
 

1 

 MINIMAL SEQUENCE OF THE MURINE PRADER-WILLI IMPRINTING CENTER AND 
AFFECTED GENES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

AMANDA JEANETTE DUBOSE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2009 



 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2009 Amanda J. DuBose 
 
 

 
  



 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family and friends 
 
 
 
 



 

4 

ACKNOWLEDGMENTS 

First and foremost, I’d like to thank my family for their love and support.  I’m thankful for 

my Dad who sparked my interest in science and the world around me (especially the 

entomological world).  I have had many teachers that have helped me on my journey, 

particularly my mentor and most supportive boss-man ever Jim Resnick, and Karen Johnstone, 

who knows everything even if she is Scottish and nobody can understand what she’s saying.  I’m 

grateful for my all my labmates including my frosty buddy and the bisulfite queen, Emily Smith 

and the most awesome undergrad ever, Ryan Hallett.  I’m indebted to my friends for their 

encouragement and for keeping me sane through this purgatory called grad school, especially 

Amber Shatzer.  This list of acknowledgments would not be complete without a grateful tip of 

the hat to Camilynn Brannan, whom I unfortunately never got to meet but whose presence is still 

in the lab today.  Without her work, ideas and the wonderful people who worked with her, my 

work would not have been possible. 



 

5 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS ...............................................................................................................4 

LIST OF FIGURES .........................................................................................................................7 

ABSTRACT .....................................................................................................................................9 

CHAPTER 

1 INTRODUCTION ..................................................................................................................11 

The Discovery of Imprinting ..................................................................................................11 
Imprinting: When and Why? ..................................................................................................12 
Features of Imprinted Genes and Gene Clusters ....................................................................14 
Angelman Syndrome and Prader-Willi Syndrome .................................................................17 
The PWS/AS Locus ................................................................................................................18 
Imprinting in the PWS/AS Locus ...........................................................................................19 
The Evolution of the PWS/AS Locus .....................................................................................20 
Mouse Models ........................................................................................................................20 

Individual Gene Mutations of the PWS/AS Locus ..........................................................21 
PWS-IC Mouse Models ...................................................................................................23 
AS-IC Mouse Model .......................................................................................................25 
Transgenic Mouse Models ..............................................................................................26 
Other Mouse Models of PWS and AS .............................................................................26 

ATP10A ...................................................................................................................................27 

2 ATP10A MATERIALS AND METHODS .............................................................................33 

Mouse lines and Tissues utilized ............................................................................................33 
Reverse Transcriptase PCR (RT-PCR) ...................................................................................33 
Atp10a CpG Island Characterization ......................................................................................34 

3 ATP10A RESULTS ................................................................................................................36 

Atp10a Expression in C57BL/6 and B6.CAST.c7 crosses .....................................................36 
Effect of the PWS-IC on Atp10a Expression .........................................................................37 

PWS-IC Deletion Effects ................................................................................................37 
PWS-ICHs Effects ............................................................................................................37 
Atp10a CpG Island Methylation Analysis ......................................................................39 

Atp10a Imprinting Status Summary .......................................................................................39 

4 MOUSE MODELS MATERIALS AND METHODS ...........................................................53 

Strategy ...................................................................................................................................53 
Targeting Construct Assembly ...............................................................................................55 



 

6 

Transformation of ES Cells ....................................................................................................57 
Analysis of ES Cell Clones.....................................................................................................59 
PWS-ICΔ6kb .............................................................................................................................61 
PWS-ICflox6kb ..........................................................................................................................62 

PWS-ICflox6kb Analysis by RT-PCR ................................................................................63 
PWS-ICflox6kb Analysis by Northern Blot ........................................................................63 
PWS-ICflox6kb Analysis of Postnatal Phenotype ..............................................................65 

5 MOUSE MODELS RESULTS ...............................................................................................74 

6 DISCUSSION AND CONCLUSIONS ..................................................................................80 

The Imprinting Status of Atp10a ............................................................................................80 
The PWS-ICflox6kb Mouse .......................................................................................................81 

LIST OF REFERENCES ...............................................................................................................83 

BIOGRAPHICAL SKETCH .........................................................................................................90 

  



 

7 

LIST OF FIGURES 

Figure  page 
 
1-1 Illustration of patterns of gene expression.. .......................................................................30 

1-2 Map of the murine PWS/AS locus (not to scale). ..............................................................31 

1-3 Detailed maps of deletions near Snrpn exon 1...................................................................32 

3-1 Atp10a sequencing chromatograms of 4 brain regions of 8 week old mice from 
B6.CASTc7 crossed with C57BL/6 and reciprocal crosses. ..............................................42 

3-2 Ube3a sequencing chromatograms of 4 brain regions of 8 week old mice from 
B6.CASTc7 crossed with C57BL/6 and reciprocal crosses. ..............................................43 

3-3 Atp10a sequencing chromatograms for 2 brain regions and whole brain from P1 mice 
from a B6.CASTc7 female and a PWS-ICΔ35kb male cross. ..............................................44 

3-4 Ube3a sequencing chromatograms for 2 brain regions and whole brain from P1 mice 
from a B6.CASTc7 female and a PWS-ICΔ35kb male cross. ..............................................45 

3-5 Atp10a sequencing chromatograms of 4 brain regions of 8 week old mice from PWS-
ICHs x B6.CASTc7. ............................................................................................................46 

3-6 Ube3a sequencing chromatograms of 4 brain regions of 8 week old mice from PWS-
ICHs x B6.CASTc7.. ...........................................................................................................47 

3-7 Atp10a sequencing chromatograms of 4 brain regions of 8 week old mice from 
B6.CASTc7 x PWS-ICHs. ..................................................................................................48 

3-8 Ube3a sequencing chromatograms of 4 brain regions of 8 week old mice from 
B6.CASTc7 x PWS-ICHs. ..................................................................................................49 

3-9 Atp10a sequencing chromatograms of whole brain from P1 mice from a PWS-ICHs x 
B6.CASTc7 and reciprocal cross. ......................................................................................50 

3-10 Ube3a sequencing chromatograms for whole brain from P1 mice from a PWS-ICHs x 
B6.CASTc7 and reciprocal cross. ......................................................................................51 

3-11 The methylation state the Atp10a CpG island in newborn cerebral cortex and 
olfactory bulb. ....................................................................................................................52 

4-1 ES cell targeting schematic. ...............................................................................................66 

4-2 3’end screening for targeted cells. .....................................................................................67 

4-3 Southern blot of the 3’end of targeted ES cells. ................................................................68 



 

8 

4-4 5’end screening for targeted cells. .....................................................................................69 

4-5 Southern blot of the 5’end of targeted ES cells. ................................................................70 

4-6 ES Cell PCR screening for the conditional allele. .............................................................71 

4-7 ES Cell screening for the deletion allele. ...........................................................................72 

4-8 Identification of ES cell contribution by coat color. ..........................................................73 

5-1 Expression of normally paternally expressed genes is missing in the brains of CMV-
cre tg/-, PWS-ICflox6kb +/flox pups.. ...................................................................................76 

5-2 CMV-cre tg/-, PWS-ICflox6kb +/flox pups are distinguishable from wild type. ..................77 

5-3 CMVcre tg/-, PWS-ICflox6kb +/flox pups typically weigh less at birth than their 
littermates. ..........................................................................................................................78 

5-4 Reduced survival of CMVcre tg/-, PWS-ICflox6kb +/flox pups compared to littermates. ...79 

  



 

9 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

 
MINIMAL SEQUENCE OF THE MURINE PRADER-WILLI IMPRINTING CENTER AND 

AFFECTED GENES 
By 

Amanda Jeanette DuBose 
 

August 2009 
  

Chair: James Resnick 
Major: Medical Sciences 
 

Prader-Willi syndrome (PWS) and Angelman syndrome (AS) are genetic disorders that can 

result from a loss of a cluster of oppositely imprinted genes.  The orthologous region has been 

found in mouse, and mouse models have been used to examine imprinting in the PWS/AS 

region.  The PWS/AS region is controlled by a bipartite imprinting center consisting of the PWS 

imprinting center (PWS-IC) and the AS imprinting center (AS-IC).   

Atp10a is located close to the PWS/AS region and there is some data to support the idea 

that Atp10a may also be imprinted and regulated as a part of the PWS/AS cluster of genes.  

Atp10a encodes a putative phospholipid translocase and is thought to possibly contribute to the 

AS phenotype.  We investigated the imprinting status of Atp10a in mouse by examining 

differences in allelic gene expression using a single nucleotide polymorphism between mouse 

strains.  We found that Atp10a is not imprinted in all examined regions of the mouse brain and 

the PWS-IC has no effect on Atp10a imprinting.  We also examined CpG methylation in a CpG 

island associated with Atp10a and found no differential methylation supporting our result that 

Atp10a is not imprinted.   

Although the human PWS-IC has been narrowed down to 4.3 kb including Snrpn exon 1 

by mapping microdeletions found in patients with PWS, the smallest region known to cause a 
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complete imprinting defect in mouse is 35 kb.  We have created a new mouse model that defines 

the limits of the PWS-IC to 6 kb, and allows for selective deletion of the PWS-IC using cre/loxp 

technology.  Using crosses between this new mouse model, PWS-IC^delta6kb, and a 

ubiquitously expressing transgenic cre mouse line, CMV-cre, we were able to create mice with a 

paternally derived widespread deletion of the PWS-IC.  These mice show a postnatal lethality 

phenotype and lack expression of normally paternally expressed PWS genes similar to what is 

observed in the 35 kb PWS-IC deletion mice.  This new mouse model narrows the known 

boundaries of the mouse PWS-IC and opens up novel avenues for research on PWS and 

imprinting. 
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CHAPTER 1 
INTRODUCTION 

The Discovery of Imprinting 

 In mammalian cells, there are genes that are expressed and genes that are silent 

depending on several factors including cell type and developmental stage.  Normally, a gene will 

be silent or expressed from both copies, but in a subset of genes, only one parental allele is 

expressed while the other is silenced (Fig. 1-1).  This phenomenon of expression or silence of a 

gene depending on parental origin has been termed genomic imprinting. 

 The discovery of imprinting began with the realization from nuclear transplantation 

experiments in the early 1980’s that the parental genomes are inequivalent.  Nuclear 

transplantation entails the replacement of one of the pronuclei of a one cell stage embryo with 

another pronucleus making it possible to create diploid embryos with only paternal or only 

maternal genomic contribution1.  Studies of these manipulated embryos yielded curious results. 

 Parental contribution from both a maternal pronucleus and a paternal pronucleus is 

required for normal development to term.  One cell stage embryos that have had a pronucleus 

removed and replaced by a pronucleus of the same parental origin as the removed pronucleus can 

develop into normal mice.  This is not the case for embryos that are given 2 pronuclei of the 

same parental origin.  Both androgenetic embryos (from 2 male pronuclei) and gynogenetic 

embryos (from 2 female pronuclei) fail to develop normally and usually die around the time of 

implantation.  The most developed embryo observed using this technique was a gynogenetic 

embryo at the 11 somite stage, though it was about 1 day developmentally behind and half the 

size of control embryos2,3.  The androgenetic embryos had more than normal extraembryonic 

tissues including the trophoblast but a poorly developed embryo proper.  Gynogenetic embryos 
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showed the opposite phenotype with a relatively well developed embryo but poor development 

of the extraembyonic tissues.4,5 

More evidence supporting the inequivalence of the parental genomes, at least for some 

chromosomes and chromosomal regions, came from research on mice with chromosomal 

rearrangements.  Studies of mice with Robertsonian translocations and complementary 

chromosome loss displayed a normal phenotype in mice with uniparental disomy for 

chromosomes 1, 3, 4, 5, 6 (paternal disomy), 9, 18, 14 and 15.  Though some uniparental 

disomies have no effect, noncomplementation lethality was found for chromosomes 2, 6  

(maternal disomy), 7, and 8 and an abnormal phenotype was found for uniparental disomy of 

chromosome 11 and a region of chromosome 26. 

The inequivalence of the genomes explains several observations in mammals.  Although 

parthenogenic reproduction (reproduction from an unfertilized egg) is normal for some animals, 

artificially created mammalian parthenotes are not viable.  At the time, the cause of death for 

these embryos was thought to be due to a lack of genetic contribution, a lack of cytoplasmic 

contribution or possibly a lack of some sort of stimulus from the spermatozoa.  The lack of 

paternal genetic contribution is the deciding factor in the inviability of parthogenotes, because 

nuclear transplant embryos with a male and female pronucleus are viable, while embryos created 

with 2 female pronuclei are inviable despite initial fertilization by a spermatozoa3. 

Imprinting: When and Why? 

Recent sequencing of marsupial and monotreme genomes has shed light on the timing and 

evolution of imprinting.  Monotremes diverged from the ancestors of marsupials and placental 

(eutherian) mammals 210 MYA while marsupials and placental mammals diverged from each 

other 180 MYA.  Imprinting is found in mammals and marsupials but not monotremes, so 

imprinting must have evolved sometime between 180 and 210 MYA7.  By silencing one copy of 
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a gene, imprinting renders affected genes functionally haploid.  Given the advantages of 

diploidy, it is a mystery that imprinting evolved and persisted.  Several theories have been 

proposed to explain why imprinting evolved and what kind of advantage imprinting may confer. 

