©[2010]

Ying Li

ALL RIGHTS RESERVED



REGULATION OF TGFp SIGNALING BY MICRORNAS
By
YING LI
A Dissertation submitted to the
Graduate School-New Brunswick
Rutgers, The State University of New Jersey
and
The Graduate School of Biomedical Sciences
University of Medicine and Dentistry of New Jersey
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
Graduate Program in Cellular and Developmental Biology
written under the direction of
Richard W. Padgett, Ph.D.

And approved by

New Brunswick, New Jersey

October 2010



ABSTRACT OF THE DISSERTATION:
REGULATION OF TGFp SIGNALING BY MICRORNAS
By
YING LI
Dissertation Director:

Richard W. Padgett

The TGF@ superfamily plays important roles in various processes. With the genetic tools
available, Drosophila has been a useful model organism to study the regulators of the
TGFp pathways, which can shed light on potential treatments for many developmental
disorders and diseases caused by aberrant TGFf signaling. microRNAs (miRNAs) are
small non-coding RNAs, acting posttranscriptionally to regulate gene expression, that are

involved in various aspects of cellular and developmental processes.

My thesis work examines the regulation of TGFf-like pathways by miRNAs. Specifically,
with the combination of computational algorithms and tissue culture methods, my early
work successfully identified and validated the targets of Drosophila miRNAs. From that,

I found that bantam, a miRNA, can down regulate Mad (Mothers against dpp), a
signaling component of TGFf. Furthermore, I used Drosophila as a model and
demonstrated that bantam is a negative regulator of the Dpp (decapentaplegic) pathway.
My results showed bantam down regulates Mad (Mothers against dpp) expression in vivo

by targeting the Mad 3’UTR, resulting in changes in Dpp signaling. The removal of
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bantam binding sites in the 3’UTR of a Mad transgene results in a significant increase in
the viability of haploinsufficient dpp animals compared to a Mad transgene carrying
intact bantam binding sites in the 3’UTR. Interestingly, bantam is up-regulated by Dpp in
the wing imaginal disc, and thereby functions in a Dpp feedback loop. Furthermore, this
feedback loop is important for maintaining anterior-posterior (A/P) compartment
boundary stability in the wing disc through regulation of omb (optomotor-blind).
Comparative genomics reveal that bantam is evolutionarily conserved, and miRNA target
predictions suggest that human bantam homologs selectively target SmadS5, one of two
homologs of Mad in BMP signaling, but does not target Smad2 which functions in the
activin/TGFp pathway. These data suggest that bantam is a conserved negative regulator

of BMP/Dpp signaling.

In addition to the work in the wing disc, I extended my studies and examined the role of
bantam in Drosophila brain development. My work shows that bantam is critical for
maintaining the stem cell pools of the optic lobe, and that bantam has a cell-
autonomously effect on glial cell proliferation and distribution, largely through targeting

omb.
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CHAPTER1I

GENERAL INTRODUCTION



1. The Transforming Growth Factor p Superfamily

The secreted transforming growth factor B (TGFp) superfamily controls a broad array of
cellular functions in a developmental context dependent and cell type specific manner,
such as cell proliferation, differentiation, migration and apoptosis, in a variety of
multicellular organisms ranging from worms and flies to humans. Aberrant TGFj
signaling caused by mutations in the ligands or their downstream components that
transduce the signal have been implicated in various human diseases, such as fibrosis,
autoimmune and cardiovascular diseases, cancers and developmental disorders
(Massague et al., 2000; Padgett, 1999). In cancers, TGF is a tumor suppressor in the
early phase of tumorigenesis, but acts as a tumor promoter during cancer progression

(Bierie and Moses, 2006).

Based on the amino acid homology within the ligand domain, TGFf superfamily is
divided into three major subfamilies, TGFs, activins, and bone morphogenetic proteins
(BMPs). The TGFp family is evolutionarily conserved throughout metazoans. In humans,
33 structurally related members are found in TGFf family (Moustakas and Heldin, 2009).
In C. elegans, there are five TGFP ligands, daf-7, dbl-1, unc-129, tig-1, and tig-2 (Padgett
et al., 1998). In Drosophila, there are seven TGFP ligands. Decapentaplegic (Dpp), Screw
(Scw), and Glass-bottom boat (Gbb) are members of BMP family, whereas, Activin-§
(Actp) and Dawdle (Daw) belong to the TGFp/activin branch. Maverick (Mav) and
Myoglianin (Myo) are divergent and are not assigned to a particular ligand subfamily
(Parker et al., 2004; Raftery and Sutherland, 1999). The essential framework in TGF-f3

signaling has been determined (Figure 1). At the surface of response cell, there are type |



and type Il transmembrane receptors, which contain intracellular protein kinase domain
with serine/threonine specificity. When the dimeric TGF-f ligands bind to a type 11
receptor, the type II receptor binds to a type I receptor, and phosphorylates the type I
receptor within its glycine- and serine-rich sequence motif (GS domain) between the
transmembrane and kinase domains. Once phosphorylated, the active type I receptor can
then initiate the intracellular signaling cascade through Smad proteins. Smads can be
divided into three functional classes: the receptor-regulated-Smads (R-Smads), the
common Smad (co-Smad), and the inhibitory Smads (I-Smads). First, active type-I
receptors phosphorylate R-Smads. Smadl, Smad5 and Smad8 are activated by BMP
signaling, whereas Smad2 and Smad3 are activated by activin/TGF-f} signaling (Feng and
Derynck, 2005). The activated R-Smads then associate with the Co-Smad, Smad4, which
is shared by all three signal pathways. Next the R-Smads/Co-Smad complex translocates
into the nucleus, binds to DNA sequences, and either activates or represses target gene
expression by binding to other transcriptional factors. Smads are composed of three
domains: (1) an N-terminal Mad-homology 1 (MH1) domain, which is responsible for
DNA-binding and also provides the interaction platform for various proteins, (2) the
middle linker domain, which is enriched in prolines and phosphorylatable serine or
threonines, and (3) the C-terminal MH2 domain, which mediates R-Smad specificity,
receptor recognition, and Smad oligomerization. R-Smads and Co-Smads both contain
highly conserved MH1 and MH2 domains. However, R-Smads contain an additional C-
terminal SSXS motif, which can be phosphorylated by an active type I receptor (Wrana,
2000). I-Smads, Smad6 and Smad7, can be induced by TGFf} signaling. But due to the

lack of the MH1 domain, it can not bind to DNA, but rather acts as competitive



antagonist to prevent R-Smad phosphorylation by type I receptors, negatively regulating
signal strength and duration in a negative-feed back loop (Hayashi et al., 1997; Nakao et

al., 1997).

