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Abstract

III. ABSTRACT

Long non-coding RNAs (IncRNAs) are emerging as regulators of a number of basic 

cellular pathways. Several IncRNAs are selectively expressed in the developing retina, 

although little is known about their functional role in this tissue. During my PhD thesis I 

characterized the expression pattern of three retinal-lncRNAs, namely Six3os, Otx2os and 

Vax2os in the developing mouse retina. Opposite Strand (OS) transcripts are transcribed in 

the opposite direction of protein-coding genes, in this case Six3, Otx2 and Vax2, 

respectively. Furthermore, I performed a comprehensive functional study for Vax2osl, the 

most abundant transcript from the Vax2os cluster, whose expression is restricted to the 

mouse ventral retina. I demonstrated that misexpression of Vax2osl, both in vitro and in 

vivo, determines cell cycle alterations in photoreceptor progenitor cells. In particular, the 

overexpression of Vctx2osl in the developing postnatal mouse retina caused an impaired 

cell cycle progression of photoreceptor progenitors toward their final committed fate and a 

consequent delay of their differentiation processes. At later developmental stages, this 

perturbation was accompanied by an increase of apoptotic events in the photoreceptor cell 

layer, in comparison with control retinas, without affecting the proper cell layering in the 

adult retina. Similar results were observed in mouse photoreceptor-derived 661W cells in 

which Vax2osl overexpression resulted in an impairment of the cell cycle progression rate 

and cell differentiation. Based on these results, I conclude that Vax2osl seems to ensure 

proper control of the cell cycle progression of photoreceptor progenitor cells in the ventral 

retina. Therefore, I propose Vax2osl as the first example of IncRNA that acts as a cell 

cycle regulator in the mammalian retina during development.
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Introduction

1 INTRODUCTION

1.1. THE RETINA

1.1.1 Anatomy of the retina

Vision is probably the most indispensable of our senses. The eye is the sensory 

organ for vision and its structure can be divided into three main layers or tunics whose 

names reflect their basic functions: the fibrous tunic, the vascular tunic, and the nervous 

tunic (Figure 1). Although all parts within the eye are important in order to obtain good 

images, the retina is the most fundamental organ for vision. The retina is considered part of 

the central nervous system (CNS), as it originates from the developing brain (see section

Vitreous gel

Iris
Optic Nerve

Cornea

Pupil

Macula

Lens

Retina
Iris

Figure 1. Schematic view of the human eye anatomy.

The retina, a nervous tissue, lines the back o f the eye and represents the first station o f the visual 

system. Modified image from http://www.nei.nih.gov/health/maculardegen/armdJacts.asp.
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1.1.3). The retina of all vertebrates, including humans, is composed of three layers of nerve 

cell bodies (or nuclei) and three layers of neural connections (Figure 2).

The outer nuclear layer (ONL) contains cell bodies of rods and cones (the 

photoreceptors), the inner nuclear layer (INL) contains cell bodies of bipolar, horizontal, 

Muller and amacrine cells and the ganglion cell layer (GCL) contains cell bodies of 

ganglion cells and displaced amacrine cells. Neuronal interconnections (synapses) are, 

instead, arranged in distinct histological layers: i) the outer plexiform layer (OPL), 

containing synapses linking the photoreceptor axons to the bipolar and horizontal cell 

dendrites; ii) the inner plexiform layer (IPL) where the bipolar and amacrine cells connect 

to the ganglion cells and iii) the nerve fiber layer, in which the axons of the ganglion cells 

converge and exit the eye as the optic nerve. The retinal pigment epithelium (RPE), which 

is a specialized pigmented monolayer, is situated above the photoreceptors. The Muller 

cells are the radial glial cells of the retina. They form the outer limiting membrane (OLM)

Choroid

Retina

L ig h t

Figure 2. Organization o f retina.

G, ganglion cells; M, Muller cells; A, amacrine cells; B, bipolar cells; H, horizontal cells; C, cones 

and R, rods. Modified image from (Sung and Chuang, 2010).
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and the inner limiting membrane (ILM), which border the retina from the RPE and vitreous 

humor, respectively.

A radial section of the retina reveals that the ganglion cells are innermost in the 

retina while the photoreceptors lie outermost in the retina close to the RPE (Figure 2). 

Therefore, light must pass through the thickness of the retina before activating the rods and 

cones. Subsequently, the absorption of photons by the photoreceptors is translated into a 

first biochemical message. Next, it is transformed into an electrical message, elaborated in 

the INL, and eventually reaches the ganglion cells. Here the retinal message arising from 

the photic input is transmitted to the brain through the ganglion cell axons. The optic nerve, 

originating near the center of the retina, contains the ganglion cell axons that reach the 

brain and, additionally, blood vessels that vascularize the retinal layers and neurons 

(particularly the GCL and INL). Choroidal blood vessels are, instead, vital for the 

maintainance of the outer retina (particularly the ONL) (Kolb et al., 2011).

A Ught B

Retina

RPE.Fovea
Sclera

Choroid

Fovea

Optic nerve

H um an R ^ r ^ !

Figure 3. Enlarged diagram of the fovea and visualization of the macula lutea.

(A) The retina lines the posterior part o f the eye; the RPE underlies the retina and separates it from 

the choroid (Sung and Chuang, 2010). (B) The macula lutea is the yellow oval spot at the center o f 

the retina (back o f the eye). From http://www.loo1rfordiagnosis.com 

/images.php?term=Macula+Lutea&lang=5.
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Introduction

Another structure of the central retina is the fovea, the oval-shaped and blood 

vessel-free spot that, among mammals, is only present in simian primates, including 

humans (Figure 3A-B). The fovea is a highly specialized region of the retina where the 

cone photoreceptors are highly concentrated to the exclusion of the rods; in fact the central 

retina is cone-dominated whereas the peripheral retina is rod-dominated. The fovea is 

responsible for the sharp central vision that is of primary importance for many activities in 

humans. A macular area, known as the macula lutea, is located in the fovea (Figure 3B). 

The macula lutea is thought to act as a short wavelength filter, additional to that provided 

by the lens (Kolb et al., 2011).

1.1,2 The photoreceptors

The rod and cone photoreceptors are highly specialized neurons able to “catch” 

light stimuli (electromagnetic radiation / photons) and to convert them into electrochemical 

signals through a complex biochemical pathway (see section 1.2.2). The photoreceptor 

function is strictly linked to that of the underlying RPE; indeed, cooperation between the 

photoreceptors and the RPE is essential for vision. Both the rods and cones can be 

structurally divided into four major functional segments: the inner segment (IS), the outer 

segment (OS), the nucleus, and the synaptic body (Figure 4A). The IS contains the 

cytoplasm and organelles of the cell and is linked to the OS through the connecting cilium. 

The non-motile connecting cilium plays an important role in the organization and function 

of the photoreceptors, and is responsible for the intracellular transport and turnover of 

proteins from and to the OSs (Figure 4B). The synaptic body is the portion that connects 

the photoreceptors to the horizontal and bipolar cells that represent the next stages of the 

visual circuit. The OS is a modified cilium and it is composed of an elaborate system of 

stacked membranous discs (1000/photoreceptor) that form as invaginations of the cell
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plasma membrane (Swaroop et al., 2010) (Figure 4C).

Disc
shedding

c$> Kinesin-ll

Synaptic
transmission

Figure 4. Schematic representation of rod and cone photoreceptors and photoreceptor 

intraflagellar transport (IFT) at the connecting cilium.

The electron microscopy o f murine rod discs OS (C) andjunction between the rod OS and RPE (D).

(A) OS, outer segments; IS, inner segments; CB, cell body; Syn, synaptic body (Swaroop et al., 

2010). (B) Cytoplasmic Dynein-1 transports vesicles from the Golgi stack to the base o f the 

connecting cilium. The IFT particles with attached cargo are transported through the connecting 

cilium by Kinesin-II. At the distal end o f the connecting cilium, the IFT particles dissociate from 

their cargo, the membrane is organized into disks, and then particles are picked up by cytoplasmic 

Dynein lb/2 to be returned to the cell body (Pazour et al., 2002). (C) Rod discs (arrowheads) are 

highly impacted. Modified image from (Townes-Anderson et al., 1988). (D) RPE microvillar 

processes (MV) enwrapped the distal OS (Chuang et al., 2010).

In the rods, most of these sacs eventually become separated from the outer 

membrane, while the cone discs remain connected to the surface membrane (Figure 4A). 

The membranous sacs disintegrate near the apical surface of the cell, and their cellular 

debris is removed through phagocytosis by the adjacent RPE (Figure 4D). Newly formed 

discs, which originate from the OS base, gradually replace the “old” discs.
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blue
co n e
4 3 7  nrn

W ave leng th  -  nm

Figure 5. Spectral sensitivity o f human photoreceptors.

Adapted image from (Dowling, 1987).

Human Mouse
Superior
(dorsal)

Inferior
(ventral)

Figure 6. Schematic surface-view representation o f the cone distribution across the human and 

mouse retina.

Human cones express sw (blue), Iw (red) or mw (green) Opsins in a mosaic like pattern. Murine 

cones express sw-Opsin and mw-Opsin in opposing distribution gradients along the dorsal to 

ventral axis (Swaroop et al., 2010).

The visual pigments and other components of the phototransduction pathway, which 

are key players for proper photoreceptor function, localize to the OS discs. In mice and

6
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humans, the photoreceptors represent over 70% of the retinal cells, but the rods are more 

numerous than the cones by 30:1 in mice and 20:1 in humans. The cones respond to bright 

light (photopic vision), mediate colour vision and allow the high resolution of images. In 

the central portion of the fovea the blood vessels, GCL, INL and plexiform layers are 

displaced allowing light to reach the cones with a minimal distortion, thus guaranteeing 

acute and detailed vision. The rods function mainly under low light conditions and are 

responsible for peripheral and night vision (scotopic vision) being a hundred-fold more 

sensitive to light stimuli than the cones. Photoreceptor light-sensitivity results from the 

expression of visual pigments defined as “opsins”. Opsins are light-sensitive membrane- 

bound G protein-coupled receptors of the retinylidene protein family that covalently bind to 

a vitamin A-based retinaldehyde chromophore which undergoes photoisomerisation 

following the absorption of a photon of light. The mammalian retina has only one type of 

rod visual pigment, rhodopsin, which has a peak spectral sensitivity at about 500 nm and 

represents 95% of the total amount of the rod disc proteins. Most mammals (including the 

mouse) have two types of cone opsin that confer dichromatic colour vision: i) sw-Opsin, 

which has a peak sensitivity in the short wavelength (415-450 nm, blue) region of the 

spectrum; and ii) mw-Opsin, which has a peak sensitivity in the medium-long wavelength 

(530-555 nm, green) region of the spectrum. Duplication of an ancestral mw-Opsin-like 

gene on the X chromosome has provided humans and diurnal primates with an additional 

opsin, lw-Opsin, which is sensitive to longer wavelength (555-590 nm, red) light and, 

together with the sw- and mw-Opsins, confers trichromatic colour vision (Kolb, 1991) 

(Figure 5). In humans, the sw, mw and lw cones are distributed in a mosaic-like pattern 

while, in mice, the cones express sw-Opsins and mw-Opsins in opposing distribution 

gradients along the superior (mw-Opsin-high) to inferior (sw-Opsin-high) axis (Swaroop et 

al., 2010) (Figure 6). Another opsin of the mammalian retina, melanopsin, is expressed in a
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subpopulation of the ganglion cells (intrinsically-photosensitive GCs); it is involved in 

circadian rhythm regulation but does not contribute to the image-forming processes 

(Mustafi and Palczewski, 2009).

1.1.2.1 Formation of the photoreceptor outer segments

The photoreceptors have evolved a unique structure for the outer segments (OS) to detect 

and process light and therefore their formation is worth mentioning. More is known about 

the process of rod outer segment (ROS) morphogenesis than about cone outer segment 

(COS) morphogenesis. Rod differentiation in rodents starts postnatally and it takes two- 

three weeks for the OS to fully mature. ROS morphogenesis begins with the extension of a 

primitive cilium from the basal body anchored on the plasma membrane (ciliary stalk) 

(Figure 7 A), followed by the filling of the primitive cilium with a variety of membranous 

vesicles, tubules, and sacs. At postnatal days 8-10, disc-like vesicles begin to fill the 

primitive OS (Sung and Chuang, 2010). These discs, however, are still long and highly 

disorganized (Figure 7B). Many of them are aligned parallel to the ciliary stalk. While 

differentiation proceeds, a major remodeling reorganizes the discs in order for them to 

become aligned perpendicularly to the ciliary stalk. The terminal phase of rod 

differentiation is the elongation of the OS. The lengths of the OS containing the disc stacks 

increase rapidly during this period, with a gradient central to the peripheral retina, until the 

OS reach their mature size. Intraflagellar transport (IFT) is essential for the assembly of the 

cilia (Sung and Chuang, 2010). IFT is a bidirectional movement of multiprotein particles 

along the microtubules of the ciliary axonemes. Many retinal disease-genes are involved in 

photoreceptor IFT (see section 1.1.6). Two additional macromolecular complexes (i.e., 

NPHP complex and BBSome) associated with the IFT complex are also important for early

8
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OS development. Mutations of each component in either of these complexes are linked to 

syndromic retinitis pigmentosa diseases, referred to as ciliopathies. Retinal degeneration is 

a hallmark of many of the ciliopathies (Sung and Chuang, 2010).

Rhodopsin has an indispensable role in disc formation in addition to its well-known role in 

signal transduction since Rhodopsin-null mice form primitive cilia without disc-containing 

OSs (Lee et al., 2006). Knockout mice for Peripherin-2, or Rds, (a photoreceptor-specific 

tetraspan membrane protein), like Rhodopsin-null mice, form a bare cilium without OS 

(Connell et al., 1991). As mentioned above, the outer and inner segments of a vertebrate 

photoreceptor are connected by a canonical cilium that contains nine outer microtubule 

doublets (Figure 7C) (Arikawa and Williams, 1993).

cc

BB‘

CC

Figure 7. OS morphology during rod development. The electron microscopy o f rodent rod OS at 

the connecting cilium.

(A), A drawing depicting the transformation o f developing rods during their OS morphogenesis.

(B), Representative electron micrograph o f postnatal day 10 rat rods. This morphological 

appearance may represent a stage in OS morphogenesis. Many discs are longer than the matured 

discs. (C), A schematic drawing o f a mammalian mature rod depicting its ciliary stalk and 

microtubule organizations. Electron micrograph shows the longitudinal sectioning view o f IS-OS 

junction o f a rat rod. CS, ciliary stalk; DD, disorganized discs; BB, basal body; CC, connecting 

cilium; Ax, axoneme. Adapted images from (Sung and Chuang, 2010).
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In a mature photoreceptor, the connecting cilium is important in order to maintain 

the separation of the outer and inner segment compartments. It is also the site of the 

morphogenesis of new membrane discs, which are added to replace those shed from the 

distal end of the outer segment. The microtubules of the developing connecting cilia are 

labeled by acetylated a-tubulin from the early developmental stages. Moreover, acetylated 

oc-tubulin in the photoreceptors is found only in the microtubules of the ciliary axoneme of 

the outer segments at later stages of development and in the mature photoreceptors 

(Arikawa and Williams, 1993).

1.1.2.2 Phototransduction and the visual cycle

The process by which the absorbed photons are converted into electrochemical 

responses occurs in the photoreceptor OSs and represents the first stage of visual 

processing defined as “phototransduction”. Photoreceptor phototransduction has been 

comprehensively studied in the rods (Fu and Yau, 2007). Briefly, in the dark Rhodopsin is 

bound to 11-cA-retinal forming inactive Rhodopsin (R), and the basal activity of the 

Guanynyl-cyclase (Gc) keeps the cGMP levels high (Figure 8). Both Na+ and Ca2+ enter the 

membrane channels leading to high Ca2+ levels and to the activation of the Guanylate- 

cyclase-activating protein (Gcap). The Ca -bound Calmodulin (CaM) confers a high 

cGMP affinity to the cGMP-gated channels in the OS plasma membrane that remain open 

(Figure 8). Light (hv) photoisomerizes the 11-cA-retinal to alb/nms-retinal and activates 

Rhodopsin (R*) that releases all-/r<ms-retinal and activates the G-protein Transducin (ocpy) 

by catalyzing the GDP to GTP exchange. Next, the dissociated a-subunit of Transducin 

activates cGMP-Phosphodiesterase 6 (Pde-6), which rapidly hydrolyzes the cytoplasmic 

cGMP. The decreased cGMP concentration causes the closure of the cGMP-gated cation
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Figure 8. Scheme o f phototransduction in rods.

Rhodopsin (R), photoactivated Rhodopsin (R*), Transducin (afiy), Guanynyl cyclase (Gc), 

Phoshodiesterase 6 (Pde-6), Guanylate-cyclase-activating protein (Gcap), Guanylate kinase (Gk), 

Calmodulin (CaM), Nucleoside diphosphate kinase (Ndpk). Modified picture from

http.V/mutagenetix. scripps. edu/phenotypic/phenotypicrec. cfm ?pk=282).

channels on the plasma membrane, thus reducing the Ca2̂  influx (Figure 8). As a result, the 

rods are hyperpolarized and release fewer glutamate transmitters to the bipolar cells. In the 

recovery phase, a desensitization of the photoactivated Rhodopsin (R*) is achieved by G 

protein receptor kinase-1 (Grk-1) phosphorylation at the Rhodopsin C-terminus and 

subsequent Arrestin binding. Retinal Gc and Gcap replenish the cGMP levels in a Ca2+- 

dependent manner while the Na/Ca-K exchanger, which resides on the plasma membrane,

2"bregulates the Ca homeostasis. All the components of the phototransduction cascade are 

arranged in close proximity to the disc membranes and/or to the plasma membrane of the 

photoreceptors (Fu and Yau, 2007) (Figure 8). The photransduction cascade is closely
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associated to the visual cycle, an enzymatic pathway in which the retinoids that are 

isomerized by light are “recycled” and provided back to the PRs (Figure 9).

Il-c/'s retinol OH All-trans retinyl e s te r

FA'

11-c/s retinal
RPE

11-c/s retina

All-frans retinol 

'OH

All-frans retinal

7
RHO*

HO
IRBP

I

All-frans 
retinol i

PR

Figure 9. The visual cycle.

Rhodopsin (Rho), activated Rhodopsin (R*), hydroxyl group (OH), Interphotoreceptor retinol- 

binding protein (IRBP), fatty acyl group (FA). Modified image from (Wright et al., 2010).

In the rods, photoisomerization converts the 11-cw-retinal to all-fra^-retinal that is 

released from the Rhodopsin, conjugated with the membrane lipid phosphatidyl- 

ethanolamine and transported to the OS cytoplasm by the ATP-binding cassette, subfamily
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A, member 4 (Abca-4) and converted to all-trans retinol by a Retinol dehydrogenase. 

Retinoid-binding proteins, such as Interphotoreceptor retinol-binding protein (Irbp) are 

involved in the transport of the hydrophobic retinoids in an aqueous environment from the 

photoreceptor OS to the RPE (Wright et al., 2010) (Figure 9).

In the RPE, the alRra^^-retinol undergoes a series of enzymatic reactions to be 

converted back into 11-cA-retinal: it is esterified to a fatty acyl group by Lecithin retinol 

acyltransferase (Lrat) to form all-trans retinyl ester which is in turn subjected to trans 

isomerization to 11 -cis- retinal through the actions of two enzymes (Rpe-65 and 11 -cis 

Retinol dehydrogenase). Finally, 11-cA-retinal molecule returns to the OS where it 

regenerates rhodopsin and completes the visual cycle (Figure 9).

1.1,3 Retinal development

As previously mentioned (section 1.1.1), the retina develops from dividing neural cells in 

the neural plate that are specified to form the eye field. This field is split into two lateral 

domains, each of which evaginates into an optic vesicle. This optic vesicle then invaginates 

to form the structure of the retina, with an outer epithelial layer of cells forming the retinal 

pigmented epithelium (RPE) and an inner neuroepithelial layer (neural retina) (Figure 10).

At the earlier stages of development, progenitors of the neural retina proliferate and 

expand the number of cells. At a specific point in the development of each species, the 

RPCs (retinal progenitor cells) start to exit from the cell cycle and begin to differentiate 

(Fuhrmann, 2010). The RPCs undergo a variable number of divisions to give rise to clones 

of different sizes and cell type compositions. Almost all combinations of cell fates are 

possible within a single clone (Holt et al., 1988; Turner et al., 1990; Wetts and Fraser, 

1988).
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Figure 10. Development o f the eye and retina.

Optic vesicles give rise to the two eyes. Lens vesicle invaginates and forms the optic cup. Later in 

the development, the outer surface o f the optic cup becomes the RPE and the inner surface becomes 

the retina until reaching the final localization with the mature eye. Adapted image from (Sernagor, 

2006).