One of the theories that have been proposed, the ovarian time bomb hypothesis, theorizes 

that imprinting serves to protect the female from malignant germ cell tumors that can develop 

from parthenogenesis in unfertilized oocytes.  Teratomas do still develop in females but are 

almost always benign due to imprinting according to this hypothesis.  By silencing genes 

required to form the trophoblast, the female is protected from malignant trophoblastic disease 

from parthenogenesis, though she is still at risk during pregnancy8.  The most obvious problem 

with this hypothesis is that it does not explain why some genes are paternally silenced.  Another 

weak point is that it does not explain why imprinting occurs at several loci when one locus 

would be sufficient to suppress the parthenogenic trophoblast9. 

The parent-offspring conflict model is a much more commonly accepted theory in which 

the parental genomes are viewed as competing against each other for selective advantage.  It 

proposes that in polyandrous species it is in the best interests of the father to produce the biggest, 

most fit offspring possible even at the expense of the mother and her future offspring (which may 

be fathered by a different male and thus unrelated to him).  It is in the best interests of the mother 

to conserve limited resources and distribute them to many offspring, all of which will be equal in 

relatedness to her.  The paternally expressed imprinted genes would promote growth 

enhancement and recruitment of maternal resources both before and after birth, and the maternal 

expressed imprinted genes would be expected to promote growth restriction10.  A logical 

extension of this theory is that imprinting would be absent or relaxed in monogamous species 

because there would be no selective advantage to imprinting.  Studies done with the closely 
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related rodent species Peromyscus polionotus and Peromyscus maniculatus seem to support the 

parent-offspring conflict model.  P. polionotus is a monogamous species while P. maniculatus is 

polyandrous11,12.  Hybrids from crosses between these two species show parent of origin growth 

defects with small hybrids from P. polionotus x P. maniculatus crosses (mother listed first, father 

listed second) and oversized hybrids from P. maniculatus x P. polionotus crosses13.  These 

defects suggested a relaxation of imprinting in the monogamous species, and molecular studies 

do indeed show a loss of imprinting in the hybrids of several normally imprinted genes14. 

Features of Imprinted Genes and Gene Clusters 

There are several features that are common to imprinted genes.  Imprinted genes are often 

found clustered together and this region is coordinately regulated.  Several imprinted clusters 

contain noncoding RNA transcripts that play a role in gene silencing.  There are differences that 

have been observed between the two parental alleles including asynchronous replication15.  

DNAse hypersensitive sites are different between the parental alleles as well as CpG (cytosine 

and guanine dinucleotide pairs) methylation and histone modifications16.   

There has been much speculation about what is the epigenetic mark.  We know that the 

epigenetic mark must be capable of being erased and reset during gametogenesis, and capable of 

being maintained and recognized in all somatic cells where there is imprinted expression16.  The 

top candidates for the epigenetic mark are CpG methylation and histone modification (and 

variants).   

CpGs are capable of being methylated on their cytosine residues, and stretches of DNA 

with a high number of CpGs (called CpG islands) have been found to be differentially 

methylated at some imprinted genes.  Frequently found at promoter regions, these CpG islands 

are usually (but not always) methylated at the inactive parental allele.  Islands that show 

differences in methylation between parental alleles are called differentially methylated domains, 
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or DMDs (also called imprint control regions (ICRs) or differentially methylated regions 

(DMRs)).  The importance of DNA methylation to imprinting is apparent in mice harboring 

deletions of Dnmt1.  Dnmt1 encodes a DNA methyltransferase responsible for maintaining 

methylation by methylating hemimethylated DNA.  Methylation is lost through successive 

rounds of DNA replication without this maintenance methyltransferase.  Mice homozygous for a 

knockout of Dnmt1 show stunted growth and midgestation embryonic lethality.  Dnmt1 

homozygous knockout embryos also show biallelic expression of several normally imprinted 

genes17. 

Methylation at CpG dinucleotides can effect gene regulation in several ways.   DNA 

methylation can cause silencing or activation through methyl CpG binding proteins or by 

blocking binding proteins that are sensitive to DNA methylation.  For example, in the case of the 

oppositely imprinted genes Igf2 and H19, the CpG island acts as an insulator element.  CCCTC- 

binding factor (CTCF) binds the unmethylated maternal allele and blocks enhancers from 

interacting with the Igf2 promoter.  The enhancers instead interact with the H19 promoter.  On 

the paternal allele, DNA methylation blocks CTCF binding and enhancers interact with Igf218.  

It has been theorized that the differential DNA methylation found in imprinted genes 

developed as an extension of the role of DNA methylation in host defense19.  Transposons insert 

themselves into the genome and can cause mutations from insertion, promote chimeric mRNA 

transcription or promote transcription of antisense transcripts20.  Efficient silencing of invading 

elements is essential, and methylation is the tool used for silencing.  The differential methylation 

found between parental alleles of imprinted genes may have its roots in this ancient self-defense 

system against invading DNA. 
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Histone tail modifications are also important epigenetic marks.  The first step in packaging 

DNA into higher order structure is the formation of the nucleosome consisting of DNA wrapped 

around a core of 8 histone proteins.  The histone core is made up of 2 each of H4, H3, H2A and 

H2B.  The tails of the histones, particularly the amino terminal tails, are subject to modification 

such as ubiquitination, acetylation, sumoylation, methylation and phosporylation at specific 

residues21.  These modifications and combinations of modifications make up the histone code22.  

Proteins are able to bind in a modification dependent (or lack of modification dependent) manner 

and are able to activate or repress transcription.  For example, H3K9 (histone 3, lysine 9) 

methylation is associated with silencing while H3K4 (histone 3, lysine 4) methylation is 

associated with active chromatin23,24. In addition to histone tail modification, incorporation of 

histone variants have an impact on the transcriptional activity of bound DNA25.   

CpG methylation and histone modification are known to be interdependent processes.  

DNA methylation attracts methyl binding proteins, which in turn attract complexes that modify 

histone tails.  For example, MeCP2 is a methyl CpG binding protein that binds methylated DNA 

and is associated with a corepressor complex including histone deacetylases26. 

Noncoding RNAs are common in imprinted clusters, and of particular interest are long 

RNA transcripts with a role in gene silencing or activation.  A well studied example of this can 

be found in X inactivation.  It must be noted that imprinted X chromosome inactivation has not 

been observed in humans, though it has been observed in mouse extraembryonic tissues.  Xist is 

a large noncoding RNA that is transcribed from the future inactive X chromosome.  Xist coats 

the future inactive X chromosome, while the active X chromosome produces Tsix, which is an 

antisense RNA transcribed across the Xist gene.  Expression of Tsix on the active X chromosome 

prevents Xist transcription in cis27.  There are several theories on exactly how an antisense 
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transcript works to silence genes in cis.  It is possible that the antisense works through an RNAi 

mechanism, or that transcription in and of itself is sufficient to cause silencing. 

Epigenetic reprogramming normally happens during early development and 

gametogenesis.  After fertilization, the sperm chromatin is remodeled by replacement of 

protamines by acetylated histones.  The paternal genome also undergoes genomewide active 

demethylation.  The maternal genome and paternal genome are then passively demethylated 

through DNA replication.  Imprinted genes that are methylated are spared from genomewide 

demethylation.  Remethylation occurs around implantation, although there are lower levels of 

remethylation in the extraembryonic tissues than in the embryo proper28.  Dnmt 3a and Dnmt 3b 

are required for this  de novo methylation that occurs during embryogenesis29.  Primordial germ 

cells, or PGCs, undergo a resetting of the parental methlylation pattern to the pattern that is 

appropriate for the sex of the embryo.  PGCs undergo genome wide demethylation that is 

completed by E13-14 in mouse.  At around the same time as the demethylation event, the PGCs 

enter the developing gonad.  Remethylation takes place at different times in the male and female 

germ cells.  In male germ cells, remethylation occurs at E15-16 and up while in female germ 

cells, remethylation does not occur until after birth28. 

Angelman Syndrome and Prader-Willi Syndrome 

Angelman Syndrome (AS) and Prader-Willi Syndrome (PWS) are related yet distinct 

neurodevelopmental disorders.  Both disorders are caused by a lack of proper gene expression 

from an imprinted domain on 15q11-13.  Across this 2 megabase region, there are several 

paternally expressed genes and at least one maternally expressed gene.  PWS is caused by a lack 

expression of the paternally expressed genes in the imprinted domain, while AS is caused by a 

lack of maternal gene expression from the same region. 
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AS is a disorder characterized by severe mental retardation, developmental delay, absent or 

nearly absent speech, ataxic gait and happy affect with inappropriate laughter30.  Mutations in 

UBE3A are sufficient to cause AS31,32 but AS is most commonly caused by a large deletion of 

about 4 megabases of maternal chromosome 15 q11-q13.  There are three common breakpoints 

which contain duplications of a gene named HERC 2, and it is thought that unequal 

recombination between these homologous sequences cause the large deletions.  BP1 (breakpoint 

1) and BP2 are on the centromeric side of the PWS/AS cluster and BP3 is on the telomeric side 

of the cluster.  Deletions typically span from BP1 to BP3 or from BP2 to BP333.  Other causes of 

AS include paternal uniparental disomy of chromosome 15, microdeletions, or epimutations.  

Some patients with AS have no identifiable defect34.   

 PWS patients have hypotonia, early failure to thrive followed by hyperphagia beginning 

at around 2 years of age, mild to moderate mental retardation, obesity and hypogonadism.  Other 

features include small hands and feet, obsessive-compulsive behavior, and some patients have 

hypopigmentation or seizures33.  The most common cause of PWS is a large deletion on paternal 

chromosome 15, the same region as the most common deletion causing AS, although in AS the 

deletion on the maternal chromosome 15.  PWS can also be caused by paternal uniparental 

disomy or microdeletions. 

The PWS/AS Locus 

The PWS/AS locus includes several paternally expressed genes and at least one maternally 

expressed gene.  The paternally expressed genes can be thought of as being in two clusters, the 

upstream cluster (upstream of SNURF/SNRPN) and the downstream cluster. The upstream 

cluster consists of NECDIN, MKRN3 and MAGEL2.  From a patient with a paternal deletion of 

the upstream gene cluster, is known that the loss of these genes are insufficient to cause PWS, 

though the patient did show some PWS-like features35.  Both NECDIN and MAGEL2 encode 
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proteins in the MAGE protein family, while MKRN3 encodes a RING zinc-finger protein33. 

There is a long transcript called SNURF/SNRPN that extends through the downstream genes and 

through UBE3A (UBE3A-AST or antisense transcript).  There are several alternative exons 

upstream of SNRPN exon 1 that splice to exon 2, and their role is still under investigation36.  

SNRPN encodes both SNURF (SNRPN upstream reading frame) and SmN which is a part of 

snRNPs (small nuclear ribonucleoprotein particles) found in spliceosomes.  There are several 

paternally expressed C/D box snoRNAs that are spliced from the SNURF/SNRPN transcript.  

They include HBII-85, HBII-52 (both with multiple copies in tandem), HBII-13, HBII-436, HBII-

437, and HBII-438a/438b37.  HBII-52 has been of particular interest because HBII-52 is 

predicted to bind to serotonin receptor 2C pre-mRNA and appears to regulate its alternative 

splicing, though deletion of the HBII-52 cluster of snoRNAs is insufficient to cause PWS38,39.  

There has been one PWS patient identified with a paternal deletion including HBII-85 indicating 

that missing expression from this gene is sufficient to cause PWS, however the patient was 

atypical indicating that other genes contribute to the classical PWS phenotype40.  UBE3A and 

ATP10A are the only genes in the PWS/AS locus that have been identified as being maternally 

expressed.  UBE3A encodes ubiquitin ligase 3A and mutations in this gene are sufficient to cause 

AS, although other genes may be involved31,32.  ATP10A has been thought to be another 

maternally expressed gene, although its imprinted status has recently come into question41. 

Imprinting in the PWS/AS Locus 

Imprinting in the 15q11-q15 cluster has been shown to be controlled by a bipartite 

imprinting center made up of the Angelman syndrome imprinting center (AS-IC) and the Prader-

Willi syndrome imprinting center (PWS-IC)42.  The imprinting centers have been identified by 

mapping the smallest region of deletion overlap (SRO) in patients with imprinting defects.  In 

humans, the PWS-SRO has been narrowed down to 4.3 kb and includes SNRPN exon 143.   The 



 

20 

AS-SRO is 35 kb upstream of SNRPN exon 1 and is 880 bp long44. Our lab proposed the 

currently accepted "paternal only" model in which the two elements of the imprinting center act 

in cis42. The PWS-IC is a positive element that promotes both upstream and downstream gene 

expression on the paternally inherited chromosome.  The AS-IC acts as a negative element that 

silences the PWS-IC on the maternally inherited chromosome (Fig. 1-2). 

