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The Prader-Willi and Angelman syndromes (PWS-AS) associated region includes a 

cluster of imprinted genes that are coordinately regulated by an imprinting center (IC) 

spanning the 5’region of the SNURF-SNRPN gene.  The IC has a bipartite structure 

where the PWS-IC is postulated to create an active domain on the paternal allele, while 

the AS-IC is believed to silence the maternal allele.  Also, alternative upstream SNURF-

SNRPN promoters have been implicated in the AS-IC function.  This project focused on 

identifying and characterizing cis-acting elements within the IC that may mediate IC 

function and/or SNURF-SNRPN promoter activity.  The PWS-IC contains major nuclease 

hypersensitive sites (NHS1 and NSH2) associated with the SNURF-SNRPN promoter 

region and the 1st intron (adjacent to the IC), both specific to the paternal allele.  In vivo 

footprint analysis of the promoter region has identified multiple factor binding sites, 4 

specific to the paternal allele and 1 specific to the maternal allele, some of which affected 

promoter function in transient expression assays.  Transient expression assays also helped 

ix 



to define other promoter elements in the SNURF-SNRPN 5’region and to identify a novel 

position-dependent and orientation-independent activator associated with NHS2.  This 

element(s) preferentially activates the SNURF-SNRPN main and upstream promoters 

relative to the UBE3A and MKRN3 promoters.  It appears to be a complex regulatory unit 

from which a subregion was mapped that sustains high levels of SNURF-SNRPN 

promoter activity.  This subregion was also identified by sequence comparison of the 

intronic activator with the homologous region in mouse and contains several highly 

conserved sites including potential binding sites for SP1, NRF1 and YY1.  In vivo and in 

vitro studies showed binding of YY1 to the intronic activator and its involvement in the 

activator function.  Furthermore, recruitment of the non-processive form of RNA 

polymerase II to the activator was shown suggesting a possible role for the activator in 

the IC function by recruiting pol II and transferring it to the SNURF-SNRPN upstream 

promoters in the female germline and to the main promoter in the male germline/paternal 

allele.  This transfer may be mediated by NRF-1 that was shown to bind in vivo to both 

the SNURF-SNRPN promoter and NHS2.  Additionally YY1 may target the paternal 

allele to the nuclear matrix, which would account for the nuclear localization and early 

replication of that allele. 

 

 

x 



CHAPTER 1 
INTRODUCTION 

Genomic imprinting is an epigenetic process through which certain genes acquire 

different expression patterns depending on the parental origin of the allele.  This thesis 

project is aimed at uncovering some of the molecular mechanisms that underlie this 

process.    

Epigenetics 

Epigenetic is a general term to describe all the modifications of the chromatin and 

DNA that form part of the transcriptional memory of a cell, i.e., the epigenetic 

information complements the genetic information to determine what genes are 

transcribed and at what level (Wu and Morris, 2001) and reviewed in (Jaenisch and Bird, 

2003).  Epigenetic modifications can be stably transmitted through cell mitosis and 

meiosis.  However, epigenetic processes are also dynamic and during development and 

cell differentiation, epigenetic changes direct the necessary adjustments in gene 

transcription that are then maintained in the terminal state of the cell.  Aberrant changes 

in cellular epigenetics can lead to phenomena like aging (Bandyopadhyay and Medrano, 

2003) or cancer (reviewed in (Momparler, 2003)).   

Epigenetics also play a crucial role in genomic imprinting, in which paternally- and 

maternally-inherited alleles in the same nuclear environment and sharing essentially the 

same DNA sequence are present in two different transcriptional states.  Each allele 

exhibits a parent-of-origin-specific set of epigenetic modifications or paternal/maternal 
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epigenotype, that result in the active expression of one allele and the silencing of the 

other.      

Genomic Imprinting: The Beginnings 

The discovery of genomic imprinting marked the beginning of the era of post-

Mendelian genetics.  Plants (Kermicle and Alleman, 1990), insects (Crouse, 1960) and 

mammals (Surani et al., 1984) are all subjected to this process in some way or another 

however, the scope of this dissertation is limited to its occurrence in eutherian mammals.  

Genomic imprinting was first described in 1984 by two independent groups 

(McGrath and Solter, 1984) and (Surani et al., 1984) by means of pronuclear 

transplantation studies.  Their studies analyzed one-cell-stage mouse embryos with two 

female pronuclei (parthenogenotes), two male pronuclei (androgenotes) or a biparental 

pronucleous.  They observed that only the embryos with both parental genomic 

contributions, but not parthenogenotes or androgenotes, would complete normal 

embryogenesis, which demonstrated the functional non-equivalence of maternal and 

paternal genomes in mammals.  It was then hypothesized that some genes were expressed 

exclusively from one parental genome and that if that parental genome was not present in 

the embryo, those genes would not be expressed and the embryo would not develop 

appropriately.   

Mice with uniparental disomies (UPD; inheritance of both copies of a chromosome 

or a chromosomal region from one parent only) for a specific chromosome or 

subchromosomal region permitted the identification and localization of chromosomal 

regions subjected to genomic imprinting (Cattanach and Kirk, 1985), (Searle and 

Beechey, 1985), (Searle and Beechey, 1990).  The first imprinted gene to be identified 

was a transgene in mouse, RsvIgmyc, that fortuitously showed paternal-specific 
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expression1 (Chaillet et al., 1995).  Mutations in the murine insulin-like growth factor 2 

Igf2, which resulted in a dwarfing phenotype only when paternally inherited, led to the 

discovery of the first endogenous imprinted gene (DeChiara et al., 1991).  Over 80 

imprinted genes have been identified to date; however, the final number is likely to be 

higher (visit www.geneimprint.com for updated information).  Several approaches have 

been used to identify imprinted genes including screening of cDNA libraries from 

parthenogenic and androgenic embryos (Mann et al., 1995), genome-wide search for 

differentially methylated regions which are a landmark of imprinted genes (Strichman-

Almashanu et al., 2002) (see below) and analysis of genes in a chromosomal region 

associated with an imprinted phenotype (Ozcelik et al., 1992). 

Evolutionary Origin of Genomic Imprinting 

Genomic imprinting entails a genetic paradox since it implies the loss of the 

advantage of diploidy.  Having multiple alleles protects organisms against the effects of 

deleterious recessive mutations, which raises the question of why monoallelic expression 

has developed in the evolution of eutherian mammals.  There are three major schools of 

thought to answer that question (Wilkins and Haig, 2003): 

The enhanced adaptability model (Beaudet and Jiang, 2002).  This model is based 

on a) the advantage conferred by the functional haploicy in genomic imprinting; masking 

of one allele from natural selection in each generation allows for the accumulation of 

more complex mutations and reduces the pressure of selection in changing environments 

and b) the development of mechanisms to adjust the rates of gene expression by many 

                                                 
1 Maternal expression: expression of a given gene from the maternally-inherited allele 
Paternal expression: expression of a given gene from the paternally-inherited allele 
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imprinted genes.  This allows for a rapid and reversible adaptability to fluctuating 

conditions and thus a selective advantage. 

The ovarian time bomb model (Varmuza and Mann, 1994).  Ovarian teratomas 

originate from oocytes that spontaneously activate and initiate development.  These 

teratomas are relatively benign but they can differentiate into invasive trophoblast 

disease.  This model proposes that imprinting arose as a way to protect females from this 

process, since the genes involved in trophoblast development are silent in the oocyte.     

The conflict model.  It was initially proposed as a conflict between maternal and 

paternal interests in respect to the genes that affect the resources that the offspring 

acquire from the mother.  However, this model has developed further to take into account 

all the advantages and disadvantages (not merely growth and resources) that the rate of 

expression of a given imprinted gene represents for each individual of the same kin, 

parents, parents to be, siblings and so forth (Wilkins and Haig, 2003).   

Genomic Imprinting in Development 

The parent-of-origin identity of the imprinted loci is established during germline 

development and entails a collection of epigenetic marks or imprints that ultimately result 

in differential patterns of gene expression from the paternally- and maternally-inherited 

alleles (Tremblay et al., 1995) (Stoger et al., 1993) (Shemer et al., 1997).  During 

fertilization, the zygote acquires a set of chromosomes from the mother (oocyte) in which 

imprinted loci have a maternal epigenotype, and a set of chromosomes from the father 

(sperm) in which imprinted loci have a paternal epigenotype.  The identity or epigenotype 

of these imprinted alleles is retained during somatic development in a process called 

somatic maintenance.  During gametogenesis, however, the marks that confer that 

identity are erased and replaced by a new set of marks so that all the alleles have a 
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maternal epigenotype in the female germline and a paternal epigenotype in the male 

germline.  This process is referred to as the imprint switch. 

The nature of the imprinting mark, its somatic maintenance and switch in the 

germline are not completely characterized.  However, evidence indicates that several 

epigenetic modifications may be involved.  These modifications include chromatin 

structure and modification of core histone amino-terminal tails (Pedone et al., 1999), 

DNA methylation (Reik et al., 1987), DNA/factor interactions (Szabo et al., 2000), 

replication timing (Kitsberg et al., 1993) and nuclear localization (Kagotani et al., 2002).   

Imprinted genes are often grouped in clusters in the genome.  This chromosomal 

organization suggests that imprinted genes are not regulated individually but as a 

chromosomal imprinted domain.  Most imprinted domains include small regions that 

direct and coordinate the imprinting process across the entire gene cluster (reviewed in 

(Verona et al., 2003)).  The small regions or imprinting control centers include elements 

that may act in cis to regulate imprinted gene expression.  Well-characterized examples 

of imprinted gene clusters or domains are the H19/IGF2 locus and the Prader-Willi 

syndrome and Angelman syndrome associated region which is the main focus of this 

dissertation.   

H19 and IGF2: A Well Characterized Imprinted Domain 

H19 and IGF2 (insulin-like growth factor 2) are two oppositely imprinted genes in 

human chromosome 11 p11.5 and are linked to the Beckwith-Wiedemann syndrome 

(BWS[MIM 130650]) (Henry et al., 1991).  Analyses of a syntenic region in mouse 

chromosome 7 have led to an enhancer competition model to explain the regulation of 

this imprinted domain.  h19 and Igf2 are 90 kb apart and share a group of enhancers 

upstream from the h19 gene.  Expression of h19 and Igf2 specifically from the 
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maternally- and paternally-inherited alleles, respectively, is dependent upon a 2.2 kb 

intervening imprinting control region (ICR) that has differential DNA methylation 

(Thorvaldsen et al., 1998).  On the maternally-inherited unmethylated allele, CTCF is 

associated with the ICR and functions as an insulator or boundary element, blocking the 

effect of the h19 enhancers on the Igf2 promoter.  Conversely, DNA methylation of the 

ICR inhibits CTCF binding to the paternally-inherited allele so that the Igf2 promoter can 

be activated by the h19 enhancers and expressed (Hark et al., 2000), (Szabo et al., 2000).  

Additionally, h19 expression on the paternally-inherited allele is blocked by DNA 

methylation at the promoter region.  Furthermore, apart from acting as a insulator, CTCF 

is also involved in maintaining the unmethylated state of the maternal chromosome 

during embryo development (Schoenherr et al., 2003). 

Prader-Willi Syndrome and Angelman Syndrome 

Prader-Willi syndrome (PWS [MIM 176270]) and Angelman syndrome (AS [MIM 

105830]) are two distinct neurobehavioral disorders with an incidence of 1 in every 

10,000 to 15,000 births each.  Both disorders are linked to the same imprinted domain in 

chromosome 15 q11 to q13, which includes several genes expressed exclusively from the 

paternally-inherited allele and at least two genes expressed exclusively from the 

maternally-inherited allele.  PWS arises from defects on the paternally-inherited allele 

that cause the loss of expression of the first group of genes.  Patients are characterized by 

neonatal hypotonia with failure to thrive, hypergonadism, hyperphagia and obesity, short 

stature and small hands and feet, craniofacial dysmorphism, mild mental retardation with 

learning disabilities and obsessive compulsive disorder.  AS arises from defects on the 

maternally-inherited allele that cause the loss of expression/function of maternally- 
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Figure 1-1:  Molecular mechanisms leading to Prader-Willi syndrome and Angelman 

syndrome.  Horizontal lines labeled P and M represent the paternally- and the 
maternally-inherited alleles of chromosome 15 respectively.  Blue and red 
indicate paternal and maternal epigenotype respectively.  Grey lines represent 
other chromosomal regions involved in translocations.  Five mechanisms that 
result in PWS and AS are described, as well as the frequency of occurrence 
among patients (Nicholls et al., 1998). 

expressed genes.  Patients are characterized by ataxia and tremors, lack of speech, severe 

mental retardation, inappropriate laughter and in most cases microcephalus, seizures and 

abnormal electroencephalograms (Cassidy et al., 2000). 

There are several genetic mechanisms leading to the loss of gene expression/ 

function deficiency that results in PWS and AS as depicted in Figure 1-1.  The most 

common one, which occurs with an incidence of 70 %, is a 4 to 4.5 Mb deletion that 

includes the entire imprinted domain.  The origin of the deletion is always paternal in 

PWS patients and maternal in AS patients.  Uniparental disomy (UPD) constitutes 25-

28% of the PWS cases (maternal-UPD) although paternal-UPD is rare amongst AS 

patients (2-5%).  No individual gene mutations have been described in PWS which is 
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considered to be a contiguous gene syndrome, while 10-15 % of AS patients carry a 

mutation in the maternally expressed UBE3A gene (Kishino et al., 1997).  About 5 % of 

PWS and AS patients have imprinting defects in which the imprinted domain on the 

paternally- and maternally-inherited chromosome 15 q11-q13, respectively, show the 

reverse epigenotype and patterns of gene expression.  Half of these patients have no 

detectable mutation or deletion and their imprinting defect has been postulated to 

originate as a stochastic failure to reset the imprints during gametogenesis and/or to 

maintain them through embryogenesis (Buiting et al., 1998).  The other half of the 

patients have imprinting mutations that in most cases consist of microdeletions on the 5’ 

region of the SNURF-SNRPN gene (Buiting et al., 1995).  These microdeletions have 

been the key to define the existence of an imprinting center (IC) that regulates imprinted 

gene expression across the entire domain.  Less frequent are balanced translocations 

within the imprinted domain (<1%) that can disrupt the structure of some of the genes in 

the cluster or can disrupt the function of the IC itself.  