2. The Regulation of TGFp Signaling

Fine tuning of TGF signaling is important for its functions. Strength and duration of
TGF signaling are regulated at various steps and by multiple mechanisms, both

extracellularly and intracellularly (Moustakas and Heldin, 2009).

2.1. The Regulation of TGFp ligands

All TGFp ligands are synthesized as large proproteins with a C-terminal mature
polypeptide followed by a N-terminal propeptide, which is proteolytically processed
before secretion from the cell (Koli et al., 2001). This TGFf propeptide is referred to as
the latency associated peptide (LAP), bound to TGF-P noncovalently after secretion,
sequestering TGF-f in a latent form that cannot bind to receptors (Bottinger et al., 1996).
This latent TGFB complex contains an additional one of four latent TGF-B-binding
proteins (LTBPs), extracellular matrix proteins, which are disulfide-linked to LAP
(Miyazono et al., 1993). LTBPs are found to have important roles in TGF[} secretion,
storage in the extracellular matrix (ECM), and eventual activation. Activation of latent
TGFP involves proteolytic cleavage of LTBPs from ECM, and releasing LAPs or at least
exposing the receptor binding sites of TGFp (Koli et al., 2001). Once secreted, the TGFf3
ligands also interact with various extracellular proteins which affect signaling through

changing availability of ligands to their receptors (Umulis et al., 2009). Noggin and



Chordin are well known inhibitors of BMPs signaling (Gazzerro and Canalis, 2006).
Noggin is a secreted glycosylated protein, which binds BMPs with high affinity and
prevents their interaction with their specific receptors, thus inhibiting signaling. Chordin
is a conserved glycosylated protein known to antagonize BMP action in the Spemann
Organizer. Chordin binds specifically to BMPs, and does not bind other members of the
TGF B superfamily. The chordin/BMP complex is further regulated by tolloid, the zinc
metalloprotease, which cleaves chordin and releases free BMPs to the extracellular space
(Piccolo et al., 1997). The Drosophila Chordin homolog, Short gastrulation (Sog), forms
an inverse gradient in the blastoderm dorsal ectoderm that antagonizes Decapentaplegic
(Dpp), and is required in axis formation and dorsal tissue specification (Francois et al.,
1994). Recently, Viking (Vkg) and Dcgl, type IV collagen proteins in the extracellular
matrix (ECM) in Drosophila, were reported to bind to Dpp and regulate its signaling in
both the embryo and the ovary during development (Wang et al., 2008b). In the embryo,
binding of type IV collagen to Dpp increased Dpp signaling by promoting Dpp gradient
formation. While in the ovary, these type IV collagens showed an inhibitory effect on

Dpp signaling through sequestration of the Dpp ligand (Wang et al., 2008b).

Follistatin is a soluble monomeric glycosylated polypeptide that binds activin with high
affinity and inhibits most of its biological actions (Xia and Schneyer, 2009). A
Drosophila Follistatin homologue (dFS) has been cloned (Haerry and O'Connor, 2002).
dF’s expression causes mutant phenotypes similar to the mutants of the activin ligands,
daw and Actf, suggesting that Drosophila FS has similar functions with its vertebrate

counterpart (Pentek et al., 2009).



Besides type I and type II receptors, TGFf ligands can also bind to co-receptors or the
TGFP type III receptor on the cell surface which can either promote or inhibit signaling
(Bernabeu et al., 2009). Normally these co-receptors do not have an intrinsic signaling
function but regulate the access of TGF-f ligands to receptors. In mammals, betaglycan
and endoglin are membrane-anchored proteoglycans. Endoglin is mainly expressed in
vascular endothelial cells, while betaglycan is more generally distributed. In most cases,
the extracellular domain of betaglycan binds TGFf superfamily ligands with high affinity,
and facilitates ligands binding to their respective cognate type II and type I receptors to
increase signaling (Kirkbride et al., 2008; Lopez-Casillas et al., 1993). But in the case of
binding to inhibin, betaglycan shows an inhibitory effect on both BMPs and activin
pathways (Farnworth et al., 2006; Lewis et al., 2000). Although endoglin has a high
degree of similar amino acid sequences to those of betaglycan in the transmembrane and
cytoplasmic domains, the two do not have same binding profile for TGF superfamily
ligands (Bernabeu et al., 2009). In many cell types, endoglin causes an opposite TGFf1-
dependent response. However, how exactly endoglin regulates TGFP signaling is not
known (Bernabeu et al., 2009). Cripto is a glycosyl-phosphatidylinositol (GPI)-anchored
proteoglycan, which is a co-receptor enhancing Nodal signaling (Constam, 2009). Two
important domains characterize Cripto: a conserved CFC domain, which binds to type I
receptor ALK4, and an EGF-like motif, which binds to Nodal. Cripto also recruits other
proprotein convertases to the Cripto-Nodal-receptor complex, and facilitates the
processing the Nodal precursor into maturity. Cripto is also found to help enrich Nodal in

the early endosome (Constam, 2009). In Drosophila, Dally (division abnormally delayed),



a Drosophila member of the glypican family of integral membrane proteoglycans

positively regulates Dpp signaling and plays a role in the cell cycle (Jackson et al., 1997).