The Evolution of the PWS/AS Locus 

The PWS/AS region acquired imprinted status and its current human configuration 

recently in evolution.  In marsupials (the tammar wallaby and the opossum) an ortholog to 

SNRPN was found in tandem with its homolog, SNRPNB’.  Ube3a was also found in marsupials, 

but on a different chromosome from Snrpnb’ and Snrpn.  In the platypus, the only ortholog found 

to genes in the PWS/AS region is Ube3a.  Snrpnb’ was found in the platypus (a monotreme), but 

without the tandem duplication that created SNRPN.  Expression studies reveal non-imprinted 

expression of Snrpn in marsupials and non-imprinted expression of Ube3a in both marsupials 

and monotremes.  NDN, MKRN3 and MAGEL2 each arose more recently in evolution by 

retrotransposition from their respective paralogs.  All 3 of these genes are present in placental 

mammals, so must have existed in their current arrangement before placental radiation about 105 

MYA45.   

Mouse Models 

The orthologous region to human 15q11-13 is located on mouse chromosome 7C; however 

there are a few differences between mouse and human.  One notable difference is the addition in 

mouse of Frat3 to the paternally expressed upstream gene cluster indicating that chromosomal 

position is sufficient to impart imprinting46.  Another difference is the presence of C15ORF2, an 

intronless gene biparentally expressed in the human testis, but not present in mouse47.  Several of 

the snoRNAs, specifically HBII-437 and HBII-438a/438b, are also present in humans, but not in 
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mouse48.  Aside from these minor differences, the PWS/AS region has been largely conserved, 

making the mouse an excellent model for study.  Mouse models have been used to discern the 

function of genes in the PWS/AS locus, to study the imprinting centers and evaluate their roles in 

regulating the region, and to model PWS and AS. 

Individual Gene Mutations of the PWS/AS Locus  

Individual gene mutations have been made in mice for several of the genes located in the 

PWS/AS locus.  These deletions and null mutations have helped to identify what role (if any) the 

individual genes and gene products play, particularly in the PWS phenotype. 

Magel 2 is strongly expressed in the central nervous system and shows circadian rhythm in 

levels of expression.  Mice with a paternal Magel 2 deletion show altered circadian rhythm, 

decreased food intake, and reduced male fertility.  It is thought that Magel 2 may be involved in 

post translational processing of orexin: a hypothalamic neuropeptide49.  Orexin positive neurons 

project into parts of the brain involved in regulation of sleep, feeding, wakefulness, and body 

temperature50.  Mice inheriting a paternal Magel 2 deletion show a marked decrease in orexin 

levels and orexin positive neurons49. 

For the Snurf/Snrpn gene, two null mutations have been made that each eliminates one of 

the gene’s products while leaving the other intact.  Mice that are null for SmN due to an insertion 

of a neomycin resistance cassette and deletion of Snrpn exon 6 and a portion of exons 5 and 7, 

show no obvious phenotype51.  There is also no obvious phenotype in mice with a null mutation 

of Snurf (Snrpn upstream reading frame).  These mice have a deletion of 6 kb including Snrpn 

exon 2 that leaves the downstream gene SmN in frame52. 

 There have been several Necdin (or Ndn) deletion or mutation mouse lines created with 

variable results. Of the 3 lines of Ndn mutation mice, 2 show PWS reminiscent phenotypes, 

while 1 shows no phenotype at all.  Gerard et al. created a Ndn knockout that has a early 
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postnatal lethality phenotype from respiratory failure.  Though their diaphragms are normal, 

these mice fail to inflate their lungs properly.  This is similar to one aspect of PWS in that PWS 

infants also show neonatal respiratory distress.  There was a higher incidence of postnatal 

lethality in male heterozygotes than in female heterozygotes (inheriting the deletion paternally) 

and a higher level of postnatal lethality on a C57/BL6 background than on an FVB background.  

Surviving animals that make it past the first 30 hours have normal weight and fertility53.  The 

Ndn deficient mouse created by Muscatelli et al. is similar to the previously described Ndn 

mutant in that it too has a postnatal lethality phenotype, and survivors are fertile, viable and do 

not show obesity.  They also found skin scraping behavior, improved spatial learning, and a loss 

of oxytocin-expressing neurons in the paraventricular nucleus; all findings that are observed in 

PWS patients54.  In stark contrast, the Ndn null mouse created by Tsai et al. shows no phenotype.  

They did not observe any postnatal lethality or obesity55.  It is possible that there are strain 

specific differences between the various lines that could account for differences in phenotype, 

but it is difficult to compare the mutants in part because Tsai et al. did not indicate the strain of 

mouse used for targeting or breeding56. 

There has been more interest recently into MBII-85 mutants because of one atypical PWS 

patient with a deletion including the HBII-85 cluster40.  From mouse models, we have learned 

that the MBII-85 gene cluster is vital to postnatal growth.   Ding et al. found that mice with a 

deletion of the over 40 copies of MBII-85 show postnatal growth retardation and hyperphagia (an 

increase of about 30% in food intake) although they did not show obesity.  The MBII-85 deletion 

mice show an increase in ghrelin levels much like that observed in PWS individuals57.  With a 

similar deletion mouse, Skryabin et al. also observed postnatal growth retardation.  Unlike the 

deletion mouse just previously described, this MBII-85 deletion mouse has a low level of 
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postnatal lethality depending on genetic background.  No mention was made of the mouse’s 

weight or feeding behavior48. 

Null mutations of Ube3a have resulted in interesting mouse models of AS.  One null 

mutation of Ube3a was found to have several AS-like features upon maternal transmission such 

as seizures (induceable), impaired motor skills, and a context-dependent learning.  These mice 

also showed defects in long-term potentiation and increased cytoplasmic p5358.  Another mouse 

model for AS was created by a targeted inactivation of Ube3a by insertion of a lacZ reporter.  

This mouse shows increased beta galactocidase activity in the hippocampal and cerebellar 

neurons upon maternal transmission of the allele.  Maternal transmission of this allele results in 

impaired motor coordination and spatial learning, but not an observed increase in levels of p5359.   

Deletion of the other main cluster of snoRNAs, MBII-52, has no effect60.  A lack of Mkrn3 

also has no effect in mice49.   

PWS-IC Mouse Models 

There have been several mouse lines created with deletions around Snrpn exon 1 in efforts 

to model the imprinting center deletions found in humans (Fig.1-3).  In 2001, the Beaudet lab 

created two deletion mice, one with a 0.9 kb deletion and the other with a 4.8 kb deletion.  The 

0.9 kb deletion included the Snrpn promoter and exon 1, and the mouse showed no phenotype 

and no loss of imprinted gene expression upon paternal transmission.  The 0.9 kb deletion mouse 

was important in that it allowed the discovery of the mouse Snrpn upstream exons, which splice 

into exon 2.  The 4.8 kb deletion included the same region removed in the 0.9 kb deletion model 

and more of intron 1 and upstream sequence.  Mice that inherited the 4.8 kb deletion paternally 

show 40-50% postnatal lethality and a partial imprinting defect61.  Another deletion mouse 

missing Snrpn exon 2 through Ube3a exon 2 showed ~80 % postnatal lethality phenotype upon 
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paternal transmission, but had no imprinting defect indicating a gene in that region may 

contribute to the PWS phenotype, but the region is unnecessary for correct imprinting62. 

The only mouse model with a complete PWS-IC deletion phenotype has a deletion of 35 

kb (originally published as a 42 kb deletion) extending through Snrpn exon 6.  Mice inheriting 

the 35 kb deletion (called PWS-ICΔ35kb) paternally exhibit poor postnatal feeding and poor 

weight gain much like human PWS patients, and die within 7 days on a C57/BL6 background.  

Survival can be achieved at low levels on other backgrounds, but curiously the mice inheriting 

the deletion paternally remain small and do not exhibit hyperphagia or obesity 51. The loss of the 

PWS-IC on the paternal allele has an effect on paternal expression on Ube3a.  Pups inheriting 

this deletion paternally exhibit a loss of the Ube3a antisense transcript and an increase of Ube3a 

expression from the paternal allele63.   

Another mouse model that has been used to study imprinting in the region has a 

replacement of 6 kb of the murine PWS-IC region with a 6.9 kb region including the human 

PWS-IC.  Upon maternal inheritance, this allele, PWS-ICHs, is able to acquire methylation in the 

oocyte but not able to maintain methylation and silencing in somatic cells.  IC function seems to 

have diverged, and the human PWS-IC is unable to activate transcription of the upstream gene 

cluster.  The human PWS-IC region does however retain SNRPN promoter function which drives 

transcription of the downstream genes.  Mice inheriting PWS-ICHs maternally show expression 

of the normally paternally expressed downstream genes from their maternal chromosome, 

including the Ube3a antisense transcript.  These mice lose imprinting at Ube3a, exhibiting 

bialleleic Ube3a expression.  They also show an obesity phenotype which is more prominent in 

the females.  Mice inheriting the PWS-ICHs allele paternally have a postnatal lethality phenotype 
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and growth retardation due to the lack of expression of the upstream cluster of paternally 

expressed genes64.   

AS-IC Mouse Model 

The AS-IC has proven to be much more difficult to locate in mice than the PWS-IC region.  

The location of the AS-IC is not conserved between human and mouse.  In humans, the AS-IC is 

located 35 kb upstream of SNRPN exon 1.  Mice made by Edwin Peery in our lab with deletions 

spanning from -37 kb to -24 kb or -37 kb to -29 kb upstream of Snrpn failed to show any 

phenotype upon maternal, paternal or biparental inheritance.  At the time of the creation of these 

mice the locations of the alternative upstream exons of Snrpn were unknown65. 

The only targeted deletion mouse model for an AS-IC deletion shows incomplete 

penetrance.  This mouse was engineered with a 80 kb deletion extending from -93 kb to -13 kb 

relative to Snrpn exon 1.  Upon maternal inheritance of this allele, the mice showed variable 

levels of methylation at the Snrpn CpG island from a normal methylation pattern, to a partial loss 

of methylation, to a complete loss of methylation.  One would expect to see a complete loss of 

methylation at the Snrpn CpG island in a AS-IC deletion mouse.  The authors posit that one of 

the possible reasons for the variable penetrance is that the 80 kb deletion may not remove all of 

the elements of the AS-IC66. 

In the same article describing the 80 kb deletion model, another mouse model is described 

with an insertion and duplication located 13 kb upstream of Snrpn.  The AS-ICan mouse has a 6 

kb duplication at the site, and insertion of a puromycin selectable marker, a lox p site, and a 

portion of an Hprt cassette.  When the AS-ICan allele is inherited maternally, the mice show a 

loss of methylation at the Snrpn CpG island and a 2 fold increase in Snrpn expression.  Maternal 

inheritance of the AS-ICan allele is also able to rescue paternal inheritance of a PWS-IC mutation 

(the 4.8 deletion described in the PWS-IC models section).  The AS-ICan mutation fulfills several 
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of the expectations one would have for an AS-IC deletion model, but how this mutation has this 

effect is unclear.  It is possible that expression of the puromycin cassette in the opposite 

orientation from Snrpn may disrupt imprinting at the PWS-IC66. 

Transgenic Mouse Models 

Transgenic mice have been created to try to recapitulate and study AS-IC and PWS-IC 

function.  Transgenes containing only the Snrpn differentially methylated region are not 

imprinted.  Larger transgenes (75 kb) with Snrpn and 50 kb upstream are able to imprint 

normally with Snrpn methylation at the differentially methylated region upon maternal 

inheritance and a lack of methylation upon paternal inheritance.  Expression of normally 

paternally expressed genes also seems to be higher upon paternal inheritance of the transgene 

than upon maternal inheritance of the transgene.  It must be noted that this data is based only on 

high copy number of the transgene (possibly affecting imprinting).  A minitransgene made up of 

1 kb of human sequence including the AS-IC and 200 bp encompassing the murine Snrpn 

promoter region also seems to imprint properly, showing the appropriate methylation patterns 

and expression patterns and asynchronous replication (another feature of imprinted regions).  

This minitransgene was also studied in lines with high copy number67.  A similar minitransgene 

was studied with mutations in the 160 bp Snrpn minimal promoter revealing 5 cis elements 

required for proper imprinting.  These elements are 2 de novo methylation signals required for 

methylation during oogenesis, an allele discrimination signal necessary to prevent PWS-IC 

methylation in sperm, and 2 elements required to maintain the unmethylated state of the PWS-IC 

on the paternal allele68. 

Other Mouse Models of PWS and AS 

Mouse models of PWS and AS have been created that bear either a uniparental disomy 

(UPD) or deletion of the entire PWS/AS locus.  Partial UPD mice have been created using 
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translocations of portions of murine chromosome 7.  Maternal partial UPD of a region including 

the PWS/AS locus causes postnatal lethality or small size with reduced viability similar to other 

mouse models of PWS.  Mice with partial maternal UPD and no paternal contribution showed an 

absence of expression of the normally paternally expressed gene Snrpn69.  Paternal partial UPD 

of the PWS/AS locus causes an AS like phenotype with growth retardation, ataxia and abnormal 

brainwaves suggestive of seizure activity.  These mice also exhibit extreme obesity which is 

more like PWS than AS, although some AS patients are also obese70.  The fortuitous insertion of 

a transgene into murine chromosome 7 resulted in the creation of a mouse line bearing a deletion 

of the entire PWS/AS locus while surrounding loci were left intact.  Paternal transmission of this 

transgene deletion causes a lack of expression of normally paternally expressed PWS genes, and 

postnatal lethality while maternal transmission of the same deletion results in a lack of Ube3a 

expression71. 

