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Introduction 

 

Epigenetic modification of chromatin is integral to transcription control 

Spatial and temporal control of gene expression throughout mammalian 

development requires unfailing yet precise control over transcription.  To achieve this, 

multicellular organisms have evolved complex regulatory networks of site specific 

transcription factors and epigenetic mechanisms to coordinate transcriptional activation 

and repression during development.  Increasingly, epigenetic alteration of chromatin 

including histone modification and replacement, nucleosome remodeling, DNA 

methylation and regulation by non-coding RNAs have been found to play an essential 

role in embryonic development and regulation of stem cell pluripotency and self renewal.  

In contrast, the failure of epigenetic mechanisms to properly mediate chromatin dynamics 

and gene expression can result in aberrant development or cancer (Lunyak & Rosenfeld, 

2008)(Surani, Hayashi, & Hajkova, 2007)(Jones & Baylin, 2007).   

Organization of our genetic code into the highly ordered structure of chromatin 

plays an essential role in mediating transcriptional activation and repression.  The basic 

unit of chromatin architecture consists of DNA wrapped around histone proteins (H2A, 

H2B, H3 and H4) forming the nucleosome subunit; with a single protein tail extending 

out from each individual histone.  The histone code hypothesis, originally postulated by 

Strahl and Allis, proposed that specific combinations of post translational modifications 

to histone tails provide signature markings on chromatin that are associated with specific 

biological outcomes, such as transcriptional silencing or activation(Strahl & Allis, 2000). 
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The most common histone tail modifications include methylation, acetylation, 

sumoylation, phosphorylation and ubiquitylation, all of which have been documented to 

alter transcriptional output at specific loci in the genome.  These histone tail 

modifications, or various combinations thereof, are thought to mediate transcription 

through conformational changes to chromatin structure that renders it repressed 

(heterochromatin) or activated (euchromatin) in state and by creation of docking or 

recognition sites for additional regulatory protein complexes, thereby making genes more 

or less accessible to binding by core transcriptional machinery.  It is now largely accepted 

that epigenetic alteration of chromatin, through post translational modification of histone 

tails and methylation of DNA, provides a dynamic interface for granting or denying core 

transcriptional machinery access to the nucleotide sequence of specific genes(Li, Carey, 

& Workman, 2007).  Unraveling the molecular mechanisms that mediate epigenetic 

modification of chromatin will be instrumental in determining how transcriptional control 

of gene expression contributes to development and disease.   

Polycomb and trithorax illustrate the importance of epigenetic regulation 

The coordination of gene expression in development by Polycomb group (PcG) 

and trithorax (trxG) proteins provides one of the most well characterized examples of 

epigenetic transcriptional regulation mediated by chromatin modifying protein 

complexes(Schuettengruber, Chourrout, Vervoort, Leblanc, & Cavalli, 2007).  Originally 

discovered as long term transcriptional repressors (PcG) and activators (trxG) of Hox 

genes in Drosophila segmentation and body axis patterning, PcG and trxG protein have 

subsequently been determined to be highly conserved in eukaryotic organisms and serve 
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a crucial role in regulating the expression of a diverse set of genes critical for establishing 

a form of cellular memory(Lewis, 1978)(Struhl, 1981)(Ringrose & Paro, 2004).  The 

epigenetic modifications catalyzed by the PcG and trxG proteins contribute to the ability 

of cells to transmit transcriptional states, cellular identity and cell fate through cell 

divisions.  More dynamic than originally hypothesized, PcG and trxG proteins include an 

expanding set of heterogeneous protein complexes that have been implicated in numerous 

biological processes including cell proliferation, hematopoiesis, X-inactivation, genomic 

imprinting and stem cell identity, renewal and differentiation(Sparmann & van Lohuizen, 

2006).  Mutations in human PcG and trxG proteins that result in aberrant gene expression 

have also been linked to the development of genetic disease and cancer (Rajasekhar & 

Begemann, 2007)(Krivtsov & Armstrong, 2007). 

Polycomb complexes modify chromatin to repress transcription 

Historically, Polycomb repressive complexes 1 and 2 (PRC1 and PRC2) comprise 

two distinct PcG complexes that are believed to work in tandem to mediate 

transcriptional repression at PcG target genes (Schwartz & Pirrotta, 2008).  The originally 

defined Drosophila PRC1 core complex contains four primary proteins including 

Polycomb (PC), Posterior Sex Combs (PSC), Polyhomeotic (PH), and dRING.  The 

PRC2 complex contains three primary proteins including Enhancer of Zeste (E(Z)), 

Suppressor of Zeste (SU(Z)12), Extra sex combs (ESC).  One or more homologs for each 

PRC1 and PRC2 protein exists in mammals, in addition to other proteins that have been 

implicated in Polycomb mediated repression.  In Drosophila, the PhoRC complex 

recruits the PRC2 complex to Polycomb recognition element (PRE) in genes requiring 
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repression (L. Wang et al., 2004).  The SET domain containing histone 

methyltransferase, E(Z), then catalyzes the addition of a tri-methyl group to H3K27, the 

histone modification required to initiate transcriptional repression (Cao et al., 

2002)(Kuzmichev, Nishioka, Erdjument-Bromage, Tempst, & Reinberg, 2002)(Muller et 

al., 2002).  The chromodomain containing, PC, which recognizes tri-methylated H3K27, 

targets the PRC1 complex to the gene to complete the epigenetic modifications necessary 

to maintain the transcriptionally repressed state (Fischle et al., 2003).  To accomplish 

this, the E3 ubiquitin ligase, dRING, catalyzes the addition of mono-ubiquitin to H2A, 

further silencing expression from the target gene (H. Wang et al., 2004).  This sequence 

of events describes what is believed to be the basic mechanism for Polycomb mediated 

transcriptional repression in Drosophila; however, as we begin to unravel the 

increasingly complex epigenetic code on a genome wide scale in higher organisms a 

more dynamic and combinatorial system begins to emerge for Polycomb repression. 

Transcriptional corepressors expand the repressive abilities of PcG complexes  

Recent discoveries in the field of chromatin biology and transcriptional repression 

have revealed that PcG complexes may cooperate, include or form alternative complexes 

with other chromatin related molecules including transcriptional corepressors, ncRNAs 

and histone deacetylases to mediate transcriptional repression(Rajasekhar & Begemann, 

2007)(Lunyak & Rosenfeld, 2008).  Transcriptional corepressors comprise an expanding 

group of proteins that are essential for mediating transcriptional repression in a diverse 

array of cellular processes including differentiation, proliferation, and cell cycle control 

and programmed cell death (Rosenfeld, Lunyak, & Glass, 2006).  Generally lacking a 
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DNA binding domain, transcriptional corepressors bind site specific transcription factors 

and coordinate recruitment of enzymatically active chromatin modifying protein 

complexes to silence gene expression at specific genomic targets (Jepsen & Rosenfeld, 

2002).  Similar to PcG proteins, mutations in transcriptional corepressor resulting in 

unregulated gene expression due to failed transcriptional repression can lead to defects in 

development, genetically inherited disease and cancer {44 Jepsen,K. 2002}}.   

The BCOR transcriptional corepressor is an important developmental regulator 

Since its discovery as a transcriptional corepressor for the proto-oncoprotein 

BCL-6, the BCL-6 corepressor (BCOR) has been the focus of intense study (Huynh, 

Fischle, Verdin, & Bardwell, 2000).  Marking it as an important developmental regulator, 

Ng et. al. discovered mutations in human BCOR result in the rare X-linked MCOPS2 

(microphthalmia syndromic 2) genetic syndrome (D. Ng et al., 2004).  Investigating the 

biochemical mechanism of BCOR repression, Gearhart et. al. successfully purified the 

first BCOR transcriptional repression complex, that has since been corroborated by 

multiple other groups (Gearhart, Corcoran, Wamstad, & Bardwell, 2006). Adding to the 

expanding and dynamic set of Polycomb related complexes, the components of the 

BCOR complex potentially connect histone demethylase activity to the ubiquitin ligase 

activity of the PRC1 complex and suggest new mechanisms for recruitment to PcG 

genomic targets.  The newly found repertoire of enzymatic activities harbored by the 

BCOR complex has important implication for deciphering its role in lymphomagenesis as 

a mediator of BCL6 repression and potentially other types of cancer that have been linked 

to aberrant PcG repression. Additionally, the developmental importance of BCOR and its 
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relation to Polycomb mediated transcriptional repression suggest a new and exciting 

potential role for BCOR mediated transcriptional repression in embryonic stem cell 

biology. 

In the remainder of the introduction I will review the clinical findings and role of 

BCOR in MCOPS2 disorders, the purifications and biochemical analyses of the BCOR 

chromatin modifying complex, the potential role of BCOR in PcG mediated 

transcriptional repression in embryonic stem cells and early mouse development and 

finally, the role of BCOR in conjunction with known proto-oncogenes.  In covering these 

topics, I hope to highlight the important role that the BCOR plays in coordinating 

transcriptional repression in both development and cancer  

 

The role of BCOR in human development 

 

MCOPS2 disorders comprise MAA2 associated Lenz microphthalmia and OFCD  

Demonstrating the essential role Bcor plays in development, a variety of 

mutations in the human BCOR gene result in the genetic disorder microphthalmia, 

syndromic 2, (MCOPS2)(D. Ng et al., 2004). Genetically distinct in a broad spectrum of 

X-linked microphthalmia syndromes, MCOPS2 disorders comprise two clinically related 

syndromes that arise from mutant allelic variations in the BCOR gene, MAA2 associated 

Lenz Microphthalmia and Oculofaciocardiodental (OFCD) syndromes (E. Hilton, Black, 

& Bardwell, 2008)(E. Hilton et al., 2009).  These two MCOPS2 disorders overlap 
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broadly in phenotype affecting aspects of ocular, cardiac, nervous, skeletal, craniofacial 

and hematopoietic development and clinically present in a sex specific manner.   

MAA2-associated Lenz microphthalmia 

MAA2-associated (microphthalmia and associated anomalies, locus 2) Lenz 

microphthalmia is characterized by microphthalmia (small eyes) and clinical 

anophthalmia (absence of eye(s)), mental retardation, radioulnar synostosis and other 

skeletal anomalies (D. Ng, Hadley, Tifft, & Biesecker, 2002; D. Ng et al., 2004).   To 

date, MAA2-associated Lenz microphthalmia has only been reported in two males and 

results in a subclinical phenotype in females carrying the same mutation (E. Hilton et al., 

2009).  Although a strong candidate gene for the molecular explanation of the full 

spectrum of X-linked Lenz microphthalmia syndromes, sequencing of genomic DNA 

from 22 males with clinically diagnosed Lenz microphthalmia revealed only two samples 

with a BCOR mutation(E. Hilton et al., 2009).   

Sequence analysis of genomic DNA from the two documented male patients 

revealed a single missense point mutation (c.254C>T, p.P85L) resulting in an amino acid 

substitution in BCOR (D. Ng et al., 2004).  In vitro repression assays showed that this 

P85L version of BCOR repressed transcription as well as wild type Bcor when tethered to 

a promoter through a Gal4 DNA binding domain.  Additionally, the 254C>T sequence 

alteration to the BCOR transcript does not measurably reduce translation efficiency and 

the resulting P85L amino acid change does not alter the ability of BCL6 to co-

immunoprecipitate BCOR in vitro(D. Ng et al., 2004).  These findings suggest that the 
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P85L mutation likely abrogates binding to alternative transcription factors or other 

regulatory protein necessary for directing BCOR to specific genes   

Oculofaciocardiodental snydrome 

Oculofaciocardiodental syndrome comprises the majority of MCOPS2 

syndromes.  To date, 64 female OFCD patients with BCOR mutations, from 22 separate 

families have been reported in the literature (E. Hilton et al., 2009). OFCD affects a 

diverse array of tissues, characterized by ocular (congenital cataracts, colobomas and 

microphthalmia), facial (septated nasal cartilage and high nasal bridge), cardiac (atrial 

and septal valve defects), dental (radiculomegaly and hypodontia), skeletal (hammer toes 

and second-third toe syndactly) and neural (mental retardation and hearing impairment) 

system defects (E. Hilton et al., 2009)(E. Hilton et al., 2008)(Gorlin, Marashi, & 

Obwegeser, 1996).  The clinical phenotypes highlighted in parentheses are the most 

common abnormalities reported for each organ system; however, numerous other 

abnormalities occur less frequently in each category.  Mother to daughter transmission of 

the disease has been reported in multiple instances; however no male OFCD patients 

exist (Hedera & Gorski, 2003; McGovern et al., 2006)(McGovern et al., 2006)(Hedera & 

Gorski, 2003)(E. Hilton et al., 2009). 

X-inactivation strongly impacts the clinical manifestation of OFCD resulting in 

female patients that are functionally mosaic for cells expressing the mutant version of 

BCOR.  Random X-inactivation during embryonic development results in the silencing of 

either the mutant or wild type BCOR alleles.  X-inactivation analysis on leukocytes from 

OFCD patients showed extreme skewing (96-100%) in favor of cells expressing the wild 
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type allele of BCOR (D. Ng et al., 2004).  This result indicates that cells strongly favor 

the wild type allele of BCOR during hematopoietic development.  Furthermore, the 

mosaicism generated by random X-inactivation and strong selective pressure towards 

cells harboring the wild type allele of BCOR results in the variable disease penetrance 

present in all tissues affected in OFCD (E. Hilton et al., 2008).  The exact range of 

clinical presentation in OFCD remains unknown; however one asymptomatic patient has 

been documented with siblings carrying the same mutation but presenting with a typical 

OFCD phenotype (E. Hilton et al., 2009).  At the opposite end of the spectrum, embryos 

with random X-inaction patterns not amenable to development likely die in utero. 

OFCD results from frame shift, deletion or nonsense mutations in the BCOR gene 

that are believed to generate a null allele (D. Ng et al., 2004).  These mutations either 

remove a large portion of the coding sequence or generate a transcript with a premature 

stop codon that is likely targeted for degradation through nonsense mediated decay, but if 

stable could generate a truncated BCOR protein.  Additionally, one OFCD patient exists 

with an in frame deletion of exon 10, suggesting that the portion of the protein encoded 

by exon 10 is essential for BCOR function (E. Hilton et al., 2008).    

Animal models of MCOPS2 syndromes 

To dissect the function of BCOR in vivo, two animal models have been developed 

that partially recapitulate the disease phenotype present in human OFCD patients.  The 

first model employed the use of antisense morpholinos to splice donor sites of the 

zebrafish (danio rerio) orthologs of human exons 9 and 10 in an effort to target a region 

of BCOR where numerous human mutation have been documented (D. Ng et al., 2004).  
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Knock down of Bcor in zebrafish using these morpholinos showed defects in the 

skeleton, eye, somites, tails and central nervous system.  In particular, the morpholino 

treated fish developed colobomas, a common ocular defect present in human OFCD 

patient.  Additionally, tails displayed abnormal and shortened vertebra and irregularities 

were present in the notochord, neural tube, cerebellum, and optic tectum.  

The second animal model used morpholino antisense technology to knock down 

Xenopus tropicalis Bcor (xtBcor) during early development, after identification of three 

OFCD patients that displayed previously unreported laterality defects, including 

dextrocardia, asplenia and intestinal malrotation (E. N. Hilton et al., 2007).  Antisense 

morpholinos targeted to the 5’ UTR of xtBcor mRNA resulted in successful knock down 

of xtBCOR protein and recapitulated the laterality defects discovered in the human 

OFCD patients, including gut patterning and cardiac orientation defects.  Additionally, 

the injected embryos suffered from ocular defects including coloboma, microphthalmia 

and optic nerve irregularities, consistent with the OFCD phenotype.  Interestingly, 

unilateral injection showed that left-sided knock down of xtBcor was required to induce 

laterality defects.  xtPitx2c, a gene required for left-sided morphogenesis, expression was 

blocked by xtBcor knock down providing a possible explanation for the left-sided 

requirement of Bcor in lateral specification. 

 

Identification of BCOR in PcG related chromatin modifying complexes  

 

Bcor recruits a PRC1 like chromatin modifying complex 
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The human BCOR gene spans 126 kb over 16 exons on chromosome Xp11.4 

encoding a unique 1755 amino acid protein that is highly conserved in higher eukaryotic 

organisms.  Aside from the three tandem ankyrin repeats, present in the C-terminal 

portion of BCOR, that are presumed to mediate protein-protein interactions, BCOR 

contains no other recognizable motifs that give clues to its mechanism of repression.  

Addressing the lack of understanding regarding BCOR mediated repression; multiple 

groups recently purified novel yet highly similar chromatin modifying complexes 

containing BCOR, several PRC1 proteins and enzymatic activities typically associated 

with transcriptional repression(Gearhart et al., 2006; Sanchez et al., 2007)(Mueller et al., 

2007).  All complexes contain a dRing homolog(s) that catalyzes monoubiquitylation of 

H2A and some also contain a H3K36 demethylase.   

To determine the mechanism by which BCOR mediates transcriptional repression 

at BCL6 target genes, Gearhart et. al. used a combination of tandem affinity purification 

and mass spectrometry analysis to purify a protein complex from HEK 293 cells 

overexpressing an epitope tagged version of BCOR(Gearhart et al., 2006). The 800 kD 

BCOR complex contained two protein subcomplexes based on known protein function; a 

Polycomb group (PcG) subcomplex including RING1A, RING1B (RNF2), RYBP and 

NSPC1 and a histone demethylase subcomplex including FBXL10 (KDM2) and SKP1.  

RING1A and RING1B are known E3 ligases for the mono-ubiquitylation of H2A, and 

the F-box protein, FBXL10 contains a jumonji c domain recently discovered to 

demethylate H3K36 (H. Wang et al., 2004)(Tsukada et al., 2006).  Not previously 

reported in a Polycomb group complex, NSPC1, a homolog of Drosophila PRC1 
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complex member posterior sex combs (PSC), also purified a protein complex identical to 

the BCOR complex.  This result suggests NSPC1 is likely an exclusive member of the 

BCOR complex.  Subsequent purification of the BCOR complex using less stringent 

wash conditions has revealed added components including RBBP4, ENL (MLLT1), AF9 

(MLLT3) and chromobox domain containing CBX4 and CBX8. (un-published data, pers. 

comm. Bardwell Lab).  Figure 1.1 summarizes the protein interaction between complex 

members confirmed by GST-pulldown and coimmunoprecipitation experiments to date.   

Consistent with the presence of the E3 ubiquitin ligases, RING1A and RING1B, the 

BCOR complex catalyzed the addition of ubiquitin to H2A in vitro in a dose dependent 

manner.  Chromatin immunoprecipitation (ChIP) revealed that BCOR complex members 

localize to known BCL6 target genes, P53, Cyclin D2 and Blimp-1.  Ubiquitylated H2A, 

a histone modification associated with transcriptional repression, also localized to the 

same BCL6 targets via ChIP analysis, consistent with Bcor’s role as a transcriptional 

repressor. 
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Figure 1.1:  The BCOR chromatin modifying complex. 

The BCOR complex harbors two enzymatic subgroups including a histone demethylase 

subgroup in red (FBXL10, SKP1) and a Polycomb related E3 ubiquitin ligase subgroup 

in blue (NSPC1, RING1A/B, RYBP/YAF2, CBX4/8, RBBP4). Additionally, the 

complex contains known MLL translocation fusion partners in yellow (AF9/ENL) and 

gene target specific transcriptions factors in purple (TFs).  The histone demethylase 

FBXL10/11 mediates demethylation of H3K36me2 and the E3 ubiquitin ligase 

RING1A/B mediates addition of mono-ubiquitin to H2AK119.  Both enzymatic activities 

are associated with transcriptional repression.  The illustration marks known complex 

interactions as indicated by the current literature and Bardwell lab personal 

communication.  
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RING1B complex purifications also identify BCOR and FBXl10  

Corroborating the finding by Gearhart et. al., BCOR and FBXL10 represent 

primary components in RING1B complex purifications.  An essential component of the 

Polycomb Group PRC1 complex, RING1B catalyzes the addition of monoubiquitin to 

H2A to repress transcription.  Suggesting RING1B may function in additional chromatin 

modifying complexes, RING1B was also purified in the E2F6.com-1 complex along side 

other Polycomb group proteins and a potentially unexpected H3 Lys-9 histone 

methyltransferase.  In an effort to identify a more comprehensive view of RING1B 

interacting proteins, Sanchez et. al. purified approximately 50 RING1B associating 

proteins from erythroid cells using a similar strategy to Gearhart et. al. (Sanchez et al., 

2007).  This RING1B purification strategy identified all formerly determined members of 

the original PRC1 complex, the BCOR complex and the E2F6.com-1 complex, in 

addition to a few previously unidentified interacting proteins.  Of the RING1B interacting 

proteins purified, BCOR and FBXL10 showed the strongest association with RING1B, 

prompting a reciprocal purification with a tagged version of FBXL10.  The FBXL10 

purification identified an almost identical complex to the BCOR complex purified by 

Gearhart et al.., confirming the significance of the BCOR complex as a distinct chromatin 

modifying entity. 

In an effort to identify proteins interacting with drosophila PRC1 member dRING, 

Lagarou et. al, purified dRING-associated factors (dRAF) from drosophila cell extracts 

depleted of chromobox domain containing PC (Lagarou et al., 2008).  This dRAF 

purification yielded a PcG complex similar to the mammalian BCOR complex containing 
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the H2A E3 ubiquitin ligase, dRING, the NSPC1 homolog, PSC, the H3K36 histone 

demethylase, dKDM2 (the homolog of FBXL10) and an uncharacterized Drosophila 

homolog of BCOR (dBCOR, unpublished, personal communication).  Similar to the 

mammalian BCOR complex, the inclusion of, dKDM2, and dRING, connects histone 

demethylation and H2A E3 ubiquitin ligase activity to novel PRC1 related complex.  In 

support of this, dKDM2 hypomorphic mutants revealed enhancement of Pc mutant 

phenotypes and suppression of, Ash1 and Trx1 methyltransferase mutants.  RNAi 

depletion of KDM2 in insect cells displayed a reduction of di-methylated H3K36 and 

failure to efficiently mono-ubiquitylate H2A, thereby coupling the repressive enzymatic 

activities of the dRAF complex. 