Chromosome 15 q11-13 imprinted gene domain 

The PWS-AS associated region is located on chromosome 15 q11-q13.  Figure 1-2 

shows a map of the region that includes at least six paternally-expressed genes and two 

maternally-expressed genes.  Four of the genes MKRN3, NDN, MAGEL2 and C150RF2 

are intronless genes, which suggests a common derivation by retrotransposition.  In 

addition, there are several paternally-expressed antisense transcripts to some of the genes 

(MKRN3 antisense or MKRN3-AS and UBE3A-AS) which, in this and other imprinted 

systems as well, have been proposed to play a role in the regulation of their respective 

sense genes.  The paternal MKRN3 gene (formerly ZNF 127) codes for a polypeptide  
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Figure 1-2:  Schematic representation of the AS-PWS associated locus in human 
chromosome 15 q11-q13.  Blue ovals represent genes expressed from the 
paternally-inherited allele and pink ovals represent genes expressed from the 
maternally-inherited allele.  The arrows indicate the direction of transcription.  
The position of the imprinting center or IC is designated with a yellow box.   
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characterized by a RING zinc-finger and several additional C3H (Cys 3 His) zinc fingers.  

Its function is not known however, knockout studies of the imprinted mouse homologue, 

Mkrn3, showed that animals lacking this gene were viable, fertile and non-obese (Glenn 

et al., 1993), (Jong et al., 1999).  However, neurobehavioral phenotypes are often difficult 

to assess in the mouse.  The testis-specific gene, C150RF2, is not a classical imprinted 

gene, since it is expressed biallelically in the male germline.  However, all the alleles in 

the male germline have a paternal epigenotype once the imprint switch has occurred.  

Therefore, if expression of C150RF2 starts after the imprint switch has occurred, the gene 

would be imprinted and expressed exclusively from the paternally-inherited allele (Farber 

et al., 2000).  The paternally-expressed NDN and MAGEL2 are members of the MAGE 

family of genes.  NDN is a neuronal growth suppressor that can repress transcription by 

interaction with transcription factors (Nakada et al., 1998) and is essential in neuron 

development (Takazaki et al., 2002).  The function of MAGEL2 has not yet been 

determined (Lee et al., 2000).  Several Ndn knockout models have been constructed in 

the mouse however, the observed phenotypes varied depending on the background strain 
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used.  In two studies deleting Ndn resulted in a certain degree of postnatal lethality 

(Muscatelli et al., 2000) (Gerard et al., 1999); the surviving mice were fertile and showed 

some of the hypothalamic and behavioral characteristic of PWS patients (Muscatelli et 

al., 2000).  Conversely, a third study reported no apparent phenotype (Tsai et al., 1999a).      

SNURF-SNRPN (SNRPN upstream reading frame-small nuclear ribonucleoprotein 

N) is a bicistronic gene expressed mainly in the brain.  SNURF-SNRPN exons 1 through 3 

code for SNURF, a polypeptide of unknown function, and exons 4 through 10 code for 

SmN, a core spliceosome factor that binds small nuclear RNA (snRNA) and is involved 

in mRNA splicing (Gray et al., 1999).  The 5’ flanking region of SNURF-SNRPN is 

located within the IC and is likely to play a role in the regulation of the entire imprinted 

domain (see below).  In addition to the main transcription start site at exon 1, SNURF-

SNRPN has two alternative upstream transcription start sites and several upstream non-

coding exons.  These exons are spliced in many alternative patterns, creating a complex 

network of upstream transcripts observed only in the brain.  Presumably, the upstream 

exons originated by duplication of the SNURF-SNRPN promoter/exon 1 region and, like 

SNURF-SNRPN, are expressed from the paternally-inherited allele.  Nevertheless, these 

upstream transcripts or IC transcripts are associated with the part of the IC that regulates 

the maternal epigenotype (see below AS-SRO).  Moreover, Dittrich et al. (Dittrich et al., 

1996) have speculated that the upstream promoters are silent in the male germline and 

only expressed in the female germline, where they might assist in establishing the 

transcriptionally silent state.  More recently, alternative upstream transcripts have been 

found in the mouse Snurf-Snrpn locus (Bressler et al., 2001).  Furthermore, Otha et al. 

(Otha et al., manuscript in preparation) have confirmed that those mouse transcripts are 
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expressed in the oocyte and silenced in spermatogenesis, and, during early embryo 

development, they are expressed from the maternally-inherited chromosome and silenced 

from the paternally-inherited chromosome.    

SNURF-SNRPN is also the start site for a long transcript that extends hundreds of 

kilobases downstream.  This transcript accounts for the expression of the non-coding 

UBE3A-AS, IPW and several families of C/D box snoRNAs (small nucleolar RNAs) 

which result from splicing of the large primary transcript.  C/D box snoRNAs are known 

to methylate the 3’-hydroxyl group of the ribose in ribosomal RNA and other small 

nuclear RNAs involved in splicing.  These sno RNAs are characterized by two short 

conserved sequence motifs, box C and box D, located a few nucleotides away from the 5' 

and 3' ends respectively.  Additionally they include a 10-20 nucleotides region that is 

complementary to the RNA target for the O-methylation (Smith and Steitz, 1997).  

Imbedded between the 148 SNURF-SNRPN exons identified to date are two large clusters 

of tandemly repeated snoRNA genes HBII-52 and HBII-85, three single-copy snoRNA 

genes, HBII-436/13/437, and two copies of HBII-438 snoRNA gene that are 240 kb apart 

(Runte et al., 2001b).  Study of PWS patients that carry translocations with breakpoints 

within the SNURF-SNRPN locus has shown that lack of expression through the region 

containing the HBII-85 cluster of snoRNAs and one of the copies of HBII-438 snoRNA is 

responsible for most of the features observed in the phenotype associated with PWS 

patients.  Since neither of these snoRNA has complementarity to any ribosomal RNA or 

small nuclear RNA, it has been proposed that they might target messenger RNAs. 

In addition to the paternally-expressed genes described above, there are two genes 

expressed from the maternally-inherited allele.  UBE3A codes for the ubiquitin-protein 
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ligase UBE3A/E6-AP, and ATP10C encodes a putative aminophospholipid translocase 

(Herzing et al., 2001; Meguro et al., 2001a).  These genes, UBE3A and ATP10C, are 

located in the telomeric end of the cluster and are transcribed in opposite orientation to 

SNURF-SNRPN.  However, imprinted monoallelic expression of these genes is limited to 

the brain and, at least for UBE3A, likely linked to expression of UBE3A-AS.  UBE3A-AS 

constitutes the known 3’ end of the paternally-expressed long transcript that originates at 

SNURF-SNRPN and is expressed exclusively in the brain.  It is widely accepted that 

transcription of UBE3A-AS silences expression of the sense gene on the paternal allele, 

although the mechanism of that repression remains elusive (Chamberlain and Brannan, 

2001).  Accordingly, UBE3A is expressed from both alleles in tissues where UBE3A-AS 

is silent.  Additionally, UBE3A includes a 5’ CpG island, but no differential DNA 

methylation between expressing and silent alleles has been found.  This suggests that the 

silencing of this gene on the paternally-inherited allele in the brain is not mediated by 

DNA methylation.  On the other hand, not much is known about the imprinting regulation 

of ATP10C, since there is no evidence for an antisense transcript to ATP10C or for a 

DMR.  (Kashiwagi et al., 2003)   

The SNURF-SNRPN Promoter: Published Data  

The SNURF-SNRPN 5’ flanking sequence has been shown to act as a promoter 

(Huq et al., 1997).  This region lacks a TATA element as well as a classic initiator, but it 

does contain several CG boxes representing potential SP1 binding sites, which is 

characteristic of TATA-less promoters.  Additionally, it includes a number of direct and 

inverted repeats that are very frequent within imprinted genes (Neumann et al., 1995).   

The transcriptional activity of the SNURF-SNRPN promoter has been examined by 

transient expression analysis by several groups (Green Finberg et al., 2003), (Hershko et 
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al., 2001), (Huq et al., 1997).  Table 2-1 summarizes the main findings from those 

studies.  It is important to note that the promoter was examined in the presence of a 

exogenous (simian virus 40 (SV40)) enhancer.   

Table 1-1:  Summary of published data on SNURF-SNRPN promoter by transient 
transfection assays* 

Researcher Position SV40 EnhMe-DNAMut -57/51 Activity 
-207 to +53 Yes - - Yes 
+4 to +53 Yes - - ½ 

Huq et al. 
Genome Res., 

1997 -207 to +53 Yes Yes - No 
-216 to +201 No - - No 
-216 to  +201 Yes - - No 

Hershko et al. 
Genes to Cells, 

2001 -216 to +53 Yes - - Low 
-71 to +51/59 Yes - - Yes 

-71 to +51 Yes - Yes No 
-71 to +12 Yes - - No 

Finberg et al. 
Gene, 2002 

-71 to +78 Yes - - No 
*Positions are indicated respect to the SNURF-SNRPN transcription start site; SV40 Enh 
refers to the presence of the SV40 enhancer downstream from the CAT gene in the 
reporter construct; Me-DNA indicates methylation of CpG dinucleotides in the reporter 
construct; Mut indicates mutation of the indicated nucleotides.    
 

These findings indicate that the minimal promoter of the SNURF-SNRPN gene is 

contained between bases -71 and +51 and includes an element necessary for promoter 

activity between nucleotides -57 to -51.  This site is conserved in sequence and function 

in the homologous promoter in the mouse gene, and data suggest that expression of the 

SNURF-SNRPN gene is sensitive to methylation of this site (Green Finberg et al., 2003), 

(Hershko et al., 2001).  However, according to Huq et al., the sequence from +4 to +53, 

which lacks the abovementioned element, retains as much as half of the maximum 

activity (Huq et al., 1997).  Additionally, a negative regulatory element has been 

identified around position +60 (Green Finberg et al., 2003).  Significantly, no promoter 

activity was detected in the absence of the SV40 enhancer (Hershko et al., 2001). 
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Molecular Characteristics of the Imprinting Center 

It was previously mentioned that a fraction of PWS-AS patients with imprinting 

defects carry microdeletions on the 5’ flanking region of the SNURF-SNRPN gene.  

These microdeletions, which range from just a few kb to several hundreds of kb as shown 

in Figure 1-3, affect the entire imprinted domain by preventing the appropriate 

epigenotype to be established and/or maintained during gametogenesis and/or early 

embryo development.  This led to the definition of the imprinting center or IC within the 

SNURF-SNRPN locus that regulates imprinted gene expression throughout the entire 

PWS-AS associated domain (Sutcliffe et al., 1994).  As can be readily observed in Figure 

1-3, the IC has a bipartite structure.  Paternally-inherited deletions that result in Prader-

Willi syndrome cluster closer to SNURF-SNRPN and define the PWS-IC which is 

involved in the establishment and/or maintenance of the paternal epigenotype in the 

paternally-inherited imprinted domain.  However, these mutations have no effect on the 

epigenotype of the maternally-inherited imprinted domain.  All the PWS associated 

microdeletions share a 4.3 kb region termed small region of overlap or PWS-SRO that is 

represented in Figure 1-3 by the blue vertical block.  The PWS-SRO includes the 

SNURF-SNRPN promoter and first exon (Ohta et al., 1999) and six sequences 

phylogeneticaly conserved between the human and the syntenic region in mouse 

chromosome 7C.  The maternally-inherited deletions that result in Angelman syndrome 

cluster further upstream, defining the AS-IC which is thought to function in the 

establishment the maternal epigenotype in the maternally-inherited imprinted domain.   
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Figure 1-3:  Microdeletions associated with the PWS-AS IC.  The map on the top of the 

figure shows the SNURF-SNRPN gene locus.  Black boxes represent exons 
and bent arrows represent transcription initiation sites.  The extent of the 
microdeletions in PWS and AS imprinting mutation patients is shown below.  
Horizontal lines represent the deletions.  The parental origin of the 
microdeletions is indicated on the right.  The PWS-SRO and the AS-SRO are 
indicated by blue and pink vertical blocks respectively.    

These mutations have no effect on the epigenotype of the paternally-inherited 

chromosome.  A 0.8 kb AS-SRO common to all the AS-associated deletions is located 

approximately 35 kb upstream from SNURF-SNRPN exon 1 (Buiting et al., 1999) and is 

represented in Figure 1-3 by the pink block.  The AS-SRO includes U3, one of several 

upstream non coding exons in the SNURF-SNRPN locus (Buiting et al., 1999) suggesting 

a role of the IC transcripts in the function of the AS-IC.   

Most PWS and AS patients carrying imprinting mutations are familial cases in 

which the deletions are inherited from the paternal grandmother in PWS, or the maternal 

grandfather in AS.  The other two alternatives in which the paternal grandfather carries a 
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PWS-IC deletion or the maternal grandmother carries a AS-IC deletion would result in a 

father affected by PWS or a mother affected by AS, respectively (Brannan and 

Bartolomei, 1999).  In contrast, deletions that occur de novo are not subject to this strict 

inheritance pattern and can affect either allele regardless of the grandparental origin.   