2.2. The Regulation of TGFp Receptors

All TGFp ligands transmit signaling through binding to type I and type II receptors on the
cell membrane. There are five type II (ActR-IIA, ActR-1IB, BMPR-II, AMHR-II and
TBRR-II) and seven type I receptors (ALKs 1-7) in the human genome (Massague and
Gomis, 2006; Schmierer and Hill, 2007). Ligand binding brings a constitutive active type
I receptor adjacent to a type I receptor, allowing the type II receptor to phosphorylate the
juxtamembrane GS domain of the intracellular part of the type I receptor, turning on its
kinase activity. Some proteins can bind to the GS domain of the type I receptor,
inhibiting phosphorylation of type I receoptory by a type II receptor, such as the
immunophilin FKBP12, which is thought to provide a safeguard against leaky signaling
when ligand is absent (Chen et al., 1997). Furthermore, a more recent report showed that
FKBP12 also functions as an adaptor for Smad7-Smurfl complex and activin type I
receptor, facilitating the degradation of the receptor (Yamaguchi et al., 2006). Various
proteins are found to associate with TGFp receptor and act as negative regulators of

TGF signaling pathway. The WD-repeat protein, the Ba subunit of protein phosphatase
2A (PP2A) interacts with type I TGF- receptors and is phosphorylated by the receptor.
Evidence showed that Ba can enhance the growth inhibition activity of TGF-f3
(Griswold-Prenner et al., 1998). Another WD-repeat protein, STRAP, binds both type I

and type II receptors, and recruits and stabilizes Smad7 to an activated type I receptor,



therefore preventing Smad2 and Smad3 from accessing a type I receptor (Datta and

Moses, 2000).

Some intracellular proteins can function as positive regulators of TGFf signaling by
facilitating Smad binding to type I receptors. In response to TGFp signaling, Axin
interacts with an active type I receptor and Smad3, and facilitates Smad3 phosphorylation
by the type I receptor, increasing TGFp signaling (Furuhashi et al., 2001). Disabled-2
(Dab2) associates with both type I and type II TGFp receptors as well as Smad2 and

Smad3, helping to propagate signaling from the receptor to Smad (Hocevar et al., 2001).

Evidence showed that the degradation and stability of TGFp receptors play critical roles
in the regulation of TGFp signaling pathway. Post-transcriptional modifications of
receptors, such as ubiquitination and sumoylation, have been shown to be important in
regulating the strength and duration of TGFf signaling (Lonn et al., 2009). Ubiquitination
involves covalently attaching one or more ubiquitin monomers via a three-step enzymatic
reaction with E1, E2, and E3 enzymes. [-Smads seem to play central roles in
orchestrating ubiquitination of a type I receptor (discussed below). Sumoylation is the
modification of the conjugation of SUMO (small-ubiquitin-like modifiers) to protein
through SUMO ligases. TGFP type I receptor was reported to be sumoylated upon TGFf
signaling. Sumoylation of the receptor facilitates recruitment and phosphorylation of

Smad3, consequently increasing TGFp signaling (Kang et al., 2008).



2.3. The Roles of I-Smads

TGFP induced I-Smads, Smad6 and Smad7, were long known to compete with R-Smads
to the receptor, regulating TGFp in a negative-feed back loop (Hayashi et al., 1997;
Nakao et al., 1997). While Smad7 inhibits both TGFf and BMP pathways, Smad6
inhibits BMP pathways more selectively (Goto et al., 2007). In addition, I-Smads
function as scaffolds for proteins that negatively regulate receptor function. Interaction of
GADD34 with Smad7 subsequently recruits a catalytic subunit of protein phosphatase 1
(PP1) holoenzyme to dephosphorylate and inactivate TBRI, providing an effective
mechanism for negatively mediating TGFf-induced cell cycle arrest (Shi et al., 2004).
Furthermore, I-Smads recruit the HECT (homologous to the E6-associated protein C-
terminus) type E3 ubiquitin ligases to receptors and cause receptor degradation.
Examples include Smurfs (Smad ubiquitylation regulatory factors), WWP1 (WW
domain-containing protein 1) and NEDD4-2 (neural precursor cell expressed,
developmentally down-regulated 4-2) (Izzi and Attisano, 2006; Lonn et al., 2009).
Recently, a chaperone protein, heat shock protein (HSP90) was reported to bind to
receptors and protect those receptors from ubiquitylation by Smurf2, thus positively
regulating TGFp signaling (Wrighton et al., 2008). Smad7 can also bind to the
deubiquitinating enzyme, UCH37 (ubiquitin C-terminal hydrolase) via a different region
from the Smurf PY interacting motif. UCH37 can reverse the ubiquitination of the type I
TGF-B receptor, leading to stabilization of the receptor and also increasing the TGFf
signaling (Wicks et al., 2005). More recently, the AMP-regulated kinase member SIK
(salt-inducible kinase) induced by TGFf signaling was found to interact with Smad7,

leading the degradation of type I receptor ALKS. Kinase activity of SIK was shown to be
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required for proper TPRI degradation; however, the direct substrate of this kinase remains

mysterious (Kowanetz et al., 2008).

