kinase domain (Chaikuad and Bullock,
2016). Both type | and |l receptors are ATP-dependent, dual-specificity protein kinases, having
both serine/threonine and tyrosine kinase activities, which is a distinct feature from most other
receptors as they only have tyrosine kinase activities (Lawler et al., 1997). However, they differ
from each other in that type | receptor has a glycine-serine-rich (GS) domain but type Il
receptors not (Huse et al., 1999). The canonical TGF-B signalling occurs via the
serine/threonine kinase receptor activity, while the weaker tyrosine kinase activity of the
receptor complex relays the non-canonical TGF-§ signalling pathway (Manning et al., 2002).
In the absence of ligands, these receptors exist as monomers, homo- or even heterodimers,
conferring a strong need for a ligand for downstream signalling activation (Huang et al., 2011,
Ehrlich et al., 2012). Only upon ligand binding, type | and type |l receptors form stabilised,
functional receptor hetero-tetrameric complexes (Hart et al., 2002, Groppe et al., 2008). A
single dimeric TGF-B ligand binds with two type | and two type Il receptors via distinct structural
domains, forming a symmetrical 2:2:2 conformation and offering additional stability to the
ligand-receptor complex by bringing the two receptors together. There are seven type | and
five type Il receptors in mammals. Individual TGF- subfamily ligands bind to distinct receptor
complexes (David and Massagué, 2018). Although it has not been deeply studied but it is
considered that different receptor combinations may confer variability to downstream
signalling activity (Heldin and Moustakas, 2016). Various type | and type Il receptors for the

TGF-B family is listed in the following page (Table 1.1).
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Table 1.1: Receptors involved in Smad2/3-mediated canonical TGF-B signalling
TGF-B family Type | receptor Type Il receptor Smad
member
TGF-B1 TGFBR1 (ALK5) TGFBR2 Smad2/3
TGF-B2 TGFBR1 TGFBR2 Smad2/3
TGF-B3 TGFBR1 TGFBR2 Smad2/3
Activin A ACVR1B (ALK4) and ACVR2 (ActRlIl) and Smad2/3
ACVR1C (ALK?7) ACVR2B (ActRIIB)
Activin B ACVR1B and ACVR1C ACVR2 and ACVR2B Smad2/3
Nodal ACVR1B and ACVR1C ACVR2 and ACVR2B Smad2/3
GDF1 ACVR1B and ACVR1C ACVR2 and ACVR2B Smad2/3
GDF3 ACVR1B and ACVR1C ACVR2 and ACVR2B Smad2/3
Myostatin (GDF8) | ACVR1B and TGFBR1 ACVR2 Smad2/3
GDF9 ACVR1B BMPR2 Smad2/3
GDF11 ACVR1B and TGFBR1 ACVR2 and ACVR2B Smad2/3
Activin C unknown unknown unknown
Activin E unknown unknown unknown

Abbreviations: TGFBR1/2- TGF-$ receptor type I/ll, ALK4/5/7- activin receptor-like kinase 4/5/7,
ACVR1B/1C/2/2B- activin A receptor type 1B/1C/2/2B, ActRII/IIB- activin receptor type 2/2B, and
BMPR2- bone morphogenetic protein receptor type II.

Mature TGF-B/activin/nodal molecules have a strong affinity to the homodimers of type |l
receptors (Groppe et al., 2008, Hart et al., 2002, Radaev et al., 2010). Type Il receptors are
constitutively active which auto-phosphorylate at specific serine (S213 and S409), tyrosine
(Y259, Y336, and Y424) and some threonine residues (Luo and Lodish, 1997, Lawler et al.,
1997). Ligand-type Il receptors interaction causes receptor conformational changes, inducing
formation of another high affinity binding site for type | receptor homodimers. Type Il receptors
can then phosphorylate type | receptors at their serine residues in the glycine-serine (GS)
subdomain located in the juxta-membrane domain, just upstream of the cytoplasmic kinase
domain (Wrana et al., 1994). Many serine residues of the GS domain are known to be
phosphorylated by the type Il receptors, and it only requires a certain threshold of
phosphorylation to be achieved for activation (Heldin and Moustakas, 2016). The GS domain
phosphorylation result in dissociation of a negative regulator chaperone of the type | receptors,
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called FK506 binding protein of twelve kDA (FKBP12) and finally permit the formation of a
tightly bound complex containing the ligand dimer, two type Il receptors, and two type |
receptors (Wang et al.,, 1996, Chen et al., 1997b, Huse et al.,, 1999). These interactions
facilitate additional changes in the conformation of the transmembrane and cytoplasmic
domains of both the receptors thus, enabling recruitment and phosphorylation of downstream

signal transducers, Smad2/3 for TGF-f3 signalling activation (Huse et al., 2001).

1.2.4 Smad2/3 activation

1.2.4.1 Smad structure and function

As introduced in section 1.1.1, there are total eight Smad proteins in humans, which are
categorised in three groups, R-Smads, Co-Smad and I-Smads according to their structure and
functions. All Smad proteins, except I-Smads, consist of two highly conserved domains, the
mad homology 1 (MH1) and MH2, separated by a non-conserved, unstructured, and flexible
linker region, whereas I-Smads lack a distinct MH1 domain and only possess an MH2 domain
(Fig 1.3). The MH1 and MH2 domains of Smad2/3 are very similar to each other while the
other R-Smads share sequence similarities among them (Shi et al., 1998, Shi, 2001). Smad2/3
are 467 and 425 amino acid residues long, respectively, and both contain a nuclear
localisation signal (NLS), and a B-hairpin structure in their N-terminal MH1 domain for DNA
binding. However, the most expressed form of Smad2 has two other structural motifs in its
MH1 domain, called insert 1 (ist1) and exon3 (E3), that disrupt Smad2 NLS and its interaction
with poly (ADP-ribose) polymerase-1 (PARP-1), and most importantly, the conformation held
by the E3 insert determines the extent of Smad2 interaction with the Smad binding elements
(SBE) sequence (Shi et al., 1998, Yagi et al., 1999, Aragon et al., 2019). Therefore, MH1
domain is generally considered to help Smads with their DNA binding. Smad4 too has an NLS
and the B-hairpin motif in its MH1 domain in addition to a nuclear export signal (NES) just
upstream of the linker region, which are essential for its translocation within the subcellular

spaces, DNA binding, and transcriptional activity (Xiao et al., 2003).
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The MH2 domain of both Smad2/3 has an NES, nucleopore signal (NPS), the L3 loop, and
the C-terminal serine-x-serine (SxS) motif (Fig 1.3) (Shi, 2001, Macias et al., 2015). The SxS
motif and the L3 loop play essential roles in TGF-B-mediated Smad2/3 activation (Chacko et
al., 2001). The L3 loop recruits Smad2/3 to the activated type | receptor (Lo et al., 1998) which
phosphorylates their SxS motif and allows Smad2/3 formation of functional oligomeric
complexes with Smad4 to further relay the signal into the nucleus (Chaikuad and Bullock,
2016). Smad4 too has the L3 loop structure that allows its interaction with Smad2/3 following
their activation, in addition to having an NPS upstream of its L3 loop, but no SxS motif, which
prohibits its direct activation through activated type | receptors (Shi et al., 1997). Smad7 too
has an NPS, NES, and the L3 loop in its MH2 domain but no SxS motif (Murayama et al.,
2020), which together, allow Smad7 translocation to the cytoplasm or nucleus but no activation
by the receptors. Overall, MH2 domain of Smad2/3 and Smad4 presents a versatile protein

interacting unit as well as contains cellular localisation signals for various Smad functions.

The linker region of Smad2/3 connects the MH1 and MH2 domains and does not have a
specific structure. It contains several phosphorylatable serine and threonine residues which
are substrates of kinases belonging to other signalling pathways. Increasing evidence
suggests that the linker region of Smad2/3 has important regulatory roles in TGF-f3 signalling,

which will be discussed in detail in the later sections of this chapter.
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Figure 1.3: Schematic representation of important features of Smad2, Smad3, Smad4 and Smad7

Both R-Smads and Co-Smad have the MH1 and MH2 domain flanked by a linker region. They also
have the B-hairpin structure in their MH1 domain for DNA binding and L3 loop in their MH2 domain that
helps in their protein interactions. Only R-Smads have the SxS motif in their MH2 domain for type |
receptor-mediated phosphorylation and activation. |-Smad, Smad7 does not have a distinct MH1

domain but only an MH2 domain with L3 loop for its protein binding.
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1.2.4.2 Smad activation

Smad?2/3 are activated upon activation of TGF-B receptor complexes, in which Smad2/3
chaperone protein, an FYVE domain-containing Smad anchor for receptor activation protein
(SARA) in the endosomal membranes, presents Smad2/3 to the activated type | receptors to
enable their interaction (Tsukazaki et al., 1998, Penheiter et al., 2002). Once bound, type |
receptors activate Smad2/3 through phosphorylating their C-terminal SxS motif, resulting in
conformational changes in their structures that allow their dissociation from the receptors and
from SARA to create new binding sites for Smad4 (Chaikuad and Bullock, 2016). Smad4
associates with activated Smad2/3 to form functional oligomeric complexes containing either
heterodimer or homodimer of Smad2/3 with Smad4 for subsequent TGF-3 signalling (Chacko
et al., 2001). Complexes containing a combination of activated Smad2 and Smad3, but no
Smad4 have also been observed but their biological function has not been clearly described

yet (Kawabata et al., 1998, Lucarelli et al., 2018).

1.2.5 Smad2/3 nucleocytoplasmic shuttling

Smad2/3-Smad4 functional oligomeric complexes translocate and accumulate in the
nucleus to enable their interaction with their transcription partners and target genes for
subsequent action (Hill, 2016). However, regardless of TGF-B-induced activation, individual
Smads can also translocate in and out of the nucleus, as they undergo constant
nucleocytoplasmic shuttling by various mechanisms such as RanGTPase-dependent nuclear
import and export or direct interaction with nucleoporins (Fig 1.4). As a result of different rates
of the nucleocytoplasmic shuttling of Smad2/3 and Smad4, Smad2/3 are more cytoplasmic
while Smad4 remains evenly distributed in the cell in the absence of signal activation (Pierreux
et al., 2000, Funaba and Mathews, 2000). Nevertheless, inactivated Smad3 localises in the
nucleus more than Smad2 and remains bound to the SBEs to prime target gene expression
when the signalling is activated (Liu et al., 2016, Aragon et al., 2019). Smad3 can also interact
directly with importin- through its NLS in the MH1 domain for its nuclear import whereas,

Smad4 uses the same conserved NLS for its importin-a/3-dependent nuclear import (Xiao et
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al., 2000a, Xiao et al., 2000b, Kurisaki et al., 2001, Xiao et al., 2003). In contrast, Smad2 NLS
may be affected by E3, as mentioned previously, which prevents its nuclear localisation in the
absence of signal activation (Shi et al., 1998, Aragon et al., 2019). Moreover, other importins,
Importins 7 and 8 can also import Smad2/3 into the nucleus (Xu et al., 2007). Interestingly,
Smad4 can also be exported out of the nucleus via chromosome region maintenance 1
(CRM1), also called as exportin1, but not Smad2/3 as CRM1 inhibition retains only Smad4 in
the nucleus (Pierreux et al., 2000). Additionally, another completely different mechanism by
which Smad2/3/4 can be transported between the cellular compartments is through the
nucleoporins CAN/Nup214/Nup153, contributing to their constitutive nucleocytoplasmic
shuttling (Xu et al., 2002, Xu et al., 2003). In particular, Smad2 cytoplasmic and nuclear
retention proteins compete with Nup214 and Nup153, respectively, to mediate its translocation

to the other compartment.

However, if these Smads are already capable to be in the nucleus even in the absence of
any stimulation, what ensures their sustained nuclear presence on TGF-$ stimulation? To
answer this, evidence via mathematical modelling and in vitro studies suggest that activated
Smad2/3 simply have reduced export rate from the nucleus, likely due to diminished rate of
interaction with their nuclear export proteins as well as their SxS phosphorylation-mediated
conformational changes and protein interactions (Schmierer and Hill, 2005, Schmierer et al.,
2008). They enter the nucleus at the same rate as before TGF- activation but can exit the
nucleus at a much slower rate. Concomitantly, Smad4 also undergoes its nucleocytoplasmic
shuttling and detects activated Smad2/3, and due to their strong affinity to bind with activated
Smad2/3, Smad4 forms oligomeric complexes with them and prevent itself and bound
Smad2/3 from nuclear export. These events, along with decreased mobility because of
enhanced DNA binding, consequently, result in net accumulation of Smad2/3-Smad4
complexes in the nucleus (Fig 1.4). Another mechanism by which functional Smad complexes
are retained in the nucleus is by WW-domain-containing transcription regulator 1 (WWTR1 or

commonly known as TAZ) (Varelas et al., 2008). In the presence of TGF-B activation, TAZ
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can bind to functional Smad2/3 complexes to promote their nuclear accumulation and
interaction with the transcriptional machinery to induce target gene expression (Varelas et al.,
2008). Interestingly, despite TGF-B activation, individual dephosphorylated Smads can exit
the nucleus, indicating a dynamic process that allows constant nucleocytoplasmic shuttling of
Smad?2/3 for swift sensing of receptor activation or deactivation and regulating subsequent
rounds of TGF-B signalling (Inman et al., 2002, Schmierer and Hill, 2005, Schmierer et al.,

2008).

Figure 1.4: A model for importin/exportin- and nucleoporin-mediated nucleocytoplasmic
shuttling of Smad2, Smad3, and Smad4 Functional oligomeric complexes containing activated
Smad3 associate with importin-B to enter the nucleus. Its association with nuclear retention proteins
aids in nuclear accumulation of the functional oligomeric complexes while phosphatases can result in
dissociation of the complex into individual Smads. Smad3 can exit the nucleus via its association with
exporting or directly through nucleoporins CAN/Nup153. Smad2 can also translocate to the cytoplasm
via CAN/Nup153 or to the nucleus via CAN/Nup214. Smad4 can exit the nucleus through CRM1, unlike
Smad2/3.#’ represents phosphorylation.
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1.2.6 Smad2/3-mediated transcription

Accumulation of Smad oligomeric complexes in the nucleus regulate the expression of
TGF-pB target genes. Smad2/3 and Smad4 are capable of direct interaction with specific DNA
motif called the Smad-binding element (SBEs) via their -hairpin structure in the MH1 domain
(Shi et al., 1998, Zawel et al., 1998, Morikawa et al., 2013, Aragon et al., 2019). SBEs are
available abundantly throughout the genome and are defined by the sequence 5-CAGAC-3’
or its reverse complement 5’-GTCTG-3'. However, more recent studies indicate that just like
the R-Smads of BMP subfamily, Smad2/3 can also bind to GC rich motifs and therefore, they
can also recognise the common consensus sequence of 5-GGC(GC)(CG)-3' (Martin-
Malpartida et al., 2017). As described before, presence of an E3 insert in Smad2 makes it
slightly structurally different from Smad3 and these intrinsic structural differences in Smad2/3
determine differences in their transcriptional activity and cellular localisation (Liu et al., 2016,
Aragon et al., 2019). Upon signal activation, the DNA-binding ability of the Smad oligomeric
complexes is considerably enhanced when they interact with other transcriptional cofactors
and chromatin modifiers, and their cooperation dictates the target genes that are expressed
or repressed (Hill, 2016). Since these transcriptional cofactors can be cell- and lineage-specific
as well as potential targets of other signalling pathways, their interaction with functional Smad
complexes help to provide the cell-dependent context for the outcome of TGF- signalling

(Mullen et al., 2011).

Furthermore, there are some classic transcriptional partners of Smad2/3 which enhance
their recruitment to DNA. For example, Forkhead box protein H1 (FoxH1), the first transcription
factor identified to interact with activated Smads in Xenopus laevis embryos and subsequently
in other species as well (Chen et al., 1996, Chen et al., 1997a). In hESCs, nodal/activin
signalling is required for both maintaining pluripotency and stem cell differentiation (Beyer et
al., 2013a). Activated Smad2/3 form complexes with key pluripotency factors Oct4 and Nanog
to suppress FGF-mediated neuroectoderm differentiation and remain in the TSO complex to

repress the expression of mesendodermal genes such as EOMES, T-box transcription factor
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Brachyury, hepatocyte nuclear factor 3-8 (HNF3B, or commonly called FOXA2), and
homeobox proteins MIXL1 and goosecoid (GSC), likely with the help of a co-repressor
nucleosome remodelling deacetylase (NuRD), to maintain pluripotency (Beyer et al., 2013b,
Vallier et al., 2009). Activated Smad2/3, on the other hand, cooperate with FoxH1 to lift the
repression of mesendoderm transcription factors, enable their upregulation, and facilitate stem
cells exit from their pluripotency state (Beyer et al., 2013a). Recruitment of activated Smad2/3
to FoxH1 sites is facilitated by a RING finger domain containing E3 ubiquitin ligase,
Ectodermin/TIF1y/TRIM33 to drive mesendodermal differentiation (Dupont et al., 2005).
Another class of forkhead transcription factor with which activated Smad2/3 interact with is the
FoxO family which synergise with SBE-bound activated Smad2/3 complexes by binding to
adjacent sequences and driving expression of the cyclin-dependent kinase (CDK) inhibitors

p21°*" to inhibit cell cycle progression (Seoane et al., 2004, Gomis et al., 2006a).

Complexes of activated Smad2/3 also remodel the chromatin by interacting with histone
acetyl transferases (HATs) and co-activators like p300, CREB binding protein (CREBP),
GCNS5, and p300/CBP-associated factor (P/CAF) to enhance TGF-B signalling (Ross et al.,
2006). In addition, other transcription factors like high-mobility group A protein 2 (HMGAZ2) and
CCAAT/enhancer binding protein B (CEBPB) facilitate activated Smad2/3 to enhance the
expression of zinc finger protein- SNAI1 and P15"4® as well as repress c-Myc expression,
associated with EMT and cell cycle regulation (Gomis et al., 2006b, Thuault et al., 2008). In
addition to c-Myc, other target genes that are repressed by Smad2/3 activity are bone y-
carboxyglutamic acid-containing protein (BGLAP) and activating transcription factor 3 (ATF3),
which are mediated by recruiting histone deacetylases (HDACs) to the DNA binding sites and
have functions in osteoblastic differentiation and cellular stress response, respectively
(Alliston et al., 2001, Kang et al., 2003, Kang et al., 2005). In addition to histone acetylases
and deacetylases, activated Smad complexes can also interact with histone
methyltransferases like SET domain bifurcated histone lysine methyltransferase 1 (SETDB1),

for example, to repress transcription of SNAI1, generating negative feedback for TGF-f3 signal
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(Du et al., 2018). Smads can also suppress transcription by binding with co-repressors such
as transforming growth-interacting factor (TGIF), C-terminal binding protein (CtBP) and zinc
finger protein 451 (ZNF451) which inhibit activated Smad2-mediated transcription by recruiting
HDACs and disabling Smad2/3 interaction with HAT p300 (Derynck and Budi, 2019). Some
other co-repressors that activated Smad2/3 and Smad4 can interact with are protooncogenes
Sloan Kettering Institute protein (SKI) and the related SKil-like protein (SKIL, previously called
as SnoN), their action of repression and regulating TGF- signalling is discussed in greater
detail in the following sections. Altogether, Smad2/3 transcriptional activity is governed by their
transcription partners as well as the epigenetic regulation via co-repressors and co-activators
that define the net outcome of TGF-f signalling. An overview of all the events of Smad2/3-

mediated TGF-f signalling discussed so far is summarised (Fig 1.5).
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Figure 1.5: An overview of TGF-B signalling

TGF-B signalling is initiated when it binds to type Il receptors (1) to form receptor complex with type |
receptors (2) inducing type | receptor phosphorylation (3), as indicated by the red star. Activated type |
receptor phosphorylates Smad2/3 (4) to facilitate their binding with Smad4 and form functional
oligomeric complexes (5) which accumulate in the nucleus (6) and interact with other transcription
partners to induce target gene expression or repression (7). Smad2/3 is dephosphorylated and
dissociates from the complex to translocate back to the cytoplasm (8). Smad7 inhibits Smad2/3
transcriptional activity and also, compete with them to bind to activated type | receptors and thus,
preventing formation of functional oligomeric complexes. *#’ represents phosphorylation.
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1.3 Regulation of TGF-B family signalling

Since TGF-B signalling plays important roles in embryonic development and adult tissue
homeostasis, abnormality in this signalling is associated with many pathological conditions.
Proper control of it is crucial for normal health which is often dysregulated in diseases.
Therefore, many factors are involved at multiple levels along the signalling pathway, from

ligands to effectors, in regulating TGF- signalling.

1.3.1 Regulation of ligand availability and binding to receptors

1.3.1.1 Ligand bioavailability

The ECM generally contains more latent TGF-8 than required for cellular functions so that
its active form can be rapidly released when necessary, during early embryonic development
or in adult tissue homeostasis or in pathological conditions (Robertson and Rifkin, 2016, Doyle
et al.,, 2012). Several mechanisms can control TGF-B/activin/nodal ligand availability to
modulate their downstream signalling. For example, biosynthesis of TGF-f ligands can be
negatively regulated by proteins like E-selectin-ligand-1 that bind to intracellular TGF-3
precursor protein and inhibit its processing and secretion into the ECM, thus, preventing its
deposition into the ECM (Yang et al., 2013). Another way to control ligand availability is via
the action of proteases and/or integrins on LTBPs to strictly regulate the amount of active
TGF-B released (Robertson and Rifkin, 2016). Moreover, many proteins required for TGF-3
activation in the ECM are also its transcriptional targets such as integrins, MMPs, collagen,
and fibronectin which help in a positive feedback regulation of TGF-f signalling (Yan et al.,

2017).
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1.3.1.2 Ligand competition

TGF-p signalling can also be regulated by competition of active ligands with other secretory
factors like follistatin to bind to the receptors, especially during early embryonic development
and in reproductive health. Follistatin hinders activin and myostatin binding with the type Il
receptors to inhibit downstream signalling necessary for mesoderm induction during
embryonic development and stimulating follicle-stimulating hormone (FSH) secretion from the
pituitary (Chen and Meng, 2004). It can also form complexes with BMPs to inhibit their activity
during embryonic development (lemura et al., 1998). Another protein that inhibits nodal
signalling by competition for receptor binding is Lefty which directly binds to nodal to prevent
its receptor interaction (Chen and Shen, 2004). During gastrulation in mouse development,
Lefty prevents nodal signalling and causes an expanded primitive streak whereas its inactivity
results in excessive mesodermal induction (Chen and Meng, 2004). Similarly, overexpression
of Lefty1 in zebrafish embryos suppresses mesodermal induction and inhibits head and trunk
formation which can be reversed by increasing the availability of activin/nodal ligands or by
overexpressing their receptors (Chen and Meng, 2004). Furthermore, Lefty suppresses
activin/nodal signalling also via a negative feedback loop as its expression is dependent on
nodal signalling. Another structurally related protein to activin is inhibin, which with the help of
a TGF-B co-receptor betaglycan, antagonises activin’s role in FSH secretion, erythroid
differentiation, and chondrogenesis by competing with it for receptor binding (Lewis et al.,
2000, Vale et al., 1990). Other proteins like Cerberus, Dan and Charon also play an important
role in negatively regulating both TGF-B/activin/nodal and BMP pathways by impeding their
receptor interaction and affect left-right patterning (Piccolo et al., 1999, Hashimoto et al.,

2004).
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1.3.2 Regulation at the level of receptors

1.3.2.1 Regulation via membrane trafficking of TGF-B receptors

Receptor internalisation is a normal event in any cell signalling where cell surface receptors
are trafficked inside the cell via endocytic vesicles for further processing such as receptor
degradation or their recycling back to the plasma membrane. TGF- receptors are rapidly
internalised upon ligand binding but they can undergo endocytosis even in the absence of any
ligands (Mitchell et al., 2004, Doré et al., 2001). There are two separate mechanisms with
which activated ligand-bound TGF-B receptors can undergo endocytosis: 1) clathrin-coated
pits and 2) cholesterol-enriched caveolar vesicles (Fig 1.6) (Hayes et al., 2002, Di Guglielmo
et al., 2003, Razani et al., 2001). It is not yet known what determines the mechanism adopted
for receptor internalisation, but it may be dictated by the cell type, cell polarity, and cell-cell

junctions (Heldin and Moustakas, 2016, Vander Ark et al., 2018).

Clathrin-coated pits are responsible for internalisation of ligand-bound receptors into
endosomes enriched with early endosomal antigen 1 (EEA1) and SARA and promote
canonical TGF-f signalling (Tsukazaki et al., 1998, Penheiter et al., 2002). Another adaptor
protein called disabled-2 (Dab2) and a tumour suppressor protein called cytoplasmic
promyelocytic leukaemia (cPML) regulate the interaction between Smad2/3 and type |
receptors in these endosomes (Hocevar et al., 2001, Lin et al., 2004). Perturbing these protein
interactions or the clathrin-dependent receptor internalisation process, severely hampers
downstream Smad signalling (Hayes et al., 2002, Di Guglielmo et al., 2003). Most receptors
trafficked via clathrin-coated pits are effectively recycled back to the plasma membrane via
activity of Rab11 small GTPase, Dab2, and Cbl-interacting 85-kDa protein (CIN85) that
facilitate subsequent rounds of ligand interaction and thus, positive regulation of TGF-3
signalling (Mitchell et al., 2004, Penheiter et al., 2010, Yakymovych et al., 2015). Contrarily,
receptor internalisation in the caveolar vesicles is associated with receptor degradation,
recycling, and non-canonical TGF-( signalling, hence, overall, negative regulation of canonical

TGF-B signalling. In the caveolar vesicles, CD109, a TGF-B co-receptor, interacts with
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caveolin-1 to enable receptor-Smad?7 interaction and recruitment of E3 ubiquitin ligase, Smad
specific E3 ubiquitin protein ligase 2 (Smurf2) for receptor degradation via the proteasome or
mediate their lysosomal degradation, thus, negatively regulating TGF- signalling (Bizet et al.,
2011, Razani et al., 2001). In addition to type | and type Il receptors, TGF-3 co-receptor,
betaglycan, can also undergo endocytosis via clathrin-coated pits or caveolar vesicles and its
internalisation can promote both Smad-mediated canonical TGF-f signalling and p38/mitogen
activated protein kinase (MAPK)-associated non-canonical TGF-B signalling (Finger et al.,
2008). Moreover, these vesicles can maintain substantial intracellular pool of inactive TGF-3
receptors, allowing their quick mobilisation to the cell surface whenever required for activation
(Wu and Derynck, 2009). An overview of TGF-B-induced receptor internalisation is depicted

(Fig 1.6).
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Figure 1.6: Internalisation of TGF-B receptors upon ligand binding and activation

TGF-B binding can induce receptor internalisation via two vesicle types- clathrin-coated pits and
caveolar vesicles. Receptor internalisation via clathrin-coated pits supports canonical Smad2/3-
mediated TGF- signalling in association with other adaptor proteins like SARA, Dab2, and cPML
whereas, internalisation of receptors in caveolar vesicles promotes Smad7-mediated receptor
degradation as well as facilitates non-canonical TGF-f3 signalling. Receptors in both the vesicle types
can be directed towards lysosomes for their degradation. Receptor recycling mainly occurs in the
clathrin-coated pits in association with other proteins like CIN85, Dab2 and Rab11 GTPase.
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1.3.2.2 Regulation via co-receptors of TGF-f8 family

Co-receptors are usually expressed on the cell surface and their binding with TGF-f3 ligands
may either function to enhance or restrict downstream signalling. Several TGF-3 co-receptors
can regulate TGF- signalling such as betaglycan (TGF-B type Il receptor), endoglin, Cripto,
BMP and activin membrane-bound inhibitor (BAMBI), CD109, and neuropilin-1 (NRP1). They
can regulate TGF-f3 signalling by presenting free ligands to the receptors or by sequestering
them away from the receptor complexes or cause intracellular trafficking of the receptors, thus
making them unavailable to activate downstream Smad2/3. Betaglycan, structurally similar to
TGF-B type | and Il receptors, can bind to all three TGF-Bs1-3 and present them to the TGF-
B receptors to enhance TGF-f signalling (Mendoza et al., 2009). Conversely, soluble form of
betaglycan negatively regulates TGF-f3 signalling by sequestering TGF-Bs1-3 away from the
receptors (Lopez-Casillas et al., 1994). It can also bind with other TGF-3 family proteins like
BMP2/4, GDF5 and Inhibin as well as fibroblast growth factor-2 (FGF2) thus, offering a broad
range of control and crosstalk between various signalling pathways (Wiater et al., 2006, Lee

et al., 2009, Knelson et al., 2013).

