Universiteit

U Leiden
The Netherlands

Targeting TGFp signaling pathway in fibrosis and cancer
Karkampouna, S.

Citation
Karkampouna, S. (2016, January 28). Targeting TGFP signaling pathway in fibrosis and
cancer. Retrieved from https://hdl.handle.net/1887/37560

Version: Corrected Publisher’s Version
Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/37560

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/37560

Cover Page

The handle http://hdl.handle.net/1887/37560 holds various files of this Leiden University
dissertation.

Author: Karkampouna, Sofia

Title: Targeting TGFP signaling pathway in fibrosis and cancer
Issue Date: 2016-01-28


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/37560
https://openaccess.leidenuniv.nl/handle/1887/1�

Chapter 1

Introduction






Introduction

Introduction
1.1. Prologue

Survival of multicellular organisms requires resilience and regeneration of injured tissues
due to damaging environmental or genetic factors. Virtually, all organisms from bacteria
to primates have regeneration abilities at different extend (bacteria wall and flagellum
regeneration’, limb regrowth in reptiles, blood, nerve and liver regeneration in mammals).
Regeneration is the process of cell repair, cell replacement and renewal leading to
morphogenic changes and (re) growth of damaged tissue and organs. The ultimate aim is
to preserve the physiological organ functionality (homeostasis) since repetitive exposure
to damaging factors eventually leads to exhaustion of the regenerative properties of cells
and development of pathological conditions such as malignancies or organ fibrosis.
Regenerating cells undergo cell duplication (proliferation) and phenotypic changes by gene
expression modulation thus; they have increased need for DNA and protein

synthesis. In order to precisely orchestrate these complex molecular processes, cells depend
on mechanisms that allow communication between different parts of a single celland among
different cells. Cell communication during tissue injury occurs via signaling molecules that
are being produced by injured cells (proteins, miRNAs, ions, chemical

molecules). These signaling molecules cause a cascade of activation or inhibition of other
molecules (signaling pathways) leading to a particular biological response in the same
cell or in adjacent or further located healthy cells in different places in the body via blood
circulation.

A major cell signaling pathway orchestrating homeostasis in many organ systems is the
superfamily of proteins Transforming growth factor 3 (TGF). Its prototype TGFB1 was
identified over 3 decades ago. The TGF superfamily consists of 33 proteins encoded by
the human genome, seven in Drosophila and four in C.elegans?.

Its mechanisms of signal transduction are often deregulated in human diseases; thus, it is
subject of vigorous investigation in various types of cancer and fibrosis.
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Chapter 1

1.2. Outline of the thesis

Dysregulation of gene function of TGF3 pathway components is a common cause of human
diseases such as cancer and fibrosis. The scope of the research described in this thesis is
to characterize the therapeutic potential of different inhibitory strategies of TGFf3 protein
signaling cascade. The objective is to target and potentially “correct” the expression and
function of proteins encoding TGFf signaling components using

clinically applicable compounds such as antisense oligonucleotides, small molecule
inhibitors or neutralizing antibodies. We focus on inhibition of TGFf3 signaling pathway in
in vivo and ex vivo models of human fibrosis (Dupuytren’s, liver) and cancer (prostate, liver).

Small molecule kinase inhibitor
LY364947 targeting TGFp receptor

Tissue Regeneration

Fibrosis Cancer
Ex vivo model Dupuytren'’s fibrosis In vivo application of ALK1Fc ligand
AON application targeting TGF(3 receptor trap in primary cancer

In Chapter 1, a general introduction on the TGF( signaling pathway is presented and its
role in normal conditions (homeostasis and tissue regeneration) as well as in pathological
conditions (fibrosis, cancer) is described. An overview of different inhibitory strategies for
molecular manipulation and ongoing clinical trials targeting TGFf is provided.

In Chapter 2, a comprehensive review is presented about the pleiotropic role of TGF3 during
liver development and regeneration with particular emphasis on regulation of epithelial
cell (hepatocyte) and hepatic progenitor cell- induced regeneration. An overview of the
current aspects of liver research with regards to cell replacement therapies is presented.

In Chapter 3, we show the in vivo use of a small molecule inhibitor (LY364947) targeting
kinase activity of TGF(3 type | receptor in a mouse model of injury-induced liver regeneration.

In Chapter 4, a novel ex vivo methodology is described for the study of human Dupuytren’s
fibrosis, a primarily TGF3-driven disease. A step-by-step protocol of the tissue ex vivo
culture system and its applications are described. This technique is used in combination
with biochemical and imaging techniques that could be applicable for the study of various
types of human fibrosis.
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In Chapter 5, the ex vivo culture system of human fibrotic tissue is used as a platform for
TGFp pathway deactivation using small molecule inhibitor and antisense oligonucleotides.
Both strategies aim to target the activin receptor-like kinase-5 (ALK5) activity (TGF( type |
receptor) either at the protein or messenger RNA level. Specifically, the data suggest that
inhibition of ALK5 activity is applicable ex vivo and exhibits anti-fibrotic effects evident by
reduction of extracellular matrix protein deposition.

Chapter 6 describes the use of anti-human ALK1 neutralizing antibody ACE-041 (ALK1Fc)
as a tumor angiogenesis inhibitor in primary prostate cancer. This compound is currently
being tested in clinical trials for solid tumor treatment. In this study, we show the in vivo
effects of ALK1Fc in tumor burden and angiogenesis in a primary prostate cancer mouse
model using orthotopic transplantation of human prostate cancer cells.

In Chapter 7 (Discussion) the results presented in this thesis, implications deriving from
this work and applicability of TGFf3 targeting drugs are discussed.

In Appendix | we introduce preliminary data supporting a role for CRIPTO, a TGF(3 superfamily
type lll receptor, in liver regeneration and human hepatocellular carcinoma. CRIPTO is
normally expressed only during embryonic development. Our data indicate reactivation
of CRIPTO in the mouse liver after toxin-induced acute injury and in human liver cancer
specimens suggesting its use as a potential diagnostic biomarker for human hepatocellular
carcinoma.

Summary (Appendix Il) includes an overview of the key findings of this thesis.

1.3. TGF@ superfamily

The Transforming growth factors (TGFs) were firstly identified as secreted proteins from
murine sarcoma virus-transformed fibroblasts; these proteins induced in vitro transformation
to neoplastic-like phenotype as evidenced by cell division, morphological changes and
anchorage-independent growth*%. Two distinct classes of proteins were isolated, the
type a and type (3 with different properties and synergistic effects. In fact, the original
observations suggested that TGF(3 per se does not stimulate cell growth unless combined
with other growth factors such as TGFa and epidermal growth factor (EGF)*. Although
initially TGF3 was found present in neoplastic cells 7 further studies showed its expression in
various normal human cells and tissues such as platelets®, placenta® and during embryonic
development’®™. A physiological role in cell differentiation, wound healing, angiogenesis
and as an inhibitor of cell growth was attributed to TGFf in various tissues’?. Despite the
functional complexity of TGFf3 the core signaling components and their interactions appear
at first instance rather simple.

The TGFf superfamily of ligands can be divided into subfamilies; TGF3 proteins, bone

morphogenetic proteins (BMPs), the growth and differentiation factors (GDFs), ACTIVINs,
MYOSTATINS, NODAL and Anti-Mullerian hormone (AMH).
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Chapter 1

The molecular skeleton of TGF3 pathway is comprised by the extracellular TGFp-family
ligands, which elicit their signals into the cell by binding to type Il receptor (TBRII), forming
heterodimer complexes with type | receptor TBRI/ACTIVIN receptor-like kinase (ALK5)3.
This interaction activates the receptor’s serine/threonine kinase activity to phosphorylate
and activate SMAD transcription factors. Phosphorylation of receptor-activated SMADs
(R-SMADs) by the activated type | receptor allows the R-SMADs to form heterodimers with
partner SMAD (co-SMAD/ SMAD4) and translocate to the nucleus where, in collaboration
with transcription factor complexes, they activate or inhibit the transcription of target
genes’ (Fig.1).

1.3.1. BMP subfamily

BMP factors were firstly identified as chondrogenic and osteogenic inducers. Further
investigations revealed various roles for BMPs during embryogenesis; kidney, skin, hair,
muscle, haematopoietic and neuronal development, as well as a role in iron metabolism
and vascular maintenance™ 7. Although BMPs typically activate BMP type | receptors
and R-SMAD1, 5 and 8, they can be further classified into several subgroups, including
BMP1/2/3/4 group, BMP5/6/7/8 group, growth and differentiation factor (GDF)5/6/7 group
and BMP9/10 group’*'8. BMP2, BMP6 and the most recently identified BMP9 are the most
potent inducers of osteogenesis™. Although structurally different, other members of the
BMP pathway are GDF8/MYOSTATIN and GDF9, having a role in muscle tissue and ovarian
development, respectively?*?'.

Signal transduction of BMP subfamily is conducted in a similar manner as the TGFf3 cascade.
BMP ligands use BMPRII, ACVR2A or ACVR2B type Il receptors and have affinity for ALKT,
ALK2, ALK3 and ALK62%2. SMAD1, 5 and 8 are the BMP-specific R-SMADs that translocate
to the nucleus upon activation by the type | receptor and regulate BMP target gene
transcription’ (Fig.1).

