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Abstract

The Notch signaling pathway enables neighboring cells to coordinate developmental fates in diverse
processes such as angiogenesis, neuronal differentiation, and immune system development. Although
key components and interactions in the Notch pathway are known, it remains unclear how they work
together to determine a cell’s signaling state, defined as its quantitative ability to send and receive
signals using particular Notch receptors and ligands. Recent work suggests that several aspects of the
system can lead to complex signaling behaviors: First, receptors and ligands interact in two distinct
ways, inhibiting each other in the same cell (in cis) while productively interacting between cells (in
trans) to signal. The ability of a cell to send or receive signals depends strongly on both types of
interactions. Second, mammals have multiple types of receptors and ligands, which interact with
different strengths, and are frequently co-expressed in natural systems. Third, the three mammalian
Fringe proteins can modify receptor-ligand interaction strengths in distinct and ligand-specific ways.
Consequently, cells can exhibit non-intuitive signaling states even with relatively few components.
In order to understand what signaling states occur in natural processes, and what types of
signaling behaviors they enable, this thesis puts forward a quantitative and predictive model of how
the Notch signaling state is determined by the expression levels of receptors, ligands, and Fringe
proteins. To specify the parameters of the model, we constructed a set of cell lines that allow control
of ligand and Fringe expression level, and readout of the resulting Notch activity. We subjected these
cell lines to an assay to quantitatively assess the levels of Notch ligands and receptors on the surface
of individual cells. We further analyzed the dependence of these interactions on the level and type
of Fringe expression. We developed a mathematical modeling framework that uses these data to
predict the signaling states of individual cells from component expression levels. These methods
allow us to reconstitute and analyze a diverse set of Notch signaling configurations from the bottom

up, and provide a comprehensive view of the signaling repertoire of this major signaling pathway.
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Preface

All animals begin as a single-celled embryo that divides into hundreds or, in the case of humans,
trillions of cells. As this teeming mass expands, the cells must negotiate among themselves to make
a series of decisions, each one crucial for the proper construction of the body. These decisions
begin with the initial establishment of the major axes of the organism and continue, over many
developmental steps and cell divisions later, with the assembly of tissues and organs. All of these
processes are carried out by an astonishingly small set of signaling pathways—families of interacting
molecules that send and receive information from one cell to another, and convert these signals into
lasting changes in gene expression.

Each signaling pathway is highly conserved, meaning that we see analogues of the signaling
molecules in simple organisms like the C. elegans nematode still being used to pattern the vastly more
complex human body. Not only are the signaling molecules themselves conserved, but the specific
ways in which they interact—the circuits that they form—can be traced throughout evolution. But
evolution has also expanded the functional range of each pathway as new challenges arise. For
example, the Notch pathway, the subject of this thesis, has been co-opted to help connect neurons
in the mammalian brain. What are the key features of each signaling pathway that make them so
useful and so versatile? What makes each signaling pathway suitable for a given task?

With these questions in mind, our research group set out to understand and build patterning
circuits using components from the Notch pathway. During the course of this project, we deepened
our understanding of a key feature that enables the Notch pathway to carry out its many roles
during development. In this thesis, I explore how this feature expands the functional repertoire of
the Notch signaling pathway, making it more evident why it is so prevalent and so useful in animal

development.



Chapter 1

Introduction

In the April 1917 edition of The American Naturalist, pioneering geneticist Thomas Hunt Morgan
described a bizarre new strain of the fruit fly Drosophila melanogaster called Notch. John Dexter
had first observed the strain in 1913 at his laboratory in Olivet, Michigan, and gave the mutant flies

their name because they displayed deformed, notched wings.

Figure 1.1: Notch mutant female. Image from T.H. Morgan, The Theory of the Gene, 1926 [43].

The Notch mutation showed an unusual pattern of inheritance. Half of the male offspring born
to female Notch mutants died, while the other half survived. Morgan determined that the flies
that died had inherited a mutated copy of the Notch gene, demonstrating its necessity for proper
development [41]. Because the male offspring of a Notch mother died, but females did not, this
implied the gene was linked to the X chromosome. Morgan’s colleague Calvin Bridges confirmed
this prediction in 1916 in their laboratory at Columbia University [43,44].

However, the female offspring were not all normal: half of the female offspring displayed the
notched wing phenotype. Morgan’s group showed that these flies possessed one mutated copy and
one normal copy of the Notch gene [41]. Notch therefore belonged to the class of rare haploinsufficient

genes—so named because half of a functional pair of alleles is insufficient to generate the normal



phenotype [23].

Since Morgan’s initial characterization of Notch mutations, the Notch gene has been identified
not only in fruit flies, but also in the genomes of worms, sea urchins, and mammals, including
humans [2,24]. Notch not only plays a role in building fly wings, but in constructing nearly every

tissue found in every metazoan species.

1.1 The Notch signaling pathway mediates short-range com-
munication

One hundred years after its discovery, we now know that the Notch gene encodes for a receptor that
enables communication between neighboring cells. The Notch receptor resides on a cell’s surface and
listens for signaling molecules, or ligands, produced by other cells. The ligands the Notch receptors
are listening for belong to the class of DSL ligands, abbreviated for Delta, Serrate (in flies, known as
Jagged in vertebrates), and Lag-2 (in C. elegans). When a Notch receptor and a DSL ligand bind, a
signal is generated that ultimately results in changes in the gene expression of the cell. Together, the
Notch receptors, DSL ligands, and related components that enable signaling are called the Notch
signaling pathway, one member of a small set of major signaling pathways that coordinate animal
development [2,46].

The Notch signaling pathway is unique among the major developmental signaling pathways, in
part because the DSL ligands are not secreted into the extracellular space, where they can diffuse
away and affect cells located many cell diameters away, but are instead anchored to the membrane
of the cell that produced them [34]. Consequently, only cells that come into direct physical contact
can bring the ligand and receptor close enough to bind and transmit a Notch signal. Signaling that
occurs only between adjacent cells is referred to as juztacrine.

As the primary juxtacrine developmental signaling pathway, Notch is deployed to perform the
fine-detail work of development, such as drawing sharp boundaries between different tissue com-
partments, casting an evenly-spaced checkerboard pattern of gene expression over a field of cells, or

flipping a switch that drives the daughters of a dividing stem cell towards different fates [2,5,23,34].

1.2 Notch signal is transmitted through trans-activation

Communication through Notch begins when a receptor binds to a DSL ligand on a neighboring
cell, as shown in Figure 1.3. The bound Notch receptor undergoes two proteolytic reactions. The
final +-secretase-dependent reaction cuts the Notch receptor in two, separating the extracellular
domain and intracellular domain [23,31]. The extracellular domain of Notch, still bound to the DSL

ligand, is endocytosed into the signal sending cell and presumably degraded. Meanwhile, the Notch
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Lateral inhibition Boundary formation Branching morphogenesis

Figure 1.2: Notch signaling coordinates finely detailed patterning. Notch is used in many patterning
processes that make sharp delineations between neighboring cells. (A) In lateral inhibition pattern-
ing, cells send Notch signals to one another, and reception of Notch signal leads to a decrease in
the ability to send signal. Small fluctuations in signaling can destabilize an initially homogenous
population of cells to adopt distinct heterogeneous fates, with one cell sending (white cell, below)
and the surrounding neighbors receiving (black cells). One example is found in a fly eye, where cells
in an ommatidium inhibit one another from expressing the same type of photoreceptor. (B) Notch
is also used to form sharp boundaries between populations of cells. For example, a sharp stripe
of Notch signaling separates the developing fly wing into two halves, and also defines the borders
of the veins on the wing. (C) Notch is also used to coordinate the sprouting of new branches in
fractal-like structures such as blood and lymphatic vessels [4]. Disruption of Notch signaling leads
to over-branching.

intracellular domain (NICD) travels from the membrane to the nucleus, where it interacts with the
CSL-Mastermind complex (RBPj-x in vertebrates) to initiate transcription of target genes [2,31].
This signal generation process is called trans-activation.

Notch trans-activation is remarkable because the receptor itself acts as a transcription factor;
that is, the NICD is an essential component of the transcription machinery to activate target genes.
This direct process contrasts with many other signaling pathways, where often an activated receptor
hands off its message to a complex cascade of second messengers before affecting gene expression [46].
For example, in the Wingless (Wnt) signaling pathway, an activated Frizzled receptor affects tran-
scription through the second messenger -catenin. When the Frizzled receptor binds a Wnt ligand,
the bound complex prevents the constitutive degradation of S-catenin. As [S-catenin accumulates,
it can enter the nucleus and affect gene expression [35]. This molecular relay race amplifies or
transforms the signal, before it has a chance to act on the genome.

It seems, then, that Notch has traded the capability to compute on its signal in exchange for fast

and faithful reporting on what is being heard at the cell surface.



Signal sending cell

»

Notch1 > > \

ADAM10/ g A-secretase l
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Figure 1.3: trans-activation of Notch. When a DSL ligand (here, DII1) and Notch receptor (here,
Notchl) bind, endocytosis of the ligands into the neighboring cell exposes the cleavage site of the
receptor. Two proteolytic reactions at this site (S2 proteolysis, carried out by ADAMI12 or TACE
and S3 cleavage, carried out by v-secretase) cut the Notch receptor in two. The intracellular domain
of Notch (NICD) travels to the nucleus where it interacts with the CSL-Mastermind (CSL and Mam)
complex to initiate transcription of target genes. Design of the diagram is based on Figure 1 from [5].
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1.3 The strength of Notch trans-activation is the key deter-

minant of cellular decision making

The direct nature of Notch trans-activation may be an important feature of the pathway, because
the quantity of trans-activation felt by a cell seems to be the critical factor in its choice between
different cell fates.

We illustrate this idea with an example from immunology. The decision for a common lymphoid
progenitor (CLP) cell to commit to the B-cell or T-cell fate is governed by the dosage of Notch
signaling. This dependence was shown in experiments where CLP cells were seeded on plates coated
with increasing concentrations of the DSL ligand DIl1. When low levels of DII1 were presented to
the cells, leading to low levels of Notch activity, all cells chose the B-cell fate. As DII1 levels, and
in turn Notch activity, were increased, the percentage of cells adopting the B-cell fate diminished,
while the percentage of cells choosing the T-cell fate increased [9,14]. In this example and others,
the dose of Notch signaling determines the developmental fate of the cell.

