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ABSTRACT OF DISSERTATION

THE INTERACTIONS BETWEEN JAK/STAT SIGNALING LIGANDS IN DROSOPHILA
MELANOGASTER

The development of multi-cellular organisms requires extensive cell-cell
communication to coordinate cell functions. However, only a handful of signaling
pathways have emerged to mediate all the intercellular communications; therefore,
each of them is under an array of regulations to achieve signaling specificity and
diversity. One such signaling pathway is the Janus Kinase/ Signal Transducer and
Activator of Transcription (JAK/STAT) pathway, which is the primary signaling cascade
responding to a variety of cytokines and growth factors in mammals and involved in
many developmental processes. This signaling pathway is highly conserved between
mammals and Drosophila, but the Drosophila JAK/STAT pathway possesses only three
ligands: Unpaired (Upd), Upd2 and Upd3. Co-localized expression patterns of the ligands
at several developmental stages raise the possibility that they physically interact. This
work was aimed at testing the protein-protein interactions between Upd-family ligands
and exploring possible outcomes of ligand oligomerization.

Physical interactions between Upd-family ligands were tested using a
Bimolecular Fluorescence Complementation (BiFC) assay. The data suggested that
homotypic interactions of Upd2 and Upd3 were stronger than their respective
heterotypic interactions with Upd, and the homotypic interaction between Upd
molecules was the weakest. In addition, the homotypic interaction of Upd3 was
confirmed using yeast two-hybrid interaction assays. To identify protein domains critical
for Upd3/Upd3 interaction, a series of poly-alanine substitutions were made to target
the 6 conserved domains of Upd3. All 6 substitutions altered the strength of Upd3/Upd3
interaction and drastically reduced Upd3-induced JAK signaling activity. In addition,
poly-alanine substitutions of some domains also affected Upd3 extracellular localization
or protein accumulation.

Potential outcomes of interactions between Upd-family ligands were tested both
in vitro and in vivo. The interaction between Upd and Upd3 did not significantly change
the level of JAK signaling activity. However, loss of Upd3 restricted the distribution of
Upd in egg chambers and consequently altered the follicle cell composition. Therefore,
Upd/Upd3 interaction is likely to affect the range rather than the intensity of JAK
signaling in egg chambers. In summary, this study suggested the possibility of ligand
oligomerization as a mechanism for regulating signaling pathways in order to achieve
signaling specificity and diversity during development.

Key Words: JAK/STAT signaling, Upd-family ligands, protein interaction, BiFC, follicle
cells
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Chapter 1: Background

JAK/STAT signaling pathway

During the development of multi-cellular organisms, cells need to be able to
constantly perceive and respond to signals from their microenvironment to determine
their identities and carry out coordinated functions. Remarkably, however, all the
intercellular communication is sufficiently accomplished by only a small number of
signaling pathways. Each of these signaling pathways is typically involved in diverse
developmental processes and they together are orchestrated in an intricate program to
ensure normal development of the whole organism. A comprehensive understanding of
how signaling cascades achieve the highly diverse, yet specific regulation of cell
behaviors is pivotal to decipher developmental programs in various multi-cellular
organisms. This study focuses on one of these fundamental pathways, the JAK/STAT
signaling pathway. It is the primary signaling cascade in response to a variety of
cytokines and growth factors in mammals, and dysfunction of this pathway has been
associated with a wide range of diseases in human. The aim of this study is to gain a
better understanding of the mechanisms utilized by JAK signaling to achieve signaling
specificity and diversity during development and identify principles that apply more

broadly to other signaling pathways.

The JAK/STAT signaling pathway was first identified through the study of
transcriptional activation in response to interferon a (IFN-a) and interferon y (IFN-y)
(Darnell and Stark 1994). It was soon realized after its discovery that this signaling
cascade can be activated by numerous other cytokines as well as growth factors in
mammals. Murine knockout models of several JAK signaling components generated over
the years have provided precious insight into the function of the pathway. JAK signaling
pathway is essential for many processes during the development of the immune system,
including hematopoiesis and lymphoid development (Kiu and Nicholson 2012).
Consistently, the majority of human diseases that are related to the misregulation of

this pathway are lymphohematopoietic neoplastic diseases. For example, overactivation



of STAT3 has been associated with certain types of myeloma, lymphoma and chronic
myelogenous leukemia, and JAK3 mutation is implicated in severe combined
immunodeficiency (SCID) (Igaz et al. 2001). However, JAK signaling functions are not
limited to the immune system. It is also involved in embryogenesis (Takeda et al. 1997),
mammary gland development (Cui et al. 2004), sexually dimorphic growth (Udy et al.
1997), and many other developmental processes. The functional diversity of JAK
signaling in various development processes is accompanied by its different actions at
the cellular level. It is able to control cell proliferation, differentiation, migration, and
apoptosis according to different environmental cues. The JAK/STAT signaling pathway
has drawn extensive attention from the biomedical research field for its essentialism in
development and potential to become a therapeutic target. In addition, JAK signaling
can be used as a model to understand how signaling pathways achieve functional

pleiotropy, in general.

The JAK signaling cascade is carried out by a series of phosphorylation events on
specific tyrosine residues, catalyzed by JAK kinase activity. JAK is constantly associated
with the receptor through a receptor binding domain located at the N-terminus of the
protein. The tyrosine kinase domain is located to the C-terminus of the protein, adjacent
to a pseudokinase domain, which lacks catalytic activity but can regulate the enzymatic
activity of the kinase domain (Leonard and O'Shea 1998). JAK signaling is initiated by
ligand binding to the receptor, which triggers the dimerization of receptors (Kiu and
Nicholson 2012). Receptor dimerization brings the associated pair of JAK proteins in
close proximity (Figure 1.1). The two JAKs trans-phosphorylate each other and the
phosphorylated JAK then phosphorylate receptors at specific tyrosine sites. The
phosphotyrosine on the receptor serves as a docking site for STAT, the transcriptional
factor of this pathway, to recruit it from the cytosol to the cell membrane. Once it is
bound to the receptor, STAT also gets phosphorylated by JAK. Phosphorylated STATs
then disassociate from the receptor, form homo- or heterodimers and translocate into
the nucleus to initiate downstream gene expression. Besides signaling activators,

JAK/STAT signaling is also tightly controlled by several negative regulators. Major



negative regulators of the pathway include the suppressor of cytokine signaling (SOCS)
proteins (Kershaw et al. 2013), protein inhibitor of activated STAT (PIAS) family

members (Liu et al. 1998) and various protein tyrosine phosphatases (PTP) (Klingmiiller
et al. 1995). Negative regulators of the pathway utilize different mechanisms to down-
regulate JAK signaling at various steps of the signaling activation, such as
dephosphorylating proteins, blocking protein interaction interfaces and suppressing
target gene expression. Moreover, protein modification, ubiquitination (Ungureanu et al.
2002) and signaling crosstalk with other pathways (Shuai and Liu 2003) also contribute
to the fine-tuning of the JAK signaling pathway.

The JAK/STAT signaling pathway is conserved in flies, zebrafish and mammals
(Hou et al. 2002, Arbouzova and Zeidler 2006). The mammalian JAK signaling pathway is
highly complicated. It contains four JAKs, seven STATs and an even greater variety of
ligands and receptors. The complexity of the pathway is beneficial to the signaling
specificity (Kisseleva et al. 2002), but hinders the studies towards the understanding of
the basic regulatory mechanism of the pathway. By contrast, Drosophila offers a much
simpler streamlined pathway. The Drosophila JAK/STAT signaling pathway consists of
only one JAK (Hopscotch) (Binari and Perrimon 1994), one STAT (STAT92e) (Hou et al.
1996), one receptor (Domeless) (Brown et al. 2001, Chen et al. 2002) and three ligands
(Unpaired (Upd), Upd2 and Upd3) (Harrison et al. 1998, Hombria et al. 2005, Wright et
al. 2011). In spite of the less complex arrangement, Drosophila JAK signaling is also
involved in many developmental processes, including hematopoiesis (Harrison et al.
1995), immune responses (Agaisse and Perrimon 2004), ovarian follicle cell
differentiation (McGregor et al. 2002, Xi et al. 2003), and stem cell maintenance (Lopez-
Onieva et al. 2008, Issigonis et al. 2009, Jiang et al. 2009, Lin et al. 2010). The low level
of redundancy in conjunction with the rich genetic toolbox developed for this organism
makes Drosophila an excellent model for studying the basic regulatory machinery of the

JAK/STAT signaling pathway.



Upd-family ligands

Upd was the first ligand to be identified that stimulates the Drosophila JAK/STAT
signaling pathway. It was discovered through the observation that upd mutants cause
similar embryonic defects to those seen in hop and stat92e mutants (Harrison et al.
1998). This is a unique embryonic phenotype characterized by the loss of pair-rule gene
expression in the fifth and the posterior portion of the fourth stripes, not resembling the
stereotypical mutant phenotype of any segmentation gene (Nisslein-Volhard and
Wieschaus 1980). Upd2 and Upd3 were identified subsequently because of their

sequence similarity to Upd.

All three ligands can be found in the 12 Drosophila species that have been
sequenced. They are clustered in a 70 kb region on the X-chromosome, where upd3 sits
between upd and upd2 and has an opposite transcriptional orientation. In Drosophila
melanogaster, the overall sequence similarity of amino acids among the three ligands is
about 40% (Sexton 2009), but conserved amino acids are scattered across the
sequences, resulting in only a few short conserved domains (Figurel.2). Homologs of
Upd-family ligands are also found in other arthropods, including Anopheles gambiae
(African malaria mosquito), Nasonia vitripennis (jewel wasp), Tribolium castaneum (red
flour beetle), Apis mellifera (honey bee) and Harpegnathos saltator (ant) (Wang 2009,
Loehlin and Werren 2012). Upd-family ligands do not show homology at the primary
sequence level to any mammalian cytokine, but they resemble the secondary structures
of cytokines belonging to the four-helical bundle protein family (Harrison et al. 1998),
which is the biggest structural group of mammalian cytokines. Members of this family
are characterized by stretches of a-helices, arranged into an up-up-down-down
topology. Cytokines in this family can be further distinguished into type | or type Il
cytokines based on the presence of certain motifs on their receptors (Sprang and
Fernando Bazan 1993). All three Upd-family ligands have stretches of a-helices
(Figurel.3) as predicted by the PSIPRED server (Kriger et al. 2013) and they most

resemble the structures of type | cytokines (Boulay et al. 2003).



The three Upd-family ligands presumably undergo a series of post-translational
modifications as they are transported in the secretory pathway. It has been shown that
Upd is led into the secretory pathway through its signal peptide located at the N-
terminus of the protein and gets glycosylated at multiple sites during secretion (Harrison
et al. 1995). Glycosylation occurs on most membrane bound and secreted proteins and
it could be critical for protein stability, transportation and localization. After secretion,
Upd binds to at least one heparan sulfate proteoglycan (HSPG) that resides in the
extracellular matrix (ECM), Dally (Hayashi et al. 2012). This ECM association is critical for
establishing the Upd concentration gradient and controlling the subsequent JAK
signaling activation in egg chambers. Fewer studies have been focused on post-
translational modifications of Upd2 and Upd3. Both ligands contains multiple
glycosylation sites predicted by the NetNGlyc Server (Hombria et al. 2005). A signal
peptide of Upd3 located at the very N-terminus of the protein is predicted by the Signal
P program (Petersen et al. 2011), but no signal peptide is predicted in Upd2 sequence,
despite the fact that it is also a secreted protein (Figurel.3). To directly visualize their
localization, the three ligands were tagged with green fluorescent protein (GFP) at the
C-terminus and expressed in cell culture (Hombria et al. 2005, Wright et al. 2011). Upd3
showed a similar “halo” localization pattern surrounding cells as Upd and given the
known ECM localization of Upd, Upd3 is likely to be also located to the ECM after
secretion. Upd2, however, was mostly diffused into the medium and its localization in
the ECM was barely detectable. On the other hand, in flies, Upd2 is able to travel a long
distance from the fat body to the brain under well-fed conditions to stimulate insulin-
like peptide secretion (Rajan and Perrimon 2012). Therefore, Upd2 appears to beis a

more freely diffusible ligand than Upd and Upd3.

All three ligands are able to stimulate the JAK/STAT signaling pathway (Harrison
et al. 1998, Agaisse et al. 2003, Hombria et al. 2005). In cell culture studies, Upd
stimulated higher JAK signaling intensity compared to the other two ligands in autocrine
and paracrine manners, whereas Upd2 stimulated the highest signaling when

conditioned medium was used (Wright et al. 2011). Careful genetic analyses have been



taken in vivo to understand the potential functional redundancy between the three
ligands. In some developmental processes, JAK signaling seems to be regulated by only
one of the ligands. For example, Upd2 is the only ligand out of this family that controls
the release of insulin-like peptides to maintain physiological homeostasis of the
organism (Rajan and Perrimon 2012). Upd3, on the other hand, takes on an
independent role in regulating immune responses under septic challenges (Agaisse et al.
2003). During this process, upd3 is expressed in hemocytes and turns on JAK signaling in
fat body cells to activate the expression of antimicrobial peptides as a defense strategy
in Drosophila towards infection. However, in many other developmental processes,
functions of the three ligands overlap. During oogenesis, both Upd and Upd3 are
necessary for border cell specification (Silver et al. 2005, Sexton 2009). Mutation of upd
causes retardation of border cell migration, as well as reduction in the numbers of
border cells in the migratory cluster. Mutation of upd3 also results in reduced numbers
of border cells, although cell migration seems to be not affected. Overlapping functions
were also observed between Upd and Upd2 during embryogenesis. Upd null mutants
are lethal and have severe patterning defects in embryos. Mutation of upd2 alone did
not cause any obvious defect in embryos, but it exacerbates the spiracle and head
skeleton defects observed in upd mutants (Hombria et al. 2005), indicating that Upd2
functions semi-redundantly to Upd during embryogenesis. Upd-family ligands are
involved in many more developmental processes than discussed here, such as sex
determination (Wawersik et al. 2005) and stem cell maintenance (Tulina and Matunis
2001, Singh et al. 2007), but whether only one or multiple ligands are involved in many

of these processes has not been extensively studied.

Potential physical interactions among Upd-family ligands

In contrast to the mammalian counterpart, the Drosophila JAK signaling pathway
utilizes only three ligands. It is therefore bewildering to see how Drosophila JAK
signaling relies on only three ligands to interpret diverse environmental information and

respond specifically. One potential mechanism for providing the necessary specificity



from only three ligands is ligand oligomerization, by which signaling pathways expand
the reservoir of ligands without increasing the size of the genome. In situ hybridization
of the three ligands has shown that the expression of upd2 and upd3 co-localizes with
the expression of upd at several developmental stages. upd2 and upd are expressed in
the same striped pattern in embryos (Gilbert et al. 2005, Hombria et al. 2005), whereas
upd3 and upd are both expressed in polar cells of egg chambers and the posterior region
of eye discs (Wang 2009). However, no overlapping expression between upd2 and upd3
has been found. The co-localized expression pattern raises the possibility that Upd2 and

Upd3 may physically interact with Upd.

Crystal structure studies on isolated mammalian cytokines and cytokine-receptor
complexes have revealed that some cytokines function as dimers. Covalent or non-
covalent interactions are formed between several cytokines of the four-helical bundle
protein family that the Upd-family most resembles, such as IL-5, IFN- and M-CSF
(macrophage colony stimulating factor) (Karpusas et al. 1997, Koths 1997, Kusano et al.
2012). However, the functional consequences of these cytokine dimerization events are
not the same. Some cytokines rely on protein dimerization to make active ligands, such
as IL-5. IL-5 dimers are stabilized by two intermolecular disulfide bonds formed between
two pairs of conserved cysteine residues. Mutations of these two cysteine sites
abolished IL-5 ability in signaling induction (Milburn et al. 1993, Kusano et al. 2012). IL-5
belongs to a cytokine sub-family comprised of also IL-3 and GM-CSF (Granulocyte-
macrophage colony-stimulating factor). Although no similar disulfide bond is found in IL-
3 and GM-CSF, structural studies have also suggested potential homotypic interactions
of these two ligands, which may be stabilized by van der Waals forces and hydrogen
bonds (Hansen et al. 2008, Dey et al. 2009). Neutralizing antibodies and large deletions
of the proposed interaction interface of IL-3 block its activity. Moreover, site-specific
amino acid substitutions made in this region cause either loss of function or gain of
function modification of its signaling activity (Lokker et al. 1991, Olins et al. 1995). By
contrast, some cytokine dimers may function as antagonists of their monomers and

attenuate signaling activity. The IL-6 receptor comprises two subunits: an a subunit that



is bound by IL-6 and a gp130 subunit that is bound by STAT3 for signal transduction. IL-6
dimers bind to the a subunit of the receptor with a higher affinity than monomers, but
they have lower ability to incorporate the gp130 subunit into the complex. As a result,
IL-6 dimers have lower signaling potency as assessed by STAT3 phosphorylation and can
potentially antagonize the function of monomers (Ward et al. 1996). Finally, some
cytokines can form not only homodimers but also heterodimers, but different dimers
may or may not cause different signaling induction. For example, human M-CSF has
multiple mRNA splicing variants that give rise to protein products of various sizes.
Homodimers and heterodimers are formed between a long form of M-CSF containing
221 amino acids and a short form containing 158 amino acids when mixed together in
vitro. The three types of dimers do not show any functional difference in a M-CSF

dependent cell proliferation assay (Koths 1997).

Besides signaling intensity, ligand oligomerization could also control the signaling
activity range, an important aspect of ligand function that has not been extensively
studied with cytokines in the simplified cell culture system. In this respect, Drosophila
BMP signaling sets an excellent example to illustrate how ligand oligomerization can
affect signaling activity in both ways, during the establishment of the dorsal-ventral axis
in embryos (Wang and Ferguson 2005, O'Connor et al. 2006). Two BMP signaling ligands
are involved in this process. Decapentaplegic (Dpp) is expressed uniformly in the dorsal
half of the embryo and Screw (Scw) is produced throughout the entire embryo. Despite
their broad expression patterns, heterodimers of Dpp and Scw are restricted to the
dorsal-most region through proteolytic actions of three extracellular modulators: Short
gastrulation (Sog), Twisted gastrulation (Tsg) and Tolloid (TId). Homodimers of Dpp and
Scw are located in the dorsal lateral region. On the other hand, heterodimers stimulate
10 fold higher BMP signaling activity compared to either of the homodimers, as
measured by the phosphorylation level of the downstream transcription factor Mad.
The specific localization pattern and distinct signaling potency of different ligand dimers
consequently establish a sharp biphasic BMP signaling, which specifies cells at the dorsal

half of embryos to undergo one of two cell fates. Dorsal midline cells that receive high



levels of BMP signaling stimulation from heterodimers are specified into extraembryonic
amnioserosa, whereas dorsal-lateral cells that receive moderate levels of signaling
stimulation from homodimers become dorsal ectoderm. A mathematical simulation
based on these experimental results showed that the regulatory mechanism involving
protein dimers provides better patterning robustness in response to protein abundance

differences than those relying on monomers only (Shimmi et al. 2005).