1.3.2. TGFf canonical pathway
Level 1. Ligand synthesis and secretion

There are three types of TGFf ligand isoforms: TGF(31, TGFf2, and TGF(33, all of which are
highly conserved among species. Mature TGF(31, TGFf32 and TGF 33, which are produced after
proteolytic activation from cleavage precursor proteins, share high aminoacid sequence
homology and functional similarity. However, it has been reported that TGF(32 and TGF(33 are
biologically more active than TGF31?* and their tissue expression follows a distinct pattern?.
Following the identification of the three isoforms?*? novel information from transgenic
mouse models added to our understanding of the crucial and specific role during embryonic
development for all three isoforms. Genetic deletion of TGFB1 in mice leads to general
inflammation?® and early death?’ due to vascular and hematopoietic abnormalities during
development3’. Mice lacking TGF33 exhibit lung and cleft palate defects due to abnormal
epithelial-to mesenchymal transition (EMT) and die immediately after birth®2. Homozygous
deletion of TGF32 confirmed the previously suggested role of TGF2 in cardiogenesis® but
also causes multiple defects (cardiac, lung, eye and skeletal tissues among others) that are
not resembling the TGFB1 or TGF3 knockout phenotype®.
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TGFB1, B2, B3 NODAL, GDF1,3 BMPs,
ACTIVINA/B GDFs
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TGF@RI ALK1, ACVR2A, ALK4, QE%Q ALK1,ALK2,
ALKS ACVR2B ALK7 BVPRI ALK3,ALK6

cellmembrane
£ "N - P
Gowor Gowor
SMAD3 SMAD3

NV N

“sman2), _('smap2 SMAD3
3 A

cell nucleus

TGF@, NODAL,
ACTIVIN
target genes

Fig.1. Overview of TGFp signaling pathway

The core of the pathway is comprised by the SMAD effectors that mediate downstream signaling from extracellular
ligands; TGF3, ACTIVINS, NODAL, BMPs, GDFs. (left) TGFf3 ligands bind to type Il receptor TGFBRII, which recruits
and phosphorylates the type | receptor ALK5 or ALK1 (endothelial cell-specific receptor). ALK5 phosphorylates
R-SMADs (SMAD2 and SMAD3) that form complexes with phosphorylated SMAD4 and translocate into the nucleus.
R-SMAD/SMADA4, together with co-factor proteins, bind to gene promoter regions and induce or repress target
gene transcription. (middle) NODAL, GDF1, GDF3 and ACTIVIN-A, -B bind to ACVR2A, ACVR2B and activate ALK4 or
ALK7. ALK4/7 transduce their signal via SMAD2 and SMAD3 effectors, similarly to the TGF{3 cascade. (right) GDFs/
BMPs bind simultaneously to a combination of type Il (BMPRII, ACVR2A or ACVR2B) and type | receptors (ALKT,
ALK2, ALK3 or ALK®). This leads to phosphorylation of R-SMADs, SMAD1, SMAD5 and SMAD8 which couple to
SMAD4 and as a complex enter the nucleus and regulate GDF/ BMP target gene expression.

TGFp proteins are expressed as inactive pre-pro-peptides; latency is controlled by binding to
the latency-associated peptide (LAP) and latent TGFf binding protein (LTBP) and is reversed
by proteolytic cleavage®. Briefly, after protein synthesis and signal peptide removal by
endoplasmic reticulum proteases, the pro-TGF peptides assemble in inactive homodimers
and are secreted in the extracellular space. The pro-TGF[ peptide is further cleaved in the
secretory vesicles or in the extracellular matrix (ECM) by enzymes (convertases) into two
fragments; a C-terminal immature TGF3 peptide and an N-terminal peptide (LAP). The
LAP-TGFP complex remains non-covalently attached (small latency complex, SLC) or binds
further to LTBP forming the large latency complex (LLC)*. LTBP stabilizes the complex by
binding to ECM components such as fibronectin, fibrillin1 and integrins®’.
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Mechanical stress, cell contraction, extreme pH or temperatures are some of the factors
inducing disintegration of LLC by degradation of fibrous matrix (proteases e.g. plasmin,
elastase, thrombin). Cleavage of LTBP by BMP1 protease and matrix metalloprotease
enzymes (MMP-2) leads to release of TGF[3 from the LAP complex®8. Additional mechanisms
of activation of latent TGFf3 include integrins %, fibronectin®® and the matricellular protein
thrombospondin-14'. After dissociation from the LAP, the active TGF3 homodimer is then
recognized by the TGFf type | and type Il receptors on recipient cells in a cell autonomous,
paracrine and endocrine manner.

Level 2. Receptor binding

Receptors of TGFf signaling are serine/threonine kinase receptors and are distinguished
in two types (type | and type I1)’2. The co-receptor class (type lll; B-GLYCAN, ENDOGLIN and
CRIPTO) has auxiliary function. Active TGF{3 ligands bind to the constitutively active TGF3
type Il receptor™. The type Il receptor transphosphorylates the type | ACTIVIN receptor-
like kinase (ALK) thus leading to an interacting formation between a ligand homodimer
and a heterotetramer of type I/ type Il receptors’. Five type Il receptors (TGF(3RII, BMPRI,
ACVR1A, ACVR1B, and seven type | receptors (ALK1-ALK7) have been identified*. Different
combinations of receptor-ligand assemblies provide differential signaling specificity

(Table 1). The predominant type | receptor of TGFf ligands is the ALK5%, with the exception
of signaling via ALK1 in endothelial cells*. The ALKs contain an extracellular domain for
ligand interaction, a glycine-serine residue rich (GS) domain; site of phosphorylation by
the type Il receptor occurs and the serine/threonine kinase domain**#. Levels of activated
receptors determine the levels and duration of activation of downstream signal mediators “.

Ligand Type | receptor Type Il receptor
TGFBRI (ALK5)
TGFB TGF%’FTBC;FSZ' TGFBRII
ALK1
BMP2, 4 ACVRL1 (ALK1)
GDF5/6/7 ACVR1 (ALK2) //-\\(C:\\;gg
BMPs BMP5/6/7/8 BMPR1A (ALK3) BMPRII
BMP9/10 BMPR1B (ALK6)
ACTIVIN A, AB, A
Inhibin A, B ACVR1B (ALK4) ACVR2A
ACTIVINs, NODAL NODAL ACVR1C (ALK?7) ACVR2B
GDF1/3
ACVR1 (ALK2)
AMH AMH BMPR1A (ALK3) AMHR2

Table 1. Combinations of receptor- ligand interactions of TGFB subfamilies

Abbreviations: ACVR2A; ACTIVIN A receptor type IIA, ACVR2B; ACTIVIN A receptor type IIB,

ACVRL (ALK); ACTIVIN A receptor type ll-like, AMH; anti-mullerian hormone,

AMHR?2; anti-mullerian hormone receptor type Il, BMPR; bone morphogenetic protein receptor,
GDF; Growth and differentiation factor. TGFBR; transforming growth factor receptor. Adapted from*.
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Level 3. SMAD protein recruitment

The intracellular canonical TGF3 pathway effectors, which mediate signal transduction from
the receptors towards the nucleus, are the SMAD proteins. Nomenclature of SMAD is based
on the homology with the C. elegans and Drosophila mutants SMA and MAD, respectively, in
whom they were firstly identified®®. Three classes of proteins are distinguished; the receptor-
associated SMADs (R-SMADs; SMADT, 2, 3, 5, 8), the inhibitory SMADs (SMAD6, 7) and the
common SMADs (co-SMAD4)™. Structurally, SMAD proteins have two globular domains
(MH1 and MH2) associated by a regulatory linker region?. MH1 is required for DNA binding.
The MH2 domain is required for interaction with membrane receptors, nucleoporins, other
SMADs and transcription factors®’. The linker region is a site for protein-protein interactions
(positive and negative regulators of SMADs) and is regulated by phosphorylation e.g. by
cyclin-dependent kinases (CDKs)*?, MAPK kinases®. Ligand binding of TGFp1, 32, and 33
to the receptors leads to recruitment and activation of the SMAD2 and SMAD3 mediators.
Instead, BMP ligands lead to recruitment of SMAD1, SMAD5 and SMADS to BMP receptors. In
either case, R-SMADs are phosphorylated by the type | receptor at the Ser-X-Ser motif of the
MH2 domain (X; any aminoacid) and form a complex with other R-SMADs and subsequently
with the co-activating SMAD4 mediator?. The R-SMAD/SMAD4 protein complex relocates
to the nucleus, where it interacts with DNA sequences by assembling with co-activators,
transcription factors (TFs) and chromatin modifiers to regulate activation and repression
of certain target genes.

Level 4. Transcriptional activity

Activated R-SMAD?2 and -3 form heterodimeric or heterotrimeric complexes with SMAD4
complexes and bind to DNA in CAGA motifs namely SRE sites (SMAD-response element).
BMP-related TFs (R-SMAD1, 5, and 8) bind to SRE sites but have higher affinity for GC-rich
regions containing BMP-response-elements (BRE sites). An additional BMP binding site has
been identified (GC-BRE) that confers cell type- specific gene transcription in endothelial
versus smooth muscle cells*). However, R-SMADs DNA binding affinity is weak, thus they
form complexes with other DNA binding TFs, which explains the multifunctionality of
SMAD pathway*. Cell type- specific responses are determined by differential interaction
with specific TFs that direct R-SMAD2 and -3 in certain binding sites; e.g. RUNX factors in
hematopoietic cells, OCT4 and SOX2 in pluripotent cells, MYO-D to initiate the muscle
program®s. Interactions of R-SMADs with co-activators and co-repressors determine activation
or inhibition of downstream target gene transcription. Identified co-activators of SMADs
include adenovirus early genel (E1A)- binding protein (p300), CREB binding protein (CBP)
and Specificity protein-1 (SP1). Co-repressor factors associating with R-SMADs are the SWitch/
Sucrose Non-Fermentable (SWI/SNF) nucleosome positioning proteins, DNA demethylating
complex (DNDM), Forkhead Box (FOX) and elongation factor-2 (E2F) factors? The TGF(3 target
genes SKI and SNON are co-repressor factors associating with phosphorylated SMADs in
the nucleus in order to repress SMAD transcriptional activity®¢. Multiple target genes are
controlled by SMAD canonical pathway and can be classified based on the activating ligand
(TGFB/ACTIVIN/NODAL or BMPs) or depending on its function on a particular cellular process
(angiogenesis, ECM, immunosuppression, apoptosis). Table 2 indicates the most common
target genes activated by TGFf and BMP pathway.
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SMAD Target genes
Growth arrest Apoptosi: Angi i ECM EMT
TGFB/ACTIVIN- CDKN1A (p21CIP1), BAD (BCL-XL),- TSP-1 FN, COL1A1, SNAIL1/2, ZEB1/2,
Responsive CDKN1B (p27KIP1), BIM,GADD45B COL1A2, DCN, PAI-1, HMGA2
CDKN2B (p15INK2B), PDGF@, MMP2,
CMYC, TIMP1, CTGF, ACTA2,
Differentiatic Osteog i Infl i Cardiogenesis EMT/MET
BMP-Responsive ID1,1D2, ID3, OSTEOCALCIN, JUNB, IKBa NKX2.5 Z0-1,SNAIL1, ID2
SMAD6/7, GATA3 RUNX2, OSX

Table 2. Common target genes of TGFB/ BMP pathways classified in various cellular responses
Abbreviations. ACTA2; aorta smooth muscle actin a 2, BAD (BCL-XL); BCL-2 associated agonist of cell death, BIM;
BCL-2-like 11, CDKN1A (p21, CIP1); cyclin-dependent kinase inhibitor 1A, CDKN1B (p27KIP1); cyclin-dependent
kinase inhibitor 1B, CDKN2B (p15INK2B); cyclin-dependent kinase inhibitor 2B, CMYC; v-myc avian myelocytomatosis
viral oncogene homolog, COL1AT; collagen type 1 a 1, COL1A2; collagen type 1 a 2, CTGF; connective tissue growth
factor, DCN; decorin, ECM; extracellular matrix, EMT; epithelial-to-mesenchymal transition, GADD45B; growth arrest
and DNA-damage-inducible 45 beta, FN; fibronectin, GATA3; GATA binding protein 3, HMGA2; high motility group
AT-hook 2 protein, ID; inhibitor of differentiation, IKBa; nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor, alpha, JUNB; jun B proto-oncogene, MET; mesenchymal-to-epithelial transition, MMP2; matrix
metalloprotease 2, NKX2.5; NK 2 homeobox 5, OSX; osterix (Sp7 transcription factor), PAI-1; plasminogen activator
inhibitor 1, PDGF; platelet derived growth factor  polypeptide, RUNX2; runt related transcription factor 2, SMAD;
Sma-Mad family member, SNAIL; snail zinc finger protein, TIMP1; tissue inhibitor of metalloproteinase 1, TSP-1;
thrombospondin-1, ZEB; zinc finger E-box binding homeobox, ZO-1; tight junction protein 1.