One way to modulate the strength of Notch signaling is by using different receptors and ligands
for trans-activation. The collection of DSL receptors and ligands are depicted in Figure 1.4. In
flies, there is a single Notch receptor and two DSL ligands, Delta and Serrate. In vertebrates,
the collection of Notch pathway components has expanded to include four receptors (Notch 1-4),
five DSL ligands (Delta-like-1, 3, and 4 and Jagged 1 and 2). Different ligand-receptor pairs have
different interaction strengths in trans, leading to different developmental outcomes.

To illustrate, we turn to an example related to the one above. In this study, CLP cells were
co-cultured with cells expressing DII1 or Jagl ligands. While cell-bound DII1 ligands could drive
the CLP cells towards the T-cell fate, cell-bound Jagl ligands could not. Together with the results
from the plate-bound ligand experiment, this suggests that DII1 ligands elicit a higher dose of
Notch signaling (through Notchl, the receptor used in this context) than Jagl ligands [30]. These
experiments demonstrate the different quantitative abilities of DII1 and Jagl to induce Notchl
activity.

To date, there is no evidence that different DSL ligands produce qualitatively different signals
through a Notch receptor; that is, no matter which DSL ligand binds a Notch receptor, the same
NICD is generated. Instead, the different functional consequences of signaling with different DSL
ligands reside only in how much NICD they can generate. This means that receptors and ligands
that interact strongly in trans (through a high affinity or high efficiency interaction) could generate
more NICD than receptors and ligands that interact more weakly, leading to different developmental
consequences.

Given the close dependence of signaling outcomes on the Notch signal strength, it is not surprising

to find that organisms show an unusual sensitivity to changing the expression levels of Notch pathway
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components. This phenomenon was evident in Morgan’s discovery of Notch haploinsufficiency [2,24].
Further, Notch is one of the few genes in Drosophila that show both haploid and triploid phenotypes
[24]. Even in mammalian systems, changing the dosage of Notch pathway components can lead to
severe abnormalities. For example, mice lacking one copy of DIl4 show embryonic lethality due
to spinal and vascular abnormalities. In humans, changing the dosage of pathway components is
associated with many illnesses. Haploinsufficiency of Notch2 or Jagl results in the disease Alagille
syndrome, while mutations of one copy of Notchl can lead to aortic disease [24]. Aberrant Notch
signaling seems to play a causal role in many leukemias and solid tumors [24].

Here, we have tried to convey the importance of Notch signaling strength in cellular decision-
making, and how this leads to sensitivity in the levels of pathway components. In the following
sections, we consider two more important determinants of signaling strength: cis-inhibition and

Fringe modification.

1.4 A second role for DSL ligands: cis-inhibition

DSL ligands also play a second role in the Notch pathway—in addition to trans-activating Notch
receptors in neighboring cells, they can inhibit Notch receptors in the same cell. This interaction is
termed cis-inhibition [15].

The first clues to the existence of cis-inhibition came about when investigating the synergy
between Notch and Delta mutations in flies. Flies missing one copy of Notch (Notch‘” " mutants)
showed Morgan’s wing notching and other phenotypes. One would think that a fly already missing
a copy of Notch would show even more severe abnormalities if a copy of Delta was removed, as
Notch signaling would be decreased even further. But surprisingly, a joint Notch™/~ Delta®/- fly
showed a suppression of the Notch (and Delta) haploinsufficient phenotypes, resulting in a normal
looking fly [11,13,48]. These findings suggest that high levels of Delta relative to Notch can have
an inhibitory effect on Notch signaling, and highlighted the importance of the ratio of receptor to
ligand expression to Notch signaling processes in Drosophila [15].

cis-inhibition was first demonstrated in overexpression studies, where high levels of ectopic ligand
expression prevented normal activation of Notch target genes. For example, in the Drosophila wing
imaginal disc, a sharp stripe of Notch signaling divides the disc into dorsal and ventral halves,
but overexpression of ligands in a patch of cells within this stripe interrupts the signaling in this
region [10,15,38].

Subsequent studies have shown that cis-inhibition is not just an overexpression artifact, but is
operative at physiological levels of receptor and ligand and plays a functional role in some signaling
processes. For example, in the Drosophila eye, each of the eight cells within in an ommotidium

expresses a different type of photoreceptor. The choice to express an R7 photoreceptor relies on Notch
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Figure 1.4: Receptors and ligands of the Notch pathway. A. In Drosophila, there is a single Notch
ligand. The extracellular domain consists of 36 EGF-like repeats, followed by a negative regulatory
region (NRR). The transmembrane domain (TMD) is the site of S1, S2, and S3 proteolysis that
results in trans-activation. The Notch ICD consists of nuclear localization sequences (NLS), the
Ankyrin repeats, a TAD domain, and the destabilizing PEST sequence. Duplications have resulted
in four vertebrate Notch receptors, Notch 1-4, that vary in the number of EGF repeats. These
receptors are cleaved at site S1 in the TMD; thus Notch exists as a heterodimer on the cell surface.
B. In Drosophila, there are two DSL ligands, Delta and Serrate. Delta contains a DSL domain that
is required for signaling, a DOS domain, and EGF repeats. Serrate has additional EGF repeats
and a C-rich domain. In mammals, the Delta-like ligands are homologs of Drosophila Delta. DII3
is highly divergent and lacks the DSL and DOS domains, and is unable to trans-activate Notch
receptors, though it can cis-inhibit them [33]. The two vertebrate Jagged ligands are homologs of
Drosophila Serrate. There are also several non-canonical ligands whose structure diverges from the
DSL/DOS/EGF structure, and whose functions are less well established [17]. Design of the diagram
is based on Figure 1 from [31].

Mouse Notch3
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signaling from cells expressing R1 and R6 photoreceptors. Loss-of-function experiments revealed
that when R1 cells lose Delta expression, they suddenly become competent to receive a Notch
signal, leading to adoption of the R7 fate. This suggests that R1 cells are normally cis-inhibited
by Delta, leading to low Notch activity. In the corresponding gain-of-function experiment, R7 cells
overexpressing Delta can no longer receive a Notch signal and adopt the R1/R6 cell fate, showing that
the R7 cells can experience cis-inhibition; but, physiological Delta levels are low enough to permit
R7 to receive a signal. Together, these experiments show that Delta expressed at physiological levels
can regulate and block Notch signaling [15,40].

While the examples thus far describe the inhibition of the receptor by the ligands, there has also
been evidence of inhibition of the ligands by the receptor. For example, again in the Drosophila
wing, cells mutant for Notch showed higher levels of the DSL ligand Serrate on their surfaces, and
ectopic signaling in the adjacent normal cells [15,19]. Tt is unclear whether the receptor-ligand and
ligand-receptor mechanisms are distinct processes, and whether they occur in all Notch signaling
contexts beyond the ones described and referenced here.

There have also been recent insights into the mechanism of cis-inhibition. Though the full-length
crystal structures for the Notch receptors and DSL ligands are not solved, structural studies exam-
ining the portion of the proteins required for binding as well as for both the ability to trans-activate
and cis-inhibit [7]. These authors solved the crystal structures of a fragment of human Notchl,
consisting of EGF repeats 11-13 that had previously been shown to be essential for interactions
with DSL ligands, and Jaggedl, consisting of EGF repeat 3 in the highly conserved DSL region
that is required for trams-activation. Analysis of these structures revealed that these fragments
could form two distinct, anti-parallel complexes that correspond to the cis and trans ligand binding
conformation.

This study raises the question of whether cis-ligands prevent activation simply by blocking the
site for ligand binding in trans. However, one study showed that cis ligands also block the ligand-
independent activation of Notch by the calcium chelator EDTA, which destabilizes the receptor and
exposes the proteolytic cleavage site, suggesting that cis ligands are not just disrupting the binding
of ligands in trans but also processes downstream of this step [15]. Further, different mutations
in the ligands can selectively block trans, but not cis, interactions [7], and cis, but not trans,
interactions [20], suggesting that the binding of ligands in both conformations must involve some

distinct surfaces.
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1.5 Integrating cis and trans interactions into a single model
of Notch signaling

Given the two seemingly contradictory roles of the DSL ligands in Notch signaling, it was unclear
how ligands in cis and in trans together could affect Notch activity. To this end, our lab used an
in vitro experimental approach to determine how the two opposing actions of DSL ligands jointly
determine Notch activity [51] (See also Appendix).

We constructed cell lines that allowed both readout of Notch activity and control of cis and
trans ligand presented to the cells (Figure 1.5, A). To visualize Notch activity, we built “receiver”
cell lines expressing Notchl receptor and a fluorescent reporter for Notch signaling. To control the
levels of trans ligand felt by the receiver cells, we adsorbed varying concentrations of DII1 ligand to
the cell culture plates. To control cis ligand expression, we incorporated DII1, driven by an inducible
promoter, into our receiver cell line. This genetic construct allows DII1 expression to be controlled
with a small molecule, doxycycline. (For a thorough description of the cell line construction and
experimental methods, see Chapter 2).

We varied the levels of cis and trans ligand felt by our receiver cells and tracked the Notch
activity by watching the response, measured by the fluorescence from the Notch activity reporter,

in time-lapse movies. From these experiments, we made three key observations:

1. The response of our receiver cells to varying levels of plate-bound trans DIl1 was graded. We
measured a very modest cooperativity in the relationship between trans-DIl1 concentration

and Notch activity (Figure 1.5, B).

2. The response of our receiver cells to varying levels of cis-DIl1 was very sharp—in other words,
receiver cells switched from a state where they were inhibited from receiving a Notch signal
to a state where they were no longer inhibited from receiving a Notch signal over a very short

range of cis-DIl1 concentrations (Figure 1.5, C).

3. Third, we observed that this sharp threshold in cis-DIl1 concentration did not depend on how
much trans-DII1 was adsorbed to the plate. Adding more trans-DII1 on the plate could not

out-compete cis-DII1 from binding to receptors in the receiver cells (Figure 1.5, D).