Another TGF-B co-receptor, endoglin (CD105) exists as two spliced forms, the long form
(L) and the short form (S) (Barbara et al., 1999, Guerrero-Esteo et al., 2002, Lebrin et al.,
2004, Scherner et al., 2007, Ray et al., 2010, Velasco et al., 2008). L-endoglin antagonises
TGF-Bs1-3-mediated signalling through TGFBRI receptors whereas S-endoglin promotes
TGF-B signalling (Velasco et al., 2008). Conversely, soluble endoglin prevents TGF-
signalling by sequestering TGF-B/activin/nodal away from the receptors (Venkatesha et al.,
2006, Malhotra et al.,, 2013). Another co-receptor, Cripto, also known as Cripto-1/FRL-
1/Cryptic (EGF—CFC), enhances nodal signalling by promoting its binding to the receptors
(Yan et al., 2002). Interestingly, Cripto enhances nodal but not activin signalling, suggesting
distinct roles of activins and nodal during embryogenesis. It can also bind with TGF-B1 to limit
its receptor access during cancer onset thus, acting as a negative regulator (Gray et al., 2006).

Moreover, Cripto can also coordinate with EGF and Wnt signalling pathways thereby,
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providing a platform for signalling crosstalk at the receptor level (Nagaoka et al., 2012). There

are some more TGF-f3 co-receptors, all summarised below (Table 1.2).

Table 1.2: Summary of TGF-B family co-receptors, their key characteristics, effect on TGF-3
signalling, and mode of action

TGF-B co- Co-receptor Effect on Mode of action References
receptors characteristics TGF-8
signalling
transmembrane both presents TGF-$1-3 gg%ﬂeﬁ‘ggg”ha;gjt al,
Betaglycan proteogly_can, neg_a_tive and | to the receptors, Mendoza et al., 2009)
GAG chains positive sequesters TGF-
away from the
receptors
transmembrane L-endoglin- sequesters TGF-B (Barbara et al., 1999,
. . . Guerrero-Esteo et al.,
Endoglin glycoprotein, negative away from the 2002, Lebrin et al.,
(CD105) expressed by and receptors, L-form 2004, Scherner et al.,
endothelial cells, | S-endoglin- | antagonises TGF-B ig?géciaeyti a'éb%g;(’*
exists as L- and positive and promotes BMP K
S-forms signalling, S-form
supports TGF-
signalling
GPI-linked co- both promotes nodal (Ta? e; g(')é 2002, Gray
Cripto receptor negative and | signalling over etal, 2006)
positive activin, limits access
of TGF-B1 to type |
receptors
Truncated negative sequesters activins g%gi;hg?hcguk eltdal.t, |
BAMBI transmembrane and BMPs, 2001, Sekiya et al,
type | receptor synergises with 2004, Xi et al., 2008,
Smad7 for receptor | Yanetal, 2009)
inactivation
GPl-anchored, negative role in TGF-B (F'-,in et a'-|t2?022,006
CD109 a2-macroglobulin receptor Bizot ot al, 2011)
family internalisation
transmembrane | both affects Smad2/3 (Glinka and
. . . . Prud’homme, 2008,
NRP-1 glycoprotein neg_a_tlve and | activation Cao et al., 2010,
positive Glinka et al., 2010,
Aspalter et al., 2015)

Abbreviations: BAMBI- BMP and activin membrane-bound inhibitor, NRP-1-

glycosaminoglycan, GPI- glycosylphosphatidylinositol.
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1.3.2.3 Regulation via Smad7

Smad7 plays a crucial role in regulating TGF-$ signalling by modulating its receptor
availability. In the absence of TGF-[3 activation, Smad7 is localised in the nucleus (Itoh et al.,
1998). However, Smad7 is ubiquitinated at lysine residues K64 and K70 by a nuclear E3
ubiquitin ligase, Smurf2 upon TGF- activation to induce cytoplasmic localisation of Smad7-
Smurf2 complex (Kavsak et al., 2000). In the caveolar vesicles located in the cytoplasm,
Smad7 competes with activated Smad2/3 to bind to phosphorylated type | receptors and in
this process, Smad7 recruits Smurf2 to induce both proteasomal and lysosomal degradation
of activated type | receptors, thereby, limiting subsequent TGF-B signalling (Kavsak et al.,
2000, Hanyu et al., 2001, Di Guglielmo et al., 2003). At the same time, Smad7 competition
with activated Smad2/3 to bind to type | receptors also prevents further phosphorylation and
activation of Smad2/3 (Kavsak et al., 2000). Furthermore, Smad7 can hamper TGF-3 activity
by also recruiting another E3 ubiquitin ligase, neural precursor cell expressed,
developmentally down-regulated 4-2 (Nedd4-2 or Nedd4L) to the activated type | receptors
and promote receptor degradation (Kuratomi et al., 2005). On the other hand, TGF- activation
also initiates PTMs of Smad7 such as methylation at its arginine residues 57 and 67 by protein
arginine methyltransferase-1 (PRMT1) that decreases its association with the type | receptors
which rather enhances TGF-f3 signalling (Katsuno et al., 2018). An overview of Smad7 action

on receptor stability is shown (Fig 1.7).

In the absence of TGF-B activation, nuclear Smad7 remains bound to transcriptional co-
activators and HATSs like p300 (Itoh et al., 1998, Gronroos et al., 2002). p300 stabilises Smad7
in the nucleus by acetylating its lysine residues K64 and K70, the Smurf2 ubiquitination sites,
thereby making them inaccessible for Smurf2-mediated ubiquitination and protecting Smad7
from pre-mature degradation (Simonsson et al., 2005, Kavsak et al., 2000). On the contrary,
upon TGF-B activation and nuclear accumulation of activated Smad2/3-Smad4 complexes,
p300 dissociates from Smad7 and binds to the activated Smad complexes, freeing Smad7 to

bind to Smurf2 (Kavsak et al., 2000). HDACs like NAD-dependent protein deacetylase sirtuin-
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1 (SIRT1) remove p300-mediated K64 and K70 acetylation that further permits Smurf2-
mediated ubiquitination of these lysine residues (Kume et al., 2007). Hence, a fine balance
between Smad7 acetylation, deacetylation, and ubiquitination dictates its role in TGF-

signalling (Fig 1.7).
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Figure 1.7: Overview of regulation of TGF-B signalling by Smad7

Smad7 regulates TGF-( signalling by various mechanisms that affect both receptors and activated
Smad2/3. ‘¥ represents phosphorylation. ‘A’ represents acetylation.
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1.3.3 Regulation at the level of effectors

1.3.3.1 Regulation of Smad2/3 via Smad7

In addition to Smad7 function in degradation of activated TGF-f type | receptors, it also
hinders TGF-B signalling by competing with Smad4 to bind to activated Smad2/3 thereby,
preventing the formation of functional oligomeric complexes and eventually, activation of TGF-
B target genes (Fig 1.7) (Zhang et al., 2007). Moreover, functional Smad complexes are
inhibited from binding with SBEs as nuclear Smad7 competes with them for the same binding
sites and thus, prevents Smad2/3 transcriptional activity (Zhang et al., 2007). Smad7 itself is
a direct target of TGF-f signalling and its mRNA levels increase after TGF-f activation thus,
offering a direct negative feedback loop to regulate TGF-B signalling (Nakao et al., 1997b).
Another target is TGF-B-stimulated clone 22 (TSC22) which balances the negative regulation
of TGF-B by Smad7 by competing with it to bind to TGFBR1 and protect the receptor from
degradation (Yan et al., 2011). Furthermore, E3 ubiquitin ligases like Arkadia ubiquitinate
Smad7 upon TGF-B activation and cause Smad7 degradation thus, enhancing TGF-f3

signalling (Fig 1.7) (Koinuma et al., 2003).

1.3.3.2 Regulation of Smad2/3 via SKI and SKIL

Proto-oncogenes SKI and SKIL (SKI/SKIL) are implicated in the negative regulation of
TGF-B signalling by various mechanisms that antagonise Smad2/3 activity. Both SKI/SKIL
lack an innate catalytic activity and perform their functions on Smad2/3 by interacting with
other transcription factors (Deheuninck and Luo, 2009). SKIL is itself a target of TGF-
signalling and its expression increases after about two hours of TGF- stimulation, resulting
in its activation and negative regulation of Smad2/3 activity (Stroschein et al., 1999). SKI/SKIL
can simultaneously bind with activated Smad2/3 and Smad4 via distinct domains and disrupt
the functional oligomeric complexes (Stroschein et al., 1999, Wu et al., 2002). SKI also
competes with activated Smad2/3 to bind to Smad4 at the same site and displaces them from
the functional complex, thereby restricting Smad2/3 transcriptional activity (Wu et al., 2002).

Furthermore, SKI/SKIL also hinder Smad2/3 interaction with their transcription factors
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p300/CEBPB and instead recruit transcriptional co-repressor complex comprising of HDAC,
nuclear receptor co-repressor (N-Cor), and mammalian Sin3A (mSin3A) to the SBEs,
therefore, preventing Smad2/3-mediated gene expression (Akiyoshi et al., 1999, Wu et al.,
2002, Stroschein et al., 1999, Luo et al., 1999). In this process, Smad2/3-Smad4 complexes
containing SKI/SKIL are stabilised at the SBEs, blocking further recruitment of functional Smad
complexes (Suzuki et al., 2004). Conversely, various E3 ubiquitin ligases such as Arkadia,
Smurf2, and anaphase promoting complex (APC) can ubiquitinate and mediate proteasomal
degradation of SKI/SKIL bound to Smad complexes stabilised at the SBEs, ensuring their
repression of TGF- target genes is lifted off (Sun et al., 1999, Bonni et al., 2001, Wan et al.,

2001, Nagano et al., 2007).

1.3.3.3 Regulation of Smad2/3 via non-coding RNAs

Smad2/3 activity can also be negatively regulated by a variety of non-coding RNAs
(ncRNA) that are themselves targets of Smad2/3 transcriptional activity. Upon TGF-
activation, activated Smad2/3 enhance or repress micro-RNA (miRNA) expression which in
turn negatively affect their DNA-binding capacity and thus, Smad2/3 target gene expression
(Blahna and Hata, 2012). For example, miR-140 suppresses TGF-f signalling by targeting
Smad3 protein (Pais et al., 2010) while miR-21 suppresses Smad7 activity and supports TGF-
B signalling (Marquez et al., 2010). Also, some of the long ncRNAs (IncRNAs) that are
expressed as a result of TGF-B activation, can regulate its response by upregulating EMT-
related genes such as ZEB1, SNAI1, SLUG, and TWIST and affecting mRNA levels of cell
adhesion proteins like E-cadherin and N-cadherin in cancer cells (Janakiraman et al., 2018,

Yuan et al., 2014).
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1.3.4 Regulation of Smad2/3 via PTMs

Post-translational modifications (PTMs) of Smad2/3, such as phosphorylation,
ubiquitination, sumoylation, acetylation, poly-ADP-ribosylation and neddylation, can also
control TGF-B signalling by regulating their stability, cellular localisation, and transcriptional
activity (Tzavlaki and Moustakas, 2020). Multiple signalling pathways including TGF-( itself
can confer PTMs to Smad2/3 thus positively or negatively regulating TGF-§ signalling (Xu et
al., 2016). For example, phosphorylation and phosphorylation-directed ubiquitination of
Smad2/3 linker region has emerged to have important roles in regulating TGF- activity by
directing Smad2/3 activity and their protein interactions. In the following sections, | would like
to discuss some important PTMs of Smad2/3 with a special focus on their regulation via linker
region phosphorylation. A summary of known phosphorylation and dephosphorylation events

in Smad2/3 induced by various factors is shown (Fig 1.8).
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Figure 1.8: Summary of phosphorylation and dephosphorylation events in Smad2/3

Kinases that directly phosphorylate threonine and serine residues are written in green. Kinases that
indirectly regulate Smad2/3 phosphorylation are written in orange. Phosphatases that target linker
serine residues and SxS motif are in blue. The red line preceding an amino acid residue indicates
proline-directed threonine or serine and the black line is for all other residues. The upward-facing black
triangle just before a kinase indicates the positive role of that kinase in TGF- signalling, while the
downward-facing black triangle indicates the negative role of that kinase in TGF-f signalling.
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1.3.4.1 Dephosphorylation of SxS motif of activated Smad2/3

Phosphorylation of C-terminal SxS motif of Smad2/3 is the most important PTM in response
to ligand-induced receptor kinase activation in TGF-3 signalling as it determines subsequent
steps in the signalling pathway. However, there are other kinases too which can induce
phosphorylation of serine residues in the SxS motif of Smad2 and/or Smad3, but whether they
activate Smad pathway needs to be investigated further. For example, Smad2/3 SxS motif
can be phosphorylated by a mitotic progression kinase, Mps1 after Smad4 binds to Mps1 and
activates it (Zhu et al., 2007) or just the S465 of the SxS motif in Smad2 can be phosphorylated
by p21 protein-activated kinase 4 (PAK4) that induces Smad2 proteasomal degradation
(Wang et al., 2014). But most importantly, it is the dephosphorylation of the SxS motif which
is one of the mechanisms that timely terminates TGF-f signalling or facilitates nuclear export
of individual, dephosphorylated Smad2/3 for dynamic recognition of an active receptor and
engage in subsequent rounds of signalling. There are phosphatases that can dephosphorylate
Smad2/3 SxS motif, such as, protein phosphatase Mg?*/Mn?*-dependent 1A (PPM1A) and
protein phosphatase 5 (PP5). These phosphatases have been reported to interact with
activated Smad2/3 in the nucleus and dephosphorylate them to facilitate their nuclear export
thus, limiting TGF-@ signalling (Fig 1.8) (Lin et al., 2006, Bruce et al., 2012). However, some
studies found cytoplasmic localisation of PPM1A thus, questioning its role in Smad2/3
dephosphorylation in the nucleus (Yu et al., 2015, Bruce et al., 2012). Interestingly, the integral
inner nuclear envelop protein MAN1 was found to bind to both PPM1A and activated Smad2
to facilitate their interaction, which may explain how PPM1A could dephosphorylate Smad2/3
SxS motif (Bourgeois et al., 2013). But further validation of the relationship between PPM1A,
Smad2, and MAN1 is required through performing in vivo experiments. Smad2/3 SxS motif
can also be dephosphorylated by myotubularin-related protein 4 (MTMR4) associated with
early endosomes that functions to attenuate TGF-B signalling by preventing them to form

oligomeric complexes with Smad4 (Yu et al., 2010). Such diverse control for phosphorylation
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and dephosphorylation of the SxS motif of Smad2/3 helps to strictly regulate the intensity and

duration of TGF-f signalling.

1.3.4.2 Phosphorylation of Smad2/3 MH domains

In addition to C-terminal SxS motif phosphorylation and dephosphorylation, MH1/2 domains
of Smad2/3 can also be the targets of various kinases and phosphatases that contribute to
regulating TGF-f signalling. For instance, T66 in the MH1 domain of Smad3 (but not Smad2)
can be phosphorylated by Axin/GSK3B to induce ubiquitination and degradation of non-
activated Smad3 thus, limiting the amount of Smad3 available for TGF-f signalling (Guo et
al., 2008a). On the other hand, phosphorylation of T8 in Smad2 MH1 domain via Erk enhances
its transcriptional activity, at least partly by stabilising the Smad2 protein (Funaba et al., 2002).
T8 is also a substrate for CDK activity, which in combination with linker region phosphorylation,
inhibits TGF-B-mediated transcription (Matsuura et al., 2004). Moreover, MH2 domain
S309/S388 and S418 phosphorylation by a cGMP-dependent protein kinase PKG and casein
kinase 1 gamma 2 (CKly2), respectively, negatively regulates TGF-f signalling by facilitating
Smad3 ubiquitination and degradation (Saura et al., 2005, Guo et al., 2008b). However, it is
not clear for most of MH1/2 domains phosphorylation whether they exert their effects on
Smad?2/3 activity independently or in conjunction with other PTMs of Smad2/3, such as the

linker region phosphorylation and ubiquitination.
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1.3.5 Regulation of Smad2/3 via PTMs of its linker region

As previously mentioned, Smad2/3 linker is an unstructured, flexible, serine/threonine-rich
region that contains several phosphorylatable residues which are substrates of kinases
belonging to multiple signalling pathways (Kamato et al., 2013, Xu et al., 2016). Therefore,
these sites are hotspots for crosstalk between TGF-[3 signalling and other signalling pathways,
which help in fine-regulation of TGF-f signals by affecting Smad2/3 cellular localisation,
protein stability, and transcriptional activity (Feng and Derynck, 2005, Kamato et al., 2013).
Linker phosphorylation of Smad2/3 is emerging to be a critical and important mechanism to
regulate TGF-B signalling (Xu et al., 2016). Protein kinases that have been identified to
regulate Smad2/3 linker phosphorylation, whether directly or indirectly, include mitogen
activated protein kinases (MAPKSs), cyclin dependent kinases (CDKs), glycogen synthase
kinase 3B (GSK3B), Rho/Rho associated protein kinase (ROCK), calcium/calmodulin-
dependent protein kinase Il (CaMKII), a RAF kinase Araf, nemo-like kinase (NLK), G protein-
coupled receptor kinase 2 (GRK2), and phosphoinositide-3 kinase/mechanistic target of
rapamycin complex 2 (PIBK/mTORC2) and their target sites are summarised (Fig 1.8)
(Kretzschmar et al., 1999, Wicks et al., 2000, Funaba et al., 2002, Mori et al., 2004, Matsuura
et al., 2004, Ho et al., 2005, Kamaraju and Roberts, 2005, Yoshida et al., 2005, Matsuura et
al., 2005, Millet et al., 2009, Alarcon et al., 2009, Burch et al., 2010, Hough et al., 2012, Liu et

al., 2013, Yu et al., 2015, Liang et al., 2021).

These kinases can be activated following ligand binding to the TGF-B type I-type Il receptor
complex which activates both canonical serine/threonine kinase activity and non-canonical
tyrosine kinase activity of the receptors (Derynck and Budi, 2019, Tzavlaki and Moustakas,
2020). For instance, MAPKs like Erk1/2, JNK1/2/3, and p38 are activated after
phosphorylation of tyrosine residues of TGF- receptor that further induces activation of
Ras/Raf-Erk1/2 via ShcA phosphorylation, as well as tumour necrosis factor receptor
associated factor 4/6 (TRAF4/6) and TGF-B activated kinase 1 (TAK1) for downstream

activation of JNK and p38 (Lee et al., 2007, Sorrentino et al., 2008, Yamashita et al., 2008).
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Activated MAPKs can then phosphorylate various Smad2/3 linker sites to modulate TGF-f3
signalling and integrate its response with other signalling pathways. A specific
phosphorylatable residue in Smad2/3 linker can be the substrate for multiple kinases and
similarly, a particular kinase can also phosphorylate more than one residue in Smad2/3-linker.
Furthermore, out of five phosphorylation sites in Smad2/3-linker region, there are four proline-
directed threonine and serine (S/T-P) residues (Table 1.3 and Fig 1.8) that have more
important roles in regulating TGF- signalling than other non-S/T-P linker sites. Since these
Smad2/3 linker S/T-P sites can be phosphorylated by different kinases in a spatial- and
temporal-dependent manner in TGF-f signalling, different phospho-isoforms of Smad2/3 can
exist, which may affect Smad2/3 activity by inducing conformational changes in them. These
changes subsequently modulate Smad2/3 interaction with other proteins, resulting in various

outcomes of TGF-f signalling.

Table 1.3: Smad2/3 linker S/T-P phosphorylation sites

R-Smads Proline-directed Ser/Thr linker phosphorylation sites
Smad2 T220 S245 S250 S255
Smad3 T179 S204 S208 S213

1.3.5.1 Smad2/3 linker S/T-P phosphorylation

Specific Smad2/3 linker S/T-P residues that are phosphorylated by some of the important
kinases upon TGF-B activation is shown (Table 1.4). Erk1/2- and CDK2/4-mediated linker
phosphorylation inhibits TGF- signalling by suppressing Smad2/3 transcriptional activity and
their nuclear localisation (Kretzschmar et al., 1999, Matsuura et al., 2005, Matsuura et al.,
2004, Alarcon et al., 2009), thus, inhibiting anti-proliferative effects of TGF-B signalling and
enhancing cell cycle progression. Conversely, phosphorylation of the same linker residues by
JNK, p38, and ROCK augments Smad2/3 transcriptional activity, because they enhance
Smad2/3 nuclear accumulation (Funaba et al., 2002, Mori et al., 2004, Kamaraju and Roberts,
2005). However, how phosphorylation of the same residues but through different upstream

kinases can determine opposite effects is unclear. On the other hand, CDK8/9-mediated linker
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phosphorylation upon TGF-B activation, maximises Smad2 transcriptional activity while also
priming them for future degradation via the ubiquitin-proteasome system (UPS), thus,
eventually, terminating TGF-f signalling (Alarcon et al., 2009, Gao et al., 2009). In addition to
CDKa8/9, linker threonine phosphorylation induced by PI3K/Akt/mTORC2 pathway also primes
Smad2/3 for proteasomal degradation (Yu et al., 2015). Increased activated Smad2/3
transcription and their subsequent degradation orchestrated by the same linker region is the
result of sequential protein interactions of Smad2/3 which determines their fate (Alarcon et al.,
2009, Aragon et al., 2011). Phosphorylation of the latter two linker serine residues promotes
binding of a peptidyl-prolyl cis/trans isomerase, NIMA-interacting-1 protein (Pin1) at the PPxY
motif located downstream of phosphorylated linker threonine, maximising Smad2/3
transcriptional activity (Matsuura et al., 2009, Nakano et al., 2009, Aragon et al., 2011). But at
the same time, these phosphorylation events prime GSK3B-mediated linker serine
phosphorylation, which instead diminishes Smad2/3-Pin1 binding and increases Smad2/3
affinity to bind to WW domain HECT E3 ubiquitin ligases such as Smurf2 and Nedd4L (Millet
et al., 2009, Gao et al., 2009, Tang et al., 2011, Lin et al., 2000, Zhang et al., 2001, Aragon et

al., 2011) thus, initiating Smad2/3 degradation via the UPS.

Table 1.4: Kinases that phosphorylate Smad2/3 linker S/T-P residues upon TGF-f activation

Kinases Smad2 Smad3
T220 S245 S250 S255 T179 S204 S208 S213
Erk1/2 v v v v v v v x
JINK v v v v v v v v
P38 x - - - x v 4 x
ROCK v - - - v v v x
CDK2/4 - - - - v x x v
CDKa8/9 - - - - v x v v
GSK3B - - - - x v x -
PI3K/mTORC2 v x x x v x x x

Different signs in the table indicate the following, v: positive phosphorylation by the kinase, x: not

phosphorylated by the kinase, -: not clearly known.
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1.3.5.2 Smad2/3 linker ubiquitination and degradation

Smad?2/3 linker phosphorylation and associated ubiquitination concertedly determine net
Smad2/3 activity and therefore, duration and intensity of TGF-$ signalling. Smad2/3 linker
T220/T179 phosphorylation in response TGF-B activation, facilitates recruitment of Smurf2
and Nedd4L to the PPxY domain via their WW domain (Gao et al., 2009, Tang et al., 2011,
Aragon et al, 2011). Both Smurf2 and Nedd4L promote Smad2/3 degradation via the UPS to
inhibit TGF-f signalling (Kuratomi et al., 2005, Gao et al., 2009, Lin et al., 2000, Zhang et al.,
2001). Smurf2 is a predominantly nuclear protein and Smurf2-mediated Smad2/3 degradation
can account for terminating TGF-8 signalling. However, Nedd4L is exclusively cytoplasmic
protein (Kuratomi et al., 2005), which means that rather than terminating TGF-f3 signalling, its
function is to attenuate it by regulating the amount of activated Smad2/3 reaching the nucleus.
Moreover, Smurf2 can also induce mono-ubiquitination of multiple residues of Smad3 that
impedes the formation of Smad functional complexes and ultimately, attenuates TGF-3

signalling (Tang et al., 2011).

In addition to Nedd4L and Smurf2 mediated Smad2/3 degradation, there are several other
E3 ubiquitin ligases as well such as, Arkadia, ltch3, TGIF interacting ubiquitin ligase 1 (Tiul1),
c-terminus of HSC70-Interacting protein (CHIP), and ROC1, a subunit of Skp1-cullin-F-box
(SCFPTCPIFow1A) "that can also ubiquitinate Smad2 and regulate its protein stability (Fukuchi et
al., 2001, Mavrakis et al., 2007, Bai et al., 2004, Seo et al., 2004, Xin et al., 2005). Of note,
Smad2/3 ubiquitination by E3 ubiquitin ligases other than Nedd4L and Smurf2 do not occur
as a result of S/T-P linker phosphorylation but regulate TGF-B signalling via other

mechanisms.

