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ABSTRACT OF THE DISSERTATION

Spatiotemporal Manipulation of
Hindbrain Development and Cancer Induction

in Live Zebrafish via Optical Tools

by

Zhiping Feng

Doctor of Philosophy
in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2016

Professor Shimon Weiss, Chair

Living organisms are made of cells that are capable of responding to external signals by
modifying their internal state and subsequently their extracellular context. Understanding the
spatio-temporal dynamics of these complex interaction networks in biological systems is the
subject of a field known as systems biology. To investigate these interactions (a necessary step
before understanding or modeling them), one needs to develop means to control or interfere
spatially and temporally with these processes and to monitor their responses on a fast timescale
and with single-cell resolution. Among all the great tools to precisely perturb the dynamics of
biological networks, light activation has been witnessed as an extremely powerful, non-invasive
methodology, providing an accurate control over biomolecules’ activity at an unprecedented
resolution. This dissertation exemplifies the advantages of using optical tools to investigate

complex bioprocesses with studies in two different fields which are developmental biology and

ii



cancer biology. In the first project, we show how photo-isomerization of the 13-cis retinoic acid
to the trans-isomer (and vice versa) could be used in studying retinoic acid’s role in hindbrain
development during zebrafish embryogenesis. The second project employs photon uncaging to
induce oncogenic expression, and models tumor evolution from single cells in the zebrafish.
Developing and validating these tools in these two projects greatly facilities our understanding of
several biological networks. Photo-isomerization of retinoic acid between all-trans and cis form
helps illuminate retinoic acid’s unique spatial distribution and function on hindbrain
development in a developing zebrafish embryo. And this again clarifies the long-standing
controversy of retinoic acid acting as a morphogen in patterning vertebrate embryo. Photo-
uncaging of caged cyclofen proves to be a novel and powerful tool to non-invasively manipulate
tumor-associated gene expression. The work shown here could shed new light on cancer
initiation and growth, and provide new tools for target validation and testing of novel anti-cancer

drugs.
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CHAPTER ONE:

INTRODUCTION TO OPTICAL CONTROL IN STUDYING BIOLOGICAL

PROCESSES IN LIVE ORGANISMS.



1.1 ABSTRACT

Living organisms are made of cells that are capable of responding to external signals by
modifying their internal state and subsequently their extracellular context. Revealing and
understanding the spatio-temporal dynamics of these complex interaction networks is the subject
of a field known as systems biology. To investigate these interactions (a necessary step before
understanding or modeling them), one needs to develop means to control or interfere spatially
and temporally with these processes and to monitor their responses on a fast timescale (< minute)
and with single-cell resolution. Therefore, enormous efforts have been taken, in the past several
decades, in developing such tools for precise spatio-temporal perturbations and observations. In
this chapter, a non-exhaustive list of examples are described of exploring cellular interactions
and developmental pathways that could benefit from these new approaches, especially recent
techniques to photo-control the activity of biomolecules, which allow for local perturbations of

physiological processes.

1.2 WHEN OPTICAL TOOLS MEET COMPLEX BIOLOGICAL SYSTEMS

In order to modulate regulation networks at play in cellular and physiological processes, one
needs to understand who the players are, i.e. which molecules control which processes and how
they might interact. Cells are essentially composed of DNA, RNA, proteins, lipids and sugars.
DNA is a long linear double-helical hetero-polymer of deoxyribonucleotides containing the
bases: Adenine, Guanine, Cytosine and Thymine (A, G, C, T) that serves as the repository of

genetic information in the cell. RNAs are smaller mediating single chain heteropolymers of



ribonucleotides A, G, C and U (uridine-monophosphate) copied (transcribed) from the DNA

template, exhibiting a defined 3D structure and used for a variety of purposes in the cell.

One of their important roles, as transient copies of genes (or messenger mRNA), is to serve as
template for the synthesis of amino-acid chains (proteins) by ribosomes: each amino-acid
corresponding to a definite codon (a sub-set of three specific bases) on the mRNA. In the
ribosome complex comprising about 70 different proteins, ribosomal rRNA is the catalyst for the
formation of proteins (translation) from the successive docking on the mRNA of a matching
transfer tRNA (i.e. one displaying the appropriate anti-codon and loaded with the corresponding
amino-acid). Non-coding RNAs (ncRNAs) are RNA molecules (some of them only a few tens of
nucleotides long) that participate in the control of a great variety of cellular processes

(transcription, translation, mRNA splicing, chromatin remodeling, etc.).

Proteins are hetero-polymers of (mostly) 20 different amino-acids displaying a specific 3D
structure related to their function in the cell as structural, regulatory or catalytic (enzymatic)
agents. Finally lipids are amphiphilic molecules composing the many membranes used by the
cell as reaction compartments (such as in mitochondria, golgi, endosomes, outer membrane, etc.)
and playing important roles as signaling molecules on their own. When discussing intra and
inter-cellular regulation networks, one usually considers protein-mediated regulation, since much

less is known on the mechanisms of regulation by ncRNA. In the context of the central dogma:

DNA = mRNA = protein, protein regulation is assumed to intervene mainly in the first step

(transcription) by controlling the level of expression of the corresponding gene. In conventional

scenario, property dynamics of regulating protein such as concentration, degradation or



modification, such as phosphorylation and isomerization, are considered in interpreting
bioprocess regulative networks. Protein production could generally explain many features of
cellular regulation such as the existence of bistable states and lateral inhibition between
neighboring cells, a recurrent motif in many developmental pathways[1]. However, for many
networks investigated experimentally as well as obtained by in silico evolution studies[2], the
function is often achieved not via the control of production but rather through the control of
protein degradation and modification. Comprehensive understanding in complexity of biological
regulatory networks would be greatly benefited from tools that can achieve physiological
perturbation at high spatiotemporal level. Photon, given its ability of non-invasive penetration,
high tunability at spatiotemporal level, has become an emerging powerful tool to perturb and
study complicated biological systems. In my dissertation work (see following chapters), I
demonstrate how the optical tools I have developed could be employed to understand important
questions in these complicated biological networks. Specifically, two examples in my project,
namely retinoic acid’s signaling pathway in hindbrain patterning and cancer initiation are

investigated, and therefore are listed here for discussion.

1.2.1 Illuminating retinoic acid’s role in hindbrain patterning

The development of methods that allow interfering locally with the protein’s interaction network
may help shed new light on biological dynamical systems. These methods may have even greater
relevance for the study (via local perturbations) of the developmental networks involving
diffusible molecules, or known as morphogens. Ever since the pioneering work of A.Turing[3], it
has been known that patterns can be generated by the interaction between morphogens. However

it has been difficult to test the validity of these models, in particular because of the lack of means



to perturb the morphogen fields. For example in the famed “French Flag model” [4], the
differentiation state of cells along a morphogen gradient is supposed to be triggered by the local
morphogen concentration: differentiation into a “blue” state occurring at a high concentration of
morphogen, into a “white” state at a lower concentration, while the “red” state is the default (in
absence of morphogen, Fig. 1). Lacking a means to locally perturb the supposed gradient of

morphogen it has been difficult to test the validity of this model in various developmental

situations.
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Figure 1. French-flag model explains gene expression network. (a) The French-flag model as a possible explanation of the
action of Bicoid (a morphogen) on differentiation in the fly embryo: genes such as orthodenticle (otd), hunchback (hb) and
Kruppel (Kr) are expressed in well and robustly determined regions of the fly embryo, ™ which may be defined by the local bicoid
concentration, reproduced from [5], Copyright 2010, with permission from Elsevier. (b) A linear concentration gradient does not
yield robustly defined boundaries between domains of gene expression. (c) Uniform but non-linear degradation of a morphogen

diffusing from a single point source does yield a robust gradient (independent of the boundary condition), reproduced from [6],

Copyright 2003, with permission from Elsevier.



There are many more developmental issues that are still very much open problems and for which
both detailed models and the investigation of the response to local perturbations with the tools
described below could yield much needed information. In my project, I employ one of these
optical tools to reveal the role of a controversial morphogen, retinoic acid in hindbrain patterning

during early embryogenesis (see chapter two).

Retinoic acid is an important retinol derivative that regulates various intercellular signaling
pathways [7]. In particular, retinoic acid plays a crucial role in early embryonic development,
ensuring normal embryogenesis in a wide range of species [8-10]. Both excess and deficiency of
retinoic acid during embryogenesis result in severe teratogenic phenotypes. Although retinoic
acid has been found extremely indispensible in embryogenesis along the past decades, the
question of how exactly retinoic acid organizes such complicated regulatory networks has not
been fully answered. Especially, retinoic acid has been considered as a morphogen by some
researchers, but doubts stay [11-13]. In addition, the unique spatial-temporal distribution of
retinoic acid during embryogenesis has been extensively documented. However, most of the
observations [14-16] rely on the activities of enzymes that synthesize or degrade retinoic acid,
which consequently do not directly measure or perturb the molecule itself. Retinoic acid’s tiny
existence in live organisms as well as its simple chemical structure holds challenging barriers to
standard biological probes. Some researches have tried perturbing retinoic acid in vivo by
implanting retinoic acid beads into the tissues [17, 18]. While this approach does allow one to
spatially manipulate retinoic acid’s distribution in a live organism, it is not able to quantitatively
control the release of the molecule. In face of these challenges and the photosensitive nature of

retinoic acid isoforms, we come up with an optical technique that enables quantitative



perturbation of retinoic acid’s activity at a high temporal-spatial level in the live zebrafish
embryos (see chapter two). This novel approach provides a more reliable tool to delineate
retinoic acid’s morphogenic role in hindbrain development, and could be used in investigating

many other signaling pathways involving retinoic acid in live organisms.

1.2.2 Cancer initiation under light

Cancer, also known as malignant neoplasm, is widely considered a genetic disease. Genetic and
epigenetic mutations of proto-oncogenes, tumor suppressor genes and genes involved in DNA
repair, in many cases, are able to alter a cell’s biological capabilities, causing a cell to be
cancerous. Those alternations make cancer cells to carry abnormal traits including sustaining
proliferative signaling, resisting cell death, avoiding immune destruction and so on [19]. Most
current cancer therapies are designed on the basis of our recognition of these hallmarks in a
cancer cell. However, our understanding of cancer is mostly, if not completely based on
investigations with cancer cells that have become already clinically evident. A long-standing
and fundamental question in cancer biology asks that how exactly a normal somatic cell could
turn itself into a cancer cell. Even it has been found that oncogenic mutations could cause cancer
in some cases, no clear answers explain why those mutations fail to induce cancer in many other
cases. In the cancer origin model [20] first proposed by Nowell in 1976, cancer is believed to be
a process of repetitive clonal selection and expansion. An initial normal somatic cell gains
sequential oncogenic mutations and becomes a cancer cell. Different cells in a cancer could then
possess dramatically different genomic properties after serial clonal expansions. Although other
cancer models such as the cancer stem model [21] have also been proposed and investigated in

recent years, few research has been able to answer what key factors are involved to keep cells



from developing into cancer upon oncogenic shocks. Many theories believe some factors such as
intercellular microenvironment and stem cell homeostasis [22, 23] play critical role in
determining a cell’s fate upon oncogenic mutations. Yet, few studies come up with solid
evidence for this question by far. The knowledge of interpreting this mystery is the key to cancer
prevention as well as to developing novel cancer therapies. In order to answer the question, one

has to look into the origin of cancer, at the very early stage of cancer initiation.

The most common and widely used technique to examine how tumor cells act in cellular context
is tumor xenograft [24], in which exogenous tumor cells are transplanted into certain tissues of a
immune-deficient recipient. Although it has been shown as a quite useful and successful tool to
study cancer, there are many profound drawbacks if one relies on this technique to study cancer
initiation. First, in tumor xenograft, transplanted cells are exogenous and already cancerous, and
have completely altered cellular properties. Second, tumor xenograft usually requires the receipt
to carry immune deficiency to avoid rejection response. However, people diagnosed with cancer
are rarely immune-deficient, or immune-suppressed, at least in the beginning phage. Lastly,
cancer is generally believed to arise from a very limited number of cells, but it is extremely
challenging to manipulate cancer development from only small number of transformed cells in
tumor xenograft model. Another alternative invites the use of genetically engineered cancer
models [25]. Transgenic models solve the problems of immune-deficient background and ensure
tumorigenic progression develops in an unaltered, endogenous environment. Even so, one major
concern still presents because most transgenic models are not able to manipulate particular cells
at a small scale. Here in my dissertation (chapter three), I have developed a novel optical tool to

solve all the above issues and have established an animal model for understanding cancer



initiation. I have demonstrated how the optical tool can be used to control the expression of a

specific oncogene at high spatial and temporal level in live zebrafish embryos.

13 PHOTO-ACTIVABLE MOLECULES FOR THE CONTROL OF

PHYSIOLOGICAL PROCESSES

The biological networks described above serve only two examples of various biological systems
that need high spatiotemporal perturbation and therefore could benefit from investigations with
novel optical tools. In the past years, different methods have been developed to study complex
biological networks, such as the massively parallel analyses. These analytical tools, comprising
2D electrophoresis associated to mass spectrometry for the study of protein interaction networks,
DNA chips for the study of mRNA expression patterns and next generation (shot-gun) DNA
sequencing are powerful [26]. However, these only correlate biological states to instantaneous
molecular compositions. Hence the picture that emerges from these methods is purely static. The
topology of the network at the molecular level can be deduced from these high-throughput
methods but not the reactive fluxes running through it. To get this dynamic information requires
the use of non-invasive methods that are able to investigate in vivo the mechanisms and measure
the rate constants associated to the network edges [27]. To obtain this dynamic information
without perturbing the system, a first approach relies on recording and analyzing the fluctuations
in fluorescence of a reporter molecule serving as a proxy for the fluctuations in concentration of
a molecule labeled with the reporter. Thus Fluorescence Correlation Spectroscopy (FCS) [28,
29], which measures the fluctuations in fluorescence originating from a diffraction limited

(focal) illumination volume has been applied to analyze various phenomena in living cells [30].



A second approach to address the mechanisms and rate constants of networks in vivo relies on
the modulation or sudden variation of some control parameters followed by an analysis of the
temporal response of the perturbed system. The most common parameters affecting chemical
reactions are temperature, pressure, and concentrations [31]. Although the response to
temperature jumps has been considered in view of the versatility of this parameter [32-35], the
effects of temperature in vivo are pleiotropic which limits the interpretation of the results.
Therefore the control of the concentration of some species is still the favorite method to perturb a
living system and analyze the dynamics of its response. A first approach consists in altering the
intracellular concentration of a biologically active compound by modifying its extracellular
concentration or its flux. In particular this strategy has been successfully implemented by
temporally modulating the external media of cells [36-38], and by incubating or feeding living
organisms with the active molecule [39]. However, this approach has known limitations since the
change in intracellular concentration will occur on a time-scale limited by the time required for
the compound to be absorbed in the organism under study and to cross the membrane of cells.
Pipettes and syringes are also rather intrusive means to affect the concentration of biomolecules
and are associated to low spatio-temporal resolution. Activating the intracellular release of a
desired compound from an inactive precursor has thus emerged as an attractive alternative to this

approach.

1.3.1 Light activation

The use of UV-Visible (UV-Vis) light is the preferred non-invasive method to intra-cellularly

release a bio-active molecule and thus perturb the associated network in living systems[40] even
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though ultrasounds [41], X- [42]or gamma-rays [43] have also been proposed. Light is a
biologically non-invasive trigger with a variety of desired features:

+ its wavelength can be used to control its absorption by a precursor molecule leading to a
variety of relevant photochemical reactions;

+ light can be used to address single cells in a cell-culture but also single cells in a
transparent tissue and an organism;

« light is notably appropriate for exciting fluorescent probes, which have gained wide
acceptance as read-outs of the response of the system following its perturbation (see
above).

+ light is compatible with conventional and novel high-resolution microcopy methods (see
above).