We explored several simple mathematical models that described the receptor-ligand interactions and
determined that the only model that can capture all three of these observations requires that the
cis interaction between Notch receptor and Delta ligand in the same cell is mutually inhibitory.
That is, when Notch receptor and DII1 in the same cell bind one another, both are irreversibly
prevented from participating in trans signaling. This could occur through degradation, irreversible

sequestration, or some other mechanism. Specifying the cis interaction as mutually inhibitory can
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Figure 1.5: Investigating how cis and trans activities of DSL ligands combine to affect Notch activity
(A) The experimental approach that allows us to integrate the effects of cis and trans ligand expres-
sion on Notch activity. Notch 1 was expressed from a constitutive promoter (hN1AICD-Gal4®")
and Notch activity was visualized by a fluorescent reporter driven by the UAS promoter, which
activates upon binding Gal4®". trans-DIl1 was controlled by adsorbing varying concentrations of
DIl (Dyplate). cis-DII1 was controlled with an inducible promoter. (B) The response of the Notch
receiver cells to increasing concentrations of trans Dpjate showed a graded profile. (C) The response
of Notch receiver cells to cis-DIl1 was sharp. The plot shows the fluorescence of cells in A in a
time-lapse movie. The red open circles show the ligand-mCherry level in the cells, here decreasing
over time. The green filled circles show the reporter fluorescence in the cells over time. The green
shaded region shows that reporter cells activated very sharply despite a small change in cis-DII1
levels. The response was even sharper in single cells. (D) The threshold (red dotted line) where
receiver cells move from a inhibited (black) to uninhibited (green) state does not depend on the level
of trans-DII1.
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account for the sharp threshold in c¢is-DIl1 concentration that transitions the receiver cell from an

inhibited to uninhibited state, and for the fixed threshold as trans-DIl1 concentration is varied.

1.6 Mutually inhibitory cis interactions enforce exclusive send-
ing or receiving signaling states

The finding that the cis interaction is mutually inhibitory has important consequences for Notch
signaling [50,51]. To illustrate, consider a cell expressing a single type of ligand, such as Delta, and
a single type of Notch receptor (Figure 1.6). Consequently, if the cell produces more Delta than
Notch, cis interactions consume all available Notches, but leave an excess of free Delta. The cell is
thus able to send, but not receive, signals. On the other hand, if a cell produces more Notch than
Delta, cis interactions consume all of the Delta, leaving an excess of free Notch, and enables the cell
to receive, but not send. In this simple example, cells can only assume one of two possible signaling

states: sending or receiving.

Receiving Sending

Notch1 DIl

S 40 o : .

2 10% Receiving : Sending

L 10 102 Notch1 108 10¢
production

Total ligand production

Figure 1.6: cis interactions between Notch receptors (here, Notchl) and ligands (here, DII1) force
cells into mutually exclusive signaling states. On the left, Notchl levels exceed DII1 levels. cis
interactions deplete all of the DII1, but leave an excess of Notchl, allowing the cell to receive signal.
Moving to the right, as DII1 levels increase, they begin to exceed Notchl levels. Now, cis interactions
deplete all of the Notchl, leaving only DII1 remaining. Now, the cell can send, but not receive signal.
The blue dotted line denotes where Notchl and DII1 production rates are equal.

If we take two cells expressing Notch and Delta, it is clear that signaling between the cells can
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only occur in one direction, between a cell in a sending state and a cell in a receiving state. This
example demonstrates that the relative levels of receptor and ligand expression in individual cells
determines the strength and the directionality of Notch signaling. This sensitivity to the ratio of
ligands to receptors is reflected in the many examples where developmental processes are interrupted
by changes in the dosage of Notch pathway components, as well as the example of the restoration

of the normal phenotype when both Notch and Delta dosages are halved [11,13,48].

1.7 Fringe proteins modulate Notch receptor-ligand interac-

tions

The Notch pathway also includes various components that regulate the interactions between recep-
tors and ligands. One of the most important and widely used modifiers of Notch activity is Fringe.
Fringe encodes for a glycosyltransferase enzyme residing in the Golgi body that attaches an UDP-
N-acetylglucosamine (GlcNAc) to fucose residues on the EGF repeats of Notch receptors [42, 52].
These sugar modifications alter the responsiveness of the Notch receptor to different DSL ligands in
trans.

In Drosophila, Fringe increases trans-activation of Notch from Delta and inhibits trans-activation
from Serrate. This effect is achieved by modulating the binding affinity between the receptor and
the ligands [6,56].

In vertebrates, the picture is, unsurprisingly, more complicated. To start, there are three Fringe
variants, Lunatic Fringe (Lfng), Manic Fringe (Mfng) and Radical Fringe (Rfng). Each Fringe
variant affects trans-activation, although whether this effect is mediated through binding affinities is
unclear [52,57]. Lfng and Ming increase D111-Notch1 trans activation, while decreasing Jagl-Notchl
trans activation, similar to the pattern observed with Drosophila Fringe [26,57]. On the other hand,
Ring increases Notchl trans-activation from both D1 and Jagl ligands [57].

Fringe is often expressed in complex patterns and directs the spatial layout of Notch activity.
In the fly, Fringe is used to draw a sharp stripe of Notch signaling at a boundary between two
compartments of cells, such as specifying the dorsal and ventral surfaces of the wing and establishing
the segments of the legs [29]. In mammals, Lfng is required for proper development of the spinal
cord. Loss of Lfng activity leads to disrupted somitogenesis and acute skeletal defects. Lfng is
used to pattern the spinal cord into distinct segments to direct the differentiation and growth of
neurons [36]. Mfng and Ring are not required for survival, but there are subtle defects in some
tissues when their activity is lost and can exacerbate illnesses related to defective Notch signaling,
such as Alagille syndrome [52].

There are many outstanding puzzles regarding how Fringe enzymes affect Notch signaling. The

first is if and whether Fringe affect cis interactions. If so, understanding how Fringe proteins influence
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cis interactions could have important consequences for the sending and receiving abilities of cells.
The second is how Fringes cooperate to impact Notch activity—are their effects additive, or does
one Fringe dominate over the other? The methods described in this thesis aims to address these

questions.

1.8 We can uncover the full repertoire of Notch signaling
states through an analysis of receptor-ligand interactions

Our work on Notchl-DII1 cis interactions describes the signaling states for a simple one-ligand
one-receptor case. Now, a natural question arises: How general is this mechanism? Are only
two sending and receiving signaling states possible that involve many Notch pathway components,
including multiple Notch receptors, DSL ligands, and Fringe enzymes, or could more complicated
behaviors become possible? To answer these questions, we need to determine a cell’s signaling state
given its expression of Notch pathway components.

The signaling state of a cell is defined here as its quantitative ability to send, and to receive
signal through each ligand and receptor. For example, a cell capable of receiving signal through
Delta-like-1 but not Jagged-1 (Lfng-modified) is in a different signaling state from one that can
receive signal from either ligand. Knowing the signaling states of interacting cells is necessary to
understand the strength and directionality of signaling between them. Even in relatively simple
cases with a few components, it can be difficult to determine signaling states. However, many
mammalian developmental systems (Figure 1.7) use combinations of several ligands, receptors, and

Fringes, enabling a large number of possible cis and trans interactions:

e Angiogenesis Notch signaling is used to control the branching of new blood vessels [47]. When
oxygen-deprived tissues secrete the diffusible molecule VEGF-A, blood vessel endothelial cells
bind the VEGF-A signal and induce D114 expression. High D114 levels specify a single tip cell,
a cell that will form a new vessel branch. The DIl4-high tip cell sends strong Notch signals to
its neighbors, inhibiting them from also adopting the tip cell fate. Notchl, Jagl, and Fringe
proteins are also involved in this complicated lateral inhibition process. A highly analogous
Notch-dependent mechanism is used in other branching morphogenesis mechanisms during

development, such as the patterning of the lymphatic vessels.

¢ Regulation of adult stem cell populations In adult mice and humans, stem cells residing
in intestinal crypts continuously replenish the intestinal tissue as it is sloughed away. During
this process, proliferation and differentiation of stem cells must be tightly balanced in order to
both maintain the stem cell population as well as provide newly differentiated cells as needed.

Notch signaling plays an important role in both of these processes: Loss of Notch signaling
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leads to an overproduction of differentiated secretory cells, while ectopic Notch signaling leads
to increased stem cell proliferation and inhibition of differentiation. These cells express Notchl
and Notch2, and the ligands DII1 and DIl4 are important in these decisions. Jagl and DII3

may also play a role in the differentiation process [45].

e Neuronal subtype specification In the developing spinal cord, differentiation of the sensory
and motor neuron subtypes occurs in spatially distinct domains. These domains are patterned

by stripes of Notch pathway components, including Lfng, D11, Jagl and Notchl [36].

To determine the signaling state for a cell expressing an arbitrary combination of Notch pathway
components, we need to know: (1) the relative expression levels of ligands, receptors, and Fringe
proteins in each cell; (2) the interaction strengths, in cis and in trans, for each ligand-receptor pair;
(3) how the Fringe proteins acting individually and in concert modulate these interaction strengths.
Measurements of (1) are increasingly possible in biomedically important in vivo systems using single-
cell techniques, but this data will remain difficult to interpret without (2) and (3), which we will
measure here.

What new signaling states become available when new components are introduced? The an-
swers to these questions are crucial, as Notch signaling processes that involve complicated spatial

expression of multiple components are the rule and not the exception in mammals.

1.9 A guiding example: the dorsoventral boundary in the
Drosophila wing imaginal disc

We can find clues to what signaling states are possible in more complicated Notch signaling con-
texts by looking to the simplest example of Notch signaling involving multiple ligands and Fringe
expression; in fact, it is the very instance of Notch signaling first uncovered by Morgan.

The wing notching seen in Morgan’s mutant fruit flies arises from defects in a Notch-dependent
boundary formation process in the developing wing. The wing begins as a large sheet of cells, called
the imaginal disc, that expands and eventually folds to form the dorsal and ventral surfaces of the
wing. The structure that binds the edges of the dorsal and ventral surfaces together is called the wing
margin. This stripe of specialized cells is defined early in larval development by Notch signaling.