Cell fate production follows a histogenetic sequence in all retinas studied, with the ganglion 

cells bom first and the Muller glial and bipolar cells bom last (Figure 11A-B). Moreover, 

differentiation follows a central to peripheral spatio-temporal gradient. Single-cell labeling 

studies, in fact, show a higher clonal size for the peripheral compared to the central cells in 

the mouse (Turner et al., 1990), consistent with birth-dating studies (Holt et al., 1988) 

(Figure 11C).

Birth dating, by continuous administration of the nucleotide analog BrdU, or by 3H- 

thymidine injections ( H-TdR), has suggested that there is an overlap in birth dates between 

cell types, in that the retinal ganglion cells (RGCs) are on average bom earliest, but some 

RGCs are bom after other cells, especially in animals that develop quickly such as frogs 

and chickens (Belecky-Adams et al., 1996).
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Center Periphery
Type of cell 1 day 3 days 5 days 1 day 3 days 5 days

Ganglion cells 0 0 0 2.0 1.0 0
Amacrine cells 1.0 0 0 1.1 1.4 0
Muller cells 2.7 1.8 1.8 2.4 2.3 1.2
Bipolar cells 3.1 1.5 1.2 5.5 2.3 1.7
Rods, inner 2.1 1.8 0 2.1 2,2 1.4
Rods, outer 5.4 1.9 1.8 20.5 3.6 1.9

Figure 11. Retinal cell birth.

(A), Summary o f retinogenesis in the mouse retina (Young, 1985). (B), Comparison between retinal 

cell birth in human and mouse. Adapted from (Reynolds and Olitsky, 2011). (C), Ratio o fsH-TdR- 

positive nuclei to all nuclei in the center and periphery o f the mouse retina after a single injection 

at post-natal day 1, 3 and 5 (Young, 1985).

As the retinal development progresses, the progenitors take longer to divide 

(Alexiades and Cepko, 1996) and produce postmitotic cells with increasing frequency 

(Livesey and Cepko, 2001). Regarding the photoreceptors, in mammals their genesis occurs 

over a long temporal window (Rapaport et al., 2004; Young, 1985). The functional 

maturation of a committed photoreceptor precursor (rod or cone) in fact can take weeks to 

months depending on the species (Figure 12).

The development of the photoreceptor cells can be divided into five steps: first, the 

proliferation of the multipotent RPCs; second, the restriction of the competence of the 

RPCs; third, the cell fate specification and commitment to photoreceptor precursor during 

or after final mitosis; fourth, the expression of the photoreceptor genes, such as those for 

phototransduction and morphogenesis; and fifth, the axonal growth, synapse formation and
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Figure 12. Photoreceptor genesis and maturation in mice and humans.

The relative numbers o f cone and rod precursor cells that are born over time are shown for mouse 

and human retinogenesis. Modified image from (Swaroop et al., 2010).

In humans, all photoreceptors are generated prenatally. The first cones and rods are 

bom around fetal weeks (Fwk) 8 and 10, respectively (Comish et al., 2004). Cone sw-Opsin 

(short-wavelength) mRNA is produced as early as Fwk 12, followed by rod Rhodopsin, 

cone mw-Opsin (medium-wavelength) and cone Iw-Opsin (long-wavelength) transcripts at 

Fwk 15 (Hendrickson et al., 2008).

At birth, the opsin expression patterns are reasonably well established, but the 

photoreceptors are still immature. In the mouse, the photoreceptor development is less 

advanced than in humans at birth, and the eyes of the newborn pup remain closed for
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almost 2 weeks. Cone genesis is essentially complete at birth (having started at embryonic 

day (E) 11), and sw-Opsin is expressed at the late embryonic stages. In mice, the rods are 

bom both pre and postnatally. The peak of rod genesis occurs in the first few postnatal 

days, accompanied, soon after, by the expression of Rhodopsin (Carter-Dawson and 

LaVail, 1979) (Figure 12). The expression of mw-Opsin by the cones begins around 

postnatal day 6 and lags behind that of other opsins. As the photoreceptors mature, the 

Opsin levels increase substantially, the outer segments elaborate towards the RPE and the 

synapses form with horizontal and bipolar neurons.

1.1.3.1 Programmed cell death in the developing retina

In the retina two phases of cell death have been reported to occur during 

development. An early phase takes place concomitant with the processes of neurogenesis, 

cell migration and cell differentiation. A later phase, affecting mainly the neurons, occurs 

when the connections are established and the synapses are formed, resulting in the selective 

elimination of inappropriate connections (Vecino et al., 2004). This pattern of cell death in 

the developing retina is common among different vertebrates and the timing of both 

processes has been analyzed in different vertebrate species (Figure 13).

Apoptotic processes in the zebrafish retina are detected in the GCL and INL at days 

3-4 post-fertilization (dpf), followed by a second but clearly smaller wave at 6-7 dpf. 

Apoptosis in the ONL starts at 5 dpf and peaks at 7 dpf (Biehlmaier et al., 2001). This peak 

of photoreceptor apoptosis is lower than that observed in other fish (Hoke and Femald, 

1998).

Studies of cell death in the developing frog retina show that the physiological 

degeneration of retinal cells in these vertebrates takes place in three successive waves.
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TIMING OF RETINAL CELL APOPTOSIS

Zebrafish Xenopus Chicken Rat Mouse Human
Hatching/Birth 2-3 dpf 2dpf+2hpf 21 d 22 d 19 d 36 wg
ONL 5-7 dpf P12-P72 P5-P11

INL E8-E14 P3-P26 (AC) P3-P8 (AC)
P4-P48 (BC) P8-P11 (BC.MC)

GCL 3-4 dpf 1d16h-12dpf E4-E7 P1-P6 P2-P11
6-7 dpf 26 dpf E10-E14

Figure 13. Timing of retinal cell apoptosis in the different layers of vertebrate retina.

AC, amacrine cells; d, days; dpf, days post-fertilization; E, embryonic day; hpf, hours post 

fertilization; MC, Muller cells; P, postnatal; wg, weeks o f gestation. Modified image from (Vecino 

et al., 2004).

In the first wave, the mitotic cells in the center of the retina become pyknotic and 

degenerate prior to the onset of cell differentiation. Next, after the formation of the 

ganglion cell layer and the inner plexiform layer, many cells degenerate in the region of the 

newly formed inner nuclear layer. Finally, a third wave of cell death is observed in the 

outer and inner nuclear layers in the periphery of the retina. Apoptosis has also been 

analyzed during the development of the chicken retina (Frade et al., 1996; Mayordomo et 

al., 2003). Two waves of programmed cellular death occur in the developing chicken retina. 

The first wave takes place between E4 and E7 (Cuadros and Rios, 1988; Garcia-Porrero 

and Ojeda, 1979) while a later wave occurs between E10 and E l4 (Hughes and La Velle, 

1975; Hughes and McLoon, 1979). In the INL, the pyknotic cells appear during embryonic 

day 8. However, the highest levels of apoptosis are observed in this layer at El l .  The 

degenerating cells are initially located in the central retina. However, in subsequent days, 

they are also found in the peripheral zones. It has been postulated that cell death occurs

23-24 wg 

15-20 wg

14-30wg
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because of competition for adequate arborization space. If the number of retinal afferent 

fibers which arrives is higher than the number of available tectal termination sites, the 

supernumerary fibers may degenerate. Cell death in the mouse retina occurs primarily 

during the first 2 weeks after birth and is essentially completed by the end of the third 

week. The pattern of death of the different retinal cell types has been described also in 

mice. RGC degeneration is prominent during the first 11 days after birth, peaking on 

postnatal days 2 to 5 (Young, 1984). The amacrine cells die within the inner plexiform and 

inner nuclear layer, particularly between postnatal days 3 and 8, whereas the bipolar and 

Muller cell degeneration reaches a peak at postnatal days 8-11. Degeneration among the 

rods occurs rapidly from post-natal days 5 to 11. Nevertheless, the sporadic death of rods 

continues during the following two weeks (Young, 1984) (Figure 13).

1.1.3.2 Retinal cell determination

Once the retinal differentiation has been initiated, regulatory mechanisms guarantee 

that the progenitor cells preserve their capacity to undergo several divisions, in parallel with 

the production of the differentiated cells, and that the progenitors stop dividing at variable 

times. Both extrinsic and intrinsic factors are involved in the regulation of these events 

(Agathocleous and Harris, 2009). For example, Sonic hedgehog homolog (Shh) production 

from the RGCs influences both the speed of proliferation and the onset of differentiation. 

Vascular endothelial growth factor (VEGF) produced by differentiated RGCs enhances the 

proliferation of the progenitors through ERK (extracellular signal-regulated kinase) and 

prevents them from becoming RGC, illustrating a local control by a negative feedback 

(Hashimoto et al., 2006). Another example of local control is the Notch-Delta signaling 

pathway (Perron and Harris, 2000). Delta is a ligand for Notch that is under the control of
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the proneural genes, which are themselves inhibited by Notch activity. Initially the cells 

have random fluctuations in their levels of Delta/Notch activity. When a cell has slightly 

more Delta activity, Notch signalling is enhanced in its neighboring cell, which means a 

lower proneural activity. The cells with high levels of Delta protein and high proneural 

activity in the retina differentiate as neurons, whereas the cells that have a high Notch 

activity remain neuroepithelial or become Muller cells (Dorsky et al., 1995; Furukawa et 

al., 2000). This mechanism ensures an heterogeneity in the population; in its absence, all 

progenitors would exit at the same time and adopt similar fates.

Regarding the photoreceptors, taurine, an unusual amino acid, is an extrinsic factor 

produced from P0 rat retinal cultures and its addition to retinal explants promotes rod 

differentiation (Altshuler et al., 1993). Retinoic acid and FGF signalling also promote the 

differentiation of the progenitors in the rods and indeed the inhibitors of both retinoic acid 

and FGF reduce rod differentiation (Hyatt et al., 1996; McFarlane et al., 1998).

In addition to these extrinsic signaling systems, the RPCs display intrinsic changes 

in order to generate different retinal cell types (Cepko, 1999). The processes of retinal 

proliferation and cell determination are mostly regulated by bHLH transcription factors. At 

early stages, bHLH genes such as Hairy and enhancer o f split 1 and 5 (Hesl and Hes5) 

maintain the retinal progenitors in an undifferentiated state and produce progenitor pools. 

Then, the proneural bHLH genes start to be expressed, and the retinal progenitors undergo 

neuronal differentiation. This process requires also the activity of homeobox-containing 

domain genes. Without proper combinations of homeobox and the bHLH genes, the retinal 

progenitors would fail to acquire the proper cell fate (Cepko, 1999) (Figure 14).
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Figure 14. Regulation of retinal cellfate specification by transcription factors.

Combinations o f multiple transcription factors, such as bHLH-type and homeobox-type factors, are 

required for proper specification o f retinal cell types (red box highlights photoreceptor 

transcription factors). Modified image from (Ohsawa and Kageyama, 2008).

Photoreceptor cell development is regulated by two homeobox genes: Crx and Otx2. 

Otx2 transactivates Crx and is required for photoreceptor cell fate determination, because 

deletion of Otx2 results in the conversion from photoreceptor cells to amacrine-like cells 

(Chen et al., 1997; Nishida et al., 2003). Likewise, Crx-mutant retinas display defects in 

photoreceptor cell genesis (Furukawa et al., 1999). The transcription factors from the 

bHLH gene family involved in photoreceptor cell genesis are still poorly understood. 

NeuroD is a bHLH gene with the ability to drive retinal progenitors toward a photoreceptor 

cell fate as is demonstrated by the misexpression of NeuroD which results in an enhanced 

rod cell genesis (Inoue et al., 2002) (Figure 14).
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Figure 15. Transcriptional dominance model o f photoreceptor cell fate determination.

Other factors involved in M  opsin and S opsin patterning include Retinoid X  receptor-y (Rxry), 

Rorfi, Rora, Thyroid hormone receptor p2 (Trp2) and COUP transcription factors (Coup-TFs). 

Modified image from (Swaroop et al, 2010).

Recent studies have elucidated the molecular mechanism regulating cone and rod 

subtype decision. Nrl is a basic leucine zipper transcription factor, preferentially expressed 

in the rod photoreceptors. Targeted disruption of Nrl leads to the loss of rod cells (Mears et 

al., 2001). In the Nrl mutant retina, expression of Nr2e3, an orphan nuclear receptor, is lost 

(Mears et al., 2001). Nr2e3 activates rod-specific genes and represses cone-specific genes 

in concert with Crx (Cheng et al., 2004; Peng et al., 2005). Therefore, Nrl regulates fate 

decisions, either rod or cone, through the activation of Nr2e3.
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Although a unified mechanism cannot be proposed for all vertebrates, some 

experimental evidence suggests that the cones may differentiate into a common default 

form before diversifying into distinct cone subtypes (Figure 15). This model of 

photoreceptor cell fate determination includes three fundamental features: i) all terminally 

differentiated photoreceptors originate from a common postmitotic photoreceptor 

precursor; ii) a photoreceptor precursor cell differentiates by a default pathway into an S 

cone (cone cells expressing sw-Opsin gene) unless additional regulatory signals direct the 

precursor to acquire a rod or M cone (cone cells expressing mw-Opsin gene) identity; and 

iii) the acquisition of a specific fate by a photoreceptor precursor is established by a 

particular set of transcription-regulatory factors. The model predicts in addition that these 

transcription factors exert their function at two key decision points: i) the decision to form 

either a rod or a cone; and ii) the decision for a cone to differentiate with an S cone or M 

cone identity (Swaroop et al., 2010).

1.1.4 Stem cells and transdifferentiation in the retina

Depending on the species, whether it is fish, amphibian, bird or mammal, retinas can 

regenerate from two major cell sources, the RPE and Muller cells, and might also have an 

active stem cell zone, the ciliary marginal zone (CMZ) (Figure 16A). Progenitor cells from 

the CMZ of amphibian and fish generate most of the mature retina (Lamba et al., 2008). 

Birds have a retinal area that resembles the CMZs of fish and amphibians, and cells 

comprising this zone contribute to the growth of the retina that occurs postnatally, even 

though cells of the CMZ in birds can generate only a small part of the mature retina 

(Fischer and Reh, 2000).
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Figure 16. Sources of retinal regeneration in vertebrates.

(A), Progenitor cells (blue) in amphibian and fish CMZs generate most o f the mature retina, but 

only a small part in birds. Upon damage o f the central retina in amphibians, the RPE cells (brown) 

dedifferentiate, proliferate and regenerate neurons; retinal damage causes Muller cells (magenta) 

to dedifferentiate, proliferate and regenerate neurons. (B), In comparison with fish and chicks, 

retinal regeneration in mice is limited because o f a restricted number o f Muller cells re-entering the 

cell cycle and the limited number and types o f neurons regenerated (colored/labeled cells are 

regenerated in the respective species; RGC, retinal ganglion cell; AC, amacrine neuron; BP, 

bipolar neuron; HC, horizontal neuron; R, rod and C, cone photoreceptor; MG, Muller cells). 

Adapted image from (Karl and Reh, 2010).

In a study that searched for a comparable region in the mammalian retina it was 

discovered that there is no CMZ in the mouse retina (Kubota et al., 2002) and it seems that 

the CMZ has progressively decreased in size during vertebrate evolution (Kubota et al., 

2002). However, another retinal region in the adult mammalian eye, the ciliary body, CB, 

contains a quiescent population of cells that can be expanded in vitro (Tropepe et al., 2000). 

When the CB from adult mouse retinas was dissociated into single cells, these cells 

proliferated to form pigmented sphere colonies (PSCs) without any dependence on growth
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factor conditions (Tropepe et al., 2000). In addition, it has been demonstrated that cells 

comprising PSCs possess the potential to differentiate into different retinal cell types in 

vitro (Tropepe et al., 2000).

After damage to the central retina in amphibians, the RPE cells de-differentiate, 

proliferate and regenerate neurons (Lamba et al., 2008). If the retina of a salamander is 

removed surgically, the pigmented epithelial cells re-enter the mitotic cell cycle and form a 

new layer (Lamba et al., 2008). The cells of this new layer continue to proliferate and 

ultimately generate a complete new retina, with normal lamination, and can even reconnect 

with the central visual nuclei to restore visual function (Reh et al., 1987). The process starts 

with the de-differentiation of the pigmented cells and continues with the production of de

differentiated cells that re-express neural retinal progenitor genes, and recapitulate the 

sequence of normal histogenesis. In contrast to amphibians, the RPE of the fish retina does 

not regenerate if all retinal tissue is removed (Reh et al., 1987). Retinal regeneration can 

occur also from intrinsic retinal cell sources. After a variety of different types of retinal 

lesions, including neurotoxic, genetic or light-induced, the Muller cells in the fish retina 

have a strong proliferative response and regenerate all the different classes of retinal 

neurons (Karl and Reh, 2010) (Figure 16B).

Also in birds, re-entry into the mitotic cell cycle by Muller cells after damage has 

been reported (Fischer and Reh, 2001), although with a limited regenerative response 

compared to fish. In the mammalian retina, the regenerative response of the Muller cells to 

injury is even more limited than in the bird. In response to injury in the mouse or rat retina, 

the Muller cells become hypertrophic and only a few of them re-enter the mitotic cell cycle 

(Bringmann et al., 2009). Mouse Muller cells can be stimulated to proliferate when 

neurotoxic damage is coupled with growth factor injections (Karl et al., 2008). To 

determine if there is a set of transcription factors involved in the cell cycle re-entering
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process of these Muller cycling cells, several groups have found that markers of progenitor 

cells are expressed in the Muller cells after damage, for example like Pax6 and components 

of the Notch pathway, such as Dll-1, Notch-1 and Nestin (Das et al., 2006; Dyer and 

Cepko, 2000; Wan et al., 2007). Studies in the human retina have indicated that at least 

some part of the progenitor gene expression profile can also be upregulated (e.g. Sox-2 and 

Pax-6) in human Muller cells (Bhatia et al., 2009). Despite the evidence that many 

progenitor genes are reactivated in mammalian Muller cells after damage, many 

fundamental progenitor cell genes do not seem to be re-expressed. This partial de

differentiation in mammalian Muller cells is in contrast to the more complete regeneration 

phenomenon observed in non-mammalian vertebrates, and could partly explain the very 

limited regeneration observed in mammals (Karl and Reh, 2010).

1.1.5 Immortalized retinal cell lines

The culture of retinal cells is a widely used system. As with all in vitro tools, there 

are both advantages and limitations. The advantages include controllable conditions, time- 

course flexibility and a reduction in the number of animals used for research. The 

limitations include selective loss of specific cell phenotypes and functions, changes in 

tissue structure and the potential inconsistency of the in vitro results (Seigel, 1999). For 

many applications, the advantages of in vitro studies outweigh the potential limitations. 

Indeed, in conjunction with animal studies, in vitro studies can provide important basic 

information about normal retinal functions. Retinal cells exist in three basic forms: primary 

cultures, retinoblastoma cultures, and genetically-engineered cultures (Figure 17). The 

major drawbacks of primary retinal cell cultures are their limited supply and finite lifespan. 

Conversely, retinoblastoma cells are proliferative retinal cell cultures with a virtually 

infinite lifespan. The first retinoblastoma cell line described was the Y79 cell line, derived
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from the intraocular tumor of a 2.5 year old human (Reid et al., 1974).

Examples
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A Comparison of Retinal Culture Systems: Characteristics of Retinal Cell Cultures
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Figure 17. Summary of the major differences between the basic types of retinal cultures.

Adaptedfrom (Seigel, 1999).

The WERI-Rbl (McFall et al., 1977), WERI-Rb24 and WERI-Rb27 (Sery et al., 

1990) cell lines were also established from human intraocular tumors. These human 

retinoblastoma tumor cell cultures have several characteristics in common, such as growth 

in suspension as “grape-like” clusters, immunoreactivity to glial and/or neuronal markers 

(Kyritsis et al., 1984), and the ability to form tumors in vivo (del Cerro et al., 1993). 

Retinoblastoma cells were found to exhibit alterations in the expression of the 

retinoblastoma susceptibility gene, Rb (Lee et al., 1987). The undifferentiated nature of the 

Y79 retinoblastoma cells makes them very useful in the testing of putative retinal
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differentiating agents. Differentiating agents, such as cAMP, retinoids, and sodium butyrate 

were found to affect the morphology, growth rate, and biochemistry of Y79 cells in vitro 

(Kyritsis et al., 1985; Tsokos et al., 1986). In addition to the human retinoblastoma cell 

lines, mouse (Bernstein et al., 1994) and rat (Nishida et al., 1982) cell lines are useful in 

studies of retinal cell differentiation and anti-cancer treatment.

More commonly, cell-cycle-related genes that induce cell proliferation, such as the 

simian virus (SV)40 large T antigen, E1A gene of adenovirus or Src are introduced by 

investigators to promote an immortalized, growth stimulated culture. These “genetically- 

engineered” retinal cultures often lack the potential to form tumors and retain more 

differentiated features (Seigel, 1999). Like the retinoblastoma cell lines, the genetically- 

engineered cells are also immortal. A mouse photoreceptor-derived cell line (661W) was 

immortalized by the expression of the SV40 T antigen under the control of the human 

promoter of interphotoreceptor retinol-binding protein (IRBP) (al-Ubaidi et al., 1992). 

