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During retinal development, a pool of progenitor cells divides to generate
daughter cells that eventually differentiate into the seven retinal cell types, including
horizontal cells (HCs) ahrdinal ganglion cells (RGCs). Much about how cells exit the
cell cycle and maintain a differentidtstate remain unknown. Dysregulation of this
processcan alter theellular composition and function of the retifidus, by studying
this developmentgiroess, we can better understand the mechanisms by which

progenitor cells become functional, differentiated cells.

Our previous work determined thdiaturin (Mturn) is highly conserved iits
expressiorpatternand protein sequen@eross various vertebraggecies Furthermore,
we concluded that is required for differentiation of primary neuronsXenopudaevis
Preliminary work in mice revealed that in the absenddtafn, extensive folds occur in
the retina. | used this metito characterize the exgssion ofMturn in themouseretina
and ask iMturn is required for normahiceretinogenesis. By immunostaining retinal
sections with various cell typspecific antibodies, | found thitturn is expressed in
differentiating cdk and not in proliferatingells. In addition to determining that its
expression is maintained in mature HCspmcludel thatMturn is not requiredor

generating the proper numie€s Our results from studies dviturn in both frogs and



mice have led us toypothesize that Mturmay function tomaintain HCs in
differentiated state amateventtheirreentry into the cell cyclélthough preliminary
experiments testing this hypothesis were inconclusive, future work stanufichueto

investigate theole of Mturn in retinogenesis.
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Chapter 1: General Introduction

1.1 Introduction

A single cell contains all the necessary information to develop into a highly
sophisticated multicellular organism. From one to two, two to four, etc., pluripotent cells
divide to increase the number of cellentributing to theorganism'syrowth.

Pluripotencyis reducedas new cells are generateshd they are fated to become a

specific cell type. Upon leaving the cell cycle, these specified cells eventually
differentiate and mature to adopt proper fiorwtThe cellsmigrate andrganize to

establish a tissue architecture necessary for proper function. During development, a pool
of progenitor cells containwoliferating and differentiating cells that ultimately give rise

to different cell types. Hw does thé occurAlthough we ae beginning to understand the
intricate pathways involved in signaling a cell to halt proliferation and initiate

differentiation, much remains unknown.

As an easily accessible extension of the central nervous systentjribees
been use@xtensively ¢ studythe coordination between cell proliferation and
differentiation. A single pool of retinal progenitor cells develops into the seven major
retinal cell types, forming beautiful layers that allow for detection and relay of visual
stimuli to the brainThis precise process involves multiple genes that must be expressed
during specifigperiods If the system fails to compensate for alterations in this process,
thetissue'sunctionmay be compromised his work focuseson investigang if our gene
of interest,Maturin, is involved in coordinating the transition from proliferation to

differentiation during mauseretinogenesis.

1.2 Vertebrate Retinal Structure and Function
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The retina is a sensory neural tissue that functions to digteicsimuli and
convertthemto electrical impulsethatare relayed to the brain for processing. After
photons traverse their way through the cortiealens focuses themnto theretina,
located at the back of the eyléhe retinaconsists of seven rja cell types (six naronal
and one glial) that organize into three different cellular layers withrtdigidual
synaptic layers in between (Fig. 1.1). The outer nuclear layer (ONL) is thenooséer
cellular layer and contains the cell bodies of rod @t phtoreceptors®Rs). Rod PRs
are sensitive at detecting photons at dim light levels. Cone PRs are notumidyfor
daylight level vision, but they allow for color discrimination and sharper visual acuity.
PR outer segments house the protaem®ssaryfor the phototansduction cascade, which
absorb and conveatphoton'senergyinto an electrical signal. The retinal pigment
epithelium (RPE) is aonneuraltissue that lies adjacent to the PR outer segments and is
directly involved in the visualycle, a cucial biochenical pathway for maintaining
visual function(Strauss, 1995)The second cellular layer is the inneckear layer (INL),
which contains the cell bodies of horizontal (HCs), bipdd ¢ell§, amacring ACs),
and Miler glial (MGs) cells. The space between the ONL and INL is the outer plexiform
layer (OPL). This is where the processes of PRs, HCBRmellsform synapses to
relay information. HCs not only receive input from deeddbacko PRs, but tley also
contribute to contrast enhancement and color opponency through inhibitory feedback
(Twig et al., 2003)MGs are thg@rimaryglial cells in the retina and function to provide
structural supgrt and metabolic maintenance. ACs extend their processes into the inner
plexiform layer (IPL) and synapsdth BP cellsand reinal ganglion cells (RGCs). The

third cellular layer is the ganglion cells layer (GCL). In the mouse retina, roughly half the



cdls in the GCL are RGCsvhile the other half are displaced A@&on et al., 1998)
Axons from RGCs form the optic nerve and connect tdtha'shigher visual

pathwayswhere the visual stious is pocessed furter (Kolb, 2011)

The vertebrate retina is a highly organized tigha¢ is mportant forrelaying
visual stimuli to the brairNot only is it a highly organized structure, but it is also easily
accessible. Together, the retina is an excellent model to study various developmental

processes

1.3 Development of the Vertebrge Retina

The retinadevelops from the neural ectoderm asmidn extension of the central
nervous system (CNS). Following gastrulation, neural induction pattezrdorsal
ectoderm to form the CNS. Initially, the anterior neural plate contagisgle eg field
primordium, whch expresses a specialized group of homeodomain transcription factors,
known as the eye field transcription factors (EFTFs). Consistifipx®, Rx, Pax6, Six3,
Lhx2, tll,andSix6(also known a®©ptx2?, the EFTFs inX. laevisspecify neural
progenitorsa adopt eye fat€Zuber et al., 2003Pax6, Rx, Six3aandSix6have also been
observed in a similar band of expression during neural plate stages in chick, zebrafish,
and mouse embryd@Bovolenta et al., 1998; Chuang & Raymond, 2002; H. S. Li et al.,
1994; Mathers et al., 1997; Ohuchi et al., 1999; Oliver et al., 1995; Toy & Sundin, 1999;
Toy et al., 1998; Walther & Gruss, 199The expression pattesofEFTFs are
conseredamongvertebrate speciendrequired for vertebrate eye formati(uber &
Harris, 2006) The neural plate then undergoes néation b form a tubeThe lateral
aspects of thanteriormostregion of the tube evaginate, forming the optic vesicles.

Contact between the optic vdgiand overlying ectoderm induces lens placode
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formation, which invaginates, separates from the eatodend lecomes the les. As the
lens placode invaginates, thetic vesicle folds inwards and develdpto the two layers
of the optic cup. The outer layer differentiates into Riaile the inner layer becomes

the neural retin@Nong, 2006)

In the neural retina, the different cell types are generated from the same pool of
retinal progenitor cells (RPC§)urner& Cepko, 1987 Turner et al., 1990; Wetts &
Fraser, 1988)RPCs undergo interkinetic nucleargration,a coordinated process of
apicatbasal nuclei movement in phase with the cell cycle (Fig.(B&ye &Link, 2007,
Frade, 202). With the development of radiolabeled nucleotearsorsof thymine,
cells thatduplicatetheir DNA during the synthesis period-pRase)f the cell cycle
would incorporate the tracer and become labeled. During the mitoiid {#-phase),
theselabeled cells divide into two diploid daughter celach withareduced tracer
signal. This labeling technique allowed researchers to study the process ofgiratife
and differentiation. They found thatfBase occurs near thenar (vitreal, basal) wface
of the retinawhile M-phase occurs at the outer (ventricular, apical) surface of the retina
(Sidman, 1961)During the cell cyke, two temporal gapseparatéd/l- and S phase&1
interphaseccurs #er M-phase and leadsto SphaseG2 interphaséakes place
following S-phase and leads into-phaseFollowing M-phase, cells decide to either
proceed into & and continue proliferatingr exit the cell cycle and differentiate
(Rapaport, 2006)The day a cell undergoes its lagplsase is when it i%orn;" and this

date strongly predicts what cell type it will beco(@e L. Cepko et al., 1996)

Early birth-dating studies demonstrate a highly consesegiencef cell birthin

the vertebrate retina. With some minor differences, the general order of cell birth is



RGCs, HCs, cone PRs, A®P cellsrod PRs, and MGs (Fig. 1.8arman & Beazley,

1989; La Vall et al 1991;Prada et al.1991; Rapaport et al., 2004; Sidman, 1970;

Young, 1985a)Another common feature is a separation into distinct phasegaflye
stageconsists of RGCs, cone PRs, HCs, some ACs, and a small subset of rod PRs, which
exit the cell cyte beforebirth. The emaining ACs, majority of rods, bipolar cells (BP),

and Muller glial (MGs) undergo final mitosis postnatally. Furthermore, cettse
retina'scentral regiorleave the cell cycle before those in the peripliBagpaport et al.,

2004; Young, 1985a, 19850)ponexiting the cell cycle, the daughter cell begins to
express characteristics of differentiating neurons. One of the early signs of differentiation
is the withdrawal of the process connegtthe @Il to the apcal and basal surfaces

(Hinds & Hinds, 1974)Then the cell migrates to its final destinatidavelopingdistinct
morphologicafeatures of the specified cell typ8ince there is a temporal ordenen

cells exit the cell cycle and differentiate, RPCs must be tightly coordinated to produce the

correctnumber and types of celBut how does this occur?

A single pool of RPCsgeneatesseven distinct cell types in a highly conserved
temporal orderlt has been proposed that RPCs respond to changes in intrinsic and
extrinsic cuesundergoing @eries of changes ocompetencg¢C. Cepko, 2014; CL.