While all cells in the wing disc express Notch and Delta, the dorsal cells also express Serrate and
Fringe [12]. The paradox that arises is that at the interface between dorsal cells and ventral cells,
both sets of cells receive a signal across the boundary. Mis-expression experiments where patches
of cells are induced to ectopically express ligands, reveals that all of the cells on either side of the
dorsoventral boundary in the disc can in principle receive a signal [10]. Thus, it appears that in

the wing imaginal disc, cells violate the exclusive send/receive rule, and can both send a signal and
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Figure 1.7: Mammalian developmental systems using multiple Notch components. Angiogenesis,
intestinal stem cell differentiation, and neuronal subtype differentiation all rely on complex config-
uration of Notch receptors, ligands, and Fringe proteins.
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Figure 1.8: Simultaneous sending and receiving between dorsal and ventral cells at the dorsoventral
boundary of the fly wing. Schematic of experimental results from Figure 4 of [12]. Antibody staining
for Enhancer of split, a Notch target gene, marks cells that received a Notch signal in green. Antibody
staining with anti-(-galactosidase marks cells expressing the dorsal identity marker Apterous in an
apterous-lacZ fly strain, in red. In the overlay, the yellow cells show dorsal cells that received signal,
while green cells mark the ventral cells that received signal.

receive a Notch signal simultaneously. How is this dual send/receive state achieved?
Measurements of the cis and trans interactions and particularly how they change after Fringe
modification could provide insight into how the Notch pathway can achieve a signaling state that

permits simultaneous receiving and sending.

1.10 Overview

In this thesis, we will establish a framework for making the measurements needed to characterize
the full repertoire of Notch signaling states.

In Chapter 2, we will present a simple mathematical model that captures the cis and trans
interactions for a single Notch receptor and ligand. This model can give us insight into the physical
quantities that we must measure to find receptor-ligand interaction strengths. Next, we describe
an experimental approach for finding these physical quantities. We build the Notch pathway from
the bottom up in mammalian cells, allowing us to isolate individual ligand-receptor pairs. Then, we
describe microscopy-based techniques for quantification of the cis and trans interaction strengths
for each isolated pair.

In Chapter 3, we apply the methods described in Chapter 2 and present the results for two ligand-
receptor pairs, Notch1-DII1 and Notchl-Jagl, and the effects of each of the three Fringes on their
cis and trans interactions. We demonstrate for the first time that Fringe modulates Notch-ligand
c1s interactions.

In Chapter 4, we will discuss the implications of these results for developmental processes. We
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present data from our colleagues that corroborate our finding that Fringe modulates cis interactions,
this time in an in vivo context. Using Drosophila developmental mutants, they show that Fringe
modulates Serrate and Delta cis-inhibition differently consistent with our cell culture findings from
Chapter 3. We discuss how these findings and our results from Chapter 3 expand the set of possible
signaling states. We return to the wing dorsoventral boundary example from 1.9 and explain how
the new signaling state enabled by Fringe modulation of cis interactions could explain this signaling
process. Finally, we discuss outstanding questions and future directions for this work.

Together, the experimental approach and data presented in this thesis show that the logic of
receptor-ligand interactions of the Notch signaling pathway lead to a constrained set of signaling

states that enforce the specificity and directionality of Notch signaling.
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Chapter 2

Theory and methods for measuring
Notch-ligand trans and cis
interactions

In this chapter, we describe a plan for measuring the interactions between Notch receptors and
ligands in adjacent cells (¢rans-activation) and within the same cell (cis-inhibition). These measure-
ments are essential for determining the Notch signaling states among cells expressing an arbitrary
set of Notch pathway components. These methods are general and can be used to investigate the
interactions for any Notch receptor-ligand pair, and to measure how these interactions change upon
introduction of Notch pathway modifiers, such as Fringe proteins.

We begin by introducing a simple mathematical model that provides a conceptual motivation for
the different experimental methods. This model originally appeared in our paper [51] and is included
in the Appendix. These materials provide additional details and variations on the model. Next, we
give an overview of each method. Each methods section is followed by a “Detailed methods” section

for interested readers that contains comprehensive information about protocols and reagents.

2.1 A simple mathematical model gives a physical interpre-
tation of interaction strengths

To gain an understanding of what cis and trans interactions represent in physical terms, we turn
to a simple model that captures the basic interactions among receptors and ligands from [51]. This
model considers two reactions that describe the interactions between a single type of receptor and a

single type of ligand:

N, +D; = [N;D;] — S, trans-activation, (2.1a)

N;+ D, = [N;D;] = 0 cis-inhibition. (2.1b)
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Equation 2.1a describes trans-activation, where Notch receptors in cell 4 (N;) and DSL ligands
in a neighboring cell j (D;) associate and dissociate, and where a bound complex [N;D;] generates
an NICD (S;, for ‘signal’).

Equation 2.1b describes mutual cis-inhibition, where receptors in cell ¢ (N;) and ligands in the
same cell 7 (D;) associate and dissociate , and where a bound complex [N;D;] is inactivated.

These two reactions can be rewritten as a set of ordinary differential equations:

dc_;\tfi = By — v Ni — (kL N; < Dj > —kp[N:Dy]) — (kG N;D; — kg [N:Dy)), (2.2a)
dgi = Bp —vpD; — (k}, < N; > D; — kp[N;D;]) — (kL N; D; — k5 [N; D)), (2.2b)
% = kpNi < Dj > ~kp|NiD;] — ks[N:Dj], (2.2¢)
% = k&N D; — kg [NiD;] — k[N D], (2.2d)
% = ks[N;D;] — vsSi. (2.20)

B describes the production rate of active Notch receptor, and vy describes the rate of degrada-
tion of active Notch receptor in Equation 2.2a. Likewise, Sp describes the production rate of active
DSL ligand, and vyp describes the rate of degradation of active DSL ligand in Equation 2.2b.

Notch receptors and Delta ligands in neighboring cells can associate and dissociate in trans with
a rate k3, and a bound complex [N;D;] generates an NICD (S;) with activation rate ks. These
processes affect the time evolution of Notch receptors, DSL ligands, trans complexes, and NICD (S;),
corresponding to Equations 2.2a, b, ¢, and e. < D; > and < N; > are the average concentrations
of D; and N; felt by cell ¢ in ¢rans. This signal undergoes a spontaneous decay with rate ~g.

Notch receptors and DSL ligands in the same cell can associate and dissociate in cis with a rate
with a rate k:g A bound complex [N;D;] is inactivated with a rate k;. These processes affect the
time evolution of Notch receptors, DSL ligands, and cis complexes, corresponding to Equations 2.2a,
b, and d respectively.

First, we want to know what the trans interaction strength represents in physical terms. We
are able to isolate and measure trans-activation in the absence of cis-ligands, as well as to precisely
control the level of ligand presentation in trans. We will describe these methods in detail in the
coming sections (Section 2.3). Thus, we can simplify the above equations by removing the cis
interaction terms, as well as by replacing the term < D; > with Dyyqns, the precise quantity of
trans-ligand.

Next, we assume that the generation of the NICD is very fast compared to the other reactions,
allowing us to assume that the bound complex [N; Dy,.qns] achieves a quasi-steady state ([IV; Dirans] =

0). Using this assumption, we derive the following relationship:
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(2.3)

Ssteady state —

Tn + Dt'rans

This equation shows a Michaelis-Menten relationship between the level of ligand presented to

the receiver cells, Dyrqns, and Notch activity. The half-maximal activity occurs when the Dyyqns
kp+ks
ksk}

concentration is proportional to . This value is k;, the trans interaction strength.

Next, we use the model to understand what the cis interaction strength represents in physical
terms. Again, our experimental approach allows us to simplify the equations in 2.2. We are able to
isolate the effects of cis interactions independent of trans interactions (Section 2.4). Thus, we can
ignore the terms describing the trans interaction strength. Here, we assume that the inactivation of

the [N;D;] cis-complex occurs much faster than the other reactions, allowing us to again apply the

quasi steady-state assumption, ([N;D;] =~ 0). We arrive at the following expression:

By
Nsteady state — 1+ Ds’::,\(jldy state (24)
kcyn
+
where kal is defined as kk_"fli . The physical meaning of this expression is that available Notch
ctkI

receptor is a decreasing function of cis-Delta concentration. When there is no cis-Delta expression
steady state receptor levels equal the production divided by the degradation rate. However, as cis-
Delta increases, the level of available Notch drops. The value where Delta depletes Notch receptor
to one half its maximal value in the absence of cis-Delta is k.yy, which is proportional to the cis
interaction strength.

In summary, we must measure two quantities that represent the trans-activation and cis-inhibition
strengths for each ligand-receptor pair. For the trans-activation, we must measure the ligand level
that elicits a half-maximal level of Notch activity in pure Notch receiver cells. For cis-inhibition, we
must measure the available Notch levels on cells as a function of cis-ligand expression, and the ligand
expression level that depletes half of the total surface Notch will be our cis-inhibition strength. The

following sections will describe how to find these values experimentally.