+ finally, light actuation is compatible with new photonic methods readily available to
biologists such as photoacoustic microscopy which have been recently developed to

image well beyond the penetration limit of conventional microscopy [44, 45].

Photo-activation can be achieved upon one- or multi-photon absorption. In the case of the
organic chromophores widely used in the present context, one-photon activation (typically at 365
nm) is associated with a significant absorption cross sections (o= 10721 — 10~2° m*/molecule
are obtained for molar absorption ¢ in the 10>-10° M'cm ™' range), which allows for the use of
readily available light sources for photo-activation. However, biological media significantly
absorb and diffuse light in the UV-Vis range. Hence one-photon activation has been mostly
restricted to transparent or thin biological samples. An alternative photo-activation approach

relies on multi-photon infrared (IR) excitation [46]. Absorption cross sections are significantly
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smaller than with one-photon excitation, which necessitates the use of pulsed IR laser sources.
Despite this constraint, multi-photon excitation possesses significant advantages. In particular, in
addition to the improved transparency of biological samples to IR light (which is less-damaging
than UV-Vis light), it restricts the photo-activation to the focal point of the laser beam: the three-
dimensional resolution thus achieved is higher than with one-photon excitation which activates

all the molecules along the beam path.

Since the energies of photons in the UV-Vis wavelength range (~100 k37 at 298 K) are

comparable to the energies of intramolecular chemical bonds (~200 k37 at 298 K), light

absorption can considerably alter the molecular reactivity. Two different types of photo-induced
reactions have been used to photo-activate biologically inactive precursors in order to pilot some
biological functions (Fig. 2). In the first type (uncaging), the photon energy leads to the rupture
of an internal bond in a precursor molecule, thus releasing the biologically active substrate. In
the second type of reaction (photo-isomerization), the photon energy allows the precursor to

change its shape by reorganizing its chemical bonds, which may alter its biological activity.
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Figure 2. The main strategies for the control by light of some biological functions. Following activation with one- or two-
photon excitation (arrows), the photo-activatable precursor (green shape) yields its biologically active state which interacts with
the biological system (pictured as a deep blue shape). Depending on the type of light-induced reaction, that activation can be
irreversible (e.g. in uncaging) or reversible (in the case of photo-isomerization). Upon uncaging, photo-activation may release a

fluorescent co-product, which can be used to quantify the amount of photo-released substrate.

1.3.2 Light activation via uncaging

Caging groups are photolabile-protecting moieties that can be cleaved upon light absorption.
They were originally introduced in the context of organic synthesis, where they are used to
selectively regenerate functional groups temporarily protected in polyfunctional molecules, for
example during photolitography of DNA chips [47, 48]. This selectivity and the non-invasive
character of light are biologically attractive features. Caged molecules have been used to study
the dynamics of several biological processes (e.g. neurotransmission) with high spatio-temporal
resolution [49-52]. To be relevant in such experiments, the caging group must fulfill various
photophysical and photochemical requirements (such as absence of biological effect due to the
illumination only). In addition non-photophysical issues must be addressed such as access of the
caged molecules to the biological targets (cellular permeability) and absence of any poisonous
activity. This large number of engineering constraints has led to the introduction of new types of

photolabile protecting groups. Present challenges in the field of caging groups concern:
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« improving the uncaging action cross sections with one- and two-photon absorption;

+ driving the uncaging reaction with absorption in the visible range [53, 54];

» quantifying the amount of uncaging (e.g. by means of fluorescence reporting) [55, 56];

» developing orthogonal photo-activation reactions for two different substrates using two

wavelengths with one-photon [57, 58] and two-photon [59] excitation.

Various strategies can be used to control biological functions by means of a caging group [60].
The first approach relies on directly caging the biomolecule of interest (e.g. ATP, neuro-
transmitters, etc.). Such a goal can be achieved by chemical derivatization (Fig. 3a). However
this derivatization may lack selectivity towards highly polyfunctional biomolecules, such as
proteins. In this case, this drawback can be overcome by relying on protein ligation, which
allows for the selective introduction of non-native (photo-cleavable) segments in proteins (Fig.
3b) [61, 62]. However, it is then necessary to introduce this caged protein into the targeted cells.
This invasive step relying on a permeabilizing agent such as a syringe, electroporation perturbs
the system, often significantly. Consequently it weakens the use of this approach in a live

organism and weakens the case of photo-activation as a non-invasive trigger.

An attractive alternative consists in designing caged precursors (e.g. non-natural caged amino-

acids) and engineering cells/organisms that express the appropriate enzymatic machinery (the
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Figure 3. Strategies for caging biomolecules. (a) Direct derivatization: the caging group (blue triangle) has to selectively react
with the targeted functional group (red disc); (b) protein ligation: the caging group (blue triangle) is first introduced in a
chemically synthesized peptide at the targeted position (red disc). The latter is subsequently introduced within the protein of
interest; (c) endogenous incorporation of caged amino-acids. Caged non-endogenous amino-acids are integrated within the

protein of interest during its synthesis in living cells.
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tRNA synthetase which links the caged precursor to its cognate tRNA). The ribosomal
machinery can then integrate the caged precursors in proteins during their synthesis (Fig. 3c).
This approach elegantly addresses both issues of selectivity and cell permeation, even though the
introduction of a non-natural amino-acid (hitch-hiking on the tRNA machinery) affects the
synthesis of all proteins in the cell. Nonetheless the method remains rather demanding and has

been restricted so far to the synthesis of a few caged proteins in engineered cells [63-66].

The second approach relies on caging a small biomolecule (ATP, neurotransmitter, retinoic acid,
etc.) such as to alter its biological activity. One should however note that it is not always possible
to rationally design the position of the caging group on the biomolecule when structural
information on the biomolecule’s target site is lacking. This approach has however several
advantages:

» selective caging is chemically easier for a “small” molecule than for a protein.

» small caged precursors are often sufficiently cell-permeable so that they simply diffuse

into the intra-cellular environment where they can be subsequently photo-activated.
« in view of the large diversity of possible cellular effectors known to interact specifically

with their target protein, various biological functions can be photo-controlled.

Thus both endogenous and exogenous substrates have been caged with the purpose of
photocontrolling some enzymes [67] or the expression of some genes in cells as well as in living
organisms [68-73]. And in chapter three, a very dexterous example of light uncaging has been

demonstrated in studying cancer initiation in live zebrafish.
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1.3.3 Light activation via photo-isomerization

Photochromism designates the property of a molecule or a material to change its absorption
spectrum (typically by photo-isomerization) when submitted to an illumination. This property
has found numerous applications in various fields (e.g. sunglasses or optical data storage) [74-
77]. In contrast to the photo-cleavage of a covalent bond (uncaging), which is seldom
encountered in endogenous biological systems, photo-isomerization is an extremely prevalent
phenomenon in Biology. In particular it is responsible for controlling important light-driven
processes such as conversion of light energy to chemical energy in bacteria or vision in
vertebrates, which involve the retinal-containing opsin proteins [78] or light-driven regulations in
microorganisms [79, 80]. Such photochromic platforms have been subsequently introduced in
microbes engineered to control gene expression by light [81]. Photo-isomerization, in our hands,
has also been used to control the activity of retinoic acid [82] (also see chapter two), whose

trans-isoform is a morphogen crucial in the initial stages of development of vertebrates.

In neurophysiology, neuron photoactivation has been traditionally performed by means of caged
compounds [83]. Photo-activable proteins, including channelrhodopsin-2 and halorhodopsin,
have been recently expressed in neurons to enable photo-control of action potential firing.
Alternatively synthetic small photochromic molecules have been implemented to photo-control
native receptors [84] or the transport through ion channels. In that instance the photo-
isomerization of small molecules covalently (or non-covalently) bound to the channel [85-87]
was used to selectively block (or unblock) it leading to light-driven control of action potential
firing and synaptic events. These developments have triggered the emergence of the new field of

optogenetics, which uses light to control and study neuronal networks [88, 89].
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1.4 OPTOGENETICS: LET THERE BE LIGHT

In 2009, Miesenbock defined the optogenetic field as a set of methods to manipulate (actuate) or
record (sense) physiological processes at the cellular level [90]. These methods involve DNA-
encoded light responsive proteins. They have been used extensively ex vivo (in cell cultures or in
organ slices), and were recently transferred into live animals. The current methods of gene
delivery (transient or permanent) only broadly restrict the spatial and temporal extent of
experimental interventions (making use of specific regulatory devices, including photo-
chemically inducible ones, see previous section). The use of light, sometimes combined with
mosaic distribution of the affected cells, enables one to reach single-cell resolution. These new
approaches allow one to revisit or directly address long-standing problems in the study of

development, tissue homeostasis, neural network operation and signal integration among others.

1.4.1 Physiological Sensors

The translation of physiological signals into fluorescent ones benefits from the advantages of
fluorescent proteins: high spatial and temporal resolution, very good sensitivity, versatility and
spectroscopic modulation. An ideal fluorescent sensor should be non-toxic, highly specific, and
sensitive with a high signal-to-noise ratio and allowing simple ratiometric image analysis. Sensor
design relies on our current knowledge of the physiological traits to be monitored, and the
spectroscopic properties of light-sensitive proteins, among which Fluorescent proteins (FPs) play

a central role.

18



The growing number of natural and mutant forms of fluorescent proteins (FPs), including the
prototypical Green Fluorescent Protein, GFP, offers a large range of colors and properties [91],
and it is worth noting that FPs are largely insensitive to fusion with other polypeptides (except if
these are specifically designed to this aim, see below). In addition, photo-activable, photo-
switchable, and blinking FPs are now available. FPs have been developed to sense physiological
processes using different strategies. In the most direct set-up, the signal directly comes from the
FP, and information is drawn from changes in spectral properties (due for instance to sensitivity
to the physico-chemical environment) or changes in sub-cellular localization (in the case of
fusion proteins). Another possibility is to build permuted FPs (in which the N-terminal and C-
terminal have been interchanged and connected by a short spacer), which can get back their
original properties under specific physico-chemical constrains. The recorded signal may also
arise from Fluorescence Resonance Energy Transfer (FRET), either intramolecular as in the
Ca® sensor Cameleons [92], or intermolecular as successfully used to monitor kinase
activity[93]. In recent years, proteins derived from 7-transmembrane rhodopsins have enlarged

this optogenetic tool-box [94].

1.4.1.1 Direct fluorescence and translocation sensors Among the key questions recently
addressed thanks to optogenetic tools, cell lineage is an issue that has attracted attention for more
than a century: in a developing organism, where does a particular cell come from? Where is it
going, and what will it become? In 2007, the groups of Litchman and Sanes devised a new
strategy for the mosaic expression of multiple FP genes via combinatorial site-specific
recombination. In classical set-ups, a site- specific recombinase can turn on the expression of an

engineered gene by removing a stop cassette of DNA flanked by a pair of cognate recombination
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sites. The new strategy, called Brainbow, took advantage of the discovery of variant
recombination sites, allowing different and mutually exclusive outcomes in a series of FP genes
with appropriately arranged pairs of recombination sites. With such a scheme, they were able to
follow individual neurons in the mouse brain by means of stochastic marking of individual cells
with 90 different colors in a single experiment [95]. This strategy was further expanded to fish
[96], fly [97-99] and Arabidopsis [100]. Not only were cells identified, but individual axons in
bundles, or closely packed synapses, could also be distinguished by this method. The same kind
of multicolor clonal analysis was recently applied to shed light on the relative contribution of

distinct precursor cell populations on heart morphogenesis [101].

Another important issue in life science concerns tissue homeostasis. Cellular proliferation and
death are key cell behaviors to understand organ development or renewal, and failures in these
processes are at the root of most diseases [102, 103]. Being able to monitor the progression of
the cell cycle in vivo is a key to understanding its coordination with other aspects of cell behavior
in many physiological processes. The group of Miyawaki first achieved this in 2008 [104]. Their
sensor named Fucci (Fluorescent Ubiquitination-based Cell-Cycle Indicator) relies on the cell-
cycle-dependent proteolysis of two oscillating proteins, Cdtl and Geminin, to specifically mark
the G1/S transition in living cells. By fusing red and green FPs to portions of Cdtl and Geminin,
respectively, this method colors up cell cycle progression. The nuclei of cells in G1 (and GO)
phase appear red, those of cells in S/G2/M appear green and those during the transition G1 to S
turn yellow, clearly marking cells that have initiated DNA replication. Since then, this sensor has
been introduced in transgenic animals [105, 106] and allows studying cell cycle behavior in vivo

in a wide range of processes (development, stem cell, tumor growth).
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Apoptosis (or programmed cell death) is involved in tissue development and homeostasis.
Failure of apoptosis is one of the main contributions to tumor development and autoimmune
diseases. Apoptosis is a multi-step, multi-pathway program with a series of common effectors
(caspases) corresponding to cysteine-dependent aspartate-specific proteases working in cascade
[107]. Most of the apoptotic sensors exploit the caspase-3 protease activity on its specific
cleavage sequence, to report either a direct fluorescence signal [108], a FRET signal [109] or a

change in sub-cellular localization of the fluorescence signal [110].

Proper cell function and homeostasis requires the coordination of mRNA and protein synthesis
with cell cycle progression. Major efforts have been made to improve the temporal and spatial
resolution in order to allow for the visualization of the location of a given gene in the nucleus,
the synthesis and trafficking of its mRNA in the cell and the production of the corresponding
protein. Over the last 10 years, the laboratory of R.Singer has developed FP tools to monitor all
these events in real time and in single cells (see [111] for review). This approach provided direct
evidence for chromatin remodeling at the minute time scale and for cell-to-cell heterogeneity in a

population [112]. This powerful approach has yet to be transferred in live animals

14.1.2 Environmentally sensitive chromophores The spectral properties of certain
chromophores may be affected by their environment (e.g. pH). In such cases measuring the ratio
of fluorescent emission/adsorption at two different wavelengths allows for the use of these
chromophores as sensitive probes of their environment. Even though fluorescent proteins (FPs)
can be sensitive to chloride [113, 114], metal ions [115] and redox potential [116, 117], one of

their first and most common use is as pH-sensitive sensors. This use relies on the properties of
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the natural GFP chromophore. Wild-type GFP normally exists as a mixed population of neutral
phenols and anionic pheno-lates, with adsorption peaks at respectively 400 and 480nm [118,
119]. Since, the proportion of the anionic phenolate form increases upon a rise in pH, GFP can in
principle be used to monitor pH changes in living cells. Extensive mutagenesis has further
provided several optimized sensors for pH; amongst them pHluorin [120] has been used to study
vesicular trafficking (exocytosis, endocytosis) during various physiological processes [121].
These measures are particularly interesting since the pH is a reliable gauge of a cell metabolic

state and a good indicator of the different sub-cellular compartments.

1.4.1.3 FP modified with conformationally sensitive domain Another large group of sensors
is based on fusion proteins including a domain prone to conformational change under the specific
condition to be monitored, and a FP which chromophore properties will be modified as a result
of this conformational change. Sensors to monitor Calcium ions (Ca*) will be detailed here,

given its physiological significance.