Cepko et al., 1996; Harris, 1997; Livesey & Cepko, 2001; Turner et al.,.1890¢
competency model, competence to respond to environmental cues defines the state of
RPCs to produce one or more cell types. Additionalbelés compéence is depalent

on the combinatory expression of various transcription factors (TFs), which divects
synthesis of proteins for a cell to respond to a set of cues. TFs are also involved in signal

transduction cascades that ultimately initideexpression of cdain genes needed for



differentiationinto specific cell typesCompetence states are transient, and once cells
move from one state to the next, it cannot go back. When a cell has a stable network of
TFs or can produce a group of fat indegndent of envonmental cueghe cell has
achieved cell fate commitme Thus, both intrinsiand extrinsicsignalsmodulate cell

fate within a pool of RPCEC. L. Cepko et al., 1996; Rapaport et al., 2001

1.4 Coordination of Cell Proliferation to Differentiation in the Vertebrate Retina

Theappropriate number of each cell type must be generated and properly
organized for tissue functiaturing retinogenesiso achieve this, the transition from
proliferating RFC to a postmitotic differentiated retinal cell isital. It dependon precise
coordination between cell cycle exit and activation of appropriate differentiation program
(Miles & Tropepe, 2016)Temporally coupleddownregilationof genes involved with
cell cycle or proliferatiorcoincideswith upregulation of genes specific to differentiation
(Blackshaw et al., 2004Additionally, as celldegin to reeive signals to diffrentiate
the cell cyle graduallylengthengAlexiades& Cepko, 1996) Manipulationghatextend
or reduce the G1 phasesultin premature terminal differentiation oontinued
progenitor proliferation, respective{ipas et al., 2009; Pilaz et a22009;Sicinski et &,
1995) Preventing cell cycle exit tends to delay retinal differentiation, catiseng
generation of more lateorn cell types and fewer eaityrn cell typegDyer et al.,

2003) However, some studies have shown that cell cycle exdtisequied for, or a
consequere of, differentiationGarciaDominguez et al., 2003; Lobjois et al., 2008)
Consistent with this is that RPCs can start to express differentiation miagferscell
cycle exit andcontinueto express el cycle proténs after terminal mitosi@Pacal &

Bremner, 2012, 2014)



Additionally, mutations irsignificantcell cycle reglators, such aRb, can cause
differentiated cells toeenterthe cell cyde and geneta new cell{Ajioka et al., 2007)
Therefore, while the dependence of eliffntiation on cell cycle exit may not be as rigid
as previously thought, much remains to be investij&speciallythe facors involvedin
this coordinated procesBhere may also be proteins that function to maintaiells

differentiated statand prevent it fromeenteringhe cell cycle.

Many of the TFs regulating retinogenesis affect major cell cycle regulaioes
G1to S phase jgression is aritical regulatory point in the cell cycle, determining if
the cell cycle progresses or if terminal differentiation initiates. primeary molecular
determinant is the phosphorylation of retinoblastoma (Rb) proteichvdepeds on the
actvity of cyclin-dependent kinases (CDK) binding to corresponding cyclin proteins
[reviewed in(Dyer & Cepko, 2001b; Pardee, 19B9) the absence of active cycltDK
complexes, Rb remains biodto atranscriptionfactor, E2F, which transcribessential
genes for the S and G2 phases. When cyclins ands®Did and form complexes, Rb is
phosphorylated and releasieom E2F, allowing it to move to the nucleus and transcribe

genes for cell cyclprogresm®n (Dyson, 1998)

CyclinD1 (Ccndl1)an essentlecyclin in retinal development, is highly expressed
in RPCs and downregulateddifferertiated cells§Barton & Levine, 2008)Due to
decreased proliferatio@cnd1’” micedisplay vere micropthalmia. Additionally, the
cell cycle is lengthene@nd RPCs prematurely exit the cell cycksulting in
disproportionately more RGCs aRdRs than HCs and AGPBas et al., 2009\When

Ccndlis ectopcally expresed in PRs, excessive proliferatioccurs; however, a tumor



is not produced because there is also an increagmptosisperhaps in response to the

ectopicproliferation(Skapek et al., 2001)

Cell cycle progressiois inhibited bycyclin kinase inhibitors (CKIswhich block
the activity ofcyclin-CDK complexesOneof the mostabundantly ad broadly
expressed CKIs in the developing retin@2s<?! (p27) (Cunningham et al., 2002)
Studies inX. laevisretina have shown that p27 inhibitsliacycle progression and
promotes MG défate (Ohnuma et al., 1999)n the mouse retin@27 is expressed in
cells exiting the cell cycle and maintained ingdktmitotic retinal celttypes except HCs
(Ogawaet al., D17) Perhag due tahe proliferationwindow'sextensionp27 mutant
mice have larger bodies with many hyperplastic organs. Interestingly, whileshere
difference inthe proportion of the different retinal cell types, retinal dysplésapparent
with abnormaPRs,BP cells and HCs laminatio(Dyer & Cepko, 2001a; Levine et al.,
2000; Nakayama et al., 199@hterestingly Ccdn1”, p27<**-- double mutant mice have
regularly organized retinasonsistingof properlydistributedretinal cells(Das et al.,
2009; Geng et al., 2001Recent studies have shown that the extended proliferation
window is not due tdhecontinued proliferation of RPCs. Insteadthie p27mutant
mouseretinas, differentiatin@@P cells MGs, and cone PRs ectopicalgenteredhe cell
cycle and generated more cells. Thus, p27 is required for maint&Riglls MGs, and

cone PRs in thpostmitotic, differentiated stat@Ogawa et al., 2017)

1.5 Horizontal Cells in the Mouse Retina

Spedfic genetic pathways are activatgdring retinal developmendlirecting the
expression of geneequired for generating@articular cell typeThrough gan and Iss

of function experiments, some kegtinogenidactorshave been identifiedncluding

9



bHLH (basichelix-loop-helix) factors Mash1Math5 NeuroD1, Ngn2andHes1(Brown
et al., 2001; Furukawa et al., ZDAnoueet al., 2002Morrow et al.,1999; Tomita et al.,
2000; Wang et al., 2001; Yan et al., 20@hylhomeodomaifcontainingproteins Pax6,
Rax, Chx10, and ProxBurmeister et al., 1996; Dyer, 2003; Furukawale 2®0;
Marquardtet al., 2001; Mathers et al., 199Pyecise temporalx@ression othese

retinogenic factors promotgarticularcell fate(s) and suppress other

In the mouse retina, the first HCs are borerabryonic dayl1 (E11), and most
areborn by E6 (Young, 1985a)They are categorized into two broad groups based on
morphology axortbearing and axctess(Gallego, 198; Peichl et al., 1998Ftudies in
chicken show that the axdrearing HCs are born one day before #xonless subtypes
(Edqvist et al., 2008)rhe"brush-shaped (H1) subtypeas axonrbearingand is
universally found in all vertebrate retindifferent vertebrate species have retinas with
additional HC subtypes, which are axess.|t is generally observed that the variation in
thenumber of HC subtypdsosely orrelates wih the relative number afiecone and
rod PRgBoije et al., 2016)With predominantly cones in the ONL, tbieicken retina
has threenain subtypes of HCéncluding H1, thé'stellaté (H2), andthe"candelabum-
shapet] (H3) (Gallego, 1986)The H1 axon connects to rod PRs while the dendrites of
all three types synapse with cone R&snisGalves et al., 1979; Zhang et al., 2008
the other hand, the redbminaedmouse retin@anly has the universal axdoearing H1
subtype(Elshatory et al., 2007; Hombach et al., 2004;Liu et al., 2000; Peichl &
GonzalezSoriano, 1994)Although the HC subtypes are classified plwilogicdly, they
alo correlagé with theexpression of specific molecular markaihile dl HCs express

TFs Prox1 and Pax@ose that expreddM homeodomaircontaining proteinkim1 and
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Isl1 become axcbearing and axetess subtypes, respectivélydqvist et al., 2008;

Fischer et al., 2007)

Through overexpression akdockoutexperiments,@ne necessary factors for
HCs genesibave been identifiedncluding FoxN4, Rorb, Oc1/OcPtfla,Prox1,Lim1,
and Sal3. Wingedhelix TF FoxN4 has been found to activate retinogenic factors Math3,
NeuroD1, and Prox1 to medidteeformation of HCs and AC®uring mouse
retinogenesis-oxN4 is initially expressed at E11.5 throughout the central retina. Its
expression peakat E13.5n the outemneuroblastic layer@NBL), consistingof
proliferating and differentiating cell&)sing bromodeoxyuridines{bromo 2 -0
deoxyuridine, BrdU) to labeb-phase cellat E17.5, the study found that Bk
immunoreactive cells were also imnareactivefor BrdU, indicating the expression of
FoxN4 in a subset of dividing progenitoBy postnatal day 0R0), FoxN4 is
significantly downregulated arionited to a subset otells dispersed in the intermediate
and peripheral regions arouR@-P7. In its absace,the AC mpulationis reduced
dramatically andHCs areeliminated, suggesting the necessity\rokN4for AC and HC
genesisAdditionally, Crx expression is significantly upregulatéthereare more
recoverin and rhodopsin expressing cellthen ONL,which indicaesthe change in cell
fate from ACsand HCs to rod PRS. Li et al., 2004)This change in cell fat® rod PRs
is usuallysuppressed by FoxN4 activation@f4-Notch signalingwhichrepresses

expression of PR transcriptidactors,Otx2, Crx, ard Thrb(Luo et al., 2012)

Another factor with aritical role in HC and AC differentiation isnasoform of
theretinoidrelated orpha nuc |l ear r Rodelikeé FoxN4 Rorbgse ne  (

expressed imetinal neuoblastic cells as early as E114.E18.5,Rorbwas determined
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to be expressed in the differentiating cell lagreda subset of cells interspersed in the
ONBL. Using proliferating cell nuclear antig€PCNA) to identify dividing prgenitor
cells inthe @&ll cycle, a study found that many of tRerbexpressing cells in th eNBL
of the embryonic retina were also PCNA immunoreac®yeP7,Rorbexpression was
found indisplaced ACs in the GCL as well as HCs and ACs in the INL. Wekgtection
was observeth BP, PRs, and MGdn the absence &orb, the IPL is collapsednd the
OPL is disorganized. Additionally, the INL is thinngith areduction of ACs antbss of
HCs indicating the importance &orbin AC and HCgenesisAlso, Rorb has ken
found towork synergistically with FoxN4 to indugencreas transcription factor 1a