2.2 Building the Notch pathway from the bottom up

Measuring cis and trans interaction strengths for individual ligand-receptor pairs enables us to
generate predictions about how combinatorial sets of Notch pathway components should behave.
However, these individual measurements would be difficult or impossible to achieve in animal sys-
tems, where these components are expressed simultaneously and dynamically in single cells. Thus,
our experimental approach is to isolate ligand-receptor pairs and to study their interactions in vitro,

by building a synthetic Notch pathway from the bottom up.
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Figure 2.1: Plot of Equation 2.3 of single-cell Notch activity with increasing trans-ligand. As the
concentration of trans-ligand is increased the signal (NICD) generated increases sharply when the
receptor-ligand trans-interaction is strong (dark green curves) or graded when the trans-interaction
is weak (light green curve). Parameters used to generate the curves are Sy = 500, yy =1, vs = 1,
Dirans = 1 to 10000, and kypans = 102 (strong) to 10° (weak).
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Figure 2.2: Plot of Equation 2.4 of single-cell receptor and ligand availability of a cell with constitu-
tive Notch receptor expression and increasing ligand expression at varying cis-inhibition strengths.
The blue curves show Notch receptors available on the surface for signaling. As ligand expression
increases, the receptor availability falls off sharply, for strong cis-inhibition (dark blue curves), or
gradually, for weak cis-inhibition (light blue curves). The red curves show the ligand available for
signaling. At high cis-inhibition, Notch keeps available ligands low until total ligand levels exceed
Notch levels, then shoots up sharply (dark red curves). At low cis-inhibition, ligand availability
tracks ligand expression, unaffected by Notch levels (light red curves). Parameters used to generate
the curves are By = 1000, vy = 1, v5 = 1, Bp = 10? to 10%, k.5 = 107! (strong) to 10% (weak).
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As a foundation for our bottom up construction of the Notch pathway, we chose CHO-K1 (Chinese
Hamster Ovary), a standard laboratory cell line. CHO-K1 exhibits no detectable endogenous Notch
activity under our growth conditions, and transcriptome analysis revealed no detectable expression
of Notch receptors or ligands. Nevertheless, CHO-K1 cells express all essential components, such
as the CSL (RBPJ-k), proteins necessary to support Notch signaling. CHO-K1 also supports high
transfection efficiencies, facilitating rapid cell line construction. The recently available public genome
sequence of CHO and our own transcriptome analysis provide data for design of qPCR primers,
shRNA, and other tools [25]. Finally, CHO-K1 have been used in several in vitro studies investigating
Notch signaling and Fringe modification, and the findings from these studies have been consistent

with in vivo findings [27].

2.2.1 Engineered cell lines allow control and readout of ligand expression

and Notch activity in individual cells

To build the Notch pathway from the bottom up, we need a set of components that allow us to
control and visualize Notch signaling. The components list is shown in Figure.2.3.

The first component is the Notch receptor. We constructed a ‘diverted’ variant of the Notchl
receptor, hN1(AICD)-Gal4*", based on an original design by Struhl [53]. This chimeric receptor has
the ICD replaced with a minimal variant of the yeast transcriptional activator Gal4, here denoted
Gal4®", to avoid activation of possible endogeneous Notch targets in CHO-K1 cells.

To monitor Notch activity, we built a second component where the UAS promoter drives ex-
pression of a Histone 2B (H2B)-3x-YFP (three citrine fluorescent proteins fused in tandem). When
the diverted Notch receptor is trans-activated, the Gal4d®" binds to the UAS target promoter, and
generates green, nuclear-localized fluorescence.

The third component for a synthetic Notch signaling pathway is a DSL ligand. We constructed
chimeric ligand-Cerulean fluorescent protein or ligand-mCherry fluorescent protein fusion genes un-
der control of a tetracycline-inducible (TO) promoter. Expression of the fluorescent ligand can be
tuned by adding an inducer, such as doxycycline (dox, high affinity inducer), or 4-epitetracycline
(4-epiTc, low affinity inducer). The TO promoter is a minimal CMV promoter that contains binding
sites for the Tet repressor [22]. In the absence of 4-epiTc, the Tet repressor, expressed constitutively
in our CHO-K1 cells, binds to the TO operator sites, blocking the transcriptional machinery for
reading the DNA. When the Dox/4-epiTc is added, the drug binds to the TetR, freeing the TO
operator and allowing the transcriptional machinery to proceed.

Together, these genetic engineering methods allow us to express single ligand-receptor pairs in
the Notch pathway, as well as control over the level of the ligand expression. They also enable us to

visualize the magnitude of Notch activity with a fluorescent reporter. We can also add additional
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ligands and receptors, and Fringe proteins, building up more complex configurations of components.

2.2.2 Detailed methods for cell line construction

CHO-K1 cells were maintained as described in [51]. Briefly, cells were maintained in Alpha-MEM
Earle’s Salts media (Irvine Scientific) supplemented with 10% Tet-system approved FBS (Clontech)
and an L-glutamine, penicillin and streptomycin additive (Gibco), and stored in an incubator at
37°C at 5% COsa.

Genetic constructs, including siRNA constructs, were introduced into CHO-K1 cells using Lipo-
fectamine 2000 reagent according to the manufacturers’ protocol (Life Technologies), or FugeneHD
reagent (Promega). Selection was performed using 400ug/mL Zeocin (Life Technologies), 10ug/mL
Blasticidin (InvivoGen), 600ug/mL Geneticin (Life Technologies), 500ug/mL Hygromycin (Invivo-
Gen) and/or 3ug/mL Puromycin (Life Technologies). Single clones were obtained using FACS
sorting or limiting dilution. Single clones were chosen based on fluorescence or quantitative PCR
for non-fluorescent constructs.

Quantitative PCR was used to measure gene expression of non-fluorescent components. RNA
was isolated with the Qiagen RNAeasy kit according to the manufacturers protocol. ¢cDNA was
synthesized from 1ug of RNA using the iScript cDNA synthesis kit (Bio-Rad). For real-time PCR
reactions, SsoFast Probes Supermix (Bio-Rad) was combined with 2ul. of cDNA. Each reaction
was performed in triplicate. In parallel, three real-time PCR reactions were performed to measure
[-actin levels in the sample, allowing us to compute a A-A CT value for the gene of interest in our
cell lines. Reactions were performed on a Bio-Rad CFX Real-Time PCR Detection System. Probe

sets included the following:

[B-actin
Primer 1: 5 — ACTGGGACGATATGGAGAAG -3
Primer 2: 5> — GGTCATCTTTTCACGGTTGG -3’
Probe: 5’—- HEX ACCACACCTTCTACAACGAGCTGC - BIkFQ-3’,

Lfng
Primer 1: 5-GAAGTTCTGTCCCCTCGC-3’
Primer 2: 5’-GATCCAGGTCTCGAACAGC-3’
Probe: 5-FAM ACTTTCTGGTGGTCTTGACGGCG-BIKFQ-3’,

Mfng
Primer 1: 5~ACCACTCAAGTTTGTCCCAG-3’
Primer 2: 5-GATGAAGATGTCGCCTAGCTG-3’
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Probe: 5-FAM TGAACCAACGGAACCCAGGACC-BIkFQ-3,

Rfng
Primer 1: 5-TCATTGCAGTCAAGACCACTC-3
Primer 2: 5-CGGTGAAAATGAACGTCTGC-3’
Probe: 5-FAM CTCGTGAGATCCAGGTACGCAGC-BIKFQ-3.

2.3 Methods to measure and compare ligand-receptor trans
interaction strengths

From our model in Section 2.1, we must measure the level of Notch activity in response to increasing
levels of trans-ligand, and find the ligand level that elicits half-maximal Notch activity. To do this,
we build Notch “receiver” cells, that express the diverted versions of our Notch receptor and activity
reporter (See Figure 2.3) to measure activity stimulated by two different methods of trans-ligand
presentation.

The first method is to present trans-ligands immobilized on cell culture plates. We seeded our
receiver cell line on plates coated with varying concentrations of ligand-Fc fusion protein, which
consists of a fragment of the DSL ligand fused to the Fc epitope (Figure 2.4A). The advantage
of this method is that allows us to precisely control the quantity of ligand presented to the cells,
and also provides a uniform level of ligand to all reporter cells in a large population of receiver
cells, allowing us to quantify variability in their response. The disadvantage to this method is that
the ligand presentation is artificial, and may not accurately reflect trans-activation with ligands
expressed on the cell surface. This is especially a concern given the important role of a“pulling
force” generated by the endocytosis of the DSL ligand-Notch ECD complex into the signal-sending
cell during trans-activation [37].

Thus, we used a second, more natural method of ligand presentation in parallel. We used ligand-
expressing “sender” cells, expressing our inducible ligand constructs, to present cell-based ligands to
our receiver cells (Figure 2.4B). We co-cultured sender and receiver cells and measured the response
of the activity reporter in the the receivers. The advantage to this method is that it is potentially
more similar to endogenous ligand presentation. The disadvantage is that CHO-K1 cells are highly
mobile, even at confluence, and the fluctuations of cell contacts leads to a highly variable response
in the receiver cells. However, using a high ratio of sender cells to receiver cells and plating the cells
at a high density can mitigate this variability.

With the results of these two assays, we can converge at a characterization of the trans-activation

strength between each receptor-ligand pair that is both precise and physiologically relevant.
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Figure 2.3: Components list for engineering the Notch pathway from the bottom up. Our CHO-K1
cell line expresses very low (if any) levels of Notch receptors and ligands. To this base cell line,
we can add combintions of the following components. We can add one (or combinations) of the
four Notch receptors in a natural or diverted (ICD replaced with a transcriptional activator) form.
We can add reporters to generate fluorescence upon binding of NICD (12xCSL, 'Natural” reporter)
or transcriptional activator (for example, a Notch-Gal4 paired with a UAS sequence, 'Diverted’
reporter) to the promoter. We can also add DSL ligands fused to fluorescent proteins and under
control of small-molecule inducible promoters. Finally, we can add activity modifiers, such as the
Fringe proteins, under constitutive or inducible promoters.
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Figure 2.4: Two methods for measuring trans-activation. We plate “receiver” cells on plates coated
with immobilized ligand-Fc fusion proteins. B. We also use “sender” cell lines expressing ligands
under inducible control in a co-culture with receiver cells to evaluate the trans-activation capabilities
of different ligands.
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2.3.1 Detailed methods for trans-activation assays

For the plate-bound ligand method, we incubated cell culture plates with a fixed concentration
(usually 1ug/mL unless noted otherwise) ligand-Fec fusion protein in PBS for 1 hour at 4°C. We
washed the plates with PBS, and then added cell culture media and plated receiver cells. We assayed
the cells, after 24-48 hours, by flow cytometry (See 2.4.2 for flow cytometry details).