1.3.3. Regulation of the TGFf3 pathway

Multiple inhibitory mechanisms are integrated within the network of TGF3 pathway to
control the timing, duration and cell context- dependent activation of the signaling cascade.
Induction of TGFf pathway simultaneously elicits negative feedback mechanisms that
span throughout the cell from the extracellular space to the nucleus (reviewed in®"¢-58),
Understanding these mechanisms is clinically relevant for treatment of human diseases, as
the intrinsic inhibition of the pathway has been mimicked with drug compounds used in
clinical trials. An overview of these mechanisms is discussed in this section, starting from
the cell membrane level and progressing gradually towards the cytoplasmic and nuclear
level (Fig.2).

1.3.3.a. Antagonists of ligands

Extracellular inhibitory mechanisms of the TGFf signaling include the association with LAP
and LTBP that keep ligands in inactive state, as discussed in section 1.3.2 (level 1), as well
as additional molecules with similar function.

For example, DECORIN is a small leucine-rich proteoglycan produced by smooth muscle
cells, fibroblasts and vascular endothelial cells with inhibitory role for TGF3%. It forms a large
network with matrix proteins, receptor tyrosine kinases and growth factors, in particular
with components of the TGF3 pathway?®. DECORIN inhibits TGF{ signaling by sequestering
the ligands and preventing their binding to the type Il receptor®’.

Alternatively, DECORIN employs the calmodulin-dependent kinase Il to phosphorylate
SMAD?2 at the inhibitory Ser-240 site®. This phosphorylation does not prevent nuclear
translocation of SMAD2 (due to activating Ser 465/467 phosphorylation by type | receptor)
but blocks interaction of SMAD2 with SMAD3 and nuclear translocation of SMAD3¢2,
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Other antagonists of different branches of TGF signaling with similar function as DECORIN
are NOGGIN, GREMLIN, SCLEROSTIN, CHORDIN, FOLLISTATIN, VENTROPTIN, Follistatin-related
gene protein (FLRG), CERBERUS and LEFTY#22%63 that negatively regulate signal activation
at the ligand level.

FOLLISTATIN,
LAP, VENTROPTIN, FLRG, NOGGIN, CHORDIN,
1. Antagonists of ligands DECORIN CERBERUS, LEFTY GREMLIN,SCLEROSTIN,
TGFB1,
16rg2, ENDOGLIN, CRIPTO NODALGDFI13 B-GLYCAN, BMPs, ENDOGLIN,
2.Type lll receptors [TGF3 8 B-GLYCAN ACTVINAZ - gamBI GOFs BAMBI
I i Il N
3. Intracellular inhibitors
FKBP12 blocks type | receptor phosphorylation . Cowodd ) @ B
07 PP1 /\ l\
SMAD7/SMURF2 mark receptors/R-SMADs for degradation SM‘“”) > f SMAPD \ SMA,DD

i GADD}D Gowod Cowod

PP2A o

Lowod, 1 Gt
SMADS blocks R-SMAD1/5/8 binding to SMAD4 € D) o) @“"(Q %ps
@ — o) Gl UBD

MAPK, CDK linker phosphorylation of R-SMADs

inhibits nuclear retention SMURF1/2 SMURF1/2
4. Transcription regulation MAPK $ UE)!

; CDK
L FOX03 ¢
I-SMADs occupy SRE binding sites B @ = Swaof cell nucleus.
AMAD2 Dy TGFp, NODAL, " BMP
0 SMADSR SM“"! ACTIVIN - < < targetgenes

ARKADIA ubiquitinates I-SMADs to activate signal target genes

Phosphatases PP1, PP2A deactivate ALK5 or R-SMADs

Corepressor TGIF competes with = ~y —_Crswny
P300 ) CBP
coactivators p300/CBP to inhibit transcription TGIF ) P3¢ 20 - ) Ua SMAD? 3 suao1 )
- - ARKADIA —
Corepressors SNO and SKI and FOXO DNA binding factors
inhibit R-SMAD/SMAD4 binding to gene promoters

Fig.2. Regulation of TGFB pathway from extracellular space to nucleus

Overview of the intrinsic TGF3 pathway mechanisms that control the duration of TGF(3 signal activation at different
subcellular localizations; (1) ligand antagonism in the extracellular space, (2) modulation of receptors and ligands
at the membrane level by ENDOGLIN, CRIPTO, 3-GLYCAN, pseudoreceptor bone morphogenetic protein and
activin membrane-bound inhibitor BAMBI, FKBP12, (3) intracellular inhibitors -SMADs (SMAD6 and SMAD?7),
E3 ligases SMURF1/2, phosphatases PP1/PP2A, MAPK and CDK kinases inhibit R-SMAD nuclear translocation via
phosphorylation in the linker site of R-SMADs, (4) at the nucleus level, SMURF1/2 mark activated R-SMADs for
degradation, SMAD7 and FOXO factors directly inhibit gene transcription, co-repressors TGFB-induced factor 1
TGIF, SNO and SKI antagonize for gene promoter binding either with the co-activators p300/ CBP or R-SMAD/
SMAD4 complexes and E3 ubiquitin ligase ARKADIA marks I-SMADs for degradation to elongate signal activation.
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1.3.3.b. Type lll receptors

A third group of TGFf receptors (type Il co-receptors) modulate the interactions between
the type I/ [l receptors and the ligands. To date, three such co-receptors have been identified;
-GLYCAN, ENDOGLIN (CD105) and CRIPTO (TDGF1). 3-GLYCAN directs TGF(2 to the type I
receptor to facilitate signal activation® and enhances ALK3 and ALK6 signaling®. ENDOGLIN
plays an important role in angiogenesis along with ALK1, TGF3, BMP9 and BMP 106667,
ENDOGLIN is present in two isoforms (S and L form) as a membranous and secreted protein®
and facilitates the binding of TGF ligands to the ALK1 in endothelial cells (activation of
R-SMAD1, 5, 8), therefore preventing association of TGF3 with ALK5 and activation of
R-SMAD2/3%. The TGFf ligands NODAL and GDF1/3 require association with CRIPTO co-
receptor in order to bind to the ALK4, ALK5 and ALK7 and induce activation of SMAD2 and
SMAD3. Paradoxically, CRIPTO can inhibit SMAD2/3 phosphorylation mediated by TGF by
binding to TGFf ligands and preventing their binding to receptors”®”". Multiple functions
are attributed to CRIPTO that are NODAL and TGFB-independent, such as modulation of
a network of signaling pathways (e.g. NOTCH, WNT, AKT) pathways in various tissues’?74
and regulation of EMT in development and cancer’®. The role of CRIPTO will be extensively
discussed later in this chapter.

A distinct type of co-receptors are the glycoproteins of the repulsive guidance molecules
(RGM) family, which inhibit specifically the ligands of the BMP branch?67%, as opposed
to other co-receptors that recognize various ligands. RGMa, RGMb (Dragon) and RGMc
(hemojuvelin) particularly enhance signaling mediated by BMP2 and BMP4 or guide them
to use alternative type Il receptors e.g. ACVR2A instead of BMPRII”®.

1.3.3.c. Inhibition at the cell membrane level

Assembly of type | and Il heterodimers is tightly regulated by a certain type of pseudoreceptor
(BMP and ACTIVIN membrane-bound inhibitors; BAMBI) that consists of an extracellular
domain of high structural similarity to serine/threonine receptors®. BAMBI binds BMPs and
type I/ type Il receptors but lacks cytoplasmic domain, thus preventing activation of type
| receptor and downstream signaling?2.

TGFB and BMPs directly induce BAMBI transcription®'#2 as a negative feedback mechanism
to regulate the duration of signaling. To regulate the step of type Il receptor-induced
type | receptor transphosphorylation, the Ser/Thr residues of the type | receptor, that are
phosphorylated by the type Il kinase, are blocked by the inhibitor FK506-binding protein
(FKBP12).In the inactive state (absence of ligand), type | receptor interacts via the GS domain
with the inhibitor FKBP12 at the intracellular cell membrane site33. FKBP12 prevents type |
phosphorylation rather than interaction with type Il receptor and is a regulatory mechanism
to prevent ligand-independent receptor activation for ALK534 as well as for BMP type |
receptors®. Phosphorylation in the GS domain (adjacent to FKBP12 binding site) by the
type Il receptor releases FKBP12 and induces conformational change that facilitates binding
of downstream effectors R-SMADs84%¢,

In homeostatic conditions, R-SMADs are actively retained in the cytoplasm while SMAD4
shuffles continuously from the cytoplasm to the nucleus®.

The presence of the docking complex SMAD anchor for receptor activation (SARA) in the
intracellular part of cell membrane keeps SMADs in the cytoplasm to facilitate receptor
interaction and phosphorylation®”. SARA binds SMAD2 and blocks the nuclear import signal
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located in the MH2 domain; this process is reversible upon phosphorylation of R-SMADs
by the type | receptor®.

1.3.3.d. Post-translational modifications (PTMs) of receptors and R-SMADs

Post-translational modifications (phosphorylation, ubiquitination, sumoylation, glycosylation,
fucosylation) affect protein folding and activity and as a result may increase or limit the
bioavailability of the receptors and the activated R-SMADs during TGFf3 response. In this
paragraph an overview of the most common PTMs and their dynamic role in TGF3 pathway
is discussed.