661W cells have been reported to express photoreceptor markers of both rod cells (Roque 

et al., 1999) and cone cells (Tan et al., 2004). Interestingly, 661W cells express high levels 

of retinal progenitor markers such as Nestin and Pax-6, but not Rhodopsin (Sheedlo et al., 

2007). The variability in the characteristics of the 661W cells suggests that the cells may 

initially arise as undifferentiated cells but gradually acquire a rod or cone photoreceptor 

phenotype, a fact which could be explained by the culture conditions established in the 

different laboratories. The transformed 661W photoreceptor cell line is currently used in 

the in vitro investigations of therapies designed to promote photoreceptor cell survival in 

both cone dystrophies and rod degenerative diseases, such as age-related macular 

degeneration (AMD) and Retinitis Pigmentosa (RP), respectively (Sheedlo et al., 2007).
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1.1.6 Inherited photoreceptor degenerative diseases

Vision loss leading to blindness is the consequence of many genetic and/or acquired 

disorders whose etiology is highly heterogeneous. Indeed, the retinal cells are among the 

most specialized cells in the human body and depend on a huge number of specific genes; 

in addition, due to the close interdependence between the photoreceptors, the RPE and the 

choroid that nourishes them, dysfunctions in any of these components can cause secondary 

dysfunctions to the others (Ingleheam, 1998). The most severe and common blinding 

pathologies affecting the retina are mainly characterized by photoreceptor 

dysfunction/degeneration. Progressive photoreceptor degeneration is the principal feature 

of many inherited retinal degenerations (IRDs), affecting the photoreceptors and/or the 

retinal pigment epithelium. IRDs include conditions such as Retinitis Pigmentosa (RP) 

(Hims et al., 2003), Leber Congenital Amaurosis (LCA) (den Hollander et al., 2008) and 

Cone-Rod Dystrophies (Hamel, 2007), mostly inherited as mendelian traits and 

characterized by a high clinical and genetic heterogeneity.

RP is the most widespread form of IRD, in which most patients lose night vision in 

adolescence, side vision in young adulthood and central vision in later life because of a 

progressive loss of rod and cone photoreceptors. The worldwide prevalence of RP is about 

1 in 4000 resulting in more than 1 million affected individuals. RP is genetically very 

heterogeneous; so far, more than 45 disease causing genes have been identified that account 

for about 60% of all cases (Hartong et al., 2006) (Figure 18).
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Figure 18. Causal genes and their relative contribution to RP.

Top panel, autosomal-dominant (left panel) and X-linked (right panel) RP forms. Bottom panel, 

autosomal-recessive RP forms (ARRP), including USH and Bardet-Biedl (BBS) syndromes. About 

40% o f RP cases are due to still unknown mutations. Modified image from (Hartong et al., 2006).
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Considering all IRD forms, causative mutations have so far been identified in 208 genes 

encoding mainly eye-specific products (the Retinal Information Network, RetNet: 

www.sph.uth.tmc.edu/retnet/) that show a huge variety of functions (Figure 19). 

Interestingly, independently of the primary causative gene, the IRDs share a common 

degenerative process in which photoreceptor cell death represents the final outcome.

Ciliary trafficking

Otter segment structure 

Cdl ^ignalljng. 
Phagocytosis

Innate immunity —  
Protein degradation 

Intermediary metabolism  

Retinal developm ent 

M itochondrially e n c o d e d

Lipid
metabolism

Phorotransduction

Icr channels Visual cycle

Unkrc*’"

Cell—oell interactions

intracellular transport 
and cytoskeleton

Pre-mftNA splicing

Figure 19. The functional categorization o f the IRD causative genes.

Pie chart showing the functional categorization o f 146 genes implicated in PR degeneration. IRD- 

causative mutations fa ll in genes involved in PR physiology, biochemistry and structure. Most 

mutations affect genes involved in the PR ciliary trafficking. The data are from the Retinal 

Information Network (RetNet). ECM: extracellular matrix; pre-mRNA: precursor mRNA; unknown: 

function undetermined; VRD: vitreoretinal degeneration; EM: extra-cellular matrix. Modified 

image from (Wright et al, 2010).

Photoreceptor cell death has been extensively studied in animal models o f IRD and 

in most cases apoptosis has been found to be activated in the dying photoreceptors (Travis, 

1998). However, during the past decade many studies have shown that photoreceptor 

degeneration is a very complex process in which multiple pathways act at different stages
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of the disease or even simultaneously with significant cross-talk (Wright et al., 2010). 

These pathways include: Caspase-dependent and -independent apoptosis, Calpain-mediated 

cell death, autophagy, proteasome activity and complement-mediated lysis (Wright et al., 

2010). In many systems, apoptotic cell death invariably involves the activation of Caspases 

that cleave over 100 known substrate proteins on the carboxyl side of the aspartate residues.

Two major pathways have been described for Caspase activation: the first is 

initiated by extracellular ligands that bind to death receptors like Fas/CD95 or the Tumor 

necrosis factor alpha (Tnfoc)-receptor, while the second pathway (also known as the 

intrinsic pathway) induces the release of Cytochrome c and other polypeptides from the 

mitochondria without the involvement of death receptors. Non-Caspase proteases linked to 

the apoptotic cell death include the Cathepsins, Calpains, Granzymes A and B, Poly (ADP- 

ribose) polymerase-1, serine proteases and the proteasome (Wright et al., 2010). Most of 

the enzymes can act together with, or independent of, the Caspases as executioners of 

apoptosis. In addition, mitochondrial membrane permeabilization may be induced in a 

Caspase-independent manner with the release of Caspase-independent effectors such as Aif 

(Apoptosis-inducing factor) (Wright et al., 2010).

1,1,6.1 Gene therapy approaches: retinal AAV vectors

Recently, effective treatments for IRDs have produced important results for the cure 

of the Leber congenital amaurosis (LCA). LCA is an inherited retinal disease that causes 

severe visual impairment in infancy or early childhood. Gene transfer therapy has offered 

hope to people with a form of this disease (Colella and Auricchio, 2010).

During the past decade, thanks to the identification and cloning of many IRDs 

causative genes, gene therapy strategies have rapidly evolved and showed promising results
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in several animal models of retinal degeneration (Allocca et al., 2006; Colella et al., 2009). 

Gene therapy is defined as the treatment/cure of human diseases based on the transfer of 

nucleic acids (DNA or RNA) to target somatic cells. Nucleic acid delivery to different eye 

structures can be performed both by viral and non viral-based methods. Even though non 

viral gene transfer efficiency has been consistently improved by complexing nucleic acids 

with lipids or cationic polymers and using electroporation, the resulting transfection rate is 

low and the expression of the transgene is short lived (Naik et al., 2009). Thus, viral gene 

transfer represents the preferred method for gene delivery to the eye given the availability 

of different viral vectors that are able to efficiently transduce the ocular tissues. Viral 

vectors commonly used for ocular gene transfer are derived from adenoviral, lentiviral and 

adeno-associated (AAV) viruses (Colella et al., 2009; Kumar-Singh, 2008). Improvements 

in vector design, and modifications to surface proteins (for adenoviral vectors), envelopes 

(for lentiviral vectors) or capsids (for AAV vectors) have expanded the vector toolkit in 

order to achieve the desired transduction parameters.

Vectors derived from the small adeno-associated virus (AAV) are the most widely 

used and promising tools for retinal gene transfer given their favourable safety profile and 

the long-term gene expression that is observed after a single AAV administration (Surace 

and Auricchio, 2008). AAV is a small (25-nm), non-enveloped virus that packages a linear 

single-stranded DNA genome of about 4.7kb. AAVs can replicate in the nucleus of target 

cells only in the presence of helper viruses such as adeno, herpes or papillomaviruses. The 

AAV genome is flanked by two palyndromic inverted terminal repeats (ITR, 145 bp), that 

are the only viral sequences required for the production of AAVs carrying the exogenous 

DNA of choice.

Dozens of different AAV serotypes have so far been identified (Allocca et al., 

2007). The availability of a different capsid from each serotype and the versatility of the
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AAV production system allow an easy exchange of capsids among various AAVs thus 

creating hybrid vectors containing a genome with the same AAV ITRs (i.e. from AAV2) 

and the capsid from a different serotype (Allocca et al., 2007). The ability of the various 

AAV serotypes to transduce the retina has been extensively documented with vectors 

encoding marker proteins (Figure 20). AAV2/8 is the most efficient for photoreceptor 

transduction after subretinal injection (Allocca et al., 2007). Moreover, retinal progenitor 

cells can also be transduced by AAV serotypes (Surace et al., 2003).

RPE

ONL 
INL

GCL

AAV2/5 AAV2/8 AAV2/9
Figure 20. The transduction of murine photoreceptor by various AAV serotypes.

The pictures show the histological analysis o f the eGFP expression at 4 weeks following subretinal 

injection o f AAV2/5, 2/8 or 2/9. The AAV vector genome encodes eGFP under the control o f the 

Rhodopsin promoter that drives transgene expression in photoreceptors only. Adapted image from 

(Allocca et al., 2007).

Due to their low toxicity and immunogenicity and their efficiency in transducing 

photoreceptors, AAV vectors derived from various serotypes have been widely used to treat 

IRDs in animal models (Colella and Auricchio, 2010).
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1.2 LONG NON-CODING RNAS: NEW FUNCTIONAL PLAYERS

1.2.1 “RNA World”

The “RNA world” theory suggests that life was initially based on RNA, which 

subsequently transferred this amount of information into more stable DNA and its catalytic 

functions to proteins. Consequently, in the past, RNA has been relegated to an intermediate 

stage between gene and protein, as shown in the central dogma formula ‘DNA-RNA- 

protein’ . However, the finding that most of the genome in complex organisms is 

transcribed (Caminci et al., 2005; Denoeud et al., 2007) and the discovery of new classes of 

regulatory non-coding RNAs (ncRNAs) (Kapranov et al., 2007), challenges this assumption 

and suggests that RNA has evolved and expanded in coexistence with proteins and DNA.

Non-coding RNAs comprise a diverse group of transcripts including 

‘housekeeping’ ncRNAs (ribosomal RNA, transfer RNA, small nuclear RNA and small 

nucleolar RNA) and regulatory ncRNAs (Jacquier, 2009). Regulatory ncRNAs can be 

classified according to their size as small ncRNAs (<200 bp) (for example, miRNAs, 

endogenous small interfering RNAs (endo-siRNAs) and PIWI- interacting RNAs 

(piRNAs)) and long ncRNAs (IncRNAs). Members of both classes are known for their 

ability to regulate gene expression by a wide range of mechanisms. For example, miRNAs 

can act at the RNA level by destabilizing and degrading their target RNAs or at the protein 

level by downregulating translations of their targets (Bartel, 2009).

LncRNAs can also act at multiple levels. LncRNAs regulate gene expression by a 

range of mechanisms, including transcriptional interference by antisense transcription and 

modulation of chromatin modifications (see section 2.4).
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Figure 21. Recent examples o f the various levels o f regulation o f eukaryotic gene expression and 

cell biology by ncRNAs.

DsRNA, double-stranded RNA; HMT, histone methyltransferases; HP1, heterochromatin protein 1; 

PARs, promoter-associated RNAs; PcG, Polycomb group proteins; RISC, RNA-induced silencing 

complex; RITS, RNA-induced initiation o f transcriptional gene silencing; siRNA, small interfering 

RNA; TFIIB, transcription factor IIB; and UCE, ultraconserved element. Modified image from  

(Amaral and Mattick, 2008).
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Moreover, ncRNAs are an integral component of the chromosomes and contribute 

to their structural organization (Rodriguez-Campos and Azorin, 2007). It is now becoming 

apparent that chromatin architecture and epigenetic memory are regulated by RNA-directed 

processes that, although the exact mechanisms are yet to be understood, involve the 

recruitment of histone-modifying complexes and DNA methyltransferases to specific loci 

(Mattick, 2007). In addition, IncRNAs have been implicated in the regulation of dosage 

compensation and genomic imprinting in animals (for details about IncRNA functions see 

section 2.4) (Figure 21).

1.2.2 Long non-coding RNAs (IncRNAs)

Long non-coding RNAs (IncRNAs) were first described during the large-scale 

sequencing of full-length cDNA libraries in the mouse (Okazaki et al., 2002). Although 

distinguishing IncRNAs from other protein-coding mRNAs is not a simple process it has 

become apparent that a consistent part of the transcriptome has little protein-coding 

capacity. Genome tiling array experiments have revealed, in fact, that the extent of the non

coding sequence transcription is at least four times greater than that of the coding sequence 

(Kapranov et al., 2007). These studies have also shown that the transcriptome is 

surprisingly complex, with IncRNAs often overlapping with or interspersed between coding 

transcripts (Kapranov et al., 2005). This complexity has modified the common 

understanding of gene organization from a linear to a more complex model, in which it is 

possible for a gene sequence to be transcribed into sense and antisense, coding and non

coding transcripts (see section 2.3).

Defining IncRNAs simply on the basis of size reflects a current imperfect 

understanding of their functions and is far from satisfactory. However, there is some sense
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in defining non-coding transcripts according to the absence of a protein-coding capacity 

given that the ability to identify protein-coding transcripts has improved immeasurably in 

recent years (Dinger et al., 2008). Many long, previously wrongly annotated as protein- 

coding genes, instead, represent non-protein coding transcripts (Ponting, 2008).

Before considering their potential for functionality, it is important to consider 

whether a large proportion of the proposed IncRNAs are the results of “transcriptional 

leakage” or of artefactual computational prediction. However, there are several pieces of 

evidence against the above hypothesis. Among mouse transcripts annotated as non-coding 

RNAs, from different high-throughput studies, very few have both long open reading 

frames and a suppression of nucleotide substitutions at putative non-synonymous sites, 

attributes that would indicate a coding capability (Ravasi et al., 2006). The majority of 

these non-coding RNAs, in fact, appear to represent bona fide transcripts, a view that is also 

corroborated by the regulation of their expression levels (Cawley et al., 2004). A large 

number of IncRNAs are expressed in specific regions of the brain, exhibiting precise 

cellular locations (Mercer et al., 2008). Some mark new domains within the cell (Sone et 

al., 2007), which means that IncRNAs are also set to have a major impact in cell biology. 

Comparative analyses indicate that IncRNA promoters are, on average, more conserved 

than those of protein-coding genes (Caminci et al., 2005) and that IncRNA sequences, 

secondary structures, and splice site motifs have been subject to purifying selection 

(Torarinsson et al., 2008). Moreover, many IncRNAs are evolving quickly, and some have 

undergone recent positive selection, as exemplified by HAR1 RNA expressed in the human 

brain, which contains the sequence conserved in mammals that most rapidly diverged after 

the human-chimpanzee separation (Pollard et al., 2006). Given the functional versatility of 

the RNAs, it is plausible that the IncRNAs represent a rich substrate for evolutionary 

innovations in the eukaryotes.
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Finally, a database providing expression and other information on mammalian 

IncRNAs has recently become available (Dinger et al., 2009).

1.2.3 Genomic organization o f IncRNAs

A IncRNA can be assigned to one of five broad categories: (1) sense, or (2) 

antisense, when overlapping one or more exons of another transcript on the same, or 

opposite, strand, respectively; (3) bidirectional, when its transcription and that of a 

neighboring coding transcript on the opposite strand are initiated in close genomic 

proximity, (4) intronic, when it is derived wholly from within an intron of a second 

transcript or (5) intergenic, when it lies within the genomic interval between two genes 

(Figure 22).
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Figure 22. Genomic organization o f long non-coding RNAs (IncRNAs).

A significant fraction of long non-coding RNAs are spliced and polyadenylated, like 

cytosolic messenger RNAs, however some mature IncRNAs can be unspliced and retained
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in the nucleus (Seidl et al., 2006).

A relevant fraction of IncRNAs is constituted by natural antisense transcripts 

(NATs) that are RNAs displaying sequence complementarity to other transcripts 

(Carmichael, 2003). NATs can be divided in two main subgroups, namely c/s-NATs and 

trans-NATs. In particular, c/s-natural antisense transcripts are transcribed from the same 

genomic locus as their cognate genes but from the opposite DNA strand and form perfect 

pairs. On the contrary, /r<ms-NATs, e.g. microRNAs, are transcribed from a different 

location than their targets and usually have complementarity to multiple transcripts with 

some mismatches (Carmichael, 2003). A large proportion of genes (more than 30%) in 

diverse eukaryotes have been found to harbor cis-natural antisense transcripts (cA-NATs) 

(Lapidot and Pilpel, 2006). Cis-NATs have been implicated in many levels of eukaryotic 

gene regulation including translational regulation, genomic imprinting, RNAi, alternative 

splicing, XCI, RNA editing, and gene silencing (see section 2.4) (Lavorgna et al., 2004). 

Even though the eukaryotic genome contains a large number of NATs, our understanding 

of how antisense transcription regulates gene expression remains largely incomplete.

In human tissues, bidirectional transcripts tend to be coexpressed and/or inversely 

expressed more frequently than would be expected by chance, and this expression pattern 

tends to be evolutionarily conserved (Chen et al., 2005).

Of the large numbers of intronic IncRNAs that have been proposed, many may, 

instead, be pre-mRNA fragments (Louro et al., 2008). Nevertheless, some intronic non

coding RNAs whose expression profiles contrast with those of their host protein-coding 

gene have also been reported (Dinger et al., 2008).

Intergenic non-coding RNAs are beginning to reveal their mystery. Those that are 

transcribed well away from protein-coding loci appear to have little opportunity for cis- 

regulated transcription within such loci. They may, however, often act in trans within large
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ribonucleoprotein complexes. Many intergenic non-coding RNAs are transcribed in close 

proximity to protein-coding genes (Bertone et al., 2004) and these are more likely to act in 

cis, perhaps through transcriptional interference (for details see section 2.4).

1.2.4 Functional examples of IncRNAs

Unlike the microRNAs or proteins, the function of the IncRNAs is not deduced 

from sequence or structure signatures. The functional repertoire of the IncRNAs includes 

roles in high-order chromosomal dynamics, telomere biology and subcellular structural 

organization (Amaral and Mattick, 2008). One major emergent theme is the involvement of 

IncRNAs in regulating the expression of neighboring protein-coding genes. The importance 

of this regulation was understood through the study of the phenomenon in which non

coding loci affect the expression of nearby protein-coding genes in trans (Mattick and 

Gagen, 2001). Additionally, the recent observation that human chromosome 21 largely 

recapitulates its native expression profile in mouse cells, despite interspecies differences in 

epigenetic machinery, cellular environment and transcription factors, suggests that most of 

the information required for gene regulation is embedded in the chromosome sequence 

(Wilson et al., 2008).

1.2.4.1 Transcriptional and post-transcriptional regulation

LncRNAs regulate transcription through a diversity of mechanisms. Proximal promoters 

can be transcribed into IncRNAs that recruit and integrate the functions of RNA binding 

proteins into the transcriptional program, as exemplified by the repression of CcnDl 

(Cyclin Dl) transcription in human cell lines (Wang et al., 2008). DNA damage signals 

induce the expression of IncRNAs associated with the CcnDl gene promoter, where they
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act cooperatively to modulate the activities of the RNA binding protein TLS. TLS 

subsequently inhibits the histone acetyltransferase activities of the CREB binding protein 

and P300 to silence CcnDl expression (Figure 23).

The ability of the ncRNAs to recruit RNA binding proteins, one of the largest 

protein classes in the mammalian proteome, to gene promoters hugely expands the 

regulatory repertoire available to the transcriptional program (Wang et al., 2008).

Figure 23. Transcription regulation of IncRNA by protein recruitment.

LncRNAs (in red) tethered to the CcnDl gene recruit the RNA binding protein TLS to modulate the 

histone acetyltransferase activity o f CREB binding protein (Cbp) and p300 to repress gene 

transcription. Modified image from (Mercer et al., 2009).

LncRNAs also act as co-factors to modulate transcription factor activity. For 

example, in mice, the IncRNA Evf2 is transcribed from an ultraconserved distal enhancer 

and recruits the binding and action of the transcription factor Dlx2 to this same enhancer to 

induce expression of adjacent protein-coding genes (Feng et al., 2006) (Figure 24).
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Figure 24. Transcription regulation of IncRNA by transcription factor co-activation.

An ultraconserved enhancer is transcribed as a IncRNA, Evf2, which subsequently acts as a co- 

activator to the transcription factor DLX2, to regulate the Dlx6 gene transcription. Modified image 

from (Mercer et al., 2009).

Many similar enhancers are transcribed in cells in which they are active. This could 

be a general strategy to regulate the expression of key developmental genes (Ashe et al., 

1997). LncRNAs can regulate RNA polymerase (RNAP) II activity through other 

mechanisms, including the interaction with the initiation complex to influence promoter 

choice. For example, in humans, a IncRNA transcribed from an upstream region of the 

dihydrofolate reductase (DHFR) locus forms a triplex in the major promoter of DHFR to 

prevent the binding of the transcriptional co-factor TFIID31 (Figure 25).