The three Upd-family ligands might function as homo- and hetero-oligomers to activate
the pathway in tissues where overlapping expression between Upd-family ligands was
detected, such as embryos and egg chambers. Ligand oligomerization can possibly be an
important factor in regulating the signaling activity range, signaling intensity or both.
The work described in this thesis focused on testing for physical interactions between

Upd-family ligands and exploring the functional consequences of such interactions.

Copyright © Qian Chen 2014
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Nucleus

Figure 1.1. Activation of the JAK/STAT signaling pathway. JAK signaling is initiated by
the binding of ligands to the receptor, resulting in trans-phosphorylation between the
receptor associated JAKs. The phosphorylated JAKs then phosphorylate the receptors to
generate docking sites for STATs. STATs are recruited from the cytosol to the cell
membrane and also get phosphorylated by JAK. The phosphorylated STATs form dimers
and translocate into the nucleus, where they bind specifically to STAT binding sites (SBS)

and initiate downstream gene expression.
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Figurel.2. Amino acid sequence alighment between Upd-family ligands. The predicted

amino acid sequences of the three Upd-family ligands are shown. Identical amino acids

shared between two proteins are highlighted in green and those shared between all

three proteins are highlighted in cyan. Conserved blocks that were subjected to

functional analysis in this study are underlined and numbered. Red boxes show

the 6

conserved domains identified in a previous study comparing Upd homologs from 6

arthropod species, including Drosophila (Loehlin and Werren 2012).
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Figure 1.3. Secondary structure predictions of Upd-family ligands. All three ligands in

the Upd-family are predicted to form stretches of a-helixes and little or no B-sheet.

Predicted signal peptides are underlined in red. There was no signal peptide predicted in

the Upd2 sequence. Predicted N-glycosylation sites are outlined in blue.
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Chapter 2: Physical interaction between Upd-family ligands

Introduction

Protein interactions are involved in every cellular process, and they are often the
key to understanding biological regulations. However, there is not a universal method
that can genuinely report protein interactions under every given biological context.
Consequently, several methods have been developed to detect protein interactions and
the list of techniques is still growing. Conventional biochemical assays (Phizicky and
Fields 1995), including protein affinity chromatography and co-immunoprecipitation,
have been used as standard techniques to detect protein interactions for years.
However, the disadvantage of these in vitro assays is also obvious: protein interactions
are not analyzed in their natural environment. Losing cell context could result in false
positive or false negative interactions. To overcome this problem, multiple in vivo
methods have been developed (Villalobos et al. 2007), including yeast two-hybrid
(Krogan et al. 2006), Fluorescence Resonance Energy Transfer (FRET) and the more
recently developed Bimolecular Fluorescence Complementation (BiFC) (also referred to
as split GFP assay) (Hu et al. 2002). Among these, fluorescence based methods allow
direct visualization of protein interactions in cell compartments and are thus able to
reveal the subcellular localization of protein interactions at the same time. Based on
these reasons, interactions between Upd-family ligands were tested using two in vivo
assays. One is a fluorescence based assay, BiFC, and the other is a conceptually different

but widely used yeast two-hybrid assay.

Both BiFC and yeast two-hybrid are protein fragment complementation assays.
This type of interaction assays is based on the fact that certain fragments of some
proteins have the ability to re-associate into a functional unit when they are brought in
close proximity. Such proteins include ubiquitin (Johnsson and Varshavsky 1994), 3 -
galactosidase (Rossi et al. 1997), dihydrofolate reductase (Pelletier et al. 1998) and the
one utilized in the BiFC, green fluorescent protein and its spectral variants. BiFC was first

established in mammalian cell culture (Hu et al. 2002) and has been adapted into plants
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(Atmakuri et al. 2003), worms (Hiatt et al. 2008) and flies (Gohl et al. 2010). In BiFC
assays, two proteins of interest are fused to an N-terminal and a C- terminal fragment of
GFP variants respectively. The truncated GFP variant fragments have no fluorescence
ability by themselves, but if interaction happens between the two proteins to which
they have been fused, the two GFP variant fragments can be brought in proximity and
spontaneously reconstruct a functional fluorophore (Figure2.1). Over ten combinations
of protein complementation can be formed between different fragments of GFP
variants and this results in fluorescence at a variety of wavelengths, enabling
simultaneous comparisons of multiple pairs of protein interactions (Hu and Kerppola
2003, Grinberg et al. 2004). In comparison to other complementation based interaction
assays, BiFC allows direct visualization of protein interaction without any exogenous
fluorogenic or chromogenic agent. FRET is another fluorescence-based in vivo assay.
Compared to FRET, BiFC offers both higher sensitivity and convenience. In FRET assays,
fluorophores that are attached to the proteins of interest have to be placed within 100A
of one another, since this is the maximum distance over which energy transfer between
fluorescent molecules can be detected (dos Remedios and Moens 1995). To fulfill this
requirement, proteins usually need to be overexpressed to maximize the chance of
protein collision. By contrast, BiFC is able to detect protein interactions at their

endogenous expression levels and no structural information is required.

Despite its advantages, BiFC assays have been reported to have high background signal
produced by spontaneous association between the truncated fluorescence tags
(Kodama and Hu 2010, Nakagawa et al. 2011, Horstman et al. 2014). Therefore, a yeast
two-hybrid assay was used to confirm the results from BiFC. Yeast two-hybrid has long
been routinely used to detect specific protein interactions, and it has also been adapted
into high throughput studies to dissect the protein interactome of the whole genome
(Uetz et al. 2000, Ito et al. 2001, Giot et al. 2003). In yeast two-hybrid assays, the two
proteins of interest are fused respectively to the DNA binding domain and the activation
domain of a yeast transcriptional factor, GAL4. The DNA binding domain carries the

fusion protein to the promoter of reporter genes. The activation domain recruits
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necessary proteins to the transcriptional machinery. Only when the two proteins of
interest physically interact, a functional transcriptional complex can be formed at the
promoter sequence to initiate the expression of reporter genes. The yeast two-hybrid
assay also has limitations in detecting some protein interactions, because the yeast
nucleus, where the assay takes place, could be a hostile environment for some proteins
and the truncated GAL4 tags can sometimes interfere with the interaction (Parrish et al.
2006). Nonetheless, by using both BiFC and yeast two-hybrid assays, a more confident
conclusion should be drawn on interactions between Upd-family ligands. In addition,
critical protein domains that mediate the interactions between Upd-family ligands were

explored using these two methods.
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Results

Homotypic and heterotypic interactions of Upd-family ligands are detected in BiFC

To detect interactions between Upd-family ligands using a BiFC assay, the N-
terminal half of Venus (1-173aa, VN) and the C-terminal half of CFP (155-238aa, CC)
were fused to the C-termini of Upd-family proteins. This particular combination of GFP
variants was chosen since it showed the highest signal to noise ratio in a previous study
performed in mammalian cells (Shyu et al. 2006). Another fluorescent molecule, Cherry,
driven by a highly active actin5C promoter, was co-expressed in cells to serve as an
internal control to monitor the consistency of plasmid transfection and protein

production between transfection groups.

Each BiFC fusion protein was expressed under the control of the UAS/GAL4
binary expression system (Duffy 2002), and the actin5C driven cherry was delivered by a
separate plasmid. This presented the technical challenge of co-transfecting four
plasmids into cells, especially given that Drosophila cells generally have low transfection
efficiency in comparison to mammalian cells. Individual mammalian cells are able to
uptake approximately 10° to 10° copies of plasmids during transfection, through either
liposome vehicles (Tseng et al. 1997) or calcium phosphate precipitation (Batard et al.
2001). Although less than 10% of these plasmids can remain intact and are located to
the nucleus, the amount of plasmid transfected into mammalian cells is significantly
higher than the amount that enters the nucleus of Drosophila cells. Drosophila cells can
only incorporate hundreds of plasmid copies in the genome during transfection (Rio and
Rubin 1985, Johansen et al. 1989). On the other hand, fluorescent signals from GFP can
only be detected when the protein concentration is higher than approximately 2 X 10°
molecules/cell (Tseng et al. 1997). Therefore, when using a fluorescent molecule as a
marker to estimate transfection rate, mammalian cells can achieve 90% transfection
efficiency (Maurisse et al. 2010), whereas a maximum of only 30-40% has been detected
in Drosophila cells (Yang and Reth 2012). To establish a Drosophila cell system with

relatively high exogenous gene expression, transfection efficiency was optimized by
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comparing different cell lines, transfection reagents, and GAL4 drivers. Six cell lines were
available in the lab, including embryonic S3 (Schneider 1972) and Kc167 (Cherbas et al.
1988) cells, imaginal disc derivative clone8 (Peel and Milner 1990) and ML-DmD32 (Ui et
al. 1987) cells, blood cell derivative mbn2 cells (Gateff et al. 1980), and a Spodoptera
frugiperda (armyworm) cell line, Sf9 (Vaughn et al. 1977). Transfection efficiency was
tested by expressing actin-cherry in all Drosophila cell lines and pie-GFP in the Sf9 cell
line. Cell confluency, plasmid concentration and the amount of transfection reagent
were adjusted to achieve the highest transfection efficiency in individual cell lines.
Mediated by the transfection reagent Effectene (Qiagen), Kc167 and mbn2 cells showed
the highest transfection rate compared to other cell lines, which was over 30%. In
comparisons between the two, Kc167 cells adhered more readily to the bottom of cell
culture dishes and grew in monolayer, whereas mbn2 cells usually took weeks to adhere
in monolayer and resume their normal growth rate after thawing. Therefore, Kc167 cells
were easier to handle and more reliable on generating consistent results. S3 cells grew
the fastest and also stayed in monolayer but showed only about 15% transfection rate.
Clone 8 cells had the most unique fibroblast-like morphology, with long arms and small
cell bodies, which does not resemble its wing disc columnar epithelial cell origin. This
morphological change is likely due to alterations in cell microenvironment from the in
vivo tissue to cell culture (Peel and Milner 1990). Clone 8 cells had a low transfection
efficiency of about 12%. ML-DmD32 showed the lowest transfection efficiency about 5%
and a very slow growth rate. The armyworm cell line Sf9 had a transfection rate about
26%. Besides effectene, two other transfection reagents, Cellfectin (Life Technologies)
and X-tremeGene (Roche) were also tested on mbn2 and Kc167 cells respectively, but
neither resulted in higher transfection efficiency than Effectene (Figure2.2 A). Three
GAL4 drivers were compared for their ability to drive the expression of UAS-GFP in
mbn2 and Kc167 cells. Two of these GAL4 drivers, armadillo-GAL4 (arm-GAL4) and
Cs1.L7-GALA4 (derived from a presumed ubiquitous promoter from the su (Hw) gene
(unpublished)), drive constitutive expression of exogenous genes but the third one,

metallothionein-GAL4 (MT-GAL4), drives gene expression only in the presence of heavy

17



metal ions, such as copper used in this study. Among the three, arm-GAL4 drove the
highest level of GFP expression in both Kc167 and mbn2 cells (Figure2.2 B). Finally, the
endogenous expression levels of Upd-family ligands in these cells lines was considered,
since endogenous ligands can potentially interfere with interactions between BiFC
fusion proteins and potentially reduce the sensitivity of the assay. Sf9 does not
endogenously express any Upd-family ligand. All Drosophila cell lines, except for clone 8
cells, showed only low levels of Upd-family ligand expression in a previous transcription
profiling study of 25 Drosophila cell lines (Cherbas et al. 2011). Taking all these factors
into account, the Drosophila BiFC experiment was performed in Kc167 cells, using
Effectene to mediate plasmid transfection and arm-GAL4 to drive the expression of BiFC

fusion proteins.

After plasmid transfection, cells were observed under the microscope. However,
only low levels of BiFC signals were detected in cells, possibly because most ligands
were secreted into and diluted by the medium. In order to enhance the BiFC signal, cells
were treated briefly with monensin before fluorescence microscopy in the subsequent
BiFC experiments. Monensin is an ionophore, which blocks intracellular protein
transport and sequester secreted proteins in the Endoplasmic reticulum (ER)/Golgi
network. Dpp was used as the negative control in this experiment. Dpp is synthesized
and transported through the same secretory pathway along with Upd-family ligands but
should not be able to form physical interactions with any of them. Images were taken
under a standard fluorescence microscope using the same exposure setting for all
groups. Actin-cherry was detected in around 22% of cells in all groups, indicating the
consistency in plasmid transfection. BiFC signals were detected in only a small subset of
Cherry positive cells and they were localized into puncta in the cytosol of many, but not

all cells (Figure 2.3).

Between different ligand combinations, BiFC signals varied in both signal
intensity and frequency (Figure 2.3). Co-expression of different combinations of Upd-

family ligands resulted in stronger and more frequent BiFC signals than Dpp negative
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controls. Among different types of Upd and Upd3 interactions, the homotypic
interaction of Upd3 had the strongest and most frequent BiFC signals, followed by the
heterotypic interaction between Upd and Upd3, and the homoyptic interaction of Upd
was the weakest. To test if BiFC fusion proteins were expressed at similar levels, cells
expressing individual fusion proteins were lysed and the cell lysate was subjected to
immunoblotting analysis using anti-GFP polyclonal antibodies. BiFC fusion proteins,
including UpdVN, UpdCC, Upd3VN, Upd3CC, DppVN and DppCC, were shown
approximately at their predicted molecular weights, which are 68.5 kD, 58.1 kD, 67.1 kD,
56.7 kD, 87.5 kD and 77.1 kD, respectively (Figure 2.4B). Notably, all Upd and Upd3
fusion proteins showed multiple bands on the immunoblot. Some of these bands
appearing at higher than predicted molecular weights might be caused by glycosylation
(Harrison et al. 1998). However, those bands that were shown at lower molecular
weights were likely due to protein degradation. Protein degradation might happen
inside the cell or during cell lysate preparation, but because no such lower band was
observed with Dpp fusion proteins, it indicates that protein degradation of Upd and
Upd3 was likely to occur inside cells. Protein degradation could have weakened the BiFC
signals in the experimental groups. The percentage of BiFC positive cells in the
transfected cell population, which was marked by Cherry, was used as a quantitative
measurement of interaction strength and compared between groups. Since the
reconstructed BiFC molecules have intrinsically much weaker fluorescent signal than
intact fluorescent proteins (Hu et al. 2002), BiFC signals in most cells were much dimmer
than Cherry fluorescent signals. To objectively count the number of BiFC positive cells, a
signal threshold was set using the ImageJ program and only cells with signal intensity
above the threshold were counted as positives. Five to seven pictures were taken for
each ligand combination and each picture generally contained over 100 Cherry positive
cells. The numbers of BiFC and Cherry positive cells from all pictures of the same
experimental group were combined, and the BiFC/Cherry percentage was calculated.
Homotypic and heterotypic interactions between Upd and Upd3 were tested

independently six times using the BiFC assay. All types of interactions between Upd and
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Upd3 always produced higher percentage of BiFC signals in comparison to Dpp controls,
but the raw number of the BiFC/Cherry ratio for each ligand combination varied
between trials. To normalize the data obtained from the six trials, the average
BiFC/Cherry ratio of the four Dpp negative controls was calculated for individual trials as
a baseline measurement of the BiFC signal. Then the fold change of each ligand
combination compared to the baseline signal was calculated (Figure2.4). All four
possible combinations between Upd and Upd3 showed significantly higher signal than
the Dpp negative controls (One-way ANOVA with Bonferroni post-hoc test). Between
Upd and Upd3 interactions, homotypic interaction of Upd3 showed a trend to be the
strongest interaction group, whereas the homotypic interaction of Upd was the weakest.
However, the difference between different types of Upd and Upd3 interactions was not

statistically significant.

Upd2 is expressed in a similar striped pattern as Upd in embryos (Hombria et al.
2005, Wang 2009). However, no overlapping expression has been observed between
Upd2 and Upd3. The ability of Upd2 to interact with Upd and Upd3 was also tested
using the BiFC assay. Both Upd2VN and Upd2CC BiFC fusion proteins were expressed at
similar levels as other BiFC fusion proteins, and Upd2 proteins also showed multiple
bands on an immunoblot (Figure 2.5 B). This experiment has been repeated only twice,
but some trends started to emerge. Similar to what was observed between Upd and
Upd3, homotypic interaction of Upd2 was stronger than its heterotypic interaction with
Upd. However, the BiFC signal generated by co-expressed Upd2 and Upd3 was not
significantly different from Dpp controls (Figure2.5 A), suggesting that Upd2 and Upd3

might not be able to physically interact.

Homotypic interaction of Upd3 was detected in yeast two-hybrid

Homotypic and heterotypic interactions between Upd and Upd3 were also
tested in a yeast two-hybrid assay. In this assay, the signal peptides of these two
proteins needed to be removed in order to change their location from the secretory

pathway to the nucleus in yeast cells. The signal peptide at the N-terminus of Upd was
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experimentally confirmed (Harrison et al. 1998), but the signal peptide predicted for
Upd3 by the Signal P program (Dyrlgv Bendtsen et al. 2004) has not been verified.
Therefore, both a full length Upd3 and a truncated Upd3 protein lacking the predicted
signal peptide (Upd3ASS) were tested in the yeast two-hybrid assay. UpdASS, Upd3, and
Upd3ASS coding sequences were fused to the C-terminus of the GAL4 activation domain
(AD) and the DNA binding domain (BD), in frame with a nuclear localization signal at the
N-terminus of the fusion proteins. Empty vectors containing GAL4 AD or GAL4 BD were

used as negative controls to assess the background activity of the reporters.