Phosphorylation promotes or inhibits kinase activity of both type | and type Il receptors; the
Ser/Thr kinase of TGFBRIl is constantly active due to autophosphorylation?®, while Ser416
phosphorylation inhibits kinase activity®®. Type | receptor exerts multiple functionalities by
dual kinase activity; Ser/Thr phosphorylation as well as autophosphorylation of tyrosine (Tyr)
residues. Lee et al., have demonstrated the way Tyr autophosphorylation of ALK5 activates
ERK kinase which comprises a cell growth stimulus, counteracting the SMAD2/3 cytostatic
pathway?’. Deactivation of kinase domain and activated SMADs by dephosphorylation
controls the duration and location of signal. Phosphatases are enzymes that remove the
phosphate group from proteins and reverse phosphorylation, thus, switching the protein
activity. There are three types of phosphatases, Ser/Thr, Tyr or of dual activity that contain
catalytic and regulatory domains. Phosphatases PP1 and PP2A are established regulators
of TGF3 member dephosphorylation. For instance, PP1 is recruited to dephosphorylate
the type | receptor by a complex of SMAD7 and growth arrest and DNA damage protein
GADD34, a regulatory subunit of PP1%2, Phosphatase PP2A dephosphorylates SMAD3 but not
type | receptor or SMAD2, indicating the specificity and regulatory role of these enzymes®.
In addition to Ser/Thr and Tyr phosphorylation multiple other PTMs have been identified to
positively or negatively regulate the function of the type I/ [l receptors, such as sumoylation,
ubiquitination®® and possibly others. Such modifications also alter protein folding, protein
localization, assembly with other proteins or target a protein for degradation®. For instance,
sumoylation marks on unique sumoylation site Lys389 of the ALK5 modulates the kinase
activity, recruits SMAD3 and potentiates signal activation®%96%7,

Activated TGFf/type | and type Il complexes follow two intracellular routes; the clathrin-
mediated endocytosis, that propagates the signal downstream, and the caveolae-associated
cascade that interrupts the signal by degradation of the ligand/receptor complexes®.
The degradation takes place either in lysosomes or in proteasomes; the latter requires
ubiquitination by E3 ligases (ARKADIA, SMURF family)®&99,

SMURF1 and SMURF2 often bind I-SMADs, such as SMAD77%, and migrate from the nucleus
to the cytoplasm to form complexes with activated receptors in the caveoli. This leads to
polyubiquitination of the receptors, SMAD7 and SMURFs all of which are proteolytically
degraded?®”%°,

ARKADIA is a RINF-finger E3 ubiquitin ligase that marks SMAD7 for ubiquitin-mediated
degradation thus aborting SMAD?7 inhibitory function and enhancing SMAD signaling™’.
Inflammation-induced nuclear receptor NR4A1 is responsible for ARKADIA activation and
SMAD?7 degradation, a mechanism linking TGF3 hyperactivation with inflammation and
tumor promoter activity’0%793,

Function of ARKADIA is highly determined by sumoylation’%%, Deletion of ARKADIA
in mice leads to upregulation of SMAD6, SMAD7 and SKI and it has been shown that it
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ubiquitinates SMADG6 and potentiates BMP signaling’®. ARKADIA has dual functions at
the transcriptional level where it interacts with chromatin remodelers such as Polycomb
repressive proteins but has also proven to abort methylation-induced gene silencing
of TGFp target genes’™. In addition, ARKADIA ubiquitinates SKI/ SNON associated with
pSMAD2/3 complexes’®. Degradation of this repressory network allows the formation of
new pSMAD/ DNA complexes’ 70

In addition, other PTMs of R-SMADs include phosphorylation in the linker region by GSK3,
MAPK kinases, or cell cycle protein CDK4 which causes ubiquitination by E3 ligases (Lys11,
Lys48) and proteasomal degradation2. Sumoulation of SMAD4 (Lys 159, 113) has been
reported to regulate its function in renal and breast cancer cell lines’"""2, Nuclear pPSMAD4
is monoubiquitinated by USP9x to disrupt activated R-SMAD/SMAD4 complexes and release
SMAD4 back to the cytoplasm?™.

1.3.3.e. Inhibitory SMADs (I-SMADs) and transcriptional repression

An intracellular negative feedback loop mechanism, directly induced by TGFf3'"4, as well as
BMPs™"%, is the activation of I-SMADs, SMAD6 and SMAD7"%7"7,|-SMAD:s effectively limit or
block completely the pathway by functioning in multiple subcellular localizations*”#°. The
intracellular circulation of I-SMADs is coupled to their function; (i) type | receptor blockers at
the cell membrane’'” ", (ji) antagonists of SMAD4 in the cytoplasm"®72° or (iii) occupying
SRE binding sites to prevent SMAD- DNA functional complexes in the nucleus’™’. SMAD?7 is
primarily found in the nucleus during absence of ligand stimulation, while presence of TGFf1
directly mediates the nuclear export of SMAD7? to induce inhibition of the type | receptor’?.
In addition, I-SMADs recruit E3 ubiquitin ligases SMURF1 and SMURF2 to direct them
towards the phosphorylated type | receptors or R-SMADs for degradation®'%°. SMAD7
inhibits both TGF and BMP signaling’*"24 while SMAD6 has BMP-specific action’. I-SMADs
are subjected to functional restriction by other interacting proteins; e.g. BMPs activate an
inhibitor of SMADG6 (associated molecule with the SH3 domain of signal transducing adaptor
molecule, AMSH), which blocks SMAD6/SMAD1 complex formation and thereby SMAD1
phosphorylation is maintained’?.

Ultimately, the presence of activating and repressing TFs and complexes at a given gene
promoter site determines whether SMADs exert a positive or negative transcriptional activity.
Co-repressors play an important role in regulating the duration of signaling and proper
target gene expression. Such co-repressors SKI, SNON, TGF3-induced factor homeobox (TGIF)
that interfere with SMAD signaling by repressing transcription of TGF/BMP target genes’,
In turn, expression of these co-repressor proteins is induced by SMAD signaling. Another
mechanism is the recruitment of HDAC co-repressor complexes to inhibit transcription
which is mediated by I-SMADs; SKI co-repressor recruits HDACs and methylase complexes
to repress the expression of SMAD7'%,

1.3.4. NODAL pathway

NODAL pathway has important functions during gastrulation, mesendoderm formation,
induction of extraembryonic endoderm and left/ right asymmetry during embryonic
development®®*728737 During adulthood NODAL pathway is quiescent and its reactivation
is often associated with pathological situations’2,

Signaling is activated upon NODAL, GDF1 or GDF3 ligand binding to ALK4 or ALK7 and
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ACTIVIN type Il receptors. The accessory type lll receptors CRIPTO (obligatory co-receptor for
NODAL, GDF1/3) and CRYPTIC bind to the activated receptor heterotetramer and mediate
SMAD?2 activation’®3, CRIPTO and CRYPTIC belong to the epidermal growth factor-like,
cysteine-rich CRIPTO-FRL1-CRYPTIC (EGF-CFC) protein domain family and have a dual role
both as membranous and secreted proteins after cleavage of the glucophosphatidylinositol
(GPI) link™473¢_CRIPTO also functions as a chaperone of immature NODAL protein, directs it to
the extracellular part of cell membrane where it is being subjected to proteolytic activation
by convertases (FURIN and PACE-4)"¥. CRIPTO interacts with NODAL and TGFf ligands via
the EGF domain and with ALK4 via the CFC domain. CRIPTO interaction with NODAL is
functionally dependent on PTM O-fucosylation on Thr88 residue which is characteristic
of EGF domains’®2,

Downstream signal transduction is primarily mediated by SMAD2/SMAD4 heterodimers, which
associate with nuclear co-factors such as p53, FoxH1 to direct target gene transcription’,
A role for SMAD3 during NODAL signaling remains to be further characterized’. NODAL
target genes involve NODAL itself®?, CRIPTO™"and the negative regulators LEFTY and
CERBERUS™%42 L EFTY is an extracellular direct antagonist of NODAL ligand and the
ACTIVIN receptors, while CERBERUS and CERBERUS-like (DAN protein family) bind to NODAL
preventing its association with the receptors. Other negative regulators of NODAL signaling
include; DAPPER2 (binds type I/Il receptors for lysosomal degradation)’3, ECTODERMIN#,
TGIF1/2 proteins (co-repressors)’, BMP3 and BMP7 (sequesters NODAL ligand)™*46, In turn,
NODAL can also inhibit BMP signaling in a CRIPTO-independent manner™3,

In addition, CRIPTO has autonomous signaling functions that are NODAL and SMAD-
independent. In fact, CRIPTO individually regulates a large network of signaling pathways
e.g. activating p38, ERK and c-SRC/MAPK/AKT pathways’°. For this alternative function
CRIPTO synergizes with glucose-related protein-78 (GRP-78)7%72, GLYPICAN-1 signaling™,
caveolin™8, apelin™?, leucine-rich protein 5 (LRP5)"*® or NOTCH to modulate WNT and
NOTCH signal transduction”'57,

Aberrant CRIPTO pathway activity, particularly mediated via GRP78 by inhibiting TGF(3
and activating and c-SRC/MAPK/AKT, is associated with human malignancies; breast, lung,
prostate, ovarian, bladder, colon, liver, melanoma and glioblastoma??'5276° pPrognostic
methods and strategies for in vivo inhibition of tumor-promoter role of CRIPTO/ GRP78
(peptides, monoclonal antibodies, tumor vaccines) are being studied preclinically’¢’-76
and in phase | clinical trials’®.

1.3.5. Non canonical SMAD pathways

In addition to the classical SMAD pathways TGF( receptors exert their multifunctionality by
activating non-SMAD pathways such as PI3K/Akt, Ras/ MAPK kinases ERK, p38 and JNK'&*
(Fig.3). Both canonical and non-canonical branches have as starting point the TGF(3 receptors,
however, differential activities of the receptor complex due to PTMs, ligand-independent
oligomerization or binding to different interaction partners determine which subpathway
will be activated?.

Cells circumvent the growth inhibition of TGF/SMAD signaling by using TGF( to activate
the growth stimulatory RAS/ RAF/ MEK/ ERK MAPK kinase pathway*. The MAPK kinase
pathway is activated in response to mitogens such as EGF bound to receptor tyrosine
kinases (RTKs)®’. However, TGF{ elicits MAPK response due to the dual kinase activity of
TGFBRI and TGFBRII to transautophosphorylate not only serine/ threonine but also tyrosine
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residues (RTK function)®®. Activation of RTK leads to activation of monomeric GTPase RAS,
which acts as a scaffold between the RTK and RAF kinase (MAPKKK). Phosphorylation and
activation cascade of downstream kinases MEK (MAPKK) and finally ERK (MAPK) propagates
the signal to alter gene expression in favor of cell growth and proliferation’®, ERK MAPK
kinase propagates the signal via phosphorylation of target proteins in the cytoplasm (e.g.
inhibition of SMADs by linker phosphorylation) and also translocates to the nucleus to
activate gene regulatory proteins’66767,

Another TGFB/ non-SMAD mediated mechanism is the RTK function of TGFf3 receptors,
which activates the phosphoinositole-3 kinase (PI3K) pathway’é. PI3K activation leads to
recruitment of kinases PDK1 and Akt receptors in phosphorylated lipid docking sites where
the two kinases phosphorylate each other leading to activation of Akt'®. Akt phosphorylates
other proteins such as cell survival complex mTOR 170 or inactivates the proapoptotic
protein BAD via recruiting adaptor protein 14-3-37772 The net outcome is cell survival,
growth and proliferation.

