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Abstract

Mechanisms and Regulation of Transforming Growth Factor Superfamily

Mediated Gene Expression

The TGF- superfamily, including TGF-fs and BMPs, is critica for normal
embryonic development, as well as disease progression, and is tightly regulated both
within and out of cells. In vitro, TGF-p signaling mediated epithelia-mesenchymal
transition (EMT) by activating mesenchymal genes and suppressing epithelia markers.
We discovered that Wnt11 was directly regulated by the mediators of TGF- signaling,
Smad proteins. The induction of Wntl1l expression was critical for TGF-f associated
activation of mesenchymal marker genes. Instead of modulating Smad proteins or
activating canonical/p3-Catenin signaling, Wnt11 controlled mesenchymal gene activation
through JNK signaling. Our findings, for the first time, demonstrated the cooperativity
among the TGF-p, Wntll and JNK signaling pathways in the context of EMT. Both
TGF-p and BMP signaling are involved in renal fibrosis, but with opposite functions.
TGF-p is a well known pro-fibrogenic factor, while BMP counteracts TGF-3 to protect
kidney from injuries. In our study, transgenic expression of kielin/chordin-like protein
(KCP), an inhibitor of TGF-p and enhancer of BMP7, in rena epithelia attenuated the
upregulation of mesenchymal genes in the injured kidney of unilatera uretera
obstruction (UUO) mouse model. These data demonstrated the importance of the balance
of TGF-f and BMP signaling in the progression of renal fibrosis and provided a new

potential therapeutic target. During kidney development, both BMP7 and Tle4, a



common corepressor, are present in metanepheric mesenchymal cells. However, their
relationship is unknown. Here, we found that overexpression of Tle4 not only activated a
BMP reporter, but also enhanced and sustained the upregulation of endogenous Id1 gene
induced by BMP7. The effect of Tle4 on BMP signaling was through mediating Smad7
protein, for Tle4 repressed Smad7 expression and overexpression of Smad7 totally
abolished the activation of the BMP reporter by Tled. Our study provides a new potential

mechanism for the regulation of BMP signaling in the kidney development.



Chapter |

General Introduction

The transforming growth factor g (TGF-B) signaling pathway
TGF-$ Sgnal transduction

Since the purification of its first ligand, TGR:, from human platelets in 1983
(Assoian et al., 1983), much of research has fatosethis superfamily and, more than
30 ligands have been discovered in the human gendeeg and Derynck, 2005;
Massague, 2008). According to their sequence gittyiland biological effects, the TGF-
B superfamily can be divided into two distinct greufhe TGHs/activin/nodal subfamily
and bone morphogenetic proteins (BMPs)/anti-mualkehormone (AMH)/growth and
differentiation factors (GDFs) subfamily. The T@Fsignaling regulates a diverse set of
cell processes. For example, T@&-caused cell cycle arrest in epithelial and
hematopoietic cells and controlled mesenchymal pailiferation and differentiation,
while BMPs were important for the differentiatiohasteoblasts and the survival of renal
mesenchymal cells (Massague, 1998; Patel and @re2€I05; Reddi, 1998). In fact, the
TGF{ superfamily plays a key role throughout the whelmbryonic development

process and is involved in the formation of neatlyrgans.

Although there are a number of ligands and sevesakptors, the general
signaling transduction for TGE-superfamily is relatively simple. In mammals, the
binding of TGFB ligand to its receptor, TGBE+eceptor type I, leads to the recruitment
and phosphorylation of TGE+eceptor type | (Derynck and Zhang, 2003). Thévatd

TGFBRI is a serine/threonine kinase that transducessitieal through phosphorylating



receptor-activated Smad proteins (R-Smads), whrehtlze main mediators for TGF-
signaling. Commonly, for TGBs, the R-Smads are Smad2 and 3, while for BMPgy, the
are Smad1l, 5 and 8. The phosphorylated R-Smaddyuuran a heteromeric complex
with a common partner, Smad4 (Co-Smads), and teatd into the nucleus. Normally,
the Smad complex requires other transcriptionabfacto activate or repress target gene
expression (Itoh et al., 2000; Labbe et al., 2&¥ho et al., 1999). Besides R-Smads and
Co-Smads, TGB-signaling can induce the expression of a thirdigrof Smad proteins,
Smad 6 and 7 (Inhibitory Smads, I-Smads), whichbitdy TGFf signaling through
competitive receptor binding and blocking the iattion between R-Smads and Co-

Smads (Hayashi et al., 1997; Imamura et al., 18@igure 1-1).

Since the TGH superfamily is widely involved in embryogenesisdan
subsequent organogenesis, it interacts with otiggilabng pathways, such as Wnt and
Notch signaling. Also, because the T@GBuperfamily plays a critical role in a variety of
biological process, it is highly regulated at diéfet levels, from ligand releasing to
mediator activation, and finally to transcriptionadmplex formation and target gene
expression. In the following, we will discuss hovGH{ signaling is regulated and

functions synergistically with other signaling patys in a defined biological context.

Regulation of receptor activation

Despite the diversity of ligands in the T@Fsuperfamily, they all share similar
sequence and structure features. The active forffGéf{f3 cytokines is a homodimer of

two 12.5 kd polypeptides stabilized by hydrophabieractions and further joined by a



disulfide bond (Feng and Derynck, 2005; Shi and $dgse, 2003). As for TGF-
isoforms (TGFB1, 2, 3), its mature form is cleaved from homodim@roproteins (pro-
TGF{) and interact with its N-terminal peptides, callb@ latency-associated proteins
(LAPs), to form a small latent TGE-complex (SL-TGH3). When secreted from cells,
the SL-TGFB complex further interacts with the latent-T@Hinding protein (LTBP)
through disulfide linkages to form the T@Harge latent complex (LLC), which may be
covalently anchored to the extracellular matrix Cfor storage (Annes et al., 2003;
Hyytiainen et al., 2004). Whether the ligands frother TGFB subfamily undergo the

same secreting process is not clear.

Based on their structural and functional propertiee TGFB receptor family is
catalogued into two groups: type | receptors ane tff receptors. Up to now, 7 type |
and 5 type Il recptors are dedicated to TEsignaling in the human genome (Manning
et al., 2002) (Table 1-1). Both types of the réocepare serine/threonine kinases, sharing
a similar structure as an N-terminal extra-cellullgand binding domain, a
transmembrane region and a C-terminal serine/timeokinase domain (Shi and
Massague, 2003). Compared to the type Il recepitertype | receptors have an extra
domain between the transmembrane region and tles&idomain, termed GS domain
(sequence as SGSGSG), which can be phosphorylatie lbype Il receptors and critical
for the signaling activation (Souchelnytskyi et 4996; Wrana et al., 1994). As for the
interaction between the ligands and receptorsethee two distinct modes represented
separately by TGB/Activin subfamily and BMP subfamily. TGE-and Activin showed
a high affinity for the type Il receptors and tlype | receptor was recruited only after the

ligand-type Il receptor complex was formed (Mas®aglO98). In contrast, from the



analysis of binding affinity, BMPs interacted witte type | receptors first, then the type
Il receptors (Liu et al.,, 1995). No matter the smtpe, the activation of the type |
receptors and its interaction with Smad proteimgiired the phosphorylation of its GS
domain by type Il receptors (Feng and Derynck, 208Essague, 1998; Shi and

Massague, 2003).

The regulation of TGIB- receptor activation comprises two aspects: (1)
controlling the access of TGFlgands to their receptors; (2) controlling thézation of
type | receptors. Two classes of molecules withosppgy function regulate the access of
TGF4 ligands to their receptors (Massague and Chen);280i and Massague, 2003).
One class consists of a variety of soluble proteireg sequester TGfF-ligands and
prevent their binding to the receptors. Accordiogthieir targets, they can be further
divided into three groups: (1) LAP, the small pomkycan Decorin, the circulating
proteina2-macroglobulin for TGHs; (2) Noggin, Chordin/SOG and DAN/Cerberus for
BMPs; (3) follistatin for Activins and BMPs. The har class, membrane-anchored
proteins, including betaglycan and endoglin maycfiom as accessory receptors to

enhance respective TGFsignaling.

As we discussed earlier, when the three TCdubfamily isoforms are secreted
from cells, they are trapped by LAP and anchore8@M by LTBP. The formation of
this LLC prevents the mature TGFfactors from binding to type Il TGB-receptor
(Annes et al., 2003). Several factors or physia@algcondition changes can destroy this
LLC and help releasing the active T@GHigands. First, a number of proteases, including
plasmin and matrix metallopeptidase 2 and 9 (MMR@ 8) can activate LLC through

either proteolytic cleavage of LTBP (Taipale et 4B94) or LAP (Lyons et al., 1988).
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Second, thrombospondin-1 (TSP1) can physicallyrants with LAP and induce a
conformational change to release mature Pdigands (Murphy-Ullrich and Poczatek,
2000). Importantly, TSP1 null mice shared a simpaenotype with the TGB1 null
mice (Crawford et al., 1998) and also TSP1 blockpeptides reduced the TG¥F-
activation in a rat fibrotic renal disease modehi(i2| et al., 2004), suggesting that TSP1
is responsible for a significant proportion of T@Rctivationin vivo. Third, it has been
reported that TGIBL LAP was a ligand for the integriq36, anda,p6-expressing cells
induced spatially restricted activation of TGE-(Munger et al.,, 1999). Furthermore,
other integrins, such asf8 anda,f3 can function as a docking point for MMPs to
activate TG signaling (Mu et al., 2002; Rolli et al., 2003)n&lly, some physiological
changes in the microenvironment can destroy LLEhsas increasing reactive oxygen

species (ROS) (Barcellos-Hoff et al., 1994) or dasing pH (Lyons et al., 1988).

Although the length and structure vary a lot am@&@MP antagonists, such as
Noggin, Chordin/Sog and DAN family, they all shareommon cysteine-rich region. For
example, Noggin contains a carboxy-terminal cystgioh (CR) domain, while Chordin
contains four cysteine-rich repeats (Massague dmehC2000). The CR domains of the
antagonists form homodimers to match the structdirBMP ligand homodimers. The
crystal structure of the Noggin-BMP7 complex dilgcthowed that Noggin inhibited
BMP7 by blocking the surfaces that were requiredteract with the type | and type I
BMP receptors (Groppe et al.,, 2002). Those antat@®nare expressed during
embryogenesis, and critical for the dosal-ventratggning and left-right asymmetry.
Because those antagonists are important for theyemie development, their expression

was highly regulated. For example, in chicken, egpion of Caronte, which belongs to



the DAN family, was induced by the sonic hedgehggaling (Rodriguez Esteban et al.,
1999) and its diffusion was restricted by Leftylkéachi et al., 1999). Once the
antagonist-BMP complex was formed, it could beHertactivated through proteolytic
cleavage by secreted metalloproteases, like Tolloidrosophila and zebrafish (Blader
et al., 1997; Marqgues et al., 1997), XolloidX{enopus (Piccolo et al., 1997), and BMP1
in human (Takahara et al., 1994). The effects ek¢hmetalloproteases on the BMP
inactive complexes may be antagonist-dependerte s{olloid in vivo specifically block
the anti-BMP action of Chordin, but not Noggin oollistatin (Blader et al., 1997).
Interestingly, although most of the BMP antagorskbired the CR domain, not all
proteins containing CR domain counteract BMP. ladtef blocking BMP signaling, the
CR domain protein KCP and CV2 enhanced BMP-recepti@ractions (lkeya et al.,
2006; Lin et al., 2005). Thus, the interaction kew the CR domain proteins and other

proteins, such as ECM, may be also important feir fianction.

Follistatin is a soluble secreted glycoprotein tbaitild repress Activin signaling
through direct ligand binding (de Winter et al. 969 Besides Activin, it could also block

BMP signaling through the similar mechanism (lemefral., 1998).

Another class of proteins that could facilitate tedivery of TGFB ligands to the
receptors are the membrane-anchored proteins, limhwetaglycan is a good example.
Betaglycan comprised a large extracellular domamTiGF$ ligand binding, a single-
pass transmembrane region, and a short intracelldmain associated with receptor
trafficking (Bilandzic and Stenvers, 2011). It bsndll three TGH isoforms with a
preference for TGPB2 (Esparza-Lopez et al., 2001), which could pdytiabmpensate

the relatively low intrinsic affinity of TGHB2 for type Il TGF receptors (Cheifetz and
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Massague, 1991). On the other hand, Betaglycaralsanbind to inhibin and facilitates
its access to Activin receptors, thus blocking Watifrom its receptor (Lewis et al.,
2000). Recent work has also focused on functionth& intracellular domain of
Betaglycan. It revealed that the scaffolding profiearrestin2 interacted with Betaglycan
and mediate its internalization with type Il recapthrough a clathrin-independent/lipid
raft pathway, which repressed T@Fsignaling (Chen et al., 2003). Thus, the eventual
outcome of these membrane-anchor proteins on [FGHgnaling may be highly

dependent on cellular context.

Besides the interaction control between the T3digands and their receptors, the
signal transduction is also regulated on the typecéptor activation. As we mentioned
above, the GS domain in type | T@Receptor is important for its activation. It haseh
reported that the immunophilin FKBP12 bound to tieigion, capping the type Il TGF-
receptor phosphorylation sites and stabilizingittaetive conformation of type | receptor
(Huse et al., 1999). The BMP and Activin receptammbrane bound inhibitor protein
(BAMBI), a pseudoreceptor with a similar homodirnzation interface of the type |
receptor, can prevent the formation of receptor mlemes, thus blocking BMP and

Activin, as well as TG signaling (Onichtchouk et al., 1999).

Regulation of Smad proteins

Smad proteins are the major mediators for the P&ignaling. Based on their

structure and function, they can be divided intee¢hgroups: (1) receptor Smads (R-



Smads, Smad 1, 2, 3, 5 and 8); (2) common SmadS(@ad, Smad4); (3) inhibitory

Smad (I-Smad, Smad6 and 7).

Generally, Smadl and its close homologues SmadSarati8 are substrates for
the type | BMP receptors and respond to BMP signathile Smad2 and 3 are the type |
TGF{ and Activin receptors and respond to TBRnd Activin signals (Massague,
1998). In fact, the activation of a particular typieR-Smad is only associated with the
specific type | receptors and has no relationshifh ihe ligands. For example, in
endothelial cells, TGIB-ligands activated the Activin receptor-like kinag&LK1) and
cause the phosphorylation of Smad1l, 5 and 8 (Gosmiaal., 2002). The Co-Smad is not
ligand restricted and does not interact with reaeptit can form a complex with all R-
Smad, but sometimes, its existence is dispenskbleexample, the ubiquitious nuclear
protein Transcriptional Intermediary Factar (TIF1y) selectively bound phosphorylated
Smad2 and 3 in competition with Smad4, so that ¥l&id Smad4 mediated different
biological effects of TGH- in human hematopoietic stem/progenitor cells (lHele
2006). In spite of their different properties, tReSmads and Co-Smads have similar
structure. They all contain two conserved strud¢tuwtamains, the N-terminal Mad-
homolgy 1(MH1) domain and the C-termianl MH2 domaeparated by a more variable
linker region (Ross and Hill, 2008; Shi and Massad@003). In addition, the R-Smads
have a conserved SXS motif at their extreme C-t@gmvhich is the site for receptor-
regulated phosphorylation. The MH1 domain of Co-8snand R-Smads, except for the
most common isoform of Smad2, exhibits sequenceHsp®NA binding ability (Shi et
al., 1998). The MH1 domain is also involved in raalimport (Xiao et al., 2000) and has

an autoinhibitory effect on their MH2 domain (Hat al., 1997). The MH2 domain



confers the interaction between Smads and recefitorst al., 1998) and is responsible
for the formation of homomeric as well as heteram®mad complexes (Wu et al., 1997).
Both the MH1 and MH2 domain can interact with aietyr of transcriptional factors,
activators and repressors, which largely increbedltversity of the biological effects of
TGF{ signaling (Ross and Hill, 2008). The linker regisnrelative divergent among
Smads, but it contain several phosphorylation sitasare important for the regulation. It
also has a PY motif, which can be recognized by iSimwteins for its ubiquitination

(Izzi and Attisano, 2004).

There are two types of I-Smads in vertebrate, Smaub Smad7. The MH1
domain of I-Smads is less conserved to that of R«&or Co-Smads, however, their
MH2 domain shows a similar amino acid sequencetherdcSmad proteins, but lack the
C-terminal sites for receptor-mediated phosphoigfiatimamura et al., 1997; Nakao et
al., 1997). Because of the similarity in the MHZvdon, I-Smads compete with R-Smads
to interact with either type | receptors or Co-Smatius abolishing the transduction of
TGF{ and BMP signaling. Generally, it is believed tRabad7 inhibits TGHB/Activin
and BMP signaling, whereas Smad6 works primariljtl@BMP signaling (Hata et al.,
1998; Hayashi et al., 1997; Imamura et al., 199akdd et al., 1997). More recently,
another mechanism was found for the regulation @F3P signaling by I-Smads. It is
reported that Smad7 could work as a connectorno §murf ubiquitin ligases to the
membrane receptors, resulting in the ubiquitinatadnthe receptors and effectively

blocking the signaling (Kavsak et al., 2000; Suzitkal., 2002).

Besides I-Smads, other proteins, such as Smad Arfohdreceptor Activation

(SARA) and a cytoplasmic isoform of the promyelocyeukemia protein (cPML), also

9



mediate the interaction between R-Smads and typeeptors. SARA is a multidomain
protein, containing a Smad-binding domain in theldte and a FYVE phospholipid-
binding domain, which is important for the locatiba of SARA but not its interaction
with R-Smads or TGE- receptors. SARA enhanced the interaction betweemmdS
proteins and activated TG¥Freceptors either on the plasma membrane or oredhg
endosomes. Once the R-Smads were activated byetteptors, its interaction with
SARA was weakened and the Smad-SARA-receptor compias disassociated (Di
Guglielmo et al., 2003; Tsukazaki et al., 1998).a@hile, SARA is also important for
the receptor turnover and prevents its degradatimdiated by the Smad7-Smurf
complex (Di Guglielmo et al., 2003). The cPML igjuged for the association between
Smad2/3 and SARA, and enhances the accumulatiSABA and TGF3 receptor in the
early endosome through direct interaction with Siadaind SARA (Lin et al., 2004).
The function of cPML is interfered by a homeodompmotein, TG-interacting factor
(TGIF), working in concert with c-Jun (Seo et &006). Some modifications on the R-
Smad proteins can also regulate their interactidgh veceptors. It has been shown that
the E3 ligase Itch promoted ubiquitination of Smaual2l facilitated complex formation

between the TGIB-receptors and Smad2 proteins (Bai et al., 2004).

After R-Smad proteins are phosphorylated by the typeceptors, they will form
a complex with Co-Smads and translocate into thetens, where they either activate or
repress target gene expression. This translocatiotess is another regulation point for
the TGF$ signaling transduction. The Smad complex can hwomed into the nucleus
either through importin-dependent mechanism or mipandependent mechanism. First,

it has been shown that the MH2 domain of Smad pretsould interact directly with the

10



FG repeat regions on nucleoporins Nupl153 and 2i4s5 helping transport the Smad
complex into the nucleus independent of importiot@ins (Xu et al., 2002). In addition,
a conserved lysine-rich sequence in the MH1 donwmdirsmads could interact with
importins (Kurisaki et al., 2001). However, thei@#ncy for the Smad translocation
through the importin-dependent mechanism is lowantthat through the importin-
independent mechanism (Xu et al., 2003). The meatibns of R-Smads, especially in
the linker region are critical for their translacat and transcriptional ability. It has been
reported that the linker region of Smadl could begphorylated by the Erk MAP
kinases, which were activated by epidermal growthtdr (EGF), fibroblast growth factor
(FGF) or stress. Phosphorylation prevented theeamnchccumulation of Smadl and
reduced its transcriptional activity (Kretzschmaak, 1997; Pera et al., 2003; Sapkota et
al., 2007). However, in contrary to Smad1, the phosylation of Smad2 and 3 by MAP
kinases or upstream MEK kinase enhanced their lgeaison and gene transactivation
(Brown et al., 1999; de Caestecker et al., 19981aba et al., 2002). Thus, the overall
outcome of MAPK-related phosphorylation of R-Smaabt@ins is cellular context-
dependent and may be affected by other signalingwaeys. Other kinases can also
phosphorylate R-Smad proteins. It has been showh @1 cyclin-dependent kinases
Cdk2 and Cdk4 phosphorylated Smad3 at its linkgioreand negatively regulated the
TGF{f mediated block of cell cycle progression (Matsuuea al., 2004).
Calcium/Calmodulin-dependent kinase Il (CamKIl) ppborylated Smad2, 3 and 4 in
the MH1 and linker region, preventing Smad complxmation and nuclear

translocation (Wicks et al., 2000).