(Ptfla)(H. Liu et al., 2013)

Encoding a bHLH factor, Ptflia vital for pancreatic developmeand
GABAergic neuronn the @rebellar vetricular zone and dorsal horn of the spinal cord
(Glasgow et al., 2005; Hoshino et al., 2005; Kawaguchi et al., 2002; Krapp et al., 1996)
In the mouse retindhe expression d?tflabegins &E12.5 n the centratetinaand
peaksaround E14.5 in thONBL. Around P6P7, Ptflaexpression is absent from the
retina.Ptfla immunoreactive cells do not-tabel withBrdU at E14.5 demonstratinghe
postmitotic status of Ptfla expressing cel®ecanbinatiorbased lineag tracing of
Ptflaexpressing cells reveals their identiteessACs and HCgFujitani et al., 2006)Iin
the absence d?tfla ACs aresignificantlyreduced, antHCs arenonexistent
additionaly, the poportion ofRGCsincreasesThis suggests thatflais necessary for
specifyingamacrine and horizontakll fatesinstead oRGCs(Fujitani et al., 2006;
Nakhai et al., 2007)logether, these resulticate tlatthe expresion of FoxN4 Rorh,

andPtflaare necessary foéhegeneration of ACs and HCs
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In addition toFoxN4 Rorb, andPtfla there must be other factors that further
specify HC fate over AC fat®©necut (Oc) TFs, specifically Ocl and Obaye been
indicated inregulating the differentiation of early retinal cell types, including HCs. The
expression of Ocl and Oc2 is first detected around E11.5 in a similar pattern of cells in
the neuroblastic layer (NBL) and GCAt E14.5, both continue toe expresed in the
GCL; however, in the NBL, more cells express Ocl than Oc2. After PO, expression in the
GCL decreasewhile that in regularly spaced cells in tBBBL, identified as HCs,
persistyWu et al., 2012)In the absence @cl, about 80% of HCs fail to form while the
other cell types are not affect@du et al., 2013)When botiOclandOc2are knocked
out,the OPL is absdnand HG are aboliskd implicating their necessity for HC genesis
(Klimova et al., 2015; Sapkota et al., 201@¢1 has also been shownsjoecifyHC fate
as opposed to AC fatby functioning downstream of FdX4 andparallel to Ptfla
Whereas cells that express only Ptfla become ACs, éxpsessindoth Ptfla and Ocl
mature into HCs bgxpresig TFs such aProx1,Lim1, Satl3,and AR2 U a(iwvd et b
al., 2013) Themousehonolog of the DrosophilaProsperogene (Prox1) is expressed in
various cells throughout the NBL of the meugtina by E12.5. After PO, the expression
of Prox1 remains in two distinct rows of nuclei in the NBox1 is expressed strongly
in HCs andAll ACs and weakly il subset oBP cellsin the mature retinaVhen Prox1
is knocked out, more progenitor cells remain in the cell cycle at E14.5. Immunolabeling
of dispersed cells from culturéttox1’ retinal explants reveatsnearly complete
absencef HCsand a greategproportion of lateborn cell types suchsaod PRs and MGs.

Together, this suggests that not only is Prox1 necessary for HC genesis, but it is also
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essentiafor regulating cell cycle exit of progenitors in the embryonic mouse retina

(Dyer, 2003)

After adopting the HC fate, tke cells need to express specific TFs for proper
migration and differentiatiorA critical factor forappropriateHC migration isLIM
homeodomain protein, Lim1 (also kmp as Lix1) (W. Liu et al., 2000)Lim1 is initially
expressed at E14.5 in specitellsat thebasalaspect of thener neuroblastic layer
(INBL) adjacent to the GCIAt E15.5, these cells are more dispersed throughout the
retina. Additionally, when Ki67 is used to label cells in thé cgtle at the same age
there is a lack of ctabeling with Lim1 expressing cells. By PO, these cells have migrated
to the ONBL, forming a single monolayer. By P7, their processes have begun to stratify
to the developing OPL in the central and intermediatinaWhen Lim1 is absent from
the retinacells poperly fatedo the HC identityfail to migrate properly to the outer
aspect of the INLDuring embryonic developmerdfter traveling to the basphrtof the
INBL, these cells fail to form thmonolayer in the ONBL observed in witgdpe mouse
retinas. hsteadtheymaintainthe expression of HC markers while ectopically stratifying

in the inner aspect of the INL, resembling AC morpholfgche et al., 2007)

Anotheressentialfactor for HC migration is Sal13, a homolog of gpaltgene of
Drosophila At E16.5 in the embryonimouse réna, Sall3s first detected in Proxl
developing HCs and absent from Ki6g@roliferating cells. By P55all3 is expressed in a
subset of cells in the ONL and INknown to beshort wavelengtisensitive cone PRs,
HCs, and Chx16BP cells When Sal3 is krocked down, im1 expression is unchanged
at E16.5but dramaticallyeduced at PAdditionally, as the retina matures, there is a

mislocalization of a subset of differentiating HCs to the inner aspect of thelTinise
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ectopic cells eventually re withACs and exteth their dendrites into the IRLlosely
resemblinghat observed ihim1 null mice retinas. Together, this indicates that Sall13
may be necessary to maintain Lim1 expression for proper migration of HCs to the outer

portion of the INL(de Melo et al., 2011)

In summary, multiple retinogenic factors such as FoxN4, Rodi/Oc2, Ptfla,
Prox1, Lim1, and Sall3 have been identified in HC genesis. In the mouse retina, they are
expressed in a temporalderesentialfor specification and differentiation of HCs (Fig.
1.4). Although we are beginning to understandgieetic pathway for HC genesis

(summarized in Fig 1.5), more remains to be stigated.

1.6 Maturin

Our lab identifiedMaturin (Mturn) during a sceen for genesequired for normal
eye formation. Comparing its expression in the brain, spinal cordgetindl section in
three different vertebrate species, we determinedvhah transcript is strongly
expressed in differentiating cells aretiuced oabsent in pliferating neural cells. Not
only is this expression pattern highly conserved across wanertebrate species, but its
protein sequence is as well. Consisting of 131 amino acids with a molecular weight of
15kDa, Mturn is a highly@adic protein with apredicted net charge e21.5 at pH 7 (pl =
3.9). Based on a search through the protein dodatabases, no known functional or

structural motifdrave been identifieoh the Mturn protein sequence.

Additionally, the lack of putativeignal petide cleavag sites indicates that
Mturn is most likely not secreteHlowever, wehave identifiech pefectly conserved and

unique 29esidue region (a.a. R of X. laevig, which we coined the Maturin Motif.
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Whenmturnis knocked down ixXenops laevis more cyclig cellsareobserved,
resulting in expansion of the anterior neural plate. On the othdr baerexpression of
mturnpromotes neuronal differentiation. Having concluded thasihecessary for normal
primary neurogenesis K. laevis we placemturndowrstream of the proneural pathway
in conjunction or independent of pattivated kinasepgkd (MartinezDe Luna et al.,
2013) As a highly conserved protein, Mturn may function similarly dunagrogemssis

in othervertebrateswhich warrants further stiy.

Previous work in the lab investigated the role of Mturmmuseretinogenesisn
the absence d¥lturn, adult mice develop excess retina with extensive folttarn”
retinas appear morplagically normal at B5 but begin to thickergreatemultiple folds,
and detach from the retinal pigment epithelium around P30. The phenotype is absent in
young mice and is more prevalent at older ages, appearing in all anslized mice
by P64 .Mturn™ retinas ar5% bnger than WT retinas and contain the different retinal
cell types without significant differences in the number of cells per retinal length.
Furthermore, at P40Jturn’ retinas have significantly fewer Litr cells, suggesting
thatMturn maybe invdved with HC development. Interestingly, unliRbmutant mouse

modelsthese mice are viable and do not produce metastatic tumors.

Based on previous studies Enlaevis the excess retina phenotype observed in
Mturn”- mice warrants furthestudy My dissertéion is based on exploring the role of
Mturn in mouseretinogenesis througstudies othe Mturn” mouse model. In chapter 2, |
characterizé/turn expression in the mouse retifzhapter3 investigdesif theabsence

of Mturn affectsmouseretinogenesiand if HCs are the cellular origin of this phenotype.
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1.7 Summary

In summary, coordination of cell proliferation and differentiation during
development is key to proper tissue formatibrom a pool of RPCs, the neural retina
produces aven dstinct celltypes organized into beautiful layers, which is important for
detectingandrelayingvisual stimuli to the brain. Dysregulation of this delicate process
can detrimentally affect the function of the retiéhile progress has been made in
undestanding howeells exit the cycle and differentiate, more remains to be determined.
Thereforethis workinvestigatesf our gene of interesiiturn, is involved in
coordinating the transition from proliferation to differentiation dunmguse
retinageness.

The workpresented in this dissertation aimed to answeethesn questions:

1. Is Mturn expression during mouse retina development consistent with a role in

RPC differentiation?