The yeast host cell used in this study, PJ69-4A, contains three reporter genes in
the genome, including HIS3, ADE2 and lacZ (James et al. 1996). Each reporter gene is
driven by a separate highly inducible promoter. The HIS3 reporter gene is under the
control of a GAL1 promoter and downstream of a LYS2 gene, which enhances the
stringency of the HIS3 expression. The ADE2 gene is controlled by a GAL2 promoter and
the lacZ gene is controlled by a GAL7 promoter. The use of three independent reporters
prevents false positives due to the leaky expression from certain promoters. Protein
interactions can be assayed based on cell growth on histidine or adenine deficient plates,
and the strength of interactions can be quantitatively measured based on -
galactosidase activities. Plasmids containing the two proteins of interest were
sequentially transformed into yeast cells. Successful transformants were selected from
leucine and tryptophan double deficient plates (-Leu/-Trp) and then were grown on
three selective plates, including a histidine deficient (-His) plate, a adenine deficient (-
Ade) plate and a histidine deficient plus 5mM 3-Amino-1,2,4-triazole (3AT) (-His + 5mM
3AT) plate, to assess protein interactions. 3AT is a competitive inhibitor of the HIS3 gene
product and can enhance the stringency of the —His selection. Two yeast splicing factors,
Spp382 and Prp43, that have been shown to interact were used as positive controls

(Pandit et al. 2006).

Upd3ASS homotypic interaction was shown on all three selective plates. On the

—His plate, although low levels of leaky expression from the HIS3 gene were detected in
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the negative controls, cells co-expressing Upd3ASS-AD and Upd3ASS-BD showed
significantly better growth. The addition of 3AT on the —His + 5mM 3AT plate completely
eliminated the background expression of HIS3 in the negative controls and further
supported the homotypic interaction between Upd3ASS proteins. —Ade appeared to be
the most stringent selection among the three to detect the Upd3ASS/ Upd3ASS
interaction. Cells co-expressing Upd3ASS-AD and Upd3ASS-BD grew very slowly on the —
Ade plate. Even though the Upd3ASS/Upd3ASS interaction was detected by all three
selective plates, it was shown to be a much weaker interaction compared to the one
between Spp382 and Prp43. Upd3ASS/Upd3ASS expressing cells grew much slower than
Spp382/Prp43 expressing cells in all three selective plates. Moreover, the color of
colonies on the -Trp-Leu plate also indicated the difference in the interaction strength.
In general, ade2 mutants form red colonies on the -Trp-Leu plate, whereas wild-type
cells form white colonies. Intermediate expression of the ADE2 gene gives various
shades of the pink color to colonies. Spp382/Prp43 positive control cells were
completely white, indicating strong interactions between the two proteins. In contrast,
Upd3ASS/Upd3ASS expressing cells showed a similar pink color compared to that of the
empty vector controls, indicating weak interactions (Figure2.6). Except for the
homotypic interaction of Upd3ASS, no other type of interactions between Upd and
Upd3 was detected by the yeast two-hybrid assay. When the full length Upd3 containing
its signal sequence was used in this assay, no interaction was detected (Figure2.7),

possibly because it failed to be located into the nucleus.

Interaction domains in Upd3

Since the homotypic oligomerization of Upd3 molecules was detected by both
the BiFC and the yeast two-hybrid assays, effort was taken to find the critical domains
for this interaction. Previously, no study has been done regarding functional domains of
the three ligands, probably because no region has been implicated with a potential
function. The three ligands do not contain any classic functional domain, and although
they possess similar secondary structural features to type | mammalian cytokines, they

do not share homology to any cytokine at the primary sequence level. However,
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sequence alignment between the three ligands revealed 6 short conserved domains
(Figurel.2), which strikingly overlap with the conserved domains between Upd
homologs from several insect species, including mosquito, wasp, beetle, honey bee, ant
and fly (Loehlin and Werren 2012). The only difference between the results from the
two sequence alignments was that no conserved domain was identified among Upd
homologs at the corresponding region of the first conserved domain identified among
Upd-family ligands. These six conserved domains among Upd-family ligands were

selected as candidates to be tested for functions in the Upd3 homotypic interaction.

Before testing individual domains, interactions were tested on big truncations of
Upd3 in order to narrow down the candidate region. Two Upd3 truncations were made
by deleting two conserved domains from either the N-terminus or the C-terminus of
Upd3ASS, resulting in N-Upd3ASS, which contains domain 1 to 4, and C-Upd3ASS, which
contains domain 3 to 6 (Figure 2.8 diagram). Interactions of the two truncated Upd3
proteins with full length Upd3ASS were tested in a yeast two-hybrid assay. Three
successful transformants of each interaction group were isolated from the —Trp-Leu
plate and grown on a —His selective plate to test for interaction. All three transformants
expressing Upd3ASS / Upd3ASS were able to grow on the —His plate, confirming the
homotypic interaction between Upd3ASS proteins. In contrast, of the three
transformants expressing Upd3ASS /N- Upd3ASS, only one barely grew on the —His plate,
suggesting that the loss of domains 5 and 6 reduced, but did not abolish the homotypic
interaction of Upd3 (Figure 2.8 (2)). On the other hand, C-Upd3ASS did not show
interaction with the full length Upd3ASS, suggesting that domain 1 or 2 might be
essential for the homotypic interaction of Upd3 (Figure 2.8 (3)). Since the interaction
strength between wild-type Upd3 was shown to be very weak in the previous yeast two-
hybrid assay, the negative results from the Upd3 truncated proteins did not necessarily
indicate complete loss of the interaction. Instead, the truncations might attenuate the
interaction to a level that was lower than the detective limit of the assay. Overall, loss of
the region containing domains 1 and 2 seemed to have a stronger effect on the Upd3

homotypic interaction compared to loss of the C-terminal region containing domains 5
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and 6. However, no conclusion can be made on the role of domains 3 and 4 based from

these results.

Since no region was ruled out for mediating the Upd3 homotypic interaction
based on the truncation study, the six conserved domains were tested individually in a
second yeast two-hybrid assay. Five amino acids at the core of each conserved domain
were substituted with alanine residues. Alanine was chosen because it is small and
chemically inert, and it is the least likely amino acid to cause any conformational or
electrostatic change in a protein (Morrison and Weiss 2001). The six Upd3 alanine
substitution mutants were fused with the GAL4 DNA binding domain and their
interaction with the wild-type Upd3ASS protein fused with the GAL4 activation domain
was assessed individually. Only substitutions into domain 2 sustained the Upd3ASS
homotypic interaction when tested on a —His plate. Substitutions in each of the other
domains abolished the interaction (Figure 2.9 A). When tested on the —His+5mM 3AT
plate, domain 2 substitution mutants displayed a faster growth rate than wild-type
Upd3ASS, suggesting an even stronger interaction than wild-type Upd3ASS. To get a
guantitative assessment of the effects of the domain substitutions in the Upd3
homotypic interaction, the interaction strength of each domain substitution mutant
with wild-type Upd3ASS was also tested on the basis of the B-galactosidase activity from
the lacZ reporter gene (Figure2.9 B). Transformants containing various protein
combinations were grown on a nonselective plate until big patches of cells were formed.
The galactosidase substrate, X-gal, was then applied evenly to the cells. Surprisingly,
after a long incubation period, no blue color was detected in Upd3ASS/Upd3ASS
expressing cells, but it was shown lightly in Upd3*** ASS/Upd3ASS expressing cells,

confirming that Upd3"*

might have stronger interaction strength than wild-type Upd3.
No blue color was observed in colonies expressing any other domain substitution

mutant.

In addition to the yeast two-hybrid assay, the interaction strength of Upd3

domain substitution mutants with wild-type Upd3 was also tested using BiFC. The
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experiment was repeated four times and the results were normalized relative to wild-
type Upd3 (Figure 2.9 C). Consistent with the results of the yeast two-hybrid assays,
Upd3”*? had slightly stronger interaction strength compared to wild-type Upd3. All other
Upd3 substitution mutants showed reduced interaction strength, and among them,
Upd3ASl and Upd3A55 still had significantly stronger interaction strength with wild-type
Upd3 than the Dpp negative control (p<0.05, two-tailed T-test with Bonferroni
correction). However, Upd3AS3, Upd3AS4 and Upd3ASG showed BiFC signals at levels

similar to that of Dpp.
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Discussion

BiFC and yeast two-hybrid assays showed different sensitivities in detecting
interactions between Upd-family ligands

Physical interactions between Upd-family ligands were detected in both BiFC and
yeast two-hybrid assays, but some discrepancies were seen in the results of the two
assays. The BiFC assay detected all possible homotypic and heterotypic interactions
between Upd-family ligands, except for Upd2 with Upd3. The yeast two-hybrid assay
was only used to test interactions involving Upd and Upd3, and it detected the Upd3
homotypic interaction, but not the Upd homotypic interaction or the heterotypic

interaction between the two.

The discrepancies between results could be due to several technical limitations
of the two assays. First of all, one general concern about yeast two-hybrid assays is that
interactions between non-nuclear proteins are tested in an abnormal environment,
which could lead to false positive or false negative results (Criekinge and Beyaert 1999).
Upd and Upd3 are secreted proteins and in the BiFC experiment, protein interactions
between the two ligands were localized into punctate structures inside cells, suggesting
that protein complexes might be naturally formed in the ER/Golgi network within the
secretory pathway. In addition, studies have suggested that ligand oligomerizations in
other signaling pathways indeed occur specifically during the process of secretion. For
example, heterodimers of Dpp and Scw were formed when they were co-expressed
from cells, but not when they were mixed together in conditioned medium (Shimmi et al.
2005). The essential role of the secretory pathway in ligand interactions might be
attributed to its associated microenvironment, such as pH and the presence of certain
chaperone proteins, which could contribute to the proper folding of the ligands.
Moreover, protein modifications that normally occur during secretion, including the
formation of disulfide bonds, protein phosphorylation and glycosylation, are likely to be
altered in a different organism. Both Upd and Upd3 have several predicted glycosylation

sites. The lack of glycosylation on these two proteins when produced in yeast cells could
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also affect protein folding or stability (Opdenakker et al. 1995). All the above mentioned
factors might reduce the interaction strength between Upd-family ligands in the yeast
two-hybrid assay, and as a result, only the Upd3 homotypic interaction, the strongest
interaction observed in BiFC, was detected. Notably, even the Upd3 homotypic
interaction exhibited very weak interaction strength in comparison to the prp43/Spp382
positive control, suggesting that the yeast two-hybrid assay is not a very sensitive

method in detecting physical interactions between Upd-family ligands.

In contrast, the BiFC is not very stringent to detect Upd-family ligand interactions.
Theoretically, a functional BiFC molecule can only be formed when the two proteins of
interest physically interact. However, a low frequency of BiFC signals was detected in
the Dpp negative controls, which was likely to be caused by spontaneous association
between the GFP variant tags without interactions between the two proteins to which
they were fused. Similar high background signals have also been reported in mammalian
BiFC experiments (Kodama and Hu 2010, Nakagawa et al. 2011), suggesting it might be a
drawback of the BiFC experiment, in general. Moreover, different from the mammalian
BiFC, in which endogenous promoters were used to drive the expression of fusion
proteins, a highly active and constitutive arm-GAL4 driver was used in this study, in
order to compensate for the low transfection efficiency of Drosophila cells. The
presumably high expression levels of the BiFC fusion proteins might further elevate the
background signal. Nonetheless, real signals derived from ligand interactions can be
distinguished from noise based on fluorescence frequency and intensity, and the low
stringency of the BiFC assay allowed the detection of weak or transient protein
interactions. Therefore, not only the Upd3 homotypic interaction, but other types of

interactions between Upd and Upd3 were also detected in the BiFC experiment.

Compared to the previously established BiFC in mammalian cell culture, the
Drosophila BiFC exhibited signals at much lower frequencies (Hu et al. 2002).
Interactions between two transcriptional factors, bJun and Fos, resulted in BiFC signals

detected in more than 90% of cells in mammalian culture. In contrast, BiFC signals were
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only observed in a very small fraction of cells in this study. There are several potential
reasons for the low BiFC frequency in Drosophila cells. First of all, it is easier to
incorporate exogenous DNA fragments into mammalian cells than Drosophila cells.
Secondly, the UAS-GAL4 expression system used in this study required one additional
plasmid, which exacerbated the difficulty of plasmid transfection and limited the
number of cells that received all necessary plasmids for the BiFC assay. Moreover, the
truncated fluorescence tags might influence protein folding and interaction. In the
mammalian BiFC assay, both N-terminal and C-terminal fusions of the fluorescence tags
were attempted to determine the better tagging strategy that had the minimum
disturbance on protein interactions. However, since the N-terminal signal peptides of
Upd-family ligands are essential for protein localization, fluorescence tags were only
fused to their C-termini. When the CFPC155 and VenusN173 tags were switched
between interaction partners, slight differences in the BiFC signal were observed,
although it did not change the conclusion of the experiment. For instance, Dpp tagged
with CFPC155 showed higher background signals than what were observed when it was
tagged with VenusN173, suggesting that the fluorescence tags did affect protein
behaviors in the BiFC experiment. Finally, because Upd-family ligands are naturally
secreted, there were presumably fewer proteins accumulated inside cells in comparison
to the transcriptional factors assayed in the mammalian study; this is likely to be

another factor in the low BiFC signals in this study.

Upd-family ligand oligomers might have different binding capacities to the receptor

Although ligand interactions are formed in both JAK and BMP signaling, the two
pathways are likely to use different mechanisms to distinguish signaling information
from different ligand oligomers. In the BMP pathway, signaling is transduced through a
tetrameric receptor complex, composed of two type | receptors, Saxophone (Sax) and
Thickveins (Tkv), and one type Il receptor, Punt. During embryogenesis, Dpp and Scw
bind to Tkv and Sax respectively (Shimmi et al. 2005) and therefore, information carried
by different dimers of Dpp and Scw is transduced through different type | receptor

dimers. Eventually, heterodimers of the Dpp and Scw stimulate 10 fold higher BMP
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signaling than homodimers. The mechanism of how different type | receptor dimers lead
to different signaling intensities is not very clear, but one possibility is that they might
bind to the type Il receptor with distinct binding affinities (Haerry 2010). In contrast, all
three Upd-family ligands activate the JAK pathway through one single receptor, Dome. A
structurally related short transmembrane protein, Eye transformer (Kallio et al. 2010)
(aka Latran (Makki et al. 2010)), has also been identified as a receptor of this pathway,
but it antagonizes Dome activity and is thus not likely to be involved in JAK signaling
activation. In order to convey different stimulus information to the cell, Upd-family
oligomers have to be able to distinguish themselves in some ways when they bind to
Dome. It is possible that they can cause different conformational changes of Dome and
consequently influence Dome dimerization and the subsequent signaling activation.
Alternatively, different ligand oligomers might exhibit distinct binding affinities to Dome,
and the ones that bind more effectively might be able to elicit a quicker response of

signaling activation.

The different binding capacities of ligand oligomers with Dome could be derived
from the structural difference in the three ligands and/or it could also be influenced by
other molecules at the cell membrane. For example, although Eye transformer does not
lead to signaling activation, this short receptor might preferentially bind to certain
ligand oligomers and consequently prohibit their binding to Dome. In addition, the
numerous proteoglycans present in the ECM might also be involved in the interaction
between ligand oligomers and Dome. After secretion, Upd binds to Dally, a HSPG
molecule in the ECM, which stabilizes Upd at the cell membrane (Hayashi et al. 2012).
Upd3 is also located to the ECM and it possibly can bind to the same HSPG molecule,
however, with a different affinity. Different binding affinities of Upd and Upd3 to Dally
would result in different stabilities of ligand oligomers in the ECM. Oligomers that are
more stable in the ECM are expected to have more chance to encounter receptors and
eventually cause higher signaling activation. On the other hand, more mobile oligomers
would result in lower signaling activation. Alternatively, ligand oligomers might

distinguish themselves by binding to different ECM molecules. Similar to Dally, many
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ECM molecules stabilize ligands at the cell membrane and enhance the binding between
ligands and receptors. In contrast, some other ECM molecules promote the mobility of
ligands and consequently attenuate ligand binding to receptors (Nybakken and
Perrimon 2002). If oligomers preferentially bind to different ECM molecules, it can also
result in different stabilities of oligomers at the cell membrane and consequently cause

different JAK signaling activities.

Copyright © Qian Chen 2014
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A UAS == Upd VenusN173
UAS == Upd3 CFPC155

\ Upd3

#

Figure2.1. A schematic representation of the BiFC experiment. (A) A schematic of DNA

constructs of BiFC fusion proteins. The N-terminus of Venus and the C-terminus of CFP
are tagged to the C-terminal ends of Upd and Upd3, downstream of an Upstream
Activation Sequence (UAS) site. (B) A schematic representation of the principle of the
BiFC experiment to detect physical interactions between Upd-family ligands. Physical
interactions between ligands would bring the two nonfluorescent fragments in close

proximity to restore a functional fluorophore.
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A Comparison of transfection efficiency
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Figure2.2. Optimization of a cell system for relatively high exogenous gene expression.
(A) Plasmid transfection rate was compared among different cell lines. Effectene was
used to mediate plasmid transfection in all cell lines indicated by blue bars. Transfection
rates of Drosophila cell lines, including mbn2, Kc167, S3, D32 and clone8, were assessed
by calculating the percentage of cells that expressed actin-cherry, and the transfection
rate of Sf9 was assessed using pie-GFP. Plasmid transfection in mbn2 and Kc167 cells
was also tested using Cellfectin and x-tremeGene transfection reagents (green bars),
respectively, and the transfection rates were lower than the ones mediate by Effectene.
Error bars, SD. (B) Three GAL4 drivers were used (see text for details) to drive the
expression of UAS-GFP in Kc167 and mbn2 cells. actin-cherry was co-expressed to
monitor the transfection rate. The numbers of GFP positive, Cherry positive and total

cells were counted. Ratios of GFP/Cherry and Cherry/total were shown.
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Upd3VNUpd3CC UpdVNDppCC

UpdVNUpd3CC Upd3VNDppCC

Upd3VNUpdCC DppVNUpdCC

UpdVNUpdCC DppVNUpd3CC

Figure2.3. BiFC results. Combinations of BiFC fusion proteins, as indicated at the top of
individual panels, were expressed in Kc167 cells along with Cherry (not shown).
Representative pictures taken at 200x magnification were shown. Green fluorescent
signals are results of the reconstitution of the BiFC nonfluorescent fragments, indicating
interactions between the ligands. The number of Cherry positive cells in the same

picture was indicated at the right bottom corner of each image.
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Figure2.4. Quantification of the BiFC results between Upd and Upd3. (A) Actin-cherry
was co-expressed with BiFC fusion proteins to identify cells that were transfected. The
percentage of BiFC positive cells over Cherry positive cells was calculated for each ligand
combination. The mean BiFC/Cherry ratio of the four Dpp negative controls (light bars)
was taken as a measurement of the baseline signal and fold changes of BiFC/Cherry
ratios compared to the baseline signal were compared between ligand combinations
(dark bars). Data presented are mean values from 6 independent experiments with
standard error (indicated by error bars). Groups labeled with the same letter are not
significantly different (one-way ANOVA with Bonferroni post-hoc test). (B) The
expression of BiFC fusion proteins was detected by rabbit anti-GFP polyclonal antibodies

on western blot.
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Normalized BiFC signal

Figure2.5. Physical interactions of Upd2 with Upd and Upd3. (A) Physical interaction of
Upd2 to Upd and Upd3 was tested using BiFC. Homotypic interaction of Upd2 showed
stronger signal than heterotypic interaction between Upd and Upd2. Heterotypic
interaction between Upd2 and Upd3 was not statistically significant from Dpp controls.
Data presented are mean values from two independent experiments with standard
error. Groups labeled with the same letter are not significantly different (one-way
ANOVA with Bonferroni post-hoc test). (B) Expression of involved fusion proteins in this

experiment was tested by western blot analysis.
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Figure 2.6. Yeast two-hybrid results of the Upd3ASS homotypic interaction. A series of
diluted cells were grown on different selective plates. Empty vectors were used as
negative controls and Spp382/Prp43 was a positive control. A —Trp-Leu plate was used
to select successful transformants containing both pACT and pAS2 plasmids. Upd3ASS/

Upd3ASS homotypic interaction was shown on —His, -His+5mM 3AT and —Ade plates.
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Figure2.7. Yeast two-hybrid analyses of all possible interactions between Upd and

Upd3. Cells expressing different combinations of UpdASS, Upd3 and Upd3ASS were

streaked on —His plates to test for ligand interactions. Only Upd3ASS/ Upd3ASS showed

positive interaction. Spp382/Prp43 is a positive control.
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Figure 2.8 Yeast two-hybrid results of truncated Upd3. N-terminal and C-terminal
truncations of Upd3 were made as shown in the schematic. The interactions between
wild-type Upd3 and Upd3 truncations were tested in triplicate by growth on a — His
selective plate. One of the three colonies expressing Upd3ASS /N-Upd3ASS showed
slow growth on the plate (2), suggesting a weaker interaction compared to wild-type
Upd3 (1). The C-terminal half of Upd3 (3) did not show interaction with wild-type Upd3.