1.3.5.3 Smad2/3 linker dephosphorylation and deubiquitination

Notably, these linker phosphorylation and ubiquitination events are not permanent and can
be reversed by the action of phosphatases and deubiquitinating enzymes (DUBs),
respectively. Some of the phosphatases identified to dephosphorylate Smad2/3 linker region

are small C-terminal domain phosphatases-1/2/3 (SCP1/2/3) and they have no effect on the
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C-terminal SxS motif phosphorylation (Sapkota et al., 2006, Wrighton et al., 2006). Intriguingly,
they can remove linker serine but not linker threonine phosphorylation (Fig 71.8). In mammalian
cells and Xenopus embryos, SCP1/2/3 remove linker serine phosphorylation in order to
achieve maximal transcriptional activity of Smad2/3 upon TGF- activation. Gain of function
studies of SCP1/2/3 show an increase in Smad2/3-transcription while SCP knockdown
resulted in higher linker serine phosphorylation and lower Smad2/3 transcriptional responses.
Furthermore, a variety of DUBs such as ubiquitin specific peptidases (USPs), ubiquitin C-
terminal hydrolases (UCHs), and OTU family DUBs such as OTU domain-containing ubiquitin
aldehyde-binding protein 1 (OTUB1), CYLD, and A20 can reverse the effects of ubiquitination
and can either upregulate or downregulate TGF-B signalling and thus, provide an additional
level of regulation (Kim and Baek, 2019). These events of linker phosphorylation and
dephosphorylation in addition to other PTMs of Smad2/3 have a huge impact on the final

outcome of TGF-f signalling.
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1.4 Aims and Hypothesis

Phosphorylation and phosphorylation-directed ubiquitination of Smad2/3 S/T-P linker
residues are highly inter-connected events and play a crucial role in regulating TGF-8
signalling. These phosphorylation events heavily control Smad2/3 activity by regulating their
interaction with other proteins, their cellular localisation, and transcriptional activity which in
turn, fine-tunes the net effect of TGF-f signalling. Linker phosphorylation also serves as a
hotspot for crosstalk of TGF-f3 signalling with other signalling pathways. Most Smad2/3 linker
phosphorylation studies that investigate the role of linker S/T-P residues: T220 and
S245/S250/S255 in Smad2 and T179 and S204/S208/S213 in Smad3 do not distinguish
between them and perceive them all to be similarly regulated to generate the same effect on
TGF-B signalling. However, interestingly, in a previous study from our lab, it was identified that
phosphorylation of linker threonine (LT) and linker serine residues (LS) can be differentially
regulated by different kinases in human embryonic stem cells (hESCs) (Yu et al., 2015). When
MAPKs and PI3K activities were inhibited by small molecule inhibitors, agonist-induced
Smad2 LT phosphorylation (pLT) was suppressed, while its LS phosphorylation (pLS) was
hardly affected (Fig 1.9A). On the other hand, when CDKs activity was inhibited by using a
pan-CDK inhibitor, flavopiridol (FVP), the major effect of the inhibitor was observed on pLS
with little effect on pLT (Fig 71.9A). This data suggest that different signalling pathways/kinases
can have varying propensities for LT and LS as their substrate. More importantly, we observed
a significant drop in total Smad2/3 levels in hESCs when treated with FVVP for a longer duration
of 6 hours, hinting towards a role of pLS in Smad2/3 stability (Fig 1.9B, last column) (Yu et al.,
2015). Studying these phosphorylation of Smad2/3 linker S/T-P residues will help us to clearly
understand their role in physiological and pathological processes of TGF-B signalling as well
as allow us to manipulate its responses for therapeutic interventions in various pathological
conditions. Moreover, so far, mostly the role of canonical TGF-f signalling has been studied

in embryonic development. Therefore, studying Smad2/3 linker phosphorylation in hESCs will
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contribute to our knowledge of how non-canonical TGF-B signalling can regulate canonical

TGF-B signalling during embryonic development.
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Figure 1.9: Differential regulation of Smad2/3 linker phosphorylation (Part of figure 5 taken from
Yu et al., 2015, Nature Communications)

Immunoblots of Smad2/3 linker threonine and serine phosphorylations (pLT and pLS) in human
embryonic stem cells (hESCs) that were pre-treated with activin A followed by simultaneous treatment
with TGF-f type | receptor inhibitor SB431542 and with indicated inhibitors for A) 1 hour and B) 6 hours.
Targets of the inhibitors are: U0126- MEK1/2, SB203580- p38 MAPK, SP600125- JNK, LY290042-
PI3K, Flavopiridol- CDKs 1/2/4/6/8/9.

Given that Smad2/3 LT and LS exhibited a differential regulation of their phosphorylation
in hESCs, the current study is based on the hypothesis that pLT and pLS may also have
different functions in regulating TGF- signal and | would aim to achieve the following

objectives in this thesis:

1) to understand the role of CDKs in regulating the phosphorylation of Smad2/3 LT and LS.

2) to specifically understand the role of Smad2-pLS in regulating TGF-8 signalling.

3) the biological function of Smad2/3-pLS in development, health, and disease.
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Materials and methods

2.1 Tissue culture

2.1.1 Materials

2.1.1.1 Cell lines

All the cell lines used in this research work were cultured at 37°C with 5% CO..

Cell types

Source

PC-3 cells

Grade |V prostate adenocarcinoma cell line derived from bone metastasis
site from a 62-year-old male Caucasian, obtained from ATCC (CRL-
1435), kindly gifted by Dr R. M. Krypta’s lab, Imperial College London.

HEK293T cells

Fetal embryonic kidney cell line containing the SV40 T-antigen derived
from HEK293 cells, obtained from ATCC (CRL-3216).

Smad?2
knockout and
control
HEK?293T cells

HEK293T cells in which SMAD2 gene has been disrupted using CRISPR-
Cas9 system, kindly gifted by Dr C. S. Hill's lab, Francis Crick Institute,
London (Gori et al., 2021).

H1 hESCs Male human embryonic stem cell distributed by WiCell (Thomson et al.,
(WA-01) 1998).

Esc (26) V9 Mouse embryonic stem cells reporter cell line to generate GFP
Hex-GFP fluoresecence on Hex expression, kindly gifted by Dr V. Episkopou’s lab,
mESCs Imperial College London.

KT 15 Smad2 Mouse embryonic stem cells isolated using standard procedures
knockout (Robertson, 1987) from delayed blastocysts obtained from Smad2Rebm1/*
mESCs females crossed to Smad2Reb™/*  Rosa26/+ males. KT 15 Smad2

knockout mMESCs are LacZ+, Smad2R°®™" homozygous ES cell line, kindly
gifted by Dr V. Episkopou’s lab, Imperial College London.

2.1.1.2 Growth factors and Inhibitors

Reagent Target of action | Supplier, Diluent for | Working
Catalogue # stock concentration
preparation

Activin A Activates Peprotech, 0.1% BSA-PBS | 1-100 ng/mi
TGF-B signalling | 120-14E

TGF-B Activates Peprotech, 100 mM Citric | 1-10 ng/ml
TGF-B signalling | 100-21 Acid

BMP4 Activates Peprotech, 4 mM HCI 3 ng/ml
BMP signalling 120-05ET

bFGF Activates Peprotech, 0.1% BSA-PBS | 10 ng/ml
FGF signalling 100-18B-500

Heat stable | FGF signalling Gibco, 0.1% BSA-PBS | 10 ng/ml

bFGF PHGO0367
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Flavopiridol Inhibits Selleckchem, DMSO 1 uM
CDK2/4/6/7/8/9 S1230

ROCKIi Inhibits ROCK | Stratech, DMSO 10 uM
activity A3773-APE

LY2857785 Inhibits CDK8/9 Selleckchem, DMSO 0.5 uM

S7511

Torin-2 Inhibits mMTORC | Tocris, 4248 DMSO 10 nM

LY294002 Inhibits PI3K | Cell Signalling, | DMSO 20 uM
signalling 9901

uo0126 Inhibits Erk1/2 | Reagents DMSO 10 uM
signalling Direct, 84-P22

SB431542 Inhibits ALK4/5/7 | Tocris, 1614 DMSO 10 uM

LDN-193189 Inhibits BMP | Stratech, DMSO 250 nM
receptors A8685-APE

MG132 Inhibits 26S | Abcam, DMSO 10 uM
proteasome ab141003

Cycloheximide Inhibits  protein | Abcam, DMSO 20 pg/ml
translation ab120093

Chloroquine Inhibits lysosomal | Sigma Aldrich, | DMSO 100 pg/ml
activity C6628

Puromycin antibiotic Sigma, P8833 | Water 0.5-1 pg/mi

G418 antibiotic Sigma, G8168 | Water 1 pg/mi

mLIF (2019 | Suppresses Selfmade (V. | DMEM 1:1000

batch) differentiation in | Azuara lab)
mouse ES cells

2.1.1.3 Media components

Components

Supplier, Catalogue #

200 mM L-Glutamine

Thermo Scientific, 25030024

100X Penicillin-Streptomycin Sigma, P0781
20% Bovine Serum Albumin (BSA) Sigma, F9665
Dulbecco's Modified Eagle AQ Media (DMEM-AQ) Sigma, D0819

DMEM, high glucose, pyruvate, no glutamine

Gibco, 21969035

Heat-inactivated Foetal Bovine Serum (FBS)

Sigma, F9665

FBS-ES-12A (Lot# CP18-2223)

Generon, FBS-ES-12A

Knockout DMEM

Life Technologies, 10829018

Knockout Serum Replacement (KSR)
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Opti-MEM® Reduced Serum Medium Life Technologies, 11058-021

Roswell Park Memorial Institute AQ-Media 1640 | Sigma, R2405
(RPMI-AQ)

50 mM B-mercaptoethanol Life Technologies, 31350-010
Non-essential Amino Acids (NEAA) Sigma, N7145
50X B27 Supplement Life Technologies, 17504-044

2.1.1.4 Disassociation enzymes

Enzymes Supplier, Catalogue #

Trypsin-EDTA | Merck, T3924

Collagenase IV | Life Technologies, 17104019

Accutase Merck, A6964

TrypLE Life Technologies, 12604013

2.1.1.5 Chemicals, kits, and coating reagents

Reagent Supplier, Catalogue #
2% Gelatin in PBS Sigma, G1393
Calcium Phosphate Transfection Kit Sigma, CAPHOS-1KT
Dimethyl sulphoxide (DMSO) Sigma, D2650
Dual-Glo® Luciferase Assay Kit Promega, E2920

Dulbecco's Phosphate Buffered Saline (DPBS) | Merck, D1408

LipofectamineTM LTX with PLUSTM Reagent | Fisher, 15338030

Matrigel® Matrix Growth Factor Reduced SLS, 354230
Water Tissue Culture Grade (TC-H20) Merck, W3500
Poly-L-Lysine (PLL) Sigma, P4707
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2.1.2 Methods

2.1.2.1 Media Composition

Medium name (Application)

Media composition

Anterior Definitive Endoderm (ADE) differentiation

medium (MESCs differentiation to ADE)

Gibco DMEM supplemented with:
20% KSR

1% Penicillin-Streptomycin

10 ng/ml bFGF

50 ng/ml Activin A

DMEM (HEK293T cell culture)

DMEM-AQ supplemented with 10%
FBS

KSR (Knockout Serum Replacement) medium

(MEF-CM preparation)

KO-DMEM supplemented with:
20% KSR

1 mM L-glutamine

1% NEAA

0.1 M B-mercaptoethanol

1% Penicillin-Streptomycin
4ng/ml bFGF

MEF medium (mouse embryonic fibroblasts (MEF)

culture)

DMEM supplemented with:
10% FBS

2mM L-glutamine

1% Penicillin-Streptomycin

MEF-CM medium (H1 hESCs culture)

KSR medium supplemented with:
1 mM L-glutamine

10 ng/ml bFGF

1% Penicillin-Streptomycin

MESC medium (mESC culture)

DMEM supplemented with:
10% ES-FBS

2 mM L-Glutamine

0.5% Penicillin-Streptomycin
0.1 mM NEAA

0.1 mM B-mercaptoethanol
1:1000 mLIF

RPMI medium (PC3 cells culture)

RPMI-AQ medium supplemented with
10% FBS

RPMI/B27 medium (H1 hESCs serum starvation)

RPMI-AQ supplemented with 1x B27

Starvation medium 1 (serum starvation of

HEK293T cells)

DMEM-AQ supplemented with 1%
FBS

Starvation medium 2 (serum starvation of PC3

cells)

RPMI-AQ medium (No supplements)
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2.1.2.2 Culture and propagation of hESCs

i) Isolation of mouse embryonic fibroblasts (MEFs)

A pregnant female CD1 mouse (E13.5) was sacrificed by cervical dislocation in accordance
with the UK Home office protocols. Its uterine horns were dissected out and washed three
times with DPBS containing 2% Penicillin/Streptomycin. Each embryo was then dissected out,
viscera was removed, and carcass was disassociated into single cells with trypsin-EDTA at
37°C in a sterile Bijou tube. The single cells were then transferred into a T75 flask and
incubated at 37°C overnight in DMEM medium. The medium was refreshed the next day and
cells checked for any bacterial contamination. When they reached ~90% confluency, they
were trypsinised and frozen at 1x107 cells per cryovial in MEF medium containing 10% DMSO

as passage PO.

ii) Generation of MEF-conditioned medium (MEF-CM)

Frozen MEFs were thawed, grown, and propagated at 1:6 ratio maximum in DMEM to
passage P3/P4. Cells were then trypsinised into single cells and collected in 2-4x 50 ml falcon
tubes. The cells were mitotically inactivated by being irradiated at 40 Gy in an IBL-637 Cell
irradiator equipment (CIS-Bio International). Irradiated MEFs (i-MEFs) were then seeded in
0.5%-gelatin-coated T225 flasks at ~20-25 x10° cells per flask. Next day, the cells were rinsed
with DPBS and DMEM was replaced with KSR medium supplemented with 4 ng/ml bFGF
freshly at 150 ml per flask. After 24 hours, this conditioned KSR medium, called MEF-CM, was
collected in cryo-storage bottles, and stored at -80°C until needed, while new 150 ml KSR
medium was added into the flask. This procedure was repeated for 6-7 days depending on
the MEF health. Before applying to hESCs, two bottles of frozen MEF-CMs were thawed,
mixed in pairs, D1+D6, D2+D5, D3+D4, filtered to remove cellular debris, and supplemented

with 2 mM L-glutamine and 1% Pen/Strep. It was stored at 4°C for up to 2 weeks.

62



Chapter 2 Materials and methods

iii) Preparation of Matrigel coated plates

Matrigel stock was thawed overnight on ice at 4°C. Knockout-DMEM (KO-DMEM) and
plastics were also chilled at 4°C before use. Matrigel was diluted 1:2 with chilled KO-DMEM,
aliquoted into 1 ml into 15 ml tubes and stored at -20°C for future use. One aliquot of Matrigel
was thawed overnight in the refrigerator and further diluted 1:15 with chilled KO-DMEM., then
used to coat the tissue culture plate. The Matrigel was allowed to set at least for ~10 hours at
4°C or ~3 hours at room temperature (for immediate use). Just before seeding hESCs, the

Matrigel fluid was aspirated off and washed with DPBS.

iv) Propagation, culture and freezing of hESCs

H1 hESCs were routinely cultured in Matrigel-coated plates in MEF-CM, supplemented
with freshly added 10 ng/ml bFGF with daily medium-change. The cells were passaged when
either individual colonies become densely packed, or cells are getting confluent. 200 U/ml
Collagenase IV solution was prepared by dissolving 20,000 units of collagenase IV in 100 ml
of KO-DMEM and filtered before aliquoting and storing at 4°C for immediate use for up to 3
weeks and at -20°C for long term storage. It was applied to the cells for ~4-6 minutes and then
the colonies were mechanically disassociated into smaller colonies of up to 50-100 cells in
bFGF-supplemented MEF-CM. The plate was shaken gently up and down and left and right
to evenly distribute the cells. Confluent cells were passaged at 1:3 ratio. For freezing hESCs,
wells with >85% confluent cells were collagenase IV-treated and then mechanically
disassociated in cold KSR. 10% v/iv DMSO was added in a dropwise fashion before
transferring the cells to a cryovial and storing them in a cryobox at -80°C prior to their storage

in liquid nitrogen.

2.1.2.3 Culture and propagation of mESCs

ES26 Hex-GFP and Kt15 Smad2’” mESCs were both routinely cultured on 0.1% gelatin-
coated plates and in mESC medium. The plates were coated with gelatin at least 10 minutes
before adding the cells and incubated at 37°C. The media was freshly supplemented with
1:1000 mLIF, just before applying on the cells. Medium was changed every day and the cells
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were passaged when the colonies were ~80% confluent, usually every three days. 0.5 ml/10
cm? of accutase was used to disassociate the cells by incubating the cells at 37°C for 5-10
minutes. Cells were routinely split at a ratio of 1:10 and plates gently shaken for even
distribution of cells. For freezing mESCs, mESC medium supplemented with 10% DMSO and

an extra 10% ES-FBS was used.

2.1.2.4 Culture and Propagation of PC3 cells

PC3 cells were routinely cultured in RPMI medium and regularly passaged every 2-3 days
at a ratio of 1:10 with Trypsin-EDTA. The cells were frozen in the same medium supplemented
with 10% DMSO. For growth factors and inhibitor treatment experiments, the cells were

serum-starved in RPMI-AQ medium for 16-20 hours/overnight.

2.1.2.5 Culture and propagation of HEK293T cells

HEK293T cells were routinely cultured in DMEM and regularly passaged every 2-3 days at
a ratio of 1:10 with Trypsin-EDTA. The cells were frozen in the same medium supplemented
with 10% DMSO. For growth factors and inhibitor treatments, HEK293T cells were starved in

1% FBS-DMEM-AQ for 16-20 hours/overnight, as they cannot survive in no-serum medium.

2.1.2.6 Cell transfection

i) Lipid-based transfection

Transient transfection of PC3 cells were performed by seeding the cells one day before
transfection to get them to be ~70% confluent on the day of transfection in RPMI medium.
Medium was refreshed 1-2 hours before transfection. Two tubes were labelled as tube A and
B. For cells covering a 10 cm? area,150 pl OptiMEM and 2 ul Lipofectamine LTX were added
to tube A and mixed by pipetting while 1-2 pg of purified plasmid DNA was mixed with 150 pl
OptiMEM before adding PLUS reagent (the same volume as the DNA) were added to tube B
and mixed. These mixtures were allowed to sit at room temperature for 5 minutes before
mixing by pipetting the contents of tube B to tube A and incubate at room temperature for no

longer than 30 minutes. This mixture was then evenly distributed on top of the cells in a
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dropwise fashion. The plate was gently shaken and incubated at 37°C for 24-48 hours before

using them for further experiments.

For hESCs, the cells were transfected while in suspension, at the time of splitting. Same
volumes of reagents for tube A and tube B were mixed as in PC3 cells and incubated for 5
minutes. The cells were disassociated using accutase during this incubation period. Then, the
contents of tube A and B were mixed and incubated at room temperature for up to 30 minutes
while counting the cells. The lipofectamine-DNA mixture was added to the cells in a dropwise
fashion and mixed before seeding the cells on to the desired Matrigel-coated tissue culture

dish.

For mESCs, the cells were transfected while in suspension, at the time of splitting. Same
volumes of reagents for tube A and tube B were mixed as in hESCs and incubated for 5
minutes. The cells were disassociated using accutase during this incubation period. Then, the
contents of tube A and B were mixed and incubated at room temperature for up to 30 minutes
while counting the cells. The lipofectamine-DNA mixture was added to the cells in a dropwise

fashion and mixed before seeding the cells on to the desired gelatin-coated tissue culture dish.

ii) Calcium phosphate transfection

This method of transfection was used for HEK293T cells. Antibiotic-free medium was used,
and cells were seeded to be ~70% confluent the following day for transfection. Media was
refreshed 1-2 hours before transfection. The transfection mix was prepared in two tubes, tube
A and B. For each 10 cm? area, 15 ul of CaCl, was added to tube A, followed by 0.5-2 ug
purified plasmid DNA and TC grade water to make the total volume to 150 pl and mixed gently
by pipetting. 150 pl 2x HeBs buffer was added to tube B and bubbled using a hand-held pipette
gun fitted with a 20 ul micropipette tip while tube A contents were added to it in a dropwise
fashion. The mixture was incubated at room temperature for no longer than 30 minutes before
evenly distributing on the cells drop by drop. The cells were transfected for 24-48 hours before

treating them as required.
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2.1.2.7 Luciferase assay

Luciferase assay was conducted in hESCs and mESCs. The cells were transfected in
suspension while splitting in antibiotic-free medium. Co-transfection with firefly (pGL3-
CAGA2-MLP-Luciferase), renilla (pRL-T7) (both CAGA-Luc and renilla constructs were kindly
gifted by Dr Vasso Episkopou) and Smad2-WT/LA (pCS5-Flag-Smad2-WT/LA) was done at
a ratio of 10:1:10. Lipofectamine LTX was used for transfection and Tubes A and B were
prepared and transfection carried out the same as explained in section 2.1.2.6 i). A firefly and
renilla only control with GFP-transgene was used as a no-Smad2 control. The cells were
seeded on Matrigel/gelatin-coated plates and transfected for 36 hours before refreshing the
media (Day 2). On Day 3, the cells were pre-treated with 10 uM SB431542 for 2 hours before
treatment with 5 ng/ml activin A or continued with SB431542 for 20 hours before performing
the luciferase assay using Promega dual luciferase assay kit as per manufacturer’s

instructions.

Cells were harvested using trypsin and each well was equally dispensed into 3 wells of a
96-well luminometer plate. Cells were lysed using the Dual-Glo luciferase assay reagent for
10 minutes on a shaker followed by detecting luminescence using PHERAstar microplate
reader by BMG labtech. The lysate was then treated with Dual-Glo-Stop & Glo reagent to
quench the firefly luciferase signal and activate renilla luminescence. Firefly luminescence
readings were normalized with corresponding renilla luminescence readings to account for

differences in transfection efficiencies.
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2.2 Molecular biology- DNA/RNA techniques

2.2.1 Materials

2.2.1.1 Reagents, chemicals, and kits

Reagent Supplier, Catalogue #
2-Log DNA ladder NEB, N3200

50 bp DNA ladder NEB, N3236

6X DNA loading buffer NEB, B7024

Agarose (molecular biology grade) Sigma, A9539
Ampicillin sodium salt Sigma, A0166
Kanamycin sulfate Sigma, 60615
Chloroform:lsoamy! Alcohol Sigma, 25666

DH5a Competent E. coli

Fisher, 18265017

Ethanol

VWR chemicals

Isopropanol

Fisher, BP2618212

SafeGreen nucleic acid stain

NBS biologicals, NBS-SG1

HiSpeed Midiprep Kit

Qiagen, 12643

Molecular Grade Water

Fisher, 11430615

Murine RNAse Inhibitor

Fisher, EO0381

Oligo(dT)12-18

Fisher, 10753741

Deoxynucleotide mix (dNTP)

Fisher, R0191

NEB Monarch Gel extraction kit

NEB, T1020S

SYBR® Green JumpstartTM Taq Ready Mix

Merck, KCQS02

Tri Reagent ®

Sigma, T9424

Q5 Site Directed Mutagenesis Kit

NEB, E0552S
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2.2.1.2 Buffers and solutions

Buffers

Recipe

50X Tris-Acetate-EDTA Buffer (TAE)

242 g Tris Base

57.1 ml Acetic Acid
18.6 g EDTA
Autoclaved waterto 1 L

10X Tris-Borate-EDTA Buffer (TBE)

108 g Tris Base

55 g Boric Acid

9.3 gEDTA
Autoclaved waterto 1 L

Tris-EDTA Buffer (TE)

1 ml Tris-HCL pH 8.0 (10mM)
200 pl of 0.5M EDTA pH 8.0 (1mM)
Autoclaved water to 100 ml

Lysogeny Broth (LB) Medium

10 g Bacto-tryptone

5 g Yeast extract

10 g NaCl

Autoclaved waterto 1 L

LB Agar

5 g Bacto-tryptone

2.5 g Yeast extract

5 g NaCl

7.5 g Agar

Autoclaved water to 500 ml

P1 Resuspension Buffer (Qiagen)

50mM Tris-HCI pH 8.0
10mM EDTA
100 pg/ml RNAse A

P2 Lysis Buffer (Qiagen)

200mM NaOH
1% Sodium Dodecyl Sulphate (SDS)

P3 Neutralisation Buffer (Qiagen)

3M Potassium acetate pH 5.5

SOC Media

20 g Bacto-tryptone

5 g Yeast extract

2 ml of 5M NaCl

2.5 ml of 1M KCI

10 ml of 1M MgCI2

20 ml of 1M glucose
Autoclaved waterto 1 L

Oligos annealing buffer

400 pl Tris-HCI pH 7.5 (10mM)

80 pl of 0.5M EDTA pH 8.0 (1mM)
400 pl of 5M NaCl (50mM)
Molecular grade water to 50 ml
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2.2.1.3 Plasmids

Plasmids Source Plasmid code
pCS2-Flag-Smad2-WT Addgene, 14042 C39
pCS2-Flag-Smad2-3LSA Lab-made L156
pCS2-Flag-Smad2-T220V Lab-made L57
pCMV-Flag-Smad2-EPSM Addgene, 14933 C40
pCMV-Flag-Smad2-3LSA Lab-made L61
pCMV-Flag-Smad2-3LSD Lab-made L152
pCMV-GFP-Smad2-WT Gift from Prof C. S. Hill G86
pCMV-GFP-Smad2-3LSA Lab-made L150
pCMV-GFP Clonetech C18
pCAG-Flag-Smad2-WT-IRES-Puro Lab-made L158
pCAG-Flag-Smad2-3LSA-IRES-Puro | Lab-made L159
pCAG-Flag-Smad2-T220V-IRES-Puro | Lab-made L160
pCAG-IRES-Puro Lab-made L157
pCAG-GFP-IRES-Puro Gift from Prof. Meng Li G35
pGL3-CAGA12-MLP-luc Gift from Prof. V. Episkopou | G54
pRL-TK-Renilla Promega, AF025846 C20

2.2.1.4 Primers

All primers were re-constituted in molecular grade water to a concentration of 100 yM and

stored in -20°C.

Primer Forward strand 5’23’

Reverse strand 5’23’

Flag-Smad2 GGACTACAAGGACGACGATGA

TCACTGCTTTCTCACACCACT

RPL22 TCGCTCACCTCCCTTTCTAA

TCACGGTGATCTTGCTCTTG

B-actin TGTCTGGCGGCACCACCATG
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Brachyury TGCTTCCCTGAGACCCAGTT GATCACTTCTTTCCTTTGCATCAAG
Eomes AGGAATTCTTGCTTTGCTAATTCTG | CGAAGAAACAGCAAGAGCAGC
FoxA2 GGGAGCGGTGAAGATGGA TCATGTTGCTCACGGAGGAGTA
Goosecoid GAGGAGAAAGTGGAGGTCTGGTT | CTCTGATGAGGACCGCTTCTG
MixL1 CCGAGTCCAGGATCCAGGTA CTCTGACGCCGAGACTTGG
Nanog TGATTTGTGGGCCTGAAGAAAA GAGGCATCTCAGCAGAAGACA
Oct4 TCGAGAACCGAGTGAGAGGC CACACTCGGACCACATCCTTC
Rex1 TCACAGTCCAGCAGGTGTTT GCCATCACATAAGGCCCACA
Sox17 GGCGCAGCAGAATCCAGA CCACGACTTGCCCAGCAT

Sox2 GCCGAGTGGAAACTTTTGTCG GCAGCGTGTACTTATCCTTCTT
GATAG6 ACTTGAGCTCGCTGTTCTCG CAGCAAAAATACTTCCCCCA
Twist AGCTACGCCTTCTGGTCT CCTTCTCTGGAAACAATGACATC
E-cadherin AGCCCTTACTGCCCCCAGAG GGGAAGATACCGGGGGACAC
N-cadherin CAACGGGGACTGCACAGATG TGTTTGGCCTGGCGTTCTTT
Snail1 GCTGCAGGACTCTAATCCAGA ATCTCCGGAGGTGGGATG
CTGF CTGCAGGCTAGAGAAGCAGAG GATGCACTTTTTGCCCTTCT
SKIL GAGGCTGAATATGCAGGACAG CTATCGGCCTCAGCATGG
c-Myc TCGGAAGGACTATCCTGCTG GTGTGTTCGCCTCTTGACATT
Smad7 GGCCGGATCTCAGGCATTC TTGGGTATCTGGAGTAAGGAG
Slug TGGTTGCTTCAAGGACACAT GCAAATGCTCTGTTGCAGTG
Zeb1 GCACCTGAAGAGGACCAGAG TGCATCTTGGTGTTCCATTTT
Nedd4L TCCAATGGTCCTCAGCTGTTTA ATTTTCCACGGCCATGAGA
Smad2 ATTCCAGAAACGCCACCTCC GCTATTGAACACCAAAATGCAGG
Mouse-FoxA2 | CCATCAGCCCCACAAAATG CCAAGCTGCCTGGCATG
Mouse-Hex GAGGTTCTCCAACGACCAGA GTCCAACGCATCCTTTTTGT
Mouse-Cer1 AGGAGGAAGCCAAGAGGTTC CATTTGCCAAAGCAAAGGTT
Mouse-Sox17 | GGTCTGAAGTGCGGTTGG TGTCTTCCCTGTCTTGGTTGA
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Mouse -S17 ATGACTTCCACACCAACAAGC GCCAACTGTAGGCTGAGTGAC

Mouse-L19 TGATCTGCTGACGGAGTTG GGAAAAGAAGGTCTGGTTGGA

2.2.1.5 Nucleic acid-modifying Enzymes

Enzyme Supplier, Catalogue #
DNAse | Fisher, EN0521
RNAse A Fisher, 10174711
Jumpstart™ Taq Polymerase Sigma, D9307

ProtoScript || Reverse Transcriptase | NEB, M0368

Restriction endonucleases NEB, various RE
T4 DNA ligase NEB, M0202
T4 Salt DNA ligase NEB, M0467

2.2.2 Methods
2.2.2.1 Plasmid construction and subcloning

i. Restriction Endonuclease digestions and gel DNA extraction

Plasmid DNA (pDNA) was used to digest with restriction endonucleases (RE) either to
verify the sequence identity or for subcloning. Typically, 2 ug of pDNA was used in a 10-20 pl
reaction volume containing the compatible buffer and the amount of RE added was maintained
to be less than 10% v/v of the reaction volume, usually 10-20 U enzyme per reaction. The
same approach was used for sequence verification but with reduced pDNA- up to 0.5 ug. RE
reactions were either inactivated by incubating for 10 minutes at 65°C or by adding 6x NEB
loading buffer. The digested pDNA was analyzed by agarose gel electrophoresis and imaged
using safe-view UV illuminator. The samples were run alongside a suitable NEB DNA ladder
at 135 V for 30-45 minutes through 0.8% agarose gel dissolved in 1x TAE or TBE buffer. Safe

green was added to cooled molten agarose gel at a 1:20,000 concentration before allowing it
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to set. For subcloning, the gel DNA fragments were excised using a clean scalpel and purified

using Monarch DNA gel extraction kit by NEB. DNA fragments were typically eluted in 10 ul.

ii. DNA dephosphorylation

After purification, digested vectors were dephosphorylated by Antarctic phosphatase to
eliminate the possibility of re-ligation of single-digested plasmids. Typically, 1/10™" volume of
10x Antarctic phosphatase buffer and 5 U Antarctic Phosphatase was added to 1-5 ug of
digested vector and incubated for 30-60 minutes to dephosphorylate 5’ or 3’ extensions.

