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Summary

Sox2 encodes a transcription factor that harbours a DNA binding HMG domain. It is
considered one of the key gene players for the regulation of pluripotency and early
embryonic development, and a determinant of cell fate during development and
homeostasis. During early development, Sox2 is required for the formation of the epiblast.
However, its role in stem cells is still elusive. Here, we performed a surgical ablation of Sox2
in the epiblast using a novel Conditional by Inversion Sox2 allele (Sox2°°™). The Conditional
by Inversion (COIN) method for engineering conditional alleles relies on an invertible
optimized gene trap-like element, the COIN module, for imparting conditionality. The COIN
module contains an optimized 3’ splice site-polyadenylation signal pair, but is inserted
antisense to the target gene and therefore does not alter transcription, until it is inverted by
Cre recombinase. In order to make COIN applicable to all protein-coding genes, the COIN
module has been engineered within an artificial intron, enabling insertion into an exon.
Therefore, theoretically, the COIN method should be applicable to single exon genes, and to
test this idea we engineered a COIN allele of Sox2. This single exon gene presents design
challenges, in that its proximal promoter and coding region are entirely contained within a
CpG island, and are also spanned by an overlapping transcript, Sox20ft, which contains
mmu-miR1897. Here, we show that despite disruption of the CpG island by the COIN

module intron, the COIN allele of Sox2 (Sox2°°™)

is phenotypically wild type, and also does
not interfere with expression of Sox20t and miR1897. Furthermore, the inverted COIN allele
of Sox2, Sox2™ is functionally null, as homozygotes recapitulate the phenotype of
Sox2°9eo9%° mice, a well-characterized Sox2 null. Lastly, the benefit of the eGFP marker
embedded in the COIN allele is demonstrated as it mirrors the expression pattern of Sox2.
Epiblast-inversion of the Sox2°°N allele generates normal heterozygote Sox2™* adult
animals and Sox2™"* ™ haploinsufficient mutant embryos. Sox2™* ") haploinsufficient and
Sox2NVImesale empryos exhibit heart-looping defects, suffer from bradycardia, myocardium
malformation and bleeding and die around E11. Sox2™*" haploinsufficient and

SOXZINV/mosaic

embryos exhibit hydrocephaly, exacerbated and aberrant migration of neural
crest cells in the branchial arches and the frontonasal region, with no effect on cranial nerve
formation but abnormal frontonasal development. We propose that Sox2 acts as a rheostat

of the epithelial to mesenchymal transition during neural crest development.



MepiAnyn

To yovidio Sox2 eival évag peTaypa@ikdg TTapdyovtag TTou TepiExel Tnv repioxny HMG-box,
cav 0ok povdada Tpoocdeong oto DNA. Ocewpeital éva amd T1a yovidla-kAedId e
TPWTAYWVIOTIKO pOA0 oTnv pUBUION TNG TTAEI0dUVANIAG TNG TTPWIKNG EUBPUIKAG avdatrTuéng
Kal 0To KaBopIoud TNG KUTTAPIKAG Woipag aTnv dIdpKeIa TG avaTTTuéng Kal TG OpoIdoTaonG.
Karad tnv didpkeia tg Tpwiyng avdamrtuéng, 1o yovidio Sox2 cival amapaitnto yia Tnv
onuioupyia TnG €mPBAGOTNG. Opwg 0 poAog Tou oTa PBAACTIKA KUTTOpa Oegv €ival aKOun
YVWOTOG. Z€ auTAV TNV JEAETN SNUIOUPYACAMNE MIA XEIPOUPYIKA aTTaAoIpr TNG AsIToupyiag Tou
Sox2 otnv emMIPAGOTN XPNOIMOTTOIWVTAG £V ETTAYOUEVO PE AvVaaTPOPN Sox2 aAArAio. yia Thv
pMeETAdooN TNG €TTaAYWYAG, N MEBODOG TOU ETTAYOUEVOU HE avaoTpo@r] aAAnAiou yia Thv
KATAOKEUN TTAYOPEVWY GAANAiWV BaciCeTal o€ PIa BEATIOTOTTOINUEVN AVACTPEPOUEVN KOATETA
rayideuong yovidiwv (Conditional by Inversion - COIN). H kacéta COIN trepiAapBdvel éva
Ceuydpl BeATioToTTOINUEVA OonuaTa TToOAuadevuliwong yia 3° YATIoOPA, aAAG €I0AYETAI OTNV UN
METaypapouevn aAugida Tou DNA Tou vyovidiou-oTéx0OU, ME QTTOTEAECUO va unv
METABAAAETAI N PETAYPAPN TOU yovidiou, TTapd POVO OTAV AVACTPEQPETAl N KACETA ATTO TO
é¢vCuuo avaouvduacpou CRE. lMNa tnv epappoyn tng texvoAoyiag Tou COIN og 6Aa T1a yovidia
TTou ek@palouv Tpwreiveg, To oToixeio COIN €xel kartaokeuaaTei péoa o€ éva TEXVITO
IVTPOVIO, ETTITPETTOVTAG TNV EI0AYWYIN TNG KACETAG PECA O€ £va €EWVIO. ZUVETTWG, BewpnTIKA
n uéBodog COIN Ba TpéTTel va ival epapuooiun Kal o€ yovidia TTou atroTeAouvTtal ato €va
eCwvio. MNa va gAéygoupe autiv TNV 1I0€a KaTaokeudoape €va aAAfAIo Tou yovidiou Sox2. To
OUYKEKPIYEVO YOVidIO TTOU aTTOTEAEITAI ATTO €va €CWVIO TTPOCQPEPEI OXEDIAOTIKEG TTPOKANTEIG
a@OU 0 €YYUNRG UTTOKIVNTAG Kal N TTEPIOXN KWAIKOTTOINONG TNG TTpwTEivNG atroteAolv éva CpG
vnoidio Kal YEQUPWVOVTAl atTd £va ETTIKAOAUTITOPEVO PETAYPAQPO, Sox20t, TTou TTEPIAGUPBAVEI
Kal To mmu-miR1897. Z¢ autrv Tnv gpyacia, amodeikvuouue OTI TTapodAn Tnv dlatdpagn Tou
CpG vnoidiou amd 1o IvTpdvio TS kaoétac COIN, To Sox2°°™ ahAfAIio ival @avoTuTTIKd id1o
ME TO avTioToIXO Aypiou TUTTOU aAARAIO, Kal €TTiong dev TTapepPaivel oTnv €KpaAcn TOu
Sox2ot kai mmu-miR1897. EmimAéov, To aveoTpaupévo COIN aAARAio Tou yovidiou, Sox2™Y
gival Aeitoupyikd avevepyd, KaBoT opoluywTtd {wa  gugavifouv Tov idIo eaIvOTUTTO OTTWG TO
Sox2°9e°89%° "¢y TTOAU KaAG XapaKTNPIoUEVO Sox2 avevepyd aAAfAIo. TEAOC To TTAEOVEKTNA
NG TTARPOUG EVOWNATWONG Tou yovidiou-pdaptupa eGFP oto aAAfAilo COIN atrodeikvueTal
atré TO Yeyovog TOUu OTI N €KQPACN TOU AVTIKATOTITPICEI TNV éK@pacon Tou Sox2 yovidiou. H
avaotpo®r Tou Sox2°°N aMAAiou otnv emMBAGOTN TTAPAYEl PUTIONOYIKG ETEPOLUYWTA
Sox2™"* evAhika Cwa kar Sox2™*M amhoaverrapkr petaAhaypéva épppua. Sox2™VF ()
amrAOQVETTOPKA Kal eTrayopeva  Sox2™NVMmesac ¢uBoya mrapoudialouv  TTPOBARUGTA 0TV
onuIoupyia Twv KoIANIWV KaTé TNV avaTrTuén g Kapdidg, uttopépouy atmod Bpadukapdia, aTrd
duouop@ia Tou Yuokapdiou Kal alyoppayia Kal TTeBaivouv TTepiTTou TNV eUPPUIKA nuépa E11
(E11). Sox2™*H)  amhoavemapkn Kai emaydpeva  Sox2™MVMmesE ¢nBoua rapoudialouy
UBPOKEPAAIOHO, ETTITEIVOUCO KAl TTAPEKKAIVOUCA PETAVACTEUCT TWV KUTTAPWY TNG VEUPIKAG
OKPOAOQIaG OTO EUTTPOCTOPUVIKN TTEPIOXH, XWPEIG Kapia eTmidpaocn oTtnv dnuioupyia Twv
KPOVIOKWY VEUPWY, TTApd YOVO O€ aVWHOAN EUTTPOCTOPUVIKA avaTiTugn. Ta atmoteAéouarta
pag &gixvouv OTI To Sox2 dpa wg PoooTATNG TNG METATPOTIAG KUTTAPWY HE €TMIONAIGKS O€
METEYXUMATIKO XOPAKTHPA KATA TV AVATITUEN TNG VEUPIKNAS AKPOAOQIaG.



1. Introduction



1.1 Sox Gene Family

Throughout development transcriptional regulation of eukaryotic gene expression
requires both the recruitment of tissue-specific transcription factors to a promoter and the
proper establishment of the local chromatin structure (van Bakel, 2011). The Sox factors
(Uchikawa et al., 2011) comprise a novel group of proteins characterized by the presence of
an “Sex-determining region Y” (SRY) box (hence ‘Sox’), a 79 amino acid motif that
encodes an HMG-type DNA-binding domain. The genes encoding these factors, highly
conserved across evolution, were originally identified through homology as they contain an
HMG box closely related to that of the mammalian testis-determining gene SRY (Gubbay et
al.,, 1990; Sinclair et al., 1990). The Sox family (Alatzoglou et al., 2009; Castillo and
Sanchez-Cespedes, 2012; Harley and Lefebvre, 2010; Harris et al., 2010; Lovell-Badge,
2010; Malki et al., 2010; Uchikawa et al., 2011; Uy et al., 2012; Wegner, 2011) falls into a
subclass of “High Mobility Group” (HMG) box proteins, the members of which show highly
restricted tissue distribution (Alatzoglou et al., 2009; Bigalke and Burrill, 2007; Castillo and
Sanchez-Cespedes, 2012; Chang et al., 2002; DeFina, 2008; Dong et al., 2004; Gould,
2003; Harley and Lefebvre, 2010; Harris et al., 2010; Kamachi et al., 2000; Kiefer, 2007;
Koopman, 2005; Koopman et al., 2004; Lovell-Badge, 2010; Malki et al., 2010; Nagai, 2001;
O'Brien and Degnan, 2000; Uchikawa et al., 2011; Uy et al.,, 2012; Wang et al., 2002;
Wegner, 2011; Wilson and Koopman, 2002; Wilson and Dearden, 2008) and bind to specific
sequences at high affinities (Ner, 1992). Most strikingly, on binding, Sox proteins cause
DNA to bend at an acute angle (Ferrari et al., 1992; Giese et al., 1992). Compelling
evidence for the developmental importance for individual members of the Sox gene family
(Table I) (Pevny and Lovell-Badge, 1997) comes from mutational analyses in humans
(Foster et al., 1994; Goodfellow and Lovell-Badge, 1993; Kwok et al., 1995; Schilham et al.,
1996; Stevanovic et al., 1993; Wagner et al., 1994), mice (Schilham et al., 1996) Drosophila

(Nambu and Nambu, 1996; Russell et al., 1996) and zebrafish (Germana et al., 2009).



Table | : The Sox family

Gene Orthologue Mapping Expression

Group A

SRY Human, rodent, HumanY Genital ridge and testis

marsupial

Group B

Sox1 Human, mouse, chicken | Human 8 Soxl: embryonic CNS, lens

Sox2 Human, mouse, chicken | Human 3 Sox2: ICM, primitive ectoderm,
CNS, PNS, embryonic gut,
endoderm; cSox2: embryonic
CNS and PNS

Sox3 Human, mouse, chicken | Human X Sox3 and cSox3: embryonic CNS

Soxl4 Mouse - -

ZfSoxI9 Zebrafish - Embryonic CNS

Sox15 Mouse - -

Dichaete | Drosophila - Entire trunk of syncitial

(Sox70D, blastoderm; seven irregular stripes

fish-hook) in cellular blastoderm; ventral and
cephalic neuroectoderm
Neural plate, proliferating progenitors
of CNS throughout ontogeny

Group C
Embryonic heart and spinal cord,

Sox4 Human, mouse Human 6
adult pre-B and pre-T cells
cSox7 7. embryonic CNS,

Sox11 Human, mouse, chicken | Human 2

post-mitotic neurons
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Neural plate, proliferating progenitors
of CNS throughout ontogeny

Group C
Embryonic heart and spinal cord,
Sox4 Human, mouse Human 6
adult pre-B and pre-T cells
cSox7 7. embryonic CNS,
Sox11 Human, mouse, chicken | Human 2
post-mitotic neurons
Sox72 Human, mouse - )
Sox20 Human Human 17 )
Group D
Sox5: adult testis
Sox5 Human, mouse Human 6
Sox6: embryonic CNS,
Sox6 Human, mouse -
adult testis
Group E
Sox8 Human, mouse - -
Sox9 Human, mouse, chicken | Human 17, Chondrocyte, genital ridge and
Mouse 2 adult testis, CNS, notochord
Sox10 Human, mouse - -
Group F
Sox7 Mouse - Endoderm

ICM, inner cell mass; PNS, peripheral nervous system.

To date, HMG box proteins have been classified into two major subgroups according

to sequence specificity of the DNA-binding and the number of HMG DNA-binding domains

within a single protein (Laudet et al.,, 1993). The first sub- group consists of HMG box

proteins, which contain more than one DNA binding domain, are usually expressed

ubiquitously and bind preferentially to bend DNA. Members of this group include the HMG

non-histone chromatin associated proteins HMG1 and HMG2 (Jantzen et al., 1990). In

contrast, members of the second subgroup of proteins contain only a single HMG box,
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showing highly restricted expression patterns, and may bind prestructured DNA with either
little or no sequence specificity members of this class. However, they can also bind to linear
DNA at high affinities in a sequence-specific manner. Examples of this group include the T-
cell factor (TCF)(Waterman and Jones, 1990), MATA locus (Kelly et al.,, 1988) and the
Sox families (Schepers et al., 2002). HMG-box proteins or genes can be further categorized
into families on the basis of groups, which share a high degree of homology within the HMG
box. An HMG box, which has at least 50% sequence identity with the founding member of
this group, defines the Sox family of proteins, mouse SRY. At present, this group includes at
least 20 members and can be further divided into subfamilies on the basis of degree of
homology both within and outside the HMG box (Coriat et al., 1993; Denny et al., 1992;
Weiss, 2001; Wright et al., 1993). Categorizing the Sox genes only on known sequence,
many of which are incomplete, however, is at present ambiguous and may need to be refined
on the basis of results from recent cloning and functional studies. Individual Sox family
members also show a high degree of conservation across species both within and outside
their HMG domain. It is difficult, however, to identify orthologues of a specific Sox gene in
invertebrates but in some cases the similarities are intriguingly high. An example is human
Sox2 which shares 98% overall similarity with the mouse protein (Collignon et al., 1996;
Stevanovic et al., 1994). 95% with the chicken homologue cSox2 (Uwanogho et al., 1995b)
and 88% with the putative Drosophila homologue Dicheate. Sry is a major exception
because very little sequence homology can be detected outside the HMG domain even
between closely related species (Hacker et al., 1995; Tucker and Lundrigan, 1993; Whitfield

etal., 1993).

1.2 Functional analysis of Sox genes

The first demonstration of a functional role for Sox genes in a genetic disease
and a developmental process came from studies on human sex reversal (Alatzoglou et
al., 2009; Bigalke and Burrill, 2007; Castillo and Sanchez-Cespedes, 2012; Chang et al.,
2002; DeFina, 2008; Dong et al., 2004; Harley and Lefebvre, 2010; Harris et al., 2010; Kiefer,
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2007; Koopman, 2005; Lovell-Badge, 2010; Malki et al., 2010; Uchikawa et al., 2011; Uy et
al., 2012; Wegner, 2011; Wilson and Dearden, 2008). Genetic and molecular analysis of
XY sex reversal (Alcock et al.,, 2009), arising from mutations in SRY and studies
involving autosomal sex reversal in campomelic dysplasia (CD) patients, resulting from
mutations in Sox9 suggest that Sox genes may act to initiate or bias early cell fate
decisions. This hypothesis is supported by the finding that misexpression of Sry in the
mouse diverts cells destined to become ovaries to differentiate as testes (Cao et al.,
1995; Capel, 1995). Expression of Sry alone, however, may be insufficient for cell fate
conversion as, in a number of naturally occurring and experimental conditions, the sex
reversal shows varying degrees of penetrance (Capel, 1995). Studies suggest that Sox
genes may act in a dose-dependent manner. An idea that is supported by the fact that the
dominant phenotype campomelic dysplasia patients must be caused largely by
haploinsufficiency rather than a dominant negative effect. Detailed molecular analyses
carried out in these studies provide in vivo evidence that Sox proteins can function as

both classical transcription factors as well as architectural proteins.

1.3 Sox genes function in CNS and PNS

The study of transcription factors and their role in controlling gene expression during
nervous system development has been extensively studied. Most of these studies (Aybar et
al., 2002; Mason, 1996; Nakayama and Inoue, 2006; Rogers et al.,, 2009; Yamada et al.,
1993) mention that although epigenetic factors affect the developmental fate of cells,
transcription factors act for both the decoding of incoming messages and in controlling
changes in the expression of other genes (Gu and Wang, 2012). For example, retinoic acid
and Noggin and Sonic hedgehog genes affect the expression of a cluster of transcription
factors such as Hox, Sox, Pax and Pou genes, while these factors alter the expression of
banks of downstream genes, thereby controlling the developmental fate of stem cells
(Scotting and Rex, 1996). Although little is fully understood about the intrinsic factors that
regulate stem cell maintenance, and how they decide whether stem cells will generate
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neurons or glia during differentiation (Wegner and Stolt, 2005). Thus, Sox gene function
provides important clues about the control of these events. It has been widely shown that
Sox1, Sox2 and Sox3 are required for progenitor maintenance and they are controlled by
Sox21 expression (Cunningham et al., 2008; Kuzmichev et al., 2012; Mallanna et al., 2010;
Sandberg et al., 2005). Sox9, on the other hand, changes the potential of stem cells from
neurogenic to gliogenic (Lee and Saint-Jeannet, 2011; Scott et al., 2010), while, Sox70 is
essential for terminal oligodendrocyte differentiation (Pozniak et al., 2010).

Interestingly so, each Sox protein has different functions in the peripheral nervous
system (PNS) indicating also the important developmental differences between the CNS and
PNS. More precisely, in the premigratory neural crest of the trunk, Sox9 is switched on
before Sox10 (Finzsch et al., 2008). Moreover, melanocyte progenitor neural crest cells that
migrate along the ventral and dorsolateral pathway turn off Sox9 expression, while they still
express Sox70 (Cook et al., 2005). Many premigratory neural crest cells undergo apoptosis
in mutant Sox9 mice embryos (Scott et al., 2010). Once ventral neural crest cells have been
located in their final position, they differentiate into neurons. This differentiation is triggered
by the loss of Sox70 expression, while when Sox70 continues to be expressed in these cells
they differentiate into glia or oligodendrocytes, as reffered. In the absence of Sox70, no glia
or oligodendrocytes are generated (Mollaaghababa and Pavan, 2003). Finally, Sox2 is

turned on in Schwann cell precursors along nerves (Le et al., 2005; Parrinello et al., 2010).

1.4 SoxB genes

SoxB genes (Sox1, 2, 3, 14, 21) (Table 1) show diverse and dynamic patterns of
expression throughout embryogenesis and in a variety of adult tissue types. Sry is
expressed in the undifferentiated male gonad and is quickly downregulated once the decision
is made to initiate male development (Wright et al., 1995; Wunderle et al., 1996). Similarly,
the expression patterns of many of the other Sox family members throughout development
also appear to correlate with early cell fate decisions. For example, during the early
phases of neural induction in both mouse and chick, the neuroepithelium shows a
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dramatic up-regulation of Sox7 and Sox3 expression and a high level of Sox2
expression (Streit et al., 1997) but then, coincidentally with the differentiation of neural
precursors, expression of all three genes is rapidly downregulated. The three genes
therefore, seem to respond both to signals involved in neural induction as well as signals
which trigger the loss of potential and, thus, their expression largely defines the
uncommitted neuroblast population in mice. The expression of a particular Sox gene is not
necessarily restricted to a particular cell type or lineage. The expression patterns of SoxB
genes implicate that these genes play a role in establishing cell fates in various tissues,
implying that there must be alternative cooperating factors and different sets of target

genes for each SoxB gene (Table Il) (Pevny and Placzek, 2005).
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Table Il : Sox family members in CNS and PNS progenitor cells.