Empty vectors were used as negative controls (4-7).
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Figure 2.9 Comparison of the Upd3 interaction strength with alanine substituted Upd3
mutants. Interactions between alanine substituted Upd3 mutants and wild-type Upd3
were compared using yeast two-hybrid (A and B) and BiFC (C) assays. (A) Upd3"*?
showed slightly stronger interaction compared to wild-type Upd3. All other mutants
abolished the Upd3/Upd3 interaction. (B) Interaction strength between Upd3 mutants

A2 showed some blue

and wild-type Upd3 was compared using X-gal staining. Only Upd3
color, indicating the activation of the lacZ gene. (C) In the BiFC assay, Upd3"*? exhibited
slightly higher interaction strength compared to wild-type Upd3. Upd3"*! and Upd3"*°
were able to stimulate significantly higher signal than Dpp. Upd3A53, Upd3AS4 and
Upd3™*® failed to elicit higher BiFC signal than Dpp. Error bars, SEM; p<0.0001 one-way

ANOVA; * p<0.05, *** p<0.0001 T-test with Bonferroni correction.

39



Chapter 3: Biological significance of interaction between Upd-family ligands

Introduction

Numerous mechanisms have been generated during the long history of evolution
to regulate signaling pathways in order to achieve signaling specificity and robustness. In
general, signaling pathways are shaped at three levels: signaling intensity, activity range
and kinetics. The formation of homotypic and heterotypic interactions between ligands
can be involved in the regulation of signaling pathways at some of these levels. First of
all, different ligand oligomers might be able to result in distinct signaling intensities and
regulate the pathway in a quantitative manner. For example, both mammalian and
Drosophila BMP signaling ligands form heterodimers, which stimulate higher signaling
intensity than homodimers in a variety of biological processes (Butler and Dodd 2003,
Shimmi et al. 2005, Buijs et al. 2012). Synergistic and inhibitory effects have also been
observed between several mammalian cytokines (Bartee and McFadden 2013), although
no evidence has shown that they were mediated by ligand interactions. Secondly, ligand
oligomers might have different localization patterns in tissues and consequently affect
the signaling range. Heterodimers of Drosophila BMP signaling ligands are transported
over a longer distance than homodimers by extracellular proteins during embryogenesis
and wing vein development (O'Connor et al. 2006). Additionally, oligomerization is also
necessary for chemokine distribution in mammals. Chemokines are a family of small
cytokines that induce chemotaxis in neighboring cells. Oligomerization of chemokines
help to concentrate them in localized areas and create a chemotactic gradient, which is
the directional cue for the migration of responsive cells (Campanella et al. 2006).
Monomers of several chemokines showed higher affinity to receptors than oligomers,
but they were defective in promoting cell migration (Proudfoot et al. 2003). Finally,
different ligands might result in different signaling persistence. For example, TGFa and
EGF stimulate EGFR signaling through the same receptor. A single exposure of TGFa
elicits shorter EGFR signaling activation than the one stimulated by EGF. Repetitive
exposure of TGFa, however, is able to stimulate continuous signaling activation due to a

quicker turnover rate of the receptor compared to the one under EGF stimulation
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(Ouyang et al. 1999). The underlying mechanism causing the difference in receptor
turnover is the different sensitivity of the two ligands to pH changes. TGFa is less stable
than EGF in acidic environments. In consequence, TGFa quickly changes its
conformation and releases activated receptors in the endosome, enabling receptors to
be more rapidly dephosphorylated and recycled back to the membrane. However, to
the best of my knowledge, there has been no report showing oligomerization of ligands
involved in the regulation of signaling persistence. In this study, whether JAK signaling
intensity, the activity range, or both are regulated by the oligomerization of Upd-family

ligands were tested using in vitro and in vivo approaches.

In Drosophila cell culture, signaling intensities stimulated by different ligands
were compared using luciferase assays. In addition, the six Upd3 alanine substitution
mutants were also subjected to luciferase assays, in order to test if any of the conserved
domains is critical for signaling activation. The luciferase assay was chosen for the in
vitro study because of its ease of use and ability to provide a quantitative measurement
of signaling induction. However, it is always a challenge to extrapolate what happens in
the intact organism from results of in vitro studies. Moreover, Upd and Upd3 are both
associated with the ECM adjacent to the producing cell in culture (Wright et al. 2011), so

the different localization patterns of oligomers, if exist, are hard to detect in vitro.

Therefore, the potential functional consequences from different Upd-family
oligomers were also explored in vivo, using Drosophila oogenesis as the model system.
Oogenesis is one of the most intensively studied processes during Drosophila
development and it requires precisely controlled JAK signaling activity. Each Drosophila
ovary consists of 16 ovarioles, which are chains of continuously developing egg
chambers (Bastock and St Johnston 2008) (Figure 3.1). The development of an egg
chamber initiates from the anterior end of the ovariole in a structure called the
germarium, where germline and somatic stem cells reside. After stem cell
differentiation and several rounds of division, an egg chamber pinches off from the

germarium as a 16-cell germline cyst surrounded by a monolayer of somatic follicle cells.
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One of the germline cells eventually becomes the oocyte and the remainder becomes
supporting nurse cells. The morphology of the mature egg and the future embryo is
determined during the development of the egg chamber, and it relies extensively on the
reciprocal interaction between germline and somatic follicle cells. The JAK/STAT
signaling pathway plays a pivotal role in specifying follicular epithelial cell fates. The first
two differentiated follicle cell types are polar cells and stalk cells, which are specified
during the encapsulation of the 16-cell cyst in the germarium. The differentiation of
other follicle cells starts from stage 7 and it ends up with five distinct cell fates: border,
stretched, centripetal, main body and posterior cells. Each cell type has its specific
morphology and location in egg chambers. Upd is expressed in polar cells and it
generates a concentration gradient along egg chambers after secretion (Hayashi et al.
2012). It functions as a classical morphogen to control follicular epithelial cell fate based
on its concentration (Xi et al. 2003). At the anterior of egg chambers, the group of cells
that is located closest to the source of Upd receiving the highest amount of JAK activity
becomes border cells. At stage 9, an ecdysone signal triggers border cells to undergo an
epithelial-to-mesenchymal transition and migrate towards the oocyte (Bai et al. 2000).
Border cells eventually reach the anterior of the oocyte at stage 10 and form a structure
called the micropyle, which is needed for sperm entry. As the Upd concentration
declines towards the middle of the egg chamber, follicular epithelial cells are specified
into stretched cells and centripetal cells. Stretched cells, as the name suggests, adopt a
distinctive squamous morphology, and they cover nurse cells. Centripetal cells can be
most easily recognized at stage 10 when they invaginate between nurse cells and the
oocyte to provide a physical separation. Cells at the middle of egg chambers receiving
the lowest JAK signaling adopt the default main body cell identity. The initial symmetric
A/P polarity established by JAK signaling is broken by posterior EGFR signaling activated
by the Gurken ligand from the oocyte (Ray and Schiipbach 1996). The posterior terminal
cell fate is thus determined by both EGFR and JAK signaling. The composition of
follicular epithelial cells is very sensitive to changes in JAK signaling activity. A systematic

decrease in JAK signaling , caused by hypomorphic mutations of upd or hop, results in
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reduction of border cell numbers and expansion of the main body cell population (Xi et
al. 2003). On the other hand, elevation of JAK signaling activity in centripetal or
stretched cells by overexpressing hop or upd induces ectopic border cell formation
(Silver and Montell 2001, Xi et al. 2003). Therefore, anterior follicle cells were used in
this study as a qualitative measurement to compare the JAK signaling intensities
stimulated by different ligand oligomers. On the other hand, the distribution of ligands

was also assessed in egg chambers using immunohistology.
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Result

Upd and Upd3 may be weakly synergistic in cell culture

Signaling intensities stimulated by individual Upd-family ligands have been
compared previously in autocrine, paracrine and endocrine fashion using luciferase
assays in cell culture (Hombria et al. 2005, Wright et al. 2011). In these studies, Upd
stimulated the highest JAK activity in autocrine and paracrine manner, whereas Upd2
exceeded the other two in endocrine stimulation when conditioned medium was used.
Potential synergistic and inhibitory effects between Upd-family ligands have also been
tested through an endocrine luciferase assay (Wright et al. 2011). GFP tagged Upd-
family ligands were expressed individually in cells and the conditioned medium
containing equal molar amount of ligands, measured by a anti-GFP ELISA (Enzyme-linked
immunosorbent assay), was used separately or in combinations to stimulate the
pathway. In their study, combining any two of the ligands or all three together did not
exhibit either synergistic or inhibitory effect. Rather, Upd-family ligands seemed to
function in a simple additive manner, suggesting that the three ligands stimulate the
pathway independently. However, there is a caveat to this previous study. As
mentioned in the previous chapter, interactions between ligands might only happen in
the protein secretory pathway but not in the conditioned medium, and ligand
oligomerization could be a prerequisite for exhibiting synergy between ligands. In the
example of Dpp and Scw, the two ligands lose the synergistic effect on stimulating the
BMP signaling pathway when they are mixed in the conditioned medium, since no
heterodimer can be formed (Shimmi et al. 2005). The potential synergistic or inhibitory
effect between Upd and Upd3 was therefore re-examined using a paracrine luciferase
assay, in which the two ligands were co-expressed from one population of cells and co-
cultured with a second population of cells containing a JAK signaling reporter,
6x2xDrafluc-firefly luciferase. This JAK reporter is comprised of 12 tandem copies of the
STAT binding site, derived from two STAT binding sites at the promoter region of Draf
(Muller et al. 2005), placed upstream of a firefly luciferase coding sequence. A

constitutive actin-Renilla luciferase reporter was co-expressed with the 6x2xDrafluc-
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firefly luciferase reporter to serve as an internal control. Ligands used to stimulate the
reporter activity were tagged with the VenusN173 tag at their C-terminus and expressed
under the control of arm-GALA4. Cells expressing no exogenous Upd-family ligands were
used as the negative control in this experiment to indicate the endogenous JAK activity

level.

Cell lines to be used in this paracrine luciferase assay have to meet several
criteria. The reporter cell should contain endogenous JAK signaling components to be
able to respond to exogenous ligand stimulation, but on the other hand, lower levels of
endogenous activity are preferred for more sensitive responses. The ligand-producing
cells should have a high transfection rate to produce large amounts of exogenous
ligands but also show low levels of endogenous ligand expression. Finally, the two cell
lines have to be able to grow healthily together. Three Drosophila cell lines that fit these
criteria, S3, mbn2 and Kc167 cells, were first tested in combinations to detect JAK
signaling activation upon Upd stimulation. Among all possible combinations of the three
cell lines, when S3 was used as the ligand producing cell line or Kc167 was used as the
reporter cell line, JAK signaling had relatively low induction (Figure 3.2 A). This is
possibly because S3 cells have a low transfection rate as shown in the previous chapter
and Kc167 cells might have relatively high endogenous JAK activity compared to the
other two lines. The strongest signaling induction was achieved when Kc167 expressed
the ligands and mbn2 expressed the reporters, and therefore this combination of cell
lines was chosen for all luciferase assays throughout the study. In addition to the choice
of cell lines, the length of the incubation periods during plasmid transfection and the co-
culture was also optimized. Cells were incubated with the plasmid transfection reagent
for either one or two days, and after that, the ligand producing cells and the reporter
cells were co-cultured for one, two or three days. Longer incubation of cells with the
transfection reagent caused slightly lower signaling induction, probably because the
transfection reagent had a mild toxic effect on cells. Increasing the co-culture period
enhanced JAK activation, but on the other hand, it also resulted in high variability in

results (Figure3.2B). In all subsequent luciferase assays of this chapter, cells were
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incubated with the transfection reagent for one day, and the two populations of cells
were subsequently co-cultured together for two or three days depending on the
purpose of the experiment. The optimized system was first tested for the ability to show
linear JAK signaling induction upon various amount of Upd stimulation. In this
experiment, varying numbers of Upd expressing Kc167 cells were co-cultured with a
constant number of reporter mbn2 cells, with differences in total cell density between
groups being compensated by the addition of untransfected Kc167 cells. The resulting
JAK signaling induction was correlated with the number of Upd producing cells included
in the co-culture, suggesting that the system is capable of showing JAK signaling

induction in a dosage dependent way up to the level of Upd stimulation (Figure3.2C).

Potential synergistic or inhibitory effect between Upd and Upd3 was then tested
using the established luciferase assay. Holding the total amount of plasmid constant,
plasmids expressing either Upd or Upd3 were transfected into Kc167 cells individually or
in combination, with an Upd: Upd3 ratio of 1:3, 1:1 or 3:1. Ligand expressing cells and
reporter cells were co-cultured for two days before a portion of the co-cultured cells
was lysed for measuring the luciferase activity. The remaining co-cultured cells were
subjected to western blot analysis. According to the western blot result, protein
production was roughly consistent with the amount of plasmids used in transfection
(Figure3.3B). The luciferase assay showed similar results to those of Wright et al.
regarding individual ligand stimulation; Upd stimulated higher JAK signaling intensity
than Upd3 (Figure3.3A) (Wright et al. 2011). Compared to the baseline signaling level as
measured from the mock group, Upd caused a 45 fold signaling induction, whereas
Upd3 caused only about 13 fold induction. However, the two ligands did not function in
a simple additive manner when they were co-expressed. Under the assumption of
independent function, combinations of the two ligands were predicted to stimulate
intermediate signal intensities at various levels (shown as gray bars in Figure 3.3A).
However, all three combinations of the two ligands stimulated JAK signaling to a similar
or even higher level than that of stimulation by Upd alone. Even the group with an Upd:

Upd3 ratio of 1:3 resulted in a slightly higher signaling activation than Upd alone. The
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discrepancy in results between this experiment and the previous one (Wright et al. 2011)
might be caused by the different strategies used in signaling activation (paracrine versus
endocrine) or ligand expression (co-expression versus separate expression). To test
these two possibilities, co-expressed and separately expressed Upd and Upd3 were used
in parallel to stimulate JAK signaling activation in a paracrine fashion. Separate
expression of the ligands with an Upd: Upd3 ratio of 1:3 resulted in an intermediate
signal between individual ligand inductions, consistent with the idea of an additive
effect between the two ligands (Figure 3.4). In contrast, co-expression of this ligand
combination caused similar signaling activation to that of Upd alone, and it was
significantly higher than the intermediate signal stimulated from separately expressed
ligands (p<0.05, two-tailed T-test). This result suggests that co-expression was required
for the cooperative function between Upd and Upd3 to achieve higher signaling
intensity. Although Upd and Upd3 did not function in a simple additive manner when
co-expressed, they did not exhibit strong synergy either. JAK signaling activation from
none of the ligand combinations was significantly higher than the one from Upd alone,
and the co-expressed ligand combinations with Upd: Upd3 ratios of 3:1 and 1:1 did not
stimulate significantly higher JAK signaling activity than separately expressed ligands.
Both of these results could be caused by several technical limitations of the luciferase

assay, which will be discussed in details at the end of this chapter.

Functional domains in Upd3

One possible underlying mechanism for the cooperative function between Upd
and Upd3 is through an Upd/Upd3 oligomer. To test this hypothesis, the Upd3 alanine
substitution mutants were subjected to a luciferase assay to assess their ability in
signaling induction, since all of them slightly affected the interaction strength of Upd3,
as shown in the previous chapter. In addition to amino acid substitutions made in
individual domains, a big domain swap was also generated in Upd3 by replacing the
region comprising domain 3, 4 and 5 with the corresponding region from Upd. The

313

resulting chimeric protein was named Upd3°"". To create a negative control for this

domain study, the same alanine substitutions were also made in five amino acids
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located in a non-conserved region at the N-terminus of Upd3, and the resulting protein

was name Upd3N™*®

(non-conserved alanine substitution). All modified Upd3 coding
sequences were fused with the CFPC155 tag at their C-terminus, allowing the proteins
to be detected by anti-GFP polyclonal antibodies in western analysis. The luciferase
assay was repeated 5 times and the results were consistent. All six alanine substitution
mutant proteins showed dramatically reduced JAK signaling potency compared to wild-

Alvas the

type Upd3 (Figure3.5A; p<0.0001 T-test with Bonferroni correction). Upd3
only substitution mutant capable of stimulating a signal that was distinguishable from
the baseline, although the signaling intensity was only about 1/5 of that stimulated by
wild-type Upd3. All other alanine substitutions totally abolished the reporter activity to
the baseline level. The big domain swap, Upd3>** also failed to elicit any JAK signaling

NCAS

activity. However, Upd3 was able to stimulate JAK signaling to the same level as

wild-type Upd3.