Calcium ions impact nearly every aspect of cellular life [122]. In particular, an increase in
Calcium is observed in excited neurons [123] and the measurement of Ca** can reflect action
potential in neural cells. For these reasons Calcium sensors are the most investigated
physiological sensors: over the past ten years more than ten different Calcium sensors have been
proposed[124]. Each new one offers a better signal-to-noise ratio, a faster or easier measurement
and an enhanced fluorescent brightness. Most of them rely on the conformational change of
calmodulin upon Ca’* fixation. Some sensors are based on FRET while others on the
fluorescence of a circularly permutated EGFP (cpEGFP) [125]. This last one represents the
newest family of Calcium sensors named G-CaMP. The cpEGFP has been linked to calmodulin
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and a small domain of a myosin light chain kinase. In absence of calcium, the GFP barrel is open
and its fluorescence quenched. The fixation of calcium on calmodulin induces a conformational
change, allowing the barrel to close and the chromophore to fluoresce. These sensors have been
successfully used as an indirect readout of electrical activity [126] and allow better
understanding the setting up of spinal central pattern generator during development [127]. In
conjunction with light-sheet illumination microscopy [128], these sensors have recently been

used to monitor in real time the activity of thousands of neurons in a zebrafish brain [129, 130]

1.4.14 Opsin derived sensors Recently, a direct sensor for the visualization of action
potentials has been developed [131]. This breakthrough in the study of the dynamics of complex
neural circuits has been achieved thanks to the use of rhodopsin. Rhodopsins are a group of light-
sensitive membrane-bound proteins that bind to retinal, which forms the chromophore. They are
present in all kingdoms and transform light signal into an electrical signal. The group of Adam
Cohen bet on the fact that the Archaerhodopsin 3 (Arch), which is a light-driven outward proton
pump, could be run in reverse, i.e. that a membrane potential could modify its optical properties.
This device works! Upon optimization by mutagenesis (mutation D95N) these authors have

obtained a very efficient tool able to optically record action potentials [131] with a signal/noise

similar to direct electrical recording and a ~ 1 msec response time. They suggested that this first

FP sensor based on opsin protein could open the way to other physiological sensors based on the

large family of microbial opsin proteins.
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1.4.2 Physiological actuators

The actuators transduce optical signals into physiological ones and thus make cellular function
controllable with light. Until recently optogenetic actuators were mainly used in the field of
neuroscience [132-134], partly due to the easy optical access to sliced organs, still an appropriate
level of analysis. These tools are now available in freely moving animals, from worms and flies
to mice. The first results where obtained with engineered neuronal receptors and channels either
gated by photo-uncaged ligands, or controlled by cysteine-conjugated photo-switchable tethered
ligands (SPARKS and LiGIuR for instance, reviewed in [133]). However, these methods
suffered from the requirement for the delivery of a synthetic chemical. The microbial opsin
family (seen above in the context of sensors) corresponds to a very large group of proteins that
opened a new landscape for optogenetic actuators [94]. Among these channelrhodopsins and
halorhodopsins have been used as voltage actuators [94, 135]. Channelrhodopsin responding to
blue light conducts cations and depolarizes neurons upon illumination, leading to neuron
activation. Conversely, halorhodopsins conduct chloride ions into the cytoplasm upon yellow
light illumination, leading to hyperpolarization and inhibition of neuronal activity [136]. Since
the first use of these tools in vivo to control neuronal activity [135], significant efforts have gone
into screening natural opsins and generating a variety of chimeric rhodopsin versions with
different dynamical response and light sensitivity [94, 136]. In the last five years, freely moving
animals in which the neuronal activity of specific cells is controllable by light has provided truly
novel insights in our knowledge of neuronal connectivity and circuitry, cognition and behavior

[137].
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More recently, these tools have also been used in the field of developmental biology, allowing
the precise mapping and control of the cardiac pacemaker [138-140] or the automated control of
embryonic stem cell differentiation [141]. Furthermore, recent modifications of opsins via
chimeric molecules (collectively termed optoXRs) allow to photo-control specific biochemical
events such as Gs, Gq or Gi signaling [142, 143]. This opens a new era for optogenetics in

biology.
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CHAPTER TWO:

SPATIONTEMPORAL MANIPLATION OF RETIONIC ACID ACTIVITY IN

ZEBRAFISH HINDBRAIN DEVELOPMENT VIA PHOTO-ISOMERIZATION
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2.1 ABSTRACT

All-trans retinoic acid (RA) is a key player in many developmental pathways. Most methods
used to study its effects in development involve continuous all-trans RA activation by incubation
in a solution of all-trans RA or by implanting all-trans RA-soaked beads at desired locations in
the embryo. Here we show that the UV-driven photo-isomerization of 13-cis RA to the trans-
isomer (and vice versa) can be used to non-invasively and quantitatively control the
concentration of all-trans RA in a developing embryo in time and space. This facilitates the
global or local perturbation of developmental pathways with a pulse of all-trans RA of known
concentration or its inactivation by UV illumination. In zebrafish embryos in which endogenous
synthesis of all-trans RA is impaired, incubation for as little as 5 minutes in 1nM all-trans RA (a
pulse) or 5nM 13-cis RA followed by 1-minute UV illumination is sufficient to rescue the
development of the hindbrain if performed no later than bud stage. However, the rescue of
hindbrain development is impaired if the embryo is illuminated (no later than bud stage) for 1
minute with UV light (to isomerize, i.e. deactivate, all-trans RA) subsequent to this all-trans RA
pulse. This suggests that all-trans RA is sequestered in embryos that have been transiently
exposed to it. Using 13-cis RA isomerization with UV light, we further show that local
illumination at bud stage of the head region (but not the tail) is sufficient to rescue hindbrain

formation in embryos whose all-trans RA synthetic pathway has been impaired.
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2.2 INTRODUCTION

All-trans retinoic acid (RA) is a major player in early embryogenesis [144-146]. It has been
shown to be required for the proper development of the anteroposterior axis [147], to be
implicated in left-right asymmetry [148-150] and to act as a morphogen during hindbrain
development [151] and somitogenesis [152, 153], as well as heart and appendage regeneration
[154, 155]. All-trans RA and its 13-cis isomer have also been used in various cancer therapies
[156, 157]. RA is synthesized [145] by retinaldehyde dehydrogenase (Raldh) from retinal, which
is obtained from retinol (vitamin A). It exists in various isoforms. All-trans RA, the major active
isomer, binds to the retinoic acid receptor (RAR). Another isomer, 9-cis RA, targets mainly the
retinoic X receptor (RXR), which is capable of binding many other ligands, termed retinoids
[145]. RAR and RXR form dimeric complexes that are capable of regulating the expression of
hundreds of RA-responsive genes, some of them directly by binding to a regulatory element
upstream of the gene. In developing embryos of zebrafish [158] and chicken [159], HPLC
analysis has found evidence mostly for the trans-isomer. Other isomers, in particular 13-cis RA,

have only been found in 10-day-old fish embryos.

Because of its involvement in so many developmental pathways, much effort has been devoted
to control RA activity in developing embryos. The usual approach is to block endogenous RA
synthesis and look for rescue of the investigated pathway when externally supplying all-trans
RA. To impede RA synthesis, Raldh mutant lines or drugs (such as diethyl-aminobenzaldehyde,
DEAB) that block Raldh can be used. To rescue normal development all-trans RA is usually

dispensed continuously, either globally [160] by adding it at a known concentration to the
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Figure 4. Developmental response to various concentrations of different RA isomers. (A) Isomerization reaction of 13-cis
RA into all-trans RA (and vice versa). (B) Typical phenotype of a zebrafish embryo incubated in embryo medium (EM) and in
DEAB. Note the enlarged heart cavity (area enclosed by yellow line). (C) Developmental response of embryos incubated in
DEAB to transient (5-minute) incubation in various concentrations of all-trans RA, 9-cis RA and 13-cis RA, subjected or not to
UV illumination and fixed in 4% paraformaldehyde at 33hpf. Since the heart cavity is enlarged in DEAB, we used the ratio of its
transverse area (as enclosed by the yellow line in B) to the value in DEAB as a means to quantify the rescue (which is maximal
when the ratio is minimal). Note that rescue of heart development requires ~1nM all-trans RA, 10nM 9-cis RA or 5nM 13-cis RA
plus UV illumination (1 minute). No rescue is observed in up to 50nM 13-cis RA. The number of embryos used for each

condition is ~20. Error bars indicate s.d.

embryo medium or locally through the implantation of beads soaked in all-trans RA [151], which

generates an unknown gradient of RA. However, to better investigate these issues it is essential

29



to control the concentration, timing and location of all-trans RA, which is difficult using current

techniques.
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Figure 5. UV isomerization of all-trans RA to 13-cis RA and vice-versa. UV irradiation at 365nm of 25mM solutions of all-
trans RA (A) and 13-cis RA (B) in acetonitrile:EM 1:1 (v/v) at 25°C. The photo-conversion extent extracted from the capillary
electrophoresis electropherograms of the irradiated solution is plotted as a function of time. Up-pointing triangles, all-trans RA;
down-pointing triangles, 13-cis RA; lines, exponential fits. Notice that illumination of an all-trans RA solution leads to an
exponential decay of its concentration and the simultaneous formation of 13-cis RA within a characteristic time 13+2 s.
Conversely, illumination of a 13-cis RA solution leads to an exponential decay of the concentration of 13-cis RA and increase of
all-trans RA within a characteristic time 9+2 s. Beyond 50 s, the solution composition does not vary anymore on a 100 s
timescale. In addition, it does not depend on the nature of the initial stereoisomers: all-trans RA and 13-cis RA coexist in similar

relative proportions (0.25+0.05), the remaining initial amount being transformed in other RA stereoisomers [161].

To achieve local spatiotemporal control of all-trans RA activation, we have previously used
photoactivation of caged all-trans RA [161]. However, owing to the poor water solubility of the
caged compound, the concentration of the released all-trans RA is ill defined. Here we propose
an alternative method to precisely control RA concentration, timing and location by UV
illumination (at 365nm) and isomerization of 13-cis RA or all-trans RA. These stereoisomers

exhibit widely different levels of biological activity [162]. Thus, illuminating the biologically
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inactive 13-cis RA form generates at steady state ~20-25% of the biologically active all-trans RA

(in addition to 30-35% 9-cis and 20-25% 13-cis RA stereoisomers [161]). Conversely,
illumination of the active all-trans RA reduces its concentration by a factor of four to five. This
approach for controlling all-trans RA (and 9-cis RA) concentration in vivo is non-invasive,

simple, quantitative, precise in both space and time and reproducible.

Before investigating the developmental response to a local activation (or deactivation) of all-
trans RA, it is important to verify that uniform global activation/deactivation at a given time of a
controlled concentration of all-trans RA in an embryo is feasible and results in well-
characterized perturbations to its development. An experiment in which an embryo at a given
developmental stage is transiently exposed to all-trans RA (either directly or through
photoactivation) differs in principle from the more common experiments in which an embryo is
exposed beyond a certain stage to a constant concentration of all-trans RA. In the case of
transient exposure, all-trans RA might diffuse out of the embryo and may therefore not

necessarily affect its development.

We show here that in zebrafish embryos whose endogenous RA synthetic pathway has been
blocked by DEAB, a global transient exposure (pulse) to 1 nM all-trans RA (either directly or via
the isomerization of 13-cis RA) reproduces the previously characterized rescue of hindbrain
formation (indicated by rhombomere 3 and 5 patterning) by continuous exposure to all-trans RA,
suggesting that all-trans RA is sequestered in embryos that have been exposed to it. We show
that isomerization of all-trans RA (if performed no later than bud stage) is enough to impair this
rescue, suggesting that the critical window for hindbrain rescue by all-trans RA is at the end of

gastrulation. We then use our approach to evaluate the concentration of endogenous all-trans RA
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at a given developmental stage. Finally, we show that activation of all-trans RA at the end of
gastrulation, via the photo-isomerization of 13-cis RA, in the precursor cells of the head rescues
hindbrain development, but fails to rescue it if activated in the precursors of the tail region,

implying that the concentration of all-trans RA can be controlled, and have its effect, locally.

2.3 MATERIALS AND METHODS

2.3.1 Fish lines and maintenance

Fish were raised and bred according to standard methods [163]. A transgenic line mp311+/+GFP
was obtained from a large-scale enhancer trap screen (S.L., unpublished) using a Tol2 vector
[164] containing a 249bp zebrafish gata2 minimal promoter [165] linked to a GFP reporter gene.
In situ hybridization shows that the expression pattern and RA response of this transgene are
similar to those of krox20 (see Fig. 6), a known marker of rhombomeres 3 and 5. Hence, in some
experiments we used this transgenic line to observe and analyze the development of these
rhombomeres. The embryos were incubated at 28°C. Developmental stages were determined as

hours post-fertilization (hpf).

2.3.2 Whole-mount in situ hybridization and RT-qPCR

Single whole-mount in situ hybridization with digoxigenin-labeled riboprobes was performed at
the 1- to 2-somite stage as described previously [166], and double in situ hybridization with
fluorescein-labeled probes was as described [167]. Riboprobes (gift of P. Charnay, IBENS) were
synthesized from template plasmids: krox20, hoxbla [168] and vhnfl [169]. Total RNA was

extracted using Trizol (Invitrogen) and the RNeasy Mini Kit (Qiagen) at the 1- to 2-somite stage
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from embryos incubated from sphere stage in 10 uM DEAB. Some of these embryos were also
transiently incubated (5 minutes) at 90% epiboly in 1nM all-trans RA, 1nM or 5nM 13-cis RA
and in some cases subsequently UV illuminated for 1 minute. cDNA was synthesized from these
pools of total RNA (extracted from 30- 40 embryos) using the Superscript I Reverse
Transcription System for RTqPCR (Invitrogen), and RT-qPCR was performed using these
cDNAs with TagMan Universal PCR Master Mix and TagMan Gene Expression Assay:
Dr03144482 ml(vhnfl) and Dr03124995 ml(hoxbla) (Applied Biosystems). The difference
(ACt) in the number of amplification cycles between these genes (in various conditions) and a
reference gene (P-actin) was measured in triplicate PCR assays. The fold increase (f.i.) in
expression with respect to incubation in DEAB (which inhibits the expression of vhnfl and
hoxbla) was computed as: f.i.=< 2:“/2:“PEAB) > where the average is taken over five different

experiments.

2.3.3 Drug treatments

Wild type and mp311+/+GFP embryos were incubated in 10 uM DEAB, 0.01-10nM all-trans
RA, 0.01-10nM 9 cis-RA or 0.05-50nM 13 cis-RA (all Sigma-Aldrich; all from a 10mM stock in
DMSO). Dilutions were made with embryo medium (EM), which was either Volvic water [170]
or double-distilled water supplemented with SmM NaCl, 0.17mM KCI, 0.33mM CaCl2, 0.33mM
MgSO4. Incubations were carried out in 10 ml plastic Petri dishes. All-trans RA, 9 cis-RA and
13 cisRA treatments were carried out in the dark. Transient RA incubations were performed by
transferring DEAB-incubated embryos into RA solution in EM for a set time (usually 5 minutes),
followed by washing in EM and then back into DEAB solution. As controls, siblings were kept

in EM.
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2.3.4 UV illumination

2.3.4.1 UV isomerization

We used capillary electrophoresis (CE) to investigate the course of the photo-isomerization of
all-trans RA into 13-cis RA and vice-versa under the UV illumination conditions used in our
experiments on zebrafish embryos. Starting from a 25uM solution of a pure retinoic acid
stereoisomer (either all-trans RA or 13-cis RA), we measured the concentrations of all-trans RA
and 13-cis RA as a function of the illumination duration by integrating their corresponding CE
peaks.

2.3.4.2 Global illumination with UV lamp

Global one-photon illumination experiments were performed at room temperature with a
benchtop UV lamp (Fisher VL-6-L) at 365 nm. This lamp has a strong line at 365 nm
accompanied by a Gaussian spectral dispersion around 350 nm with a 40 nm width at half
maximum, delivering on the illuminated sample a typical photon flux [161] of ~4.3104
Einstein/(sm?). This UV lamp was placed on top of a Petri dish containing the embryos. We
checked that, when illuminated for up to 4 minutes under such conditions, the embryos
developed normally. To inactivate all-trans RA (by isomerization into cis-isomers) the embryos
previously incubated transiently in all-trans RA were illuminated for 1 minute with the UV lamp.
Similarly, to activate all-trans RA (by photo-isomerization of 13-cis RA) the embryos previously
incubated in 13-cis RA were illuminated for 1 minute with the UV lamp. Following illumination,
all embryos were incubated at 28°C in 10 uM DEAB solution.