Enzyme activity was heat-inactivated for 5 min at 70°C before further use.

iii. Oligo annealing and phosphorylation

Sense and anti-sense strands were added at an equimolar ratio to achieve an annealing
reaction volume of 100 ul and a final concentration of 10 uM of oligo. The reaction tube was
placed in a heating block at 95°C for 5 minutes before removing the block away from the
heating unit and allowing it to cool gradually at room temperature to promote oligo annealing.
Nanodrop was used to measure oligo concentration and the oligos were then used for further

applications.

iv. Ligation

Vector and Insert ligation reactions were set up using T4 DNA ligase of T4 Salt DNA ligase
according to manufacturer’s instructions. A vector to insert molar ratio of 1:3 was used ina 10
I reaction volume containing no more than 1 pl ligase and 1 pl of 10x T4 ligase buffer and
incubated overnight at 16°C before heat-inactivating the reaction for 10 minutes at 65°C. Total
DNA concentration in the ligase reaction was maintained to be 1-10 ng/pl. The ligated DNA

was then used for bacterial transformation.

v. Bacterial transformation

Competent DH5a E.coli was thawed on ice for ~10 minutes before adding ~10-50 ng of
ligated product or a plasmid DNA. It was mixed gently by tapping. The reaction tube was

incubated on ice for 30 minutes before performing heat-shock at 42°C for 45 seconds. The
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cells placed on ice to recover for 5 minutes before adding SOC media or LB broth to a total
volume of 1 ml. They were then incubated at 37°C for 1 hour with shaking at 200-220 rpm.
Transformed bacteria was then pelleted by centrifugation at 15,000 g for 1 minute, all but 100
Ml of the supernatant was discarded. The cells were resuspended and evenly plated onto LB
agar plates containing the right selection antibiotic (100 pg/ml ampicillin or 50 pg/ml

kanamycin). Plates were incubated at 37°C overnight to allow the bacterial growth.

vi. Plasmid Amplification and Purification

Transformed colonies were picked from LB agar plates and cultured in 5 ml of antibiotic
supplemented LB broth and cultured for either 6 hours or overnight at 37°C with shaking at
200-220 rpm. The grown cultures were then pelleted by centrifugation at 15,000 g for 1 minute
and resuspended in 140 ul Qiagen buffer P1 containing RNase, by vigorous vortexing. An
equal volume of buffer P2 was added for alkaline lysis of the cells, and it was gently mixed by
inverting 4-6 times to obtain a clear, viscous solution. 140 pl of buffer P3 was then added and
mixed by inverting ~10 times to neutralize the reaction. The tube containing the lysed cells
was placed on ice for 5-30 minutes before centrifugation at 15,000 g for 2 minutes.
Supernatant was collected in a fresh tube and an equal volume of isopropanol (~450 pl) was
mixed with it to precipitate the DNA. It was then centrifuged for 2 minutes at 15,000 g before
a quick 70% Ethanol wash by centrifugation at 15,000 g for 1 minute. Ethanol was quickly
removed after the spin and the pellet allowed to air-dry for ~10 minutes at room temperature.
25-50 pl of molecular grade water was used to resuspend the DNA pellet. DNA concentration
and purity were measured by nanodrop spectrophotometer (Thermo Fisher) for use in further

applications.

For more purified and large-scale DNA amplification, the transformed colonies were picked
from LB agar plates and cultured like before for 6 hours in 5 ml antibiotic supplemented LB
broth. It was then used to inoculate 50-100 ml of fresh LB broth with the appropriate antibiotic
for Midiprep, which was incubated overnight at 37°C with shaking at 200-220 rpm. Plasmid

DNA was then isolated using Qiagen HiSpeed Midiprep kit according to manufacturer’s
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instructions and DNA was eluted in 400-750 ul of sterile, endotoxin-free TE buffer. DNA

quantification was performed using nanodrop and it was stored at -20°C until required.

vii. Site-directed mutagenesis

NEB Q5 site-directed mutagenesis kit was used to introduce point mutations in the DNA
templates. Non-overlapping primers were designed using NEBasechanger™ application with
5 ends annealing back-to-back, through which single nucleotide mutation(s) could be
introduced to change the resulting amino acid residue(s) from serine to alanine or alanine to

asparagine. The following templates were used to introduce the required mutations.

Template Forward and Reverse primers 5> 3’ Final
product
pCS2-Flag- Forward: pCS2-Flag-
Smad2-WT | TCCTACTACTCTTGCCCCTGTTAATCATAGCTTGGATTTAC | Smad2-LA
(C39) Reverse: (L156)
GCTAGTTCTGCTGGAGCGCCTGTGTCCATACTTTGATTC
pCMV-Flag- Forward: pCMV-Flag-
Smad2-3LSA | TCCTACTACTCTTGACCCTGTTAATCATAGCTTGG Smad2-
(L61) Reverse: 3LSD (L152)
TCTAGTTCTGCTGGATCGCCTGTGTCCATACTTTG
pCMV-GFP- Forward: pCMV-GFP-
Smad2-WT | TCCTACTACTCTTGCCCCTGTTAATCATAGCTTGGATTTAC | Smad2-
(G86) Reverse: 3LSA (L150)
GCTAGTTCTGCTGGAGCGCCTGTGTCCATACTTTGATTC
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PCR was carried out with the appropriate template and primer pairs as follows:

Reaction components

25 pl reaction | Final concentration

Q5 Hot Start High-Fidelity 2x Master Mix | 12.5 pl 1x
10uM F primer 1.25 ul 0.5 uM
10uM R primer 1.25 pl 0.5 uM
Template DNA (10 ng) 1 ul 10ng
Nuclease-free water 9 ul -

and cycling conditions in a Bio-Rad Dyad DNA Engine thermocycler as follows:

Step Temp | Time
Initial denaturation | 98°C 30 sec
98°C 10 sec
25 cycles 61°C 30 sec
72°C 20-30 seconds/kb
Final extension 72°C 2 min
Hold 4-10°C | Forever

1 ul of this amplified PCR product was treated with Kinase-Ligase-Dpnl (KLD) enzyme mix

to digest the template and ligate the new plasmid. This reaction was carried out for ~20

minutes at room temperature after which, 5 pl of this product was used for bacterial

transformation. Clones obtained were confirmed by sanger sequencing, service offered by

Genewiz, UK.
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2.2.2.2 Gene expression analysis

i. RNA isolation and extraction

To obtain RNA samples, cells were lysed using 1 ml TRI reagent per 10 cm? surface area
of at least 85% confluent cells. The sample was either stored at -80°C for RNA isolation at a
later period within a month or the next steps were followed immediately. 0.2 ml of
chloroform:isoamyl alcohol was used per 1 ml TRI reagent after allowing the lysate to stand
at room temperature for 5 minutes. The sample was shaken vigorously for 15 seconds before
incubating again for 2-15 minutes at room temperature. Then, the sample was centrifuged at
12,000 g for 15 minutes at 4°C. The clear, aqueous phase was collected in a fresh tube, taking
care to prevent contamination from other phases. The sample was incubated at room
temperature for 5-10 minutes after adding 0.5 ml isopropanol per 1 ml of TRI reagent. It was
centrifuged again at 12,000 g for 10 minutes at 4°C. The RNA pellet was washed with 0.5 ml
of 75% ethanol and vortexed before centrifugation again at 7,500 g for 5 minutes at 4°C. The
RNA pellet was allowed to air-dry, after which, it was resuspended in 16 ul of nuclease-free

water.

ii. DNAse | treatment

To remove any trace contamination of DNA, 16 ul of RNA sample was incubated with 2 pl
of DNAse | and 2 ul of reaction buffer for 30 minutes at 37°C. Then, 2 pl of EDTA stop solution
was added and the reaction carried out at 65°C for 10 minutes to inactivate DNAse activity.

RNA concentration was measured using nanodrop spectrophotometer.

iii. cDNA synthesis

The purified RNA sample obtained from the above step was used to synthesize cDNA
using reverse transcription. 1 ug of RNA was incubated with 5 uM of oligo dT and 1 mM of
dNTP mix in a reaction volume of 10 ul at 65°C for 5 minutes after which, it was briefly spun
and placed on ice. Then, 4 ul of 5x protoscript Il buffer was added to it along with 0.01 M DTT,
10 U/ul of protoscript Il reverse transcriptase enzyme, 0.4 U/ul RNAse inhibitor and nuclease

free water to make the total volume to 20 pl. This mix was then incubated at 42°C for 1 hour
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and the reaction was inactivated at 65°C for 20 minutes. 180 pl nuclease free water was added
to it and the pure cDNA sample was stored at -20°C until use. Two tubes per sample were

made, one with and the other without reverse transcriptase enzyme for control.

iv. Quantitative Real-Time PCR (qRT-PCR)

cDNA efficacy was verified by standard PCR before using them for qRT-PCR. 1 ul of cDNA,
0.5 uM of each primer, 5 yl SYBR Green Jumpstart™ Taq ready mix and 3 pl of nuclease free
water was used for the gRT-PCR reaction. Each reaction was setup up in triplicates for each
gene, with each cDNA sample analyzed thrice on separate occasions to generate n=9. C;
value was calculated for each of the samples for a given gene. Reactions were run on a Bio-

Rad Opticon2™ DNA Engine Real-time fluorescence thermocycler with the following

conditions:

Step Temperature | Time

Initial denaturation 94°C 2 minutes
Denaturation 94°C 15 seconds
Annealing 60°C 30 seconds
Extension 72°C 30 seconds
Real-time fluorescence read/sec | 75-84°C +3°C/sec

40 Cycles
Melting curve read/sec 67-91°C +0.3°C/sec

Production of double stranded product was tracked in real-time by measuring the SYBR
Green fluorescence. Melting curve was performed at the end of the reaction for each primer
set to ensure the formation of a single PCR product. Analysis was done using the Opticon
software and using the comparative 2AAC; method. In brief, raw C; value of the sample was
normalized to the C; value of endogenous house-keeping gene, RPL22/B-actin/S17/L19, to

generate the AC; value. For AAC; calculation, AC; was normalized to the control. The relative
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gene expression or the fold-change was calculated by taking the AAC: value as the
exponential function of 2. The standard deviation was calculated from at least three qRT-PCR
data obtained from three independent experiments. Primer sequences are listed in section

2.2.14.
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2.3 Molecular biology- Protein techniques
2.3.1 Materials

2.3.1.1 Reagents, chemicals, and kit

Reagent Supplier, Catalogue #
Protease Inhibitor Cocktail Sigma, P8340
Sodium orthovanadate (NazVOa) Sigma, S6508

Sodium fluoride (NaF)

Sigma, 450022

Sodium deoxycholate

Sigma, D6750

Phenylmethanesulfonylfluoride (PMSF)

NEB, 8553S

Pierce BCA assay Kit

Thermo Fisher, 23227

30% Acrylamide/Bis-acrylamide Sigma, A3699
B-mercaptoethanol Sigma, M6250
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Sigma, 54457

Ammonium persulfate (APS)

Merck, A3678

Tetramethylethylenediamine (TEMED)

Merck, T7024

Bromophenol blue

Sigma, B0126

Bovine Serum Albumin (BSA)

Sigma, A9647

Xray films

SLS, MOL7016

Clarity Western Enhanced chemiluminescence substrate (ECL)

BioRad, 1705061

Immobilon Forte Western HRP substrate

Millipore, WBLUF0500

Goat serum Merck, G9023
Ethylene glycol tetraacetic acid (EGTA) Sigma, E4378
Ethylenediaminetetraacetic acid (EDTA) Sigma, E6635
Glycerol Sigma, G5516

Immobilon® polyvinylidene fluoride (PVDF) membrane

Fisher, IPVH00010

Methanol
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Ethanol VWR, MFCD00003568
Isopropanol Fisher, C3H80
Mowiol 4-88 Calbiochem, 475904
Nonidet P-40 Anachem, E109
Prestained Protein Ladder Abcam, ab-116028
Pierce™ 16% Formaldehyde Thermo, 23227
Protein A/G Dynabeads® Invitrogen, 10003D
Sodium azide (NaNs) Sigma, S2002

Triton X-100 Sigma, T8787
Tween-20 Sigma, P1379
Glycine Sigma, G8898

2.3.1.2 Buffers and solutions

Immunoblotting buffers Composition

Radio Immunoprecipitation Assay | 25 ml 1 M Tris-HCI pH 8.0 (50 mM)

15 ml 5 M NaCl (150 mM)

Buffer (RIPA) 5 ml NP-40 (1% v/v)

2.5 g Sodium deoxycholate (0.5% w/v)
0.5 g SDS (0.1% w/v)

Autoclaved water to 500 ml

5x Sample buffer 1.25 ml 0.5 M Tris-HCI pH 6.8 (50 mM)

2.5 ml glycerol (25 % viv)

2 ml 10% SDS (2% wi/v)

400 pl 0.5% bromophenol blue (0.02 % w/v)
500 pl B-mercaptoethanol (715 mM)
Autoclaved water to 10 ml

(5x Laemmeli buffer)

Sodium Orthovanadate stock 183.9 mg NazVO4 (200 mM)

Adjust pH to 10.0

Boil solution until colorless

Cool and readjust pH back to 10.0

Repeat boil/cool cycles until solution remains
colorless at pH 10.0
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4% Polyacrylamide Stacking Gel

2.5ml 0.5 M Tris-HCI pH 6.8 (125 mM)
1.3 ml 30% Acrylamide/Bis (4% v/v)
100 pl 10% SDS (1% v/v)

75 ul 12% APS (0.09% v/v)

10 yl TEMED (0.1% v/v)

Autoclaved water to 10 ml

7.5% Polyacrylamide Running Gel

2.5ml 0.5 M Tris-HCI pH 8.8 (125 mM)
2.5 ml 30% Acrylamide/Bis (7.5% v/v)
100 pl 10% SDS (1% v/v)

75 pl 12% APS (0.09% v/v)

10 yl TEMED (0.1% v/v)

Autoclaved water to 10 ml

SDS Running Buffer

3 g Tris base (25 mM)
14.4 g Glycine (0.2 M)
5 ml 20% SDS (0.1%)
Autoclaved waterto 1 L

TBS-T Buffer

20 ml Tris-HCI pH 7.6 (20 mM)
26 ml NaCl (130 mM)

1 ml Tween-20 (0.1% v/v)
Autoclaved waterto 1 L

Transfer Buffer

5.82 g Tris base (48 mM)
2.93 g Glycine (39 mM)

3.75 ml 10% SDS (0.04% w/v)
200 ml methanol (20% v/v)
Autoclaved water to 1 L

Blocking buffer

5 g BSA or non-fat skimmed milk (5% w/v)
100 ml TBS-T buffer

Cell fractionation buffers Composition

Cytoplasmic extraction buffer | 50 ml 1 M Tris-HCI pH 7.5 (50 mM)

5 ml Triton X-100 (0.5%)
27.5 ml 5 M NaCl (137.5 mM)
100 ml Glycerol (10%)

10 ml 0.5 M EDTA (5 mM)
Autoclaved waterto 1 L

Nuclear extraction buffer 50 ml 1 M Tris-HCI pH 7.5 (50 mM)

5 ml Triton X-100 (0.5%)
27.5 ml 5 M NaCl (137.5 mM)
100 ml Glycerol ((10%)
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10 ml 0.5 M EDTA (5 mM)
50 ml 10% SDS (10% v/v)
Autoclaved waterto 1 L

Immunocytochemistry buffers

Composition

Fixation buffer

10 ml 16% PFA solution
30 ml PBS

Blocking/permeabilizing buffer

1 ml goat serum (10% v/v)
0.25 g BSA (2.5% w/v)

30 pl Triton X-100 (0.3% v/v)
PBS to 10ml

Mowiol 4-88 mounting solution

12 ml 200 mM Tris-HCI pH 8.5 (135 mM)

6 g glycerol 2.4 g Mowiol 4-88

6 ml autoclaved water

Tubes heated at 60°C to dissolve Mowiol 4-88

2.3.1.3 Antibodies

Antigen target

Supplier, Catalogue #

Application and Dilution

Flag Sigma, F1804 WB- 1:1000
IF- 1:500
Smad2/3 Cell Signalling, 3102 WB- 1:1000
Smad2/3 Cell Signalling, 8685 WB- 1:1000
IF-1:800
Smad?2 Thermo Fisher, 436500 | WB- 1:1000
Phospho-Smad2 S465/467 Cell Signalling, 3108 WB- 1:1000
Phospho-Smad2 S465/467 Cell Signalling, 18338 WB- 1:1000
IF- 1:800
Phospho-Smad2 Cell Signalling, 3104 WB- 1:1000

S245/250/255

Phospho-Smad2 T220

Sigma, SAB4300252

WB- 1:1000- 1:2000

Smad4 Cell Signalling, 46535 WB- 1:1000
Nedd4L Cell Signalling, 4013 WB- 1:1000
Smurf2 Cell Signalling, 12024 WB- 1:1000
Smad1 Cell Signalling, 6944 WB- 1:1000
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Phospho-Smad1/5/9 Cell Signalling, 13820 WB- 1:1000
Lamin B Millipore, MAB3536 WB- 1:1000
B-actin Sigma, A5441 WB- 1:50000
Proteintech, 66009
a-tubulin Cell Signalling, 3873 WB- 1:3000
IF- 1:1000
GAPDH Santa Cruz, 365062 WB- 1:5000

Mouse IgG-HRP

Jackson Labs, 115-035-
174

WB- 1:5000- 1:10000

Rabbit IgG-HRP

Fisher, 31460

WB- 1:5000- 1:10000

Rabbit IgG-Alexa Fluor® 488 | Life Technologies, IF- 1:400
#A11055

Rabbit IgG-Alexa Fluor® 568 | Life Technologies, IF- 1:400
#A11011

Mouse IgG-Alexa Fluor® 488 | Life Technologies, IF-1:400
#A11001

Mouse IgG-Alexa Fluor® 568 | Life Technologies, IF- 1:400
#A11004

2.3.2 Methods

2.3.2.1 Protein extraction and quantification

Cultured cells were subjected to treatment with appropriate growth factor/ inhibitor for a

given time to collect cell lysate for protein expression analysis. The media was aspirated, and

cells were washed with chilled PBS before adding 100 ul RIPA buffer per 10 cm? surface area

of cells. In some cases, the cells were trypsinised, collected in a tube, pelleted by

centrifugation at 13000 g for 1 minute before washing with chilled PBS and adding RIPA buffer

as before. RIPA buffer was always supplemented with protease inhibitor cocktail (1:1000),

NaF (1:100), PMSF (1:100) and NasVOs4 (1:100) right before cell lysis. The lysate was

incubated on ice for 10 minutes, vortexed to break the pellet and passed through a 21G syringe

or pipetted several times using 10 pl tip to eliminate DNA contamination. The lysates were

then centrifuged at ~13000 g for 10 minutes at 4°C. The supernatant was collected in a fresh
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tube and protein quantification was done using Pierce BCA assay kit, following the
manufacturer’s instructions. In brief, BSA protein standards ranging from 0 pg/ml to 2000 were
prepared (which could be stored at 4°C long-term until exhausted) and required volume of
working reagent (WR) was made by mixing reagents A and B in the ratio of 50:1. 5 ul of each
sample was mixed with 100 pl of WR in separate wells of a clear flat-bottom 96-well plate. The
samples were gently shaken for 30 seconds for mixing before placing the plate at 37°C for 30
minutes. Protein absorbance was read at a wavelength of 562 nm on an Optimax Tuneable

microplate reader (Bio-Rad).

2.3.2.2 Immunoblotting

Protein samples were prepared for immunoblotting by boiling a mixture of 3-20 ug protein,
5x SB and autoclaved water in a suitable volume at 98°C for 5 minutes in order to denature
the protein and impart it with negative charge. The samples were carefully loaded into the
wells of a self-prepared gel for stacking and resolving by applying 120 V for 1.5 hours. Either
wet transfer or semi-dry transfer method was used for the next step to transfer the resolved
proteins from gel on to an activated PVDF membrane. PVDF membrane was activated by
immersing it in methanol for 10 seconds, quickly washing it with autoclaved water and then
allowing it to equilibrate in 1x TB for at least 10 minutes before using. Gel-PVDF membrane
sandwich was prepared between buffer-soaked filter papers and thick pads such that gel faces
the black side (negative charge) and the membrane towards the red side (positive charge).
Care was taken to prevent any bubble formation. Wet transfer was performed in the cold room
at 100 V for 1 hour whereas, semi-dry transfer was performed at 20 V for 1 hour at room
temperature but with chilled buffer to keep the system from over-heating. The membrane was
then blocked in 15 ml of 5% milk-1x TBS-T blocking buffer for 30-60 minutes on a shaker at
room temperature before overnight primary antibody incubation on tube-roller in the cold room.
The following day, the membrane was washed with ~10 ml 1x TBS-T for 10 minutes three
times before incubating with 10-15 ml of an appropriate secondary antibody at room

temperature on shaker. The membrane was washed again three times with 10 ml of 1x TBS-
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T, 10 minutes each before incubation with ECL reagent and exposing X-ray film to the
membrane in the dark room to develop and record protein expression/signal on the film. These
films were scanned and saved as .jpg files and analyzed using Image J software. Note:
immunoblots were first probed with phospho-antibodies (pCS, pLS, and pLT) overnight at 4°C
and developed using ECL reagent followed by 10-30 minutes 1xTBST wash at room
temperature on the shaker. The blots were then probed with anti-Smad2/3 antibody overnight
at 4°C to be developed before similarly probing with antibody for loading control proteins - 3-

Actin, GAPDH, or 3-Tubulin.

2.3.2.3 Cytoplasmic/nuclear fractionation

The cells were grown on a larger surface area, usually on a 10 cm dish, treated
appropriately and trypsinised. These cells were collected in 15 ml falcon tube and pelleted at
~3500 g for 5 minutes at 4°C. Cells were washed with chilled PBS and 250 ul of cytoplasmic
extraction buffer per 55 cm? surface area of grown cells was added and sample incubated on
ice for 10 minutes to lyse the plasma membrane only but preserve intact nuclei in the sample.
The sample was vortexed at medium speed setting 2-3 times for 15 seconds each or until the
pellet had dissolved before centrifugation at ~13000 g for 10 minutes. The supernatant was
collected in a fresh tube as cytoplasmic fraction. The whitish pellet, which is the nuclear pellet,
was washed twice with chilled cytoplasmic extraction buffer and then lysed using 50 pl nuclear
extraction buffer per 55 cm?surface area of cells on ice for 10 minutes and vortexed vigorously.
The nuclear lysate was passed through 21G needle to denature the DNA contamination after
which, the sample was centrifuged again at ~13000 g for 10 minutes to collect the supernatant
as the nuclear fraction. These fractions were analysed via immunoblotting as described in the

previous sections.

2.3.2.4 Quantitation and statistical analysis of immunoblotting
The densitometry of immunoblots was measured using Image J software. Gel analysis tool
was used to assign a value to measure the expression level on each blot. The expression

level of target protein was normalised to the loading control and then normalised again to the
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control sample to calculate the fold-change. All the results in this thesis are presented as the
average of at least three separate experiments and standard deviation calculated and
indicated in the figures. The statistical analysis was done using two-tailed unpaired Student’s

t-test and p-value < 0.05 was considered statistically significant.

2.3.2.5 Immunostaining

Cells were split and cultured on coverslips or chamber slides until the desired confluency
was reached. hESCs were cultured on Matrigel-coated coverslips and HEK293T cells on poly-
L-lysine-coated cover slips. Cells were then washed with PBS and fixed for 20 minutes with
4% formaldehyde solution at room temperature. Excess formaldehyde was removed by 1x
PBS-T wash three times and then the coverslips were incubated in blocking/permeabilisation
buffer for 1 hour followed by an overnight incubation with primary antibody at the appropriate
dilution at 4°C with tilting. The following day, coverslips were subjected to three 10 minutes
washes with 1x PBS-T followed by 1 hour incubation with the appropriate fluorophore-
conjugated secondary antibody in the dark. Coverslips were then subjected to two more 10
minutes PBS washes followed by one 10 minutes PBS+DAPI wash with DAPI at a final
concentration of 1:1000 to counterstain the nuclei, also performed in the dark. Slides were
mounted on microscope slides using Mowiol 4-88 solution and allowed to air-dry overnight.
Slides were then visualised using a Leica SP5 Il confocal fluorescent microscope typically at

64x magnification.
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2.4 Software and online tools

Computer software

Leica LAS AF Lite

Image J (FIJI)

Serial Cloner

Sequence scanner 2

Opticon Monitor 3

Adobe Photoshop CS6

Online tools

Website link

Basic Local Alignment Search Tool

(BLAST)

https://blast.ncbi.nim.nih.gov/Blast.cgi

Clustal OMEGA Protein Alignment Tool

https://www.ebi.ac.uk/Tools/msa/clustalo/

Genebank® DNA Sequence Database

https://www.ncbi.nlm.nih.gov/nucleotide/

UniProt Protein Database

https://www.uniprot.org/

NEB Double Digest Finder

http://nebcloner.neb.com/#!/redigest

NEBasechanger

https://nebasechanger.neb.com/

NEBioCalculator™

https://nebiocalculator.neb.com/#!/ligation

Endnote Web

https://access.clarivate.com/login?app=endnote
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3.1 Introduction

Smad?2/3 linker is an unstructured region which contains several phosphorylatable residues
including the proline-directed threonine and serine residues (S/T-P) (Kamato et al., 2013, Xu
et al., 2016). Phosphorylation of the linker region of Smad2/3 alter their protein-binding
affinities (Chaikuad and Bullock, 2016), changing their interacting partners to modulate
Smad2/3 subcellular localisation, transcriptional activity, and prime them for degradation,
thereby further enhancing or attenuating TGF-B signalling. Linker phosphorylation can be
carried out by various kinases that are associated with different signalling pathways; therefore,
they can integrate canonical TGF-f3 signalling with the activity of other signalling pathways to
establish crosstalk (Kamato et al., 2013, Xu et al., 2016). Numerous kinases such as
PIBK/mTORC2, GSK3pB, Erk1/2, JNK, p38, CDKs, NLK, CaMKIl, ROCK etc. have been
reported to be able to phosphorylate Smad2/3 linker region, directly or indirectly, underscoring
the significance of linker phosphorylation in regulating TGF-B signalling (Kretzschmar et al.,
1999, Wicks et al., 2000, Funaba et al., 2002, Mori et al., 2004, Matsuura et al., 2004,
Kamaraju and Roberts, 2005, Yoshida et al., 2005, Matsuura et al., 2005, Millet et al., 2009,

Alarcon et al., 2009, Burch et al., 2010, Hough et al., 2012, Yu et al., 2015, Liang et al., 2021).