The deficiency of Upd3 substitutions in activating the pathway could be due to
their modified ability in Upd3 homotypic interaction, but it can also be caused by other
reasons. First of all, amino acid substitutions made at certain domains might result in
improper protein folding and consequently lead to a higher rate of protein degradation.
To test this possibility, co-cultured cells left from the luciferase assay was lysed in cold
RIPA buffer and the cell lysate was subjected to western blot analysis. Most of the Upd3

mutants showed similar protein abundance as wild-type Upd3, except for Upd3AS4 and

313 AS4

the big domain swap protein (Upd3°™). A trace amount of Upd3™" protein in the cell

lysate could be detected on the western blot at long exposure times, whereas Upd3313
was not detected at all (Figure 3.5B). The DNA constructs expressing these alanine
substitution mutants were sequenced around the substitution sites and confirmed that
no additional mutation was introduced during cloning. In addition, the trace amount of
Upd3*** detected on the western blot was at the same size as wild-type Upd3,
suggesting the gene product was in the correct reading frame. Domain 4 resides in a

helix structure located in the middle of Upd3, but the poly-alanine substitution of this

domain did not change the secondary structure of the protein, as predicted by the
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psipred server (Kruger et al. 2013). The reduction of protein accumulation could be
caused by changes in RNA production, if, for example, this mutation altered the splicing
pattern of upd3 mRNA. Or it might be caused by changes in the protein tertiary
structure, which can lead to improper folding and quicker degradation of the protein.
The lack of protein accumulation of these two mutants was likely the cause for their

deficiency in signaling activation as well as ligand interaction.

Additionally, altered ECM association could be another mechanism for the
reduced signaling intensity of the Upd3 substitution mutants. Upd associates with the
ECM through Dally, a HSPG molecule (Hayashi et al. 2012). Loss of Dally in mosaic clones
reduced JAK signaling activation in a cell non-autonomous manner in egg chambers.
Upd3 shows similar ECM association as Upd in cell culture and loss of this ECM
association could also alter Upd3 ability to stimulate the pathway. The previous western
blot used cold RIPA buffer to extract proteins that remain inside cells but it did not
include preparation of proteins bound to the extracellular matrix or in the conditioned
medium. To assay these pools of the mutant proteins also, a second western blot was
performed using different cell lysis protocols to separately extract proteins from inside
the cell, the extracellular matrix, and the conditioned medium. In these experiments,
Upd3™*! showed more accumulation in the conditioned medium in comparison to wild-
type Upd3, at the expense of protein abundance in the extracellular matrix (Figure3.5C).
Therefore, the first conserved domain may be critical for Upd3 association with the ECM.
The first conserved domains of Upd-family ligands are enriched with basic amino acids,
including arginines and lysines, which could be important for Upd-family ligands to bind
to negatively charged ECM molecules, such as HSPGs. Moreover, a similar stretch of
basic amino acids has been identified previously at the N-terminus of Dpp, and
removing multiple amino acids from this basic domain released Dpp from Dally
(Akiyama et al. 2008), indicating the importance of this basic domain in Dpp association
with the ECM. The lack of ECM association of Upd3*** might contribute to the low JAK

signaling activation of this mutant.
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No synergy was exhibited between Upd and Upd3 in vivo

The luciferase assay in cell culture suggested that co-expressed Upd and Upd3
might be able to stimulate higher signaling intensity than individual ligands alone,
although only weak synergy was observed. In order to understand if the small intensity
difference detected in vitro can cause any functional consequence in vivo, JAK signaling
intensity stimulated by single or combined ligands was assessed qualitatively in egg
chambers, using ectopic border cell specification as an indicator of high levels of JAK
signaling activation. Upd plays a pivotal role in border cell specification. The lack of upd
expression in upd hypomorphic mutants converts some border cells into stretched cells
and slows down the migration of the remaining border cells (Silver and Montell 2001, Xi
et al. 2003). On the other hand, overexpression of upd is sufficient to induce ectopic
border cell specification in stretched cell and centripetal cell populations (Xi et al. 2003).
All these observations are in line with the idea that Upd functions as a morphogen to
specify follicle cell fates. However, upd overexpression in main body cells at the center
of egg chambers failed to induce border cell specification. It has been speculated that
some other proteins, accumulated at the pole but absent at the center of egg chambers,
might be needed to function together with Upd to achieve the highest JAK signaling
activation needed for border cell specification. Upd3 is an excellent candidate of such
proteins. It is co-expressed from polar cells with Upd (Wang 2009) and anticipated to
have limited diffusion distance into egg chambers due to its association with the ECM.
Moreover, Upd3 is also involved in border cell specification (McGregor et al. 2002,
Sexton 2009). Null mutants of upd3 contain a slightly reduced number of border cells,
and these border cells, although still properly migrating, show some defects in
micropyle formation (Michelle Giedt, personal communication). Therefore, whether co-
expressing Upd and Upd3 together is able to induce ectopic border cells in the main
body cell population was tested. If true, this would support the idea of synergistic

activities of the two ligands in this context.

Ligand overexpression was carried out using a flip-out cassette (Ito et al. 1997).

Small clones of cells misexpressing Upd, Upd3 or both were generated randomly in egg
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chambers, marked by the expression of a UAS-GFP reporter. A lacZ enhancer trap
marker, 5A7, was also expressed in flies to specifically label border cells. Ectopically
induced border cells were distinguished from endogenous border cells based on the
position and morphology of surrounding cells. Overexpression of upd3 alone in egg
chambers did not induce ectopic border cells in any other type of follicular epithelial
cells (Figure 3.6 B). upd overexpression induced ectopic border cell formation in
presumptive stretched cells (Figure 3.6 A, arrowhead) and centripetal cells (Figure 3.6 A,
arrow). These ectopic border cells not only expressed the border cell specific 5A7
marker, but also adopted a border cell-like morphology. The ectopic co-expression of
upd and upd3 caused very similar results to those of overexpressing upd alone that
ectopic border cells were detected in presumptive stretched cells and centripetal cells
(Figure 3.6 C). However, neither Upd alone nor Upd and Upd3 together were able to

cause ectopic border cell formation in the main body cell population.

Upd exhibited narrower distribution in upd3 mutant egg chambers

In addition to the regulation of signaling intensity, another potential
consequence of ligand oligomerization is affecting the signaling activity range. Different
types of ligand oligomers might have distinct distribution patterns in tissues. To
compare the localization patterns of protein oligomers, a multi-colored BiFC assay is
potentially an excellent choice, since it is able to show multiple pairs of protein
interactions and their tissue localizations at once. In vivo BiFC detecting homotypic and
heterotypic interactions of Upd and Upd3 has been tried in Drosophila embryos, but
unfortunately, the BiFC signal could not be consistently detected (not shown). This
might be due to the fact that BiFC had limited ability to detect protein interactions in
the ECM as indicated in the cell culture study, or that the VenusN and CFPC tagged Upd
and Upd3 proteins might not be properly expressed in flies. Therefore, oligomer
distribution patterns were assessed indirectly by detecting the distribution of Upd in
various upd3-expressing backgrounds, under the assumption that if the distribution
pattern differs between different oligomers, manipulating the expression level of one

ligand should change the oligomer composition and consequently alter the distribution
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pattern of the other ligand. Changing the expression level of one protein alters the
localization pattern of an interacting protein has been observed with Dpp and Scw. Dpp
accumulation at the dorsal midline of embryos is lost in scw mutants (Shimmi et al.

2005), indicating a role of Dpp/Scw heterodimerization in Dpp distribution.

Upd distribution was tested in upd3 mutant, upd3 overexpression and wild-type

dm”, was created by a P-element

backgrounds. The upd3 mutant used in this study, upd3
imprecise excision deleting the entire last exon of upd3 (Wang 2009). upd3d232" flies are
viable and fertile, but have several obvious defects, including smaller eyes and

x37e

outstretched wings. A P-element precise excision line, upd3™~’®, was used as the control

since it is wild-type for upd3 and has similar genetic background to that of upd3d232°.
Overexpression of upd3 was achieved utilizing another P-element, P{XP}d04951,
inserted upstream of the upd3 coding sequence (Wright et al. 2011). P{XP}d04951
contains a UAS site, so that it can result in upd3 overexpression in polar cells in the
present of Upd-Gal4. Because Upd-GAL4 can drive the ectopic expression of upd3 in
many other loci besides polar cells during development, to avoid the potential
detrimental effect from upd3 overexpression, a temperature sensitive GAL80 was
expressed in flies to suppress the activity of Upd-GAL4 until adulthood, when female
flies were switched to higher temperature to turn on ectopic upd3 expression (McGuire
et al. 2003). An extracellular immunohistological staining protocol was followed to
detect Upd distribution in egg chambers (Strigini and Cohen 2000, Sexton 2009). Unlike
conventional immunostaining, which detects both extracellular and intracellular

proteins, the extracellular staining protocol detects only extracellular proteins by

incubating tissues with primary antibodies before fixation.

Upd was detected at the apical surface of the follicular epithelium at the two
poles. At the anterior, Upd was localized into a very narrow region, making it hard to
recognize the pattern of the concentration gradient. The concentration gradient can be
more prominently detected at the posterior, starting from stage 5. Stronger staining can

be observed in later stage chambers (Figure 3.7), but it coupled with higher background
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signals surrounding the oocyte. Stage 7 chambers showed the most consistent staining
results and therefore were chosen to compare Upd distribution in different upd3
backgrounds. Upd showed grossly similar location and gradient pattern in the three
backgrounds (Figure 3.8 A). To quantitatively compare Upd distribution, the width of the
upd distribution in each egg chamber was measured and normalized to the perimeter of
the egg chamber using the Image J software. This experiment was performed blindly

and repeated three times. The Upd distribution range was consistently narrower in upd3

d232a d04951)

mutants (upd3 ) and broader in upd3 overexpressing flies (Upd-GAL4>Upd3

x37e

compared to wild-type flies (upd3™’°). In the representative experiment shown in

figures 3.8, Upd distribution was quantified in over 10 egg chambers for each genotype

d04951i

and it showed a 14% reduction in upd3d232" and a 19% increase in upd3 n

x37e

comparison to the distribution in the wild-type upd3™*. Although the difference was

not large, it was statistically significant (Figure 3.8 B; p<0.05, two-tailed T-test).

42320 g chambers at

Since Upd distribution was shown to be narrower in upd3
the posterior end compared to the wild-type control, it was questioned whether cell
specification of follicular cells at the posterior termini of egg chambers was affected.
There is only one type of follicle cells at the posterior, called posterior cells, the
specification of which requires high levels of both JAK and EGFR signaling (Xi et al. 2003).
Posterior cells can be identified using a Pnt-lacZ marker, which is expressed strongly in
posterior cells, with a graded reduction towards the center of the egg chamber (Roth et
al. 1995). upd3?%%?® egg chambers showed narrower staining of the Pnt-lacZ marker

*37¢ agg chambers (Figure 3.9). To quantify the result, 3 to 4

compared to wild-type upd3
confocal images were taken at the middle sections of each egg chamber, where the
diameter of the egg chamber appears to be at its largest. The number of cells showing
the expression of Pnt-lacZ was counted and normalized to the total number of follicle
cells covering the oocyte. Staining was repeated independently three times, and in total

92328 howed

over thirty egg chambers at stage 10 were scored for each genotype. upd3
a 17% reduction in posterior cell population in comparison to the wild-type, and the

difference was statistically significant (p<0.0001, two-tailed T-test).
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Loss of Upd3 caused stronger impact on Upd distribution than JAK signaling intensity

Both in vitro and in vivo functional assays suggested that loss of upd3 might have
a mild effect on JAK signaling intensity but alter the activity range of this pathway. This
is different from the function of Dpp and Scw heterodimers in embryos but resembles
that of Dpp heterodimers with another BMP ligand, Glass bottom boat (Gbb), during
Drosophila wing development (Shimmi et al. 2005). Both Dpp and Gbb are necessary for
posterior crossvein formation. However, Gbb alone, Dpp alone and the two ligands
together elicit similar signaling induction in vitro, indicating that heterodimerization is
not necessary for achieving high signaling intensity during this process. Instead, because
no ligand is expressed in the crossvein region and heterodimers of Gbb and Dpp bind
more strongly than homodimers to extracellular proteins needed for ligand distribution,
Dpp/Gbb heterodimers can be more effectively transported to the crossvein region to
stimulate BMP signaling activation. To directly test whether Upd3 has a stronger impact
on the signaling activity range than signaling intensity, the composition of anterior

follicle cells was compared between wild-type and upd3d232”

egg chambers (Figure 3.11).
If Upd3 has a stronger effect on the overall JAK signaling intensity in egg chambers,
when it is lost, the number of border cells, which require the highest amount of JAK
signaling activation, will be reduced most significantly compared to other cell types. The
number of cells requiring the lowest levels of JAK signaling activity, in this case main
body cells, will increase correspondingly. Cells requiring the intermediate levels of JAK
signaling activation, stretched cells and centripetal cells, are expected to change slightly
or stay the same, depending on the level of signaling reduction. Such changes in anterior
follicle cell distribution were observed in upd and hop mutants. A combination of an upd
hypomorphic allele, upd®™®?, and a null allele, upd™?, produced egg chambers with
dramatically reduced border cell numbers from 5 to 2 on average, and the remaining
border cells showed migratory defects. However, the numbers of stretched cells and
centripetal cells were roughly the same compared to wild-type egg chambers (Xi 2002).

A combination of two hypomorphic hop alleles, hop™" and hop™, causes a further

reduction in JAK signaling intensity. In egg chambers of these mutants, the border cell
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population was totally lost, and the number of stretched cells was also slightly reduced.
The number of centripetal cells stayed the same, while the main body cell number
increased significantly (Xi et al. 2003). Alternatively, if Upd3 has a stronger effect on
controlling the signaling range than signaling intensity, the change of anterior follicle cell
fates in response to the loss of upd3 will be different. In this model, since the
concentration of Upd stays high near the source but decays more rapidly along the
diffusion path, the number of border cells should not change significantly, but instead,
the number of stretched and centripetal cells would be predicted to decrease. To
compensate for the loss of these two cell types, the number of main body cells should

increase.

Anterior follicle cells were compared individually between upd3 mutant
(upd3d232°) and wild-type using cell specific markers in flies no more than 5 days of age.
Border cells were labeled using 5A7 and counted in over 70 egg chambers of each
genotype. The average border cell number showed only a slight decrease in upd3
mutants compared to wild-type, from 5.2 to 5.0, and the difference was not statistically
significant (Figure 3.10 A; two-tailed T-test). Dpp-lacZ was used to label both stretched
cells and centripetal cells. dpp expression in egg chambers can be observed starting
from the end of stage 8, but the number of dpp-expressing cells keeps increasing until
the end of stage 9 (Twombly et al. 1996). Therefore, the numbers of Dpp-lacZ labeled
cells were only counted in stage 10 egg chambers. At this stage, stretched cells and
centripetal cells can be distinguished based on cell position and morphology. Compared
to wild-type, the numbers of stretched cells and centripetal cells were reduced 17% and
24% respectively in upd3 mutant egg chambers, and both changes were statistically
significant (Figure 3.10 B; p<0.0001, two-tailed T-test). In addition, MA33 is another lacZ
enhancer trap line that expresses only in stretched cells. The staining of MA33 revealed
consistent results as Dpp-lacZ staining that upd3 mutant had a 20% reduction in the
number of stretched cells compared to wild-type (Figure 3.10 C; p<0.0001 two-tailed T-
test). Main body cells were detected by mirr-lacZ. This marker is strongly expressed in

main body cells from stage 6 to 8, but from stage 9, its expression is restricted to follicle
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cells located at the dorsal anterior region of the oocyte (Jordan et al. 2000). Therefore,
only stage 7 and 8 egg chambers were analyzed for the main body cell population in this
study. The spread of mirr-lacZ positive cells in terms of cell diameters was counted and
normalized to total number of cells surrounding the egg chamber. 18 and 22 egg
chambers were analyzed in wild-type and upd3 mutant backgrounds, respectively, and
upd3 mutant egg chambers showed a 12% increase in the main body cell population in

comparison to that in wild-type chambers (p<0.01, two-tailed T-test) (Figure 3.10 D).