2.3.4.3 Local illumination with UV laser

A 40 0.8 NA water-immersion objective (Olympus) was used to image the embryos on a CCD

camera (Andor Luca) and locate the focal spot of the UV laser. For the UV illumination (375
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nm, CW, from Crystal Laser) a beam of 1 mm diameter was coupled to the microscope without
expansion. The incident UV power at the sample (~5 uW) was measured with a NOVA II power
meter (Laser Measurement Instruments). For local 13-cis RA isomerization, embryos were kept
in 10 uM DEAB from 4hpf, and were exposed to 5SnM 13-cis RA for 5 minutes at the 75%
epiboly stage. They were dechorionated and gently mounted in an array of agarose wells [171].
They were orientated properly as shown in Fig. 14A with extended length tips, and were then
illuminated with the UV laser at the 80-90% epiboly stage for 20 seconds in selected regions of
the gastrula that give rise to the anterior or posterior part of the embryo. To demonstrate the
localization of the UV illumination, embryos were injected at the one-cell stage with mRNA
encoding the photoactivatable protein Kaede (used as a label of photoactivation) and illuminated
with the UV laser as described. Following UV photoactivation Kaede fluoresces in red, allowing

identification of the illuminated regions at later developmental stages (see Fig.15).

2.3.5 Real-time GFP monitoring and data analysis

To monitor the development of rhombomeres 3 and 5 in different conditions, embryos under
various treatments were dechorionated and gently mounted in an array of agarose wells [171].
All the embryos that orientated properly were imaged overnight at the Imaging Core Facility of
the California NanoSystems Institute (CNSI) using a time-lapse confocal microscope (STED,
Leica). To ensure proper development of the embryos, their temperature was kept at ~28°C with
a heating mat. To measure the GFP intensity from rhombomeres 3 and 5, the fluorescence from
all the stacks of confocal images was added together. The ratio of the rhombomere fluorescence

was then calculated after background subtraction and intensity averaging.
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2.3.6 Capillary electrophoresis analysis following RA isomerization

Electrophoretic measurements were performed with a PACE/MDQ (Beckman Coulter) capillary
electrophoresis system [172]. Migrations were performed at 20 kV in bare fused silica capillaries
(Polymicro, Phoenix, AZ, USA), 50um internal diameter 50cm, filled with running buffer (30
mM Na,B407 and 20mM a-cyclodextrin containing 10% acetonitrile) at 25°C. The analytes were
detected by UV absorbance at 350nm. In view of the similarity of the absorption spectra of the
two analyzed retinoic acids at that wavelength, we assimilated the corrected areas of the peaks to

the amounts of the corresponding retinoic acids.

2.3.7 In-vitro fertilization

Sperms from male transgenic fish mp311+/+GFP were cryopreserved following procedures
described as reported [173]. Sperms were properly stored in liquid nitrogen for long-term use.
Before fertilization, female mp311+/+ GFP fish were set together with and chased by male
counterparts for 10 minutes, and then anesthetized by 0.4% tricaine solution. Female fish were
first carefully dried by softly wiping with tissue paper. Then unfertilized eggs of good quality
were gently squeezed out from female belly onto a clean, dry 55mmx16mm petri dish (Sigma-
Aldrich). For a short all-trans RA pulse before fertilization, 100uL 5nM all trans RA in 10uM
DEAB with Hank’s Balanced Salt Solution (HBSS, Thermo Fisher) was dropped onto around
300 eggs for two minutes. Eggs in the other group were instead immersed in 100ul. 10uM
DEAB with HBSS for two minutes. Meanwhile, sperm vials were taken out from liquid nitrogen
and thawed briefly in 33°C water bath for 6 seconds. Thawed sperms were immediately injected
and mixed with eggs. 750uL E3 fish medium was added to mix, and the mixture was left for 5

minutes before they were transferred into 100mm % 20mm petri dish filled up with 10uM DEAB,
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and maintained at 28°C. After 30 minutes, fertilized eggs without pre-pulse of all-trans RA were
incubated in 5nM all-trans RA for 2 minutes. After 3hours, infertile eggs in all groups were
selected and discarded. Hindbrain developments were assessed by quantifying ratio of

rhombomere 5 over rhombomere 3 the next day.

2.4 RESULTS

2.4.1 A transient exposure to RA rescues zebrafish development

It has been shown [160, 174] that zebrafish embryos incubated in 5-10uM DEAB, an inhibitor of
Raldh, the enzyme responsible for all-trans RA synthesis, from Shpf exhibit abnormal
development affecting organs such as the anteroposterior axis, brain and heart. These severe
phenotypes (Fig. 4B) can however be rescued with addition to the embryo medium before the
end of gastrulation of 1-10nM all-trans RA [160, 174]. In order to test whether a short transient
pulse of all-trans RA could also rescue the development of embryos incubated in DEAB, we
investigated the rescue of zebrafish embryos incubated at 90% epiboly for 5 minutes in
increasing external concentrations (0.01-50nM) of all-trans RA, 9-cis RA and 13-cis RA. To
quantify the rescue we measured the area of the heart cavity that is expanded in the absence of
RA (Fig. 4B) [153]. A normal heart cavity is indeed observed when embryos are transiently
incubated in as little as InM all-trans RA (Fig. 4C). This rescue was also observed in embryos
transiently incubated in 9-cis RA but required 10-fold higher concentrations and was not
observed in 13-cis RA even at concentrations as high as 50nM. Hence, possible endogenous
isomerization of cis-RA into all-trans RA is negligible at the developmental stages studied here.

However, rescue was observed in the presence of 5SnM 13-cis RA if the embryos were exposed
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for 1 minute to UV light, thereby isomerizing 20-25% of 13-cis RA to all-trans RA (Fig. 4A; Fig.
5). When isomerizing with UV light we chose to tune the initial concentration of 13-cis RA
rather than the illumination time to control the final concentration of all-trans RA. Indeed, the
isomerization reaction proceeds quickly to photostationary state (~10 seconds) [161] (Fig. 5) and

it is therefore more difficult to tune the final concentration via the illumination time.

2.4.2 Rescue of hindbrain development upon transient exposure to all-trans RA

The rescue of zebrafish development by all-trans RA has been particularly studied in the context
of the hindbrain where its absence affects the development of the more posterior rhombomeres.
We have studied quantitatively the effect of a short pulse of all-trans RA, either through a
transient (5 minute) incubation in all-trans RA or via UV illumination of 13-cis RA, on the
rescue of hindbrain development in embryos incubated in DEAB. We performed in situ
hybridization against RA-responsive genes that are expressed in early development of the
hindbrain [krox20 (egr2 — Zebrafish Information Network), vhnfl (hnflba — Zebrafish
Information Network), hoxbla] and are known to differ in expression in DEAB-treated embryos
versus normally developing controls [160]. A short pulse of 1nM all-trans RA given at 90%
epiboly is sufficient to rescue the known normal expression pattern of these RA-responsive

genes, as identified by in situ hybridization (Fig. 6, Fig. 7).
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Figure 6. Response of vhnfl to transient exposure to all-trans RA and 13-cis RA. Zebrafish embryos were incubated from
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sphere stage in 10 uM DEAB (except for the control incubated in embryo medium, EM), exposed at 90% epiboly for 5 minutes
to various concentrations of all-trans RA (tRA) and 13-cis RA (cisRA) and UV illuminated (for 1 minute) or not. (A) In situ
hybridization at the 1- to 2-somite stage for vhnfl (blue) and krox20 (red) in embryos incubated in DEAB and 5nM 13-cis RA
(no vhnfl is visible) or DEAB plus 1nM all-trans RA and DEAB plus 5nM 13-cis RA plus 1-minute UV illumination (rescue of
vhnfl expression is visible). (B) Quantification of the expression of vhnfl by RT-qPCR in various conditions. Note that the
expression of vhnfl in InM all-trans RA is similar to that in 5nM 13-cis RA plus UV. Also, the expression of vhnf1 is similar in
1nM all-trans RA plus UV and 1nM 13-cis RA plus UV, as expected because in both cases the concentration of all-trans RA after
UV illumination is the same. Error bars indicate s.e.m. from five experiments (for each experiment, RT-qPCR for the various

genes was performed in triplicate, ***p<0.001, ** p<0.01).

To better quantify this rescue we used RT-qPCR to estimate the change in expression levels of
two RA-responsive genes, the expression of which is blocked in presence of DEAB: vhnfl and
hoxbla. Partial quantitative (~50%) rescue of the expression levels of these genes was observed
following a pulse of 1nM all-trans RA, either through transient incubation in all-trans RA or via
transient incubation in 5nM 13-cis RA followed by UV illumination for 1 minute (Fig. 6, Fig. 7).

Note that 1-minute UV illumination of 1nM all-trans RA or 1nM 13-cis RA yields similar, but
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much reduced, rescue of these genes (~15%). This is to be expected because UV illumination of
all-trans RA or 13-cis RA yields a similar final concentration of the active all-trans RA isomer,

at ~20-25% of the initial concentration (Fig. 5) [161].
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Figure 7. Response of hoxbla to transient exposure to all-trans RA. Quantification of the response of hoxbla to various
transient exposures to all-trans RA (tRA) and 13-cis RA (cisRA). The embryos were incubated from sphere stage in 10mM
DEAB (except for the control incubated in embryo medium, EM), exposed at 90% epiboly for 5 minutes to various
concentrations of all-trans RA and 13-cis RA and UV illuminated (for 1 minute) or not. (A) In situ hybridization at the 1- to 2-
somite stage against hoxblal (blue) for embryos incubated in DEAB with or without 5nM 13-cis RA, DEAB + 1nM all-trans RA
and DEAB + 5nM 13-cis RA + 1 minute UV illumination (rescue of hoxbla expression is visible). (B) Quantification of the
expression of hoxbla by RT-qPCR in various conditions. Note that the expression of hoxbla in 1nM all-trans RA is similar to the
expression in 5nM 13-cis RA + UV. Note further that the expression of hoxbla is similar in 1nM all-trans RA and 13-cis RA
after UV illumination, as expected since in each case the concentration of all-trans RA after illumination is the same. Error bars
are statistical errors on the mean from five experiments (each RT-qPCR assay was performed in triplicate, ***p<0.001,

#£p<0.01).

To further investigate the possible rescue of hindbrain development upon exposure to an all-trans

RA pulse, we used a transgenic zebrafish line expressing GFP in rhombomere (r) 3 and r5 of the
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hindbrain only (see Materials and methods). We first verified that the GFP response to all-trans
RA in these embryos was similar to that of RA-responsive genes by performing in situ
hybridization of GFP and krox20 (a known RA-responsive gene expressed in r3 and r5). The
expression patterns of GFP and krox20 are similar whether the embryos are grown in normal

conditions or incubated in DEAB (Fig. 8).

The advantage of this line is that one can monitor in living embryos the expression pattern of
GFP and thus observe in real time the response of DEAB-treated embryos to pulses of all-trans
RA. The rate of GFP fluorescence increase in r5 in embryos past the 6-somite stage varied in
different conditions. It is maximal (similar to r3) in normal conditions (embryo medium),
minimal in DEAB and rescued in embryos exposed to 5SnM 13-cis RA and UV illuminated for 1
minute (Fig. 9A). To quantify the response to all-trans RA we have thus used the ratio (Rf) of
GFP expression (fluorescence) in r5 versus r3 measured in 24hpf embryos. For normally
developing embryos Rf=1.25+0.05, whereas for embryos incubated in DEAB Rf=0.25+0.05
(Fig. 9B). In agreement with our previous observations, transient exposure of the embryos at
90% epiboly to 1nM all-trans RA (or to 5SnM 13- cis RA followed by 1-minute UV illumination)

is enough to partially rescue the expression of genes in r5 (Rf=1.00+0.05).

2.4.3 Short exposure to all-trans RA before bud stage rescues hindbrain development

In the experiments described above the embryos were transiently exposed to all-trans RA at 90%
epiboly, a stage that has been shown to be critical for proper rescue of the hindbrain [152, 174].
To test whether the timing of exposure was critical, we exposed embryos incubated in DEAB at

various developmental stages for 5 minutes to 1nM all-trans RA. To quantify the rescue, we
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Figure 8. Response of the GFP transgenic embryos to DEAB and RA treatments. GFP expression in 13 and r5 in transgenic

zebrafish embryos incubated in EM or 10uM DEAB (from sphere stage). (Top row) In situ hybridization of embryos grown in
EM at the 12- to 14-somite stage for GFP (red), krox20 (a known marker of 13 and r5, blue) and both GFP and krox20. Side
view. (Bottom row) In situ hybridization of embryos grown in DEAB for GFP, krox20 and both GFP and krox20. Dorsal view.
GFP expression reproduces the response of krox20. Since GFP allows the monitoring of live embryos, we have used it to

quantify their response to all-trans RA.

measured Rf at 24hpf. Although rescue is maximal at 90% epiboly, partial rescue is also
observed in embryos incubated for 5 minutes in all-trans RA as early as sphere stage (Rfl), but
not in embryos transiently exposed to all-trans RA at 3 somites (Rf0.2) (Fig. 10). Surprisingly,
the length of exposure to all-trans RA does not seem to affect the rescue. Embryos incubated at
sphere stage in 0.2nM all-trans RA for 5, 10, 25 and 40 minutes exhibited similar levels of GFP

rescue (Rf0.55) (Fig. 11). This suggests that rapid equilibrium is achieved with the external
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concentration of all-trans RA. Notice, however, that after exposure RA is retained for hours,

even though the embryos are incubated in a DEAB solution lacking any RA.

2.4.5 Short UV illumination of all-trans RA prevents rescue of hindbrain development

The previous experiments implied that although all-trans RA can rapidly enter the embryo, it
does not diffuse out, suggesting that all-trans RA might be sequestered until required for proper
development at later stages. Since UV illumination can partially isomerize all-trans RA to its
inactive cis-isomers, we tested this hypothesis by attempting to hinder hindbrain rescue by
illuminating for 1 minute with UV light a DEAB-treated embryo transiently exposed at sphere
stage to 1nM all-trans RA, thereby photoisomerizing at different (later) stages ~75-80% of the
stored all-trans RA. As surmised if photo-isomerization is performed no later than bud stage,
rescue of r5 is incomplete (Rf0.5) and corresponds to the level observed when all-trans RA is
isomerized immediately after incubation at sphere stage (Fig. 12). However, if photo-
isomerization is attempted at the 3-somite stage, 15 is rescued as it would in the absence of UV
illumination (i.e. in the presence of InM all-trans RA; Rf=0.85+0.05). These observations were
validated (data not shown) by in situ hybridization of genes (krox20, vhnfl) known to be

involved in early hindbrain development [160, 174].

We have furthermore used our approach to estimate the concentration of all-trans RA at a given
developmental stage: 75% epiboly. We compared the rescue of r5 when an embryo is transferred
into a DEAB solution at 75% epiboly (with and without subsequent UV illumination) with that
of an embryo incubated from an early stage (blastula) in DEAB and exposed at 75% epiboly to a

pulse of all-trans RA of various concentrations. From this comparison (Fig. 13), we deduced that
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the concentration of all-trans RA in the embryo at 75% epiboly is ~0.05nM. These results

demonstrate that quantitative control of all-trans RA concentration and activity can be achieved
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Figure 9. Quantification of RA response in the GFP transgenic line. (A) Dynamics of the total expression of GFP in r3 and r5
in transgenic zebrafish embryos incubated from sphere stage in 10uM DEAB (except for the control incubated in embryo

medium, EM). Some of the embryos were exposed at 90% epiboly for 5 minutes to 13-cis RA (cisRA) and illuminated (or not)
for 1 minute with a UV lamp. GFP fluorescence can be detected at ~6 somites, which defines the time origin in these data. From

the almost linear increase with time of the fluorescence in r3 and r5, we deduce that the ratio of fluorescence of r5 to 13 is a good
proxy for the response to all-trans RA. Error bars indicate s.d. from the dynamics measured in three different embryos for each
condition. Insets show typical fluorescent images of the embryos at 24hpf. (B) To quantify the response of the embryos to all-
trans RA exposure we measured the ratio of total fluorescence in r5 versus r3 in 24-hpf embryos. It is minimal in DEAB and in
the presence of 5nM 13-cis RA, but is almost normal (maximal) in embryos transiently incubated in 1nM all-trans RA (tRA) or

5nM 13-cis RA plus 1-minute UV illumination. Error bars indicate s.e.m. (***p<0.001, n.s. not significant).

by UV-induced isomerization: all-trans RA can be activated by photo-isomerization of 13-cis RA
as well as it can be deactivated by its own photoisomerization. We note, however, that because
UV-induced isomerization yields a steady state of RA isomers [161] (Fig. 5), one cannot

deactivate the all-trans RA generated from photo-isomerization of cis-isomers.