In addition, TGF3 regulates actin cytoskeleton formation and cell adhesion by interfering
with the monomeric GTPase proteins of the RHO family (RHO, RAC and CDC42)¢5; TGFRII
phosphorylates polarity protein PAR6 that together with SMURF1 marks RHO for ubiquitin-
mediated degradation’”3. The function of RHO signaling is to maintain the epithelial tight
junctions, thus, TGF induces a mesenchymal transformation of epithelial cells'?3.
Another example of non-SMAD activation by TGF receptor is the network of ubiquitin
ligase TNFa-associated factor 6 (TRAF6) and TGFB-associated kinase 1 (TAK1), key inducers
of p38 and JNK MAPK pathway?¢. TGF3 activates TAK1 via TRAF6; TRAF6 is constitutively
bound to ALK5 and upon oligodimerization due to TGFf binding, TRAF6 molecules reach
physical proximity, which facilitates their transautoubiquitination. Subsequently, TRAF6
ubiquitinates TAK1 and activates its kinase catalytic domain. TAK1 activates p38 and JNK
MAPK by phosphorylation resulting in activation of transcription factors AP-1, c-JUN and
c-FOS™7#176_ Furthermore, as TGFp activates other non-SMAD pathways similarly members
of other signaling pathways are modifying SMAD effectors2. Thus, it should be kept under
consideration that crosstalk between pathways is usually bi- or multidirectional, increasing
the complexity of cellular responses to extracellular stimuli.

Page | 14



Introduction

P phosphorylation

u ubiquitination

TRAF6 uu
<« (RHOA |— < ‘
tight junction SMURF1 5 i 8
degradation, RTK g TAK1 v u
EMT activity 2 l \
0 bose
¢ * Ras
D) ! IKKa/Bly
N l ® RaF
14-3-3 ¢ NF-kB
1l @ v B
BAD ¢ inflammatory response
‘\ ,' % Erk .’AP1
N : PCJUN
AW P CFOS
cell survival v B ——
& proliferation cell survival cell survival, motility, apoptosis
& proliferation metabolic changes

Fig.3. TGFB/non-SMAD pathways and their biological effects
TGFp receptors alter gene expression via the MAPK/ERK, TRAF6/TAK1/p38/INK, NF-kB, PI3K/AKT/mTOR and
PAR6/RHO signaling pathways that lead to multiple cellular responses.

1.4. TGF signaling pathway in homeostasis and disease- studies in
liver, prostate and connective tissue

A plethora of biological processes are regulated by TGFf cytokine in embryonic and adult
tissues by means of growth arrest, cell differentiation, EMT, immune system regulation and
angiogenesis. In fact, the description attributed to TGF3 as cytokine (growth factor) is a
paradox since it promotes growth inhibition and halts cell proliferation (cytostasis) under
nearly all physiological conditions. Transcriptomic analyses have revealed that TGF(3 signaling
controls the activation and repression of hundreds of genes in a single cell and leads to
differential gene responses’” 78, Thus, tight regulation of this pathway is crucial to guard
signal specificity; the importance of growth inhibition is evident in human cancers where
TGFB-induced cytostasis is often disrupted.

The homeostatic role of TGFp is cell type and microenvironment-dependent. In brief,
anti-proliferative effects are exerted in epithelial tissues (for instance; skin, liver, breast,
prostate, and lung)®. Mechanistically, TGF inhibits cell cycle progression via regulation
of cyclin-dependent kinase inhibitors p15INK4B, p21CIP1, and p27KIP177%78, inhibits cell
cycle promoters such as the proto-oncogene C-MYC and ID proteins. Apoptosis is induced
through activation of caspase protein cascade’®’. Non-epithelial tissues are also under growth
control e.g. endothelium®2'8 fibroblasts’®, neuronal tissues’®, cells of the immune and
hematopoietic system’. In addition, TGF( signaling orchestrates wound-healing response
in most organ systems. If aberrantly regulated, it may lead to excess scar tissue formation,
accumulation of collagen-producing cells and extracellular matrix (ECM) and eventually
disrupt normal tissue structure and physiology.
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In this thesis the homeostatic role of TGF{ is highlighted in three organ systems; liver,
prostate epithelium and connective tissue (Fig.4).

Liver function is crucial for the homeostasis of the whole organism and is evident by the
evolutionarily preserved regenerative capacity of mammalian liver. Under normal conditions,
the liver is metabolically active but quiescent in terms of cell proliferation; cell division
is minimal greatly due to cytostatic role of TGF3 among other factors. Overexpression
of TGFB1 in hepatocytes (liver epithelial cells) leads to increased apoptosis, fibrosis and
reduced proliferative and regenerative response’”'8, |iver fibrosis is associated with
genetic polymorphisms of TGF gene leading to increased TGF31 serum levels’®®. The role
of TGFf3 in the liver is extensively discussed in Chapter 2.

Prostate tissue is divided in proximal, distal and intermediate ducts and androgen hormones
are the main regulators of its physiology’. Androgens have functional convergence with
TGFR™" which is expressed in a gradient form in prostate tissue. High levels of TGFf signaling
are present in the quiescent proximal region of ducts and androgen ablation reverses the
proximal-distal TGF( signaling gradient, leading to an increase in TGF signaling in the distal
region’®, Testosterone (5a-dihydro) decreases the level of TGF( receptor Il (TGFRII) leading
to suppression of the ability of TGFP to down-regulate expression of Bcl-xL and cyclin D,
activate caspase-3, and induce apoptosis’®. Overexpression of dominant-negative form of
TGFB receptor type Il in transgenic mice decreased apoptosis in the prostate epithelium’,
Accordingly, in vivo injection of TGF31, in the ventral prostate, increases apoptotic events’,
Connective tissue is an example of a non-epithelial system that is regulated by TGF(3
signaling. Connective tissue is comprised of cells and ECM, and is found in different types
in the body. ECM is composed by glycoproteins, fibrous proteins and glycosoaminoglycans,
which are secreted by cells, mainly fibroblasts. Variations in the ECM composition determine
the properties of the connective tissue (tendons, cartilage, eye cornea or if the matrix is
calcified, it can form bone or teeth). Generally, connective tissue is either loose (adipose), or
dense (tendons between muscles and bones), depending on the fiber arrangement. TGF3
plays an important role in the maintenance of the structural elements of ECM (collagen,
elastin fibers) as well as the proliferation of fibroblasts and their transdifferentiation into
myofibroblasts (MFBs). MFBs are crucial for wound healing as the main source of ECM
proteins and maintain a vicious cycle of TGF(3 production, responsiveness to TGF3 and
ECM secretion. In fact, normal wound healing in adult animals is greatly regulated by TGFf3;
initially TGF is secreted by platelets, which leads to recruitment of otherimmune cell types
(neutrophils, macrophages) and fibroblasts’. Fibroblasts initially migrate into the wound
area and secrete a collagen- and cellular fibronectin-rich ECM™’. In fact, fibronectin cross-
talks with TGF signaling influencing activation of latent TGFf3 in the matrix. Wound closure
is achieved by ECM remodeling and angiogenesis; both processes are orchestrated by the
pro-fibrotic and pro-angiogenic actions of TGF(.

Despite the plethora of biological processes that TGFf3 signaling is involved in, from a
clinical point of view, aberrant TGF expression/ downstream activation is often associated
with connective tissue disorders’®8, Mutations in TGF{3 receptors are linked with Marfan
syndrome’®?, Loeys-Dietz syndrome and others?®.
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Fig.4. Homeostasis in distinct organ systems and their regulation by TGFf signaling

(A). Liver disease progression from fibrosis to hepatocellular carcinoma (HCC), tissue cell types and morphology are
depicted. Effects of TGF{3 are summarized for the epithelial cells (hepatocytes and cholangiocytes) and the hepatic
stellate cells (HSCs), precursors of myofibroblasts (MFBs) in the liver. (B). Prostate tissue morphology with proximal
and distal ducts comprised by luminal and basal cells (neuroendocrine cells are not depicted here). TGF( ligands
exist in morphogenic pattern during homeostasis; highest concentration and signaling occurs in the proximal
duct site (note that prostate stem cells reside in this area). Androgens promote cell proliferation by interfering
with TGFBRII levels and androgen ablation therapy following prostate cancer detection leads to reversal of TGF3
distribution (distal instead of proximal). Transformed luminal cells cause adenocarcinoma development. Basal cells
also contribute to prostate malignancy following a step of luminal differentiation. (C). Morphology and cell type
distribution in the connective tissue underlying the epithelial barrier. Connective tissue is comprised by matrix
(proteoglycans, hyaloronan, glycoproteins, elastin and collagen fibers) and a cellular component (endothelial
cells, macrophages, mast cells and the most abundant, fibroblasts).

1.5. TGF signaling in fibrosis

We discussed the structural role of the matrix in connective tissues in the previous section.
However, the matrix is not a static element made by cellular proteins but it mechanically
and biochemically influences basic cellular processes?’’. Bissell et al,, firstly defined this
phenomenon, as dynamic reciprocity between ECM, cell cytoskeleton and nuclear matrix??2,
This interplay of matrix and cells not only affects cell shape or motility but also actively
alters signal transduction and gene expression pattern (mechanotransduction)??-2%, TGF{3,
a latent extracellular cytokine that regulates cellular processes by activating intracellular
signaling is a key factor in the interface between cells and their ECM context?. For instance,
the matrix can induce the expression of TGF12%7. Moreover, the extracellular agonist of
TGFB ligands, DECORIN, is also a regulator of collagen maturation and assembly?%. In this
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section, we will discuss the implications of TGF3 in pathological fibrosis, in particular liver
and Dupuytren’s fibrosis (DD).

During the last decades fibrosis has accounted for up to 45% of deaths?° and yet there are
no approved antifibrotic therapies available. Fibrosis is a pathological state characterized
by the excessive deposition of ECM proteins commonly occurring during wound healing
and tissue regeneration. Excess deposition of collagen and proteoglycans is associated with
reduced tissue epithelization and cell death, and eventually disrupted cell functionality
and tissue architecture (Fig.5). Fibrosis may affect most organ systems and lead to a variety
of diseases including liver cirrhosis, connective tissue fibrosis, pulmonary hypertension,
systemic sclerosis and heart fibrosis representing a major medical challenge.