ATP10A 

Although mutations in UBE3A are sufficient to cause AS, differences in phenotype 

between the molecular classes of AS suggest other genes may contribute.  For example, the large 

deletion class is the only class that shows severe intractable epilepsy.  It is thought that this 

phenotype may be due to deletion of GABRB3, GABRA5 and GABRG3, all of which are 

subunits of the GABAA receptor72.  These three unimprinted genes are outside of the 2 Mb 

imprinted region, but within the 4- 4.5 Mb common deletion region.  Other differences between 

the various molecular classes include late onset obesity, motor skill development, cognitive 

abilities and incidence of microcephaly34.  ATP10A (ATP10C, PFATP) has been considered a 

likely candidate due to its proximity to UBE3A 73 and its possible maternal expression that has 

currently come into question.  Meguro et al. demonstrated a strong allele bias in several brain 

samples and a loss of ATP10A expression in cultured lymphoblasts from 8 AS patients 74.  
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Herzig et al. also found evidence of imprinted ATP10A expression.  They found a loss of 

ATP10A expression in samples from AS brain, and preferential expression of one allele in 

normal brain samples, although parent of origin could not be determined.  Furthermore, a recent 

study shows variability in ATP10A allelic expression between individuals.  Hogart et al. found a 

significant sex bias towards monoallelic expression in the female brain and a promoter 

polymorphism that improves the likelihood of  monoallelic ATP10A expression41. 

ATP10A has also been implicated in Autism-Spectrum Disorder (ASD).  Individuals with 

autism or atypical autism have been identified who have a maternal duplication of the PWS/AS 

region, however paternal inheritance of the same duplication has no effect75.  Association studies 

have yielded conflicting results.  While some studies have found no evidence to support an 

association between ATP10A and autism, Kato et al. observed linkage disequilibrium consistent 

with the existence of an autism susceptible variant of ATP10A76,77. 

Atp10a encodes an aminophospholipid translocase that is hypothesized to be involved in 

modulating body fat.  Mice with a deletion including Atp10a were identified among radiation 

induced mutants at Oak Ridge National Laboratories.  Mice inheriting a maternal deletion 

including Atp10a become obese with almost twice the body fat of mice inheriting the same 

deletion paternally suggesting the possibility of imprinting78.  Maternal inheritance of this 

deletion also causes type 2 diabetes and nonalcoholic fatty liver disease79.   

Despite evidence favoring Atp10a imprinted expression, molecular studies describing 

Atp10a imprinting in the mouse brain are contradictory.  Kayashima et al. found bialleleic 

Atp10a expression in all tissues including brain and concluded that the locus is not imprinted, but 

Kashiwagi et al. reported predominant maternal expression in the hippocampus and olfactory 

bulb80,81.  The differences in the studies include the ages of the mice, the polymorphisms used to 
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determine parent of origin of the transcripts, and the strains of mice used.  However, both studies 

used crosses to C57BL/6 suggesting that strain specific differences in imprinting are unlikely to 

be responsible for the variant results82.  Despite these differences, both reports confirm that 

Atp10a is widely expressed with high expression in the brain and that Atp10a lacks DNA 

methylation at an associated CpG island.  At the least, Atp10a is a potentially imprinted gene of 

interest that warrants further study. 
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Figure 1-1.  Illustration of patterns of gene expression. The blue bar represents the paternal 

chromosome, while the pink bar represents the maternal chromosome.  The arrows 
indicate transcription of the gene, and each white box represents a gene.  For most 
genes, both parental copies are active and transcribed (Gene A) or both parental 
copies are silent (Gene B).  In the case of imprinted genes, one parental copy is active 
while the other is silent.  Gene C is paternally expressed and maternally silent, while 
Gene D is paternally silent and maternally expressed. 
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Figure 1-2.  Map of the murine PWS/AS locus (not to scale).  The male and female symbols on 
the right mark the paternally and maternally inherited copies of the region.  The 
paternally expressed genes are in blue, while the maternally expressed (and thought to 
be maternally expressed) genes are in pink.  The PWS-IC and AS-IC are represented 
by the blue and red circles respectively.  The location of the AS-IC is unknown and 
the imprinting status of Atp10a is investigated in this work. 
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Figure 1-3.  Detailed maps of deletions near Snrpn exon 1.  A. This map shows the relative 
locations (not to scale) according to restriction enzyme cut sites of the various mouse 
model deletions near Snrpn exon 1, as well as the locations of deletions attempted 
(8.7 kb) and accomplished (6 kb) in this dissertation.  The top horizontal bar shows 
the relative locations of the Snrpn exons (marked as blue boxes).  Along the top bar, 
restriction enzyme cut sites for BamHI (B), EcoRI (E), HindIII (H) and HpaI (Hpa) 
are shown as vertical bars.  B. This map shows the locations of the mouse model 
deletions with respect to the Snrpn promoter.  The numbers marked on each side of 
each deletion indicate the distance from the Snrpn promoter with negative numbers 5’ 
of the Snrpn promoter and positive numbers 3’ of the Snrpn promoter. 
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CHAPTER 2 
ATP10A MATERIALS AND METHODS 

Mouse lines and Tissues utilized 

Several different mouse lines were used in analyzing Atp10a allelic expression.  To look at 

the parent of origin of Atp10a transcripts, we made use of a congenic mouse, B6.CAST.c7, in 

which the PWS/AS syntenic region is congenic for Mus castaneus on the C57BL/6 background.  

For the initial analysis, crosses between B6.CAST.c7 and C57/BL6 were performed and the 

progeny analyzed.  PWS-ICΔ35kb, the 35 kb PWS-IC deletion model, and PWS-ICHs, bearing a 

replacement of the murine PWS-IC with the human PWS-IC, were also used in this study, and 

these three lines are on a C57BL/6 background (see Chapter 1 for a more detailed description). 

At the appropriate age (8 weeks for adult tissues, at birth for neonate tissues) the mice were 

sacrificed and their brains were collected whole or dissected.  Tissues were quick frozen in liquid 

nitrogen and stored at -800 C.   

Reverse Transcriptase PCR (RT-PCR) 

RNA was extracted per using RNA-Bee (TelTech, Inc.).  For RNA extraction from neonate 

olfactory bulbs, samples were pooled from 3 neonate mice of the same genotype.  RNA was 

DNase treated, then reverse transcribed with SuperScript II reverse transcriptase (Invitrogen) 

using standard procedures.  PCR was performed on the resultant cDNA (and no reverse 

transcriptase controls) under standard conditions.  The primers used for the Atp10a RT-PCR 

were: Atp10a4F, 5’-GATCATGCTGACATCATTGG-3’ and Atp10a4R, 5’-

GCTGGATCATGGTGAAGAGG-3’.  The primers used for the Ube3a RT-PCR were:  Ube3a 

5F, 5’- CACATATGATGAAGCTACGA -3’ and Ube3a 6R, 5’- CACACTCCCTTCATATTCC 

-3’63.  The PCRs were sequenced by the CMG sequencing core and analyzed using Sequencher v 

4.2 (Gene Codes).   
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For examining Atp10a allelic expression we made use of a previously unreported 

polymorphism.  We found a polymorphism between C57BL/6 and B6.CAST.c7 in exon 13 of 

Atp10a, such that B6.CAST.c7 has a MspA11 site not present in C57BL/6 mice.  This 

polymorphism was discovered by sequencing RT-PCR products from C57BL/6 and B6.CAST.c7 

cDNA templates using Atp10a4F and Atp10a4R as primers (listed previously).  All analysis of 

Ube3a allelic expression was done using a previously characterized polymorphism between the 

same two mouse lines63.  RT-PCR reactions for both Atp10a and Ube3a were run on an agarose 

gel and the appropriate sized bands were excised, gel purified (QIAquick Gel Extraction Kit, 

QIAgen), and sequenced as previously described.  The chromatograms were compared.  When 

multiple samples from the same brain region from equivalent mice were analyzed as described, 

the resulting chromatograms were similar in relative peak height. 

Atp10a CpG Island Characterization 

 EMBOSS CpG plot (http://www.ebi.ac.uk/tools/emboss/cpgplot/index.html) identifies an 

approximately 730 base pair long CpG island encompassing most of Atp10a exon 1.  The 

methylation state of this Atp10a CpG island was ascertained by sodium bisulfite methylation 

analysis.  DNA for the methylation analysis was isolated from brain regions by incubating the 

mechanically homogenized tissue in lysis buffer (100 mM Tris pH 8, 5mM EDTA, 0.2% SDS, 

200 mM NaCl ) with proteinase K (100 ug/mL) at 550 C overnight followed by PCIA extraction 

and ethanol precipitation.  Olfactory bulb samples were pooled from 3 neonate mice of the same 

genotype for methylation analysis (progeny from a cross between PWS-ICΔ35kb and B6.CAST.c7 

that did not inherit the PWS-IC deletion).  Sodium bisulfite conversion was performed as 

described previously83. DNA samples were first sheared by vortexing, and then denatured using 

0.3 M NaOH.  The samples were kept in the dark at 550 C for 16-20 hours after adding 1.55M 

sodium bisulfite (pH 5) and 0.5 M hydroquinone.  A desalting column was then used (Promega, 

http://www.ebi.ac.uk/tools/emboss/cpgplot/index.html�
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Wizard DNA Clean-up) to remove free bisulfite.  The samples were treated with 0.3 M NaOH, 

ethanol precipitated and dissolved in ddH2O.   

 PCR was performed on the bisulfite converted samples using the following primer set: 

Atp10a bis EF2 (5’-ATTTGGAAGTTTGGATAGG-3’) and Atp10a bis ER2 (5’-

ACCAAATACTAAATACAACC-3’).  PCR products were run on a 2% agarose gel then gel 

purified (QIAquick Gel Extraction Kit, QIAgen).  Gel purified PCR products were cloned with 

the TOPO TA cloning kit (Invitrogen).  Samples were sequenced by the CMG sequencing core 

and analyzed on Sequencher (v. 4.2).  Sequences with <95% conversion were discarded.  Results 

stated are from at least 2 separate PCR reactions per brain region analyzed. 
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CHAPTER 3 
ATP10A RESULTS 

Research on Atp10a has disagreed on the matter of imprinting.  Mice with deletions 

including Atp10a only show a phenotype of obesity and type 2 diabetes on maternal transmission 

which strongly suggests imprinting is at work79.  While one study found no evidence of Atp10a 

imprinting in any tissue, another found predominant maternal expression in certain brain 

regions80,81. 

Given the conflicting research regarding the imprinting status of Atp10a, we chose to 

examine the imprinting status of the gene in mice with no PWS-IC defect and in two lines of 

mice each with a different PWS-IC defect.  We reasoned that if Atp10a is imprinted, then allelic 

expression patterns should be sensitive to the PWS-IC.  The PWS-IC has been previously shown 

to have an impact on allelic expression of a gene that is normally maternally expressed in some 

tissues: Ube3a63.  For each cross, we used a congenic mouse line, B6.CAST.c7, which has a 

portion of murine chromosome 7 from Mus musculus castaneus.  This allowed us to take 

advantage of a single nucleotide polymorphism (SNP) between Mus musculus castaneus and 

Mus musculus domesticus (the subspecies of most lab mice) to distinguish between maternal and 

paternal gene expression.  Olfactory bulb and hippocampus were included in this study because 

of previous work indicating that Atp10a imprinting may be restricted to these brain regions81. 

Atp10a Expression in C57BL/6 and B6.CAST.c7 crosses 

RT-PCR was performed for several brain regions collected from 8 week old mice derived 

from C57BL/6 and B6.CAST.c7 and reciprocal crosses.  These RT-PCR reactions were 

sequenced and the chromatograms from the reciprocal crosses were compared.  The relative peak 

at any given site in the sequence indicates how much of a particular base was present in the 

original sample.  In the olfactory bulb, hippocampus and several other brain regions, there is 
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roughly equal expression of Atp10a from the paternal and maternal allele.  C57/BL/6 has a T at 

the polymorphic site while B6.CAST.c7 has a C base.  In all of the samples, it is obvious that the 

maternal allele is not preferentially expressed.  In both crosses and in all brain regions examined, 

there is an equal level of expression from each Atp10a allele (Fig.3-1).  RT-PCR was also 

performed from the same cDNAs for Ube3a, a known preferentially maternally expressed gene 

of the PWS/AS locus.  As expected, Ube3a shows the expected result of predominately maternal 

expression (Fig.3-2).   

Effect of the PWS-IC on Atp10a Expression 

PWS-IC Deletion Effects 

We found equal levels of allelic expression of Atp10a in C57BL/6 and B6.CAST.c7 and 

reciprocal crosses, however Atp10a expression may still be sensitive to the PWS-IC.  To 

investigate this possibility, we crossed B6.CAST.c7 and PWS-ICΔ35kb (35 kb deletion) mice and 

collected brain samples from the newborn pups.  Whole brain, as well as olfactory bulb and 

cerebral cortex were collected and Atp10a expression was analyzed for each. We performed RT-

PCR across the same polymorphism previously described and compared the chromatograms of 

pups inheriting the deletion with their wild type littermates.  There is no preference for maternal 

expression of Atp10a in either the deletion pups or the wild type pups in cerebral cortex, 

olfactory bulb or in the whole brain (Fig.3-3).  A control RT-PCR chromatogram for Ube3a 

shows the expected preferential expression of the maternal allele in the wild type pups and 

biallelic expression in the pups inheriting the PWS-IC deletion allele (Fig. 3-4).  This is 

consistent with previous work showing the PWS-IC is necessary to repress paternal Ube3a 63.   