2.4.6 Rescue of hindbrain development by local activation of RA

Local release has been achieved by implanting beads soaked with all-trans RA in various tissues,
in particular in the posterior part of the brain to investigate the rescue of development in DEAB-
treated embryos [151]. These experiments led White et al. to suggest that all-trans RA is a bona
fide morphogen, an anteroposterior gradient (in conjunction with similar gradients of Fgf8 and
Cyp26) of which determines the proper location and development of the thombomeres. Even
though much can be, and indeed has been, learned from such experiments, the high concentration
of all-trans RA in the beads (between 10uM and ImM) and the lack of control of the all-trans
RA gradient hinder the test of the elaborate models proposed for the action of all-trans RA

during the development of this (and other) organs (e.g. during somitogenesis [144]). Although
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Figure 10. Rescue of hindbrain upon an all-trans RA pulse at various developmental stages. Rescue of hindbrain
development in zebrafish embryos expressing GFP in r3 and r5, continuously incubated in 10pM DEAB from sphere stage (4hpf)
and exposed for 5 minutes to 1nM all-trans RA (tRA) at various developmental stages (except for the control incubated in
embryo medium, EM). On the left are shown typical patterns of GFP expression at 24hpf. On the right is shown the average ratio
of total fluorescence in r5 versus r3. Note that exposure to all-trans RA until bud stage yields an almost normal pattern of
hindbrain development, whereas exposure to all-trans RA at the 3-somite stage (11hpf) does not rescue normal development of

r5. Error bars indicate s.e.m. Scale bar: 200um (***p<0.001, n.s. not significant).
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our purpose here is not to test these models, we show below that our approach for all-trans RA
control via UV photo-isomerization offers a means to locally activate (or deactivate) all-trans RA
at specific times and locations during embryogenesis. Zebrafish embryos were incubated from
sphere stage in 10 uM DEAB and exposed at 75% epiboly for 5 minutes to 13-cis RA (5nM).
They were then returned to a DEAB solution and individually placed in separate wells of an
array in agarose [171]. They were then illuminated at 80-90% epiboly for 20 seconds with a
focused UV laser beam (375 nm) in selected regions of the gastrula where precursors of the head
or tail are located. The UV illumination locally isomerizes 13-cis RA into all-trans RA. To test
for all-trans RA activity we then looked for the rescue of GFP expression in r5 at 24hpf in the
transgenic line described above. The rescue of r5 (Rf0.9) upon global UV illumination is similar
to the rescue observed upon local UV laser illumination in the precursor of the head region (Fig.
14). A much less substantial rescue (Rf0.35) is observed upon laser illumination in the precursor
of the tail region, possibly owing to light scattering that might isomerize some 13-cis RA in the
head region. These results imply that all-trans RA is sequestered locally before being used as a
possible morphogen as implicated in the development of the hindbrain. As a control, other
embryos were injected at the one-cell stage with mRNA encoding Kaede [91] and similarly
illuminated with the UV laser beam (the fluorescence of Kaede then switches from green to red).
Although the green fluorescence of Kaede interferes with the GFP fluorescence of 13 and r5 and
thus cannot be used in conjunction with GFP, the fluorescence of the photoactivated Kaede
allows us to verify at later stages that the head or tail regions have indeed been UV illuminated

(Fig. 15).
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Figure 11. Response to transient all-trans RA exposure for varied times. Ratio of GFP fluorescence in r5 versus r3 at
24hpf in transgenic embryos incubated in EM or 10mM DEAB from sphere stage and transiently incubated in
0.2nM all-trans RA for various times (5, 10, 25 and 40 minutes). The partial rescues of GFP expression in r5 are

similar in all cases (** p<0.01, * p< 0.05, n.s. not significant).

2.4.7 A short pulse of all-trans retinoic acid after, but not before fertilization could rescue
hindbrain development.

In our investigation, surprisingly we found that an early all-trans RA pulse at sphere stage (4hpf)
as low as 1nM exhibited significant rescue on hindbrain development. As reported in others’
work [174, 175], zebrafish embryos begin to synthesize endogenous all-trans RA only after Shpf.
This implies an interesting mechanism of all-trans RA sequestration by the embryo after a short
exposure to a low dose of all-trans RA. We further asked whether sequestrated all-trans RA

could be replaced if those embryos were later exposed to all-trans RA solution with much lower
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Figure 12. Partial abortive rescue of hindbrain upon UV illumination of all-trans RA. Hindbrain development in zebrafish
embryos expressing GFP in r3 and r5, continuously incubated in 10uM DEAB from sphere stage (4 hpf) and exposed for 5
minutes to 1nM all-trans RA (tRA) at sphere followed at various developmental stages by UV illumination for 1 minute (which
isomerizes, i.e. deactivates, ~80% of all-trans RA). On the left are shown typical patterns of GFP expression at 24hpf. On the
right is shown the average ratio of total fluorescence in r5 versus r3. Note that UV illumination of the embryos until bud stage
prevents full rescue of r5. Fuller rescue of hindbrain development by all-trans RA is however possible if UV illumination is

performed at the 3-somite stage. Error bars indicate s.e.m. Scale bar: 200um (** p<0.01, * p<0.05, n.s. not significant).
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Figure 13. Estimating the all-trans RA concentration at 75% epiboly. To estimate the concentration of all-trans RA at 75%
epiboly, we incubated embryos from that stage on in DEAB and illuminated (or not) the embryos for 1 minute with UV light. We
then compared the response of these embryos (the ratio of GFP fluorescence in r5 versus r3 at 24hpf, Rf) to the response
observed in embryos incubated in DEAB from sphere stage and exposed at 75% epiboly to a pulse of all-trans RA of various
concentrations. Since UV illumination inactivates about 80% of the endogenous all-trans RA, we deduce from this comparison
that the endogenous all-trans RA concentration at that stage is ~0.05nM, which is reduced upon UV illumination to ~0.01nM all-
trans RA consistent with the result of rescue by transient incubation at 75% epiboly of an embryo incubated in DEAB from

sphere stage in these concentrations of all-trans RA (* p<0.05).

concentration. 2nM or 0.2nM all-trans RA was administered at sphere stage for Sminutes and
transferred to E3 medium. Half an hour later, embryos pre-incubated in 2nM all-trans RA were
exposed to another 0.2nM all-trans RA pulse for 5Smin, 10min, 20min, 40min, and 60min
respectively. According to our observation, all-trans RA pulses later at lower concentration, were
not able to deter hindbrain rescue (Fig.16A), indicating a very strong binding and sequestration
of prior all-trans RA pulse, which otherwise could not be disassociated by a following lower all-
trans RA pulse. Based on what we had observed, we proposed a “valve” model (Fig. 16 B) that

might explain how a pulse of all-trans RA could be sequestered. The channel for all-trans RA
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only substantively opens when concentration of all-trans RA outside surpasses the concentration
inside. The next big quest is to search for the all-trans RA sequestering co-factor(s). More
surprisingly, we found an early pulse of all-trans RA even at one-cell stage demonstrated similar
hindbrain rescue to what a pulse did at sphere stage (Fig.17 A). Hindbrain rescue by extremely
early pulse suggested that the sequestering co-factor(s) were readily available even at one-cell
stage. Arguably one would expect various biomolecules like cellular retinoic acid bind proteins
(CRABP) are not synthesized yet at one-cell stage [176, 177]. Essential sequestering factors
must be accessible from the very beginning after the egg is fertilized. One may also hypothesize
that these perplexing sequestering co-factor(s) could exist in the egg even before fertilization. To
investigate whether the egg is able to sequester all-trans RA pulse before fertilization, we
performed in vitro fertilization experiments in which a 2-minute pulse of 5nM all-trans RA was
introduced to unfertilized eggs before they were mixed with sperms. For the post fertilization
pulse, a 2-minute pulse of 5nM all-trans RA was given to fertilized eggs 30 minutes later (see

materials and methods).
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Figure 14. Local activation of RA via isomerization. Local activation of all-trans RA in zebrafish embryos at 80-90% epiboly

(incubated from 4hpf in 10 uM DEAB) by UV laser illumination at 375 nm following a 5- minute 13-cis RA (cisRA) pulse
(5nM) at 75% epiboly. (A) Schematics describing how embryos were illuminated in localized areas during embryogenesis (see
Materials and methods for details). (B) Representative images of embryos incubated in EM (control), in EM plus DEAB,
subjected to a 13-cis RA pulse and global UV illumination or to local UV laser-induced isomerization in the tail or head regions.
(C) Quantification of the average ratio (Rf) of total fluorescence in r5 versus r3 for the different conditions in B. Error bars

indicate s.e.m. Scale bar: 200 um (*** p<0.001, n.s. not significant).
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Figure 15. Local labeling with photo-activation of Kaede. Local illumination with a UV laser at ~80% epiboly in the precursor
of the head region. To confirm the localization of the UV laser illumination we used the photoconversion of Kaede (from green to
red fluorescence) to track the fate of the illuminated region. The mRNA encoding Kaede [178] was injected at the one-cell stage.
(A) Embryo overview. The boxed region indicating the anterior part of the embryo corresponds to the area shown in B,C. The
region indicated by the small circle was selected for UV irradiation. (B) Twenty seconds of UV irradiation (bright spot) in the
circled region in A. (C,D) At 24hpf, red fluorescence from diffused Kaede was observed in the head (C), but not in the tail (D).
(E) UV irradiation for 20 seconds in a region (bright spot) that develops into the tail. (F) Corresponding red fluorescent image

immediately after photo-conversion. (G,H) At 24hpf, red fluorescence was observed in the tail (H) but not in the head (G).

All treated embryos were incubated in 10uM DEAB except the E3 control. Rf was measured for
different groups 24 hours later. The results showed that a 5nM all-trans RA pulse before

fertilization failed to rescue hindbrain development (a low Rf value similar to DEAB group).
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However, the same pulse after fertilization resulted in a much higher Rf (Fig. 17B). These results
imply that possible all-trans RA sequestering co-factor(s) are not available before fertilization,
and they are not likely to be CRABPs as we had considered. More and deeper investigations are

required to further probe what exactly sequesters all-trans RA at an early stage.

2.5 DISSCUSION

We have described a method for the quantitative, temporal and local control of RA activity in a
developing embryo. This method relies on photo-isomerization of an inactive isomer of RA (13-
cis RA) to yield ~20% and ~30% of the active all-trans and 9-cis RA isomers. By transient
incubation of the embryos in all-trans RA versus 9-cis RA, we observed that the all-trans RA
isomer could rescue the developmental defects observed in a zebrafish embryo incubated in
DEAB (an inhibitor of RA synthesis) at concentrations 10-fold lower than 9-cis RA. We deduce
that, in the experiments reported here, the main effect of 13-cis RA isomerization is to yield
~20% of the active all-trans RA isomer. This conclusion is supported by RT-qPCR results
showing that the expression levels of RA-responsive genes (vhnfl, hoxbla) were equal when
equal concentrations of all-trans RA and 13-cis RA were UV illuminated (they yield similar
distributions of isomers). When only 13-cis RA was illuminated we had to use a 5-fold higher
concentration to observe equal expression of the studied genes as when using all-trans RA. Our
results (RT-qPCR on all-trans RA-responsive genes and the GFP intensity ratio in r5 versus 13)
show that UV isomerization of 13-cis RA is similar to a transient (5-minute) incubation in all-
trans RA at one-fifth of the concentration. This is expected because ~20% of 13-cis RA is

isomerized into all-trans RA upon UV illumination. Surprisingly, however, the embryo can be
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partially rescued by such a pulse of all-trans RA if it is given as early as sphere stage (but no

later than bud stage).
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Figure 16. A “valve” model for all-trans RA early sequestration. (A) Average ratio (Rf) of r5 versus r3 quantified by GFP
intensity in different conditions. A lower 0.2nM all-trans RA pulse did not decrease hindbrain rescue caused by a higher 2nM all-
trans RA pulse at sphere stage. (B) A “valve” model explains that an unspecified RA channel only opens when it detects a higher

concentration of RA outside (*** p<0.001, * p< 0.05, n.s. not significant).

Because after 5 minutes of incubation in all-trans RA (or 13-cis RA) the embryo is put back into
a DEAB solution, one might have expected the internalized RA to diffuse out on a similar time-
scale. This, however, is not the case as implied by two lines of evidence. First, the embryo is
rescued by such pulses of all-trans RA, which is believed to be required at the end of gastrulation

[152]. Second, if, between the exposure to all-trans RA (at sphere) and the end of gastrulation,
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the embryo is UV illuminated then only very partial rescue is observed (as would be expected
from a decrease in the internal concentration of all-trans RA due to isomerization). We deduce
that RA is sequestered in the embryo in the time interval (a few hours) between exposure and the
end of gastrulation. Sequestration per se is not surprising, as many proteins are known to bind
intracellular all-trans RA with sub-nanomolar affinities (e.g. CRABP [179]). Extracellular all-
trans RA-binding proteins have also been described [180, 181]. However, these proteins have
much lower affinities for cis-isomers. Their presence would therefore not explain why 13-cis RA
could be activated hours after a 5-minute incubation. Binding to these proteins would equally fail
to explain why equilibrium with an external concentration of all-trans RA is reached within 5
minutes, whereas the RA can be retained for hours after the embryos are transferred into a
solution lacking any RA. More surprisingly, a short pulse of all-trans RA at one cell stage could
partially rescue DEAB phenotypes as well. In contrast, attempt of introducing the same pulse
before egg fertilization fails to deliver the same rescue effects. All these intriguing observations
imply that possible all-trans RA sequestering molecule(s) become available even at one-cell
stage, but not before fertilization. Further investigations are needed to pin down the exact co-

factors as well as the mechanisms involved.
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Figure 17. Hindbrain rescue caused by all-trans RA pulse at one cell stage, but not before fertilization. (A) 1nM tRA pulse
at one cell stage and sphere stage showed the same rescue effects. (B) A 5nM tRA pulse after fertilization, but not before

fertilization, rendered partial rescue of hindbrain development (*** p<0.001, n.s. not significant).