Mll fusion partner, ENL purifications also identify  BCOR and RING1B  

Searching for proteins that interact with the MLL (mixed-lineage leukemia gene) 

fusion partner ENL (eleven-nineteen leukemia gene), Mueller et. al. recently identified 

BCOR as a unique member in a protein complex purified from HEK 293 cell over-

expressing a epitope tagged version of ENL(Mueller et al., 2007).  Interestingly, the ENL 

purification contained common MLL fusion partners (AF4, AF5q31, and LAF4), 

components associated with transcriptional elongation (RNA PolII CTD, pTEFb and 

histone H3 methyltransferase, DOT1L) and components associated with transcriptional 

repression (Polycomb related proteins, RING1 CBX8, and BCOR).  The composition of 

ENL purified proteins suggest ENL may be implicated in both repression and activation 

of chromatin.  Indeed, the association of ENL with BCOR, RING1B and CBX8 in the 

BCOR complex purification further supports a repressive role for ENL.  Additionally, the 
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closely related MLL fusion partner AF9 has previously been shown to directly interact 

with BCOR and also purifies in the BCOR complex (Srinivasan, de Erkenez, & 

Hemenway, 2003).  

 

PcG mediated transcriptional repression in early mouse development 

and embryonic stem cells  

 

Polycomb proteins are required for early mammalian development 

Drosophila PcG mutants fail to repress Hox genes during embryogenesis resulting 

in characteristic body patterning and segmentation defects (Lewis, 1978)(Struhl, 

1981)(Ringrose & Paro, 2004). Knock outs of homologous PcG components in mice 

results in early developmental patterning defect, reminiscent of those originally 

discovered in the fly.  Multiple mammalian Polycomb group proteins including PRC2 

components EZH2, EED, SUZ12 and PRC1 components RING1B, BMI1 and RYBP are 

required for early mouse development(O'Carroll et al., 2001)(Kuzmichev, Jenuwein, 

Tempst, & Reinberg, 2004)(Faust, Lawson, Schork, Thiel, & Magnuson, 

1998)(Schumacher, Faust, & Magnuson, 1996)(Pasini, Bracken, Jensen, Lazzerini 

Denchi, & Helin, 2004)(van der Lugt et al., 1994)(Voncken et al., 2003).  Genetic 

disruption of Polycomb proteins in mice display overlapping phenotypes including post 

implantation embryonic lethality, failure during gastrulation, and neural, extraembryonic 

and axial skeletal defects.  Clearly, both PRC1 and PRC2 associated proteins play an 

essential role in coordinating chromatin early in embryogenesis and the severity of 
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phenotypes emphasize the critical role epigenetic modification has in regulating gene 

expression in development.  The similarity of the BCOR complex to the PRC1 complex 

suggests that null alleles of BCOR in mice may result in a PcG related phenotype.   As an 

X-chromosome gene, the phenotype resulting from a null allele of BCOR in females 

would be subject to X-inactivation, suggesting males would most closely phenocopy 

existing PRC1 mouse mutants.   

Polycomb complexes help maintain the embryonic stem cell state  

Polycomb group (PcG) proteins have also been implicated in coordinating 

embryonic stem (ES) cell differentiation, self-renewal and pluripotency; however, the 

exact roles still remains unclear (Sparmann & van Lohuizen, 2006)(Rajasekhar & 

Begemann, 2007).  Genome-wide ChIP-on-CHIP analysis of Polycomb targets in mouse 

ES cells revealed co-occupancy by PRC1, PRC2 and the EZH2 catalyzed histone 

modification tri-methylated H3K27, at a set of 512 genes which is enriched for 

developmental regulators(Boyer et al., 2006).  Indeed, deregulated repression of 

transcription factors important for early embryonic development and differentiation of ES 

cells characterizes loss of multiple PRC1 and PRC2 components as evidenced by EED, 

SUZ12, EZH1/2 and RING1A/B null ES cells(Chamberlain, Yee, & Magnuson, 

2008)(Pasini, Bracken, Hansen, Capillo, & Helin, 2007)(X. Shen et al., 2008)(Endoh et 

al., 2008).  Interestingly, a high percentage of these PRC1 and PRC2 genomic targets 

harbor large CpG islands and “bivalent domains”; an epigenetic signature characterized 

by dueling histone modifications, tri-methylated H3K4 (activating) and tri-methylated 

H3K27 (repressing)(Ku et al., 2008).  Bivalent domains are hypothesized to silence 
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expression of important developmental regulators while holding the gene in a poised 

state, ready for activation upon differentiation cues (Bernstein, Meissner, & Lander, 

2007).  Providing a mechanism for holding transcription in a poised state, ubiquitylation 

of H2A by RING1A/B prevents RNA polymerase from initiating transcriptional 

elongation at bivalent target genes in ES cells(Stock et al., 2007).  Finally, OCT4, SOX2 

and NANOG co-occupy many of these bivalent promoters with PRC1 and PRC2 proteins 

and, suggesting interplay between core pluripotency transcription factors and PcG 

proteins in modulating this developmentally poised epigenetic state(Boyer et al., 

2006)(Lee et al., 2006).   

Despite the intriguing evidence for a PcG requirement in maintaining ES cell 

pluripotency, in the most stringent sense PcG proteins may not be required for 

maintaining the stem cell state, but rather required upon ES cell differentiation to control 

lineage specific programs (Ho & Crabtree, 2008).  Supporting this model, mouse ES cell 

lines can be cultured from blastocysts in the absence of PRC2 core proteins, including 

Ezh1/2 null and Eed null ES cells; both of which ablate the methyltransferase activity of 

PRC2(X. Shen et al., 2008)(Chamberlain et al., 2008).  Furthermore, high passage Eed 

null ES cells contribute to all major tissue lineages in chimeric mice, excluding fully 

differentiated cells (Chamberlain et al., 2008). The absence of di or tri-methylated 

H3K27 in ES cells ablated of all PRC2 enzymatic activity, suggests that bivalent domains 

may not be required to maintain the stem cell state.  A compromise between both 

arguments, Shi and Bernstein postulate that PcG proteins function to buffer 

transcriptional noise in the ES cell state, where an unusually high number of genes are 
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transcribed at low levels and chromatin maintains a de-condensed open configuration, by 

reinforcing repression of critical developmental regulators while simultaneously holding 

them poised for transcriptional activation(Chi & Bernstein, 2009).  Clearly, a significant 

role for PcG proteins exist in modulating gene expression during early development, 

however many questions remain as to how PcG repression contributes to maintenance of 

embryonic stem cell identity.   

A potential role for the BCOR complex in stem cell biology 

Several lines of evidence implicate numerous BCOR complex components in 

stem cell biology.  As described above, the BCOR complex contains several PRC1 

protein homologs including RING1A/B (dRING), NSPC1 (PSC), and the Polycomb 

group associated protein, RYBP, all of which have been implicating in regulating 

chromatin in ES cells (Endoh et al., 2008)(van der Stoop et al., 2008)(Pritsker, Ford, 

Jenq, & Lemischka, 2006)(J. Wang et al., 2006). RING1B and RYBP have been 

identified in genome-wide screens for transcriptional regulatory networks in ES cells (J. 

Wang et al., 2006).  Additionally, both RING1B and RYBP were purified in OCT4 and 

REX1 transcriptional regulatory complexes in ES cells (J. Wang et al., 2006).  NSPC1 

was identified in a genome-wide gain-of-function screen for proteins able to rescue an ES 

cell phenotype in differentiation inducing conditions (Pritsker et al., 2006).  The presence 

of RING1A/B in the BCOR complex suggests a potential role for BCOR in recruiting the 

H2A E3 ubiquitin ligase activity of RING1A/B to target genes in ES cells.  In support of 

this hypothesis, RING1B occupied 1219 promoters in the genome-wide ChIP-on-CHIP 

analysis of ES cell PcG targets genes, however, 440 targets were not co-occupied by any 
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PRC2 member, suggesting recruitment via alternate mechanisms and further linking PcG 

proteins and potentially BCOR to the ES cell(Boyer et al., 2006). 

FBXL10 adds novel enzymatic activities and DNA recognition ability to the 

BCOR complex.  FBXL10 contains a CXXC domain capable of recognizing and binding 

unmethylated CpG dinucleotides.  In light of the preference for PRC1 complexes to bind 

CpG islands, FBXL10 may help recruit BCOR complex activity through CXXC binding 

to unmethylated CpG islands in the promoters of developmental regulators.  Similar to 

dRAF, the BCOR complex may couple FBXL10 mediated H3K36 demethylation and 

RING1A/B mediated H2A mono-ubiquitylation to inhibit transcriptional elongation, 

consistent with maintaining a transcriptionally poised state at development critical genes 

in ES cells 

 

The role of BCOR in cancer 

 

A sizeable body of evidence strongly implicates aberrant PcG mediated gene 

repression in the development of cancer (Rajasekhar & Begemann, 2007)(Sparmann & 

van Lohuizen, 2006)(Jones & Baylin, 2007)(Simon & Lange, 2008). PcG proteins 

mediate repression of a large number of important developmental regulators, that when 

inappropriately expressed may contribute to genomic instability and unregulated cell 

proliferation (Boyer et al., 2006)(Lee et al., 2006).  Conversely, recruitment of PcG 

repressive complexes to inappropriate genomic sites may inhibit expression of genes 

necessary for differentiation or apoptosis.  The identification of BCOR as a corepressor 
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for the proto-oncoprotein BCL6 and the ability of BCOR to interact with MLL 

translocation fusion partners AF9 and ENL present attractive paradigms for considering 

PcG related repression mechanisms in the development of cancer(Huynh et al., 

2000)(Mueller et al., 2007)(Srinivasan et al., 2003).  Additionally, they provide a 

potential example of site specific recruitment of a PRC1 related complex via a 

transcriptional corepressor.  In the future, disruption or targeting of PcG complexes, like 

the BCOR complex, may provide a therapeutic avenue for treatment of cancer due to 

aberrant epigenetic regulation. 

BCOR interacts with the proto-oncoprotein BCL-6 

BCOR was originally identified as a transcriptional corepressor of the proto-

oncoprotein BCL6 (Huynh et al., 2000).  As a transcriptional regulator of germinal center 

B cell terminal differentiation in the lymphatic system (Jardin, Ruminy, Bastard, & Tilly, 

2007)(Staudt, Dent, Shaffer, & Yu, 1999), BCL-6  represses transcription of genes 

involved in lymphocyte activation, cell cycle arrest, apoptosis, differentiation and DNA 

damage sensing(Shaffer et al., 2000)(Niu, Cattoretti, & Dalla-Favera, 2003)(Tunyaplin et 

al., 2004)(Phan, Saito, Basso, Niu, & Dalla-Favera, 2005)(Phan & Dalla-Favera, 2004).   

BCL6 activity favors the survival and rapid proliferation of germinal center B-cells, 

leading to the generation of high affinity antibodies (Rajewsky, 1996).  Chromosomal 

translocations of the BCL6 gene contribute to the development of non-Hodgkin’s 

lymphomas (NHL), occurring in 30% of diffuse large B cell lymphomas and 5-10% of 

follicular lymphomas (DLBCL and FL), the two most frequent NHL subtypes(Dalla-

Favera et al., 1999)(Bastard et al., 1994)(Lo Coco et al., 1994).  These chromosomal 
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translocations result in aberrant expression of intact BCL6 through placement of the 

BCL6 coding sequence under the control of the promoter of another gene (Ye et al., 

1995).  Modeling a translocation found in human DLBCL, mice engineered to express 

the Bcl6 coding region from the IgH Iµ promoter, show deregulated expression of Bcl6 

and develop DLBCL formally defining BCL6 as an oncoprotein (Cattoretti et al., 2005). 

Transcriptional corepressors such as nuclear receptor corepressors (NCOR) 1 and 

2 and BCOR are recruited by BCL6 to help repress transcription in germinal center B-

cells providing a potential target for modulating aberrant BCL6 mediated repression in 

developing lymphomas(Huynh et al., 2000)(Huynh & Bardwell, 1998).  NCOR1, 

NCOR2 and BCOR each specifically interact with the lateral groove of the POZ/BTB 

domain of BCL6 and potentiate BCL-6 transcriptional repression (Huynh et al., 2000). 

Therapeutic peptides generated to specifically bind the lateral groove of the BCL6 

POZ/BTB domain, block recruitment of NCOR1, NCOR2 and BCOR corepressors and 

result in the transcriptional activation of BCL6 target genes and cell cycle arrest and 

apoptosis of BCL6 dependent lymphoma cell lines (Cerchietti et al., 2009).  Peptides and 

small molecules capable of preventing corepressor recruitment and releasing aberrant 

transcriptional repression provide a promising therapeutic avenue for treatment of 

lymphomas with deregulated BCL6 expression. 

BCOR interacts with known MLL translocation fusion partners 

As previously mentioned, BCOR also interacts with the transcriptional regulators 

AF9 and ENL, both known fusion partners of mixed lineage leukemia (MLL) gene 

(Srinivasan et al., 2003)(Mueller et al., 2007).  Chromosomal translocations resulting in 
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MLL-AF9 and MLL-ENL fusions are frequently present in acute myeloid leukemia 

(Tkachuk, Kohler, & Cleary, 1992)(Nakamura et al., 1993)(Joh et al., 1996)(Ayton & 

Cleary, 2001). MLL-AF9 and MLL-ENL chimeric fusion proteins require the C-terminal 

end of AF9 and ENL, respectively, to drive leukemogenesis (Slany, Lavau, & Cleary, 

1998). The ability of BCOR to interact with ENL and specifically with the C-terminus of 

AF9 suggests that BCOR could be inappropriately recruited to MLL genomic targets by 

the MLL-AF9 and MLL-ENL fusion proteins (Srinivasan et al., 2003).  The 

transcriptional repression imparted by the BCOR complex at normally active MLL target 

genes may contribute to leukemogenesis (Garcia-Cuellar et al., 2001).  In addition to the 

potential role in leukemogenesis, the interaction between AF9 and BCOR also suggests 

that BCOR may have a role regulating transcriptional repression during skeletal 

development, as targeted gene disruption of mouse AF9 resulted in lethal skeletal defects 

due to altered expression of Hox genes(Collins et al., 2002). 

 

Conclusion 

 

Unraveling the biochemical mechanism and identifying the genomic targets of 

BCOR mediated transcriptional repression during development will be critical to our 

understanding of how aberrant epigenetic regulation of chromatin contributes to the 

development of human disease.  The pleiotropic effects induced by the loss of functional 

BCOR in humans clearly illustrate the essential role of BCOR during embryogenesis and 

emphasizes the importance of determining the expression profile and the function of 
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BCOR during development.  Mice provide a powerful genetic system to analyze the 

function of Bcor in vivo. Targeted disruption of the mouse Bcor gene will not only allow 

us to determine what developmental systems require BCOR mediated transcriptional 

repression, but will also help to create a mouse model for studying OFCD and Lenz 

Microphthalmia and a tool for dissecting the enzymatic activities of the BCOR chromatin 

modifying complex.  To this end, my project in the lab has been 1) to determine the 

spatial and temporal expression of Bcor in mouse development, 2) to create and analyze 

two hypomorphic loss-of-function alleles in mice, 3) to create a conditionally targeted 

allele of Bcor in mice 4) to determine the role of Bcor in regulating embryonic stem cell 

differentiation during early embryogenesis.  
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Chapter 2:  Characterization of Bcor Expression in Mouse 

Development 
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Abstract 
 

Mutation of the gene encoding the transcriptional corepressor BCOR results in the 

X-linked disorder Oculofaciocardiodental Syndrome (OFCD or MCOPS2).   Female 

OFCD patients suffer from severe ocular, craniofacial, cardiac and digital developmental 

defects and males do not survive through gestation.  BCOR can mediate transcriptional 

repression by the oncoprotein BCL6 and has the ability to reduce transcriptional 

activation by AF9, a known mixed-lineage leukemia (MLL) fusion partner.  The essential 

role of BCOR in development and its ability to modulate activity of known oncogenic 

proteins prompted us to determine the expression profile of Bcor during mouse 

development.  Identification of independently transcribed exons in the 5’ untranslated 

region of Bcor suggests that three independent promoters control the expression of Bcor 

in mice.  Although Bcor is widely expressed in adult mouse tissues, analysis of known 

spliced isoforms in the coding region of Bcor reveals differential isoform usage.  Whole 

mount in situ hybridization of mouse embryos shows that Bcor is strongly expressed in 

the extraembryonic tissue during gastrulation and expression significantly increases 

throughout the embryo after embryonic turning.  During organogenesis and fetal stages 

Bcor is differentially expressed in multiple tissue lineages, with a notable presence in the 

developing nervous system.  Strikingly, we observed that Bcor expression in the eye, 

brain, neural tube and branchial arches correlates with tissues affected in OFCD patients.  
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Results and Discussion 

 

 BCOR (BCL6 corepressor) is a transcriptional co-repressor that was identified 

based on its ability to interact with the POZ domain of the oncoprotein BCL6 (Huynh et 

al., 2000)(Baron et al., 1993). Chromosomal translocations in the promoter and 5’ 

untranslated region of the human BCL6 gene are a common genomic alteration in non-

Hodgkin’s B cell lymphomas (Baron et al., 1993; Kerckaert et al., 1993; Miki et al., 

1994).  These translocations result in aberrant expression of BCL6 (Chen, Iida, Louie, 

Dalla-Favera, & Chaganti, 1998; Ye et al., 1995).  Mice engineered to model one of these 

translocations develop B cell lymphomas, demonstrating that BCL6 is a bona fide 

oncogene (Cattoretti et al., 1995). BCOR potentiates BCL6 mediated transcriptional 

repression of reporter constructs in transiently transfected cells (Huynh et al., 2000).  In 

germinal center B cells, BCOR is found with BCL6 at several known BCL6 target genes, 

including regulators of cell proliferation and apoptosis (Gearhart et al., 2006).  BCOR co-

purifies with an 800 kDa complex comprised of Polycomb group transcriptional repressor 

proteins and SCF ubiquitin E3 ligase components (Gearhart et al., 2006).  Epigenetic 

modification of BCL6 target gene chromatin by the BCOR repression complex is likely 

to play a role in mediating their repression.   

 In addition to its role in B-cells, BCOR aids in the control of gene expression in 

multiple tissues and organ systems during development and into adulthood as mutations 

in human BCOR result in X-linked Oculofaciocardiodental syndrome (OFCD)(D. Ng et 

al., 2004).  OFCD is the primary subtype of OMIM #300166 microphthalmia, syndromic 
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2 (MCOPS2) and is characterized by ocular, dental, cardiac and digital anomalies in 

heterozygous females (D. Ng et al., 2004)(Schulze, Horn, Kobelt, Tariverdian, & 

Stellzig, 1999).  Males with OFCD do not survive due to presumed embryonic lethality 

(D. Ng et al., 2004).  Since BCOR lies on the X chromosome in both mice and humans, 

random X-inactivation results in mosaic expression of the mutant allele contributing to 

varying disease severity in females (D. Ng et al., 2004)(Schulze et al., 1999).  

Additionally, peripheral leukocytes of female patients show preferential survival of cells 

in which the mutant allele of BCOR lies on the inactivated X chromosome, indicating a 

strong requirement for BCOR in hematopoiesis (D. Ng et al., 2004).  Another form of 

MCOPS2, which is distinct from OFCD, occurs in males with a single missense mutation 

(p.P85L) in the fourth coding exon of BCOR (Horn et al., 2005; D. Ng et al., 2004).  In 

the described family, this syndrome is inherited in an X-linked recessive pattern and 

comprises microphthalmia/anophthalmia, mental retardation, and skeletal and other 

anomalies (D. Ng et al., 2002).  RNAi knock-down of Bcor in zebrafish results in eye, 

skeletal and nervous system abnormalities consistent with those found in MCOPS2 

patients (D. Ng et al., 2004).  BCOR has also been shown to interact with and repress 

transcriptional activation of the MLL fusion protein AF9 (Srinivasan et al., 2003), a 

known regulator of Hox gene expression (Collins et al., 2002) and skeletal development, 

further implicating BCOR as a key developmental regulator.  The pleiotropic effects 

induced by the loss of functional BCOR in humans and zebrafish (D. Ng et al., 2004) 

clearly illustrate the essential role of BCOR during embryogenesis and emphasizes the 

importance of determining the spatial and temporal expression of BCOR during 
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development.  Herein, we provide a detailed analysis of Bcor mRNA expression during 

mouse development and in the adult mouse.   

In adult mice and humans, Bcor is widely expressed (Huynh et al., 2000; Nagase, 

Kikuno, Nakayama, Hirosawa, & Ohara, 2000). However, these studies are limited in 

scope, relying on RNA dot blot analysis of human tissues and reverse transcription PCR 

(RT-PCR) on a limited number of mouse tissues.  Expanding upon these results, we have 

dissected the pattern of Bcor expression by Northern blot analysis, more extensive RT-

PCR, and whole mount and section in situ hybridization experiments.  To determine the 

expression pattern of Bcor in adult mouse tissues, we harvested total RNA from 14 

different organs and conducted Northern blot analysis on 4 organs and RT-PCR on all 14 

organs using a probe that recognizes all mRNA isoforms (Fig. 1F).  Three transcripts 

migrating at approximately 7 kb are found in all four organs analyzed however the 

stoichiometry of the different transcripts is not identical (Fig. 1A).  Bcor mRNA is 

detected by RT-PCR in all tissues tested (Fig. 1B).  The ubiquitous expression of Bcor in 

adult mouse tissue is consistent with expression of BCOR in human adult tissue (Huynh 

et al., 2000).  

The identification of three Bcor transcripts by Northern blot analysis prompted us 

to consider that the Bcor gene may utilize multiple promoters, alternative splicing and/or 

polyadenylation sites.  Although alternative splicing in the coding region has been 

reported (Fig. 1F and (Srinivasan et al., 2003)) this can only affect transcript size by up to 

156 bp.  In silico analysis of spliced expressed sequence tags (EST) databases supported 

use of alternative promoters and polyadenylation sites at the mouse Bcor genomic locus.  