PWS-ICHs Effects 

The PWS-ICHs allele has a replacement of the murine PWS-IC with the human PWS-IC.  

Upon paternal transmission of the PWS-ICHs allele, the human PWS-IC is able to drive 
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transcription of the downstream cluster of PWS genes, but not the upstream cluster.  When the 

PWS-ICHs allele is maternally inherited, it is unable to be silenced by the murine AS-IC.  The 

PWS-ICHs activates transcription of the normally paternally expressed downstream cluster of 

PWS genes from the maternal allele including the Ube3a antisense transcript.  Mice inheriting 

the PWS-ICHs allele maternally have biallelic expression of Ube3a, which is normally 

preferentially expressed from the maternal allele in some brain tissue.  It is possible that Atp10a 

is regulated as Ube3a is regulated, and the PWS-IC has an effect on allelic expression.   

We looked at whether the PWS-ICHs allele changes the preferred parent of origin for 

Atp10a expression using reciprocal crosses between the congenic B6.CAST.c7 line and PWS-

ICHs mice.  Atp10a is not observed to be preferentially maternally expressed in either the wild 

type or in the mice inheriting the PWS-ICHs maternally (Fig. 3-5).  When the PWS-ICHs allele is 

inherited maternally, there is an increase of expression of maternal Ube3a antisense transcript 

(Ube3a-ASTS) and a decrease in maternal Ube3a expression.  In the olfactory bulb, 

hippocampus, cerebral cortex and cerebellum of 8 week old mice inheriting PWS-ICHs allele 

maternally, Ube3a is no longer preferentially maternally expressed as it is in wild type mice (Fig. 

3-6). 

When the PWS-ICHs allele is inherited paternally, there is a loss of expression of the 

upstream paternally expressed genes Necdin, Mkrn3, Magel2 and Frat3, but expression of the 

downstream paternally expressed genes including Ube3a-ASTS is preserved64.  Mice inheriting 

the PWS-ICHs allele paternally show preferential maternal expression of Ube3a similar to wild 

type in all brain tissues (Fig. 3-7).  In both wild type and in paternal PWS-ICHs allele mice, 

Atp10a shows roughly equal biallelic expression (Fig. 3-8). 
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We also examined Atp10a and Ube3a expression in P1 mice inheriting the PWS-ICHs allele 

maternally and paternally.  In whole brain, we found similar results to the observations in the 

adult brains.  Mice inheriting the PWS-ICHs allele maternally showed a loss of preferential 

maternal expression of Ube3a but no change in Atp10a expression compared to wild type (Fig. 

3-9 and Fig. 3-10).  Mice inheriting the PWS-ICHs allele paternally show preferential maternal 

expression of Ube3a, and biallelic Atp10a expression (Fig. 3-9 and Fig. 3-10). 

Atp10a CpG Island Methylation Analysis 

EMBOSS CpG plot (http://www.ebi.ac.uk/tools/emboss/cpgplot/index.html) identifies an 

approximately 730 base pair long CpG island encompassing most of Atp10a exon 1.  To examine 

the methylation status of this CpG island, bisulfite conversion was performed on genomic DNA 

samples of cortex and olfactory bulb collected from newborn C57/BL/6 mice.  PCR 

amplification of the converted DNA spanning a 362 bp portion of the CpG island was performed.  

The examined portion of the Atp10a CpG island exhibits nearly completely absent methylation 

in both the cortex and the olfactory bulb at all 47 CpGs analyzed (Fig. 3-11).   

Atp10a Imprinting Status Summary 

Atp10a is not imprinted according to a lack of difference in allelic expression of a SNP in 

several brain regions.  For this analysis multiple informative crosses were performed between 

congenic B6.CAST.c7 and C57BL/6 mice.  Equal biallelelic expression was evident in the 

cerebral cortex, hippocampus, cerebellum and olfactory bulb in 8 week old mice from C57BL/6 

and B6.CAST.c7 reciprocal crosses.  From previous work, it is known that mice inheriting a 

PWS-IC deletion paternally show a decrease in paternal Ube3a antisense transcript and an 

increase in  paternal Ube3a expression63.  Using the same PWS-IC deletion we did not detect 

changes in Atp10a expression.  No antisense transcripts extending into Atp10a have been found, 

so it is possible that it may be regulated in a different way than Ube3a80. There is an increase in 

http://www.ebi.ac.uk/tools/emboss/cpgplot/index.html�
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paternal expression of Ube3a but not of Atp10a in the olfactory bulb, cerebral cortex and the 

whole brain of newborn mice inheriting a PWS-IC deletion (PWS-ICΔ35kb) paternally.  There is 

no difference in Atp10a allelic expression between the PWS-IC deletion mice and their wild type 

littermates; they all show equal biallelic expression.   Likewise, although mice inheriting PWS-

ICHs maternally show disturbance of Ube3a allelic expression, there is no change in allelic 

expression of Atp10a.  Imprinting center function seems to have diverged between mouse and 

human, as the human PWS-IC is unable to activate transcription of the upstream gene cluster and 

is unable to be silenced when maternally transmitted.  The human PWS-IC region does promotes 

transcription of the downstream genes including the Ube3a antisense transcript explaining the 

relative decrease in maternal Ube3a transcription when the human PWS-IC is inherited 

maternally64. 

The widespread imprinting of Ube3a seen throughout the brain was somewhat unexpected 

given previous brain region specific observation of maternal expression.  Maternal expression of 

Ube3a has been identified in Purkinje cells in the cerebellum, in the hippocampus, and in mitral 

cells of the olfactory bulbs by in situ84.  Preferential maternal expression of Ube3a in the cortex, 

and observable levels in neonatal whole brain would not be expected if Ube3a imprinting were 

restricted solely to those regions previously identified.  Significantly, Landers et al also observed 

more widespread imprinting of Ube3a in the brain than is obvious from in situ 85. 

Imprinted genes often have an associated CpG island near their promoters and this CpG 

island is usually methylated on the silent allele.  We found almost entirely absent methylation at 

the Atp10a CpG island in newborn pups, which is consistent with results from other studies80,81.   

Allele specific methylation at the Atp10a CpG island would have been supported the notion that 

Atp10a is imprinted, however a lack of methylation at the Atp10a CpG island cannot prove that 
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Atp10a is not imprinted, given that some imprinted genes (such as Ube3a) do not have a 

differentially methylated CpG island.  
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Figure 3-1.  Atp10a sequencing chromatograms of 4 brain regions of 8 week old mice from 

B6.CASTc7 crossed with C57BL/6 and reciprocal crosses.  The polymorphic site is 
highlighted in blue.  The mouse strains crossed are at the bottom of each 
chromatogram (mother listed first).   The B6.CASTc7 allele at this site is C, and the 
C57BL/6 allele is T.  
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Figure 3-2.  Ube3a sequencing chromatograms of 4 brain regions of 8 week old mice from 

B6.CASTc7 crossed with C57BL/6 and reciprocal crosses.  The polymorphic site is 
highlighted in blue.  The mouse strains crossed are at the bottom of each 
chromatogram (mother listed first).   The B6.CASTc7 allele at this site is G, and the 
C57BL/6 allele is A.  
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Figure 3-3.  Atp10a sequencing chromatograms for 2 brain regions and whole brain from P1 
mice from a B6.CASTc7 female and a PWS-ICΔ35kb male cross.  The polymorphic 
site is highlighted in blue and the pup genotype is noted at the bottom of the column.  
The maternal allele (B6.CASTc7) at this polymorphism is C, and the paternal allele 
(C57BL/6 which is the PWS-ICΔ35kb background strain) is T for this cross. 
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Figure 3-4.  Ube3a sequencing chromatograms for 2 brain regions and whole brain from P1 mice 
from a B6.CASTc7 female and a PWS-ICΔ35kb male cross.  The polymorphic site is 
highlighted in blue and the pup genotype is noted at the bottom of the column.  The 
maternal allele (B6.CASTc7) at this polymorphism is G, and the paternal allele 
(C57BL/6 which is the PWS-ICΔ35kb background strain) is A for this cross. 
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Figure 3-5.  Atp10a sequencing chromatograms of 4 brain regions of 8 week old mice from 
PWS-ICHs x B6.CASTc7.  The polymorphic site is highlighted in blue.  The mouse 
genotypes are at the bottom of each chromatogram.   The B6.CASTc7 allele (paternal 
for this cross) at this site is C, and the C57BL/6 allele is T. 
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Figure 3-6.  Ube3a sequencing chromatograms of 4 brain regions of 8 week old mice from PWS-

ICHs x B6.CASTc7.  The polymorphic site is highlighted in blue.  The mouse 
genotypes are at the bottom of each chromatogram.  The B6.CASTc7 allele (paternal 
for this cross) at this site is G, and the C57BL/6 allele is A. 
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Figure 3-7.  Atp10a sequencing chromatograms of 4 brain regions of 8 week old mice from 

B6.CASTc7 x PWS-ICHs.  The polymorphic site is highlighted in blue.  The mouse 
genotypes are at the bottom of each chromatogram.   The B6.CASTc7 allele 
(maternal for this cross) at this site is C, and the C57BL/6 allele is T.  
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Figure 3-8.  Ube3a sequencing chromatograms of 4 brain regions of 8 week old mice from 

B6.CASTc7 x PWS-ICHs. The polymorphic site is highlighted in blue.  The mouse 
genotypes are at the bottom of each chromatogram.  The B6.CASTc7 allele (maternal 
for this cross) at this site is G, and the C57BL/6 allele is A. 
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Figure 3-9.  Atp10a sequencing chromatograms of whole brain from P1 mice from a PWS-ICHs x 
B6.CASTc7 and reciprocal cross.  The polymorphic site is highlighted in blue and the 
pup genotype is noted at the bottom of the chromatogram.  A. PWS-ICHs x 
B6.CASTc7 pups.  The maternal allele (C57BL/6) at this polymorphism is C, and the 
paternal allele (B6.CASTc7) is T for this cross.  B. B6.CASTc7 x PWS-ICHs pups. 
The maternal allele (B6.CASTc7) at this polymorphism is T, and the paternal allele 
(C57BL/6) is C for this cross. 
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Figure 3-10.  Ube3a sequencing chromatograms for whole brain from P1 mice from a PWS-ICHs 
x B6.CASTc7 and reciprocal cross.  The polymorphic site is highlighted in blue and 
the pup genotype is noted at the bottom of the chromatogram. A. PWS-ICHs x 
B6.CASTc7 pups.  The maternal allele (C57BL/6) at this polymorphism is A, and the 
paternal allele (B6.CASTc7) is G for this cross.  B. B6.CASTc7 x PWS-ICHs pups. 
The maternal allele (B6.CASTc7) at this polymorphism is G, and the paternal allele 
(C57BL/6) is A for this cross. 
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Figure 3-11.  The methylation state the Atp10a CpG island in newborn cerebral cortex and 
olfactory bulb.  A) This diagram shows the relative positions of the Atp10a exon 1, 
the Atp10a CpG island and primers used for bisulfite analysis. The CpG island is 
represented by a black bar, with the arrows show the positions of the primers (not to 
scale).  B) The methylation status of the Atp10a CpG island.  Each circle represents a 
CpG with the white circles representing unmethylated cytosine residues, and the 
black circles represent methylated cytosine residues.  The numbers on the right 
indicate the number of clones identified with the described patterns of methylation.  
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CHAPTER 4 
MOUSE MODELS MATERIALS AND METHODS 

Strategy 

Although the boundaries of the human PWS-IC have been narrowed down to 4.3 kb of 

sequence, the minimum deletion previously known to cause a complete imprinting defect in mice 

was 35 kb.  Attempts to create mouse models with smaller deletions had not been successful in 

creating a complete imprinting defect.  In order to identify key elements of the PWS-IC, we 

sought to create a new mouse model that narrowed the known boundaries of the murine PWS-IC. 

We also sought to create model in which the PWS-IC could be selectively removed using the 

cre/loxp system.  A floxed (flanked by loxp sites) PWS-IC mouse would be extremely useful and 

would make possible tissue specific or inducible deletion of the PWS-IC.  

 The regions selected for creating a PWS-IC deletion and floxed (flanked by loxp sites) 

PWS-IC were chosen based on what was known about previous deletion models (see Fig. 1-3).  