2.4. The Regulation of Smad trafficking

Once phosphorylated by a type I receptor, R-Smad forms a complex with Co-Smad, and
translocates into the nucleus. In the nucleus, phosphorylated Smad can be
dephosphorylated by nuclear phosphatases, and then exported out. Nuclear shuttling of
Smads is highly regulated. Transportation of the Smads complex into the nucleus is
mediated by nucleoporins and importins. In their MH1 domain, all Smads contain
conserved nuclear localization signals (NLSs), which play a pivotal role in the nuclear
shuttling of Smads by binding to specific importins (Reguly and Wrana, 2003). In
Drosophila, Moleskin (Msk) is important for the nuclear import of phosphorylated Mad.
Mammalian orthologues of Msk, importin7 and importin8, also mediate the nuclear
import of Smadl, Smad3, and Smad4 (Xu et al., 2007; Yao et al., 2008). Besides the NLS,
Smads proteins also contains nuclear export signals (NESs) in their MH2 domain or
linker region, which bind to specific exportins to mediate Smad exported out of nucleus
(Reguly and Wrana, 2003). The significance of the linker region of Smad in relation to
TGF signaling strength and duration has been recognized as well. There are
phosphorylation sites in the linker region of Smadl/Mad by MAPK (mitogen-activated
protein kinase) and GSK3 (glycogen synthase kinase 3). Also, MAPK and GSK3
phosphorylations cause an inhibitory effect for BMPs/Dpp signaling by promoting
cytoplasmic retention of Smad1l/Mad (Eivers et al., 2009a). MAPK is activated by the

receptor tyrosine kinase, which receives signaling from growth factors. GSK3 is inhibited
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by Wnt signaling. Hence, MAPK and GSK3 sites in the linker region of Smad1/Mad
provide a regulatory cross talk between BMP/Dpp and other signaling pathways (Eivers

et al., 2009a).

Ubiquitin and SUMO modifications of Smad proteins also aid in mediating nuclear
trafficking. Mono-ubiquitination of Smad4 in the nucleus promotes turnover of Smad
complexes and facilitates nuclear export of Smad4 (Wang et al., 2008a). PIASy (the
protein inhibitor of activated Stat y) sumo-ligase promotes Smad3 nuclear export, causing
the suppression of TGFp signaling (Imoto et al., 2008). Drosophila utilizes similar
SUMO modification to regulate Smad trafficking as well. Evidence showed that
sumoylation of Medea in the nucleus promotes its nuclear export. Failure of sumoylation
of Medea led to an increase of Dpp signaling in the developing embryo, suggesting that
SUMO modification is an important negative method that animals employ to tune up the

Dpp gradient (Miles et al., 2008).

Interaction with other proteins affects Smad trafficking as well. Shuttling protein TAZ,
which is also a transcriptional regulator, was found to promote nuclear accumulation of
Smad2/Smad3-Smad4 complex upon TGFf stimulation. This regulation is also important
for the self-renewal of the human embryonic stem cell (Varelas et al., 2008). In
Drosophila, Otefin (Ote), a nuclear lamin-binding protein is essential for germline stem
cell (GSC) maintenance by interacting with Medea and retaining Smad complex into

nucleus (Jiang et al., 2008).
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2.5. Transcription regulation of Smads

Once the activated Smad complex is translocated into the nucleus, it can regulate the
transcription of TGFf target genes. The conserved MH1 domain of Smads can bind
specific DNA sequences to the promoters or enhancers of TGFp target genes, thus
initiating transcription of these genes. A single SMAD binding site (SBE) is composed of
the sequence 5'-GTCT-3' or its reverse complement 5'-AGAC-3', which can bind to MH1
domains of activated Smad3-Smad4 complexes (Shi et al., 1998; Zawel et al., 1998). In
contrast, the phosphorylated Smad1 preferentially binds to a GC-rich motif (Schmierer
and Hill, 2007). However, this short Smad binding element (SBE, 5'-GTCT- 3') only
allows low affinity binding. In most cases, strong DNA binding by Smads is dependent
on its interaction with other transcription factors, which bind to DNA with higher affinity.
Currently, there have been numerous transcription factors associated with Smad
complexes, modulating the specificity of their transcription activity (Feng and Derynck,

2005).

In Drosophila, phosphorylated Mad, the homologue of Smad1, can recognize the
consensus sequence 5'-GRCGNC-3' (which is normally adjacent to the canonical SBE 5'-
GTCT-3' sequence), allowing additional DNA to bind to Medea (Gao et al., 2005). The 5
base pair spacing between these sites is conferred by the binding of the transcriptional
regulator Schnurri (Shn) to the Mad-Medea complex (Gao et al., 2005). Shn is a large
zinc finger DNA binding protein, which acts as a repressor and is essential for Dpp
mediated repression of brinker (brk) transcription (Marty et al., 2000). Transcription of

brk is negatively regulated by Dpp signaling throughout development. Brk can bind to
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many Dpp target genes in a sequence-specific (5' -GGCCYY- 3') manner to repress them

in the absence of Dpp signaling (Sivasankaran et al., 2000; Zhang et al., 2001).

3. TGFp Signaling Pathways in Drosophila

3.1. Overview of TGFp pathways in Drosophila

Drosophila has both BMP-like and Activin-like signals (Figure 2). There are a total of
seven TGF-p-related ligands. Three BMP-type ligands are present in Drosophila: Dpp (an
ortholog of vertebrate BMP2 and BMP4), Gbb (a member of the BMP5, BMP6, BMP7
subgroup), and Scw (a distantly related BMP family member) (Newfeld et al., 1999;
Parker et al., 2004; Raftery and Sutherland, 1999). Dpp is considered a functional
ortholog of BMP2 and BMP4, showing > 75% amino acid similarity with human BMP4
(Padgett et al., 1993). The embryonic dorsal-ventral patterning defect of null dpp mutant
can be rescued by expressing human BMP4 in Drosophila (Padgett et al., 1993). In
mammals, BMPs are well known for their functions in skeletal development and adult
bone homeostasis (Tsumaki and Yoshikawa, 2005; Winnier et al., 1995). The highly
purified recombinant dpp protein can induce bone formation in mammalian cell culture as
well (Sampath et al., 1993). Actp and Daw are Drosophila orthologs of vertebrate activin
(Brummel et al., 1999; Kutty et al., 1998). The other ligands are more divergent. In
Drosophila, only two type II receptors are found, Punt (Put) and Wishful thinking (Wit),
which are employed by both BMP and activin pathways. Thus, signaling specificity is
most dependent on recruitment of an appropriate type I receptor. There are three type I
receptors in Drosophila: Thickveins (Tkv), Saxophone (Sax) and Atr-1/Baboon (Babo).