 

 33 

Two alternative polyadenylation sites separated by 550 bp are present.  CpG islands are 

also found in close proximity upstream of exons 1a, 1b and 1c, further supporting the 

presence of three independent promoters (Fig. 1F).  To determine whether all three 

promoters suggested by the EST database are actively used in most tissues, we generated 

an exon 2 specific reverse primer and three forward primers in putative Bcor exons 1a, 1b 

and 1c that correspond with sequences specifically driven by putative promoters P1, P2 

and P3 (Fig. 1F).  RT-PCR and sequencing of the products demonstrates that Bcor uses 

all three putative independent promoters (Fig. 1B and data not shown).  In the panel of 

adult mouse tissues tested, each promoter appears to be used at similar levels in all tissues 

tested, with the exception of whole blood, which appears to preferentially use promoter 3 

relative to other tissues.  Interestingly, amplification from promoter 2 results in two 

specific amplicons (Fig. 1B) due to the use of an alternative splice donor sites in exon 1b 

(data not shown).  We also examined promoter use during embryonic development 

(E11.5 - E18.5).  Although all promoters are used at these stages the distal splice donor of 

exon 1b is not used at E15.5 and E16.5 (Fig. 1D).   

Splicing bypassing exon 5 and/or alternative splice acceptor usage at exon 8 

results in the previously identified Bcor isoforms a-d (Fig. 1F) (Srinivasan et al., 2003).  

Only isoforms a and b contain sequences required for the interaction with the 

transcriptional regulator AF9 (D. Ng et al., 2004; Srinivasan et al., 2003).  To determine 

which isoforms are differentially expressed in the embryo and adult mouse tissues, we 

conducted RT-PCR using primers that span exon 4 to exon 10 on samples used in Figure 

1B and 1D.  Bcor isoforms a, c and d can be amplified from the samples tested (Fig. 1C 
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and 1E).  Isoform c shows the most ubiquitous expression in the sample set and isoform a 

shows the most tissue-specific expression.  Relative to the other tissues, isoform a is more 

strongly represented in the brain and testis.  Isoform b is only barely detected in ovary, 

eye, spleen and kidney at this level of amplification but not at embryonic stages.   
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Figure 1.2:  

Three independent promoters drive widespread expression of Bcor mRNA in embryonic  

and adult mouse tissue (A-F).  Northern blot analysis of adult mouse organs reveals three 

major Bcor transcripts.  Gapdh was used as a loading control (A).  Promoter 1, 2 and 3 

(P1, P2 and P3) specific RT-PCR analysis on panel of adult mouse organs (B).  RT-PCR 

product sizes are as follows P1 166 bp, P2 shorter 164 bp, P2 longer 187 bp, P3 159 bp.  

Bcor isoform a-d specific RT-PCR on mouse organs panel (C).  RT-PCR product sizes 

are as follows a 1642 bp, b 1588 bp, c 1540 bp, and d 1486 bp.  P1, P2 and P3 specific 

RT-PCR analysis of embryonic stages 11.5-18.5 (D). Bcor isoform a-d specific RT-PCR 

on stages E11.5-E18.5 (E).  Hprt was used as a loading control, product 200 bp (B-E).  

Illustration depicting promoter usage and splicing of the mouse Bcor gene and resulting 

protein (F).  Arrowheads indicate primer binding sites used in C and E.  Exon 1b distal 

splice donor site adds an additional 23 bp.  Exon 5 is 54 bp and alternative proximal 

splice acceptor for exon 8 adds 102 bp.  NCBI sequences supporting exons 1a-1c; size 

given for first exon:  exon 1a (AK129398, 67bp), exon 1b (CJ073674, 159 bp; 

BY207441, 148 bp; CD554764, 99bp; CN677848, 132 bp) exon 1c (AY161171, 51bp; 

AK086385, 241 bp; BB662958, 242 bp; BC058656, 237 bp; BU056818, 237 bp; 

AK053309, 736 bp) 
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The clinical presentation of OFCD in female patients and presumed embryonic 

lethality in males suggested that Bcor might have a unique expression pattern during 

embryogenesis that might give insight into future studies on Bcor function.  To determine 

the spatial and temporal expression of Bcor during gastrulation and early organogenesis 

we conducted whole mount and section in situ hybridization on embryonic day 7.5 – 15.5 

CD-1 outbred mouse embyros.  Using the same probe sequence as was used for northern 

analysis we generated digoxigenin labeled RNA antisense and sense (- control) probes 

that would detect all known Bcor transcripts.  These probes were used in all subsequent 

whole mount and section in situ expression images.   

Whole mount in situ hybridization on embryonic day 7.5 and 8.5 shows that Bcor 

is strongly expressed in the extraembryonic tissue during gastrulation (Fig. 2A, 2C).  

Anti-sense probe specificity is validated by absence of signal in embryo hybridized with 

the sense strand control (Fig. 2B, 2D, 2F).  Figure 2E and 2G show that expression of 

Bcor is restricted to the ectoplacental cone and trophectoderm but absent from 

extraembryonic visceral and parietal endoderm.  Consistent with this, trophoblastic stem 

cells express Bcor (data not shown).  Although Bcor is weakly expressed in the 

neuroectoderm of the embryo proper (Fig. 2E and 2H), the level is significantly lower in 

comparison to extraembryonic tissues (Fig. 2E and 2G). 
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Figure 2.2: 

Bcor mRNA is strongly expressed in extraembryonic tissue during early embryogenesis 

(A-G).  Whole mount in situ hybridization of mouse embryos at day 7.5 and 8.5 shows 

strong expression of Bcor in the extraembryonic tissue (A and C).  Sense strand control 

probes are negative on E7.5 and 8.5 embryos (B and D).  Section in situ hybridization of 

a sagittal section of embryonic day 8.5 shows Bcor expression in the trophectoderm (TE), 

extraembryonic tissue (EX) and minimally in the neuroectoderm (NE) of the embryo 

proper (E, G and H).  Sense strand control probe is negative on a parallel E8.5 sagittal 

section (F).  (G and H) are insets from panel (E) at higher magnification.  Scale bars 

represent 1 mm in panels (E and F) and 0.1 mm in panels (G and H).    
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After completion of embryonic turning at approximately E9.0, Bcor transcript 

levels in the embryo proper increase dramatically.  Whole mount in situ hybridization of 

E9.0 embryos (Figure 3A and B) reveals the initial increase in Bcor expression 

throughout the embryo proper, led by striking increases in the ectodermal tissue of the 

tail bud.  By E9.5 Bcor transcripts are differentially expressed showing strong expression 

in the limb buds and branchial arches (Fig. 3C, 3D, 3E; sense control is 3F), while 

maintaining less robust expression throughout the rest of the embryo.  Strong expression 

of Bcor also extends from the tail bud (shown in detail in Fig. 3G and 3H) down the ridge 

of the closing neural tube along the dorsal side of the embryo.  Strong expression of Bcor 

in tissues that will give rise to future craniofacial structures correlates well with 

craniofacial abnormalities present in female OFCD patients.  
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Figure 3.2: 

Bcor mRNA expression increases throughout the embryo proper post embryonic turning.    

Whole mount in situ hybridization shows Bcor expression starting in the tail bud (TB) at 

embryonic day 9 (A and B) and abundant expression in the tail bud, branchial arches 

(BA), limb buds (LB) and neural tube (NT) (C, D and E).  Sense strand control probes 

are negative on E9.5 embryos (F). E9.5 tail buds at higher magnification (G and H). 
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After E9.5, Bcor is differentially expressed in multiple tissue and organ systems 

during the fetal period of mouse development.  Section in situ hybridization of a mid-

body cross section at E11.5 reveals strong expression of Bcor in the neural tube and 

flanking dorsal root ganglion (Fig. 4A and 4D, sense control in 4B). Bcor is also 

expressed in the notochord and cervical sclerotome and myotome in addition to more 

subtle and general expression in the forelimb region (Fig. 4A and 4D).  Bcor expression 

can also be found surrounding the esophagus, right and left bronchi and connected lung 

buds and in the sympathetic chains (Fig. 4A and 4C).  A cross section through the head of 

an E13.5 fetal mouse displays significant expression in the eye, neural tube, the olfactory 

epithelium and the teeth primordium (Fig. 4E, 4G and 4H, sense control in 4F).  Bcor 

expression in the eye is interestingly found in the retina, lens tissues and in the boundary 

of the eyelid (Fig. 4E and 4G).  

At E14.5, a sagittal section near the midline of a fetus reveals expression of Bcor 

in the trigeminal (V) ganglion, the neopallial cortex, the corpus striatum and the olfactory 

epithelium (Fig. 5A, 5C and 5D, sense control in 5B).  In more lateral sagittal sections 

through an E15.5 fetus, Bcor expression is retained in the eye but is localized to the retina 

and the dorsal side of the lens (Fig. 5E and 5G, sense control in 5F).  Bcor is also 

expressed in the lung and gut epithelium and muscle tissue in the fetus e.g. in the 

temporalis and masseter muscles (Fig. 5E and 5H).   
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Figure 4.2: 

Early fetal stage mouse embryos show widespread but differential expression of Bcor 

mRNA (A-H) .  Section in situ hybridization on horizontal sections of an E11.5 embryo 

shows Bcor expression in multiple tissues including the right and left forelimb buds (FB), 

liver (LV), left and right lung buds (LB), sympathetic chains (SC), esophagus (E), 

bronchi (B), myotome (M), sclerotome (S), notochord (N), neural tube (NT), and dorsal 

root ganglion (DRG) (A, B, C and D).  C and D are enlargements from A. Near 

horizontal section of E13.5 embryo shows expression in the tooth primordium (PT), 

olfactory epithelium (OE), lens (L) retina (R), boundary of the eyelid (BE), and neural 

tube (NT), (D, E and F).  Sense strand control probes are negative on E11.5 and E13.5 

equivalent horizontal sections (B and F).  G and H are enlargements form E.  Scale bars 

represent 1 mm in panels (A, B, E and F) and 0.5 mm in panels (C, D, G and H). 
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Figure 5.2:   

Later fetal stage mouse embryos continue to express Bcor mRNA in a widespread yet 

tissue specific manner (A-H) .  Section in situ hybridization on a sagittal section of an 

E14.5 embyro (A-D) shows Bcor expression in trigeminal ganglion (TG), neopallial 

cortex (NP), the corpus striatum (CS) and the olfactory epithelium OE).  At E15.5 Bcor 

continues to be expressed in the lens (L) and retina (R) of the eye and in the lung 

epithelium (LE), gut epithelium (GE), and temporalis and masseter muscle (MU) (E-H).  

Sense strand control probes are negative on E14.5 and E15.5 equivalent sagittal sections 

(B and E).  Scale bars represent 1 mm in panels (A, B, E and F) and 0.5 mm in panels 

(C, D, G and H). 
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 Here we have characterized the unique expression pattern of the transcriptional 

corepressor Bcor.  We have shown that Bcor is widely expressed in adult tissue, is 

expressed in ES cells and displays a widespread but specific expression during embryonic 

development.  There is very strong expression of Bcor in extraembryonic tissue.  

Expression of Bcor in the developing eye, tooth primordium, limb buds, branchial arches 

and multiple nervous system tissues also distinctly correlates with many of the tissues 

adversely affected in OFCD and LM patients(D. Ng et al., 2004; Schulze et al., 1999).  

This analysis provides important information for the analysis of future mouse models of 

OFCD.   

 

Experimental Procedures 

 

Mice: 

CD-1 outbred mice from Jackson Laboratory were kept on a normal light dark 

cycle and maintained by Research Animal Resources at the University of Minnesota.   

Probe Generation:  

An amplicon containing nucleotides 280 to 1294 of the Bcor open reading frame 

was generated by PCR from a bacterial artificial chromosome containing the mouse Bcor 

gene using the following primers: Forward: 5’-

TACGGGTACCATCGATGGCCTGGCAGCACT-3’ and Reverse: 5’-

CATGTCTAGATTGGACAGCCTGGATGTAGAG-3’.  The PCR amplicon was gel 

purified (Qiagen, PCR clean up kit) and directly cloned into the Kpn and Xba restriction 
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sites of a pBluescript KS+ vector (Strategene).  Radiolabeled DNA probes for Northern 

blot analysis were generated using a Promega Prime-A-Gene kit and 32P labeled dCTP.  

Digoxigenin labeled RNA antisense and sense in situ hybridization probes were in vitro 

transcribed from the T7/T3 promoter containing pKS+ plasmid with Bcor insert using an 

Ambion Maxiscript kit and Digoxigenin labeleld dUTP from Roche.     

Northern Blot Analysis:  

Total RNA was harvested from embryonic mice and adult mouse organs using 

TriZol (Invitrogen).  Messenger RNA was then extracted using a Miltenyi mRNA 

isolation kit.  Northern blot analysis using one ug per lane was carried out using standard 

procedures (Ausubel, 1988).  

RT-PCR / qRT-PCR: 

Total RNA was isolated from mouse embryos and tissues using TriZol and cDNA 

was generated using SuperScript III cDNA sythesis kit (Invitrogen).  Bcor promoter RT-

PCR was performed using the following primers:  Bcor exon 1a forward:  5’-

TGCTGGGTTTGAACGGAATG-3’, Bcor exon 1b forward:  5’-

GAGAGATAAATGGCCTCTGACAGC-3’, Bcor exon 1c forward:  5’-

GAAAACTTCAAAGCGCCGGATC-3’ and Bcor exon 2 reverse:  5’-

GACCCTCTCGCTGTTCATCCAG-3’.  Bcor isoform a-d RT-PCR was performed using 

the following primers:  Bcor isoform a-d forward:  5’-

CTAGCCGGGCAGCCCGCTGCAGGAG-3’ and Bcor isoform a-d reverse:  5’-

GTGGGCGGTGCCCCTCCAAACATGGA-3’.  HPRT expression was used as a loading 

control for Bcor promoter and isoform a-d RT-PCR analysis. These HPRT primers are as 
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follows:  HPRT forward:  5’-AGCTACTGTAATGATCAGTCAACG-3’ and HPRT 

reverse:  5’-AGAGGTCCTTTTCACCAGCA-3’.   

Whole mount and Section In Situ Hybridization:   

Whole mount in situ hybridization was performed as described (A. Nagy, 2003).  

Section in situ hybridization was performed as described 

(http://genetics.med.harvard.edu/~cepko/protocol/insituprotocol.pdf).  
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(Choi, Elagib, & Goldfarb, 2005; Lonard, Lanz, & O'Malley B, 2007)Abstract 

Bcor (BCL6 corepressor) is a widely expressed gene that is mutated in patients 

with X-linked Oculofaciocardiodental (OFCD) syndrome.  BCOR regulates gene 

expression in association with a complex of proteins capable of epigenetic modification 

of chromatin.  These include Polycomb group (PcG) proteins, Skp-Cullin-F-box (SCF) 

ubiquitin ligase components and a Jumonji C (Jmjc) domain containing histone 

demethylase.  To model OFCD in mice and dissect the role of Bcor in development we 

have characterized two loss of function Bcor alleles.  We find that Bcor loss of function 

results in a strong parent-of-origin effect, most likely indicating a requirement for Bcor in 

extraembryonic development.  Using Bcor loss of function embryonic stem (ES) cells 

and in vitro differentiation assays, we demonstrate that Bcor plays a role in the regulation 

of gene expression very early in the differentiation of ES cells into ectoderm, mesoderm 

and downstream hematopoietic lineages.  Normal expression of affected genes (Oct3/4, 

Nanog, Fgf5, Bmp4, Brachyury and Flk1) is restored upon re-expression of Bcor.  

Consistent with these ES cell results, chimeric animals generated with the same loss of 

function Bcor alleles show a low contribution to B and T cells and erythrocytes and have 

kinked and shortened tails, consistent with reduced Brachyury expression.  Together 

these results suggest that Bcor plays a role in differentiation of multiple tissue lineages 

during early embryonic development. 
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Introduction 

 

Mutations causing gene fusions, loss of function or misregulation of 

transcriptional corepressor proteins have been implicated both in genetically inherited 

diseases and cancer (Lonard et al., 2007; Choi et al.  2005).  BCOR (BCL6 corepressor) 

is a transcriptional corepressor that was originally identified by its ability to interact with 

the site specific transcriptional repressor BCL6 (Huynh et al., 2000).  BCOR is found in 

an 800 kDa complex in which at least two proteins have chromatin modifying activity: 

the PcG transcriptional repressor protein, RNF2, is a histone H2A E3 ubiquitin ligase and 

FBXL10 (JHDM1B, KDM2B) is a Jmjc histone demethylase in addition to its presumed 

ubiquitin E3 ligase activity (Gearhart et al., 2006; Sanchez et al., 2007).  BCL6 plays 

critical roles in specific immunological processes involving B and T cells, including 

germinal center formation and the generation and maintenance of memory T cells (Dent, 

Shaffer, Yu, Allman, & Staudt, 1997; Dent, Vasanwala, & Toney, 2002; Fukuda et al., 

1997; Ichii et al., 2007; Jardin et al., 2007; Ye et al., 1997).  In addition, testicular germ 

cell apoptosis and defects in erythropoiesis have been reported in BCL6-deficient mice 

(Asari et al., 2005; Kojima et al., 2001).  Deregulated expression of BCL6, due to 

chromosomal translocations or point mutations, is associated with the formation of 

approximately one sixth of non-Hodgkin’s lymphomas (Pasqualucci et al., 2003; Staudt 

et al., 1999).  In cell lines derived from such patients, BCOR is detected at a number of 

BCL6 target genes suggesting that BCOR is likely to play a role in mediating BCL6 

driven lymphomagenesis.  Since its original discovery, BCOR has been shown to directly 
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interact with the transcriptional regulator AF9 (MLLT3), and to be in a complex with 

ENL (MLLT1).  AF9 and ENL are known MLL (trithorax) fusion partners in acute 

leukemias (Krivtsov & Armstrong, 2007).  AF9 itself is a regulator of Hox gene 

expression and skeletal development (Collins et al., 2002; Srinivasan et al., 2003). 

In addition, BCOR has been shown to play multiple roles in the complex process 

of human development.  Females who are heterozygous for X-linked Bcor mutations 

have the rare Oculofaciocardiodental (OFCD) syndrome, the primary subtype of OMIM 

#300166 microphthalmia, syndromic 2 (MCOPS2) (D. Ng et al., 2004).  Congenital 

disorders in patients suffering from OFCD include cataracts, microphthalmia, and 

cardiac, dental and digital anomalies (E. Hilton et al., 2008; D. Ng et al., 2004).  In the 

hematopoietic lineage of OFCD patients, Bcor clearly is critical as 90-100% of surviving 

white blood cells show inactivation of the X- chromosome carrying the mutant allele of 

Bcor (D. Ng et al., 2004).  Presumably, the selective disadvantage, caused by an active 

X-chromosome harboring a Bcor mutation, is less severe in some tissues leading to 

variable phenotypic effects in a mosaic fashion.  Male OFCD patients do not exist and are 

presumed to die in early development.  Almost all Bcor mutations in OFCD patients 

result in premature stop codons that are thought to cause nonsense-mediated decay of the 

mRNA (D. Ng et al., 2004).  The second form of MCOPS2, Lenz microphthalmia, results 

from a single missense mutation (p. P85L) in the fourth coding exon of Bcor and is 

inherited in an X-linked recessive pattern (D. Ng et al., 2004).  Patients with Lenz 

microphthalmia suffer from microphthalmia/anophthalmia, mental retardation, and 

skeletal and other anomalies (D. Ng et al., 2002; D. Ng et al., 2004).   
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The severity and breadth of these two MCOPS2 syndromes illustrate the 

important roles Bcor plays during development.  Currently two animal models have 

successfully recapitulated developmental abnormalities similar to those found in patients 

with OFCD and Lenz microphthalmia.  RNAi knock down of Bcor in zebrafish (Danio 

rerio) results in colobomatous eye defects and perturbations in somite, skeletal and neural 

tube development (D. Ng et al., 2004).  Colobomas, microphthalmia and cardiac 

abnormalities were also seen in morpholino knock down of Bcor in frogs (Xenopus 

tropicalis).  Additionally, laterality defects were observed in Bcor morpholino injected 

frogs, similar to those present in a subset of OFCD patients (E. N. Hilton et al., 2007).  

The expression of Bcor during mouse development correlates well with tissues 

and organs in adversely affected patients with OFCD or Lenz microphthalmia (Wamstad 

& Bardwell, 2007).  Three separate promoters differentially control the expression of 

Bcor through embryonic development and into adulthood.   Section in situ analysis shows 

that Bcor mRNA is expressed strongly in extraembryonic tissues during gastrulation and 

embryonic turning, suggesting a significant role in placental formation.  Bcor expression 

is upregulated in the embryo proper at embryonic day 9 in mice starting in the tail, limb 

buds and branchial arches.  During the later fetal stages of mouse development, Bcor is 

expressed in multiple tissues including strong expression in lens and retina of the eye and 

the neural tube (Wamstad & Bardwell, 2007).   

The abnormalities present in Bcor knockdown fish and frogs, combined with the 

severe clinical presentation of MCOPS2 syndromes in humans, clearly illustrate the 

importance of Bcor in development.  The developmental requirement for Bcor, together 
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with its potential role in BCL6-related lymphomagenesis, underscores the importance of 

generating and analyzing mutant alleles of Bcor.  To this end, we have analyzed the 

effect of two independent Bcor loss of function alleles on early development in mice and 

in ES cell differentiation.  We found that Bcor exhibits a parent-of-origin effect, in that 

only paternal transmission results in viable offspring.  Since the paternal X chromosome 

is exclusively inactivated in the extraembryonic tissue, this strongly suggests Bcor is 

required for extraembryonic development.  In addition, loss of Bcor results in 

compromised development during in vitro differentiation of embryonic stem cells. 

 

Results 

 

Generation and analysis of a conditional Bcor allele 

 To investigate the role of the X-linked Bcor gene in development, we generated a 

conditional Bcor allele, BcorFl, in which exon 3 is flanked by loxP sites to allow its 

removal via expression of Cre recombinase (Figure 1A and targeting verification Figure 

1B).  We hypothesized that excision of exon 3 (Bcor∆3) would result in a frame shift and 

a premature stop codon that should cause severe carboxy-terminal deletion of the BCOR 

protein and/or elimination of the mRNA by nonsense-mediated decay (Figure 1C).  