This could be a widespread mechanism to control promoter usage as thousands of 

triplex structures exist in the eukaryotic chromosomes (Ohno et al., 2002). Long ncRNAs 

can also effect global changes by interacting with basal components of the RNAP II- 

dependent transcription machinery. LncRNAs that interact with the RNAP II machinery are 

typically transcribed by RNAP III, thereby decoupling their expression from the RNAP II- 

dependent transcription reaction they regulate (Mariner et al., 2008). For example, Alu
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elements that are transcribed in response to heat shock bind tightly to RNAP II to preclude 

the formation of active preinitiation complexes (Mariner et al., 2008). Alu elements contain 

modular domains that can independently mediate polymerase binding and repression. In 

light of their abundance and distribution in the mammalian genome, these functional 

domains might have been co-opted into other IncRNAs during evolution; an observation 

supported by the finding that functional repeat sequence domains are a common 

characteristic of several known IncRNAs (Amaral and Mattick, 2008).

Figure 25. Transcription regulation o f IncRNA by promoter blocking.

A IncRNA transcribed from the DHFR minor promoter in humans can form a triplex at the major 

promoter to occlude the binding o f the general transcription factor TFIID, and thereby silence 

DHFR gene expression. Modified image from (Mercer et al., 2009).

A recent screening for IncRNAs regulated by TP53 (tumor suppressor transcription 

factor p53) has revealed that lincRNA-p21 targets silencing activity to multiple genes 

located throughout the genome in response to DNA damage (Huarte et al., 2010).

A search for the factors that interact with lincRNA-p21 has identified heterogeneous nuclear 

ribonucleoprotein K (hnRNP-K), a component of a repressor complex that acts in the p53

Major promoter
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pathway. hnRNP-K interacts with a 5’ domain of lincRNA-p21 that is necessary but not 

sufficient to induce apoptosis, suggesting that other regions of the RNA are required to 

recruit other factors or target the complex to chromatin or both. Thus, HncRNA-p21 is a 

trans-acting downstream repressor of multiple genes in the p53 pathway, potentially 

explaining how p53 can activate many genes while simultaneously repressing many others 

(Figure 26).

The ability of the IncRNAs to recognize complementary sequences also allows 

highly specific interactions that are amenable to regulating various steps in the post- 

transcriptional processing of mRNAs, including their splicing, editing, transport, translation 

and degradation.
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Figure 26. Function of lncRNA-p21 in the p53 transcriptional response.

Induction o f p53 activates the transcription o f lncRNA-p21 by binding to its promoter. LncRNA-p21 

binds to hnRNP-K, and this interaction imparts specificity to genes repressed by p53 induction. 

LincRNA, long intergenic non-coding RNA. Modified image from (Baker, 2011).

Most mammalian genes express antisense transcripts, which might constitute a class

45



Introduction

of IncRNA that is particularly proficient at regulating mRNA dynamics (He et al., 2008).

Antisense IncRNAs can mask key cis elements in mRNA by the formation of RNA 

duplexes, as in the case of the Zeb2 (also called Sipl) antisense RNA, which complements 

the 5' splice site of an intron in the 5' UTR of the zinc finger Hox mRNA Zeb2. Expression 

of the IncRNA prevents the splicing of an intron that contains an internal ribosome entry 

site required for the efficient translation and expression of the ZeB2 protein (Figure 27).

Antisense 
!-► ncRNA

5' UTR 4

Zeb2

mRNA
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(^ ~ ^ ) Spliceosome

Translation

Figure 27. Example of post-transcriptional regulation by IncRNAs.

An antisense ncRNA can mask the 5' splice site o f the zinc finger homeobox mRNA Zeb2 from the 

spliceosome, resulting in intron retention. The translation machinery can then recognize and bind 

an internal ribosome entry site (IRE) in the retained intron, resulting in efficient Zeb2 translation 

and expression. Modified image from (Mercer et al., 2009).

This sets a precedent for the IncRNAs in directing the alternative splicing of mRNA
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isoforms. Indeed, a number of studies have noted the prevalence of antisense IncRNAs to 

the introns, and they could similarly regulate splicing (He et al., 2008). Alternatively, the 

annealing of IncRNA can target protein effector complexes to the sense mRNA transcript in 

a manner analogous to the targeting of the RNA-induced silencing complex (RISC) to 

mRNAs by siRNAs.

RNA duplexes resulting from the annealing of complementary transcripts or even of 

long ncRNAs with extended internal hairpins can be processed into endogenous siRNAs to 

silence gene expression, raising the possibility that many long ncRNAs feed into RNA 

silencing pathways (Ogawa et al., 2008). There are probably many other functions of the 

long ncRNAs that still await discovery. For example, the IncRNA NRON has been shown 

to regulate the nuclear trafficking of the transcription factor NFAT36 (Willingham et al., 

2005). The observation that many IncRNAs are located in the cytoplasm suggests that they 

might have undiscovered roles in cell biology.

1.2.4.2 Chromatin modification

Another important aspect is the ability of the IncRNAs to bind chromatin 

modification complexes. Numerous IncRNAs are pulled down by RNA 

immunoprecipitation (RIP) of PRC2 (polycomb repressive complex) and other chromatin- 

modifying factors. The PRC2 complex has histone methyltransferase activity and primarily 

trimethylates histone H3 on lysine 27 (i.e. H3K27me3), a mark of a transcriptionally silent 

chromatin. PRC2 has four subunits: Suzl2 (zinc finger), Eed and Ezh2 (SET domain with 

histone methyltransferase activity) (Figure 28) (Khalil et al., 2009). In vitro evidence 

suggests that the PRC2 complex may bind directly to RNA stem-loop structures via EZH2 

(Zhao et al., 2010).
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Comparison of the PRC2 “ transcriptome” to known PRC2-binding sites and 

bivalent domains (genomic regions with high H3K27me3 and H3K4me3) in ES cells has 

revealed that many (~20%) bivalent domains contain at least one RNA, suggesting that 

IncRNAs may also recruit PRC2 to their sites of synthesis as well as to distal sites. PRC2 is 

not the only histone-modifying complex found to bind to IncRNAs. The HOTAIR IncRNA 

is expressed from an intergenic region of the HoxC cluster and is necessary for PRC2 

occupancy, H3K27me3, and silencing of the HOXD locus, located on a different 

chromosome (Rinn et al., 2007). Analysis of HOTAIR has revealed that a 5’ end domain 

binds PRC2 and a 3’ end domain binds an LSD1 (H3K4me2 demethylase) containing 

complex. Thus HOTAIR can act as a scaffold for these two distinct histone modification 

complexes and appears to target them to specific regions to remove the active histone 

modification H3K4me2, while methylating H3K27 toward a repressive mode (Figure 28).

What is not clear from many of these studies is the precise mechanism by which 

these IncRNAs affect multiple genes. It is possible that they act as mobile scaffolds that 

target key complexes to multiple gene loci wherever they happen to be. This model fits 

other chromatin modifying complexes, such as Mil, PcG, and G9a methyltransferase, which 

can be similarly directed by their associated IncRNAs (Mercer et al., 2009) (Figure 29).
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Figure 28. Model of IncRNA HOTAIR regulation of chromatin domains via histone-modification 

enzymes.

Recruitment o f PRC2 is programmed by IncRNA HOTAIR produced in trans, which targets PRC2 

activity to target loci. PRC2 recruitment leads to H3K27 methylation and transcriptional silencing 

o f neighboring HOX genes. Modified image from (Rinn et al., 2007).

However, they may also function as organizing centers, performing the same 

functions by gathering multiple loci and factors into higher-order structures such as 

described for IncRNAs Xist, Air and Kcnqlotl. LncRNA Xist mediates X chromosome 

inactivation. A small internal non-coding transcript from the Xist locus, Rep A, recruits 

PRC2 to silence one X chromosome (Zhao et al., 2008), whereas PRC2 is titrated from the
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remaining active X chromosome by the antisense transcript Tsix. However, another study 

describes an alternative mechanism whereby Xist and Tsix anneal to form an RNA duplex 

that is processed by Dicer to generate small interfering RNAs (siRNAs), which are required 

for the repressive chromatin modifications on the inactive X chromosome (Ogawa et al., 

2008). The contribution of these two different pathways to coordinate long and small RNAs 

in chromatin remodeling implies the existence of a global, integrated regulatory network 

based in RNA.

Other IncRNAs such as Air and Kcnqlotl also create repressive environments that 

may recruit and silence specific c/s-linked gene loci by interacting with chromatin and 

targeting repressive histone modifiers (Nagano et al., 2008; Pandey et al., 2008) (Figure 

29).

Air,
Kcnqlotl,
Xist/RepA,

Figure 29. Long noncoding RNA-mediated heterochromatin silencing.

Examples shown here are Air, Kcnqlotl, Xist /RepA. Modified image from (Chen and Carmichael, 

2010).
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The IncRNAs Kcnqlotl and Air are all paternally expressed, and repressed on the 

maternal allele by promoter DNA methylation originating in the oocyte (Peters and 

Robson, 2008). There is very little splicing of these RNAs, which are therefore largely 

colinear with the DNA (Redrup et al., 2009). Perhaps, during their evolution, they may 

have lost the capacity to be spliced in order to evade the nonsense mediated decay pathway. 

For both Air and Kcnqlotl, it has been found that the RNA appears to establish a nuclear 

domain, which is closely associated with the genes that are inactivated in cis, whereas the 

genes outside the cluster, which are not regulated by the IncRNAs, are found outside the 

nuclear RNA domain. The Kcnqlotl RNA domain excludes Pol II and is enriched with 

PRC1 and PRC2 components (Terranova et al., 2008). The Kcnqlotl RNA also binds to 

the histone methyltransferase G9a (Pandey et al., 2008); the Air RNA also binds to G9a and 

appears to target this enzyme to a silenced gene in the cluster (Nagano et al., 2008).

1.2.4.3 Regulation of enhancer activity

Another large non-coding RNA group (potentially long non-coding RNAs) is 

represented by the enhancer-related RNAs. Many of the ~12,000 neuronal activity- 

regulated enhancers in the mouse genome are transcribed as bidirectional transcripts by 

RNAP to yield non-coding enhancer RNAs called eRNAs (Kaikkonen et al., 2011; Kim et 

al., 2010) (Figure 30). The expression level of the eRNAs generally correlates with that of 

the nearby protein-coding (target) genes, and in at least one example, eRNA expression 

requires an intact target gene promoter, suggesting a reciprocal interaction between 

enhancers and promoters during promoter activation. At the molecular level, RNAP-bound 

enhancers have been found to be enriched with a large number of eRNAs, suggesting that 

the transcription of enhancers may be a general feature (De Santa et al., 2010) (Figure 30).
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However, the possibility that eRNAs are byproducts of target gene activation cannot be 

excluded, as it has not been confirmed that they play an essential role.

High-throughput siRNA screening on IncRNAs, located further than 1 kb from 

known protein-coding genes, has put forward evidence that the IncRNAs themselves may 

have an enhancer function (Orom et al., 2010). Importantly, these IncRNA loci have the 

chromatin signatures of transcribed protein-coding gene loci (H3K4me3 at the 5’ end and 

histone H3 lysine 36 trimethylation downstream), suggesting that they are not enhancer 

elements, which are characterized by H3K4 monomethylation. Knockdown of these 

IncRNAs results in corresponding decreases in the expression of neighboring protein- 

coding genes.

Transcription-factor Enhancer RNAs (eRNAs)
complex

RNAP

RNAP

eRNA mRNA

Name Length (nt) Characteristics Function

Enhancer RNA 100-9000 ssRNA produced bidirectionally from Mostly unknown but plays a role in
(eRNA) enhancer regions enriched for 

H3K4mel, PolII and coactivators 
such as p300

Short half-life

Evolutionarily conserved sequences

Dynamically regulated upon 
signalling

Expression correlates positively with 
nearby mRNA expression

transcriptional gene activation

Figure 30. Enhancer RNAs (eRNAs).

RNA polymerase (RNAP) bind to enhancers and produce the transcription o f enhancer RNAs 

(eRNAs). Simultaneously, RNAP and transcription machinery also bind to promoters and initiate 

mRNA transcription. Below, table describes the properties o f eRNAs. Modified images from  

(Kaikkonen et al.,, 2011; Ren, 2010).
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It is tempting to speculate that enhancer RNAs may function by physically 

positioning a putative partner factor with the promoter region of the target gene by long- 

range loop formation. Along this line, it has recently been described how DEAD-box RNA 

helicase p68 (DDX5) and its associated IncRNA, SRA (steroid receptor RNA activator), 

form a complex with CTCF (CCCTC binding factor) (Yao et ah, 2010). CTCF binds to 

specific genomic binding sequences and plays an important role in transcriptional 

insulation and long-range physical interaction with other CTCF sites. These interactions are 

mediated by the ring-like cohesin complex that appears to use chromatin-bound CTCF as a 

binding platform (Figure 31). The insulator function of CTCF is dependent onp68and

Cohesin complex

CTCF

Figure 31. Higher-order chromatin loops such as those mediated by CTCF and cohesin appear to 

involve IncRNA.

Adapted image from (Nagano and Fraser, 2011).
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SRA, as depletion of either mitigates CTCF-mediated insulation between IGF2 and its 

long-range enhancer at the IGF2/H19 locus. The protein p68 binds both SRA and CTCF, 

and SRA stabilizes binding between CTCF and cohesin. Depletion of either p68 or SRA 

does not affect CTCF binding to its genomic sites but reduces the presence of cohesin at 

these sites.

1.2.5 Genomic reprogramming and organization of nuclear structures.

LncRNAs have also been implicated in the global remodeling of the epigenome and gene 

expression during the reprogramming of somatic cells to the induced pluripotent stem cells 

(iPSCs). Recently, a subset of IncRNAs has been described to be specifically upregulated 

both in human iPSCs compared to the cell of origin and in iPSCs compared to the ES cells, 

suggesting that this increased expression of IncRNAs may promote reprogramming 

(Loewer et al., 2010). These IncRNA loci enriched with iPSCs are bound by the key 

pluripotency transcription factors OCT4, SOX2, and NANOG, and knockdown of OCT4 

leads to a downregulation of the lincRNAs, suggesting that their expression is directly 

regulated by the pluripotency factors. In particular, two of these lincRNAs, IncRNA-RoR 

and lncRNA-SFMBT2, have shown the strongest response to OCT4 knockdown and 

therefore their potential role in reprogramming has been investigated by knocking them 

down in fibroblasts and assessing iPSC colony formation induced by infection with viruses 

expressing the pluripotency factors. Knockdown of IncRNA-RoR has resulted in a 

significant decrease in iPSC colony formation compared to control cells, indicating that it 

plays a role in iPSC derivation. This idea has subsequently been supported by the fact that 

cells stably overexpressing IncRNA-RoR were 2-fold more efficient in iPSC colony 

formation. By microarray analysis it has been found that knockdown of IncRNA-RoR leads 

to an upregulation of genes involved in the p53 response, the response to oxidative stress
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and DNA-damage-inducing agents, and cell death pathways, suggesting that IncRNA-RoR 

plays a role in promoting iPSC survival (Loewer et al., 2010) (Figure 32).

iPSC

NANOG  

OCT4 SOX2

^ l in c R N A - V L D L R

lincRNA-VLDLR

NANOG  

OCT4 SOX2

i l incRNA-RoR

lincRNA-RoR

NANOG  

O CT4 SO X2

I
lin c R N A -S F M B T 2

lincR N A -SF M B T 2

Inhibition of ____ ^ Promotion of
p53 resp o n se  cell survival

Figure 32. LncRNAs and genome reprogramming.

OCT4, SOX2 and NANOG activate the expression o f genes coding for IncRNA-RoR, IncRNA- 

VLDLR and lncRNA-SFMBT2. LncRNA-RoR suppresses the p53 response and promotes iPSC 

survival. LincRNA, long intergenic non-coding RNA. Modified image from (Ng and Ng, 2010).

Recent live-cell results show that IncRNAs can also act as platforms for the 

assembly of dynamic nuclear structures such as paraspeckles. Paraspeckles are discrete 

ribonucleoprotein bodies found in mammalian cell nuclei, implicated in the nuclear 

retention of hyperedited mRNAs (Mao et al., 2011). LncRNA-Men3/b is the RNA
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component of the paraspeckles. It has been demonstrated that paraspeckle-associated 

proteins are rapidly recruited and assembled on the lncRNA-Men3/b as they are being 

transcribed. These assembled structures persist near the nuclear site of transcription and the 

maintenance of paraspeckle structures is dependent on an active transcription of IncRNA- 

Men3/b. A temporary and reversible blocking of transcription leads to a disassembly of the 

paraspeckle components, whereas a reversal of the transcriptional block results in a 

reassembly of the paraspeckle proteins on nascent lncRNA-Men3/b only, not on mature 

Men3/b (Mao et al., 2011).

Furthermore, several types of nascent non-coding RNA can trigger the assembly of 

various nuclear bodies by serving as scaffolds for the accumulation of specific proteins, 

accentuating the capability of RNAs to act as modular scaffolds for the rapid assembly of 

multiple components (Shevtsov and Dundr, 2011).

1.2.6 Long non-coding RNAs in the retina

In the last few years, the expression of many retinal IncRNAs has been described. 

The first studied retinal-lncRNAs were the bidirectional transcripts or “opposite strand” 

transcripts (OS) whose transcription starts near (less than lkb) and at the opposite direction 

to the protein-coding genes that play an important role in retinal development. In particular, 

a systematic investigation, performed in our laboratory, of OS transcripts associated with 

retinal homeodomain factors identified eight homeodomain-associated opposite-strand 

transcript partners (Alfano et al., 2005). These OS transcripts are named Pax6os, Six3os, 

Six6os, Vax2os, Crxos, Otx2os, Pax2os, and Raxos for their partnered transcription factors 

Pax6, Six3, Six6, Vax2, Crx, Otx2, Pax2, and Rax, respectively (Figure 33). The retinal 

expression of each OS transcript was confirmed by reverse transcriptase (RT)-PCR 

analysis. The majority of these OS transcripts lack any clear protein-coding potential and
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have relatively little primary sequence homology among mammalian species, despite often 

being found in syntenic positions. Many, such as Six3os, undergo such extensive alternative 

splicing that little common sequence is found among the various isoforms. It is thus highly 

plausible that they represent genuine non-coding RNAs.
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Figure 33. Genomic structure of murine natural antisense transcripts (NATs) associated with eye 
transcription factor genes.

Modified image from (Alfcmo et al., 2005).
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Both the cellular expression pattern and the RNA expression level of a given OS 

RNA and its partnered homeodomain transcription factor can be either concordant or 

discordant in the retina. The RNA expression levels of both the OS transcript and its 

associated coding sequence can be practically identical, as is demonstrated by Six3 and 

Six3os. The RNA levels of the OS transcript can also be far less abundant than the coding 

transcript, as is seen in Six6 and Six6os. The cellular expression patterns of OS transcripts 

and coding sequences can likewise converge or diverge. Six3os is essentially coexpressed 

with Six3 in retinal and diencephalic progenitor cells, while several other regions of the 

developing brain that express Six3 do not express Six3os (Geng et al., 2007).

In the mature retina, different Six3os splice forms show differing expressions, with 

some isoforms coexpressed with Six3 in the retinal ganglion cells while others are restricted 

to the Muller glia, which do not express Six3 (Blackshaw et al., 2004).

Other OS transcripts are expressed in very different cellular patterns from their partnered 

homeodomain transcription factors. Both Crxos and Otx2os are expressed primarily in the 

amacrine and ganglion cells in the adult retina, while Crx and Otx2 are expressed in the 

photoreceptor and bipolar cells, and thus show essentially complementary patterns of 

expression (Alfano et al., 2005). The only other OS transcript whose cellular expression 

pattern has been examined in the retina is Vax2os, which was independently identified as a 

transcriptional target of both Crx and Nrl in a recent microarray-based screening (Corbo et 

al., 2007; Hsiau et al., 2007). Vax2os is selectively expressed in the rod photoreceptors and, 

uniquely for rod-enriched transcripts, at higher levels in the ventral than in the dorsal retina. 

This is reminiscent of the embryonic expression pattern of Vax2, which is confined to the 

ventral retinal progenitors (Barbieri et al., 1999; Ohsaki et al., 1999). Vax2 is weakly 

expressed in the outer nuclear layer of the adult retina, with RNA accumulating in the outer 

plexiform layer, and thus it is also likely to overlap with Vax2os in the adult retina. In some
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cases, there appears to be either a mutually reinforcing or a reciprocal relationship between 

the expression levels of the OS transcripts and their partnered homeodomain transcription 

factors. Mutually reinforcing relationships are seen for Vax2 and Vax2os, as mice bearing a 

targeted deletion of Vax2 also showed a decrease in Vax2os RNA (Alfano et al., 2005). 