There are also two R-Smads: Mothers against dpp (Mad) and dSmad2, but only one
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single Co-Smad, Meadea (Med). For BMP-like signaling in Drosophila, the ligands, Dpp,
Gbb, and Scw, act through the type I receptor Tkv or Sax. Upon ligand binding, Sax and
Tkv phosphorylate Mad. Phosphorylated Mad (P-MAD) forms a complex with the co-
Smad, Medea, which then translocates into the nucleus, forming a complex with other co-
factors, regulating target gene expression either by transcriptional activation or repression
(Parker et al., 2004; Raftery and Sutherland, 1999). For the activin-like pathway in
Drosophila, Daw and Actp signal through Babo and dSmad2 (Das et al., 1999; Parker et
al., 2006; Serpe and O'Connor, 2006). So far, Daughters against dpp (Dad) is the only I-
Smad that has been identified in Drosphila with a known function of exclusively
inhibiting BMP/Dpp signaling in a negative feedback loop method (Tsuneizumi et al.,

1997), but having no effect on the activin-like pathways (Kamiya et al., 2008).

3.2. Developmental Roles of BMP/Dpp signaling in Drosophila

Since the discovery of dpp that showed defects in imaginal disc development (Spencer et
al., 1982), studies have unveiled its important functions in many developmental processes
(Parker et al., 2004; Raftery and Sutherland, 1999), such as the dorsal-ventral (D-V)
patterning in the blastoderm embryo, the dorsal closure of the embryo, development of
the heart, salivary glands and trachea, the growth and patterning of the imaginal discs, the

maintenance of germline stem cells and maturation of the glial cells in the optic lobe.

3.2.1. Roles of BMP/Dpp signaling in early embryonic patterning
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During development, zygotic expression of dpp provides the D-V axis positional
information to the embryonic ectoderm. Loss of Dpp in dpp mutant embryo renders a
striking ventralized phenotype, in which the dorsal-lateral epidermis and dorsal-most
amnioserosa are missing (Irish and Gelbart, 1987). The dpp gene is expressed in the doral
40% of the embryonic circumference (St Johnston and Gelbart, 1987), specifying distinct
cell fates in the dorsal region in a dosage-dependent manner (Ferguson and Anderson,
1992). Peak level of Dpp activity specifies the dorsal extraembryonic amnioserosa tissue,
while a low level of Dpp activity signifies the dorsal epidermis. The ventral ectodermal
cells without Dpp activity becomes neurogenic ectoderm (Ferguson and Anderson, 1992;
Wharton et al., 1993). dpp mRNA is expressed uniformly in the dorsal region (St
Johnston and Gelbart, 1987), and Tkv, Sax, Put and Mad are all provided to the embryo
from the maternal genome during oogenesis (Podos and Ferguson, 1999). Thus, a
gradient of Dpp signaling in the dorsal embryo is generated by post-transcriptional
modulation of ligand distribution or signaling capability. Evidence showed that a gradient
of Dpp activity is generated by the combined action of three extracellular proteins: Short
gastrulation (Sog), Twisted gastrulation (Tsg) and Tolloid (Tld) (Arora and Nusslein-
Volhard, 1992; Decotto and Ferguson, 2001; Francois et al., 1994; Mason et al., 1994;
Shimell et al., 1991). Both Sog and Tsg can form ternary complexes with Dpp and
sequester Dpp ligand to its receptor, therefore acting as local antagonists of BMP
signaling (Decotto and Ferguson, 2001; Ross et al., 2001). Sog, the Drosophila homolog
of the vertebrate chordin, is expressed in the ventral-lateral region of the embryo that abut
the Dpp expression domain, forming a ventral to dorsal diffusion gradient of Sog that

results in an inverse gradient of Dpp (Marques et al., 1997). Tsg can facilitate strong
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binding of Sog to Dpp (Ross et al., 2001). Tld is a metalloprotease, which is expressed
only in dorsal cells and can cleave ligand-associated Sog and release Dpp to its receptor
(Marques et al., 1997; Shimmi and O'Connor, 2003). However, the Dpp activity gradient
in the dorsal region is not smooth; instead, there is a very sharp transition between cells
receiving high (dorsal midline) and very low (dorsal lateral) signals. Sog and Tsg are
found to be required in the formation of this sharp transition of Dpp activity (Ross et al.,
2001). In sog or tsg mutant embryos, P-MAD fails to refine and intensify at the dorsal
midline, and amnioserosa is missing (Ross et al., 2001). Binding of Sog to Dpp were
reported to play essential roles in the long range diffusion of Dpp ligands to the dorsal
midline of the embryo (Eldar et al., 2002; Shimmi et al., 2005). At the dorsolateral region
where Sog protein level is high, the binding of Dpp to Sog renders it sequestered from its
receptor binding. However, some Dpp ligands are freed from Dpp-Sog complex,
processed by Tld, and recaptured by Sog at the dorsolateral region, further promoting its
diffusion. On the other hand, at the dorsal midline region where Sog is least prevalent,

Dpp is free with the help of Tld, and activates signaling (Eldar et al., 2002).