Smad2/3 nuclear translocation and transcriptional activity can be inhibited by agonist-
induced phosphorylation of linker S/T-P residues via Erk1/2 and CDK8/9 (Kretzschmar et al.,
1999, Funaba et al., 2002, Hough et al., 2012, Matsuura et al., 2005, Alarcon et al., 2009).
Conversely, it is enhanced by JNK and p38 mediated linker phosphorylation (Kamaraju and
Roberts, 2005). Interestingly, dephosphorylation of linker serine residues by the SCPs
counter-effect Erk1/2 and CDK8/9-induced phosphorylation and enhance Smad2/3
transcription (Wrighton et al., 2006, Sapkota et al., 2006). Subsequently, GSKS3f
phosphorylates linker serine (LS) and promotes binding of WW domain E3 ubiquitin ligases
such as Nedd4L and Smurf2, that recognise linker threonine phosphorylation (pLT) and can
prime Smad2/3 for proteasomal degradation to cease transcription (Millet et al., 2009, Gao et

al., 2009, Tang et al., 2011, Aragon et al, 2011).
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Evidently, the functions of Smad2/3 pLS and pLT are inter-connected. They are frequently
perceived as one single unit, having similar functions, and generating similar effects on TGF-
B signalling. However, a previous study in our lab identified that linker proline-directed
threonine (LT) and serines (LS) can be regulated by different kinases in hESCs (Yu et al.,
2015). The study showed that a pan-CDK inhibitor, flavopiridol (FVP) predominantly
suppresses Smad2/3 linker serine phosphorylation (Smad2/3-pLS) while PI3K inhibitor,
LY294002 mainly inhibits Smad2/3 linker threonine phosphorylation (Smad2/3-pLT) without
any clear effect on Smad2/3-pLS (Fig 1.9A). This finding suggests that Smad2/3 LT and LS
can be differentially regulated by different signalling pathways and that distinct linker
phosphorylation patterns may have distinct functions in modifying Smad2/3 protein stability

and activity, thereby differentially affecting TGF- signalling.

In this chapter, | further validate the differential phosphorylation of Smad2-LS and -LT
identified in hESCs and in another cell model to investigate the effect of Smad2-pLS on Smad2

protein activity as well as on TGF-( signalling.
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3.2 Results

3.2.1 Inhibition of CDK8/9 predominantly suppresses Smad2-pLS

To interrogate the effect of CDK inhibition by FVP on Smad2-pLS and -pLT, | first confirmed
our previous findings in hESCs. As expected, stimulating hESCs with activin A (AA) for an
hour induced Smad2 C-terminal SxS phosphorylation (Smad2-pCS) and increased pLS and
pLT signals, through agonist-mediated canonical and non-canonical signalling pathways,
respectively (Fig 3.1A lane 2 vs 1). Applying AA to the cells showed significant increase in
Smad2-pCS signal, regardless of FVP treatment (Fig 3.7B). In addition, application of FVP to
the cells showed reduced Smad2-pLS signals, regardless of AA stimulation (Fig 3.1A lane 3
vs 1 and 4 vs 2) and under both conditions, the reduction in Smad2-pLS was significant (Fig
3.1C). On the other hand, FVP treatment in the absence of agonist stimulation did not show
much effect on Smad2-pLT (Fig 3.1A lane 3 vs 1) while, in the presence of agonist, FVP
exhibited some reduction in Smad2-pLT (Fig 3.1A lanes 2 and 4) which was not statistically
significant (Fig 3.1D). These results confirm our previous findings that FVVP-mediated inhibition

of CDKs in hESCs mainly affect Smad2-pLS.

In order to show that effect of FVP on Smad2 is not restricted to a specific cell type, |
performed similar experiments in PC3 cells, a prostate cancer tumour cell line. Cells were
stimulated with TGF-3 for an hour in the presence or absence of FVP after culturing them in
serum-free medium for 16-18 hours. The results were similar to that in hESCs and inhibition
of TGF-B receptor by SB431542 (SB) did not affect Smad2-pLS levels and FVP-mediated
reduction in Smad2-pLS (Fig 3.1 E-G). These results confirm that F\VP-mediated reduction in
Smad2-pLS is not cell type-specific and also, suggest that FVP inhibits both agonist-induced
and agonist-independent Smad2-pLS. In addition, the use of PC3 cells enabled us to perform
further experiments in a more controllable and easier setting in comparison to hESCs as

hESCs have more complicated and expensive culture requirements.

Given that FVP is a well-characterised CDK inhibitor, it is likely that CDKs play an important
role in the regulation of Smad2-pLS (Shapiro, 2004, Chen et al., 2005). However, cells that
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were concomitantly treated with FVP and TGF- showed a much higher pLS signal than the
cells treated with FVP alone (Fig 3.1E lanes 4 and 5), indicating a non-CDK-mediated pLS
upon TGF-B stimulation. It has been previously reported that Erk can phosphorylate both pLS
and pLT upon stimulation by agonist-induced non-canonical pathways (Kretzschmar et al.,
1999, Funaba et al., 2002, Matsuura et al., 2005, Burch et al., 2010, Hough et al, 2012).
Therefore, | applied Erk and CDK inhibitors individually as well as concomitantly in TGF-f3-
stimulated cells and investigated their effects on Smad2-pLS (Fig 3.7H). As expected,
inhibition of CDKs by FVP diminished pLS signal in both serum-starved and TGF-p-stimulated
PC3 cells (Fig 3.1H lanes 3 and 5), whereas inhibiting Erk alone with U0126 did not reveal
much effect on pLS signal (Fig 3.1H lanes 4 and 6). However, inhibiting both Erk and CDKs
in TGF-B-stimulated cells considerably suppressed pLS signal (Fig 3.1H lane 7). These results
indicate that the extra non-CDK-induced Smad2-pLS is derived from agonist-induced Erk

activation.

Although FVP-mediated inhibition on agonist-induced linker phosphorylation has been
attributed to its inhibiting role on CDK®8/9 (Alarcon et al., 2009), it is unclear whether its agonist-
independent inhibition also resulted from CDK®8/9 inhibition. Moreover, FVP at higher
concentrations can also target GSK3p, which may interfere with the results (Leclerc et al.,
2001). Therefore, to validate the specific CDKs involved, | used a potent CDK8/9 inhibitor,
LY2857785 (LY) to study its effects on Smad2-pLS (Fig 3.7/) (Yin et al., 2014). Expectedly,
TGF-B stimulation resulted in increased Smad2-pCS signal, along with an increase in Smad2-
pLS and -pLT signals (Fig 3.1/ lanes 2 and 4). Consistent with the effects of FVP, LY also
decreased Smad2-pLS signals in both TGF-B-stimulated or non-stimulated cells without clear
effects on pLT, (Fig 3.1/, lanes 3 and 4). These results suggest that it is indeed CDK8/9 that
are mainly responsible to phosphorylate Smad2-LS and their inhibition leads to reduction in

Smad2-pLS.
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Figure 3.1: Differential effect of flavopiridol and LY2857785 on Smad2-pLS and Smad2-pLT

A) Immunoblot analysis of H1 hESCs treated with activin A and flavopiridol for 1 hour in RPMI/B27
medium after washing off MEF-CM, with antibodies against the indicated proteins (n=5). B)
Quantification of Smad2-pCS in A C) Quantification of Smad2-pLS in A and D) Quantification of Smad2-
pLT in A, all using meanszts.d. densitometric measurements in H1 hESCs, normalised to total Smad2/3
protein. E) Immunoblot analysis of serum-starved PC3 cells treated with TGF-, SB431542, and
flavopiridol for 1 hour, with antibodies against indicated proteins (n=9). F) Quantification of Smad2-pLS
in E and G) Quantification of Smad2-pLT in E, both using meansts.d. densitometric measurements in
PC3 cells, normalised to total Smad2/3 protein. H) Immunoblot analysis of serum-starved PC3 cells
treated with TGF-3, flavopiridol, and U0126 for 1 hour, with antibodies against indicated proteins (n=2).
Numbers indicate densitometric measurements of Smad2-pLS, normalised against total Smad2/3. 1)
Immunoblot analysis of serum-starved PC3 cells treated with TGF-3, SB431542, and LY2857785 for 1
hour, with antibodies against indicated proteins (n=5). Targets of inhibitors used are: Flavopiridol-
CDK2/4/6/7/8/9, SB431542-ALK4/5/7, LY2857785- CDK8/9, U0126- Erk1/2. Student t-test was done
and ', ** and “** indicate p<0.05, 0.01, and 0.001, respectively. Please refer to chapter 2- materials
and methods (Pg-85) for how the immunoblots were acquired.
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3.2.2 Agonist-induced Smad2 activation is prolonged by FVP and LY

In the hESCs experiments described earlier (Fig 3.1), the cells were collected for analysis
after 1 hour of agonist-stimulation in the presence or absence of CDK inhibitor, FVP or LY, in
which CDK inhibitor treatment did not show any difference on the levels of Smad2-pCS.
Interestingly, after 6 hours of such treatments, agonist-induced Smad2-pCS signals were still
clearly visible in FVP-treated cells, whereas no Smad2-pCS signal could be detected in the
absence of FVP (Fig 3.2A lane 4 vs 2). Meanwhile, Smad2-pLS signals were lower in FVP-
treated cells than non-FVP-treated ones under similar stimulation conditions, while Smad2-
pLT was not affected by FVP treatment, as expected. Furthermore, no clear changes were
observed in total Smad2/3 protein levels across all treatments (Fig 3.2A). These results

suggest that FVP has a function in prolonging half-life of activated Smad2 in hESCs.

To verify if such effects of FVP is not cell-type specific, similar experiment was done in PC3
cells (Fig 3.2B). Like before, FVP maintained strong Smad2-pLS suppression and only had
slight reduction in pLT signals (Fig 3.2B lanes 4 and 6). As expected, TGF-f-stimulated cells
did not show any Smad2-pCS (Fig 3.2B lane 2) but FVP could maintain Smad2-pCS signals
even 6 hours post stimulation (Fig 3.2B lane 5). Similar effect of FVP on agonist-induced
Smad2 activation was also observed in HEK293T cells (Fig A-1IG, lane 4). These results match
the observations in hESCs and confirms that FVP can extend agonist-induced Smad2

activation.

In order to further examine whether inhibition of CDK8/9 is likely to account for this
prolonged activation by FVP, LY was used to replace FVP in the above experiments in PC3
cells (Fig 3.2C). Similar to the FVP treatment, LY treatment exhibited considerably stronger
signal of TGF-B-induced Smad2-pCS than TGF-B alone stimulation (Fig 3.2C lane 4 vs 2).
The Smad2-pLS signals were also lower in LY-treated cells as expected, while no clear
difference was detected on Smad2-pLT levels (Fig 3.2C lanes 3 and 4). Taken together, these
results demonstrate that inhibition of CDK8/9 by FVP or LY prolongs the duration of agonist-

activated Smadz2 in the cells, meanwhile maintains the suppression of Smad2-pLS.
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Figure 3.2: Effect of prolonged flavopiridol and LY2857785 treatment on Smad2-pLS and Smad2
activation

A) Representative immunoblot of H1 hESCs treated with activin A and flavopiridol for 6 hours in
RPMI/B27 medium after washing off MEF-CM, with antibodies against the indicated proteins (n=5). B)
Representative immunoblot of serum-starved PC3 cells treated with TGF-3, SB431542, and flavopiridol
for 6 hours, with antibodies against indicated proteins (n=9). C) Representative immunoblot of serum-
starved PC3 cells treated with TGF-$3, SB431542, and LY2857785 for 6 hours, with antibodies against
indicated proteins (n=5).
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3.2.3 FVP extends the duration of Smad2 activation in the nucleus

Next, | asked whether this prolonged Smad2-pCS signals by FVP are localised in the
nucleus as it is known that agonist stimulation results in the formation of functional oligomeric
complexes of Smad2/3-Smad4 and their accumulation in the nucleus (Schmierer and Hill,
2005, Schmierer et al., 2008). Therefore, | stimulated hESCs and PC3 cells with AA and TGF-
B, respectively, in the presence or absence of FVP for 1 and 6 hours. The cells were then fixed
for immunostaining with antibody against Smad2/3. At 1-hour post-treatment, there were clear
nuclear Smad2/3 signals in cells with agonist-stimulation and FVP treatment did not appear to
make any difference (Fig 3.3A and B). However, at 6-hours post-agonist stimulation, cells
scarcely showed any nuclear Smad2/3 signal in the absence of FVP. In contrast, in the
presence of FVP, agonist-stimulated cells still exhibited strong nuclear Smad2/3 signals (Fig
3.3C and D). Nonetheless, without agonist-stimulation, FVP did not induce any nuclear
localisation of Smad2/3 at both 1- and 6-hours post-treatments, rather showing similar staining
patterns as DMSO-treated controls (Fig 3.3 A-D). These results indicate that FVP enhances
nuclear accumulation of Smad2, in agreement with the activated status of Smad2 by FVP
seen earlier (Fig 3.2). Note that, the antibody that | have used for Smad2-pCS and Smad2-
pLS selectively detects only Smad2, but the antibody for total protein Smad2/3 and Smad2/3-
pLT can detect both Smad2 and Smad3. Therefore, in all my future experiments, the focus of

my work is on Smad2.
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Figure 3.3: Subcellular localisation of activated Smad2 upon flavopiridol treatment and Smad2-
pLS inhibition

A) H1 hESCs and B) PC3 cells treated with activin A/TGF- and flavopiridol or dmso (control) for 1
hour, as indicated, in their respective serum-starvation conditions before fixing and analysing by
immunofluorescence (IF) with anti-Smad2/3 and DAPI for nuclei staining. C) H1 hESCs and D) PC3

cells treated the same as A and B, but for 6 hours, as indicated, before fixing and analysing by IF with
anti-Smad2/3 and DAPI for nuclei staining. Scale bar- 25um.
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3.3 Discussion and conclusion

In this chapter, | have shown that Smad2-pLS and -pLT exhibit different levels of
phosphorylation upon treatment with FVP or LY (FVP/LY) (Fig 3.1) and that prolonged
treatment with FVP or LY maintains Smad2-pLS suppression and extends the duration of
agonist-mediated Smad2 activation without clear changes in the turnover of total Smad2/3
proteins (Fig 3.2 and 3.3). Since FVP/LY are both inhibitors of CDK8/9 (Shapiro et al, 2004,
Chen et al., 2005, Yin et al., 2014) and application of FVP/LY suppressed pLS regardless of
agonist stimulation (Fig 3.7), it is plausible that CDK8/9 may be responsible for both agonist-
induced and steady state Smad2-pLS. On the contrary, CDK8/9 phosphorylated Smad2 LT
only slightly in response to agonist stimulation and had no contribution towards its baseline
phosphorylation (Fig 3.7). CDK8/9 are transcriptional CDKs, which are components of the
mediator complex and are involved in the regulation of RNA polymerase Il (RNAPII)-mediated
transcription (Malumbres, 2014). Furthermore, Smad2/3 are both effectors in the TGF-
pathway and function as transcription factors (TFs) upon translocation into the nucleus after
ligand stimulation, where they interact with other TFs in a cell-context-dependent manner to
form transcription complexes of which CDK8/9 are also essential components (Hill, 2016,
Morikawa et al., 2013, Massagué et al., 2005, Li et al., 2020, Alarcon et al., 2009). Inhibiting
CDK8/9 by FVPILY, therefore, could presumably, also inhibit Smad2-pLS while in close

contact with each other in the transcription complex.

Moreover, similar effects of FVP on Smad2-pLS were observed in various cell lines, in
human embryonic stem cells (hESCs) as well as in PC3 cells and HEK293T cells, suggesting
it is not a cell type-specific phenomenon. Preferential phosphorylation of LS and LT by the
CDKs has not been previously reported, presumably because of cell line differences as most
studies are done using HaCat cells, which are derived from primary epidermal keratinocytes,
and may have distinct signalling to hESCs and PC3 cells (Matsuura et al., 2004, Alarcon et
al., 2009). Linker phosphorylation- whether pLS or pLT, is considered to antagonise canonical

TGF-B signalling, however, previous studies do support the notion that pLS might have more
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crucial role in Smad2/3 transcriptional activity while pLT may play a more important role in
Smad?2/3 degradation. Notably, Erk- and CDK-induced pLS attenuates Smad2/3 transcription
(Hough et al., 2012, Matsuura et al., 2004, Alarcon et al., 2009) whereas removal of pLS, and
not pLT, by the SCPs1/2/3 augments Smad2/3 transcriptional activity (Wrighton et al., 2006,
Sapkota et al., 2006). At the same time, pLT relayed by the activation of mTORC2, MAPKs
and CDKs enhances the binding of WW domain E3 ubiquitin ligases to Smad2/3 and results
in their degradation via the ubiquitin-proteasome system (UPS), and inhibition of pLT prevents

Smad2/3 degradation (Aragon et al., 2011, Gao et al., 2009).

Furthermore, in establishing that FVP/LY extend activated Smad2 signal, several
mechanisms are posited to induce this effect. It could be attributed to enhanced Smad2
activation due to prolonged receptor kinase activity or sustained stabilisation of the activated
Smad2 pool. However, since the availability of activated Smad2/3 is proportional to the
receptor activation (Inman et al., 2002), and that identical TGF-8 stimulation in both presence
and absence of FVP resulted in similar levels of Smad2-pCS (Fig 3.1, 3.3A, and 3.3B), it
demonstrates that FVP/LY did not affect receptor activation. Actually, the difference in Smad2-
pCS signal was observed at 6 hours after ligand-induced receptor activation, which even
strongly suggests that it is less likely to be an effect of FVP/LY on receptor kinase activity and

higher plausibility that FVP/LY had a direct effect on activated Smadz2 itself.

Another mechanism that could promote sustained activated Smad2 in the nucleus in the
absence of pLS might be through its increased association with Smad4 in the functional
oligomeric complexes or with TAZ thus, keeping the complexes intact in the nucleus for longer
than normal (Inman et al., 2002, Schmierer and Hill, 2005, Schmierer et al., 2008, Varelas et
al., 2008). Yet another possibility could be that inhibition of Smad2-pLS may affect how
activated Smad2 is dephosphorylated by the nuclear phosphatases and therefore, preventing
its timely dissociation from the oligomeric complex before enabling their export to the
cytoplasm (Schmierer and Hill, 2005, Schmierer et al., 2008, Hill, 2009). As a whole, the

results in this chapter suggest that inhibition of Smad2-pLS may act to preserve activated

99



Chapter 3 Results

Smad2 pool, which could enhance the duration of TGF-f signalling. Since | observed a
differential regulation of pLS and pLT by CDK®8/9 in my cell models, it presents an interesting
opportunity to study their separate functions and disentangle their individual roles in regulating
TGF-B signalling. It would also be interesting to probe how CDK8/9 differentiate between LS
and LT to specifically phosphorylate LS and biological function of this preference regarding

TGF-B signalling.
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4.1 Introduction

In the previous chapter, | showed that the phosphorylation of Smad2-LS and -LT are
differentially regulated by CDK8/9. Inhibiting CDK8/9 activities by either flavopiridol (FVP) or
LY2857785 (LY) predominantly suppresses Smad2-pLS with little effect on Smad2-pLT. More
importantly, application of FVP/LY extended the duration of activated Smad2 signals and their
localisation in the nucleus meanwhile, also maintaining inhibition on Smad2-pLS. These
findings raise several questions: 1) Does CDKB8/9 inhibition extend activated Smad2 signals
via suppression of Smad2-pLS? In other words, does Smad2-pLS play a role in regulating the
duration of agonist-induced Smad2 activation? 2) If so, does it regulate activated Smad2
through affecting its degradation or dephosphorylation? and 3) Does sustained nuclear

presence of activated Smad2 also upregulate its transcriptional activity?

Before making experimental considerations, it is important to understand the dynamics of
how activated Smad2/3 are regulated. Activated Smad2/3 make functional oligomeric
complexes with Smad4 and accumulate in the nucleus where they also interact with other
transcription factors and proteins to drive target gene expression (Massague and Wotton,
2000, Inman et al., 2002, Schmierer and Hill, 2005, Schmierer et al., 2008). During the
assembly of the transcription complex, Smad2/3 linker region can be phosphorylated by
CDKa8/9 (Alarcon et al., 2009). Phosphorylation of the second and third proline-directed linker
serine residues (Smad3-S208/213 and likely also of Smad2-S250/255) by CDK8/9 augments
binding of Pin1, a peptidyl-prolyl cis-trans-isomerase (PPlase), to the PPxY motif located
downstream of phosphorylated Smad2/3-LT (T220/T179), ensuring enhanced activation of
Smad transcription (Nakano et al., 2009, Matsuura et al., 2009, Alarcon et al., 2009, Aragon
et al., 2011). Next, the two phosphorylated LS residues prime GSK3p-mediated
phosphorylation of the first LS (Smad3-S204 and likely also of Smad2-S245), transitioning
Smad?2/3 activity from transcription to deactivation by promoting binding of the WW domain
E3 ubiquitin ligases to the PPxY motif and replacing Pin1 (Tang et al., 2011, Gao et al., 2009,

Aragon et al., 2011). Smurf2 and Nedd4L are WW domain E3 ubiquitin ligases implicated in
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regulating activated Smad2 turnover through linker phosphorylation (Zhang et al., 2001, Lin et
al., 2000, Gao et al., 2009, Aragon et al., 2011). As such, preservation of activated Smad2 in
the nucleus upon FVP/LY treatment in my experiments could be attributed to inability of the

degradation machinery to deactivate Smad2 in the absence of Smad2-pLS.

Upon cessation of Smad2/3 transcriptional activity, in addition to the action of E3 ubiquitin
ligases, activated Smad2/3 can also be dephosphorylated at their SxS motif to trigger their
dissociation from the functional oligomeric complex and promote their export back into the
cytoplasm (Inman et al., 2002, Pierreux et al., 2000, Schmierer and Hill, 2005, Schmierer et
al., 2008). Particularly, phosphatases- PPM1A and PP5 have been found to deactivate
Smad2/3 by dephosphorylating them at their SxS motif (Lin et al., 2006, Bruce et al., 2012).
Prediction from mathematical model of nucleocytoplasmic shuttling of Smad2/3 suggests
involvement of nuclear phosphatases in deactivating activated Smad2/3 (Schmierer et al.,
2008). And since PPM1A is an exclusively cytoplasmic phosphatase (Bruce et al., 2012), a
nuclear envelope protein, MAN1 may facilitate its binding to Smad2/3 for the
dephosphorylation of activated Smad2/3 SxS motif (Bourgeois et al., 2013). However,
although this study showed negative regulation of MAN1 on activated Smadz2, it only reported
in vitro binding between MAN1 and PPM1A and their interaction in cells is yet to be shown.
Moreover, mediator proteins like chloride intracellular channel 4 (CLIC4) can also bind to
Smad?2/3 and preserve them in their activated form by preventing their phosphatase-mediated
deactivation (Shukla et al., 2009). Loss of C-terminal SxS phosphorylation by the
phosphatases improves Smad2/3 affinity to bind with nuclear export machinery and
cytoplasmic anchoring proteins such as SARA (Xu et al., 2002, Dai et al., 2009, Hill, 2009).
Therefore, FVP/LY-induced nuclear accumulation of activated Smad2 could also be a
consequence of hampered phosphatase activity in targeting Smad2 C-terminal SxS
phosphorylation (Smad2-pCS). Hence, in this chapter, | have designed and carried out

experiments to address the questions raised above.
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4.2 Results

4.2.1 FVP extends Smad2-pCS independent of TGF-B type | receptor activity

To explore the molecular mechanisms by which FVP extends Smad2 activation, | first
examined the dynamics of FVP-mediated extension of activated Smad2 signals after
withdrawal of agonist stimulation. Withdrawal of agonist ensures that further Smad2 activation
has ceased, and the Smad2-pCS signal obtained in immunoblot corresponds to the loss of
activated Smad2. Serum-starved PC3 cells were transiently stimulated with TGF-B before
applying FVP and cells were collected at indicated time points for western blotting analysis
(Fig 4.1A). Unsurprisingly, TGF-B stimulation induced strong Smad2-pCS signal, which were
clearly visible even 1 hour after withdrawal of the stimulation regardless of whether the cells
were treated with FVP or not (Fig 4.1B lanes 1, 2, and 5). However, 3 hours after agonist
withdrawal, Smad2-pCS signal was still clearly visible in FVP-treated cells, whereas it was
almost undetectable in the cells without FVP (Fig 4.1B lanes 3 and 6). Quantitative analysis
of multiple experiments on Smad2-pCS against total Smad2/3 proteins showed a significantly
slower rate of decline of Smad2-pCS signals between 3 and 6 hours in FVP-treated cells (Fig
4.1C). These observations indicate that FVP extends activated Smad2 half-life, likely, through
a mechanism that does not result from enhanced agonist stimulation but rather through

decelerating the decline of activated Smad2 signal.

To further eliminate the possibility that the effect of FVP on agonist-induced Smad2
activation is independent of TGF- receptor kinase activity, similar experiments were carried
out but with addition of SB431542 (SB), a TGF-( type | receptor inhibitor, to block the receptor
activity. This time the cells were collected and analysed more frequently with shorter intervals
and tested up to 1 hour (Fig 4.1D). The western blot showed that at 15 and 30 minutes after
withdrawing stimulation and inhibiting receptor kinase, both FVP- and control cells exhibited
similar levels of Smad2-pCS signals (Fig 4.1E lanes 2-3 and 6-7). In contrast, at 45 and 60
minutes, Smad2-pCS signals became undetectable in control cells, whereas they were still

present in FVP-treated cells (Fig 4. 1E lanes 4-5 and 8-9), suggesting that Smad2-pCS signals
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decelerated faster in non-FVP treated cells than FVP-treated cells. This was further supported
by quantitative analysis on multiple experiments that FVP treatment significantly delayed the
disappearance of activated Smad2 (Fig 4.1F). These results further show that the effect of
FVP on extending agonist-induced activation of Smadz2 is independent of agonist-mediated

receptor activation and is rather due to extending the half-life of activated Smad2.