Some PWS patients carry deletions in their paternally-inherited chromosome that include 

both the PWS- and AS-IC (Saitoh et al., 1996).  In these patients, the imprinted domain 

lacking the IC shows a maternal epigenotype suggesting that the AS-IC is not required 

for the establishment of a maternal epigenotype in the absence of the PWS-IC.  However, 

the deletion has been inherited from the paternal grandmother in all the cases.  Therefore, 

it is possible that the maternal epigenotype had never been erased.  No AS patients 

carrying a similar deletion have been identified, since the mother inheriting the mutated 

chromosome from the grandfather would be affected by PWS.  As a result, the study of 

PWS patients carrying de novo deletions including both PWS-IC and AS-IC in the 

chromosome of grandpaternal origin or AS patients carrying similar deletions in the 

maternally-inherited chromosome would provide a better understanding of the role of the 

AS-IC in the erasure and re-setting of the maternal epigenotype.  However, there are no 

published reports of PWS and AS patients with those characteristics which would suggest 

that the maternal epigenotype may be appropriately re-set and may result in no 

phenotype.  Nevertheless, no final conclusions can be drawn since the number of patients 

with de novo deletions is very low (Tilghman and Schoenherr, 1998).   

From all these observations Brannan and Bartolomei (Brannan and Bartolomei, 

1999) proposed a model in which the PWS-IC is functional in the paternally-inherited 

chromosome and drives the active transcriptional state while in the maternally-inherited 
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allele the AS-IC negatively regulates the PWS-IC allowing for the establishment of a 

transcriptionally inactive state.  According to this model the AS-IC is not required to 

establish a maternal epigenotype per se, rather, it prevents the establishment of a paternal 

epigenotype and is, therefore, dispensable when the PWS-IC is deleted.  Alternatively, 

Dittrich et al. (Dittrich et al., 1996) and more recently Otta et al. (manuscript in 

preparation) proposed a more active participation of the AS-IC in the establishment of the 

maternal epigenotype in the female germline and early embryogenesis.  According to this 

model, the IC transcripts are essential components in the process of establishing a silent 

or repressed state across the domain.  

In 2000, Bielinska et al. (Bielinska et al., 2000) reported the study of a male 

individual with mild PWS clinical symptoms in which an IC deletion including both 

PWS-SRO and AS-SRO in his paternally-inherited chromosome had occurred 

postzygotically.  The individual was therefore mosaic for the deletion that was present in 

the germline and was transmitted to his son, who was affected by PWS.  DNA 

methylation analysis revealed DNA methylation in sites that are normally methylated in 

the maternally-inherited imprinted domain and lack of DNA methylation in sites that are 

normally methylated in the paternally-inherited imprinted domain.  Based on these 

findings, the authors proposed that the deleted paternally-inherited chromosome had 

acquired a maternal epigenotype.  This hypothesis was confirmed in chimaeric mice 

derived from an ES cell line in which a paternal PWS-IC deletion had been introduced.  

Interestingly no changes on DNA methylation were observed in the ES cells before 

injection into the recipient blastocyst.  The observation that the PWS-AS associated 

region in the paternally-inherited chromosome can acquire a maternal epigenotype upon 
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postzygotic deletion of the PWS-IC indicates that the PWS-IC is involved and required to 

maintain the paternal epigenotype during early embryo development.   

El-Maarri et al. (El-Maarri et al., 2001) studied the role of the PWS-IC in 

establishing the paternal epigenotype in the male germline.  They analyzed the sperm of 

male individuals carrying a PWS-IC deletion on their maternally-inherited chromosome 

15.  These individuals are healthy, however, the offspring that inherited the chromosome 

carrying the deletion will be affected by PWS.  DNA methylation analysis revealed that 

the correct patterns of DNA methylation were established along the imprinted domain in 

the male germline despite the loss of the PWS-IC.  The same results were observed in the 

mouse.  The authors conclude that the PWS-IC is not necessary for the correct reset of 

the DNA methylation imprint in the male germline and that the aberrant DNA 

methylation observed in IC deletion PWS patients is established de novo during 

embryogenesis.  This indicates that the PWS-IC not involved in the DNA methylation 

switch in the male germline but is critical for the maintenance of paternally-inherited 

DNA methylation imprints during embryogenesis. 

Some of the epigenetic modifications associated with the IC have been already 

characterized.  These epigenetic marks are the basis to understand the mechanism though 

which the IC regulates imprinted gene expression throughout the PWS-AS associated 

imprinted domain.  Described next are known data on the DNA methylation and 

chromatin structure in the IC.  

DNA methylation.  In mammals DNA methylation is restricted to position 5 of 

cytosine residues within CpG dinucleotides.  5-methyl-C accounts for approximately 1% 

of all DNA bases or 70-80% of all CpG dinucleotides in the genome (Ehrlich et al., 
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1982).  The bulk of the genome is, therefore, mostly methylated.  The 5’ ends of many 

genes include regions of high relative densities of CpG, or CpG islands (Razin and Cedar, 

1977).  In contrast to the bulk of the genome, CpG islands are largely unmethylated (Tazi 

and Bird, 1990).  However, a significant fraction of these CpG-rich regions do acquire 

DNA methylation during development, as is the case of CpG islands associated with 

genes in the inactive X or silent imprinted genes (Yen et al., 1984) (Stoger et al., 1993).  

DNA methylation is generally associated with transcriptional silencing (Keshet et al., 

1986).  For a number of loci, DNA methylation has been shown to be a late event in the 

process of silencing a gene suggesting that it acts as a locking mechanism for the 

repressed state after it has been established by other epigenetic mechanisms (Lock et al., 

1987), (Gautsch and Wilson, 1983), (Tamaru and Selker, 2001).  Other schools of 

thought support an active role of DNA methylation in the creation of a transcriptional 

repressive state by recruiting specific DNA methyl-binding proteins (MDB’s) that in turn 

recruit other factors, including chromatin modification enzymes (Antequera et al., 1989) 

(Chandler et al., 1999) (reviewed in (Hendrich and Tweedie, 2003)).  DNA methylation 

patterns in the genome are reset during gametogenesis (Tada et al., 1997) and early 

embryo development (Monk et al., 1987), (Kafri et al., 1992) where waves of global de-

methylation followed by de novo methylation allow for the necessary reprogramming of 

gene expression patterns.   

In mammals, DNA methylation patterns are dependent on DNA methyltransferases.  

There are three confirmed DNA methyltransferases Dnmt1, 3a and 3b.  Dnmt3a and 3b 

have partially redundant functions and are thought to recognize and “de novo methylate” 

unmodified DNA resulting in hemimethylated DNA (Okano et al., 1999; Okano et al., 
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1998).  Loss of function of Dmnt3a and Dnmt3b resulted in death within 4 weeks of birth 

in Dnmt3a-/- mice and embryonic lethality in Dnmt3b-/- mice.  Inactivation of both 

methyltransferases resulted in a more severe phenotype accompanied by partial 

impairment of de novo DNA methylation (Okano et al., 1999).  Dnmt1 is thought to 

maintain the DNA methylation patterns established by Dnmt3a and 3b (Bestor, 1992) 

(Pradhan et al., 1999).  It recognizes hemimethylated DNA and methylates the 

complementary CpG, thus creating a heritable fully methylated site.  Consequently, 

knockout of Dnmt1 in mouse led to global loss of methylation and embryonic lethality 

(Li et al., 1992).  DNA methyltransferases do not appear to have any sequence 

specificity.  Therefore, targeting of these enzymes to specific sequences in vivo may be 

mediated by DNA binding factors or chromatin structure.  However, how this targeting 

occurs remains unknown.       

Most imprinted loci show DNA methylation patterns that differ between expressing 

and silent alleles (Tremblay et al., 1995), (Sutcliffe et al., 1994), (Liu et al., 2000).  This 

differential DNA methylation imprint, in particular at some key regulatory regions, is 

acquired during gametogenesis and is maintained though the waves of de- and re- 

methylation during embryogenesis and somatic development (Davis et al., 2000), 

(Shemer et al., 1997).  For those reasons, establishment of differential DNA methylation 

in the germline is believed a fundamental epigenetic event in the regulation of genomic 

imprinting.  Furthermore, differential DNA methylation is considered a hallmark of 

imprinted loci.   

The PWS-IC is associated with a CpG island at the 5’ region of the SNURF-

SNRPN gene (Sutcliffe et al., 1994) (Shemer et al., 1997).  This CpG island becomes 
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methylated on the maternally-inherited allele in the female germline and remains 

methylated throughout embryogenesis (Geuns et al., 2003), (Shemer et al., 1997).  In 

contrast, this region is unmethylated in the paternally-inherited allele.  Interestingly, 

during spermatogenesis, but not embryogenesis, this unmethylated state is independent of 

the AS-IC (El-Maarri et al., 2001).  DNA methylation in the maternally-inherited allele 

can be reversed in cell culture by treatment with the DNA methyltransferase inhibitor 5-

azacytidine, which reactivates expression of the SNURF-SNRPN gene.  However, mouse 

Dnmt1-/- ES cells that lack differential DNA methylation in Snurf-Snrpn 5’ region, retain 

imprinted gene expression (Xin et al., 2003).   

Analysis of other CpG dinucleotides in the SNURF-SNRPN locus also showed 

monoallelic DNA methylation.  Specifically, the U1B and U1A upstream exons and 

transcription initiation sites showed DNA methylation on the maternally-inherited allele, 

while the upstream pseudoexon U1D, which is upstream of U1B and is not transcribed, 

showed methylation on the paternally-inherited allele (Runte et al., 2001a).  On the 

contrary, the AS-SRO is partially methylated in both paternally- and maternally-inherited 

alleles to the same extent, suggesting that DNA methylation may not be part of the 

imprinting mechanism in this region (Perk et al., 2002).  Alternatively, the AS-IC may 

only be functional in the female germline, where the DNA methylation patterns of the 

AS-IC have not been analyzed.    

The significance of DNA methylation in genomic imprinting and, in particular, in 

the PWS-AS associated domain has been confirmed in mice deficient in DNA 

methyltransferases.  Dnmt1 knockout mice showed hypomethylation and loss of 

monoallelic expression of some imprinted genes including h19, Igf2 (Li et al., 1993) and 
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Snurf-Snrpn (Xin et al., 2003), although other imprinted genes such as Mash2 (Caspary et 

al., 1998) were unaffected.  Mutation of both Dmnt3a and Dnmt3b in mouse ES cells did 

not affect DNA methylation patterns at the h19 5’ region, patterns that are established in 

the germline and maintained in embryogenesis.  In order to study the role of Dnmt3a and 

3b in the establishment of methylation imprints in the germ line, Hata et al. (Hata et al., 

2002) transplanted ovaries from [Dnmt3a-/-, Dnmt3b+/-] female mice into wild type 

females.  They obtained two embryos in which maternal DNA methylation imprints at 

Igf2r, Peg1, Peg3 and Snurf-Snrpn had been lost.  These results suggested that Dnmt3a 

and/or 3b are required for the establishment of de novo DNA methylation imprints in the 

germline (Hata et al., 2002).     

Chromatin structure.  In the nucleus of eukaryotes genomic DNA is tightly 

packed with proteins in a series of hierarchical structures to form chromatin.  It was 

initially thought that the role of chromatin was limited to compact genomic DNA into the 

nucleus.  However, over the last few years evidence has accumulated showing that 

chromatin actively participates in regulating nuclear functions like transcription (see 

below), DNA repair (Green and Almouzni, 2002) or centromere identity and stability of 

kinetochore-microtubule attachments (Sharp and Kaufman, 2003).   

At the most fundamental level of chromatin organization, genomic DNA is 

associated with histones to form nucleosomes.  The nucleosome core contains two of 

each histones H2A, H2B, H3 and H4.  H3 and H4 form homodimers that interact with 

each other to create a stable complex that assembles a H2A and H2B heterodimer on each 

side.  Linker histone such as H1 or H5, bind nucleosomal DNA as it enters and exits the 

nucleosome.  Linker histones assist to stabilize and compact chromatin into higher order 
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structures.  Therefore, they are mostly associated with silent but not active chromatin in 

vivo.  Nucleosomes are non-static structures separated by a stretch of linker DNA of 

variable length.  The core particle includes 147 bp of DNA wrapped around the histone 

octamer.  However, in vivo the length of DNA sequence in a nucleosome oscillates 

between 100 and 170 bp.  Several nucleosome remodeling complexes have been 

identified that can alter the nucleosomal structure (Narlikar et al., 2002).  These 

complexes may function by sliding the histone octamer onto a neighboring stretch of 

DNA or by modifying the interaction of histones with DNA.  Activation of genes is often 

associated with recruitment of nucleosome remodeling complex to gene promoters and 

the subsequent changes in chromatin structure allow binding of transcription factors to 

DNA.  This suggests that nucleosomes may affect the interaction of DNA and 

transcription factors and assist in the activation or repression of gene expression.  

Additionally, each of the core histones has a highly mobile, positively charged amino-

terminal domain and histones H2A and H3 also have analogous regions on their C-

termini.  These domains or histone tails are the target of multiple posttranslational 

modifications including acetylation (Turner, 2000), methylation (Rea et al., 2000), 

phosphorylation (Clayton and Mahadevan, 2003), ubiquitination (Zhang, 2003).  Recent 

evidence suggests that these histone modifications may result in altered chromatin 

structure which, in turn, may lead to downstream events such as changes in the 

transcriptional status of a chromosomal region or definition of centromeres.  In this 

manner, histone modifications, either sequentially or in combination, form a ‘histone 

code’ (Strahl and Allis, 2000), (Fischle et al., 2003).  The histone code may be 

recognized by chromatin associated factors and be translated into gene activation, gene 
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silencing etc.  In fact, some proteins have been shown to interact with specifically 

modified histones.  This is the case of heterochromatin protein 1 (HP1), which interacts 

with histone H3 methylated at lysine 9 (H3 K9-Me) (Lachner et al., 2001).  Additionally, 

hyperacetylation of H3 and H4 (Turner, 2000) tails and methylation of H3 at lysine 4 

(H3-MeK4) (Strahl et al., 1999) are generally associated with transcriptionally active 

chromatin while hypoacetylation of H3 and H4 (Turner, 2000) and H3-MeK9 (Lachner et 

al., 2001) are generally associated with transcriptionally silent chromatin.    