Based on human OFCD patients we expected that heterozygous female mice carrying this 

deletion in all tissues would recapitulate the phenotype of human OFCD patients and that 

hemizygous male mice would not be viable.  Unexpectedly, breeding BcorFl/+  mice to ß-

actin-Cre mice generated apparently normal female (Bcor∆3/+) and male (Bcor∆3/Y) mice.  
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Western blot analysis of BCOR protein from the eyes of these mice and wild type 

controls revealed that an alternative start codon, 3’ to the engineered frame shift, was 

used for translation, generating BCOR protein with a predicted 71 amino acid amino-

terminal deletion (Figure 1C).  Thus, although this amino-terminal region is conserved, 

with 69% identity to the Xenopus protein and 90% identity to that of human, it is not 

essential.   
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Figure 1.3:  Generating Bcor∆3/+ and Bcor∆3/Y mice.  

(A) Diagram of targeting construct and recombination strategy.  The Bcor+ allele was 

targeted by homologous recombination to generate BcorNeo embryonic stem cells.  This 

allele contains loxP sites flanking the third exon, and a Neo resistance cassette flanked by 

frt sites, internal to the loxP sites immediately downstream of exon 3.  Expression of Flp 

and/or Cre site specific recombinases in vivo or in vitro can be used to excise the 

intervening sequence between their respective recognition sites, frt and loxP, generating 

BcorFl and Bcor∆3 alleles.  PGK-Neo (phosphoglycerate kinase promoter–driven 

neomycin resistance gene cassette)  (B) Southern blot and PCR analyses of targeted and 

wild type ES cell clones.  Genomic DNA from individual ES cell clones was digested 

with the restriction enzymes, BamH1 (left arm) and BglII (right arm). The 5′ external 

probe (Left Arm) hybridizes to 10.7-kb (Bcor+/Y) and 9.5-kb (BcorNeo/Y) BamH1 

fragments.  Given the weak left arm signal, confirmatory PCR was performed on 

genomic DNA from wild type and targeted ES cells using a forward primer 5’ to the left 

arm and a reverse primer in the neomycin coding sequence.  The 3′ external probe (Right 

Arm) hybridizes to 12.3-kb (Bcor+/Y) and 10.5-kb (BcorNeo/Y) BglII fragments.  (C) The 

Bcor∆3 allele encodes an N-terminally truncated version of BCOR.  The anticipated and 

actual translation open reading frames for the Bcor∆3 allele are diagrammed (top).  

Western blot analysis on the eyes of Bcor+/+ , Bcor∆3/+ and Bcor∆3/Y mice (bottom) reveals 

the presence of an N-terminally truncated version of BCOR (red arrows) in both the 

Bcor∆3/+ and Bcor∆3/Y lanes, migrating at a slightly lower molecular weight in 

comparison to wild type BCOR (black arrows).  
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Generation and analysis of BcorNeo and BcorGt alleles in mice 

Although the BcorFl mutation did not provide the expected null allele, during the 

initial targeting of the Bcor locus we fortuitously created a loss of function Bcor allele 

(BcorNeo) that provided insights into Bcor function both in mice and in ES cell 

differentiation.  We included a Neomycin (Neo) selection cassette in the Bcor targeting 

vector.  Often the Neo cassette is excised during mRNA splicing to generate a normal 

transcript.  However, in some cases a proportion of mRNAs are spliced into and then out 

of Neo, and the insertion of Neo sequences can result in a hypomorphic or null allele 

(Lewandoski, 2001; A. Nagy et al., 1998).  Phenotypic effects of such aberrant splicing in 

chimeric animals would be most readily observed for X-linked genes like Bcor since XY 

ES cells are routinely used for gene targeting.  Upon generation of chimeric mice with 

our BcorNeo/Y ES cells (Figure 2A) we observed two prominent phenotypes suggesting 

that the Neo cassette was indeed interfering with Bcor expression and function (Figure 

2B).  First, 3 out of 10 BcorNeo chimeras had kinked and sometimes shortened tails, 

suggesting a possible neural tube defect (Carter et al., 2005).  Second, 10 out of 10 

chimeras exhibited a consistent bias in coat color contribution of the 129 (Agouti) ES 

cells to the sides of the bodies and legs of the mice.  Since Agouti locus expressing cells 

in the skin are derived from the ectodermal lineage, this indicates a selective bias against 

BcorNeo/Y cells to contribute to certain ectodermal lineages.  The same tail and coat color 

phenotype was also observed in 3 out of 3 chimeric mice that we generated from the Bay 

Genomics ES cell line, XE541 (BcorGt) (Figure 2B).  The XE541 ES cell line harbors an 
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insertional gene trap mutation (ß-Geo) in the 6th intron of mouse Bcor, which is predicted 

to result in an N-terminal BCOR-ß-Geo fusion protein (Figure 2A).   

Molecular analysis of BcorNeo and BcorGt alleles 

To establish the molecular nature of the expression defects of the BcorNeo and 

BcorGt alleles in ES cells, we examined Bcor mRNA splicing patterns by RT-PCR and 

proteins levels by western blot analysis.  The BcorNeo allele ES cells had a mixture of 

transcripts spliced to exclude Neo (Figure 2A, left upper splicing pattern and  Figure 

S1A), which encode intact BCOR, together with transcripts spliced to incorporate the 

Neo cassette (Figure 2A, left lower splicing pattern and Figure S1A).  Sequencing of RT-

PCR products demonstrated that the two regions of the Phosphoglycerate Kinase-

Neomycin (Pgk-Neo) cassette were recognized as exons by the splicing machinery 

(Figure S1B).  The first exon was 86 nucleotides from the Pgk promoter and the second 

utilized a splice acceptor site within the 5’ UTR of the Neo gene cassette and a donor site 

within the 3’UTR.  This latter exon was identical to that used by other previously 

reported targeted genes(A. Nagy et al., 1998).  The result of this splicing is the 

introduction of a premature in frame stop codon derived from the Pgk promoter sequence.  

Splicing into Neo predominates, as full length BCOR protein levels are not detectable by 

western blot analysis in the BcorNeo allele ES cells as compared to the parental ES cell 

line CJ7 (Figure 2C).  We conclude that the BcorNeo allele is a severe loss of function 

allele but because we did detect some correctly spliced transcript it may not be a null 

allele.   
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The transcripts from the BcorGt allele are a mixture of those that splice over the 

gene trap cassette (Figure 2A, right upper splicing panel and Figure  S1B) which encode 

intact BCOR and those that splice into the gene trap ß-Geo cassette, truncating the gene 

(Figure 2A, right, lower splicing pattern and Figure S1B).  By western blot analysis the 

large BCOR-ß-Geo fusion protein and multiple breakdown products are observed (Figure 

2C).  Although a faint band corresponding to full length BCOR is present this may 

represent a co-migrating BCOR-ß-Geo degradation product.  The BCOR-ß-Geo fusion 

protein lacks the region required for interaction with the PcG proteins (Gearhart et al., 

2006) and therefore is predicted to lack transcriptional repression activity.  Although the 

fusion protein appears to be unstable, the total amount of protein is significantly higher 

than the level of intact BCOR found in the parental ES cell line E14 (Figure 2C).  

Consistent with this we found, using quantitative-RT-PCR, that the Bcor-�ß-Geo fusion 

transcript level is 10-fold higher than the level of intact Bcor transcript found in the 

parental ES cell line.  This suggests that intact BCOR negatively autoregulates its own 

transcription while the BCOR-ß-Geo fusion is unable to function in this capacity.  In 

summary, both the BcorNeo and BcorGt alleles represent severe loss of function mutations 

and result in kinked and shortened tails and a coat color bias in chimeric animals.   
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Figure 2.3:  Transmission of the BcorNeo and BcorGt alleles in mice. 

(A) Diagram of BcorNeo and BcorGt allele transmission.  Location of each genomic 

alteration is shown, respective to the Bcor locus (top). The splicing pattern of each allele 

is indicated with the more predominant splicing pattern drawn below each allele in a 

darker line.  See Supplementary Figure 1 for detailed analysis.  The mating schemes for 

BcorNeo and BcorGt mouse lines are depicted below the genomic alterations. 

(B) BcorNeo and BcorGt chimeric mice and BcorNeo/+ mice display similar phenotypes.  

Coat color contribution bias (orange dashed outline) and malformed kinked tail 

phenotype (black arrows) were present in both BcorNeo and BcorGt chimeric mouse lines.  

BcorNeo/+ offspring of BcorNeo chimeric fathers also displayed the malformed kinked tail 

phenotype.  (C) Western blot analysis of CJ7 (BcorNeo/Y parent), BcorNeo/Y, BcorFl/Y 

(rescued line), E14 (BcorGt/Y parent) and BcorGt/Y ES cell lines.  The top panel was probed 

with an anti-BCOR antibody and anti-ACTIN antibody was used as a loading control on 

the bottom panel. BCOR protein is undetectable in BcorNeo/Y ES cells.  BcorFl/Y rescued 

ES cells show wild type levels of BCOR.  BcorGt/Y ES cells show a large BCOR-ß-Geo 

fusion protein with multiple breakdown products.  (D) Parent-of-origin effect of BcorNeo 

allele.  Matings between BcorNeo/+ females (offspring of BcorNeo male chimeras) and wild 

type males do not produce any offspring carrying the BcorNeo allele.  In mice, the paternal 

X chromosome is selectively inactivated in extraembryonic tissue whereas in the embryo 

proper X inactivation occurs randomly (grey text indicates paternally imprinted X 

inactivation).  The female lethality observed likely results from paternally imprinted X-

inactivation of the wild type Bcor allele in extraembryonic tissue.  



 

 66 

Parent-of-origin effect of BcorNeo allele 

To further characterize the effect of these two loss of function mutations in mice 

we bred the male chimeras to wild type females to obtain germline transmission of the 

alleles.  This was only successful with the BcorNeo allele and we were able to produce 

BcorNeo/+ females.  (Because Bcor is X-linked, BcorNeo/Y males cannot be generated from 

male chimeras.)  Germline transmission of the BcorGt allele did not occur and there are at 

least two possible explanations for this.  First, the BcorGt allele may not be compatible 

with germline development.  Second, since only three BcorGt chimeric mice were 

obtained and bred, it is possible that upon generation of more chimeras germline 

transmission would occur.  We bred the female BcorNeo/+ mice extensively but, in 

contrast to the chimeric males, they never produced any BcorNeo/+ offspring (Figure 2A 

and D).  (BcorNeo/Y males, based on the lack of male OFCD patients, are predicted to die 

during embryonic development.)  However, we were able to breed the female BcorNeo/+ 

mice to FLPe recombinase expressing mice to remove Neo, and got viable BcorFl/+  and 

BcorFl/Y progeny (Figure 2A). In mice, X chromosome inactivation differs between the 

embryo and the extraembryonic tissue.  The embryo undergoes random X-inactivation, in 

contrast to the extraembryonic tissue where the paternally-derived  X chromosome is 

inactivated (Takagi & Sasaki, 1975).  The female lethality observed, arising when the 

mutant X-linked allele comes from the mother, likely results from paternally-imprinted 

X-inactivation of the wild type Bcor allele in extra-embryonic tissue of the female 

offspring (Figure 2D and see discussion).  Thus, our results are consistent with a 

requirement for Bcor in extraembryonic tissue where Bcor is normally highly expressed 
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(Wamstad & Bardwell, 2007).  The practical consequence of this parent-of-origin effect 

was that we could not generate extensive numbers of BcorNeo/+ mice and thus phenotypic 

analysis was limited to the BcorNeo and BcorGt allele-containing chimeras and the 

remaining six aging female BcorNeo/+ mice that were generated from the two germline-

transmitting male chimeras we obtained.  

Effect of BcorNeo allele on eye development 

In OFCD congenital cataracts have been described in all patients.  We examined 

the eyes of the remaining BcorNeo/+ mice when they ranged in age from 7 to 22 months.  

Using a slit lamp, the mice were examined for lens opacification, which is indicative of 

catararacts.   Eight out of twelve eyes (67%) in the six BcorNeo/+ mice displayed lens 

opacification. Although we do not know the age of onset, two of BcorNeo/+ mice that were 

7 months of age had bilateral lens opacification.  We did not have aged matched 

C57Bl/6:129 mixed background control animals.  However, the frequency of cataracts in 

the BcorNeo/+ mice was substantially higher than that reported for either C57Bl/6 or 129 

inbred stains (C57Bl/6 is 25% at 14 months (Wolf, Li, Pendergrass, Schmeider, & 

Turturro, 2000) and 129 0% at 13-17 months, as detected by slit lamp analysis (Newkirk 

et al., 2007)).  Over seventy percent of OFCD patients have microphthalmia.  By visual 

inspection we only observed one BcorNeo allele-containing chimera with obvious 

microphthalmia.  However, we did not perform postmortem globe measurements so we 

cannot rule out the possibility that additional mice had more subtle microphthalmia.  

Analysis of BcorNeo/Y and BcorGt/Y cell contribution to hematopoietic development 
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In OFCD patients 90-100% of surviving white blood cells show inactivation of 

the X chromosome carrying the mutant allele of Bcor, indicating that cells expressing the 

mutant allele of Bcor are at a selective disadvantage (D. Ng et al., 2004).  Because the 

majority of white blood cells are neutrophils and T cells (and to a lesser extent B cells) 

this strongly suggests that Bcor plays an important role in the development of these 

hematopoietic lineages.   

We hypothesized that the loss of function mutations in the BcorNeo/Y and BcorGt/Y 

ES cell would result in reduced or blocked contribution to hematopoietic lineages in our 

chimeric mice.  The contributions of BcorNeo/Y and BcorGt/Y 129 strain ES cells to splenic 

B and T cells of 129/B6 chimeric animals were analyzed by fluorescence activated cell 

sorting (FACS).  We used the 129 strain-specific B and T cell surface antigen Ly9.1 

(Ledbetter, Goding, Tsu, & Herzenberg, 1979; Tovar, de la Fuente, Pizcueta, Bosch, & 

Engel, 2000), the commonly used T-cell markers CD4 and CD8, and the B-cell marker 

CD19.  We found that Ly9.1 positive cells can contribute to CD4, CD8 and C19 positive 

hematopoietic populations in BcorNeo/Y and BcorGt/Y chimeric mice (Figure 3A and B).  

The 129 contribution to each hematopoietic cell type tested was reduced relative to two 

control chimeras in three BcorNeo/Y and three BcorGt/Y chimeric mice.  CD4+, CD8+ and 

CD19+ were reduced compared to control chimeras on average by 87%, 86% and 85%, 

respectively.  Thus, the BcorNeo/Y and BcorGt/Y ES cells can contribute to the B and T 

lineages but they appear to be at a selective disadvantage, as in OFCD patients, 

suggesting that Bcor is important for murine B and T cell development.  
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Because BCOR is a known corepressor of BCL6, an important regulator of 

germinal center formation in B-cell maturation, we hypothesized that BcorNeo/Y and 

BcorGt/Y cell contribution to germinal center formation might be blocked or reduced in 

chimeras.  To test this, we looked for the presence of PNA, a germinal center marker, in 

the CD19+ and Ly9.1+ cell population in cells harvested from the spleens of both mutant 

chimeric lines.  Similar to the B and T cell analysis, we observed an 87% reduction 

compared to control chimeras in BcorNeo/Y and BcorGt/Y contribution to CD19+ PNA+ 

cells suggesting a compromised germinal center reaction (Figure 3B). To assess the 

ability of BcorGt/Y and BcorNeo/Y ES cells to contribute to adult erythrocyte lineages in 

chimeras, a hemoglobin analysis was performed, relying on genotype differences 

between host and ES-derived cells.  Erythrocytes derived from the 129 genetic 

background express ß-major and ß-minor globin, while B6 erythrocytes express ß-single 

globin (Rovera, Magarian, & Borun, 1978; Whitney, Copland, Skow, & Russell, 1979).  

We found that BcorNeo/Y and BcorGt/Y ES cells can contribute to mature red blood cells but 

the contribution is severely reduced compared to the controls (Figure 3C).  
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Figure 3.3:  Analyses of BcorNeo/Y and BcorGt/Y cell contribution to hematopoietic 

development in chimeric mice. 

(A) The BcorNeo/Y and BcorGt/Y 129 strain derived ES cells can contribute to the B and T 

lineages.  White blood cells from the spleens of BcorNeo/Y and BcorGt/Y and appropriate 

controls were stained with antibodies to the 129 strain specific surface antigen Ly9.1 and 

the T cell markers CD4 and CD8 and B cell marker CD19.  Cells were analyzed by flow 

cytometry and results are displayed as density plots with black boxes gating T or B cell 

populations of 129 origin.  B6 and 129 strain wild type mice control for Ly9.1 specificity.  

CJ7 and E14 129 mouse strain derived ES cells were used to generate control chimera 1 

(Con. Ch. 1) and control chimera 2 (Con. Ch. 2).  Flow cytometry analyses were 

performed on chimeric control mice and on three mice for each mutant chimeric line, of 

which an example scatter plot is displayed for each.  (B) Compared to chimeric controls, 

BcorNeo/Y and BcorGt/Y 129 strain derived ES cell contribution to B and T cells is reduced.  

Graphs of scatter plot data show 129 strain contributions to each hematopoietic lineage.  

Black bars indicate the average contribution of control chimeric mice 1 and 2 (Con, black 

+) and the combined average of three BcorNeo (Neo, red +) and three BcorGt (Gt, blue +) 

mice.   Contribution to germinal center B cells is also reduced compared to controls as 

indicated by the final plot showing the PNA+ (peanut agglutinin; germinal center marker) 

percentage of CD19+ 129 derived B cells.  P values were ≤ 0.05 for all hematopoietic cell 

populations tested (CD4; 0.004, CD8; 0.034, CD19; 0.023 and PNA; 0.001).  (C) 

BcorNeo/Y and BcorGt/Y ES cells can contribute to adult erythrocytes in chimeric mice but 

contribution is reduced in comparison to controls.  Coomassie stained gel of hemolysates 
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from erythrocytes of mice described above in panels A and B.  BcorNeo and BcorGt 

chimeric mice (Neo 1, 2 and 3 and Gt 1, 2 and 3) primarily express B6 derived ß -single 

globin where as chimeric control mice 1 and 2 primarily express 129 derived ß -major 

and ß -minor globin.  The hemoglobin control lane (Hbb Con) was prepared from 

samples that contain ß -single, ß -major and ß -minor globin. 
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Analysis of in vitro differentiation potential of BcorNeo/Y and BcorGt/Y ES cells  

The absence of OFCD males indicates an early and essential role for Bcor in 

human development.  The parent-of-origin effect strongly suggests that Bcor plays an 

essential role in extraembryonic tissue but Bcor may play additional roles earlier in 

development.  We used our two loss of function ES cell lines in in vitro differentiation 

assays to test whether Bcor plays a role in ES cell differentiation.  ES cells cultured in 

suspension in the absence of leukemia inhibitory factor (LIF) undergo primary 

differentiation after 2 to 4 days to form simple embryoid bodies (EBs) (Doetschman, 

Eistetter, Katz, Schmidt, & Kemler, 1985; G. M. Keller, 1995).  These contain an outer 

endoderm layer surrounding an inner cell mass.  Around day 4, differentiation of 

columnar epithelium with a basal lamina and formation of a central cavity occurs.  Such 

cystic EBs bear similarities to the egg cylinder-stage embryos (Coucouvanis & Martin, 

1995; Martin & Evans, 1975; Martin, 1981).  By 6 days of differentiation, EBs are 

comparable to early organogenesis-stage embryos (E7.5) (Leahy, Xiong, Kuhnert, & 

Stuhlmann, 1999).  EB cells can be dispersed and induced with appropriate growth 

conditions to undergo secondary differentiation into particular cell lineages (G. Keller, 

2005; G. M. Keller, 1995).  

Both the severe skewing of X-inactivation seen in OFCD patients and the limited 

contribution of Bcor mutant ES cells to hematopoietic lineages in our chimeric animals 

indicate that Bcor plays a role in hematopoiesis.  Primitive erythrocytes are the earliest 

hematopoietic cell types to form in vivo (G. Keller, Kennedy, Papayannopoulou, & 

Wiles, 1993; G. M. Keller, 1995).  Therefore, to determine whether Bcor plays an early 
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role in hematopoiesis, we first examined the ability of dispersed embryoid bodies from 

our BcorNeo/Y and BcorGt/Y ES cell lines to differentiate into primitive erythrocyte (EryP) 

colonies in the presence of appropriate factors (Kennedy & Keller, 2003; Zhang, Chung, 

Eades, & Choi, 2003).  We found EryP colony formation with CJ7 derived BcorNeo/Y and 

E14 derived BcorGt/Y  cell lines is reduced relative to the matched parental ES cell lines 

(98% and 97% respectively, Figure 4A).    

 We next used quantitative real-time polymerase chain reaction (qRT-PCR) to 

examine expression of Flk1 (KDR), an early marker of hematopoietic differentiation 

potential that is required for primitive and definitive hematopoiesis (C. Park, Ma, & Choi, 

2005; Shalaby et al., 1997).  RNA samples were collected from ES cells that were 

allowed to differentiate into embryoid bodies for 0 to 5.5 days.  We found that the 

induction of Flk1 expression in BcorNeo/Y and BcorGt/Y cell lines is delayed by one day 

relative to the parental cell lines and in the time course of the experiment Flk1 expression 

only reaches ~40% of the peak expression seen in the parental cell lines (Figure 4B).  

Moving back in developmental time, we examined expression of Brachyury (T), a marker 

for the entire mesodermal lineage which in combination with Flk1 marks the 

hemangioblast cell population (C. Park et al., 2005).  We saw a delay in expression of 

about 1-2 days but expression does eventually peak at levels comparable to the parental 

ES cell lines (Figure 4C).  Finally, knowing that Bcor is expressed in ES cells, we 

examined the expression of Oct3/4 (Pou5f1), a marker of ES cell pluripotency (Palmieri, 

Peter, Hess, & Scholer, 1994), and found a one to two day delay in repression of Oct3/4 

(Figure 4D).   
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Figure 4.3:  In vitro differentiation of BcorNeo/Y and BcorGt/Y ES cell lines.  