2. Where is Mturn expressed in the adult mouse retina?

3. Is Mturn requiredfor mouseretinogenesis?
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Figure 1.1 Structure of the vertebrate retina. The retina has two componentseural
and neural. Theon-neuralretina is external to the neural retina and consists of the
pigment epithelium. The neural retina is composkestven major dé types (six

neuronal and one glial) organized into three neuronal layers and two plexiform layers.
The outer nuclear layer is adjacent to the pigment epithelium, followed by the outer
plexiform layer, inner nuclear layer, inner plexifofayer, and gangbn cell layer. Figure

copied from Webvision:http://webvision.med.utah.edurhe Organization of the Retina

and Visual System. Kolb H, Fernandez E, Nelson R, editors. Salt Lake City (UT):

University of UtahHealth Sciences Center; 1995.
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Figure 1.2 RPCs undergo interkinetic nuclear migratiSsphasetakes place on the
basa] vitreous or inner side of the retina. They go through theohase on the

apical/ventricular/outer side of thetina. Figure moiied from (Baye& Link, 2007)
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Figure 1.3 Temporal differentiation of the retinal cell types. Graph of when specific cell

types becomeostmitotic. Figurecopied from(Young, 1985a)
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Figure 1.4 Tempaoal expressio of retinogenic factordriving HC genesis. During HC
genesistheexpression of specific genes direct HC fate. The lighter colileR OR b 1
Expression bar indicates when the expression is very dotvstill detectable.
Information wa gahered from(de Melo et al., 2011; Dyer et al., 2003; Fuijitani et al.,
2006; S. Li et al., 2004; HLiu et al., 2013; W. Liu et al., 2000; Wu et al., 2013; Young,

1985a)
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Figure 15: Summaryschematiof key retinogenicfactorsfor HC genesisFoxN4 works
with Rorbto initiate Ptfla expression. Ocl is downstream of FoxN4 and functions
parallel to Ptfldao specify immature HCs, which eventually express Lim1 and Phox1.
the absence of Ocl, Ptfla expresgialisbecome amaare cells.H1 axonrbearing cells
contirue to express Lim1 and Sall3. A subset of immature HCsdtegaxpress Isll1
instead of Lim1 to become H2/H3 axtess cellsAbbreviations: HC, horizontal cell;

H1-3, horizontal cell subtypes.
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Chapter 2: Characterizing Maturin Expression During M ouseRetinogenesis

2.1 Abstract

During retinal development, a pool of progenitor cells divides to generate
daughter cells that eventually differentiate into seven retinal cell typesdimglu
horizontal cés (HCs) and retinal ganglion cellRGCg. The coordination from cellular
prdiferation to differentiation is pivotal for producing the correct number of ggmof
retinal cellrequiredfor proper tissue functiomMaturin (Mturn) is required for normia
primary neurogenesis Kenopus laevidt is strongly expressed in differgating
neurons and weakly, if at all, in proliferating cells. Here, wevasén and wher#&iturn
is expressed in the mouse retiksing Mturn polyclonal antilmbes and aMturn
knockout mouse line, | characterized the expression of Mturn in the mouseAetina.
birth, Mturn was expressed in specific, differentiating cells ohtloeseretina,
consistent with its expression in thelaevisretina. As thenouseretina develops, |
observed Mturs cells in the inner nucledayeiGs outer aspecand identified them as
HCs Together, these data suggest that Mturn may haessamtiatole inmouseHC

differentiation.
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2.2 Introduction

During neurogenesis, progemitcells are progimmed to generat@rious
neuronal and glial cell types that allow for proper tissue function. Tight regulation of
cellular proliferation and differentiation ensures #ppropriatenumber and proportion of
eah cell type necessary forrtect operation. Aighly accessible model of the central
nervous systemONS), the vertebrate retina develops from a single pool of multipotent
retinal progenitor cellsSRPQ (Turner & Cepko, 1987; Turner et al990) RPCs
underg interkinetic nuclear migration, progressing through the cell cycle and generating
new cells as they traverse the retina. Afheir final division, newly born postmitotic
cells begin to migrate to their final laminar retinal positiod differentiatento one of
the seven principle retinal cell types: six neuronal and one(Blgle & Link, 2008) The
cellt y pharth drderis highly conservedmong tested vertebratpecie{Harman &
Beazley, 989; Hu & Easter, 1999; La Vail et al., 1991; Prada et al., 1R@paport et
al.,2004) In mice, retinal ganglion cellRGC9, along with cone photoreceptoRR),
horizontal cellsIC), some amacrine cell&C), and a small subset of r&tRs exit the
cell cyclebeforebirth. The remainind\Cs, majority of rodPRs bipolar cells BP), and
Madller glial (MGs) undergo final mitosis postnatally. For proper function, the
differentiating retinal cells need to be organized into the three cellular layers: outer
nuclear layer@NL), inner nuclear layeidNL), and ganglione&ll layer GCL) (Young,
1985a, 1985h)Retinal progenitocell cycle exit and differentiatiomust be tightly
regulated to produceditorrectnumber and types of cells in a highly conserved temporal
order. It hadeen proposed th&PCsrespond to changes in intrinsic and extrinsic cues

and undergo a series of competence changes to generate the different retinal déll types
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Cepko, 2014; C. L. Cepko et al., 1996; HarrB91; Livesey & Ceko, 2001; Turner et
al., 1990) Many geneegulators controlling the formation of individual retinal cell types

have been identified; however, many remain unknown.

HCsare interneurons that reside at regularly spaced intervals aloogttre
aspect oflieINL. They receive input from ardirectfeedbacko PRs Additionally, they
contribute to contrast enhancement and color opponency through inhibitory feedback
(Twig et al., 2003)Starting at E11 and peaking at E14ruseHCsare born during the
first wave of retinogenes(¥ oung, 1985a)Several key transcription factors have been
identified in the genetic regulatory pathway K€ differentiation, including FoOxN4,
Prox1, Ocl, Oc2, Ptfla, Lim1, Sall3, APU, a-2 fBas&eh et al., 2012; de Melo et
al., 2011; Dyer, 2003; Fujitani et al., 2006; Li et al., 2004; W. Liu et al., 2000; Nakhai et
al.,2007; Poche et al., 2007; Sapkota et al., 2014; Wu et al.,.2068ver muchmore
abouthow differentiating HCs maintain thé differentiated state whilbeingsurrounded

by proliferatingRPCsremainsundiscovered

Our lab previously identifietMaturin (mturn) during a screen for genes required
for normal eye formation iXenopus laevisVe compared th geneexpression of cells
collected from three different tissue regions of Xhéaevisembryo (eye field, posterior
neural plate, and lateral endodemms)ngmicroarray analysiBBy comparing its
expression in the brain, spinal cord, aathas offrogs, zelrafish, andmice the lab
determined thamturntranscript is strongly expressed in differentiating cells and reduced
or absent in proliferating neural cellsdditionally, alignment of the predicted Mturn
protein sequenca thefrog, human, mouse, chicke and zebrafisheveakdsignificant

similarities, especiallyn theuniqueandperfectly conserved 2@sidue region (a.a. 54
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82 of X. laevid we named the Maturin MotitVhenwe knocked dowmturnin X. laevis
more cycling cells werebserved, resultmin expansion of the anterior neural plate.
Overexpression anturnpromoted neuronal differentiation. Thus, the lab concluded that
mturnwas recessary for normal primary neurogenesiX.itaevis(MartinezDe Lunaet

al., 2013) As a highly conserved protein, Mturn may function similarly during

neurogenesis in other vertebratehjch warrants further study.

In this chapter, | characterize when and whtern is expressed in the
developingmouseretina to deternme if the patterns consistent witiMturn expression
duringneural differentiationin X. laevis After testingMturn antibad i epedficity, |
analyzed Mturn expression at various ages to determine the expression pattern. |
determinedhat at PO, Mturms expressed in a row of cells in the outer neuroblastic layer
(ONBL). Insteadof expressing cell cycle markers, these ostigressed differentiation
markers, indicating their postmitotic state. Ultimately, these cells took terminadmesid
in the outermspect of théNL and expressedC specific markers, Limland calbindin.

Thus, Mturnis expressed imaturemouseHCs
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2.3 Materials and Methods

2.3.1Maturin KnockoutMice

All procedures involving animals in this study were perforradidwing the
Institutional Animal Care and Use Committee (IACUgl)idelinesat the State University
of New York Upstate Medicalniversity. The C57BL/6NVturnt™L-1KOMPVicakngckout
mouse strain was genetically engineered to refNdaet u rcadingdregon, including
mostof exon 1 and all of exons 2 and 3, withacZreporter gene. As a part of this
National Institutes of Health Knockout Mouse Production and Phenotyping Project, this
mouse strain was created by KOMP at UC Davis in full complianceaNigpplicable

laws and regulations for the KOMP prograWe desigiated theday of birthasDay 0.

2.3.2 Genotyping

Mice wereanesthetized in an isoflurane chamlteenthetip of the tail was
clipped. Crude gDNA was extracted from the tissue satmpfést incubatng it in tail
lysis buffer (10mM TrisCl pH 8.0,100mM NaCl, 10mM EDTA pH 8.0, 0.5% SDS)
overnight at 55°C. After precipitating out with isopropanol, the gDNA was cleaned with
ethanol and dried before being resuspended in nuelessavder. Specific priners were
used for polymerase chain reaction (PORJR products were run on agarose gels. The
following primers were usetb determine thdlturngenotype S U ( Fer war d)
AGAGAAAGCCTTCCAAACTG-34 LaclnRev -(Reverse 1) 5
GTCTGTCCTAGCTTCCTACTG-3g andExonRev ( Rev-er se 2) 56
GTGCTGGAACACCACTTCTC.The PCR program involveakeinitial denaturation of

the samples at 98°C for 2 minut@$ie samples cycle 35 times through denaturation at
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94°C for 20 seconds, annealing at 55°C for 20 secondexaedsion at 72°@r 30
secondsThe final extension occurs at 72°C for 5 minutes. The samples are then run on a
1.5% agarose gelt 125V for 30 minuteslhe wild-type band is 363h@and the mutant

band is 470bp.

2.3.3 Setting up Timed Mating

Males andemales were keeparated for a fedays.Beforepairing,the
visualization of the vaginal opening was done to identifyegteous cycle stagéemales
in proestrus or estrous phases are more likely to become préByart et al., 2012)
Selected pairings were put together awb6:30 PMand seprated aroun8:30 AM the
next morning. The female mouse was weighed, and the preseacaghal plugwas
determined. Dams found to have a vaginal plug would be carrying embryonic day 0.5
(EQ.5). The females were weighed again a watd Thos with avaginal plug and a
weight gain of 1 or more grams were deemed pregnant. Those without a vaginal plug but
with weight gain were put under careful watch. If they start showing, then they were

collected athedesired time point.