Besides Dpp, the second BMP ligand Scw also plays an important part in early
embryonic patterning. The null mutant of scw embryo showed a partial ventralization
phenotype, but less severe than null dpp mutant (Arora et al., 1994). However, the
patterning function of Scw is entirely dependent on Dpp signaling, since activation of the
Scw type I receptor Sax has no phenotype in the embryo that lacks Dpp signaling (Neul
and Ferguson, 1998). Injection of dpp mRNA can actually rescue scw mutants (Nguyen

et al., 1998). Much evidence also showed that the synergy between Dpp and Scw is
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important, as it ensures the peak level of BMP signaling at the dorsal midline of the
embryo (Arora et al., 1994; Shimmi et al., 2005; Wang and Ferguson, 2005). The
transportation of the heterodimers of Dpp and Scw is favored over the homodimers of
Dpp or Scw, through significantly higher affinity for Sog and Tsg compared with Dpp or
Scw homodimer. Tld also processes heterodimers Dpp/Scw more efficiently than it does
homodimers Dpp or Scw (Shimmi et al., 2005). Furthermore, the signaling activity of the
Dpp/Scw heterodimer is much higher than either Dpp or Scw homodimers alone (Shimmi
et al., 2005). Genetic and molecular analysis of receptor function revealed that Dpp
functions through Tkv, while Scw functions through Sax. And the Dpp/Scw heterodimer
requires the activity from both Tkv and Sax (Brummel et al., 1994; Nellen et al., 1994;
Neul and Ferguson, 1998; Shimmi et al., 2005). However, the mechanisms by which the

Sax signal synergizes with the Tkv pathway are not well known.

3.2.2. Roles of BMPs-like signaling in Drosophila Wing Imaginal Disc

During Drosophila development, Dpp acts as a key morphogen in many developmental
stages and organs (Podos and Ferguson, 1999). Patterning and growth are tightly linked
during development. However, the underlying mechanisms are not well known. The
developing Drosophila wing has been a great model system for the study of Dpp

cooperated functions of patterning and growth.

Drosophila imaginal discs are two-sided sacs that include the juxtaposed epithelial cells
that give rise to the adult appendages. The wing imaginal discs originate as

approximately 30-50 cells at the beginning of the first larval instar and go through rapid
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and steady cell divisions with an average cell cycle about 8.5 hours through whole larval
stages, finally totaling approximately 50,000 cells at the end of the third instar larval
stage when cell proliferation stops. Adult wings are produced by eversion of wing
imaginal discs. Since wing cells don’t grow or divide, the size of wing is most dependent
on the size of the wing imaginal disc (Day and Lawrence, 2000; Gonzalez-Gaitan et al.,
1994). During development, the wing disc is patterned into four major compartments: the
anterior (A) and posterior (P) compartments are separated by A/P boundary, while the
dorsal (D) and ventral (V) compartments are separated by D/V boundary. Wing disc
patterns are determined by morphogen gradients, with a Dpp determining pattern along
the A/P boundary and Wingless (Wg) specifying pattern along the D/V boundary. At the
early formation of the wing disc, the selector gene engrailed is already expressed in the
posterior compartment, inducing secretion of hedgehog signaling protein. Hedgehog
diffuses a short distance to the cells of the A compartment, and induces the expression of
Dpp in a narrow stripe of cells along the A/P boundary, which then diffuses
bidirectionaly to direct the cell fates in both A and P compartments (Day and Lawrence,

2000).

The requirement of Dpp signaling for both wing disc cell growth and patterning is
indisputable, because a lack of Dpp in the wing primordium reduces the wing to a stump,
and ectopic expression of dpp causes additional growth that substantially redesigned the
wing (Spencer et al., 1982; Zecca et al., 1995). Studies of the expression of Dpp target
genes, optomoter-blind (omb) and spalt (sal), have also demonstrated that Dpp acts

directly at a distance as a gradient morphogen to exert its long-range influence on wing
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patterning in a concentration-dependent manner. omb and sal are activated at different
signaling thresholds and show a nested border expression region centered upon the dpp
expression domain in the wing pouch (Nellen et al., 1996). Ectopic expression of secreted
dpp in the clone induced the expression of omb and sal not only inside the clone, but also
in the surrounding cells. On the other hand, ectopic expression of the constitutively active
Dpp receptor Tkv only induces omb and sal expression inside the clone, but not in
neighboring cells (Nellen et al., 1996). This indicates that Dpp is acting as a morphogen.
By using the GFP-tagged Dpp, the Dpp gradient has been visualized to diffuse bidirectly
at a significant distance directly from its source (Entchev et al., 2000; Teleman and

Cohen, 2000).

How does Dpp form a morphogen gradient in the wing disc? There are two major
methods of gradient formation: extracellular diffusion and planar transcytosis between
cells. The view of planar transcytosis in Dpp gradient formation is controversial.
Observation of the GFP-tagged Dpp diffusion suggests that Dynamin-dependent
endocytosis is required for spreading of Dpp. Dpp diffusion was impaired in the cells
lacking Dynamin, a protein essential for endocytosis (Entchev et al., 2000; Kicheva et al.,
2007). However, an experiment done by another group showed that the dynamin mutant
did not block Dpp movement but rather inhibited Dpp signaling, suggesting that Dpp

spreading is not dependent on endocytosis (Belenkaya et al., 2004).

Several studies have shown that the integral membrane proteoglycans, Dally and dally-

like protein (DLP), play a role in Dpp morphogen distribution (Belenkaya et al., 2004;
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Fujise et al., 2003; Jackson et al., 1997). Dpp fails to move across cells double mutant for
dally and dIp in the wing disc (Belenkaya et al., 2004). The truncated form of Dpp, which
lacks the domain responsible for interaction with Dally, shows the same signaling activity
and protein stability as wild-type Dpp in vitro. However, this truncated form of Dpp has a
shorter half-life in vivo, which indicates that the binding of Dally to Dpp stabilizes Dpp in
the extracellular matrix (Akiyama et al., 2008). Dally also regulates cell response to Dpp
in a cell-autonomous manner. Cells with increased levels of Dally showed increased
sensitivity to Dpp (Fujise et al., 2003). However, the molecular basis by which Dally and

DLP regulate Dpp signaling and distribution is not yet completely understood.