A complex set of genetic, immune response, epigenetic factors may lead to fibrosis by
triggering constant activation of quiescent tissue fibroblasts to MFBs, the key pathogenic
cellsin fibrosis. The cellular and molecular phenotype of MFBs is highly dependent on TGF3
signaling pathway?’%?'", TGFf stimulates ECM protein synthesis and secretion, decreases
expression of proteases that cleave ECM (matrix metalloproteases, MMPs) and increases
protease inhibitors (TIMPs)?2, The outcome is a shift of balance towards ECM protein
synthesis, secretion and deposition rather than degradation leading to scar tissue formation.
TGFB family members and target genes include ECM and cytoskeleton proteins that are
often deregulated in fibrotic and other diseases, such as plasminogen activator inhibitor
1 (PAI-1)?"3, collagen typelal (COLTA1), COL1A2, COL4A2, COL5A1, COL5A2, a-smooth
muscle actin (a-SMA, ACTA2) and fibronectin?'42'¢,

1.5.1. Liver fibrosis

Liver fibrosis (cirrhosis) occurs in response to chronic liver injury due to alcohol intoxication
or viral hepatitis B and C infections (HBV, HCV)?"7. TGF[3 plays a role in all the stages of liver
disease progression from inflammation, cirrhosis to cancer formation 2’4,

Cirrhosis often is a precursor to hepatocellular carcinoma (HCC), thus, the need for effective
treatment is high. Collagen-depositing MFBs accumulate around the portal and central vein
of the liver lobules. The source of MFBs in the liver is mainly the pericyte population of the
liver, hepatic stellate cells (HSCs), transformed epithelial cells and fibrocytes from the bone
marrow. The activation of HSCs and their transdifferentiation to MFBs is controlled by the
pro-fibrogenic effect of TGF pathway, evident by multiple studies (reviewed extensively
in?78-229) Fibronectin modulates this response of HSCs to TGF during liver injury in a way
that controls the extend of fibrosis??'. In vivo deletion of SMAD3 results in improvement of
liver fibrosis in mice??.

Expression of fibrosis-related genes, such as collagens or PAI-1 in MFBs is induced by
phosphorylation of SMAD2 and SMAD3 in the linker site by CDK4, p38 and JNK MAPK
kinases??. In fact, the differential phosphorylation isoforms of SMAD2/3 (linker, cytoplasmic)
may induce different levels of the inhibitor SMAD722%. SMAD2 and SMAD3 both are needed for
induction of MMP2 and aSMA expression, however, it seems that SMAD2 mostly orchestrates
the TGFB-mediated cytostasis and maintains the epithelial phenotype while SMADS3 is
indispensable for TGF3-profibrogenic role??4225, SMAD7 blocks the fibrogenic response of
HSCs in acute liver injury but not in chronic liver injury indicating that this negative feedback
mechanism might be deactivated in liver fibrosis??°. However, hepatocyte-specific deletion
of SMADY in transgenic mice with chronic carbon tetrachloride (CCl,)-induced fibrosis
ameliorates the fibrotic phenotype??”.
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TGFP binds to both ALK1 and ALKS5 in the liver, thus, a certain balance of ALK1/ ALK5 ratio
is necessary to maintain the balance between protective, anti-fibrogenic action and pro-
fibrogenic activity of TGF. TGF/ALK1 signaling appears to directly antagonize TGF3/ALK5
signaling, while in other circumstances, the presence of ALK5 is an absolute requirement for
efficient TGF/ALK1 signaling??. The role of BMPs in liver diseases is also being addressed
by recent studies suggesting BMP9 as a pathological driver?? and BMP7 as an anti-fibrotic
factor that antagonizes TGF pathway?30-232,

1.5.2. Dupuytren'’s fibrosis (part of this section is published in?33)

Dupuytren’s disease (DD) is one of the most common connective tissue disorders with
a higher prevalence in Caucasians of northern Europe?4 and particularly in males?3423,
DD is a fibroproliferative disease affecting the palmar fascia, and may lead to permanent
flexion contracture of the digits?” (Fig.5). Current treatment of DD is symptomatic; surgical
removal of the fibrotic nodules and cords leads to immediate relief of the contractured
digits. Injection of collagenase enzyme obtained from Clostridium Histolyticum, has been
approved by FDA (Xiaflex, Pfizer) as alternative treatment for DD?%¢. However, the recurrence
rate of the disease using the current therapeutic approaches remains high.

Several environmental and genetic risks have been linked to DD supported by studies
of familial cases, ethnicity and sex prevalence, occurrence in twins and postoperative
recurrence?®®. However, the genetic mechanism is not fully understood and there is no
evidence of a single genetic dysregulation as a cause of DD. Thus, the aetiology of DD
remains unknown, although it is clear that TGF plays a role in the pathogenesis?'%2%,
High TGFB1, TGF32 mRNA and protein levels have been associated with DD fibrosis2?%215240,
TGFB2 shows intracellular localization within MFBs in the proliferative and involution stages
of the disease?#"2%2, |n fact, transdifferentiation of quiescent fibroblasts into MFBs requires
signaling by TGF324*244, Contractility of MFBs in increased after in vitro stimulation with low
concentrations of exogenous TGF(32%5-247, Presence of SMAD binding sites on the promoters
of connective tissue growth factor (CTGF/CCN2), aSMA, fibronectin and collagens, Serpine-1
(PAI-1) show that TGF directly controls the expression of MFBs-associated proteins2#5-2%3,
The high proliferative properties of MFBs contradict the TGF{3 proapoptotic and growth
inhibitory role. However, it has been proven that in DD cells TGFP induces expression of
other cytokines such as platelet-derived growth factor (PDGF); in turn, PDGF activates ERK
MAPK kinase pathway, induces expression of proto-oncogene c-MYC?*2 and promotes cell
proliferation. Studies on BMP signaling have not proven a link between deregulated BMP
pathway members and DD pathogenesis. BMP6 has a potential antagonistic role against
TGFf{ as shown by reduced in vitro contractility and SMAD/ ERK activation in fibroblasts
treated with BMP62%4,

Although much work has attempted to unravel the complex mechanisms underlying
fibrosis, the current state of the art in DD and generally in fibrosis research fails to meet
the demanding need for treatment?**. Cell culture models for studying fibrosis currently
include primary cells and/or cell lines as well as the use of different culture matrices and
co-culture models. It is now evident that two-dimensional (2D) cultures of fibroblasts have
distinctly different properties and gene expression profile than the intact tissue?*%?%”, This
can be, in part, attributed to the in vitro protocols and adaptation to culture conditions.
For experimental reasons, connective tissue obtained from carpal tunnel tissue operations
is used for comparison to diseased DD palmar fascia, and arbitrarily considered “healthy
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control” while it may be molecularly very similar to DD?%. All these describe one of the
biggest limitations of the field, i.e. the lack of an in vitro/ex vivo model that allows molecular
and genetic manipulation. A recent study proposes xenograft transplantation of human DD
fibroblasts in the subcutaneous layer of the skin of mice as an in vivo model for DD research,
but yet this model poorly recapitulates the human disease.

skin
subcutaneous fat tissue

/\%/\%\l connective tissue (normal fascia)
resident fibroblasts

skin

subcutaneous fat tissue
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* (collagen, fibronectin, elastin)
activated MFBs
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Fig.5. Overview of the disrupted tissue architecture and the most common molecular aberrations associated
with Dupuytren’s fibrosis

Fibrotic nodules consist of highly proliferative and contractile myofibroblasts (MFBs) that deposit matrix proteins.
Normal matrix turnover and degradation are decreased due to molecular aberrations leading to fibrosis, tissue
disfiguration and digit contracture. Adapted from 237,
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1.6. TGF3/ BMP signaling in cancer

In normal cells, growth inhibition mediated by TGFf3 is usually dominant over growth
stimulatory action of other factors. However, the situation is reversed in malignant situations
that are characterized by hyperproliferation due to mitogens, action of mutated oncogenes
and hyposensitivity to anti-proliferative action of TGFR9%2%, In normal conditions, TGFf3
keeps normal epithelial tissues in a proliferation blockage, thus having tumor-suppressor
role. Occurrence of oncogenic somatic mutations in epithelial cells leads to formation of
primary carcinoma. Aberrant cell division without tight regulation of DNA synthesis and
repair leads to additional accumulation of oncogenic mutations.

The primary carcinoma may remain spatially confined if the TGFf3-mediated cytostatic cues
are intact. However, if mutations in TGF/ BMP ligands, receptors and SMADs occur, then
the cells acquire proliferative and migratory properties that facilitate cancer metastasis*®.

Apart from its cytostatic role, TGFP regulates many other biological processes that are
hallmarks of cancer, such as EMT, suppression of cytotoxic T lymphocytes and angiogenesis.
Thus, malignant cells hijack TGF to obtain phenotypic characteristics crucial for cancer
progression such as mesenchymal cell shape, increased motility and invasion through basal
membranes into extracellular space and blood vessels (Fig.6).

The tumor-promoting role of TGF{3 in advanced carcinomas is mainly due to TGFf3 signaling
through the SMAD/1/5/8 machinery and inducing expression of ID proteins??, via non-SMAD
pathways (circumventing the Ser/Thr kinase activity of TGFf3 receptors or PTM regulation of
linker and C-terminal SMAD phosphorylation) to activate the growth-stimulatory pathways
ERK and AKT?6768267 The essential role of TGFf in stimulating metastasis?®? and the high
frequency of genetic mutations in TGF3 pathway leading to cancer?®? highlight the necessity
for TGFB-targeting therapies.

1.6.1. Epithelial-to-mesenchymal transition (EMT)

Polarized cells, positioned adjacent to each other via tight junctions, comprise epithelial
tissues. Epithelial cells are stably in contact with the basal membrane forming a basal-
apical polarity and have epithelial- specific gene expression pattern (E-CADHERIN, ZO-1,
LAMININS)?¢4, However, epithelial cells are quite plastic under certain conditions such as
tissue morphogenesis during development and would healing®. Plasticity allows them to
progressively switch on the genetic program of mesenchymal gene expression that leads
to loss of epithelial phenotype and acquisition of a mesenchymal one. This cellular process
of epithelial cells disintegrating from the basal membrane, losing cell-cell contacts and
becoming motile is termed epithelial-to-mesenchymal transition (EMT) and is reversible
(MET) (Fig.6). Both EMT and MET are mechanisms of cancer metastasis; cancer cells undergo
EMT to extravasate from the primary tumor into blood circulation or from blood vessels into
other epithelia and reverse to MET program to invade and colonize the new sites?* (Fig.6).
During EMT, epithelial proteins such as E-CADHERIN are downregulated and mesenchymal,
cytoskeletal and ECM proteins are upregulated (FIBRONECTIN, VIMENTIN, NCADHERIN2%%).
High motility group AT-hook 2 protein (HMGA?2) via TGF/SMAD pathway regulates EMT
master transcription factors SNAIL1/2, ZEB1/2 and TWIST, which repress epithelial genes
and activate mesenchymal genes?¢62%, |n addition, TGF{ signaling, via the SMAD1/5/8/
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ID1 activation, is implicated in MET and promotes metastasis?%25> TGF 3 promotes EMT by
interfering with RHO complexes in epithelial cell junctions; this mechanism is TGFBRI and
SMAD-independent (TGFBRII/PAR6/SMURF1/RHO)72. The reverse process (MET) is regulated
by BMP signaling, in particular BMP7%7°.