11



The degradation of Smad proteins and their depluwsgfation are equally
important in regulating the TGF-pathway and terminate its signaling. Usually, the
active Smad proteins are the targets of homolog@&S-AP carboxyl terminus (HECT)
domain E3 ligases and undergo the ubiquitin/prat@@smediated degradation pathway.
The first HECT domain E3 ligase for Smad proteirsswliscovered in 1999 and called
the HECT-domain Smad ubiquitination regulatory dast(Smurf) E3 ligase, Smurfl
(Zhu et al., 1999), followed by the discovery obdrer member in this family, Smurf2 in
2001 (Zhang et al., 2001). Smurf proteins intenath the PPXY motif of R-Smad
proteins directly through their WW domains andsibelieved that Smurfl is responsible
for the degradation of Smadl, while Smurf2 degrdadh Smadl and Smad2 (Zhang et
al., 2001; Zhu et al., 1999). Besides Smurfl andh2, R-Smads are also degraded
through other E3 ligase complex. For example, Smpb@sically interacted with
Regulator of Cullins 1 (ROC1) and is degraded by/8Klin/F-box E3 ligase (SCF)
complex (Fukuchi et al., 2001). Since Smad4 lackRPXY motif, its degradation by the
HECT domain E3 ligases was mediated by the interaetith R-Smads (Moren et al.,
2005). The degradation of Smad4 could also be restlthrough SCF complex (Wan et
al., 2004). The mechanisms for the degradationSyhad proteins were similar to that of
R-Smads. Furthermore, Smad7 proteins could funesoan adapter to link Smurfs to the
TGFJ receptors, thus facilitating the receptor degradatThis process may be further
regulated by some other accessory proteins, sudh\&sdomain-containing protein 1
(WWP1) and ubiquitin-specific peptidase 15 (USPE)isawa et al., 2001; Eichhorn et
al., 2012; Komuro et al., 2004). Additional mod#imns on Smad proteins also affect

their degradation. The sumoylation of Smad4 by SUXMUDCcI prolonged its half-life

12



because this modification competed with ubiquitjbm et al., 2003a; Lin et al., 2003b).
Smad7 could be acetylated by p300, thus preveittingm Smurf-mediated degradation
(Goumans et al., 2002). This effect was countedaloteseveral class I, Il and Il histone
deacetylases (HDAC) (Kume et al., 2007; Simonssbal.e 2005). Another way to
terminate the TGIB-signaling is to remove the active phosphorylatbiR-Smads at the
C-terminal SXS motif. This could be achieved byywate dehydrogenase phosphatase
(PDP) and RNA polymerase Il small C-terminal phapkes (SCPs) for Smadl (Chen
et al., 2006; Knockaert et al., 2006), and “Mdependent phosphatase PPM1A for

Smad2 and 3(Lin et al., 2006).

Smad-dependent gene expression

As transcriptional factors, R-Smads and Co-Smads,nbt Smad2, have both
DNA binding ability (except Smad2) through MH1 damand transactivation ability
through the linker region (de Caestecker et alQ02Wang et al., 2005). However, the
Smad complex still requires the association witheottranscription factors to regulate
target genes more specifically and precisely. BothMH1 and MH2 domains of Smad
proteins can mediate the interaction with a lorgy bf Smad interacting proteins,
including the basic helix-loop-helix (bHLH) familyike E2F4/5(Chen et al., 2002) and
Max (Grinberg and Kerppola, 2003), basic leucimmper (bZIP) family, like c-Fos and c-
Jun (Zhang et al., 1998), Forkhead family, like ®ok%, 3 and 4 (Seoane et al., 2004),
Runx family, like Runx2 (Zhang et al., 2000), Zifmager protein family, like Sp1(Feng

et al., 2000) and YY1 (Lee et al., 2004) and medgabf other signaling pathway, lilge
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catenin (Zhou et al., 2012) and Notch intracellglamain (NICD) (Itoh et al., 2004). The
interaction between Smad proteins and other trgrtsmmal factors not only affects the
number of target genes regulated by Tg&ignaling, but also functions as a platform,
enabling the crosstalk between TGFRand other signaling pathways. Furthermore, the
Smad proteins also interact with coactivators orepressors, which are equally
important in mediating target gene expression. ddeetivators, such as SMIF, Swift and
Zebl, enhanced Smad-dependent gene activatione(Bai, 2002; Postigo et al., 2003;
Shimizu et al., 2001), while the corepressors, &l GIF, c-Myc and SnoN help Smads
repress target genes (Feng et al., 2002; Luo, 20@fton et al., 1999). On the chromatin
level, the gene activation mediated by the Smadptexninvolved the recruitment of
histone acetyltransferase CBP/p300 to the promsiies, either through its direct
interaction with Smads or through the coactiva{desCaestecker et al., 2000; Feng et al.,
1998; Postigo, 2003). Histone methylation, espBbcinistone 3 lysine 4 (H3K4) tri-
methylation, may be also involed in Smad-dependent activation (Patel et al., 2007;
Shimizu et al., 2001). On the other hand, the igoent of C-terminal-binding protein 1
(CtBP) repressor and histone deacetylases (HDACsijitical for Smad-mediated gene
repression (Akiyoshi et al., 1999; lzutsu et alDO®; Wotton et al.,, 1999). Besides
regulating the histone modification and chromat@modeling, Smad proteins could
further repress gene expression by sequesteringtrémscriptional factor from its
coactivators. For example, Smad3 could bind withA2Eblocking its interaction with

the coactivator GRIP1, thus inhibiting myogenideliéntiation (Liu et al., 2004).

Smad-independent TGF-£ signaling transduction
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Many other signaling pathways may participate inFfsmediated biological
responses. First, TGFcan activate the MAPK pathway. In monkey deriveédSZ cells,
overexpressed human X-chromosome-linked inhibit@pmptosis protein (XIAP) linked
TABL1 to type | BMP receptor and this interactionyniee necessary for the activation of
TAB1-associated protein, TAK1, which belongs to th&AP kinase kinase kinase
(MAPKKK) family (Yamaguchi et al.,, 1999). Howevegvidence for the direct
interaction between the endogenous XIAP, TAB-TAKnpbex and type | BMP receptor,
is still missing. Similarly, in mouse mammary epithl (NMuMG) cells or human
fibrosarcoma cells, p38 MAPK or JNK signaling wasivated by TGH3 (Hocevar et al.,
1999; Yu et al.,, 2002), but the mechanisms invgyvihis activation were poorly
characterized. Besides MAPK cascades, PGfeuld also activated small GTPases, like
RhoA and Cdc42, which are important for T@Fnediated epithelial-mesenchymal
transition in epithelial cells and re-organizatioh stress fibers in human prostate
carcinoma cells (Bhowmick et al., 2001; Edlund let2002). However, like the MAPK
pathways, little evidence showed that the activatb these small GTPases is through
TGF receptors, and not through secondary effectsllifginehas been shown that upon
the ligand-dependent activation, type | T@Feceptor physically bound tooBa WD-40
repeat subunit of phosphatase 2A (PP2A), whicluin dephosphorylated and inactivate
p70(s6k), inducing cell cycle G1 arrest (Griswoleifher et al., 1998; Petritsch et al.,
2000). This mechanism is partial responsible f&r TGF$ induced epithelial cell G1

arrest.
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Epithelial-M esenchymal Transition (EMT)

The epithelial mesenchymal transition (EMT) is anocoon biological process,
which occurs when epithelial cells lose their piakedl morphology and tight junctions
and acquire mesenchymal properties, such as erthanagatory capacity, elevated
resistance to apoptosis and increased producticexiécellular matrix. In fact, EMT
occurs throughout development, from embryogeneasishé organ formation, and is
involved in a variety of diseases. Based on thectfanal distinctions, EMT can be
further divided into three types: (1) EMT that ouuring normal development
processes, such as implantation, embryo formatiod argan development. The
mesenchymal cells derived from this type of EMT @s0 undergo a mesenchymal-
epithelial transition (MET) to generate secondapitielia; (2) EMT that is associated
with wound healing, tissue regeneration and organogis. This type of EMT is
frequently triggered by ongoing inflammation, howg\its real existenda vivo remains
controversial; (3) EMT that is related to cancevguession, especially the metastasis of
carcinoma cells. One prominent characteristic fos type of EMT is its heterogeneity
with some cells keeping most of epithelial traitsd aacquiring some mesenchymal
properties, while others shedding all vestigedeirtepithelial origin and cecoming fully
mesenchymal (Kalluri and Weinberg, 2009; Thieryakt 2009; Zeisberg and Neilson,

2009).
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Typel EMT

Type | EMT is involved in several stages during elepment. First, during
mouse gastrulation, epiblast cells at the primisteak, which is a transient structure
forming along the posterior midline of the embrymdergo the EMT (also known as
epiblast-mesoderm transition) and then ingress dmmtwthe epiblast and visceral
endoderm to participate in the formation of eitibe mesoderm or the definitive
endodermal germ layers (Ciruna and Rossant, 2@@bther EMT occurs in neural-crest
cells, which is a transient population of cellstla@ boundary between epidermal and
neural territories, to promote migration, thus ggirise to many different derivatives
(Thiery and Sleeman, 2006). Subsequently, EMTvslired in the organ formation. For
example, EMT is necessary for the regression oMbkerian duct in male reproductive
tracts (Zhan et al., 2006). Also, endothelial céiten the atrioventricular canal undergo
EMT to invade the cardiac jelly and form the endda cushion, which will later

assemble into the atrio-ventricular valvulo-septahplex (Nakajima et al., 2000).

Typell EMT

Type Il EMT was thought to occur in the fibrosis s#veral organs, such as
kidney, liver, lung and heart (Iwano et al., 2082n et al., 2006; Zeisberg et al., 2007a;
Zeisberg et al., 2007b). Here, we will take rem&tistitial fibrosis as an example. Renal
interstitial fibrosis is a common pathology in magtronic and progressive kidney
diseases and characterized by inflammatory ceiltration, fibroblast activation and
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expansion, extracellular matrix deposition and tabuatrophy (Liu, 2011). The

increasing number of fibroblasts may come from ousi resources. First, they can
originate from the local resident interstitial sel[Humphreys et al., 2010; Lin et al.,
2008). Another source is the recruitment of cirtafafibrocytes, which are a subset of
bone marrow-derived, circulating monocytes capalblproducing collagen I. However,

because specific markers for this group of celéslacking, their contribution for renal
fibrosis remains controversial (Niedermeier et 2009; Roufosse et al., 2006). Lastly,

fibroblasts may come from epithelial cells throdeMT.

The initial evidence supporting EMT involved in eribrosisin vivo came in
2002 (lwano et al., 2002). Through a lineage trq@rperiment, the authors showed that
the epithelial cells expressed the fibroblast marfbroblast specific protein 1 (FSP1)
and synthesize collagen I. Since then, more ance mesearch tried to demonstrate the
existence of EMT in renal fibrosis. These studias lbe categorized into two groups. The
first group of studies showed the up-regulation neésenchymal markers in renal
epithelial cells in injured kidney, such asmooth muscle actimEMA) (Yang and Liu,
2001), plasminogen activator inhibitor 1 (PAI1) (eal., 2010), vimentin (Rastaldi et
al., 2002), and Snaill (Yoshino et al., 2007). Bkeeond group revealed that genetic or
pharmaceutical manipulation of EMT related transttwhal factors or signaling
pathways enhanced or attenuated renal fibrosis.ekample, mice lacking Smad3, the
key mediator for TGH- signaling pathway were protected against tubutostitial
fibrosis by blocking EMT (Sato et al., 2003). A #lisn experiment showed that systemic
administration of recombinant human BMP7 led toarepf the damage in renal tubular

epithelial cells through counteract the EMT effeatduced by endogenous TGH-
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(Zeisberg et al., 2003). Furthermore, ectopic atiiwn of Snaill in kidney was sufficient
to induce renal fibrosis (Boutet et al., 2006). iBes thesen vivo results, moren vitro
studies proved the existence of EMT in cell cult(@deng and Lovett, 2003; Huang et

al., 2009; Qi et al., 2005; Slattery et al., 2005).

However, improved lineage tracing results publishedrecent years argued
strongly against the EMT model in renal fibrosis.dne study, the authors separately
used theSx2 promoter to mark all tubular cells derived frone tbap mesenchyme and
the Hoxb7 promoter to mark all tubular cells from the uratdsud to label the tubular
cells, but failed to find the fibroblasts in pebtdar interstitium with these positive
genetic markers (Humphreys et al.,, 2010). Anothedys usedPax8-rtTA mice to
simultaneously induce TGF1 and label all proximal, distal and collecting tudular
cells (Koesters et al., 2010; Traykova-Brauch et2008). Even under these favorable
conditions with overexpressing TGH; labeled epithelial cells were not found in the
interstitial fibrosis region, but instead, undertvéhe autophagy. If there is EMT in
fibrosis, the transiting epithelial cells must naitg through the tubular basement
membrane (TBM) into the interstitial region, whehey proliferate and deposit ECM.
However, up to now, no transmission electron micopy data are provided to show that
even a single cell is crossing the TBM. Furthermaiéhough the TBM may become

collapsed and highly folded, its integrity is pnessl (Kriz et al., 2011).

Based on these two contradictory facts, a conagiled “partial EMTS”, was
proposed (Kalluri and Weinberg, 2009; Liu, 2011).this partial EMT, epithelial cells
only change one or two phenotypic markers, whileintaming other epithelial
characteristics. Although the current results dosopport a typical EMT process in renal
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fibrosis, the upregulation of mesenchymal markersepithelial cells may still be
biological important. For example, it has been reggbthat Snail and Zeb proteins could
directly repress the expression of E-Cadherin, Wwhsca critical marker for epithelial
cells (Cano et al.,, 2000; van Grunsven et al., 2008is may be significant for the
apoptosis or autophagy of epithelial cells, andnayaly the tubular atrophy in renal
fibrosis. Also, the metalloproteinases, such as MM&hd MMP9, secreted from
epithelial cells could be critical for the remodgjiof ECM in interstitium, thus activating
quiesence fibroblasts. So the precise function pegulated mesenchymal markers in
epithelial cells and the paracrine effects of thae#s on adjacent cells still require

further studies.

Typelll EMT

The EMT program confers upon cancer epithelialscéle ability to detach from
each other and invade adjacent cell layers or r@gma distant locations (Yang and
Weinberg, 2008). In fact, EMT was found in neatlytgpes of carcinoma (Thiery et al.,
2009). For example, in breast carcinoma, a mousadje tracing study proved that EMT
occurred specifically inMyc-initiated tumors (Trimboli et al., 2008). The EMT
biomarkers, such aSnail, are associated with histological grades and tleéaptastic
subtype of breast carcinoma (Blanco et al., 2002n let al., 2007). Similarly, based on
an analysis of 123 primary human hepatocellularcioama (HCC) samples, the
overexpression of Snail and Twist was correlateth \ai worse prognosis (Yang et al.,

2009). This analysis was supported by itheitro study, showing that overexpression of
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Snail in an established HCC cell line HepG2 causesd dedifferentiation into
fibroblastoid featured with increasing invasioniaty (Miyoshi et al., 2004). Recent
studies revealed that EMT not only increases thbiliyof transformed cells, but also
confers upon them the stemness with enhanced yabdilitform mammospheres and
tumorigenesis (Mani et al., 2008; Santisteban et28l09). These results suggested that
besides increasing the tumor invasion, EMT maynwelved in the initiation of breast
carcinoma by increasing the tumor cell pool. Ind@rgly, when migratory tumor cells
settle at distant sites, they no longer exhibit thesenchymal phenotypes ascribed to
metastasizing carcinoma cells (Kalluri and Weinb@@09). This observation indicates
that the microenvironment surrounding the tumoisce critical in maintaining their

transforming state (Scheel et al., 2011).

Sgnaling pathways associated with type Il EMT

Although EMT can be divided into three types anduwan different situations,
its key events at the molecular level are the satoenregulation of epithelial markers,
such as E-Cadherin, and upregulation of mesenchgerads, such as Snail, Zeb, Pai and
Twist. The signaling pathways involved in threeaymf EMT are also similar. So here,
we will mainly focus on the signaling pathways asated with type Il EMT in the

context of renal fibrosis.

TGE-f signaling

TGF{ signaling pathway is the most well studied pathvi@yEMT. In vitro
study suggested that TGFeould activate mesenchymal marker genes, suaShHA
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and Snail, as well as repress epithelial markées,BE-Cadherin and Occuldin in at least
two different renal epithelial cell lines, MDCK fmodog and HKC8 from human (Medici
et al., 2006; Yang and Liu, 2001). Snaill couldHtar form a complex with Smad3 and 4,
which was targeted to the promoters of CAR, a fjghttion protein, and E-cadherin to
repress their expression (Vincent et al., 2008). vivo, the severity of renal
histopathology has been significantly lessened xpeamental glomerular nephritis
models by treating animals with antibodies agalit3E{} ligands (Border et al., 1990) or
the type Il TGFB receptors (Kasuga et al., 2001). Tubular epithekdls are the main
targets for TGH in renal fibrosis, since in the unilateral ureteshstruction (UUO)
mouse model, expression of both TGRNd its type | receptor increased rapidly and
specifically in renal tubular epithelia (Yang andiL2001). BMP7 signaling pathway
counteracts the effects of T@F inducing EMT. As we mentioned above, systemic
administration of recombinant human BMP7 led toaremf severely damaged renal
tubular epithelial cells (Zeisberg et al., 2008).vitro, BMP7 not only restored the
expression of epithelial markers, repressed by PGi+enal epithelial cells, such as E-
Cadherin and ZO-1 (Zeisberg et al., 2003), but amesed the mesenchymal-epithelial
transition (MET) in adult renal fibroblasts, chaexzed by cell condensation, decreased
motility and increased expressing E-Cadherin (Zglet al., 2005). At the molecular
level, BMP7 prevented TGF-mediated loss of the transcriptional repressor\Sand
limited Smad3 DNA binding without affecting its pahorylation or stability (Luo et al.,

2010).

Canonical Wht/fs-Catenin signaling
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The canonical Wnt signaling pathway functions bgventing the degradation of
cytoplasmical B-Catenin by GSKB/Axin/APC complex. The accumulateggtCatenin
translocates into the nucleus, where it interadgte WCF/LEF proteins to regulate gene
expression (MacDonald et al., 2009). In the UUO at®th vivo, several Wnt ligands
were up-regulated, such as Wntl, Wnt4 and Wntl1ldHal., 2009; Surendran et al.,
2002), and3-Catenin predominantly accumulated in tubular egigh Blocking of Wnt
signaling by administrating its inhibitor, such Bkk1l and Sfrp4, attenuated the renal
injury, reduced the upregulation of mesenchymalkgeand maintained the expression of
epithelial markers. (He et al., 2009; Surendraalgt2005).In vitro, it has been shown
that p-Catenin mediated the activation of mesenchymaégesuch as PaitSMA and
Snaill, alone or together with Smad proteins (Haal.e 2011; He et al., 2010; Zhou et
al., 2012). Besides the Wnt ligandisCatenin may also accumulate from the collapse of
cell-cell contacts during EMT induced by T@Fin this casep-Catenin seems to work
downstream of TGIB-signaling to regulate mesenchymal gene expregZioaeng et al.,
2009). It is not clear whether Wnt ligands areoalgp-regulated in the process and
facilitate p-Catenin accumulation. However, under most cases,ad TGRS signaling

function cooperatively in mediating EMT and renbfdsis.