Sox group | Gene Species Location of expression of Sox factors involved in maintaining
progenitor fate
SoxB SoxB Amphioxus | Neural primordium
SoxB1 Sox1 Mouse Neural plate, proliferating progenitors of CNS throughout ontogeny
Drosophila | Proliferating progenitors of embryonic CNS
Neuroblasts of CNS
Sox2 Mouse Neural plate, proliferating progenitors of CNS throughout ontogeny
Chick
Xenopus Dr | Neural plate, proliferating progenitors of CNS and PNS throughout
osophila (Di | ontogeny
chaete)
Neural plate, proliferating progenitors of CNS and PNS throughout
ontogeny
Neuroblasts of CNS and midline glia
Sox3 Mouse Neural plate, proliferating progenitors of CNS throughout ontogeny
Chick
Xenopus Neural plate and embryonic proliferating progenitors
Neural plate and embryonic proliferating progenitors
SoxB2 Sox14 | Mouse Subclass of interneurons in the developing spinal cord
Chick Subclass of interneurons in the developing spinal cord
Sox21 Mouse Ventricular zone of the developing nervous system
Chick Ventricular zone of the developing nervous system
SoxE Sox9 Mouse Neural crest progenitors, crest derivatives of branchial arches
Chick Neural crest progenitors, crest derivatives of branchial arches
Xenopus Neural crest progenitors
Sox10 | Mouse Neural crest progenitors, melanoblasts and glia
Chick Neural crest progenitors, melanoblasts and glia
Xenopus Neural crest progenitors, melanoblasts and glia
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1.5 Sox2: a stem cell gene

Sox2 encodes a transcription factor protein that harbours a DNA binding HMG
domain. It is considered one of the key gene players for the regulation of pluripotency and
early embryonic development, and a determinant of cell-fate during development and
homeostasis. Sox2 is a member of the Sox (SRY-related HMG box) gene family. It is a single
exon gene that encodes Sox2, which belongs to the SoxB1 subgroup that also includes Sox1
and Sox3, based on homology within and outside the HMG box (Kamachi et al., 2000). HMG
domain of Sox2 regulates its target genes by being paired off with tissue specific partners.

Amaral and co-workers have reported that the Sox2 gene sequence is placed
downstream of a long noncoding RNA (ncRNA) sequence, termed Sox2 overlapping
transcript (Sox2ot). It is transcribed at the same orientation as Sox2 and its molecular and
biological function remains elusive. Sox2ot transcript is expressed in mouse embryonic stem
cells and in other tissues, including the nervous system where Sox2 is also expressed.
Furthermore, an isoform of Sox2ot (Sox2dot) located around to 500 bp upstream of Sox2
was detected exclusively highly in mouse brain (Amaral et al., 2009).

Embryonic Sox2 expression (Guth and Wegner, 2008) appears at morula stage in
mouse embryos, while maternal Sox2 protein accumulates in the cytoplasm of fertilized
oocytes and persists until the blastocyst stage (Figure 1A). Before the formation of definitive
neuroectoderm, Sox2 is expressed in the primitive ectoderm (epiblast) of the pre-streak
stage embryos in the mouse (Avilion et al., 2003b). During early gastrulation, expression of
Sox2 becomes restricted to the ectoderm destined to give rise to the neuroectoderm and
anterior surface ectoderm, whilst Sox2 expression is also maintained in the gut endoderm.
Lovell-Badge and co-workers demonstrated the importance of Sox2 in the formation of
multipotential cells of the embryo and the ExEn (extraembryonic endoderm) (Avilion et al.,
2003b). Furthermore, Sox2, along with the members of the B1 group Sox genes (Sox7 and

Sox3), is expressed within the developing neuroepithelium of vertebrate embryos where it is
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implicated in the maintenance of neuroepithelial cell character (Figure 1B) (Pevny and Lovell-
Badge, 1997) (Wood and Episkopou, 1999).

At E9.5 otocyst, Sox2 is expressed in the region in which neuroblast will delaminate
to form the statoacoustic ganglion. At E9.5, Sox2 is localized in all endoderm cells of the
undivided foregut. It is also expressed in the adjacent hindbrain. At E10.5 Sox2 is also
expressed and overlaps with Sox9 expressing cells found on two domains on the medial side
of the otocyst. However, Sox9 expression signal is relatively weaker in the ventral-medial
Sox2 expressing region than in the rest of the otocyst. At E12.5, Sox2 expression is marked
at the sensory primordia of the cristae, maculae and cochlear duct (Que et al., 2007). At this
stage, Sox2 is also expressed in developing lingual and palatine glands and in the foregut
giving rise to the esophagus, trachea and stomach (Que et al., 2009).

Sox2 plays a direct role in establishing the prosensory domain within the cochlea
where it is essential for the development of hair follicle cells. Sox2 blocks inner hair cell
formation in a dose dependent manner, suggesting that the relative ratio of Sox2 to Atoh1 is
important for the regulation of inner, and possibly outer, hair cell fate (Dabdoub et al., 2008).
Sox2 expression persists in adulthood, in brain areas where neural progenitor cells are
located. Neural stem cells (NSCs) in adult brain exist mainly in the subventricular zone of the
lateral ventricles and in the subgranular layer of the hippocampal dentate gyrus. Sox2 is an
essential factor for the maintenance of self-renewal capacity of adult NSC even when they

have acquired cancer properties in glioblastomas (Gnijatic et al., 2009).
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Oocyte Early Blastocyst Late Blastocyst Gastrulation

v

Adult brain Neural tube Neurulation

Figure 1. A) Sox2 expression during mammalian development. Maternal Sox2 protein (yellow)
from the oocyte is still dominant in the early blastocyst, although embryonic expression (red) in cells of
the inner cell mass (ICM) has set in. Note that Sox2 is nuclear in cells of the inner cell mass (ICM) and
cytoplasmic in trophoblast cells (T). In the late blastocyst, Sox2 occurs in epiblast (EB), but is absent
from the hypoblast (HB). Upon gastrulation, Sox2 becomes restricted to the ectoderm (EC) and is no
longer present in those cells of the epiblast that enter through the primitive streak (PS) to become
endoderm or mesoderm. Further confinement to the neuroectoderm (NE) occurs upon neurulation.
With the onset of differentiation in the neural tube, Sox2 is found in the ventricular zone (VZ), which
harbors the proliferating stem cell population. Stem cells in the adult brain retain Sox2 expression and
are predominantly found in the subgranular zone of the hippocampus (SGZ), the subventricular zone
(SVZ) of the lateral ventricles (blue) and the rostral migratory stream (RMS). B) Select populations of
mature neurons also express Sox2 proteins, as indicated by dots (kindly provided by E. Remboutsika,
blastocysts staining kindly provided by A. Avilion).
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1.6 Sox2: gain of function

Sox2 is zygotically expressed during the 2-cell stage and its expression increases
between the morula and blastocyst stages. Overexpression of Sox2 has little effect on the
ability of 2-cell embryos to cleave to the 4-cell stage. 15% of zygotically expressed genes are
dramatically repressed in 2-cell embryos overexpressing Sox2. Furthermore,
overexpression of Sox2 leads to developmental failure after the 2-cell stage but before the 8-
cell stage. The amount of Sox2 is critical for successful execution of this transition (Pan and
Schultz, 2011). Remarkably, overexpression of Sox2 decreases expression of its own gene,
as well as four other Sox2:0ct-3/4 target genes (Oct-3/4, Nanog, Fgf-4, and Utf1) in which
cells. Thus overexpression of Sox2 in ES cells would trigger their differentiation (Kopp et al.,
2008). As a result it has been speculated that the self-renewal of ES cells requires
that Sox2 levels be maintained within narrow limits. Thus, Sox2 appears to function as a
molecular rheostat that controls the expression of a critical set of embryonic genes, as well
as the self-renewal and differentiation of ES cells. Recent studies in this laboratory
demonstrated that overexpression of Sox2 in EC cells and ES cells leads to the suppression
of the promoter activity of five Sox2:0ct-3/4 target genes. Moreover, transient increases in
the expression of Sox2 in F9 EC cells were shown to reduce the endogenous expression of
Sox2 and Oct-3/4 mRNA, plus the mRNA for Nanog and two other Sox2:0ct-3/4 target
genes, Fgf-4 and Utf1 (Kim et al., 2008) (Figure 2). Sox2is a key gene that controls
transcriptional networks required for pluripotency (Pan and Schultz, 2011). Adult pluripotent
cells do not undergo all pluripotent characteristics typical for embryonic stem cells. Adult cells
could be completely reprogrammed to embryonic stem cell-like cells by overexpression of
some key transcription factors for pluripotency (Oct4, Sox2, Kif4 and c-Myc) (Geraerts and
Verfaillie, 2009). Overexpression of Sox2 results in the production of neurons, suggesting
that Sox2 is sufficient for the induction of neuronal fate in non-sensory epithelial cells
(Puligilla et al., 2010)

Sox2 overexpression both induces a proximal phenotype in the distal airways/alveoli
(Sasaki et al., 2012) and leads to cancer (Lu et al., 2010). Sox2 is amplified in a subset of
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squamous cell lung and esophageal cancers (Wilbertz et al., 2011). Increases in the
expression of Sox2 during brain tumour progression are likely to be linked closely with
changes in other critical genes that work in concert with Sox2 to enhance the tumorigenicity
of brain tumours (Medulloblastoma and Glioblastoma) (Cox et al., 2012). Finally, Sox2
overexpression does not affect the differentiation capacity of cultured ES cells, but it is
essential for the survival and maintenance of the pluripotent phenotype (Nichols et al., 1998)

(Niwa, 2000).
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Figure 2. Model of Sox2, Oct-3/4 and Nanog gene regulation. Sox2 is a central node in a
network of genes of embryogenesis as well as stem cell self-renewal and pluripotency. A) In normal
conditions Sox2 and Oct-3/4 activate transcription of all known Sox2:0ct-3/4 target
genes. B) Overexpression of Sox2 leads to inhibition of target gene expression.
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1.7 Sox2: Loss-of-function mutation

Mice carrying a loss of function mutation in the Sox2 locus have been generated by
the insertion of a Pgeo cassette into the Sox2 locus by Lovell-Badge and co-workers
(Zappone et al., 2000). Sox2 null embryos fail to form the epiblast and die at E5.5 (Figure 3)
(Avilion et al., 2003b). Episkopou and co-workers have engineered a similar transgene allele,
called Sox2P9°2, Sox2P9e02B9eo2 || mice show the same phenotype (Ekonomou et al., 2005).
Heterozygote mice derived from these two targetings are viable with mild fertility defects, with
no obvious phenotypic abnormalities reported, compared to wild type littermates.

Sylvia Nicolis and co-workers have engineered another Sox2 mutated allele called
Sox2P¢°AE (Ferri et al., 2004). This Sox2 allele has been generated by the combination of a

null mutation of Sox2 (Sox2P%°™) with a regulatory knock out mutation (Sox2¢¢@ENHdeltaneoy

which is obtained by deleting a neural-specific enhancer from the Sox2 locus. In this study, it
was indicated that Sox29¢@ENHdeltanee 51010 decreases the expression levels of Sox2, although
it does not abolish it completely. Neither the heterozygous mutant (Sox2P%°*), nor the
homozygous knock out mutants (Sox2PENPENY) show any pathology, with the exception of
some mild ventricle enlargement occasionally. This particular pathological phenotype is
mostly observed in Sox2P9%°PEN" compound heterozygotes, which express Sox2 at a
percentage of 25-30%, relative to the wild type expression, i.e. below the level of Sox2°°"*
heterozygote. Significantly, this suggests that Sox2 acts in a gradient dependant manner
(Ferri et al., 2004). Hypomorphic, i.e. partial loss of Sox2 function, Sox2 allele, in

SOXZBgeo/DENH

mutant mice, has been generated by Sylvia Nichols and co-workers (Cavallaro
et al.,, 2008) as referred. This hypomorphism of Sox2 causes neurodegeneration in the
cortical region and hippocampus due to the reduction of the neuronal progenitor proliferation
rate and consequently abnormal neuronal function in these areas, resulting in circling mice.
Hypomorphic Sox2 mutant mice have also been studied in the retina by Larysa Penvy and
co-workers, in which hypomorphic alleles (less than 40% activity) cause hypoplasia of optic
nerves and chiasmata and variable micropthalmia (Taranova et al., 2006). Similar phenotype

has been reported in Sox2/Oct-1 compound mutant alleles, which result in a complete failure
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of nasal placode induction and impaired induction of the lens placode resulting in
anophthalmia. Additionally, this phenotype resembles the one reported in Pax65®"
transgenic mice (Donner et al., 2007). Furthermore, in the hypomorphic Sox25¢""F mutant
embryos the placodes develop normally but taste buds fail to mature. They suggested that
Sox2 functions in a dose-dependent manner to regulate the differentiation of endodermal
progenitor cells of the tongue into taste bud sensory cells (Okubo et al., 2006). They showed

recently that Sox2 ablation, using Sox2>

null mice, at E14.5 causes reduction of wnt3a
expression in the cortical hem, which includes the hippocampal primordium, particularly in
posterior regions. In addition, at the same embryonic day, Shh mRNA is reduced in Sox2-

mutants in telencephalon and diencephalon but not in the midbrain and spinal cord (Favaro

et al., 2009).

2tm1 Lpev 2tm2Lpev 2tm3Lpev 2tm4Lpev)

Four conditional hypomorphic alleles (Sox , Sox , Sox , Sox
were also generated by Larysa Pevny and co-workers (Ellis et al., 2004) (Ellis et al., 2004;
Taranova et al., 2006). Using Cre mediated recombination for the removal of the floxed
sequence, which includes the promoter and the coding sequence (cassette flanked by a loxP
site in the Nhel site immediately after the 3 first bases of the Sox2 coding region), they
generated hypomorphic alleles for Sox2. The Sox2-EGFP, Sox2°°"°, Sox2'" and Sox2"®
respectively, termed alleles were initially used for the conditional knock out of Sox2 in the
retinal neural progenitors. Conditionally ablated Sox2 retinal progenitor cells lose the ability
to proliferate and terminally differentiate. Hypomorphic Sox2 allele, labeled
Sox2™2PV/Sox 2 1P T g(Pax6-cre, GFP)2Pgr, causes reduction of Sox2 expression up to
40% of Wt levels and results in variable microphthalmia at E13.5 embryos due to aberrant
neural progenitor differentiation and proliferation (Taranova et al.,, 2006). Hypomorphic
Sox2™**" allele was also used for the generation of transgenic mice expressing enhanced
green fluorescent protein (eGFP) under the control of the endogenous regulatory regions of

the Sox2 locus to prospectively locate neural stem/progenitor cells in vivo and in vitro (Ellis et

al.,, 2004). They also mentioned that inhibition of Sox2 signaling in chick results in the
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delamination of neural progenitor cells from the ventricular zone and their exit from cell cycle,
which is associated with the loss of progenitor markers and the onset of early neuronal
differentiation markers. The phenotype elicited by inhibition of Sox2 signaling can be partially
rescued by Sox7, providing evidence for the redundancy of SoxB1 proteins in CNS
progenitors. In the same study it was indicated that the conditional inhibition of Sox2
signaling in a chick’s developing brain gives rise to embryos recovered at Mendelian ratio at
all embryonic stages, but survived no longer than 12h postpartum (Graham et al., 2003).

Que and co-workers have used the Nkx2.5-Cre transgene and a floxed Sox2 allele in
order to delete Sox2 conditionally in the ventral epithelial domain of the early anterior foregut,
which gives rise to the future trachea and lung buds. They studied the Sox25CFP/COND
hypomorphic compound mutants which showed difficulties in breathing and die immediately
at birth with air in the stomach. All the Sox25°""" hypomorphic mutants also die soon after
birth, showing largely the same symptoms. They also observed that hypomorphic

SOXZEGFP/COND

mutants have isolated esophageal atresia (EA) or esophageal atresia
ftracheoesophageal fistula (EA/TEF), with variable penetrance (Que et al., 2007). Among
conditional mutants 60% of them have a short trachea. In the tracheal epithelium of all
conditional mutants there are significantly more mucus-producing cells compared with wild
type, and fewer basal stem cells, ciliated and Clara cells. Additionally, they observed that the
differentiation of the epithelium lining the conducting airways in the lung is malformed,
suggesting that Sox2 also plays a role in the differentiation of embryonic airway progenitors
into specific lineages. Conditional deletion of Sox2 was also used to study its role in adult
epithelium maintenance. Epithelial cells, including basal stem cells, lacking Sox2 have a
reduced capacity to proliferate in culture and to repair after injury in vivo. They combined two
hypomorphic Sox2 alleles (Sox25FPCONP nyl), generating compound mutant embryos in
which the level of Sox2 varied by 40-50%. Most mutant embryos have a short trachea due to
the shifting of the primary budding site of the lung anteriorly. Tracheal epithelium of mutant
embryos has a larger number of mucus-producing cells compared with wild type, and fewer

basal stem cells, ciliated and Clara cells. Additionally, differentiation of the epithelium lining
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the conducting airways in the lung is abnormal, suggesting that Sox2 also plays a role in the
differentiation of embryonic airway progenitors into specific lineages. They concluded that the
range of phenotypes they observed in posterior pharynx, trachea, esophagus, and fore
stomach acts in a dose dependent manner of Sox2 expression (Que et al., 2009).

Finally, Okuda and co-workers created a null allele, by breeding Sox2""" " mice with
the nestin-Cre transgenic mice to obtain Sox2™ " mice; the level of Sox2 mRNA in
homozygote E14.5 mutant embryos was decreased to about 5% of Wt levels. Replacing the
Sox2 ORF with IREShygTKpA cassette flanked by loxP sites created Sox2FL mice. They
showed that the loss of Sox2 causes enlargement of the lateral ventricles at E14.5 and a
decrease in the number of neurosphere-forming cells, but still Sox2 mutant neural stem cells
retained their stem multipotency and self-renewal capacity. They concluded that the
expression levels of Notch1, Hes1, and Hes5 in the forebrain and in neurospheres were
essentially unaffected by loss of Sox2 expression. Phenotype observed in Sox2 targeting
mutants suggest that it acts as a cell-intrinsic regulator that coordinates together with the
microenvironment through various signaling pathways to regulate neural stem cell
maintenance, self-renewal, and fate determination in both the embryonic and the adult
nervous system (Ferri et al., 2004). Figure 4 summarizes all of the above Sox2 conditional
alleles. It is worth to note that in all cases Sox2 sequences are missing, they lack a reporter
and it is not mentioned of any effects in possible regulatory element of the locus, such as in

the Sox2ot and miR1897 expression.
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Figure 3. Sox2°9°° mutant embryos lack epiblast. Histological analysis of 6.0-dpc embryos
from Sox2"%° intercrosses. Normal (left) and full knock-out (right) embryos. Sections were stained with
haemotoxylin and eosin (H & E). Scale bar: 50um (reprinted from Avilion et al., 2003).
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1.8 Sox2 role in reprogramming to Induced pluripotent stem (iPS) cells
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Somatic cells have been reprogrammed into pluripotent stem cells after the
introduction of a combination of several transcription factors, such as Oct3/4,Sox2, Kif4 and
c-Myc. From a patient's somatic cells could be a useful source for drug discovery and cell
transplantation therapies. However, most human iPS cells are made by viral vectors, such as
retrovirus and lentivirus, which integrate the reprogramming factors into the host genomes
and may increase the risk of tumour formation. Several non-integration methods have been
reported to overcome the safety concern associated with the generation of iPS cells, such as
transient expression of the reprogramming factors using adenovirus vectors or plasmids, and
direct delivery of reprogramming proteins. Although these transient expression methods
could avoid genomic alteration of iPS cells, they are inefficient. Several studies of gene
expression, epigenetic modification and differentiation revealed the insufficient
reprogramming of iPS cells, thus suggesting the need for improvement of the reprogramming
procedure not only in quantity but also in quality.

Regenerative medicine using pluripotent/multipotent stem cells holds a great promise
in developing therapies for treating developmental abnormalities, degenerative disorders,
and aging-related illness. However, supply and safety of the stem cells are two major
problems with today's regenerative medicine. Recent development of induced pluripotent
stem cells (iPSCs) has overcome the supply shortages by allowing the reprogramming of
patients' body cells to embryonic stem cell (ESC)-like pluripotent cells. Still, the potential
tumorigenicity of iPSCs remains as an obstacle. During early embryogenesis ESCs can be
generated without tumour formation; therefore, understanding the mechanisms underlying
ESC generation may help us to prevent iPSC tumorigenicity. Previous studies have shown
that an ESC-enriched noncoding RNA, miR-302, induces somatic cell reprogramming (SCR)
to form iPSCs, suggesting its pivotal role in stem cell generation. Recent research further
revealed that miR-302-induced SCR involves an epigenetic reprogramming mechanism
similar to the natural zygotic reprogramming process in the two- to eight-cell-stage embryos.
These findings indicate that miR-302, as a cytoplasmic gene silencer, inhibits the translation
of multiple key epigenetic regulators, including AOF1/2, methyl-CpG binding proteins 1 and
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2, and DNA (cytosine-5-)-methyltransferase 1, to induce global DNA demethylation, which
subsequently triggers the activation of the previously defined factors Oct4, Sox2, and Nanog
to complete the reprogramming process. The same mechanism was also found in the event

of somatic cell nuclear transfer.

1.9 Application of a novel strategy of engineering conditional alleles to a

single exon gene, Sox2

Intronless (single exon) genes are thought to be evolutionary innovations, whose
formation via reverse transcription mediated mechanisms represents an important route of
evolution for tissue-specific functions in animal cells (Brosius and Gould, 1992; Kamachi et
al., 2009). Approximately 12% of the human and 13.4% of the mouse protein-coding genes
are intronless (Gentles and Karlin, 1999; Sakharkar et al., 2006; Sakharkar et al., 2005;
Venter et al., 2001), and include genes that encode for regulatory proteins and components
of signal transduction pathways (Hill and Sorscher, 2006), histones (Friend et al., 2007;
Huang and Carmichael, 1997; Maquat and Li, 2001; Medlin et al., 2005), G Protein-coupled
Receptors (Gentles and Karlin, 1999) and transcription factors such as the Sox (SRY-related

HMG box) family (Elkouris et al., 2011; Remboutsika et al., 2011a; Schilham et al., 1993).