In solutions containing low concentrations of monovalent cations and no 

multivalent cations (Widom, 1986), the nucleosomal array adopts an extended structure 

or nucleosome filament.  The nucleosome fiber then compacts into a approximately 30 

nm wide filament or 30 nm fiber (Felsenfeld and McGhee, 1986) that can be further 

compacted into higher order chromatin structures.  The level of compaction and 

accessibility of chromatin can be assessed by sensitivity of the underlying DNA to 

digestion with nucleases.  This type of assays has shown that transcriptionally competent 

chromatin is less compact or more open and accessible to transcription factors (active or 

euchromatic state).  On the contrary transcriptionally repressed chromatin tends to be 

more compact or closed and less accessible to the transcriptional machinery (inactive or 

heterochromatic state).  Additionally, further sensitivity or hypersensitivity to nuclease 

digestion has been found associated with regions in DNA that function in cis as 

regulatory regions.  These nuclease hypersensitive sites (NHS) likely reflect the 

disruption of chromatin at the nucleosome level and the interaction of the underlying 

DNA and proteins in trans.  Analysis of NHS has become a common technique to 

identify cis-acting regulatory regions in chromatin.    
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Modification of histone tails associated with the PWS-AS IC have been examined 

by chromatin immunoprecipitation (ChIP).  Analysis of SNURF-SNRPN 5’ region 

revealed preferential association of hyperacetylated H3 and H4 (Gregory et al., 2001) 

(Fulmer-Smentek and Francke, 2001; Saitoh and Wada, 2000)) and H3-K4-di-Me (Xin et 

al., 2001) with the paternally-inherited allele.  Conversely, on the maternally-inherited 

allele H3 and H4 were found to be hypoacetylated (Gregory et al., 2001) (Fulmer-

Smentek and Francke, 2001; Saitoh and Wada, 2000)) and H3 was found to be 

dimethylated at K9 (Xin et al., 2001).  According to Xin et al., methylation of H3 (H3-

K4-diMe and H3-K9-diMe) is restricted to a small well defined region flanking SNURF-

SNRPN exon 1.  However, similar studies in mouse, showed H3-K9 hypermethylation 

(combination of di- and tri-methylation) associated with a region further downstream in 

intron 1 in the maternally-inherited allele (Fournier et al., 2002).  Methylation of H3-K9 

is thought to be related to DNA methylation (Tamaru and Selker, 2001).  Accordingly, it 

has been shown in mouse ES cells that DNA methylation patterns in the PWS-IC 

maternally-inherited allele are dependent on the G9a histone H3 Lys9/Lys27 

methyltransferase (Xin et al., 2003).  G9a -/- ES cells also showed the loss of Snurf-Snrpn 

monoallelic expression.  However, this was not a consequence of the loss of differential 

DNA methylation since Snurf-Snrpn imprinted expression was retained in Dnmt1 -/- ES 

cells that lacked differential DNA methylation but showed H3-K9-diMe associated with 

the PWS-IC.  Restoring G9a in G9a -/- ES cells, re-establish H3-K9 methylation but no 

DNA methylation or monoallelic expression.  However, G9a -/-embryos derived from 

heterozygote intercrosses showed normal methylation patterns in the PWS-IC in both 

paternally- and maternally-derived alleles.    
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Histone modifications characteristic of open chromatin (H3 and H4 hyper-

acetylation and H3-K4 methylation) have been found to associate with the AS-SRO 

maternally-inherited allele (Perk et al., 2002).  On the contrary, analysis of other sites in 

the SNURF-SNRPN locus showed no differences in H3 and H4 acetylation between 

alleles.  Likewise, the 5’ regions of the imprinted genes NDN, IPW and MAGEL2 showed 

no detectable H3 and H4 acetylation on either allele, suggesting that histone 

modifications may no play a direct role in the transcriptional regulation of those genes 

(Fulmer-Smentek and Francke, 2001; Saitoh and Wada, 2000) and indicating that 

differential histone modifications are restricted to the IC.   

The chromatin structure of the PWS/AS associated region has been studied using 

several approaches.  Watanabe et al. used a method based on sonication of nuclei 

followed by chromatin fractionation by centrifugation which allows separation of 

heterochromatin from euchromatin.  The enrichment of paternally- and maternally-

inherited alleles of several mouse imprinted genes in those fractions was assessed by 

PCR (Watanabe et al., 2000).  For Mkrn3, Snurf-Snrpn and Ndn they observed 

enrichment of the paternally-inherited allele in the euchromatic fraction.  However, this 

result was only observed in one of two interspecies crosses except for Mkrn3, that 

showed increased DNase I sensitivity in the paternally-inherited copy in both crosses.  

Meguro et al. analyzed the nuclease sensitivity of a 13.6 kb region located between 

SNURF-SNRPN and IPW in the snoRNAs region (Meguro et al., 2001b).  This region 

showed increased general sensitivity to restriction nucleases in the transcriptionally-

active paternally-inherited allele.  In contrast, Perk et al. analyzed the DNase I sensitivity 

of the AS-SRO and flanking region and found that the maternally-inherited allele is more  
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Figure 1-4: Structure and nuclease hypersensitivity of the SNURF-SNRPN gene locus/IC.  

The SNURF-SNRPN gene locus is depicted above where black boxes 
represent exons and bent arrows represent transcription initiation sites.  The 
approximate position of paternal-specific NHSs (blue arrows above the line) 
and maternal-specific HSs (pink arrows below the line) is indicated, as well 
and the location of the PWS-SRO and the AS-SRO.  

accessible and DNase I sensitive (Perk et al., 2002).  Schweizer et al. analyzed the 

nuclease hypersensitivity of the entire SNURF-SNRPN locus (Schweizer et al., 1999).  

Their results indicated that the maternally-inherited allele of SNURF-SNRPN exhibits 

several weak nuclease hypersensitive sites, one of which localizes to the AS-SRO.  The 

paternally-inherited allele shows two prominent hypersensitive sites, NHS1 located 

within the PWS-SRO in the promoter region of SNURF-SNRPN immediately upstream 

from the first exon, and NSH2 located just downstream from the PWS-SRO in the first 

intron of SNURF-SNRPN (Figure 1-3).  NSH1 is associated with the promoter region of 

SNURF-SNRPN and therefore is likely to contain cis-acting elements involved in 

promoter function as well as cis-acting elements that may mediate the PWS-IC function; 

NSH2 may include SNURF-SNRPN promoter distant regulatory elements and its close 

proximity to PWS-SRO suggests it may also contain elements that influence the PWS-IC 

function.   

It was stated before that deletion of the AS-IC on the maternally-inherited 

chromosome 15 q11-q13 results in gene expression patterns and epigenetic marks 

characteristic of the paternally-inherited allele.  Perk et al. examined the precise changes 
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that such deletions trigger on DNA methylation and chromatin structure of the 

maternally-inherited PWS-SRO (Perk et al., 2002).  As expected, DNA methylation 

patterns, nuclease hypersensitivity, and association of H3-K4-Me were typical of the 

paternally-inherited allele.  However, association of acetylated H3 and H4 and replication 

timing observed in the PWS-SRO in a normal maternally-inherited chromosome 15 are 

retained after deletion of the AS-IC.  This suggests that the AS-IC plays a crucial role at 

setting up the maternal epigenotype in PWS-SRO, although it may not be the only 

determinant.  Conversely, deletion of the PWS-IC on the paternally-inherited allele has 

no effect on the methylation or chromatin structure of the AS-SRO.  This suggests that 

the PWS-IC plays no role at setting up the paternal epigenotype in the AS-SRO.  The 

authors conclude that their observations support the model proposed by Brannan and 

Bartolomei (Brannan and Bartolomei, 1999) in which the function of the AS-IC is to 

repress the PWS-SRO on the maternal chromosome.     

Nuclear Architecture and the Nuclear Matrix 

Chromosomes in the interphase nucleus are organized in distinct territories (Lichter 

et al., 1988), (Zink et al., 1999) in which transcriptionally active and inactive chromatin 

appears to be highly compartmentalized with active chromatin located predominantly at 

or near the surface of more compact chromatin domains (Dietzel et al., 1999), (Volpi et 

al., 2000).  In addition, early replicating, gene rich, active chromatin and late replicating, 

gene poor, inactive chromatin form distinct domains that are distributed throughout the 

interphase chromosomal territories and are stably maintained for at least several cell 

generations (Zink et al., 1999).  These and similar findings support the idea that 

chromatin is highly organized around these chromosomal domains that might concentrate 

a number of associated functions by assembling different sets of factors (for replication, 

 



29 

transcription or repair) depending on the cell cycle stage (Berezney and Wei, 1998).  In 

fact, a number of spatially distinct functional nuclear domains including replication, 

transcription and RNA processing sites (reviewed in (Strouboulis and Wolffe, 1996) have 

been defined by immunostaining, FISH and pulse labeling.  Furthermore, the distinct 3D 

distribution of these sites is retained in nuclear preparations in which the chromatin and 

soluble component of the nucleus have been extracted.  This suggests that the replication 

(Hozak et al., 1993) and transcriptional machineries (Jackson et al., 1993) may be 

associated with some non chromatin insoluble nuclear structure or nuclear matrix 

(reviewed in (Cook, 1999).   

The nuclear matrix can be defined as the residual scaffold that is left in the nucleus 

after the removal of the nuclear envelope, chromatin and soluble components of the 

nucleus by sequential extractions (Zbarskii and Debov, 1948) (Smetana et al., 1963), 

(Monneron and Bernhard, 1969), (Berezney and Coffey, 1974), (Berezney and Coffey, 

1977).  Berenzeny and Coffey first proposed that the nuclear matrix represented the basis 

for structure and function in a highly organized nucleus.  However, no absolute 

structure/function link has been made and, for many, the biological reality of the nuclear 

matrix remains uncertain.   

DNA in eukaryotic nucleus is packed into nucleosomes to form nucleosome 

filaments, which are further compacted into a 30 nm fiber.  This 30 nm fiber is folded 

into loop domains that range from 5 to 200 kb of DNA (Razin and Gromova, 1995).  

These looped structures are believed to be attached to the nuclear matrix which is thought 

to play an active role in organizing chromatin loops in the nucleus (reviewed in (Heng et 

al., 2001).  In fact, the distribution of DNA sequences retained at the base of the loops in 
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nuclear matrix preparations mirrors the distribution of chromosomal territories.  The 

sequences bound to the nuclear matrix at the base of the loop have been proposed to 

function as anchors or matrix attachment regions (MARs) (Cockerill and Garrard, 1986; 

Ivanchenko and Avramova, 1992).  MARs have been often found to colocalize with 

hypersensitive sites and cis-acting regulatory sequences (Kieffer et al., 2002) and are 

often associated with regions involved in the regulation of nuclear processes such as 

replication and transcription (reviewed in (Cook, 1999)).  In fact, many chromatin 

remodeling complexes and transcription factors (YY1, CTCF etc) required for 

transcription regulation are associated with the nuclear matrix (Hendzel et al., 1994), 

(Reyes et al., 1997), (Guo et al., 1995), (Dunn et al., 2003).  Visualization of DNA in 

nuclear matrix preparations has revealed that transcriptionally active sequences are more 

tightly associated with the nuclear matrix at the base of the loops while transcriptionally 

inactive sequences often extend into the looped region (Gerdes et al., 1994).  

Furthermore, Cai and Kohwi-Sigematsu (Cai and Kohwi-Shigematsu, 1999) showed that 

activation of the T-cell-specific SATB1 factor after T-cell differentiation is associated 

with attachment of the gene to the nuclear matrix.  Cook and others have proposed a 

model that recapitulates all the evidence that functionally links chromatin loops and gene 

regulation ((Cook, 1999), (Lemon and Tjian, 2000).  In this model, chromatin loops 

interact with the transcription machinery which is located at the nuclear matrix.  This 

supports a system that is highly dynamic to adapt to the specific requirement of a 

developmental or cell cycle state.   

Chromatin loops have also been proposed to play a role in transcription regulation 

by physically separating domains.  Thus, insulators and boundary elements may lead to 
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the formation of chromatin loops that act as topological barriers that modulate promoter 

enhancer interactions (Cai and Shen, 2001).  Additionally, the base of the looped 

structures may also prevent the spreading of specific chromatin modifications among 

chromatin domains.    

The PWS-IC contains a high density of MARs (Greally et al., 1999), though the 

association of the PWS-IC with the nuclear matrix is somewhat controversial.  An initial 

report showed preferential association of the maternal allele with the nuclear matrix 

(Greally et al., 1999).  More recently, Kagotani et al. examined the association of 

SNURF-SNRPN with the nuclear matrix using DNA-FISH combined with a tyramide 

signal amplification technique which is more sensitive that standard DNA-FISH 

(Kagotani et al., 2002).  Contrary to what was reported before, they demonstrated that 

association with the nuclear matrix occurred at the transcriptionally active paternally-

inherited allele of SNURF-SNRPN while the maternally-inherited allele was located in 

the nuclear halo in nuclear matrix preparations.   

There is in general a good correlation between active chromatin and early 

replication and, equally, between inactive chromatin and late replication.  Additionally, it 

has been suggested that the transcription and replication functions in the nucleus are 

associated with the nuclear matrix.  Accordingly, it was not surprising that for SNURF-

SNRPN the transcriptionally-active nuclear matrix-associated paternally-inherited allele 

replicates earlier in S-phase than the maternally-inherited allele.  Furthermore, this 

asynchronous replication is established in the germ line (Gunaratne et al., 1995), (Simon 

et al., 1999).  These data suggest compartmentalization of SNURF-SNRPN paternally- 

and maternally-inherited alleles in functionally different nuclear domains after 
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fertilization.  Moreover this distribution may be mediated by interaction with the nuclear 

matrix.   