Although it shows a strong postnatal lethality phenotype (~80%) and most likely contains at least 

one gene contributing to the PWS failure to thrive phenotype, the Snrpn-Ube3a deletion mouse 

has no defect in imprinting indicating that it probably does not contain the PWS-IC.  The Snrpn-

Ube3a deletion begins at the EcoRI site (2.4 kb 3’ of the Snrpn promoter) located in Snrpn intron 

1 and continues 3’ into Ube3a.  The Snrpn exon 2 deletion also begins at the same Eco RI site 

and shows no imprinting perturbation.  Logically, the PWS-IC should be located 5’ of this Eco 

RI site since deletions 3’ of the site do not disturb imprinting.  The 4.8 kb deletion model shows 

a partial imprinting defect with hypermethylation at both Ndn and Mkrn3 but only a partial 

reduction in Ndn expression.  These results indicate that the 4.8 kb deletion removed part but not 

all of the PWS-IC when compared to the imprint defect of the PWS-ICΔ35kb mouse.  The 4.8 kb 

deletion spans from the HindIII site (2.7 kb 5’ of the Snrpn promoter) 5’ of Snrpn exon 1 to the 



 

54 

EcoRI site in Snrpn intron 1 (2.4 kb 3’ of the Snrpn promoter).  The regions selected for deletion 

and floxing with the goal of including the entire PWS-IC share the same 3’ border as the 4.8 kb 

deletion but extend further 5’.  The initial region selected was 8.7 kb long and extended to the 

EcoRI site 5’ of Snrpn exon 1.  After multiple failed attempts to get properly targeted ES cells, it 

was determined that the 5’ arm of the plasmid construct was in a repetitive region of DNA 

explaining why all ES cell clones identified as targeted at the 3’ end had insertions or 

rearrangements at the 5’ end.   

To avoid the repetitive DNA region, we decided to target a smaller region which we 

believed would still give us a complete PWS-IC deletion mouse.  We chose a 6 kb region 

spanning from an HpaI site (3.7 kb 5’ of the Snrpn promoter) to the same EcoRI site (2.4 kb 3’ of 

the Snrpn promoter) in Snrpn intron 1.  We chose this 6 kb because Karen Johnstone in our lab 

had previously made a mouse that swapped the same 6 kb for 6.9 kb of the human PWS IC.  This 

mouse showed expression of the downstream cluster of PWS genes, but little to no expression of 

the upstream cluster of PWS genes including Necdin indicating that SNRPN promoter function is 

preserved between mouse and human but PWS-IC function is not.  This is compelling evidence 

that the murine PWS-IC is within that 6 kb of sequence. 

This 6 kb of sequence includes a DNase I hypersensitive site that could be essential to the 

full function of the PWS-IC.  Two DNase I hypersensitive sites have been found in at the 5’ end 

of the human SNURF/SNRPN locus; one at the promoter and the other within exon 2.  These 

DNase I hypersensitive sites are exclusively found on the paternal allele and these regions 

interact with regulatory proteins86.  The murine Snurf/Snrpn locus also shows a parental allele 

specific DNase I hypersensitive site pattern with six hypersensitive sites on the paternal allele 

(Dr. Thomas Yang, unpublished data).  DNase hypersensitive site 6 (DHS6) is upstream of the 
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Snrpn promoter, DHS1 at the promoter and DHS2 through DHS5 lie downstream of the 

promoter.  Mice with either the Snrpn exon 2 deletion or the Snrpn exon 2 through Ube3a exon 2 

deletion do not have a PWS-IC deletion phenotype although they both remove DHS5 indicating 

that DHS5 is not essential for PWS-IC function.  The 4.8 kb deletion mouse model removes 

DHS1 through DHS4, but only shows partial imprinting defect.  The 6 kb chosen for the flox and 

deletion encompasses DHS6 as well as DHS1 through DHS4. 

There were also constructs made to create alleles with the reverse orientation of the same 2 

regions (8.7 and 6 kb) to explore whether the PWS-IC and AS-IC have directional requirements 

for interaction.  There is evidence in a pair of siblings with AS with translocations separating and 

increasing the distance between the ICs that relative direction of the ICs may be important for 

their appropriate interaction87.  These efforts were discontinued after difficulty achieving 

targeted ES cells. 

Targeting Construct Assembly 

The targeting constructs were assembled using restriction digests, gel purification, and 

DNA ligation.  The backbone for all of the constructs is pBluescript KS+ (Stratagene).  All 

murine DNA used to create the construct originally came from a phage library of fragments from 

BAC (Bacterial Artificial Chromosome) 397F16 (Research Genetics).  It is important to note that 

BAC 397F16 is of the same strain as the embryonic stem (ES) cells used (129S1/Sv) since in is 

known that targeting efficiency decreases when the targeting construct and the ES cells are from 

different strains of mice88.  DH5 α chemically competent E. coli cells and later Stbl 2 chemically 

competent E. coli cells were used to propagate the plasmids.  Transformation of the cells was 

done according to standard protocol, and the cells were grown on ampicillin Luria broth (LB) 

plates (50ug/mL ampicillin).  Individual colonies were grown in ampicillin LB, and plasmid 
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DNA was extracted and purified using the QIAprep spin miniprep kit (QIAgen) or by alkaline 

lysis followed by PCIA extraction (phenol, chloroform, isoamyl alcohol in a 25:24:1 mixture 

respectively) and ethanol precipitation.  After each ligation, transformation, selection of 

individual colonies, and plasmid DNA extraction, restriction digests were performed to check for 

proper insertion of each piece of DNA.  Clones with the correct insertion were stored as glycerol 

stocks (25% sterile glycerol, 75% culture media with the desired plasmid containing E. coli) at -

800 C.  Restriction digests were performed according to manufacturer’s instructions (New 

England Biolabs), and electrophoresed on agarose gels and DNA visualized with ethidium 

bromide. When inserting a new component of the construct, bands of the desired DNA were 

identified by size using a UV transilluminator, excised and purified using either the QIAquick 

gel extraction kit (QIAgen) or GenElute agarose spin columns (Sigma). When performing 

ligations, the vector was sometimes dephosporylated using Antarctic phosphatase (New England 

Biolabs) or Alkaline Phosphatase, Calf Intestinal (New England Biolabs).  Ligations were 

performed using either T4 DNA ligase (New England Biolabs) or DNA ligation kit Mighty Mix 

(Takara).  For the insertion of the lox p site 5’ of the IC region, a pair of internally 

complimentary oligonucleotides was designed with a lox p site and compatible ends for the 

desired insertion site.  The pair of oligonucleotides (5’ phosphorylated by the manufacturer) was 

annealed by heating to 950 C and slowly cooling to room temperature (500 ng of each oligo in 20 

uL).  Varying concentrations of the annealed lox p oligos (1 uL of straight, 10X, 100X or 1000X 

diluted) were ligated to appropriately digested and dephosphorylated vector (25-50 ng vector).  

The pCAGneo cassette was inserted into all of the targeting constructs as a positive selectable 

marker for selection in ES cells.  Except for the first 8.7 kb flox and flip constructs, a viral 
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thymidine kinase (TK) cassette was inserted for use as a negative selective marker selecting 

against ES cells with non-homologous recombination. 

Transformation of ES Cells 

Cells containing the targeting construct were grown overnight in baffled flasks containing 

~300 mL of LB with ampicillin.  Plasmid DNA was harvested by alkaline lysis, followed by 

purification in a cesium chloride equilibrium gradient.  The targeting construct was linearized by 

restriction enzyme digest, PCIA extracted twice and then ethanol precipitated.  ~80 ug of 

linearized targeting construct DNA was used in each electroporation (see Fig. 4-1 for targeting 

schematic).   

CJ.7 ES (embryonic stem) cells88 were grown on a feeder layer of mitomycin C (Moravek 

Biochemicals, Inc.) treated transgenic Neor mouse embryonic fibroblasts (MC MEFs) except for 

during the stage when the ES cells were grown on 10 cm plates after electroporation.  Actively 

growing ES cells were trypsinized, triterated to a single cell suspension, washed twice with 

phosphate buffered saline (PBS), then 5x107 cells were resuspended in 0.8 mL PBS and placed 

in an electroporation cuvette with a 0.4 cm electrode gap (Biorad).  ~80 ug of linearized targeting 

construct were suspended in 100 uL of PBS and were added to the cuvette.  The contents of the 

cuvette were mixed by pipetting.  Electroporation was carried out at 0.8 kV and 3 uF on a Gene 

Pulser (Biorad).  After  a recovery period of 10 minutes, the cells were transferred to 15 

gelatinized 10 cm dish with 10 mL of 3M cell media (500mL Dulbecco’s Modified Eagle Media, 

5 mL penicillin/streptomycin, 5 mL nucleoside stock, 5 mL 100X non-essential amino acids, 75 

mL heat inactivated fetal bovine serum (FBS), 0.9 mL beta-mercaptoethanol) with leukemia 

inhibitory factor (50 uL of 107 units of ESGRO LIF per bottle, Chemicon).  The next day, the 

media was changed to 3M with LIF and Geneticin (G418 at 200 uL/mL, GibcoBRL).  After 

feeding the ES cells with 3M with LIF and G418 for 3 days, the media was changed to 3M with 
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LIF, G418, and 1-(2-Deoxy-2-flouro-beta-D-arabinofuranosyl)-5-iodouracil (FIAU at 0.2-0.7 

uM, Moravek Biochemicals, Inc.).  After feeding the ES cells for 4-5 days, the media was 

switched back to 3M with LIF and G418.  1-3 days later, the colonies were ready to pick.   

The colonies of ES cells were examined under a microscope and any that seemed by 

morphology to be differentiating or looked like two merged colonies were not selected.  Colonies 

were picked by drawing up into a pipette and placed in a 96 well plate, trypsinized, triterated by 

pipetting, then transferred to 24 well plates containing a feeder layer of MC MEFs.  When most 

of the wells on the 24 well plate reached 80-90% confluence, the plates were trypsinized and 

split with some of the cells getting mixed with 2X freeze media (50% 3M with LIF, 30% FBS, 

20% DMSO) then frozen slowly at -800 C, and the other portion of cells left to grow for DNA.  

When the cells left for DNA changed the media color from red to yellow, the media was 

removed and lysis buffer (100 mM Tris pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl) with 

proteinase K (100 ug/mL) was added.  After incubating at 370 C for at least 12 hours, the lysis 

buffer was collected and DNA was extracted by PCIA extraction and ethanol precipitation.  ES 

cell DNA was resuspended in 100 uL of ddH20. 

For the transient cre transfection, a correctly targeted ES clone (Kflox IC 6D1) was thawed 

onto MC MEFs and the cells were electroporated under the same conditions previously described 

with pCAG cre plasmid89 (non-linearized).  Cells were grown and picked as described 

previously, except no G418 or FIAU was used in the media.  ES colonies were split onto three 24 

well plates; one for freezing, one for DNA and one for G418 treatment.  The day after splitting, 

the 24 well plates designated for G418 treatment were given media with G418 and continued to 

receive media with G418 for several days.  The identities of the colonies sensitive to G418 
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(because they lost the Neo cassette) were recorded and DNA from those colonies (from the DNA 

plate) was further analyzed. 

Analysis of ES Cell Clones 

The initial analysis of the ES clones was done by Southern blot. ES cell DNA was digested 

with the appropriate enzyme or enzymes (Spe I for screening the 3’ end and Hpa I and EcoRV 

for the 5’end screening), then loaded onto a 0.7% TAE agarose gel and run overnight at 35 V.  

The next day, the gel was photographed on a UV transilluminator, and the molecular weight 

marker was marked on the gel with a needle dipped in India ink.  The gel was then treated with 

an acid solution (0.2 N HCl) for 10 minutes, and then treated with alkali solution for 45 minutes 

and neutralizing solution for 90 minutes.  For the Southern blot, the gel was sandwiched between 

a Whatman paper wick (3M) with both ends in 10X sodium chloride- sodium citrate buffer 

(SSC) and a hybond-N+ membrane (GE Healthcare) on top.  Two layers of Whatman paper were 

layered on top, along with paper towels and a weight.  After overnight transfer of DNA onto the 

hybond membrane, the India ink locations were marked in pencil, and the hybond was rinsed in 

10X SSC.  The hybond membrane was then baked at 800 C for 2 hours.  The blot was put in 

Dextran prehybridization solution for 2 hours rotating at 650 C, then in Dextran hybridization 

solution with the appropriate radioactive probe rotating at 650 C overnight.  Radioactive probe 

was made using Prime-it II random primer labeling kit (Stratagene).  The DNA used for probes 

was isolated by restriction enzyme digest and gel purification (Qiagen) from plasmids 210 and 

207 originally from a phage library of fragments from BAC (Bacterial Artificial Chromosome) 

397F16 (Research Genetics).  The next day, the blot was washed using 1 high stringency wash 

(2X SSC, 0.1% sodium dodecyl sulfate (SDS)) for 15 minutes, then 1-2 low stringency washes 

(0.1X SSC, 0.1% SDS) for 15 minutes each.  The blots were wrapped in plastic wrap and 

exposed BioMax XAR film (Kodak) at -800C with intensifying screens. When necessary, the 
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blots were stripped using boiling 0.5% SDS.  Kflox IC 2B5, Kflox IC 6D1 and Kflox IC 9A5 

were all identified as properly targeted clones by this method (Figures 4-2 through 4-5) 

After transient cre transfection, screening was done on the G418 sensitive clones by PCR 

under standard conditions.  For finding colonies with the floxed (conditional) allele, primers 

were designed on each side of the 3’ lox p site, one in the IC region and one in the 3’ arm (Fig. 