Beyond the role possibly played by all-trans RA sequestration in normal development, our
results suggest that spatiotemporal control of all-trans RA concentration is possible via its
photoisomerization. This was demonstrated by the rescue of hindbrain patterning upon photo-
isomerization of 13-cis RA in the head and to a lesser extent in the tail region. This should open
the way for a detailed investigation of various developmental models in which all-trans RA is
known to play an important role, such as hindbrain patterning and somitogenesis. The local
release of a known concentration of all-trans RA at a specific location in the embryo and at a
specific time during the developmental program will allow more precise characterization of the
response to test the relevant models of development [162, 182]. There are a few caveats to these
investigations though: because all-trans RA is sequestered and regulated in the embryo, it is
better to conduct these types of studies in embryos devoid of endogenous all-trans RA (e.g. those

treated with DEAB) so that the local perturbations achieved by photo-isomerization of 13-cis RA
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(or all-trans RA) are not modulated by an ill-defined, local, endogenous all-trans RA response
(such as the compensatory release or sequestration of endogenous all-trans RA); moreover,
because photo-isomerization of 13-cis or all-trans RA also generates 9-cis RA, one should keep
in mind and investigate separately the possibly synergistic role of 9-cis RA, a natural ligand of

RXR.
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CHAPTER THREE:

OPTICAL CONTROL OF CANCER INDUCTION IN SINGLE CELLS IN ZEBRAFISH

59



3.1 ABSTRACT

Although cancer initiation and evolution have been extensively studied, they are not, as of yet,
fully understood. Several models have attempted to answer how cancer arises from individual
transformed cells. However, current probes of cancer development are restricted to the collective
properties of many thousands of cells. In particular, two outstanding questions, the effectiveness
of oncogenic transformation and the role of the local microenvironment on cancer initiation,
require the study of the fates of individual cells and their progenies. To address these challenges,
we have developed a technology that allows for the control of protein activity and gene
expression in a small group of cells through light activation. In this work, we utilize this method
to activate a typical oncogene, K-RasG12V, in a small number of cells in a live zebrafish and
investigate the effects of these changes on tumorigenesis under varied genetic backgrounds. We
successfully demonstrate the spatiotemporal control of oncogene expression in live zebrafish.
Furthermore, we investigate different tumorigenic phenotypes by transiently or permanently
activating human K-RasG12V at varied developmental stages. We believe that our studies could
shed new light on cancer initiation and growth and provide new tools for target validation and

testing of novel anti-cancer drugs.

3.2 INTRODUCTION

The initiation of cancer is believed to be a rare event, taking place at the level of individual
cells[20, 183, 184]. Commonly considered as a genetic disease, cancer is attributed to

accumulative somatic mutations and epigenetic changes. Those alternations at genetic level
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contain substitution, insertion and deletion of bases, rearrangements and changes in copy
numbers of DNA segments[185, 186], and inheritable epigenetic changes in lineage such as
DNA methylation, histone modifications and small noncoding microRNAs[187]. The complexity
of tumor conditions magnifies as tumor progresses, acquiring further genetic variabilities from a
single cell of origin. Current understanding of cancer genomes categorizes two subsets of
somatic mutations-“driver mutation” and “passenger mutation”. While “driver mutation”, in
most cases, involves critical “cancer genes” that are able to drive transformed cells to expand and
proliferate more than surrounding normal cells; “passenger mutation” usually doesn’t confer
significant advantages for transformed cells in terms of growth and proliferation. However, it
remains largely unknown[188] why and how certain genetic transformations in a single cell or
small number of cells eventually advance to tumor, but others, in contrast, are usually extruded
or suppressed. The occurrences of cancer in an individual subject are widely due to interactive
environment, life style and certainly to the genetic predisposition carried in one’s fertilized egg.
Even so, how much and exactly how each of those factors contributes to cancer initiation, from
cellular perspective particularly, remains largely unclear and open to discussion[189-191]. One
recent controversial paper claims that cancer might be simply due to “bad luck” of random
mutations from stem cell division[191], of which the numbers on the other hand, have essentially
been pre-destined among species. In other words, this means cancer is not preventable in many
cases. All those fierce debates and discussions provide worthy creditable insights, yet,
desperately urge deeper understanding on triggering events of cancer initiation and progression.
Now assorted approaches enable us to investigate characteristic shifts of a formed tumor at
genetic and molecular level. Cytogenetic and copy number study, as well as second generation

DNA sequencing empower us to precisely pin down the genetic transformations within solid
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tumor cells[192]. Additionally, over the course of past decades, numerous cancer models[193-
196] have been developed to help investigate cancer cell behavior and more importantly, develop
treatments for cancer progression and relapse. Nonetheless, tumor initiation is organ- and
species-specific[197]. Examinations of tumors at late stages of cancer development are not able
to shed light on the initiation and early statistical “history” of cancer cells. Current approaches
show limits in ability to develop therapies aimed at preventing cancer initiation. The idea of
understanding tumor evolutionary process in the very initial stage has been emerging over last
decades[184, 198]. Specifically, two key unresolved questions of cancer development, namely
the roles and effectiveness of mutations in proto-oncogenes and/or tumor suppressor genes in
cancer initiation and the role of the local microenvironment on cancer initiation require a defined
look at the level of individual cells. Yet current probes of cancer development are mostly
restricted to the collective properties of many thousands of cells after tumor already forms.
Several attempts were reported in very recent years that investigated the interaction between
single transformed cells with surrounding normal epithelial cells and immune cells[199, 200].
However, these investigations were limited to specific cell types and more critically, they did not
mimic true tumorigenic initiation in physiological scenario where only a single transformed cell
starts to develop tumor within a solid tissue. Here in our work, we develop a sophisticated tool
that is able to optically control tumor initiation in a live zebrafish embryo without limitation to
specific cell/tissue types. The approach relies on the well-known use of tamoxifen to release
proteins fused to the tamoxifen specific receptor (ERT)[201] and sequestered in the absence of
ligand by cytoplasmic chaperones. This technique has been used for more than two decades in a
variety of in-vitro and in-vivo contexts to induce recombination of desired gene constructs by a

fusion between the ERT and a Cre-recombinase. And it has effectively shown the introduction of
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somatic mutations at a chosen time and/or in a given tissue[202]. In our study, we combine this
knowledge with the introduction of a caged analog of tamoxifen (caged-cyclofen), which is more
stable upon photo-activation and has similar activity towards the ERT receptor. Upon
illumination of UV light, cyclofen is released in the illuminated cell(s) in a zebrafish. Its binding
to the ERT receptor releases the fused protein from its chaperone complex, thereby effectively
turning on its activity. To induce oncogenic expression in vivo, we genetically modify two
widely used systems of gene expression control: Gal4/UAS and Cre/Loxp recombination (see
results section). Zebrafish have been used as cancer models and platform of anti-cancer drug
screening only since recent decades[203-207], and they rapidly gain interest and popularity
among researchers because they offers (i) optical transparency, making them ideal for optical
imaging (ii) relative ease for preparing transgenic animals; (iii) high genome similarity to their
human counterpart, especially regarding some genes associated with human diseases[208]; (iv)
the ability to acquire data with good statistics (a single mating pair may lay hundreds of eggs
thus making it possible to carry out statistically significant studies on many similar individuals);
(v) the possibility for setting up high throughput screening aimed at elucidating molecular
mechanisms of tumor suppression. Here in our work, we demonstrate the success of inducing
oncogenic expression of a mutated human k-RasG12V gene, in both transient and permanent
manner, in developing embryos by photons. We find a short activation of k-RasG12V in the
early developmental stage results in a gradual decrease of oncogene expression and rarely causes
tumor formation. In contrast, periodic activation is able to maintain k-RasG12V expression and
indeed increases probability of tumor incidence. In addition, oncogenic activation from the very
beginning at one-cell stage greatly promotes tumorigenesis. On the other hand, permanent

activation of k-RasG12V could substantially advance tumorigenesis during early embryogenesis.
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Furthermore, we delineate the correlation between tumorigenic rate and numbers of transformed
cells in an individual fish, which confirms that higher expression of oncogene k-RasG12V lead
to tumorigenesis at a higher rate. Lastly, we show that our technique is able to precisely activate
and label k-RasG12V expression in a small group of cells without limit to specific cell types.
Overall, we present here a novel methodology to initiate tumor from small number of cells in a
zebrafish at a very high spatiotemporal level. With this powerful tool, one will be able to study
cancer initiation from the very beginning stage. Future research facilitated with this tool will help
examine controversial cancer evolutionary theories from both conventional[20, 183, 209, 210]
and recent[191, 211] studies. The work opens up a new basis for understanding cancer initiation

and growth and will eventually serve as a platform for testing novel anti-cancer drugs.

3.3 MATERIALS AND METHODS

3.3.1 Plasmid design and cloning

A 564bp DNA sequence of human k-RasG12V was slightly modified to prefer expression
pattern in the zebrafish (see below for a full sequence). Plasmids carrying pUC57 vector contains
cre, K-RasG12V and loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP respectively, and were
ordered from Eurogentec. Uas:kRasG12V-T2A-CFP,ubi:Eosfp plasmid was cloned by inserting
k-RASGI2V into a PT24uasfgf8alT2ACFPUbiEosf vector kindly provided by Dr. Michel
Volovitch (ENS), using Kpnl and FspAl digestive sites. Similarly, we made the uas:cre,
ubi:Eosfp plasmid. Ubi:loxp-Eosfp -stop-loxp- kRasG12V-T2A-mTFP plasmid was cloned by
replacing Eosfp with loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP sequene, using BamHI and

EcoRYV digestive sites.
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Full sequence of the modified human k-RasG12V:

atgactgaatataaacttgtggtggttggagctGT Tggcgttggcaagagtgcecttgacaatccagetgattcagaatcattttgtgg
acgaatatgatccaacaatcgaggattcctacaggaagcaagtggtgattgatggagaaacctgtctcttggatattctcgacacag
caggtcaagaggagtacagtgcaatgagggaccagtacatgaggactggggagggctttctttgtgtgtttgccatcaataatacta
aatcatttgaagatattcaccattatagagaacaaattaaaagagttaaggactctgaagatgtgcctatggtcctcgtgggaaataa
atgtgatttgccttcaagaacagtggacacaaaacaggctcaggacttggcaagaagttatggtattccttttattgaaacatcagcea
aagacaagacagggtgttgatgatgccttctatacattggttagagaaatccgaaaacataaagaaaagatgagcaaagatggtaa

aaagaagaaaaagaagtcaaagacaaagtgtgtgattatg

3.3.2 Fish line and maintenance

Three established fish lines: ubi:gal4-ert; ubi:cre-ert and P53” were kindly provided by Dr.
Sophie Vriz (fish line not published, College de France), Dr. David Traver [212] (UCSD) and
Dr. Shuo Lin [204] (UCLA). Stable, double transgenic ubi:gal4-ert, P53-/-; ubi:cre-ert, P53-/-
fish lines were obtained by crossing lines and screening resultant F1 fish with PCR genotyping.
About 100 mosaic fish injected with ubi:loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmid
were mated and resultant F1 fish were screened by both Eosfp expression and PCR genotyping.
UCLA Zebrafish Core Facility provided regular maintenance of all zebrafish lines. The overall
health status of fish in the facility is monitored under the supervision of UCLA veterinary advice.
Veterinary protocol has been approved by UCLA Institutional Animal Care and Use Committee

(ARC# 2001-074-33).

3.3.3 Drug treatments and UV uncaging
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Jullien lab (ENS) synthesized and kindly provided the native cyclofen and caged cyclofen in
powder form (Fig. 18b). Compounds were stored in a brown sealed box and mailed from Paris to
Los Angeles via regular package. For long-term storage, both the native and caged cyclofen were
carefully covered with aluminum foil and kept at -80'C. Stock of 2mM cyclofen and 4mM
caged cyclofen in DMSO were also prepared and kept at -80'C in darkness. To induce k-
RasG12V expression, embryos were incubated in 1, 2, 10uM native cyclofen or 4, 10uM caged
cyclofen and then left for either 2 hours or over night before they were again transferred to the
E3 medium. Periodic induction of kRasG12V expression was carried out by treating gal4-ert
embryos injected with uas:kRasG12V-T2A-CFP;ubi:Eosf plasmid with 2uM cyclofen for 24
hours every five days until two-month post fertilization. For whole embryo uncaging, a
benchtop UV lamp (Fisher VL-6-L) was used. This lamp has a strong emission peak at 365 nm
accompanied by a Gaussian spectral dispersion around 350 nm with a 40 nm width at half
maximum, delivering on the illuminated sample a typical photon flux of ~4.3104 Einstein/(sm”).
Injected embryos pre-treated with caged cyclofen were put in a 60mm X15mm petri dishe and
were illuminated by the benchtop UV lamp for 2 minutes at room temperature. Illuminated fish
were covered with aluminum foil and taken to 28°C incubator. Localized uncaging was achieved
on a Nikon microscope equipped with an adjustable iris and a lumencor LED light engine with a
UV light peaking at 396nm. The maximum relative spectral power of the UV light was
27mW/nm. Uncaging region was controlled by iris to reach a circular area of 120um in diameter.
Uncaging was performed for 2 minutes at the maximum power of the UV light on each embryo.
After uncaging, embryos were transferred to a 12-well plate with E3 medium and incubated in

total darkness.

66



3.3.4 RT-PCR and in-situ hybridization

Expression of kRasG12V mRNA was profiled on embryos ageing from one-day post fertilization
to two-week post fertilization. In each time point, five to seven injected embryos were collected
for total mRNA extraction. Total mRNA was extracted and purified as previously described
[213], and then stored in -80 C till all mRNA samples were prepared. SuperScript® III First-
Strand Synthesis System (Invitrogen) was used to synthesize and purify total cDNA.
Fast SYBR Green Master Mix (Thermo Fisher Scientific) was used for qPCR. Primer sets used
for Eos and kRasG12V c¢cDNA detection were: Eos forward (GCA ACA AAG CCA TGT GAA
TAT GA), Eos reverse (CAA ACT TTC CCG CCA ATG GTC CA), kRasG12V forward (AAC
CAA TGT ATA GAA GGC ATC AT), kRasG12V reverse (TAA ATG TGA TTT GCC TTC
AAG AA). The difference (ACt) in the number of amplification cycles between kRasG12V and
Eosfp (used as a reference gene) was measured in triplicate PCR assays. The ratio of kRasG12V
to Eosfp in expression was quantified as: 2°“". Single whole-mount in situ hybridization with
digoxigenin-labeled riboprobes was performed at 2 day post-fertilization as described previously

[166]. Riboprobe for kRasG12V was synthesized from uas:kRasG12V-T2A-CFP plasmid.

3.3.5 Microinjection and microscopic imaging

Exogenous genes were incorporated into embryos at one-cell stage using transposon system
[214]. DNA constructs (final concentration 25ng/ul) were mixed with tol2 mRNA (final
concentration 100ng/ul), and mixed solutions were micro-injected into single cells of embryos at
one-cell stage, following protocol described earlier [215]. After injection, embryos were
incubated in E3 medium at 28 C. Fluorescent imaging was performed on a Nikon Eclipse Ti

microscope accessorized with a C-HGFI Intensilight Fiber illuminator, and confocal imaging
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was acquired on a Leica SP5-STED microscope. Embryos and adult zebrafish were anesthetized
first in tricaine (Sigma-Aldrich), and laid in a small liquid drop on a cover slide for imaging.
Fluorescence intensity of individual image was quantified with ImageJ64 after subtracting

background signal.

3.3.6 Histological analysis

10 day-post fertilization embryos and adult zebrafish were first anesthetized with tricaine.
Selected tissues bearing tumor or tissues from control were dissected. Then embryos or dissected
tissues were fixed in 4% paraformaldehyde overnight at 4°C prior to rinse by 70% ethanol.
Fixation and decalcification were processed as previously reported [216]. Fixed and decalcified
fish were sent to UCLA Translational Pathology Core Laboratory (TPCL) for sectioning and
H&E staining. Stained slides were imaged with a Leica LMD (Laser Micro Dissection) 7000

Microscope.

3.4 RESULTS

3.4.1 Expression of an oncogene, human kRasG12V, was optically controlled in live
zebrafish embryos

The main motivation of this work attempts to develop an optical method to induce cancer in a
live zebrafish, at a high spatiotemporal resolution. This technique derives from a previous
method that involves fusing a specific protein to estrogen like receptor (ERT) [201]. As shown in
Fig. 18a, a protein of interest fused with ERT is unable to enter nucleus to regulate gene

expression due to the binding with large cytoplasmic chaperones. However, the protein complex
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could be re-activated in presence of small ligands like tamoxifen because of their higher binding
affinity to ERT. A caged analog of tamoxifen (caged-cyclofen, Fig. 18b), which is more stable
upon photo-activation and which has similar activity towards the ERT receptor, was employed to

activate the fused protein.
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Figure 18. Schematic principle of photo-control over specific oncogene expression. (a.) A protein (Prot) of interest could be
genetically fused with estrogen like receptor (ER") and becomes inactive by forming a complex together with large heat shock
protein (hsp) in the cytoplasm. However, the complex can be re-activated by certain chemical inducers such as cyclofen. (b.)
Caged inducer (cld) is chemically synthesized and could be uncaged by light of proper wavelength. (c.) In a live transgenic
zebrafish expressing Gal4-ER”, injection of a plasmid construct containing Ubi:Eosf;UAS:K-RasG12V-T2A-CFP and uncaging
caged cyclofen results in activation of K-RasG12V and CFP. (d.,e.,f.) High spatial resolution can be obtained at single cells level
through two-photon uncaging in a developing zebrafish embryo. After cyclofen uncaging, a muscle fiber cell carrying oncogenic

construct expressed CFP (f.), while other cells without uncaging expressed Eosf only (e.). Scale bar: 100um.