Notch signaling

The notch signaling pathway is comprised of fowepmors and two ligands,
Delta and Jagged (Jag) (Guo and Wang, 2009). Wgands from the signal-giving cells
bind to receptors on the signal-receiving cellstddantracellular domain (NICD) will be
released from the plasma membrane through a sefigsoteolytic cleavages on the

Notch receptors. NICD will then translocate intoclews and regulate target gene
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expression. In UUO models, the Notch ligand, Jagig@dhs up-regulated in the distal
tubular epithelial cells in injured kidneys. Alongith this, the mediator of Notch
signaling, NICD also accumulated in tubular epitletells. The mouse results were
confirmed by human biopsy with diabetic kidney dses (Bielesz et al., 2010; Morrissey
et al.,, 2002). Pharmaceutical block of Notch sigmpalby y-secretase inhibitor
ameliorated tubulointerstitial fibrosis, while emicad expression of NICD driven by the
Pax8 promoter, in tubular epithelial cells caused atton of mesenchymal markers and
renal fibrosis (Morrissey et al., 2002). In vitib,is not clear whether Notch signaling
alone can induce EMT in renal epithelial cells. Hoer, Notch signaling could be
activated by TGR signaling to promote EMT in either rat or humabular epithelial
cells (Bielesz et al., 2010; Nyhan et al., 2010).the type 1l EMT, Notch signaling
promoted EMT by suppressing expression of the rRibkA-200 (miR-200) through
GATA-binding (Gata) factors in lung adenocarcinofYang et al., 2011) or Zebl in
pancreatic cancer cells (Brabletz et al., 2011)eivér this mechanism is still applicable

to the type Il EMT is unknown.

Integrin-associated signaling

Integrins consist of am-subunit and aB3-subunit, which are transmembrane
receptors, that binds to the ECM outside the aadl mteracts with cytoskeleton inside
the cell. Integrins could pass signaling througlo pathways. First, since they connect
the ECM and cytoskeleton, it could function as adde to physically transduce
mechanical strength from cells to the microenvirenimor in reverse. Second, th@h
subunits interact with integrin-linked kinase (ILK&n intracellular serine/threonine

protein kinase and activate signaling through phosgation cascades. It has been
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reported that both,6 integrin and ILK were upregulated in renal egdithen mouse
UUO models or human biopsies with glomerulonephoti other kidney diseases (Hahm
et al., 2007; Li et al., 2003). The severity ofakfibrosis was reduced with application of
antibody against, 6 integrin (Hahm et al., 2007)n vitro, overexpression of ILK in
human kidney proximal epithelial cells suppressegression of E-Cadherin, and
induced fibronectin and MMP2 expression (Li et 2003). Normally, the function of
ayB6 integrin in mediating EMT or renal fibrosis isasiated with TG signaling. First,
a6 integrin could stimulate TGE-signaling through facilitating the release of aeti
form of TGF$ ligands from their latent complex. Consistent wiis fact, both active
TGF protein expression and Smad2 phosphorylation Vesein UUO kidney witlB6
subunit knockdown (Ma et al., 2003). Second, irtlohiof ILK expression by hepatocyte
growth factor (HGF) blocked TGF-induced EMT and attenuate renal fibrosis (Li et al
2003). Thus, it seems that T@Fanda,p6 integrins work in a positive feedback mode to
regulate EMT and renal fibrosis. In addition, amwtisubunit of integrinoa3, was
important for the phosphorylation @fcatenin at tyrosine residue 654 to enhance the
interaction betweefi-catenin and Smad2 and initiate EMT in lung fibso@im et al.,

2009).

Platelet derived growth factors (PDGFES) signaling

PDGF is a major mitogenic factor, whose receptoest@rosine kinases. Upon
stimulation, PDGFR transduce the signaling throwgtivating several downstream
molecules, such as Stat proteins, phosphatidylime3ikinase (PI3K) and Ras (Floege et
al., 2008). It has been shown that PDGF-C was wpaiezy at sites of interstitial fibrosis

in human and rat kidneys (Eitner et al.,, 2008).cRiog PDGF-C or PDGF-D by
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neutralizing antibodies reduced tubulointerstitiamage and fibrosis (Eitner et al., 2008;
Ostendorf et al., 2006). The increase in PDGF-Oresgion was due, in large part, to
infiltrating macrophages (Eitner et al., 2008).mdligh PDGF antibodies help preserve
cortical expression of E-Cadherin and reduce espyaf vimentin and-SMA in vivo,
the direct effects of PDGF signaling on renal egditl cells are unknown. Some studies
have focused on exploring the function of PDGFypet lIl EMT. It was found that
mammalian target of rapamycin (mTor) and nucleatdiaxB (NF«B) were activated
upon PDGF-D overexpression in human prostate careieline PC3 cells (Kong et al.,
2008). Another study revealed that PDGF treatmermdmptes B-catenin nuclear
translocation through disrupting GSK/Bxin/APC degradation complex by p68 RNA
helicase in a Wnt-independent manner (Yang et2@06). These studies may provide

hints for researches exploring mechanisms of PO@kaing on renal fibrosis.

Hypoxia associated signaling

Renal hypoxia, instead of being a consequencenai fédrosis, may serve as an
inducer for fibrogenic process (Manotham et al.0480 Hypoxia inducible factor 1
(HIF1), the stability of which is based on the ogggconcentration, is the main regulator
for the cellular responses to hypoxia. It has beeported that hypoxia induces
morphological and gene expression profile changeroximal tubular epithelial cells
partial through HIF1 (Higgins et al., 2007). AlsdJF1 accumulation was found in
tubular epithelial cells in both mouse UUO modefsl &human renal biopsies from
patients with chronic kidney disease. HIF1 deletion lysyl oxidases inhibition
attenuated fibrosis in UUO kidneys (Higgins et @D07). On the molecular level, the

mesenchymal marker genes, Twist and Snail are itketdargets of HIFd (Luo et al.,
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2011; Yang et al., 2008). HIklmediated activation of mesenchymal genes reqtived
recruitment of histone methyltransferase (HMT) lstdne deacetylase 3 (HDAC3) and

WDR5 (Wu et al., 2011).

Summary

TGF{ superfamily, which includes TGFs and BMPs, is critical for normal
development, as well as disease progression, amghity regulated both within and out
of cells.In vitro, TGF{ induced the transition of renal epithelial celitoi fibroblast-like
mesenchymal cells by activating mesenchymal gendsrepressing epithelial markers.
Although the existence of this EMT in renal fibioss controversial, the upregulation of
mesenchymal genes in renal epithelia may be driiecahe initiation and progression of
renal fibrosis. Considering the obvious and coesisphenotype change, tle vitro
EMT model is also a good platform to study the na@mi$ms of TGH signaling in target
gene activation, and crosstalk among differentaigg pathways. Outside the cells, the
regulation of TGH3 signaling could be achieved by sequestration baeoed delivery of
ligands to receptors. Inside the cells, T@RBignaling could be regulated at different
stages, such as the activation of R-Smads, theastien between R-Smad and Smad4,

and the access of Smad containing transcripticoraptex to target genes.

In this dissertation, we will discuss both mecharsisand regulations of TGfF-
superfamily mediated gene expression. In Chapteull results demonstrated that TGF-
B activated Wntll was important for the upregulattdrmesenchymal genes in renal

epithelial cells. Furthermore, Wntll mediated TGHRAduced mesenchymal gene
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expression through JNK signaling. In Chapter Ill,e wshowed that specific
overexpression of KCP, a secreted cysteine rickeproin renal epithelia attenuated the
upregulation of some mesenchymal marker genegureth kidneys of unilateral ureteric
obstruction (UUO) model, by repressing T@signaling and sustaining BMP signaling.
In Chapter IV, our study revealed that Tle4 overegpion not only activated a BMP
reporter, but also enhanced and sustained the wiptEm of endogenous Id1l gene
induced by BMP7. Furthermore, the effect of Tle4tlom BMP reporter was mediated by
Smad7. Tle4 suppressed Smad7 expression and owessiqm of Smad7 totally
abolished the activation of Tle4 on the BMP reporfeaken together, this dissertation
dissected the mechanism of TGHRe activate target gene expression in renal elihe
cells and also studied the regulation of TBRBnd BMP signaling, extracellularly by
KCP and intracellularly by Tle4, providing new igkts to the mechanisms of TGF-

superfamily action.
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Figure 1-1.Schematic diagram of TGF-p superfamily signaling from cell membrane
to the nucleus. The arrows indicate signal flow and phosphate gsare represented by
red dots. R-Smad, receptor-Smad; Co-Smad, commadSikSmad, inhibitory-Smad,;

TF, transcriptional factor.
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Table 1-1. Combinational interactions of Type Itarype | TGFB receptors in

vertebrates.

Type Il Type | R-Smad

TBRII ALK-5 (TBRI) Smad2, Smad3
ALK-1 Smad1l, Smad5
ALK-2

BMPRII, BMPRIIB

ActRIl, ActRIIB

AMHR

ALK-2 (ActRI)
ALK-3 (BMPRIA)
ALK-6 (BMPRIB)

ALK-4 (ActRIB)
AlK-7

ALK-2
ALK-3
ALK-6

Smadl, Smad5, Smad8

Smad2

Smadl, Smad5
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Chapter II

Activation of Wnt1l by TGF-p Drives Mesenchymal Gene Expression through Non-

Canonical Wnt Signaling in Renal Epithelial Cells

Abstract

Transforming growth factop (TGF{3) promotes renal interstitial fibrosia vivo
and the expression of mesenchymal ganestro, however most of its direct targets in
epithelial cells are still elusive. In a screem §@nes directly activated by TGF-we
found that components of the Wnt signaling pathvespecially Wnt11, were targets of
activation by TGH and Smad3 in primary renal epithelial cells (PRECH gain and
loss of function experiments, Wntll mediates th&goas of TGF$ through enhanced
activation of mesenchymal marker genes, such a$,Z&mill, Pail, andSMA, without
affecting Smad3 phosphorylation. Inhibition of Whtlby receptor knockdown or
treatment with Wnt inhibitors limited the effects GGF4 on gene expression. We found
no evidence that Wntl1 activated the canonical ¥igrialing pathway in renal epithelial
cells, rather the function of Wntll was mediatedthry c-Jun N-terminal kinase (JNK).
Our findings demonstrate cooperativity among theFPiGWntll and JNK signaling

pathways and suggest new targets for anti-fibtbecapy in renal tissue.

I ntroduction

Renal interstitial fibrosis is a common pathologymost chronic and progressive

kidney diseases (Liu, 2010). The function of thefiprotic cytokine TGF3 in the
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initiation and progression of fibrosis has beemnsively studied in the kidney and other
tissues (Bottinger and Bitzer, 2002; Yang and R01; Zeisberg et al., 2007). In almost
all animal models examined, increased renal filsrosrrelates with increased expression
of TGF{ ligands. Renal fibrosis is observed upon overesgion of TGH or
application of recombinant TGF4in mice, whereas inhibition of the TGFpathway can
alleviate the severity of progressive renal fioso@order et al., 1990; Kopp et al., 1996;

Ledbetter et al., 2000).

In mammals, the binding of TGFligand to its receptor, TGB-receptor type Il,
leads to the recruitment and phosphorylation of P3FEceptor type | (Feng and Derynck,
2005). The activated T@BRI is a serine/threonine kinase that transducesstbeal
through phosphorylating receptor-activated Smadf &mad3. Phosphorylated Smad2/3
form a heteromeric complex with a common partnena®, and translocate to the
nucleus. Normally, the Smad complex requires ottarscriptional factors to activate or
repress target gene expression (Labbe et al., 2Z0@@0 et al., 1999). Both Smad2 and
Smad3 are activated in TGFsignaling pathway, but their targets and functi@me
distinct (Meng et al., 2010; Phanish et al., 2006enetic experiments point to a critical
role for Smad3 in promoting TGF-mediated renal fibrosis. Despite the evidence
pointing to TGFB as a profibrotic agent, its gene targets and l@etanechanisms that

promote fibrosis are still not well characterized.

Renal tubular epithelial cells are target cells T@F in kidney fibrosis (Yang
and Liu, 2001). In the unilateral ureteral obstiutt(UUO) mouse model, expression of
both TGF$ and its type | receptor increased rapidly and iéipalty in renal tubular
epithelia. In vitro, epithelial cells treated with TGfFlost expression of epithelial markers
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and assume a more mesenchymal phenotype. ThisskgHio-mesenchymal transition
(EMT) was thought to occur in animal models of istiial fibrosis and was an attractive
model to explain the increased number of fibrolslasmtd the loss of epithelial tubular
integrity (lwano et al., 2002). In chapter |, werbdahoroughly discussed different types of
EMT and the controversy of the existence of typEMT in renal fibrosis. Regardless of
whether EMT occursn vivo, the direct impact of TGB-on the renal epithelial cells
appears critical for initiation and progression filirosis. Meanwhile, then vitro cell
studies were a good model to study the functiodiftérent signaling pathways in cell fate

determination, and provide valuable insights imtgivo disease models.

The Wnt signaling pathways have also been linkedG& {3 and to EMT during
normal development and diseases. There are 19ligamds in the mouse and human
genomes. These different Wnt ligands can signabuiin the canonicalp-catenin
dependent pathway, or the non-canonidalatenin independent pathway. In the
canonical pathway, activated Wnt signaling preveéhésdegradation gi-catenin by the
GSK33/Axin/APC complex. The accumulatingtcatenin then interacts with TCF/LEF
proteins to regulate gene expression (MacDonalal.e2009). One branch of the non-
canonical Wnt pathway involves the calcium influxada further activation of
Ca2+/calmodulin-dependent kinase Il (CamKIll) andtgin kinase C (PKC) (Kuhl et al.,
2000; Veeman et al., 2003). Another branch ofrtbie-canonical pathway transduces its
signal by activating the c-Jun N-terminal kinas®lKJ pathway either through small

GTPase or other mechanisms (Veeman et al., 2003).

Although the Wnt signaling pathways were shownutaction in EMTin vitro and
in fibrosis in vivo (He et al., 2009; Scheel et al.,, 2011) , the imlahips with the
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profibrotic cytokine TGH3 are not well defined. A limited number of studagdressing
the cross-talk of TGB-and Wnt signaling pathway converged on ftheatenin, as TGB-
could stabilizep-catenin by inhibiting its GSKB8dependent degradation through p38
MAPK and Akt (Hwang et al., 2009; Liu, 2010; Massti al., 2004). Als@-catenin
could physically interact with Smad proteins touledge target gene expression (Kim et al.,
2009; Zhang et al., 2010; Zhou et al., 2012b). , Ytk is known about the function of

non-canonical Wnt signaling pathway in fibrosis asdelation to TGFH3.

In this chapter, we defined the targets of TfGiR-renal epithelial cellgn vitro by
global gene expression analysis. We showed thatpooents of the Wnt signaling
pathways were activated by T@F- Among these, the non-canonical signaling protei
Wntll was directly regulated by TGRhrough Smad3 in both primary and immortalized
renal epithelial cells. Wntll enhanced the effemftsTGFf and was necessary for
maximal activation of mesenchymal gene such as ZeéB®daill, Pail and the
myofibroblast markeaSMA. Wntl11 did not enhance P-Smad3 nor activatecinonical
Wnt signaling pathway, rather it appeared to ineeeanesenchymal gene expression
through the non-canonical JNK pathway. These teqdinted to a critical role for non-
canonical Wnt signaling in TGBF-mediated fibrosis and suggested that autocrine and
paracrine mechanisms could mediate Tg5Hependent effects in epithelial cells and

adjacent cells.
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Materials and Methods
Animals

C57BL/6 mice were kept according to NIH guidelinédsimal use was approved

by the University Committee on Use and Care of Aalgrat the University of Michigan.
Primary and immortalized renal epithelial cells

Primary renal epithelial cells were isolated frdme tortex of 5-6 week old female
mice. Briefly, the medulla was manually removed aortex was digested by liberase
DH (Roche) in Dulbecco's modified Eagle's mediumM@M, Lonza). The tissue
fragments were sieved through a 212 um pore sizhm@éfter three washes with cold
DMED, cells were expanded in UltraMDCK serum freedinm (Roche) supplied with
0.5X Insulin-Transferring-Ethanolamine-Selenium EH, Lonza), 60 pg/L Epidermal
Growth Factor (EGF, R&D systems), 4@ triiodothyronine and 1X antibiotic
antimycotic (Gibco). Cells were split and frozerFHetal Bovine Serum (FBS, Gibco) with
10% dimethyl sulfoxide. Recombinant human T@EF-and Wntll were from R&D

systems.

To inhibit translation, cycloheximide (5 pg/mL, 8ig) was added half an hour
before TGFB treatment (10 ng/mL) for the indicated times. Tiohibit Smad3
phosphorylation, Specific Inhibitor of Smad3 (SIS8gma) was added into the medium at
the concentration of 5 uM 1 hour before 10 ng/mIFIE3 treatment for 24 hours. To
inhibit JNK signaling, 20uM SP600125 (Sigma) or MPNK inhibitor 1l (EMD) was

added into the medium 1 hour before 10 ng/ml TE&FRreatment for 24 hours. To inhibit
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Wwnt signaling, Sfrpl (R&D systems) was added at |0gdmL together with 10 ng/mL

TGF{1 for 24 hours

Immortalized renal epithelial cells (TKPTS) werkiad gift from Dr. Bello-Reuss.
Cells were cultured in Dulbecco's Modified Eagle dilen: Nutrient Mixture F-12
(DMEM/F-12, Gibco) with 2% FBS, 1X ITES and Peniiail Streptomycin (Gibco).

UltraMDCK serum free medium was used when serumvatian was necessary.

To overexpress Smad3 or Wntll, TKPTS cells wertumd on 6 well plate in
UltraMDCK serum free medium and transfected witlu@ DNA of Smad3 or Wntll
expressing vector or SHS (sonicated herring sp&#A control using Fugene6 (Roche)
as per manufacturer’s instruction. TGE-at the indicated concentrations was added into

the medium 24 hours after transfection and cellewaltured for an additional 24 hours.

Microarrays expression analysis

PRECs were grown on 100 mm dishes until confluemepched 80%.
Cycloheximide (5ug/mL) was added half an hour bef6GF$1 treatment (10 ng/ml) for
4 hours. RNA was extracted using the TRIzol RNAdson system (Invitrogen). All
samples were done in triplicate. Gene expressimnoarray analysis was done by the
University of Michigan Comprehensive Cancer Cen(eMCCC) Affymetrix and
Microarray Core Facility. Briefly, The FL-Ovatia@DNA Biotin Module V2 kit (NUGEN
Technologies, San Carlos, CA) was used to prodiatsnabeled cRNA, which was then
fragmented and hybridized to a Mouse 430 2.0 AffymeseneChip 3 expression arrays
(Affymetrix, Santa Clara, CA). Array hybridizatiprwashes, staining, and scanning

procedures were carried out according to standéiiyn®trix protocols. Expression data
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were normalized by the robust multiarray averagelAR method and fitted to weighted
linear models in R, using the affy and limma pa@sa@f Bioconductor, respectively
(Irizarry et al., 2006; Smyth, 2004). Only probdsseith a variance over all samples
superior to 0.1, a p-value inferior or equal toS0alter adjustment for multiplicity using
the false discovery rate (Benjamini and Hochber§95), and a minimum 2-fold

difference in expression were selected for theyainal

Western blot analysis

Cells were directly lysed in 2X SDS buffer (4% sodi dodecyl sulfate, 20%
glycerol, 0.2M dithiothreitol, 125 mM Tris, pH 6.8nd boiled at 94°C. Samples were
separated by sodium dodecyl sulfate-polyacrylangde electrophoresis (SDS-PAGE),
transferred to PVDF membranes and immunoblottedd aitibodies as indicated. Rabbit
anti-phosphorylated Smad3, rabbit anti-Wnt11 atubiteanti-phosphorylated CamKIll are
from Abcam. Rabbit anti-Smad2/3, rabbit anti-phusplated Smad2, rabbit anti-
phosphorylated JNK, rabbit anti-phosphorylated ic-dnd rabbit anti-c-Jun are from Cell
Signaling. Mouse anti- SMA, mouse afiig and mouse anfi-tubulin are from Sigma-
Aldrich. Mouse anti-active B-Catenin is from Millipore. Mouse anfiCatenin is from
BD transduction Lab. Mouse anti-N-Cadherin is friipstate. HRP-linked secondary

antibodies and ECL reagent are from GE healthcare.