Upd3 might affect the concentration gradient of JAK signaling through complex
mechanisms

The loss of upd3 narrowed the distribution distance of Upd in egg chambers, and
resulted in a steeper slope of the JAK signaling gradient. Since Upd and Upd3 are co-
expressed from polar cells and able to form homotypic and heterotypic interactions,
Upd3 might facilitate the distribution of Upd through ligand interactions (Figure 3.12 A).
Under this assumption, hetero-oligomers of Upd/Upd3 are speculated to have longer
distribution distance than homo-oligomers of Upd, analogous to the distribution of BMP
ligand dimers. Heterodimers of Dpp/Scw in embryos and heterodimers of Dpp/Gbb in
wing discs are transported over a longer distance in comparison to the respective
homodimers, mediated by enzymatic reactions between extracellular proteins
(O'Connor et al. 2006). Different distribution distances of Upd-family ligand oligomers
might also be established by some extracellular proteins, although no such protein has
been identified yet. Alternatively, different distribution distances may be established by
ECM molecules. Numerous ECM molecules are present in the cell membrane and exhibit
diverse functions to regulate signaling transductions (Nybakken and Perrimon 2002).
Upd and Upd3 could bind to different ECM molecules in egg chambers and are
consequently transported to different distances from polar cells. Or, even if they bind to
the same ECM molecule, the difference in their binding affinity to the shared ECM

molecule can result in different distribution distances of the two ligands.
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However, the observed effect of Upd3 on Upd distribution could also be
explained by other mechanisms as well. For example, since both Upd and Upd3 are
associated with ECM and activate the pathway through the same receptor, they might
compete for binding to the receptor or certain molecules in the ECM. Under this
assumption, the loss of upd3 opens up more binding sites near polar cells to Upd and
consequently, the Upd distribution appears to be more restricted in upd3 mutant egg
chambers. On the other hand, overexpressed Upd3 may outcompete Upd for the
binding sites close to polar cells and force Upd to diffuse further away from the source
(Figure 3.12 B). Alternatively, since Upd-family ligand binding to Dome triggers
endocytosis of the ligand/receptor complex (Devergne et al. 2007, Vidal et al. 2010), it is
possible that different ligands disassociate from the receptor at different speed in the
endosome. If Upd3 disassociates from Dome slower than Upd, overexpression of upd3
would trap more receptor in the endocytic pathway and result in less receptors at the
cell membrane. Consequently, Upd would have to travel further to bind to Dome (Figure
3.12 C). Finally, in a previous study, mosaic clones of dally mutants created near polar
cells resulted in a sharp decline of Upd concentration at the distal side of the clones
relative to the pole (Hayashi et al. 2012). The rapid loss rather than a shallower gradient
of Upd suggested that binding to Dally might be crucial for Upd to be stabilized at the
cell membrane, and the unbound ligands might be degraded by proteases. Because of
the protein similarity between the two ligands, Upd3 is likely to be subjected to the
same cleavage reaction as Upd after secretion. Therefore, the presence of Upd3 may
protect Upd from being cleaved and stabilize Upd in egg chambers. Under this
assumption, the loss of upd3 would also result in a shorter distribution of Upd (Figure

3.12 D).

To test if other mechanisms besides ligand oligomerization are involved in
controlling Upd distribution, ectopic expression of upd3 was induced outside of polar
cells but still in the path of Upd distribution. If ligand interaction is the sole element, or
the most important one, to control ligand distribution, the ectopically expressed upd3

outside polar cells will not affect the distribution of Upd, assuming hetero-oligomers can
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only be formed when the two ligands are expressed from the same cell. On the other
hand, if other factors are involved to determine the ligand distribution range, since the
ectopic expression of upd3 inside or outside of polar cells has the same effect on these
factors, upd3 expressed from these small clones will further the distribution of Upd. Egg
chambers with clones generated at only one side of polar cells were imaged and the
Upd intensity profiles of these egg chambers were plotted (Figure 3.12 A’ B"”’). From
each plot, the Upd distribution distance at the side containing upd3 expression clones
was measured and divided by the Upd distribution distance on the other side of the
same egg chamber. In total, 10 egg chambers were analyzed. Seven of them were at
stage 8 and three of them were at stage 7. The difference in egg chamber stage did not
seem to affect the result. The average ratio of Upd distribution distance was 1.24, and it
was not statistically different from 1 (p=0.1864, one-sample T-test). However, the
ectopic expression of upd3 showed two opposite effects on Upd distribution in different
egg chambers. In half of the egg chambers analyzed, the ectopically expressed upd3
seemed to destabilize Upd in egg chamber, causing the Upd staining to decline more
sharply beyond the clone site compared to the corresponding region on the other side
of the egg chamber (Figure 3.12 A-A’”’). This result was not anticipated but can be
explained by the proposed mechanism involving ligand competition for extracellular
binding sites. Since upd3 was expressed near the end of the Upd gradient, the trace
amount of Upd that failed to bind to the ECM might get lost instead of traveling further
away to bind as predicted. However, the other five egg chambers showed that the
ectopically expressed upd3 extended the distance of Upd distribution, and two out of
the five egg chambers even showed greater than a 2-fold change (Figure 3.12 C).
Moreover, the Upd distribution profile of these five egg chambers showed a similar
pattern in which Upd intensity kept steady across the upd3 clones instead of declining as
showed at the corresponding region on the other side of the egg chamber (Figure 3.12
B-B’”’). This pattern disagreed with the idea of ligand competition, in which Upd
intensity at the upd3 overexpressing sites should be lower. Instead, it argued that the

underlying mechanism might be Upd3 protecting Upd from proteolytic cleavage.

58



Notably, the variations in results could also be introduced by technical reasons. First of
all, asymmetric distribution of Upd can also be found in wild-type egg chambers. In
addition, the size and the position of the upd3 overexpression clones cannot be
controlled in this experiment but might influence the results. Therefore, enlarging the
sample size as well as analyzing the variation of Upd distribution in wild-type chambers
may help to draw a clearer conclusion. Based on the 10 egg chambers analyzed, since
the ectopic expression of upd3 leaded to diverse outcomes of Upd distribution, it
suggested that the Upd gradient might be regulated through complex or multiple

mechanisms.
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Discussion

No strong synergistic effect was detected between Upd and Upd3

In the in vitro luciferase assay, expression of upd and upd3 together caused
slightly higher signaling intensity than what was expected if the two ligands function
independently. Moreover, this weak synergistic effect was only observed when the two
ligands were co-expressed instead of separately expressed, consistent with the model
that ligand association only occurs within the cell and it is the basis for synergy.
However, the synergistic effect between Upd and Upd3 was not as strong as what was
observed between Dpp and Scw. Heterodimers of Dpp and Scw elicit 10 fold higher
signaling intensity than homodimers as measured by the phosphorylation level of the
transcriptional factor, Mad. In contrast, co-expressed Upd and Upd3 caused signaling
induction to a similar level as Upd alone. The failure to show a clear synergy between
Upd and Upd3 might be caused by several technical limitations of this assay. First of all,
the linear induction of reporter activity was only demonstrated up to the level of Upd
stimulation. The system could have already been close to saturation upon Upd
stimulation and was not able to show further signaling activation by co-expressed Upd
and Upd3. To avoid the saturation point, the amount of ligands presented to the
reporter cells was lowered by transfecting less ligand expressing plasmids into cells or
incorporating less ligand expressing cells in the co-culture. In addition, the duration of
the co-culture period was shortened from 3 to 2 days. However, none of these attempts
helped to show a clearer synergistic effect between the two ligands. Secondly, in
contrast to the purified Dpp/Scw heterodimers used in the other study (Shimmi et al.
2005), the co-expression of Upd and Upd3 presumably resulted in a mixture of both
homotypic and heterotypic oligomers. Especially, since both BiFC and yeast two-hybrid
assays indicated that Upd3 homotypic interaction is stronger than Upd and Upd3
heterotypic interaction, the mixture of ligands resulted from Upd and Upd3 co-
expression was likely to contain more Upd3 homo-oligomers than Upd/Upd3 hetero-
oligomers. The presence of homo-oligomers could mask the potential synergistic effect

from the hetero-oligomers. Last but not least, high variation was seen in luciferase
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signals between technical replicates. Each experimental group contained three
replicates, which were made by pipetting co-cultured cells multiple times to re-suspend
them and using the same volume of cells from the mixture in the luciferase assay.
Variations might be introduced during this process for technical reasons. For example, it
is possible that the co-cultured cells were not re-suspended to a completely
homogeneous mixture. Even though the luciferase assay suggested that the co-
expressed Upd and Upd3 might be able to stimulate slightly higher JAK signaling than
individual ligands, no synergistic effect between the two ligands was observed when
they were tested for the ability to generate ectopic border cells in the main body cell
population in egg chambers. However, a caveat to this experiment is that the EGFR
signaling expressed from the posterior of the egg chamber can possibly suppress high
levels of JAK signaling activation in main body cells and mask the difference in signaling

intensity stimulated by Upd alone or Upd/Upd3 together.

JAK signaling stimulation is controlled by complex regulatory machinery

Signaling cascades are often considered as an on/off switch to control
downstream gene expression in diverse biological processes. However, this
oversimplified understanding of signaling pathways cannot explain how a simple
pathway, such as Drosophila JAK signaling, utilizes only a few signaling activators to
achieve signaling specificity as well as diversity. Signaling pathways not only need to be
controlled at the level of signaling intensity, but also at the levels of the activity range
and signaling kinetics. The morphogen capacity of the JAK/STAT pathway in determining
anterior follicle cell fates provides an excellent model to separate these aspects of
signaling activation and understand their individual impacts on signaling outcomes. The
present study argued that Upd3 does not contribute to the regulation of signaling
intensity in follicle cells, since loss of upd3 did not cause a significant change in border
cell numbers and the overexpression of upd and upd3 together showed the same effect
on border cell specification as the overexpression of upd alone. Instead, Upd3 seems to
facilitate the distribution of Upd and by changing the activity range, Upd3 can affect the

composition of follicle cells. Although the loss of upd3 caused only mild change on
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follicle cell numbers and there was no obvious morphological defect observed in upd3
mutant egg chambers, this study suggested that the three Upd-family ligands might
stimulate signaling activation at different distances. This functional distinction between
Upd-family ligands may play a role in the choice of ligands during diverse biological
processes. For example, Upd2 is the only ligand in the family not strongly associated
with the ECM but more freely diffused in medium in cell culture (Wright et al. 2011).
Therefore, it is presumably capable of traveling longer distance in tissues than the other
two ligands, and this might be the reason why Upd2 is evolutionarily selected from the
Upd-family to be sent from fat body cells to the brain to maintain homeostasis of the

organism (Rajan and Perrimon 2012).

Signaling pathways are constantly under complex regulations and the balance
between all regulatory elements needs to be re-established when the pathway is
utilized in a different biological context. This highly dynamic regulation of signaling
pathways is the key to achieving signaling diversity and specificity. The observed
function of Upd3 on anterior follicle cell specification in this study represents a snapshot
of the total effect from multiple regulatory forces on this particular process. Upd3 may
play different functions in signaling regulation during other developmental processes. In
many tissues, Upd3 is required to maintain the signaling intensity. For example, under
septic injury, hemocyte-specific upd3 expression is highly elevated, and it triggers JAK
signaling activation in fat body cells to express antimicrobial peptides (Agaisse et al.
2003). During this process, the expression of upd2 was not detected and the defect in
upd expression did not significantly change the expression level of antimicrobial
peptides. Therefore, Upd3 appears to be the main ligand responsible for elevating the
signaling intensity during this process. In addition, not only does Upd3 exhibit different
functions between tissues, but within the same tissues, its effect on JAK signaling can be
altered during fly aging. Only young flies within 5 days of age were analyzed in this study,
and Upd3 did not seem to contribute to the signaling intensity. However, several lines of
evidence have suggested that Upd3 is necessary for maintaining signaling intensity in

egg chambers when flies age (Sexton 2009). First of all, JAK signaling activation is
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necessary for stalk and polar cell specification during early oogenesis. Reduction of JAK
signaling intensity decreases the number of stalk cells and expends the number of polar
cells. Reduction of stalk cells often leads to egg chamber fusion. When analyzed at day
12 and day 18 after eclosion, upd3 mutants exhibited significantly higher rates of egg
chamber fusion compared to wild-type flies, indicating a reduction in JAK signaling
intensity. Secondly, the number of border cells was compared between upd3 mutants
and wild-type flies at age 13 and 23 days. At both time points, the numbers of border
cells were slightly less in upd3 mutants than in the wild-type, but this difference is
statistically significant. Moreover, from day 13 to day 23, the number of border cells
showed an 11% reduction in upd3 mutants, but only a 3% reduction in the wild-type.
The Upd3 function differences between young and old flies might be due to the
different signaling potency and protein stabilities between Upd and Upd3 during fly
aging. Both the luciferase assay and the ectopic border cell assay in egg chambers
suggested that Upd3 has much lower signaling potency than Upd. On the other hand,
although no study has been performed to directly compare the abundance of Upd and
Upd3 in old flies, there is evidence suggesting that the expression of upd does decrease
in the fly testis during aging (Boyle et al. 2007, Toledano et al. 2012). If the aging process
has a stronger impact on Upd abundance than on Upd3, when there is still sufficient
Upd available in younger flies, Upd3 function in stimulating the pathway would be
masked by Upd. However, as the fly ages, the amount of Upd might not be enough to
achieve the required signaling activation and the presence of Upd3 would become
necessary to maintain the signaling intensity, especially given that co-expressed Upd
and Upd3 at a ratio that is mostly Upd3 can still stimulate similar signaling intensity as
Upd alone. Overall, these studies on Upd3 functions in different developmental
processes illustrate that signaling regulation is a highly dynamic process that shows

much tissue and developmental stage specificity.
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Figure 3.1 A schematic diagram of follicular cell specification during egg chamber
development.

Polar cells (red) and stalk cells (purple) are specified early during oogenesis when the 16
cell cyst exits from the germarium. The other follicular epithelial cells start to
differentiate from stage 7. Controlled by the level the JAK signaling they receive, the
anterior follicular cells are specified into border cells (magenta), stretch cells (green),
and centripetal cells (yellow). Cells located to the posterior end of egg chamber are
specified into posterior cells (blue). The remaining cells located at the center of egg

chambers, receiving lowest JAK signaling, become main body cells (white).
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Figure3.2. Optimization of the luciferase assay. In the paracrine luciferase assay, ligand
producing cells expressing Upd were co-cultured with reporter cells expressing
6x2xDrafluc-firefly, a JAK signaling reporter. Ligand producing cells with no exogenous
plasmid transfected was co-cultured with the same reporter cells and used as mock. (A)
Drosophila mbn2, S3 and Kc167 cells were tested in combinations to stimulate JAK
signaling activation. The fold change of luciferase activity compared to respective mock
groups was shown for each combination. The combination with Kc167 as the ligand
producing cell and mbn2 as the reporter cell showed the highest JAK signaling induction,
and it was used in all other luciferase assays. (B) Cells were incubated with plasmids and
transfection reagents for one or two days. Then ligand producing cells and reporter cells
were co-cultured for one, two or three days before lysed for measuring luminescence.
Shorter incubation of cells with the transfection reagent and longer incubation during
co-culture was optimal for showing high JAK signaling induction. Error bars, SD; * p<0.05,
two-tailed T-test. (C) Different fractions of Upd-expressing cells were co-cultured with a
constant number of reporter cells. This co-culture system showed JAK signaling

induction in a dosage dependent way. Error bars, SEM.
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Figure3.3. JAK signaling activation stimulated by different proportions of Upd and
Upd3. A. Cells expressing Upd, Upd3 or combinations of the two ligands in different
ratios were used to stimulate JAK signaling activation in a luciferase assay. The amount
of the two plasmids used in transfection is indicated for each group. Gray bars represent
the anticipated luciferase activities under the assumption that Upd and Upd3 function
independently to stimulate the pathway, and Blue bars are the actual observed results.
Error bars, SEM; ns= not significant, one sample T-test. B. A portion of the co-cultured
cells from the luciferase assay was lysed and the protein lysate was subjected to
western blot analysis. Protein band intensities were analyzed using the Image Studio
Lite software. Protein band intensities of the single ligand expressing groups were
normalized to 100%, and the relative protein band intensities of upd and upd3 co-
expressed groups were calculated and shown above each band.
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Figure 3.4 Different ligand expression strategies caused distinct JAK signaling
activation. Co-expressed (orange) and separately expressed (green) Upd and Upd3
were used to stimulate JAK signaling activation in a luciferase assay. Co-expressed
ligands stimulated significantly higher luciferase activity compared to separately

expressed ligands. Error bars, SEM; * p<0.05, two-tailed T-test.

67



A *%%

N
o
J

-
(¢ ]
1

Fold change
2

(3]
1

0-

& & & &
‘b b‘b b‘b b‘b
F LS

Upd3 AS1 AS2 AS3 AS4  ASS AS6 mock

v-gv-
b

Q° °be"-‘

(@]

a GFP

qul_

Figure 3.5. Functional domains in Upd3. (A) The ability of Upd3 mutants to stimulate

Cell content ECM Conditioned medium
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JAK signaling activation was tested in a luciferase assay. All proteins were fused with the

AS1-6

CFPC155 tag at the C-terminus. Upd3 domain substitution mutants (Upd3™"") and a big

313

domain swap between Upd and Upd3 (Upd3°~) resulted in significantly lower JAK

signaling intensity compared to wild-type Upd3. Alanine substitutions made in a non-

NCAS

conserved region (Upd3™") did not affect Upd3 function in JAK signaling activation.

Error bars, SEM; p<0.0001, one way ANOVA; *** p<0.0001, t-test with Bonferroni

A1-6_axpressing cells used in the luciferase assay were subjected to

correction. (B) Upd3
immunoblot analysis. Upd3 mutants were detected by rabbit anti-GFP antibodies. HP1
was used as the loading control. Upd3"** has dramatically reduced protein abundance in
cells. All other Upd3 mutants have similar expression levels to wild-type Upd3. (C)
Proteins located inside the cell, the extracellular matrix and the conditioned medium

AT expressing cells. Protein accumulation

were separately extracted from upd3 and upd3
in different cell compartment was compared through immunoblot analysis using rabbit

anti-GFP antibodies.
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Figure3.6 Ectopic border cell formation caused by the overexpression of Upd-family
ligands. Ectopic expression clones of upd, upd3 or the two ligands together were
generated by a flip-out cassette and marked by GFP. Egg chambers at stage 10b were
assessed for the formation of ectopic border cells, which were marked by a border cell
specific marker, 5A7. Overexpression of upd3 in any of follicle cells did not cause ectopic
border cell formation (B). Overexpression of upd (A) or the two ligands together (C)
caused ectopic border cell specification in presumptive stretch cells (arrowhead) and
centripetal cells (arrow), but not in main body cells (star). Inset shows the clones
created in main body cells in the same egg chamber. All egg chambers are oriented with

anterior pointed towards the lower left.

69



Figure 3.7 Upd localization on different stages of egg chambers. Upd was detected by

anti-Upd polyclonal antibodies at the apical surface of follicle cells of egg chambers from
stage 5 (shown as red staining, arrow). After stage 8, high background staining starts to
show surrounding the oocyte. Upd localization at the anterior of the egg chambers can

be rarely detected.
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Figure 3.8 Upd3 expression affects Upd distribution in egg chambers. (A) Upd
distribution (red staining) at the posterior of egg chambers was compared between
upd3 overexpression, upd3 null mutant and wild-type egg chambers. (B) Compared to
the wild-type, Upd showed wider distribution in upd3 overexpression and narrower
distribution in upd3 mutant egg chambers. Error bars, SEM; p<0.0001, one-way ANOVA;

* p<0.05, *** p<0.0001, T-test with Bonferroni correction.
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Figure 3.9 Posterior cell population is reduced in upd3 null mutants. Posterior cells
were identified by a Pnt-lacZ marker (green) in both wild-type and upd3 mutant egg
chambers. The range of the posterior cell population was quantified by counting the
number of Pnt-lacZ positive cells in the middle confocal section of each egg chamber,
where the diameter of egg chambers appears to be at its largest, and normalizing it to
the total number of follicle cells surrounding the oocyte in the same confocal section.
The Pnt-lacZ marker showed significantly wider distribution in wild-type than upd3

mutant egg chambers. Error bars, SEM; *** p<0.0001, two tailed T-test.
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Figure 3.10 Loss of upd3 changes anterior follicle cell fates. (A) Border cells were
identified using a cell specific marker, 5A7. The numbers of border cells were counted in
upd3 mutant and wild-type egg chambers. (B) Stretched cells and centripetal cells were
marked by dpp-lacZ, and they were distinguished based on cell morphology and location.
The numbers of these two cell types were compared between wild-type and upd3
mutants. (C) The numbers of stretched cells in wild-type and upd3 mutants were
counted based on a MA33 marker. (D) Mirr-lacZ marks main body cells. The spread of
mirr-lacZ marker in terms of cell diameters was normalized to the total number of cells
surrounding the egg chamber and compared between wild-type and upd3 mutants.