Sox2 is a well-characterized and important example of a single exon gene. It pairs
with tissue-specific partners (Kirby et al., 2002) to impart and maintain pluripotency
(Behbahaninia et al., 2011) and multipotency (Remboutsika et al., 2011a; Yoon et al., 2011)
during development and homeostasis (Parrinello et al., 2010). Sox2 null embryos fail to form
the epiblast and die at E5.5 (Avilion et al., 2003a). However, even reduction in Sox2 levels
to 25-30% relative to the wild type leads to pathological phenotypes in mice. These include
neurodegeneration in the cortical region and hippocampus (Cavallaro et al., 2008),
hypoplasia of optic nerves and chiasmata and variable microphthalmia (Taranova et al.,
2006), failure of nasal placode induction (Donner et al., 2007), failure of taste buds to mature

(Okubo et al., 2006), malformation of the epithelium lining the conducting airways in the lung
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(Que et al., 2007), enlargement of the lateral ventricles at E14.5 (Ferri et al., 2004), and

immature differentiation of cochlea hair follicles (Dabdoub et al., 2008) as referred above.

From a gene structure standpoint, Sox2 presents a complex locus rich in genetic
elements, including an overlapping transcript (Amaral et al.,, 2009), a putative microRNA
(Griffiths-Jones et al., 2006), and a CpG island (Alonso et al.; Barrand et al.; Barrand and
Collas) (Farthing et al., 2008). The combination of a well-conserved compact locus with
overlapping transcripts and regulatory elements (Funabashi et al., 2010; Iwafuchi-Doi et al.,
2011; Miyagi et al., 2006; Miyagi et al., 2004; Sikorska et al., 2008; Tomioka et al., 2002;
Wiebe et al., 2000), together with the apparent need to maintain proper levels of Sox2 for
organogenesis and homeostasis, underscore the difficulties associated with designing
conditional alleles for Sox2. We hypothesized that developed method for generating
conditional alleles — Conditional by Inversion (COIN) — might present a better choice over
simple floxing of Sox2, and generated the corresponding conditional-null allele, Sox2°°™™.

29N allele starts as wild type, and it is

We show that this method is successful in that the Sox
converted into a null by the action of Cre, at which point, the expression of Sox2 is replaced
by that of a marker, eGFP. This work indicates that the COIN method can be applied to

single exon genes and provide a new design modality that can be adopted for other genes

like Sox2.
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Objective

Sox2 is a single exon gene essential for pluripotency, embryonic development and
adult life. During early development, Sox2 is required for the formation of the epiblast and the
multipotent lineages in the early embryo. However, its role in stem cells is still elusive. Here,
we performed a surgical ablation of Sox2 in the epiblast using a novel Conditional by

Inversion Sox2 allele (Sox2°°™) to study the role of Sox2 in stem cells.
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2.

Materials and Methods
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2.1 Gene Targeting

2CONneo’ g cells were generated using VelociGene™ methodology,

Targeted Sox
essentially as described (Valenzuela et al., 2003). Briefly, the BAC-based targeting vector
was assembled on bacterial artificial chromosome (BAC) RP23_406a6 that encompasses
the single protein-coding exon of Sox2 flanked by approximately 95 and 71 kb upstream and
downstream, respectively. The COIN module intron was introduced by bacterial homologous
recombination (Zhang et al., 1998) after the 30™ nucleotide of Sox2’s coding region (i.e.

coordinate 34549367 on Chromosome 3, as annotated on Ensembl release 67), splitting the

single coding exon of Sox2 into two exons of 441 bp and 2016 bp respectively (Figure 5B).

2.2 Experimental Animals

Sox2°°Nneo mice were bred with Tg(ACTB:FLPe) mice (Flp-deleter mice) to excise
the Neo cassette and generate Sox2°°N* Tg(ACTB:FLPe) mice. These were bred with

2°9N* mice were in turn bred

C57BL6 mice to bring the Sox2°°™ allele into the germline. Sox
with Tg(Sox2:CRE) mice to generate Sox2°°™™* mice. All animals were handled in strict
accordance with good animal practice as defined by the Animals Act 160/03.05.1991
applicable in Greece, revised according to the 86/609/EEC/24.11.1986 EU directive
regarding the proper care and use of laboratory animals and in accordance to the Hellenic
License for Animal Experimentation at the BSRC “Alexander Fleming” (Prot. No.

767/28.02.07) issued after protocol approval by the Animal Research Committee of the

BSRC “Alexander Fleming” (Prot. No. 2762/03.08.05).
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2.3 Embryo processing, tissue preparation and histological analysis

For staging of the embryos, midday of the vaginal plug was considered as embryonic
day 0.5 (E0.5). E6.5 decidua and E14.5 embryos were collected and dissected in cold PBS.
Tissues were fixed with 10% formalin for 24 hours at room temperature and then washed
several times with 1% PBS, then placed in embedding cassettes. Paraffin sections (10 pm)
were stained with Hematoxylin and Eosin (H&E) using standard procedures and mounted
with xylene based mounting medium. E14.5 Sox2°%*°?* |acZ staining was performed

following standard protocol (Avilion et al., 2003a).

Deciduas were removed from pregnant female mice and placed in a petri dish
containing  fresh DMEM medium (Gibco)  supplemented  with  antibiotics
(penicillin/streptomycin). Embryos were harvested and fixed with 4% PFA overnight at 4°C
and thoroughly washed with 0.12M phosphate-buffered saline (PBS) pH 7.5. Fixed embryos
were incubated with 20% sucrose overnight at 4°C for cryoprotection before they were
embedded with O.C.T. compound (VWR International), snap-frozen in dry ice and finally
stored at -80°C. Sagittal sections were prepared using cryostat. Cryosections (10-12 pm
thick) were collected on Superfrost Plus microscope slides (VWR International) and stored at
-20°C before analysis. For In Situ Hybridization, embryos were fixed overnight in PFA 4% in
PBS then rinsed three times in PBS/Tween (0.1%) followed by three times wash in methanol
before storage at -20°. Conventional bright field and fluorescence microscopy was performed

under a Leica MZ16FA stereoscope.

24 Genotyping

Tail, yolk sack or embryonic tissues were isolated and processed according to

previously described methodology. Deletion of the EM7p-neo-polyA FRT-flanked (FRTed) in
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the germline dual-purpose antibiotic/drug selection cassette by FLP recombinase was
documented by genotyping PCR from adult mice tails. Neo gene was amplified with Neo Frw
(5'-CTGAATGAACTGCAGGACGA-3’), Neo Rvs (5-ATACTTTCTCGGCAGGAGCA-3)
(172bp); FLPe with FLP Frw (5-GAGAAGAACGGCATAGTGCG-3’), FLP Rvs (5-
GACAAGCGTTAGTAGGCACAT-3’) (600bp). Genomic DNA from E14.5 embryos was
isolated from yolk sack. In E6.5 embryos genomic DNA was isolated, under the
stereoscope, by carefully scraping off glass slides after staining with H&E and mounting.
Detachment of cover slides was done by embedding mounted slides in xylene. Detection of

SOX2C0|N/+

mice that carry the assay for the COIN cassette was performed using the following
set of primers: 5 end primer combination (338 bp), INVdiaF2 (F2): 5
CACTTTCTACTCTGTTGAC 3, INVdiaR2 (R2): 5 CCTTACATGTTTTACTAG 3, 3 end
primer combination (470 bp), INVdia(eGFP).F3 (F3): 5CTGAAGCACTGCACGCCGTAG 3,
INVdia.R4 (R4): 5 CTCAGAGTATTTTATCCTCATCTC 3’ (Figure 6a). PCR amplification of
COIN cassette in mice and embryos E6.5 and E14.5 was also performed with the following
primers: Sox2401F Frw: 5 GCGCGCATGTATAACATGATGGAGAC 3, R2*R ¥
TTCCTCCTCTCCTGACTACTCCCAGT 3 (465bp). PCR amplification of Sox2 in WT and
heterozygous mice was performed with the following primers: Sox2401F Frw: 5
GCGCGCATGTATAACATGATGGAGAC 3, Sox21050R Rvs: 5
TAGGTCTGCGAGCTGGTCATGGAGTT 3’ (650 bp). Sox2™* mice and embryos that carry
inverted COIN cassette, were genotyped with INVdiaR2 (R2), INVdia.R4 (R4) (600bp) and
INVdiaF1: 5 GTTTTCAGGGTGTTGTTTAG 3’, INVdia(eGFP).F3 (F3) (300bp) set of primers.
Sequences for PCR amplification of Tg(Sox2-cre) and Sox2°%*°? were found in MGI (ID:
103270 and 1915777 respectively). All PCR reactions were performed using 0.2 U/uL Taq
Polymerase, standard PCR conditions, and 1 M betaine. All PCR reactions were performed
in a BioRad C1000 thermal cycler. PCR conditions for Sox2 WT and Sox2COIN cassette are:

92°C for 60 sec 1 cycle, 92°C for 30 sec 35 cycles, 55°C for 30 sec, 72°C for 45 sec, 72°C

for 240 sec 1 cycle, 10°C for 1 cycle and room temperature/shut off hold.
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2.5 Imaging analysis

Conventional bright field and fluorescence microscopy was performed under a Leica
MZ16FA stereoscope, while the dissection of the embryos took place either in 1X cold PBS
or in DMEM medium supplemented with 2mM glutamine and 0.5mM penicillin and

streptomycin.

2.6 Western Blotting

E14.5 embryos were lysed by sonication and the resulting pellets were washed with
PBS and dissolved in cold buffer A (20mM Tris-HCI, 420Mm NaCl, 0.2Mm EDTA, 0.5mM
DTT, 25% glycerol, 0.5mM PMSF, 1.5mM MgCI2, 0.5% NP40). Incubation at 4°C for 15min
and centrifugation for 15 min at 10,000xg followed. The supernatant was recovered and the
protein concentration was determined by BCA Protein Assay Reagent (bicinchoninic acid)
according to the instructions of the manufacturer (Thermo Scientific Pierce BCA Protein
Assay Kit). Proteins (50ug per lane) were separated on 10% SDS-polyacrylamide gel,
transferred to nitrocellulose membrane and membrane was blocked in western blot blocking
buffer (5% milk, 10mM Tris-HCI pH7.6, 0.15mM NaCl, 0.05% Tween-20) for 2h at RT,
incubated o/n with the primary antibody at 4°C. Sox2 rabbit Polyclonal IgG, goat anti-GFP
polyclonal antibody (Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA) and goat -actin
polyclonal antibody (Cell Signaling Technology, Inc, Danvers, MA, USA) were used (1:1000).
After extensive washing in TBST.1 (10mM Tris-HCI, 0.15mM NaCl, 0.1% Tween-20), goat
anti-rabbit HRP conjugated secondary antibody was applied (1:10,000) for 2h at RT.
Proteins were visualized by chemiluminescence detection using ECL (Cell Signaling

Technology, Inc., Danvers, MA, USA).
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2.7 RNA analysis

RNA was extracted from E14.5 mouse embryos and subjected to Tagman. Real-time
PCR analysis typically, Gapdh was used as a control house-keeping gene, although analysis
was also performed using Cyclophlin and B-actin with similar results. For miR1897 analysis,
miR16 and Sno135 were used as internal controls. All probes are hydrolysis probes with 5'
Fam Fluorophore and 3' quencher (BHQ) (Biosearch Technologies). Probes codes and
sequences for each gene are: for mSox2, Applied Biosystems, Inc, TagMan assay ID:
MmO00488369 s1, for mSox2ot, Applied Biosystems, Inc, TaqMan assay ID:
Mm01291217_m1, for Lac-Z, FRW: TTTCAGCCGCGCTGTACTGGA, RVS:
TGTTGCCACTCGCTTTAATGATG, for eGFP: FRW: TCTTCA AGTCCG CCATGCCCG,
RVS: CTACCCCGACCACATGAAGC, for miR1897: Applied Biosystems, Inc, TagMan assay,

Probe sequence: 121199.

2.8 RNA In Situ Hybridization

RNA Probes for in situ hybridization reactions were prepared by PCR. PCR reaction
mix was composed of 1 ug buffer, 1ug DNA, 2ul 0.1M DTT stock  10mM, 1yl RNAsin
(40units/ pl) Promega, 2ul 10x Dig mix (Boehringen) 1x=1mM for A, C, G + 0.55mM UTP or
0.35mM dig UTP, 4ul 5x Tc buffer (Promega), Dep C H20 and 2ul RNA polymerase

(Promega) T3, T7, Sp6.

Reaction (Wilkinson, 1995) took place at 37°C for 2 hours and then DNA was
checked on an RNAse free gel/cold (cold cabinet or on ice), 150mA for 10 - 30min, in an
agarose gel with TBE. After running 1yl of reaction, DNA was denatured with 7ul formamide
at 80°C for 3min and then 2ul DNAse (RNAse free) were added (Promega) and finally
incubated them at 37°C for 15min. Volume was brought up to 50ul and probe was purified
through an RNA purification column (Clonetech) (chromaspin column) (100) and checked in
gel again (1pl) and the integrity of the probe was tested in an agarose gel.
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3. Results
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3.1 Generation of the Sox allele

Sox2 (ENSMUSG00000074637) is a single exon gene encoding a 319 amino acid
protein. The Sox2 locus contains several features that render it complex from the standpoint
of engineering modified alleles (Figure 5A). To begin with, Sox2’s proximal promoter and
coding region comprise a CpG island (Kirby et al., 2002). Furthermore, the Sox2 exon is
contained with the intron of a long non-coding RNA (ncRNA), termed Sox2 overlapping
transcript (Sox2ot) or "non-protein coding RNA 43", which also contains mmu-miR1897
(miR1897) (Griffiths-Jones, 2006). SoxZ2ot is transcribed from the same strand as Sox2 but
its molecular and biological functions remains elusive. SoxZ2ot transcript is expressed in
mouse embryonic stem cells and in other tissues, including the nervous system, where Sox2
is also highly expressed (Fantes et al., 2003), while an isoform of Sox2ot, Sox2dot, located
around 500 base pairs upstream of Sox2, was detected exclusively in adult mouse brain
(Amaral et al., 2009). Because of this complexity, Sox2 is a challenging locus to apply
conditional mutagenesis, and therefore presents a stringent test for new methods of allele

design, such as COIN.

The COIN method relies on an optimized gene trap-like element, referred to as the
COIN module (Economides et al., 2012). The COIN module is comprised of a 3’ splice
region-reporter cDNA-polyadenylation region optimized to function as an efficient
transcriptional block, and it is flanked by Lox71 and Lox66 sites are in a mirror image
configuration to enable Cre-mediated inversion (Albert et al., 1995). In order to generate
conditional-null alleles, the COIN module is placed in a position antisense to the target gene,
either within a native intron, or an exon. The latter is made possible by embedding the COIN
module within an artificial intron — the COIN module intron — and using that intron to split the

target exon into two operational halves (Economides et al., 2012).
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To generate Sox2°°"", the COIN module intron was inserted directly into the single
exon of Sox2 (Figure 5B), after the 30" nucleotide of Sox2’s open reading frame, splitting the
single Sox2 exon into two exons. The COIN module lies inertly within the antisense strand of
Sox2, stealth to transcription. Upon Cre-mediated inversion into the sense orientation, the
Sox2°°™N allele is converted into a null allele, Sox2™¥. This is accomplished by the COIN
module abrogating transcription of full length Sox2, effectively replacing it with expression of
the COIN module’s eGFP reporter. The expression of eGFP in place of Sox2 is controlled by
Sox2's promoter and regulatory elements, and enables visual identification of the inversion
event at the tissue and cellular level. The functionality of the allele was assessed in vivo in a
series of experiments that assessed whether Sox2°“V is a truly wild type allele, and whether

INV/INV
2

Sox recapitulate the null phenotype, while providing a useful marker that faithfully

reproduces the expression profile of Sox2.
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Figure 5. Targeting strategy generating a COIN allele of Sox2. A) Schematic representation of the
mouse Sox2 locus indicating the relative location of the exon on chromosome 3, as well as that of
mir1897, the non-coding RNA Sox2ot, and CpG islands in the genomic region. The degree of
conservation of the locus sequence between mammalian species (ECRSs) is indicated. Adapted from
http://genome.ucsc.edu. B) Schematic representation of the Sox2°° allele. The COIN module intron
is inserted after the 30" nucleotide of Sox2's coding region (i.e. coordinate 34549367 on Chromosome
3) splitting the single exon of Sox2 into two exons and also dividing the CpG island. The COIN
module is comprised of an optimized gene trap-like element composed of the 3’ splice region of the
rabbit beta globin gene (HBB_RABIT), followed by eGFP (lacking an initiating ATG) and the
polyadenylation region from HBB_RABIT, all placed in the antisense strand. The COIN module has
been flanked with Lox771 and Lox66 sites in a mirror image orientation, thereby enabling inversion by
Cre. For BHR and targeting, a FRT-flanked neo cassette has been incorporated into the COIN intron.
After targeting, neo is removed to give rise to the Sox2°°" allele. The COIN module is antisense to
Sox2, and hence it predicted not to interfere with expression of Sox2. However, after inversion of the
COIN module to the sense strand, transcription terminates around the polyadenylation region of the
COIN module, and as a result expression of Sox2 is replaced by eGFP.
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3.2  Sox2°“Vis wild type in homozygosis

2°9*intercrosses were born in Mendelian ratios and no lethality was

Offspring of Sox
observed in embryos, newborn pups and adults (Table Ill). Homozygote mice fed normally,
showed no abnormal behaviour and they had normal weight in adulthood (data not shown).

+/+

QCOIN* mice showed that the

, and SOXZCOIN/COIN

Macroscopic analysis of E14.5 Sox2™", Sox
COIN module does not affect normal embryonic mouse development (Figure 6C). These
phenotypic observations are further corroborated by the result that Sox2°°MPeeo? Eg 5
embryos were morphologically indistinguishable from Sox2"* or Sox2f9°?* embryos derived
from a Sox2f%%°?* with Sox2°°"™CON cross (Figure 6B, F), where Sox2%9*°?is a null allele of
Sox2 (Avilion et al., 2003a) (see below). Furthermore, examination of Sox2 mRNA (Figure
6F) and Sox2 protein (Figure 6H) expression levels show no apparent difference between
the three genotypic classes, Sox2"*, Sox2°°™* and Sox2°°™CO'N demonstrating that the
COIN module has no effect on the expression of Sox2. Thus, by all of these criteria —

heritability, phenotype, expression of mRNA and protein —Sox2°°V behaves as a wild type

allele.