2.3.4 Tisue Colletion andProcessing

On the designated embryonic collection date, the pregnant dam was euthanized
via asphyxiation. The uterine horns were removed, washed in 1X PBS (NaCl 8g/L,
NaeHPQs 1.4449/L, KCI 0.2g/L, KHPOs 0.24g/L, pH 7.4), and placed oreidndividual
embiyos were isolated. A piece of the tail was removed for genotyping purposes. Then
the embryos were decapitated. For embryos younger than E14.5, the entire head was

fixed in 4% paraformaldehyd®FEA) in PBS overnight at 4C. The next day samples
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were wakedthreetimes with PBS, 10 minutes per wash. Following an hour in 10%
sucrose diluted in 1X PBS at room temperature, the samples were submerged in 20%
sucrose overnight at 4°C. The next day, they were embedded in Optimum Cutting
Temperture (OCT) compounl (Sakura FineteklSA Inc, Torrance, CA) and quickly
frozen using crushed dry ice. If the embrywereE14.5 or older, a blue permanent
marker was used to mark teey eddrsal aspedieforeenucleation. While the heads

were fixed and crgprotectedn thesame way as previously described, the eyes were
fixed in 4%PFAfor 30 minutes on ice. After being washédeetimes with PBS for 5
minutes each wash, the samplesebrought through 10%, 20%, and 30% sucrose for
15, 30, and 20 minutesgspectiely. Then they were embedded @CT compound and
quickly frozen down. Embedded blocks were wrapped in parafilm and plastic wrap, then

storedat-20°C before being sectioned.

Postnatal mice were first anesthetized in an isoflurane chammbellect retinas
After decapitation, a terminal tail piece was taken, and the dorsal septwt eyes were
marked with a permanent marker. Then the eyes were enucleated and washed with 1X
PBS. A hole was made in the cornea using forceps, and the samplrasdsif 2
minutesin cold 4%PFA. The cornea was carefully removed, and the remasangples
weresubmerged again in cold 4P¢Afor 2 minutes. Then the lens was carefully
removed with forceps, and the remaining eye cup was transferred to a vial @ig¢?col
PFATto fix for 30 minutes. The samples were then processed in the same prdbese as

collected from embryos older than E14.5, embedd&adit, and frozen down. The

embedded samples were sectioned into 12¢m
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Cryostat (Leica Biosyems, Wetzlar, Germany). Sections were mounted onto Superfrost

Plus mcroscope slidesTihermoFisher Scientific, 1550-15) and stored aR0°C.

For Western analysis, both eyes or retinas from the same mouse were directly
removed and fraan in a tube on grice. No fixatives were used. Samples were stored at

80°C.

2.3.5 EdJ Injections and Detection

Two hoursbeforecollection, PO pups were intraperitoneally injected with 10uL of
5mg/mL5-ethynyt2 -@eoxyuriding(EdU; CarbosyntiLC, Oxford, United Kingdom)
for a final concentration of 50mg per g body weight. EAU detectasdwne on retinal
sections using the Cliek ™ Plus EdU Alexa Fluof™ 488 Imaging Kit (C10632,
Thermo Fisher Scientific). Depending on the secondary antibody catiobifar the
stairing, sulfocyanine5azide (A3330, Lumiprobe Corporation, CockeysyiMD) was
also used. Briefly, the washed sections were incubated in the detection solution for 15
minutes at room temperature while rocking in the dark. Then they vesteed with the
kité wash buffer twice. Then the staining procedure continued witarttigen retrieval

step if needed or proceeded with the blocking step.

2.3.6 Immunofluorescence

Indirect immunofluorescence (IF) wasedfor theanalysis of Mturn expressgon.
Slideswitht1 2e m retinal sections were I|tewatm a't
up and then incubated at 37°C in a dry slide incubator for 10 minutes. The slides were
washed with PBST (1X PBS + 0.1% Tritdn100) 3 times, 3 minutes each tinie

antigen retevalwasneeded for the primary antibody detection, then the slides were
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submerged in a Coplin jar of sodium citrate buffer (L0mM sodium citrate, 0.05% Tween
20, pH 6.0). The solution was heated in a microwave on high power for 40 seconds
making sure theolutionreached 95°C. Then the samples were heated at 20% power for
10 minutes. Periodically, the solution level wasnitoredto ensure completgubmersion
and that the temperature remained above 90°®diatvboiling. Following AR, sides

were submergein 1X PBS for 10 minutesThe protocol called for using a liquid blocker
pen (Newcomer Supply, Inc., Middleton, WI) to outline the slides, prevetiteng

solution from running off. Sections were incubated in blocking solution, whicsisted

of 5% donkg serum D9663,MilliporeSigma), 0.1% TritonX 100 in 1X PBS for 1 hour

at room temperature while rocking. Primary antibody solution (blocking solution +
primary antibodies) was applied for overnight incubation at 4°C (see App&nickle 1

for primary aibody informationand Appendix A Table 3 for company adde3he

next day, the slides were washed with PBST, and the secondary antibody solution
(bl ocking solution + s edamidino2-phgnyliadolelat b odi es
1:1000 was applied (se@dppendixA Table 2 for secondary antibody informatiamd
Appendix A Table 3 for company addrgsafter a 2hour incubation at room

temperature, the slides were washed three times with PBS. FluorSave reagent
(MilliporeSigma with 2% 1,4Diazabicyclo [2.22] octane (DABCO; D27802,
MilliporeSigmag was applied to the sections before glass coverslip§Z222X50,
Krackeler, Albany, NY) were mounted on top. Nail polish was used to seal the slides

beforestoringthemat 4°C.

Through YenZymAntibodies,LLC, polyclonal antiMturn antibodies were

produced by injecting specific peptides into rabbits. Xhievis mturrsequence (aa
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113131, DVEEEEPEADHQQMGVSQQ) at thet€rminus tail was used to generate
Mturn antibody 10Abl, YZ344 bleed 1 cgie 1) (Fig. 2.1A,underlined in blue).
Another two antibodiegp@b2 - YZ6446 bleed 2 cycle 2ndpAb37i YZ6445 bleed 2
cycle 2 were created by two individual rabbits to recognizeMhenusculus Mturn
sequence (aa 16125, DADDDAFEEYSADVEEEPEADHPQ) (Fg. 2.1A, underling
in red). All antibodies were affinity purified with columns containing the respective
antigenic peptide (YenZym Antibodies). To further minimize-specific binding,
Mturn primary antibody solution was preadsorbed on sla®tainingonly mutant
sections. The next day, the Mturn antibody solution was collected off the slides and
diluted to half the concentration by addismgequal part blocking solution. Other primary
antibodies of interest were added to the diluted porhdd Mturn atibody solution ad
appliedto experimental slides containing both littermate wilde and mutant sections

for overnight incubation.

2.3.7 Western Blot

Samples were suspended in lysis buifensistingof 10mM HEPES pH 7.4,
150mM NacCl, 1% NP0, EDTA-free proteasenhibitor cocktail (04693-151-001,
Roche AG, Basel, Switzerland) and PhosStop phosphatase inhibHe@§@45-001,
Roche AG)Samples were physically homogenizeith various gauge needlé20G,
22G, and 26G) three times eacheTsamfes werehensoncatedthree times, one
second each timé&lon-soluble proteins were separated from the soluble proteins via
centrifugation at 10,000@pr 15 minutesThe soluble supernatant contained cytoplasm
proteins. The pellet was suspended in Ipsifer and housethe nonsoluble, nuclear

proteins.DC protein assay kit (5000111, BRad Laboratories, Hercules, CA) was used
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to determineeachs a mpp red@dtsei n concentrationwopeBaBeg t
loaded into individual wells of a 15%crylamide gel. Geelectrophoresis was down to
separate the proteins. Proteins were then transferred to PVDF membrane (1620177, Bio
Rad Laboratories). The membrane was submerged in blocking solution (5%0.4Hk,
tween20, in 1XTBS) for 1 hour at roomemperature whileacking. The blot was then
incubated in primary antibody solution (blocking solution + primary antibody) overnight
at 4°C. The following primary antibodies were used for Western analysist rabbi
polyclonal antibodies specific to MtupAbl (YenZym, 1:1000)b-actin (Cell Signaling,
4967L, 1:4000), and histofte¢3 (Abcam, ab1791, 1:1000). The next day, the blot was
washed with the blocking solution and submerged in the secondary antibody solution,
consisting of blocking solution + 1:5000 g@atti-rabbitHRP (AP307P, MilliporeSigma)

for 1 hour at room temperature while rocking. The blot was washed witfBBand

exposed to Pierce ECL Western blotting solutions (32106, Thermo Fisher Sciémtific)

5 minutesand exposed to film to visualizeetlsignal Blots wee stripped with Restore
solution (21059, Thermo Fisher Scientific) for 15 minutes and blocked again before

incubation in primary antibody solution.

2.3.8 Image Capturing, Processing, and Celnting

Stained sections were visualizedngsa Leica DM600@® upright fluorescence
light microscope with motorized-#cusing (Leica Microsystems, Bannockburn, IL)
fitted with a Teledyne QImaging MicRublisher 6 camera (Surrey, British Columbia,
Canala) for image capture. Volocity software vers6.3.1 (Improvi®n Inc, a
PerkinElmer Company, Waltham, MA) was used to process images. Exposure times were

+/+

determined byormalizingto thesignal fromMturn™* glancing retinal secti@and used
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for image acquisition of all sections on that slidejokltontained botMturn™ and
Mturn’- samples. Figure images were processed using Adobe Photoshop CS6 (San Jose,

CA).