This same study, however, reported that reciprocal relationships are seen for Crx and 

Crxos, as an overexpression of Crxos by adenoviral transduction in the postnatal retina 

leads to a decrease in Crx mRNA levels. A caveat applies here though, because the isoform 

of Crxos selected contains an open reading frame and may be translated into protein, as 

discussed above, and these experiments did not directly determine whether these effects are 

mediated by the Oxos-encoded protein or by the Crxos RNA itself. In the case of Six3 and 

Six3os, neither relationship was observed, as mice mutant for Six3 showed no change in 

Six3os expression (Geng et al., 2007).

Other IncRNAs have been discovered in the retina. Taurine upregulated gene-1 

(Tugl) was found in a screen to identify genes that are upregulated in response to taurine, 

which induces rod photoreceptor production (Young et al., 2005). When Tugl was knocked 

down, the developing rod photoreceptors showed a defect in migration into the outer 

nuclear layer, an ectopic expression of cone-specific markers, and an increased apoptosis in 

the transfected cells. Another IncRNA, termed Rncr2 {retinal non-coding RNA-2), is 

evolutionary conserved from amphibians to mammals and highly abundant in the 

developing retina (Blackshaw et al., 2004). Knockdown of Rncr2 in the developing retina 

promotes the development of both the amacrine and Muller cells, suggesting a role for this 

IncRNA in selectively inhibiting the differentiation of specific retinal cell lineages 

(Rapicavoli et al., 2010).
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1.3 AIMS OF THE THESIS

The main objectve of the research described in this thesis was to start elucidating the 

functional role of long non-coding RNA (IncRNA) in the mouse retina. Towards this goal, 

we took advantage of the studies previously carried out in my lab on a dataset of eight OS 

transcripts associated with retinal homeobox genes (Alfano et al., 2005). In particular, we 

proposed to achieve the following two aims during the course of my thesis project. First, 

we aimed at determining the expression patterns and levels of three retinal-specific 

IncRNAs, namely Six3os, Otx2os and Vax2os, in the developing mouse retina in order to 

select an interesting expression pattern for a particular isoform, useful for further functional 

experimental approaches (Part 1). Secondly, we performed a gain of function study both in 

vitro and in vivo for a selected one of the above mentioned IncRNAs in order to gain insight 

into the general function annotation of this class of transcripts in the mouse retina (Part 2). 

To achieve all these objectives, we selected the following main goals:

Section 3.1

1. To perform quantitative RT-PCR (qRT-PCR) in the developing and adult mouse 

retina for all the spliced isoforms o f Six3os, Otx2os and Vax2os;

2. To determine the spatial expression o f the most highly expressed isoforms o f Six3os, 

Otx2os and Vax2os in the developing and adult mouse retinas by RNA in situ 

hybridization (RNA-ISH).

Section 3.2

3. To perform more detailed expression analysis by qRT-PCR and RNA-ISH for a 

selected IncRNA, which I  will choose for further functional studies both in vitro and in 

vivo.
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4. To carry out “gain offunction” and “loss-of-function” experiments for a selected 

IncRNA in the mouse 661W cell line by means o f transient transfection.

5. To perform “gain o f function” and “loss-of-function” experiments for a selected 

IncRNA in the developing and adult mouse retinas by injecting at early postnatal stages 

Adeno Associate Vectors (AA Vs) carrying appropriate expression cassettes.

SUMMARY OF THE RESULTS

The research performed in the first part of the thesis (Section 3.1) was driven by the 

evidence that many spliced isoforms of our selected retinal-lncRNAs exist. Therefore, there 

was a need to identify the most highly expressed isoforms for each IncRNA and also to 

understand their spatial expression patterns. I have obtained preliminary results in which 

the isoform 1 of Vax2os (Vax2osl) is the most highly expressed isoform during post natal 

retinal development. Moreover, I have detected, by RNA-ISH, that Vax2osl is expressed 

mostly in the ventral retinal areas at all the stages analyzed. Regarding Six3os and Otx2os, I 

have found that the isoform 9 of Six3os (Six3os9) and the isoform 3 of Otx2os (Otx2os3) 

are the most highly expressed isoforms and their cellular localizations are comparable with 

those of their near genes, Six3 and Otx2, respectively. However, I have decided to focus my 

attention on Vax2osl not only because of its interesting spatial expression pattern (ventral 

high - dorsal low), but also due to the fact that the localization of Vax2osl in the retina 

differs from that observed for the near gene Vax2, as assessed by RNA-ISH. In particular, 

Vax2osl is expressed in the photoreceptor layer while Vax2 is expressed in the remaining 

retinal cell types.

The second part of my PhD project (Section 3.2) has been focused on the determination 

of a functional annotation for Vax2osl in the mouse retina. First, I have performed in vitro 

gain of function experiments for Vax2osl in the mouse photoreceptor-like 661W cell line.
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These experiments showed that Vax2osl might be implicated in the regulation of the cell 

cycle progression of the 661W cells. To gain a further insight into the role of Vax2osl in 

the regulation of photoreceptor cell cycle regulation I have injected post-natal retinas with 

AAVs overexpressing Vax2osl. I have carried out a systematic analysis of the expression 

patterns of some markers for proliferation that have showed that Vax2osl is able to regulate 

the cell cycle progression of the photoreceptor progenitor cells also in vivo. In particular, I 

have demonstrated that the overexpression of Vax2osl in the developing postnatal mouse 

retina determines an impaired cell cycle progression of the photoreceptor progenitors 

toward their final committed fate and a consequent delay of their differentiation processes.

Based on these results, I suggest that the role of Vax2osl is to ensure a proper control of 

the cell cycle progression of the photoreceptor progenitor cells in the ventral retina. 

Therefore, Vax2osl represents the first example of a IncRNA that acts as a cell cycle 

regulator in the mammalian retina during development. In conclusion, my study contributes 

to an increase in knowledge about the biological role in vivo of the emerging, although still 

poorly characterized, class of long non-coding RNAs.
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2 MATERIALS AND METHODS

2.1 Generation of the plasmids for Vax2osl overexpression.

The Vax2osl full-length cDNA sequence was obtained from RNA samples of mouse 

adult retina retro-transcribed with SuperscriptHI kit (Invitrogen) using a mixture of oligo- 

dT and random primers. The PCR product for the Vax2osl full-length sequence was 

obtained with EcoRV tagged primers {Vax2osl-RN .¥ 5’-

aaaagatatcGGACAGCCCCGTGGTACAGA-3 ’, Vax2osl-KVR 5’-

aaaagatatcTTTATTCAAAAAGAAGGATGCG-3’) and digested with EcoRV to obtain 

blunt ends. The digested PCR product was inserted in the pAAV2.1 CMV-BGH vector, 

CMV-citomegalovirus promoter, (Auricchio et al., 2001), provided by the TIGEM AAV 

Injection Core, previously linearized with PstI and Bglll (NEB) and blunt ended with a T4 

polymerase (Roche).

The cassette comprising the CMV promoter, the Vax2osl full-length and the BGH 

polyA sequence was amplified with the Xbal-tagged primers (cOSlb-Xbal.F 5’- 

gctctagagCTCCGCGTTACATAACTTACGG-3 ’, cOSlb-Xbal.R 5’-

gctctagagCCCTTAACTCGAGTCCCCAGC-3’), then digested with Xbal and inserted in 

the pAAV2.1 CBA-eGFP-BGH, overexpressing the GFP protein under the chicken beta- 

actin promoter (CBA), GFP-OE vector, (Allocca et al., 2007), previously linearized with 

Nhel to obtain the final OS1-OE vector used for all the in vitro studies.

To generate the control vector overexpressing a mutagenized version of Vax2osl, the 

aforementioned plasmid was digested with Apal enzyme and re-ligated to obtain the final 

delOSl-OE vector.
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2.2 Expression studies.

The embryonic and the adult murine eye tissues were obtained from C57BL/6 wild- 

type mice. For postnatal and adult stages RNAs were extracted from whole mouse eye and 

retina, respectively. For the expression studies in mouse and in human, total RNA was 

extracted and digested with DNasel using RNeasy extraction kit according to the 

manufacturer’s instructions.

The cDNAs were generated by the Quantitect kit for the qRT-PCR analysis. As 

controls in the RT and qRT-PCR experiments we used RT-minus samples, i.e., samples to 

which we did not add the reverse transcriptase enzyme in the cDNA preparation. The 

cDNAs for the directional qRT-PCR in human Y79 cells were generated by SuperscriptHI 

kit using gene-specific primers.

The qRT-PCR reactions were performed with nested primers and carried out with the 

Roche Light Cycler 480 system. The PCR reaction was performed using cDNA (200-500 

ng), 10 ul of the SYBR Green Master Mix and 400 nM primer, in a total volume of 20 ul. 

The PCR conditions for all the genes were as follows: preheating, 95°C for 5 min; cycling, 

40 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 25 s. Quantification results were 

expressed in terms of cycle threshold (Ct). The Ct values were averaged for each triplicate. 

The Hprt gene was used as the endogenous control for the experiments in mouse (reference 

marker). For the experiments in the human Y79 cells, HPRT1 was used as the endogenous 

control. Differences between the mean Ct values of the tested genes and those of the 

reference gene were calculated as ACtgene =  C tgene - C treference • Relative expression was 

analysed as 2'ACt. Relative fold changes in expression levels were determined as 2"AACt 

(Alfano et al., 2005).

The sequences of oligonucleotide primers are summarized in Table 1.
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The genomic localization of the primers is shown in Figure 34.

Table h  List o f  the sequences o f  the primers used in qRT-PCR experiments.

HUMAN

Name Forward Reverse

V A X 20S F 5’- TCCCTGACCTGCTTTTGAAC -3' R 5'- GGGTCAGCGGGAATTAGC -3'

VA X 20S.2 F 5’- CTGACCTGCTTTTGAACCC-3' R 5'- TCAGCGGGAATTAGCGCG-3'
nested
VAX2 F 5'- AGCTGAACCTCTCCGAGACC -3' R 5’- GCTTCTCCAGGTCTCTGCTC -3'

CRX F 5'- AGGCACTGTTTGCCAAGACC -3' R 5'- TTCTTGAACCAAACCTGAACC -3’

NRL F 5'- CAGGGAGCCCAGAGGAGAC -3' R 5’- GGTTTAGCTCCCGCACAGAC -3'

NR2E3 F 5'- CCTGCAGGAAACTATCTCTCG -3' R 5'- CGCGTCTCTGGCTTGAAGA -3'

RHODOPSIN F 5'- ATGCAATTTGGAGGGCTTCT -3' R 5'-ATGGGCTTACACACCACCAC -3'

HPRT F 5'- TGGCGTCGTGATTAGTGATG -3' R 5'- AACACCCTTTCCAAATCCTCAG -3'

DNA F 5'- TGGGGACCAATGAAAAACTG -3' R 5'- TCACACACACTTTCGCCATC -3'

M OUSE

Name Forward Reverse

Vax2osl F 5 '-GAGT GGAGCGGGCGTTCT-3' R 5 '-GGGATACTTTCTT GCCGTCAG-3'

Vax2os2 F 5 '-GGCGGT AT CCAAGCGAGT G-3' R 5 '-AAGCGGAGCC AGACT GAAAG-3'

Vax2os3 F 5'-GCAAATAAGCTGCTCGGTTC-3' R 5 '-CCCGCCTAAAGAAGGAG AG AC-3 ’

Vax2os4 F 5'-CTGTGGAACCCCTGAGATC-3' R 5'-GAAACTTCTCCCCTGCGTG-3'

Vax2os5 F 5 '-GCT GT GAGTTT GAGTTCC AG AG-3' R 5'-CGTTCTCAGCGTCCAGTTCC-3'

Vax2 F 5 '-TCCT GGTACGAG AT GCT AAGG-3' R S'-TCTGCTGTGAAGGAAGTACGG-S'

Six3osl F 5'-TGCTAACCTCAAGACCCCATTC-3' R 5'-CTCTACGCAGCCCCACTCTG-3'

Six3os3 F 5 '-AAC AGGT GGCT GGGT AGTGC-3' R 5 '-GGGGT GAGGT GAGGGGTAAG-3'

Six3os5 F 5 '-AGGTGGCTGGT GATCAGAGG-31 R 5'-AGCTTCTCGAAATTCTTTCAGG-3'

Six3os9 F 5'-GGCTGGATGCAGACAAAAGC-3' R 5'-TCTGGTGGATCCCACTCTCC-3'

Six3 F 5 '-GGCC AAGAACAGGCTCCA-3' R 5'-GTGGACGGTGACTCTGCTG-3'

Otx2osl F 5 '-AT CC AGCTTTT G AAAGC AT C AG-31 R 5'-TTCATGACCCTTCGATATTTCC-3'

Otx2os2 F 5'-TTTACCTGGAAATATCGAAGATG-3' R 5 '-TT CT GAGT GT CT AG AGGT G ATGG-3

Otx2os3 F 5 - AGAAGAAGAGGATTTCAGCTT ACG-3' R 5'-TCATGACCCTTCTGCTTCCTG-3'

Otx2 F 5 '-GGACT GC AGGGC AGAG AC-3' R 5 '-GAGT G ACGGAACT AGG AGC AA-31

Rho F 5'-GCCACACTTGGAGGTGAAATC-3 ’ R 5'-AAGCGGAAGTTGCTCATCG-3'

Cngal F 5 '-ACTCGTACAAAAGGCGAGGAC-3' R 5 '-CTTT GTT GCT GCT GTT GTT G AC-3'

Prph2 F 5'-CGGGACTGGTTCGAGATTC-3' R 5'-ATCCACGTTGCTCTTGATGC-3'

Pde6b F 5'-TGAAGATGAAGATGTTTTCACG-3' R 5'-CTCTGCGTGTCTCACAGTTG-3'

Hprt F 5 '-AGCTT GCTGGT GAAAAGGAC-31 R 5'-GTCAAGGGCATATCCAACAAC-3’
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Figure 34. Genomic localization o f the primers usedfro qPCR and RNA interference studies.
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2.3 Synthesis of RNA probes for in situ hybrydization

Antisense and sense cDNA templates were obtained by RT-PCR amplification of 

total RNA from C57/B16 mice with the appropriate oligonucleotide primers. These PCR 

products were then cloned into the Topo TA vector (Invitrogen). This vector contains two 

different promoter sequences (T7 and Sp6) for the expression of both the sense and 

antisense strands of the cloned product. The sequences of the primers used to obtain 

templates are shown in Table 2.

Table 2. List o f the sequences of the primers used to obtain templates for RNA in situ 

hybridization experiments

Primer Name 5'—> 3' Sequence

Vax2osl .Fw GGACAGCCCCGTGGTACAGA

Vax2osl.Rw TTATTCAAAAAGAAGGATGCG

Vax2os5.Fw ACCATCGTGACTTCTCCACAG

Vax2os5.Rw GACTTAACTTCTCCCGGGTTTC

Six3os.Fw CTCTGAGCGCGACCCTACC

Six3os.Rw ACT GGGC AT CTT GC ACT GTAC

Otx2os.Fw GGAAAAAAGACTTTTCTTTTTTTTC

Otx2os.Rw CTGCTGCTGCTGCTGCTGGT

2.4 Transformation of E.coli with plasmid DNA

E.coli DH5a cells were prepared for transformation as follows: cells were grown to 

mid-log phase (A6oo=0.6) in Luria Broth (LB: 1% bactotryptone, 1% NaCl and 0.5% Bacto- 

yeast extract) at 37°C with shaking. Cells were harvested by centrifugation at 2000 x g at 

4°C, resuspended into 100ml (for each 100ml of culture) of 50% CaCl2 . This suspension 

was then centrifuged at 5000 x g for 15 min at 4°C. The resulting pellet was resuspended 

into 100ml (for each 100ml of culture) of 50% CaCl2 and centrifuged again. The cells were
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resuspended in 3 ml of ice cold 10% glycerol solution, aliquoted and stored at -80°C. For 

each transformation, DNA was added to 50 pi of competent cells, and incubated in ice for 

20 min; then cells were subjected to heat shock at 42°C for 2 min and successively 

incubated on ice for 10 min. Cells were recovered in 1 ml of LB and incubated for 40 min 

at 37°C, before plating on LB-agar containing appropriate antibiotics. Plates were incubated 

at 37°C overnight to allow bacterial colonies to grow (Sambrook and Russell, 2001).

2.5 Isolation of plasmid DNA from E.coli

Mini-preps plasmid DNA preparations were carried out using the QIAGEN MINI 

prep kits. Procedure is based on the alkaline lysis method (Sambrook and Russell, 2001), 

but using a support column to purify isolated plasmid DNA. One aliquot of plasmid DNA 

was diluted in 1:200 in milliQ water, and the concentration was determined according to 

the following formula: absorbance of one A260 unit indicates a DNA concentration of 50 

pg/ml.

2.6 Linearization of the plasmids

For the linearization of the plasmid, lOpg of plasmid DNA were digested using 20 

units of the appropriate restriction enzyme (New England Biolabs) in 50pl of buffer 

provided by the manufacturer with the enzyme. The reaction was incubated for 1 hour at 

37°C. Enzyme digestion was then controlled by agarose gel analysis. The digested product 

was confirmed by agarose gel electrophoresis. The product was then purified by extraction 

with phenol/chlorophorm and precipitated with 70% ethanol. The linearized plasmid was
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then resuspended at the concentration of 0.2pg/pl in DEPC-treated H2O (DEPC, Diethyl 

pyrocarbonate) to be used as template for the in vitro RNA transcription.

2.7 In vitro RNA transcription

To synthesise RNA probes the reaction mix was set up as follow:

5 pi of linearized plasmid/PCR product (lpg)

2 pi of 10X transcription buffer (Roche)

2 pi of DIG-labelling mix (Roche)

2 pi of appropriate RNA polymerase (T3, T7, SP6)-40 Units (Roche)

0.5 pi of RNase inhibitor 

8.5 pi DEPC H20

The reaction mix was incubated for two hours at 37°C, after which 2 pi (20 Units) of 

DNase-RNase free was added to the reaction mix and incubated for 15 minutes at 37°C to 

degrade template DNA. 80 pi of H20  were added to the reaction followed by precipitation 

with 0.1 volume 4M LiCl and 3x volume absolute ethanol at -20°C for two hours. The 

probe was then centrifuged at 2000 x g for 30 minutes at 4°C, washed with 70% ethanol, 

air-dried, dissolved in 40 pi of DEPC H20  and stored at -20°C.

2.8 RNA in situ hybridization on cryostat sections

Sections were thawed after removal from -80°C, fixed with 4% PFA in PBS for 15 

minutes at room temperature. The slides were washed twice in PBT (IX PBS+0.1% 

Tween-20), followed by bleaching with 6% H20 2 in PBT for 5 min at room temperature.
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The sections were washed 3 times for 5 min in PBT, and the tissue was treated with 

either 1 pg/ml (mouse tissue) proteinase K for 15 min to permeabilise the tissue. Proteinase 

K activity was blocked by incubation with 2 mg/ml glycine solution in PBT for 10 min, 

followed by extensive washes with PBT. Post-fixation was performed with 0.2% 

glutaraldehyde / 4% PFA solution for 15 min at room temperature.

After 3 washes with PBT for 5 minutes sections were prehybridized with pre warmed 

hybridization buffer (50% formamide, 5X SSC pH4.5, 50 pg/ml Yeast RNA, 1% SDS, 50 

pg/ml Heparin) in humidified chamber (5X SSC, 50% formamide) for at least one hour at 

the appropriate hybridization temperature. The slides were overlaid with 200 pi of 

hybridization solution containing 200-400 ng/ml of DIG labelled cRNA probe, heated to 

65°C for 10 minutes and then kept on ice to prevent re-naturation. The individual slides 

were covered with parafilm, placed into a humidified chamber and incubated over night at 

hybridization temperature as indicated in Table 3.

Post-hybridization washes were performed 3 times for 15 minutes with prewarmed 

post-hybridization solution 1 (50% formamide, 4X SSC, 1% SDS) at hybridization 

temperature; 3 times for 15 min with prewarmed post-hybridization solution 2 (50% 

formamide, 2X SSC) at temperature 5°C lower then the hybridization temperature and 

finally 3 washes for 10 minutes with TBST (IX TBS, 2mM Levamisole, 0.1% Tween-20) 

at room temperature. The sections were incubated for 1 hour at room temperature with 

blocking solution (10% sheep serum in lOOmM Maleic acid, 150mM NaCl, 0.1% Tween- 

20).

Alkaline phosphatase conjugated anti-DIG antibody was diluted 1:2000 in blocking 

solution and 200 pi were used to overlay each slide. Incubation was performed at 4°C over 

night in a humidified chamber. The following day sections were washed 4 times for 15
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minutes with TBST followed by 3 washes for 10 min with NTMT (lOOmM NaCl, lOOmM 

TrisCl pH 9.5, 50mM MgCh, 0.1% Tween-20, 2mM Levamisole).