In order to fairly compare the trans-activation capabilities of different ligands, we needed to
calibrate the level of ligand bound to the plates. To do this, we incubated the plates as described
above, and then applied an anti-Fc HRP-conjugated antibody to the plate (Figure 2.5). We detected
the activity of the bound HRP-conjugated antibodies by adding a TMB substrate (Thermo Scientific
1-Step Turbo TMB-ELISA Substrate Solution). We measured the HRP chemiluminescence from the
plates to determine the level of bound ligand using a plate reader (Wallac 1420, Perkin-Elmer). From
this procedure, we determined that both the DII1 and Jagl ligands bound with similar efficiencies
to the plate.

For the co-culture method, we mixed sender and receiver cells at a ratio of 90:10 and plated cells
at very high density (90% confluence) to maximize cell contacts. We measured the cells after 48-72
hours to evaluate activation by flow cytometry.

We calibrated the level of ligands on the cell surface of each of our sender cell lines using the ligand
availability assay described in the following sections. Briefly, this method allows us to tag ligands
localized on the cell surface using soluble Notch receptor fragments conjugated to Fc epitopes, then
label the bound Notch-Fc epitope with fluorescent reagents. Using this method, we were able to

normalize our results to account for the differing levels of ligands on the cell surface (Figure 2.9E).

2.4 Availability assay to measure and compare ligand-receptor
cts-interaction strengths

We recall from Section 2.1 that the quantity relevant for determining the strength of the cis-
interaction is the amount of cis-ligand needed to deplete available surface Notch receptor levels
to one-half their maximum value. Thus, our experimental method must be able to quantify the
Notch receptors available on the cell surface as a function of cis-ligand expression.

To this end, we developed an immunostaining-based “availability” assay to label available Notch
receptors on the surface of our cells as we vary the level of cis-ligand with 4-epiTc (based on [49]).
To detect available Notch receptors on the cell surface, we incubated our test cell lines with soluble
D11 fragments chimeric with the Fc epitope tag (DI11°**-Fc). We found that this reagent only binds
to Notch receptors free to participate in trans-signaling, and does not label cis complexes that might

be localized at the cell surface (Figure 2.6).
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Figure 2.5: Calibration of plate-bound ligands. We coated plates with varying concentrations of
Dll1®*-Fc or Jagl-***-Fc protein, and then used anti-Fc HRP-conjugated antibodies to detect the
amount of plate-bound ligand. We found that the DII1 and Jagl proteins bind to the plates with
equal efficiencies, allowing for a direct comparison between the two ligands at the same incubation

concentration.
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Figure 2.6: Availability assay for measuring cis interactions. (A-B) Stable CHO-K1 cell lines con-
stitutively express a Notchl-Gald chimeric receptor and a tetracycline-inducible D111 (A) or Jagl
(B) ligand fused to cerulean fluorescent protein. (C-D) In the receptor availability assay, soluble
DII1°**-Fc¢ binds to free Notch receptor on the surface of live cells. After fixation, bound DII11°*-Fc
is labeled with anti-Fc fluorescent reagents. Increasing ligand-Cerulean expression reduces receptor
availability, as shown in these snapshots, consistent with cis-inhibition (C, D, bottom panels). (E-F)
The ligand availability assay works similarly, except soluble N1°**-Fc fragments bind free ligands on
the cell surface. Increasing ligand-Cerulean expression (E, F, middle panels), leads to increased lig-
and availability (E, F bottom panels). The surface ligand availability shows good spatial correlation
with the total cellular ligand staining. Note that cells were plated at high cell density for illustration
purposes. For quantitative analysis, cells were dissociated and plated at low density before staining
(Figure 2.9).
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We performed the converse ligand availability experiment by incubating the same cells with
soluble Notchl fragments chimeric with Fe, N1**-Fc¢ (Figure 2.6). We found that this procedure
labels only ligands that are available to participate in trans-activation.

After the initial incubation with soluble receptor-Fc or ligand-Fc fragments, we washed away the
unbound protein and fixed and permeabilized the cells. We then blocked the cells and then labeled
the bound Fc fusion proteins with fluorescent anti-Fc secondary reagents. In parallel, we incubated
the cells with a cytoplasmic blue stain for automatic segmentation of cell bodies. We then imaged

the cells on the microscope and analyzed the single-cell fluorescence using a MATLAB routine.

2.4.1 Validation of availability assay

To validate the Notch availability assay, we performed the assay on cells expressing hN1(AICD)-
Gal4®™ and observed high levels of availability fluorescence. Meanwhile, the Notch availability assay
performed on CHO-K1 cells lacking ectopic Notch expression showed minimal fluorescence (Figure
2.8A). To see if receptor availability corresponds to receiving ability, we seeded receiver cells on
plates coated with DI11°**-Fc. We observed a strong response from the reporter (compare £ Dpjate)-
When we knocked down receptor expression using siRNA against the extracellular domain of Notchl1,
receiving ability decreased (Figure 2.8A). In parallel we also observed a coincident decrease in Notchl
availability in receiver cells with and without siRNA against Notchl (Figure 2.8B).

Cells expressing inducible ligand only showed increased ligand availability as ligand expression
was induced with 4-epiTc (Figure 2.8C). We induced TO-Dll1-cerulean and TO-Jagl-cerulean cell
lines with increasing concentrations of 4-epiTc and then stained each sample with ligand availability
reagents. We found that ligand availability increased with ligand induction (Figure 2.8C). We also
induced the cells with varying concentrations of 4-epiTc and co-cultured them with receiver cell
lines. From this experiment, we found that inducible ligand cells could trans-activate receiver cells
in a dose-dependent fashion (Figure 2.8D). Because ligand availability also increased with induction,

ligand availability and sending ability are correlated.
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Figure 2.7 (previous page): (A) To validate the Notch availability assay, we tested cells expressing
hN1(ICD)-Gal4*® and observed high levels of availability fluorescence, while CHO-K1 cells lacking
ectopic Notch expression showed minimal availability fluorescence (Anti-IgG Alexa 488). Bars show
mean Notchl availability, and error bars show standard error of the mean (SEM). (B) To show
that receptor availability corresponds to receiving ability, we seeded the receiver cell line express-
ing a diverted Notch receptor (hN1(ICD)-Gal4*") and a fluorescent reporter for Notch signaling
(UAS-H2B-citrine) on plates coated with DII1 ligands. We observed a strong response from the
reporter (compare +Dplate). When we knocked down receptor expression using siRNA against the
extracellular domain of Notchl, receiving ability decreased, coinciding with the decrease in Notchl
availability from A. Bars show mean reporter fluorescence, error bars are SEM. (C) Inducible ligand
cells show increased ligand availability as ligand expression is induced with 4-epiTc. The TO-DIl1-
cerulean and TO-Jagl-cerulean cell lines were incubated with increasing concentrations of 4epi-Tc
and stained with ligand availability reagents. Points show the mean availability at each induction
level, error bars show the SEM. (D) Inducible ligand cells from C are able to trans-activate Notch
receiver cells in a dose-dependent fashion as ligand induction is induced with 4epi-Tc. Because ligand
availability also increases with induction, ligand availability and sending ability are correlated. In
the inset, the same data normalized to the maximal activation elicited by each ligand. In all panels,
cells were analyzed by flow cytometry.

2.4.2 Detailed methods for availability assay

For both availability assays, test cells were plated in 24-well plates (BD Falcon) at 25% confluence
and treated with one of eight concentrations of 4-epiTc ranging from 0 to 200 ng/mL. In siRNA
transfection experiments, silencing constructs were delivered after 24 hours of induction. After 48
hours of induction, cells from all 4-epiTc induction conditions were trypsinized, pooled into a single
tube, and replated in triplicate at low (5-10% confluent) density. CHO-K1 and hN1(A ICD)-Gal4®"
cell lines were also plated as staining controls.

After 4-6 hours, test cells were blocked for 30 minutes at 37°C in blocking buffer (PBS with
2% FBS and 100 pug/mL CaCly). Next, cells were incubated with 10 ug/mL soluble Mouse Re-
combinant DII1°**-Fc chimera (receptor availability) or Mouse Recombinant Notch1®**-Fc chimera
(ligand availability), both from R & D Systems (5267-TK and 5026-DL, respectively) diluted in
binding buffer (PBS with 2% Sigma Bovine serum albumin and 100 pg/mL CaCly), for 1 hour
at 4°C. After incubation, cells were washed three times with binding buffer and fixed with 4%
methanol-free formaldehyde (Polysciences Inc.). Cells were washed three times with binding buffer
and permeabilized with .5% Triton X-100 (Thermo Scientific) and washed three more times.

Next, cells were blocked with blocking buffer for 30 minutes at room temperature and then in-
cubated for 1 hour at room temperature with the following fluorescent secondary reagents: 1:500
dilution of anti-mouse IgG conjugated to Alexa 488 (Life Technologies) to stain cell-bound recombi-
nant protein-Fc, 1:500 dilution of anti-GFP conjugated to Alexa 594 (Life Technologies) to visualize
the ligand-CFP expressed by the cells, and a 1:10 dilution of HCS Cell Mask Blue (Life Technolo-
gies) to label the cells cytoplasm for automatic segmentation. All reagents were diluted in binding

buffer. Finally, cells were washed three times with binding buffer and mounted in 70% glycerol for
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Figure 2.8: Calibration of availability assay reagents. (A) Pure receiver cell line expressing
hN(AICD)-Gal4*" was incubated with increasing concentrations of DII1®**-F¢ followed by fluo-
rescent anti-Fc reagents. Blue points are the results of two replicates. Data were fit (red line) to
Novail = (DQTDK)’ where D is the concentration of DII1°*-Fc, with ¢ = 2.1 x 10* & .17 x 10%, and

K = 2.27 4+ 0.6pg/mL (red line). (B) Similarly, the working concentration of N1°**-Fc was deter-
mined by incubating cells expressing fully induced TO-Jagl-cerulean (orange) and TO-DIl1-cerulean
(red) with varying concentrations of N1°**-Fc, and staining with secondary reagents. Data were fit
(red and orange lines) to Lgypair = % For the TO-Jagl-cerulean data, a = 2.1 x 10* £.14 x 10*,
and K = .14 £ 0.16ug/mL (orange line). For the TO-Jagl-cerulean data, a = 1.2 x 10* £ .11 x 10%,
and K = .33 £ 0.26ug/mL (red line). Availability saturated at relatively low concentrations of the
N1**-F¢ (<1pg/mL), while un-induced cell lines showed no availability signal. Concentrations of
secondary reagents were not limiting. The working concentration of both N1°**-Fc and DII1¢**-Fc
reagents was set at a saturating level (10pg/mL) based on these measurements.
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microscopy analysis.