3.3 The expression of Sox2ot and miR1897 are unaffected in Sox2°°V¢9N mice

To assess whether the COIN module affects Sox2ot RNA expression, we isolated RNA
from E14.5 mouse embryos from different intercrosses and quantified Sox2ot RNA levels by
Tagman Real-Time PCR analysis (Figure 6G). No significant difference was detected in the
expression of Sox2ot in Sox2"*, Sox2°°* and Sox2°°C9N demonstrating that the COIN
module has no effect on the expression of Sox2ot, at least prior to inversion. Identical

observations where made for miR1897, which is embedded in Sox2ot (Figure 6H).
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3.4  Sox2°°Vis efficiently inverted by Cre to generate Sox2™V

To assess whether we could trigger COIN inversion upon Cre expression, Sox2°9"™*

adult mice were intercrossed with Sox2Tg (Sox2:CRE) transgenic mice to generate Sox2""""*

embryos and adult mice (Figure 6D, E). In contrast to the partial infertility phenotype that has

+ +
ZBgeOZ/ 2/NV/

been observed with Sox mice (Avilion et al., 2003a), Sox adult mice exhibited no

obvious phenotypes and transmitted the inverted allele in Mendelian ratios (Table V),

2IN v

irrespective of whether the Sox allele is transmitted via the male or female germline (data

+
2IN V/-

not shown). More importantly, E14.5 Sox embryos (Figure 6E) displayed vivid eGFP

expression in the cerebral cortex, retina, olfactory bulb, hair follicles, olfactory epithelium and
spinal cord (Figure 6E), mirroring what has been observed with X-gal stained E14.5

Sox2P*°?*embryos (Ekonomou et al., 2005). In addition, the presence of eGFP protein can

+
2IN V/-

be detected by Western blotting in protein extracts derived from Sox embryos, and

appears to be accompanied by a reduction in the levels of Sox2 protein, similar to what has

ZBge02/+

been observed in the Sox embryos (Figure 6l).
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Figure 6. Sox2 is a functional conditional allele. A) Efficient removal of the neo cassette by
Flpe recombinase to generate a Sox2°°™* allele. Sox2"* (lane 1), Sox2°°™* (lane 2), Sox2°°"™CON
(lane 3), Sox2™* (lane 4), Sox2"9°°?* (lane 5) E14.5 mice. PCR genotyping of (1) Sox2"*, (2)
Sox2°™* Tg(ACTB:FLPe), (3) Sox2°°N"* (4) Sox2°°™*. B) PCR genotyping of Sox2"* (lane 1),
Sox2°°N* (lane 2), Sox2°0MNeoN (lane 3) (genomic DNA from tail biopsies). C) E14.5 Sox2C0MNeoN
embryos are morphologically indistinguishable from Sox2"* and Sox2°°"™"*. D) Efficient inversion of
the COIN module to generate Sox2™* mice. PCR-based genotyping of (1) Sox2"* and (2) Sox2™"*
(genomic DNA from tail biopsies). F, G) Sox2 and Sox2ot gPCR analysis in Sox2™"*, Sox2°°™",
Sox2°OMNCOIN " 5ox2P0%* and Sox2™"* E14.5 embryos. Cyclophilin was used as a control label. Data
are presented as the mean+SEM (n=3-6) for each genotype. The COIN module does not affect
expression of Sox2 prior to inversion. Additionallly, the COIN module does not appear to affect the
expression level of Sox2ot either in Sox2°9MNCON o in Sox2™MV* embryos. H) MiR1897 qPCR analysis
in Sox2"*, Sox2°°™N* Sox2P°ONCON  5ox2P9%°%* and Sox2™* E14.5 embryos. 1) Sox2 protein
analysis. Western blot showing Sox2 and eGFP protein detected with specific antibodies in whole
protein extracts from Sox2"*, Sox2°°N*, Sox2O™NCON  Sox 2902 and Sox2™* E14.5 embryos. The
COIN module does not affect Sox2 protein levels prior to inversion.
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3.5 Sox2™is a null allele of Sox2

Mice carrying a loss of function mutation in the Sox2 locus have been generated by
the insertion of a Bgeo cassette into the Sox2 locus (Sox2P (Avilion et al., 2003a), and
Sox2P9°°? (Ekonomou et al., 2005)). Upon homozygosis, both alleles yield Sox2-null embryos
that fail to form the epiblast and die around implantation. To test whether Sox2™“/V
phenocopy Sox2P9e02k9e02 \we performed Sox2™"* intercrosses (Table V). No Sox2™NVNV
offsprings were born. More specifically, Sox2™™" mutants failed to survive shortly after
implantation (Figure 71), phenocopying Sox2°9%P9° and Sox2P9°°?P9°2 embryos. Only
Sox2"* and Sox2™”* embryos reach the embryonic stage of E6.5 (Figure 7A, G).
Histological examination of whole decidual swellings harvested at 6.5 dpc revealed that 25%
of deciduas carried abnormal implants, which had no egg cylinder structure and lacked the
epithelial cells typical of epiblast (Figure 71). Instead, many trophoblast giant cells could be

identified (Figure 7C, H, 1). The same phenotype is observed in Sox2™Vfoeo2

embryos
(Figure 7H). These results demonstrate the failure of Sox2™™" embryos to develop an
epiblast similarly to the Sox2P9°°#9° and Sox2P9e°#P9e°2 muytants. Thus, the inverted COIN

cassette generates a true Sox2 null phenotype.
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200 pm

Figure 7. Sox2™ is a null allele. Histological analysis of 6.5-dpc embryos from Sox2Peo?,
Sox2°9™* - Sox2™* intercrosses.  Sox2* A), Sox2P°?* B), Sox2°°* D), Sox2°°NCON E)
Sox2°9NFee2 £y and Sox2™* G) are all phenotypically normal. In contrast, Sox2™"" |y and
Sox2NVkgeoz H) embryos form disorganized extraembryonic tissues, but fail to form the epiblast,
effectively phenocopying Sox2 P9%°#9¢°2 ¢)  and displaying the phenotype previously described for
Sox2 homozygous-null embryos. Sections were stained with hematoxylin and eosin (H & E).
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Table IIl. Analysis of progeny from Sox2°°* intercrosses”

Genotypic distribution in live progeny*

Live Dead Sox2”"  Sox2°9™" Sox2®9MCON

Age No No No (%) No (%) No (%)

P21 95 O 27 (25%) 40 (50%) 28 (25%)

Genotyping of Sox2°°N* heterozygous intercross progeny
#Data collected from mice in C57BL6 background

*Genotypes were assessed by PCR of genomic tail DNA
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Table IV. Analysis of progeny from Sox x Sox2"* intercrosses”

Genotypic distribution in live progeny*

Live Dead Sox2™"* Sox2™*
Age No (%) No (%) No (%) No (%)
E6.5 17 0 9 (53%) 8 (47%)
P21 73 0 40 (55%) 33 (45%)
Genotyping of Sox2™* heterozygous intercross progeny

*Data collected from mice in C57BL6 background

*Genotypes were assessed by PCR either from tail biopsies or whole embryos
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Table V. Analysis of progeny from Sox2™"* x Sox2'"'"* intercrosses”

Genotypic distribution in live progeny*

Live Dead Sox2™V"* Sox2™VINV Sox2*"™*
Age No No (%) No (%) No (%) No (%)
E6.5 18 6 (33%) 5 (28%) 0 7 (39%)
P21 43 0 (0%) 21 (49%) 0 22 (51%)

Genotyping of Sox2™* heterozygous intercross progeny
*Data collected from mice in C57BL6 background

*Genotypes were assessed by PCR either from tail biopsies or embryo tissue
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3.6 Epiblast inverted Sox2™V* ™ and Sox2™Vmesaic mytants exhibit multiple

embryonic defects

Sox2 null mutants (Sox2P9®° Pe° ang Sox2P9e0? B9e02) are embryonic lethal around
implantation (Avilion et al., 2003a; Ekonomou et al., 2005), thus masking the role of Sox2 in
the generation of tissue-specific stem cells during development and homeostasis. We made

use of the novel conditional by inversion technology to generate a Sox2°°™

allele, taking into
account the challenges of the Sox2 locus, in that its proximal promoter and coding region are
entirely contained within a CpG island, and are also spanned by an overlapping transcript,
Sox20t, which contains mmu-miR1897. The inverted COIN allele of Sox2, Sox2™ is
functionally null, as homozygotes recapitulate the phenotype of Sox2P9% P and Sox2™NV/ Baeo
embryos (Mandalos et al., 2012). In our previous work we generated epiblast inverted
Sox2™*  mice by Sox2°°™N* with Tg(Sox2CRE) intercrosses (Hayashi et al., 2002a, b;
Hayashi et al., 2003; Vincent and Robertson, 2003). First, we wondered whether epiblast
inverted null mice were viable, so we performed Sox2°°™* (males) with Sox2°9e°?"*
;Tg(Sox2Cre) (females) intercrosses. The Tg(Sox2CRE) transgene is active in the female
germline, as it has reported to exist in the cytoplasm of the mouse female gametocyte.
Consequently, all offspring that arise from female mice heterozygous for the Tg(Sox2CRE)
transgene have demonstrable Cre activity, irrespective of whether they inherit the transgene
itself (Hayashi et al., 2003). The Tg(Sox2CRE) mouse exert efficient Cre-mediated
recombination in the epiblast, but not in extraembryonic tissues (Hayashi et al., 2002c, d;
Hayashi et al., 2003; Vincent and Robertson, 2003). Excision of the floxed sequences by
Tg(Sox2CRE) mice efficiently results in the visualization of e GFP in the epiblast (Figure 8).

Analysis of the progeny showed that Sox2P%°?™V embryos were not born confirming that

Sox2™V to Sox2P9°? intercrosses (Table V1) leads to embryonic lethality.

Epiblast is destined to derive all multipotent lineages in the mouse embryo. To study the

role of Sox2 in tissue-specific stem cells, we generated a conditional loss of Sox2 function
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mutation in the epiblast using Sox2°°™ X Tg(Sox2CRE) mouse intercrosses. We first

performed intercrosses between Sox2°°™*

males with Tg(Sox2CRE) females to generate
Sox2™"* and Sox2™V*;Tg(Sox2CRE) adult progeny. Sox2 is known to function as a cell fate
determinant (Yamaguchi et al., 2011), so we harvested embryos derived from these crosses
at E11.5, when organogenesis starts. Heterozygote E11.5 Sox2™"* embryos do not show
A

any obvious abnormalities and are indistinguishable from control Sox2°°"°°N and Sox2

littermates (Figure QAi-iii)..
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Table VI. Analysis of progeny from Sox2°°™* x Sox2°**°*|Tg(Sox2:CRE) intercrosses”

Genotypic distribution in live progeny

Live Dead Sox2™" Sox2%°™* Sox2Pt Sox2™" Sox2P™Y Sox2™/ Tg(Sox2:CRE)

Age No (%) No (%) No (%) No (%) No (%) No (%) No (%) No (%)

P21 27(100%) 0 19(70.3%) 0 6(22.2%)  1(3.75%) O 1(3.75%)

*Data collected from mice in CBAXC57 (F1) background

*Genotypes were assessed by PCR either from tail biopsies or from embryonic yolk sac or whole embryos.
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Figure 8. Sox2 is expressed in the epiblast. Sox2 E6.5 embryos show normal
morphology compared with Sox2+/+ E6.5 embryos. eGFP field shows that Sox2 is only expressed in
the embryonic stem cells of the epiblast, which give rise to the three embryonic germ layers, and not in
the extraembryonic tissue cells.
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Additionally, E11.5 Sox2™"* embryos express eGFP precisely at the areas where Sox2
has been previously reported to be expressed (Avilion et al., 2003a) (Figure 9Avi). Sox2™V"*
adult mice are fertile, feed normally, have normal body weight and normal lifespan. Thus,
heterozygote Sox2™"* mice, which theoretically express 50% of Sox2, show the same
phenotypic properties during embryogenesis and adulthood as heterozygote Sox2P9°%*, Until

2™"V™ adult male mice do not show infertility problems as Sox2P9e°%*

now, heterozygote Sox
micehave. However, it is plausible to suggest that infertility problems in Sox2°°?* mice
could appear due to the removal of regulatory regions at the 3’ sequence of Sox2 coding

region, while in Sox2™"* mice the whole sequence of the locus remains intact even after

inversion.

2INV/+ 2INV/+

To generate epiblast inverted Sox embryos, we proceeded to Sox intercrosses
(Table VII) and harvested the embryos again at E11.5. Normally, if all embryos would survive
at E11.5, we would expect that 75% of the embryos would be eGFP positive. However, we
observed that only 50% of the embryos harvested were eGFP positive, suggesting that 25%
of the embryos die in the deciduas at an early stage, (Table VII) most possibly before E6.5
as previously observed in Mandalos et al, 2012. Half the number of e GFP positive embryos
had normal phenotype (Figure 9Bii, vi), while the remaining eGFP positive embryos (Figure
9Buvii, viii) represented haploinsufficient Sox2™"* (Sox2™* ™) mutants, which exhibit multiple
abnormalities (Figure 9Biii, iv). As haploinsufficiency in Sox2 embryos has been previously
observed when Sox2 levels fall below 50% we assumed that Sox2™""* ") mutants would most
possibly express Sox2 in levels lower than 50%. This though remains to be proven
experimentally Observed haploinsufficient embryonic phenotypes fall primarily in two
categories: among littermates, a 10% has a significantly smaller size (Figure 9Biv),

** (Figure 9Bi, v) and Sox2™V"" littermates (Figure 9Biii, vii). The smaller

compared with Sox2
size of these haploinsufficient embryos suggests that low levels of Sox2 could affect

proliferation during embryogenesis. From the remaining embryos, 13% of haploinsufficient
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embryos exhibit significant hemorrhage defects, enlarged head structures in conjunction with

DINV/+ (H

craniofacial defects (Figure 9Biii). In order to assess whether Sox ) mutants survive

beyond E11.5 during embryogenesis, we collected E12.5 and E15.5 embryos derived from

2INV/+ :

intercrosses. As expected, only Sox2™V"*

Sox normal embryos were harvested. We also
observed that in late E11.5 embryos which were stained with H&E (Figure 12), tissues have
already started to deteriorate. Thus, we believe that these Sox2™"* ") embryos die probably
at around E11 (Figure 9Biv, viii)(Table VII). Phenotypic differences among heterozygote
Sox2™" and Sox2™V* ™ jittermates, derived from Sox2™"* intercrosses suggest there is

indeed a narrow Sox2 expression threshold, below which various phenotypic abnormalities

appear during embryogenesis.
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Table VII. Analysis of progeny from Sox2™"*x Sox2""intercrosses*

Genotypic distribution in live progeny*

Live Dead Sox2™"*  sox2NV* ) Sox2™V™V Sox2™"*
Age No No (%) No (%) No (%) No (%) No (%)
E65 18 6(33%) 528%) 0 0 7(29%)
E115 43 11(25%) 11(25%) 10 (23%) 0 11(25%)

*Data collected from mice in CBAXC57 (F1) background

*Genotypes were assessed by PCR either from tail biopsies or from embryonic yolk sac or whole embryos.
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Figure 9. Sox2NV+H) embryos die around E11.5. A(i-vi), E11.5 Sox2°9"™NCON and Sox2™V* embryos
show no morphol%,;ical differences when compared to Sox2™". B(i-viii), Sox2™"* intercrosses give rise
to 15% of Sox2™'™* (H) E11.5 embryos which have normal size (iii, vii) and to 10% of Sox2"""* ¥
embryos which have smaller size (iv, viii). Both types of haploinsuffiecient mutant embryos show
defects in the heart and in the frontonasal cavities. eGFP indicates that smaller size Sox2™""*"E11.5
embryos (viii) have a disorganized ventricle in the forebrain, smaller midbrain and hindbrain and
malformed branchial arches. The 25% of Sox2™"*E11.5 embryos (ii, vi) from these crosses show no
morphological defects compared with Sox2+/+ embryos (i, v).
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To generate conditional mutants of Sox2 in the epiblast, we performed Sox2°°"NcON
to Sox2™"*:Tg(Sox2CRE) intercrosses. We named these conditional embryos Sox2™Vmosac.
These express the highest levels of eGFP and thus lower levels of Sox2 than Sox2™V* )
embryos, with each litter harvested represent a gradient of Sox2 expression (Figure 9A, B).
We harvested Sox2NV/mesac gt E8 5 E9.5, E10.5 and E11.5. We were not able to harvest
embryos beyond E11.5 from these crosses as well as Sox2™V™s¥° hecause embryos,
similarly to Sox2™"* " die around E11.5. Sox2™* ™ mutants and Sox2NVMs#¢ mytant

+/+

embryos exhibited severe abnormalities when compared to Sox2™ littermates. Embryos are
generated from Sox2™*:Tg(Sox2-CRE) males with Sox2°°™C°N female intercrosses at
E11.5 (Figure 10a-d). As revealed from visualization, 90% of the embryos from these
crosses were eGFP positive; 25% of them died early in development (empty deciduas), as
previously described (Mandalos et al.,, 2012). Among littermates, only 10% of them were
Sox2™V* | 20% are Sox2™™* ™ while the remaining 70% of them were Sox2™V/mesac
Sox2™V"* fluorescent embryos do not show any abnormal phenotype (Figure 10a, e, I, n).
E11.5 Sox2™Vmesac empryos show severe malformations in anterior structures (Figure 10b-d)
and develop an edema in the midbrain area (Figure 10b, f), possibly due to brain fluid
homeostasis defects (Benarroch, 2009; Shevaga, 1981). Embryos also show vascular
defects in the midbrain region and occasionally more severe ts in the forebrain (Figure 10c, g,
d, h). Vascular defects occasionally can be caused due to defective pharyngeal arch
development, which in turn would further affect the development of the pharyngeal arch
arteries and heart (Que et al., 2009; Vitelli et al., 2002), causing abnormally high blood
pressure (Koyanagi et al., 2010). We also observed ectopic tissue development, which
express Sox2 (eGFP positive cells), in the spinal cord (Figure 10l, g) and in the

forebrain/midbrain junction (Figure 10d, h), indicating that downregulation of Sox2 causes the

formation of ectopic tissue masses.

Then, we again crossed Sox2™":Tg(Sox2-CRE) females with Sox2°°™“°N males and
harvested again embryos at E11.5 (Figure 10i-m). All embryos isolated from both types of
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crosses were eGFP positive; while 15% of the embryos died early in development (empty
deciduas). Among littermates, only 10% of them were Sox2™'"* and 75% of them were
Sox2NVImesale - Again as before, high levels of eGFP indicate low levels of Sox2 expression
(Figure 10n-r). E11.5 embryos with low eGFP expression show no obvious defects (Figure
10n, 0). As gradually Sox2 becomes inactivated (with higher eGFP expression) (Figure 10p),
we observe obvious mild enlargement of the forebrain ventricle. Embryos which show medial
expression of eGFP show milder craniofacial defects (Figure 10q), while the ones with the
highest expression of eGFP among littermates show severe malformation in the developing
brain and craniofacial development (Figure 10r). All mutants develop heart abnormalities with

a prominent one chambered heart and abnormal heart beat rates.
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Figure 10. Dosage-dependent heart, brain and craniofacial abnormalities in
Sox2™NVmesaie  conditional mutants. (a) Sox2 haploinsufficient embryos exhibit defects in the
frontonasal area. (b-c) or severe frontonasal abnormalities, edema or development of ectopic tissue.
(d) in the midbrain, plus failure of the ventricles in the forebrain to form. (e-h) Downregulation occurs in
the forebrain, midbrain, hindbrain regions along spinal cord and in the retina. (i-l) E11.5 Sox2"/mesaic
embryos show more severe phenotypes when Sox2CRE transgene originates from the mother. (m)
while 10% of the littermates are have a closure defect in the craniofacial area. (n-r)
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3.7 Sox2™V" haploinsufficient and Sox mutants develop heart looping

defects and die around E11

Sox2NV* M) and Sox2™Vmesaic mytants die around E11. In these mutants; heart fails to
develop due to abnormal looping, and undergoes remodeling of the primitive heart tube into
a one-chambered organ (Figure 11a-c). Embryos die soon after, apparently from circulatory
insufficiency (Abu-lssa and Kirby, 2007; Targoff et al., 2008; van den Berg et al., 2009). That
was initially surprising as Sox2 is not expressed in the developing heart, at any stage during
development. To investigate the origin of this defect, we performed RNA in situ hybridization
for genes involved in heart development, starting with Nkx2.5, one of the essential genes
expressed during gastrulation in the lateral plate mesoderm responsible for the formation of
precardiac cells (Durocher et al., 1997) (Harvey, 1996). In the mouse, targeted ablation of
Nkx2.5 allows for the heart tube formation, but blocks heart development during looping
morphogenesis (Lyons et al.,, 1995). Homozygous Nkx2.5 null embryos show arrest of
cardiac development at looping stage, poor development of blood vessels and severe
defects in vascular formation and hematopoiesis (Kim et al., 2011). Sox2™* ®™ and

SOXZINV/mosaic

mutant hearts expressed Nkx2.5. In the control embryo, the atrioventricular
canal had a narrow luminal diameter and the ventricle (the future left ventricle), the bulbus
cordis (the future right ventricle) and the outflow tract was already formed at this stage
(Stallmeyer et al.,, 2010; Wang et al., 2011; Warren et al.,, 2011). We observed that the
outflow tract in mutant embryos was misplaced, and the atrial region was not located
posteriorly and on the left side, indicating that the rightward looping of the heart tube does
not occur (Figure 11d, e). A reason for that may be that the atrioventricular canal was still

wide open and a single ventricle was abruptly connected to a poorly developed outflow tract

in mutant embryos (Tanaka et al., 1999). These results suggest that Sox2 loss does not alter

" .
2INV/ (H 2INV/mosa|c

the initial heart development. As a result, defective looping in Sox Jand Sox

mutant embryos is independent of Nkx2.5 function.
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Mutant hearts showed reduced expansion of the left ventricle consistent with
hemodynamic obstruction. Similar abnormal heart phenotypes give rise to small thin-walled
ventricles and disrupted myocardium at E10.5 (Risebro et al., 2009). One of the genes that
play a crucial role during cardiac morphogenesis and performance is Prox1 (Risebro et al.,
2009). Prox1 ablation causes, among other abnormal embryonic phenotypes, impaired
cardiac muscle growth and aberrant myocyte arrangement at E10.5 (Risebro et al., 2009). At
E9.5, Prox1 is expressed in a subpopulation of blood ECs (BECs) in the anterior cardinal
vein and ECs bud from the veins and form embryonic lymph sacs and the lymphatic
vasculature (Srinivasan et al., 2007). Prox1 mRNA in situ hybridization was used to assess
whether E9.5 Sox2™* ™) mutants suffer from heart failure. Sox2 haploinsufficient mutant
embryo hearts ectopically express Prox1 when compared to Sox2"* embryos.
In mutant hearts, the presumptive right atrium was reproducibly expanded (up to 2-fold) and
blood-filled, never appearing to empty appropriately, during the cardiac cycle, suggesting that
there might be impaired blood flow through the heart, something that may explain the slow

+/+

heart rate in mutant hearts compared with the Sox2™" ones (Figure 11f-h). These results
suggest that Prox1, could be similarly to Sox7 in neural progenitors (Elkouris et al., 2011), a
downstream target of Sox2 negatively regulated during heart looping development to control

blood circulation during heart development.