Error bars, SD; * p<0.05, ** p<0.01, *** p<0.0001, n.s. not significant.
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Figure 3.11 Upd3 has a stronger effect on JAK signaling activity range than signaling
intensity. (A) Anterior follicle cell fates are determined by the JAK signaling gradient
(blue line). (B) Changing the JAK signaling gradient (red line) to cause reduction in
overall signaling intensity in egg chambers should reduce the number of border cells.
The number of stretched cells should stay the same or decrease slightly, while the
centripetal cell number should stay the same. The main body cell population should
expand. (C) Reducing the signaling activity range (red line) will cause only slight change
in the number of border cells, but reduce the number of stretched cells and centripetal
cells. The number of main body cells is expected to increase. (D) To summarize the data
of follicle cell specification shown individually in the previous figure, the quantification
of each cell type in wild-type chambers is normalized to 100% and the relative cell
abundance in upd3 mutants was calculated. The composition change of follicle cells in
upd3 mutants fitted with the idea that the loss of upd3 altered the activity range of JAK

signaling in egg chambers.
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Figure 3.12 Potential mechanisms underlying the Upd3 effect on Upd distribution in
egg chambers. (A) Upd3 may facilitate the distribution of Upd through physical
interaction. In this model, homo-oligomers of Upd are located closer to polar cells
compared to hetero-oligomers between Upd and Upd3. Homo-oligomers of Upd3 might
be able to distribute the longest distance. (B) Upd3 may compete with Upd for binding
to the Dome receptor and proteoglycans in the extracellular matrix. Loss of upd3 would
open more binding sites for Upd near polar cells. (C) Upd3 may have a slower
disassociation rate from the receptor compared to Upd and thus delay receptor
recycling to the membrane. In the absence of Upd3, receptors would be recycled back
to the membrane more quickly and bind to more Upd near polar cells. (D) Upd3 may
buffer the reaction of proteolytic cleavage of Upd on the cell membrane. In the absence
of Upd3, more Upd would be processed by proteases, resulting in shorter distribution of

Upd.
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Figure 3.13 upd3 overexpression outside of polar cells. Ectopic expression of upd3 was
created in mosaic clones, marked by GFP. The endogenous Upd gradient was detected
at the posterior of egg chambers using rabbit anti-Upd antibodies (red). The ectopically
expressed upd3 showed different effects on Upd distribution in egg chambers. (A-A’"’)
Overexpression of upd3 shortens the distribution of Upd. (B-B"”’) Overexpression of
upd3 extends the distribution of Upd. (A’”’,B"”’) The intensity profiles of Upd gradients in
egg chambers were shown. Green bars indicate the position of upd3 overexpression
clones. The asterisk marks the position of polar cells. Yellow arrows indicate the ends of
Upd distribution. (C) Upd distribution distances at both sides of polar cells were
measured in 10 egg chambers. The ratio of Upd distribution was calculated as Upd
distribution distance over upd3 overexpression clones divided by Upd distribution

distance on the other side of the same egg chamber with no clone.
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Chapter 4: Conclusions and Discussion

The overlapping expression patterns and similar functions of Upd-family ligands
led to the hypothesis that the three ligands can physically interact with each other. The
aim of this project was to examine the possibility of protein interactions between Upd-
family ligands and to explore the biological consequences of ligand interactions. The
work presented in the thesis reveals the formation of homotypic and heterotypic
interactions between Upd-family ligands, with the exception of heterotypic interactions
between Upd2 and Upd3. These interactions exhibited different strengths: homotypic
interactions of Upd2 and Upd3 were stronger than their respective heterotypic
interactions with Upd, and homotypic interactions of Upd might be the weakest. My
findings also argue that in egg chambers, Upd3 plays a more important role in
controlling the distribution range of JAK signaling than signaling intensity. Furthermore,
substituting the conserved domains identified in Upd-family ligands with poly-alanine in
Upd3 reduced ligand activity, suggesting the requirement of these domains for Upd3

function.

Interactions between Upd-family ligands are mediated by weak strength

Protein-protein interactions between ligands can be mediated by various
covalent and non-covalent bonds. Notably, domains 2 and 5 each contain a highly
conserved cysteine residue, which might be involved in the formation of disulfide bonds.
These two cysteines are not only conserved within Upd-family ligands but also in all Upd
homologs from several other insect species (Loehlin and Werren 2012). Moreover, a
couple of amino acids surrounding the two cysteines are also strikingly conserved,
suggesting the importance of domains 2 and 5 in Upd-family ligand functions. Disulfide
bonds have been shown to mediate protein oligomerization in some cytokines, such as
IL-5 (Kusano et al. 2012). However, alanine substitutions within domain 5 caused only
minor decreases in the Upd3 homotypic interaction strength and substitutions in
domain2 even enhanced the interaction, suggesting that Upd3/Upd3 interaction is not

likely to be mediated by disulfide bonds formed between these two cysteine residues.

77



Instead, intramolecular disulfide bonds might be formed within Upd3 to stabilize the
protein structure. In addition, since both the BiFC and the yeast two-hybrid assays
indicated that the interaction strength between Upd-family ligands was weak, it is more
likely that the interaction is mediated by non-covalent interaction, such as hydrogen

bonds, van der Waal interactions, and hydrophobic effects.

The weak interactions between Upd-family ligands, however, might be beneficial
to allow ligand oligomerization with different interaction strengths. In the BiFC assay,
homotypic interactions of Upd2 and Upd3 were shown to be stronger than their
heterotypic interactions with Upd respectively, and the homotypic interaction of Upd
was the weakest. Moreover, among all possible interactions involving Upd and Upd3,
only the strongest interaction, Upd3/Upd3 interaction, was shown in the yeast two-
hybrid assay. The failure to detect other types of interactions between Upd and Upd3 in
yeast two-hybrid was likely due to the high stringency of this assay as discussed in
chapter 2, but it was an additional indirect indication that interactions between Upd-
family ligands were formed at different strengths. The difference in interaction strength
between Upd-family ligand oligomers might be involved in the regulation of the JAK
signaling pathway in some aspects. For example, the relatively stronger interaction of
homo-oligomers of Upd2 and Upd3 might be partially accounted for their low signaling

52 which showed stronger

potency compared to Upd, especially given that Upd3
interaction compared to wild-type Upd3 in both BiFC and yeast two-hybrid, had
significantly lower signaling potency. The strong ligand interactions within Upd2 and
Upd3 homo-oligomers might interfere with the interaction capacity of ligands with
receptors by steric hindrance. Or, the strong ligand interaction might affect signaling
intensity by interfering with ligand binding to the ECM. Upd is strongly associated with
the ECM through Dally, which functions as a co-receptor to stabilize Upd at the cell
membrane (Hayashi et al. 2012). Upd2 is not associated with the ECM, and Upd3 was
speculated to have a weaker ECM association compared to Upd in cell culture (Wright et

al. 2011). The weaker ECM association of Upd2 and Upd3 might be in part attributed to

their strong ligand interactions. On the other hand, if ligand oligomerization can affect
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ligand affinity to the receptor or the ECM, it can influence not only the signaling
intensity but also the signaling distribution range. Ligands with weaker binding strength
to the receptor and/or the ECM might be able to diffuse over longer distance in tissues
and set up a wider activity range of JAK signaling. Besides signaling intensity and the
activity range, different interaction strengths between ligands could possibly play a role
in other signaling aspects as well, and therefore, it potentially adds another layer of

control to the regulation of the pathway.

Physical interactions between Upd-family proteins expand the reservoir of JAK
signaling ligands. Consequently, the more diversified pool of ligands could be utilized by
a wider array of environmental cues to elicit JAK signaling more specifically. However, it
is not known how much ligand interactions expand the pool of ligands, because ligand
interactions can lead to the formation of ligand dimers, oligomers or even higher order
multimers. Neither the BiFC nor the yeast two-hybrid assay was able to show the size of
these ligand complexes, which can be determined through native western blot analysis
or size exclusion chromatography. If Upd-family ligands can form oligomers or
multimers, the differences in the size and composition of these protein complexes can
further enlarge the diversity of ligands in comparison to dimers, such that the signaling

pathway can be responsive to an even wider range of stimuli.

Interactions between Upd-family ligands are likely to happen intracellularly

Ligand interactions can occur either inside or outside the cell in different
signaling pathways. In the Drosophila BMP signaling pathway, heterodimerization
between Dpp and Scw only happens inside cells. Ligands mixed in the conditioned
medium cannot form heterodimers, and they consequently lose their synergistic effects
in stimulating the BMP pathway (Shimmi et al. 2005). In contrast, oligomerizations of
several other ligands occur outside of cells, often mediated by ECM molecules. For
example, most mammalian chemokines are basic in nature and bind to
glycosaminoglycans in the ECM. This ECM association is critical for concentrating

chemokines at the cell membrane and promoting chemokine multimerization, which is a
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prerequisite for establishing a chemotaxis gradient to control nearby cell migration
(Hoogewerf et al. 1997, Wang et al. 2013). Several observations from the current study
implied that Upd-family ligand oligomerization might occur inside cells. First of all, in
BiFC assays, fluorescent signals were accumulated into punctate structures inside cells,
presumably in Golgi or ER compartments in the secretory pathway. Secondly, co-
expressed Upd and Upd3 stimulated significantly higher JAK signaling activity in the
luciferase assay compared to separately expressed ligands, also implying interactions
between the two ligands might only occur inside cells. However, the Upd3*** data may

A1 showed not only weaker association with the ECM but also

suggest otherwise. Upd3
reduced Upd3/Upd3 interaction strength in comparison to wild-type Upd3. It is possible
that the first conserved domain in Upd3 can affect ligand association with the ECM and
ligand interaction separately, or the alanine substitutions of it impaired proper protein
folding and caused the reduction in ligand interaction strength indirectly. However,
another interpretation of the Upd3ASl data could be that oligomerization of Upd-family
ligands occur outside of cells, facilitated by molecules in the ECM. To test whether Upd-
family ligand oligomers are exclusively formed inside cells, ligands can be co-expressed
or separately expressed from cells, and the conditioned medium collected from these
two expression systems can be subjected to a co-immunoprecipitation experiment to
detect the formation of ligand oligomers. If Upd-family ligand oligomerization occurs
exclusively inside cells, ligand oligomers should only be detected in the conditioned
medium of ligand co-expressed cells but not separately expressed cells. If ligand
oligomerization of Upd-family ligands occurs in similar locations to some other more

extensively studied ligands, such as Dpp/Scw and chemokines, some regulatory

mechanisms observed with those ligands may be also applied to Upd-family ligands.

Functional domains of Upd-family ligands

Six conserved domains were identified previously between Upd-family ligands
(Wang 2009). In the current study, five alanines were used to substitute amino acids at

the cores of the 6 domains in Upd3 and the substitution mutants were subjected to
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several functional assays to determine domains critical for ligand association with the
ECM, ligand/ligand interaction and signaling activation. Based on the results, all six
domains were shown to be essential for JAK signaling activation, but the underlying
mechanisms were likely to be different. The first and fourth conserved domains might
influence JAK signaling activation by maintaining Upd3 association with the ECM and
Upd3 stability, respectively. All the domains, except for domain 4, might be involved in
Upd3/Upd3 homotypic interaction, since alanine substitutions of these domains altered
the interaction strength between Upd3 proteins. Especially, alanine substitutions of
domains 3 and 6 most significantly weakened the Upd3 homotypic interaction. These
data seemed to imply that the Upd3/Upd3 interaction interface is constituted by several
discrete domains and ligand interaction is essential for JAK signaling activation. However,
if this is true, mutation of any of these domains should reduce, but not abolish, Upd3
ability to stimulate the pathway, which is contradictory to what was observed from the
luciferase assay. Therefore, some of these domains might not be directly involved in
Upd3/Upd3 interaction but control other aspects of ligand functions. For example, as
aforementioned, an intramolecular disulfide bond might be formed between the two
conserved cysteines residues in domain 2 and domain 5 respectively, and this disulfide
bond is presumably important for stabilizing the protein. Alanine substitution made in
these two domains would then destabilize the protein and consequently affect Upd3
behavior in several ways, such as ligand interaction and ligand binding to the receptor.
The latter effect is more likely to be the direct cause for the reduced signaling intensity.
To test if some of the conserved domains mediate ligand binding to the receptor, a BiFC
assay can be used. In the BiFC assay, since the N-terminus of Dome is displayed outside
of cells to be bound by ligands, the truncated fluorescent protein tags will need to be
inserted between the signal peptide and the transmembrane domain of Dome. The
ligand/receptor interactions can be tested by incubating the Dome expressing cells with
culture medium condition by Upd3 or its domain substitution mutants. BiFC signals in
this proposed experiment should be localized at the cell membrane. Alternatively, the

ligand/receptor interaction can also be tested using co-immunoprecipitation. Besides
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the binding capacity to Dome, if alanine substitutions made in domains 2 and 5 impair
protein stability, they might also influence ligand interactions with other proteins, such
as chaperone proteins and protein modification enzymes, all of which can be critical for
signaling activation. Therefore, the six conserved domains might be essential for Upd3
activity because of their importance in other aspects of Upd3 behaviors than the few

examined in this study.

Because the six domains studied in Upd3 are conserved within the Upd-family,
some of the corresponding domains in Upd and Upd2 might play similar roles. For
example, the fourth conserved domain could also be essential for maintaining protein
abundance of the other two ligands. On the other hand, it is possible that the small
variations of amino acid composition in the conserved domains might account for the
differences in ligand function. For example, the first conserved domains of all three
proteins are composed of stretches of basic amino acids, enriched with arginines. The
first domains in both Upd (Dustin Perry, personal communication) and Upd3 (shown
here) mediate ligand association with the ECM. A similar stretch of amino acids at the N-
terminus of Dpp, composing high percentage of arginines, is also responsible for Dpp
association with the ECM (Akiyama et al. 2008). However, the corresponding conserved
domain in Upd2 does not cause the ligand to be localized to the ECM. Instead, Upd2 is
more freely diffused in the conditioned medium in cell culture (Hombria et al. 2005).
The first domain in Upd2 is not short of arginines compared to the other two ligands,
but a couple of other amino acids in this region might be responsible for the weak ligand
association with the ECM. For example, there is a glutamic acid residue close to this
domain, which introduces a negative charge to this region. In addition, there is also a
threonine residue that could get phosphorylated to introduce a negative charge.
Moreover, the phosphorylation of this threonine residue might be controlled and thus
provides a mechanism to regulate ligand interactions with the ECM depending on tissue
or developmental signals. On the other hand, amino acid variations between the three
ligands in the domains that are involved in Upd3 homotypic interaction might account

for the difference in interaction strengths between ligand oligomers.
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Lastly, the six domains likely cover the regions that are responsible for common
features of the three Upd-family ligands, such as protein secretion and receptor binding.
Amino acid domains important for functional differences between the three ligands
might be located outside of the six domains. For example, additional interaction
domains might be present in Upd2 and Upd3 to stabilize ligand interactions and the
absence of such domains in Upd could help to establish the difference in ligand

interaction strengths.

Upd3 facilitates the establishment of the Upd concentration gradient in egg chambers

In comparison to Upd alone, Upd and Upd3 together did not stimulate
significantly higher JAK signaling activity in either the in vitro luciferase assay or in
follicular cell fate specification in egg chambers. However, the diffusion distance of Upd
in egg chambers was shown to be narrower in upd3 null mutants and wider in upd3
overexpressing flies compared to wild-type. Consistent with the shorter distribution of
Upd, loss of upd3 caused reduction in the size of the posterior cell population at the
posterior of egg chambers, and at the anterior, caused significant decrease in the
numbers of stretched and centripetal cells but not border cells. Collectively, these data
suggest that Upd3 seems to function primarily to regulate the range of JAK signaling

activity more than signaling intensity in egg chambers.

Ligand oligomerization of Upd and Upd3 is a potential mechanism underlying
the Upd3 effect on Upd distribution. However, there are several other possible
mechanisms that would cause a similar effect, as discussed in chapter 3. For example,
Upd and Upd3 might compete for binding to the ECM, and in this scenario, the loss of
upd3 would leave more binding sites available for Upd and also result in a shorter
distribution of Upd. To test this potential mechanism, flies expressing upd3™** from

AS1

polar cells can be utilized. Since Upd3™" showed compromised binding capacity to the

ECM in comparison to wild-type Upd3 (Figure 3.5 C), it should not be able to compete as
effectively as wild-type Upd3 over Upd for binding to the ECM and therefore, the

AS1

overexpression of upd3™~ should result in a shorter Upd distribution than that caused
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by the overexpression of wild-type Upd3. On the other hand, if binding competition to
the ECM is not a major mechanism but ligand oligomerization is, the overexpression of
upd3™! may cause Upd to diffuse even further than wild-type Upd3 does. However, this
experiment also faces several potential challenges. First of all, the alanine substitution
of a few amino acids at the core of the first domain did not completely eliminate Upd3
association with the ECM. There was still a significant amount of Upd3*** bound to the
ECM shown in figure 3.5 C and the weak interaction with the ECM could potentially

diminish the difference between Upd3*!

and wild-type Upd3 in affecting Upd
distribution. Additionally, Upd3"*! showed reduced Upd3/Upd3 interaction strength
compared to wild-type Upd3. It does not necessarily indicate that Upd3"** has impaired
interaction with Upd, but if it does, the two mechanisms might be hard to distinguish

using Upd3”***.