(A) BcorNeo/Y and BcorGt/Y ES cell lines display a reduced ability to form primitive 

erythrocyte colonies in comparison to control CJ7 and E14 parental lines.  ES cell were 

differentiated into embryoid bodies for 4.5 days, dispersed and replated in 

methylcellulose primitive erythrocyte colony forming assays.  Error bars represent the 

standard error of the mean for each ES cell line differentiated (CJ7 and BcorNeo/Y; n=3, 

E14 and BcorGt/Y; n=5). (B-D) qRT-PCR analyses of gene expression were performed on 

embryoid body differentiations (0-5.5 days) of BcorNeo/Y and BcorGt/Y ES cell lines and 

respective parental control lines CJ7 and E14 (Bcor+/Y).  Differentiations were performed 

in triplicate excluding the day 0 time point.  Error bars represent the standard deviation 

within each time point of the samples analyzed.  (B) The expression of hematopoietic 

lineage marker, Flk1, is delayed approximately 1 day in BcorNeo/Y and BcorGt/Y 

differentiating embryoid bodies.  (C) The expression of mesoderm and early 

hematopoietic lineage marker Brachyury is similarly delayed 1-2 days in BcorNeo/Y and 

BcorGt/Y differentiating embryoid bodies.  (D) The repression of pluripotency marker, 

Oct3/4, is delayed 1-2 days in BcorNeo/Y and BcorGt/Y differentiating embryoid bodies. 
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To confirm that these effects on ES cell differentiation are the result of the Neo 

insertion in Bcor, we removed the Neo cassette from the BcorNeo ES cell line.  We 

generated three independent clonal BcorFl/Y ES cell lines via expression of Flpo 

recombinase (Raymond & Soriano, 2007) in BcorNeo ES cells.  We found that these three 

BcorFl/Y “rescued” lines restore the timing of expression of various ES cell and 

differentiation markers to that of the parental wild type ES cells (Figure 5) demonstrating 

that the effects on differentiation were due to the interruption of Bcor by the Neo cassette.  

Included in the analysis were a second ES cell marker, Nanog, the primitive ectoderm 

marker, Fgf5, (Lawson et al., 1999; Winnier, Blessing, Labosky, & Hogan, 1995) and the 

extraembryonic ectoderm marker, Bmp4 (Coucouvanis & Martin, 1995; Haub & 

Goldfarb, 1991).  In the BcorNeo cells we observed a delay in the downregulation of the 

ES cell markers Oct3/4 and Nanog, whereas Fgf5 was still up regulated appropriately but 

its down regulation was delayed by two days.  Subsequently, activation of Bmp4, 

Brachyury and Flk1 were all delayed by one to two days.  For the genes that are normally 

expressed earlier in differentiation, the rescued lines restore both the timing and the level 

of gene expression to that of the parental cell line.  However with Brachyury and Flk1, 

even though the normal timing of gene expression was restored, inexplicably the level 

was increased beyond the parental line.  We also compared the proliferation rates and cell 

cycle profile of the parental CJ7 ES cell line with the BcorNeo/Y and the three rescued 

BcorFl/Y ES cell lines and detected no significant differences (data not shown).   
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 Together these ES cell differentiation and expression studies indicate that Bcor 

plays a role in the regulation of gene expression very early in ES cell differentiation and 

in the mesodermal and ectodermal lineages. 
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Figure 5.3:  In vitro differentiation of BcorFl/Y “rescued” ES cell lines. 

(A-C) BcorFl/Y “rescued” ES cell lines were created through removal of the Neo selection 

cassette via Flpo recombinase in vitro.  BcorFl/Y  ES cells were clonally selected, screened 

for Neo removal and assessed for rescue of BCOR protein expression by western blot 

(Figure 2C).  qRT-PCR analyses of gene expression during embryoid body differentiation 

(0-6.5 days) of Bcor+/Y (CJ7, wild type parent line), BcorNeo/Y and three independent 

BcorFl/Y “rescued” ES cell lines.  Differentiations were performed in triplicate excluding 

the day 0 time point.  BcorFl/Y results are the average of 3 independent BcorFl/Y “rescued” 

lines each differentiated in triplicate.  (A) The repression of pluripotency markers, Oct3/4 

and Nanog, is restored in BcorFl/Y differentiating embryoid bodies in comparison to 

BcorNeo/Y.  (B) Repression of the primitive ectoderm marker, Fgf5, and expression of 

extraembryonic ectoderm marker, Bmp4, is restored in BcorFl/Y differentiating embryoid 

bodies.  (C) Timing of expression of the early mesoderm and hematopoietic lineage 

markers, Brachyury and Flk1, is restored in BcorFl/Y differentiating embryoid bodies; 

however expression levels are restored to a higher magnitude with respect to Bcor+/Y 

controls (CJ7, wild type parent line).  
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Figure S1.3:.  Analysis of splicing pattern in BcorNeo/Y and BcorGt/Y ES cells. 

 (A) Clone 2B1 ES cells, containing the BcorNeo/Y allele, aberrantly splice two portions 

of the Pgk-Neo coding sequence into the Bcor transcript. S1–S4 shows the sequence 

surrounding the splice junctions as determined by sequencing of reverse transcription 

PCR products generated by primers A–D. Amplicon AB and CD were sequenced to 

determine splice junctions S1–S3 and S4, respectively. The predominant splice pattern 

found is indicated by bolded black splice connector lines.  

VBp1114 (A) ATGCTTTCTGCAACCCCTCTGTAT,  

VBpNeoRev (B) TCGGCAGGAGCAAGGTGAGAT,  

VBpNeoFor (C) CCGGTTCTTTTTGTCAAGACCG,  

VBp1116 (D) TTGTATCCCAGGCGGTGTTTTG. 

 (B) Clone XE541 ES cells, containing the BcorGt/Y allele, predominantly splice from 

exon 6 of Bcor into the splice acceptor of the genetrap cassette. Reverse transcription 

PCR of XE541 ES cell total RNA using primers F and G, generates the expected 

amplicon of 529 base pairs. Wild type splicing can also be detected in XE541 ES cells as 

shown by reverse transcription PCR using primers E and H to generate the expected 

amplicon of 445 base pairs. The predominant splice pattern found is indicated by bolded 

black splice connector lines. VBp1616 (E) CGTGCAATGATGCGCTTCTC, VBp1074 

(F) AGATTCCAGTCAGCTCAGCCGAGA, VBp1071 (G) 

ATTCAGGCTGCGCAACTGTTGGG, VBp1617 (H) 

CTTTGGAGATCCGTCTTCGCTT. 
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Discussion 

 

In this study we have used a combination of mouse molecular genetics and ES 

cell differentiation to identify roles of Bcor in early development.  These studies provide 

insights into the possible causes of male embryonic lethality in OFCD, the hematopoietic 

phenotype of female OFCD patients and the parent-of-origin effect in mice.  We have 

two major findings, as discussed below.   

First, we found that in mice the mutant BcorNeo allele exhibits a parent-of-origin 

effect, which together with the high level of Bcor expression in extraembryonic tissue 

(Wamstad & Bardwell, 2007) strongly suggest an essential requirement for Bcor in 

extraembryonic tissue.  The X chromosome has been implicated in causing several 

malformations of the placenta (Hemberger, 2002)and our work suggests that Bcor is 

likely to be one of the genes responsible.  

There are two alternative but less likely explanations for the parent-of-origin 

effect that we have considered.  First, it is possible that Bcor is required very early in 

development (beginning as early as the 4 to 8 cell stage) when the whole embryo is 

subject paternal X chromosome inactivation.  Once the inner cell mass has formed the 

cells of the embryo proper are subject to random X inactivation.  Paternal X-inactivation 

is maintained and becomes more complete in the trophectoderm and primitive endoderm, 

which go on to form to the extraembryonic tissue.  However, given the incomplete nature 

of the paternal imprinting during the 4 cell to blastocyst stage it is most likely that 

sufficient levels of wild type Bcor are transcribed to support development.   
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A second, albeit unlikely, alternative explanation for the parent-of-origin effect 

observed in the mouse is that Bcor is imprinted such that only the maternal allele is 

expressed in the embryo proper.  However, if such imprinting (Davies et al., 2005; 

Davies, Isles, & Wilkinson, 2005; Raefski & O'Neill, 2005) occurred in humans, the 

mother to daughter transmission seen in OFCD patients (Hedera & Gorski, 2003; 

McGovern et al., 2006) could not take place since the daughter would only express the 

mutant Bcor allele and would be equivalent to the inviable hemizygous males.  

Our second major finding was that in ES cell differentiation studies Bcor is 

required for formation of primitive erythrocytes and proper expression of genes that 

regulate ES cell pluripotency and genes that drive ectodermal and mesodermal 

development.  These defects together with the apparent limited contribution of BcorNeo/Y 

and BcorGt/Y cells to B and T cells and adult erythrocytes may provide an explanation for 

the severe skewing of X-inactivation seen in peripheral white blood cells of OFCD 

patients and indicate a critical early role for Bcor in helping to establish hematopoietic 

development.  In data not included, we do not see significant changes in expression of the 

few endoderm specific genes we tested. Since the number of genes tested was not 

exhaustive, Bcor may be affecting the expression of other genes important for endoderm 

development that are yet unidentified. 

One of the genes that we found to be misregulated in BcorNeo/Y and BcorGt/Y ES 

cell differentiation assays was Brachyury.  Mice heterozygous for the Brachyury T 

mutation exhibit a variable short-tailed phenotype (Stott, Kispert, & Herrmann, 1993) 

while other mutations such as Brachyury T137 have a kinked or bent tail (Abe, 
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Yamamura, & Suzuki, 2000).  Thus mis-expression of Brachyury is a possible 

explanation for the kinked and shortened tails we observed in BcorNeo/Y and BcorGt/Y 

chimeras.  The extraembryonic ectoderm marker, Bmp4, was also misregulated in 

BcorNeo/Y ES cell differentiation assays.  Bmp4 knock out mice do not express Brachyury 

and display impaired mesoderm differentiation, including reduced extraembryonic 

mesoderm blood island formation and disorganized posterior structures, further 

implicating Bcor in mesoderm development (Winnier et al., 1995).   

Polycomb group proteins (PcG) have been shown to play a central role in stem 

cell maintenance and lineage specification (Ringrose, 2007).  The BCOR complex 

contains several PcG proteins, including RNF2, an H2A ubiquitin ligase, and NSPC1, a 

BMI1 homolog (D. Ng et al., 2004).  RNF2 has been shown to be present at over 1,200 

targets in ES cells (Boyer et al., 2006).  At many genes, the PcG complex, PRC2, serves 

to recruit RNF2 containing complexes.  However, about one quarter of ES cell RNF2 

targets are not co-occupied with PRC2 components, suggesting RNF2 can be recruited 

via other means.  We hypothesize that BCOR, via interaction with site specific 

transcription factors, can recruit RNF2 and other BCOR complex components to regulate 

expression of genes in ES cells and their differentiating progeny.  Recently, NSPC1 was 

identified as a protein that when over-expressed can partially rescue the phenotypic 

properties of undifferentiated mouse ES cells under differentiation-inducing conditions 

(Pritsker et al., 2006).  Over-expression of NSPC1 may be sequestering or diluting the 

activity of the Bcor complex thereby preventing full transcriptional repression of target 
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genes.  This, together with our data, suggests that inappropriate expression of BCOR 

complex components affects ES cell differentiation.   

Our studies suggest two possible causes of male embryonic lethality in OFCD.  

First, inappropriate regulation of key developmental genes in Bcor-/Y embryos may cause 

lethality before implantation.  Second, male embryonic lethality may be due to improper 

development of extraembryonic derived tissue, potentially resulting in placental failure or 

incomplete chorioallantoic fusion.  Conditional inactivation of Bcor in a spatial and 

temporal manner will be critical in future experiments in order to bypass the strict 

requirement for Bcor function in early development.  

 

Materials and Methods 

 

Animals 

All experimental protocols involving mice described in this publication have been 

approved by the University of Minnesota Institutional Animal Care and Use Committee.  

The mice were not kept in specific pathogen free (SPF) rodent housing, thus they were 

exposed to multiple pathogens that are present at sub clinical levels in conventional 

rodent housing.   Due to continual pathogen exposure, PNA+ CD19+ germinal center 

positive cell populations were already present in our mice thus, we did not specifically 

induce germinal center reactions through immunization. 

Generation of Bcor mutant mice 
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A mouse Bcor cDNA fragment containing sequences from within exon 4 to 

within exon 7 was used to screen the RPCI-22 129S6/Sv EvTac Bac library (Stratagene) 

(Osoegawa et al., 2000), and positive BAC clones were used to clone Bcor genomic 

sequence. The left and right homology arms were cloned into the backbone vector 

pDZ157 (Raymond, Murphy, O'Sullivan, Bardwell, & Zarkower, 2000).  The final 

targeting construct is diagrammed in Figure 1A.  The Bcor targeting vector was 

linearized with PmeI and electroporated into CJ7 ES cells (originally derived from the 

129S1 strain).  One homologous recombinant was identified from 768 G418-resistant 

colonies by Southern hybridization using a DNA probe from sequences upstream of the 

targeting vector to screen genomic DNA digested with BamH1.  Homologous 

recombination was confirmed on both ends of the targeted region by Southern 

hybridization.  Probes for Southern hybridization were generated from a BAC clone 

containing Bcor genomic sequence by PCR using primers VBp525/VBp526 (5′ probe, 

left arm) and VBp582/ VBp583 (3′ probe, right arm).  The targeted ES cell clone 

containing the BcorNeo allele was injected into C57Bl/6 blastocysts to generate chimeras. 

Chimeric males were bred with C57Bl/6 females to generate heterozygotes carrying the 

BcorNeo allele.  BcorNeo/+ females were bred with male β-actin-Flpe transgenic mice to 

delete the frted sequence and generate heterozygotes carrying the BcorFl allele.   BcorFl/+ 

females were bred with male β-actin-Cre transgenic mice to delete the floxed sequence 

and generate heterozygous Bcor���/+ and hemizygous Bcor���Y deletion mutants.   

VBp525 5’-CTCTACTTGCTCAGTCTGCCTGCAATG-3’ 

VBp526 5’-AAGTCGACACATTTCCTTTGTTAGCAG-3’ 
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VBp582 5’-GAGTTGTATCTCATAAATTGTGGTTG-3’ 

VBp583 5’-CTGTCATTCACTTTGAGCCTGGTGT-3’ 

The XE541 ES cell line was created by the BayGenomics genetrap consortium 

through insertional genetrap mutagenesis of the wild type E14 ES cell line (originally 

derived from the 129P2 strain). The genetrap mutation resides in the sixth intron of the 

Bcor gene and results in a loss of function allele we named BcorGt.  XE541 ES cells 

harboring the BcorGt allele were injected into C57Bl/6 blastocysts by the University of 

Minnesota Mouse Genetics Laboratory to generate chimeric mice.   

Genotyping 

 The Bcor+, BcorFl and Bcor�∆3� alleles were detected by polymerase chain reaction 

(PCR) from tail clip genomic DNA using primer set VBp573 /VBp981.  The described 

PCR generates an 1122 base pair (bp) amplicon for the BcorFl, a 993 bp amplicon for the 

Bcor+ allele and a 332 bp amplicon for the Bcor�∆3.  The BcorNeo allele was detected by 

separate PCR reaction using primer set, VBp1023/VBp981 and generates a 693 bp 

amplicon.   

VBp573 5’-GCCTGAAGTAGCTGACATGTCTCTGAT-3’ 

VBp981 5’-AAAGCCCTAGGAACTACTTGGAGGC-3’ 

VBp1023 5’-CTATCGCCTTCTTGACGAGTTCTTC-3’ 

Western Blot Analyses 

In both western blot analyses performed, mouse eyes or ES cells were incubated 

in lysis buffer (1X phosphate buffered saline (PBS), 10% glycerol, 0.5% Nonidet-P40, 2 

mM dithiothreitol (DTT), 0.2 mM phenylmethanesulphonylfluoride (PMSF) and 1X 
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Complete Protease Inhibitor (Roche)), sonicated, normalized by Bradford Assay and 

resolved on a NuPAGE 3-8% Tris-Acetate gel (Invitrogen).  Proteins were transferred 

overnight at 4°C to a nitrocellulose membrane, blocked with non-fat dry milk and 

incubated with polyclonal anti-BCOR (D. Ng et al., 2004) and monoclonal anti-B-Actin 

antibodies (Abcam 8226).   

Generation of “Rescued” BcorFl/+  Embryonic Stem Cells 

To remove the Neo selection cassette and restore BCOR expression, BcorNeo/Y ES 

cells were transfected with a mouse codon-optimized FLPo site specific recombinase as 

described by Raymond and Soriano (Raymond & Soriano, 2007).  Five clonally selected 

rescued lines in which the Neo cassette had been deleted were identified by PCR 

screening of gDNA with primer sets VBp573 /VBp981 and VBp1023/VBp981.   

Flow Cytometry and Hemoglobin Analyses 

White blood cells were harvested into Hank’s buffered saline solution (HBSS) at 

4°C from the spleens of sacrificed BcorNeo, BcorGt and appropriate control mice.  Cells 

were pelleted at 300 x g at 4°C for this step and all subsequent centrifugation steps. Red 

blood cells were lysed and white blood cells were then pelleted and resuspended in a 1:3 

dilution of clone 2.4G2 hybridoma (ATCC HB-197) supernatant for 10 minutes at room 

temperature to block Fc receptors.  Cells were then counted and 2x106 cells were 

respuspended in 200 uL of FACs buffer (PBS, 1% FCS, and 0.02% azide, pH 7.2) in a 96 

well round bottom plate for antibody staining.  Cells were stained with a 1:200 dilution of 

appropriate primary antibody or lectin (Anti-Ly9.1-FITC (BD Pharmingen), Anti-CD19-

PE (eBioscience), Anti-CD4-PerCP (BD Pharmingen), Anti-CD8-APC (eBioscience) and 
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PNA-biotin (BD Pharmingen)) in FACs buffer for 20 minutes at room temperature and 

washed 1 time with 200 uL of FACs buffer. Cells incubated with PNA-biotin were then 

incubated with streptavidin-APC for 20 minutes at room temperature.  All samples were 

then washed another 2 times with FACs buffer, fixed in 1% paraformaldehyde and stored 

at 4°C until flow cytometry was performed on the following day.  Cell events were 

recorded on a flow cytometer (FACSCalibur; BD Biosciences) and analyzed with FlowJo 

software (Tree Star Inc.).  Clarified hemolysates prepared from the erythrocytes of the 

same mice were resolved by Triton-acid-urea gel electrophoresis and visualized by 

Coomassie blue staining (Rovera et al., 1978; Russell & Liebhaber, 1998)[32,65] 

ES Cell Culture and Differentiation 

ES cells were maintained in 37°C 5% CO2 incubator on irradiated mouse 

embryonic fibroblasts (MEFs) in Knock Out Dulbecco’s Modified Eagles Medium (KO-

DMEM, Invitrogen) supplemented with (15% ES cell certified fetal bovine serum (ES-

FBS, Hyclone), 0.1 mM non-essential amino acids (NEAA), 2 mM L-glutamine, 0.1 mM 

2-mercaptoethanol (BME), 100 U/ml penicillin, 100 µg/ml streptomycin (Invitrogen) and 

1000 U/mL ESGRO (Chemicon)).  Protocols for differentiation of ES cells were 

essentially as described by Zhang et. al. (Kennedy & Keller, 2003; Zhang et al., 2003) 

with minor modifications.  Briefly, ES cells were passaged one time onto 0.1% 

gelatinized tissue culture plates to remove MEFs.   After 2 days, cells were trypsinized 

for 5 minutes to a single cell suspension, stopped with fetal bovine serum, counted and 

plated at low density (5-10x104 cells/mL depending on the experiment) in embryoid body 

(EB) differentiation media (Iscove’s Modified Dulbecco’s Medium (IMDM) 
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supplemented with 15% fetal bovine serum (Atlas Biologicals), 50 ug/mL Ascorbic Acid 

(Sigma), 2 mM L-glutamine, 4.5x10-4 M monothioglycerol (MTG) in biological triplicate 

for each sample on ultra low attachment tissue culture plates (Corning)).  EBs were 

maintained at 37°C 5% CO2 for duration of indicated experiments.  Primitive erythrocyte 

colony forming assays utilized EBs, as described above, incubated until day 4.5.  EBs 

were then trypsinized to a single cells suspension, stopped with FBS, counted and 

replated at 5x103 cells/mL in triplicate in primitive erythrocyte differentiation media 

containing (IMDM, 1% methylcellulose (Sigma), 10% plasma derived serum (Animal 

Technologies Inc.), 12.5 ug/mL Ascorbic Acid (Sigma), 2mM L-glutamine (Invitrogen), 

200ug/mL transferrin (Roche), 4.5x10-4 M MTG (Sigma), 2 U/mL Erythropoietin 

(Epogen, Roche) and 5% protein free hybridoma media –II (Invitrogen).  On day 4 

secondary differentiation plates were counted for the presence of primitive erythrocyte 

colonies based on morphology and color.   

Gene Expression Analysis 

Total RNA was extracted with TRIzol (Invitrogen), normalized by spectroscopy 

and reverse transcribed using either M-MLV or SuperScript III (Invitrogen) according to 

the manufacturer’s protocol.  Real-time quantitative PCR was performed using FastStart 

SYBR Green Master mix (Roche) on a Stratagene Mx3000P (Stratagene).  Gene 

expression was determined using the relative quantitation method (Livak & Schmittgen, 

2001) and Hprt expression was used to normalize all sample template concentrations. 