63



SOX2 COIN/COIN SOX2INVI+ (H) S°X2INVImosaic

Sox2NV/+ (H)

: 100
L. o e h
2 - 9 75
[To) L
o © 50
z I 25
o0l
[
f g
"
-~ [ 5.5
x
o
S
a
B
- [ %

Figure 11. Sox2 haploinsufficient and Sox2"V™°*¥ mutant embryos exhibit heart
looping defects. (a-c) E9.5 Sox2™V™M*2¢ hearts suffer from a heart-looping defect. E9.5 Sox2™V* ™
and Sox2™V™%¢ hearts have a shorter outflow tract and only the left ventricle has developed. (d-e) In
situ mRNA hybridization for Nkx2.5 in Sox2** and Sox2™"* ™) at E9.5 hearts. Nkx2.5 is expressed in
the outflow tract and in the developing left ventricle of Sox2™* ™) heart. (f-g) In situ mMRNA
hybridization for Prox1 in Sox2" and Sox2"* ") EQ9.5 hearts. Prox1 is ectopically expressed in

Sox2™"* ™ hearts. (h) Sox2™* ™ and Sox2™V™°S#¢ heartbeat at E9.5 is reduced compared with
Sox2" and Sox2™"".
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3.8 Sox2NV*M and Sox2NVmesdic ;ytants exhibit serious craniofacial abnormalities

As reported above, defects due to the conditional ablation of Sox2 in the heart are
mainly observed in SHF cells, which share common progenitor cells in pharyngeal
mesoderm with craniofacial skeletal muscles (Zaffran and Kelly, 2012). Thus , it may not be
surprising that Sox2™*™ and Sox2™V™s@° muytant embryos exhibit serious craniofacial
abnormalities (Figure 10d. h, i, q) as well. Several studies have shown that regulation of
epithelial to mensenchymal transition during NCC development plays a crucial role for the
normal development of the cleft palates and nasal cavity (Kang and Svoboda, 2005). In order
to examine how Sox2 loss affects craniofacial development, we initially harvested and
sectioned E11.5 Sox2"* ™) mutants and stained them with hematoxylin and eosin stain.
These mutants display severe developmental anomalies in the craniofacial area (Figure 12),
that simulate the development of cleft palate in humans (Panetta et al., 2008) and account
for the loss of the lower jaw. Furthermore, an enlargement of thehindbrain area and of the
mesencepahlic and telencephalic vesicles in the same embryos was observed with
consequent loss of cell mass. This observation suggests that there is a disruption of
epithelial cells lining the ventricles in E11.5 mutant embryos (Figure 11) when compared to
Sox2"" embryos that show normal formation of frontonasal area, telencepahlic and forth
vesicle and buccal cavity. We harvested E10.5 Sox2™"* ") and Sox2NV'msa mytants and
detected Sox2 by RNA in situ hybridization, to examine the levels of Sox2 responsible for
these defects. Then, we detected that Sox2 is absent in the spinal cord at E10.5 of both type

2NV mutant and

of mutants, while there is a high level of expression at the tail tip of Sox.
even lower expression at the tail of Sox2™V™? muytant (Figure 13). However, as mentioned
above, we see no obvious morphological defects in the spinal cord at E9.5 and E11.5
embryos, indicating that downregulation of Sox2 could be rescued by either Sox7 or Sox3

expression due to redundancy (Archer et al., 2011; Rex et al., 1997; Uwanogho et al., 19953a;

Wood and Episkopou, 1999). Nevertheless, we observed a significant downregulation of
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Sox2 in the frontonasal area, in the pituitary and telencephalic region, in the midbrain,

hindbrain junction and in the retina (Hever et al., 2006). These areas exhibit most of the

. .
2INV/ (H 2INV/mosa|c

defects in Sox ) and Sox mutant embryos (Figure 13), indicating that Sox2 is
essential for the normal development of craniofacial and brain regions, as observed in older
embryos and adult mice,. In Sox2™"* ™ and Sox2™V™°s@° mytant embryos we have absence
of the retina, a drastic enlargement of the telencephalic ventricle and severe edema
along rhombencephalon rhombomeres 1-6. Finally, we observed absence of Sox2
expression the neuroepithelium destined to generate migrating NCC cells in branchial arches
1 and 2, which give rise to a maxillary and mandibular process, and in the otic stalk, giving
rise to the ear, of Sox2™* ™ and Sox2™V™s3 muytant embryos. These results indicate that
Sox2 expression is essential for the proper development of the brain, mouth and nasal

cavities, the eye and the ear and that defects observed on these structured in the absence of

Sox2 cannot be rescued by the expression of other SoxB1 family genes.
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Sox 2NV (H)

Figure 12. Sox2"V* M Eq1.5 embryos exhibit brain and craniofacial malformations. Sox2 is
downregulated in the forebrain (fb), midbrain (mbz/, hindbrain (hb), branchial arches 1 and 2 (ba1 and
ba2), the spinal cord and in the retina (r). Sox2NVHH embryos have enlarged forebrain and midbrain
ventricles, absence of hindbrain structures, while the frontonasal cavity (fnc) is severely reduced.
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SOXZ'NV/+ (H) SOX2INV/mosaic

Sox2

Figure 13. Sox2 expression is dramatically reduced in Sox2""* ™ and Sox2"V/mesaic
mutants. Note that eGFP expression is higher in Sox2™™**° mutants than in Sox2™"* ™. Sox2
expression shows that Sox2 is downregulated in the medial nasal process (mnp), in the retina (r), in
the sRinaI cord (sc) and in the neuroepithilial cell layer of branchial arches 1 and 2 (ba1, ba2).
Sox2™""* M and Sox2™V™M*s3¢ empryos have an edema in the hindbrain (hb), while forebrain (fb) and
midbrain ventricles are clearly enlarged. Frontonasal development is severely affected in both
mutants.
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Hox genes play an essential role on early patterning events in the hindbrain and in
the development of craniofacial structures. In order to study whether 0Sox2 loss leads Hox

INVF (H) g g

gene deregulation, we analysed the expression of Hoxa2 and Hoxb1 at E8.5 Sox2
Sox2NV™esa mutant embryos. For Hoxa2 no reports for potential gegentic interactions with
Sox2 have been reported. Hoxa2 has a rostral limit of expression in the rhombencephalic
neural tube corresponding precisely to the boundary between rhombomeres 1 and 2 (Prince
and Lumsden, 1994). Moreover, HoxaZ2 is an integral component of NCCs morphogenetic
program during migration, while subpopulations of postmigratory NCCs require Hoxa2 at
discrete time points to pattern distinct derivatives (Santagati et al., 2005). It has been also
reported that null Hoxa2 embryos lack craniofacial and cartilage elements derived from the
first and second branchial arch which eventually causes ectopic expression of elements
derived from them, such as ossification centers of the middle ear (Rijli et al., 1998; Trainor
and Krumlauf, 2001; Vieille-Grosjean et al., 1997). Mutants die perinatally with cleft palate.
Overexpression of Hoxa2 in branchial arches 1 and 2 causes drastic reduction of first arch
cartilages, such as Meckel’s (midbrain derived) and the quadrate (hindbrain derived). Hoxa2
is downregulated in r3 but not in r5 of E9.5 Sox2™V™% mytant embryos suggesting a novel
role for Sox2 in the regulation of HoxaZ2 in vivo (Minoux, 2011).

Hoxb1 has been reported to be regulated by Sox2. At E9Q.5 it is expressed throughout
rhombomere 4 and along the spinal cord. It is required for the specification of facial
branchiomotor neuron progenitors that are programmed to innervate the facial muscles
(Arenkiel et al., 2004). Null Hoxb1 homozygous mice die postnatally with narrow face,
runting, absent facial motor nuclei, and several facial nerve/muscle defects (Arenkiel et al.,
2003; Ogura and Evans, 1995; Pata et al., 1999). Thus we analysed the expression of Hoxb1
in our mutants. We observed that Sox2 loss do not affect Hoxb1 expression in rhombomere
4 in E8.5 Sox2™"* ™ and Sox2™NVMesac empryos (Figure 14) and in the spinal cord (data not
shown). Thus, our results do not support previous in vitro reports on Sox2 involvement in the

regulation of Hoxb1, at least at E8.5 in the hindbrain and spinal cord regions.
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Sox10

Figure 14. In situ hybridization for Hoxa2 and Hoxb1 at E8.5 Sox2""* and Sox2MV'™s°
embryos. Hoxa2 is downregulated in rhombomere 2 of Sox2™™** embryo. Hoxb1 is normally
expressed in the spinal cord and in r4 in Sox2™™%¥ mutants.
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As Hoxb1 has been shown to be important for facial muscle innervation, we then
examined cranial nerve formation at E11.5 mutant embryos. Sox2 loss does not affect cranial
nerve function in the ganglia of the spinal accessory (XI), vagus (X), glossopharyngeal (1X),
and branches of facial (VII) nerves. It is believed that expression of Sox70 is essential for
the myelination of these nerves as well as for the regulation of peripheral glial development.
Our results show that Sox2 is not involded directly in the formation of the developing cranial
nerves. Thus, innervation of the facial structures proceeds normally in Sox2 conditional
mutants.

SoxE (Sox8, Sox9, and Sox10) genes play a crucial role in NCC development. Sox10
is critical for the formation of NCCs, maintenance of multipotency, specification and
differentiation (Kelsh, 2006). Sox70 is the only SoxE gene that maintains its expression
during migration of NCCs (McKeown et al., 2005). . The understanding of Sox70 function in
NCC development is of particular significance since Sox70 mutations lead to several
craniofacial abnormalities in humans, called neurocristopathies, including Waardenburg-
Hirschsprung syndrome and peripheral neuropathies (Hoke, 2012). Sox70 overexpression
arrests the neuroepithelial cells and cranial mesenchymal cells in an undifferentiated state,
causing a range of cell fate specification defects (Ahlstrom and Erickson, 2009) .Neural
progenitor cells, which overexpress Sox10, fail to form neuronal, Schwann, or melanocyte
cells (Stolt et al., 2008). On the other hand, Sox70 null embryos lack peripheral glial cells,
melanocytes, and autonomic and enteric neurons, and die around birth (Betancur et al.,
2011; Bremer et al., 2011; Lupski, 2010; Parthey et al., 2012; Takada et al., 2010). Thus, we
performed Sox70 mRNA in situ hybridization in E9.5 Sox2™V™°%¢ mutant embryos, as at that
embryonic stage migrating NCCs are apparent along the lateral surface of the neural tube
(i.e. the ventromedial portion of the sclerotome). Additionally, few NCCs are present along
the ventrolateral portion of the sclerotome at E9.5, as well as in derivatives from the ventral
region of the neural tube while they migrate along the dorsolateral pathway (Serbedzija et al.,
1990). We observed that Sox70+ cells expressing high levels of Sox70 are present in the
frontonasal region and the forebrain and in the branchial arches 1-2 in Sox2™* " mutants
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(Figure 14A). Downregulation of Sox2 causes a dramatic upregulation of Sox70 and an
outflow of Sox10+ cells in the hindbrain, forebrain and frontonasal areas; in regions where
normally is expressed as well as in areas where Sox70 is normally not expressed in Sox2""*

2INV/mosaic mutant

control embryos (Figure 15). These cells ectopically express Sox70 in Sox
embryos remain undifferentiated. We believe that according to previous reports and these
events may be linked to the defects that we observe in these regions. Generally, in Sox2™""*
" and Sox2™NVmesaic embryos Sox70 is overexpressed in the craniofacial areas at E9.5
embryos, suggesting that migrating NCCs from branchial arches remain undifferentiated at
this area, leading to the malformation of the frontonasal elements (Figure 15). Our data
suggest that Sox2 may act as a suppressor of Sox70 expression, a fact that reinforces the
idea that Sox2 acts antagonistically with Sox70 in the anterior axis during NCC formation

(Adameyko et al., 2012). In this way, Sox2 acts as a master regulator of the epithelial to

mesenchymal transition leading to neural crest development in mice and possibly in humans.
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Figure 15. A. NCC formation and migration is exacerbated in Sox2™"* M mouse embryos. Sox10 is

highly upregulated in branchial arches 1 and 2 (ba1, ba2), in the forebrain (fb), and in the frontonasal
area of Sox2™"* ™ embryos when compared to Sox2*"* embryos.
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Discussion
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4.1 COIN technology

We show here the application of COIN technology to generate a conditional-null allele
for a single exon gene, Sox2. The COIN method was invented at least in part to overcome
the challenges and limitations of traditional site-specific recombinase-based strategies such
as Cre/Lox for designing conditional alleles (Nagy, 2000). These include the placement of
Lox sites as well as the distance between them (Ringrose et al., 1999), defining critical exons

(i.e. the exons of the gene that need to be deleted by Cre in order to bring about the desired
allelic state) (Skarnes et al., 2011; Testa et al., 2004), and the lack of unified strategy for

including a reporter that can mark those cells that harbor the post-recombinase allele. To
date, COIN has been successfully applied in generating conditional alleles for more than
twenty-five protein-coding genes (Economides et al., 2012), but its applicability to single exon

genes has not been tested.

Single exon genes present a design challenge for engineering conditional alleles by
traditional, e.g. simple floxing, methods. First, the Lox sites should be placed in a position
that does not affect the expression of the target locus, a design decision that can be
complicated by the lack of specific knowledge of the exact position of promoters and
regulatory elements. An additional design challenge is presented if a reporter that marks the
conversion from ‘wild-type’ to null is desired. The COIN method addresses both of these
challenges irrespective of gene structure by avoiding the placement of Lox and FRT sites,
reporters, and other functional elements within regions upstream of the target gene’s coding
sequence (Economides et al., 2012). Instead, COIN employs an ‘exon-splitting’ artificial
intron to place an optimized module — the COIN module — within a coding exon, yet in the
antisense strand. Perusal of the regulatory elements mapping within single coding exon of
human Sox2 suggests that the COIN intron was inserted at a position that does not result in
disruption of any such elements (data not shown) As a result, the COIN module is stealth to

transcription, and does not alter the expression of the modified gene. Although it is possible
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that introduction of the COIN module intron alters the kinetics of transcription (Seoighe and
Korir, 2011; Swinburne et al., 2008; Swinburne and Silver, 2008), we have not examined this
possibility at the single cell level; at the population level and at steady state, the level of Sox2
mRNA as expressed from the Sox2°° locus does not appear different to that of wild type.
Lastly, because in COINs the Lox and FRT sites are placed within the artificial intron, they do

not disrupt of promoters or regulatory sequences, and are also not incorporated into mRNA.

The particular choice of Sox2 to test the COIN method’s applicability to single exon
genes presented additional challenges in that the majority of Sox2’s single exon is contained
within a CpG island, and there is also an overlapping non-coding transcript Sox2ot. Due to
design constraints — specifically the need to place the COIN module as near the initiating
ATG as possible — the COIN module intron was inserted into Sox2’s exon in manner that
disrupts the CpG island. However, this had no apparent effect on Sox2 expression and had
not apparent phenotypic consequences in the mouse. Sox2ot levels also remained
unaltered, indicating that at least in the antisense position the presence of the COIN module
has no effect on the expression of Sox2otf. This was evident by the normal phenotype of

Sox ZCOIN/BgeOZ

embryos, in which only the COIN allele can generate wild type mRNA. This
genotype should sensitize the embryo to any reduction in Sox2 levels, and thus provides a

stringent comparison between the wild type allele and the COIN allele prior to inversion.

Equally important is the fact that post-inversion of the COIN module, the resulting
allele, Sox2™ phenocopies the previously generated null alleles upon homozygosis. In
addition, the reporter embedded in the COIN module, is expressed in a manner
representative of Sox2 expression, thereby generating a tool to visualize Sox2 expression

and to follow the conversion of the COIN allele into a null by Cre recombination.

In addition to the conditional-null allele presented here, four other conditional-null
alleles of Sox2 have been published (Favaro et al., 2009; Miyagi et al., 2008; Smith et al.,

2009; Taranova et al., 2006). All four rely on floxing of the single exon of Sox2, though the
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placement of the LoxP sites and selection cassettes (and their retention) varies among

alleles. One of the main differences between these alleles and Sox2°°™N

, is that they do not
incorporate a reporter that is activated after Cre acts on the allele. There is however a
paucity of published data such as expression analysis of Sox2, Sox2ot, and miR1897 to
allow further comparisons between Sox2°°" and the previously described conditional-null
alleles. Given the increasing evidence for roles that Sox2 plays in a wide range of
pathological and patho-physiological conditions, assays for the normal regulation of Sox2
expression need to be conducted in a variety of cell types. Overall, our results highlight the
importance of the Conditional by Inversion technology as a method of choice in targeting

intronless (single exon) genes, especially when complexity of the locus and desire for

inclusion of a reporter are taken into consideration.

4.2 Sox2 role in neural crest development

NCCs arise within the ectoderm during neuralation and give rise to most of the
peripheral nervous system.

NCCs are induced by interactions between the adjacent neural and non-neural
ectoderm (Dickinson et al., 1995) (Selleck and Bronner-Fraser, 1995) by a combination of
signals, including Wnt proteins, bone morphogenetic proteins (BMPs) (Liem et al., 1995),
fibroblast growth factors (FGFs), retinoic acid, and the Notch/Delta system (Aybar et al.,
2002; Aybar and Mayor, 2002; Christiansen et al., 2002; Endo et al., 2002; Garcia-Castro et
al., 2002; LaBonne and Bronner-Fraser, 1998; Villanueva et al., 2002; Wu et al., 2003). They
emerge from the dorsal neural tube, migrate along defined pathways and differentiate into
many cell types, including neurons and glia of the peripheral sensory and autonomic nervous
ganglia, Schwann cells, and melanocytes, as well as chromaffin cells of the adrenal medulla,
and much of the skeletal and connective tissue of the craniofacial complex (Ayer-Le Lievre

and Le Douarin, 1982) (Figure 16). Induction of NCCs is triggered by the expression of target
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genes (Gammill and Bronner-Fraser, 2002) including transcription factors such as Sox8,
Sox9, and Sox10 of the SoxE subgroup (Bowles et al., 2000). These genes are expressed in
premigratory NCCs and later in distinct NCC-derived subpopulations. Among these genes,
Sox9 is the first to be expressed, at a similar time to FoxD3, overlapping with expression of
BMP4, cadherin 6b, Slug, and RhoB (Liu and Jessell, 1998) (Cheung and Briscoe, 2003).
Sox10 is expressed shortly after Slug, while Sox8 expression begins soon after Sox70,
before migration from the neural tube (Cheng et al., 2000). As migration commences at trunk
levels, Slug, RhoB, N-cadherin, and cadherin 6b are down-regulated (Akitaya and Bronner-
Fraser, 1992) (Monier, 1995) (Jessel and Weiss, 1998; Nakagawa and Takeichi, 1995), while
Sox10 and FoxD3 continue to be expressed in migratory NCCs (Cheng et al., 2000) (Dottori

etal., 2001).

Of SoxB genes (Sox1, 2, 3, 14, 19, and 21), Sox2 has been reported to play a cell-
autonomous role in NCC development in mice (Pan and Schultz, 2011). Sox2 is one of the
early genes activated in the developing neural plate (Graham et al., 2003; Hutton and Pevny,
2011; Wen et al., 2008). Neural plate expression of Sox2 is reduced as NCCs segregate and
migrate from the dorsal neural tube NCC. Expression of Sox2 in a subset of these cells that
contribute to the developing peripheral nervous system is subsequently upregulated and
gradually becomes restricted to NC derived glial sublineages (Aquino et al., 2006). Ectopic
expression of Sox2 in embryonic ectoderm and in neural plate explants reveals that Sox2
expression is sufficient to inhibit NCC formation (Papanayotou et al., 2008; Remboutsika et
al., 2011b) whereas later in the NCC pathway, i.e. migratory and postmigratory NCC in the
peripheral nervous system, Sox2 has a role in proliferation and differentiation (Wakamatsu,
2004). Another study implicates the Nk-1-related gene, Nbx, as having an upstream role in
negative regulation of Sox2 expression and positive regulation of the transcription factor
Slug, which induces NC formation (Kurata and Ueno, 2003). A recent study has also shown
that self-renewing NSCs are restricted to Sox2 expressing cell (Remboutsika et al., 2011b).

Although it is not believed to be essential in early NC development, Sox2 has been reported
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to prevent terminal differentiation of Schwann cells (Le et al., 2005; Wakamatsu et al., 2004).
Other studies have also reported that Sox2 also plays an important role in the specification of
melanocytes by maintaining a NCC fate and repressing a melanocyte fate (Laga et al.,
2010). Finally, a late study supported that Sox2 is able to abort melanocyte differentiation in
cells already specified to take up such a fate, and loss of Sox2 function in mice leads to
increased numbers of Mitf positive cells at the expense of Sox70 positive NCCs (Adameyko

etal., 2012).

To study the role of Sox2 in stem cells, we developed a conditional inversion of Sox2 in
the epiblast (Mandalos, 2012). We revealed that downregulation of Sox2 in epiblast-derived
structures leads to severe craniofacial and heart defects, often described as
neurocristopathies in humans (Cordero et al., 2011; Jain et al., 2010), a unifying concept of
disease arising in NC maldevelopment (Butler and Willshaw, 1989), leading also to the

formation of tumours along the neural axis.

Epiblast-inversion of Sox2 affects strikingly cardiac development. Cardiac NCC is a
subpopulation of the NCC and plays a crucial role in the cardiac outflow tract formation
during development. Experimental studies have suggested that abnormal looping and
convergence can cause misalignment of inflow and outflow segments of the hearts (Rossant,
1996). Epithelial-mesenchymal transition (EMT) is the process during which epithelial cells
are transformed to mobile and developmentally plastic mesenchymal cells. All heart cells are
generated from one or more EMT steps (Machado et al., 2012). In Sox2 epiblast-inverted
mouse embryos, we observed that EMT was disrupted during elongation of the heart tube by
the addition of progenitor cells from adjacent pharyngeal mesoderm, leading to the failure of
the heart tube to loop. As a result, all the subsequent steps following heart looping, including
the formation of heart ventricles are delayed. Loss of cardiac NCC causes persistent truncus
arteriosis due to the failure of the outflow tract to be separated. This defect is accompanied
by a defect in myocardial contractility, with consequent ventricular dilatation, due to an

intrinsic defect in the myocardium (Drysdale et al., 1997). Endocardial and epicardial EMT

79



create most of the noncardiomyocyte lineages of the mature heart. Endocardial EMT is
responsible for the production of valve progenitor cells and is necessary for the development
of cardiac valves and cardiac septation. Epicardial EMT is essential for normal
myocardial growth and coronary vessel generation, forming cardiac fibroblasts, vascular
smooth muscle cells and cardiomyocytes (von Gise and Pu, 2012). Although, we cannot
exclude that minor cardiac neural crest defects can occur, the mutant hearts form normally.
As Sox2 is not expressed in the heart, analysis of signaling centers from the endoderm will
reveal the mechanism employed by Sox2 to control EMT in the heart.