Upd distribution in egg chambers is worth extensive study because it functions
as a morphogen, a pivotal molecule in development to provide positional information to
cells and instruct cell specification based on its concentration. Several secreted proteins
have been identified as morphogen molecules, and the shape of each morphogen
gradient is under an array of regulations to ensure the signaling sensitivity and
robustness. Some of the regulatory mechanisms are shared between pathways, but
many of them are unique to particular morphogens. On the other hand, the same
morphogen gradient may utilize different regulatory mechanisms in different
developmental processes to accommodate the respective constrains in each tissue. For
example, the first validated secreted morphogen, Dpp, is capable of generating long-
range morphogen gradients in both embryogenesis and wing disc development, but
through different mechanisms. During embryogenesis, dpp mRNA is evenly expressed in
a broad domain of the embryonic ectoderm, but the protein distribution is restricted
into a graded pattern with the highest concentration shown at the dorsal most region of
the embryo (Wang and Ferguson 2005). In wing discs, the expression of dpp mRNA is
rather limited to a stripe at the anterior-posterior compartment boundary and the

protein is distributed to a larger region to establish concentration gradients towards

84



both the anterior and posterior of the wing disc (Entchev et al. 2000, Teleman and
Cohen 2000). Moreover, in some other tissues, the distribution of Dpp is restricted to a
very limited distance. Such short-range Dpp distribution is observed in egg chambers
where Dpp is secreted from cap cells, the somatic niche of stem cells, to the adjacent
germline stem cells to maintain the stem cell identity (Xie and Spradling 2000). The
short distribution distance of Dpp is required to control the balance between the
number of stem cells and the number of differentiated cystoblasts in egg chambers. To
ensure proper establishment of Dpp gradients in these different tissues, diverse
regulatory mechanisms are utilized, including proprotein cleavage (Sopory et al. 2010),
enzymatic reactions between extracellular modulators (Shimmi et al. 2005), ECM
facilitation (Akiyama et al. 2008), and many more. One mechanism used repetitively
during development by the BMP pathway is ligand oligomerization. As described in
chapter 1 and chapter 3, Dpp forms heterodimers with Scw (Shimmi et al. 2005) and
Gbb (Shimmi et al. 2005) respectively during embryogenesis and larval posterior
crossvein development. Heterodimers of Dpp/Scw and Dpp/Gbb can be transported
over longer distance compared to homodimers in both tissues by extracellular
modulators. However, strong synergistic effect was observed between Dpp and Scw but

not between Dpp and Gbb.

Ligand oligomerization might also be a mechanism to regulate the morphogen
gradient of the JAK/STAT signaling pathway in egg chambers, with a stronger impact on
the signaling range than signaling intensity, but the underlying mechanism is not known.
A similar example of ligand oligomerization controlling signaling activity range has been
reported for the Hedgehog pathway in both Drosophila (Vyas et al. 2008) and
vertebrates (Zeng et al. 2001). Hh protein acts in both short range and long range to
elicit responses of the pathway. Hh mutants with impaired ability in multimerization
maintain signaling activity in short range, but fail to stimulate the pathway over long
distances (Chen et al. 2004). Hh proteins have two covalently linked lipid moieties: a
palmitate moiety at the N-terminus and a cholesterol moiety at the C-terminus, which

are essential for the protein multimerization as well as signaling activation. Some
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studies suggest that the lipid modifications are hidden inside Hh multimers but exposed
on the surface of monomers, anchoring Hh monomers to the cell membrane. There are
other studies suggesting that Hh multimerization is a requisite for its binding to HSPGs,
which incorporate Hh into a lipoprotein complex and enhance its mobility (Panakova et
al. 2005). Although there are still controversies on the regulatory mechanisms of Hh
distribution, studies of this pathway provide valuable insights into how ligand
oligomerization could influence morphogen distribution. Upd-family ligands might
follow similar strategies or adopt completely different ones to regulate the JAK signaling
range. First of all, Upd-family ligands might achieve better solubility and mobility as
oligomers compared to monomers. Although, there has been no lipid modification
reported on any of the Upd-family ligands, a predicted palmitoylation site in Upd2 is
suggested by the CSS-Palm server (Ren et al. 2008). This palmitoylate, if it exists, might
be essential for the homotypic oligomerization of Upd2 and the high mobility of this
ligand compared to the other family members. Secondly, similar to Upd, Upd3
distribution is also likely to be influenced by HSPGs and different binding affinities of
Upd and Upd3 to the ECM might be the key to the different distribution distances of
oligomers. Finally, it is also possible that certain Upd and Upd3 oligomers can be
selectively transported by some extracellular proteins, similar to the localization

strategy used by the BMP signaling pathway.

Protein oligomerization has been observed between many mammalian cytokines
as well, such as the aforementioned chemokines (Wang et al. 2013) and IL-3 family
cytokines: IL-3 (Dey et al. 2009), IL-5 (Kusano et al. 2012) and GM-CSF (Hansen et al.
2008). Disruption of protein oligomerization affects the function of some of these
cytokines. For example, disrupting IL-5 dimerization by mutating the critical cysteines
needed for disulfide bonds can totally abolish IL-5 signaling activity (Milburn et al. 1993,
Kusano et al. 2012). However, the detailed mechanism of how cytokine oligomerization
is involved in the signaling regulation is not clear. Although there has been no report
indicating that these mammalian cytokines function as morphogens, like Upd-family

ligands, they are capable of stimulating JAK signaling in autocrine, paracrine and

86



endocrine manners. Therefore, ligand oligomerization might be also a strategy utilized

by mammalian cytokines to regulate their migration distance and activity range.

Copyright © Qian Chen 2014
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Chapter 5: Materials and Methods

Cell culture maintenance

Kc167, S3 and ML-DmD32 cells were purchased from the Drosophila Genomic Resource
Center (DGRC). Mbn2 cells are a generous gift from Dr. Subba Palli. Sf9 cells are a
generous gift from Dr. Grace Jones. Kc167, mbn2 and S3 cells were maintained in
Schneider’s medium (made from powder or Gibco liquid Schneider’s medium)
supplemented with 10% FBS (Gibco). Clone 8 cells were maintained in Schneider’s
medium supplemented with 10% FBS and 2.5% fly extract (Cherbas 2012). ML-DmD32
ceslls were maintained in M3+BPYE medium (Cherbas 2008) supplemented with 10%
FBS and 10ug/ml insulin. Sf9 cells were grown in Sf-900 Il SFM medium (Gibco) with no

FBS added. All cells were maintained at 28°C.

Bimolecular Fluorescence Complementation (BiFC)

Cell transfection was performed in Kc167 cells, following the Effectene manual (Qiagen).
Cells were loaded into a 24-well plate one day before transfection at the concentration
of 600,000 cells/ml and they reached about 50%-70% confluency on the day of
transfection. Before incubated with transfection reagents, cells were washed one and sit
in 350 pl fresh medium in each well. To compose the transfection complex, 100 ng
armadillo-Gal4 (a generous gift from Dr. Joseph Duffy), 100 ng VenusN173 tagged
plasmid, 100 ng CFPC155 tagged plasmid and 35 ng pacpal-cherry were mixed with 2.68
ul enhancer in 60 pl buffer EC and the mixture was incubated at room temperature for 5
minutes. After incubation, 5 pl Effectene was added into the mixture and incubated for
another 10 minutes to allow the transfection complex to form. Then the transfection
complexes were mixed with 350 pl fresh medium and applied to cells. Two days after
transfection, monensin was added directly to cells to a final concentration of 20 nM to
block exocytosis. Cells were resuspended by pipetting and transferred into a chamber
slide. Cells were seated in the chamber slide for 30 minutes to 1 hour before
microscopic observation. To analyze the results of BiFC, the number of cherry positive

cells and the number of total cells were counted by the Image J program (Schneider et al.
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2012). To count the number of BiFC positive cells, a threshold of green fluorescence
intensity was set by Image J and the number of cells having signals above the threshold

was counted manually.

Yeast two-hybrid assay

UpdASS was amplified from pENTR-Upd using a primer pair: UpdTr-attB-F
(GGGGACAAGTTTGTACAAAAAAGCAGGCT TGCGCAGCACCACCAGCAGCG) and UpdTr-
attB-R (GGGGACCACTTTGTACAAGAAAGCTGGGTTCACGTGCGCTGCACGCGCTT). Upd3ASS
was amplified from pENTR-Upd3 using a primer pair: Upd3Tr-attB-F
(GGGGACAAGTTTGTACAAAAAAGCAGGCT TGGGTTGTGGCGTCTCAGCGGC) and Upd3Tr-
attB-R (GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGAGTTTCTTCTGGATCGCCTTTGGC).
UpdASS, Upd3ASS and the full length Upd3 coding sequences were constructed into
GAL4 activation domain containing vector pACT-GW and GAL4 DNA binding domain
containing pAS2-GW (Nakayama et al. 2002) through Gateway cloning (Invitrogen).
PACT-GW and pAS2-GW vectors are generous gifts from Dr. Susan Baserga. Plasmids
were transformed into yeast PJ69-4A host cells and successful transformants were
selected by tryptophan/leucine double selective plates. The interaction strength was
scored by colony size at 30°C on —adenine, -histidine, and —histidine plus 5mM 3-

aminotriazole plates.

Upd3 alanine substitution constructs

The Upd3 coding sequence was amplified from the pACT-Upd3 construct (a generous
gift from Dr. Martin Zeidler) and inserted into pENTR vector through Gateway cloning.
Alanine substitution was made in pENTR-Upd3 construct via InFusion cloning technology

(clontech). Primers used are:

U3-Xcml-5F: CGGCCAGAACCAGGAATCCAGTG

U3-Dell-F: GCCGCTGCTGCAGCTGCGGCCAACTTCCGGCTGAC
U3-Dell-R: AGCTGCAGCAGCGGCTAGGTGCTTCAGGGGATTGGTG
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U3-Del2-F: GCCGCTGCTGCAGCTATCTGAAGCCCACGGGTCTG

U3-Del2-R: AGCTGCAGCAGCGGCGTCCAGATGCGTACTGCTGGC

U3-Bam-5F: GCAAGAAACGCCAAAGGATCCTGC

U3-Del3-F: GCCGCTGCTGCAGCTCGTCTGAATCTCACTAGCAAACAG

U3-Del3-R: AGCTGCAGCAGCGGCGTTTCCCTTATAGAATCGCCACTTG

U3-Del4-F: GCCGCTGCTGCAGCTGGCGCCTTCACGTACATGC

U3-Del4-R: AGCTGCAGCAGCGGCGTCGCGATGGGCGTGGC

U3-BstEll-3R: GCGGCAGTATCTTGTAGGTGAC

U3-Del5-F: GCCGCTGCTGCAGCTGAGGAGGCC

U3-Del5-R: AGCTGCAGCAGCGGCCTCGCGGGCGGACTTCC

U3-Del6-F: GCCGCTGCTGCAGCTAAGAGTATCCGCAAGATACTCGC

U3-Del6-R: AGCTGCAGCAGCGGCCTTCAGTTTGGTGAAGAGGGCG

U3-PmlI-3R: CTTCTGGATCGCCTTTGGCACG

PCR reactions were performed using Phusion DNA polymerase (NEB). PCR products
were examined on an agarose gel and then treated with Cloning Enhancer for 15
minutes at 37°C, followed by inactivation of the Cloning Enhancer for another 15
minutes at 80°C. Then the InFusion cloning reaction was set up following the manual.
Upd3 substitution mutants in the pENTR vector were subcloned into expression vectors

UAS-DEST-VenusN173 and UAS-DEST-CFPC155 through Gateway cloning.

Upd3 substitutions tested in the yeast two-hybrid assay have the signal peptide
removed using Upd3Tr-attB-F and Upd3Tr-attB-R primers. The PCR products were

cloned into the pAS2-GW vector through Gateway cloning.
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Luciferase Assay

Luciferase constructs: 6x2xDrafLuc (Muller et al. 2005) and actin-renilla are generous

gifts from Dr. Martin Zeidler.
Linear signaling induction upon Upd stimulation

Mbn2 cells and Kc167 cells were seated in a 12-well plate one day before transfection.
Mbn2 cells were transfected with 240 ng 6x2xDrafLuc, 240 ng CaSpeR4 (Thummel and
Pirrotta 1991) and 12 ng actin-renilla. Kc167 cells were transfected with 150 ng arm-
GAL4 and 150 ng UAS-upd. One day after transfection, cells were washed once and
resuspended in fresh medium. Cell concentration was measured using hemocytometer.
Transfected Kc167 cells were mixed with untransfected Kc167 cells to created cell
mixtures containing 0%, 25%, 50%, 75% and 100% of transfected Kc167 cells. 500 pl
mbn2 cells at the concentration of 625,000 cells/ml were combined with 500 pl mixed
Kc167 cells at the concentration of 827,500 cells/ml and grown in a 24-well plate. Cells
were co-cultured for two days. 45 pl co-cultured cells were subjected to the luciferase
assay. The luciferase assay was performed following the Dual-luciferase reporter assay

manual (Promega).
Paracrine luciferase assay

Mbn2 cells were seeded in 12-well plates at 800,000 cells/ml and Kc167 cells were
seeded in 24-well plates at 600,000 cells/ml on the day before transfection. mbn2 cells
were transfected with 240 ng 6x2xDrafLuc, 240 ng CaspeR4 and 12 ng actin-renilla.
Kc167 cells were transfected with 100ng of ligand expressing constructs and 100ng of
armadillo-GAL4. One day after transfection, 500 pul mbn2 cells at the concentration of
800,000 cells/ml and 300 pl Kc167 cells at the concentration of 750,000 cells/ml were
combined and seated in 12-well plates. Cells were co-cultured for 3 days. 45 pl cells
were subjected to luciferase measurement. The rest cells were lysed in RIPA buffer
(Harrison et al. 1998) and protein concentration was measured by BCA assay. Then cell

lysate containing same amount of total proteins was used for western blot analysis. In
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western blot, rabbit anti-GFP primary antibody (Torrey pines biolabs) was used at
1:5000 and HRP anti-rabbit secondary antibody (Santa cruz biotechnology) was used at
1:10000. Protein bands were detected by SuperSignal West Pico Chemiluminescent
Substrate Kit (Thermo Scientific), and the intensity was quantified using the Image

Studio Lite Ver3.1 software (LI-COR Biosciences).

Cellular fractionation

Kc167 cells were grown in 12-well plates or 35mm cell culture dishes and transfected
with 150 ng UAS-upd3CFPC155 (wild-type or alanine substitutions) and 150 ng arm-
GAL4. One day after transfection, cells were washed and grown in plain Schneider’s
medium (without FBS) for 24 hours. Conditioned medium was centrifuged at full speed
to get rid of floating cells and the supernatant was incubated with 1% volume of 2mg/ml
sodium deoxycholate on ice for 30 minutes. Then 10% volume of 100% Trichloroacetic
acid was added to the mixture and incubated for another 30 minutes to precipitate
proteins. Protein pellets were washed three times with 80% acetone before dissolved in
hot laemmeli buffer (Laemmli 1970). To exact proteins inside cells, cells were washed
twice with PBS and lysed in 50 pl ice-cold RIPA buffer for 10 minutes. Protein
concentration was measured using a BCA assay. To extract proteins from the
extracellular matrix, the plate was washed once with 2M urea and three times with PBS
before scraped in 90°C laemmeli buffer. Western blot was performed in the same way

as in the luciferase assay.

Fly strains and markers

Flies were raised at 25 °C unless otherwise stated. upd3d04951 has a P-element inserted

at the 5’ end of upd3, containing a UAS site (Wang 2009). upd3°?*?° and upd3*’ were

d232a

created through P-element mutagenesis (Wang 2009). upd3 contains a deletion

covering the entire last exon. upd3©’®

is a precise excision of the P-element . Gal-E132
(Upd-Gal4) is an enhancer trap in the upd locus (Tsai and Sun 2004). All markers used to

label follicular epithelial cells are lacZ enhancer traps. 5A7, MA33, Mirr, and H20 labels
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border cells, stretched cells, main body cells and posterior cells respectively (Roth et al.
1995, Gonzalez-Reyes and St Johnston 1998, Jordan et al. 2000). Dpp-lacZ marks both

stretched cells and centripetal cells (Twombly et al. 1996).

Generation of misexpression clones

To overexpress upd3 in polar cells, flies carrying Upd-Gal4 was crossed to upd3d04951 flies.

Ectopic expression clones of upd and upd3 in follicle cells were created using a flip-out
cassette (Struhl and Basler 1993). Clones were induced by a 20 minutes heat shock in a
37 °C water bath. Flies were put on yeast paste and raised at 25 °C for 40 hours before

ovaries were dissected out. The genotypes of the misexpressing clones are:
W 8hsFLP1/+; [Act>y>Gal4][UAS-GFP]/[UAS-GFP]; [UAS-Upd]PK9/5A7
upd3%*°*hsFLP1/+; [Act>y>Gal4][UAS-GFP]/+; 5A7/TM3

upd3?°° hsELP1/+; [Act>y>Gal4][UAS-GFP]/+; [UAS-Upd]PK9/5A7

Immunological staining

Extracellular Staining

Flies within 2-day old were raised on yeast paste for two days at 30 °C. Ovaries were
dissected in ice cold M3+BPYE medium and incubated with rabbit anti-Upd antibodies
diluted in the same medium for 4 hours at 4 °C. After primary incubation, ovaries were
washed two times in M3+BPYE medium and three times in PBS. Ovaries were fixed in
3.7% formaldehyde in PBS for 20 minutes on ice, followed by 2 washes with PBS and 2
washes with PBT. Ovaries were blocked in 5% BSA diluted in PBT. Secondary antibodies
were incubated with ovaries overnight at 4 °C. Ovaries were washed 5 times with PBT
and DAPI was added to the PBT wash in the second wash. Ovaries were mounted in 70%
glycerol with addition of 2.5% Dabco in 1XPBS.

Conventional Staining

Ovaries were dissected from flies within 4 days old in PBT and fixed in 4% methanol-free

formaldehyde for 3-5 minutes at room temperature. Ovaries were washed 5 times after
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fixation and permeabilized in 2% TritonX-100 for 1 hour with rotation. Then ovaries
were washed 5 times and blocked in 5% BSA for 1.5-2 hours at room temperature.
Primary antibodies were incubated with ovaries overnight at 4 °C. Secondary antibodies
were incubated with ovaries for 3 hours at room temperature before ovaries were
mounted in the mounting medium.

Primary antibodies and dilutions used were: rabbit anti-Unpaired (Harrison et al. 1998)
at 1:250, rabbit anti-B-Gal at 1:500, Dylight 488 conjugated goat anti-GFP (Rockland) at
1:1000. Secondary antibodies were: Alexa Fluor 488 anti-rabbit (Jackson immune
research), alexa 555 anti-rabbit (Molecular probes), Cy5 anti-rabbit (Jackson immune
research), Dylite 488 anti-goat (Jackson immune research), and they were all used at

1:1000.

Image capture and processing

BiFC images were captured using a SPOT camera on a Nikon E800 microscope. Images
were analyzed using the Image J software (Schneider et al. 2012). Yeast images were
taken using a CanoScan LiDE 90 scanner and processed in Adobe Photoshop CS5.
Confocal images of follicle cells were collected on a Leica TCS-SP laser scanning confocal
microscope. Images were processed in Image J and Photoshop. Quantification of Upd

staining intensity in egg chambers was performed using Nikon Elements software.

Copyright © Qian Chen 2014
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