Another determinant of Dpp morphogen gradient is the Dpp receptor Tkv. In wild-type
wing discs, Tkv is relatively low within the central domain of the wing disc, but high in
cells at the lateral margins of the wing disc. The pattern of tkv expression is significant in
shaping the Dpp gradient in the wing disc, since high levels of tkv makes the cell
sensitive to Dpp signaling but also limits Dpp ligand diffusion (Lecuit and Cohen, 1998).
Since Dpp signaling can negatively regulate tkv expression (Lecuit and Cohen, 1998),
proper Dpp gradient formation can be shaped by Dpp dependent down regulation of kv.
tkv is also regulated by Hedgehog signaling, which shows strong suppression on tkv

expression in A/P boundary cells (Tanimoto et al., 2000).

Target genes and the mechanisms underlying Dpp signaling in wing pattern are
reasonably well understood, whereas the growth promoting effectors downstream of

signaling are still largely mysterious. The longitudinal veins (LVs) of Drosophila wing
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Figure 1
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Figure 1. miR-7 and miR-125 are highly expressed in the Drosophila developing

brain.

Single focal plane image of the third instar larval brains. All sensor constructs are
expressed with a fubulin promoter driving EGFP. (A) Control sensor without miRNA
binding sites shows high expression almost ubiquitously in both brain hemispheres and
the ventral cord. (B) miR-125 sensor containing two perfectly complementary copies of
the miR-125 binding sequence in the 3° UTR shows low expression level in the larval
brain. (C) miR-7 sensor containing two perfectly complementary copies of the miR-7

binding sequence in the 3’ UTR shows low expression level in the larval brain.



Table 1. miRNAs in Drosophila larval brains and adult heads.
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. Ratio Ratio

miRNA kir;zlg]:ram is:i;g:ad (laval Brain/whole  (adult Head /whole
body) body)

Larval brain enriched
dme-miR-92b 20922 114 105.33 0.85
dme-miR-13a 22158 136 75.43 0.76
dme-miR-307 14917 376 44.09 1.66
dme-miR-92a 41341 393 43.61 0.60
dme-miR-79 25630 169 30.92 0.36
dme-miR-306 35393 200 26.33 0.43
dme-miR-2c 12060 387 24.60 0.80
dme-miR-276b 43518 1428 17.67 0.74
dme-miR-276a* 7138 394 16.69 0.87
dme-miR-9b 2978 118 15.58 0.71
dme-miR-2b 37906 1666 14.13 0.99
dme-miR-100 2493 299 12.85 0.95
dme-miR-2a 41985 1355 12.45 0.93
dme-miR-9c 7104 101 12.26 0.42
dme-miR-275 34770 958 12.13 1.52
dme-miR-13b 45202 702 9.24 0.31
dme-miR-305 42238 1832 8.87 1.37
dme-miR-219 383 65 8.54 1.11
dme-miR-276a 32728 3161 8.01 1.22
dme-miR-279 16463 641 5.72 0.42
dme-bantam 14716 973 4.96 0.35
dme-miR-31a 3219 496 4.77 1.01
dme-miR-iab-4-5p 320 36 4.14 1.31
dme-miR-284 3257 557 3.85 1.27
dme-miR-10 5726 123 3.68 0.19
dme-miR-31b 3145 479 342 1.04
dme-miR-278 1957 252 3.15 0.75
dme-miR-6 224 46 2.13 0.97
Brain and head enriched
dme-miR-125 10200 13285 22.26 10.71
dme-miR-184 41857 26669 13.06 14.67
dme-miR-133 1769 7676 21.34 29.56
dme-miR-210 2695 14936 15.97 18.58
dme-miR-315 15270 241 99.97 8.42
dme-miR-124 16290 362 89.83 2.77
dme-miR-7 32589 2304 41.92 3.07
dme-miR-317 11541 2014 16.43 2.23
dme-miR-11 38688 6156 12.92 3.11
dme-miR-87 434 1054 2.58 2.51
dme-miR-5 83 276 2.22 6.94
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Table 1

Each miRNA signal intensity of Drosophila third instar larval brains or adult heads is
obtained from the average of three independent repeats. The ratio of signal intensities for
each miRNA was analyzed by the ANOVA pair-wise method. Only miRNAs with more
than two fold changes and statistically significant (P<0.05 compared to all other samples)

are considered brain enriched.



Table 2. Conserved expression of miRNAs in brain tissues across species.

miRNAs

Brain enriched
miR-7

miR-100

miR-9

miR-124
miR-125

miR-219

miR-128a
miR-128b
miR-127
miR-132
miR-323
miR-204
miR-153
miR-218
miR-137
miR-186
miR-331
miR-99a
miR-181a
miR-181b
miR-181c
miR-338
miR-29b

miR-138
miR-98
miR-142-5p
miR-222

Humans

2.3
4.1
201.1

a(23.5)
a(8.0)
b (6.7)
4.3

36.8
42.7

21.3
10.8
19.6
69.5
6.6
26
15.4

2.1
17.2
11.4
6.6
17
4.7

3.8
53
3.2
7.0

Mouse

2.8
3.5
26.8

a(4.4)
a (6.0)
b (6.1)
10.2

144.6
49.5
30.6
23.2
25.3
63.7
34.1
37.9
29

8
10.5
4.2
10
5.7
8.9
6.3
2.9

2.2
4.2
4.2

Rat Fly

2.4 41.9
4 12.9
24.5 b (15.6)

¢ (12.3)
a(9.8) 89.8

a (6.9) 22.3

b (6.1)

8.1 8.5

114.2
100.1
31.5
22.8
98.2
21
14.8
19.7
19
12.3
10.5
11.5
6

3.1
3.8
4.6

b (7.1)
¢ (6.3) a(6.0)
2.7
2.6
4.2
2.5
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Table 2 Conserved expression of miRNAs in brain tissues across species.