During cardiac looping the heart tube elongates by addition of progenitor cells from
adjacent pharyngeal mesoderm to the arterial and venous poles. This cell population is
termed the second heart field (SHF). SHF contribute progressively to the poles of the
elongating heart tube during looping morphogenesis, giving rise to myocardium, smooth
muscle, and endothelial cells (Kelly, 2012). In mouse cardiac development, EMT occurs
between E9.5-E10.5 and leads to the formation of rudimentary cushions in E10.5-E11.0
while it significantly diminishes by E13 (Camenisch et al., 2002). The initiation and cessation
of EMT involves signals from the endocardium, adjacent myocardium and cushion
mesenchyme (Person et al., 2005). Studies on mammalian systems have suggested that
TGFB1, 2 and 3 play important roles in the regulation of cardiac EMT (Mercado-Pimentel and
Runyan, 2007). TGFB2 null mice exhibited a range of cardiovascular anomalies that resulted
from failure of normal completion of looping and septation of the outflow tract and the AV
canal, as well as abnormalities of valve differentiation and arterial growth and die around
birth. TGFB2 null embryos present similar phenotypes with the Sox2 epiblast-inverted
mutants and that leads us to believe that TGFB2 could be an excellent candidate for a
downstream effector of Sox2 during heart development. Further analysis would be required
to understand the role of Sox2 in the heart looping most possibly during second heart field
formation.

During development cranial neural crest (CNC) cells delaminate from the lateral
ridges of the neural plate and then emigrate towards the developing branchial arches. CNC
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cells migrate towards specific regions where they fuse with the existing population of
mesodermal cells (Kouskoura et al., 2011). The proliferation of the CNC cells leads to the
generation of tissues around the future oral cavity. CNC cell proliferation is responsible for
the formation of the frontonasal process and of pairs of maxillary and mandibular processes.
Later in development, these processes eventually give rise to the completed face (Bronner-
Fraser, 2002). Sox2 is important for the normal development of NCC and its derivatives
(Cimadamore et al., 2012; Hutton and Pevny, 2011; Remboutsika et al., 2011b). The severity
of defects in Sox2 epiblast inverted mutants in the developing brain and facial structures
underline a Sox2 dosage-dependent mode of craniofacial development. We find that low
levels of Sox2 lead to the absence of almost the entire facial structures derived from the
NCC domain facial skeletogenic (FSNC) of the posterior diencephalon, mesencephalon,

hindbrain and rhombomeres 1 and 2. (Creuzet, 2009; Le Douarin et al., 2012).

Moreover, recent studies have also correlated Sox2 expression with the clinical stage of
neuroblastomas in humans (Yang et al., 2012). Further analysis of whetherif the absence of
Sox2 in NCCs is sufficient to trigger the formation of neublastoma cells needs to be done.
These findings, in accordance with our studies and recent studies which show that Sox2
levels in neural stem cells control NCC development (Remboutsika et al., 2011b), indicate
that the levels of Sox2 during the formation of neural plate directly affect the expression of
downstream effector genes such as Sox70 and HoxaZ2. The exact role of Sox2 in the genetic
pathway which controls the induction, migration and differentiation of NCCs needs to be

studied more extensively.

As mentioned above, abnormal development of NCCs leads to the generation of
various human diseases, mostly described as neurocristopathies in humans (Liu and Xiao,
2011). Bolande first introduced the term neurocristopathy in 1974 to denote disorders that
involve defective derivatives of NC.1-3; he divided the NC disorders into simple and
complex. A simple neurocristopathy is exemplified by aganglionic megacolon (Hirschsprung’s

disease), in which segments of intestine lack submucosal and myenteric plexi of
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parasympathetic ganglion cells. Another example could be familial dysautonomia (Riley-Day
syndrome), a genetic disorder manifested by defective dorsal root and autonomic ganglia.
Neurofibromatosis and neurocutaneous melanosis were used by Bolande as examples of
complex neurocristopathies, but he did not extend the concept to encompass all
neurocutaneous syndromes. Bolande also noted that the complex diseases tended to follow
mendelian inheritance and that simple neurocristopathies were usually sporadic (Redies et

al., 2012).
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Figure 16. Schematic overview of NCC development. A) NC precursors with stem cell properties
form at the border of the neural plate and non-neural ectoderm. Following neural tube closure, NCCs
undergo an epithelial-mesenchymal transition (EMT) and migrate throughout the embryo to points of
differentiation. SoxE proteins are required for the specification, precursor formation, survival and
migration of NCCs throughout this process. B) NCCs give rise to a diverse set of derivatives. SoxE
proteins are required to direct the differentiation of multiple NC derivatives including glia, melanocytes
and cartilage, and are also required for the development of non-NC derivatives.
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In recent years, and particularly with the fountainof new molecular genetic data that
continues to emerge, the importance of NC as an inducer not only of peripheral neural
structures such as ganglia but also of many tissues in craniofacial development and other
peripheral mesodermal structures is becoming more and more evident. The category of what
have traditionally been regarded as “neurocutaneous syndromes” can be attributed in a large
part to abnormal NC migration and differentiation as well, thus expanding Bolande’s most
recent classification of neurocristopathies to an entire category of abnormal neural tube
induction of non-neural peripheral structures of the body that represent NC derivatives.
Waardenburg syndrome is also included as a neurocutaneous syndrome for the same
reason that unifies the other diseases in this category (Sarnat and Flores-Sarnat, 2005).

Sox2 has been implicated in defects observed in CHARGE syndrome. CHARGE
syndrome is characterized by coloboma of the iris or retina, heart defects, atresia of the
choanae, retardation of growth and/or development, genital, and ear abnormalities (Aramaki
et al., 2007; Aramaki et al., 2006a; Aramaki et al., 2006b). Seventy-one percent of children
clinically diagnosed with CHARGE have genetic mutations in the Chd7 gene (Vallaster et al.,
2012). Recently, Chd7 has been identified as a Sox2 transcriptional cofactor (Engelen et al.,
2011; Puc and Rosenfeld, 2011). More studies point to a possible role for Sox2 in cardiac
cell fate during embryogenesis as Sox2 participates in a genetic Oct4-Sox2 loop in ES cells
to turn on Sox77, a gene essential for the specification of cardiac mesoderm (Stefanovic et
al., 2009). Finally, heart development also controlled by regulation of canonical WNT/3-
catenin signaling activity through feedback regulatory loops involving the ligands, agonists
and antagonists, the availability of intracellular pools of active B-catenin and the cross-
regulation of the WNT activity by p-catenin (Tanaka et al., 2011). The genetic connection of
WNT/B-catenin and Sox2 genes has been also reported to play a crucial role for the
regulation of cell fate in various tissues during embryogenesis (Agathocleous et al., 2009;
Hashimoto et al., 2012). It remains for us to identify how these pathways could merge to

specify heart looping in early mouse embryos using Sox2 epiblast inverted mouse embryos
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Here, we show that ablation in the epiblast results into Sox2 severe craniofacial
abnormalities, early cardiac development and cranial facial defects. We propose that Sox2
acts as a rheostat of EMT transitions during heart and NCC development, crucial cell fate

processes indispensible for normal development and homeostasis (Han et al., 2012).
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5. Epilogue

It has been shown that Sox2 null embryos die around implantation. So far, various
conditional alleles have been generated and have been used for the study of Sox2 in
development and homeostasis. Still deletion of the gene sequences, the lack of reporter
cassette and the lack of information on the effect of these mutations on genetic and
regulatory elements of the locus such as Sox2ot IncRNA, miR1897 and Sox2 CpG island in
these conditional alleles prompted us to generate a new conditional allele called Sox2°°™. To
overcome the above limitations, we designed a novel cassette, which has been inserted in
the antisense strand of Sox2, splitting the gene in two exons, in a way that the CpG island
has not been removed as in previous conditional alleles. At the same time, we introduced a
reporter cassette that was expressing eGFP in frame with Sox2 amino acid sequences only
after inversion by Cre recombinase. COIN cassette expresses eGFP constantly once Sox2
ablation is triggered. Apart from the independent regulatory elements that control the its
expression, Sox2 could potentially be transcribed also as part of a IncRNA, called SoxZ20t,

which contains miR1897, both of whose function remains elusive. Sox2ot and mir1897

2CO|N 2|NV

remain unaffected in Sox and Sox embryos. As a result, we can be assured that the
phenotypes generated by the use of Sox2°°" conditional allele derive exclusively by the
ablation of Sox2 function. Analysis of Sox2 loss of function in the epiblast revealed a role for
Sox2 in the epithelial to mesenchymal transition (EMT) during NCC development in mice,
resulting in craniofacial abnormalities described also in human diseases, -called
neurocristopathies. Surprisingly, our results revealed a novel role for Sox2 during heart
looping in mouse embryos, even though Sox2 is not expressed in the heart. Further analysis
will reveal whether this is due to the role of Sox2 in the endoderm influencing heart

development. These findings open novel avenues for the role of Sox2 in a number of

diseases during embryogenesis and in adult life both in mice and humans.
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Introduction

Intronless (single exon) genes are thought to be evolutionary
innovations, whose formation via reverse transcription—mediated

mechanisms repre
specific functions in animal cells [1,2]. Approximately 12% of the
human and 13.4% of the mouse protein-coding genes are
intronless [3-6], and include genes that encode for regulatory

'nts an important route of evolution for tissue-

proteins and components of signal transduction pathways [7],
histones [8-11], G Protein-coupled Receptors [3] and transcrip-
ton factors such as the Sox (SRY-related HMG box) family [12
14].

Sox2 is a well-characterized and important example of a single
x2 pairs with tissue-specific partners [15] to impart
and maintain pluripotency [16] and multipotency [14,17] during
development and homeostasis [18]. Sox2 null embryos fail to form

exon gene. Sy

the epiblast and die at E5.5 [19]. However, even reduction in Sox2
levels to 25-30% relative to the wild type leads to pathological
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phenotypes in mice. These include neurodegeneration in the
cortical region and hippocampus [20], hypoplasia of optic nerves
and chiasmata and variable microphthalmia [21], failure of nasal
placode induction [22], failure of taste buds to mature [23],
malformation of the epithelium lining the conducting airways in
the lung [24], enlargement of the lateral ventricles at E14.5 [25],
and immature differentiation of cochlea hair follicles [26].

From a gene structure standpoint, Sox2 presents a complex
locus rich in genetic elements, including an  overlapping
transeript [27], a putative microRNA [28], and a CpG island
[29-31] [32]. The combination of a well-conserved compact
locus with overlapping transcripts and regulatory elements [33
39]. together with the apparent need to maintain proper le
of Sox2 for organogenesis and homeostasis, underscore the
difficulties associated with designing conditional alleles for Sox2.
We  hypothesized  that a  recently  developed method  for
alleles Conditonal by Inversion
might present a better choice over simple floxing of

1s

s

generating  conditional

(COIN)
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and generated the corresponding conditional-null allele,
OV We that this method is successful in that the
2 oy allele starts as wild type, and it is converted into a null
by the action of Cre, at which point, the expression of Sox2 is
replaced by that of a marker, ¢GFP. This work indicates that the
COIN method can be applied to single exon genes and provide
a new design modality that can be adopted for other genes like
Sox2.

show

Results

Generation of the Sox2“™™ Allele

Sox2 (ENSMUSG00000074637) is a single exon gene encoding
a 319 amino acid protein. The Sox2 locus contains several features
that render it complex from the standpoint of engineering
modified alleles (Fig. 1A). To begin with, Sox2’% proximal
promoter and coding region comprise a CpG island [15].
Furthermore, the Sox2 exon is contained with the intron of a long
non-coding RNA (ncRNA), termed Sox2 overlapping transcript
(Sox2of) or “non-protein coding RNA 437,
mmu-miR1897 (miR1897) [40]. Sox2ef is transcribed from the
same strand as Sox2 but its molecular and biological functions
remains elusive. SoxZof transcript is expressed in mouse embryonic
stem cells and in other tissues, including the nervous system, where
Sox2 is also highly expressed [41], while an isoform of Sox2of,
Sox2dot, located around 500 base pairs upstream of So; ]
detected exclusively in adult mouse brain [27]. Because of lhh
complexity, Sox2 is a challenging locus to apply conditional
mutagenesis, and therefore presents a stringent test for new
methods of allele design, such as COIN.

The COIN method relies on an optimized gene trap-like
clement, referred to as the COIN module [42]. The COIN
module is comprised of a 3" splice region-reporter cDNA-polyadenylation
region optimized to function as an efficient transcriptional block,
and it is flanked by Lox71 and Lox66 sites are in a mirror image
configuration to enable Cre-mediated inversion [43]. In order to
generate conditional-null alleles, the COIN module is placed in a
position antisense to the target gene, either within a native intron,
or an exon. The latter is made possible by embedding the COIN
module within an artificial intron — the COIN module intron —
and using that intron to split the target exon into two operational
halves [42].

To generate Sox2 the COIN module intron was inserted
directly into the single exon of Sox2 (Figure 1B), afier the 3 30"
nucleotide of Sox2’s open reading frame, splitting the single Sox2
exon into two exons. The COIN module lies inertly within the
antisense strand of Sox2, stealth 1o lre\mrriplion Upon Cre-
mediated inversion into the sense orientation, the Sox2“”*Y allele is
converted into a null allele, Sox2"*". This is accomplished by the
COIN module abrogating transcription of full length Sox2,
effectively replacing it with expression of the COIN module’s
eGFP reporter. The expression of ¢GFP in place of Sox2 is
controlled by S0x2’s promoter and regulatory elements, and
enables visual identification of the inversion event at the tissue and
cellular level. The functionality of the allele was asse
series of experiments that assessed whether Sox2¢7"
type allele, and whether Sox 2NNV
phenotype, while providing a useful marker
reproduces the expression profile of Sox2.

which also contains

7(,'()1\'

ssed in vivo in a
is a truly wild
recapitulate  the null
that faithfully

Sox2™ is Wild Type in Homozygosis

: \oCOIN/+ . .
Offspring of Sox2 intercrosses were born in Mendelian
ratios and no lethality was observed in embryos, newborn pups and
adults (Table 1). Homozygote mice fed normally, showed no
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abnormal behavior and they had normal weight in adulthood (data
not shown). M(uw\mpl( analysis of E14.5 Sox2*/*, S0x2°""* ‘and
Sox2¢ ON/COIN price showed that the COIN module does not aff(-('l
normal embryonic mouse development (Figure 2C). These pheno-
typic observations are further corroborated by the result that
Sox2“OV o2 g 5 embryos were morphologically indistinguishable
from Sox2*/* or Sox2eec?/+ embryos derived from a Sox2%%/* with
Sox2CONCOIV eross (Figure 3B, F), where Sox2%? is a null allele of
Sox2 [19] (see below). Furthermore, examination of Sox2 mRNA
(Figure 2F) and Sox2 protein (Figure 2H) expression levels show no
apparent difference between the three genotypic classes, .S'a.\‘?”',
Sox2CO* and Sox2“OPCOIN - demonstrating that the COIN
module has no effect on the expression of Sox2. Thus, by all of these
criteria — heritability, phenotype, expression of mRNA and protein —
Sox2““™ hehaves as a wild type allele.

The Expression of Sox2ot and miR1897 are Unaffected in
SOXZCOIN/CO’N Mice

To assess whether the COIN module affects Sox20t RNA
expr we isolated RNA from EI4.5 mouse embryos from
different intercrosses and quantified Sox2of RNA levels by Tagman
Real-Time PCR analysis (Figure 2G). No significant diference
was detected in the expression of Sox2of in Sox2™"*, Sox2““"** and
Sox2CONCOIN - qemonstrating that the COIN module has no effect
on the expression of Sox2of, at least prior to inversion. Identical
miR1897, which is embedded in

on,

observations where made for

Sox2ot (Figure 2H).
SOXZCOIN
To a

is Efficiently Inverted by Cre to Generate Sox2™"

ss whether we could trigger COIN inversion upon Cre
expression, Sox2“O™* adult mice were intercrossed with Sox2Tg(-
Sox2:CRE) transgenic mice to generate Sox2”""* embryos and
adult mice (Figure 2D, In contrast to the partial infertility
phenotype that has been “observed with Sox2%2* mice [19],
Sox2™* adult mice exhibited no obvious phenotypes and
transmitted the inverted allele in Mendelian ratios (Table 2),
espective of whether the Sox2™" allele is transmitted via the
male or female germline (data not shown). More importantly,
E145 Sox2™7* embryos (Figure 2E) displayed vivid ¢GFP
expression in the cerebral cortex, retina, olfactory bulb,

follicles, olfactory epithelium and spinal cord (Figure 2E), mirror-
ing what has been observed with X-gal stained E14.5 hees2/

ir

hair

Sox2
“embryos [44]. In addition, the presence of eGFP protein can be
detected by Western blotting in protein extracts derived from
\ oINV/+ B : o0 Fa . 5
Sox2 embryos, and appears 1o be accompanied by a reduction
in the levels of Sox2 protein, similar to what has been observed in
,  offse? - .
the Sox2™*"* embryos (Figure 2I).

Sox2™¥ is a Null Allele of Sox2

Mice carrying a loss of function mutation in the Sox2 locus have
been generated by the insertion of a Bgeo cassette into the Sox2
locus \Sm_?ﬁ"‘ ° [19], and Sox2"? [44]). Upon homozygosis, both
alleles yield Sox2-null embryos that fail to form ll}\\; tl']\)’il)lusl and die
HNVIINY

around implantation. To test whether Sox2

Sox2er2/ 102 - ywe performed Sox2™YF inter s (Table 3). No
SNV, oflsprings were born. More specifically, Sox2NVIENV
mutants failed to survive shortly after implantation (Figure 3I),
phenocopying Sox2eo/Beeeand - Sox2Pe? /P2 embryos.  Only

phenocopy

Sox2** and $0x2""* embryos reach the embryonic stage of
E6.5 (Figure 3A, G). Histological examination of whole decidual

swellings harvested at 6.5 dpc revealed that 25% of deciduas
carried abnormal implants, which had no egg cylinder structure
and lacked the epithelial cells typical of epiblast (Figure 3I).
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Figure 1. Targeting strategy generating a COIN allele of Sox2. (A) Schematic representation of the mouse Sox2 locus indicating the relative
location of the exon on chromosome 3, as well as that of mir1897, the non-coding RNA Sox2ot, and CpG islands in the genomic region. The degree of
conservation of the locus sequence between mammalian species (ECRs) is indicated. Adapted from http://genome.ucsc.edu. (B) Schematic
representation of the Sox2“°™" allele. The COIN module intron is inserted after the 30* nucleotide of Sox2's coding region (i.e. coordinate 34549367
on Chromosome 3) splitting the single exon of Sox2 into two exons and also dividing the CpG island. The COIN module is comprised of an optimized
gene trap-like element composed of the 3" splice region of the rabbit beta globin gene (HBB_RABIT), followed by eGFP (lacking an initiating ATG) and
the polyadenylation region from HBB_RABIT, all placed in the antisense strand. The COIN module has been flanked with Lox71 and Lox66 sites in a
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mirror image orientation, thereby enabling inversion by Cre. For BHR and targeting, a FRT-flanked neo cassette has been incorporated into the COIN

intron. After targeting, neo is removed to give rise to the Sox2““""

allele. The COIN module is antisense to Sox2, and hence it predicted not to interfere

with expression of Sox2. However, after inversion of the COIN module to the sense strand, transcription terminates around the polyadenylation
region of the COIN module, and as a result expression of Sox2 is replaced by eGFP.

doi:10.1371/journal.pone.0045768.g001

Instead, many trophoblast giant cells could be identified
(Figure 3C, H, I). The same phenotype is observed in Sox2
P2 embryos (Figure 3H). These results demonstrate the failure of
Sox2™Y embryos to develop an epiblast similarly o the
Sox2Pe/Peee and Sox2P?/Pe? mutants. Thus, the inverted COIN

cassette generates a true Sox2 null phenotype.

Discussion

We show here the application of COIN technology to generate
a conditional-null allele for a single exon gene, Sox2. The COIN
method was in part to overcome the challenges
and limitations of traditional site-specific recombinase-based
strategies such as Cre/Lox for designing conditional alleles [45].
These include the placement of Lox sites as well as the distance
between them [46], defining critical exons (i.e. the exons of the
gene that need to be deleted by Cre in order to bring about the
desired allelic state) [47,48], and the lack of unified strategy for
including a reporter that can mark those cells that harbor the post-
recombinase allele. To date, COIN has been successfully applied
in generating conditional alleles for more than twenty-five protein-
coding genes [42], but its applicability to single exon genes has not
been tested.

invented at leas

Single exon genes present a design challenge for engineering
conditional alleles by traditional, e.g. simple floxing, methods.
First, the Lox sites should be placed in a position that does not
affect the expression of the target locus, a design decision that
n be complicated by the lack of specific knowledge of the
act position of promoters and regulatory elements. An
additional design challenge is presented if a reporter that marks
the conversion from ‘wild-type’ to null is desired. The COIN
method addresses both of these challenges irrespective of gene
structure by avoiding the placement of Lox and FRT sites,
reporters, and other functional elements within regions upstream
of the target gene’s coding sequence [42]. Instead, COIN
employs an ‘exon-splitting” artificial intron to place an optimized
the COIN module — within a coding exon, yet in the
antisense strand. Perusal of the regulatory elements mapping
that the
COIN intron was inserted at a position that does not result in
disruption of any such elements (data not shown) As a result,
the COIN module is stealth to transcription, and does not alter
the expression of the modified gene. Although it is possible that
introduction of the COIN module intron alters the kinetics of
transcription [49-51], we have not examined this possibility at

e:

module -

within single coding exon of human Sox2 sugg

Table 1. Analysis of progeny from Sox2“°™'* intercrosses”.