After extensive washes sections were exposed to the substrate for alkaline 

phosphatase, nitroblue tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate (NBT-BCIP; 

Sigma). Reaction was blocked by washes with PBS, pH 5.5, followed by postfixation in 4% 

PFA for 20 min. Slides were coverslipped with 70% glycerol in PBS or dehydrated and 

mounted with Eokitt.

2.9 Cell culture

The 661W photoreceptor cell line was a generous gift of Dr. Al-Ubaidi, University of 

Oklahoma. 661W cells (al-Ubaidi et al., 1992) were grown at 37°C and 5% C02 in DMEM 

supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin (50 mg/ml). The cells 

were cultured overnight and transfected with 0.4 mg of DNA using PolyFect transfection 

reagent (Qiagen) according to the manufacturer’s instructions. The 661W cells were 

cultured for 1 day after transfection and then treated with 4 mM Na butyrate, 50 mM 

taurine, 50 ng/ml bFGF and 27.32 mg/ml heparin.

The Y79 cells (HTB-18, ATCC) were maintained as stock cultures in RPMI-1640 

medium (GIBCO) supplemented with penicillin, streptomycin and 20% FBS. For the 

differentiation experiments, the cells were plated in a synthetic medium, which is serum- 

free MEM containing a N2 supplement (GIBCO) (MEM-N2). They were cultured in poly- 

L-omithine/laminin-coated culture 100 mm dishes (SIGMA) and maintained for 3 days. 

Sodium butyrate (NaBu) was dissolved in MEM at the final concentration of ImM.
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2.10 Immunofluorescence and FACS

For the in vitro immunofluorescence experiments, the cells were fixed with 4% 

paraformaldehyde for 10 min, permeabilized with 0.3% TritonX-100 in PBS for 5 min and 

blocked with 5% goat serum and 4% BSA in PBS for 30 min.

The primary antibody mixtures were applied overnight at 4°C. For the 

immunofluorescence analysis on the eye sections, mouse eyes were fixed overnight in 4% 

paraformaldehyde in PBS at 4°C, incubated 1 h in 20% sucrose/PBS and incubated 

overnight in 30% sucrose/PBS at 4°C.

The eyes were orientated and flash frozen in O.C.T (Kaltek) using liquid nitrogen 

steam. The cryopreserved sections were permeabilized with 0.5% TritonX-100 in PBS, 

blocked with 10% goat serum in PBS/0.2% TritonX-100 for 30 min. For the BrdU and 

Ki67 staining, sections were boiled, after fixation, in sodium citrate buffer lOmM pH 6.0 

for 3 min. An additional denaturation step with cloridric acid 2N for 30 min and 

neutralization in PBS was carried out for the BrdU detection.

The primary antibodies used are: a monoclonal anti-BrdU (mouse, clone BU-33, 

Sigma) 1:300 and anti-phospho-Histone-H3 (SerlO, rabbit, Millipore) 1:200 for both the in 

vitro and in vivo studies; anti-Ki67 (mouse, clone B56, BD Pharmingen) 1:100 for the in 

vitro studies and monoclonal anti-Ki67 (rat, clone TEC-3, Dako), for the in vivo studies; 

monoclonal anti-Neuronal class III B-Tubulin (mouse, clone Tuj-1, Covance); anti- 

Rhodopsin (mouse, clone RET-P1, Sigma) 1:1000; monoclonal anti-acetylated-aTubulin, 

(mouse, clone 6-11B-1, Sigma) 1:500, anti-Opsin, Blue (sw) and Green/Red (mw) (rabbit, 

Millipore) 1:200; anti-ChxlO (goat, clone C-17, Santa Cruz Biotechnology) 1:100. ABC kit 

(Vector Laboratories) and TSA-plus Fluorescein (Perkin Elmer) were used according to the 

manufacturer’s instructions to amplify the signal in Ki67 staining on eye sections.

70



Materials and methods

Slides were incubated with the Alexa Fluor secondary antibodies (Invitrogen) 1:1000. 

Cells and sections were counterstained with 4.6-diamidino-2-phenylindol, DAPI (Vector 

Laboratories). Slides were photographed using both Leica DM5000 and Zeiss Axioplan 

microscopes.

The flow cytometric analysis on GFP positive cells was performed on a FACS ARIA 

Flow cytometer (BD Biosciences) and the results were analyzed using the DIVA software. 

Pooled cells from five biological replicates were sorted and permeabilized with ice-cold 

70% ethanol for 1 h and then digested with 0.05 mg/ml of RNase A (Roche) for 30 min at 

4°C. The cells were then pelleted and resuspended in 2 ml with 0.005 mg/ml Propidium 

Iodide (P-4170; Sigma) for 1 h at 4°C before being analyzed (FCS-A vs FCS-W plot).

Unless otherwise reported, each of the in vitro experiment was performed using three 

biological replicates with at least 10 fields of view for each replicate.

2.11 RNA interference

RNA oligos for siRNAs were designed by the company Dharmacon while oligos for 

shRNAs were designed by the company Oligoengine.

RNA interference experiments were conducted using Lipofectamine2000 

(Invitrogen). In brief, plate 2-6 x 104 cells per well in 100 pi of the appropriate complete 

growth medium without antibiotics and with serum if cells are normally cultured in the 

presence of serum.

Dilute the appropriate amount of siRNA in 50 pi of Opti-MEM I Reduced Serum 

Medium (Invitrogen) without serum (or other medium without serum). Mix 

Lipofectamine2000 gently before use, then dilute the appropriate amount in 50 pi of Opti-
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MEM® I Medium. Mix gently and incubate for 5 minutes at room temperature. After the 5 

minute incubation, combine the diluted siRNA with the diluted Lipofectamine™ 2000.

Mix gently and incubate for 20 minutes at room temperature to allow the 

siRNA:Lipofectamine2000 complexes to form. Add the 100 pi of 

siRNA:Lipofectamine2000 complexes to each well. Mix gently by rocking the plate back 

and forth. Incubate the cells at 37°C in a C02 incubator for 24-72 hours until they are ready 

to assay for gene knockdown.

Stable clones of 661W cells overexpressing shRNAs against Vax2osl were generated 

by transiently transfecting pSuper vector (Oligoengine) carrying the cassette for shRNA 

expression and the cassette for antibiotic selection (500 ug/ml of Geneticin, G418).

The sequences of the oligos used for transient and stable RNA interference 

experiments are described in Table 3.

The genomic localization of the primers is shown in Figure 34.

Table 3. Sequences o f oligos for RNAi experiments.

OLIGO NAME SEQUENCE 5’—> 3’

shRNA 1 (for stable RNAi) CAAGTCCGTGCTAGGTCAA

shRNA2 (for stable RNAi) CGACTTCTCTGGAATGCTT

siRNA3 (for transient RNAi) GGTCAAGGTCCCTGGCAAA

siRNA4 (for transient RNAi) GTGGCAAGGAGCTGTGGAA

siRNA5 (for transient RNAi) not shown GTTGGTGGCCTAAGAACAA

siRNA6 (for transient RNAi) not shown GGACT GACGGC AAG AAAGT

2.12 Tunel Assay
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Apoptotic nuclei were detected by the TdT-mediated dUTP terminal nick-end 

labeling kit according to the manufacturer’s instructions (TUNEL, Roche). Briefly, sections 

were fixed with paraformaldehyde 4%, for 20 min, then permeabilized with 0.1% Triton 

X-100 and 0.1% Sodium Citrate for 2 min on ice. After, sections were incubated with tunel 

reaction mixture, containing the fluorescein-coniugated nucleotides and the terminal 

transferase enzyme, for 60 min at 37°C.

2.13 AAV virus and BrdU administration

All the procedures on animals were performed under a protocol approved by the 

Institute of Genetics and Biophysics Ethics Committee, Naples, Italy, and by the Italian 

Ministry of Health. Wild-type C57BL/6 mice (Charles River) were used. Recombinant 

AAV2/8 viruses were produced by the TIGEM AAV Injection Core according to protocols 

described elsewhere (Hildinger et al., 2001).

As DNA templates the same plasmids used for the in vitro experiments were used for 

AAV production. For each viral preparation, physical titers [genome copies per milliliter 

(GC/ml)] were determined by PCR quantification using Taqman (Gao et al., 2000). Adult 

animals were sacrificed by neck dislocation.

Postnatal mice at post-natal day 1 (PN1-2) were anesthetized by hypothermia for 2’ at 

4°C (Venables et al., 2002) and injected subretinally in the dorsal retinal areas with 1 ul of 

AAV vectors corresponding to lx l09 genome copies (GC). In particular the right eye was 

always injected with AAVs overexpressing Vax2osl and the left eye with one of the two 

control AAV vectors. The same individual performed all the surgical procedure to 

minimize variability in injection technique.
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The BrdU was administrated intraperitoneally at the concentration of 0.05mg/gr to 

PN5 mice and sacrificed 24h after in case of short pulse studies or another administration of 

BrdU was performed the day after in case of long pulse studies.

For the in vivo experiments at least n=4 of animals was used for each experiment.

2.14 Statistics

Data are presented as means ± SE or ± SEM where indicated. Two-tailed Student’s t test, 

likelihood ratio test for Negative Binomial (Maxwell and Delaney, 2004), and Pearson's 

chi-square test were used to determine statistical significance where indicated. P < 0.05 was 

considered significant.
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3 RESULTS

3.1 GENOMIC ORGANIZATION OF IncRNAS VAX20S, 0TX20S 

AND SIX30S

In the last few years, Dr. Banfi’s laboratory has focused its efforts on the 

identification of non-coding transcripts expressed at high levels in the developing eye. The 

first result towards this goal was the identification and initial characterization of a set of 

c/s-Natural Antisense Transcripts (cis-NATs) and Opposite Strand (OS) transcripts 

associated with eight transcription factor genes known to play a basic role in eye 

development in vertebrates (Alfano et al., 2005) (see Introduction, section 2.6). All of these 

transcripts are spliced and polyadenylated like regular messenger RNAs and undergo a 

significant number of splicing events. Furthermore, these identified OS transcripts are 

likely to represent non-coding RNA transcripts as they lack open reading frames (ORFs) of 

any significant length. By using an integrated approach involving bioinformatics as well as 

experimental procedures, such as RT-PCR and real-time PCR, it was demonstrated that 

these transcripts are specifically or predominantly expressed in the retina at significant 

levels (Alfano et al., 2005). Among them, the long non-coding RNAs Vax2os, Otx2os and 

Six3os are the object of my PhD thesis. In particular, for all three transcripts I have 

performed a transcriptional analysis in the mouse retina. Moreover, I have focused my 

attention on Vax2os for functional studies, as detailed below.

The genomic organization of the Six3os, Otx2os and Vax2os transcripts is described 

in Figure 34. Six3os presents a high number of different splicing events producing a 

heterogeneous population of OS transcripts that consists of 11 splice isoforms. Moreover, 

all of these nearly identical isoforms are localized upstream of the putative Six3 regulatory

74



Results

region and the minimal distance between these two transcriptional units is below 2.5 kb 

(Figure 34A). The Otx2os transcripts are characterized in a similar way, although the 

number of different splice isoforms is considerably smaller than that of Six3os (3 spliced 

isoforms) (Figure 34B). Three different transcriptional clusters (comprising five spliced 

isoforms) characterize the genomic organization of the Vax2os and one of these begins to 

be transcribed in the first intron of the ” sense” gene Vax2 (isoform 2) (Figure 34C). The 

remaining isoforms, namely Vax2osl, 3 and 4, are transcribed near the first exon of Vax2 

(below 500 bp) while the distance between Vax2os5 and Vax2 is below 10 kb (Figure 34C).
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3.1.1 Expression pattern o f IncRNAs Vax2os, Otx2os and Six3os in the 

mouse retina

My first goal was to assess the expression pattern for all of these OS isoforms in the 

post-natal stages of mouse retina development. To achieve this aim, I performed qRT-PCR 

experiments on mice at post-natal days (PN)1, PN4 and PN8 and at adult stages (2-12 

months). For these experiments I used isoform-specific primers designed by means of 

freely available software and I was able to distinguish from each other unambiguously, 

whenever possible, all tested splice isoforms derived from the same transcriptional unit. 

The results of this analysis are shown in Figures 35-37.

For Vax2os, isoforml (Vax2osl, red bars in Figure 35) is the most highly expressed 

during mouse retina development in comparison with isoform2 and isoform3 (yellow and 

green bars, respectively), although at lower levels if compared to the sense gene Vax2 (light 

blue bars) expression. In the adult retina, isoforml seems to be the most expressed isoform. 

Interestingly, in the adult retina the overall Vax2os expression levels seem to be higher than 

those of the Vax2 “sense” gene.

Concerning Otx2os (Figure 36), isoform3 (green bars) is the most highly expressed 

isoform during mouse retina development in comparison with isoforml and isoform2 (red 

and yellow bars, respectively), but also in this case the expression levels are relatively low 

when compared to those of the sense gene Otx2. Furthermore, in the adult retina, isoform3 

shows a decrease of expression levels whereas isoforml seems to be the most highly 

expressed isoform at this stage (Figure 36).

Finally, isoform4 (purple bars) of the Six3os cluster is always the most highly 

expressed isoform including at adult stages and its expression levels are very abundant 

when compared to the expression of Six3 at the same developmental stages (Figure 37).
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Figure 36. Expression analysis for Vax2os isoforms in post-natal and adult mouse retina by qRT- 

PCR.

oNBL, outer neuroblastic layer; iNBL, inner neuroblastic layer; ONL, outer nuclear layer; INL, 

inner nuclear layer; GCL, ganglion cell layer; iS and oS, inner and outer segments o f 

photoreceptors.
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These results clarify the expression pattern of these OS isoforms in mouse retina 

development and also provide us with valuable information about the recognition of the OS 

isoforms that are expressed with the most significant levels during retinal development. 

This will be very important for future gain- and loss of function experiments because I will 

be able to target the most biologically relevant parts of the OS transcripts when performing 

over-expression and/or inactivation assays.

In conclusion, it is interesting to note that these OS isoforms seem to change their 

expression activity during retinal development although additional experiments also on 

embryonic stages are required in order to gain a more detailed picture of the expression 

pattern of OS transcript isoforms in the developing mouse retina.

After the expression analysis of the OS isoforms by quantitative PCR, I was able to 

design specific RNA probes to use in RNA in situ hybridization experiments. Probes for 

digoxigenin labelling were designed in order to detect the most highly expressed isoforms 

described by quantitative PCR, namely Vax2osl, Vax2os5, Otx2os3 and Six3os9, although 

the latter two are not specific because they share with the other corresponding isoforms the 

majority of their sequences. For this reason I will refer to the latter as Otx2os and Six3os for 

the in situ hybridization analysis.

Vax2osl expression in the adult retina is restricted to the outer nuclear layer, ONL, 

where the photoreceptor cell nuclei (rod and cone cells) are distributed (Figure 38). 

Furthermore, the localization of the Vax2osl signal is only visible in the ventral area of the 

adult mouse retina suggesting the presence of a high ventral-low dorsal gradient of 

expression. This interesting expression pattern is reminiscent of the expression pattern of 

the sense gene Vax2, previously studied in our lab, although Vax2 is mostly expressed in 

the ganglion cell layer (GCL) and inner nuclear layer (INL) in the adult mouse retina
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(Alfano et al., 2005). Concerning the Vax2os3 isoform I did not detect any signal at any 

time point although this data has to be further confirmed to exclude technical problems. 

Otx2os begins to be expressed at increasing levels from the late post-natal stages of retina 

maturation until the adult stage. The signal is barely visible in the inner nuclear layer at 

post-natal day 8, while in the adult retina it is more intense and clearly distributed (Figure 

39). In fact, the particular distribution of the signal in the outermost part of the INL may 

allow us hypothesize a localization in the bipolar cells although until now this observation 

has not been supported by any immunohystological assay.

Finally, Six3os is expressed at high levels in post-natal day 1 retinas, in particular in 

the outer neuroblastic layer oNBL (Figure 40), where proliferative and differentiative 

processes are still occurring and will lead to the final maturation of the different retinal cell 

types, especially the rod and bipolar cells. This result is comparable with the expression 

profile of the sense gene Six3, which is expressed at high levels throughout the retinal 

layers at the PN1 stage, including also in the inner neuroblastic layer, iNBL. In addition, 

the expression localization of both transcripts in the adult retina is maintained in the same 

retinal layers, INL and GCL, although Six3os shows a weaker signal in comparison to the 

expression of Six3 (Figure 40).

Therefore these pilot in situ hybridization experiments elucidate the temporal- 

spatial expression pattern for three OS transcripts in the late developing and adult mouse 

retina. Together with the results obtained by studying the isoform-specific expression, I will 

now be able to plan dedicated experimental strategies including the choice of the spliced 

OS isoform to analyse, the retinal cell line to target in vivo and the cellular background to 

reproduce as the in vitro counterpart.
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Figure 39. RNA in situ hybridization for Vax2os and Vax2 in the adult mouse retina.

White dotted lines delimit the ONL from the INL. Arrowheads show the expression o f Vax2osl in 

the ONL o f a mouse adult retina. Bar indicates 20 pm.
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Figure 40. RNA in situ hybridization for Otx2os and Otx2 in the postnatal and adult mouse 

retinas.

Bar indicates 100pm in the PN1 samples and 20pm in the other samples.
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Figure 41. RNA in situ hybridization for Six3os and Six3 in the postnatal and adult mouse 

retinas.

Bar indicates 100pm in the PN1 samples and 20pm in the adult samples.
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3.2 FUNCTIONAL CHARACTERIZATION OF lncRNA VAX20S 

IN VITRO

The interesting expression pattern of lncRNA Vax2os, high ventral - low dorsal in 

the adult retina (previously described in section 3.1.1 and illustrated in Figure 38), 

prompted me to select it for a more detailed expression analysis in order to obtain a precise 

spatio-temporal profile of this transcriptional unit also during retinal development. To 

achieve this aim, I first performed an analysis of the temporal expression profile of all the 

Vax2os isoforms in embryonic retinal stages by quantitative Reverse Transcriptase-PCR 

(qRT-PCR) analysis (Figure 41A-B). We found that the Vax2osl isoform displayed the 

highest expression levels also in the embryonic retinal stages. Among the other isoforms, 

Vax2os3, Vax2os4 and Vax2os5 displayed lower but yet noticeable expression levels, 

whereas Vax2os2 was barely detected at the stages analyzed (Figure 4IB). The expression 

levels of Vax2os isoforms in postnatal and adult stages (previously described) were also put 

together in order to obtain a more complete representation of data (Figure 4IB).

Furthermore I performed a more comprehensive RNA ISH analysis of the 

expression profile of the most relevant Vax2os isoforms during all the main stages of retina 

development. We selected the Vax2osl and Vax2os5 transcripts that showed the highest 

expression levels by qRT-PCR and were the most representative of all the different 

isoforms. I detected a reliable signal for the Vax2osl isoform while the Vax2os5 could not 

be detected at any stage analyzed suggesting that its expression levels may be below the 

threshold of detection by RNA ISH procedures. I observed that Vax2osl expression was 

limited to the ventral part of the retina at all the embryonic stages analyzed (i.e., E12.5, 

E14.5 and E16.5) (Figure 42A-C). Of note, this expression domain was prevalent in the 

outer neuroblastic layer (oNBL) of the retina at E12.5 and E14.5 (Figure 42A-B).
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Figure 42. Expression analysis of Vax2os during the mouse retinal development.

(A) Schematic representation o f the genomic organization o f the Vax2os isoforms. (B) Expression 

analysis o f Vax2os isoforms and Vax2 by qRT-PCR during mouse eye development.
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At these stages, the oNBL contains most of the retinal cells that are still 

proliferating, including the rod photoreceptor progenitor cells. I did not observe any 

Vax2osl expression at the early post-natal stages of retina development, namely PN1, PN4 

and PN8 (Figure 42D-F). The localization of Vax2osl in the adult retina is shown as control 

(Figure 42 G-H).

Overall, the above results indicated that Vax2osl is the isoform that displays the 

most significant expression levels during retinal development. Considering also the 

presence of a conserved sequence domain within its sequence (Figure 41 A), I hypothesized 

that the Vax2osl isoform is more likely than the other isoforms to exert a functional role. 

Therefore, towards the goal of performing a functional characterization of the Vax2os 

lncRNA, I focused my efforts on the Vax2osl isoform, as detailed below.
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Figure 43. Vax2osl expression pattern in the embryonic and postnatal mouse retina by RNA in 

situ hybridization (ISH).

(A-C) Vax2osl is expressed in the ventral areas o f the mouse embryonic retina from stages E l 2.5 to 

E l 6.5. (D-F) In the postnatal stages, Vax2osl is not detected by RNA ISH while in the adult retina 

Vax2osl is expressed only in the outer nuclear layer o f the ventral retina (arrowheads) (G,H). 

Magnifying bars are 100 pm in A-D; 40 pm in E-H.