RNA reverse-transcription and real-time PCR

2-3 ng total RNA was reverse-transcribed into cam@ntary DNA with
SuperScript First-Strand Kit (invitrogen). The cBNroducts were diluted 5 times and

amplified with the iTag Sybr green master mix (Bad) in a Prism 7500 (Applied
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Biosystems). Primers pairs for PCR are as followsintll 5'-
GGGCCAAGTTTTCCGATGCT, 5-TTCGTGGCTGACAGGTAGCG; ZEB15'-
TCAAGTACAAACACCACCTG, 5-TGGCGAGGAACACTGAGA,; PAIL 5
ACATGTTTAGTGCAACCCTG, 5-GGTCTATAACCATCTCCGTG; Snai 5'-
GGAAGCCCAACTATAGCGA, 5-AGCGAGGTCAGCTCTACG; Fzd7 5’
GAAGCTGGAGAAGCTGATGG, 5-ATCTCTCGCCCCAAACTCT; Axin2 5'-
TGAGCTGGTTGTCACCTACT, 5-CACTGTCTCGTCGTCCCA;  Wispl 5'-
GCCAGAGCAGGAAAGTCG, 5-TACTTGGGTCGGTAGGTGC; GAPDH '5

ACCACAGTCCATGCCATCAC, 5'-TCCACCACCCTGTTGCTGTA.

shRNA mediated Gene knocking-down

TKPTS cells were seeded on the 6 well plate 1 ddgrk transfection. Cells were
transfected with 2 pg DNA of Wntll shRNA lentivirvector 54666, 53302 and a
scrambled shRNA lentivirus vector (Open Biosystemsing Fugene6. For Smad3 or
Fizzled7 knockdown, TKPTS cells were infected wldntivirus expressing Smad3
shRNA 54904 or Fzd7 64762 (Open Biosystems) inpit@sence of 8 pg/mL polybrene
and kept overnight. Puromycin (Sigma-Aldrich) veakled into the medium at 10 pg/ml
and kept in culture medium for constitutive selecti Survival cells were cultured,

expanded and frozen for further experiments.

Packed Wnt11l 53302 shRNA lentivirus was used tackdown in PRECs. Cells
were seeded on 100 mm dishes for 24 hours. Lemsivwas added with 8 pg/mL
polybrene and kept overnight. Puromycin was addedsélection for 10 days before

experiments.
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Luciferase assays

TKPTS cells were seeded on 12 well plates. 3TP+#eporter vector was
transfected (1 pg/well) together with SHS or Smexi@ressing vector (2 pg/well) into the
cells in triplicate 24 hours later. TOPFLASH or FELASH reporter vector was
transfected (1 pg/well) together with SHS or Wn&kpressing vector (2 pg/well). Cells
were lysed 48 hours after the transfection withl dueiferase assay kit (Promega) and
results were read. In assays requiring T8aFer LiCl treatment, TGBL (10ng/ml) or
LiCl (20 mM) was administrated 24 hours after thensfection and kept for another 24

hours.

Cdlular fraction extraction

PRECs were treated with Wnt11 (500 ng/mL) or Li2D (mM) for 24 hours. To
extract cytoplasma fraction, cells were washed WBS once, scraped off and lysed in
cell lysis buffer (5mM PIPES at pH 8.0, 85mM KCI,5%NP40 and 1X protease
inhibitors) on ice for 10 min. Then, the cells wespun at 3000 rpm for 5 min and
supernatant was collected as cytoplasmic fraclienextract nucleus fraction, cells were
scraped off, resuspended in 5mL nuclear buffer@m@¥ Tris at pH 8.0, 10mM NacCl,
3mM MgChk, 0.5mM DTT, 0.1% Triton X-100, 0.1M sucrose and ftease inhibitors)
and dumped 20 times with a loose fitting (type Audce homogenizer. Then, 5 mL
nuclear buffer 2 (10mM Tris at pH 8.0, 10mM NaCinld MgCl,, 0.5mM DTT, 0.1%
Triton X-100, 0.25M sucrose and 1X protease inbiisit was added and mixed. At last,

2.5 mL nuclear buffer 3 (10mM Tris at pH 8.0, 5SmMy®1,, 0.5mM DTT, 0.33M sucrose
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and 1X protease inhibitor) was added from the ottdhe whole lysate was spun at 2000

rpm for 5 min at AC. The pellet was collected as nuclear fraction.
I mmunofluorescence

PRECs were seeded on 4 well chamber slide (Thenstwef over night and
treated with 10 ng/mL TGB4or 0.5ug/mL Wntll for 24 hours or 1uM lonomycin
(Fisher) for 1 hour. Cells were washed with PBSepfiized in 4% paraformaldehyde and
permeabilized in PBS containing 0.5% Triton X-1P&S containing 0.1% Tween20 was
used to wash slides after the incubation with primend secondary antibodies. Mouse
anti p-Catenin is from BD transduction Lab. Rabbit anéin@Kll is from Abcam. Goat
anti-rabbit IgG-TRITC and Goat anti-mouse IgG-FI'B& from Sigma-Aldrich. 4’,6-

diamidino-2-phenylindole dihydrochloride (Dapi)fiem Sigma-Aldrich.

Results

Primary renal epithelial cells respond to TGF-4 in a dose and time dependent manner

The effects of TGH-on various cells in culture have been studiedeitait (Scheel
et al., 2011; Yang and Liu, 2001; Zeisberg et 2007). To confirm that primary renal
epithelial cells (PRECs) from the adult kidneyspasd to TGF3, we isolated cells from

adult mouse kidneys and cultured them in a defsegdm-free medium.

Once the digested renal tubules were placed oauthere dishes, they would stick
to plates. After 4-5 days of culture, renal epitlletells spread out from the tubules and
formed islands with clear boundaries. Other cqikes; such as podocytes and blood cells,

cannot grow in this conditional medium and were &ter the first passage (Fig 2-1A).
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When PRECs were exposed to T@E- cells detached from each other and
migrate out of the islands (Fig 2-1B). Mesenchymarkers were activated in those cells,
although the kinetics of activation varied amonfjedent markers. The genes encoding
aSMA, Zebl, Pail and Snaill were more sensitive@G®P1 with a response in 24 hours,
while the up-regulation of N-cadherin became obsitay 48 hours (Fig. 2-1D, E). A
significant decrease of E-cadherin in protein levas not observed until 72 hours (Fig. 2-
1C). The effects of TGB-at a low dose (0.5ng/ml) were limited. When theedof TGF-
1 was increased to 2 ng/ml or 10ng/ml, its abildychange cell morphology and gene
expression profile was significantly increased. Séhalata indicated that the primary
isolated cells showed a consistent and dose depemegponse to TGB-and activate

genes associated with a more mesenchymal phenotype.

TGF-f1 induced a global gene expression change in PRECs

Once we had established the effects of T-&Fen PRECSs in vitro, we sought to
determine more precisely what genes are directtieuthe control of TGBL. Thus, we
derived PRECs from adult (5-6 weeks) mouse kidra cultured them in serum free
media for 2 passages before splitting into repdisdor our screening strategy. Cells were
then cultured with cycloheximide (CHX) to inhibitirther protein synthesis so only
MRNAs of direct TGH3 targets would be activated. Subsequently, B&Rkvas added and
RNA prepared after 4 hours incubation. Total RNénirPRECs treated with TG and
cycloheximide was compared to RNA from cells cudtuwith cycloheximide alone using
Affymetrix Mouse 430 2.0 cDNA microarrays. Threel@pendent samples for each group

were hybridized and statistically significant chaagoted.
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Overall, 454 Affymetrix probe sets, representinglesist 318 annotated unique
genes, showed significantly altered RNA expreskwonrls of at least 2 fold or greater. Of
these, 248 genes exhibited increased expressiaislewhereas 70 genes showed a
decrease in RNA levels, 4 hours post TEFtreatment (Table 2-1). In terms of molecular
functions, 127 genes were assigned to functionaligg involved in DNA binding or
transcription regulation. More than 21 kinaseswsw changed expression levels,
whereas 19 receptor binding proteins were alte@Gaden the effects of TGB-on cell
migration and dissociation, it was also noted ttatGTPase regulatory proteins showed
changed expression levels. Among those genes, h@sgeere associated with Wnt
signaling pathway (Table 2-2). These include 4 \gands (Wntl, Wnt9a, Wntl10a and
Wntll), 4 transcriptional factors (Tlel, Nfatc2,af3 and Sox17), 1 secreted protein
(Wispl) and 1 cyclin protein (Ccdn2). For furtheudy, we would focus on Wntll
because previous work suggested the cross-talkekeetwWntll and TGB-(He et al.,

2009; Schiro et al., 2011).

Activation of Wnt11 by TGF-$1 was Smad3-dependent

First, we used gRT-PCR to insure that the chang&/imll mRMA levels was
accurate in Affymetrix datasets. Up-regulation offdl in the presence of cycloheximide
was confirmed in PRECs and also in an immortaliasdl epithelial cell line TKPTS that
expresses SV40 large T antigen (Ernest and Bellsfe1995). While Wntll up-
regulation could be seen as early as 2 hours &8&& addition in PRECs, up-regulation

in TKPTS cells was a bit slower but still robusig(2-2 A, B).
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Smad2 and Smad3 are the most critical mediatofBAR signaling pathway.
Although both Smad2 and Smad3 are phosphorylatest daiGF$ stimulation, their
functions are not necessarily similar. In recaotles utilizing TGH mediated animal
models of fibrosis, Smad?2 activation was protectivle Smad3 functions as an enhancer
of the disease phenotype (Meng et al.,, 2010). Thues,asked whether Wntll up-
regulation was mediated by Smad3. In PRECs, thectnmh of Wntll mRNA was TGB-
dose-dependent, in a range from 2 ng/ml to 10 ngFig. 2-2C). The fold change of
Wntll mRNA level correlated with the amount of pghlesrylated Smad3 (Fig. 2-2G). A
specific Smad3 inhibitor, SIS3, which blocked iteopphorylation upon TGB-treatment
(Jinnin et al., 2006), abolished the activationVehtll by TGFB (Fig. 2-2D, H). In
TKPTS, Wntll mRNA level was up-regulated by transigansfection of Flag-tagged
Smad3 vector (Fig. 2-2E). This activation was daephosphorylation of transfected
Smad3 without TGH- and was further enhanced with T@GRreatment (Fig. 2-21). Next,
we used an shRNA lentivirus to specifically knocktio Smad3 in TKPTS. After
puromycin selection, Smad3 protein level was sigaiftly knocked down, while Smad?2
protein level remained the same (Fig 2-2J). Boéhlthsal and activated Wntl1l expression
levels were reduced in the Smad3 knockdown groopsistent with the decreased basal
and TGFp activated P-Smad3 in this group (Fig. 2-2F). Wsoathecked the P-Smad2
level under different conditions mentioned aboveitiNer the Smad3 inhibitor in PRECs
nor the modulation of Smad3 proteins in TKPTS d#ddhe response of Smad2 to TGF-
(Fig 2-2H, 1, J). Considering the Wntl11 expressibange in those conditions, our results
suggested that TGF-up-regulated Wntl11 in renal epithelial cells mgitiirough Smad3

proteins.
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Wht11 enhances activation of TGF-# dependent mesenchymal markers

In epithelial cell culture, TGB-activates a program of mesenchymal marker gene
expression associated with the transition of epéheells to a more mesenchymal
phenotypes. We thus tested whether Wntll inductietped mediate this TGF-
dependent EMTin vitro. In addition to the myofibroblast markeBMA, we examined
cells for activation of the mesenchymal markers1Zdbail, and Snaill. Recombinant
Wntll by itself did not activate any mesenchymatk®aagene. At a high dose of TGF-
(20 ng/ml) all of the mesenchymal markers werevatdd by 24h. However, at lower
dose of TGH3 (2ng/ml), recombinant Wntl1 significantly enhandbé expression of
aSMA and other mesenchymal marker genes (Fig. 2BBAUsing a Wntll expression
plasmid, a similar effect was observed in TKPTSbath Pail and Snaill expression

increased significantly upon TGFtreatment and Wnt11 expression (Fig. 2-3C).

Block of Whtllsignaling abolishes the up-regulation of mesenchymal genes

induced by TGF-4

Since endogenous Wntll is activated by T5Fa better test for Wntll's
contribution to EMTin vitro is to knockdown endogenous Wntll and test for PGF-
activation of target genes. Thus, we used shRNAvViens to produce two stable cell lines,
53302 and 54666, derived from the immortalized rexedl line TKPTS. In cell line
53302, basal Wntll expression was reduced by ajppately 60% compared to a
scrambled control line and Wntll was not activabgdTGF{3 (Fig 2-4A). The up-
regulation of Pail was abolished in these Wntllckdown cells, while up-regulation of

Zebl and Snaill were also reduced (Fig. 2-4C).thtn 54666 cell line, basal Wntl1l
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expression was reduced by approximately 40%. Howéhese cells up-regulated Wntl1l
about two folds in response to TQE; though this was still significantly less thare th
scrambled control cells (Fig. 2-4B). Nevertheldls, up-regulation of EMT marker genes
was also attenuated in the 54666 Wntll knockdowlis ¢€ig. 2-4D). Moreover,
administration of Wntll recombinant protein totalscued the TGB-dependent up-
regulation of Zebl and partially rescued the PAMt &naill in the 53302 cells (Fig. 2-
4E). We also used the Wntl1 specific 53302 shRNivigus for knockdown in PRECS.
Although the basal Wntll expression was not aftectis up-regulation upon TGF-
treatment was largely reduced, as were the respohdeMT marker genes and the

expression oiSMA (Fig. F, G, L).

We also determined if Frizzled7 (Fzd7), a well-clederized Wntll receptor
(Djiane et al., 2000; Yamanaka and Nishida, 20@¢&fs important for mediating the TGF-
B effects in EMT. Although Fzd7 was expressed in TRP its expression was not
affected by TGH treatment. Fzd7 shRNA lentivirus knocked down agpnately 60%
of its expression (Fig. 2-4H). Similar to Wntll dckdown, the activation of
mesenchymal marker genes, especially Zebl1 and iRaidsponse to TGB-was reduced
in the Fzd7 knockdown cell lines (Fig. 2-41). Lgstwe inhibited Wnt signaling by
addition of the secreted frizzled related protefip$ which sequesters Wnt away from its
receptors. Similar to Fzd7 knockdowns, Sfrpl additisignificantly inhibited the
expression of mesenchymal genes after P&edition (Fig. 2-4K). Taken together, these
data indicate that Wntll is an important T@&Rarget for promoting the activation of

mesenchymal marker genes in renal epithelial oedbl

Wht11l does not affect Smad3 phosphorylation or its transaction ability upon TGF-f
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treatment

Our data suggests that Wntll is an important au@anediator of the TGB-
response. To rule out that Wntll functions by nhatthg the levels of P-Smad3, we
performed additional assays. First, Wnt11l knockdadwihnot by itself affect the ability of
TGF4 to phosphorylate Smad3 in TKPTS (Fig. 2-5A). Twas confirmed using a Wnt11
expression plasmid in TKPTS. If anything, Wntll @xpression reduced P-Smad3
slightly (Fig. 2-5B). We also tested the effectd/ntll on the 3TP-Lux reporter plasmid
that responds to TGE- Overexpression of Wntll did not activate 3TPbyxitself and
Wwntll knockdown did not affect the ability of TGRo activate 3TP-Lux (Fig. 2-5C, D).
Thus, the effects of Wntl1l on TG¥Factivation of mesenchymal markers are not mediated

through alterations of P-Smad3 levels.

Wht11 does not activate canonical Wnt/f-Catenin signaling pathway

Wntll could be functioning through the canonicalt\f4catenin pathway, either
as a target or as an activator thereof during d@veént process or in cancer cells (Cha et
al., 2009; Dwyer et al., 2010; Zhou et al., 200Fhus, we checked whether Wntl11l
activated canonical signaling pathway by westenttiblg, gene expression, and reporter
assays in our system. In PRECs, administration ofl& recombinant protein failed to
increase neither the active formftatenin, nor th@-catenin level in the nuclear fraction
(Fig. 2-6A, B). To our notice, the basal nuclBaratenin level was relative high in PRECs.
However, this was consistent with a previous repbat there were more nuclefs
catenin proteins in renal epithelial cells thaneotbell types, such as adult mesenchymal

stem cells (Jian et al., 2006). Two target genescémonical Wnt signaling pathway,
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Axin2 and Wispl, were also unresponsive to Wntlig.(EC). In TKPTS, Wntl11l did not
activate the TOPFLASH reporter for canonical Wngnsiling pathway (Fig. 2D).
Conversely, Wntll overexpression slightly reduck@ tbasal expression level of
TOPFLASH, consistent with previous studies thatwshwon-canonical Wnt signaling
pathway could inhibit canonical Wnt signaling (Albdthani et al., 2011). These data
showed that Wntll was not activating canonical Wighaling in renal epithelial cell
cultures. Furthermore, there was little evidencat thGFf activated canonical Wnt
signaling when using TOPFLASH reporters or by asgplevels of Axin expression after

4h in the microarray based screens.

Both TGF-# and Wnt11 activates non-canonical/JNK Wht signaling, but not non-

canonical/CamKIlI-associated Wht signaling

Since Wntl11l did not activate canoni@alfatenin Wnt signaling, we then asked
whether the non-canonical Wnt signaling pathway ac®ated in TGH mediated EMT.
The cJun-N-terminal Kinase (JNK) signaling pathwsagne branch of non-canonical Wnt
signaling. We found that phosphorylation of cJud #total cJun was elevated after TGF-
administration (Fig. 2-7A). The calcium-dependaghaling pathway is a second branch,
in which calcium influx will eventually cause thet&ation and autophosphorylation of
Cd*/calmodulin dependent protein kinase (CaMKIl) (Baret al., 1997; Kuhl et al.,
2000). To our surprise, the basal phosphorylatexell of CaMKIl in PRECs was high
even without TGH treatment. After TGHB-administration, the amount of phosphorylated
CaMKIl increased only slightly (Fig. 2-7A). Recombhnt Wntll administration in
PRECs or overexpression in TKPTS by itself coulivate the JNK signaling pathway as
evidenced by P-cJun levels (Fig. 2-7B). Under ndrcoaditions, phosphorylated CamKiI|
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was present on the plasma membrane and throughtaplasma. In the stimulation of
ionomycin, which enhanced &€anflux by releasing stored intracellular €&Morgan and
Jacob, 1994), phosphorylated CamKIl translocatealtime nucleus in a number of PRECs.
However, such translocation was seldom found in -B&IF Wnt11 treated PRECs (Fig. 2-
8). To test the role of JNK signaling more direcilye used two specific INK inhibitors,
SP600125 and JNK inhibitor Ill, to block JNK sigmg in PRECs prior to TGB-
administration. The JNK inhibitor Ill was a cellypgeable 37-mer peptide by fusing
human c-Jumd domain (amino acids 33-57) sequence with that Bf-HAT protein
transduction domain (amino acids 47-57) vig-aminobutyric acid spacer. It has been
shown to specifically disrupt c-Jun/JNK complex ni@ation and the subsequent
phophorylation and activation of c-Jun by JNK arauld be used as a complement
inhibitor for SP600125 (Holzberg et al.,, 2003; Waetgal., 2008). Both the inhibitors
blocked the up-regulation of mesenchymal genescedwy TGH without affecting P-
Smad3 levels (Fig. 2-7C, D). However, despite tlteimmon blockade effects on cJun
phosphorylation, SP600125 decreased the total adbile JNK inhibitor Il slightly
increased it. This may reflect the different ch#gastics of the two inhibitors. Similarly,
in TKPTS, both the inhibitors reduced the up-regotaof mesenchymal genes induced
by Wntll overexpression (Fig. 2-7E). A more pre@gamination of Wntll expression
upon the TGH treatment showed that Wntl11 was induced as earlly lzour after TGF-
1 administration, which was just the time pointttthee amount of phosphorylated c-Jun
began to elevate (Fig. 2-7F, G). The addition otlalyeximide abolished c-Jun
phosphorylation, suggesting that the activationJ&K signaling pathway upon TGF-

treatment required new protein synthesis. Also, M/nknockdown suppressed TGF-
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induced c-Jun phosphorylation, which is consistgttt a role for Wntl1 in activating the
JNK pathway (Fig. 2-7H). Taken these together, mesults demonstrated that up-
regulation of Wntl11 by TGB-drives expression of mesenchymal genes throughdhe

canonical, JNK signaling pathway.