Images were acquired with a CoolSnap HQ2 camera on a Nikon inverted TI-E microscope using a
20x long working distance objective. Metamorph 7.5 (Molecular Devices) controlled the microscope,
camera, stage (ASI Instruments) and brightfield and epifluorescence shutters (Sutter Instruments)
and collected the images. Fluorescent illumination was generated by the Sola LED light source
(Lumencor) and filtered through the Chroma filter sets SpGold, SpRed, and SpGreen. Brightfield
illumination was generated by a halogen bulb.

In experiments with gene silencing, siRNA against Notchl-ECD was delivered to cells using
Lipofectamine 2000 reagent. Three dicer-substrate (dsiRNA from Integrated DNA Technologies)
oligonucleotide duplexes against Notch1l-ECD were pooled and 20 pmol of the mix were added to
each well. IDT Universal Negative Control duplex was also transfected alongside each sample as a

control. We used the following Notch1-ECD dsiRNA sequences:

NECD Antisense 1
5-1CrArG rCrGrA rGrCrA rCrUrC rArUrC rCrArC rGrUrC rCrUrG rGrCrU-3’
5-1rCrCrA rGrGrA rCrGrU rGrGrA rUrGrA rGrUrG rCrUrC rGrCT G-3’,

NECD Antisense 2
5-1ArCrA rCrCrA rGrUrG rCrArC rArArG rGrUrU rCrUrG rGrCrA rGrUrU-3’
5—1CrUrG rCrCrA rGrArA rCrCrU rUrGrU rGrCrA rCrUrG rGrUG T-3’,

NECD Antisense 3
5—UrUrG rArUrC rUrCrG rCrArG rUrUrG rGrGrU rCrCrU rGrUrG rGrUrC-3'm
5-1CrCrA rCrArG rGrArC rCrCrA rArCrU rGrCrG rArGrA rUrCA A-3'.
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Figure 2.9 (previous page): Protocol and data analysis pipeline for availability assay. (A) Test cells
were induced for 48 hours with varying concentrations of 4-epiTc. On the day of the experiment,
the cells are dissociated with trypsin, split at low density and allowed to reattach to the cell culture
plates. Cells are blocked with 2% FBS in PBS for 30 minutes at 37°C and then incubated with 10
pg/mL DI1®**-Fc (for receptor availability) or N1®**-Fc¢ (for ligand availability) for 1 hour at 4°C.
Next, cells are washed, fixed, and permeabilized. To visualize the bound reagents, we incubated
the cells with anti-Fc antibody conjugated to Alexa 488 dye. We also added anti-CFP conjugated
to Alexa 594 to visualize the ligand expression. Finally, we added a blue cytoplasmic stain to
identify individual cells. (B) After staining we imaged the cells on the microscope. The images
are analyzed using a custom MATLAB script to identify the cells and take the mean of the total
fluorescence within each cell for each fluorescence channel. At this stage we subtract a background
fluorescence value from each cell, defined as the median of the background (unsegmented) pixels in
the neighborhood of the cell. (C) Next, we impose a gate on the cell area to filter out doublets
and segmentation errors. (D) Then, all cells are screened by eye so that only single, isolated cells
are included in the final analysis. (E) Next, we normalize the total ligand (x-axis) to account for
differences in the surface expression of each ligand. In the plot in F, the same CFP fluorescence level
results in different surface availability measurements for a cell line expressing only Jagl compared
to a cell line expressing only DII1, with Jagl showing higher surface expression. To adjust for this
difference in efficiency of surface expression between the different ligands, we fit the total ligand vs.
ligand availability data from cells expressing ligand only with a linear fit. We use this fit to normalize
the data for each ligand accordingly, allowing for comparison between different cell lines expressing
different ligands. After this correction is applied, we refer to the total ligand as the“Effective total
ligand.” (F) The single cell data from each replicate is pooled and then divided into evenly spaced
bins along the log of the x (total ligand)-axis and the median availability level for each bin is plotted.
We use a Matlab bootstrapping method to find the 95% confidence intervals for the estimate of the
median.

Images were analyzed in MATLAB 2012 (Mathworks). Analysis pipeline is outlined in Figure
2.9, B-F. First, cells were segmented by their labeling with the HCS Cell Mask Blue cytoplasmic
stain using a routine based on the watershed algorithm (SegContour3.m, Figure 2.9B). Next, total
fluorescence in each fluorescence channel for each cell was calculated as follows. First, the value of
the background fluorescence was computed in the neighborhood of the cell by taking the median of
the unsegmented pixels in the neighborhood of the cell. Next, this background value was subtracted
from each pixel’s fluorescence value in the cell. Finally, all of the background-subtracted pixels were
averaged to give the mean fluorescence for that cell.

After this automatic processing, manual correction of the data was performed. This included
imposing a gate on the segmented cell area to filter out multiple cells and segmentation errors (Figure
2.9C). Next, cells were screened by eye such that cells in physical contact with another cell were
rejected, and only single, isolated cells were included in the analysis (Figure 2.9D).

We found that for the same measured ligand-CFP level, we obtained different levels of surface
availability, suggesting the ligands may reach the cell surface with different efficiencies. To account for
this difference, we normalized total ligand-CFP fluorescence in the Notch1+DII1 and Notchl+Jagl
cell lines. Total ligand was plotted as “Effective total ligand” (Figure 2.9E).

We then plotted each cells effective total ligand and availability fluorescence, and grouped cells
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into bins logarithmically spaced along the effective total ligand axis. We plotted the median of these
bins, and used a bootstrapped estimate of the median (MATLAB function bootci.m) to find the
95% confidence intervals of the bin median (Figure 2.9F).

For analysis with flow cytometry, cells were dissociated with .25% trypsin (Life Technologies),
diluted in FACS buffer (1X Hanks Balanced Salt Solution (Gibco) with 2.5 mg/mL BSA), and filtered
through 40pum strainers (BD Falcon). The cell suspension was screened for single-cell forward and
side scatter and fluorescence intensity on a MacsQuant VYB instrument (Miltenyi Biotech). Data
was imported into MATLAB 2012 for analysis. Analysis included imposing a gate on the forward
and side-scatter area to omit dead cells and doublets and then analyzing the single-cell fluorescence

intensity for each channel.

2.5 DMovie-based dilution assay to measure and compare ligand-
receptor cis-interaction strengths

A complementary method to evaluate cis-interactions is a movie-based method first introduced in
Section 1.5 [51] (Figure 2.10 and Appendix). The advantage of this method is that is allows us to
directly assess the effect of cis-ligand on the receiving ability of our cells. This method complements
the availability assay, allowing us to see how both receptor availability and receiving ability change
with increasing cis-ligand expression.

We began with cells expressing Notch, a fluorescent reporter for Notch activity, and an inducible
ligand. The cells also contained a fluorescent nuclear CFP construct, to allow identification and
segmentation of cell nuclei. Before the movie, we induced the cells to express high levels of cis-
ligand. Then, we seeded the induced cells on plates coated with DI11°**-Fc and the Notch signaling
inhibitor, DAPT. Right before the movie, we washed out the DAPT and the inducer. When the
movie started, the cells gradually dilute out their cis-ligand levels with each round of cell division.
When cis-ligand levels became low enough, cis-inhibition was relieved, and the Notch was free to

respond to the DII1°**-Fc adsorbed to the plate.

2.5.1 Detailed methods for dilution assay

Cells were seeded onto glass-bottom plates (MatTek) coated with 5ug/mL fibronectin (Innovative
Research) and 1pg/mL DII1***-Fc in low-fluorescence imaging media, Alpha-MEM, that includes 5%
FBS and omits phenol red, riboflavin, folic acid, and vitamin B12 (Life Technologies, custom made).
Cells were maintained at 37C and 5% CO2 in a chamber enclosing the microscope, an inverted
Olympus IX81 equipped with Zero Drift Control (ZDC), a 20x NA 0.7 objective, and an iKon-M
CCD camera (Andor). All devices were controlled by Metamorph software.
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Movies were analyzed in MATLAB. Cell nuclei in each frame were identified automatically based
on the CFP nuclear fluorescence, and the total fluorescence from each channel in each cell nucleus
was recorded. Background subtraction was applied to each fluorescence value. We then plotted the
median ligand fluorescence and reporter fluorescence. The time when more than 50% of the cells
activated, ton, was found by recording the frame where the median YFP reached 10% of its final
slope. We chose this metric instead of a hard threshold as it allows for a more careful comparison
between cell lines that achieve different final slopes in their response curves. For example, receiver
cells expressing Lfng respond strongly to DII1, and achieve a higher final slope than their counterparts

without Lfng.

2.6 The bottom up approach provides a way to form and test
hypotheses about complex Notch signaling schemes

The methods described here can be used to investigate the interactions for any Notch ligand-receptor
pair. With the measurements of how individual ligand-receptor pairs interact, we can return to the
model in Section 2.1 and add additional terms to study and make predictions about the behavior
of cells with multiple components. The experimental methods can then allow us to test these
predictions by adding components from our parts list to our cell lines. Are the pairwise interactions
sufficient to specify Notch signaling behaviors, or do higher-level interactions occur among multiple
components? This bottom up approach allows us to address this key question, and in doing so to

build up a more predictive understanding of Notch signaling.
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Figure 2.10: Movie protocol for evaluating cis interactions. (A) Schematic of the movie protocol.
Before the movie, ligand expression is induced with doxycycline/4-epiTc and cells are seeded on
plates coated with DII1°**-Fc in the presence of DAPT. At the start of the movie, DAPT and
doxycycline are washed out.
ligand levels are low enough, the cells can respond to the ligand on the plate, and the reporter
activates, at time noted to,. (B) Cell lines used in the dilution movies. Cells contain a diverted
Notchl receptor, a fluorescent reporter for Notch signaling, and an inducible cis-ligand construct.
Constitutive Fringe was added to these parental cell lines to observe the effects of Fringe in the
movie assay. Corresponding cell lines were made with DII1 as the cis-ligand.