Ying Yang 1 

Ying Yang 1 or YY1 is a ubiquitously expressed zinc finger transcription factor 

that regulates expression of many cellular and viral genes, many of which participate in 

cell growth and differentiation (for review see (Shi et al., 1997) and (Thomas and Seto, 

1999)).  YY1 binds DNA in a sequence specific manner through the consensus binding 

sequence (C/g/a)(G/t)(G/t/a)CATN(T/a)(T/g/c) (Hyde-DeRuyscher et al., 1995).  

Additionally, YY1 has been found to not bind methylated DNA (Satyamoorthy et al., 

1993) at promoters and enhancers of the genes it regulates.   

Early studies showed that YY1 is able to bind the initiator element of some gene 

promoters (Seto et al., 1991).  Furthermore, is necessary and sufficient for accurate basal 

transcription of the AAV p5 promoter, which shows that YY1 can direct and activate 

transcription in vitro (Seto et al., 1991).  Additionally, YY1 has been proposed to recruit 

RNA polymerase II in the presence of TFIIB in vitro (Usheva and Shenk, 1994).  YY1 

can also act as a repressor or an activator of transcription at least partly by interacting 

with chromatin remodeling enzymes such as histone deacetylases (HDACS) histone 

acetyltransferases and arginine-methyltransferases (HATs and Arg-HMTs) ((Thomas and 

Seto, 1999),(Rezai-Zadeh et al., 2003) (Yao et al., 2001).  YY1 can interact with other 

nuclear factors binding to neighboring DNA sequences such as SP1 (Lee et al., 1993), 

NRF-1 (Wong-Riley et al., 2000), p300 (Lee et al., 1995) or some members of the E2F 

family of transcription factors (Schlisio et al., 2002).  The latter interaction between YY1 

and E2F is indirect and requires an additional factor, RYBP (ring-1 YY1 binding 

protein).   
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YY1 is known to associate with the nuclear matrix (Guo et al., 1995) (Stein et al., 

1991).  Guo et al. determined that a significant fraction of YY1 is localized in the nuclear 

matrix which suggested that YY1 may mediate gene-matrix interactions.  This is 

consistent with a functional role of the nuclear matrix in the regulation of expression of 

YY1 target genes.     

The PEG 3 imprinted locus has been recently shown to include several arrays of 

tandemly repeated YY1 binding sites (Kim et al., 2003).  In addition, in vitro experiments 

showed that the YY1 binding sites in the PEG3 locus function as chromatin insulators.  

These data provided evidence for YY1 association with imprinted domains and suggested 

that YY1 may play a role in the regulation of imprinted gene expression.  

YY1 is expressed very early in the embryo.  Knockout studies in mouse resulted in 

peri-implantation lethality, which suggested that YY1 is an essential component in the 

regulation of development (Donohoe et al., 1999).  Interestingly, YY1 is localized to the 

cytoplasm and excluded from the nucleous of Xenopus oocytes where it is bound by 

ribonucleoproteins particles that render it inactive (Ficzycz et al., 2001).  The same 

phenomenon has been observed in mammalian oocytes (Donohoe et al., 1999).   

Nuclear Respiratory Factor-1 

Nuclear respiratory factor-1 or NRF-1 is a nuclear transcription factor initially 

identified because of its involvement in the regulation of nuclear-encoded mitochondrial 

genes (Evans and Scarpulla, 1989) (Evans and Scarpulla, 1990).  The mitochondrial 

genome encodes some of the factors involved in oxidative phosphorylation.  However, 

the majority of the genes involved in that process are expressed from the cellular nuclear 

genome.  NRF-1 is found in a number of promoters and enhancers of genes of the 

respiratory chain (Chau et al., 1992), (Evans and Scarpulla, 1990) as well as other genes 
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that participate in the expression and assembly of mitochondrial function, such as 

components of its replication (Clayton, 1992) and transcriptional machinery (Virbasius 

and Scarpulla, 1994), enzymes of the heme biosynthetic pathway (Braidotti et al., 1993), 

and factors involved in mitochondrial protein transport and assembly (Hernandez et al., 

1999).  Furthermore, NRF-1 expression is increased upon stimulation of mitochondrial 

respiratory function either by exercise or electrical impulses(Xia et al., 1997).  

Consequently NRF-1 has been proposed to play an integrative role in the interaction 

between the nucleus and the mitochondria in response to the availability of metabolic 

resources (reviewed in (Scarpulla, 2002)).  In addition, NRF-1 has also been shown to 

regulate genes encoding rate-limiting enzymes in several biosynthetic pathways including 

purine biosynthesis (Chen et al., 1997) which is consistent with the theory that NRF-1 

may mediate the communication between cellular respiration and other metabolic 

pathways.  It is therefore possible that NRF-1 plays a part in the conflict model (see 

Evolutionary Origin of Genomic Imprinting) between the maternal and the paternal 

genomes related to the use of the maternal resources by the developing embryo.  

Correspondingly, NRF-1 is known to be expressed in the early developing embryo and 

targeted deletion results in small size and increased lethality in heterozygous animals and 

in peri-implantation lethality in homozygous animals (Huo and Scarpulla, 2001).    

NRF-1 binds unmethylated DNA as a homodimer through the consensus sequence 

YGCGCAYGCGCU, where Y is a pyrimidine nucleotide and U is a purine nucleotide 

(Evans and Scarpulla, 1989) (Evans and Scarpulla, 1990).  NRF-1 is generally associated 

with gene promoter regions where it directly or indirectly interacts with other 

transcription factors such as SP1 (Chen et al., 1997), YY1 (Wong-Riley et al., 2000) and 
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P300/CBP.  Additionally binding of NRF-1 to DNA can be stimulated by acetylation 

(Izumi et al., 2003) and phosphorilation (Gugneja and Scarpulla, 1997).    

The Mouse Model 

There is a striking conservation on the organization of the genes and patterns of 

imprinted gene expression in the PWS-AS associated domain between human and mouse.  

The PWS-AS associated region in human chromosome 15, and its syntenic region in 

mouse chromosome 7, also share many patterns of allele specific epigenetic 

modifications such as patterns of differential DNA methylation, of differential histone tail 

modifications or replication timing among others.  However, there seems to be some 

differences in structure of the IC between both species.  A number of knockout studies 

have been performed in the mouse in order to identify the elements and mechanisms that 

control the IC function in mouse.  Yang et al. (Yang et al., 1998) deleted 43 kb of DNA 

sequence flanking Snurf-Snrpn 5’ end (23 kb upstream and 20 kb downstream from the 

transcription start site).  Upon paternal transmission, this deletion resulted in loss of 

expression of paternally-expressed genes and gain of expression of maternally-expressed 

genes in the paternally-inherited chromosome.  The change in expression pattern on the 

paternally-inherited copy of the PWS-AS associated domain, was accompanied by a 

switch in the DNA methylation patterns from paternal to maternal.  This suggested that 

the PWS-IC is contained within that 43 kb sequence.  On the other hand, maternal 

transmission of the deletion had no effect on gene expression patterns or epigenotype of 

the maternally-inherited allele, suggesting the AS-IS was not included in the 43 kb 

sequence.  Additionally, deletion of a smaller 4.8 kb fragment around Snurf-Snrpn exon 1 

(from ~-2500 to ~+2300) resulted, when paternally-transmitted, in 50% lethality and in 

partial imprinting defect on the paternally-inherited allele, which was characterized by 
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partial gain of a maternal epigenotype (Bressler et al., 2001).  As observed with the 43 kb 

deletion, maternal transmission had no effect on the PWS-AS associated domain.  These 

results suggested that the 4.8 kb sequence contains some but not all the elements that are 

necessary for the function of the PWS-IC.  The location of the AS-IC, or element 

equivalent to the AS-SRO, has not been defined in mouse yet.  Deletion of a 100 kb 

sequence extending from 11 to 111 kb upstream of Snurf-Snrpn, had no effect on 

imprinted gene expression of the associated imprinted domain (Chen et al., 2002).  This 

suggested that the structure of the human and mouse AS-IC may differ at least in the 

position/distance respect to SNURF-SNRPN.  Nonetheless, an imprinting defect of 

maternal origin is observed when a 1.5 Mb sequence from 111 to 1611 upstream from 

Snurf-Snrpn is deleted (Chen et al., 2002).    

Other deletions in the PWS-AS associated domain have been generated but showed 

no effect on the imprinted gene expression/imprinting status of this region.  A deletion of 

900 bp of the Snurf-Snrpn gene promoter region (from ~-600 to ~+300) (Bressler et al., 

2001) had no effect on the IC function or phenotype.  Therefore, PWS-IC elements 

within the previously described 4.3 kb deleted region ought to be located outside of the 

promoter region of Snurf-Snrpn.  A second deletion of the Snurf-Snrpn coding region had 

no effect on IC function and showed no phenotype either (Yang et al., 1998).  

Elimination of the sequence between Snurf-Snrpn exon 2 and Ube3A (Tsai et al., 1999b) 

resulted in a PWS phenotype probably due to the elimination of the snoRNAs.  However, 

no imprinting defect was observed and the remaining paternally-expressed genes were 

appropriately expressed.   
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The function of the IC has also been studied with the assistance of transgenes.  

Blades et al. (Blaydes et al., 1999) generated several mouse transgenic lines carrying a 76 

kb human transgene that included the SNURF-SNRPN gene and 45 kb of SNURF-SNRPN 

5’flanking sequence containing the PWS-SRO and the AS-SRO.  The SNURF-SNRPN 

gene was expressed in all the transgenic lines regardless of parental origin.  Furthermore, 

DNA methylation of the transgene did not affect active transcription of the SNURF-

SNRPN gene.  It is possible that the transgene did not include all the elements necessary 

for silencing the maternally-inherited allele.  Alternatively, it is also possible that the 

human IC was not recognized by murine trans-acting factors or that the IC mechanism 

itself differs between both species.  Similarly, moue transgenic lines were generated 

carrying transgenes that included the entire 22-kb murine Snrpn gene and approximately 

33 and 30 kb of 5’ and 3’ flanking sequence, respectively.  One single-copy transgenic 

line failed to acquire imprinted expression, which compared to what was observed for the 

human transgene.  On the other hand a second two-copy transgenic line was imprinted 

and expressed exclusively after paternal transmission (Blaydes et al., 1999).  However, 

due to the diversity of the results depending on copy number and the small amount of 

transgenic lines, no definite conclusions about the human and mouse IC function can be 

drawn.   

Smaller transgenes in mouse encompassing 1.2 to 5 kb of Snurf-Snrpn 5’ flanking 

region showed lack of imprinted expression (Shemer et al., 2000).  In addition, the same 

group generated a minitransgene that included approximately 1kb of sequence spanning 

the human AS-SRO and approximately 200 bp of Snurf-Snrpn 5’ flanking region 

spanning the promoter and exon 1 (Shemer et al., 2000).  They found that those 
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sequences were sufficient to establish differential DNA methylation, monoallelic 

expression and asynchronous replication.  However, it was not clear if this was a copy 

number dependent effect.   

This thesis project focused on untangling the mechanisms through which the IC 

regulates imprinted gene expression in the PWS-AS associated region by identifying and 

characterizing cis-acting regulatory elements within two paternal-specific nuclease 

hypersensitive sites that are associated with the IC.   

 

 

 

 



CHAPTER 2 
ANALYSIS OF CIS-REGULATORY ELEMENTS IN THE SNURF-SNRP 5’ REGION 

Hypersensitivity to nuclease digestion is often associated with cis-regulatory 

regions in chromatin (Gross and Garrard, 1988).  Hence, in order to identify candidate 

regulatory regions in the IC, Schweizer et al. (Schweizer et al., 1999) examined the 

nuclease hypersensitivity of the SNURF-SNRPN locus.  Their analysis of the paternally-

inherited allele revealed two prominent nuclease hypersensitive sites, NHS1 and NHS2.  

NHS1 lies within the PWS-SRO in the promoter region of the SNURF-SNRPN gene and 

will be discussed in this chapter.   

The SNURF-SNRPN 5’ region has been implicated in IC function as a nucleation 

site for the establishment of an active domain on the paternally-inherited allele (Brannan 

and Bartolomei, 1999; Dittrich et al., 1996).  Furthermore, binding of transcription 

factors and activation of transcription have been proposed as a possible mechanism for 

initiating the imprint switch and the establishment of an active domain on the paternally-

inherited allele (Nicholls et al., 1998).  Therefore, the transcriptional activity of the PWS-

SRO and in particular NHS1 in SNURF-SNRPN 5’region was analyzed by transient 

expression assays.   

Additionally, the SNURF-SNRPN 5’ region includes a cluster of six phylogenetic 

footprints1, which are conserved between human and mouse (Glenn et al., 1996).  These 

sequences are the only conserved regions between both species across the entire human 

                                                 
1 Phylogenetic footprint is defined as at least 6 contiguous bases of absolute conservation in orthologous 
genes of evolutionary distant species  
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PWS-SRO and the homologous region in mouse.  It is, therefore, possible that these 

phylogenetic footprints represent cis-acting elements involved in the PWS-IC function.  

Therefore, analysis of the SNURF-SNRPN 5’ region/NHS1 was extended to include the 

six phylogenetic footprints.   

Analysis of the PWS-SRO/SNURF-SNRPN 5’ Region by Transient Expression 
Assays 

Cis-acting elements within the PWS-SRO and 5’ region of the SNURF-SNRPN 

gene were analyzed by transient expression assays.  The SNURF-SNRPN 5’ flanking 

sequence is hypersensitive to nuclease digestion on the paternally-inherited 

transcriptionally active allele (Schweizer et al., 1999) and has been shown to act as a 

promoter by transient expression assays (Green Finberg et al., 2003), (Hershko et al., 

2001), (Huq et al., 1997).  These types of experiments are based on the use of a reporter 

plasmid containing the fragment of DNA with suspected promoter activity in front of a 

reporter gene.  The reporter construct is introduced into cells by transient transfection 

and, after a set period of time, the activity of the reporter gene product is analyzed as a 

measurement of expression and, by inference, of transcription.  It is important to note that 

in the reports mentioned above, the SNURF-SNRPN promoter activity was analyzed in 

the context of the heterologous (SV40) enhancer.  Furthermore, one of the studies 

reported lack of promoter activity in the absence of such enhancer (Hershko et al., 2001).   