Denaturing curves were performed on all reactions to verify homogeneity of the 

amplified product.  The following gene specific primers were used. 
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Hprt For 5’-AGCTACTGTAATGATCAGTCAACG-3’  

Hprt Rev 5’-AGAGGTCCTTTTCACCAGCA-3’ 

Oct4 For 5’-GAAGCAGAAGAGGATCACCTTG-3’  

Oct4 Rev 5’-TTCTTAAGGCTGAGCTGCAAG-3’ 

Nanog For 5’-CCTCAGCCTCCAGCAGATGC-3’  

Nanog Rev 5’-CCGCTTGCACTTCATCCTTTG-3’ 

Brachyury For 5’-CTCACCAACAAGCTCAATGG-3’  

Brachyury Rev 5’-GGTCTCGGGAAAGCAGTGGC-3’ 

Flk1 For 5’-CACCTGGCACTCTCCACCTTC-3’  

Flk1 Rev 5’-GATTTCATCCCACTACCGAAAG-3’ 

Fgf5 For 5’-CAAAGTCAATGGCTCCCACGAAG-3’  

Fgf5 Rev 5’-CTACAATCCCCTGAGACACAGCAAATA-3’ 

Bmp4 For 5’-CACTGTGAGGAGTTTCCATCACGAAG-3’  

Bmp4 Rev 5’-GGATGCTGCTGAGGTTGAAGAGGA-3’  

Statistical analysis 

P values in Figure 3 were determined using a Student’s t-test, using the natural 

log of the percent contribution values, assuming unequal variances. 
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Chapter 4:  Characterization of the Bcor transcriptional 

network and determination of BCOR genomic targets in mouse 

embryonic stem cells. 
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Introduction  

 

Embryonic stem (ES) cells present great promise for the treatment of human 

disease and the development of regenerative technologies.  Understanding how 

epigenetic regulation of transcription contributes to the developmental plasticity of the 

stem cell state will be critical for the advancement of stem cell based therapies.  Over the 

last decade, advancements in genome-wide analysis of gene expression, chromatin 

binding and epigenetic signatures have provided a dynamic view of the transcriptional 

network and chromatin landscape in mouse and human embryonic stem cells(J. H. Ng, 

Heng, Loh, & Ng, 2008)(Lunyak & Rosenfeld, 2008).  In addition to providing a 

powerful tool for the elucidation of molecular mechanisms driving the stem cell state and 

early embryonic development, mouse ES cells also allow for the creation of human 

disease models in mice.   

Evidence from humans, mice and ES cell differentiation studies indicate Bcor plays a 

role in early development.  In humans, mutations in the X-linked BCOR gene result in 

MCOPS2 (microphthalmia syndromic 2) disorders, including Oculofaciocardiodental 

syndrome (OFCD) and MAA2 associated Lenz microphthalmia (D. Ng et al., 2004).  

Importantly, no male OFCD patients exist indicating that severe hemizygous BCOR 

mutations result in early embryonic lethality (E. Hilton et al., 2008).  Supporting the early 

role of Bcor in development, Bcor loss-of-function analysis in mice (Chapter 3) results in 

male embryonic lethality and strongly implicates Bcor in extraembryonic development 

(Wamstad, Corcoran, Keating, & Bardwell, 2008).  Consistent with a role in early 
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embryogenesis,  in vitro differentiation of mouse ES cells harboring Bcor loss-of-

function alleles results in misregulation of mesoderm and ectoderm lineage specific 

markers and core pluripotency transcription factors (Wamstad et al., 2008).  Furthermore, 

the misregulation of core pluripotency genes suggests a potential role for Bcor in 

maintaining the ES cell state.  Finally, Polycomb repressive complexes, PRC1 and PRC2, 

are required for early development and have been strongly implicated in regulation of 

stem cell transcriptional networks.  The inclusion of RING1A/B proteins and other PRC1 

related proteins in the BCOR complex also strengthens the possibility that BCOR 

mediates transcriptional repression in ES cells, contributing to the maintenance of the 

stem cell state.(Gearhart et al., 2006). 

RING1A/B mediated transcriptional repression plays an essential role in early 

differentiation of embryonic stem cells and has been strongly implicated in maintaining 

the developmental plasticity associated with the stem cell state (Vidal, 2009).  RING1B 

targets over 1,219 genes in the ES cell genome, of which 440 are not occupied by any 

PRC2 member, suggesting alternative recruitment mechanisms exist outside recognition 

of PRC2 catalyzed H3K27 tri-methylation(Boyer et al., 2006).  Characterized by a 

bivalent domain structure and the presence of large CpG islands, RING1B genomic 

targets are enriched for critical developmental regulators (Ku et al., 2008).  To maintain 

the developmental plasticity associated with the stem cell state, bivalent domains are 

hypothesized to mark genes that are repressed yet poised for transcription (Bernstein et 

al., 2006).  Provocatively, ubiquitylation of H2A by RING1A/B prevents RNA 

polymerase from initiating transcriptional elongation at bivalent target genes in ES cells, 
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theoretically holding genes in a poised transcriptional state that can be activated upon 

developmental signals to differentiate (Stock et al., 2007).  Confirming the essential 

nature of RING1A/B mediated transcriptional repression in maintaining the stem cell 

state; Ring1A/B null ES cells display deregulated repression of key developmental 

regulators including Gata6, Gata4 and Cdx2 and gradually differentiate over time (Endoh 

et al., 2008).  Intimately linking RING1A/B to the ES cell transcriptional network, 

Ring1A/B and Oct4 null ES cells show significant overlap of de-repressed genes and both 

proteins co-occupy a large number of developmentally critical genes (Endoh et al., 2008).  

As a primary component of the BCOR complex, RING1A/B recruitment to a subset of 

ES cell genomic targets may be mediated by the BCOR complex, linking BCOR to the 

developmental plasticity associated with the stem cell state. 

 The composition of the recently purified BCOR complex provides insight into the 

potential epigenetic mechanism by which BCOR may be repressing transcription at 

RING1B genomic targets in ES cells.  BCOR recruits a chromatin modifying complex 

that combines the repressive activities of the H3K36 histone demethylase FBXL10 

(KDM2) and the H2A E3 ubiquitin ligase RING1A/B (Gearhart et al., 2006)(Sanchez et 

al., 2007)(Mueller et al., 2007). The BCOR complex bears a striking similarity to 

Polycomb repressive complex 1 (PRC1), containing multiple mammalian PRC1 related 

components including RING1A/B, RYBP, CBX4/8, RBBP4 and NSPC1, in addition to 

novel components FBXL10/11, SKP1, AF9 and ENL.  The dRAF complex recently 

identified in Drosophila contains a very similar composition to the mammalian BCOR 

complex including the H3K36 histone demethylase, dKDM2 (FBXL10), the H2A E3 
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ubiquitin ligase for H2A, dRING (RING1A/B) and a putative Drosophila BCOR 

homolog (P. Verizjer pers. comm.)(Lagarou et al., 2008).  The dRAF complex displayed 

dKDM2 dependent stimulation of dRING mediated H2A ubiquitylation and specific 

demethylation of H3K36me2.  Based on dKDM2 knockdown experiments the authors 

conclude that the dRAF complex is the primary dRing containing complex mediating 

mono-ubiquitylation of H2A in Drosophila.  Provocatively, the dRAF complex likely 

inhibits transcriptional elongation by coupling the removal of an activating mark, 

demethylation of H3K36, and the addition of a repressive mark, H2A ubiquitylation.  

These results suggest that the mammalian BCOR complex may also be coupling H3K36 

de-methylation and H2A mono-ubiquitylation to repress transcription at a subset of 

RING1B targets in ES cells. 

Conditional gene targeting in ES cells provides a powerful system for the inducible, 

spatial and temporal deletion of gene function in ES cells and mice.  The previous 

attempt at creating a conditional Bcor allele in ES cells resulted in an N-terminally 

truncated version of Bcor that displayed wild type activity in vivo (Wamstad et al., 2008).  

Fortuitously, aberrant splicing from the Bcor gene into the Neo selection cassette of the 

targeting construct generated a loss-of-function BCOR allele that provided valuable data 

indicating a requirement for Bcor in both ES cell differentiation and extraembryonic 

development.  However, the existing alleles are marred by both aberrant splicing that 

gives rise to wild type Bcor transcripts and the inability to conditionally delete Bcor 

function.  To investigate BCOR mediated transcriptional repression in ES cells and 

mouse development; here we report the successful generation and initial analysis of a 
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conditional Bcor loss-of-function allele in mouse ES cells that mimics a mutation found 

in human OFCD patients.   

 

Results 

 

Deletion of exons 9 and 10 results in ablation of full length BCOR and generates a 

poorly expressed C-terminally truncated version of BCOR in ES cells   

To investigate the role of BCOR mediated transcriptional repression in ES cells 

(and in mouse development, see Chapter 5), we have generated a conditional allele of Bcor 

in ES cells utilizing recent clinical and molecular data to guide the design of our targeting 

construct.  Sequencing of the BCOR gene in an OFCD patient revealed that an in frame 

deletion of human exon 10 resulted in the full clinical presentation of OFCD, suggesting 

that exon 10 is required for BCOR function (E. Hilton et al., 2008).  Additionally, 

multiple independent OFCD patients exist with mutations in exon 9 of BCOR that result 

in a premature stop codon.  In vitro reconstitution experiments also have demonstrated 

that BCOR sequence encoded in exons 9-15 are required for association with the PcG 

proteins and the histone demethylase (C. Corcoran, unpublished data)(Gearhart et al., 

2006).  In light of this data, we hypothesized that removal of homologous mouse exons 9 

and 10 would result in a mutant allele of Bcor that recapitulates OFCD mutations in 

humans and the resulting truncated protein product, if produced, would fail to associate 

with critical BCOR complex components.  
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Figure 1.4 A illustrates the targeting construct design, where exons 9 and 10 are 

flanked by loxP sites to allow excision via Cre recombination.  A Phosphoglycerate 

Kinase-Neomycin (PGK-Neo) cassette flanked by Flp recombinase recognition (frt) sites 

was also included to allow for selection of vector integration in embryonic stem cells and 

subsequent removal via Flp recombination in mice (Chapter 5).  CJ7 (129) ES cell lines 

displaying successful homologous recombination by Southern blot analysis (Figure 1.4 

B) were karyotyped to verify a lack of chromosomal abnormalities (data not shown).  

Adenoviral mediated expression of Cre recombinase in one of these ES cell lines resulted 

in successful Cre mediated recombination (Figure 1.4 C).  Using a polyclonal antibody 

generated against a fragment of human BCOR protein, (described and generated by 

Gearhart et. al. 2004) western blot analysis of ES cell protein extracts revealed that 

targeted ES cells containing the Neo cassette (BcorNeo/Y) express BCOR protein at a 

normal level compared to non targeted ES cells (Bcor+/Y).  ES cells post Cre mediated 

deletion of exons 9 and 10 (Bcor∆910/Y) display complete ablation of wild type BCOR 

protein and generation of a C-terminally truncated version of BCOR, designated 

BCOR∆910.  The truncated BCOR∆910 product is expressed at a significantly reduced 

level compared to full length BCOR in non targeted ES cells (Bcor+/Y).  The molecular 

weight of the BCOR∆910 protein is consistent with translation to the premature stop 

codon produced by the deletion of exons 9 and 10.  As described above we predict that 

this protein should have a severe loss-of-function phenotype.   
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Figure 1.4:  Generation and characterization of the Bcor conditional allele in ES 

cells.  

A.  Diagram of the Bcor conditional targeting construct and recombination strategy in ES 

cells.  The BcorNeo allele was generated by homologous recombination of the targeting 

construct with the endogenous Bcor locus in ES cells, using the sizeable stretches of 

homology in both the 5’ (3.9 kb) and 3’ (5.1kb) arms. Providing the option to excise the 

selection cassette through Flpe mediated recombination in mice, frt sites flank the PGK-

Neo selection cassette located immediately downstream of exon 10 in the targeted locus.  

LoxP sites flank the selection cassette and exons 9 and 10 allowing excision via Cre 

mediated recombination.   In vitro Cre recombination was used to delete exons 9 and 10 

generating the Bcor∆910 allele, mimicking mutations found in OFCD patients. The 

mutation results in a premature stop codon that results in C-terminally truncated protein.  

B.  Southern blot hybridization of the targeted and wild type ES cell genomic DNA 

digested with Apa1 reveals successful homologous recombination of both the 3’ and 5’ 

homology arms.  The Apa1 site introduced immediately upstream of the 5’ frt site in the 

targeting vector results in an 8.8 Kb band recognized by the 3’ probe and a 7.3 KB band 

recognized by the 5’ probe. C. Western blot analysis of wild type, BcorNeo and 

Bcor∆910 ES cell protein extracts shows that the targeted BcorNeo cells display wild 

type levels of full length BCOR and the Bcor∆910 cells are ablated of full length BCOR, 

containing only reduced amounts of a C-terminally truncated version of BCOR 

(BCOR∆910).  ß-Actin levels were used as a loading control (bottom panel).   
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Important developmental regulators are misregulated in Bcor∆910/Y ES cells  

To determine if gene expression changes occur due to inactivation of BCOR in 

embryonic stem cells we performed gene expression array analysis comparing wild 

BcorNeo/Y and mutant Bcor∆910/Y male ES cells.  We identified 129 genes that are 

differentially expressed between the two cell lines by at least 1.5 fold (< 0.05 P-value and 

< 10% False Discovery Rate). Heat maps displaying 60 up regulated and 69 down 

regulated genes are displayed in Figure 2.4.  Given BCOR’s role in transcriptional 

repression, the up regulated gene set most likely includes a number of genes directly 

regulated by BCOR.  It is striking that the up regulated gene list is comprised of 

predominantly well annotated genes, many of which are important for development, 

while the down regulated gene list is comprised of largely non-annotated genes.  It is 

possible that a subset of the differentially expressed genes in the Bcor∆910/Y ES cells are 

the result of adenoviral infection used to deliver Cre recombinase rather than the ablation 

of Bcor.  We believe this is unlikely as adenoviral infection is transient and knock out ES 

cell were expanded from a single cell and passaged at least two times with out mouse 

embryonic fibroblasts before isolation of RNA for gene expression analysis.  

Ingenuity Pathway Analysis of the 60 up regulated genes identified in Bcor∆910/Y 

ES cells also reveal preferential up regulation of genes important for development, 

correlating most significantly with functional categories including tissue development, 

embryonic development, cell growth and proliferation, cardiovascular development and 

function, and cellular movement and nervous system development (Figure 3.4 A).   The 

functional annotations displaying the highest significance within each general category 
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are listed in Figure 3.4 B, including blood vessel development and axon guidance during 

embryonic development.  Interestingly, inclusion of the 17 down regulated genes 

recognized by Ingenuity into the up regulated gene list analysis results in two additional 

statistically significant functional annotations, including differentiation of cells and 

patterning of body axis (data not shown). The remaining, non-annotated genes present on 

the down regulated gene list will require a more extensive analysis beyond the scope 

presented here.   

Bcor∆910/Y ES cell up regulated genes include RING1B genomic targets 

 The up regulated gene list is likely to include both direct and indirect targets of 

BCOR.  Since Ring1B is in the BCOR complex and genome wide occupancy of RING1B 

in ES cells has been published, we determined which of the up regulated genes are 

occupied by RING1B (Boyer et al., 2006).  We found 28 of the 60 up regulated genes are 

occupied by RING1B (highlighted in blue, Figure 2.4) and are therefore candidates to be 

direct BCOR targets.  Seventeen of these 28 genes encode developmentally important 

transcription factors including members of the SOX, GATA and HOX families.   



 

 105 

RING1B 
Genomic 
Targets

B
co

r 
∆ 9

10
/Y

B
co

r 
+/

Y

B
co

r 
∆ 9

10
/Y

B
co

r 
+/

Y

 



 

 106 

Figure 2.4:  Gene expression profiling of Bcor∆910/Y ES cells reveals up-regulation of 

critical developmental regulators that overlap significantly with known RING1B 

genomic targets. 

Microarray gene expression profiling reveals differential expression of a significant 

number of genes in BcorNeo/Y and Bcor∆910/Y ES cells.  Ablation of Bcor results in the up-

regulation of 60 genes (Red heat map) enriched for genes important for embryonic 

development.  Significant overlap exists between up regulated genes and known RING1B 

genomic targets (highlighted in blue).  Genes outlined in red were selected evaluated for 

BCOR occupancy by ChIP analysis in Figure 4.4.  69 genes were significantly down 

regulated (Green heat map) upon ablation of Bcor.  Requiring further analysis beyond the 

scope presented here, the down regulated gene list is largely comprised of non-annotated 

genes. A two group T-test was used to determine differentially expressed genes between 

wild type and Bcor genotypes with at least a 1.5 fold change in expression (p value 0.05 

and FDR %10).  
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Figure 3.4:  Genes up regulated in Bcor∆910/Y ES cells are enriched for genes involved 

in embryonic development of the nervous and cardiovascular system. 

A.  Ingenuity Pathway analysis shows that genes up regulated in Bcor∆910/Y ES cells are 

enriched for functional categories related to early embryonic development including cell 

growth and proliferation, nervous system development and cardiovascular development. 

Enriched categories were determined using B-H multiple testing correction p-value.  

Threshold equals p-value 0.05.  B.  The table indicates the highest scoring functional 

annotations from each general category including axon guidance and blood vessel 

development.   
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BCOR co-occupies selected RING1B genomic targets in ES cell  

The overlap between genes up regulated in Bcor∆910 ES cells and known RING1B 

targets, indicates that BCOR likely co-occupies a subset of these RING1B genomic 

targets in ES cells.  We would eventually like to determine the genome-wide overlap 

between RING1B and BCOR target genes in ES cells since this would indicate the extent 

to which BCOR plays a role in PcG repression.  In order to carry out the necessary 

genome wide ChIP-Seq experiments we need to identify direct BCOR target genes that 

we can use to optimize chromatin immunoprecipitation of BCOR in ES cells and 

subsequently use as positive controls for ChIP-Seq experiments.  To identify direct 

BCOR genomic targets, we used a candidate gene approach, selecting two genes (Gata6 

and Gsh1) significantly up regulated in Bcor∆910 ES cells that displayed RING1B 

occupancy, bivalent domain structure and a CpG island.  Figure 4.4 A illustrates the 

Gata6 promoter sequence amplified in our ChIP analysis.  We also evaluated the Bcor 

gene as previous loss-of-function alleles described in Chapter 3 suggested Bcor may be 

auto-regulatory. Additionally, all three of the Bcor promoters characterized in Chapter 2 

display RING1B occupancy, bivalent domain structure and a CpG island. Chromatin IP 

reveals that BCOR interacts with all three putative targets genes, BcorB, Gata6 and 

Gsh1, in comparison to the IgG antibody negative controls and the B-Actin gene negative 

control (Figure 4.4).  As our α-BCOR antibody recognizes the C-terminally truncated 

BCOR∆910 protein, we tested whether BCOR∆910 would retain the ability to interact 

with BCOR target genes.  In contrast to BCOR, the mutant BCOR∆910 protein does not 

interact with BCOR genomic targets in our ChIP analysis.  This result validates Bcor, 



 

 110 

Gata6 and Gsh1 as direct targets of BCOR in ES cells and correlates with up regulated 

Gata6 and Gsh1 transcription in Bcor∆910 /Y ES cells.  Future experiments will focus on 

BCOR ChIP followed by deep sequencing to identify genome-wide BCOR targets in ES 

cells. 

As previously mentioned, the BCOR complex contains the H3K36me2 histone 

demethylase FBXL10 suggesting that the H3K36me2 histone modification may be 

increased at the BCOR target genes identified in ES cells harboring the Bcor∆910 allele.  

ChIP performed with an α-H3K36me2 specific antibody reveals an increase in the 

presence of H3K36me2 in Bcor∆910 ES cells compared to BcorNeo ES cells at the Bcor 

locus.  In contrast, no significant change was observed at the Gata6 or Gsh1 locus 

suggesting the epigenetic regulation of these genes may be more complex (Figure 4.4).  

Our results indicate that BCOR and RING1B are likely recruited to an overlapping subset 

of target genes in ES cells and that ablation of BCOR can result in the increase of 

H3K36me2, a histone modification associated with actively transcribed genes. 
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Figure 4.4:  BCOR co-occupies known RING1B genomic targets in ES cells.  

A. To asses BCOR occupancy at RING1B targets that displayed up regulated expression 

in Bcor∆910 ES cells we designed ChIP PCR amplicons at candidate genes based on the 

following criteria:  1) RING1B occupancy, 2) bivalent chromatin signature, 3) presence 

of CpG island and 4) upstream of the coding sequence.  In example, the illustration 

shows the PCR amplicon used relative to selection criteria depicted at the mouse Gata6 

locus. H3K4me3, H3K27me3 and RING1B ES cell Chip-Seq data for the mouse Gata6 

genomic locus were obtained from the Broad Institute website and visualized with the 

UCSC genome browser. The PCR amplicon used to assess BCOR occupancy and 

H3K36me2 modifications in our ChIP analysis at the Gata6 locus is indicated in black.  

B.  ChIP of BCOR and H3K36me2 at the Actin, Bcor B, Gata6 and Gsh1 genomic loci 

from BcorNeo/Y and Bcor∆910/Y ES cells is graphed relative to percent input. Wild type 

BCOR resides at all three candidate genes tested in BcorNeo/Y ES cells and occupancy is 

ablated in Bcor∆910/Y ES cells.  H3K36me2 levels increase in Bcor∆910/Y ES cells at the 

Bcor B locus, however do not change significantly at the Gata6 and Gsh1 loci.  The Actin 

gene was used as a negative genomic locus control and IgG antibody was used as a non-

specific antibody negative control.  
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Discussion 

 

In this chapter, we report our initial investigation into the role of BCOR in mouse 

ES cell transcriptional regulation.  To assess BCOR mediated transcriptional regulation in 

ES cells we created a conditional loss-of-function Bcor allele that successfully ablates 

wild type Bcor function upon in vitro Cre-mediated recombination.  Genome-wide 

transcriptional profiling of ES cells ablated for BCOR function revealed up-regulation of 

genes enriched for important developmental regulators, of which approximately 50% are 

known RING1B genomic targets.  Additionally, ChIP analysis performed on a select set 

of candidate genes, Gata6, Gsh1, and Bcor, demonstrated that BCOR co-occupies these 

RING1B genomic targets in ES cells.  Our findings provide the necessary positive 

controls to determine BCOR targets in ES cells on a genome-wide level through ChIP-

Seq analysis and implicate Bcor mediated transcriptional repression in maintenance of 

the embryonic stem cell state.   

Transcriptional profiling of Bcor∆910/Y showed de-repression of a significant 

number of genes critical for early embryonic development.  In fact, of the 51 annotated 

genes up regulated on our expression arrays, 17 encode transcription factors including 2 

GATA, 2 SOX and 8 homeobox containing proteins.  As the BCOR complex recruits 

Polycomb related proteins, the enrichment of homeobox containing genes correlates with 

the well documented role of Polycomb group mediated transcriptional repression of the 

Hox gene cluster during fly and mammalian development (Ringrose & Paro, 2004). This 

finding suggests that Bcor may contribute to body patterning and axis orientation during 
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development.  As Gata6 and Gata4 expression in the early embryo drives differentiation 

of extraembryonic endoderm, their up-regulation upon loss of Bcor correlates with 

destabilization of the stem cell state toward extraembryonic lineages (Koutsourakis, 

Langeveld, Patient, Beddington, & Grosveld, 1999)(Kelley, Blumberg, Zon, & Evans, 

1993)(Fujikura et al., 2002).  Additionally, Gata4 and Gata6 expression later in 

embryogenesis critically contributes to cardiovascular and gut development, both organs 

systems that are affected in OFCD (Pikkarainen, Tokola, Kerkela, & Ruskoaho, 

2004)(Bossard & Zaret, 1998).  In total, the cohort of up regulated genes in Bcor∆910/Y ES 

cells potentially suggests de-stabilization of the stem cell state through expression of 

genes required for differentiation of down stream lineages.   