Discussion

Despite the critical role of TGB-in renal fibrosis, many of its target genes and
biological effects in renal epithelial cells remgiaorly characterized. We systematically
analyzed the effects of TGFen transcription of direct target genes using Irepéhelial
cells and translation inhibition. From the micr@griresult, we found that more than 300
genes changed their RNA expression levels of adtl@afold. In the presence of
cycloheximide, not all mesenchymal markers, sucP@& and Zebl, were up-regulated
by TGF$, suggesting that these genes are not direct tagfjebmad protein dependent
transcription.  This was consistent with previousidges indicating that some
mesenchymal markers, such as Pail, were not dinegllated by Smad proteins, but the
targets of other transcriptional factors induced TgyF{f§ signaling (He et al., 2010).
Similarly, E-cadherin was also not on the list.sTisi not only because that the suppression
of E-cadherin required new protein synthesis, saglSnaill (Vincent et al., 2009), but

also due to a short TGFtreatment time (Yang and Liu, 2001).

Among the genes activated by T@Fwere many associated with the Wnt
signaling pathway. Recent evidence implied that Wgnaling, especially the canonical
Wnt/B-catenin pathway, was involved in EMT and T@Riediated fibrosis (Akhmetshina

et al., 2012; He et al., 2009; Surendran et al052@hou et al., 2012a). In our studies,
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Wntll showed the greatest response to PA#6th in microarray and real-time PCR
assays and was thus studied further. Prior studssssuggested that Wntl1l was directly
regulated byp-Catenin (Dwyer et al., 2010; Zhou et al., 2007). dur study, LiCl
treatment could activate Wntl1l expression in PRE@g& not shown). However, TGF-
did not activate the expression of Axin2, a typifaCatenin target, in our microarray
studies, indicating that at least in the early stdlge upregulation of Wnt11l by TGFwas
B-Catenin independent. In the Smad3 knockdown TKP¢8Is, the Smad2
phosphorylation upon TGE-treatment was not affected, but Wntll up-regutati@as
largely reduced, suggesting that Smad?2 alone isuf@itient to activate Wntl1l. In Smad3
overexpressed TKPTS, the transfected Smad3 wagpbiodated and activated Wnt11l
expression, without affecting Smad2 phosphorylasitatus. Taken this together, our data
clearly shows that Wntl1 activation is through aa8iéh dependent mechanism. Since
Wntll was critical for the upregulation of mesemly genes upon TGEL treatment,
our results supported the different roles of Smat® Smad3 in mediating EMT and renal
fibrosis (Meng et al., 2010). Considering the pcotey effects of Smad2 in renal fibrosis,
it is interesting to test whether Smad2 overexpoeswill inhibit Wntl11 upregulation by
TGF{. Another issue concerning the direct regulatioMiiftll by Smad3 proteins, is to
find the Smad binding element(s) (SBE) in the prtaneegion of Wntll. There are 6
transcripts for Wntll in mouse genome, sharing wamoter regions. Representatively,
Wwnt11-001 (ENSMUST00000067495) has 7 exons, while ntM/201
(ESMUST00000168655) starts roughly from the exoh@/at11-001 with 5 exons. Both
promoter regions have been cloned previously amaddao be regulated bfy-Catenin

(Dwyer et al., 2010; Zhou et al., 2007). In ourdstuwe also cloned a 2kb genome DNA
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fragment from these two promoter regions and iesethem into a luciferase reporter
vector. However, both Wntl11 promoter reportersethilo response to TG or Smad3
overexpression in either TKPTS or 293 cells (datasmown). Thus, finding real SBE in
Wntll promoter regions, a chromatin immunoprediita (ChIP) assay with Smad3
antibody would be necessary. Furthermore, it ha&h lbeported that Smad proteins also
bound to enhancers to regulate target gene expreg3ione et al., 2008). Thus, a
conserved region between the exon4 and exon5 (e cd Wntl11-201) is another

candidate for the ChIP assay.

Wntll has multiple functions in regulating cell pecties, such as proliferation,
migration and differentiation. However its precismction in different cell types was
context dependent and sometimes contradictory. ekample, Wntl11l enhanced tight and
gap junction formation in a quail mesodermal dek IQCE6 to promote its differentiation
to cardiomyocytes (Eisenberg et al., 1997). Intmt, Wntll conditional medium
induced E-cadherin internalization in a rat intesii epithelial cell line IEC6, thus
increasing its proliferation and migration (Oukoagt 2004). These data suggested that
Wntll effects were highly dependent on the cellatartext. Although it was shown that
Wntll was involved in EMT during dorsal fin devehognt in Xenopus (Garriock and
Krieg, 2007), its detailed function and mechanishaction were not well characterized.
Here, we reported that Wnt11 participated in TjGRediated EMT in both primary and
immortalized renal epithelial cells, and was neagssfor the up-regulation of
mesenchymal gene expression induced by BGAithough both Wnt11l administration in
PRECs and transfection in TKPTS could enhance B&fects, its treatment alone in

two cell types was different. In PRECs, Wntll alahd not activate mesenchymal
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markers; however, in TKPTS, Wntl11l up-regulated sofithe mesenchymal genes. This
could result from subtle differences of cell chéeastics between primary and
immortalized cells and Wntl11l delivery methods. d&ebinant protein administration is
more like a paracrine model, whereas expressindorvdcansfection may be more
autocrine. Compared to the Wntll recombinant pmotisie autocrine Wntll in TKPTS
may interact with other secreted ligands, thus aitguadditional properties. For example,
the secreted Xenopus Wntl11 physically interacth Wint5a and the complexes has more
canonical Wnt signaling activity than secreted WIntt Wnt5a acting alone (Cha et al.,

2009).

Whether Wntll activates the canonical Wnt signalipgthway is also
controversial. For example, Cha SW et al (Chalet28®09) showed that Wntl11/5a
complex could enhance canonical Wntll signalingugh accumulating cytosolip-
catenin in Xenopus ooctyes, mouse L cells and huenaryonic stem cells. Other reports
show that Wnt11 had no effect, and even down-régd[acatenin signaling (Anton et al.,
2007; Maye et al., 2004). To date, most studiescarsistent with Wntl1 activating the
non-canonical Wnt signaling pathways through th& 3¥ CamKIll kinases (Flaherty et
al., 2008; Westfall et al., 2003; Zhou et al., 20dA our renal epithelial cells, Wnt11
alone did not activate canonical Wnt signaling wais the CamKIl protein activated by
TGF{$ or Wntll directly. In fact, CamKIl reportedly canactivate Smad/TGB-
signaling through blocking the accumulation of maclSmad proteins (Wicks et al., 2000).
Clearly this was not the case given the robust PGEsponses observed. However, we
did measure activation of the JNK signaling pathway TGF$ and Wntll. The

abolishment of c-Jun phosphorylation induced by 3#& the presence of cycloheximide
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indicated that the activation of JNK signaling wasecondary effect for TGE-which
required new protein synthesis. Activation of JNKaswcritical for mediating the
Wnt11/TGF$ response because inhibition of INK signaling calddrease up-regulation
of the mesenchymal genes induced by Wntll. AlthallgK signaling was activated by
Wntll alone in PRECs, this was not sufficient tduice expression of mesenchymal
genes. The JNK inhibitor only attenuated the effetTGF$, but did not entirely block

the activation of mesenchymal genes.

Furthermore, by activating families of secretedchaltqng molecules, TGB-acting
on epithelial cells could impact the environmentd ahe adjacent cells in the renal
interstitium. Nowadays, more and more evidence tedirio pericytes for the increasing
number of fibroblasts in renal fibrosis (Humphretsal., 2010; Lin et al., 2008). In this
model, pericytes detached from the vasculatureratggnto interstitium, proliferate and
differentiate into myofibroblasts. However, thersting pathways controlling this series
of biological process are largely unknown. It haser reported that Wntll was
upregulated during renal fibrosis (He et al., 2008so0 it promoted cell survival,
migration and proliferation in different types otlis (Garriock and Krieg, 2007;
Matthews et al., 2008; Ouko et al., 2004; Uysal-@vey et al., 2010). Thus, it is worth

exploring the function of Wntl11 in pericyte actiiat during renal injury.

Taken together, our results showed that TGEetivates multiple signaling
pathways in renal epithelial cells through enhaneggression of secreted signaling
proteins and transcription factors. Of these, Wrdttivation by TGH enhances the
overall effects attributed to TGJF-on epithelial cells, such as expression of genes

associated with more mesenchymal cells. A recardyson EMT in breast tumor
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suggested the importance of T@F-canonical and non-canonical Wnt signaling
pathways in maintaining the mesenchymal statecatstig an interactive communication
model between different signaling pathways in ddgizal process (Scheel et al., 2011).
Our findings suggested a transregulation model, relhe TGF§ directly activates

signaling factors and effectors necessary for tienptyping changes observed.
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Figure 2-1Effects of TGF-p on primary renal epithelial cells. A) Phase contrast
micrographs of morphology change of PRECs aftey there isolated from mouse cortex.
Indicated times were the days after cells weratedl. B) Phase contrast micrographs of
PRECs treated with increasing concentrations of-pGBr 24 h. C) Western blot of

cells treated for 0, 48, 72 h with 10 ng/ml of TGRnd probed for E-cadherin. D) Time
and dose dependencea8MA and N-cadherin expression with increasing an®oh
TGF. E) gRT-PCR of mesenchymal markers after 24h P@featment at the indicated
doses. All samples were done in triplicate wittoebrars representing one standard
deviation (SD) from the mean.
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Figure 2-2Wnt1l aredirect targets of TGF-p signaling. A) Wnt1l1l RNA levels in
PRECs cells cultured with TGfFfor the indicated time in hours in the presence of
cycloheximide. B) Wnt1l1l RNA levels in TKPTS cellglitred with TGFB for the
indicated time in hours in the presence of cyclaiéke. C) Wntll RNA levels after 24h
with varying does of TGIB-as indicated. D) Wnt11 RNA activation in respotesé GF-

B in the presence or absence of the Smad3 inhiBi®8. E) Wnt1ll RNA levels
measured after Smad3 transfection and/or PGifeatment. F) Wnt1ll RNA activation in
response to TGB-in the presence or absence of Smad3 shRNAs anbt@d controls.
G) Western blot of P-Smad3 in response to incrgesaes of TGH. H) Western blots
of P-Smad3 and P-Smad2 after inhibition by SIS3teeatment with TGF. 1) Western
blot for P-Smad3 and P-Smad?2 after Smad3 tranefeamnd TGH3 treatment. J)
Western blot of P-Samd3, P-Smad2 and total Smaai#Bculture with Smad3 shRNAs
and TGFB treatment. It is noted that Smad3 proteins weosvemearly totally gone in
Smad?2/3 panel, while it is still detectable in B¥&mad3 panel. This resulted from
different expose time and affinity for these twdilbodies. All samples were done in
triplicate with error bars representing one stadataviation (SD) from the mean.
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Figure 2-3Wntl1l increases TGF-p dependent activation of mesenchymal genes. A)
Western blots for N-cadherinSMA, P-Samd3, anf-tubulin from cells treated with
recombinant Wntl11 and different does of T@hs indicated. B) Quantitative RT-PCR
for RNAs from the genes indicated under similardibans as in A. C) Quantitative R-
PCR for mesenchymal genes after transfection wititl&/ expression plasmids and/or
TGF addition. All samples were done in triplicate watior bars representing one
standard deviation (SD) from the mean. (*p < 0?0p;< 0.01, n.s. not significant,
students-t-test for independent variables)
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Figure2-4Wntll is necessary for the TGF-p dependent activation of mesenchymal
genes. A) Wntll RNA levels after culture with shRNA #5330r a scrambled control in
TKPTS cells with or without TGIB-= B) Similar experiment as in A but using the Wnt11
ShRNA #54666. C) The TGF4induction of RNAs for the indicated genes in thesence
or absence of shRNA #53302. Relative amount of RiNéompared before or after TGF-
 addition and expressed as fold induction. D) Simgéixperiment as in C but using the
Wntll shRNA #54666. E) The induction fold changéndicated genes by TGfFis
measured in cells cultured with shRNA 53302, whRKIA 53302 and recombinant
Wntll, or with scrambled shRNA. Note that recombin&/nt11 increases the induction
of mesenchymal genes in the presence of 53302.rME) INhRNA 53302 in PRECs
reduces TGH dependent Wnt1ll RNA induction. G) In PRECs, WrghRNA 53302
reduces the TGB-mediated fold induction of mesenchymal marker geki} In TKPTS,
inhibition of Fzd7 RNA by shRNA #64762 is indepentlef TGF$. ) Fzd7 shRNA
#64762 inhibits the TGB-mediated induction of mesenchymal marker geneghd)

Wnt secreted inhibitor Sfrplreduces the TBmediated induction of mesenchymal
marker genes in PRECs. K) Western blotssd8MA and Wntl11. Cells show that
inhibition of Wnt11 by shRNAs reduces the accumatabfaSMA in response to TGF-
B in PRECs. All samples were done in triplicate vathor bars representing one standard
deviation (SD) from the mean. (*p < 0.05; **p < 0,&tudents-t-test for independent
variables)
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Figure 2-5Wnt11 does not modulate Smad proteins. A) Western blot of P-Smad3
from cells cultured with Wnt11l shRNAs and/or TGRs indicated in TKPTS. B)
Western blots from cell overexpressing Wntl1l aedted with TGH show no affect of
Wntll on P-Smad3 levels. C) The P-Smad2/3 rep8itErLuc was assayed after co-
transfected with Wnt11 or treatment with T@FNote that Wnt11 does not increase
3TP-dependent luciferase. D) Wnt11l shRNA knockddees not affect the ability of
TGF to activate 3TP-luc. All samples were done inlicgie with error bars
representing one standard deviation (SD) from tearm
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Figure 2-6 Wnt11 does not mediate B-catenin dependent gene activation. A) Western
blot using antibodies against activafiedatenin show no effects of Wnt11 on activated
B-catenin accumulation. B) Western blot using artipagainst totg-catenin for
cytoplasmal and nuclear fraction of PRECs underM/wtr LiCl treatment for 24Ig-
tubulin and ptip was used as the loading contraytdplasmal and nuclear fraction
respectively. C) Wntll does not activate Wispl pinAtwo knownf-catenin target
genes, as assayed by qRT-PCR in renal epithellal &y Cells were transfected with the
B-catenin reporter TOPFLASH and treated with Wnill&F, or LiCl, or co-
transfected with Smad3. Only the known GSK3 kinabkéitor LiCl activated the
TOPFLASH reporter. FOPFLASH is used as non-specdittrol plasmid. All samples
were done in triplicate with error bars represemtine standard deviation (SD) from the
mean. (n.s. not significant, students-t-test foependent variables)
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Figure 2-7 Activation of JNK signaling by TGF-p/Wnt11 activates mesenchymal
marker genes. A) Western blot for P(S63)-cJun, total cJun an@derKIl after treatment
of renal epithelial cells for 24 or 48 hours witlsF{3 shows increased P-cJun and total
cJun but not P-CamKIl. B) Addition of recombinantt¥1 in PRECs and Wntl11
overexpression in TKPTS increases levels of P-ddunnot P-CamKIl. C) Western blots
of cell lysates show that inhibition of the cJundgse (JNK) by SP600125 or JNK
inhibitor 11l reduces expression aBMA in response to TGB- Note there is no affect on
P-Smad3 levels. D) qRT-PCR of mesenchymal markeeg&eated with TGB; with or
without the JNK inhibitors, show reduced expressiball mesenchymal markers tested
upon JNK inhibition in PRECs. E) Activation of mestymal marker gene expression in
response to Wntl1 is reduced upon JNK inhibitioMKiPTS, as determined by qRT-
PCR. F) Wntl11 RNA levels in PRECs cells culturethWliGF{ for the indicated times

in hours. G) Western blots for P-cJun, total ciWnf11 and P-Smad3 with TGF-
treatment for indicated times absence or in thegree of cycloheximide (CHX). CHX
abolished the elevated P-cJun and Wnt11 upon f@€&atment. H) Western blots for P-
cJun show reduced levels upon T@EEeatment when cells are cultured with shRNA
53302 against Wntl11. All samples were done init@dé with error bars representing
one standard deviation (SD) from the mean. (*pG50**p < 0.01, students-t-test for
independent variables)

82



B-Catenin  p-CamKII Dapi Merge

Control

Ionomycin
TGF-p

Figure 2-8 Neither TGF-p nor Wnt11 induced translocation of p-CamKII in PRECSs.
Immunofluorescence for p-CamKIl (red) aprCatenin (green) shows that treatment of
TGF{ or Wntl1 for 24 hours does not induce the traradlon of p-CamKIl into nucleus.

lonomycin administration for 1 hour is utilizedthe positive control for the activation of
CamKiIl. B-Catenin was stained to define the cell boundary.
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Table 2-1. Select genes regulated by TRaR-renal epithelial cells

Gene
Growth factors
Fefl§
Pdgfa
Vegfa
Pdgfb
Negf
Transcription
Ebf2
Foxql
Tlel
Sox7
Heyl
Hoxall
Sox10
Mkx
Ppargclb
Hoxa7
Sox17
Wt Signaling
Lrp8
Wnt9a
Wntll
Wispl
Wntl0a
Wntl
Actin Dynamics
Ankrd34b
Whrn
Bnel
Efnal
Ephb2
Semadc
Slit2
Epha4
Tgf-B Family
Nog
Acvrl
Bmp4
1d2

Fold Change*

2.51
1.72
1.6
1.29
1.17

241
2.34

1.95
1.83
1.82
1.32
1.22
1.04

3.63
3.59
3.06
1.51
1.39

1.1
-1.22

1.28
1.21

-1.17

IGFE

8.03

10.78
10.85
11,10
12.20

7.30
7.42
7.94
6.68
8.11

6.99
8.05
6.27
8.10
10.11
4.53

8.28
12.25
8.95
11.63
10.62
573

7.56
8.39
8.87
9.48
9.72
6.24
4.12
422

8.06
10.17
7.03
6.58

S.D.

0.09
0.08
0.08
022
0.04

0.20
0.09
0.05
0.14
0.02
0.05
0.21
0.05
0.06
0.03
0.15

0.10
0.03
0.22
0.01
0.03
0.33

0.19
0.03
0.10
0.09
0.08
0.02
0.26
0.30

0.21
0.04
0.04
0.28

Control | S.D.

5.56
8.99
921
9.76
11.03

4.95
5.02
6.36
5.05
6.60
549
6.63
5.07
6.92
9.01
6.88

6.35
10.43
7.00
10.28
9.38
4.72

3.94
4.81
5.80
7.99

6.70

6.04
779

0.09
0.29
0.10
0.34
0.11

0.31
0.34
0.06
0.11
0.12
0.22
0.16
0.28
0.03
0.09
045

0.11
0.13
0.25
0.19
0.11
0.12

0.26
0.12
0.17
0.18
0.10
022
0.09
0.19

0.10
0.18
0.09
0.17

Gene

Chromatin

Dnmt3a
Smared3
Jmjd4
Kinases
Sphk1
Itpkb
Map2k3
Pip5kla
Rapgef2
Cytokines
il
Tnfrsf11b
Socs3
Cxerd
Cd40
Cxelll
llora
Csfl
Tnfrsflb
Adhesion
Ankrd44
Dokl
Plekhhl
Adamts16
Rhof
Mmp2
Snai3
Pedh?7
Snail
Veaml
Rnd1

| Fold Change*

1.51
1.34
1.05

1.76
137
1.06
-1.13
-1.08

2.68
246
226
1.68
1.55
1.45
1.41
1.16
1.09

1.85
1:59
1.47
1.43
1.43
1.37
1.25
1.25
1.05
~1.13
-1.16

-
5
-

8.21

827

8.75
9.49
11.29
9.84
10.59

12.11
9.34
10.30
5.99
11.14
8.03
7.39
10.73
7.50

10.20
10.63
8.84
6.97
8.87
7.13
8.27
9.36
6.55
8.04
8.46

| S.D. | Control
0.06 6,71
0.07 6.32
0.10 7.18
0.04 6.96
0.07 8.09
0.14 10.20
0.22 11.06
0.08 11.72
0.04 9.41
0.11 6.82
0.17 8.03
0.07 4.34
0.01 9.56
0.09 6.63
0.34 6.15
0.06 9.56
0.07 6.44
0.03 8.33
0.07 9.04
0.06 7.37
0.18 5.63
0.05 7.45
0.10 5.7
0.10 7.08
0.03 8.08
0.11 5.46
0.11 9.21
0.14 9.66

S.D.