4-6).  The primers are IC Recomb F1 5’-CTGGTGCTACGATAGCTGAG-3’ and 3’ Recomb R1 

5’-CACCATCACCAATAATAGGTC-3’.   The endogenous allele’s PCR product is 328 bp long 

while the floxed allele’s PCR product is 357 bp long.  A colony with the IC deletion allele would 

show only the endogenous band, as one of the primer sites is missing on the deleted allele.  For 

the IC deletion, the same primer in the 3’ arm was used, but paired with a primer in the 5’ arm 

(Fig. 4-7).  The primers used are 5’Recomb F1 5’-GTGGACATCAGTTGTAAATAGC-3’ and 

3’Recomb R1 (listed previously).  When an IC deletion is present, a 301 bp DNA fragment is 

amplified during PCR.  The endogenous band would be 6.3 kb long but it doesn’t show up 

during PCR, likely because it does not amplify as well. The floxed allele would also be large, 

and is also not amplified.  Out of 192 colonies picked after transient cre transfection of Kflox IC 

6D1, 13 were G418 resistant and of those colonies, one clone tested positive by PCR for the 

floxed allele and 5 tested positive by PCR for the deletion. The PCR products from the 2 

colonies selected for injection into blastocysts (Kflox IC 6D1 7B1, and Kflox IC 6D1 7C3) were 

sequenced by the CMG core and were found to contain the expected sequences.  The 5’ arms of 

Kflox IC 6D1 7B1, and Kflox IC 6D1 7C3 were also screened by Southern blot, and both 

contained the predicted bands (Fig.4-5).  The selected ES cells were injected into C57BL/6 

blastocysts and transplanted into pseudopregnant female mice by the UF Mouse Models Core. 

https://www.idtdna.com/OrderStatus/SpecSheet.aspx?OrderNum=4934413&MfgID=39852237&MfgLocID=1&ProdID=1213&position=0�
https://www.idtdna.com/OrderStatus/SpecSheet.aspx?OrderNum=4934413&MfgID=39851960&MfgLocID=1&ProdID=1213&position=1�
https://www.idtdna.com/OrderStatus/SpecSheet.aspx?OrderNum=4954884&MfgID=80094276&MfgLocID=1&ProdID=1213&position=0�
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Genotyping of offspring from the resultant chimeras was done with the same primers and 

PCR conditions as the genotyping of the ES cells.  The offspring of the PWS-IC deletion 

chimera were also checked for 129S1/Sv DNA by PCR using a strain specific PCR product 

length difference between 129S1/Sv and C57BL/6.  The length of the PCR product from 

129S1/Sv DNA is 165 bp and the length of the PCR product from C57BL/6 is 210 bp.  The 

primers used were D7Mit 178, 5’- ACCTCTGATTTCAGAACCCTTG -3’ and D7Mit178 2, 5’- 

TAGAGAGCCACTAGCATATCATAACC -3’.  Primer sequences were obtained from Mouse 

Genome Informatics (www.informatics.jax.org). Tail tissue was digested in lysis buffer with 

Proteinase K, PCIA extracted and EtOH precipitated to obtain DNA for genotyping. 

PWS-ICΔ6kb 

The deletion allele has been designated PWS-ICΔ6kb (from the ES clone, Kflox IC 6D1 

7B1).  Seven chimeric mice were made from this ES line, 5 males and 2 females.  They had high 

levels of ES cell contribution as estimated by coat color from about 80% to 99% (agouti fur from 

129S1/Sv ES cells, black fur from C57BL/6 blastocyst donor, see Fig.4-8).  Offspring of the 

chimera were sacrificed at postnatal day 1 and tested by PCR for transmission of the PWS-ICΔ6kb 

allele and for 129 S1/Sv transmission.  Over 60 pups were collected but none showed inheritance 

of 129 S1/Sv DNA or the deletion allele.  With such a high contribution of ES cells to the 

chimeric animals (and a high likelihood of germline contribution) this is an unexpected result.  

The possibility that the deletion leads to a spermatogenesis defect seems unlikely given that the 

PWS-ICΔ35kb deletion mice show no such defect.  The appearance of female chimeras was also 

unexpected because the ES cell line we used is male.  It is possible that early in the development 

of the female mice, the ES cells lost the Y chromosome leading to XO or XX female mice.  Both 

of these females were fertile, and gave birth to one litter each, but none of these pups inherited 

the PWS-ICΔ6kb allele or 129 S1/Sv DNA. 
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PWS-ICflox6kb 

The floxed allele has been named PWS-ICflox6kb (the ES clone’s designation was Kflox IC 

6D1 7C3). Four chimeric mice were created from this ES line, 3 males and 1 female, all with 

very high levels of ES cell contribution (98% or more by coat color).  One chimeric male had to 

be humanely euthanized because of a severely distended abdomen.  Germline transmission was 

achieved for this line from one chimera to a male who was then used to propagate the PWS-

ICflox6kb mouse line. 

CMV-cre transgenic mice (B6.C-Tg(CMV-cre)1Cgn/J stock number 006054 from the 

Jackson Laboratory) have widespread expression of cre recombinase from the human 

cytomegalovirus promoter in all tissues, including the germline90.  CMV-cre mice were crossed 

to the PWS-ICflox6kb mouse to create pups with a deletion of the PWS-IC.  Pups from these 

crosses were sacrificed at postnatal day 1 or monitored for phenotype.  P1 mouse brains from 

CMV-cre and PWS-ICflox6kb crosses (female listed first) were collected along with the tails for 

genotyping.  The pup brains were flash frozen in liquid nitrogen and stored at -800C.  As 

described previously, tail tissue was digested in lysis buffer with Proteinase K, PCIA extracted 

and EtOH precipitated to obtain DNA for genotyping.  The mice were genotyped by PCR for the 

PWS-ICflox6kb allele, CMV-cre transgene as well as for PWS-ICΔ6kb (a result of inheriting both 

the floxed allele and the CMV-cre transgene and carrying out recombination).  The PWS-ICflox6kb 

and the PWS-ICΔ6kb were genotyped from tail DNA using the same primers and conditions used 

in the analysis of the transiently cre transfected ES clones (see “Analysis of ES Cell Clones” 

subsection in this chapter).  The primers used for CMV-cre genotyping were BcreF, ‘5-

GAGTGATGAGGTTCGCAAGAAC-3’, and BcreR, ‘5-TCGCCATCTTCCAGCAGG-3’. 

https://www.idtdna.com/OrderStatus/SpecSheet.aspx?OrderNum=4750210&MfgID=37690622&MfgLocID=1&ProdID=1&position=0�
https://www.idtdna.com/OrderStatus/SpecSheet.aspx?OrderNum=4750210&MfgID=37699453&MfgLocID=1&ProdID=1&position=1�
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PWS-ICflox6kb Analysis by RT-PCR 

RNA was extracted from whole brains using RNA-Bee (TelTech, Inc.).  RNA was DNase 

treated, then reverse transcribed with SuperScript II reverse transcriptase (Invitrogen) using 

standard procedures.  PCR was performed on the resultant cDNA (and no reverse transcriptase 

controls) under standard conditions. RT PCR primers used were: N2.1 5’-

CCCCGAGTATTAAGGATCTTG-3’ and N6.2 5’-GCAACAGTGCCTCTTCCCTG-3’for 

Snrpn, NLG2F 5’-CAGTCCCCATCCTCACTAATACA-3’ and NLG2R 5’- 

TCTCCAGACAGTATTTTACCGATG-3’for Magel2, and Beta Actin 5’ 5’-

GTGGGCCGCTCTAGGCACCAA -3’ and Beta Actin 3’ 5’-

CTCTTTGATGTCACGCACGATTTC-3’for Beta Actin (as a control). 

PWS-ICflox6kb Analysis by Northern Blot 

As previously described, RNA was extracted from the brains using RNA-Bee (TelTech, 

Inc.).  Expression of several PWS genes was determined by Northern blot.   

For detecting expression of PWS genes other than the snoRNAs, 10 ug of RNA for each 

sample was run on a 1% agarose gel with formaldehyde.  The gel was run at 70 volts for 2.5 

hours.  The 18S and 28S ribosomal RNA bands were marked with a needle dipped in India ink.  

The gel was soaked in 20X SSC for 20 minutes, then sandwiched between a Whatman paper 

wick (3M) with both ends in 10X sodium chloride- sodium citrate buffer (SSC) and a hybond-

N+ membrane (GE Healthcare) on top.  Two layers of Whatman paper were layered on top, 

along with paper towels and a weight.  After overnight transfer of DNA onto the hybond 

membrane, the India ink locations were marked in pencil, and the hybond was rinsed in 2X SSC.  

The hybond membrane was then baked at 800 C for 2 hours.  The blot was put in 25 mL of 

Church and Gilbert hybridization buffer for 2 hours rotating at 650 C, then in 5 mL Church and 

Gilbert hybridization buffer with the appropriate radioactive probe rotating at 650 C overnight.  
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Radioactive probe was made using Prime-it II random primer labeling kit (Stratagene) and alpha 

32P dCTP (Perkin Elmer).  The DNA used to probe for Necdin was PCR amplified with the 

primers W43-Ndn 9F 5’-GTATCCCAAATCCACAGTGC-3’ and W44-Ndn 10R 5’-

CTTCCTGTGCCAGTTGAAGT-3’ (courtesy of Dr. Edwin Peery).  The DNA used to probe for 

Beta Actin was amplified using the same primers as used for the RT-PCR (see previous 

subsection).  After amplification, the PCR was run out on a 2% agarose gel, the gel bands were 

excised, and then purified using a QIAquick gel extraction kit (QIAgen).  After hybridizing 

overnight, the blot was washed using 1 high stringency wash (2X SSC, 0.1% sodium dodecyl 

sulfate (SDS)) for 15 minutes, then 1-2 low stringency washes (0.1X SSC, 0.1% SDS) for 15 

minutes each.  The blots were wrapped in plastic wrap and exposed BioMax XAR film (Kodak) 

at -800C with intensifying screens. The blots were stripped using boiling 0.1% SDS before 

hybridizing with other probes. 

To detect expression of the snoRNA MBII-85, Northern blots were also used, but a 

polyacrylamide gel instead of an agarose gel was used.  After the 8% denaturing polyacrylamide 

gel with 7M urea and 1X TBE polymerized, it was run at 250V for 30 minutes.  Next, heated 

samples of RNA (10 ug each) mixed with loading buffer were loaded onto the gel and the gel 

was run at 250V for an hour and a half.    The polyacrylamide gel was equilibrated in .5X TBE 

for 15-20 minutes at 40 C, then electroblotted onto a hybond-N+ membrane (GE Healthcare) for 

1 hour at 20 V.  The hybond- N+ membrane was baked at 800C overnight.  The blot was 

prehybridized and hybridized in Church and Gilbert hybridization buffer as described previously 

in this subsection.  The snoRNA Northern blots were washed, exposed to film, and stripped 

between probes as previously described in this subsection.  Probes were labeled using T4 DNA 

Kinase (Invitrogen) and gamma 32P ATP (Perkin Elmer).  The probes used were 5’- 
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TTCCGATGAGAGTGGCGGTACAGA-3’ for MBII-85 and 5’-

TCCTGCAATTCACATTAATTCTCGCAGCTAGC-3’ for 5.8S rRNA as a positive control. 

PWS-ICflox6kb Analysis of Postnatal Phenotype 

Transgenic CMV-cre females were crossed with PWS-ICflox6kb males and the pups were 

monitored for postnatal phenotype.  The pups were marked for identification at birth with tattoo 

marks on their paw pads and weighed daily.  The mice were genotyped for inheritance of the 