It is well known that decline of phosphorylated Smad2/3 signals in the absence of further
stimulation is usually controlled by two possible mechanisms: dephosphorylation by nuclear
phosphatases and degradation by the proteases. Although there was no visible change in
Smad2 protein level, its degradation cannot be completely excluded. Therefore, | thought that
FVP might affect Smad2-pCS dephosphorylation. However, the phosphatase(s) responsible
for SxS motif dephosphorylation is/are unclear. And also, changes in total Smad2 protein
levels due to the degradation of activated Smad2 can be very subtle and not clearly observable
(Pierreux et al., 2000). Therefore, | decided to examine the protein degradation in this process.
Given that activated Smad2 can be degraded by ubiquitin-mediated proteasome degradation
(Lo and Massague, 1999), | blocked the proteasome to compare its effect on Smad2-pCS
signal in FVP-treated cells with non-treated control cells. Serum-starved PC3 cells were
treated with the proteasome inhibitor MG132 before further stimulation with TGF- in the
presence or absence of FVP for 6 hours (Fig 4.1G). As shown in the previous chapter, Smad2-
pCS signal became almost undetectable in the absence of FVP, while the signal was clearly
visible with FVP treatment (Fig 4.1H lane 1 vs 3). Treatment with MG132 to disable
proteasome activity considerably increased Smad2-pCS signals in both FVP- and non-FVP-
treated cells (Fig 4.1H lanes 2 and 4). However, MG132 treatment for 6 hours did not show
clear difference in total Smad2/3 proteins in FVP-treated cells (Fig 4.1H lanes 3 and 4), which
is in contrast with that of non-FVP-treated cells (Fig 4.1H lanes 1 and 2). Furthermore, the
ratio increase of activated Smad2 by MG132 in FVP-treated cells was not as high as without
FVP (Fig 4.1H lanes 2/1 vs 4/3). These data suggest that FVP treatment may suppress

proteasome-dependent degradation of Smad2. Altogether, FVP prolonged half-life of
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activated Smad2 maybe by preventing Smad2 proteasomal degradation while its pLS is

inhibited.
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Figure 4.1: Effect of flavopiridol on activated Smad2 (Smad2-pCS)
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A) Scheme of treatment for B. B) Representative immunoblot of Smad2-pCS in PC3 cells treated as
illustrated in A. C) Quantification of Smad2-pCS in B, using meansts.d. densitometric measurements,
normalised to total Smad2/3 proteins (n=3). D) Scheme of treatment for E. E) Representative
immunoblot of Smad2-pCS and pLS in PC3 cells treated as illustrated in D. F) Quantification of Smad2-
pCS in E, using meansts.d. densitometric measurements, normalised to total Smad2/3 proteins (n=3).
G) Scheme of treatment for H. H) Representative immunoblot of Smad2-pCS in PC3 cells treated as
illustrated in G (n=1). Student t-test was done and *’ and **” indicate p<0.05 and 0.01, respectively.
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4.2.2 Smad2-pLS plays a role in FVP-mediated extension of Smad2-pCS
Experiments in the previous section showed that FVP prolongs Smad2 activation possibly
by preventing its degradation and that it is independent of TGF- receptor kinase activity.
Since FVP also suppresses Smad2-pLS, it raised the question whether Smad2-pLS may have
a function in this process. Given that FVP may exert off-target effects to inhibit other kinases
and that CDKs may also phosphorylate other residues in Smad2 besides pLS, they could all
possibly result in this increase in half-life of activated Smad2. Therefore, to address the direct
role of pLS in activated Smad2 and minimise any effect from other factors, | generated Smad2
expression vectors in which the 3 serine (S) residues (S245/250/255) in the Smad2 linker
region were mutated to either non-phosphorylatable amino acid, alanine (A), named Smad2-
LSA (Fig 4.2A), or to phospho-mimetic amino acid, aspartic acid (D), named Smad2-LSD (Fig
4.2B), using site-directed mutagenesis (SDM) from a Smad2 wildtype (Smad2-WT)
expression vector. Furthermore, in all these Smad2-expression vectors, Smad2 proteins were

also tagged with Flag epitope at their N-terminal.

To test if lack of Smad2-pLS truly prolongs Smad2 activation, Smad2-WT, -LSA, and -LSD
were transiently transfected into Smad2-null HEK293T cells (Fig A-11IB). These cells were then
serum-starved overnight in 1% serum condition, as 293T cells cannot survive well in complete
absence of serum, before stimulating with activin A (AA) for 6 hours (Fig 4.2C). Expectedly,
AA treatment showed Smad2-pCS signals in all three Smad?2 proteins- Smad2-WT, -LSA, and
-LSD (Fig 4.2C lanes 2, 5, and 8). All three Smad2 proteins seemed to have relatively similar
levels of Smad2-pCS signal in response to AA stimulation. However, taking into account the
expression levels of Smad2 transgenes represented by Flag expression, it revealed a
significantly higher proportion of activated Smad2 in Smad2-LSA proteins than the other two
Smad2 proteins (Fig 4.2D). The high levels of pLS in Smad2-WT in response to AA stimulation
might account for its similar levels of Smad2-pCS as Smad2-LSD. These results are
consistent with the effects of FVP where suppression of Smad2-pLS stabilises activated

Smad2, supporting the notion that inhibition of pLS in Smad2 prolongs its activation.
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Next, to verify if the stabilisation of activated Smad2 is indeed due to slower decline of
activated Smad2 in Smad2-LSA, a time course experiment was done to study the dynamic
changes in Smad2-pCS signal. Smad2-null HEK293T cells were stably transfected with either
Smad2-WT or Smad2-LSA expression vector, which also contained a puromycin selection
protein. The stable transfectants were then serum-starved in 1% serum culture condition
overnight to minimise interference of serum components in subsequent experiments, followed
by a transient stimulation with AA for 20 minutes as shown in the treatment scheme (Fig 4. 2E).
Removal of AA and applying SB in the medium without serum ensured that no new activated
Smad2 is generated, and Smad2-pCS signal can be studied at indicated timepoints without
upstream interference (Fig 4.2F). Both Smad2-WT and -LSA showed Smad2-pCS signal after
20 minutes of AA stimulation (Fig 4.2F lanes 1 and 5). However, at latter time points, Smad2-
pCS signal was undetectable in Smad2-WT while Smad2-LSA maintained the pCS signal (Fig
4.2F lanes 2-4 and 6-8). Furthermore, quantification of Smad2-pCS against total Smad2
proteins as indicated by Flag signal, showed that decline of Smad2-pCS signal in Smad2-LSA
was significantly slower than Smad2-WT (Fig 4.2G). These results confirm that absence of

pLS in Smad2-LSA prolong the half-life of activated Smad2.

Next, to examine the subcellular localisation of these events, Smad2-null HEK293T cells
stably transfected with Smad2-WT or -LSA were treated as shown in the treatment scheme
(Fig 4.2E). The cells were then fixed at 0- and 30-minutes time points and immunostained with
anti-Flag antibody to show the subcellular localisation of transgenic Smad2-WT and -LSA (Fig
4.2H). These results, as indicated by Flag signal, showed that although both Smad2-WT and
-LSA are similarly localised in the nuclear and peri-nuclear region 20 minutes after transient
AA stimulation, by 30 minutes of inhibiting receptor activity, Smad2-WT levels diminished in
the nucleus while Smad2-LSA still showed robust nuclear Flag staining. Taken together, these
results suggest presence of more Smad2 in the nucleus when Smad2-LS is unphosphorylated,

after prior agonist stimulation.
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Figure 4.2: Role of Smad2-pLS in activated Smad2 dephosphorylation

A) Schematic depiction of the site-directed mutagenesis (SDM) in Smad2-LSA linker to eliminate the
three phosphorylatable serine residues. Position of the residues are indicated. B) Schematic depiction
of the SDM in Smad2-LSD linker to make the three serine residues constitutively phosphorylated. C)
Representative immunoblot of Smad2-pCS in Smad2-null HEK293T cells transfected with Flag-Smad2-
WT, -LSA, and —LSD cultured in 1% serum-medium overnight and stimulated with activin A for 6 hours.
D) Quantification of Smad2-pCS in C, using meansts.d. densitometric measurements, normalised to
Flag levels (n=4). E) Scheme of treatment for F. F) Representative immunoblot of Smad2-pCS in
Smad2-null HEK293T cells stably expressing Flag-Smad2-WT or -LSA, treated as illustrated in E. G)
Quantification of Smad2-pCS in F, using meanszts.d. densitometric measurements, normalised to Flag
levels (n=3). H) Smad2-null HEK293T cells stably expressing Flag-Smad2-WT or -LSA, treated as
illustrated in E (only 30 minutes representative image shown), were fixed and analysed by
immunofluorescence (IF) with anti-Flag and DAPI for nuclei staining. Scale bar- 25um. For all statistical
analysis, student t-test was done and **’ indicates p<0.05.
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4.2.3 Smad2 has elevated transcriptional activity in the absence of pLS in hESCs

In the previous sections, it was shown that absence of Smad2-pLS significantly increased
the duration of TGF-B signalling by limiting the rate of degradation of activated Smad2. |
questioned if the sustained nuclear presence of activated Smad2 induced by FVP also
improves its transcriptional activity. Since activin/nodal signalling play a crucial role in
maintaining hESC pluripotency, in vivo specification of definitive endoderm (DE) during early
embryonic development, as well as in vitro DE differentiation (Vincent et al., 2003, Vallier et
al., 2005), | used hESCs to assess whether changes in Smad2 transcriptional activity
influenced the mesendodermal markers such as Brachyury, MixL1, Eomes, and Goosecoid
(Teo et al., 2011). Therefore, | stimulated H1 hESCs with AA in the presence or absence of
FVP for 6 hours and performed an RT-qgPCR using cDNA prepared from the samples (Fig
4.3A). Analysis of mMRNA expression revealed that FVP-treated cells had much lower target
gene expression than the non-FVP-treated cells (Fig 4.3A), contradictory to my expectation.
However, it is not surprising that FVP reduced gene expression as it inhibits all CDKs including
the transcription CDKs7/8/9, thereby downregulating global gene expression (Shapiro, 2004,
Chen et al., 2005). Therefore, inhibition of transcription machinery by FVP may very likely

account for lower mesendodermal gene expression despite AA induction.

To overcome the limitation of using FVP for gene expression analysis, | decided to
investigate Smad2 transcription with or without Smad2-pLS by using Smad2 expression
vectors-Smad2-LSA and -WT. | used dual luciferase reporter system in which luciferase
expression was controlled by twelve repeated CAGA Smad binding elements (SBE) and renilla
was used as control to account for variable transfection efficiencies (Fig 4.3B). hESCs were
transiently transfected with Smad2-WT or -LSA along with luciferase and renilla expression
vectors for 24 hours before blocking any TGF-B/activin signalling using receptor blocker, SB
for 2 hours. This was followed by stimulation with AA for 20 hours or continued inhibition of
receptor kinase using SB as control. The experiment revealed that AA-stimulated hESCs

expressing Smad2-LSA had a significantly higher luciferase activity in contrast to both

110



Chapter 4 Results

stimulated Smad2-WT-expressing cells and unstimulated Smad2-LSA-expressing cells (Fig
4.3B). Taken together, these results suggest that Smad2-LSA has higher transcriptional
activity than Smad2-WT upon stimulation by AA, on account of its sustained nuclear presence.
Since CAGA SBE site is more specific to Smad3 activity, a similar experiment with Smad2
activity-specific gene Pitx2 will help in properly ascertaining role of Smad2-pLS in Smad2

transcriptional activity.
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Figure 4.3: Effect of flavopiridol and Smad2-pLS on Smad2 transcriptional activity in H1 hESCs

A) RT-gPCR analysis of mRNA expression of indicated mesendodermal markers in H1 hESCs treated
with activin A and flavopiridol or dmso (control) for 6 hours in RPMI/B27 medium after washing off MEF-
CM. Data represent meansts.d. of measurements from three independent experiments. B) Luciferase
assay in H1 hESCs co-transfected with pGL3-CAGA12.Luc and renilla constructs along with either
Smad2-WT or Smad2-LSA or empty control vector and pre-treated with SB431542 for 2 hours before
stimulating with activin A for 20 hours in MEF-CM. Data show meanszs.d. of measurements from three
independent transfection experiments. Student t-test was done and “* indicates p<0.05.
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4.2.4 Smad2 has elevated transcriptional activity without pLS in mESCs

In the previous section, results from luciferase assay in hESCs expressing either Smad2-
WT or Smad2-LSA showed upregulated transcriptional activity by the Smad2-LSA protein. In
the experiment, H1 hESCs were pre-treated with SB to block activin signalling and Smad2/3
activation before further stimulation with AA. However, activin signalling is essential for
maintaining hESC pluripotency factors such as Oct4 and Nanog (Vallier et al., 2004). By
contrast, high activin signalling is also required for endoderm differentiation in hESCs (Arnold
and Robertson, 2009). So, the experimental setup could easily disrupt hESC self-renewal and
their pluripotency. Moreover, endogenous Smad2 activity was intact in these H1 hESCs, which
may easily interfere with the activity of transfected Smad2-WT/LSA proteins. Therefore,
another similar experiment was done in mESCs in which Smad2 gene was disrupted. Activin
signalling is not necessary for self-renewal and maintaining pluripotency in in vitro cultures of
mMESCs (Pauklin and Vallier, 2015, Gaarenstroom and Hill, 2014) and hence, using Smad2-
null mESCs presents a better alternative than hESCs to test the transcriptional activity of

Smad2-WT and Smad2-LSA proteins without negatively affecting mESC pluripotency.

An immunoblot analysis was performed to check the absence of endogenous Smad2
expression in Smad2-null mESCs (Fig 4.4A). Next, Smad2-null mESCs were transiently
transfected with either Smad2-WT or Smad2-LSA along with dual luciferase reporter system
in which luciferase expression was controlled by twelve repeated CAGA SBE and renilla for
24 hours. The cells were pre-treated with SB to block receptor kinase activity for 2 hours before
stimulating with AA for 20 hours or continued inhibition of receptor kinase using SB as control.
The experiment showed that AA-stimulated Smad2-null mMESCs expressing Smad2-LSA had
significantly higher luciferase activity in comparison to both stimulated Smad2-WT-expressing
cells and unstimulated Smad2-LSA-expressing cells (Fig 4.4B). These results are consistent
with the effects of absence of pLS on Smad2 transcription in hESCs and confirm that Smad2-
LSA has higher transcriptional activity than Smad2-WT upon stimulation by AA, also in

mESCs.
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As such, activin/nodal signalling is required for the maintenance of pluripotency in the
mouse embryo and in in vivo DE specification (Gaarenstroom and Hill, 2014). For in vitro
mESC cultures, itis required only at a low level to maintain pluripotency but require high activin
signalling for mESC differentiation to mesendodermal lineages, similar to hESCs
(Gaarenstroom and Hill, 2014, Pauklin and Vallier, 2015). Furthermore, since embryoid bodies
(EBs) generated from mESCs present a powerful tool to study lineage specification and offer
a model to test gene function in early embryonic development and differentiation, | utilised
mESCs-derived EBs in studying the transcriptional activities of Smad2-WT and Smad2-LSA
proteins in anterior definitive endoderm (ADE) differentiation. First, both WT mESCs and
Smad2-null mMESCs were grown in low attachment dish to encourage formation of EBs in the
appropriate medium for 48 hours before withdrawing serum and applying high dosage of AA
and fibroblast growth factor (FGF) for another 48 hours to promote EB differentiation towards
ADE (Fig 4.4C). The image shown were taken on the fourth day of EB formation and ADE
differentiation protocol in both cell types before collecting them to isolate RNA and prepare
cDNA for analysing the expression of ADE markers such as Hex, Cer1, and Sox17 (Morrison
et al.,, 2008). The results showed that EBs derived from Smad2-null cells had little Hex
expression and no Cer1 and Sox17 expression in contrast to WT mESCs (Fig 4.4D). These

results highlight the importance of Smad2-mediated activin signalling in ADE differentiation.

Next, | asked if Smad2-WT and Smad2-LSA proteins could rescue the impaired EB
formation and ADE differentiation in Smad2-null mMESCs and if there is a difference in their
activities given that Smad2-LSA showed higher transcriptional activity in our earlier
experiments. Smad2-null mESCs were transfected with either Smad2-WT or Smad2-LSA for
24 hours before subjecting to EB formation and ADE differentiation protocol, same as before.
Images were taken on the fourth day of the protocol which showed that expression of Smad2-
WT in Smad2-null mESCs could restore their proper EB formation, but Smad2-LSA formed
fewer, smaller, and abnormal EBs for which quantification of EBs number and size would be

an important data to add here (Fig 4.4E). Moreover, analysis of mRNA expression in these
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EBs showed higher Smad2-WT transgene expression than Smad2-LSA (Fig 4.4F left). On the
other hand, ADE marker, Hex expression was similar in both Smad2-WT and -LSA (Fig 4.4F
right). Altogether, these results indicate the importance of Smad2 in mESC EB formation and
ADE differentiation. Also, although Smad2-LSA has relatively lower mRNA expression than
Smad2-WT (Fig 4.4F left panel), it induces similar Hex expression (Fig 4.4F right panel),
suggesting that Smad2-LSA protein may have higher transcriptional activity than Smad2-WT
protein. However, this experiment needs to be repeated and more ADE target genes need to

be analysed before making final conclusions.
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Figure 4.4: Effect of Smad2-pLS on Smad2 transcriptional activity in mESCs

A) Immunoblot analysis of Smad2/3 expression in Smad2-null and WT mESCs. B) Luciferase assay in
Smad2-null mESCs co-transfected with pGL3-CAGA+2.Luc and renilla constructs along with either
Smad2-WT or Smad2-LSA or empty control vector and pre-treated with SB431542 for 2 hours before
stimulating with activin A for 20 hours in normal mESC culture conditions. Data show meansts.d. of
nine measurements from three independent transfection experiments. Student t-test was done and
indicates p<0.05. C) Representative phase-contrast images of embryoid bodies (EBs) formed from WT-
and Smad2-null mESCs and differentiated to anterior definitive endoderm (ADE) (n=3). D) RT-qPCR
analysis of MRNA expression of indicated mesendodermal markers in EBs from C. Data represent
meansts.d. of nine measurements from three independent experiments. E) Representative phase-
contrast images of EBs formed from Smad2-null mESCs expressing Smad2-WT or Smad2-LSA and
differentiated to ADE (n=3). F) RT-qPCR analysis of mMRNA expression of Flag-Smad2 transgene and
mesendodermal marker Hex, in EBs from E. Data represent meansts.d. of three measurements from
one experiment.
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4.3 Discussion and conclusion

In this chapter, | have shown that FVP-induced extension of activated Smad2 half-life may
occur as a result of Smad2 evading its proteasomal degradation (Fig 4.1). Since FVP also
inhibited Smad2-pLS, it was hypothesised that Smad2-pLS may interfere with Smad2
deactivation. So, further experiments done utilising Smad2 expression vectors with modified
pLS confirmed that absence of pLS does indeed extend the half-life of activated Smad2 by
slowing down its deactivation and resulting in its prolonged nuclear presence (Fig 4.2).
Consequently, it resulted in higher transcriptional activity of Smad2 in the absence of pLS, as

shown in both hESCs and mESCs (Fig 4.3 and 4.4).

4.3.1 Smad2-pLS plays a role in regulating activated Smad2 signals

Delayed deactivation of activated Smad2 in the absence of pLS could be attributed to
various factors such as hindered interaction of Smad2 with the nuclear phosphatase(s) that
target its C-terminal SxS motif or its evasion from the degradation mechanism. Previous
studies have shown that activated Smad2 are consistently targeted for proteasomal
degradation in order to terminate TGF-f3 signalling (Lo and Massague, 1999). Therefore, it is
possible that inhibition of pLS may extend the activated Smad2 signal by avoiding its timely
degradation. However, to robustly claim a role of degradation in preserving activated Smad2
in FVVP-treated cells in Fig 4.1, a similar time-course experiment must be done in cells with the
proteasome inhibited, expecting that both FVP-treated and proteasome-inhibited would show
similar patterns of Smad2-pCS signals. Smad2-pLS is not essential in the binding of WW-
HECT domain E3 ubiquitin ligases, Nedd4L and Smurf2, to the PPxY domain of activated
Smad2/3, however, its presence does enhance Smad2/3 interaction with Nedd4L (Aragon et
al., 2011, Gao et al., 2009). Studies show that the various WW domains of Nedd4L bind to
PPxY domain located downstream of pLT as well as at the pLS residues (Aragon et al., 2011).
Abrogation of pLS does not inhibit Nedd4L-Smad2/3 binding and subsequent Smad2/3
degradation, but as stated earlier, it does slightly diminish their interaction (Aragon et al., 2011,

Gao et al., 2009). Furthermore, since Smurf2 functions similar to Nedd4L in ubiquitinating
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Smad2 and priming its degradation (Tang et al., 2011, Aragon et al., 2011) and that Smurf2 is
a predominantly nuclear protein, unlike Nedd4L (Kavsak et al., 2007, Kuratomi et al., 2005), it
is plausible that Smurf2 has a larger involvement in eliminating activated Smad2/3 from the
nucleus after their transcription activity ceases. Conversely, cytoplasmic localisation of
Nedd4L suggests that it might be more responsible to attenuate TGF-[3 signalling rather than
in terminating it by limiting the number of activated Smad2/3 that can translocate to the
nucleus. Taken together, it suggests that if indeed activated Smad2 is degraded, in FVP-
treated cells (Fig 4.1H), it might be attributable to Smurf2 activity. In addition, given that
preventing activated Smad2/3 degradation, if so, clearly prolonged its nuclear presence, it
hints towards the possibility that deactivation of activated Smad2/3 through degradation is a

much more rapid process than dephosphorylation of their SxS motif.

Furthermore, since Smad2/3 activation maybe prolonged by evading its degradation, but
that Smad2 did eventually lose its SxS motif phosphorylation, inhibiting pLS may also lead to
additional Smad2 interactions with mediator proteins that may control recruitment of
phosphatases such as PPM1A and PP5 to Smad2 SxS motif (Lin et al., 2006, Bruce et al.,
2012). Possibly, suppression of pLS may enhance interaction between Smad2/3 and CLIC4,
preserving activated Smad2 by protecting it from SxS motif phosphatases (Shukla et al., 2009)
or pLS suppression may prevent Smad2 interaction with MAN1 that may further facilitate
recruitment of PPM1A to dephosphorylate SxS motif (Bourgeois et al., 2013). Furthermore,
preventing MAN1-Smad2 interaction may also result in increased Smad2 transcription
because MAN1 competes with a transcription factor, FOXH1 (previously called FAST1) to bind
to Smad2 and results in its dissociation from FOXH1, thus, diminishing Smad2 transcription
(Attisano et al., 2001, Bourgeois et al., 2013). So, these combined interactions of Smad2 may
account for its possible evasion from proteasomal degradation, decline in SxS motif

dephosphorylation, and enhanced Smad2 transcription.
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4.3.2 Role of Smad2-pLS in regulating functions of TGF-B signalling

Stabilised activation of Smad2 and its delayed deactivation may also augment its
interaction with Smad4 within the functional oligomeric complex, thus, promoting its nuclear
accumulation and transcription (Schmierer et al., 2008, Massague et al, 2005). In addition,
absence of pLS in activated Smad2 may also enhance its interaction with proteins such as
TAZ or the components of the transcription machinery (Varelas et al., 2008, Schmierer et al.,
2008), further contributing to Smad2 nuclear accumulation and upregulated transcription.
Nuclear presence of activated Smad2 is generally synonymous with its active transcription
function, so, it is not surprising that pLS inhibition-mediated nuclear accumulation of activated
Smad2 also improved its transcriptional activity in hESCs and mESCs (Fig 4.3 and 4.4). It also
highlights the important role of Smad2-pLS in controlling its agonist-induced transcriptional
activity. Further experiments are required to determine Smad2 interaction with Smad4 and
other nuclear proteins in the absence of pLS by applying techniques such as proximate ligation
assay (PLA), immunostaining, and co-immunoprecipitation that can identify the underpinnings

of precisely how activated Smad2 degradation is prevented in the absence of Smad2-pLS.

In addition, the results in this chapter showing increased agonist-induced Smad2
transcriptional activity upon inhibition of pLS by mutating LS to LA are consistent with the
earlier studies that inhibiting pLS by overexpressing small c-terminal phosphatases (SCPs)
maximises Smad2 transcriptional activation (Sapkota et al., 2006, Wrighton et al., 2006).
Moreover, given that pLS is important in regulating timing and competency to respond to
activin signalling during Xenopus development (Grimm and Gurdon, 2002), demonstration of
similar effect of pLS mutation in hESCs and mESCs indicates the importance of non-canonical

Smad signalling in regulating canonical TGF-B signalling in mammalian systems as well.

Also, as described before, there is a specific sequence of linker phosphorylation in Smad3
(and likely similar in Smad?2) that occurs upon TGF- activation, i.e., firstly, threonine and the
second and third serine residues are phosphorylated by various kinases like MAPKs and

CDK8/9 to allow binding with Pin1 and permit maximum transcription, followed by
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phosphorylation of the first linker serine by GSK3p, ceasing Smad2/3-Pin1 binding and
switching its action from transcription to deactivation via binding to WW domain E3 ubiquitin
ligases which eventually, prime it for degradation (Aragon et al., 2011, Massague, 2012). At
the same time, SCPs remove Smad2-pLS, but not pLT, to ensure peak transcriptional
activation of Smad2/3 (Wrighton et al., 2006, Sapkota et al., 2006). Combining the findings
from these two studies, it appears that inhibiting the phosphorylation of the first linker serine
must play a much more crucial role in enhancing Smad2 transcription and warrants further

investigation.

Moreover, while investigating the effects of absence of pLS in mESC EBs ADE
differentiation, cells overexpressing Smad2-LSA could only generate smaller EBs. It could be
explained by prolonged Smad2-LSA activity upon agonist stimulation (Fig 4.1 and 4.2), which
extends the duration and intensity of activin signalling (Fig 4.3B and 4.4A). TGF-f/activin
signalling generally have an anti-proliferative effect in normal cells which may account for the
limited size of EBs in Smad2-LSA transfected cells. Although, in these Smad2-null mESCs,
endogenous Smad3 could also respond to AA stimulation, | believe that it has not interfered
with my results and affected data interpretation as Smad2/3 have distinct roles in gene
expression regulation and also, Smada3 is unable to rescue developmental phenotype of mice
lacking Smad2 expression (Tremblay et al., 2008, Aragon et al., 2019, Liu et al., 2016).
Moreover, since EB differentiation to ADE in Smad2-LSA expressing Smad2-null mESCs were
impaired despite similar Hex expression as in Smad2-WT-expressing cells, these results
suggest that it may be necessary to maintain the right balance of linker phosphorylation during
the events of early embryonic development in the absence of which mesendoderm
differentiation may be impaired, highlighting the importance of non-canonical Smad signalling

in embryonic development.