0,04
023
0.07

023
0.13
0.24
0.10
0.09

0.13
0.60
020
0.16
0.17
0.15
0.13
0.24
0.12

0.02

0.20
0.01
0.11
0.16
0.15
0.07

* log?2 scale.
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Table 2-2. Wnt associated genes regulated by f @F-enal epithelial cells

Symbol | t-statistic p-value | Fold Change* |CHX**+tgf 1| CHX+gf 2 [ CHX+tgf 3| CHX 1 CHX 2 CHX 3
ligands
Watl 7.17 0 104  506978] 535506] 586236 478411] 47823] 457939
Wnt9a 189 0 1.83 122283 122435 12286 102989 104309 105492
Watl1 12.95 0 182 918986 888873| 877053 701167] 723811 67428
transcriptional factors
Nfatc2 2426 0 238 107068] 10.7878] 107703| 821197] 844523| 844996
Tlel 17.47 0 16|  792575| 7.89095| 7.99194| 631082 6.34465| 6.41562
Nfatc3 10.58 0 107| 731412 7.70672| 757189 652037| 653303 646613
Sox17 -12.2 0 227 439058 469217| 449479 7.24982( 6.38376] 7.00049
secreted proteins
Wispl | 12.3] 0] 132]  116179]  11632] 11.6419] 10.0624] 104308] 103462
cyclin proteins
Cond2 | -11.25] 0] -1.05]  8.12537] 8.19922[ 831058] 934725] 929905 932236
* log2 scale

**(CHX, cvcloheximide
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Chapter IlI

Attenuated upregulation of mesenchymal marker genesin unilateral ureteral
obstruction (UUO) mouse model with kielin/chordin-like protein (KCP)

over expression

Abstract

Renal interstitial fibrosis is a common pathologymost chronic and progressive
kidney diseases. Two main branches of TiGsuperfamily are the direct mediators of
fibrosis. TGF$ promoted renal fibrosis, while BMP7 is a prote@aod counteracts TGF-
Bs. Recently, our lab discovered a novel cysteiok-secreted protein, kielin/chordin-like
protein (KCP), which is an enhancer for BMP sigmglias well as an inhibitor for TGF-
signaling. Here, in the unilateral ureteral obdinrc (UUO) mouse model, we showed
that specific overexpression of KCP in renal epithesignificantly attenuated the
upregulation of mesenchymal marker genes in thaired] kidney. Our study
demonstrated the importance of the balance of FGdd BMP signaling in the
progression of renal fibrosis and provided a neviempiial therapeutic target for its

treatment by the application of KCP.

I ntroduction

In the United States, approximately 13% of the agolpulation suffers some
degree of chronic kidney disease (CKD) whose pesad continues to increase (Coresh

et al., 2007). Clinically, chronic kidney diseasedetermined by persistent albuminuria
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and decreased estimated glomerula filtration r&é€&R). Pathologically, the CKD,
especially at its end stage, is usually accompaoyeskevere renal interstitial fibrosis (Liu,
2010). Inflammation, such as the infiltration of er@phages to the injured kidney, plays
a crucial role in the initiation of renal fibrogese (Ricardo et al., 2008), which is
followed by the proliferation and activation of fidblast and enhanced deposition of
extracellular matrix (ECM). The increasing numbérfibroblasts, myofibroblasts and
excess ECM replace the kidney parenchyma, desth®y rormal renal tubular

architecture, and eventually lead to the end stagal disease (Liu, 2011).

Among the most well studied signaling pathways enal fibrotic disease are
those of the transforming growth factpr(TGF{f)) superfamily, the most relevant of
which are the TGBs and BMPs. As we discussed in the Chapter | anthél general
signaling transduction pathway for T@BE-and BMPs is similar (Massague, 1998). The
binding of the ligand to its type Il receptor, Isao the recruitment and phosphorylation
of type | receptor. The activated type | recepterai serine/threonine kinase that
transduces the signal through phosphorylating tecegmad proteins (R-Smads), which
form a heteromeric complex with a common partnena®4, translocate to the nucleus
and mediate target gene expression. For B§Rhe R-Smads are Smad2 and 3, while
for BMPs, they are Smadl, 5 and 8. A consensugsetliat TGF8s are pro-fibrogenic
cytokines, and BMPs counteract the effects of TBSHn vivo studies showed that mice
genetically overexpressing TGH- (Kopp et al., 1996) or treated with recombinaGi-F
B2 (Ledbetter et al.,, 2000), suffered renal int&edtifibrosis and tubular atrophy over
time. Conversely, the severity of renal hisopathglovas reduced in experimental

glomerular nephritis models by treating animalshvathuman antibody against rat TGF-
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B type Il receptor (Kasuga et al., 2001). Immunaakemical staining revealed that both
TGF{1 ligand and its type | receptor were robustly gpiated in proximal tubular
epithelial cells of the injured kidney (Yang andu.P001).In vitro, BMP7 reversed the
TGF{1 induced epithelial mesenchymal transition. Thasvsupported by thi vivo
study showing that systemic administration of reborant human BMP7 led to the
repair of severely damaged renal tubular epithekdls and the reversal of chronic renal
injury (Zeisberg et al., 2003). Furthermore, BMPiduced mesenchymal to epithelial

transition (MET) in adult renal fibroblasts (Zeisgeet al., 2005).

In Chapter I, we have thoroughly discussed the latigmmn of TGF$ signaling
both outside and inside of cells. Out of cells,raug of secreted factors, containing the
cysteine rich (CR) domains, mediates TBBignaling transduction through blocking or
facilitating the binding between ligands and reoentFor example, the crystal structure
of the Noggin-BMP7 complex directly showed that §wginhibited BMP7 by blocking
the surfaces that were required to interact with type | and type Il BMP receptors
(Groppe et al., 2002). On the other hand, the sstr€R domain protein, connective
tissue growth factor (CTGF), not only blocked BMBnsiling, but also enhanced TGF-

B1 signaling through direct interaction with TGE-ligands (Abreu et al., 2002).

Recently, our lab identified kielin/chordin-like giein 1 (KCP1) as a secreted
protein with 18 cysteine-rich domains that is espesl in the developing kidney at both
early and late stages (Lin et al., 2005). Unlikeglo or CTGF, KCP1 enhances BMP
signaling and inhibited TGB1 signaling (Lin et al., 2005; Lin et al., 2006hél KCP

homozygous mutant mice showed no gross developatermalities, but exhibited
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enhanced susceptibility to developing renal intgastfibrosis in both UUO chronic

kidney disease model and folic acid acute renakynnodel (Lin et al., 2005).

In this chapter, we tried to address whether oy@ession of the secreted KCP
protein in transgenic mice will alter the balanaween the TGB-and BMP signaling
pathway and change the progress of renal fibrdsensgenic mice were engineered to
express KCP protein specifically in renal proximdiule cells and subjected to unilateral
ureteral obstruction. While KCP expression by ftdedd few measurable deleterious
effects, KCP transgenic mice showed decreased ulatezn of mesenchymal genes in
injured kidney over time, suggesting a more resiato interstitial fibrosis. Our studies
clearly pointed to the renal protective functions KCP, and provide a potential target

for the treatment of renal fibrosis.
Materials and Methods
Animals

Mice were kept according to NIH guidelines. Animale was approved by the
University Committee on Use and Care of Animalshat University of Michigan. The
KCP mice were generated by Dr. Dressler. Pepck ptemwas used to drive a myc-
epitope tagged form of the KCP protein that alsmuided a human Igk light chain signal

peptide to enhance secretion.

For the induction of renal fibrosis, the UUO modehs utilized. Mice were
anesthetized with intraperitoneal injection of ketdae and xylozine. Through a midline
abdominal incision, the right ureter was exposed &&d off at the mid-ureteral level

with fine suture materials (4-0 silk) to induce@rplete obstruction. Mice were allowed
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to recover from anesthesia and were kept atthibitum supply of food and water until
the indicated time of sacrifice (0, 7, 14 and 28)aBoth obstructed and contralateral
kidneys were harvested for RNA and protein. The Utd@del was generated by Abdul

Soofi.

RNA extraction

The kidney tissue was added into TRizol reagentitfiogen) and homogenized
with Polytron Homogenizer. The mixture was cenggéd and supernatant was collected

for further isolation following the manufactureiisstructions.

RNA reverse-transcription and real-time PCR

2-3 ug total RNA was reverse-transcribed into cam@ntary DNA with
SuperScript First-Strand Kit (Invitrogen). The cBNroducts were diluted 5 times and
amplified with the iTag Sybr green master mix (Bad) in a Prism 7500 (Applied
Biosystems). Primers pairs for PCR are as followsyVntll 5'-
GGGCCAAGTTTTCCGATGCT, ©5-TTCGTGGCTGACAGGTAGCG; ZEB15'-
TCAAGTACAAACACCACCTG, 5-TGGCGAGGAACACTGAGA; PAI1 5
ACATGTTTAGTGCAACCCTG, b5-GGTCTATAACCATCTCCGTG; Snai 5'-
GGAAGCCCAACTATAGCGA, 5-AGCGAGGTCAGCTCTACG; GAPDH 5

ACCACAGTCCATGCCATCAC, 5-TCCACCACCCTGTTGCTGTA.
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Results

Generation of KCP transgenic mice

Since the Pepck promoter was reported to be veiyeain renal proximal tubular
epithelial cells (Short et al., 1992), it was usedirive the expression of transgenic KCP
gene (Fig. 3-1A). The transgenic KCP protein wag@pitope tagged and included a
human IgK light chain signal peptide to enhances#sretion. Founder animals were
mated to wild-types and subsequent F1 generatienstgped for the transgene. The
expression of transgenic KCP varied among litteesatout immunohistochemistry
results showed that the exogenous KCP protein wergt located in proximal tubules

(Fig. 3-1B and C). The strongest expressing strais used for renal injury studies.

KCP overexpression attenuated the upregulation of mesenchymal genesin UUO model

In UUO disease model, the normal renal tubular itecture was destroyed and
replaced by increasing number of fibroblasts andfibyoblasts. Thus an upregulation of
mesenchymal marker genes, such as Pail, SnailZentl in the injured kidney was
observed. Furthermore, the expression of these molegmal markers increased over
time, indicating the progress of the injury. In K&Bnsgenic mice, the basal expression
of mesenchymal genes were not much affected. Havibee& upregulation trends, along
with the disease progression, were significantigratated (Fig. 3-2B). The effect of KCP
on mesenchymal gene expression was through enlgaBdiP signaling and inhibiting
TGF9 signaling, as indicated by the more phosphoryl&ethdl, 5 and 8 proteins and
less phosphorylated Smad2 and 3 in transgenic (fkige 3-2A). In Chapter Il, we

demonstrated that Wntll was a direct target of PG#gnaling. Here, we found that
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Wntll expression was also reduced by KCP overesiorgsfurther demonstrating the
inhibitory effect of KCP on TGIB-signaling (Fig. 3-2B). These taken together, catad
suggested that KCP attenuated mesenchymal gengulgdien in injured kidney through

enhancing BMP signaling and blocking T@Fignaling.

Discussion

Although BMPs and TGPBs belong to the same superfamily, their functians i
renal fibrosis are very different. While TGFnduced EMTin vitro, and correlated with
increased fibroblast proliferation and ECM depositio promote fibrosig vivo (lwano
et al., 2002; Poncelet and Schnaper, 2001; Sttuat.,e2001), BMP7 mediated MER
vitro, and suppressed inflammation and improved rer@vesyin vivo (Hruska et al.,
2000; Vukicevic et al., 1998; Zeisberg et al., 2005ver the years, drugs have been
designed to repress TG¥Fsignaling or enhance BMP7 signaling for the treatmof
chronic kidney diseases. Our study suggested tl2P Knay be a better candidate,
because it can modulate T@FRand BMP7 at the same time. Furthermore, KCP was no
widely expressed in adult tissues (Lin et al., 208Gggesting that drug targeting at KCP

might cause less side effects.

Besides the upregulation of mesenchymal marker gjerestology and
immunostaining showed less Collagen IV depositiod €EMA expression in KCP mice
compared to wildtype control at 7 and 14 days aftldO (data not shown). These further
demonstrated the protective role of KCP. The qtatnte PCR was based on the whole
renal tissue, so we did not know whether the atttuimesenchymal gene expression

was due to less proliferation of fibroblasts orueeld EMT effect. However, since the
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transgenic KCP was overexpressed specifically axipral tubular epithelia, our results
indicated the important role of those epitheliallscen promoting renal fibrosis either

through an autocrine or paracrine manner.

In the normal adult kidney, the BMP7 signaling aivge, but its function is not
well characterized. The main target cells for thelH¥ signaling in the kidney are
epithelial cells, especially proximal tubular epiifal cells (Bosukonda et al., 2000). The
function of BMP7 signaling in those epithelial sefhay be to maintain the expression of
E-cadherin (Zeisberg et al., 2005). It has beemrted that BMP signaling was also
involved in maintaining the pluripotency of stemlg€Varga and Wrana, 2005). During
renal development, not all metanephric mesenchymiés aggregate and become
epithelia. Some cells maintain their mesenchymaperties and remain as interstitial
stromal cells (Dressler, 2006). Thus, BMP7 sigrtahmay be important for the survival
of these interstitial stromal cells. During renddrésis, the decreasing BMP7 signaling
may contribute to the differentiation of these stab cells into fibroblasts. Meanwhile,
the destruction of the stem cell pool may also cedilne recovery ability of the kidney
from acute renal diseases. This may be one of éasons why rats receiving BMP7

injection had better recovery from ischemic acetgat failure (Vukicevic et al., 1998).
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Figure 3-1Expression of KCP in thetransgenic mice. A) Schematic shows the
expression of transgenic KCP is under the confrpepck promoter. B) Western blot for
myc from wildtype (#1) or transgenic kidneys (#21&3) indicates the transgenic
expression of KCP proteins. C) Immunofluorescecerfyc (red) and laminin (green)
shows that exogenous KCP is specifically expressedoximal tubular epithelia.
Laminin is used to define the boundary of renalitas.
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Figure 3-2K CP overexpression attenuated upregulation of mesenchymal genesin
injured kidney. A) Western blot for P-Smad1l, P-Smad3 and myc filor@e independent
normal, 7-day or 14-day UUO kidneys of wildtypekaZP transgenic mice. The
expression of KCP decreased with the progressidheoflisease. The amount of P-
Smadl was higher in KCP mice than the wildtype levtiie amount of P-Smad3 was
lower. B-tubulin was the loading control for P-Smad1, Smadd mycp-actin was the
loading control for P-Smad3. B) Gene expressioelewere assayed by gqRT-PCR for
the indicated genes in control (n=3), 7-day (naB)J 14-day UUO kidney (n=3) RNA
isolates. All samples were done in triplicate wathor bars representing one standard
deviation (SD) from the mean.
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Chapter IV

Tle4 enhances BMP7 mediated gene expression

Abstract

Groucho proteins and their mammalian homologueandaducin-Like Enhancer
of split (Tle) proteins are common corepressorsl, @ame critical for normal development
processes. Bone morphogenetic protein 7(BMP7) Bignaelongs to transforming
growth factorf (TGF3) superfamily and plays an important role in coltitig kidney
development. However, the regulation of BMP7 sigtal especially within cells, is
largely unknown. Here, our results showed that ex@ression of Tle4 robustly activated
the expression of a BMP reporter, as well as erihgrand sustaining the upregulation of
endogenous Id1 gene induced by BMP7. BMP7 admatistr did not affect the
endogenous level of Tle4. Tle4 activated the BMporeer through mediating Smad
proteins, as Tle4 repressed the expression of Snaadhhibitory Smad protein, and
overexpression of Smad7 totally abolished the efiédle4 on the induction of the BMP
reporter. Our study provided a new mechanism fer ribgulation of BMP signaling,
which may be important for the kidney and neuraleligoment, since Tle4 and BMP7

are co-expressed in these developing tissues.

I ntroduction

The human genome is carried by 23 pairs of chromesp containing 20,000-
25,000 protein-coding genes (2004). The properesgion of these genes is critical for
normal cellular physiological processes, such adifpration, differentiation and death,
thus requiring elegant and tight regulation. Twméafamilies of proteins control gene
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expression, the activators and the repressorshdistame suggested, activators help the
recruitment of RNA polymers Il to the gene promatad increase target gene expression,
while repressors condense the chromatin strucax@ude activators and transcription

machinery, and reduce or even silence gene expressi

Groucho proteins and their evolutionary conservesnmalian Transducin-Like
Enhancer of split (Tle) homologues were the fidéntified metazoan corepressors
(Cinnamon and Paroush, 2008). Their structure epesses five domains, the Trp-Asp-
repeat (WDR) domain at the N-terminal, followed ®gr-Pro-rich (SP) domain, a CcN
domain, and Gly-Pro-rich (GP) domain, with a Glohri(Q) domain at the C-terminal
(Buscarlet and Stifani, 2007). The WDR and Q domare highly conserved and
essential for the interaction with other DNA-bingliproteins to mediate gene repression
(Fisher and Caudy, 1998; Jennings et al., 20069. 9P domain could be phosphorylated
by MAPK, which negatively regulates Gro/Tle repressability (Hasson et al., 2005).
The CcN domain has the nuclear localization sig(Bisscarlet and Stifani, 2007). The
Gro/Tle family represses gene expression throughipteimechanisms. First, it interacts
with TFIIE or other transcriptional factors to pest the assembling of transcription
machinery or activator complexes (Buscarlet anthafiti 2007). Second, Grg3 bound to
nucleosomal arrays to promote condensation intbenigrder chromatin to block the
access of other transcriptional factors (Sekiya @adet, 2007). Third, they recruit
histone deacetylase or other histone modificatiompmlexes to repress target gene
expression (Patel et al., 2012; Yochum and Aye®120Through a series of knockdown

and overexpression experiments, Gro/Tle proteiag phportant roles in embryogenesis,
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body patterning and organogenesis (Dasen et @1;20ang et al., 2004; Zamparini et

al., 2006).

Bone morphogenetic protein (BMP) belongs to thedi@rming growth factor
(TGF)$ superfamily (Massague, 1998; Patel and Dress@dpR In mammals, the
binding of BMP ligands to their receptor, BMP tyibeeceptor, leads to the recruitment
and phosphorylation of BMP type | receptor (BMPRThe activated BMPRI is a
serine/threonine kinase that transduces the sitwalugh phosphorylating receptor-
activated Smad1, 5 and 8. Phosphorylated Smadtgd®Bdorm a heteromeric complex
with a common partner, Smad4, and translocate g¢ontitleus to regulate target gene
expression. The inhibitory Smads (I-Smads, Smadb 7gnshared a common sequence
with R-Smads and competed with them to bind to tygeeptor or Smad4, thus blocking

signaling transduction.