Upon illumination with UV light, the ester bond in caged cyclofen breaks and releases its active

form (Fig. 18b). Then the binding of uncaged cyclofen to the ERT receptor subsequently releases
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the fused protein from its chaperone complex, thereby effectively turning on its activity. If the
protein is active in the nucleus (such as transcription factors, DNA recombinases, etc.), its
translocation there will turn on or off the targeted genes (Fig. 18c). The advantage of adopting
optical tool offers accurate control at sub-cellular level. An example showed success of
activating kRASG12V in a specific cell (Fig.18 e, f) upon UV ucaging in a mosaically injected
embryo. To test how much expression of kRasG12V is required to induce tumorigenesis in the
zebrafish, we created two systems to control kRasG12V expression optically. One allowed
transient expression of kRas oncogene (Fig. 19a), and the other enabled permanent kRasG12V
expression after cyclofen activation (Fig. 19b, c¢). To transiently activate kRasG12V, we injected
uas:kRasG12V-T2A-CFP plasmid together with tol2 mRNA into Gal4-ert embryo at one-cell
stage. Introducing cyclofen or caged cyclofen uncaging activated Gal4-ert protein, thus
subsequently turned on kRasG12V expression. However, expression gradually diminished once
the active cyclofen was removed, rendering an ideal on-off control of kRasG12V expression.
The other two approaches (Fig. 19b, c) relied on Cre/Loxp recombination system. Either uas:cre
and ubi:loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmids were co-injected into Gal4-ert
embryo (Fig. 19b), or ubi:loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmid was injected
into Cre-ert embryo at one-cell stage. Adding cyclofen permanently edited the incorporated
genome so that expression of kRasG12V was turned on lastingly. These two systems could be
distinguished as pulse function (Fig. 19d) and step function (Fig. 19¢) in controlling kRasG12V

expression.

After injection, healthy and good-shaped embryos were selected and transferred to fresh E3

medium the next day. Compared to uninjected gal4-ert embryo (Fig. 20al, a2), positively
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Figure 19. Two systems controlling kRasG12V expression in transient and permanent manner. (a.) Transient expression
(d.) of kRasG12V was induced by injecting the uas:kRasG12V-T2A-CFP plasmid into Gal4-ert embryos at one-cell stage, and
treated by either cyclofen or caged cyclofen uncaging. (b, ¢) For permanent activation (e.) of kRasG12V expression, uas:cre and
ubi:loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmids were co-injected into Gal4-ert embryos(b), or alternatively, ubi:loxp-
Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmid was injected into Cre-ert embryos at one-cell stage. Cyclofen or caged cyclofen

uncaging later turned on kRasG12V expression permanently.

injected embryos expressed Eos, a photo-switchable fluorescent protein (Fig. 20b1), but not CFP

(Fig. 20b2) in many muscle fiber cells. However, incubating in 2uM cyclofen for 2 hours
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substantially activated the expression of CFP (Fig. 20c2), which also co-localized with Eos
expression very well (Fig. 20cl). Although CFP expression implied successful induction of
kRasG12V, it was still not a direct evidence of kRasG12V expression. Therefore, we performed
in situ hybridization to directly probe kRasG12V mRNA expression with and without cyclofen
activation (Fig. 20d1, d2). Indeed, kRasG12V mRNA could only be detected in embryos treated
with cyclofen (Fig. 20d2), but not in embryos without cyclofen treatment (Fig. 20d1).

After we effectively demonstrated activating kRasG12V expression by native cyclofen, next we
tested controlling the oncogenic expression with light. Again, uas:kRasG12V-T2A-CFP plasmid
was injected into Gal4-ert embryo at one-cell stage. Healthy embryos expressing Eos were
selected and incubated in 4uM caged cyclofen for 2 hours at 24hpf before they were briefly
rinsed and transferred into the E3 medium. For the uncaging group, 2-minute UV illumination
was applied with a benchtop UV lamp (~365nm). Control embryos were kept in E3 medium after
pre-incubation with caged cyclofen. All manipulations were conducted in complete darkness
expect UV illumination. As shown in Fig. 21, injected embryos treated with caged cyclofen
without UV illumination expressed only Eos, but no CFP (Fig. 21b1, b2). But UV uncaging
activated expression of CFP that again co-localized with Eos expression (Fig. 21cl, c2),
implying successful induction of kRasG12V expression by photon illumination. Another side
advantage of employing Eos [217] in UV uncaging was that Eos could converse itself from green
fluorescence to red upon UV (~390nm) exposure. As presented in Fig. 21(al, a2), Eos
fluorescent protein was switched from green to red only in the region that was exposed to UV
illumination. This color conversion served a perfect label for cells in which expression of

kRasG12V was induced via UV uncaging.
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Gal4-Ert; UAS-kRas-CFP;Ubi-Eos  Gal4-Ert;UAS-kRas-CFP;Ubi-Eos
Gal4-Ert without cyclofen with cyclofen

K-Ras in situ

Figure 20. K-RasG12V induction by native cyclofen. Compared to non-injected Gal4-ert embryos (al,a2), injecting UAS:K-
Ras-T2A-CFP;Ubi:Eos plasmid into Gal4-ert embryos generated Eos protein(b1), but no CFP(b2). However, treating with 2uM
cyclofen at 1dpf (day post fertilization) activated expression of CFP(c2). K-Ras induction together with CFP expression was
confirmed by K-Ras mRNA in situ hybridization. Human K-Ras mRNA was transcribed only in embryos treated by cyclofen(d2)

without detectable leakage(d1). Scale bar: 100pum

3.4.2 Delineating patterns of transient and permanent expression of kRasG12V

As previously stated, the two systems we developed were designed to transiently and
permanently activate kRasG12V expression. We investigated dynamic patterns of both systems
by tracking the expression of fluorescent proteins as well as the expression of mRNA (Fig. 22).
For the transient system, about 200 picoliter of uas:kRasG12V-T2A-CFP plasmid (25ng/ul)
mixed with tol2 mRNA (100ng/ul) was injected into Gal4-ert embryos at one-cell stage.

Permanent activation was attained by co-injecting uas:cre (25ng/ul) and ubi:loxp-Eosfp-stop-
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loxp-kRasG12V-T2A-mTFP (25ng/ul) plasmids into Gal4-ert embryos together with tol2
mRNA(100ng/uL) at one-cell stage. 2uM cyclofen was added for 24 hours to activate both
systems at 24hpf. Then we looked at Eos, CFP, mTFP expression changes over two weeks (Fig.
22a, b). The images showed stable Eos expression in both systems over time. However, a clear
decrease of CFP after less than a week was observed in the transient system (Fig. 22a). In
contrast, mTFP expression stayed fairly stable in the permanent system (Fig. 22b). Additionally,
we quantitatively analyzed the ratio of fluorescent intensities (CFP/Eos, mTFP/Eos) over 50
embryos in each system. The marked drop of CFP/Eos ratio in the transient system was clear
after one day and continued to rapidly descend in the first week (Fig. 22¢). On the other hand,
cyclofen activation on Cre/Loxp system allowed stable value of mTFP/Eos ratio over two weeks
(Fig. 22d). The similar measurements on the ratio of mRNA expression (kRasG12V/Eos) were
examined by RT-PCR (Fig. 22e, f). Injected embryos were treated with 2uM cyclofen at 24hpf
for 24 hours (12 hours for embryos collected at 36hpf), and RT-PCR was performed on embryos
collected at 36hpf, 2dpf, 3dpf, 4dpf, 5dpf and 7dpf. Results showed a gradual decrease of
kRas/Eos ratio at mRNA level over a week. However, in the permanent system, in contrast to an
initial ratio around 0.6 at 1dpf, the ratio of kRas/Eos mRNA increased after 24 hours and was
kept as high as 1 over a week. All these results reflected similar patterns to fluorescent

quantifications, validating the optical control of two different expression systems.
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uv C-Cyc C-Cyc + UV

Figure 21. K-Ras induction by UV uncaging. (al, a2)Eos protein, a light switchable fluorescent protein, serves as uncaging
marker. Eos green turned into red after UV illumination (blue squared region). Gal4-ert embryos injected with UAS:K-Ras-T2A-
CFP;Ubi:Eos were treated with caged cyclofen (c-Cyc) and showed no CFP expression(b1l, b2). However, 2min UV uncaging

activated the expression of CFP (cl1, ¢2). Scale bar: 100um

3.4.3 Much higher rigidity of cre-ert in controlling kRasG12V expression compared to

native cre

As a side concern, we found co-injecting UAS:Cre; Ubi:Eos and Ubi:loxp-Eos-loxp-K-Ras-T2A-
mTFP plasmids into Gal4-ert embryos exhibited leaking activity of cre. Minor expression of

mTFP could be detected the next day after co-injection even without the cyclofen treatment (Fig.
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23al, a2). Nonetheless, the ratio of mTFP/Eos significantly increased once 2uM cyclofen was
introduced for 2 hours at 24hpf, in comparison to those untreated with cyclofen (Fig. 23d.). The
minor and basal leakage of cre activity from uas:cre was not so surprised since the leaky issue
has been reported in previous reports within different species including mice and fish [218-220].
Despite the basal leakage, the system still allowed for a relatively productive control on
kRasG12V induction (Fig. 23d). In light of the challenge that might rise in photon uncaging, we
further exploited an alternative approach to achieve permanent activation of kRasG12V, in a
much more rigid manner. As demonstrated in Fig.19¢c, ubi:loxp-Eosfp-stop-loxp-kRasG12V-
T2A-mTFP plasmid was injected into Cre-ert embryos at one-cell stage. Healthy embryos
expressing Eos were selected and incubated in 4uM caged cyclofen for 2 hours at 24hpf
following a brief rinsing in the E3 medium. Some embryos were kept in the darkness to develop,
while others were selected for 2min UV uncaging. Embryos were then covered with aluminum
foil and transferred into a culturing incubator for imaging next day. The results showed that
incubation in caged cyclofen without UV uncaging failed to activate mTFP expression (Fig.
23bl, b2), which indicated both non-existence of activity leakage from cre-ert and caged
cyclofen. On the other hand, 2 min UV uncaging successfully turned on mTFP expression (Fig.
23cl, c2). Allover, we demonstrated here that two approaches were tested in controlling the
permanent induction of kRasG12V expression. Concerning the basal leaking activity of uas:cre
and its possible pitfall of adopting optical tool in the control system, a more rigid approach
utilizing cre-ert showed better promise in spatiotemporally activating kRasG12V expression in

the live zebrafish.
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Figure 22. Maintenance of K-Ras over time after transient and permanent cyclofen activation. (a.) Transient K-Ras
induction was achieved by injecting UAS:K-Ras-T2A-CFP; Ubi:Eos plasmid into Gal4-ert embryos followed by transient
cyclofen treatment. (b.) Permanent induction was introduced by co-injecting UAS:Cre; Ubi:Eos and Ubi:loxp-Eos-loxp-K-Ras-
T2A-mTFP plasmids into Gal4-ert embryos. Quantitative measurements of kRas maintenance showed gradual decrease of K-Ras

expression in transient induction(c, e.), but constant K-Ras expression in permanent induction (d, f.).

77



3.4.4 Tumor induction by transient and permanent expression of kRasG12V

After we validated the tool we developed, we further tested the possibilities of inducing tumor in
various conditions. Firstly, transient activation of kRasG12V was driven by 2-hour cyclofen
incubation or caged cyclofen uncaging at 24hpf in gal4-ert embryos injected with
uas:kRasG12V-T2A-CFP plasmid at one-cell stage. Healthily developing embryos at 3dpf were
selected for further observations. No appreciable tumorigenesis was detected in early
embryogenesis till 10dpf (data not shown), and those embryos were transferred to fish facility to
continue grow. After six months, representative fish were taken out for imaging and pathological
analysis. We found normally developed fish (Fig. 24a) with visible expression of Eos (Fig. 24b),

but no more CFP (Fig. 24c). H&E staining also showed normal tissue structure (Fig. 24d, e).

Since a very short pulse of kRasG12V induction failed to induce tumor, we tried introducing
periodic kRasG12V activation by treating the fish in 2uM cyclofen for 24 hours every five days
till the fish reached one-month old. In this case, several fish bearing tumor were seen after 6
months (Fig. 24f). Similarly, the fish were analyzed by fluorescent imaging as well as H&E
staining. Among those fish, we detected both Eos and CFP expression (Fig. 24g,h), and tumor

cells were strongly revealed by H&E staining (Fig. 241,j).

78



al. no cyclofen b1. caged cyclofen c1. cage(i(a,\‘;bfen

e

1.4
. * %k
_54 ok
n 1.2
0
m
o 1.0
w
1
c 0.8
o cyclofen
@
wn no cyclofen
2 0.6 y
D
=
8 0.4
=
® 0.2 ‘ ‘
= -
£ o S— S S

32hpf 2dpf 3dpf

Figure 23. Basal leakage of cre activity and much higher rigidity of Cre-ert. (al, a2) Leakage of mTFP expression was
detected at 2dpf after co-injecting UAS:Cre; Ubi:Eos and Ubi:loxp-Eos-loxp-K-Ras-T2A-mTFP plasmids into Gal4-ert embryos
even without cyclofen treatment. Although mTFP expression could be enhanced by cyclofen, basal leakage still exhibited (d.).
However, injecting ubi:loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmid into ubi:cre-ert embryos showed no detectable
mTFP expression after caged cyclfoen treatment without uncaging (b1,b2), while UV uncaging effectively turned on mTFP

expression (c1,c2).
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Figure 24. Tumorigenic phenotype of fish treated with one-time and periodic cyclofen induction. In the transient system,
cyclofen was administered only one time at 1dpf (a., b., c., d., e.) or every five days for 24 hours (f., g., h., i., j.). In the 6-month
old fish, one-time induction showed no CFP (c.) while CFP still existed in the fish periodically treated with cyclofen (h.). Tumor
was observed in some fish periodically treated with cyclofen (f.). H&E staining showed distinct cancerous phenotypes in those

fish (i., j.).
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In parallel to transient activation of kRasG12V, we also investigated tumor development caused
by permanent expression of kRasG12V. Gal4-ert embryos were co-injected with uas:cre and
ubi:loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmids together with tol2 mRNA at one-cell
stage. One day later, healthy embryos expressing Eos were selected, and some embryos were
treated with cyclofen for 2 hours or caged cyclfoen uncaging. All treated embryos together with
control were attentively cared and monitored. Tumorigenic phenotypes in some embryos could
be readily observed at S5dpf (Fig. 25a). Tumorigenic embryos indicated by strong mTFP
expression were taken for H&E staining (Fig. 25b, c¢). Furthermore, instead of gal4-ert embryos,
we did the similar activation of kRasG12V expression in gal4-ert embryos with loss of p53 gene
function. And this indeed promoted tumorigenesis in embryos at an early developmental stage

(Fig. 254, e, 1, g).
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Figure 25. Permanent K-Ras induction in both wild type and p53 mutant embryos. Permanent induction of K-RasG12V at
the early embryonic stage in gal4-ert embryos (a., b., ¢.) and in gal4-ert; p53-/- embryos (d., e., f., g.) showed tumorigenic

phenotypes caused by K-Ras activation. Scale bar: 100pm
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3.4.5 Characterizing the correlation between tumorigenesis probability and kRasG12V
expression level

Thus far, we showed that induction of kRasG12V expression in early developing embryos, not
always, but in some cases, did lead to tumor growth. An interesting and radically important
question is what kept certain fish, but not the other from getting tumor, even the oncogene was
turned on permanently in all the fish. An initial and forthright thought was to link tumorigenic
rate to oncogenic expression level, in particular, the number of cells activated of kRasG12V
expression. To elucidate the correlation, here we only focused on permanent activation of
kRasG12V since transient activation had been observed to diminish shortly and had been less

efficient in causing tumorigenesis.