Ligand levels gradually dilute away with cell division. When cis-

Construct name Promoter | Gene Mammalian | Role

selection
pcDNA3- pEF hN(AICD)-Gal4*™ | Neomycin Diverted Notchl receptor
hN1(AICD)- in test cell lines
Galges?
pcDNA3- CMV hN(AICD)-Gal4*" | Neomycin Diverted Notchl receptor
hN1(AICD)- in movie cell lines
Galgesn
pcDNA-TO-DII1- CMV-TO | Dll1-cerulean Hygromycin | Inducible DII1 in test cell
cerulean lines
pcDNA-TO-Jagl- CMV-TO | Jagl-cerulean Hygromycin | Inducible Jagl in test cell
cerulean lines
piggyBAC-CM V- CMV Lfng Puromycin Constitutive Lfng in test
Ling cell lines
pigegyBAC-CM V- CMV Mifng Puromycin Constitutive Mfng in test
Mifng cell lines
piggyBAC-CM V- CMV Rfng Puromycin Constitutive Rfng in test
Ring cell lines
pExchange-CMV- CMV Lfng Puromycin Constitutive  Lfng in
Lfng movie cell lines
pcDNA6G-UAS- UAS H2B-3x-citrine Zeomycin Fluorescent reporter
H2B03x-citrine for signaling from

hN1(AICD)-Gal4®s

Table 2.1: Table of plasmids used in this work.
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Cell line name

Selection

Notes

CHO-K1 + TetR

Blasticidin 10pg/mL

Background staining con-
trol

CHO-K1 + TetR + pEF-
hN(AICD)-Galdesn

Blasticidin 10pg/mL, Geneticin
600pg/mL

Background staining
control, Notch expression
AACT =2.7 (to f-actin)

CHO-K1 + TetR + pEF- | Blasticidin 10pg/mL, Ge- | Notch + DII1
hN(AICD)-Gal4*s™ 4+ TO- | neticin 600ug/mL, Hygromycin

Dll1-cerulean 500ug/mL

CHO-K1 + TetR + pEF- | Blasticidin 10pg/mL, Ge- | Notch + Jagl
hN(AICD)-Gal4*" + TO- | neticin 600ug/mL, Hygromycin

Jagl-cerulean 500ug/mL

CHO-K1 + TetR + pEF- | Blasticidin 10pg/mL, Ge- | Notch + DII1 + Lfng, Ling

hN(AICD)-Gal4®s® + TO-
Dll1-cerulean + piggyBac
CMV-Lfng

neticin 600ug/mL, Hygromycin
500ug/mL, Puromycin 3ug/mL

expression AACT = 1.89
(to B-actin)

CHO-K1 + TetR + pEF-
hN(AICD)-Gal4®" 4+ TO-
Dll1-cerulean + piggyBac
CMV-Mfng

Blasticidin 10pg/mL, Ge-
neticin 600ug/mL, Hygromycin
500ug/mL, Puromycin 3ug/mL

Notch + DIl + Mifng,
Mfng expression AACT =
1.96 (to S-actin)

CHO-K1 + TetR + pEF-
hN(AICD)-Gal4®" + TO-
Dll1-cerulean + piggyBac
CMV-Ring

Blasticidin =~ 10ug/mlL, Ge-
neticin 600ug/mL, Hygromycin
500ug/mL, Puromycin 3ug/mL

Notch + DII1 + Rfng,
Rfng expression AACT =
3.865 (to S-actin)

CHO-K1 + TetR + pEF-
hN(AICD)-Gal4*s® + TO-
Jagl-cerulean + piggyBac
CMV-Ling

Blasticidin 10pg/mL, Ge-
neticin 600ug/mL, Hygromycin
500ug/mL, Puromycin 3ug/mL

Notch + Jagl + Lifng,
Lfng expression AACT =
2.13 (to S-actin)

CHO-K1 + TetR + pEF-
hN(AICD)-Gal4®" + TO-
Jagl-cerulean + piggyBac
CMV-Mfng

Blasticidin =~ 10ug/mL, Ge-
neticin 600ug/mL, Hygromycin
500ug/mL, Puromycin 3ug/mL

Notch + Jagl + Ming,
Mfng expression AACT =
1.72 (to S-actin)

CHO-K1 + TetR + pEF-
hN(AICD)-Gal4®s® + TO-
Jagl-cerulean + piggyBac
CMV-Ring

Blasticidin 10pg/mL, Ge-
neticin 600ug/mL, Hygromycin
500pg/mL, Puromycin 3ug/mL

Notch + Jagl + Rfng,
Rfng expression AACT =
.525 (to B-actin)

CHO-K1 + TetR + pEF-
hN(AICD)-Gal4*" + TO-
Jagl-mCherry + UAS-
H2B-citrine

Blasticidin 10pg/mL, Ge-
neticin 600ug/mL, Hygromycin
500ug/mL, Zeocin 400ug/mL,

Notchl + Jagl reporter
cell line, Lfng expression
AACT = 2 (to S-actin)

CHO-K1 + TetR + pEF-
hN(AICD)-Gal4®" + TO-
Jagl-mCherry + UAS-
H2B-citrine + pExchange-
Ling

Blasticidin =~ 10ug/mlL, Ge-
neticin 600ug/mL, Hygromycin
500ug/mL, Zeocin 400ug/mL
,Puromycin 3pg/mL

Notchl + Jagl + Lfng re-
porter cell line, Lfng ex-
pression AACT = 2 (to -
actin)

CHO-K1 + TetR +
pEF-hN(AICD)-Gal4®"?
+ TO-DI1-mCherry +
UAS-H2B-citrine

Blasticidin =~ 10ug/mL, Ge-
neticin 600ug/mL, Hygromycin
500ug/mL, Zeocin 400ug/mL,

Notchl + DII1 reporter
cell line, Lfng expression
AACT = 2 (to [-actin)

CHO-K1 + TetR +
pEF-hN(AICD)-Gal4®®
+ TO-DI1-mCherry
+ UAS-H2B-citrine +
pExchange-Lfng

Blasticidin 10pg/mL, Ge-
neticin 600ug/mL, Hygromycin
500pg/mL, Zeocin 400ug/mL
,Puromycin 3pg/mL

Notchl + DII1 + Ling re-
porter cell line, Lfng ex-
pression AACT = 2 (to -
actin)

Table 2.2: Table of cell lines constructed for this work.
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Chapter 3

Quantitative measurements of
Notch-ligand trans and cis
interactions

In this chapter, we use the methods from Chapter 2 to study and compare the interactions between
different Notch ligand-receptor pairs. With four Notch receptors and five DSL ligands, there are
20 possible ligand-receptor pairs (Figure 1.4). We initially focused on Notchl-DIl1 and Notchl-
Jagl. These pairs have been relatively well-characterized in vitro, and previous studies have show
qualitatively different effects of Ling and Mfng on the trans-activation for these pairs, allowing us
to explore a range of possible signaling states [26,57].

First, we compared the trans-activation capabilities of DIl and Jagl and found that DII1 is a
stronger activator. Second, we examined the cis interactions for both pairs. We show that DII1
is a also a stronger cis-inhibitor of Notchl than Jagl, suggesting that cis and trans interaction
strengths may be correlated. We offer direct evidence of mutual cis-inhibition by showing that
Notchl expression reduces both DII1 and Jagl ligand availability.

Finally, we examined if Fringe proteins affected cis interactions. We found that in addition to
modulating the transinteractions between each ligand-receptor pair, expression of Fringe proteins
also modulates their cisinteractions. Interestingly, Fringe affects cis and trans interactions in the
same direction: Lfng and Mfng strengthen Notch1-DII1 interactions, in trans and in cis, and weaken
Notchl-Jagl interactions, in trans and in cis, while Rfng strengthens the interactions between both

pairs. We will discuss the implications of these results in Chapter 4.

3.1 DII1 trans-activates Notchl more strongly than Jagl

We compared the abilities of DII1 and Jagl to trans-activate Notchl using the two methods from
Chapter 2. First, we plated receiver cells on plates coated with increasing concentrations of DI11¢%t-

Fc or Jagl®™'*-Fc¢ (0-20ug/mL, serial dilutions). For both ligands, we observed the characteristic
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Figure 3.1: Known and unknown interactions between Notchl, DII1, and Jagl. There are multiple
potential ways in which Notchl could interact in cis and trans with Jagl and DII1 ligands, and in
which Fringe proteins could modulate these interactions. Known interactions are indicated by +
and — for positive and negative regulation, respectively. Unknown ways in which Fringe proteins
could modulate these interactions are indicated by question marks.

graded activation profile in response to increasing ligand levels [51]. We found that while both
DIl1 and Jagl ligands could activate our receiver cells, DII1 activated much more strongly, with
approximately four times more Jagl®®-Fc than DIl1°**-Fc needed to reach the same level of Notch
activity (Figure 3.2A).

Next, we used the cell-based ligand presentation method from Section 2.3 to see if we obtained
similar results. We co-cultured DII1 and Jagl sender cells with Notchl receiver cells and measured
the reporter fluorescence in the receivers. From this experiment, we observed that DII1 and Jagl
sender cells also could activate our receiver cells in a graded fashion, and we confirmed our finding
that DIl elicits more Notch activity than Jagl (Figure 3.2B). Further, we found that when we
compared the ligand availability at each 4-epiTc level for the two sender cell lines, four times more
cell-based Jagl compared to cell-based DII1 was needed to elicit the same level of Notch activity,
consistent with the results of the plate-bound ligand assay.

Together, these data suggest that DII1 is a stronger trans-activator of Notchl than Jagl. Ap-

proximately four times more Jagl than DII1 is needed to achieve the same level of Notch activity.
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3.2 DII1 czs-inhibits Notchl more strongly than Jagl

Using the receptor and ligand availability assays, we compared the abilities of DII1 and Jagl to cis-
inhibi