119



Chapter 5 Results

Chapter 5
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5.1 Introduction

Activation of TGF-f signalling initiates multiple negative feedback mechanisms to regulate
its signal intensity, duration, and specificity. It could be regulated through feedback from gene
products of Smad transcription or via post-translational modifications (PTMs) that could
operate at levels of ligands, receptors, Smads, as well as their transcription (Xu et al., 2016,
Tzavlaki and Moustakas, 2020). Given that, Smad2/3 proteins are downstream signal
transducers of TGF-B signalling, regulating their activity would effectively modulate TGF-3
signalling. Smad2/3 are subjected to extensive PTMs such as phosphorylation, ubiquitylation,
sumoylation, acetylation, etc. that stringently control their activity by altering their protein
interactions, transcriptional activity, protein stabilisation, and degradation (Xu et al., 2016).
Smad2/3 linker region is a hotspot for such PTMs, especially phosphorylation as it is enriched
with several phosphorylatable threonine and serine amino acids that are substrates of a wide
range of kinases such as PI3BK/mTORC2, GSK3pB, Erk1/2, JNK, p38, CDKs, NLK, CaMKII,
ROCK etc. Increasing studies highlight the importance of linker phosphorylation in regulating
TGF-B signalling (Kretzschmar et al., 1999, Wicks et al., 2000, Funaba et al., 2002, Mori et
al., 2004, Matsuura et al., 2004, Kamaraju and Roberts, 2005, Yoshida et al., 2005, Matsuura
et al., 2005, Millet et al., 2009, Alarcon et al., 2009, Burch et al., 2010, Hough et al., 2012, Yu

et al., 2015, Liang et al., 2021).

Smad2/3 linker phosphorylation via Erk1/2 and CDK8/9 prevent their nuclear translocation
and transcriptional activity upon TGF-B activation (Kretzschmar et al., 1999, Hough et al.,
2012, Matsuura et al., 2005, Alarcon et al., 2009, Chapter 4). In addition, GSK3B- and CDK8/9-
induced linker serine phosphorylation (pLS) promotes binding of WW-HECT domain-
containing E3 ubiquitin ligases such as Nedd4L and Smurf2, that recognise linker threonine
phosphorylation (pLT) and bind to the PPxY motif downstream of pLT and eventually, prime
Smad?2/3 for proteasomal degradation (Millet et al., 2009, Aragon et al, 2011). These findings
have established firm association between linker phosphorylation events and Smad2/3

ubiquitination-mediated proteasomal degradation. As yet, Nedd4L and Smurf2 are the only

121



Chapter 5 Results

known E3 ubiquitin ligases that degrade Smad2/3 by acting on Smad2/3 agonist-induced
linker phosphorylation (ALP) (Gao et al., 2009, Lin et al., 2000, Zhang et al., 2001, Aragon et
al., 2011). However, Smad2/3 degradation by Nedd4L and Smurf2 appear to be quite limited
and only acts on activated Smad2/3 and does not exhibit much difference in total Smad2/3
protein levels. Additionally, there are several RING domain E3 ubiquitin ligases as well that
negatively regulate TGF-B signalling by mediating activated Smad2/3 degradation. Instead of
acting on Smad2/3-ALP, RING E3 ubiquitin ligases degrade activated Smad2/3 via their
associations with other negative regulators of TGF-f3 signalling. For example, Tiul1 associates
with Smad7 (Seo et al., 2004), Arkadia with co-repressors SKI/SKIL (Mavrakis et al., 2007),
and ROC1-SCF™"'2 with the co-activator p300 (Fukuchi et al., 2017), to degrade activated
Smad2/3. CHIP is another RING E3 ubiquitin ligase that can promote ubiquitin-mediated

Smad3 degradation even in its inactivated form (Xin et al., 2005).

Interestingly, our laboratory previously showed that prolonged inhibition of CDKs by FVP
in AA-pre-stimulated hESCs not only suppressed Smad2 linker serine phosphorylation
(Smad2-pLS) but also caused considerable decrease in total Smad2 protein levels several
hours after disappearance of activated Smad2 (Fig 1.9B) (Yu et al., 2015). However, the
underlying mechanisms remain largely unknown. In this chapter, | sought to verify whether
prolonged FVP treatment indeed reduced Smad2 protein level in hESCs (Yu et al., 2015) and
if this observation holds true for other cell types as well. | also asked if this reduction in Smad2
protein is attributable to its degradation, and if there is a link between Smad2-pLS and Smad2

stability and turnover.
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5.2 Results

5.2.1 Prolonged FVP or LY treatment following pre-activation of Smad2/3
diminishes their protein levels

H1 hESCs were stimulated with AA for 20 minutes after washing out MEF-CM with PBS
and applying RPMI/B27 medium, then, AA was removed and washed out by PBS followed by
application of SB431542 (SB) to block receptor activity (hereafter simply referred to as
‘transient stimulation or pre-stimulation’ unless otherwise stated). The cells were then
collected at indicated time points for further analysis (Fig 5.1A). As shown before, Smad2/3
activation signal (Smad2-pCS) was undetectable 1 hour after removal of agonist and
application of SB regardless of FVP application (Fig 5.1B). While pLT was mostly unaffected,
Smad2-pLS signal exhibited clear reduction in FVP-treated cells compared with controls at 1-
hour of FVP treatment (Fig 5.1B lanes 3, 4, and 6). FVP treatment might also have induced
slight reduction in total Smad2/3 proteins (Fig 5.1B lanes 3 and 6). By 6 hours of FVP
treatment, Smad2-pLS was still suppressed in FVP-treated cells, while pLT was rather high in
FVP-treated cells than the controls (Fig 5.1B lane 12). More interestingly, FVP-treated cells
exhibited considerably lower expression of total Smad2/3 proteins than the control (Fig 5.1B
lane 12), which is statistically significant reduction in multiple repeat experiments (Fig 5.1C).
In fact, application of FVP to hESCs that were not pre-stimulated by the agonist also resulted
in small but significant decrease in the total Smad2/3 proteins (Fig 5.1B lane 9 and 5.1C).
When additional SB was applied to block endogenous ligand stimulation, FVP resulted in even
more considerable reduction in total Smad2/3 protein levels (Fig 5.1C). Nonetheless,
combined FVP and SB treatment on pre-stimulated hESCs induced the maximum reduction
of Smad2/3 proteins (Fig 5.1B lane 12 and 5.1C). These results indicate that the mechanism
involved in reducing Smad2/3 protein levels by FVP may be influenced by agonist stimulation

and requires further investigation.

To verify whether FVP-mediated reduction in Smad2/3 proteins is not cell type-specific,

PC3 cells were treated the same as hESCs after overnight serum-starvation and as shown in
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the treatment scheme (Fig 5.1A). The results were similar to that in hESCs and treatment with
FVP not only maintained Smad2-pLS suppression throughout (Fig 5.1D lanes 3, 6, 9, and 12)
but also dramatically reduced both Smad2 and Smad3 expression after 6 hours (Fig 5.1D
lanes 9 and 12). Moreover, FVP had similar effect on PC3 cells to hESCs in slightly elevating
Smad2-pLT levels after agonist pre-stimulation (Fig 5.1D lane 12). Furthermore, quantification
of total Smad2/3 proteins against the loading control also showed a significantly lowered
Smad2/3 expression upon prolonged application of FVP (Fig 5.1E). Also, FVP induced
variable degree of reduction in Smad2/3 levels depending on Smad2/3 activation status as
dictated by ligand availability and receptor activation, similar to hESCs (Fig 5.71E). Since
closely associated Smad4 protein as well as loading control $-actin expression did not change
on FVP treatment, it appears to be an effect specifically on Smad2/3 proteins (Fig 5.1D and
E). Similar effect of FVP treatment on total Smad2/3 proteins was also observed in HEK293T
cells (Fig A-ll lane 6). Altogether, these results indicate that prolonged FVP treatment in

agonist-pre-stimulated cells specifically, significantly diminishes Smad2/3 protein expression.

Next, | addressed whether the reduction in the Smad2 proteins is indeed associated with
the inhibition of CDKs by FVP. For this, | used the CDK8/9 inhibitor, LY2857785 (LY) in PC3
cells as | did with FVP to study its effects on Smad2 protein (Fig 5.1F) (Yin et al., 2014). 1
hour of LY treatment on cells that were pre-stimulated by TGF-B showed slight reduction in
Smad2-pLS compared with controls while Smad2-pLT as well as total Smad2 protein was
clearly not affected (Fig 5.1F lanes 3 and 6). On the contrary, 6 hours of LY treatment almost
completely abolished Smad2-pLS signals while pLT was still not much affected (Fig 5.1F lane
12). However, the total Smad2/3 proteins showed considerably lower expression in LY-treated
cells than the non-treated controls (Fig 5. 1F lane 12), similar to that detected in cells with FVP
treatment. These results show that prolonged application of LY to the pre-agonist stimulated
cells reduces Smad2/3 protein expression and that this reduction is likely attributable to the

inhibition of CDK®8/9, which suppress Smad2-pLS and also likely Smad3-pLS.
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Finally, | asked how FVP induced changes in Smad2/3 protein expression in the subcellular
compartments. To address this, cytoplasmic and nuclear fractions were separated from the
PC3 cells that were treated for 6 hours as shown in the treatment scheme (Fig 5.1A). In the
cytosol, application of FVP for 6 hours resulted in undetectable Smad2-pLS signal compared
with the control cells (Fig 5.1G lanes 1-3), while there was almost no detectable Smad2-pLS
signal in the nucleus regardless of FVP application (Fig 5.1G lanes 4-6). The Smad2/3-pLT
signals revealed only subtle reduction with FVP treatment in the cytosol or the nucleus, which
might be due to reduced total Smad2/3 protein levels (Fig 5.1G lanes 3 and 6). Notably, FVP
treatment reduced the Smad3 protein levels in both cytosol and nucleus (Fig 5.1G lanes 3 and
6). Interestingly, Smad2 protein could be detected only in the cytoplasmic fraction, while
Smad3 protein could be visible in both the cell fractions (Fig 5.1G). Together, these results
suggest that FVP-induced reduction in Smad2/3 proteins may occur in both cytoplasm and
nucleus. More importantly, since FVP suppressed Smad2-pLS and also negatively affected
Smad2 levels, it also suggests a possible link between Smad2-pLS and Smad2 activity. Also,
of note, in the absence of agonist stimulation, Smad2 is more strictly localised in the cytoplasm

whereas, Smad3 is nearly equally distributed in both cytoplasm and nucleus.
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Figure 5.1: Flavopiridol or LY2857785 treatments result in reduced Smad2/3 proteins

A) Scheme of treatment for B, D, F, and G. B) Representative immunoblot of H1 hESCs treated as
illustrated in A, with antibodies against the indicated proteins. C) Quantification of Smad2/3 at 6 hours
of FVP treatment as indicated in H1 hESCs, using meansts.d. densitometric measurements,
normalised to loading control (n=5). D) Representative immunoblot of PC3 cells treated as illustrated in
A, with antibodies against the indicated proteins. E) Quantification of Smad2/3 at 6 hours of FVP
treatment as indicated in PC3 cells, using meansts.d. densitometric measurements, normalised to
loading control (n=7). F) Representative immunoblot of PC3 cells treated as illustrated in A but with
LY2857785 (LY) instead of flavopiridol (FVP), with antibodies against the indicated proteins. G)
Representative immunoblot of cytoplasmic and nuclear fractions of PC3 cells treated as illustrated in A
for 6 hours, with antibodies against the indicated proteins. All experiments in F and G have been done
at least 3 times. Targets of inhibitors used are: Flavopiridol- CDK2/4/6/7/8/9, LY2857785- CDK8/9,
SB431542-ALK4/5/7. Student t-test was done and *’, **’, and “*** indicate p<0.05, 0.01, and 0.001,
respectively.
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5.2.2 Proteasome-degradation pathway accounts for FVP-mediated reduction in
Smad2/3 proteins

Experiments in the previous section established that prolonged application of CDK8/9
inhibitors, FVP and LY results in reduction in Smad2/3 proteins. CDK8/9 are known to be
involved in the RNA-polymerase Il (RNAP-II) transcriptome activity and their inhibition could
hinder the transcription machinery, and then subsequently reduce the protein levels (Shapiro,
2004, Chen et al., 2005). However, our data also showed that FVP treatment reduced only
Smad2/3 expression without affecting other proteins like Smad4, 3-Actin, GAPDH, and Lamin
B (Fig 5.1). Therefore, it is unlikely that it is due to the effects of FVP/LY on the transcriptome.
Alternatively, FVP/LY treatment in cells could result in Smad2/3 protein degradation and
therefore, the decrease in Smad2/3 levels. To check if FVP diminishes Smad2/3 proteins by
affecting its protein stability, serum-starved PC3 cells were pre-stimulated with TGF-j3,
followed by treatment with FVP in conjunction with 26S proteasome inhibitor MG132 or
lysosome inhibitor chloroquine (CQ) as shown in the treatment scheme (Fig 5.2A). Consistent
with the previous observations, FVP-treatment resulted in reduction of Smad2/3 protein levels
(Fig 5.2B lane 2). This reduction could be abolished in the presence of MG132 (Fig 5.2B lane
3) whereas CQ failed to rescue Smad2/3 proteins (Fig 5.2B lane 4). This indicates that FVP-

induced Smad2/3 reduction is attributed to their proteasomal degradation.

Next, to eliminate possible interference from synthesis of new proteins, a potent protein
biosynthesis inhibitor- cycloheximide (Chx) was used in combination with MG132 and cells
were treated as shown in the treatment scheme (Fig 5.2C). Like before, FVP treatment
showed reduced Smad2/3 expression (Fig 5.2D lane 3) and as expected, MG132 recovered
Smad2/3 expression whether the cells were treated with FVP or not (Fig 5.2D lanes 2 and 4).
Furthermore, quantification of total Smad2/3 proteins against B-Actin also showed significant
reduction in Smad2/3 expression upon FVP treatment as well as a significant increase in their
levels upon inhibiting the proteasome (Fig 5.1D), showing that MG132 rescued Smad2/3

degradation in FVP-treated cells and that this recovery is not influenced by synthesis of new
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proteins. To further investigate whether reduction of Smad2/3 in hESCs (Fig 5.1B and C) is
also because of their proteasomal degradation, similar experiment was done in H1 hESCs
(Fig 5.2E). hESCs were treated as shown in the treatment scheme (Fig 5.2C). In hESCs as
well, applying FVP reduced Smad2/3 proteins (Fig 5.2E lane 3), and their expression was
clearly recovered on inhibiting the proteasome by MG132 (Fig 5.2E lane 4). Overall, these
results show that FVP-mediated reduction in Smad2/3 proteins may occur as a result of their
proteasomal degradation. However, additional experiments are needed to study the time-
course changes in Smad2/3 protein levels while synthesis of new proteins is inhibited. This
will enable us to distinguish between Smad2/3 degradation caused by FVP treatment and

normal constitutive Smad2/3 turnover in the cells.
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Figure 5.2: Proteasomal degradation results in flavopiridol-induced reduction of Smad2/3
proteins

A) Scheme of treatment for B. B) Representative immunoblot of PC3 cells treated as illustrated in A,
with anti-Smad2/3 (n=1). C) Scheme of treatment for D and E. D) Representative immunoblot of PC3
cells treated as illustrated in C, with anti-Smad2/3 (top). Quantification of Smad2/3, using meanszs.d.
densitometric measurements, normalised to B-Actin (n=3). Student t-test was done and “** and “**
indicate p<0.01 and 0.001, respectively (bottom). E) Representative immunoblot of H1 hESCs treated
as illustrated in C, with anti-Smad2/3 (n=1).
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5.2.3 FVP-induced Smad2/3 degradation is independent of Nedd4L

Experiments in the earlier section established the role of proteasome in mediating Smad2/3
degradation upon prolonged FVP treatment. Furthermore, FVP also maintained Smad2-pLS
suppression, indicating the possibility of Smad2-pLS in affecting Smad2 stability and protein
degradation. Since Nedd4L has been reported to act as an E3 ubiquitin ligase in mediating
Smad2/3 degradation via the ubiquitin-proteasome system (UPS) and its function is regulated
by the phosphorylation status of the linker region of Smad2/3 (Gao et al., 2009, Aragon et al.,
2011), | sought to ask if Nedd4L is involved in FVP-induced Smad2/3 degradation. Since
Nedd4L is a cytosolic protein (Gao et al., 2009, Emanuelli et al., 2019), | thought that by
studying the subcellular localisation of Smad2/3 degradation, it may be possible to discern if

Nedd4L might be involved in this process.

Cytoplasmic and nuclear fractions were separated in PC3 cells that were treated the same
as shown in the treatment scheme (Fig 5.2C). In the cytosol, FVP treatment reduced Smad2-
pLS but did not affect Smad2-pLT as also shown before (Fig 5.3A lane 3) and this reduction
in Smad2-pLS was recovered by MG132 (Fig 5.3A lane 4). Similarly, total Smad2/3 proteins
were also recovered by MG132 in FVP-treated and non-treated cells (Fig 5.3A lanes 2 and 4),
albeit relatively higher recovery occurred in FVP-treated cells. These data correspond with the
results shown in Fig 5.2, indicating that FVP-induced reduction of Smad2 may result from
proteosome-mediated degradation. Furthermore, in the nucleus, Smad2-pLS and -pLT were
almost undetectable but Smad3-pLT was sufficiently recovered upon MG132 treatment, in
both FVP-treated and non-treated cells (Fig 5.3A lanes 6 and 8). More importantly, FVP
treatment showed reduced nuclear Smad3 protein (Fig 5.3A lane 8), while application of
MG132 recovered it in both FVP-treated and non-treated cells (Fig 5.3A lanes 6 and 8),
although to a lower extent in FVP-treated cells. Taken together the higher degree of recovery
of Smad2/3 proteins from FVP-induced degradation by applying MG132 in the cytoplasm,
hints towards cytoplasmic degradation of Smad2/3 upon FVP treatment, and possibly

involvement of a cytoplasmic E3 ubiquitin ligase such as, Nedd4L.
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To investigate whether Nedd4L is involved in FVP-induced Smad2/3 degradation, | used
PC3 cells previously generated in our lab, in which Nedd4L expression is inhibited by stably
expressing shRNA-Nedd4L resulting in Nedd4L knockdown (Nedd4lL-KD). Also, stably
expressing shRNA-GFP PC3 cells were used as control. Both control and Nedd4L-KD cells
were serum-starved and subjected to FVP treatment for 6 hours after transient TGF-
treatment as indicated in the treatment scheme (Fig 5.1A). As expected, Nedd4L expression
was considerably lower in Nedd4L-KD cells than in controls (Fig 5.3B lanes 1-3 vs 4-6) and
FVP treatment inhibited Smad2-pLS in both control and KD cells (Fig 5.3B lanes 3 and 6).
Notably, Smad2/3 protein levels also decreased in Nedd4L-KD cells when subjected to FVP
(Fig 5.3B lane 6), contrary to my expectation that absence of Nedd4L would rescue Smad2/3
degradation. Moreover, the extent of Smad2/3 reduction in Nedd4L-KD cells was slightly
higher than in the control cells (Fig 5.3C). These results demonstrate that FVP-mediated
Smad?2/3 degradation is unlikely to be carried out through Nedd4L and indicate that other E3

ubiquitin ligases may be involved, requiring further investigation in the future.
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Figure 5.3: Role of Nedd4L in regulating Smad2/3 degradation

A) Representative immunoblot of cytoplasmic and nuclear fractions of PC3 cells treated as illustrated
in 5.2C, with antibodies against the indicated proteins. Numbers indicate densitometric measurements
of Smad2/3 normalised to B-Actin (n=1). B) Representative immunoblot of PC3 cells with stable shRNA
for GFP as control (left panel) and for Nedd4L (right panel), both treated as illustrated in 5.1A, with
antibodies against the indicated proteins. C) Analysis of ratio of total Smad2/3 protein levels in
flavopiridol-treated cells versus non-treated cells in control and Nedd4L-KD cells in B. Quantification of
Smad2/3 was done using meansts.d. densitometric measurements, normalised to B-Actin (n=4).
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5.2.4 Role of pLS in Smad2 stability

Given that prolonged exposure to FVP/LY results in Smad2 degradation in PC3 cells,
HEK293T cells, and H1 hESCs and that FVP/LY suppress CDK8/9-mediated Smad2-pLS, it
raises the question whether Smad2-pLS plays any role in regulating Smad2 protein stability.
To address this question, | used Smad2 expression vectors described in chapter 4, in which
Smad2-LS were either mutated to non-phosphorylatable Smad2-LSA or phospho-mimetic
Smad2-LSD (Fig 4.2, section 4.2.2). In addition, | also used another Smad2 expression vector-
Smad2-LVA, in which all S/T-P linker sites are unphosphorylatable (Fig 5.4A). To test if
absence of Smad2-pLS destabilises Smad2 protein, Smad2-WT, -LSA, and -LSD were
transiently transfected into PC3 cells for 24 hours, followed by overnight serum-starvation (Fig
5.4B). Immunoblot analysis showed that Smad2-LSA expression, as indicated by Flag signal,
was lowest in comparison to Smad2-WT and -LSD (Fig 5.4B). Diminished Smad2-LSA
expression suggests that absence of pLS does negatively affect Smad2 stability and turnover,
consistent with the effects of FVP-mediated pLS inhibition. However, on close observation of
PC3 cells transfected with Smad2-LSA construct, they exhibited a markedly high number of
floating cells (Fig 5.4C). Trypan blue staining confirmed that those floating cells were not dead
(data not shown). Likely, the cells were floating due to poor cell attachment caused by greater
TGF-B activation, as | showed higher transcriptional activity of Smad2-LSA in the previous
chapter. These observations made it difficult to distinguish if low Smad2-LSA expression is
due to altered Smad2 stability or collection of cells with lower transfection rate for analysis.
Moreover, presence of endogenous Smad2 in PC3 cells could interfere with the experimental

setup. Therefore, | chose to change my cell model to Smad2-null HEK293T cells.

Smad2-null HEK293T cells were transiently transfected with Smad2-WT, -LSA, -LSD, and
-LVA for 24 hours before collecting samples for both RNA isolation and cell lysate preparation,
since variation in Smad2 proteins can also be due to difference in their mMRNA expression.
cDNA prepared from the transfected cells were analysed by RT-qPCR using a pair of primers

that bind to flag sequence and a few nucleotides downstream in Smad2 MH1 domain, thus,
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selectively detecting Flag-Smad2 tagged transgene proteins (Fig 5.4D). The results showed
unequal mRNA levels of Smad2 linker constructs, highest in Smad2-LSD, followed by -LSA, -
LVA and then -WT, despite transfecting the cells with identical plasmid DNA concentration
(Fig 5.4D). This variation is not surprising as transfection efficiency of each experiment could
differ depending on variety of factors such as cell density, culture conditions etc., but is useful
to know to properly interpret any variation in subsequent protein expression analysis. Next,
immunoblot analysis of Smad2 protein expression revealed lower Smad2-LSA and -LVA
levels than Smad2-WT and -LSD (Fig 5.4E lanes 2 and 4). Quantification of Flag, representing
Smad2 proteins, normalised against B-Actin, also showed significant reduction in both Smad2-
LSA and -LVA in comparison to Smad2-WT and -LSD (Fig 5.4F). These results show that
Smad2-pLS does play a crucial role in maintaining Smad2 stability and that pLS-mediated
Smad2 stability may not be dependent on Smad2-pLT. These results are consistent with the

effects of FVP-mediated Smad2/3 degradation seen in the earlier experiments.

In the previous experiments, FVP could induce maximum Smad2/3 degradation after
transient agonist stimulation. Therefore, | sought to determine next if Smad2-LSA expression
is further reduced after transient AA stimulation and whether MG132 could recover them.
Smad2-null HEK293T cells were transiently transfected with Smad2-WT, -LSA, and -LSD for
24 hours before serum-starving them overnight in 1% serum medium and treating them with
AA, SB, and MG132, as shown in the treatment scheme (Fig 5.4G). Immunoblot analysis of
Flag expression showed higher Flag expression in MG132-treated cells in Smad2-WT and
Smad2-LSA proteins (Fig 5.4H lanes 2 and 4), indicating rescue of Smad2 protein from
degradation upon proteasome inhibition. However, transient AA stimulation resulted in much
lower Smad2-LSD expression than previously observed (Fig 5.4H lane 5) and also MG132
could not generate any change in Smad2-LSD protein level (Fig 5.4H lanes 5 and 6), indicating
that its reduced expression is not accounted by proteasomal degradation but may occur
through some other mechanism. Furthermore, quantification of the ratio of Flag signals in

MG132-treated cells versus non-treated cells, normalised against (-Actin, showed highest
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recovery in Smad2-LSA protein on proteasome inhibition, followed by Smad2-WT and none
in Smad2-LSD (Fig 5.41). However, it must be noted that proteasome inhibition recovered
Flag-tagged Smad2 proteins in both WT and LSA proteins which makes it unclear if Smad2
protein instability is indeed a consequence of loss of Smad2-pLS. To address this, it would be
necessary to perform a time-course experiment in the presence of proteasome and protein
translation inhibitors to observe changes in Smad2 (WT or LSA) protein expression.
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Figure 5.4: Effect of pLS on Smad2 stability

A) Schematic depiction of the site-directed mutagenesis in Smad2-LVA linker region to eliminate
phosphorylatable serine and threonine residues. Position of the residues are indicated. B)
Representative immunoblot of Flag in PC3 cells 24 hours after transfection with Flag-Smad2-WT, -LSA,
and -LSD in serum-free culture. C) Representative phase-contrast images of PC3 cells expressing
Smad2-WT, -LSA and -LSD. Scale bar- 100 uM. D) RT-qPCR analysis of mMRNA expression of Flag-
Smad2-WT, -LSA, -LSD, and -LVA against B-Actin in Smad2-null HEK293T cells cultured in 1% serum-
medium overnight, 24 hours after transfection. Data represent meanszts.d. of three measurements from
one experiment. E) Representative immunoblot of Flag in Smad2-null HEK293T cells 24 hours after
transfection with Flag-Smad2-WT, -LSA, -LSD, and -LVA in 1% serum medium. F) Quantification of
Flag signals in E, using meanszts.d. densitometric measurements, normalised to B-Actin (n=6). Student
t-test was done and “** and “*** indicate p<0.01 and 0.001, respectively. G) Scheme of treatment for
H. H) Representative immunoblot of Flag in Smad2-null HEK293T cells transiently expressing Flag-
Smad2-WT, -LSA, and —-LSD and treated as illustrated in G (n=3). I) Analysis of ratio of Flag-Smad2
recovered by MG132 in H. Quantification of Flag was done using meansts.d. densitometric
measurements, normalised to B-Actin (n=3).
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5.3 Discussion and conclusion

The experiments described in this chapter show a novel function of Smad2-pLS in
maintaining Smad2 protein expression and turnover. It shows that Smad2-pLS have a
protective effect on inactivated Smad2 protein stability, in the absence of which, it is readily
targeted by the UPS (Fig 5.2 and 5.4). Interestingly, the results also show that inhibition of
CDK8/9 can have distinct effects on Smad2/3 protein levels, depending on the activation
status of Smad2/3 as determined by ligand availability and receptor activity (Fig 5.7C and E).
In hESCs as well as in PC3 cells, application of FVP alone after their serum-starvation resulted
in slight but significant decrease in Smad2/3 proteins. However, when all autocrine TGF-
B/activin signalling was inhibited with SB, FVP caused even more significant reduction in total
Smad2/3 whereas, transient agonist stimulation induced maximum reduction of Smad2/3
proteins (Fig 5.1). These results suggest that the mechanism involved in the degradation of
Smad?2/3 proteins is dependent on TGF-f activation and its effects can be observed once the
receptor activity is blocked, and Smad2/3 no longer in their activated states. There could be
two possibilities as to why transient agonist stimulation may show maximal Smad2/3
degradation. First, transient agonist stimulation can result activation of non-canonical TGF-3
signalling which can further induce PTMs on Smad2/3, while CDK8/9 inhibition suppresses
their pLS, increasing Smad2/3 affinity to be targeted by the UPS. Second, it may be related to
nuclear accumulation of Smad2/3 on transient agonist stimulation which may impart them with
features that make Smad2/3 more susceptible to proteasomal degradation. Previous studies
do show that Smad2/3 are heavily ubiquitinated solely as a consequence of their nuclear
localisation (Lo and Massague, 1999), which may affect Smad2/3 stability in the absence of

their pLS.