CMV-cre transgene, PWS-ICflox6kb allele, and the PWS-ICΔ6kb (from inheritance of the CMV-cre 

transgene and PWS-ICflox6kb allele) as previously described.  The weights of the pups at birth 

were compared as well as the survival rates for each genotype.    
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Figure 4-1.  ES cell targeting schematic.  The blue box with an arrow represents the Snrpn 

promoter and exon 1, and the blue box represents Snrpn exon 2.  The black 
arrowheads show the locations of the lox p sites.  The Neomycin resistance cassette is 
represented by the white box marked neo, and the white box marked TK represents 
the viral thymadine kinase cassette.  After homologous recombination within each of 
the targeting arms, the recombinant allele is created.  After transient transfection with 
a cre expressing plasmid, several alleles are created including the conditional floxed 
allele and the IC deletion allele. 
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Figure 4-2.  3’end screening for targeted cells.  This diagram shows the relative positions of the 
important enzyme cut sites and the location of probe hybridization for the endogenous 
and recombinant allele at the 3’ end.  The green box labeled 207 probe is the location 
just 3’ of the 3’ arm where the radioactive probe hybridizes.  The red vertical bars 
indicate where SpeI restriction enzyme cuts.  Note the SpeI site introduced by the neo 
cassette.  The endogenous band is 18.9 kb and the recombinant band is 12.6 kb in 
length. 
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Figure 4-3.  Southern blot of the 3’end of targeted ES cells.  Shown is a radiographic film of a 
Southern blot of SpeI digested ES DNA hybridized to 207 probe.  Kflox IC 2B5, 
Kflox IC 6D1 and Kflox IC 9A5 ES cell lines have a 12.6 kb band indicating correct 
targeting at the 3’ end.  The last lane contains control ES cell DNA showing the 
endogenous band at 18.9 kb. 
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Figure 4-4.  5’end screening for targeted cells.  This diagram shows the relative positions of the 

important enzyme cut sites and the location of probe hybridization for the endogenous 
and recombinant allele at the 5’ end.  The green box labeled 210 probe is the location 
just 5’ of the 5’ arm where the radioactive probe hybridizes.  The orange vertical bars 
indicate where EcoRV restriction enzyme cuts and the blue bars indicate where HpaI 
restriction enzyme cuts.  Note that the recombinant allele is missing a HpaI site that 
has been replaced by a loxp site.  The endogenous band is 7.2 kb and the recombinant 
band is 15.8 kb. 
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Figure 4-5.  Southern blot of the 5’end of targeted ES cells.  Shown is a radiographic film of a 
Southern blot of HpaI/EcoRV digested ES DNA hybridized to 210 probe.  Kflox IC 
2B5, Kflox IC 6D1 and Kflox IC 9A5 ES cell lines have a 15.8 kb band indicating 
correct targeting at the 5’ end.  Kflox IC 6D1 7B1 shows a 7.9 kb band consistent 
with a PWS-IC deletion and Kflox IC 6D1 7C3 shows a 14 kb band consistent with a 
floxed PWS-IC.  The last lane contains control ES cell DNA showing the endogenous 
band at 7.2 kb. 
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Figure 4-6.  ES Cell PCR screening for the conditional allele.  The blue box with an arrow 
represents the Snrpn promoter and exon 1, the blue box represents Snrpn exon 2 and 
the pink arrows signifiy the primer locations.  The black arrowheads show the 
locations of the lox p sites.  The expected band sizes are 323 bp for the endogenous 
allele, 2.1 kb for the recombinant allele, and 357 bp for the conditional allele.  No 
DNA amplification is expected on the deletion allele. 
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Figure 4-7.  ES Cell screening for the deletion allele.  The blue box with an arrow represents the 
Snrpn promoter and exon 1, the blue box represents Snrpn exon 2 and the pink arrows 
signify the primer locations.  The black arrowheads show the locations of the lox p 
sites.  The predicted band sizes are 6.3 kb for the endogenous allele, 8 kb for the 
recombinant allele, 8 kb for the conditional allele (all not expected to amplify due to 
length) and 301 bp for the deletion allele. 
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Figure 4-8.  Identification of ES cell contribution by coat color.  Shown from left to right are a 
wild type C57BL/6 male, a PWS-ICΔ6kb chimeric female, and a PWS-ICΔ6kb chimeric 
male.  The blastocyst donor for the chimeras was C57BL/6, while the ES cell line 
used was derived from 129 S1/Sv.  Contribution by 129 S1/Sv is visually identifiable 
by the agouti (brown) coat color.  Black coat color indicates contribution to the 
animal from C57BL/6.    
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CHAPTER 5 
MOUSE MODELS RESULTS 

Due to the inability to obtain transmission of the PWS-ICΔ6kb allele from the chimeras, it 

became necessary to create the deletion in another way.  Analysis of the deletion is necessary in 

order to determine whether the entire PWS-IC is contained within the 6 kb of sequence selected 

for study.  By breeding the PWS-ICflox6kb mouse line to a CMV-cre transgenic mouse line, we 

were able to obtain widespread deletion of the 6 kb of floxed sequence.  By RT-PCR, it is clear 

that pups that inherited the CMV-cre transgene maternally and the PWS-ICflox6kb allele paternally 

(referred to from here on as CMV-cre tg/-, PWS-ICflox6kb +/flox pups) are missing expression 

from the normally paternally expressed PWS genes Snrpn and Magel2 while expression of a 

control gene, Beta Actin, is unaffected.  Pups inheriting only the CMV-cre transgene or only the 

PWS-ICflox6kb allele have similar levels of expression to the wild type control pups who inherited 

neither (Fig. 5-1).  

Expression of the normally paternally expressed genes Necdin and MBII-85 was analyzed 

by Northern Blot (Fig. 5-1).  Although the wild type pups and pups with either the CMV-cre 

transgene or the PWS-ICflox6kb allele (but not both) express Necdin and MBII-85, the CMV-cre 

tg/-, PWS-ICflox6kb +/flox pups do not.  This strongly suggests a complete imprinting defect, as 

previous mouse models with a partial imprinting center deletion showed expression of Necdin. 

The CMV-cre tg/-, PWS-ICflox6kb +/flox pups exhibit a failure to thrive phenotype similar 

to the phenotype observed for the 35 kb deletion model.  These pups are small compared to wild 

type, whereas there is no observable physical phenotype difference between wild type and pups 

inheriting only the CMV-cre transgene or only the PWS-ICflox6kb allele (Fig. 5-2).  The CMV-cre 

tg/-, PWS-ICflox6kb +/flox pups generally weighed less than the other genotypes at birth.  The 

median weight for CMV-cre tg/-, PWS-ICflox6kb +/flox pups is 1.2 grams at birth while the 
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median weight of their littermates with other genotypes is 1.4 grams at birth (Fig 5-3).  CMV-cre 

tg/-, PWS-ICflox6kb +/flox pups are weak, with little to no milk observable in their bellies, and 

have a reduced survival rate (Fig. 5-4).  We observed that on P1 (postnatal day 1), 1/3 of the 

CMV-cre tg/-, PWS-ICflox6kb +/flox pups were dead, 2/3 were dead by P2 and by P3 there were 

no surviving CMV-cre tg/-, PWS-ICflox6kb +/flox pups.  The two CMV-cre tg/-, PWS-ICflox6kb 

+/flox pups that survived to P2 did not gain weight as the other pups did.  While the other pups 

gained 1/10th to 1/2 of a gram in weight between P1 and P2, one of the CMV-cre tg/-, PWS-

ICflox6kb +/flox pups stayed the same weight while the other lost 1/10th of a gram. 

The PWS-ICflox6kb allele has narrowed the known limits of the PWS-IC in mouse from 35 

kb to 6 kb.  Using a CMV-cre transgene in combination the PWS-ICflox6kb allele, we were able to 

create mice with a widespread deletion of the PWS-IC.  Mice inheriting this deletion paternally 

show a lack expression of the normally paternally expressed genes from the region, show 

postnatal failure to thrive with low birth weight, and reduced viability.  The PWS-ICflox6kb allele 

encompasses the PWS-IC and opens new possibilities for research into the PWS-IC’s function. 
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Figure 5-1.  Expression of normally paternally expressed genes is missing in the brains of CMV-
cre tg/-, PWS-ICflox6kb +/flox pups.  The genotypes of the pups represented in each 
lane are shown at the top.  The first three lanes show control pups that are wild type, 
inherited only the CMV cre transgene or only the PWS-ICflox6kb flox allele.  The last 
three lanes show three pups that inherited both the CMV cre transgene and the PWS-
ICflox6kb flox allele.  For each gene examined by RT-PCR, the reverse transcriptase (+) 
and the no reverse transcriptase control (-) are shown. 
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Figure 5-2.  CMV-cre tg/-, PWS-ICflox6kb +/flox pups are distinguishable from wild type.  The 

CMV-cre tg/-, PWS-ICflox6kb +/flox pup (shown at top) is noticeably smaller and 
weaker than its wild type littermate.  At postnatal day 2, this CMV-cre tg/-, PWS-
ICflox6kb +/flox pup was only 2/3 the weight of its wild type littermate (1.2 grams and 
1.8 grams respectively). 
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Figure 5-3.  CMVcre tg/-, PWS-ICflox6kb +/flox pups typically weigh less at birth than their 
littermates.  The birth weights of pups inheriting only the CMV cre transgene, only 
the PWS-ICflox6kb flox allele or neither have been combined into the other genotypes 
category (shown in red).  The birth weights of the CMVcre tg/-, PWS-ICflox6kb +/flox 
pups (shown in blue) are usually lower than the other genotypes. 
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Figure 5-4.  Reduced survival of CMVcre tg/-, PWS-ICflox6kb +/flox pups compared to 
littermates.  The survival rates of pups inheriting only the CMV cre transgene, only 
the PWS-ICflox6kb flox allele or neither have been combined into the other genotypes 
category (shown in red).  CMVcre tg/-, PWS-ICflox6kb +/flox pups (survival rate 
shown in blue) have reduced viability with only 2/3 of pups living on P1, 1/3 living 
on P2, and all dead by P3.  
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CHAPTER 6 
DISCUSSION AND CONCLUSIONS 

The Imprinting Status of Atp10a 

By comparing allelic expression of Atp10a, we have found that Atp10a is not imprinted in 

every region of the brain examined.  Atp10a allelic expression is also insensitive to either a 

mutation of the PWS-IC or a deletion of the PWS-IC.  This is somewhat surprising, given that 

mice with a maternal deletion including Atp10a show a phenotype while those inheriting the 

same deletion paternally do not.  One possibility that could explain this difference and the 

discrepancies seen in previous allelic studies of Atp10a imprinting in the brain is strain specific 

differences.  It is known that the imprinting status of the same gene can be different in different 

strains of mice91.  The mouse strains used in each study are different although the research done 

by Kashiwagi et al. and Kayashima et al. both used crosses with C57BL/680,81.  In an attempt to 

rule out strain specific differences as a cause of the conflicting results, Kayashima et al. did an 

imprinting study with the same conditions as Kashiwagi et al. who had previously shown 

maternal expression of Atp10a in olfactory bulb and hippocampus.  Despite using the same 

strains of mice, the same ages of mice and the same polymorphism for analysis as Kashiwagi et 

al. (all differences between the studies), Kayashima et al. found equal biallelic expression of 

Atp10a in frontal cortex, olfactory bulb, and hippocampus82.  With this information, strain 

specific imprinting seems an unlikely answer as to why the studies disagree.  Still, although our 

study shows that Atp10a is not imprinted in C57BL/6 and B6.CAST.c7 mice, it cannot be ruled 

out that Atp10a could be imprinted in other inbred strains. 

It is possible that Atp10a is not imprinted in mouse, but is imprinted in humans. Imprinting 

differences have been observed between the two species, although it is important to note that the 

imprinting status of ATP10A is not completely clear in humans either.  Despite evidence from 
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several sources supporting predominantly maternal expression of ATP10A, Hogart et al. 

observed variation in human monoallelic expression of ATP10A influenced by gender and a 

genetic variant.  Even more curious is their discovery of a patient with PWS due to uniparental 

disomy that exhibited monoallelic expression of ATP10A indicating monoallelic expression of 

the gene can be separate from imprinting.   

The PWS-ICflox6kb Mouse 

The PWS-ICflox6kb mouse will be extremely useful to the future of PWS research.  Aside 

from redefining the borders of the murine PWS-IC, there are several questions that the PWS-

ICflox6kb mouse will be essential to answering such as when the imprint is set and where PWS 

gene expression is most critical. The PWS-ICflox6kb mouse may even be the key to a new PWS 

model that more closely resembles the disease phenotype in humans. 

It is possible that the imprint set by the PWS-IC becomes locked in on the paternal 

chromosome and the PWS-IC is not required for maintenance of the imprint.  There is very little 

information available on that topic aside from one report of a man who is a mosaic for a PWS-IC 

deletion on his paternal chromosome.  Data from this individual indicates that the PWS-IC is 

required for postzygotic maintenance of the paternal imprint92.  Whether the PWS-IC is 

necessary throughout life to maintain the paternal imprint or is only necessary to protect the 

paternal allele during the global de- and remethylation cycle in the early embryo is unknown.  It 

is possible to use the PWS-ICflox6kb mouse in conjunction with an inducible cre transgenic mouse 

to ask if the role of the PWS-IC stops after the initial setting of the imprint, or is necessary for 

mitotic maintenance of imprinted gene expression. 

The ability to delete the PWS-IC only in certain tissues while sparing others using a 

tissue specific cre opens up several possibilities.  There has been a focus on the hypothalamus in 

PWS research because many PWS features including hypogonadism and reduced satiety are due 
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to hypothalamic insufficiency93.  It is possible cross PWS-ICflox6kb mice to transgenic mice that 

express cre in the hypothalamus, another part of the brain, or any other tissue of interest to 

explore the role of the PWS genes specifically in that tissue. 

Although the post natal failure to thrive, the loss of PWS gene expression and the 

methlylation changes at CpG islands observed in the current 35 kb PWS-IC deletion mice are 

very similar to observations in PWS patients, the mice never develop hyperphagia or obesity.  It 

will be interesting to see whether a late onset deletion of the PWS-IC in mouse is able to 

abrogate the early postnatal failure to thrive, perhaps leading to a phenotype more similar to the 

human disease.  If the deletion of the PWS-IC late in development does indeed lead to a failure 

to maintain the paternal imprint and a loss of expression of paternally expressed genes, it should 

be possible to bypass the early failure to thrive phenotype by crossing the PWS-ICflox6kb mouse to 

a late expressing cre mouse.  A mouse model with obesity and hyperphagia would be an 

enormously valuable resource to PWS research, particularly since obesity is the prime cause of 

morbidity and mortality in PWS patients93.  

These are just a few examples of the research that is possible with the PWS-ICflox6kb 

mouse and an appropriate transgenic cre mouse.  The PWS-ICflox6kb mouse will hopefully lead to 

new and exciting discoveries about PWS and imprinting, and ultimately aid in the understanding 

and treatment of PWS and other imprinting disorders.
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