Genotypic distribution in live progeny*

Live Dead Sox2”*  SoxI Sox2COCON
Age No No No (%) No (%) No (%)
P21 95 0 27 (25%) 40 (50%) 28 (25%)

Genotyping of Sox2““™* heterozygous intercross progeny.
“Data collected from mice in C57BL6 background.
*Genotypes were assessed by PCR of genomic tail DNA.
doi:10.1371/journal.pone.0045768.t001
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the single cell level; at the population level and at steady state,
the level of Sox2 mRN
does not appear different to that of wild type. Lastly, because in
COINs the Lox and FRT sites are placed within the artificial
intron, they do not disrupt of promoters or regulatory
S(‘ql](‘ll('('i }_ul(l are iIlS() not ill('()l"p()l'ill('d il“U l“R

The particular choice of Sox2 to test the COIN method’s
applicability to single exon genes presented additional challenges
in that the majority of Sox2’s single exon is contained within a CpG
island, and there is also an overlapping non-coding transcript
Sox2ot. Due to design constraints — specifically the need to place
the COIN module as near the initiating ATG as possible — the
COIN module intron was inserted into Sox2
disrupts the CpG island. However, this had no apparent effect on
Sox2 expression and had not apparent phenotypic consequences
in the mouse. Sox2of levels also remained unaltered, indicating that
at least in the antisense position the presence of the COIN module
has no effect on the expression of Sox2of. This was evident by the

A as expressed [rom the Sox2°°H Jocus

xon in manner that

normal phenotype of Sox2“#? embryos, in which only the
COIN allele can generate wild type mRNA. This genotype should
sensitize the embryo to any reduction in Sox2 levels, and thus
provides a stringent comparison between the wild type allele and
the COIN allele prior to inversion.

Equally important is the fact that post-inversion of the COIN
module, the resulting allele, Sox2™" phenocopies the previously
generated null alleles upon homozygosis. In addition, the reporter
embedded in the COIN module, is expressed
representative of Sox2 expression, thereby generating a tool to
visualize Sox2 expression and to follow the conversion of the
COIN allele into a null by Cre.

In addition to the conditional-null allele presented here, four
other conditional-null alleles of Sox2 have been published [21,52—
54]. All four rely on floxing of the single exon of Sox2, though the
placement of the LoxP sites and selection cassettes
retention) varies among alleles. One of the main differences
2COIN s that they do not incorporate

in a manner

(and their

between these alleles and Sox.
a reporter that is activated after Cre acts on the allele. There is
however a paucity of published data such as expression analysis of

Sox2, Sox2ot, and miR1897 to allow further compar
HCOIN

sons between

Sox and the previously described conditional-null alleles.
Given the increasing evidence for roles that Sox2 plays in a wide
range of pathological and patho-physiological conditions, assays
for the normal regulation of Sox2 expression need to be conducted
in a variety of cell types. Overall, our results highlight the
importance of the Conditional by Inversion technology as a
method of choice in targeting intronless (single exon) genes,
especially when complexity of the locus and desire for inclusion of
a reporter are taken into consideration.

Methods

Gene Targeting

Targeted Sox2“7™/* ES cells were generated using Veloci-
Gene™ methodology, essentially as described [55]. Briefly, the
BAC-based targeting vector was assembled on bacterial artificial
chromosome (BAC) RP23_406a6 that encompas:
protein-coding exon of Sox2 flanked by approximately 95 and
71 kb upstream and downstream respectively. The COIN module

>s the single
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Figure 2. Sox2“®"is a functional conditional allele. (A) Efficient removal of the neo cassette by Flpe recombinase to generate a Sox2“™* allele.
Sox2'"* (lane 1), Sox2°“™* (lane 2), Sox2“O™VCOM (lane 3), Sox2™/* (lane 4), Sox2/9°°¥* (lane 5) E14.5 mice. PCR genot Xplng of (1) Sox2""*, (2) Sox2°O"N/*
Tg(ACTB:FLPe), (3) Sox2“°™™**"*  (4) Sox2°°™*. (B) PCR genotyping of Sox2"* (lane 1), SDXZCOW' (Iane 2), Sox2°O™ O (j1ane 3) (genomic DNA from tail
biopsies). (C) E14.5 Sox2“°™“ON embryos are morphologically indistinguishable from Sox2'* and Sox2°®™*. (D) Efficient inversion of the COIN
module to generate Sox2™* mice. PCR-based genotyping of (1) Sox2*”* and (2) Sox2™"* (genomic DNA from tail biopsies). (F, G) Sox2 and Sox2ot
qPCR analysis in Sox2""*, Sox2°9™"*, Sox2COMCON, 5ox2l'920/+ and Sox2™/* E14.5 embryos. Cyclophilin was used as a control label. Data are presented
as the mean+SEM (n = 3-6) for each genotype. The COIN module does not affect expressmn of Sox2 prior to inversion. Additionallly, the COIN module
does not appear to affect the expression level of Sox2ot either in Sox2°™ O™ or in Sox2™"* embryos. (H) MiR1897 qPCR analysis in Sox2*/*, Sox2<™/
*, Sox2COMCOIN | 5ox2l19e02/+ and Sox2™Y/* E14.5 embryos. (1) Sox2 protein analysis. Western blot showing Sox2 and eGFP protein detected wnh specific
antibodies in whole protein extracts from Sox2"*, Sox2O"™/*, Sox2°ONVCOIN 5ox2I9e02 and Sox2™Y* E14.5 embryos. The COIN module does not affect
Sox2 protein levels prior to inversion.

doi:10.1371/journal.pone.0045768.g002

intron was introduced by bacterial homologous recombination
[56] after the 30" nucleotide of Sox2s coding region (i.c.
coordinate 34549367 on Chromosome 3, as annotated on
Ensembl release 67), splitting the single coding exon of Sox2 into
two exons of 441 bp and 2016 bp respectively (Figure 1B).

Experimental Animals

Sox 260N mice were bred with Tg(ACTB:FLPe) mice ‘Hp-
deleter mice) to excise the Neo cassette and generate Sox2¢“""
Te(ACTB:FLPe) mice. These were bred with C57BL6 mice to
bring the Sox2““*Y allele into the germline. Sox2“?*V*
in turn bred with Tg(Sox2:CRE) mice to generate
mice. All animals were handled in strict accordance with good
animal practice as defined by the Animals Act 160/03.05.1991
applicable in Greece, revised according to the 86/609/EEC/
24.11.1986 EU directive regarding the proper care and use of
laboratory animals and in accordance to the Hellenic License for

mice were
Sox 7(4()1\ INV/+
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Animal Experimentation at the BSRC” Alexander Fleming” (Prot.
No. 767/28.02.07) issued after protocol approval by the Animal
Research Committee of the BSRC (Prot.
No. 2762/03.08.05).

“Alexander Fleming’

Embryo Processing, Tissue Preparation and Histological
Analysis

For staging of the embryos, midday of the vaginal plug was
considered as embryonic day 0.5 (E0.5). E6.5 decidua and E14.5
embryos were collected and dissected in cold PBS. Tissues were
fixed with 10% formalin for 24 hours at room temperature and

then washed several times with 1% PBS, then placed in
embedding cassettes. Paraffin sections (10 pm) were stained with
Hematoxylin and Fosin (H&E) using standard procedures dl\d
mounted with xylene based mounting medium. E14.5 Sox2P?
LacZ staining was performed following standard protocol [19].
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Figure 3. So.

Sox2 Conditional by Inversion Allele

"Vis a null allele. Histological analysis of 6.5-dpc embryos from Sox2/9°°%*, Sox2“9™*, Sox2™/* intercrosses. Sox2*"* (A), Sox2"9°°%*

(B), Sox2°“V'* (D), Sox2ONCON (E), Sox2°9™/F9e02 (F), and Sox2™V* (G) are all phenotypically normal. In contrast, Sox2™™" (1) and Sox2™"//9%2 (H)
embryos form disorganized extraembryonic tissues, but fail to form the epiblast, effectively phenocopying Sox2 #9¢°#/92°2 (€), and displaying the
phenotype previously described for Sox2 homozygous-null embryos. Sections were stained with hematoxylin and eosin (H & E).

doi:10.1371/journal.pone.0045768.9g003

Genotyping

Tail, yolk sack or embryonic tissues were isolated and processed
according to previously described methodology. Deletion of the
EM7p-neo-polyA FRT-flanked (FRTed) in the germline dual-

purpose antibiotic/drug selection cassette by FLP recombinase

was documented by genotyping PCR from adult mice tail. Neo
gene was amplified with Mo Frw (5'-CTGAATGAACTGCAG-
GACGA-3"), Neo Rvs (5"-ATACTTTCTCGGCAGGAGCA-
(172 bp):  FLPe with FLP Frw (5'-GAGAAGAACGGC
TAGTGCG-3"), FLP Rvs (5'-G AGCGTTAGTAGGCA-
CAT-3") (600 bp). Genomic DNA from EI4.5 embryos was
isolated from yolk sack. In E6.5 embryos genomic DNA was
isolated by scraping carefully under the stereoscope off glass slides
after staining with H&E and mounting. Detachment of cover slides
was done by embedding mounted slides back in xylene. Detection
of Sox2°™* mice that carry the assay for the COIN cassette was
performed using the following set of primers: 5 end primer
combination 36 bp), INVdiaF2 " CACTTTC-
AC 3', INVdiaR2 (R2):

CCTTACATGTTT-
end primer combination (470 bp), IN-
3): 5'CTGAAGCACTGCACGCCGTAG 3/,
INVdia.R4 (R4): 5" CTCAGAGTATTTTATCCTCATCTC 3'
(Figure 2a). PCR amplification of COIN cassette in mice and
embryos E6.5 and E14.5 was also performed with the following
prime Sox2ATG407  Frw:  5'ATGTATAACATGATG-
GAGA3, R2*R 5'TATGACTGGGAGTAGTCAGGAGAG-
GAGGAA3’ (465 bp). PCR amplification of Sox2 in WT and
heterozygous mice was performed with the following primers:
Sox2ATG407  Frw:  5’'ATGTATAACATGATGGAGA 3,
Sox21053 Rvs: 5" CTGGTCATGGTGTTG 3" (650 bp). Sox2-
INV/* mice and embryos that carry inverted COIN cassette, were
genotyped with INVdiaR2 (R2), INVdia.R4 (600 bp) and
INVdiaFl: 5" GTTTTCAGGGTGTTGTTTAG 3", IN-
Vdia(eGFP).F3 (F3) (300 bp) set of primers. Sequences for PCR
amplification of Tg(Sox2-cre) and Sox2 were found in MGI (ID:
103270 and 1915777 respectively). All PCR reactions were
performed using 0.2 U/ul. Taq Polymerase, standard PCR
conditions, and 1 M betaine.

—

Imaging Analysis
Conventional bright field and fluorescence microscopy was
performed under a Leica MZI6FA stereoscope, while the

Table 2. Analysis of progeny from Sox2™/* x Sox2**
intercrosses™.

dissection of the embryos took place either in 1X cold PBS or in
DMEM medium supplemented with 2 mM  glutamine and
0.5 mM penicillin and streptomycin.

Western Blotting

E14.5 embryos were lysed by sonication and the resulting pellets
were washed with PBS and dissolved in cold buffer A (20 mM
Tris-HCI, 420 Mm NaCl, 0.2 Mm EDTA, 0.5 mM DTT, 25%
glycerol, 0.5 mM PMSF, 1.5 mM MgCl,, 0.5% NP40). Incuba-
tion at 4°C for 15 min and centrifugation for 15 min at 10,000 xg
followed. The supernatant was recovered and the protein
concentration was determined by BCA Protein Assay Reagent
(bicinchoninic acid) according to the instructions of the manufac-
turer (Thermo Scientific Pierce BCA Protein Assay Kit). Proteins
(50 pg per lane) were separated on 10% SDS-polyacrylamide gel,
transferred to nitrocellulose  membrane and membrane was
blocked in western blot blocking buffer (5% milk, 10 mM Tris-
HCI pH 7.6, 0.15 mM NaCl, 0.05% Tween-20) for 2h at RT,
incubated o/n with the primary antibody at 4°C. Sox2 rabbit
Polyclonal IgG, goat anti-GFP polyclonal antibody (Santa Cruz
Biotechnology, Inc, Santa Cruz, CA, USA) and goat B-actin
polyclonal antibody (Cell Signaling Technology, Inc, Danvers,
MA, USA) were used (1:1000). After extensive washing in TBST.1
(10 mM Tris-HCL, 0.15 mM NaCl, 0.1% Tween-20), goat anti-
rabbit HRP conjugated secondary antibody was applied (1:10,000)
for 2 h at RT. Proteins were visualized by chemiluminescence
detection using ECL (Cell Signaling Technology, Inc., Danvers,
MA, USA).

RNA Analysis

RNA was extracted from E14.5 mouse embryos and subjected
to Tagman. Real-time PCR analysis typically, Gapdh was used as a
control house-keeping gene, although analysis was also performed
yelophlin and f-actin with similar results. For miR1897
anal miR16 and Snol35 were used as internal controls. All
probes are hydrolysis probes with 5° Fam Fluorophore and 3
quencher (BHQ) (Biosearch Technologies). Probes codes and
sequences for cach gene are: for mSox2, Applied Biosystems, Inc,
TagMan assay ID: Mm00488369_s1, for mSox2ot, Applied
Biosystems, Inc, TagMan assay ID: Mm01291217_m1, for Lac-
Z, FRW: TTTCAC CGCTGTACTGGA, RVS:
TGTTGCCACTCGCTTTAATGATG, for  eGFP: FRW:

using

Table 3. Analysis of progeny from Sox2™"* x Sox2™"*
intercrosses”.

pic distribution in live progeny* Genotypic distribution in live progeny*
Live Dead  so@’  sox2™: Live  Dead o™ 5o soxz’
Age No (%) No®)  No)  No(%) Age Mo No(®))  No(®  No(  No(%)
E6.5 17 0 9 (53%) 8 (47%) E6.5 18 6 (33%) 5 (28%) 0 7 (29%)
P21 73 0 40 (55%) 33 (45%) P21 43 0 (0%) 21 (49%) 0 22 (51%)

Genotyping of Sox2™*/* heterozygous intercross progeny.

#Data collected from mice in C57BL6 background.

*Genotypes were assessed by PCR either from tail biopsies or whole embryos.
doi:10.1371/journal.pone.0045768.t002

PLOS ONE | www.plosone.org

96

Genotyping of Sox2™"* heterozygous intercross progeny.

#Data collected from mice in C57BL6 background.

*Genotypes were assessed by PCR either from tail biopsies or embryo tissue.
doi:10.1371/journal.pone.0045768.t003
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TCTTCA AGTCCG CCATGCCCG, RVS: CTACCCCGAC-
CACATGAAGC, for miR1897: Applied Biosystems, Inc, Taqg-
Man assay, Probe sequence: 121199.

Ethics Statement

All animals were handled in strict accordance with good animal
practice as defined by the Animals Act 160/03.05.1991 applicable
in Greece, revised according to the 86/609/EEC/24.11.1986 EU
directive regarding the proper care and use of laboratory animals
and in accordance to the Hellenic License for Animal Experi-
mentation at the BSRC” Alexander Fleming” (Prot. No. 767/
28.02.07) issued alter protocol approval by the Animal Research
Committee of the BSRC “Alexander Fleming” (Prot. No. 2762/
03.08.05).
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Appendix i

List of Abbreviations

SRY, Sex-determining region Y;
HMG, High Mobility Group box
ncRNA, long noncoding RNA
Sox2ot, overlapping transcript
Sox2dot, distal overlapping transcript
ExEn, extraembryonic endoderm
NSCs, Neural stem cells

ICM, inner cell mass

EB, epiblast

HB, hypoblast

EC, ectoderm

PS, primitive streak

NE, neuroectoderm

VZ, ventricular zone

SVZ, subventricular zone

KO, knock-out

eGFP, enhanced green fluorescent protein
CNS, central nervous system

EA, esophageal atresia

NCC, neural crest cells

BMP, bone morphogenetic protein
EMT, epithelial-mesenchymal transition
COIN, Conditional by Invertion

BAC, bacterial artificial chromosome

ORF, open reading frame
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FRT, Flp Recognition Target

FLP, flipase

PE, primitive ectoderm

ECR, evolutionary conserved region

NP, neural progenitor
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Appendix IV

The role of Sox2 in radial glia cells

Sox2 is an HMG-box containing transcription factor required for pluripotency of embryonic
stem cells and formation of the epiblast. During early development, Sox2 is expressed in the
morula, inner cell mass of the blastocyst and later on in the sensory placodes, foregut and
the nervous system. Sox2 null embryos die at implantation stage hampering the analysis of
Sox2 function during development. We have demonstrated that Sox2 is important for the
maintenance of cortical radial glia identity ex vivo. Here, we describe a novel Sox2

Conditional by Inversion (COIN) allele in radial glial cells in vivo.
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Appendix V

Sox2 COIN sequence

LOCUS SO0X2 (129) 7099 BP DS-DNA SYN
13-MAR-1996

DEFINITION M.musculus SOX2 gene.

ACCESSION X94127

VERSION X94127.1 GI:1209429
KEYWORDS sox-2 gene; SO0X2 protein.
SOURCE Mus musculus (house mouse)

ORGANISM Mus musculus
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata;
Euteleostomi;
Mammalia; Eutheria; Rodentia; Sciurognathi;
Muridae; Murinae; Mus.
REFERENCE 1
AUTHORS Collignon,J., Sockanathan,S., Hacker,A., Cohen-
Tannoudji,M.,
Norris,D., Rattan’s., Stevanovic,M.,
Goodfellow,P.N. and
Lovell-Badge,R.
TITLE A comparison of the properties of Sox-3 with Sry
and two related
genes, Sox-1 and Sox-2
JOURNAL Development 122 (2), 509-520 (1996)
MEDLINE 96189340
REFERENCE 2 (bases 1 to 2418)
AUTHORS Sockanathan,T.E.L.S.
TITLE Direct Submission
JOURNAL Submitted (07-DEC-1995) TEL.S. Sockanathan,
National Institute For
Medical Research, The Ridgeway, Mill Hill, London
NW7 1AA, UK

COMMENT Overlaps with X55491, D50603 and U31967.
FEATURES Location/Qualifiers
source join(l..>436,<5118..7099)

/organism="Mus musculus"
/note="mol type=genomic DNA"
/strain="129"
/db_xref="taxon:10090"
/dev_stage="8.5 dpc [Split]"

gene join(407..>436,<5118..6047)
/gene="sox-2 [Split]"
cDS join(407..>436,<5118..6047)

/gene="sox-2"
/function="transcription factor"
/codon_start="1"
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/product="S0X2 protein"
/protein id="CAA63847.1"

/db xref="GI:1209430"
/db_xref="GOA:P48432"
/db_xref="Swiss-Prot:P48432"

/translation="MYNMMETELKPPGPQQASGGGGGGGNATAAATGGNQKNSPDRVK

misc_feature

misc_feature

cassette!"”
primer bind

primer bind
primer bind
primer bind
primer bind
primer bind
primer bind
primer bind
primer bind
misc_recomb
misc_recomb

frag

RPMNAFMVWSRGQRRK... [Split]"

5208..5444

/gene="sox-2"

/note="HMG box"

436..436

/note="insert IMeC after this base? ..f0

402..422

/note="MaF"
join(425..>436,<5118..5120)
/note="MaP [Split]"
complement (5122..5135)

/note="MaR"
401..421
/note="MbF"

join(425..>436,<5118..5120)
/note="MbP [Split]"
complement (5124..5139)
/note="MbR"

411..433

/note="McF"

5128..5139

/note="McP"

complement (5150..5164)
/note="McR"

361..436

/note="HB5' for Sox@ COIN"
5118..5318

/note="HB3' for Sox2 COIN"
437..5117

/note="1 to 4681 of

pINV. (GFP@f0.fUNf)2.Sox2 DON"

primer bind
primer bind
primer bind

intron

5064..5083
/note="INVpA(3' end).dial-5""
5001..5021
/note="INVpA(3' end).dia2-5""
1814..1834

/note="EGFP.MPErc"
<437..>5117
/note="-1 globin intron B w/

(L71) . (SA/eGFP (ATG-)@f20-

misc_feature

misc_recomb

glpA)/L66. (fUNF)"
2357..>2359
/note="PspOMI site"
<2149..2178
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misc_feature
misc_feature
misc_recomb
misc_feature
misc_feature
polyA signal
frag
misc_recomb
protein bind
promoter
primer
primer
primer

TATA signal
protein bind
misc_feature
exon

intron
primer
primer
primer
primer
primer
primer

frag

site+(BsmBI).ClaIl"

/note="Lox66"

complement (2166..2178)

/note="irL (dLoxP)"

<2149..2157

/note="irR (dLox66)"

complement (801..<833)

/note="Lox71"

<801..812

/note="irL of Lox71"

complement (821..833)

/note="irL (dLoxP)"

complement (>834..1371)

/note="human B-globin pA region"
complement (>4160..5061)

/note="1 to 2719 of fUBNf PmeI (91872)"
complement (5009..5056)

/note="FRT"

complement (4897..4902)

/note="Sp 1 binding site"

complement (>3789..5001)