Therefore, in order to minimize the alteration of the endogenous promoter, it was 

necessary to establish a system in which the transcriptional activity of the SNURF-

SNRPN gene 5’ region could be measured in the absence of a heterologous enhancer.     

A collection of reporter constructs was generated carrying varying size fragments of the 

PWS-SRO/SNURF-SNRPN 5’ flanking region in front of the firefly luciferase gene 
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(pGL3, Promega).  Equal molar amounts of each construct were individually transfected 

into human SK-N-SH neuroblastoma cells and human HT1080 fibrosarcoma cells and 

were harvested 24h later.  The activity of the firefly luciferase present in the cell lysate 

was assayed in a luminometer (Sirius Luminometer) as the amount of light emitted after 

addition of the appropriate substrate (see Materials and Methods).  A constant amount of 

an internal control construct containing the Renilla Luciferase gene (pRL-TK, Promega) 

was cotransfected with the experimental construct in order to correct for the efficiency of 

the transfection.  The activity of the Renilla luciferase was measured in a luminometer in 

the same sample as the firefly luciferase and used to normalize the experimental values.  

All reactions were performed in duplicate a number of times (indicated in Figure 2-1). 

Figure 2-1 shows the results for transient expression assays in SK-N-SH with 

reporter constructs that included different fragments of SNURF-SNRPN 5’ region 

(indicated on the left of the figure).  Similar results were obtained for HT1080 cells.  The 

largest fragment examined (a) included most of the PWS-SRO sequence.  Constructs (a) 

-4000 to +80, (b) -676 to +160 and (c) -676 to +80, showed very small differences in 

reporter activity, which suggested that the regions between -4000 and -676 and between 

+80 and +160 do not include elements involved in SNURF-SNRPN promoter function as 

detected in transient expression assays.  Further reduction of the 3’ end (construct (d) -

676 to +53) induced a 1.5-fold increase in the luciferase activity.  Even tough this 

difference was not statistically significant, these luciferase data implied that the region in 

exon 1 between +53 and +80 can act as a repressor of transcription.  This interpretation 

agrees with a previous report that identified a similar function associated with that same 

region in the SNURF-SNRPN promoter by transient expression assays in the context of  
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Figure 2-1: Analysis of the SNURF-SNRPN promoter by transient transfection assays in 

SK-N-XX cells in the absence of a heterologous enhancer.  Increasingly 
truncated portions of the SNURF-SNRPN 5’ region (depicted on the left) were 
cloned into a luciferase reporter construct.  These constructs were assayed in 
transient expression assays in human SK-N-SH neuroblastoma cells.  Relative 
luciferase activities are shown respect to the largest construct (a) which was 
arbitrarily assigned the value 1.  Error bars represent the standard deviation of 
the means.   

the SV40 enhancer (Green Finberg et al., 2003).  However, the increase in reporter gene 

activity that Green Finberg et al. observed upon deletion of this element from the 

SNURF-SNRPN promoter was substantially larger than the fold increase observed in 

Figure 2-1.  This effect may be due to the artificial presence of the SV40 enhancer in the 

reporter construct.   

Shortening of the 5’ end in construct (e) -366 to +53 did not have a significant 

effect on promoter activity (compare constructs (d) and (e)).  On the other hand, further 

shortening in construct (g) -207 to +53 resulted in two to three-fold increase of the 

luciferase activity with respect to constructs (d) and (e) indicating the existence of a 

second negative regulatory element between positions -366 and -207.  This second and 

novel regulatory element was confirmed in construct (f) (-207 to +80) in which the first 
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negative regulatory element is included and the second negative regulatory element is 

absent.  This construct showed a 2.5-fold increase in luciferase activity with respect to 

construct (c).  This also indicated that the upstream and downstream repressors can act 

independently of each other.  Since these elements modulate the SNURF-SNRPN gene 

transcription, it is likely that they are functional in the paternally-inherited active allele 

rather than in the maternally-inherited silent allele, where silencing is likely mediated by 

DNA methylation and modifications associated with repressed chromatin.   

Alternatively, it is also possible that the gradual increase in luciferase activity 

observed in promoter fragments progressively truncated at the 5’ and 3’ ends may be due 

to the effect of bringing a hypothetical cis-acting element in the vector itself in increasing 

proximity to the promoter.      

In summary, the experiment described above revealed promoter function to be 

associated with the SNURF-SNRPN 5’ region in the absence of an exogenous (SV40) 

enhancer, and identified two negative regulatory elements in that region. 

Analysis of Cis-Regulatory Elements in the SNURF-SNRPN 5’ Region/PWS-IC by 
In Vivo Footprint Analysis 

In vivo footprinting was used to perform high resolution identification of cis-acting 

elements in the 5’ flanking region of SNURF-SNRPN.  Transient expression assays 

described in the previous section showed that sequences in the PWS-SRO upstream from 

-366 and downstream from +80 with respect to the SNURF-SNRPN transcription start site 

are not likely to include cis-acting regulatory elements involved in the promoter activity 

of the SNURF-SNRPN gene.  Therefore, the analysis was limited to a region in 5’ 

SNURF-SNRPN that included NHS1 and the six phylogenically conserved sequences.  

Allele-specific in vivo DNA-protein interactions in that region were examined by 
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dimethylsulfate (DMS) and DNase I ligation-mediated PCR (LMPCR) in vivo footprint 

analysis.  The maternally-inherited allele was analyzed in lymphoblasts derived from 

PWS patients with UPD or with a deletion of the imprinted domain.  The paternally-

inherited allele was analyzed in lymphoblasts derived from AS patients with UPD or the 

above mentioned deletion.  These cells were kindly provided by Dr.Daniel J. Driscoll.     

In vivo footprint analysis is based on the use of a chemical or enzymatic agent upon 

intact cells to modify/cleave genomic DNA, which is protected from such modification/ 

cleavage at the sites where there are factors bound.  To identify DNA-protein interactions 

in vivo the pattern of modification of genomic DNA treated within cells is compared to 

the pattern of modification of purified naked genomic DNA (purified genomic DNA 

striped of all protein factors).  Figure 2-2 shows a schematic representation of the 

fundamentals of in vivo footprinting.  Ligation-mediated PCR (LMPCR) was used to 

selectively amplify the genomic region interest after modification and cleavage.   

Different DNA modifying/cleavage agents can be used to identify sites of factor 

binding and to obtain information about the interaction with DNA.  In this particular 

study dimethylsulfate (DMS) and DNase I have been used.  DMS is a small hydrophobic 

chemical probe that methylates guanine residues at position N7 through the major groove 

and, at a lower frequency, adenine residues at position N3 through the minor groove.  

Subsequent incubation of DMS-modified DNA with a mild base results in preferential 

cleavage of the DNA at the modified guanine residues.  Consequently, DMS footprinting 

reveals intimate contacts between guanines in the DNA and factors interacting with them, 

although other contacts through nucleotides other than guanines can not be detected.  In  
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Figure 2-2: Fundamentals of in vivo footprinting.  The panel on the right describes in vivo 

footprinting based on modification of genomic DNA with DMS, which 
diffuses into the cell passively and methylates guanine residues.  Intimate 
contact of DNA binding factors with guanine nucleotides prevents that 
modification while nucleotides in proximity to hydrophobic pockets in the 
protein are modified at higher frequency.  The panel on the left illustrates 
treatment with DMS of purified naked genomic DNA stripped of proteins and 
therefore modified at all the guanine residues.  In both cases treatment with a 
mild base cleaves the DNA at the modified guanine residues generating a 
collection of nested fragments that end at each of the modified nucleotides.  
The fragments ending at protected nucleotides will be underrepresented in the 
in vivo DMS-treated sample compared to the DMS-treated naked DNA.  The 
fragments ending at nucleotides modified at higher frequency will be 
overrepresented.  Following LMPCR amplification, this pattern can be 
observed on a sequencing gel (at bottom of the cartoon) as bands missing or of 
reduced intensity (protected nucleotides) and band of enhanced intensity 
(nucleotides with enhanced reactivity to DMS) which are indicative of DNA-
protein interactions.       

addition, DMS footprints can also be detected as increased modification of guanine 

residues with respect to naked DNA.  It is believed that hydrophobic pockets within 
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proteins bound to the DNA accumulate DMS and, therefore, increase the rate of DMS 

modification of neighboring guanine residues.   

DNase I is a enzymatic probe that binds and cleaves DNA through the minor 

groove.  DNA-protein interaction sites are protected from DNase I cleavage and are 

flanked by nucleotides of enhanced reactivity.  In addition to identifying sites of 

DNA/protein interaction, DNase I footprinting can also identify rotational positioning of 

nucleosomes.  Rotational phasing of nucleosomes has been postulated as a potential 

mechanism to regulate the accessibility of transcription factors to its binding sites (Pina et 

al., 1990).  In rotationally phased nucleosomes the orientation of the double helix for a 

given DNA position with respect to the histone core is the same in all the cells in a 

population.  As a result, on every turn of the helix DNase I preferentially accesses and 

cleaves the same site.  This results in a favored periodicity of digestion every 10 

nucleotides that can be visualized as a ladder of bands with an approximate spacing of 10 

bases in a DNA sequencing gel.   

The in vivo footprint analysis of the SNURF-SNRPN 5’region was designed to 

include the SNURF-SNRPN minimal promoter as defined by Green Finberg et al. (Green 

Finberg et al., 2003), NHS1, and the six sequences phylogenetically conserved between 

the human and the mouse genes, that are located within 400 bp upstream from SNURF-

SNRPN transcription start site.  Figure 2-3 illustrates the position of these sequences as 

well as possible transcription factor binding sites.  Also included are the relative position 

of the primers designed for LMPCR and the extent of the sequence analyzed with each 

primer set.   
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Figure 2-3: Schematic representation of the SNURF-SNRPN 5’ region analyzed by in vivo 

footprinting.  The black box and bent arrow indicate the positions of the first 
exon and the transcription initiation site respectively.  Also indicated are 
potential transcription factors binding sites (colored boxes) and sequences 
conserved between the human and the mouse loci (red brackets).  The 
horizontal arrows specify the position of the overlapping primer sets used in 
the LMPCR and the extent of the sequence analyzed with each one.  Primer 
sets above the line assayed the upper strand and primer sets below the line 
assayed the lower strand.  

Each region was analyzed in multiple gels from at least two separate experiments.  

Footprints were confirmed in two different cell lines for each allele: lymphoblasts  

derived from AS patients with UPD or deletion were used for analysis of the paternally-

inherited allele, while lymphoblasts derived from PWS patients with UPD or deletion 

were used for the analysis of the maternally-inherited allele.   

Figure 2-4 shows representative results for the DMS in vivo footprint analysis.  

Shown are sequencing gels where the pattern of bands indicates the position of the 

guanine residues in the sequence.  The intensity of the bands reflects the reactivity of the 

guanine residue to DMS treatment.  Paternally- and maternally-inherited alleles were 

analyzed separately in the indicated cell lines derived from AS and PWS patients and in 
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vivo-treated genomic DNA was compared to purified naked genomic DNA in order to 

identify factors bound in vivo.  Differences in band intensity between the in vivo treated 

DNA an the naked DNA had to fulfill the following criteria to be considered a footprint: 

1- the pattern had to be reproducible in all or most of the sequencing gels for each 

experiment; 2- the pattern had to be specific to one allele and not present in both alleles; 

3- the pattern of increased or decreased intensity of the bands had to be in the context of 

other bands with constant intensity.     

Six DNA-protein interaction sites were identified exclusively on the paternally-

inherited allele (designated P1-6) and one on the maternally-inherited allele (designated 

M6).  The close circles in Figure 2-4 denote bands of decreased in intensity with respect 

to the naked DNA, and represent the protection of that particular guanine residue from 

DMS modification due to intimate DNA-protein contacts.  The open circles denote bands 

of increased intensity with respect to the naked DNA, which reflect enhanced reactivity 

to DMS modification of that particular guanine residue.  Open and close circles, 

therefore, indicate sequence-specific DNA-protein in vivo interactions or footprints.     

Figure 2-4A shows footprint P1, which was identified with primer set TY 527on 

the lower strand of the paternally-inherited allele at positions +56 and +58.  P1 was 

detected by comparing the banding pattern from in vivo treated cells with that from naked 

DNA.  This analysis revealed that the band corresponding to the guanine residue +56 on 

the paternally-inherited allele was protected, while the band corresponding to guanine 

residue +58 showed enhanced reactivity in the in vivo-treated sample with respect to 

naked DNA.  This pattern was not observed on the maternally-inherited allele.  

Additionally, the bands above and below the bands corresponding to guanines +56 and  
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Figure 2-4: DMS in vivo footprint analysis of the SNURF-SNRPN 5’region.  Maternal 
alleles were analyzed in lymphoblasts derived from PWS UPD and deletion 
(Del) patients.  Paternal alleles were analyzed in lymphoblasts derived from 
AS UPD and deletion patients.  Cells were treated with DMS for the indicated 
periods of time.  Time 0 seconds indicates naked genomic DNA treated with 
DMS.  Shown above are representative sequencing gels in which the parental 
origin of the allele is indicated.  Similar results were obtained on the UPD and 
Del cell-lines for each paternal and maternal allele.  Therefore only the results 
for one of either UPD or Del cell line are shown for each allele.  In vivo 
footprinted sites on the paternal allele (P1-6) and on the maternal allele (M6) 
are indicated with close and open circles that represent protection or enhanced 
reactivity respectively of guanine residues in vivo.  The numbers on the left 
and the right of each figure indicate position with respect to the transcription 
initiation site which is indicated by a bent arrow.  The bracket indicates the 
position of a phyogeneticly conserved sequence.  Identification of A) P1 on 
the lower strand with primer set TY 527; B) M6/P6 on the lower strand with 
primer set TY527; C) P2 on the upper strand analyzed with primer set TY 
639; D) P3 on the upper strand with primer set TY 639; E) P4 on the upper 
strand with primer set TY 639; F) P5 on the upper strand with primer set TY 
639.    
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+58, showed comparable intensities in the in vivo-treated samples compared to naked 

DNA for both paternally- and maternally-inherited alleles.   