1.6.2. Tumor angiogenesis

Deregulation of TGF and BMP pathways lead to vascular defects, such as pulmonary
hypertension, hereditary telangiectasia (HHT)'##?”". Deletion of TGFf ligands or ALK1 in
transgenic mice results in embryonic lethality due to vasculogenesis defects?”%273, Vascular
homeostasis relies on endothelial cells, smooth muscle cells and pericytes?”®. The key
angiogenesis-related members are TGF( ligands, ENDOGLIN, ALK1 and its ligands BMP9
and BMP10, that synergize with proangiogenic factors such as vascular endothelial growth
factor (VEGF), NOTCH pathway, PDGF, angiopoietins and basic fibroblast growth factor
(bFGF)271,275,276‘

Angiogenesis determines normal and malignant tissue growth. The requirement for new
vessels is high in primary tumors as the highly metabolic and proliferative cancer cells
need oxygen, nutrients, and cytokines from the blood. As the epithelial cells cluster and
proliferate forming a primary carcinoma, new vessels must be formed (Fig.6) in order
for the blood flow to reach all the cells within the tumor (angiogenic switch). However,
since tumor cells cannot perform de novo angiogenesis they have evolved to disrupt the
existing normal vasculature and recruit endothelial cells into the tumor?”?. TGF3 promotes
tumor angiogenesis by inducing expression of MMPs that degrade the basal membrane
and assist endothelial cell migration?”%, TGF induces MMP2 and MMP9 in tumor cells?”°,
Tumor angiogenesis is also influenced by MMP14 protease that releases membranous
ENDOGLIN into its secreted form?%°. High TGF[3-expressing prostate cancer cells induce
an angiogenic response when transplanted in vivo?' and inhibition of TGF activity by
neutralizing antibodies decreases tumor angiogenesis?®2,

1.6.3. Prostate cancer

Prostate cancer (PCa) arises from precursor lesions, defined as prostatic intraepithelial
neoplasia (PIN), gradually progresses to locally invasive disease and ultimately to metastasis.
Disease progression from PIN lesions or organ-confined PCa towards metastatic PCa involves
multiple genetic and epigenetic events to take place. Each stage of this disease is associated
with characteristic morphological and histo-pathological alterations. Associated with the
human disease are also genetic chromosomal alterations, which have led to the identification
of several tumor suppressor genes (for example, TP53, CDKN1B and PTEN) and androgen
related gene fusions (such as TMPRSS2-ERG) of key importance in the early stages of the
disease??283 Furthermore, the androgen receptor (AR) is required for maintenance of the
prostate epithelium during normal organogenesis as well as carcinogenesis, including
hormone-independent cancer. The androgen refractory stage is the final and most aggressive
stage of the cancer, characterized by bone and lymph node metastases. As in most cancer
types, TGF has growth inhibitory effects on primary PCa, but tumor-promoting role during
advanced stages and leads to metastasis formation. In addition, stromal TGF( can activate
AR signaling in absence of androgens, which might contribute to hormone-independent
growth of tumor?®,
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Fig.6. Stages of cancer progression and TGF3/BMP signaling

Formation of primary carcinoma and phenotypic transition of epithelial cells into mesenchymal cells (EMT) are
depicted. Tumor microenvironment (supportive stroma) consists of infiltrating immune cells and myofibroblasts
(MFBs) derived by quiescent fibroblasts or by tumor epithelial cells via EMT. Crosstalk between the stroma and tumor
cells, using cytokines and other signaling molecules, promotes acquisition of tumor vasculature (angiogenesis)
which sustains tumor growth by delivery of nutrients and oxygenated blood. Tumor cells may disseminate from the
primary tumor into the blood circulation, extravasate from the vessels through the perivascular and extracellular
matrix and metastasize to secondary tissues (mesenchymal-to-epithelial transition, MET).

EMT and migration of PCa cells are induced by TGFP via MAPK kinase ERK2 and c-MYC
expression?®*, BMP ligands also play a role in PCa?%¢, in particular BMP2, BMP4, BMP7287: 288,
Cell proliferation is increased in presence of BMP2 and BMP4, however, it not clear from
the existing studies whether BMP7 is tumor promoter or suppressor in prostate?®, BMP2
expressed by osteoclasts might act as chemotactic factor for PCa cells to metastasize to
the bone?*. BMP9, the primary ligand of ALK1 in endothelial cells, might also play a role
in PCa, as in other types of cancer as we will discuss in the next section. BMP9 is expressed
in prostate epithelium along with BMP receptors®'.
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1.6.4. Hepatocellular carcinoma

Liver tissue can endure chronic damage and symptoms become evident in advanced disease
stage making prognosis of liver diseases difficult. Hepatocellular carcinoma (HCC), one
of the most frequent forms of cancer, is usually detected at a late stage, thus the current
forms of therapy are often not curative e.g. tumor resection, treatment with sorafenib or
eventually liver transplantation?2.

TGFB plays a role in HCC development?’82%3 and one of the first indications was the finding
that circulating levels of TGFB1 in plasma from HCC patients are significantly higher than in
patients with cirrhosis or viral hepatitis?*4. SMAD7 overexpression has tumor-suppressing
role?®*, Liver expresses high amounts of BMP9 that are also secreted in the circulation?%,
HSCs and potentially also hepatocytes, express ALK1 and ENDOGLIN, the interaction partners
of BMP9, under normal and pathological conditions. Apart from a role in endothelial cells
and HSCs, BMP9 has been associated with HCC?7.

NODAL expression is shut down after embryonic development, but it is re-expressed in adult
tissues, along with its co-receptor CRIPTO during malignant conditions. NODAL and CRIPTO
are involved in plasticity of tumor cells, cancer-stem cell maintenance and metastasis?*4°.
In the liver, stem cell renewal transcription factor NANOG is reactivated during HCC and
it mediates EMT by activating NODAL/ CRIPTO and SMAD3 expression’*8. Moreover, the
interaction partner of CRIPTO, GRP78, has been associated with liver cell stress response
and HCC##%3% Thus, both the canonical and the non-canonical NODAL pathway have a
contributing role in HCC.

1.7. Anti-TGF strategies (antisense oligonucleotides/ small molecule
kinase inhibitors/ ligand traps)

Several components of the TGF3 pathway have been investigated for drug development;
however, only a few compounds have proceeded into later stages of clinical trials®*>3%. TGF(3
signaling is a key pathway for homeostasis and given its pleiotropic, cell-type and context-
dependent role, therapeutic interventions are beneficial for a particular tissue or cell type,
at a specific stage of the disease. During cancer progression, if tumor cells are insensitive
to growth inhibition by TGF(, therapeutic enhancement of signaling might be useful to
constrain their proliferation if the tumor is detected at an early stage?®?. Nevertheless,
malignant cells quickly adapt and start using TGF3 to promote their metastatic spread.
Given that cancer diagnosis does not detect micrometastasis events, it is more logic to
preventively inhibit rather than induce TGFf3 signaling when a primary tumor is diagnosed
in order to stop the lethal consequences of metastasis. Moreover, expression levels of TGF3
pathway members are often elevated during conditions such as organ fibrosis and cancer;
thus, inhibitory strategies are required to block the fibroproliferative role of TGFf3 in MFBs
(fibrosis), cancer-associated fibroblasts (CAFs) and to suppress tumor cell metastasis.

A growing number of recent studies have tested TGFf inhibitors as combination treatment
with chemotherapeutics®®, immune stimulatory agents (interleukin-2)39%3% or to minimize
radiotherapy-induced carcinogenesis®®. In the cancer field inhibition of TGF{ type | and
type Il receptors has been accomplished, while in the fibrosis field most of the anti-fibrotic
drugs are designed to interfere at the ligand level of pathway transduction, therefore
preventing their binding to the receptors®®. The most successful TGF inhibitory strategies
(Fig.7) used in experimental and clinical studies (table 3) are the antisense oligonucleotides

Page | 24



Introduction

AONs targeting TGF ligand mRNA (Antisense Pharma), the competitive peptides against
ligands (ligand traps, Digna Biotech), the neutralizing antibodies and the small molecule
inhibitors of receptor kinase activity.

DECORIN mimetic Lerdelimuman (CAT-152)
latent TGFp LSKL _ etcrp Metelimuman (CAT-192) BMP9, BMP10
STX-100 Fresolimumab (GC-1008) _I !
DECORIN J_ “ LY2382770 ENDOGLIN-Fc
TSP-1
- = 5 ALK1-Fc
aVP6 INTEGRIN TGFB
TGFBRI-Fc | B zf
Disitertide P144 TRC105—] o=
TGFp propeptide o %
Qo
=
B p—
Lucanix
Trabedersen /
ISTHO036 P smap2/3 T T
LDN-193189
TGFB mRNA LY-580276 SD-208 dorsomorphin
\/\/\ LY-550410 SB-431542
LY-364947 SB-505142 AT

LY-2109761 SB-525334
LY-2157289 A-83-01

R-SMAD GW788388

TRX-CBP
TRX-FOXH1 FOXH1

TRX-LEF1

SMAD decoy ODN CBP LEF1
polyamide
O OTT
SRE/ BRE sites

Fig.7. Schematic overview of different inhibitory strategies targeting TGFB/BMP signaling activation
TGF( pathway activation can be inhibited by different compounds, which target mRNA/ protein expression or
protein function and act at different subcellular compartments; (1) compounds that inhibit activation of latent
TGFB (DECORIN mimetic, THROMBOSPONDIN and avf6 INTEGRIN antagonists), (2) soluble type II/ Il receptor
ectodomain peptides that trap ligands and prevent interaction with a functional receptor, (3) neutralizing antibodies
against TGFB, BMP ligands and receptors, (4) small molecule kinase inhibitors that inhibit activity of type | or type
Il receptors, (5), antisense oligonucleotides interfering with mRNA translation of TGF32 mRNA, oligonuleotides
that bind to gene promoters mimicking SMAD binding (pyrrole-imidazole polyamide, SMAD decoy ODN), (6)
thioredoxin peptide aptamers for SMAD binding to co-factors FOXH1,LEF and CBP (TRX).