/note="hUBp (human Ubiquitin promoter)"
complement (4754..4772)

/note="hUBifwl"

complement (4526..4546)
/note="hUBi.pr.rc2"

complement (4305..4329)
/note="hUBiprfw2"

complement (4692..4699)

/note="TATA box"

complement (4713..4718)

/note="Sp 1 binding site"

complement (4667..4667)
/note="transcription start site"
complement (4604..4667)
/note="exon 1"
complement (>3792..4603)
/note="intron 1"
4606..4623
/note="hUB.seql-3' (Tm
complement (4608..4626)
/note="hUB.seq2-5"' (Tm = 51°C)"
4303..4320

/note="hUB.seq3-3' (Tm = 51°C)"
complement (4255..4275)
/note="hUB.seq4-5"' (Tm = 50°C)"
4849..4869

/note="hUB.seq7-3' (Tm = 52°C)"
complement (4849..4869)
/note="hUB.seq6-5"' (Tm
5062..>5117

/note="1 to 70 of 3' splice

48°C)"

52°C) "
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misc_RNA 5116..5117

/note="SA"
misc_RNA 5102..>5115

/note="12Py N C tract of SA region"
misc_RNA 5081..5087

/note="Lariat region (predicted)"
misc_binding 5072..5077

/note="PspOMI"
frag <437..800

/note="1 to 386 of NotI-MluI PCR for f2

[Split]"

misc_RNA <437..442

/note="5"' splice consensus"
primer bind <437..459

/note="iZ RED PCR5' primer"
primer bind complement (514..537)

/note="iZ RED.5' dia.2-3"'"
primer bind 4997..5015

/note="UBP.seql-3""
primer bind 4922..4938

/note="UBP.seq3-3""
frag 1372..2148

/note="1 to 777 of pCRT. (L66)SA-
GFP(f0).L71"
frag complement (1378..<2089)
/note="679 to 1398 of pEGFP-N1 (361)

[Split]"
CDS complement (1378..<2094)
/note="eGFP (Met-) fO"
misc_feature complement (>2095..<2140)
/note="SA region from B-1 globin intron
B"
misc_RNA complement (2095..2096)
/note="SA"
misc_RNA complement (2097..2110)
/note="12Py N C tract of SA region"
misc_RNA complement (2125..2131)
/note="Lariat region (predicted)"
frag complement (>2371..4159)
/note="6590 to 8382 of pZEN-UB2 FRT(1872)
[Split]"
DNA <2434..3062
/note="PGK-neo [Split]"
frag complement (2434..2917)
/note="poly A "
CDS complement (2918..<3721)
/note="neo"
polyA site complement (2434..2917)
/note="poly A"
misc_recomb complement (>2381..2427)
/note="FRT"
promoter complement (3722..3788)
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/note="EM7
primer

promoter"

complement (3809..3829)

/note="hUbi.pr.rcl"

exon
/note="5"

primer 3942..3959

/note="huUB.
complement (850..874)

primer

seqg5-3"'

/note="2154 MUR"

primer bind 834..847

/note="2154 MUP"

primer 774..798

/note="2154 MUF"

primer bind 2184..2211

/note="2154 del MDP"

primer

complement (2216..2239)

/note="2154 MDR"

primer 2100..2122

/note="2154 MDF"

primer 244..261

/note="Sox2C.dial-5""

primer 211..227

/note="Sox2C.dia2-5""

primer

complement (5326..5343)

/note="Sox2C.dia3-3"'"

primer

complement (5368..5385)

/note="Sox2C.dia4-3"'"

BASE COUNT 1810 A
0 OTHER
ORIGIN -
1 CTTGTTCAAA AAAGTATCAG
AGAGTGTTTG CAAAAAGGGA
61 AAAGTACTTT GCTGCCTCTT
AGAAGAGGAG AGAGAAAGAA
121 AGGAGAGAAG TTTGGAGCCC
AACTAATCAC AACAATCGCG
181 GCGGCCCGAG GAGGAGAGCG
GCACTTCGCC CGTCTCGAGC
241 TCCGCTTCCC CCCAACTATT
GGGCCGTGCA CGCCGAGGCC
301 CCCGCCCGCG GCCCCTGCAT
CCCACAGTCC TGGCCGGGCC
361 GAGGGTTGGC GGCCGCCGGC
GCGCGCATGT ATAACATGAT
421 GGAGACGGAG CTGAAGGTGA
TCTTTCTTTT TCGCTATTGT
481 AAAATTCATG TTATATGGAG
TTGTTTAGAA TGGGAAGATG
541 TCCCTTGTAT CACCATGGAC
TTTCACTTTC TACTCTGTTG
601 ACAACCATTG TCTCCTCTTA
ACTTTTTCGT TAAACTTTAG

1866 C

GAGTTGTCAA

TAAGACTAGG

GAGGCTTAAG

CCTGTTTTTT

CTCCGCCAGA

CCCGGCcccece

GGGCCGCGCC

GTTTGGGGAC

GGGGCAAAGT

CCTCATGATA

TTTTCTTTTC

106

1795 G

complement (>3789..3791)
end of exon

2"

(Tm = 48°C)"

GGCAGAGAAG

GCTGGGAGAA

CCTTTCCAAA

CATCCCAATT

TCTCCGCGCA

GAGCGCGGCC

CCGCCCCAGC

CCTTGATTGT

TTTCAGGGTG

ATTTTGTTTC

ATTTTCTGTA

1628 T



661 CTTGCATTTG TAACGAATTT
TTGTCAGATT GTAAGTACTT
721 TCTCTAATCA CTTTTTTTTC
TATTGTACTT CAGCACAGTT
781 TTAGAGAACA ATTGACGCGT
TATACGAAGT TATCTCGAGG
841 GATCTCCATA AGAGAAGAGG
GTCAGGAGAG GAGGAAAAAT
901 CTGGCTAGTA AAACATGTAA
AAGAAAAAAA TAACACAAAA
961 CAAAATATAA AAAAAATCTA
TATGGAATAA GGAATGGACA
1021 GCAGGGGGCT GTTTCATATA
AACCTTTGTT CATGGCAGCC
1081 AGCATATGGG CATATGTTGC
CATTCTGATG TTTTAAATGA
1141 TTTGCCCTCC CATATGTCCT
AATTCCAACA CACTATTGCA
1201 ATGAAAATAA ATTTCCTTTA
CAAGGGGCTT CATGATGTCC
1261 CCATAATTTT TGGCAGAGGG
TGTGAGCCAG GGCATTGGCC
1321 ACACCAGCCA CCACCTTCTG
GTACGTACTT TGCTAGCTTA
1381 CTTGTACAGC TCGTCCATGC
GTCACGAACT CCAGCAGGAC
1441 CATGTGATCG CGCTTCTCGT
GACTGGGTGC TCAGGTAGTG
1501 GTTGTCGGGC AGCAGCACGG
TTCTGCTGGT AGTGGTCGGC
1561 GAGCTGCACG CTGCCGTCCT
AAGTTCACCT TGATGCCGTT
1621 CTTCTGCTTG TCGGCCATGA
TAGTTGTACT CCAGCTTGTG
1681 CCCCAGGATG TTGCCGTCCT
AGCTCGATGC GGTTCACCAG
1741 GGTGTCGCCC TCGAACTTCA
TTGCCGTCGT CCTTGAAGAA
1801 GATGGTGCGC TCCTGGACGT
TTGAAGAAGT CGTGCTGCTT
1861 CATGTGGTCG GGGTAGCGGC
GTCAGGGTGG TCACGAGGGT
1921 GGGCCAGGGC ACGGGCAGCT
TTCAGGGTCA GCTTGCCGTA
1981 GGTGGCATCG CCCTCGCCCT
TGGCCGTTTA CGTCGCCGTC
2041 CAGCTCGACC AGGATGGGCA
TCGCCCTTGC TCACCTGTAG
2101 GAAAAAGAAG AAGGCATGAA
GCGGTACCGT TCGTATAATG
2161 TATGCTATAC GAAGTTATCC
TGATAAGGTA GAATATTTCT

TTAAATTCAC

AAGGCAATCA

ACCGTTCGTA

GACAGCTATG

GGAAAATTTT

ACCTCAAGTC

CTGATGACCT

CAAACTCTAA

TCCGAGTGAG

TTAGCCAGAA

AAAAAGATCT

ATAGGCAGCC

CGAGAGTGAT

TGGGGTCTTT

GGCCGTCGCC

CGATGTTGTG

TATAGACGTT

CCTTGAAGTC

CCTCGGCGCG

AGCCTTCGGG

TGAAGCACTG

TGCCGGTGGT

CGCCGGACAC

CCACCCCGGT

CATGGTTAGC

GGACAATTGT

107

TTTTGTTTAT

GGGTATATTA

TAGCATACAT

ACTGGGAGTA

AGGGATGTTA

AAGGCTTTTC

CTTTATAGCC

ACCAAATACT

AGACACAAAA

GTCAGATGCT

CAGTGGTATT

TGCACCTGAG

CCCGGCGGCG

GCTCAGGGCG

GATGGGGGTG

GCGGATCTTG

GTGGCTGTTG

GATGCCCTTC

GGTCTTGTAG

CATGGCGGAC

CACGCCGTAG

GCAGATGAAC

GCTGAACTTG

GAACAGCTCC

AGAGGGGCCC

TATAATTAAA



2221 GCATATAAAT TCTGGCTGGC
AGAAACAACT ACACCCTGGT

2281 CATCATCCTG CCTTTCTCTT
CTGTTTGAGA TGAGGATAAA

2341 ATACTCTGAG TCCAAACCGG
AAGTTCCTAT ACTTTCTAGA

2401 GAATAGGAAC TTCGGAATAG
GTCGAGGTCT GATGGAATTA

2461 GAACTTGGCA AAACAATACT
ACAGAGGCTG CTGATCTCGT

2521 TCTTCAGGCT ATGAAACTGA
CTTAGAACCA CAAAGTGGGA

2581 ATCAAGAGAA AAACAATGAT
CTATAGATCA TGAGTGGGAG

2641 GAATGAGCTG GCCCTTAATT
ATGATATCCA ACTATGAAAC

2701 ATTATCATAA AGCAATAGTA
AGGCATTTAT CTAATCCCAC

2761 CCCACCCCCA CCCCCGTAGC
TGTAGGTACT CTGTTCTCAC

2821 CCTTCTTAAC AAAGTATGAC
TGGACATCTT TATTGTTTAA

2881 TAGATCATCA ATTTCTGCAG
GAAGAACTCG TCAAGAAGGC

2941 GATAGAAGGC GATGCGCTGC
GTAAAGCACG AGGAAGCGGT

3001 CAGCCCATTC GCCGCCAAGC
AGCCAACGCT ATGTCCTGAT

3061 AGCGGTCCGC CACACCCAGC
AGAAAAGCGG CCATTTTCCA

3121 CCATGATATT CGGCAAGCAG
GAGATCATCG CCGTCGGGCA

3181 TGCGCGCCTT GAGCCTGGCG
CCCCTGATGC TCTTCGTCCA

3241 GATCATCCTG ATCGACAAGA
TGCTCGCTCG ATGCGATGTT

3301 TCGCTTGGTG GTCGAATGGG
ATGCAGCCGC CGCATTGCAT

3361 CAGCCATGAT GGATACTTTC
TGACAGGAGA TCCTGCCCCG

3421 GCACTTCGCC CAATAGCAGC
GACAACGTCG AGCACAGCTG

3481 CGCAAGGAAC GCCCGTCGTG
TGCCTCGTCC TGCAGTTCAT

3541 TCAGGGCACC GGACAGGTCG
GCGCCCCTGC GCTGACAGCC

3601 GGAACACGGC GGCATCAGAG
CCAGTCATAG CCGAATAGCC

3661 TCTCCACCCA AGCGGCCGGA
TTGTTCAATG GCCGATCCCA

3721 TGGTTTAGTT CCTCACCTTG
ATACTATGCC GATGATTAAT

GTGGAAATAT

TATGGTTACA

GCCGCGACTG

GAACTTCTCT

GAGAATGAAG

CACATTTGGA

CCCACGAGAG

TGGTTTTGCT

AAGAGCCTTC

TCCAATCCTT

AGGAAAAACT

ACTTACAGCG

GAATCGGGAG

TCTTCAGCAA

CGGCCACAGT

GCATCGCCAT

AACAGTTCGG

CCGGCTTCCA

CAGGTAGCCG

TCGGCAGGAG

CAGTCCCTTC

GCCAGCCACG

GTCTTGACAA

CAGCCGATTG

GAACCTGCGT

TCGTATTATA

108

TCTTATTGGT

ATGATATACA

AAACCCTAGG

AGGGCTGCAG

TGTATGTGGA

AACCACAGTA

ATCTATAGAT

TGTTTAAATT

AGTAAAGAGC

CCATTCAAAA

TCCATTTTAG

GATCCCCTCA

CGGCGATACC

TATCACGGGT

CGATGAATCC

GGGTCACGAC

CTGGCGCGAG

TCCGAGTACG

GATCAAGCGT

CAAGGTGAGA

CCGCTTCAGT

ATAGCCGCGC

AAAGAACCGG

TCTGTTGTGC

GCAATCCATC

CTATGCCGAT



3781 TGTCAACACG TCTAACAAAA
TTAGCGGACA ATTTACTAGT

3841 CTAACACTGA AAATTACATA
TCAAAAGGTG CCTAAAAAAC

3901 TTCACAAAAC ACACTCGCCA
AACCGGAGCT TCAGCTACTT

3961 AAGAAGATAG GTACATAAAA
CTCACTTATC CCTCCCCTCA

4021 CCAGAGGTCC GGCGCCTGTC
AGGCCCGAAC CCTGCGTCCT

4081 GCGACGGAGA AAAGCCTACC
CCCCACCCTG CATTATAAGC

4141 CAACAGAACG GGTGACGTCA
CTCCCAAAGG TACGGGTGCA

4201 CTGCCCAACG GCACCGCCAT
ACGACAAACC GAGTTCTCCA

4261 GTCAGTGACA AACTTCACGT
CCAGCCCATC TCACCCGAAT

4321 AAGAGCTTTC CCGCATTAGC
TTCTTGCCGC CCACCATGCC

4381 CCCCACCTTG TTTCAACGAC
CGTCTTCCAT TCAAGACTCG

4441 GGAACAGCCG CCATTTTGCT
TTCAGGGCAA CCTTGCTCGC

4501 GGACCCAGAC TACAGCCCTT
CCGTCCCACC GAGCGGCCCG

4561 GCGGCCACGA AAGCCCCGGC
CACCAAGTGA CGATCACAGC

4621 GATCCACAAA CAAGAACCGC
CGGAACTAGC TGTGCCACAC

4681 CCGGCGCGTC CTTATATAAT
CGGAGATCCC TCCGCAGAAT

4741 CGCCGAGAAG GGACTACTTT
TGGAAAGAAA ACCAGTGCCC

4801 TAGAGTCACC CAAGTCCCGT
ATACTGGGGT TCTAAGGCCG

4861 AGTCTTATGA GCAGCGGGCC
GGAAGGATCA GGACGCTCGC

4921 TGCGCCCTTC GTCTGACGTG
GGGGGCGCCC GCGGGAGGCG

4981 CCAAAACCCG GCGCGGAGGC
CTTTCTAGAG AATAGGAACT

5041 TCGGAATAGG AACTTCTCGA
TGCTAACCAT GTTCATGCCT

5101 TCTTCTCTTT CCTACAGCCG
GGGGGGCGGC GGCGGAGGAG

5161 GCAACGCCAC GGCGGCGGCG
CAGCCCGGAC CGCGTCAAGA

5221 GGCCCATGAA CGCCTTCATG
GCGTAAGATG GCCCAGGAGA

5281 ACCCCAAGAT GCACAACTCG
CGCGGAGTGG AAACTTTTGT

AAGCCAAAAA

TTGACCCAAA

ACCCCGAGCG

CCGACCAAAG

GATTCAGGAG

GCACACCTAC

CGACACGACG

AACTGCCGCC

CAGGGTCCCC

GAAGGCCTCA

CTCACAGCCC

GCGCTCCCCC

GGCGGTCTCT

CAGCCCAGCA

GACCCAAATC

CATCGGCGTT

TCCTCGCCTG

CCTAAAATGT

GCTGTCCTGA

GCAGCGCTCG

CATGCATAGA

GCCCGGGAAA

CCGGGCCCGC

ACCGGCGGCA

GTATGGTCCC

GAGATCAGCA

109

CGGCCAGAAT

TGATTACATT

CATAGTTCAA

AAACTGACGC

AGCCTACCCT

CGGCAGGTGG

AGGGCGCGCG

CCCGCAACAG

AGATGGTGCC

AGACCTTGGG

GCCTCACAAG

CAACCCCCAG

CCACACGCTT

GCCCGCTACT

CCGGCTGCGA

CACCGCcceca

TTCCGCTCTC

CCTTCTGCTG

GCGTCCGGGC

CCGTGAGGAG

AGTTCCTATA

TGGGCCCCTC

AGCAAGCTTC

ACCAGAAGAA

GGGGGCAGCG

AGCGCCTGGG



5341 CCGAGACCGA GAAGCGGCCG
GCTGCGCGCT CTGCACATGA

5401 AGGAGCACCC GGATTATAAA
CAAGACGCTC ATGAAGAAGG

5461 ATAAGTACAC GCTTCCCGGA
GAACAGCATG GCGAGCGGGG

5521 TTGGGGTGGG CGCCGGCCTG
CATGGACAGC TACGCGCACA

5581 TGAACGGCTG GAGCAACGGC
GCAGCTGGGC TACCCGCAGC

5641 ACCCGGGCCT CAACGCTCAC
GATGCACCGC TACGACGTCA

5701 GCGCCCTGCA GTACAACTCC
CATGAACGGC TCGCCCACCT

5761 ACAGCATGTC CTACTCGCAG
GCTGGGCTCC ATGGGCTCTG

5821 TGGTCAAGTC CGAGGCCAGC
CTCTTCCTCC CACTCCAGGG

5881 CGCCCTGCCA GGCCGGGGAC
GTACCTCCCC GGCGCCGAGG

5941 TGCCGGAGCC CGCTGCGCCC
GCACTACCAG AGCGGCCCGG

6001 TGCCCGGCAC GGCCATTAAC
CATGTGAGGG CTGGACTGCG

6061 AACTGGAGAA GGGGAGAGAT
ATTGGGAGGG GTGCAAAAAG

6121 AGGAGAGTAG GAAAAATCTG
AACCACCAAT CCCATCCAAA

6181 TTAACGCAAA AACCGTGATG
AGAGATCTTG GGACTTCTTT

6241 TTGGGGGACT ATTTTTGTAC
GGGGAGGGCG GGGGAATCGG

6301 ACCATGTATA GATCTGGAGG
TTTTTTAAAG TTCTAGTGGT

6361 ACGTTAGGCG CTTCGCAGGG
AGTAATATTT AGAGCTAGAC

6421 TCCGGGCGAT GAAAAAAAAA
CTTTTGTACA GTATTTATCG

6481 AGATAAACAT GGCAATCAAA
AGAATTTGCC AATATTTTTC

6541 GAGGAAAGGG TTCTTGCTGG
TTAGGACCGT TACAAACAAG

6601 GAAGGAGTTT ATTCGGATTT
TGTACAAAAG GAAAACATGA

6661 GAGCAAGTAC TGGCAAGACC
GGCAAACGTT CTAGATTGTA

6721 CTAAATTTTT AACTTACTGT
CCATGCAGGT TGATATCGTT

6781 GGTAATTTAT AATAGCTTTT
TTTGTTCACA TAAAAAATAT

6841 GGAATTACTG TGTTTGAAAT
ATTTCTGTAA ATTGTGATAT

TTCATCGACG

TACCGGCCGC

GGCTTGCTGG

GGTGCGGGCG

AGCTACAGCA

GGCGCGGCAC

ATGACCAGCT

CAGGGCACCC

TCCAGCCCCC

CTCCGGGACA

AGTAGACTGC

GGCACACTGC

TTTCAAAGAG

ATAATGCTCA

CCGACTAGAA

AGAGAAAACC

AAAAAAACTA

AGTTCGCAAA

GTTTTAATAT

TGTCCATTGT

GTTTGATCTG

GAACATTTTA

GTTTTCGTGG

TAAAGGCAAA

GTTCAATCCT

ATTTTCTTAT
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AGGCCAAGCG

GGCGCAAAAC

CCCCCGGCGG

TGAACCAGCG

TGATGCAGGA

AGATGCAACC

CGCAGACCTA

CCGGTATGGC

CCGTGGTTAC

TGATCAGCAT

ACATGGCCCA

CCCTGTCGCA

ATACAAGGGA

AAAAGAAAAA

AACTTTTATG

TGAGGGCGGC

CGCAAAACTT

AGTCTTTACC

TTGCAAGCAA

TTATAAGCTG

CAGCTTAAAT

GTTTTAAAAT

TCTTGTTTAA

AAAAAAATGT

ACCCTTTCAT

GGTTTGTAAT



6901 TTTAAGGTTT TTCCCCCCTT TTATTTTCCG TAGTTGTATT
TTAAAAGATT CGGCTCTGTT

6961 ATTGGAATCA GGCTCCGAGA ATCCATGTAT ATATTTGAAC
TAATACCATC CTTATAACAG

7021 CTACATTTTC AACTTAAGTT TTTACTCCAT TATGCACAGT
TTGAGATAAA TAAATTTTTG

7081 AAAAAAAAAA AAAAAAAAA
//
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