BMP7 was known to be critical for the normal kidnagvelopment. It has been
reported that the BMP7 null mice died shortly afterth because of severe renal
dysfunction (Luo et al., 1995)n vitro, BMP7 promoted the survival of metanephric
mesenchymal cells, as well as their differentiationthe diverse epithelial cells types of
the nephron (Dressler, 2006; Dudley et al., 199Qkitevic et al., 1996). This was
consistent with thdan vivo studies, showing that BMP7 null mice had much fewe
glomeruli and nephrons than the wildtype mice. (Bucet al., 1995; Luo et al., 1995).
Besides these genetic data, the BMP type | recgpasrwell as their responsive Smads
(Smadl, 5 and 8) were expressed in the nephrogeni (Martinez et al., 2001; Vrljicak

et al., 2004).
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Although BMP signaling is important, its regulatiaduring normal kidney
development is largely unknown. The best studiediater is Gremlinl, an extracellular
antagonist for BMP signaling, which inhibited thecdl BMP signaling and facilitating
ureteric bud outgrowth and branching (Michos et 2007). In addition, the I-Smads
were also detected in mesenchymal cells in thenogghic zone and at ureteric bud tips
(Vrljicak et al., 2004). Recently, we found thateZlwas expressed in s-shaped bodies, a
structure derived from metanephric mesenchyme,alisas periphery mesenchyme (Cai
et al., 2003). Tle4 has been reported to partieipratthe regulation of several signaling
pathways, such as Wnt, Notch and EGF signaling Nn&mon and Paroush, 2008).
However, the reports of its involvement in T@Kignaling are limited. The only data is
from Drosophila, showing that brinker, a downstream effector ad ttecapentaplegic
(dpp)/TGF$ signaling, recruited groucho and CtBP to suppgscific target genes
(Hasson et al., 2001). Recently, Sekiyagtal showed that the recruitment of Grg3 to
chromatin created a closed, poorly accessible dosEanning three to four nucleosomes
(Sekiya and Zaret, 2007). This long range repressiodel may be also involved in the
regulation of signaling pathways and help expl&e various target gene profiles of a
certain signaling pathway in different cell typésthis chapter, we reported that, instead
of repressing the effects of BMP7 on its reportectar, Tle4 overexpression strongly
activated BMP7 reporter. Similarly, Tle4 also enteth and sustained the activation of
endogenous ld1lgene induced by BMP7. The effecidesf on BMP7 signaling was not
through modulating the phosphorylation status o8y 5 and 8, but repressing Smad7

expression. Our study, for the first time, showel function of Tle4 in BMP signaling.
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Materialsand Methods
Reporter Molecular Construction

The forward and reverse strands of BRE fragmerit B&mHI site at the 5’-end were
synthesized by Invitrogen. 10uM of each strand adted to 5X ligase buffer
(Invitrogen), heated to 96 for 1 min and then cooled down to room tempeeafar
annealing. pPRS4-EGFP reporter was digested by BgiMBB) for 3 hours and purified
by QIAquick gel extraction kit (Qiagen). The BRE@gment was ligated with pRS4-
EGFP reporter with the ligation kit (Invitrogen)#°C overnight. The ligation product
was transformed into competent Didk.coli (Invitrogen) followed the manufacture
instruction and cultured on LB (EMD) plates contagn50ug/mL ampicillin (Roche).
Plasmid DNA was mini-prepared with QlAprep Spin Mirep Kit (Qiagen) and
examined by Pstl digestion (NEB). The positive el®mwere sent to UM sequencing core
to check the insertion orientation. To cut off B&x2 binding sites from Pax2 and BMP
double reporter vector, the vector was digesteHibglll and EcoRV (NEB) overnight,
blunted by DNA polymerase |, Large (klenow) Fragin@EB) and re-ligated with the

ligation kit. BRE fragment sense: 5-GATCCGCGGCGO®BCTGACAGCCCGT
CCTGGCGTCTAACGGTCTGAGCTAGCG-3’; reverse: 5'-GATCCGAGCTCA
GACCGTTAGACGCCAGGACGGGCTGTCAGGCTGGCGCCGCG-3',

Cell Culture

293 cells were cultured in Dulbecco's Modified Eajledium (DMEM, Gibco)

with 10% Fetal Bovine Serum (FBS), and Penicillinretomycin (PS, Gibco).
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Immortalized renal epithelial cells (TKPTS) werd&iad gift from Dr. Bello-Reuss. Cells
were cultured in Dulbecco's Modified Eagle Mediudutrient Mixture F-12 (DMEM/F-

12, Gibco) with 2% FBS, 1X Insulin-Transferring-Btiolamine-Selenium (ITES, Lonza)
and PS. UltraMDCK serum free medium (Lonza) wasdusben serum starvation was

necessary.

To test the effect of Pax2, Tle4 or BMP7 on repoxtectors, 293 cells were
culture on 6 well plates with low serum medium (LS®MMEM+0.5% FBS+1X Insulin-
Transferring-Selenium (ITS, Gibco)) and transfecteith 0.5ug reporter vectors and
0.5~1 pg Pax2, Tle4 expressing vector or SHS (steddzerring sperm) DNA as control,
using Fugene6 (Roche). Cells were harvest 48 hafties transfection for analysis. To
test the effect of Smad7 on BMP reporters, cellseweansfected with 0.5ug pRS4-
BRE4+-EGFP reporter vector, 0.5ug Tled4 expressimgtor, and 0.5ug Smad7
expressing vector or SHS DNA control. 100ng/mL BMRZ&D systems) was added 24
hour after transfection for another 24 hours. Fdnolir pulse experiment, transfected
cells were treated with 100ng/mL BMP7 for 1h, ahdnt washed with PBS once and

cultured in new LSM for another 23 hours.

To collect the conditional medium, 293 cells wendéwed on 100 mm dishes and
transfected with 5 pug of GFP or Tl4 expressing sealising Fugene6. 48 hours after
transfection, culture medium from each plate wdkected and centrifuged at 4000 rpm

for 30 min at 4C. The supernatant was aliquot and preserved C-80
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Western blot analysis

Cells were directly lysed in 2X SDS buffer (4% sodi dodecyl sulfate, 20%
glycerol, 0.2M dithiothreitol, 125 mM Tris, pH 6.8nd boiled at 94°C. Samples were
separated by sodium dodecyl sulfate-polyacrylangde electrophoresis (SDS-PAGE),
transferred to PVDF membranes and immunoblotted waitibodies as indicated. Rabbit
anti-phosphorylated Smad1/5/8 is from Cell SigralitMouse anti-flag and mouse afti
tubulin are from Sigma-Aldrich. Mouse anti-EGFPouee anti-Smadl and rabbit anti-
Tle4 are from Santa Cruz Biotech. Rabbit anti-Pigx@elf-made. HRP-linked secondary

antibodies and ECL reagent are from GE healthcare.
RNA reverse-transcription and real-time PCR

Total RNA was extracted from 293 cells with differdreatment using TRIzol
RNA isolation system (Invitrogen). 2-3 pg total RNA&as reverse-transcribed into
complementary DNA with SuperScript First-Strand Kihvitrogen). The cDNA
products were diluted 5 times and amplified witk thag Sybr green master mix (Bio-
Rad) in a Prism 7500 (Applied Biosystems). Prinpass for PCR are as follows:

|d1 5’-CTGCCTGCCCTGCTGGAC-3, 5- TCTCGCCGTTGAGGGTE3;
Tle4 5-TACCCCTACTCCACGAACT-3', 5-TCTCCGTTCATTCCAGA-3’; Smad4
5-CACTACGAACGAGTTGTATCAC-3, 5-CCTTCAGTGGACAACGATG-3’;
Smad7 5-ATCACCTTAGCCGACTCTG-3, 5'-CAGTAGAGCCTCCCEAN C-3;
L32 5’- CAGGGTTCGTAGAAGATTCAAGGG-3,

5'-CTGGAGGAAACATTGTGAGCGATC-3'.
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Luciferase assays

293 cells were seeded on 12 well plates and cudlturd.SM. BRE-luc reporter
vector was transfected (1 pg/well) together withSSkt Tle4 expressing vector (1 pg/well)
into the cells in triplicate. Medium containing @@mL BMP7, or GFP or Tle4
conditional medium was added 24 hours after tratisie and kept for another 24 hours.

Cells were lysed with dual luciferase assay kib(Rega) and results were read.

shRNA mediated Gene knocking-down

Packed Smad4 37196 or 37199 shRNA lentivirus wasl us knockdown in
PRECs. Cells were seeded on 6 well plates ford&#sh Lentivirus was added with 8
pg/mL polybrene and kept overnight. Puromycin wddeal and kept for consistent
selection. For the BMP reporter test in Smad4 kdowk cells, cells were seeded on 12
well plate and cultured for 24 hours. 1.5 pg of DMAntaining 0.5 pg of pPRS4-BRE4+-
EGFP reporter and 1ug of Tle4 expressing vect@H® DNA control was transfected
using Fugene6. 48 hours later, cells were lysé@XiBDS loading buffer and analyzed by

western blotting.

Results

Molecular Construction of Pax2 and BMP7 double reporter vector

Considering the long range repression effect of/Geoproteins, to study the
function of Tle4 in BMP signaling, we decided to kmaa new BMP reporter system,
which could recruit Tle4 near the BMP response el@n{BRE). Because Tle4 has no
DNA binding domain, we choose to use Pax2 as thiglgb” factor, since it has been
well documented that Tle4 bound to Pax2, 5 andr8uthh the conserved octapeptide
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(Eberhard et al., 2000; Linderson et al., 2004ePettal., 2012). First, we synthesized a
50 bp BRE fragment flanked with a BamH1 site. Itswagefined from Id1 promoter,
containing two Smad binding element (SBE) and G@ region (Korchynskyi and ten
Dijke, 2002) (Fig. 4-1A). Then, we inserted this BNragment into a Pax2 reporter
vector (Patel et al.,, 2007) at the BamHI site betwéhe Pax2 binding sites and TK
promoter. Because the molecular construction wasdan a single restriction enzyme,
multiple BRE fragments could be inserted into oeetor at different orientations (Fig. 4-
1B). Here, for convenience, we defined the vectot+d, when SBE is upstream of GC
rich region, and “-” when SBE is downstream of G€hrregion. Usually, we got the
double reporter vectors with 4 or 6 copies of BREgments. No matter how many copies
the reporter vectors had, they all responded to BMPatment or Pax2 overexpression

when transiently transfected into 293 cells (Fid.Cl D).

Tled activated transient transfected BMP7 reporter independent of Pax2

As previous studies stated, Tle4 abolished thes&etivation ability of Pax2
through inhibiting its phosphorylation by JNK si¢ing and recruiting other corepressors
(Cai et al., 2003; Hasson et al., 2001; Patel et2@ll2; Yao et al.,, 2001). However, to
our surprise, Pax2 and Tle4 co-transfection or TteAsfection alone strongly activated
the Pax2 and BMP7 double reporter (Fig. 4-2A). 8ifite4 alone could activate the
reporter, we doubted whether Pax2 binding sitesewecessary. Deletion of the Pax2
binding sites from either EGFP or firefly lucifeeaseporter did not affect its activation
by Tled4 (Fig. 4-2B, C). Furthermore, the conditiomedium collected from Tle4
transfected cells failed to activate the BMP7 ré&goisuggesting that this activation was

not in a paracrine manner. Both the basal EGFPessmn level and the strength of its
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activation by Tle4 were dependent on the copy nuseé BRE fragments and the
amount of Tle4 proteins, but regardless of thentaigon of the inserted BRE fragments.
The Tle4 dependent BMP7 reporter activation cowdabhieved in both human derived
293 cells and mouse derived TKPTS, indicating tthaiay utilize a universal mechanism

(Fig. 4-2D, E).

Tle4 enhanced and sustained BMP7 mediated endogenous Id1 expression

Since the response elements of the BRE reportdoiveere isolated from Id1
gene, we then asked whether Tle4 could activategambus Id1 gene. Unfortunately,
overexpression of Tle4 only slightly increased &Kpression (usually around 1.5 fold)
(Fig. 4-3A). However, the presence of Tle4 sigaifity enhanced the effect of BMP7 in
activating Id1 gene (Fig. 4-3B). Similarly, overegpsion of Tle4 also enhanced the
induction of genome integrated pRS4-BRE4+-EGFP ntepon at least 2 independent
clones upon BMP7 treatment (Fig. 4-3C). It has b&leown that BMP7 signaling was
required for sustained Id1 mRNA expression in pularg artery smooth muscle cells
(Yu et al., 2008a). Next we checked whether Tle4 able to prolong Id1 upregulation
induced by BMP7 in 293 cells. After cells were tegawith BMP7 for 1 hour and then
cultured with new fresh medium for another 24 hothis expression of Id1 returned to
the normal level. However, in the presence of Tthd,expression level of Id1 remained
at the activated state for another 24 hours, #ffierlh exposure of BMP7 (Fig. 4-3D).
Taken these together, although Tle4 alone did et Bl expression much, it enhanced

and sustained BMP7 induced endogenous ld1 expressio

BMP7 did not affect endogenous Tle4 expression
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Considering the robust induction of Id1 expressmnBMP7, we then asked
whether Tle4 is required for the BMP7 signaling. dwr surprised, the endogenous Tle4
protein level was low in 293 cells. Although, BMR#Way slightly increase the
transcription of Tle4 over time, there was no detlele increasing of Tle4 protein upon
BMP7 treatment (Fig. 4-4A, B). So, these data sstggkethat BMP7 might not require

high level of Tle4 to induce target gene expressiahese cells.

Tled activate BMP reporter vector through mediating Smad proteins

Next, we addressed the potential mechanisms uwdilizg Tle4 proteins to
upregulate BMP reporter vector. Since the Smadeprstare the main mediators for
BMP signaling, we first check whether Tle4 affebe tphosphorylation of R-Smads.
From Figure 4-5A, we could see that overexpressbnlle4 neither induced the
phosphorylation of Smadl, 5 and 8, nor increased tesponse to BMP7 signaling. In
the BMP7 one hour pulse experiment, Tle4 also daite maintain the phosphorylated
status of Smadl, 5 and 8 after BMP7 ligands werdndrawn. However, in these
experiments, we found that there existed a basaditgoof BMP signaling, indicated by
consistent low level of phosphorylated Smadl, 5&n@onsidering the general function
of Gro/Tle family as a corepressor, we doubted hrebverexpression of Tle4 blocked
the expression of BMP inhibitor(s). Thus Tle4 méelibactivation of BMP reporter may
be due to increase the efficiency of basal activa® on the reporter. Because R-Smad
proteins usually interacted with Smad4 to reguipiee expression (Massague, 1998), we
used shRNA to knockdown the expression of Smad4 different ShRNA lentivirus,
37196 and 37199 knocked Smad4 down by 70% separétel 4-5B). In Smd4

knockdown cells, the response of BMP reporter e Was reduced, although it was still
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strong. Also, Smad4 knockdown slightly reduced Hssal level of phosphorylated
Smadl, 5 and 8, but the total Smadl amount wasaffetted (Fig 4-5C). Thus, the
Smad4 activity was at least partially responsilde the Tle4 mediated BMP reporter
activation. Smad7 was a common inhibitor for TB&ad BMP signaling (Hayashi et al.,
1997; Nakao et al., 1997). We found that Tle4 itbib endogenous Smad7 expression
(Fig. 4-5D). More importantly, overexpression of & reduced the basal expression
level of BMP reporter vector and totally abolisitbeé activation effect of Tle4 (Fig. 4-
5E). Taken this together, we concluded that Tlednait affect phosphorylation of Smadl,
5 and 8, but activated the BMP reporter vectorughoenhancing basal BMP signaling

pathway by inhibiting Smad7 expression.

Discussion

BMP signaling pathway is important during normalvelepment and diseases.
Gro/Tle family proteins are common corepressorsjclwhare involved in various
signaling pathways. For example, Tle proteins cdeypevith B-catenin to interact with
Tcf/Lef, thus interfering canonical Wnt signalinBgniels and Weis, 2005). However,
the functions of Gro/Tle proteins in TGFsignaling are largely unknown. Up to now, it
was only reported that Dpp, the T@Romolog inDrosophila, induced the expression of
Brinker, which recruited Groucho and CtBP to represher Dpp target genes, thus
confining the function zone of Dpp signaling (Hasst al., 2001; Zhang et al., 2001). In
this chapter, we discuss the potential functionTt#4 to enhance BMP signaling by
suppressing Smad7 expression. However, some majotspare still worth discussing

further.
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First, in our Smad4 knockdown experiment, the eedogs Smad4 expression
was knocked down by 70%, but Tle4 still stronglyiated the BMP reporter, even
though its effect was reduced. Also, there stillswa detectable basal level of
phosphorylated Smadl, 5 and 8. Since previous esudhowed that Smad4 was
dispensable for TGB-signaling (Descargues et al., 2008; He et al.620® further
address the question whether Tle4 mediated induatioBMP reporter was through
enhancing the basal BMP activity, two more expentaere needed: (1) checking the
effect of Tle4 on the BMP reporter in the preseoCBMP inhibitors, such as Noggin, a
secreted protein preventing BMP ligand-receptoeraxttion, or dorsomorphin, a small
molecule blocking BMP receptors (Yu et al.,, 20082 check the effect of Tle4 on

modified BMP reporter without Smad binding element.

Second, Smad7 inhibits BMP signaling through imtenfy the binding of R-
Smads to Smad4 or type | receptor (Hayashi etl@87). Our data suggested that Tle4
activated BMP reporter by inhibiting Smad7 expressiMore experiments are required
to support this idea. First, a workable Smad7 awiybis needed to show the decreased
protein level of Smad7 upon Tle4 overexpressiorenThve could check whether Smad7
knockdown by lentivirus would mimic Tle4 overexpmEs to activate BMP reporter.
Since Tle4 robustly activated the BMP reporter &nthd7 strongly inhibited this effect,
if Tle4 overexpression does not greatly reduce Shadgrotein level, a second blocking
point may exist. Tle4 may prevent Smad7 from imeng with the complex formation
between R-Smads and Smad4. Thus, a co-immunopegmpi (co-IP) experiment is
needed to check the interaction between R-SmadSarati4 in the presence of Tle4 or

not. Furthermore, the balance between acetylatiwh ubiquitination was important to
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control the stability of Smad7 (Gronroos et al.020Simonsson et al., 2005). Since Tle4
was able to interact histone deacetylase 1(HDAQI)o{ et al., 1999), it may also

influence Smad7 degradation .

Third, although Tle4 strongly activated BMP repaorits effect on the expression
of endogenous Id1 gene was limited. This resutimfthe different properties between
transiently transfected vector and endogenous ggii¢sthe regulation for reporter
vectors was much simpler than real genes. In fadides Smad proteins, Id1 promoter
contains binding sites for several other transinal factors, such as YY1, Spl and
ATF3 (Kang et al., 2003; Korchynskyi and ten Dijk&802). It is hard to imagine that
Tle4 could control all of these factors at the sdiime on its own; (2) the expression of
endogenous genes is usually affected by the chmonsttucture, while transiently
transfected vectors are more accessible to acts/althis idea was supported by the
stable transfected cell line with BMP reportersosd response to Tle4 overexpression is
more like endogenous Id1 genes than transientlysteated reporters. Two potential
mechanisms may lead to the Tle4 mediated enhancedustained expression of
endogenous ldlinduced by BMP7. First, just like siteation of BMP reporter vector,
the effect of Tle4 on Id1l gene is through repregs8mad?, thus the enhanced and
sustained Id1 expression is dependent on R-Smadsdemonstrate this idea, an
experiment to check the Tle4 effect on BMP7 indudétl gene expression in the
presence of Smad7 overexpression is necessary. aWe dready tried to check the
combination effect of Tle4 overexpression and BMRdministration on Smad7
expression. However, the results were not congisimong repeats. This may result from

the technique problem. Since we cannot guarantedramsfection efficiency is 100%,
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the Smad7 expression change we saw in RT-PCR mathéeet effect of BMP7
mediated upregulation in some of cells and Tlediated downregulation in other cells.
The variants of transfection efficiency over regeaty directly influence the results. So,
the plan to overexpress Smad7 should be a betbérestbecause it is easier to guarantee
the co-transfection of Smad7 and Tle4. Also, a tatn immunoprecipitation (ChiIP)
assay with Smad4 or R-Smads at Id1 promoter wilvigle more evidence to prove
whether the enhanced and sustained 1d1 expressiependent on R-Smads. Although,
it is widely believed that Gro/Tle family proteiase corepressors, a recent study showed
that Tle3 was also present at the promoters obatetil genes (Villanueva et al., 2011).
So it is possible that Tle4 may function as an &mlagnd also directly mediate 1d1 gene
expression. Because Tle4 itself has no DNA bindogmain, it requires other
transcriptional factors and a more accessible chtomenvironment, this can explain
why Tle4 alone only slightly increased Id1 expreasiTo demonstrate this idea, a ChiIP

assay with Tle4 at Id1 promoter is necessary.