For counts, 20X images of the retinal sarsplere acquired and stitched
together. Three sections per eye were imaged for quantificat@ containinghe optic
nerve head, one adjacent nasal section, and one adjacent temporal section. Both eyes
from the sample animal were also quantified. Cowrie done manually. Counts from

three different animals were presented as the mean + SD.
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2.4 Results

2.4.1 Testing Specificity of Maturin Polyclonal Antibodies

Anti-peptide plyclonal antibodies were generated against spddifitRN
protein regionso deermine the expression pattgfig. 2.1A) and tested againsivdurn
knockout mutant moudime (Mturn”), which has been predicted to produce truncated,
nonfunctional MTURN. After extracting protein from P30 littermtiirn®’*, Mturn*/-,
andMturn” retinas, we performed Western analysis on the denatured protein samples.
pAbl detected the @ected 15kDA banth the wildtype sample (Fig. 2.1B, first lane).
A reducedsignal was also detected in the heterozygote sample (Fig. 2.1B, second lane),
and nore was detected in the mutant sample (Fig. 2.1B, third lane). Higher molecular
weight bands wer detected in athree samples. Since polyclonal antibodies consist of a
mixture of immunoglobulins thatanbind to several differemton-specificepitopes of
thetargetantigenthe higher molecular weight banafsght benon-Maturin proteins that
sharea similar epitopeConsistent with this hypothesis, the higher molecular weight
proteins were observed in extracts from Mt(rrMturn*”, and Mturr". Thus, while

pAbl can distinctly detect denatured MTURNW, it also binds taunknownproteins.

We ako tested the immmoreactivities of the antibodies on retinal sections to
further determine their specificity. The absence of signal in mutants is theiguosus
test for antibody specificit{fSaper & Savchenko, 2003)Previous work in the lab
determined thaWiturn transcript is present in the P15 mouse refing. 2.2A).
Specifically, it was detected regularly spaced cells residing in the outer aspect of the
INL anda subset of cells in tH8CL (Fig. 2.2B). Thereforewe testedhe specificities of

the various Mturn antibodiemn P15Mturn** andMturn™ littermateretinal sections by
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indirectIF. AlthoughpAbl was able to recognize denatured MTURN/estern blatit
was not immunoreactive to endoagus Mturn protei in frog or mouse retinaections
(not shown) ThereforepAbs 2 and 3 were tested. Interestingly, althopdtos 2 and 3
could notdetect denatured MTURN diVestern blo{not shown)theycouldrecognize
endogenous MTURN in the mouséima (summarized Table 2.1). BotlpAbs 2 and 3
specificallyidentifiedspaced dés in theINL of Mturn** retinas (Fig. 2.1C, D, white
arrows, N=3). This intense signal was absent inthen™ retinas (Fig. 2.16 D§ N=3).
AlthoughpAb2 was also itftnunoreactive to suoe cells in th&sCL andfibers in the
nerve fiber layer, a similar pattern was also occasioudallgctedn theMturn™ retinas
(Fig. 2.1@. pAb3 was also more reactive to other cells inltiie andGCL thanpAb2
(Fig. 2.1D); howeverthis was consistely observed iMturn’ retinas as well (Fig.
2.1D9. Overall,pAbl was determined to be useful in detecting denatured MTOARN
Western blatPolyclonal antibodie2 and 3 showed distinct immunoreactivity in
regularly spaced cells locaéid to the outerspect of thédNL . Similar expression patterns
were observed with pAb@nd pAb3. However, pAbi2nmunoreactivity was more
specific than that gbAb3. Therefore pAb2 was usedo characterize the expression of

Mturn.

2.4.2 Maturin Expressiom the Postnatdflouse Retina

Because Mturn factions to control neural progenitor cell differentiation, we used
the retina to ask if mouse Mturn expression pattern is consistent witkeiis X. laevis.
The expression of Mturn was characterized vérectimmunofluoescencédirst at early
postndal ages when proliferation and differentiation are still occurring, and then in the

mature retina when these processes are complete. By P12, all the retinal cells have exited
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the cell cyclg(Young, 1985h)Signals @tected from theetinasof Mturn** andMturn”
littermates were comparetb confirm theantibod/ specificity. By embryonic day 16.5
(E16.5), Mturn was expressed in distinct cells in the ONBL, especially in the central
retina (Fig. 2.3, A, & white arravs; see AppendiR Fig. 1 for more suppting
preliminary results). By PO, we observadistinct signal in the ONBL of the entire
Mturn*’* retina (Fig. 2.3B, C) and not in tihéturn” retina (Fig. 2.38 C§. Additionally,
the signal in th&CL looked qulitatively more ntense irMturn** than inMturn”
retinas, suggesting the expression of Mturn by some cells B@he However thenon
specificstainingobserved wittpAb2 interfered withdetectingwhich GCL cell type
expressedturn. The mmunoreagve cells in the ®IBL persisted at P5 (Fig. 2.3D,dD
By P1Q Mturn+ cellswere detectedh the outer aspect of tHbIL , remainingthere as the
retina maturedqFig. 2.3E, EH§. The staining in the adult retina revealed regularly
spaced cells positionedchereHCsare typially situated in théNL. At P30,we detected

on averageB7.2 + 14.6 (N=3) Mtur+ INL cells ineachcentral retinal section.

| also determined thgubcellular localization of Mturn to postulatehere it could
be functioning within aell. Cytoplasmic ad nucleic proteins were separated during
protein extraction from P30 littermaldturn®*, Mturn*’-, Mturn’ retinas, andB
analysis waperformed(Fig. 2.4). Histone H3, exclusively found in the nucleus, was
present in th@on-solubleprotein and absém thesolubleprotein samples. As a loading
c o n t +aain was rélatively equal in each lane. MtpAbl was unable to detect the
15kDA band in tle Mturn” retinal protein samples. In bolfiturn** andMturn*’-
samples, Mturn was ticted in thesoluble and notin the nonsolubleproteinsamples.

The Mturn banabserved in the soluble protein samples appeared qualitatieky
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intense inMturn** than inMturn*’- retinas This preliminary experiment suggested that

Mturn was localizd to the cytoplasrof retinal cells.

2.4.3 Expression of Maturin in Differentiatj Cells

Mturn was most prominently expressed in differentiating cells o€Cti8
(MartinezDe Luna, 2013)Weasked if this was consistent in the mouse retina. At PO,
cellular proliferationand differentiatioroccursimultaneously, but it is also when the
number of mitotic cells producing postmitotic daughter cells is higAdstiades &
Cepko, 1996)Therefore, | stained PO retinas from litteteMturn** andMturn” mice
with pAb2, cell cycle and diferentiation marker. Proliferating Cell Nuclear Antigen
(PCNA) and Mini Chromosome Maintenance Protein 6 (MCMG6) are the most
comprehensiv&PCmarker, as they are strongly expressed in all phases of the cell cycle
andundetectablén differentiating cellsTheir expressiopatterns are similar, consisting
of cells in theNBL and not in the developin@CL (Barton & Levine, 2008)Retinal cells
throughout theNBL expressed PCNA (Fig. 2.5A). Consistent with previous findings,
distinct Mtun+ cells were present in the ONBL (Fig. 2.5B), and they did not appear to
col abel with PCHEG MCMOGtaplls wete deecled thrAughout thisBL
and absent from the developi@gL (Fig. 2.5D). The Mtun+ cells in the ONBL (Fig.
2.5E) also didhot express MCM6 (Fig. 2.5F). Magnified images revealledk of
MCM6 and Mturn colocalization in the ONBL (Fig.. 5H9.db-ethyryl-2 -6
deoxyuridine (EdU) was intraperitoneally injected into PO pups, and the retinas were
collected 2 hours later. EdU idglaymidineanalogin which the methyl group in tHese
positionsis replaced by a terminal alkyne gro{iRostovtsev et al., 2002puring the S

phasewhenDNA replication takes place, Edgincorporated into newly synthesized
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DNA in vivo (Salic & Mitchison, 2008)EdU detection occurs when the Edldyne
group reacts with an azidmntaining deteabin reagent to form a stable triazole ring
(Rodionov et al., 2005; Rostovtsev et al., 20@3)er incorporating EdU during the S
phase, Ed+ cells began to migrate from tihee t ibasal Side toards the apical de.
The EdJ+ cells (Fig 2.5. G, @ were in theouterneuroblastic layefiINBL) and did not
co-label with Mturn (Fig 2.5. H, B 1, 19. Theabsence of proliferation markers (PCNA,

MCM6, and EdU)ndicateshat Mturnt cells havealreadyexited the cell cyte.

To determine if Mturn was expressed in differentiating cells, | used antibodies to
neurons p e c i f i ctubalih @gly and douwbledwortin (Dcx) to identify neurons that
had already left the cell cycle and were different@tifujl is expres soon after the
c e Ifihabnstotic cycleof migrating neurongM. K. Lee et al., 1990)Dcx is present in
young migrating and differentiating mens(Francis et al., 1999; Gleeson et al., 1999)
In the rat retina, Dcx is first expressed at E1BI@precursorsDcx is alsoexpressed in
mature horizontal cellE. J. Lee et al., 2003; Wakabayashi et al., 20083termined
that in the PO mouse retina, Tujcells in the ONBL (Fig. 2.8) were Mtun+ (Fig.
26B, C),indicatingMturn+tc el | s as postmitotic, COmi grati ng
Additionally, Dex+ cells in the ONBL (Fig. 2.6D) were also M (Fig. 2.6E, F). Not
only was this consistent with previous findings of Mturn expression in differentiéting
laevisneuronshut it also suggested that the Mtttrcells wereHC precursors (Fig.
2 . 6HD.6Additionally, apical processes extending from Mtucells were also
i mmunoreactive t o IFyWwhite agows). Toyether, io the ngouse 2 . 6 A D
retina at PO, Mtun+ cellsappear restricted to postmitotic cells, including presumptive

HCs
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2.4.4 MaturéeMouseHorizontal Cells Express Maturin

To canfirm the identity of the Mturn expressing cells in thi of mature mouse
retinas, | performed immunohistioemistry (HC) with Mturn pAb2 and multiple cell
type-specific markersLIM homeodomain protein Lim1 is expressed in the mouse retina
by E14.5 ands specific toHCs Additionally, its spatial and temporal expression
coincides with that of calciurhinding protein calbindirD-28k (Calb)(W. Liu et al.,
2000) In mammals, Calb is deted inHCs as wel asdisplacedACs and ONsustained
RGCsin theGCL (Hamaro et al., 1990; Krieger et al., 2017; Rohrenbeck et al., 1987)
Homeodomain protein Prox1, the vertebrate ortholdgro§peran Drosophla, is
expressedniHCs BP cells andAll ACs (Dyer, 2003) At P30, Linil+ cells lined the
outer aspect of thiNL whereHCsreside (Fig. 2.7A). Consistent with previous
observations, cells strongly expressing Mturere also locatkin the outer aspect of the
INL (Fig. 2.7B, C). Lini+cells (Fig. 2.74) express Mturn (Fig. 2.7 CH. Similarly,
the distinctCalb+ cells located in the outéNL (Fig. 2.7D) also express Mturn (Fig.
2.7E, F).The number oMturn+, Cdb+, anddoublepositive cellswascounted in entire
retinal sections to determim@ach population's fractidn the total Three retinal sections
per eye from three differeMturn** micewere scored. Of the 1599 cells couniethe
INL, 0.06% were Mtur” only, 1.88% weg Cab+ only, and 98.06% were both Mtu¥
and Cab+ (Fig. 2.7). Additionally, Mturn was also present@alb+HC processes (Fig.