A sequence around -85 and -86 showed footprints in both paternally- and 

maternally-inherited alleles with primer set TY 527on the lower strand as shown in 

Figure 2-4B.  Footprint M6 was identified on the maternally-inherited allele at position -

85 as a band of enhanced reactivity in the in vivo-treated DNA with respect to naked 

DNA.  Intensity of the bands above and below did not show those differences.  On the 

other hand, analysis of the paternally-inherited allele showed enhanced reactivity at 

position -86.  This indicated the existence of a paternal-specific footprint (P6) in the 

paternally-inherited allele at approximately the same position that the maternal-specific 

footprint M6 occupied in the maternally-inherited allele.  This footprinted site M6/P6 is 

likely to play different roles in the paternally- and maternally-inherited alleles, possibly 

by interacting with two different factors or with one factor in two a different 

conformations.  On the transcriptionally inactive, heavily DNA methylated, maternally-

inherited allele, M6 may participate in the silencing of the SNURF-SNRPN gene.  

Conversely, on the transcriptionally active paternally-inherited allele, P6 may play a role 

in SNURF-SNRPN promoter function.   

Figure 2-4B-E show footprints P2, P3, P4 and P5 respectively, which were detected 

on the upper strand with primer set TY 639.  Footprints P2, P3 and P4 were identified as 

bands of increased intensity at positions -5 (P2), -13 (P3) and -34 (P4); footprint P5 at -56 

and -58, which was also detected with primer set TY 539, was observed as the protection 

of both guanine residues with respect to naked DNA.  Analysis of the SNURF-SNRPN 5’  
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Figure 2-5: DNase I in vivo footprint analysis of the SNURF-SNRPN 5’region.  Maternal 
alleles were analyzed in lymphoblasts derived from PWS UPD and deletion 
(Del) patients.  Paternal alleles were analyzed in lymphoblasts derived from 
AS UPD and deletion patients.  Permeabilized cells were treated with 
increasing concentrations of DNase I.  Shown above are representative 
sequencing gels in which the parental origin of the allele and the primer set 
used in the LMPCR amplification reaction are indicated.  DNA refers to 
purified naked genomic DNA treated with DNase I, and cells refers cells 
treated with DNase I in vivo.  Brackets indicate the position of DNase I 
footprints and asterisks indicate the position of previously identified DMS 
footprint M6.  Numbers to the right of each gel denote positions with respect 
to the SNURF-SNRPN transcription initiation site.  An approximately 10 bp 
ladder on the maternal allele from roughly nucleotide -140 to nucleotide -60 is 
indicated by the horizontal arrows to the left of the gel for primer set TY 526. 

flanking region with the remaining four primer sets identified no additional in vivo 

footprints but did detect a G→A polymorphism at position -125.    

The maternal-specific site (M6) was confirmed on the upper and lower strand by 

DNase I in vivo footprinting (Figure 2-5).  The sequence between -91 and -98 was 
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protected from DNase I cleavage as indicated by decreased intensity of that region which 

is flanked by two sites of enhanced reactivity.  Site M6 was detected by DMS and DNase 

I in vivo footprinting, however, the position of the footprints does not perfectly coincide.  

This is not surprising since DMS and DNase I do not necessarily interact with DNA in 

the same manner.  While DMS modifies guanines through the mayor groove, DNase I 

binds the double helix though the minor groove.  Analysis of the paternally-inherited 

allele by DNase I footprinting yielded inconclusive results.  This may be the result of the 

low level of expression of SNURF-SNRPN in lymphoblasts which may lead to low levels 

of transcription factor occupancy at the promoter of SNURF-SNRPN on the paternally-

inherited allele.    

Further analysis of the pattern of DNase I cleavage revealed a 10 bp ladder on the 

maternally-inherited allele that extends at least 80 nucleotides or 8 turns of the helix from 

approximately -60 to -140 on the lower strand.  The naked DNA and paternally-inherited 

allele also display the same 10 bp periodicity to some extent; however, the pattern is 

more regular and noticeable in the maternally-inherited allele.  This DNase I cleavage 

pattern might be an indication of the rotationally phasing of a nucleosome over the 

SNURF-SNRPN promoter region.  This phasing might participate in the silencing of the 

maternally-inherited allele of SNURF-SNRPN.  On the other hand, on the paternally-

inherited allele, which is nuclease hypersensitive and includes several in vivo footprints, a 

weaker 10 bp ladder may reflect the positioning of a non-canonical nucleosome that 

permits binding of transcription factors.  The DNase I cleavage pattern is not apparent on 

the opposite strand as might be expected.  However, similar patterns have been observed 

in vivo for PGK1 (Pfeifer and Riggs, 1991) and HPRT (Chen and Yang, 2001).   
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Footprint P5 is the only one to concur with one of the six sequences phylogeneticly 

conserved in the human and the mouse SNURF-SNRPN 5’ region.  Additionally, Green 

Finberg et al. and Hershko et al. had already determined by transient expression assays 

the existence of a functional element associated with a sequence that includes footprint 

P5 in the human (Green Finberg et al., 2003) and the mouse (Hershko et al., 2001) 

SNURF-SNRPN promoter.  However, this is the first evidence in vivo that a functional 

element is present at the endogenous locus.  Analysis of transcription factor database 

(TRANSFAC) revealed a potential NRF-1 binding site associated with footprint P5.  

NRF-1 is a transcription factor that activates transcription of many genes involved in 

oxidative phosphorylation and metabolic pathways.   

Footprint P2 shows some sequence similarity to an initiator element (gcagagt, 

where the nucleotides in bold correspond to the initiator sequence).  Initiator elements 

share a very loose consensus sequence: Py Py A+1 N T/A Py Py, where Py represents a 

pyrimidine (Javahery et al., 1994).  Transcription factor database analysis identified P2 as 

a putative binding site for E2F, which is known to both activate and repress transcription.   

Footprint P1 lies within a previously reported negative regulatory element within 

SNURF-SNRPN exon 1 (Green Finberg et al., 2003).  The investigators used gel 

retardation assays to show the formation of several DNA-protein complexes upon 

incubation of a 45 bp oligonucleotide with nuclear extract.  Mutation of positions +56 

and +60 abolished that interaction; however, the mutations were never tested functionally 

in the transient expression assay that had originally identified the repressor.  Additionally, 

site P1 is located at the translation start site and transcription factor database analysis 

showed a weak similarity to an AP1 binding site.   
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Site P3 lies within one of three possible CTCF binding sites located in the SNURF-

SNRPN 5’ region.  The sequence shared by sites M6 and P6 lies within a second potential 

CTCF binding site that partially overlaps with a potential NRF-1 binding site.  CTCF has 

been implicated in the regulation of the H19/IGF2 imprinted domain (Hark et al., 2000), 

where it binds the maternal, in that case, unmethylated allele and acts as an insulator.  

However, as will be shown later, in vivo chromatin immunoprecipitation analysis of the 

SNURF-SNRPN promoter region showed undetectable levels of CTCF at both parental 

alleles.  No significant match was identified in the transcription factor database for the 

site P4.  

Figure 2-6 summarizes the footprinting data on the SNURF-SNRPN 5’ region as 

well as the analysis of transcription factors in the same region. 
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Figure 2-6:  Summary of in vivo footprint analysis of the SNURF-SNRPN 5’ region.  The 
nucleotide sequence corresponds to the SNURF-SNRPN 5’ region.  The 
transcription start site is indicated by the bent arrow and the translation 
initiation site is indicated in red.  The position of the DMS and DNase I in 
vivo footprints as well as the position of potential transcription factor binding 
sites and phylogenetically conserved sequences are shown.   

Examination of In Vivo Footprints by Transient Expression Assays 

The function of the cis-acting elements identified by in vivo footprinting was 

analyzed by transient expression assays in human SK-N-SH neuroblastoma cells.  The 

reporter construct used in these assays included approximately 700bp of SNURF-SNRPN 

5’region cloned into pGL3 (Promega) upstream from the luciferase gene.  Mutations at 

the footprinted sites P1, P2, P4, P5 and M6/P6 were introduced individually by site 

directed mutagenesis (QuikChange® XL Site-Directed Mutagenesis Kit, Stratagene) into 

the cloned SNURF-SNRPN promoter.  Mutations in each of the factor binding sites were 

designed to replace at least the DMS-footprinted guanine residues that directly interact  

with DNA binding proteins and to incorporate a novel restriction site.  This restriction 

site allowed for the screening of the mutated clones by restriction digestion that was then 

verified by direct sequencing.  Additionally the mutant sequence was analyzed in a 

transcription factor database (TRANSFAC) in order to eliminate the introduction of new 

transcription factor binding sites in the SNURF-SNRPN promoter region.  The mutant 

sequence for each of the in vivo footprinted sites is indicated next: P1: AATTCA; P2: 

ATGCAT; P4: GATATC; P5: AGTACT; M6/P6: CATATG AND M6/P6’: AATATT.  

Nucleotides in bold correspond to the mutant sequence.  Site M6/P6 was mutated to two 

different sequences for reasons that will be explained later.   

The effect of the mutations on the levels of luciferase activity was analyzed.  As 

shown in Figure 2-7, mutations of the paternal specific sites P2 (potential E2F binding  
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Figure 2-7: Functional analysis of in vivo footprints by transient expression assays.  
Luciferase reporter constructs including the SNURF-SNRPN promoter 
(depicted on the top of the figure) were mutated at each of the DMS in vivo 
footprints, P1, P2, P4, P5 and M6/P6.  Reporter constructs were transiently 
transfected into in human SK-N-SH neuroblasoma cells.  Relative luciferase 
activities are shown compared to an empty construct containing no promoter, 
and to a construct including the wild type unmutated promoter, which was 
arbitrarily assigned the value 1. Error bars represent standard deviations.  

site/initiator) and P5 (potential NRF-1 binding site) significantly reduced the expression 

of the reporter gene decreasing the luciferase activity to almost background levels 

(compare the mutated constructs with the empty construct).  This result clearly indicates 

the involvement of these elements in transcription from the SNURF-SNRPN promoter.  

Similarly, Green Finberg et al., (Green Finberg et al., 2003) mutated and DNA-

methylated a site that corresponds to P5 in the SNURF-SNRPN promoter in a reporter 

construct activated by an exogenous (SV40) enhancer.  They found that both mutation 

and DNA methylation of this site abolished expression from the reporter gene.  However, 

the analysis of the P5 mutation shown above is the first to establish a functional 

correlation between SNURF-SNRPN transcription and site P5 in the absence of the SV40 
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enhancer.  Conversely, Huq et al. (Huq et al., 1997) analyzed a fragment of the SNURF-

SNRPN 5’region from position +4 to +53 by transient expression assays in the presence 

of the SV40 enhancer.  Despite the deletion of sites P2 and P5, which were shown in 

figure 2-7 to be essential for promoter function, the authors only observed a two-fold 

reduction in reporter activity compared to a construct containing the SNURF-SNRPN 

minimal promoter which included sites P2 and P5 (-207 to +53).  These contradictory 

results may be explained by the artificial effect of the robust SV40 enhancer on the 

SNURF-SNRPN promoter.   

Mutation of the paternal-specific footprint P1 did not alter the expression levels of 

the reporter gene in these transient expression assays, however, a potential role for P1 in 

repressing the function of a downstream activator will be described in the next chapter.  

Mutation of the footprinted site P4 had no effect in SNURF-SNRPN promoter function.  

This suggests that the site P4 may play a role in chromatin structure or IC function rather 

than in SNURF-SNRPN promoter activity.  Footprint P3 which resembles a CTCF 

binding site was not examined functionally in transient expression assays. 

Mutation of the M6/P6 footprinted site reduced the expression levels of the reporter 

gene by half.  This decrease in luciferase activity was significantly less severe than the 

effect observed upon mutation of sites P2 or P5.  To rule out the possibility that the 

mutation did not completely abolish binding of the associated factors, a second mutation 

was created at this site with the same outcome.  This suggests that the sequence 

associated with sites M6/P6 may play a role in SNURF-SNRPN promoter activity.  It is 

likely that such role in promoter function is associated with P6, which resides in the 
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transcriptionally active paternally-inherited allele, rather than with M6, which resides in 

the transcriptionally silent maternally-inherited allele.    

 

 

 

 

 

 

 



CHAPTER 3 
CHARATERIZATION OF NHS2: FUNCTIONAL IMPLICATION FOR THE IC  

Nuclease hypersensitivity assays are a standard method for identifying distant 

control regions including enhancers (Picard and Schaffner, 1984), locus control regions 

or LCRs (Talbot et al., 1989), silencers (Sawada et al., 1994), insulators (Udvardy et al., 

1985) and matrix attachment regions (MARs) (Levy-Wilson and Fortier, 1989).  The 

SNURF-SNRPN gene locus includes of two NHS’s on the paternally-inherited allele that 

are absent from the maternally-inherited allele (Schweizer et al., 1999).  NHS1 was 

examined in the previous chapter.  NHS2 is located just downstream from the PWS-SRO 

within the first intron of the SNURF-SNRPN gene.  