Although the genes down regulated in Bcor∆910/Y ES cells are largely 

uncharacterized genes, loss of Nodal and Klf2 expression correlate with the role of Bcor 

in cardiovascular and hematopoietic development.  Nodal, a TGF Beta superfamily 

growth factor is required for mesoderm differentiation, placental development and axial 

patterning during gastrulation and acts as an upstream activator of Pitx2c expression in 

cardiac left/right asymmetry formation (Bamforth et al., 2004)(M. M. Shen, 2007).  The 

down regulation of Nodal expression in Bcor∆910/Y ES cells correlates with the loss of 

Pitx2c expression and subsequent failure to correctly specify cardiac left/right asymmetry 

in Bcor knock down Xenopus (E. N. Hilton et al., 2007).  Additionally, Klf2 knock out 

mice are embryonic lethal due to defects in angiogenesis and vasculogenesis (Kuo et al., 

1997).  
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The significant overlap of genes displaying de-repression in Bcor∆910/Y ES cells 

with Ring1B genomic targets correlates with Bcor mediated recruitment to a subset of 

target genes.  Indeed, co-occupancy of BCOR and RING1B at the candidate targets 

selected strengthens this argument. Upon determination of Bcor targets on a genome-

wide level, further analysis examining the occupancy of BCOR with both PRC1 and 

PRC2 will aid in determining if the expanding number of heterogeneous RING1B 

containing complexes work together at the same genes or mediate transcription of distinct 

gene subsets.  Although ubiquitylated-H2A levels were not evaluated at the RING1B 

targets tested here, knock down of BCOR in B-cells has resulted in reduced ub-H2A at 

BCL6 targets genes (Gearhart et al., 2006).  Supported by the enzymatic activities of the 

dRAF complex in Drosophila, the increase in di-methylated H3K36 in Bcor∆910/Y ES cells 

at the Bcor promoter provocatively suggests coupling of FBXL10 mediated H3K36 di-

methylation and RING1A/B mediated H2A-ubiquitylation by the BCOR complex to 

repress transcription (Lagarou et al., 2008).  The lack of significant change in H3K36me2 

at Gata6 and Gsh1 may suggest that the amplicon used to assess changes at those genes 

was not aligned with this epigenetic modification. In yeast, H3K36me2 associates with 

the coding region of actively transcribed genes (Rao, Shibata, Strahl, & Lieb, 2005).  

Genome wide ChIP-Seq analysis of both H3K36me2 and ub-H2A will provide much 

needed information regarding the exact genomic signature of these epigenetic marks 

relative to gene structure.  

Although not formally evaluated yet, superficially Bcor∆910/Y ES cells do not 

display a dramatic change in proliferation and maintain stem cell like morphology in 
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culture.  Consistent with this observation, previous Bcor loss-of-function alleles in ES 

cell, although likely less severe, displayed the same phenotype.  Interestingly, Ring1B 

knock outs alone maintain a stem cell like state in culture but show de-repression of 

target genes (van der Stoop et al., 2008)(Endoh et al., 2008).  However, Ring1A/B double 

knock out cells show increase de-repression of target genes and begin to differentiate in 

culture indicating functional overlap and partial redundancy(Endoh et al., 2008).  

Although not described, recent evidence from the Bardwell laboratory indicates that the 

paralog of BCOR, BCORL1, can associate with the same proteins as BCOR in vitro 

reconstitution experiments.  Thus, Bcorl1 may be partially functionally redundant with 

Bcor in ES cells and a Bcor and Bcorl1 double knock may result in further deregulation 

of the ES cell state leading to differentiation. 

 

Materials and Methods 

 

Generation of the conditional Bcor targeting construct   

Two independent end sequenced 129S7/AB2.2 BAC clones, bMQ406j09 and 

bMQ339j09, were identified via Ensembl DAS Resource to contain the genomic 

fragment of Bcor necessary to generate the targeting construct.  Clones were ordered 

from the Sanger Center and verified by PCR to contain the correct genomic fragment.  

The Bcor genomic fragment spanning the entire length of both homologous arms was  

retrieved into pBluescript based vector PL253 from isolated BAC DNA and loxP sites, frt 

sites and the Pgk-Neo selection cassette were introduced by recombineering as described 



 

 117 

by Lui et al.. Recombineering reagents including vectors and bacterial strains were 

supplied by the Copeland / Jenkins lab at the NCI (Liu, Jenkins, & Copeland, 2003).  

Recombineering primers are listed below: 

VBp1537 A:  5’-ATGAGCTGCGGCCGCAGGTTTCTAAGGGTTTGAAGAATGG-3’ 

VBp1538 B:  5’-ATACTAGTTGCCTCAGTTCCTTACATGACAAG-3’ 

VBp1539 C:  5’-GATGTCGACGTATGCAGAGACCACCTCTTGGC-3’ 

VBp1540 D:  5’-AGAATTCGTTCGTTGGCAAGGTTGTGG-3’ 

VBp1541 E:  5’-TGGATCCTCCCGCTGCCTCAGTCATCA-3’ 

VBp1542 F:  5’-GATCTGCCGCGGTGATCACTGGAGCGGCTTCA-3’ 

VBp1543 G:  5’-ACGGTACCGTCAGGGTAGAAAAACCAAAGCAAG-3’ 

VBp1544 H:  5’-ACGGGCCCAGCATAAGCCACCCTAAATAGAGCT-3’ 

VBp1545 I:  5’-AGGATCCATTGCTGGTAGAAAGGTGGTCTTG-3’ 

VBp1546 J:  5’-CATCAGCCGCGGTGTGGATCATGCAGGCTTGG-3’ 

VBp1547 Y:  5’-TGACTAGTGAAGTGAACTGAACAGGTTTTCCTG-3’ 

VBp1548 Z:  5’-TGGATCCGCCTGGTGTACAGAGTGATTCTAGG-3’ 

Generation of BcorNeo ES cells  

The final Not1linearized targeting vector was electroporated into 129S1 CJ7 ES 

cell and DNA was isolated from 96 G418 resistant ES cell clones, Apa1 digested and 

screened by Southern blot hybridization with a DNA probe specific for sequence 

immediately flanking the 5’ arm of the targeting vector.  Five homologous recombinants 

were identified and homologous recombination was reconfirmed by Sothern blot 
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hybridization using a DNA probe for sequence immediately flanking the 3’ arm.  The 

primers for 5’ and 3’ DNA probes are listed below:  

5’ Southern Probe 

VBp1481:  5’-GGCTGCCACAGTGATGAAGTTG-3’ 

VBp1482:  5’-CCTTTCTCCAAGCCTCTTAGGG-3’ 

3’ Southern Probe 

VBp1475:  5’-TCCTGAGTGTCCTGGTTTCCTAATA-3’ 

VBp1476:  5’-TGCCCGAAACCATACTGTGCA-3’ 

Generation of Bcor∆910 ES cells by in vitro Cre recombination  

BcorNeo ES cells were passaged onto irradiated MEFs and immediately infected 

with 5 uL of an Adenovirus (Ad5∆E1∆E3) (5X10^4 pfu/uL) expressing an EF1-alpha 

promoter driven codon-optimized CreEGFP fusion protein.  48 hours later, cells were 

treated with trypsin, filtered to ensure single cell suspension and ES cells expressing high 

levels of GFP were single cell sorted (FACSDiVa, BDBiosciences) by the Masonic 

Cancer Center flow cytometry core facility on a FACSDiVa into 96 well plates 

containing irradiated MEFs and new ES cell media.  Individual cells were expanded and 

screened for successful Cre-mediated recombination via PCR and western blot analysis.   

ES Cell Culture  

Performed as described in Chapter 3 

Western Blot Analysis  

Performed as described in Chapter 3 

Gene Expression Analysis  
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ES cell lines were thawed on 10 cm tissue culture plates pre-treated with 0.1% 

gelatin, passaged two times and harvested in TRIzol (Invitrogen) to extract total RNA. 

Total RNA concentration and quality were determined by Nanodrop spectroscopy and 

Agilent BioAnalyzer, respectively.  Nimblegen performed cDNA synthesis, dye labeling 

and hybridization to MM8 60mer expr X4 microarray (Roche, Nimblegen).  Nimblegen 

interarray normalization was used as provided.  A two group T-test and false discovery 

rate analysis were used to determine differentially expressed genes between wild type and 

mutant Bcor genotypes using Genedata Expressionist software. For visualization, 

deletion data is shown relative to wildtype expression profiles for each of the two 

experimental datasets. Hierarchical clustering was carried out on log base 2 transformed 

data using Gene Cluster 3.0. Data was visualized and images were generated using Java 

TreeView. 

Chromatin Immunoprecipitation 

ES cells were thawed and passaged one time onto 10 cm tissue culture plates 

pretreated with 0.1% gelatin.  At 75% confluency, cells were washed 3X with PBS and 

treated with 1.5 mM Sulfo-EGS (Ethylene glycolbis[sulfosuccinimidylsuccinate], Pierce) 

in PBS for 30 minutes, washed 3X with PBS and fixed in fresh 1% PFA 

(Paraformaldehyde, EMS) for 15 minutes.   Cells were washed 3X with PBS, scraped off 

tissue culture plates in 4 mL of PBS, gently pelleted at 700xg and resuspended in 1 mL of 

ChIP lysis buffer prepared according to EZ-ChIP protocol (Upstate).   Cell suspensions 

were incubated at room temperature for 30 minutes and then sonicated at 4°C for 3 

minutes total on time, cycling 30 seconds on / 30 seconds off (Diagenode, Bioruptor).  
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Sonicated cell suspensions were centrifuged at 13,000xg for 10 minutes at 4°C and 

supernatant diluted 10 fold with ChIP dilution buffer prepared according to EZ-ChIP 

protocol (Upstate).  Sonicated supernatant was pre-cleared in batch with 300 uL of % 50 

slurry of blocked Protein A Sepharose CL-4B (GE Healthcare) for 1 hour at 4°C on a 

nutator.  After removal of the beads by centrifugation, 100uL aliquots were incubated 

with 2 ug of antibody (α-Bcor; Bardwell lab, α-H3k36me2; Upstate, α- rabbit IgG; 

Upstate) overnight at 4°C on a nutator.  Individual immunoprecipitations were 

centrifuged at 13,000xg for 10 min at 4°C and 30 uL of of % 50 slurry of blocked Protein 

A Sepharose CL-4B (GE Healthcare) was added to each supernatant and incubated for 1 

hour at 4°C on a nutator.  Antibody bound sepharose was retrieved via centrifugation at 

3000xg and washed with pre-cooled 1X low salt immune complex buffer, 1X high salt 

immune complex buffer, 1X lithium chloride immune complex buffer and 2X with TE 

followed by elution protein/DNA complexes and cross link reversal.   Elutions, cross link 

reversal and wash buffers were all performed and prepared according to EZ-ChIP 

protocol (Upstate).  Final uncrosslinked genomic DNA fragments were isolated via PCR 

Clean-up columns (Qiagen).  Genomic DNA was quantitatively amplified from each 

sample in duplicate using Fast Start SYBR Green master mix (Roche) on an Eppendorf 

Realplex2 Mastercycler.  The following primers qPCR primers were used: 

VBp1514 ß-Actin:  5’-AGCCATGTACGTAGCCATCC-3’ 

VBp1515  ß-Actin:  5’-CTCTCAGCTGTGGTGGTGAA-3’ 

VBp1800  Bcor B:  5’-CGACTGGTGTTCTTGATGCT-3’ 

VBp1801 Bcor B:  5’-TTTCGCAGTTGGAATGTGTG-3’ 
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Gata6 Mouse_F:  5’-TCGGTGAGTCCAATCAGGAG-3’ 

Gata6  Mouse_R: 5’-GGCAAACAAAGGAGGAAACA-3’ 

Gsh1  Mouse_F: 5’-GGCAACAGAAACTGGGAAAG-3’ 

Gsh1 Mouse_R:  5’-AAACGTGGTGAGTGTGGATG-3’ 
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Chapter 5:  Bcor is required for early embryonic development 

in mice  
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Introduction 

 

X-linked Microphthalmia Syndromic 2 (MCOPS2) disorders result from 

mutations in the human BCOR gene and are comprised by two related genetic syndromes, 

Oculofaciocardiodental Syndrome (OFCD) and MAA2 associated Lenz microphthalmia 

(D. Ng et al., 2004)(Horn et al., 2005).  MCOPS2 syndromes are characterized by defects 

in ocular, cardiac, nervous, skeletal, craniofacial and hematopoietic development and 

clinically present in a sex specific manner (Gorlin et al., 1996)(Schulze et al., 1999)(E. 

Hilton et al., 2009).  OFCD syndrome results from a variety of frameshift, deletion and 

nonsense mutations that are presumed to generate null alleles of BCOR (E. Hilton et al., 

2008).  Female OFCD patients can present with any of the following, congenital cataracts 

and microphthalmia, septated nasal cartilage and high nasal bridge, atrial and septal valve 

defects, radiculomegaly and hypodontia, skeletal hammer toes and second-third toe 

syndactly, and mental retardation and hearing impairment(E. Hilton et al., 2009).  

Demonstrating the strong selection that occurs after random X-inactivation in the female 

OFCD patients, X-inactivation analysis of leukocytes displayed 96-100% skewing in 

favor of cells expressing the wild type allele of BCOR (D. Ng et al., 2004).  No male 

OFCD patients exist suggesting that null alleles of BCOR result in male embryonic 

lethality during gestation.  Clinically confirmed in only two males to date, MAA2 

associated Lenz Microphthalmia results from a single missense point mutation 

(c.254C>T, p.P85L) and the clinical presentation is characterized by microphthalmia and 
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clinical anophthalmia, mental retardation, radioulnar synostosis and other skeletal 

anomalies (E. Hilton et al., 2009).  

Morpholino knock down of Bcor in Zebrafish and Xenopus have partially 

recapitulated the disease phenotype present in human OFCD patients.  Knock down of 

Bcor in zebrafish (danio rerio) using antisense morpholinos to splice donor site orthologs 

of human exons 9 and 10, resulted in colobomas, a common ocular defect present in 

human OFCD patients, and abnormalities in the tail vertebra, notochord, neural tube, 

cerebellum, and optic tectum(D. Ng et al., 2004).  Antisense morpholino knock down of 

Xenopus tropicalis Bcor (xtBcor) during early development also displayed similar OFCD 

related phenotypes including colobomas, microphthalmia and optic nerve irregularities 

(E. N. Hilton et al., 2007).  Additionally, unilateral injections revealed that left sided 

knock down of xtBcor was required to induce gut patterning and cardiac laterality 

defects, consistent with recent clinical evidence reporting a subset of OFCD patients with 

dextrocardia, asplenia and intestinal malrotation.  Knock down of xtBcor also blocked 

expression of xtPitx2c, a gene required for left-sided morphogenesis.  

Analysis of Bcor loss-of-function alleles in mice in Chapter 3 resulted in OFCD 

related hematopoietic and ocular developmental abnormalities and demonstrated a 

previously unknown requirement for Bcor in extraembryonic tissue (Wamstad et al., 

2008). In chimeric mice generated with embryonic stem cells harboring Bcor loss-of-

function alleles, contribution to lymphocyte and erythrocyte cell lineages was severely 

compromised in cells harboring a mutant Bcor allele.  Heterozygous female mice 

carrying a Bcor loss-of-function allele displayed an increased level of lens opacification 
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over strain reported incidence, indicative of a propensity to develop cataracts. These same 

heterozygous mice failed to transmit the mutant allele to their offspring, indicating a 

severe parent-of-origin effect, as male chimeras successfully transmitted the same mutant 

Bcor allele.  This parent-of-origin effect likely results from preferential inactivation of 

the paternal X-chromosome in the extraembryonic tissue of mice, leading to 

extraembryonic failure when attempting to transmit the mutant allele of Bcor on the 

maternal X chromosome.  The high expression of Bcor in mouse extraembryonic tissue 

combined with the significant parent-of-origin effect present in mice harboring a loss-of-

function Bcor allele strongly implicates BCOR mediated transcriptional repression in 

extraembryonic development. 

BCOR mediates transcriptional repression through recruitment of a chromatin 

modifying complex that overlaps extensively in composition with the Polycomb 

repressive complex 1 (PRC1), as it contains multiple PRC1 related components including 

RING1A/B (dRING), RYBP and NSPC1 (PSC) in addition to novel members including 

FBXL10 and SKP1(Gearhart et al., 2006).  Originally identified as critical regulators of 

body patterning and segmentation in Drosophila, Polycomb group complexes (PcG) have 

subsequently been found to play an important role in mammalian development (Lewis, 

1978)(Struhl, 1981)(Ringrose & Paro, 2004).  Polycomb related proteins have been 

implicated in early embryonic patterning and morphogenesis, stem cell maintenance and 

differentiation, X-inactivation, genomic imprinting, hematopoiesis and cancer (Niwa, 

2007)(Heard, 2005)(I. K. Park et al., 2003)(Rajasekhar & Begemann, 2007).  The 

similarity of PRC1 to the BCOR complex suggests that Bcor loss of function in mice may 
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overlap with Polycomb group loss of function phenotypes, providing clues to the clinical 

manifestation of MCOPS2 in humans.   

PRC1 related BCOR complex members RING1B and RYBP are required for 

early mouse development.  A hypomorphic allele of Ring1B results in live born mice 

with axial skeleton abnormalities due to mis-regulation of Hox genes (Suzuki et al., 

2002).  Ring1B null mice result in early embryonic lethality due to gastrulation arrest and 

delayed extraembryonic development (Voncken et al., 2003).  Rybp null mice also 

display post-implantation lethality between E5.0 and E7.0 due to over proliferation in 

both extraembryonic and embryonic tissues and chimeric mice generated with Rybp null 

ES cells bypass early embryonic lethality but die later in development due to defective 

neural tube closure and general nervous system abnormalities(Pirity et al., 2007).  The 

extraembryonic and potential early embryonic requirement of Bcor in mouse 

development overlaps with loss of function phenotypes displayed by the PRC1 related 

BCOR complex components suggesting failed recruitment of these proteins to BCOR 

genomic targets may contribute to the developmental abnormalities associated with 

MCOPS2 syndromes.   

The transcriptional corepressor Bcor clearly plays an important role in 

development as demonstrated by the systemic clinical presentation of human MCOPS2 

disorders and the loss-of-function phenotype in frogs, fish and mice.  As described in 

Chapter 3, the inability to conditionally remove Bcor function combined with the 

extraembryonic requirement of Bcor in mice, prohibited the generation of a sustainable 

Bcor loss of function mouse line amenable to continued investigation into the role of 



 

 127 

Bcor in development.  In the previous chapter we bypassed this problem by creating a 

new conditional Bcor loss of function allele in ES cells that mimics mutations found in 

OFCD patients. Here we report the successful generation and initial analysis of mice 

harboring this conditional Bcor loss-of-function allele.   

 

Results 

 

Male chimeric BcorNeo/Y and female BcorNeo/+ mice display no mutant phenotype  

To investigate the role of Bcor in development, chimeric mice were generated 

from BcorNeo/Y ES cells created in the Chapter 4.  Mating chimeric mice to wild type 

C57/B6 mice resulted in germline transmission of the conditional allele, giving rise to 

female BcorNeo/+progeny.  No physical abnormalities or variations in coat color 

contribution bias were observed in male chimeric BcorNeo/Y or female BcorNeo/+ mice 

confirming normal expression of Bcor from the BcorNeo/Y allele.  Subsequent in vivo Flpe 

recombination resulted in mice harboring the floxed allele of Bcor (BcorFl) (Figure 1.5 

A). Although the BcorNeo/Y allele generated normal levels of BCOR protein (Chapter 4, 

Figure 1.4 C) we removed the approximately 2 kb PGK-Neo cassette from the targeted 

locus via Flpe recombination to ensure highly efficient conditional Cre recombination in 

later tissue specific applications.  Wild type, floxed and ∆910 Bcor allele genotypes were 

determined using the multiplex PCR genotyping strategy illustrated in Figure 1.5 A and 

D.   
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Figure 1.5:  Recombination and PCR genotyping strategy in mice. 

A.  In contrast to ES cells, the Pgk-Neo selection cassette was removed via Flpe 

recombination, generating the BcorFl allele.   Mice harboring the BcorFl allele were 

mated to B-Actin and Meox2 Cre mice to generate the Bcor∆910 allele.  PCR genotyping 

primers C, G and J were used to distinguish wild type, Fl and ∆910 alleles, resulting in 

the indicated amplicon sizes.  B.  Multiplex PCR genotyping reaction of genomic DNA 

isolated from embryonic yolk sacs, using primers C, G and J, identifies all three alleles 

(wild type, Fl and ∆910). 
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Both maternal and paternal transmission of the Bcor∆910 allele do not result in live 

born offspring 

Previous loss of function analysis of Bcor in mice demonstrated a parent of origin 

effect in which maternal transmission of the mutant Bcor allele resulted in lethality 

during gestation due to a likely requirement for Bcor in extraembryonic development.  In 

mice, preferential inactivation of the paternal X chromosome occurs in extraembryonic 

tissue whereas random X-inactivation occurs in embryonic tissue (Figure 2A).  To 

ascertain the requirement for Bcor in both embryonic and extraembryonic tissues we 

initiated three separate mating schemes illustrated in Figure 2B.   Male and female 

progeny positive for Cre and the recombined Bcor∆910 allele are depicted.  The color 

orange indicates tissues where loss of Bcor function is hypothesized to occur during 

gestation in both males and females.  In females, the orange coloring takes into account 

variations in the expression of the mutant allele due to random X-inactivation in 

embryonic tissue (checkerboard orange) and paternal X-inactivation in extraembryonic 

tissue (solid orange).   