1.7.1. Antisense oligonucleotides (AONs)

AON methodology is used to modulate gene expression in a sequence-specific way and
has shown broad therapeutic applicability in many human diseases, particularly in the
field of muscular dystrophies®® with very promising results reported in clinical trials'%3"",
The use of AONs in basic and translational research aims to either “partially correct” a
non-functional protein or to disrupt a protein of interest as a way to inhibit its expression
or functionality. AONs can be designed to interfere at the molecular level either during
messenger RNA (mRNA) splicing or mRNA translation into protein. Splicing involves the
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removal of non-coding sequences (introns) and “stitching” of the remaining coding DNA
(exons). Particular exon(s) encoding protein domains crucial for protein function can
become excluded from the mature mRNA; specific AONs bind to sites involved in exon
splicing in the exon-intron boundaries and interfere with the splice machinery. Thereby, the
particular exon is not integrated as part of the mRNA3"2, The resulting mRNA has an intact
open reading frame and is translated into a protein that lacks only the particular peptide
sequence encoded by the skipped exon. The advantage of this system is that no genetic
alterations are introduced, since interference occurs exclusively at the pre-mRNA splicing
process. Translation-blocking AONs function by forming a complex with complementary
mMRNA sequence; RNA-RNA or RNA-DNA dimers are then recognized by RNAse helicase
(H), which leads to mRNA degradation?®’3. Alternatively, AON binding to mRNA in the 5’
untranslated region might interfere with 5’ cap formation, ribosome binding and recognition
of the ATG starting codon, thus hindering mRNA translation into protein3™,
AON-mediated inhibition of TGF ligand expression has been proposed and attempted
as a novel cancer therapy for various malignancies. Interference with TGFf31 production
at the mRNA level by AON AP11014, developed by Antisense Pharma/lsana Therapeutics,
significantly reduces TGFB1 in prostate, lung and colon cancer cell lines®'>. TGF32 cytokine
plays a key role in glioblastoma and pancreatic cancer. Trabedersen, interferes with TGF32
mRNA translation and has reached the phase lll of clinical trials for glioblastoma treatment3s,
The same company has developed TGF32-targeting AONs for glaucoma treatment (phase |
trials). Another antisense TGF32 strategy has been developed for tumor vaccines (Lucanix,
NovaRx)3'7318 TGFf32 AON sequence is transfected into lung cancer cells, which are used as
anti-tumor vaccination. The vaccine has progressed into phase lll clinical trials.

A distinct type of gene therapy is the nucleic acid or peptide-based strategies that inhibit
SMAD transcriptional activity at the DNA level; (1) the SMAD transcription factor- “decoy”
double stranded oligonucleotides (decoy ODN) that block SMAD binding to SRE binding
sites?'%329, (2) pyrrole-imidazole polyamide compounds designed to bind to DNA minor
groove in SRE binding sites, thus inhibiting SMADs to interact with gene promoters and
other cis-regulatory elements3?.

1.7.2. Peptides that antagonize ligand function

Ligand traps are peptides engineered to have the extracellular domain (ECD) of receptors
or receptor-associated proteins, fused to stable region of an antibody (Fc of IgG). The logic
is that the soluble receptor ectodomains will bind with the same affinity its ligands in the
extracellular space and sequester them from binding to a functioning receptor on the
cell membrane 322323 Soluble receptor type Il (TGFBRII-Fc) ligand trap was developed by
Genzyme but did not progress into clinical trials324,

Similar anti-TGF peptide mimicking the ECD of TGFBRIII receptor B-GLYCAN (Disitertide
P144, Digma Biotech) is currently in phase Il trials. P144 TGFB1-inhibitor has been specifically
designed to block the interaction of TGFf1 with B-GLYCAN. It has shown significant anti-
fibrotic activity when applied topically in mice receiving repeated subcutaneous injections
of bleomycin, a widely accepted animal model of human scleroderma3?. Anti-fibrotic
effects have been reported for liver fibrosis®?¢, myocardial fibrosis®*?” and as combination
therapy with antitumor immunotherapy3#. Another compound of the same company is
an antagonist based on the structure of THROMBOSPONDIN-1 (TSP-1) for the treatment
of diabetic nephropathy??. The LSKL peptide binds to LAP domain of the latent complex
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via the motif LSKL (Leu-Ser-Lys-Leu) and blocks TGF{ activation. avf36 INTEGRIN mediates
release of latent TGF from LAP complex; anti-av36 INTEGRIN antibody (STX-100, Stromedix)
inhibits tumor progression in vivo by blocking activation of latent TGFf ligands33°. A similar
peptide has been developed that mimics DECORIN binding to latent TGF{; by blocking
release of latent TGFP the compound enhanced anti-tumor immune response in glioma3',
Treatment with soluble ENDOGLIN ECD (ENDOGLIN-Fc) has beneficial outcome in inhibiting
BMP9/ALK1 signaling and VEGF-mediated tumor angiogenesis and reducing tumor size in
preclinical studies?32. The ALK1-Fc ligand trap for BMP9 and BMP10 has anti-angiogenic 333-335
effects with enhanced safety profile compared to VEGF inhibitors3*. Treatment with ALK1Fc
indicates anti-tumorigenic response of patients with solid tumors®*¢ and is currently being
tested in phase | clinical trials for recurrent ovarian and endometrial cancer (ClinicalTrials.
gov identifier; NCT01720173). Peptide aptamers (TRX-CBP, TRX-FOXH1, TRX-LEF1) have
been engineered to inhibit SMAD binding to their transcription factor interacting partners
CBP, FOXH1, LEF13%7,

1.7.3. Neutralizing monoclonal antibodies

Monoclonal antibodies are used for neutralization of excessive ligand or soluble receptors at
the extracellular space. Due to their in vivo stability they can be administered less frequently
however, administration is done intravenously, which remains a drawback.

Neutralizing antibodies have been developed for binding to an individual or all TGFf3 ligands
(pan-TGFP). TGFB1-specific neutralizing antibody LY2382770 (Eli Lilly) was tested in phase Il
clinical trials for kidney fibrosis and although it was safe, it proved not sufficiently effective
in ameliorating disease progression (ClinicalTrials.gov identifier; NCT01113801). CAT-192
(Metelimumab) is a humanized antibody against TGFR1. CAT-152 (Lerdelimumab) binds
TGF2 (anti-scarring postoperative treatment of glaucoma)?¢. However, both antibodies did
not show adequate efficacy and the studies did not proceed any further. A more effective
neutralizing antibody is the pan-TGF3 compound Fresolimumab, which targets all three
TGFB ligands and showed promising anti-fibrotic and anti-cancinogenic potential. Single-
shot treatment with Fresolimumab against glomeruloschelosis is in phase 1**® and is also
being tested for malignant melanoma and renal cell carcinoma3#. The antibody against
human ENDOGLIN (TRC105) has anti-tumorigenic effects in advanced solid tumors®' and
is currently in phase Il clinical trials for glioblastoma3#2. Currently, TRC105 is also tested as
combination therapy with VEGF inhibitors for prostate, breast, ovarian, and liver cancer (HCC).
Phase Il trials of TRC105 in combination with chemotherapy agents such as bevacizumab
for recurrent glioblastoma (ClinicalTrials.gov identifier; NCT01564914), or sorafenib (VEGFR,
PDGFR, RAF kinase inhibitor) for HCC (ClinicalTrials.gov identifier; NCT01306058) have
shown promising outcome.

1.7.4. Small molecule kinase inhibitors (SMls)

SMis is a class of receptor kinase inhibitors which bind into the ATP pocket of the kinase
domain, thus, preventing ADP to ATP conversion (phosphorylation) and receptor activation.
During this mode of inhibition, TGF(3 ligands bind to non-functional receptors (SMI blockage
of the type | or type Il receptor); thereby the signal is not transmitted downstream. SMls have
the advantages that are cell permeable due to their small molecular weight (as opposed
to antibodies), however, they are less specific for a particular receptor because of the high
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structural similarity of the ATP pocket among kinases.

Several SMIs have been developed against TGF and BMP receptors with different selectivity
for particular kinases or in vitro and in vivo performance®®. A panel of frequently used SMis
(Fig.7) targeting the TGF3 branch (ALK4, ALK5 and ALK?) is the SB-431542, SB-505142,
LY-364947 (selective for ALK5) and A-83-01. Potent BMP receptor inhibitors against ALK2,
ALK3, ALK6) is the LDN-193189 and dorsomorphin (compound C).

Although several SMIs have shown promising results in in vitro and in vivo preclinical studies
(SB-431542, SB-505124, GW788388, SD-208)** they did not meet the pharmacokinetic
stability criteria of clinical trials3®. Currently, the SMls being tested in preclinical studies
are the LY-58027634%, LY-550410346:347 LY-3649473¢ and LY-21097613% for the treatment
of various types of cancer. A study for HCC treatment with sorafenib (VEGFR, PDGFR, RAF
kinase inhibitor) combined with ALK5 kinase inhibitor (LY-2157299) in patients with HCC
is currently in phase Il of clinical trials (NCT01246986)3%.
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Drug Type Target Disease Stage Refs/Identifier
Glioblastoma,
Trabedersen Antisense oligo TGFB2 Pancreatic Phase Il 316
cancer
Belagen- Antisense
L oligo- mediated TGFB2 Non—sma!l—cell— Phase I D
. tumor cell lung-carcinoma
(Lucanix) X
vaccine
Post-operative

ISTH0036 Antisense oligo TGFB2 glaucoma NCT02406833

treatment

LY2382770 Neutralizing TGFBT Diabetic kidney Phase Il NCTO1113801

antibody fibrosis
Idiopathic
Pirfenidone Small molecule | TGFp activity pulmonary Clinic 351
fibrosis
Skin fibrosis
. TGFR1, T 55
P144 peptide B-GLYCAN System!c Phase Il
sclerosis
CAT-192 Neutralizing TGFB1 Systemic Phase Il 2
antibody sclerosis
Melanoma,

GC1008/ Neutralizing Renal fibrosis, DT,
Azl el antibod UESHLZ 2 laucoma iz NCT01472731
NCT00043706 y 9

STX-100/ Neutralizing | /¢ INTEGRIN Fibrosis Phase Il NCT01371305

Stromedix antibody

TRC105 Neutralizing | = p\pogy | Glioblastoma, Phase Il NCT01564914
antibody Liver cancer
BMP9, E“‘:Z:ceetr”a' Phase |
ALK1Fc Ligand trap BMP10 ) NCT01720173
Ovarian cancer
Small molecule Hepatocellular
LY2157299 . L ALK5 . Phase Il NCT01246986
kinase inhibitor carcinoma

Table 3. Ongoing clinical trials on compounds targeting TGFf pathway members in fibrosis and cancer
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