Finally, because the endogenous Tle4 level is 093 cells, it may not be a
good tool to address the biological importance @&€4Tin BMP signaling. The
metanepheric mesenchymal cells and its derivedha@tin s-shape body have relative
high Tle4 expression (Cai et al., 2003), they mayakbetter tool for further studies. We
could try to isolate those cells from E15.5 embryksockdown endogenous Tle4
expression and test its response to BMP7 for mmalifon and cell survival (Dudley et al.,

1999).

In summary, studying the regulation of BMP7 signgliis critical for us to

completely understand its function in renal develept. The present data showed that
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Tle4 play an important role in regulating BMP7 nadd Id1 expression. As shown in
Figure 4-6, Tle4 may enhance BMP effects throughllutadting Smad7. This could be
achieved by downregulating Smad7 expression, ptaxgeit from blocking the complex
formation of R-Smad and Smad4, or influencing itabgity. A more aggressive
hypothesis is that Tle4, instead of acting likeosepressor, can directly mediate gene
activation. Although more experiments are requtcegdrove these potential mechanisms,

our work will provide a new regulatory pathway 8¥P signaling.
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Figure 4-1Molecular Construction of Pax2 and BMP7 doublereporter vector. A)
Schematic of molecular construction of the doubleorter vector. BMP response
fragment was inserted into the BamHI site betwesx2minding element (Pax2 BE) and
TK promoter. Insertion with SBE upstream of GC nielgion was defined as (+), and
reversed insertion was defined as (-). B) DNA agamectrophoresis showed the
restriction endonuclease digestion of double repactor with different insertion
copies. Vectors were cut by Pstl and for everyrinme copy, there would be a 50 bp
shift in the electrophoresis. Clone #4 was the tiegy@ontrol for empty vector. C)
Western blots for EGFP showed the response of daeplorter with different insertion
copies and orientation to BMP7 treatment for 24reoD) Western blots for EGFP
showed the response of double reporter with 2 fiogecopies and (+) direction to Pax2
overexpression.
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Figure 4-2.Tle4 overexpression activated transiently transfected BMP reporter. A)
Western blots showed the response of cells trathgieansfected with Pax2 reporter
(RS4) or double reporter with four insertion copie$+) direction to overexpression of
Pax2 and Tle4. B) The same experiment as in Anitht BMP reporter without Pax2
binding sites. C) Luciferase assay was used to unedlse response of BMP reporter to
Tle4 overexpression or conditional medium (CM) edléd from cells overexpressing
Tled4. BMP7 treatment was used as positive contrdl@M collected from cells
overexpressing GFP was used as negative contriWd3}ern blots showed the response
of cells transiently transfected with the doubleaier of different copy numbers or
orientation to Tle4 overexpression in 293 cells &K TS, an immortalized renal
epithelial cell line. E) Western blots showed thsponse of cells transiently transfected
with BRE4+ double reporter to increasing dosesvefrexpressed Tle4. All samples were
done in triplicate with error bars representing stedard deviation (SD) from the mean.
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Figure 4-3.Tle4 enhanced and sustained BM P7 mediated endogenous Id1 expression.
A) upper: the response of endogenous ld1 gendfereht amount of overexpressed
Tle4 proteins was measured by qRT-PCR; lower: asireg amount of Tl4 expressing
vector was transiently transfected into 293 cellaghieve different amount of Tle4
expression level, as indicated by western blotaigper: the response of endogenous Id1
gene to Tle4 overexpression and/or BMP7 treatmasstweasured by gRT-PCR; lower:
equal amount of Tle4 was expressed with or witlBMP7 treatment, as indicated by
western blots. C) Western blots showed the respohB&E4+ double reporter stable
transfected cell lines (#6 and #27) to Tle4 overegpion and/or BMP7 treatment. D) Id1
expression was measured by gRT-PCR upon Tle4 gweresion, BMP7 treatment for
24 hours, or BMP7 1 hour pulse in the presencéserce of Tle4 overexpression. All
samples were done in triplicate with error barsesenting one standard deviation (SD)

from the mean.
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mean.
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Chapter V

Conclusion

Since the discovery of TGEt in 1983, more than 30 different TGF-
superfamily ligands have been found in the humanoge. Accumulated evidence
shows that the TGB-superfamily is critical for early embryogenesis, well as the
formation of nearly all organs. The T@Fsuperfamily is also widely involved in various
diseases, such as organ fibrosis and tumor metas@ansidering its crucial role in
development and diseases, it is important to chyetlissect the TGH- superfamily
signaling pathway to understand the mechanismsithailizes to regulate target gene
expression both outside and inside of cells. Iis thiesis, we discovered that TGF-
activated JNK signaling through inducing Wnt11 eegsion and Wntl1 was necessary to
upregulate mesenchymal marker genes in renal dpitlells. These results not only
revealed the direct targets of the T@GIsignaling pathway, but also, for the first time,
integrated TGH, Wnt and JNK signaling within the context of thitkelial-

mesenchymal transition.

In the UUO models, the overexpression of the KCétgin, a secreted TG
inhibitor, reduced the upregulation of Wntll in timured kidney. Furthermore, the
overexpressed KCP proteins disturbed the balandé&éi{f3 and BMP signaling during
renal fibrosis and attenuated the upregulation esenchymal genes. This suggested that
the extracellular regulation of TGFand BMP signaling pathways is critical for their
physiological functions during disease progressB®esides the extracellular mediators,

the BMP signaling is also regulated within the £elAs shown in my thesis, Tle4 can

133



enhance and sustain endogenous Id1 gene expregsuaably through repressing
inhibitory Smad7. This modification of BMP signalirby Tle4 is important for at least
two reasons. First, some cellular physiologicatets of BMP signaling are dependent on
the activation of Id genes. For example, Ids am giathe machinery that mediates the
regulation of hair cell and satellite cell diffetetion exerted by BMPs (Kamaid et al.,
2010; Ono et al., 2011). Second, since Tle4 aneglifne BMP signaling within cells, its
specific expression pattern can mimic the effe€8BMP gradients, thus causing various
responses of different types of cells to the sarwPBsignaling. Taken together, my
thesis systematically studied the mechanisms agdlagons of TGH3 and BMP
signaling in mediating target gene expression hotitro andin vivo, thus deepening
our understanding of TGE-superfamily (Fig. 5-1). In the following paragraph will

further discuss the implication of my work by chexst

TGFJ signaling is well characterized for its pro-fibeygc effects in kidney
diseases (Liu, 2010)n vitro, TGF$ promotes the transition of epithelial cells to
fibroblasts-like cells by downregulating epithelialarkers, such as E-cadherin, and
activating mesenchymal genes, such as Snaill, &&ilZebl (Yang and Liu, 2001).
Although the existence of EMTnh vivo is controversial (Kriz et al., 2011), enforced
expression of mesenchymal genes, such as Snailgpithelial cells induced renal
fibrosis in mice (Boutet et al., 2006). In humandrastic accumulation of Snaill was
seen in the nuclei from tubular epithelial cellkidney samples with multiple myeloma
cast nephropathy, a disease characterized by a namgression toward fibrosis.
However, such accumulation of Snaill was not foumdkidney samples with an

idiopathic nephritic syndrome, a syndrome unassediwith renal fibrosis (Hertig et al.,
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2011). These data suggest that the upregulationesEnchymal genes in epithelial cells

can be a major factor in the initiation and progi@s of renal fibrosis.

In the first part of this thesis, we found that Wht a ligand belonged to Wnt
signaling family, enhanced TGF-mediated mesenchymal gene activation in renal
epithelial cells. Furthermore, Wntll was directgulated by Smad3 proteins, but not
Smad?2. This was consistent with the previous resllbwing that Smad2 functioned as a
protector against Smad3 in renal fibrosis (Menglet2010). In fact, although Smad2 and
3 share similar structure and are both activated®¥{3s, their biological functions are
not the same. Compared to the early embryonic ligthéf Smad2 mutants (Waldrip et
al., 1998), the phenotypes of Smad3 mutants wehrass severe and could survive for
1-8 months after birth (Yang et al., 1999). Dethitudies showed the different target
gene profiles of Smad2 and 3 in human and rat ejmihcell line (Chung et al., 2010;
Phanish et al., 2006). Recently, Smad4 was shovae ionportant for the progression of
renal fibrosis, as well as for Smad3 mediated @eltal expression (Meng et al., 2012).
Since both Smad2 and 3 can interact with Smad4 Suad2 lacks the DNA binding
domain, it is possible that Smad2 counteracts Sniadompeting for the Smad4
interaction. Thus, it will be interesting to teshether Smad3 proteins interact with
Smad4 strongly in the absence of Smad2 and whatimodulated Smad2 protein with
DNA binding domain may facilitate Collagen | expm#s upon TGH treatment. With
respect to the Wntll, because it was regulated lonl$mad3, but not Smad2, it may

serve as a biomarker to distinguish the Smad2 amatlS mediated pathways.

The modulation of Wnt11 significantly affected T@FRnediated upregulation of

mesenchymal genes without influencing Smad protesnggesting that once activated,
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Wntll functioned independently of T@Fsignaling. However, the sustain activation of
Wntll during EMT still required TGB-signaling, since a selective inhibitor of TGF-
type | receptor, SB431542 strongly blocked the WWregpression, even after Wnt11 has
already been activated by TGHE-(data not shown). This further demonstrated éreral

status of TGH3 signaling in driving EMT.

It has been reported that T@Feould stimulate JNK signaling, though the
mechanisms were unknown (Mao et al., 2011; Shiralget 2011). Now, our data
demonstrated that the activation of JNK signalmd GF{§ mediated EMT was at least
partially through Wntll. Instead of activating caial/3-catenin signaling, Wntl1l
mediated the expression of mesenchymal genes throag-canonical/JNK signaling.
This discovery also broadened the understandinthefcrosstalk between TGFand
Wnt signaling. Previously, the limited number aidies addressing the crosstalk of TGF-
B and Wnt signaling pathways converged [peatenin, as TGIB- could stabilizep-
catenin by inhibiting its GSKB8dependent degradation through p38 MAPK and Akt
(Hwang et al., 2009; Liu, 2010; Masszi et al., 2004lso B-catenin could physically
interact with Smad proteins to regulate target geq@ession (Kim et al., 2009; Zhang et
al., 2010; Zhou et al., 2012). Our data is thet filisect evidence showing the crosstalk
between TGH and non-canonical Wnt signaling. Indeed, we fomoedevidence that

canonical Wnt pathway was activated by TRF-

The studies on the regulation of T@RNd BMP signaling are equally important,
as these regulations control the strength of tgaadsing and specify the final cellular
responses. KCP is a secreted protein containingR.8omains. It possesses a dual role
in enhancing BMP signaling and inhibiting T@Fsignaling (Lin et al., 2005; Lin et al.,
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2006). In the second part of the thesis, we exashmieether modulating the balance of
TGF{$ and BMP7 signaling by overexpressing KCP in trengg mice affected the
progression of kidney injury in UUO models. We fduthat the upregulation of
mesenchymal marker genes was attenuated by KCRxgression in the UUO mouse
model. This is consistent with the retarded progioes of renal fibrosis in KCP
transgenic mice, as demonstrated by éeS8MA and Collagen V region (data not shown).
What is more important, we found that upreguladéWntll was also reduced in KCP
transgenic mice. This further demonstrated thatM/ntas a target of TGF-signaling
and was closely associated with renal fibrosishédigh ourin vitro cell model indicated
that Wntll promoted EMT, the current mouse modehotdistinguish whether Wnt11
is only a biomarker for renal fibrosis or a medrator this process. Since the Wnt11l
mutant mice died by 2 days postpartum, becausebaobramal heart development
(Majumdar et al., 2003), Wntl11 conditional knockote are needed to further study its
function during renal fibrosis. In this case, Pegrkmoter can be used to drive the
expression of Cre recombinase, since it is verwaadh adult renal proximal tubular
epithelia (Short et al., 1992). An available al&enplan for Wntl1l conditional knockout
mice is to use Fzd4mice. Fzd4 mice were viable and showed similar renal hypadalas
as Wnt11" mice (Ye et al., 2011), suggesting that Wnt11 rfumction through Fzd4.
However, the potential problem for using this Fzd#iouse model is the receptor
redundancy, since it has been reported that Wn#ll also transduce its signaling
through Fzd7 or Fzd8 (Yamanaka and Nishida, 20@7etval., 2011), both of which are

expressed during renal fibrosis (He et al., 2009).
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Under normal condition, most BMP type |l receptare localized in epithelial
cells (Bosukonda et al., 2000), as are T#ype | receptors in the UUO model (Yang
and Liu, 2001). These data suggested that rentiedjpi cells are the main participants
in responding to TGRB/BMP signals. At early time (7 days), the differeaof activation
of Wntll, Pail and Snaill, between KCP and wildtypee were not significant,
indicating that the effects of epithelial cellsimtiating renal fibrosis may be limited.
However, by 14 days, the upregulation of all thareied mesenchymal genes and
myofibroblast markers, was reduced in KCP transgemice, indicating that epithelial
cells play a crucial role in promoting fibrosis. ©defect for our current model is that the
expression of transgenic KCP proteins decreasedalath progression of renal fibrosis.
This may result from the increased apoptosis ahepal cells or the silencing of Pepck
promoter during the injury. To better address tiection of KCP in renal fibrosis, a new
KCP overexpression model may be generated. Imtbdel, KCP gene may be knocked
in at Rosa26R site with a 5’ upstream stop sigiaalkied by loxp sites. If this mouse was
bred to the mouse with Cre expression driven byckPgmomoter, KCP will also
overexpress in all renal proximal tubular cellseTddvantage for this model is that we
may avoid the silence of Pepck promoter and mainkiCP expression during renal

fibrosis.

Considering the secreted property of the KCP pnotiéimay affect neighboring
cells as well. Previous results revealed that BM&71d induce adult renal fibroblasts to
differentiate to epithelial cells (Zeisberg et &005). Thus, the overexpressed KCP may
enhance the BMP signaling to limit the number dirdblasts during renal fibrosis.

Another potential target for BMP signaling is irgtfial stromal cells, which are
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quiescent undifferentiated mesenchymal cells (Dees006). Since BMP signaling is
important to maintain the pluripotency of stem sgVarga and Wrana, 2005), during
renal fibrosis, the decreasing BMP7 signaling mawgtigbute to the differentiation of
these stromal cells into fibroblasts. Meanwhiles trestruction of the stem cell pool may
also reduce the recovery ability of the kidneysnfréhe injuries. Thus, it will be
interesting to test whether KCP overexpressioniggrove the renal recovery in acute
renal diseases, such as acute tubular necrosis)(Aiddel induced by injection of folic

acid (Lin et al., 2005).

Besides the extracellular regulation, BMP signalsglso modulated within cells.
In the third part of the thesis, we discussed hdWPBsignaling is regulated by Gro/Tle
proteins. Gro/Tle family proteins are common coespors. Up to now, the only reported
relationship between TGE-signaling and Tle proteins was that Dpp, the T8&a3temolog
in Drosophila, induced the expression of Brinker, which recuii@oucho and CtBP to
repress other Dpp target genes, thus confiningfihetional zone of Dpp signaling
(Hasson et al., 2001; Zhang et al., 2001). Sina® T proteins could mediate a long
range suppression via compacting chromatin (SedingZaret, 2007), our original idea
was to test whether the recruitment of Tle4 to DN#&n influence the nearby BMP
response elements. Thus, we constructed the PakBEP7 double reporter vector,
using Pas2 as the bridge factor to recruit Tle4ciMto our surprise, overexpression of
Tle4 strongly activated BMP reporter independentak2, as well as enhancing and
sustaining the BMP7 effect on endogenous Id1 gerk98 cells. The effects of Tle4 on
BMP7 signaling may be mediated through Smad7 prsteiince Tle4 suppressed Smad7

transcription, while Smad7 overexpression compjesddolished the effects of Tle4 on
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BMP reporter. However, Tle4 only suppressed Smaadistription by ~50%, but its
effect on the activation of BMP reporter was robdstis suggested that Tle4 may also
influence Smad7 at the protein level. The balaretevben acetylation and ubiquitination
was important to control the stability of Smad7 ¢@oos et al., 2002; Simonsson et al.,
2005). Since Tle4 was able to interact histone etgdase 1(HDAC1) (Choi et al., 1999),
it may help erase the acetylation marker from Smadfacilitate its ubiquitination and

further degradation.

If Tle4 mediates BMP7 signaling by repressing Smdhbeé activation of BMP7
reporter by Tle4 is actually the derepression eflthsal BMP7 activity. Indeed, in 293
cells, we detected a basal level of phosphoryl&e@ddl, 5 and 8. Furthermore, Smad4
knockdown reduced the effect of Tle4 on BMP7 regmrlthough the extent was limited.
Here, using the BMP receptor inhibitor will be atbe choice than Smad4 knockdown.
Smadl, 5 and 8 themselves have DNA binding dontaus may directly mediate gene
transactivation (Korchynskyi and ten Dijke, 2002). contrast, the BMP receptor
inhibitor, such as DMH1, could specifically and ieifntly block BMP signaling by
inhibiting the phosphorylation of Smad1l, 5 andist resulting in a clearer background
(Hao et al., 2010). Since Smad7 can also block BGkmaling (Hayashi et al., 1997), it
will be interesting to test whether Tle4 overexpres can activate TGB+eporter, 3TP-

luc, as well.

It is noticeable that Tle4 could activate BMP rdporeven stronger than BMP7
administration, suggesting that it may use othechmarism, besides repressing Smad7, to
mediate BMP signaling. Tle4 may directly mediatdivation of BMP reporter and
endogenous Id1 gene, since recent study showedldgtatvas presented at the promoters
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of activated genes (Villanueva et al., 2011). i ils the case, it is important to determine
which transcriptional factor binds to the BMP bimglielement (SBE) and recruits Tle4.
The first candidate will be Smad proteins. Howe&mad proteins lacked the common
interaction motif for Gro/Tle proteins, such as WRPRetrapeptides and Engrailed
homology 1 (Eh1) sequences (Buscarlet and Sti#01)7). Besides the SBEs, the BMP7
reporter also contains a GC rich region, which niey the binding site for other

transcriptional factors. A chromatin immunopre@gibn (ChlP) assay for Tle4 will

confirm the presence of Tle4 at the promoter regiokll gene.

Although Tle4 could modulate the BMP signaling, BEIP signaling pathway
does not affect the amount of endogenous Tle4 ipotén fact, BMP7 did not influence
the expression of any Tle proteins, from Tlel te3T{data not shown). Since the basal
Tled protein level is low in 293 cells, it seeméttt BMP signaling pathway did not
require Tle proteins to activate target genes. Thasfurther address the biological
importance of Tle4 in BMP signaling, the metanemghenesenchymal cells and its
derived epithelia may be a better tool, becausyg llage relative high endogenous Tle4
expression (Cai et al., 2003). It will be valuatieest whether Tle4 knockdown in those
cells affects their response to BMP7 for prolifematand cell survival (Dudley et al.,

1999).

Finally, although Gro/Tle proteins are importantregressors and studied in
different types of cancers (Buscarlet and Stifé&2007), their involvement in renal
fibrosis is totally unknown. We even do not knowettrer those proteins are expressed in
adult kidneys. However, considering the amplificateffect of Gro/Tle proteins on BMP

signaling, it is interesting to check their expressduring renal fibrosis. Since the target
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of Tle4, the Smad7 proteins, is involved in theutagon of both TGH and BMP
signaling, the precise function of Tle4 in rendrésis may be complicated, but it may

serve as another regulation point to balance thie-F@d BMP signalingn vivo.

In summary, this dissertation analyzed both thehaeisms and regulations of
TGFJ superfamily mediated target gene expression ial repithelia. The work provided
further insight into the TGB-signaling and may provide new clues for the mddica

treatment of TG associated diseases, such as renal fibrosis awdica
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—Tle4 BMP7 -~ KCP—i TGF B
Smad7 — Smad1/5/8 Smad3 -P'-Wntl 1
/ \ / JNK
1d1 Upregulation of
™ Gene Mesenchymal Gene

Figure 5-1.Schematic diagram summarizing the mechanisms and regulation of
TGF-p superfamily mediated gene expression in thisthesis. Arrows indicates the
promotion, %" means the inhibition and “?” means uncertain.
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