The first scheme evaluates whether maternal transmission of the Bcor∆910 allele 

will produce live born progeny by mating a female Bcor+/Fl mouse and a wild type male 

Bcor+/Y mouse expressing Cre recombinase under the ubiquitous B-Actin promoter.   

Male progeny harboring the Bcor∆910 allele will result in a full Bcor knock out.  Female 

progeny heterozygous for the Bcor∆910 allele will express the mutant allele in a mosaic 

manner in embryonic tissues due to random X-inactivation and express the mutant allele 

in all extraembryonic tissues due to paternal X inactivation, resulting in extraembryonic 
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tissue functionally null for Bcor.  As expected, this cross did not generate any live born 

offspring harboring a Bcor∆910 allele in the four litters genotyped to date.  Correlating 

with the absence of male OFCD patients, the male embryonic lethality observed in 

Bcor∆910/Y mice likely results from either a requirement during early embryogenesis or 

due to the previously documented role of Bcor in extraembryonic tissue.  The 

extraembryonic requirement of Bcor likely results in the female embryonic lethality 

observed in this cross.  

The second scheme evaluates whether paternal transmission of the Bcor∆910 allele 

will produce live born progeny by mating a male BcorFl/Y mouse and a wild type female 

Bcor+/+ mouse expressing Cre recombinase under the ubiquitous ß-Actin promoter.  Male 

progeny will not acquire the Bcor∆910 allele resulting in only wild type male mice.  

Female progeny heterozygous for the Bcor∆910 allele will express the mutant allele in a 

mosaic manner in embryonic tissues due to random X-inactivation and inactivate the 

mutant allele in all extraembryonic tissues due to paternal X inactivation, resulting in 

extraembryonic tissue functionally wild type for Bcor.  Unexpectedly, this cross did not 

generate any live born female offspring harboring a Bcor∆910 allele in the four litters 

genotyped to date.  This mating scheme most closely mimics transmission of a mutant 

Bcor allele in OFCD as humans are not believed to preferentially inactivate the paternal 

X-chromosome in extraembryonic tissue.  Although more live born female progeny will 

need to be evaluated to eliminate the possibility of this cross generating heterozygous 

female Bcor∆910/+mice, this result suggests that Bcor is strongly required in embryonic 

tissues.  
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Figure 2.5:  Maternal and paternal transmission of the Bcor∆910 allele in mice does 

not result in live born progeny  

A. X-inactivation patterns during embryogenesis differ in mice and humans.  In 

contrast to humans, where random X-inactivation occurs in both embryonic and 

extraembryonic tissues, mice preferentially inactivate the paternal X chromosome in 

extraembryonic tissue but undergo random X inactivation in embryonic tissue.  B.  

Chapter 2 revealed a requirement for Bcor in extraembryonic development, indicating 

that the phenotypic outcome of deleting Bcor ubiquitously during mouse embryogenesis 

will likely vary depending on whether the mutant allele comes from the mother or the 

father.  In this illustration, only the male and female mutant progeny from the indicated 

crosses are shown.  The orange color represents where we expect Bcor loss of function to 

occur, taking into account X-inactivation patterns and the expression of the Cre 

recombinase used.  Solid orange indicates complete Bcor loss of function and 

checkerboard orange represents mosaic Bcor loss-of-function, due to random X-

inactivation.  In the first and second grey panels, ß-actin Cre recombination results in 

ubiquitous deletion of Bcor exons 9 and 10.  In the third grey panel, Meox2 Cre 

recombination results in epiblast only deletion of Bcor exons 9 and 10.  In all three 

mating scenarios no mice carrying the mutant ∆910 allele are born.   
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Embryonic only expression of the Bcor∆910 allele does not result in live born 

offspring  

The third scheme evaluates whether embryonic specific expression of the Bcor∆910 

allele will produce live born progeny by mating a male BcorFl/Y mouse and a wild type 

female Bcor+/+ mouse expressing Cre recombinase under the epiblast specific Meox2 

promoter.  Male progeny harboring the Bcor∆910 allele will result in a full Bcor knock out 

in embryonic tissues but will retain the wild type BcorFl allele in extraembryonic tissues.  

Female progeny heterozygous for the Bcor∆910 allele will express the mutant allele in a 

mosaic manner in embryonic tissues due to random X-inactivation but will retain the wild 

type BcorFl allele in extraembryonic tissues.  This cross did not generate any live born 

female offspring harboring a Bcor∆910 allele in the five litters genotyped to date.  Again, 

this result was unexpected as we hypothesized that this cross would have the highest 

likelihood of producing live born progeny harboring the Bcor∆910 allele, especially 

considering that the Meox2 Cre has been reported to induce incomplete recombination in 

some cases (Patrick Tam, pers. comm.).   

Bcor∆910/Y male embryos die prior to embryonic turning between E8.5 and E9.5 and 

female Bcor∆910/+ embryos survive through mid-gestation 

To determine the time and cause of death in Bcor∆910/Y and Bcor∆910/+ embryos, 

female BcorFl/Fl mice were mated to male Bcor+/Y mice expressing Cre recombinase under 

the ubiquitous B-Actin promoter.  This mating scheme parallels the maternal 

transmission of the Bcor∆910 allele described in the first mating scheme but increases the 

proportion of embryos harboring the mutant allele in each litter.  We hypothesized that 
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embryonic lethality would occur during mid-gestation between late gastrulation and fetal 

stages due to the previously determined expression pattern of BCOR in mouse 

development and the requirement of BCOR in primitive hematopoiesis and 

extraembryonic development.  Genotyping of embryos harvested from E7.5 to E12.5 

revealed ubiquitous Cre-mediated recombination in vivo resulting in male Bcor∆910/Y and 

female Bcor∆910/+ embryos.  Bcor∆910/Y male embryos displayed stunted growth as early as 

E7.5 and continued to deteriorate rapidly failing to complete embryonic turning at any of 

the developmental stages evaluated (Figure 2).  E8.5 mutant males display significant 

degeneration in the posterior region of the embryo but still appear to form recognizable 

anterior and extraembryonic structures.  By E9.5 mutant males are mostly necrotic, 

displaying edema and re-absorption of the embryonic tissues.  Female Bcor∆910/+ embryos 

are developmentally delayed compared to wild type embryos but continue to develop 

throughout the stages in mid-gestation we evaluated.  No E12.5 Bcor∆910/Y or Bcor∆910/+ 

embryos were recovered from the remaining degenerated decidua and placental tissue.  

Without embryonic derived tissue to determine the genotype, we could not verify if any 

of the degenerating decidua contained female Bcor∆910/+ embryos.  Further matings will 

be required to determine if female Bcor∆910/+ embryos develop to this stage. 
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Figure 3.5:  Bcor∆910/+ embryos survive through mid-gestastion and Bcor∆910/Y 

embryos die before embryonic turning. 

Female BcorFl/Fl mice were mated to male Bcor+/Y mice expressing Cre recombinase 

under the ubiquitous ß-actin promoter and embryonic progeny were harvested from E7.5 

to E12.5.  Wild type male BcorFl/Y or female BcorFl/+  embryos are shown in the first 

column, heterozygous female Bcor∆910/+ embryos in the second column and male 

hemizygous Bcor∆910/Y embryos in the third column. Heterozygous female Bcor∆910/+ 

embryos are developmentally delayed compared to wild type embryos but display no 

major abnormalities in the time points collected. No heterozygous females were 

recovered at E12.5.  At E12.5, mutant deciduas displaying severe degeneration were 

recovered but the exact genotype of the embryonic content could not be determined.  

E12.5 wild type embryo and placenta that have been separated are shown.  Male 

hemizygous Bcor∆910/Y embryos die during later gastrulation to mid gestation, failing to 

complete embryonic turning.  At E9.5, mutant male hemizygous embryos show 

significant embryonic degeneration but retain recognizable anterior (left side) and 

extraembryonic (right side) structures.  By E10.5 and E11.5 mutant males have 

undergone severe degeneration and are not always recoverable.   
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Discussion 

 

In this chapter, we report the creation of a mouse line harboring a conditional loss 

of function Bcor allele that successfully ablates Bcor function in vivo upon Cre-mediated 

recombination.  The genetic alteration induced via Cre-mediated recombination deletes 

exon 9 and 10 of the Bcor gene, mimicking a mutation discovered in human OFCD 

patients.  This conditional Bcor allele provides a powerful tool for determining the role of 

Bcor in development and the first mouse model of OFCD in mice.  By ubiquitously 

ablating Bcor early in mouse development, we determined that both male hemizygous 

mice and female heterozygous mice die during gestation with males dying shortly after 

gastrulation and females dying between mid-gestation and birth. Given the pleiotropic 

clinical manifestation of OFCD and the embryonic lethality in the mice presented here, 

the conditional nature of the allele will be crucial to studying the role of Bcor in a tissue 

specific manner.   

As male XY ES cells are typically used to generate chimeric mice, X-linked genes 

are particularly susceptible to phenotypic manifestation in chimeras due to aberrant 

splicing induced by the Neo selection cassette in the targeting construct.  The previous 

Bcor targeting construct described in Chapter 3 suffered from this scenario, resulting in 

strong contribution bias against ES cells containing the targeted allele in our chimeric 

mice.  Fortunately, the strategy used here did not disrupt normal transcription of the Bcor 

gene resulting in high contribution chimeras and robust germline transmission of the 

conditional allele without any apparent effect on Bcor transcription.  As the orientation of 
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the Pgk-Neo cassette was the same in both constructs, the site of insertion most likely 

contributed to the difference between the two alleles. 

Both maternal and paternal transmission of the Bcor∆910 allele did not give rise to 

live born progeny.  In the case of males, this was expected as Bcor is X-linked and no 

human male OFCD patients exist (E. Hilton et al., 2008).  In light of the previously 

described extraembryonic requirement of Bcor, we also expected maternal transmission 

of the mutant allele in heterozygous females to result in embryonic lethality.  

Unexpectedly, paternal transmission of mutant allele in heterozygous females did not 

result in live born progeny.  Due to paternal X inactivation in mouse extraembryonic 

tissue this cross presented the possibility of generating live born mice that recapitulate 

human OFCD.  The fact that no live born heterozygous females carrying the allele have 

been generated to date indicates an embryonic requirement later in gestation for Bcor in 

female heterozygotes and that live born heterozygous females may be a rare event.  In 

contrast to our findings in mice, human siblings with OFCD have been reported 

suggesting that mother to daughter transmission of OFCD may not be an extremely rare 

event (E. Hilton et al., 2009)(McGovern et al., 2006).  These results suggest that human 

development more strongly selects for cells harboring the mutant allele on the inactive X 

chromosome resulting in mother to daughter transmission of OFCD or mice are somehow 

different from humans in their requirement for Bcor.  Confirming the embryonic 

requirement of Bcor in heterozygous female mice, epiblast specific Meox2 driven Cre 

recombination also failed to produce any live born heterozygous females (Tallquist & 
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Soriano, 2000).  Further analysis of heterozygous females during the fetal period of 

gestation will be required to determine the cause of lethality.  

Male Bcor∆910/Y embryos die early during gestation prior to embryonic turning at 

E8.5 to E9.0 most likely due to a requirement of Bcor in the embryo proper.  The 

previously determined role of Bcor in primitive erythropoiesis and the strong skewing 

against lymphocytes harboring an active copy of the mutant Bcor allele in OFCD patients 

suggests defects in hematopoiesis contribute to male embryonic lethality(D. Ng et al., 

2004; Wamstad & Bardwell, 2007).  Furthermore, the delayed and reduced expression of 

Brachyury and Flk-1 described in Chapter 3 indicate a more general mesodermal defect 

implicating failed hematopoiesis and defects in cardiovascular development.  

Hematopoietic and cardiovascular development begins around E7.5 consistent with the 

onset of the phenotype present in our male mutants (Mikkola & Orkin, 2006).  Indeed, 

gene expression array analysis performed in the previous chapter revealed that male stem 

cells harboring the mutant allele displayed misregulation of genes involved in early 

embryonic development, cardiovascular development and nervous system development 

as defined by Ingenuity pathway analysis.  The list includes a numerous genes implicated 

in hematopoietic and cardiovascular development including Gata4, Gata6, Mef2c, Tal-1 

and Nodal.  As extraembryonic tissues are intimately connected with the developing 

hematopoietic and cardiovascular systems, providing nutrients and oxygen to the 

developing embryo, it is also possible that the extraembryonic requirement of Bcor 

contributes to early male embryonic lethality 
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The severity of the mouse phenotype suggests that Bcor∆910 allele results in 

complete loss of function of Bcor in comparison to the aberrantly spliced neo allele 

described in Chapter 3 where paternal transmission from a chimeric father gave rise to 

viable heterozygous females.  The possibility remains that the C-terminally truncated 

BCOR∆910 protein product harbors some residual function or acts as a dominant 

negative.  In vitro reconstitution assays of the human BCOR complex indicate that 

extreme C-terminus of Bcor is required for interaction with complex members FBXL10 

and NSPC1, which bridges BCOR and the remaining Polycomb related components 

including RING1A/B (C. Corcoran, un-published date)((Gearhart et al., 2006).  The 

BCOR∆910 protein does not contain this C-terminal interaction domain ablating 

recruitment of BCOR complex proteins harboring enzymatic activity that are thought to 

mediate transcriptional repression.  Interestingly, RING1B knock out mice die around 

E8.0 due to defective embryonic and extraembryonic development (Voncken et al., 

2003).  The RING1B mutants display poor epiblast outgrowth, posterior accumulation of 

mesoderm in the primitive streak region and a failure of mesoderm to progress anteriorly 

in the embryo.  Male Bcor∆910/Y embryos die at around the same stage in development 

and appear to have defects in posterior structure.  The overlap in phenotype suggests that 

loss of RING1B recruitment by BCOR to developmentally critical genes contributes to 

the embryonic lethal phenotype in mutant Bcor∆910/Y embryos.   

 

Material and Methods 
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Animals 

All experimental protocols involving mice described in this publication have been 

approved by the University of Minnesota Institutional Animal Care and Use Committee 

Generation of conditional Bcor∆910 mice  

BcorNeo/Y ES cells generated in the Chapter 4 were injected into C57Bl/6 

blastocysts by the University of Minnesota Mouse Genetics Laboratory to generate 

chimeras. Chimeric mice displaying high contribution from BcorNeo/Y ES cells were 

mated to wild type C57Bl/6 mice and female offspring were screened for germline 

transmission of the targeted allele via coat color.  No physical abnormalities or variations 

in coat color contribution bias were observed in chimeric or BcorNeo/+ mice suggesting 

normal expression of Bcor from the BcorNeo/Y allele.  BcorNeo/+ mice were mated to male 

β-actin-Flpe transgenenic mice, resulting in excision of the Pgk-Neo selection cassette 

and the generation of male BcorFl/Y and female BcorFl/+  mice.  BcorFl/Y and BcorFl/+  mice 

were mated to produce BcorFl/Fl mice and BcorFl/+  mice were mated with mated with 

male β-actin-Cre transgenic mice or male Meox2-Cre transgenic mice to generate 

ubiquitous and epiblast specific Bcor∆910 deletion mutants  

Genotyping 

 A multiplexing PCR strategy was used to genotype wild type Bcor, BcorFl and 

Bcor�∆910� alleles from genomic DNA isolated from tails in adult mice and yolk sacs in 

embryos.  Primers C, G and J generate a wild type amplicon of 424 bp, an Fl amplicon of 

570 bp, and a ∆910 amplicon of 519 bp.  

VBp1539 C:  5’-GATGTCGACGTATGCAGAGACCACCTCTTGGC-3’ 
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VBp1543 G:  5’-ACGGTACCGTCAGGGTAGAAAAACCAAAGCAAG-3’ 

VBp1546 J:  5’-CATCAGCCGCGGTGTGGATCATGCAGGCTTGG-3’ 
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Chapter 6:  Final Discussion 
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The work presented here provides key insights into the role of Bcor in 

mammalian development.  Characterization of Bcor expression during mouse 

development reveals an expression pattern that correlates with tissues affected in human 

MCOPS2 syndrome and provides a useful map for assessing Bcor function in the mouse.  

The creation and analysis of two hypomorphic loss of function alleles of Bcor in mice 

revealed a previously unknown requirement for Bcor in extraembryonic development.  In 

addition embryoid body differentiation of ES cells harboring these alleles indicates a role 

for Bcor in the modulation of gene expression and early hematopoiesis.  Generation of a 

conditional Bcor loss of function allele in mice makes available a mouse model of OFCD 

and a powerful system for assessing the role of Bcor in a spatial and temporal manner 

during embryogenesis and in the adult mouse.  Initial characterization of the Bcor knock 

out phenotype, revealed male hemizygous mutants die prior to embryonic turning 

potentially due to a failure of mesoderm to differentiate into the hematopoietic and 

cardiovascular systems.  Female heterozygous Bcor mutants die later in gestation most 

likely due to a failure in placental development and extraembryonic derived structures.  

Finally, the genome wide transcriptional profiling and chromatin immunoprecipitation 

analysis of Bcor knock out ES cells demonstrates the potential role of BCOR mediated 

transcriptional repression in maintaining the stem cell state and provides initial evidence 

for BCOR recruitment of Polycomb group protein, RING1A/B, to a subset of ES cell 

genomic targets essential for early development.  This work provides both critical 

information and tools necessary for the future evaluation of BCOR mediated 

transcriptional regulation in ES cells and mice and illustrates the essential role of 
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chromatin modifying complexes in coordinating epigenetic regulation of transcription 

during development.     

The successful creation of a conditional Bcor loss of function allele represents a 

significant advance in our ability to study Bcor function.  The conditional nature of the 

allele circumvents the early embryonic requirement of Bcor by enabling tissue specific 

inactivation of Bcor function.  As the pleiotropic manifestation of OFCD illustrates, loss 

of Bcor function affects many tissues, making whole animals knock out phenotypes 

difficult to assess later in development as early defects result in secondary effects that 

impact organogenesis in many systems.  Already, numerous tissue specific Cre mice have 

been mated to the conditional Bcor line to study the function of Bcor in heart, neural crest 

and craniofacial development.  Although still in the early stages of analysis, Pax3 cardiac 

neural crest (and some other cell types) specific Bcor inactivation likely results in 

cardiovascular failure at birth and Wnt1 pan neural crest specific inactivation may result 

in mice displaying some OFCD related phenotypes(Wu et al., 2008).  As presented in 

Chapter 4 epiblast specific deletion of Bcor complemented assessment of the general 

knock out phenotype by eliminating the requirement of Bcor in extraembryonic tissue in 

heterozygous female mice, revealing a potentially secondary embryonic requirement late 

in gestation.  This cross suggests that mice appear less tolerant of Bcor heterozygosity 

than humans resulting in no live born females carrying the mutation.  Indeed, the 

conditional allele will be critical for unraveling the role of Bcor in mouse development, 

resulting in a better understanding of transcriptional regulation in mammalian biology.   



 

 147 

Investigating the biochemical mechanism of BCOR mediated repression in ES 

cells presents an exciting new avenue of research.  As the results in Chapter 4 indicate, 

BCOR represses the transcription of genes critical for embryonic development potentially 

de-stabilizing the embryonic stem cell transcriptional state.  The purification of 

RING1A/B in the BCOR complex and the co-occupancy of RING1A/B and BCOR at the 

same genes in ES cells, strongly suggests the BCOR complex may represent an essential 

variation of the Polycomb PRC1 complex (Gearhart et al., 2006).  Mono-ubiquitylation 

of H2A by RING1A/B results in suppression of RNA polymerase processivity at bivalent 

genes, theoretically maintaining the gene in a transcriptionally poised state (Chi & 

Bernstein, 2009; Stock et al., 2007).  It is possible that BCOR contributes to this 

mechanism by also recruiting the demethylase activity FBXL10 to the same gene, 

reinforcing the transcriptionally poised status of the locus.  Bivalent domains are not 

limited to ES cells, suggesting this epigenetic mechanism may be utilized in many cell 

types during times of transition to achieve more dynamic control over transcriptional 

repression (Lunyak & Rosenfeld, 2008).  Certainly, genome-wide ChIP-Seq analysis of 

BCOR and FBXL10 genomic targets will help delineate which subset of genes recruit the 

repertoire of enzymatic activities contained within the BCOR complex.  Additionally, 

isolation of ES cells harboring a Bcor conditional allele and a tamoxifen inducible Cre 

present a powerful strategy for studying the real time effect of Bcor deletion on ES cell 

transcriptional profiles and epigenetic signatures, greatly advancing our understanding of 

BCOR complex mediated transcriptional repression.   
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Epigenetic mechanisms present a promising target for the development of 

therapeutic agents to treat cancer and other human diseases (Swaminathan, Reddy, 

Ruthrotha Selvi, Sukanya, & Kundu, 2007; Szyf, 2009).  To this end, the conditional 

inactivation of Bcor in adult mouse lymphocytes offers a strategy for deciphering the 

contribution of BCOR mediated transcriptional repression in leukemogenesis and 

lymphomagenesis.  As described in the introduction, BCOR functions as a corepressor 

for the proto-oncoprotein BCL-6, an important mediator of B-cell development.  

Translocation of the BCL6 gene promoter sequence with alternative regulatory sequences 

de-regulates BCL6 expression, leading to the development of certain sub-types of Non-

Hodgkin’s lymphomas (Cattoretti et al., 2005)(Lo Coco et al., 1994; Ye et al., 1995).  

Mouse models exist that recapitulate BCL6 translocations resulting in aberrant Bcl6 

expression and the subsequent development of lymphomas (Cattoretti et al. 2005).  

Generation of a mouse line harboring both a Bcl6 translocation and a Bcor conditional 

allele could be used to determine if loss of BCOR mediated repression suppresses the 

oncogenic properties of BCL6 and if so, which specific types of lymphoma require 

BCOR activity.  The BCOR complex also contains the known MLL fusion partners AF9 

and ENL.  A similar approach could be used to evaluate the possibility that MLL-AF9 

and MLL-ENL inappropriately recruit the BCOR complex to MLL target genes, 

potentially modulating their transforming activity (Garcia-Cuellar et al., 2001). 

Understanding how recruitment of transcriptional corepressor complexes to inappropriate 

genomic targets contributes to oncogenesis will provide mechanistic insights necessary 

for the development of novel and specific therapeutic agents to fight cancer. 
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