In this experiment, we injected ubi:loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmid
together with the tol2 mRNA into Cre-ert embryos at one-cell stage. Compared to co-injection of
uas:cre and ubi:loxp-Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmids, this approach turned out
to be more tightly controlled by optical activation (data not shown). Permanent expression of
kRasG12V was activated at 24hpf by either cyclofen or caged cyclofen uncaging. Only healthily
developed embryos at 3dpf were selected for continuing analysis, and tumorigenesis rates were
measured since after till 8dpf. First of all, activation of kRasG12V, either by native cyclofen or
caged cyclofen uncaging, resulted in significant increase of tumorigenesis (Fig. 26 a, c), which
was implied by our earlier observations. Moreover, we split embryos into two subgroups after
cyclofen activation according to the number of cells they carried at 3pdf. We found the group
with more than 50 mTFP-expressing cells at 3dpf resulted in a much higher tumorigenic rate

than the group with less than 50 mTFP-expression cells at 3dpf (Fig. 26 b, d).
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Figure 26. Statistics of early tumorigenesis in embryos manipulated in different conditions. Ubi:cre-ert embryos injected
with ubi:loxp-Eos-stop-loxp-kRas-T2A-mTFP plasmid were split into cyclofen, no cyclofen, caged cyclofen +UV and caged
cyclofen groups. Tumorigenic rates were measured for each group from 3dpf to 8dpf (a,b). For cyclofen group, embryos were
binned into two sub-groups based on mTFP expression level within individual embryo at 3dpf, and tumorigenic rates were

measured for each sub-group (¢,d) (** p<0.01).

3.4.6 Optical activation and labeling of kRasG12V expression in a small group of cells in
the zebrafish embryo

The fundamental challenge of understanding cancer initiation and evolution lies in the
difficulties looking into the very early tumorigenic event in single cells. Lastly, we aimed to
prove that, with the tool we developed, one would be able to activate oncogenic expression in a
small number of cells without limitation to cell or tissue types. Again, we injected ubi:loxp-
Eosfp-stop-loxp-kRasG12V-T2A-mTFP plasmids together with tol2 mRNA into Cre-ert

embryos at one-cell stage. Embryos expressing Eos was selected at 24hpf, and some of them
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were incubated in 4uM caged cyclofen for 2 hours in complete darkness. Then some embryos
were moved to microscopic stage for UV uncaging after they were briefly rinsed in the E3

medium for 2 minutes.

A Lumencor LED UV light (~396nm) connected to a Nikon microscope served as the light
source for uncaging. Localized activation of kRasG12V was achieved by tuning an iris, which
focalized the illumination area to only a group of cells (Fig. 27c). Before UV illumination, Eos
stayed in green form and no Eos red fluorescence was detected (Fig. 27a, b). However,
substantial Eos green fluorescence was switched to red form (Fig. 27d, e), and conversion only
happened in cells that were illuminated (Fig. 27f). This conversion served as a great marker for

cells in which expression of kRasG12V was activated.

Following UV uncaging, embryos were put back in the E3 medium and grew at 28 C. 15 hours
later, embryos were taken out for imaging. And indeed, only in cells with label of Eos red
fluorescence showed mTFP expression, which indicated successful activation of kRasG12V in
those cells (Fig. 27g, h, 1). Although in this instance, activation of kRasG12V in a small number
of cells has not generated tumor in Cre-ert embryos, our method demonstrated a powerful tool of
manipulating oncogenic expression in a small number of cells in live zebrafish embryos. Further
work will use the tool to understand exactly how some oncogenic mutations in a single cell leads
to tumor, and on the fortunate side, why most oncogenic mutations in a single cell are not able to

do so.
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Figure 27. K-RasG12V activation and tracking in a small group of cells within a live zebrafish embryo. A 1dpf embryo

was incubated in 3uM caged cyclofen for 3 hours under dark condition, and then transferred into the E3 medium before it was put
on microscopic stage for uncaging. 2 minute UV (~400nm) was introduced to uncage the caged molecule at selected region (b.,
c.). Eos fluorescent protein expression was imaged before (a., b., ¢.) and after (d., e., f.) UV illumination. UV uncaging
significantly converted most of Eos protein from green to red (a., d.), and overlay image (f.) showed Eos conversion was
specifically limited to cells exposed to light. 24 hours later, the same embryo was imaged for oncogene expression (g., h., i.). K-
RasG12V activation indicated by mTFP expression (i., see arrow) co-localized with Eos red fluorescence, but was not seen in

other cells only expressing Eos green fluorescence.
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3.5 DISSCUSION

In this work, we demonstrated a powerful optical tool to activate oncogenic expression in a live
zebrafish. Combining myriad advantages of imaging cancer in the zebrafish[194, 221-224], this
technique could be utilized in generating cancer models to understand cancer initiation and
evolution. Current theories of cancer evolution believe cancer derives from mutations of proto-
oncogenes or tumor suppressor genes that lead to clonal expansion[20, 225-231]. In recent years,
more and more studies[232-234] focus on interpreting cancer progression from evolutionary
perspectives. Clearer explanation of cancer initiation and evolution requires more sophisticated
approaches to look at cellular alternations in single cells from early tumorigenic stage. The
optical tool we developed allows a robust control of activating oncogenic expression at high
spatiotemporal resolution that could reach a small group of cells. We found that a short pulse of
kRasG12V expression in embryos without additional oncogenic predispositions usually failed to
cause cancer. This can be explained because cancer is usually induced by more than one
oncogenic mutation[235, 236]. Such a short time of kRasG12V activation might not be enough
to drive further oncogenic shocks. Reasonably, periodic and permanent activation of kRasG12V
expression both increased tumorigenic rates. Since the incidence of mutation in a specific cell
depends on its mutation rate and its numbers of mitoses, periodic and permanent activation could

possibly promote the probability of sequential mutations within transformed cells.

Although we found a basal activity leakage from uas:cre expression which has otherwise been
reported in many other studies. On the other hand, cyclofen has proven effective to significantly

enhance mTFP expression regardless of minor expression leakage. Therefore, to a certain extent,
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this approach could be still credited as a valid inducible system to control kRasG12V expression.
Detectable leaking expression of mTFP has been induced from uas:cre, while no kras or CFP
leakage is observed from uas:kras-T2A-CFP within the live organism. This, on the contrary,
implies relatively tight expression control driven by the uas promoter. Expression of mTFP has
consequently been signified because the loxp sequences are highly sensitive to even a small
amount of cre protein that leaks from uas:cre element. Additionally, in light of possible
perplexities that could be caused by even a minor leaking activity of cre, we adapt another more
restrictive component to photo-activate kRasG12V. A ubi:cre-ert fish line demonstrates much
better and tighter control of kRasG12V induction via UV uncaging. Furthermore, adding the loss
of p53 together with permanent activation of kRasG12V substantially promoted tumorigenesis
even in early developing embryos. All these observations comply with conventional theories of

cancer initiation[237-241].

Profiling the correlation between tumorigenic rate and the number of kRasG12V expressing cells
in an individual zebrafish revealed a highly correlative connection. This is not so surprising
either, given that more initial oncogenic activation increases the probability of driving further
mutations. An interesting question to ask shall help test the theory of “bad luck™ in cancer. Is the
possibility of cancer arising from a specific tissue simply proportional to its stem cells’ division
numbers? The tool demonstrated here could be implemented to induce an initial kRasG12V
expression in tissues with different capabilities of stem cell divisions. Then one will be able to
find out whether an initial oncogenic mutation in tissue with higher stem cell division is more
susceptible to developing cancer. Yet, a caution shall be noted that different species and organs

might respond to a certain oncogenic mutation such as kRasG12V differently[242, 243]. In this
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case, the oncogenes need to be carefully chosen to test the mathematical “bad luck” theory. On
the other hand, our technique will be extremely helpful to evaluate how different organs and
tissues respond to the same oncogenic induction differently in terms of tumor formation. More
importantly, successful demonstration of activating and labeling kRasG12V expression in a
small number of cells by photons makes this technique extremely powerful to study early
initiation and evolution of cancer. For example, this will be significantly helpful to look at how
microenvironments promote or halt cancer progression at an early stage[244-246], and solve
many other recent controversies such as dependences of tumor development on stem cell
division rate[191] and cellular migration activities[247]. Ultimately, the march toward
investigating and understanding cancer initiation would lead to developing novel and effective

barriers to, and treatments for cancer.
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CHAPTER FOUR:

CONCLUSIONS AND FUTURE DIRECTIONS
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This dissertation reviews the rising field of introducing optical tools to understanding complex
biological networks, which could otherwise not be possibly investigated by conventional
approaches. Enabling light control over physiological molecules provides an unprecedented
spatiotemporal resolution, often times in noninvasive ways. Leading researches over the past
years have substantially demonstrated the power of optogenetic tools in manipulating neuronal
activities. Free from physical contact and invasion, in vivo neuronal manipulation and activity
recording can be achieved via optogenetics by genetically engineering photo-responding proteins
in live organisms [143, 248, 249]. In addition to light sensitive proteins such as photoreceptors,
chemical and genetic approaches now enable light-sensitivity with a protein of interest, by whose
nature is not so [250]. Those efforts have greatly expanded the realm of which subjects could be
investigated by optical tools. Besides its huge popularity and powerful capability in studying
neuroscience, optical control of biological processes could also be extremely helpful to reveal
fundamental problems in other fields of study. My work, which has been elaborated in this
dissertation, applies optical manipulations on retinoic acid photo-isomerization to reveal its
controversial role in hindbrain patterning; and on photo-uncaging to initiate oncogenic

expression in the live zebrafish.

Photo-isomerization of active all-trans RA and inactive 13-cis RA yields a quantitative,
spatiotemporal control of RA activity in a developing zebrafish embryo. With the optical control
at such a high spatial resolution, we are able to specifically isomerize RA in selected cells of
different fates. We have shown that in an embryo of which native RA synthesis is inhibited, one
is only able to observe rescue of hindbrain development later if all-trans RA is released in cells

that are destined to develop into head. In contrast, activation of all-trans RA in cells that will
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develop into tail fails to render rescue of normal rhombomere patterning. What we have reported
here clarifies and augments the long-controversial claiming to retinoic acid’s playing role as a
morphogen in vertebrate patterning. After all, the retinoic acid activity we have perturbed here
would not be considered from endogenous regulation. It has been demonstrated that measuring
endogenous retinoic acid in live developing embryos is extremely challenging due to retinoic
acid’s low quantity in the cells. Nonetheless, a recent tool has attempted at profiling endogenous
RA gradient via genetically encoded fluorescent probes [251]. Regardless of concerns on
accuracy, this approach serves as another great example of how optically physiological sensor

could facilitate our understanding of complex biological networks.

A more interesting and unresolved question rises in our project that developing embryos at early
stage could still obtain partial hindbrain rescue when a very short pulse of RA exposure is given.
This unexpected phenomenon even happens with embryos at one-cell stage when cellular RA
binding proteins would not be expected, let alone the existence of RA synthesizing enzymes. All
observations so far hint a relatively strong sequestration of early RA pulse within the developing
embryos via certain mysterious binding molecules. However, rescue of hindbrain disappears
when the RA pulse is administrated before fertilization indicates that the binding molecules are
not readily available before sperms come in. Defined methods are required to reveal what
molecules are responsible for early RA sequestration. In the fact that binding molecules are
highly likely to be certain proteins, one possible approach is to tag retinoic acid-binding proteins
by photo-labeling the proteins [252]. Then antibodies targeting retionic acid conjugated protein
could help pull down the photo-labeled complex. The complex comprising the target proteins

could then be further assayed on a gel and by mass-spectrometry. Actually we have made
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substantial efforts to pin down the proteins by this way. Unfortunately, no consistent results
yielded so far. This could be due to a very low level of RA, or a foul specificity of the antibody
we chose, or simply bad efficiency of photoaffinity labeling. Besides the endeavors to
disseminate exact proteins that bind to an early pulse of RA, characterizing spatial the
distribution of RA after early sequestration would also avail to investigate the phenomenon. To
this extent, other indirect means may come forth by, for example, using a carbon 14 retinoic acid
as a radioactive tracer. The radiolabeled retinoic acid, imaged by positron emission tomography
could reveal how the RA pulse is spatially sequestered within developing embryo [253].
Another possible alternative without complicate labeling invites a recent technology based on
fluorescence lifetime imaging microscopy and phasor analysis [254]. This novel tool developed
by the lab of Schilling. T takes advantage of native auto-fluoresces displayed in certain cellular
metabolites and their noises in developing systems. In this way, endogenous and externally

introduced retinoic acid could be nicely delineated in a live embryo.

The second project presents a powerful tool to control oncogenic induction in a live zebrafish via
photon uncaging. We have successfully built two different systems to transiently and
permanently induce a human oncogene, kRasG12V’s expression in a live zebrafish. In addition,
we have shown how florescent reporters could help label transformed cells. Tumorigenesis under
various conditions has been assayed and has been correlated to numbers of transformed cells in
individual fish. Howbeit, the effort stated here serves as an important and powerful platform to
further and advance our exploration. Ongoing tasks include testing oncogenic induction in
different tissue types with the stable ubi:loxp-eosf-stop-loxp-kRasG12V-T2A-mTFP line we

made, as well as achieving oncogenic activation from a single cell that is most likely to raise
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tumor. We have already shown that by crossing ubi:loxp-eosf-stop-loxp-kRasG12V-T2A-mTFP
fish with ubi:cre-ert fish, one is able to activate kRasG12V expression globally with cyclofen
treatment (Fig. 28). More statistics and analysis will be collected on the stable, homologous

ubi:cre-ert; ubi:loxp-eosf-stop-loxp-kRasG12V-T2A-mTFP line.

no cyclofen cyclofen

Figure 28. Global induction of kRasG12V expression in the heterozygous ubi:cre-ert; ubi:loxp-eosf-stop-loxp-kRasG12V-

T2A-mTFP embryo. Embryos produced by crossing ubi:cre-ert and ubi: loxp-eosf-stop-loxp-kRasG12V-T2A-mTFP fish were
treated with or without 2uM cyclofen at 24hpf for 4 hours. Cyclofen treatments activated mTFP expression that indicated

oncogene induction (b1, b2), while control group only exhibited Eos expression (al, a2).
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According to our current observations, kRasG12V induction in a small number of cells, or for a
short period of time in wild type background is not likely to cause tumor. We will probably need
to elicit additional cancer-promoting agents such as immune-deficiency [255] or loss of tumor
suppressors [204]. Once an adept inducible cancer model has been validated, one will be able to
answer many standing puzzles of how cancer evolves from a single cell origin. Furthermore, the
model we developed here will also be extremely valuable to test anti-cancer theories. A recent
discovery has found the existence of multiple copies of a tumor-suppressor gene, TP53, might
offer elephants great armor to fight cancer [256]. Therefore, one foreseeing example will call
for inquest into whether and how up-regulating expression of certain tumor-suppressor genes
could effectively prevent cancer. Another benefit stemming from the technique would be testing
anti-cancer molecules, which could promisingly restrain or eliminate transformed cells at the
initial stage. Overall, the development and validation of our technology that exploits optical tool
in controlling cancer initiation from single cells in live animal could render an unprecedented
feasibility and resolution on investigating cancer evolution theories and promoting cancer

therapies and prevention strategies.
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