2 . FHQ dvhite arrows).

Although Proxlimmunoreactivity was detected in cells throughoutiMie, there
wasco-labeling withMturn immunoreactive cells in thauter INL (Fig. 2.7G-1). While

some Prok+ cells also expressed Mturn, most did not (Fig=2é@. The proportion of

54



INL cellsthatexpressedturn, Proxl, or both in four regions along the retinaere

counted Thefourr e gi ons were determined byantheasurin
1500em away from the optic nerve head, bot

cells within 100em retinal l ength centered
the 4360 cells coundein the INL 0.02% were Mtun+ only, 94.38%6 were Prog+ only,

and2.80% were both Mtun+ and Prot+ (Fig. 2.7K). Celabeling of Calb and Prox1 is

commonly used to identifidCsin the mouse retin@Perez de Sevilla Muller et al., 2017)

| found that Cadd+ and Prot+ doublelabeled cells were also Mt (Fig. 2.8). Thusby

analyzing three differertiC markers at P30 determined thatthe Mtun+ cells in the

outer aspect of thiNL are ndeedHCs

To determine if otheNL cell-types expressed Mturhstained P30 retinas with
Mturn and other celtype specific markers. Homeobox gene Chx10, also known as Vsx2,
is a marker foBP cells and is important foBP differentiation(Burmeister et al., 1996; I.
S.Liuetal,1994) PKCU i s e x fof BRcelgtderod ®N-bipolas eellss e
(Haverkamp eal., 2003) The ChxD+ cells (Fig. 2.9A, A) did not celabel with the
Mturn+cells (Fig. 2.9B, B C, @. Similarly, cellsexpre si ng PKCU §@Ba g. 2.
did notexpress Mturn (Fig. 2.9E,68F, ). LIM-homeodomain protein Isll is expressed
in ON-BP cells subtypes oACs, andRGCs(Elshatory et al., 2007 Calrdinin is
expressed in a subsetACs and transient OFEIRGCs(Huberman et al., 2008; Kovacs
Oller et al., 2019)The IslL+ cells in thelNL (Fig. 2.10A, A and Mtun+ cells (Fig.
2.10B, B did not celabel (Fig 2.10C, @. Calretinh+ AC cells intheINL (Fig. 2.10D)
also did not express Mtu(hkig. 2.10E, F). However, there appeared to be some

calretinn+ cells in theGCL (Fig. 2.100§ white arrow) that also expressed Mturn (Fig.
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2.1068 9. Mturn+ cells in heINL were not expressed in MG adelenined by
Perpherin 1staining(Fig. 2.1% (Drager et al., 198artinezDe Luna et al., 2017)
Taken together, of the cells in thiéL, Mturn was specifically expressedHtCs (Lim1,

Calb, Prox1), and notiBPcells( Ch x 1 0 , ACR sk, Thliretinin), oMGs (R5).

While no immurreactive cells were detected in tBIL using the Mturn pAbs,
it was difficult to determiné a subset of cells in th@ CL were immunoreactive
confirmed the absence of MturnRRsby usingPR markers, rhodopsjrand peanut
agglutinin (PNA),which label outer segments of rods and cdBésnks & Johnson,
1984; Lem et al., 1999)espectively. Rod PRbat expressed rhodopdiRig. 2.12A did
not express Mturn (Fig. 2.12B, C), and c#&iesexpressing PNA (Fig. 2.12D) also did
not express Mturn (Fig. 2.12E, F). To determine if there was a pattern in the Mturn
immunoreactivity in th&sCL, | usedseveraRGC specific markers. RNAinding
protein with multiple splicing (RBPMS) is expressedall RGCs(Rodriguez et al.,
2014) POUdomain Brn3 consists of three closely related géBas3a, Brn3b, and
Brn3c) expressem differert RGCsubtypegXiang et al., 1995)In addition to some of
the Calretinn+ cells pointed out previously (Fig. 2.180vhite arrow), some RBPSH
cells (Fig. 2.13A) alsappeaed to express Mturn (Fig-23B, C) while the Bra+ cells
(Fig. 2.13D) did not (Fig. 2.13E, F). While this may suggestibtype of RGCs expresses
Mturn, the background stainingakest challengingto confirm. Thusto defintively
determine ifa subtype of RGCs expresses Mturnt@irp experiments involving

additiona tools will be needed

To circumvenproblemswith the Mturn pAbs] preliminarily attempted to

identify which retinal cell types exprefise Mturn transcript. ltried to usea combination
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of in situ hybridization (ISHland immunofluorescende identifythe Mturn+ cells in the
GCL (Viczian et al. 2003) Unfortunately | was unabléo detectaspecific ISH signal
(not shown) Immunofluorescencstainingperformed after ISH of the same tissue
sectionausing antiCalband antiRBPMS antibodies was also unsuccessful. Therefore,
although we have premusly detectedturn transcript in te P15GCL, it remains

unknown if a subset of cells in tl&CL expressedturn proteinin the mouse retina.
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2.5 Discussion

In this chater, | characterized Mturn expression in the mouse rettiacbvered
that consstent with its role irthedifferentiation of neural progenitor cells K laevis
Mturn was expressed mouseretinal cells that had exited the cell cycle and were
differentiating. In the mature retina, Mtupnoteinwas localized to the cytoplasm.

Furthermore, Mturn waexpressedh only HCsin thelNL.

A significantlimitation in this study was the nespecifc binding of Mturn pABs,
makingit difficult to determine ifa subset of cells in tH@CL expressed Mturn. To
optimize the Mturn staining cortebns, | tried using antigen retrievahdchangdthe
blockingconditions | also tested different dilutions tife primary antibodies (see
AppendixA Figure 2) and staining fresh frozémfixed)tissue. However, the
background staining in th@CL perssted. UsingMturn**, Mturn*’- and Mturn” retinal
sections| stained for Mturn Anotherlab membeguantitativelycompared Mturn
fluorescent intensity in theCL; however, the results were inconclusive. Sincewdd
notdetermine if Mturn protein isrpsent in th&CL, | attemptedn situ hybridization
(ISH), followed byimmunofluorescencw identify the cells that expreséturn
transcript. However, unlike the P15 ISH, the ISH 1asthgP30 mouse retirsadid not
show any specific expressiamhorizontal cells This could be due ta differencein
protocols. In the combined ISH/IF protocol, the proteinase K treatment steptisdto
preventproteins'digestion.The absence of proteinase K could have reduced the
hybridization signal. Although thé&SH/IF protocol was successfulperformedin the lab
previously, different probes were used. Following the ISH, | staigiital sections for

Mturn and RBPMS with the standdeaboratoryprotocol,yet neitherprotein was
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detected Therefore, further optimmation of the combined ISH/IF protdcshouldbe done
to identify the subset of cells in ti&CL that expres#iturn. Anotherapproachwould be
to repair theMturn knockout lineplacingthereporter gen@acz) backin frame. Then
process retinal sampleacgdetermingf there isa detectabld.acZ activityin the GCL. If
so, then we castain forcell typespecific markershat labeldisplacedACsandRGCs
Another possible method would be to isolate detimn the GCL, extract mRNA, and
perform RFPCR to e@tect theMturn transcript. At presentl canconclude thamouse
HCsexpresdMturn, but additional experiments are needed to determine if Mturn is

expressed in the ganglion cells later

Problems alsarosewhentrying todiscernthe first expression dflturn.
Although preliminary Western blandIHC experimentsletected Mturn aE16.5
mutant controls weraot included Therefore, it remains possible that Mturn is expressed
beforeE16.5. Repeating these expeeimts with proper controls will enhance theveo
of the results. Additionally, thilturn pAbs should be tested on ndenaturinggels to
determine theiability to recognizethe native protein conformation of Mturince they
arepolyclonal,the Mturn antibodies may identifgon-Mturn proteinswith structural

similarity to theantigenicpeptide

If background staining cannot bnibited (or significantly reduceddther
methods shoulturthercharacterize Mturn expressidfor exampleRT-PCR oncDNA
made fromRNA extracted fronMturn** andMturn™ retinas at multiple ages would
bette inform usof exactly wherMturn transcript is first expressed. Another approach
would be tareplaceMturn with areporter genéfluorescent protein dacz). With the

proper controls, weouldthen determine whethe signal from the reporter is first
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detected. Identifying when Mturn is first expressed can provide insight into its role in the

context ofmouseretinogenesis.