89



Results

3.2.1 In vitro expression studies and identification of a putative VAX20S 

human homolog

Taking into account the expression of Vax2osl in the proliferating retinal cells and in the 

mature photoreceptor cells, we decided to carry out functional analysis of this transcript in 

an in vitro system recapitulating photoreceptor cell types. Towards this goal, we selected 

the mouse photoreceptor-like 661W cell line (al-Ubaidi et al., 1992). The 661W cells derive 

from retinal tissues of mice expressing SV40 T antigen under the control of the human 

IRBP promoter (al-Ubaidi et al., 1992). The expression of T antigen driven by the hIRBP 

promoter led to the formation of tumors in the brain and retina of mice (al-Ubaidi et al., 

1992).

I treated 661W cells for 48 hours with a medium supplemented with sodium 

butyrate, taurine, heparin and basic Fibroblast Growth Factor (or FGF2) in order to induce 

cell cycle exit and to promote a further differentiation of cells towards photoreceptors, as 

previously described (Comitato et al., 2007). I confirmed the validity of this protocol by 

both assessing the increase in the expression levels of photoreceptor marker genes and by 

morphological analysis of the cells after treatment (Figure 43A-E). Under these conditions 

of differentiation, Vax2osl was significantly upregulated (Figure 44).

Interestingly, I obtained similar results in the human retinoblastoma Y79 cell line 

(Reid et al., 1974) when I tested a putative human VAX20S homologous sequence, 

corresponding to the above described evolutionary conserved sequence element. In 

particular, I observed a striking upregulation of the human VAX20S in the Y79 cells treated 

with sodium butyrate to enhance their differentiation towards a photoreceptor-like fate 

(Peng and Chen, 2007) (Figure 45A-C).
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The above results are not only in agreement with the significant expression of 

Vax2osl in the mature photoreceptor cell layer but strongly suggest the conservation of a 

functional VAX20S transcript also in the human genome.
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Figure 44. Set-up of a protocolfor 661W cell differentiation.

(A-B) Ki67 immunostaining reveals a decrease in the Ki67-positive 661W cells after 48 hours o f 

treatment (see text for details). (C-D) Fluorescence immunostaining experiments reveal the 

upregulation o f Tuj-1 (Neuron-specific class III beta-tubulin) after the differentiation treatment. (E) 

Expression analysis o f four photoreceptor-specific genes by qRT-PCR in the 661W cells at several 

time intervals during the differentiation protocol. Cngal, Cyclic nucleotide-gated channel alpha 1; 

Pde6b, Phosphodiesterase6-beta; Prph2, Peripherin2. Magnifying bars are 20 pm in A-D; 100 pm 

in C ’-D’.
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Figure 46. Identification and expression analysis of a putative human VAX20S transcript.

(A) Semiquantitative RT-PCR for the human VAX20S (red arrow) and other photoreceptor marker 

genes in the wild type (top panel) and treated (bottom panel) Y79 cells. Right panel indicate RT  

minus negative controls. (B) qRT-PCR for human VAX20S, VAX2 and four photoreceptor genes in 

the wild type (blue bars) and treated (red bars) Y79 cells. (C) Strand-specific qRT-PCR. Antisense 

transcription in the human VAX20S locus is upregulated in Y79 after the differentiation protocol. 

NaBu, sodium butyrate.
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3.2.2 Vax2osl overexpression impairs the cell cycle progression of 

differentiating 661W cells

I decided to carry out inactivation studies of the Vax2osl transcript in 661W cells. 

Towards this goal we designed a strategy based on the use of shRNAs (short harpin RNAs) 

and siRNAs (small interfering RNAs).

Unfortunately, all attempts to down regulate Vax2osl by RNA interference 

technology performed either in transient conditions using four different siRNA oligos or in 

stable conditions, by analysing fifteen cell clones, failed to yield acceptable levels of 

Vax2osl repression (Figure 46A-B).

Therefore, I carried out overexpression studies of the Vax2osl transcript in 661W 

cells. To overexpress Vax2osl in 661W cells, I transiently transfected 661W cells with 

Vax2osl and applied the differentiation protocol for 48 hours (24 hours after transfection) 

(Figure 47A). To achieve this aim, I generated a plasmid vector carrying a bidirectional 

transcriptional cassette that expresses both Vax2osl and the Green Fluorescent Protein 

(GFP) reporter gene under the control of the CMV (cytomegalovirus) and CBA (CMV 

early enhancer/chicken (3 actin) promoters, respectively (Figure 47B). As controls, I used a) 

a similar construct carrying a mutated form of the Vax2osl transcript, namely with an 

internal deletion of about 800 bases, including the above described conserved sequence 

domain (delOSl) and b) a construct that expressed only the GFP reporter under the control 

of the CBA promoter (Figure 47B).

I did not detect any apparent change in cell morphology in the 661W cells that 

overexpressed Vax2osl (OS1-OE) compared to the cells transfected with either the GFP 

reporter only (GFP-OE) or the delOSl construct (delOSl-OE). However, I observed a
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significant perturbation in the cell cycle rate of the OS1-OE cells after 48 hours of 

differentiation, compared to either the GFP-OE- or delOSl-OE-transfected cells. This was 

assessed by evaluating the ratio between cells positive to either the cell proliferation marker 

Ki67 or the mitotic marker phospho-Histone-H3 (pHH3) vs. the total pool of GFP-positive 

cells (Figure 48A-D). Given the fact that Vax2osl is expressed during retinal development 

and in particular, in the proliferating precursor cells, I went into detail to assess a role for 

Vax2osl in the cell cycle regulation in 661W cells.

In order to obtain more precise information on the cell cycle progression of the 

OS1-OE cells and to analyze in detail each phase of the cell cycle, I carried out Propidium 

Iodide (PI) staining experiments. In particular, GFP-labelled OS1-OE cells, control GFP- 

OE and delOSl-OE cell pools were sorted by Fluorescence Activated Cell Sorting (FACS) 

methodology following PI staining. This analysis revealed an increased number of OS1-OE 

661W cells in the S and G2/M phases after 48 hours of differentiation compared with the 

GFP-OE and delOSl-OE control cells (Figure 48E-F), which suggests that Vax2osl 

overexpression determines an alteration of the cell cycle rate in 661W cells.

I studied the localization and the expression levels of differentiation markers in the 

OS1-OE cells and control cells to detect possible alterations in cells following Vax2osl 

overexpression. To achieve this aim, I carried out immunofluorescence stainings with an 

antibody against Tuj-1, which is a marker for differentiated neuronal cells. The staining 

revealed fewer OS1-OE cells positive to Tuj-1 compared with the control cells (GFP-OE) 

(Figure 49A). Furthermore, the expression of rhodopsin, a rod photoreceptor-specific 

marker, was significantly down regulated in the OS1-OE cells compared to the control cells 

(Figure 49B). I did not observe any perturbation after Vax2osl overexpression in the 661W 

cells that did not undergo the differentiation protocol (Figure 49C). Interestingly, the
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expression of the neighbouring gene, Vax2, did not change in OS1-OE compared to GFP- 

OE cells (Figure 50).

Overall, these in vitro data suggest that high levels of Vax2osl, during cell 

differentiation, lead to a perturbation of cell cycle progression in 661W cells.
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Figure 47. Loss offunction studies for Vax2osl in 661W cells.

(A) Espression levels o f Vax2osl after transient RNA interference experiments using two oligos at 

three different oligo concentrations. (B) Espression levels o f Vax2osl in 17 cell clones 

overexpressing two different short-harpin RNAs against Vax2osl. We could not achieve significant 

levels o f Vax2osl downregulation in the analyzed system. In the x-axis o f B, V'# represents stable 

cell clones without the shRNA.
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A in vitro gain of function experiments : 
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Figure 48. Strategy used for in vitro studies.

(A) Experimental plan for the in vitro overexpression approaches described in the text. (B) 

Graphical representation o f the plasmid constructs used for the in vitro studies. The OS1-OE 

construct expresses both the Vax2osl and the GFP genes under the control o f two different 

promoters. The expression cassettes are oriented in the opposite direction as indicated by the 

arrows. The delOSl-OE construct contains a truncated form o f Vax2osl, obtained by Apal 

digestion. The deleted region is approximately 800 base pair long and comprises the conserved 

genomic region (red dotted square).
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Figure 49. Vax2osl overexpression impairs the cell cycle o f 661W cells.

(A,B) Ki67 fluorescence immunostaining. (C,D) phospho-Histone-H3, pHH3, fluorescence 

immunostaining. (E,F) Cell cycle analysis with Propidium Iodide (PI). (E) Histograms show the 

distribution (in percentage) o f the single cycle phases for the OS1-OE cells in comparison with the 

GFP-OE and delOSl-OE control cell pools. (F) Flow cytometric DNA content analysis o f the OS1- 

OE cells and GFP-OE and delOSl-OE control cells stained with PI. Magnifying bars are 20 pm in 

B; 40 pm in D.
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Figure 50. Vax2osl overexpression impairs the cell cycle and proper differentiation of 661W 

cells.

(A) Tuj-1 fluorescence immunostaining (in red) reveals a downregulation of this protein in the 
661W cells transfected with the Vax2osl construct (in green) in comparison with control cells, 
transfected with the control GFP construct. Arrows indicate the localization of Tuj-1 in the control 
cells expressing GFP, GFP-OE, (yellow, in merge panel) while arrowheads show the expression of 
Tuj-1 in the OS1-OE. (B) The expression levels of the Rhodopsin gene are downregulated in the 
OS1-OE cells after 48 hours of differentiation compared with the control GFP-OE cells, as 
assessed by qRT-PCR. (C) No differences in the analysis of the cell cycle phases are observed 
between the OS1-OE and GFP-OE cells when no differentiation medium was added. Magnifying 
bars are 20 pm in A.
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Figure 51. Vax2osl overexpression in 661W cells does not change the expression o f the 
neighbouring gene Vax2.

Data are presented as means ±SEM (N=5).
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3.3 IN VIVO STUDIES

3.3.1 Misexpression of Vax2osl affects retinal progenitor cell 

proliferation

To determine the role of Vax2osl in vivo, we used Adeno-Associated Virus (AAV)- 

mediated gene delivery (Allocca et al., 2007) for Vax2osl overexpression studies. We took 

advantage of the same DNA plasmids that were generated for the in vitro studies (see 

section 3.2.2), for the production of AAV constructs that express Vax2osl and GFP (AAV- 

OS1), the deleted form of Vax2osl and GFP (AAV-delOSl) and GFP only (AAV-GFP). 

These constructs were injected in the dorsal retinal areas of post-natal day 1 (PN1) mice to 

perform a misexpression of Vax2osl at both spatial and temporal levels. Indeed, Vctx2osl is 

not only prevalently expressed in the ventral retina but, at PN1, this transcript is expressed 

at very low levels across the entire retina (see sections 1.2 and 2). For each injection 

experiment, we used the following strategy: the AAV-OS1 construct was injected 

subretinally in the right eye of a cohort of C57B1/6 mice whereas the contralateral eye was 

independently injected with either of the two control constructs. At least four mice, from a 

minimum of two independent injections, were analysed in each experiment.

I was able to detect GFP expression in the RPE of injected retinal areas, in 

agreement with the results previously reported for AAV-mediated subretinal delivery at 

early postnatal stages (Colella and Auricchio, 2010; Surace et al., 2003). In order to 

evaluate the efficiency of AAV transduction, I performed qRT-PCR at PN5, i.e., four days 

after injection, and I detected a significant increase of Vax2osl expression in the AAV- 

OSl-injected retinal areas compared with the AAV-GFP-injected eyes (Figure 51).
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Figure 52. In vivo studies.

Assessment by qRT-PCR o f the increased expression levels o f Vax2osl in the AA V-OS1 injected 

eyes (right eye, red bars) compared to the contralateral eyes that were AAV-GFP-injected (left 

eyes, white bars). Vax2osl expression levels from the ventral retinal areas o f AAV-OS1-injected 

(orange bars) and AAV-GFP-injected eyes (blue bars) are also indicated. Data are presented as 

means ±  SEMfrom two technical replicates.
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The animals injected at PN1 were then analyzed at different time points, i.e., PN6, 

PN12 and PN30. At PN6, the analysis of the AAV-OSl-injected retinas revealed an 

increased number of proliferating cells particularly in the prospective outer nuclear layer 

(ONL) as assessed by both Ki67 and pHH3 staining compared with both the AAV-delOSl- 

and AAV-GFP-injected retinas (control-injected retinas) (Figure 52A-F and 52G-H). 

Interestingly, this finding was restricted to the dorsal retinal areas, i.e., where the AAV 

constructs were injected, and only to the ONL (Figure 53A-D). Ki67 is a marker of the 

entire cell cycle and stains all the cycling cells while pHH3 stains only the late G2 and 

mitotic cells.

To confirm the above data, I also performed BrdU (5 5 -Bromo-2'-deoxyUridine) 

incorporation assay in injected eyes (24 hour-pulses). At PN6,1 found an increase of BrdU- 

positive cells in the prospective outer nuclear layer (ONL) of the dorsal AAV-OSl-injected 

retinas vs. the control-injected retinal areas (Figure 54A-D). This finding was not observed 

in the ventral retinal areas (Figure 55A-B). Interestingly, I also detected an increase in the 

number of cells that were positive to both BrdU and Ki67 staining (BrdU+/Ki67+) in the 

ONL of the AAV-OS1 injected retinal areas (Figure 54A’-C’). These latter cells represent 

cycling cells in agreement with the result observed after Ki67 staining. I did not observe 

any apparent abnormality in the morphology of AAV-OSl-injected retinal areas compared 

to the control-injected areas (Figures 53 and 54). I could not assess the cellular identity of 

the increased cycling cells since in the prospective ONL of postnatal mouse retinas at PN6 

different types of retinal progenitors are completing their last divisions (Baye and Link, 

2008; Y uetal, 2011).

Taken together, these data indicate that the misexpression of Vax2osl determines a 

perturbation in the cell cycle progression of the progenitor cells in the retina at the early 

stages of postnatal retinal development.
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Figure 53. Vax2osl overexpression in the retinal postnatal stages affects the correct proliferation 

o f retinal progenitor cells.

AAVs overexpressing Vax2osl and the two control constructs were injected in the dorsal retinal 

areas o f PN1 mice. (A-C) Ki67 fluorescent immunostaining (green signal) observed in the PN6 

dorsal retina areas. (A’-C ) Higher magnifications o f the areas boxed in panels A-C. Arrows 

indicate Ki67-positive cells in the prospective outer nuclear layer (pONL) o f the AAV-OS 1 injected 

retinas and the control construct-injected retinal areas. (D-F) pHH3 fluorescent immunostaining 

(in red) on the PN6 dorsal retina areas. Arrows show pHH3-positive cells in the pONL o f AA V- 

OSl-injected retinas and the control injected retinal areas. (G-H) Counts o f the Ki67 (G), pHH3 

(H) -positive cells in the dorsal ONL o f the injected retinas at PN6. Areas o f 30 pm x 20 pm were 

used for manual counts. For each animal, multiple retinal areas were analyzed. Magnifying bars 

are 200 pm in A-C; 40 pm in A -C 100 pm in D-F.
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Figure 54. The effects o f Vax2osl overexpression in the retinal progenitor cells are restricted to 

the areas o f injection.

(A-B) Counts o f the Ki67 (A) andpHH3 (B) -positive cells in the ventral ONL o f injected animals at 

PN6. (C-D) Ki67 fluorescence immunostaining on the PN6 retinas o f the PNl-injected animals 

reveals no differences in the number o f proliferating cells between the ventral area o f AAV-OS1- 

and AAV-GFP-injected eyes. (C’-D j  Higher magnifications o f the ventral retinal areas boxed in 

panels C-D. Magnifying bars are 40 pm in C ’-D ’.
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Figure 55. Vax2osl overexpression in the retinal postnatal stages determines an increase o f 

progenitor cells in the outer nuclear layer.

(A-C) BrdU fluorescent detection in the PN6 dorsal retina areas. The BrdU was administered 24 

hours before sacrificing the animals. There is an increase o f BrdU-positive cells in the pONL o f the 

AA V-OS1 injected retinas compared to the control-injected retinal areas (arrows). (A ’-C )  Lower 

magnifications o f panels A-C showing the results o f co-immunostaining for BrdU and Ki67. The 

retinal cells positive to both the markers (in yellow) are present in the pINL and pONL in both the 

AAV-OS1- and control-injected retinas. However, there is an evident increase in the number o f the 

BrdU/Ki67 positive cells in the pONL o f the AAV-OS1 injected retinas compared to the control 

injected retinal areas (arrowheads). Please note that the lower limit o f the pONL is indicated with a 

dotted line. (D) Counts o f the BrdU -positive cells in the dorsal ONL o f the injected retinas at PN6. 

Areas o f 30 pm x 20 pm were used for manual counts. Magnifying bars are 20 pm in A-C and A - 
C \
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Figure 56. The effect o f Vax2osl overexpression in the increase o f retinal progenitor cells is 

restricted to the areas o f injection.

(A-B) BrdU fluorescent detection in the PN6 ventral retina areas. (A ’-B j  Fluorescence co- 

immunostaining for BrdU and Ki67 on the same sections shown in A and B, respectively, reveals no 

difference in the number o f the Ki67/BrdU positive cells in the ONL o f AAV-OS1 retinas as 

compared to the AA V-GFP controls. Magnifying bars are 40 pm A-B and A ’-B ’.

109



Results

3.3,2 Vax2osl plays a role in the cell cycle progression and differentiation 

of photoreceptor progenitor cells

At PN12,1 still detected an increase of Ki67-positive cells in the dorsal ONL areas 

of the retinas injected with AAV-OS1 (Figures 56A-A’ and 56C), which indicated that 

these retinal progenitor cells had not yet exited the cell cycle. This is in strong contrast with 

the result observed in both the AAV-GFP and AAV-delOSl-injected eyes and in the 

ventral retinal areas (Figure 56B-B’) in which there were virtually no Ki67-positive cells 

suggesting that all the retinal progenitors had exited the cell cycle by this stage (Barton and 

Levine, 2008). This result indicated that the dorsal retinal progenitor cells that misexpress 

Vax2osl undergo a perturbation in their cell cycle progression.

I hypothesized that this effect could also lead to an impairment of the differentiation 

processes. To verify this hypothesis, I stained the injected retinas with an antibody against 

acetylated alpha-Tubulin (acetyl-aTub), which in the outermost region of the peripheral 

retina at this stage is predominantly expressed in the connecting cilium of the nascent outer 

photoreceptor segments (nOS) (Arikawa and Williams, 1993; Sung and Chuang, 2010). 

This experiment revealed a decrease of acetyl-aTub staining in the nOS of the dorsal AAV- 

OS1-injected retinas compared with similar areas of the control AAV-GFP-injected retinas. 

This result indicated a possible alteration in the process of ciliogenesis in the nascent 

photoreceptor axoneme of the AAV-OS1-injected eyes (Figure 57A-E).

I did not find significant differences in acetyl-aTub staining in the ventral areas of 

the injected retinas (Figure 58A-D). Therefore, this latter finding shows that Vax2osl 

overexpression affects mainly the progression of the photoreceptor progenitor cells toward 

their final differentiation.
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Figure 57. Alteration in the differentiation of photoreceptor cells following Vax2osl 

overexpression.

(A,B) Fluorescence co-immunostaining for BrdU and Ki67 in the dorsal areas o f PN1-injected 

retinas at PN12. (A \B j  Higher magnifications o f the boxed areas in panels A and B, respectively. 

There is an increase in the number o f the cells positive to both BrdU and Ki67 (arrowheads in A j  

in the outer nuclear layer (ONL) o f the AAV-OS1 -injected retinas in comparison with the AAV- 

GFP-injected retinal areas. (C) Counts o f the Ki67-positive cells in the dorsal ONL o f the injected 

retinas at PN12. Areas o f 160 pm x 40 pm were used for manual counts. Magnifying bars are 200 

pm in A,B and 40 pm in A \B
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Figure 58. Impaired ciliogenesis in photoreceptors o f the AAV-OS1 retinas.

(A-D) Fluorescence immunostaining for acetylated alpha Tubulin (acetyl-aTub) in the dorsal 

retinal areas o f the injected mice at PN12. There is a decrease in the number o f the acetyl-aTub- 

positive photoreceptor cells (arrows) in the AA V-OS1-injected, as compared to the control-injected 

retinas. The dotted lines delimit the border between the nOS and the ONL. Please note that acetyl- 

aTub also stains the cytoplasm o f Muller glial cells (arrowheads). (E) Counts o f the acetyl-aTub- 

positive photoreceptor outer segments in the dorsal ONL o f the injected retinas at PN12. Areas o f 

80 pm x 5 pm were used for manual counts. Magnifying bars are 20 pm in A-D.
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Figure 59. Photoreceptor ciliogenesis is normal in the ventral areas o f the injected retinas.