However, the physiological relevance of why Smad2 that is already deactivated, would
further be degraded, is unclear. One explanation could be the need to limit total Smad2 protein
availability to enhance its transcriptional response during subsequent TGF-B activation

because cells exhibit a boost in Smad2/3 transcriptional activity depending on fold change in
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the amount of nuclear Smad2/3 proteins relative to the background, in response to TGF-
activation (Frick et al., 2017). This relative sensing of TGF-f signalling may have implications
in both during embryonic development as well as in any disease in which TGF-f3 signalling is
dysregulated. Moreover, cell fractionation experiments showed that although Smad3 can
localise in both nucleus and cytoplasm, regardless of agonist stimulation, Smad2 localisation
is more tightly controlled and has very little to no nuclear presence without agonist stimulation
(Fig 5.1G and 5.3A, Fig A-IA and A-IB). These results are well supported by earlier studies
which found that Smad3 can localise in the nucleus and bind to FoxH1 independent of agonist
stimulation, while it is mainly Smad2 that is sensitive to agonist stimulation and effects
downstream signalling by rapidly translocating to the nucleus (Liu et al., 2016, Aragon et al.,

2019).

Furthermore, my results in this chapter also showed that FVP-mediated Smad2/3
degradation is not rescued in Nedd4L-deficient cells, suggesting that this degradation is
independent of Nedd4L activity (Fig 5.3B and C). Although activated Smad2/3 degradation
through Nedd4L effectively requires pLT and can occur without pLS, absence of pLS
somewhat curtails Nedd4L-Smad3 interaction, and likely Nedd4L-Smad2 interaction as well
(Fig S3, Gao et al., 2009, Aragon et al., 2011). This is evidently because WW2 domain of
Nedd4L binds to the PPxY motif whereas its WW3 domain requires binding with the first two
LS residues to induce maximal Smad2/3 degradation (Aragon et al., 2011). More importantly,
Nedd4L-mediated degradation requires Smad2/3 to be in the activated form (Gao et al., 2009,
Yu et al.,, 2015), while the degradation identified in my results occurs predominantly in
inactivated Smad2/3, which further supports my finding that Nedd4L is not the factor involved
in pLS-related Smad2/3 degradation. Moreover, another experiment from the same study,
showed that co-transfection of SCP2 that is reported to be responsible for dephosphorylation
of Smad2/3-pLS, with Nedd4L, ubiquitin, and Smad3-WT in HEK293T cells, abolished
Nedd4L-mediated poly-ubiquitination of Smad3 whereas mutated SCP2 could not (Fig 4D,

Gao et al., 2009, Sapkota et al., 2006, Wrighton et al., 2006), further suggesting that Nedd4L
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requires both pLT and pLS to effectively bind with Smad3 and prime it for degradation. Hence,

it is unlikely that Nedd4L causes such large Smad2 degradation in the absence of its pLS.

Furthermore, although both Nedd4L and Smurf2 induce activated Smad2/3 degradation
through similar mechanisms (Aragon et al., 2011, Tang et al, 2011, Gao et al., 2009), Smurf2
can also negatively affect inactivated Smad2 protein expression (Lin et al., 2000) and
therefore, role of Smurf2 in FVP-mediated Smad2/3 degradation must be further investigated.
Another RING E3 ubiquitin ligase called CHIP can also degrade inactivated Smad3 (Xin et al.,
2005), but its mechanism of action has not been studied yet. It would be interesting to see if
CHIP could regulate Smad2/3 via its interactions with their pLS and induce their degradation.
Moreover, a time course analysis of Smad2 expression via immunostaining or live cell imaging
can be a better technique to study where its degradation localisation instead of single time
point analysis of Smad2 signal using cell fractionation-immunoblotting as it may lead to data
misinterpretation because it fails to take Smad2 nucleocytoplasmic shuttling in consideration.
For example, on signal termination, Smad2/3 may get degraded in the nucleus (Lin et al.,
2000) or translocate back to the cytoplasm and be degraded there (Gao et al., 2009, Yu et al.,
2015). But their nuclear degradation would cause fewer Smad2/3 to be exported out to the
cytoplasm and hence, lower cytoplasmic Smad2/3 signal on an immunoblot or vice versa.
Studying the localisation of Smad2/3 degradation would help to gain better insights into

regulation and termination of TGF-f signalling.

Yet another mechanism that could result in proteasomal degradation of pLS-deficient
Smad2 could be that phosphorylation of LS confers Smad2 protection from degradation
through the N-end rule pathway. Most proteins are acetylated at their N-terminal during their
translation, endowing them with an inherent ubiquitin-mediated degradation signal to maintain
their in vivo half-lives (Varshavsky, 2011). Additionally, recent publications suggest that
phosphorylation of a protein can inhibit its proteasomal degradation initiated via the N-end rule
pathway (Eldeeb and Fahlman, 2016), hinting that pLS may prevent Smad2 degradation by

inhibiting the activation of N-end rule pathway, and warrants further investigation. Exploring
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these possibilities present an interesting avenue of research in identifying novel mechanisms
of Smad2/3 degradation and regulation of TGF-B signalling. Moreover, it would also be
interesting to uncover the role of other CDK8/9-induced Smad2/3 phosphorylation of linker
and non-linker residues on Smad2/3 protein stability and turnover, as earlier studies show T8

and T388 as targets of CDK8/9 (Matsuura et al., 2004, Qu et al., 2014).
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Chapter 6

General Discussion
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6.1 Overview

Transforming growth factor-g (TGF-f)/activin/nodal signalling pathway play a critical role
in many physiological processes such as in embryogenesis, cell proliferation, differentiation,
and adult tissue homeostasis. As such, perturbations in their signalling lead to disease onset
and progression (Morikawa et al.,, 2016, David and Massague, 2018). Evidently, TGF-3
signalling is tightly regulated at multiple levels to maintain its normal functions. Regulation of
its mediators, Smad2 and Smad3 (Smad2/3) presents an effective mode of regulating TGF-
signalling. Activity of Smad2/3 can be controlled by numerous post-translational modifications
such as phosphorylation and ubiquitination (Xu et al., 2016). Phosphorylation of Smad2/3
linker region has emerged to be an important regulatory mechanism in TGF- signalling,
particularly, the four proline-directed linker threonine and serine (S/T-P) residues which can
be phosphorylated by numerous kinases such as CDKs, PISBK/mTORC2, MAPKs etc (Kamato
et al., 2013, Matsuzaki, 2013). Since the activity of linker threonine (LT) and linker serine
residues (LS) are closely related, they have been considered to be indistinctly regulated and
to have similar functions in TGF- signalling in most of the studies in the field. However, a
previous study in our lab showed that LS and LT phosphorylation could be differentially

regulated by the CDKs (Yu et al., 2015).

In this thesis, | have further verified the finding that Smad2-LS and -LT are differentially
phosphorylated by CDK8/9 in which CDK8/9 mainly regulate Smad2-pLS (Chapter 3).
Furthermore, | have revealed that inhibition or removal of Smad2-pLS leads to prolonged half-
life of activated Smad2 in the nucleus and as a consequence, enhances its agonist-induced
transcriptional activity (Chapter 4). In contrast, absence of Smad2-pLS makes inactivated
Smad2 protein unstable and results in its proteasomal degradation upon withdrawing agonist
stimulation (Chapter 5). These findings emphasise the important role of Smad2 linker serine
phosphorylation in regulating TGF-B signalling and more importantly, distinguishes between
the function of linker threonine and linker serine phosphorylation, which may be exploited for

therapeutical purposes to modulate TGF-f signalling that is dysregulated in diseases.
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6.2 Differential regulation and function of pLS and pLT

In this study, it was clearly demonstrated that Smad2-pLS and -pLT can be differentially
regulated by CDK8/9. Application of either a pan-CDK inhibitor, flavopiridol (FVP) or a more
specific CDK8/9 inhibitor, LY2857785 (LY), considerably inhibited Smad2-pLS but did not
have much effect on Smad2-pLT (Fig 3.1). Moreover, it appears that CDK8/9 regulate majority
of steady-state Smad2-pLS and only phosphorylate Smad2-LT upon agonist activation (Fig
3.7). Regardless, Smad2-pLT level is relatively higher than pLS in the two cell models | used,
hESCs and PC3 cells, even after overnight serum starvation (PC3 cells). This is likely to be
attributed to high PI3K/Akt/mTOR signalling in both the cell lines which has been shown to
positively regulate Smad2-pLT (Zoumaro-Djayoon et al., 2011, Dubrovska et al., 2009, Yu et
al., 2015). Nevertheless, it would be interesting to discern how CDK8/9 may exert differential
propensities to two such closely located phosphorylation sites in Smad2 linker region in the
future studies, although all CDKs preferentially recognise S/T-P sequences (Malumbres,

2004).

In non-malignant cells, canonical TGF-B signalling has anti-proliferative effects and non-
canonical signalling-induced Smad2/3 linker phosphorylation functions to antagonise the
canonical TGF-f signalling, thus, maintaining the fine balance of Smad2/3 activities to regulate
TGF-B signalling (Kamato et al.,, 2013, Matsuzaki, 2013, Xu et al., 2016). Though, both
Smad2/3-pLS and -pLT negatively influence TGF-f signalling, it has not been reported before
if they have distinct functions in doing so. Nonetheless, previous studies do indicate
differences in their role in TGF-f3 signalling regulation. Studies indicate that Smad2/3-pLS may
have more crucial role in regulating their transcriptional activities whereas, Smad2/3-pLT may
function more in their deactivation via proteasomal degradation. In support, pLS induced by
Erk1/2 and CDK8/9 weaken Smad2/3 transcription (Hough et al., 2012, Matsuura et al., 2004,
Alarcon et al., 2009) while pLT augments Smad2/3 recognition by the WW E3 ubiquitin ligases
which primes them for proteasomal degradation (Aragon et al., 2011, Gao et al., 2009). In

addition, there are also mechanisms in place to reverse the effects of linker phosphorylation
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such as, small C-terminal phosphatases1/2/3 (SCP1/2/3), which preferentially target pLS over
pLT to maximise Smad2/3-mediated transcription and augment the intensity of TGF-
signalling (Wrighton et al., 2006, Sapkota et al., 2006). On the other hand, there are
deubiquitinating enzymes (DUBs) that can remove ubiquitin molecules from Smad2/3 and
reverse its priming for degradation initiated by their pLT (Kim and Baek, 2018). Overall, it can
be concluded that although both Smad2/3-pLS and -pLT antagonise canonical TGF-
signalling, they can be differentially regulated by upstream kinases and can exert their effects

on TGF-f signalling via distinct mechanisms.

6.3 Dual role of Smad2-pLS in regulating TGF-f signalling

In this study, it was also found that Smad2-pLS can have distinct effects on activated and
inactivated Smad2 protein. For activated Smad2, inhibiting Smad2-pLS resulted in prolonged
Smad2 activation due to delayed deactivation of activated Smad2, which consequently led to
higher transcription and amplified TGF-B signalling (Chapter 4). Conversely, inhibiting Smad2-
pLS destabilised inactivated Smad2 protein and resulted in its proteasomal degradation and
this phenomenon was particularly enhanced after transient agonist stimulation and blocking
the receptor kinase activity (Chapter 5). Thus, the dual role of Smad2-pLS in regulating Smad2

protein appears to be dependent on Smad2-activation status.

This dual role of Smad2-pLS on Smad2 proteins is interesting even though the exact
underlying mechanisms remain to be elucidated. First, agonist stimulation activates Smad2/3
(SxS motif phosphorylation), leading to its translocation and accumulation in the nucleus. At
the same time, non-canonical TGF-f3 signalling is also activated, leading to the activation of
MAPK pathway, which further induces phosphorylation of Smad2/3 linker S/T-P residues. In
the nucleus, SCPs specifically remove Smad2-pLS for maximal transcription of activated
Smad2/3 and CDK&8/9 are able to re-phosphorylate Smad2-pLS to facilitate their subsequent
proteasomal degradation and cease transcription (Wrighton et al., 2006, Sapkota et al., 2006,
Alarcon et al., 2009). The function of this re-phosphorylation on Smad2-LS could be a negative

feedback mechanism for activated Smad2 as inhibition of CDK8/9 or mutating Smad2-LS to -
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LA prolongs activated Smad2 signals and enhances its transcription (Fig 3.2, 3.3, 4.1 and 4.2).
It was shown that inhibition of Smad2-pLS reduces the degradation of activated Smad2 (Fig
4.1H), indicating that Smad2-pLS may suppress ubiquitin-proteosome degradation of
activated Smad2 (Tang et al., 2011, Gao et al., 2009, Aragon et al., 2011). Therefore, inhibiting
Smad2-pLS by using CDK8/9 inhibitors such as FVP/LY or mutating Smad2-LS to non-
phosphorylatable residues, limits Smad2 degradation, stabilises their activation and nuclear
accumulation and hence, upregulates Smad2 transcription (Fig 4.3 and 4.4, Bae et al., 2014,
Cohen-Solal et al., 2011, Matsuura et al., 2005, Kretzschmar et al., 1999). However, nuclear
phosphatases-mediated dephosphorylation that may target Smad2/3 SxS motif and
deactivate Smad2/3 cannot be completely excluded by our experiments (Inman et al., 2002,
Schmierer et al, 2008, Lin et al., 2006, Bruce et al., 2012). Since the identity of nuclear
phosphatase(s) responsible for SxS motif dephosphorylation remains debated, it is currently

not feasible for me to investigate this possibility.

Second, inhibiting CDK8/9-mediated Smad2/3-pLS in inactivated Smad2/3 after
withdrawing agonist or altogether mutating Smad2-LS to -LA, results in degradation of
Smad?2/3 proteins (Fig 5.1 and 5.4). Note that, transient agonist stimulation also activates non-
canonical TGF-B signalling and presents a Smad2/3 phospho-isoform in which SxS motif
becomes non-phosphorylated but non-canonical signalling-induced phosphorylation on other
residues may still be present (e.g., pLT). In addition, transient agonist stimulation also results
in a wave of nuclear translocation of Smad2/3, which are readily ubiquitinated simply as a
consequence of their nuclear presence (Lo and Massague, 1999). Furthermore, it is
interesting to note in my results that inactivated Smad2 are exclusively cytoplasmic while
inactivated Smad3 can still exist in the nucleus (Fig 5.1G, 5.3A, A-l). This differential
localisation of inactivated Smad2 and Smad3 is consistent with various studies (Liu et al.,
2016, Aragon et al., 2019). Given the predominantly cytoplasmic localisation of inactivated
Smad2 and the fact that Smad2/3 degradation occurs gradually overtime (visible after 3 hours

and continues to degrade at least up to 6 hours), it is more likely that inactivated Smad2
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phospho-isoform that lacks its pLS, might be degraded in the cytoplasm. As such, it can be
postulated that high pLT induced by non-canonical TGF-f signalling might have a role in
enhancing Smad2/3 degradation in the absence of phosphorylation of their SxS motif and LS.
However, | observed similar significant reduction in both Smad2-LSA and Smad2-LVA
proteins (Fig 5.4E and F) in which only LS and both LT/LS are mutated, respectively, to non-
phosphorylatable residues. This demonstrates that pLT does not have any role in mediating
degradation of inactivated Smad2/3 proteins. Next, the possibility of role of high ubiquitination
conferred to transiently activated Smad2/3 due to their nuclear localisation in prompting such
large degradation of Smad2/3, can also be excluded as Smad2/3 were degraded gradually
over time. If high ubiquitination were to be solely responsible for degradation in pLS-deficient
Smad2/3, it would likely have occurred much more rapidly, given the nuclear localisation of
both ubiquitinated Smad2/3 and proteasomes (Marshall and Vierstra, 2019). Nevertheless,
non-canonical TGF-f signalling also induces phosphorylation on other Smad2/3 amino acid
residues in addition to LT (Smad2/3-T220/179), such as T8, S110, T197, S240, S253, S260,
and S417 in Smad2 and T8, T66, S309, T388, and S418 in Smad3 (summarised in Xu et al.,
2016, Qu et al., 2014). This suggests that such large degradation of pLS-deficient Smad2/3 is
very likely attributable to non-LT phosphorylation. It may also be due to other PTMs that may
occur on Smad2/3 structure as a consequence of non-canonical TGF-B signalling.
Furthermore, E3 ubiquitin ligases, Smurf2 and CHIP can target inactivated Smad2 (Lin et al.,
2000, Xin et al., 2005) and it would be interesting to study if they are involved in promoting

this significantly large Smad2/3 degradation, in the future.

In addition, this theory can also explain how FVP induces variable degree of Smad2/3
degradation depending on Smad2 activation status as dictated by ligand availability and
receptor activity (Fig 5.7C and E). Reduction in Smad2/3 levels is highest in FVP treated cells
that are pre-stimulated, but least in FVP-treated cells that are only previously serum-starved.
As described above, non-pLT PTMs that occur as a result of non-canonical TGF-f signalling

by transiently applying agonist, results in high amount of Smad2/3 degradation in the absence
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of their pLS. Nonetheless, steady-state non-pLT PTMs on Smad2/3 may also exist and
contribute to Smad2/3 degradation in the absence of their pLS, as shown by small but
significant reduction in Smad2/3 levels in cells treated with just FVP (Fig 5.1C and E).
However, presence of autocrine TGF-B signalling in these cells may also contribute to SxS
motif phosphorylation to a miniscule degree which would instead result in prolonged activation
of Smad2/3 in the absence of their pLS, thus, preventing their degradation (Fig 4.1 and 4.2).
Conversely, FVP treatment along with blocked receptor activity with SB, results in complete
inhibition of autocrine TGF-B signalling as well as inhibition of CDK8/9-induced pLS. This
would prevent any extension of Smad2/3 activation and at the same time facilitate Smad2/3
degradation mediated by non-pLT PTMs in the absence of their pLS, as shown from the
medium level of Smad2/3 reduction in cells treated with SB+FVP which is higher than FVP
only treatment but smaller than transient activation (Fig 5.1C and E). A summary of this

mechanism is shown (Fig 6.7).
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Figure 6.1: Dual role of Smad2-pLS in its activity

Activated Smad2 in the nucleus are targeted by SCPs to remove its pLS to enhance transcription, and
CDKa8/9 re-phosphorylate pLS to promote ubiquitination and degradation of activated Smad2. Inhibiting
CDKB8/9 (yellow box) impedes Smad2-pLS re-phosphorylation and inhibits activated Smad2
degradation. However, inhibiting CDK-mediated Smad2-pLS accelerates inactivated Smad2
degradation in the cytoplasm by unknown mechanisms. % represents phosphorylation.
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6.5 Future work

Whilst my current work clearly describes a dual role of Smad2-pLS in regulating TGF-3
signalling depending on the status of Smad2 activation, several questions remain open for
investigation. Firstly, what is the molecular mechanism responsible for extending the activated
Smad2 upon inhibiting pLS? Our data suggests that it might be due to activated Smad2/3
escaping proteasomal degradation, however, E3 ubiquitin ligase(s) involved in this process
and how pLS regulates its affinity to the activated Smad2 remain to be identified. Secondly,
what is the underlying molecular mechanism that targets inactivated Smad2 for degradation
without pLS and what E3 ubiquitin ligase(s) is/are accountable for it? Smurf2 and CHIP are
two previously identified E3 ubiquitin ligase (Lin et al., 2000, Xin et al., 2005) and knockdown
and overexpression of them in cells to study their effects on Smad2/3 protein levels might
reveal the identity of the E3 ubiquitin ligase(s) involved. Alternatively, siRNA screening with
siRNA library of E3 ubiquitin ligase may aid to identify candidates, which could be verified by

knockdown and overexpression of identified E3 ubiquitin ligase candidates.

Moreover, my study focused mainly on Smad2 activity by mutating its LS to
unphosphorylatable alanine. It would be interesting to check if Smad3 activity is similarly
affected upon doing similar mutation. Also, it can be useful to extend the study to BMP R-
Smads, Smad1/5/8, and check if their pLS and pLT can also be differentially regulated.
Furthermore, | mutated all three linker serine residues of Smad2 in my experiments, studying
them as a single unit. However, although individual linker serine residues have not been
studied for their differential functions in Smad2 activity, preliminary evidence suggests that
there might be variation in the function of each linker serine residue (Smad2-S245/250/255
and Smad3-S204/208/213), with last two serines having a more crucial role in mediating
Smad2/3 transcription and the first serine mediating the switch from transcription to
deactivation (Aragon et al., 2011, Gao et al., 2009, Millet et al., 2009, Wrighton et al., 2006,
Sapkota et al., 2006). Therefore, it would be useful to delineate the role of each linker serine

residue to specifically target them for therapeutic interventions.
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Whilst this study has clearly shown the importance of Smad2/3-pLS in regulating TGF-
activity in hESCs, mESCs, and PC3 cells, it remains unknown how linker phosphorylation
might modulate canonical TGF-B signalling during embryonic development. Specially, given
that mutation of pLS is important for the regulation of timing and competency in responding to
activin signalling during Xenopus development (Grimm and Gurdon, 2002), demonstration of
similar effect of pLS mutation in hESCs and mESCs indicates the importance of non-canonical
Smad signalling in regulating canonical TGF-B signalling in mammalian systems as well.
However, as discussed before, it would be necessary to perform Smad2 linker mutation
studies in human and mouse ESCs to study the effect of pLS on Smad2 transcriptional activity
by utilising a more Smad2-specific systems such as using Pitx2-luciferase system instead of
CAGA. In addition, phenotypic effects of Smad2-pLS mutation in EBs formed from mESCs
such as difference in the size and structure needs to be further quantified and investigated.
Furthermore, studying the phenotypic effects of linker serine phosphorylation in hESCs might
help us in understanding their role in embryonic development. However, since it is difficult to
perform Smad2/3 knockout experiments without compromising hESC pluripotency, in the
future, genome editing technology such as clustered regularly interspaced short palindromic
repeat (CRISPR)-Cas9 may help in generating desirable mutations directly on endogenous
Smad2/3 genes and generate phospho-null (Smad2-LSA) or phospho-mimetic (Smad2-LSD)
linker serine mutants of Smad2/3 in order to interrogate their importance in regulating Smad2/3
activities. Moreover, such editing methods can also be employed to generate mice model that
presents desirable Smad2/3 linker serine mutation, hence, allowing the study of its phenotypic

effects during the course of mice development.

It must also be noted that since there are multiple phospho-isoforms of Smad2 that can
exist and they may have different effects on cell metabolism and physiology, it would be
interesting to study the implication of different phospho-isoform pools of Smad2 in
development and disease. Although, distinguishing these separate pools from each other may

be a complicated process, technigues such as immunoprecipitation and mass
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spectrophotometry can be employed to study various binding partners of a specific Smad2
phospho-isoform which may help to understand specific roles of different phosphorylation or
other PTMs on Smad2 protein. Depending on the Smad?2 binding partners identified, function

of that phospho-isoform may be further investigated.

6.6 Implications on development and disease

Signalling crosstalk is an important mechanism which determines downstream activity of a
signalling pathway. In TGF-f signalling, linker region phosphorylation forms a key hub to
integrate other signalling pathways, thus, fine-modulating the response of canonical TGF-3
signalling. As described above, | showed a dual role of linker serine phosphorylation where it
limits the duration of Smad2 activity upon TGF-B activation, and in contrast, confers protection
on inactivated Smad2 from degradation. As these findings appear to be applicable to both
hESC and mESC as well as in HEK293T cells and cancer cell line PC3 cells, it represents the
general relevance of this mechanism in regulating TGF-3 signalling. It also emphasises the
important role that Smad2/3 linker phosphorylation may play during embryonic development
and mesendoderm differentiation in regulating activin/nodal signalling and its crosstalk with
other signalling pathways. Moreover, BMP R-Smads, Smad1/5/8, also have linker region
comprised of similar S/T-P sites but with different configuration, and such differential regulation
of pLS and pLT may be applicable to BMP signalling as well. Moreover, if inhibiting Smad2/3-
pLS augments their transcriptional activity and extends the intensity of TGF-f/activin A
signalling, they can be useful targets to develop small molecule inhibitors that specifically
inhibit pLS. This can help in improving protocols for in vitro differentiation of pluripotent stem
cells to definitive endoderm (DE) and subsequently to cells of associated organs such as liver,
lungs, pancreas, thyroid, and thymus (Zorn et al., 2009), which may have applications in

disease modelling as well as in regenerative medicine.

Furthermore, TGF- signalling is usually dysregulated in many diseases and Smad2/3
linker phosphorylation specially, has been implicated in numerous conditions such as cancer,

fibrosis, cardiovascular diseases, immune conditions, polycystic kidney disease, and diabetes
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(Matsuzaki et al., 2013, Batlle and Massague, 2019, Ooshima et al., 2019, Derynck et al.,
2021, Hachimine et al., 2008, Rostam et al., 2016, Cohen-Solal et al., 2011, Kamato et al.,
2013, Hama et al., 2017, Pan et al., 2021, Yoshida et al., 2018, Sun et al., 2015, Murata et al.,
2009, Suwa et al., 2020, Li et al., 2021, Suzuki et al., 2015). Specially, in some cancer and
fibrosis diseases, TGF-B signalling is inhibited and therefore, it no longer can function to
suppress cell proliferation. In addition, Smad2/3 linker phosphorylation (that opposes the
effects of canonical TGF-B signalling) has been associated with more aggressive forms of
diseases and in causing epithelial to mesenchymal transition (EMT) and uncontrolled cell
proliferation (Wang et al., 2009, Matsuzaki et al., 2013, Millet et al., 2009, Bae et al., 2012). It
has also been implicated in promoting cancer stem cell development (Bae et al., 2014, Suzuki
et al., 2015). On the other hand, some cancers may have hyperactive TGF- signalling driving
tumour growth, EMT, and metastases (Derynck and Budi, 2019). Therefore, drugs targeting
Smad2/3 linker phosphorylation to either enhance or abrogate TGF-f signalling depending on

the disease mechanism can be a therapeutically beneficial approach.
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Fig A-l: Subcellular localisation of activated Smad2 upon flavopiridol treatment or absence of

Smad2-pLS

Representative immunoblot of A) cytoplasmic and B) nuclear fractions of serum-starved PC3 cells
treated with TGF-3 and flavopiridol for 1 and 6 hours as indicated and analysed by western blotting with
the indicated antibodies (n=3). C) Immunoblot analysis of Flag in Smad2-null HEK293T cells after
transfection with Flag-Smad2-WT and —LSA cultured in 1% serum medium overnight and treated as

indicated (n=2).
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Fig A-ll: Effect of flavopiridol on activated Smad2 and Smad2-pLS in HEK293T cells

Representative immunoblot of HEK293T cells treated as shown with TGF-3, SB431542, and flavopiridol
for 6 hours, and western blotting done with the indicated antibodies.
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Fig A-lll: Effect of pLS on Smad2 activation and stability

Representative immunoblots in Fig 5.4B and 5.4E were prepared from the same blot. The entire blot is
shown here. A) Whole blot of Fig 5.4B- Immunoblot analysis of Flag in PC3 cells after transfection with
Flag-Smad2-WT, -LSA, and -LSD in serum-free culture and treated as shown with SB431542 and either
transiently or continuously with TGF-. B) Immunoblot analysis of Smad2 expression in WT, KO control,
and Smad2-null HEK293T cells. C) Whole blot of Fig 5.4E- Immunoblot analysis of Flag in Smad2-null
HEK293T cells after transfection with Flag-Smad2-WT, -LSA, -LSD, and -LVA cultured in 1% serum
medium overnight and treated as indicated.
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