Brain enriched miRNAs are listed in the table. The ratio of signal intensities for each
miRNA of the brain compared to the liver in mouse, rat or humans, or the third instar
larval brains is shown. (a, b, ¢) in the table represents specific member in a miRNA

family.
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SUMMARY OF THESIS WORK
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The TGF superfamily plays important roles in controls a broad array of cellular
functions, such as cell proliferation, differentiation, migration and apoptosis, in a variety
of multicellular organisms ranging from worms and flies to humans. Fine tuned TGFf3
signaling is very important for its functions. Strength and duration of TGFf signaling are
regulated at various steps and by multiple mechanisms. Aberrant TGFf signaling has
been implicated in various developmental disorders and human diseases. The key
components in the TGFp signal transduction are evolutionary conserved. With limited
number of key molecules in the TGFp signaling pathways and availability of the
sophisticated genetic tools, Drosophila has been considered a ideal model organism to
study the regulators of the TGF[ pathways, which will help to lead to potential treatments

for various developmental disorders and diseases caused by aberrant TGF signaling.

microRNAs (miRNAs) are an abundant class of small non-coding RNAs that play
important roles in posttranscriptional gene regulation. In animals, miRNAs function
through translational repression or mRNA cleavage to regulate gene expression. Many
genetic and functional studies have indicated that miRNAs are involved in regulating

diverse aspects of cellular and developmental processes.

My thesis work examines the regulation of TGFf-like pathways by miRNAs. Specifically,
I did my early work in collaboration with H. Robins, where we successfully identified

and validated putative targets of Drosophila miRNAs with the combination of the
computational algorithm and tissue culture methods. We have developed an algorithm for

predicting targets that does not rely on evolutionary conservation, but incorporates the
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secondary structure of the mRNAs. In Drosophila S2 cells, we have validated our
predictions in 10 of 15 genes tested. From that we found that bantam, a miRNA, can

down regulate Mad (Mothers against dpp), the key component of Dpp signaling pathway.

Based on those results, I extended my work by using Drosophila as a model to study the
role of bantam on regulation of Dpp in vivo. Our results showed that bantam down
regulates Mad (Mothers against dpp) expression in vivo by targeting the Mad 3’UTR,
resulting in changes in Dpp signaling. Over expression of bantam decreases P-MAD
levels and negatively affects Dpp pathway transcriptional target genes. The removal of
bantam binding sites in the 3’UTR of a Mad transgene results in a significant increase in
the viability of haploinsufficient dpp animals compared to a Mad transgene carrying
intact bantam binding sites in the 3’UTR. And I also found that bantam is up-regulated
by Dpp in the wing imaginal disc, and thereby functions in a Dpp feedback loop.
Furthermore, our results showed that this feedback loop between bantam and Dpp
signaling is important for maintaining anterior-posterior (A/P) compartment boundary
stability in the wing disc through regulation of optomotor-blind (omb). In terms of growth,
our results showed that bantam only partially works in parallel to promote cell
proliferation with Dpp signaling. Interestingly, by using comparative genomics, we found
that bantam is evolutionarily conserved, and miRNA target predictions suggest that
human bantam homologs selectively target Smad5, the homolog of Mad in BMP
signaling, but do not target Smad?2 in the activin/TGF[ pathway. All together, our results
support the hypothesis that hantam miRNA is a conserved negative regulator of

BMP/Dpp signaling.
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Besides the studies of the role of bantam in regulating Dpp, I expanded my work and
examined the roles of bantam in fly brain development. My work revealed that the
detailed expression pattern of bantam in the developing optic lobe for the first time, and
demonstrated bantam’s essential role of promoting proliferation of mitotic cells in the
optic lobe, including stem cells and differentiated glial cells. My results showed that
change in bantam level autonomously affects glial cell number and distribution, and non-
autonomously affects photoreceptor neuron axon projection patterns. Furthermore, I
found that bantam promotes the proliferation of mitotic active glial cells, and affects
their distribution, largely through down regulation of T-box transcription factor,
omptomotor-blind (omb). Co-expression of omb can rescue bantam phenotype, and
restore the normal glial cell number and proper glial cell positioning in 66% of brains. In
summary, my results suggest that bantam is critical for maintaining the stem cell pools in
OPC and GPC regions of the optic lobe, and bantam’s expression in glial cells is crucial

for their proliferation and distribution.

In a side project with Maocheng (Tony) Yang, I did work studying the conservation
miRNA expression in the brains. We collected small RNAs from brain tissues from
Drosophila, rat, mouse, and human, and used miRNA microarray technology to study the
miRNA expression profiles in the brains. Our results showed that about half of the
miRNAs are significantly up-regulated in the Drosophila third instar larval brain relative
to the body. About 27 miRNAs conserved in mouse, rat, and human are significantly up-

regulated in brains. Among those, six miRNAs including miR-7, miR-9, miR-100, miR-
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124, miR-125 and miR-219, were found enriched in brain tissues of Drosophila, human,
mouse and rat, suggesting that they might have important conserved roles in central

nervous system.

During the development, organisms encounter many stimuli and need a way to tune
molecular processes so that correct cellular responses occur. The use of positive and
negative feedback regulation is an obvious way, and is found in many cases. My Ph.D.
work identified that bantam, a microRNA, is important for fine-tuning of Dpp signaling
in Drosophila through a negative feedback loop. Bioinformatics suggest that
bantam/BMP interaction a conserved mechanism used in higher organisms as well.
Studies in model organisms have revealed the conserved function of TGFp signaling and
shed light on understanding normal development. These studies also provide possible
new therapies on diagnoses and treatment of diseases. The future study on the human

bantam homologs will be of interest.
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