Mturnis both expressed idifferentiating cells during earlgetinogenesisind
maintained in m@re mouseHCs. Mturn may haveawo roles in the mouse retinan
initial role inHCsdifferentiaton, anda secondhat functions to support matur€Cs Our
previous studies d¥lturn in X. laevisrevealed that the protein sequence laskeeral
predicted @inctional domaingncludinga signalpeptide, transmembrane domain, and
nuclear localization signaWWe previouslyreportedthatMturn most likely functions
downstream of the proneural pathwaither with thep2l-activated kinase (Pak8y in
parallelto promote differentiation of primary neans(MartinezDe Luna et al., 2013)
Future studies should continueitvestigatethe role ofMturn during X. laevis
neurogenesis. Consistent witldifferentiation role astudy using human erythroid
leukemia c# lines K562 ancHEL found that Mturn regulates 1Q-
tetradecanoylphorbédl3-acetate TPA)-induced megakaryocyte differentiation by
modulating MAPK/ERK, SAPK/JNKand NFe B s i dgSumadt al.n2§14)herefore
Mturn playsa role inthe cellular differentiation of twalistincttissuesFuture studies
should continue textend understanding the moleculamechanism by which Mt

controlscellular differentiation.

Based on morphologyhree subtypes diCshave been identifiedrhefbrush
shaped (H1) subtype is axebearing. Thdistellaeo (H2) and thedicandelabrurshaped
(H3) are axoress (Gallego, P86) The H1 axon connects to rédRswhile the dendrites
of all three types synapse with cdPBs(GenisGalves et al., 1979; Zhang et al., 2006)

Unigue molecular markers correspdandhesemorphological clasfications. While all
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HCsexpress TFs#®x1 and Pax6, axebearing and axclessHCsexpress Lim1 and
Isl1, respectivelfEdqvist et al., 2008; Fischer et al., 2008{udies in chickeretina
showthat at late devepmental stages, Lim1 and Isl1 arqu&ed forsubtypespecific
morphogenesis of pestigratoryHCs Overexpression of IsI1 in pestigratoryHCs
reduced Lim1 expression and increased the proportionlsf HCs with axorless
morphology(Suga et al., 2009The mouse retinhas onlyLim1-immunoreactive axon
bearing HIHCs(Elshatory et al., 2007; Hombach et 2004; W. Liu et al., 200@®eichl
& GonzalezSoriano, 1994)Ourobservatiorthat Mturn is specifically expressed in
Lim1+ cells and not in 14+ cells is consistent wh only HLIHCsin the mouse retina. In
additionto possibly having a role in the gesieof LimL+ HCs, Mturn may alsonaintain
horizontal cellsmorphology and function. To test this, Mturn expressiootier species’
retinas(such as frogs and chickensgith multiple HCssubtypesshould be determimk
For example, th&érog Rana pipiendasthree different subtypes éfCs(Ogden et al.,
1984, 1985)Isl1-immunoreadtze HCs have been identified ¥ laevisretinas(Alvarez
Hernan et al., 2013Experiments should be done to deterniirterizontal cells
coexpressnturn, liml, andisl1 during X. laevisretinal developmen&xpressiorin lim1+
and notisl1+ HCssuggest®turn mayhave a role in the specification or differentiation

of H1 HC. Alternatively, Mturn may indirectly promote H1 gesis by inhibiting H2 and

H3 genesis.

Preliminary results indicate that Mturn is expressed by E16.5 wietH@s
have undergone terminal mitesand are migratinroung, 1985a)In boththe mouse
and chicken retingjiCsare the earliest cety/pe tocomplete cell cyclexit. However,

they do not ngrate immediately to their final desation. Instead, they undergo bi
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directional migration, first moving towards tleCL before makingheir way to their
final residenc€Edqvist & Hallbook, 2004; W. Liu et al2000) When they reach the
correct lyer,HCsrespond to afferent innervation and continue differentiating by
establishing functional connections with nearby synaptic par{Rengenet al., 2007)
Since Mturn is expressed rostmitoticHCs, it may have a role in managiit{C
migration If true, then in the absenceMturn, HCs may noproperly migratereside in
the apicalNL, or extend processes into the oypdxiform layer OPL) to form
synapsed-uture experiments should be done ttedmineif theabsence oMturn affects

mouseretinogenesis, which would provide more insight into its role.

HCshave unique features that suggest mechatismmaintain them im
differentiated statenay berequired While most cells undergo mitosis aethet i na 6 s
apical edge, committedCsin chicken and zebrafish can undergo 4agical mitoses in a
semidifferentiated stat€Boije et al., 2009; Godinho et al., 200Unlike most retinal
cells that undergo apogsis to finetune the proper number oélls generated during
development, chick anthouseHCsdo not(Cook et al., 1998; Edqgvist et al., 2008;
Young, 1984) Additionally, mostcellsundergo apoptosillowing DNA damage that
cannot be repairedRoos & Kaina, 2006)Rb1mutation causeietinoblastomais avital
regulator of the decycle that prevents cell cycle progression froat@S phase
(Goodrich et al., 1991)There is evidence thedlCslackingRblare abnormally large,
surviveDNA damage, and continde divide, resulting in pokyor aneploidy
(MacPherson et al., 20pBonovan & Corbo, 2012¥urthermore, in the absenceRif
family proteins Rb, p107 andp130, HCsmaintain their differentiated state while re

entering the cellyxle to clonally expand and form tunsathat metastasiddjioka et al.,
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2007) Taken togetheHCsexhibit neoplastidike propertiesand are theellular origin
of retinoblastoman mice Since Mturrdrives cellcycle exit and iexpressed in mature
mouseHCs it maybe required tanaintainHCsin a stable, differentiated stata.the

next chapter, | investigate the effect of Maturin loss on mouse retinogenesis
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Table 2.1 Characterizing immunoreactivity of Matn antibodies in P15 kirn** and
Mturn”- mouse retinagi0 indicatesafaint signal.fit+0 means moderate signé:++0

designatea strong signal.

AB 2 AB 3

Retinal Layer Mturn +/+ Mturn -/- Mturn +/+ Mturn -/-
Outer Segments ++ ++ + +
Outer Nuclear Layer Absent Absent Absent Absent
Outer Plexiform Layer ++ + + +
Inner Nuclear Layer HCs +++ + HCs +++, overall ++ Overall ++
Inner Plexiform Layer ++ ++ Absent Absent
Ganglion Cell Layer +++ ++ ++ ++
Nerve Fibers & Optic Nerve +++ +++ + +
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A

Xenopus laevis MDFQQLADVADEKWCSNTPFDLIATEETERRMDFYADPGVSFYVLCPESGA49
Homo sapiens « « s ¢ s s % o & B oo oo o oo B oo % @ @ e W RT e %) E 6 o o s s s & e e o » e DN 49
Mus musculus . . . . . . . e . . D - T - - T DN . 49

Xenopus laevis CGDHFHVWSESEDCLPFLQLAQDYISSCGKKTLHEILEKVFKSFRPLL 97
HOMO ‘BADIONE: & e M wwiiorn = s o joiemi & S o 80596 8 & KFm G Awn (st e 56 s Gl & i e 8 fe s A 97
Mus muBCuIUB: & eni 8 G B GV B WG B RS WS B B GEIR G RS @Ry 8 SV & % 7§ % e V% i & Goas 5 et @RS W 97

Xenopus laevis GLPDVDDDTFEEYNADVEEEEPEADHQQMGV S QQ 131
Homo sapiens FOREEE SRR . R R R Pis % W ie 4 131
Mus musculus o or 0 0 Boa s e Bee o e B e e e e s e sie s ey P..oooooeoo 131
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Figure 2.1 Immunoreactivity of Mturn antibodiesA] The Mturn protein sequences
from X. laevis H. sapiensandM. musculusvere aligred. Periods indicate identical
aminoacids The antigen (aa 11B31) used to generapAbl is underlined in blue. The
antigen (aa 11025) used to generapdb2, and 3 is underlined in redB) Total proteins
extractedrom P30Mturn*’* (Lane 1)Mturn*-(Lane 2), andturn’ (Lane 3) retinas
were analyzed via Western blot for MtysAbl s p e c iadtim (42kDaywas used as
a loading controlThe sizeof protein in the ladder is on thdtl¢kDa). (C)

+/+

Immunoreactiity of pAb2 on P18Viturn™™ retina wih distinct cells in the outdNL
(white arrows). C9 Control testing immunoreactivity @Ab2 on P15Mturn™ retina.

(D) Immunoreactivity opAb3 on P18Miturn*’* retina also indicates distinct cells in the
outerINL (white arrows). D Control testingmmunoreactivity opAb3 on P15Mturn™
retina. Nuclei were counterstained with DAPI (in blGe C§ D, D§. The scaléar is
45e¢m. Bl ack v e theietna layerl Ablreviation©NLd outerantickear

layer;INL, inner nuclear layeiGCL, ganglion cell layer.
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Figure 2.2: Mturn transcript is present in the P15 mouse retina. Dr. Reyna Mailieez
Luna degynedantisenséMturn probes specific to thed® TR of mouseMturn and
performed a previously describidsitu hybridizatiorprotocol(Viczian et al., 2003)A

magnified view of thevhite box regiornn (A) is shown in B).
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Figure 2.3 Spatiotemporal Mturn expression in the mouse retina.-Wpeé (A-H) and

mutant(A éH9 retinalsections were labeled simultaneously with MtpAb2 (red), and

nuclei were counterstained with DAPI (blue), A9 Whole E16.5 retinal sections are

shown orieted dorsal up. The region outlined by the white dashed box is magnified and
displayed in the @ttom left corner of the panel. White arrows point to Mttjprocesses

in theNBL. (B, B Whole PO retinal sections are shown oriented dorsal up. The region
outiined by the white box is magnified i€{C§. (D-H, -HIBAAges of the

representative imagesr e i ndi cated on the bot tAQAd ri ght
90eBmBd,and 2QH,m-HHOWhite vertical lines indicate the retinal layer.

Abbreviations: L, lens; DCL, differentiating cell lay&BL, neuroblastic layer.
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Figure 2.4 Mturn is localized to the cytoplasm. Western analysis of cytoplasmic and
nuclear proteins extracted frargtinas of P30 littermatelturn**, Mturn*-, andMturn”
samples. Blots were probed for MtupApl, 15kDa), nuclear protein Histone H3
(15kDa), andla d i n g eactin @2kDa).Thebmoleculaweight of the protein ladder

is shown on the left in kD&ote: This was only done once, and | was unable to repeat it.
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