(G-J) Fluorescence immunostainingfor acetylated alpha-Tubulin (acetyl-aTub) in the ventral areas 

o f PN12 retinas. No differences were observed in the number o f acetyl- aTub-positive cells in the 

nascent outer segments (nOS) between the AA V-OS1- and AA V-GFP-injected retinas. Magnifying 

bars are 20 pm in A-D.
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In order to verify whether the Vax2osl-induced alteration in differentiation 

observed at PN12 could be linked to an increased cell death of the retinal cells that 

overexpress Vax2osl, I investigated the extent of apoptosis in the injected retinal areas by 

TUNEL staining. I found a significant increase in the number of apoptotic cells in the 

photoreceptor layers of the OSl-OE-injected retinas compared with the GFP-injected 

retinal areas (Figure 59A-E). This effect was specific to the site of injection since I did not 

observe any increase in cell death in the ventral retinal areas of the injected mice. However, 

the increase in programmed cell death was restricted to a small number of cells within the 

injected retinal areas (Figure 59A-D).

I did not observe any difference in the extent of apoptosis at earlier (PN6) or at later 

stages in the AAV-OS1-injected retinas. Altogether, the above results indicate that the 

overexpression of Vax2osl alters the correct timing of photoreceptor cell proliferation, 

which leads to an increase in programmed cell death at selected stages of retinal 

development. At PN30, the dorsal retinal areas of the AAV-OS1-injected animals showed a 

significant increase of BrdU-positive cells in the ONL compared to the control-injected 

retinas (Figure 60A-G). This effect was particularly prominent not only in the most 

peripheral retinal regions, which are known to harbour proliferating cells until the late 

postnatal stages of retinal development (Figure 60B’-C’), but, even more remarkably, in the 

adjacent retinal regions, which we termed “near-peripheral” regions (Figure 60A-C” ).
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Figure 60. Increase o f apoptosis at PN12 in the photoreceptor layer after Vax2osl- 

overexpression.

(A-D) Detection o f programmed cell death by terminal deoxynucleotidyl transferase dUTP nick end 

labelling method (TUNEL, in green) in the dorsal retinas o f the AAV-OS1- (A-C) and AAV-GFP- 

injected (D) mice. There is an increase in the number o f the Tunel-positive cells in the AAV-OS1- 

vs. control-injected retinas (D). (E) Quantitative assessment/section o f the number o f Tunel-positive 

nuclei in the dorsal retinal regions analyzed. A significant increase o f the Tunel-positive cells was 

observed in the AAV-OS1 -injected retinas over control-injected retinas in each o f the five animals 

analyzed. Magnifying bars are 20 pm in A-D.
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Figure 61. Vax2osl action is restricted to the photoreceptor cells.

(A-C) The BrdU assay on PN30 dorsal retinal areas o f mice injected at.PNl. Two pulses o f BrdU 

were performed, at PN5 and PN6, before sacrifice. (A ’-C’ and A ”-C”) Higher magnifications o f 

respectively, the peripheral and near-peripheral retinal areas boxed in panels A-C. (D-G) Counts 

o f BrdU-positive cells in the near-peripheral retinal areas o f injected animals. In each panel, the 

identity o f the animal analyzed is indicated. Areas o f 80 pm x 40 pm were used for manual BrdU 

counts. Magnifying bars are 200 pm in A-C; 40 pm in A ,-C’>.
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Figure 62. BrdU analysis in the ventral areas of adult retinas injected at PN1.

(C-E) BrdU fluorescence immunostaining revealed no differences in BrdU incorporation in the 

ventral retinal areas between the AA V-OS1- and AA V-GFP- injected eyes (C-D) or AA V-delOSl- 

injected eyes.. Magnifying bars are 40 pm in A-C.
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No significant differences were observed in the number of BrdU-positive cells 

either in the INL, nor in more ventral areas of the AAV-OS1- compared with the control- 

injected retinas (Figures 60D-G and 61A-C). These findings suggest that at the time of the 

BrdU injections, namely PN5 and PN6, a greater number of photoreceptor progenitors 

(mainly rod progenitors) were still proliferating in the AAV-OS1 peripheral retina than in 

the injected control retinas as previously described (see Figure 54).

Regarding the expression of the neighbouring gene, Vax2, I did not detect any 

significant variation in the relative expression levels after Vax2osl overexpression in the 

AAV-OS1 compared to control AAV-GFP retinas at PN30 (Figure 62).

I could not detect any Ki67-positive cells in the mature retinas (PN30) of either the 

AAV-OS1-injected or control AAV-GFP and AAV-delO SI-injected retinas (Figure 63 A- 

B). Moreover, I did not observe any difference in apoptosis between the AAV-OS1-injected 

and control-injected retinas.

Finally, immunofluorescence stainings using rod (Rhodopsin), cone (mw- and sw- 

Opsin) and bipolar cell (ChxlO) markers did not reveal any anomalies in retinal cell type 

identity between the injected areas of the AAV-OS1-injected and control-injected retina 

samples (Figure 64).
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Figure 63. The expression levels of Vax2 do not change in AAV-OS1 retinas.

Data are presented as means ± SEM (N=5').
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Figure 64. Ki67 analysis at the adult stage o f PNl-injected retinas.

(A-B) Ki67 fluorescence immunostaining on the PN30 retinas. No differences were observed in the 

dorsal areas o f AAV-OS1-injected as compared to the AAV-GFP-injected eyes. Magnifying bars are 

40 pm in A-B.
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Figure 65. Analysis o f rod, cone and bipolar cell markers in the adult retinas.

(A-B) Immunofluorescence staining in the PN30 retina with an anti-Rhodopsin (rod cells, red 

signal) and with an anti-M-Opsin (cone cells, green signal) antibody o f eyes injected at PN1 with 

the AAV-OS1 and with the AAV-GFP constructs. (C-D) Immunofluorescence staining with an anti- 

ChxlO (bipolar cells, green signal). Magnifying bars are 40 pm in A-D.
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Taken together, all of the above data suggest that Vax2osl misexpression at the 

early postnatal stages of retinal development causes a perturbation in the cell cycle 

progression of the retinal neuroblasts. This effect leads to a delay in the differentiation of 

the photoreceptor progenitor cells, which highlights a role of this IncRNA in controlling the 

proper maturation of photoreceptors.
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4 DISCUSSION

4.1 Expression analysis of IncRNAs Six3os, Otx2os and Vax2os in the 

mouse retina

Long non-coding RNAs (IncRNAs) are emerging as functional molecules that 

mediate important cellular processes (Nagano and Fraser, 2011). However, there are only a 

few reports regarding the functional role of IncRNAs in retinal development (Rapicavoli et 

al., 2010; Young et al., 2005). In the last few years, in our laboratory, we have focused our 

attention on the identification of IncRNAs expressed at high levels in the developing retina. 

The first result that we obtained was the identification of a set of Opposite Strand 

transcripts associated with transcription factor genes known to play a basic role in eye 

development in vertebrates (Alfano et al., 2005).

Among these, for my PhD study, I began a preliminary study of expression analysis 

for the IncRNAs Vax2os, Otx2os and Six3os, related to the Vax2, Otx2 and Six3 genes, 

respectively. All of these transcripts are spliced and polyadenylated like “classic” 

messenger RNAs and undergo a significant number of splicing events. Furthermore, these 

identified OS transcripts are likely to represent non-coding RNA transcripts as they lack 

open reading frames (ORF) of any significant length. More particularly, Six3os presents a 

high number of different splicing events producing a heterogeneous population of OS 

transcripts that consists of more than 10 splice isoforms. Moreover, all of these nearly 

identical isoforms are localized upstream of the putative Six3 regulatory region and the 

minimum distance between these two transcriptional units is below 2.5 kilobases. The 

Otx2os transcripts are characterized in a similar way, although the number of different

120



Discussion

splice isoforms is considerably smaller compared to Six3os (3 splice isoforms). Three 

different transcriptional clusters characterize the genomic situation of Vax2os genomic 

organization and one of these begins to be transcribed in the first intron of the ‘’sense” 

gene Vax2.

My first goal was to carry out the following tasks: i) the determination of the 

expression pattern of each selected OS isoform by quantitative PCR during mouse retina 

development and ii) the determination of the spatiotemporal expression pattern of selected 

OS transcripts during mouse retina development by RNA in situ hybridization analysis.

Therefore, I assessed the expression pattern for all of these OS isoforms in the post

natal stages of mouse retina development. To achieve this aim, I performed quantitative 

PCR experiments on mice at post-natal days PN1, PN4 and PN8 and at adult stages. In 

greater detail, whole eyes (without the optic nerve) from the developmental stages of 

interest or dissected adult retinas were harvested from the sacrificed mice (C57B1/6 strain) 

and the total RNA was extracted. Regarding the PCR amplification, I used isoform-specific 

primers designed on freely available software and I was able to distinguish from each other 

unambiguously, whenever possible, all tested splice isoform derived from the same 

transcriptional unit.

For Vax2os, isoform 1 (Vax2osl) was the most highly expressed during mouse 

retina development in comparison with isoform 2 (Vox2os2) and isoform 3 (Vax2os3), 

although at lower levels if compared to the expression of the sense gene Vax2. 

Interestingly, in the adult retina the overall Vax2os expression levels seem to be higher than 

those of the Vax2 ‘’sense” gene.

Concerning Otx2os, isoform 3 (Otx2os3) was the most highly expressed isoform 

during mouse retina development in comparison to isoform 1 {Otx2osl) and isoform 2 

(Otx2os2), but also in this case the expression levels were relatively low when compared to
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those of the sense gene Otx2. Furthermore, in the adult retina Otx2os3 showed a decrease of 

expression levels whereas Otx2osl was the most highly expressed isoform at this specific 

time point. Finally, isoform 9 of the Six3os (Six3os9) cluster was always the most highly 

expressed isoform including at adult stages and the expression levels were very abundant 

when compared to the Six3 expression at the same developmental stages.

These results clarified the expression pattern of the OS isoforms in the mouse retina 

development and also provided us with valuable information about the recognition of the 

OS isoforms expressed at the most significant levels during retinal development. This was a 

very important finding also in terms of further experimental approaches, e.g., gain- of 

function experiments. Moreover, it is interesting to note that these OS isoforms seem to 

change their expression activity during retinal development.

After the expression analysis of the OS isoforms by quantitative PCR, I was 

interested also in understanding where these transcripts were localized in the developing 

retina since this retinal tissue is composed of seven different neuronal cell types, distributed 

in three distinct nuclear layers. To achieve this aim, I performed RNA in situ hybridization 

analysis on the most highly expressed OS transcripts, previously described. I observed that 

both Vax2osl and Otx2os3 did not seem to be expressed (or were expressed at very low 

levels, below the threshold of RNA in situ detectability) in the post-natal retinal stages 

(PN1, PN6 and PN8) whereas their expression in adult retina was readily detectable. 

Six3os9 instead was highly expressed in post-natal day 1 retinas also in comparison with 

the sense gene Six3 as well as in adult retina although at lower levels.

The Vax2osl expression in the adult retina was restricted to the outer nuclear layer, 

ONL, where the photoreceptor cell nuclei (rod and cone cells) are distributed. Furthermore, 

the localization of the Vax2osl signal was only visible in the ventral area of the adult 

mouse retina suggesting the presence of a high ventral-low dorsal gradient of expression.
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This interesting expression pattern is reminiscent of the expression pattern of the sense 

gene Vax2, previously studied in our lab, although Vax2 is most highly expressed in the 

ganglion cell layer (GCL) and inner nuclear layer (INL) in the adult mouse retina.

Otx2os3 began to be expressed at increasing levels from late post-natal stages of 

retina maturation until the adult stage. The signal was barely visible in the inner nuclear 

layer at post-natal day 8, while in the adult retina it was more intense and clearly 

distributed. In fact, the particular distribution of the signal in the outermost part of the INL 

allows me to hypothesize a localization in the bipolar cells although this observation has 

not been supported by any immunohystological assay.

Finally, Six3os9 was expressed at high levels in post-natal day 1 retinas, in 

particular in the outer neuroblastic layer, ONBL, where proliferative and differentiative 

processes are still occurring and will lead to the final maturation of the different retinal cell 

types, especially the rod and bipolar cells. This result is comparable with the expression 

profile of the sense gene Six3, which was expressed at high levels throughout the retinal 

layers at the PN1 stage, including also in the inner neuroblastic layer, INBL. In addition, 

the expression localization of both transcripts in the adult retina was maintained in the same 

retinal layers, the INL and GCL, although Six3os9 showed a slighter signal in comparison 

to the expression of Six3.

Therefore, these RNA in situ experiments show that Otx2os and Six3os are 

coexpressed with their corresponding sense genes suggesting that they may be functionally 

related. However, regarding a possible mechanism of function, it is unlikely that the latter 

OS transcripts exert their function through the formation of dsRNAs with their 

corresponding sense genes, as suggested by the fact that the majority of their transcribed 

spliced isoforms do not seem to overlap the corresponding sense transcripts. Vax2os, 

instead, present a complementary expression pattern with its corresponding sense genes,
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Vax2. In fact, I cannot exclude that the expression of Six3os and Otx2os transcripts, at the 

single cell level, is mutually exclusive.

The study of OS transcripts associated to transcription factors playing an important 

role in eye development and function may also have implications in the elucidation of the 

molecular basis of eye diseases. Mutations in Six3, Otx2 and Vax2 have been related to the 

pathogenesis of eye developmental anomalies either in human or in mouse (Barbieri et al., 

2002; Graw, 2003). The evidence that the NATs associated with these genes may 

participate in the regulation of their expression and consequently in the processes 

underlying eye development suggests these antisense transcripts may also play a role in the 

pathogenesis of eye developmental diseases.

Therefore these pilot experiments elucidate the temporal-spatial expression pattern 

for three OS transcripts in the late developing and adult mouse retina. Together with the 

results obtained by studying the isoform-specific expression, I have been able to plan 

dedicated experimental strategies including the choice of the spliced OS isoform to analyse, 

the retinal cell line to target in vivo and the cellular background to reproduce as the in vitro 

counterpart. In the next section, indeed, I will comment on the results obtained by the gain 

of function approach for Vax2osl both in vitro and in vivo.

4.2 Functional characterization of IncRNA Vax2os in the mouse 

retina

In this study, we have gained an insight into the functional role of the retinal- 

specific IncRNA, Vax2osl, during retinal photoreceptor progenitor cell cycle progression 

and differentiation. This transcript displays a peculiar and dynamic expression profile in the 

mouse retina: it is abundantly expressed in the proliferating areas of the ventral embryonic
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retina while it is considerably down regulated in the early postnatal stages of retinal 

development. In the mature retina, Vax2osl expression is up regulated again and is 

restricted to the ONL of the ventral retina (Fig. 1), presumably more in rod than in cone 

cells, as suggested in a previous study (Corbo et al., 2007). This particular expression 

pattern prompted us to test whether Vax2osl could be implicated in the regulation of 

photoreceptor cell proliferation and differentiation.

To gain an insight into the Vax2osl function, we designed loss-of-function and 

gain-of-function approaches both in vitro and in vivo. However, all attempts to down 

regulate Vax2osl by RNA interference technology failed to yield acceptable levels of 

Vax2osl repression. We suppose that the secondary structure of this lincRNA may have 

disturbed the action of small interfering RNA oligos by afflicting their right recognition site 

or by lowering the thermodynamic stability of the RNA/oligo duplex. Nevertheless, in 

order to obtain a more complete picture of the physiological role of Vax2osl in the retina, it 

will be essential to study the effects of its inactivation in vivo, possibly by means of 

targeted homologous recombination, or in vitro by antigene peptide nucleic acids (agPNAs) 

that target transcriptional start sites.

Therefore, I generated an in vivo mouse model of spatiotemporal misexpression of 

Vax2osl. To this purpose, I chose a stage (PN1) in which the majority of the retinal 

progenitor cells still have to undergo their final divisions (Barton and Levine, 2008). At this 

stage, the mouse retina predominantly consists of photoreceptor progenitor cells, which, 

through asymmetric divisions, gradually generate post-mitotic photoreceptors and new 

cycling progenitors with a concomitant increasing time of cell cycle length (Alexiades and 

Cepko, 1996; Li et al., 2000). I observed an impairment in the cell cycle progression of the 

retinal progenitor cells following Vax2osl overexpression at different time-points following 

injection at PN1 (Figures 2-6). In particular, I showed that this effect is mainly evident in
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the photoreceptor progenitor cells as determined after BrdU pulses carried out at early 

stages and analyzed at PN30, i.e., when all the retinal layers are clearly defined and formed. 

However, I did not observe any obvious anomaly in the retinal morphology and in the final 

differentiation of photoreceptors in the mature retina of the Vax2osl-injected mice. Based 

on the above results, I conclude that the misexpression of Vax2osl in the dorsal retina 

determines a cell cycle perturbation in the photoreceptor progenitors, which consists in a 

pronounced delay in cell cycle exit that, if prolonged during development, might induce 

some photoreceptor progenitors to undergo apoptosis (Figure 5).

In mammals, the genesis of the mature photoreceptors occurs during a long 

temporal window either with a long cell proliferation phase (rods) or with a long post

mitotic cell maturation phase (cones). In particular, the rod photoreceptor progenitors are 

subject to a proliferation phase, which can last for several days in rodents, during which 

they gradually acquire a restriction of their differentiation competence and undergo 

progressive cell specification and commitment toward their fate Turner et al., 1990. During 

the latter phase, the photoreceptor progenitors must be competent to respond to inductive 

cues and cell fate determinants whose action can influence the rate of progress through the 

cell cycle of progenitor cells. I hypothesize that Vax2osl may represent one of these factors 

and could prevent photoreceptor progenitor cells from undergoing a premature cell cycle 

exit at inappropriate times. The observed expression levels of Vax2osl (high in the early 

phase of progenitor proliferation and low in the post-natal retina during the final divisions 

of progenitor cells) seem to support this hypothesis.

Another intriguing aspect of the Vax2osl transcript is represented by its relationship 

with its neighbouring gene, Vax2. Expression studies performed by RNA ISH showed a 

similar expression pattern in the ventral retina for both transcripts although they profoundly 

diverge in terms of retinal cell specificity, Vax2osl being expressed in the photoreceptors
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and Vax2 in the retinal ganglion cells and intemeurons. We previously reported that the 

inactivation of Vax2 by targeted recombination was accompanied by a concomitant 

downregulation of Vax2osl (Alfano et al., 2005). However, in the present work, we have 

not detected any significant variation in the expression levels of Vax2 after Vax2osl 

overexpression either in vitro (661W cells) or in vivo, in the mouse retina.

This result suggests either that Vax2 controls the expression of Vax2osl but not vice 

versa or that the down-regulation of Vax2osl observed in the retina of Vax2 knockout mice 

is due to the loss of an expression control element located within the genomic fragment 

targeted by homologous recombination. In any case, this result indicates that the functional 

role played by Vax2osl in photoreceptor cell differentiation is not mediated by changes in 

the expression levels of Vax2.

Finally, our findings suggest a physiological role of Vax2osl in ventral mouse retina 

development and maturation since Vax2osl is also expressed in the adult photoreceptors. 

One of the main differentiation events that occur in an asymmetric fashion across the 

dorsal-ventral axis of the mammalian eye is represented by cone photoreceptor 

differentiation with an asymmetric distribution of the mw-Opsin and sw-Opsin along the 

dorsal-ventral axis of the retina (Cepko, 1996; Hennig et al., 2008; Satoh et al., 2009). 

Interestingly, we recently found that Vax2, the neighbouring gene of Vax2osl, plays an 

important role in controlling cone opsin expression in the vertebrate eye by modulating the 

retinoic acid (RA) signaling (Alfano et al., 2011). On the other hand, the rod photoreceptor 

cells do not show any evident asymmetric expression pattern of their main proteins, e.g., 

Rhodopsin. Nevertheless there is some evidence of the asymmetric properties of the rod 

photoreceptors along the dorsal-ventral axis in the mammalian retina. For instance, it is 

known that rod photoreceptor cell death occurs preferentially in the dorsal retina of rats 

exposed to bright light (Gordon et al., 2002).



Discussion

For all these reasons, it is tempting to speculate that Vax2osl may play an important 

role in the appropriate specification of the ventral rod photoreceptors by acting as a cell 

cycle regulator of the retinal progenitors and in the maintenance of the adult photoreceptor 

cells. Obviously, further studies are required to support the above hypothesis. In particular, 

it will be of the utmost importance to verify the presence and the identity of possible 

molecular interactors of Vax2osl, either proteins, such as key components of the cell cycle, 

transcription factors or histone-modifying proteins, as previously described for other 

IncRNAs (Feng et al., 2006; Khalil et al., 2009; Loewer et al., 2010), or other RNA 

molecules.

The recognition that Vax2osl is endowed with a functional role in the proper 

development of the mammalian retina further highlights the concept that the contribution of 

IncRNAs to the regulation of basic biological processes and gene regulatory networks must 

be taken into consideration. The availability of comprehensive transcriptome datasets 

generated from different tissues using Next-Generation Sequencing procedures is expected 

to shed further light on the identification of additional functional IncRNAs and into the 

initial elucidation of their contribution to physiopathological processes.
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