Association of transcription factors with the SNURF-SNRPN promoter and 

transcription of the SNURF-SNRPN gene may contribute to the mechanism through 

which the PWS-IC regulates imprinted gene expression throughout the PWS-AS 

associated domain during gametogenesis and/or early embryo development (Nicholls et 

al., 1998).  Therefore, cis-acting elements involved in regulating transcription of the 

SNURF-SNRPN gene could potentially play a role in the PWS-IC function.  Considering 

the proximity of NSH2 to the SNURF-SNRPN promoter and to the PWS-SRO, it is 

possible that NHS2 acts as a modulator of the transcription of the SNURF-SNRPN gene 

and, by extension, of PWS-IC function.  Consequently, we analyzed the effect of NSH2 

on SNURF-SNRPN transcription.  
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Identification of an Activator Function Associated with NHS2  

NHS2 is located roughly 1.5 to 1.7  kb downstream from the SNURF-SNRPN 

transcription start site (Schweizer et al., 1999). In the studies that are described below, a 

large 2.2 kb DNA fragment from +624 to +2888 with respect to the SNURF-SNRPN 

transcription initiation site was analyzed.  This fragment, termed 2.2-NHS2, included 

NHS2 and flanking sequences.  The flanking sequences were included in order to ensure 

that all the elements within the potential control region identified by nuclease 

hypersensitivity were examined.  2.2-NHS2 lies outside the PWS-SRO, which was 

defined by microdeletions in PWS patients.  The PWS-SRO has been proposed to be an 

essential component of the PWS-IC function.  However, this does not necessarily exclude 

that other regions outside the PWS-SRO, such as NHS2, may also play a role in the 

PWS-IC function.  There are several reports of allele specific DNA methylation and 

histone modification patterns in the sequence included in 2.2-NHS2, which is suggestive 

of function.  Most of the sequence in 2.2-NHS2 is located outside from the SNURF-

SNRPN 5’ CpG island.  However, analysis with methyl-sensitive restriction enzymes 

revealed maternal-specific DNA methylation in a group of 4 CpG dinucleotides at the 5’ 

region of 2.2-NHS2, approximately 1 kb downstream from the SNURF-SNRPN 

transcription initiation site (Glenn et al., 1996).  On the other hand, a single Sma I site 

located at the 3’ end of 2.2-NHS2, approximately 2.9 kb downstream of SNURF-SNRPN 

transcription initiation site, showed paternal-specific DNA methylation (Schweizer et al., 

1999).  Histone methylation at H3-K4 in the paternally-inherited allele and H3-K9 in the 

maternally-inherited allele, have been found to be limited to the SNURF-SNRPN 

promoter region, although only 1 kb of sequence on each side of exon 1 has been 

analyzed (Xin et al., 2001).  On the other hand, histone H3 and H4 hyperacetylation was 

 



61 

found associated with the paternally-inherited allele of a region included in 5’ end of 2.2-

NHS2 (Fulmer-Smentek and Francke, 2001) (Saitoh and Wada, 2000).   

The role of 2.2-NHS2 in SNURF-SNRPN transcription was analyzed in transient 

expression assays using the system described in the previous chapter.  2.2-NHS2 was 

introduced into a reporter construct in which the firefly luciferase gene was driven by 

either one of two fragments of the SNURF-SNRPN promoter (from -760 to +80 or -4000 

to +80).  These constructs were transiently transfected into human neuroblastoma SK-N-

SH cells.  Transfected cells were lysed 24 h later and the activity of the luciferase gene 

product determined.  Figure 3-1A shows relative luciferase activities for reporter 

constructs including 2.2-NHS2 at different positions and orientations (constructs (b)-(e)), 

with respect to a construct including approximately 700 bp of SNURF-SNRPN promoter 

but no 2.2-NHS2 (construct (a)).  Reporter constructs (b) in which 2.2-NSH2 was cloned 

downstream from the luciferase gene in the forward orientation showed an 8 fold 

induction in the relative reporter activity compared to construct (a).  This suggested that 

2.2-NSH2 can act as an activator of transcription. However, reversing the orientation of 

2.2-NHS2 drastically reduced the level of activation, suggesting that the activation 

function associated with 2.2-NHS2 may dependent on the orientation respect to the 

promoter.  Alternatively, since the elements responsible for the activation function in 2.2-

NHS2 may be close to one end of the fragment, it is also possible to interpret the 

difference between constructs (b) and (c) as a distance effect.  Next, 2.2-NHS2 was 

introduced upstream from the SNURF-SNRPN promoter in the forward (construct (d)) 

and the reverse (construct (e)) orientations.  This resulted in an approximately 6-fold and  
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Figure 3-1: Identification of an activator function associated with 2.2-NHS2. luciferase 
reporter constructs including 2.2 kb of intronic sequence encompassing HS2 
(grey arrow) at different positions and orientations with respect to the 
SNURF-SNRPN promoter (black line), were assayed by transient expression 
assays in human neuroblastoma cells. Relative luciferase activities are shown 
in each case compared to a construct containing only the promoter, which was 
arbitrarily assigned the value 1. Error bars represent standard deviations. a) 
Analysis of reporter constructs including approximately 750 bp of the 
SNURF-SNRPN 5’ region. b) Analysis of reporter constructs including 
approximately 4 kb of upstream sequence encompassing most of the PWS-
SRO was included in the reporter construct. 

8-fold induction of the reporter activity, respectively, which suggested that the activator  

function associated with 2.2-NHS2 may be independent of the position with respect to the 

promoter.  The effect of reversing the orientation of 2.2-NHS2 in constructs (d) and (e), 

where 2.2-NHS2 is located approximately 500 bp upstream from the promoter, was less 

dramatic than in constructs (b) and (c), where 2.2-NHS2 is located approximately 2 kb 
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downstream from the promoter.  This finding was more consistent with a distance 

dependence effect rather than with an orientation dependence effect on the activator 

function.  This conflict was further investigated in Figure 3-1B by using reporter 

constructs in which the promoter consisted of a 4 kb fragment of SNURF-SNRPN 5’ 

sequence.  Constructs (b) and (c), included 2.2-NHS2 downstream from the luciferase 

gene in the forward and reverse orientations, respectively.  These constructs behaved in a 

similar manner to constructs (b) and (c) in Figure 3-1A.  However, constructs (d) and (e) 

in which 2.2-NHS2 was positioned upstream approximately 4.5 kb from the SNURF-

SNRPN promoter showed a significant decrease in reporter activity with respect to 

constructs (d) and (e) in Figure 3-1A.  This effect is independent of the orientation of 2.2-

NHS2, which is consistent with a distance dependence rather with an orientation 

dependence of the activation function associated with 2.2-NHS2.   

The existence of a functional interaction between the activator associated with 

2.2-NHS2 and specific cis-acting elements in the SNURF-SNRPN promoter was 

examined next by transient expression assays.  The previous chapter describes the 

identification of several cis-acting elements in the 5’ flanking region of the SNURF-

SNRPN gene by in vivo footprint analysis (sites P1 through M6/P6, see Figure 2-4).  

Some of these footprinted sites (P2, P4, M6/P6) were shown to participate in SNURF-

SNRPN promoter function.  However, sites P1 and P5 did not seem to play a role in 

transcription in transient expression assays (see Figure 2-6).  The role of these footprints 

in the context of the activation function within 2.2-NHS2 was analyzed by transient 

expression assays in SK-N-SH cells.  For that purpose, 2.2-NHS2 was cloned into 

reporter constructs that included approximately 700 bp of SNURF-SNRPN 5’ region 
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Figure 3-2: Functional interaction between the activator associated with 2.2-NHS2 and in 

vivo footprints of the SNURF-SNRPN gene promoter.  This analysis was 
performed by transient expression assays.  Luciferase reporter constructs 
included approximately 700 of SNURF-SNRPN promoter (black line) and 2.2-
NHS2 (grey line).  The SNURF-SNRPN promoter was individually mutated at 
each of the indicated DMS in vivo footprints.  Relative luciferase activities are 
shown compared to a construct containing a wild type SNURF-SNRPN 
promoter and lacking 2.2-NHS2 (No Activator construct) and a construct 
including a wild type SNURF-SNRPN promoter and 2.2-NHS2.  Error bars 
represent standard deviation of the means.    

 (construct (e) in Figure 3-2)in which sites P1, P2, P4, P5 and M6/P6 had been 

individually mutated (see Figure 2-6).  Figure 3-2 shows the relative luciferase activity 

for these constructs.  Mutation of site P1, which had no effect in the absence of 2.2-

NHS2, resulted in an increase in reporter activity compared to the wild type promoter 

sequence, when 2.2-NHS2 was present.  This suggested that this element may be 

involved in repressing the SNURF-SNRPN promoter response to 2.2-NHS2 activation 

function.  This is consistent with a published report in which Green Finberg et al. (Green 

Finberg et al., 2003) analyzed the SNURF-SNRPN promoter in the presence of the SV40 
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enhancer by transient expression assays.  They identified a repressor function associated 

with a small region in the SNURF-SNRPN first exon that contained the footprinted site 

P1.  It becomes clear now that the repressor identified by Green Finberg et al. was 

regulating the activation of the SNURF-SNRPN by the SV40 enhancer.  

On the other hand, mutation of site P2 (potential E2F binding site), site P4 and 

site M6/P6 (potential NRF-1/CTCF binding site) had a relative effect comparable to that 

observed in the absence of 2.2-NHS2 (compare Figure 3-2 with Figure 2-6).  However, 

the reduction in transcription that is observed upon mutation of site P5 in the absence of 

2.2-NHS2, is partially relieved in the presence of 2.2-NHS2.  This suggests that that the 

function associated with site P5, which is a potential NRF-1/CTCF binding site, may be 

partially contributed to by elements within 2.2-NHS2.  Site P3 was not tested with the 

activator. 

Specificity of the Activator Function Associated with 2.2-NSH2 

The ability of 2.2-NHS2 to activate transcription from promoters of other genes in 

the cluster was examined next by transient expression assays in SK-N-SH cells.  Reporter 

constructs included the promoter region of the indicated genes upstream from the 

luciferase gene and 2.2-NHS2 downstream from the luciferase gene.  The promoters 

analyzed in these constructs included: 1-the human SNURF-SNRPN gene promoter; 2-the 

SNURF-SNRPN upstream promoters U1A and U1B; 3-the mouse Snurf-Snrpn gene 

promoter; 4-the Snurf-Snrpn upstream promoters U1-A and U1-C; 5-the MKRN3 gene 

promoter; 6-the UBE3A gene promoter (Figure 3-3).   

Figure 3-3 shows that the activation of expression of the human SNURF-SNRPN 

upstream promoters U1A and U1B induced by 2.2-NHS2 was almost as strong as the  
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Figure 3-3: Preferential activation of the SNURF-SNRPN promoter by the activator 

function associated with 2.2-NHS2. The effect of the intronic activator on the 
promoter of various genes in the PWS-AS associated domain was examined 
by transient expression assays in human SK-H-NH neuroblastoma cells. Black 
bars represent the relative luciferase activity for reporter constructs containing 
the indicated promoters and lacking 2.2-NHS2. The construct containing the 
human SNURF-SNRPN promoter without 2.2-NHS2 was arbitrarily assigned 
the value 1. Grey bars represent the relative luciferase activity for reporter 
constructs containing the promoter regions of the indicated genes and 2.2-
NHS2. The fold increase induced by the activator on each promoter is 
indicated on the right margin of the chart. Error bars represent standard 
deviations.   

activation of expression of the human SNURF-SNRPN main promoter induced by 2.2-

NHS2.  Interestingly, the upstream promoters U1A and U1B seemed to be as active, if 

not more so, than the SNURF-SNRPN promoter.  This was observed despite the lack of 

expression of the upstream transcripts in most tissues and the low abundance of the 

SNURF-SNRPN upstream transcripts in the tissues where they are expressed.  The Snurf-

Snrpn promoter in the mouse was activated by 2.2-NHS2 as well, suggesting some 

degree of conservation between the human and mouse promoters in response to the 
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activator function.  Furthermore, the upstream Snurf-Snrpn promoters in mouse U1-A

and U1-C also showed activation by 2.2-NHS2, although the levels of expression from

these promoters were considerably lower (10 fold for U1-C and 6 fold for U1-A) than 

that of the Snurf-Snrpn main promoter in the mouse gene.  These lower levels of 

expression from the upstream promoters in mouse are consistent with the endogen

situation, which contrasts to what was observed for the SNURF-SNRPN main and 

upstream promoters in the human.  This may be a consequence of the intrinsic wea

of the human SNURF-SNRPN promoter, which requires the activation function associated

with 2.2-NHS2.   

MKRN3 and
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 UBE3A are located in the PWS-AS imprinted domain and are 

expre  the 

r 

ction 

The 2 lanking 

sequen on 

ssed from the paternally- and maternally-inherited alleles, respectively.  Both

UBE3A and the MKRN3 promoters showed in a higher level of basal activity that the 

SNURF-SNRPN promoter in the transient expression system and it is interesting to note 

that the UBE3A promoter was able to support transcription in the reverse orientation to 

the same level as in the forward orientation.  MKRN3 and UBE3A promoters were only 

weakly activated by 2.2-NHS2, suggesting that the activator function has a preference fo

the SNURF-SNRPN main and upstream promoters in the human and the mouse genes.  

Interestingly, 2.2-NHS2 which functions as an activator of some paternally-expressed 

genes did not repress UBE3A, which is a maternally-expressed gene.   

Identification of Elements Mediating the Activator Fun

.2 kb region in 2.2-NHS2 included NHS2 and a large portion of f

ce.  In order to narrow down the position of the elements involved in the activati

function, systematic deletions of the 2.2-NHS2 sequence were analyzed by transient  
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Figure 3-4: Identification of cis-acting elements involved in the activator function 

associated with 2.2-NHS2: definition of a minimal activator sequence (MAS).  
Luciferase reporter constructs including ~700 bp of the SNURF-SNRPN 
promoter region and the indicated subfragments of intronic sequence 
(depicted on the top of the figure) were analyzed in transient expression 
assays in human SK-N-SH neuroblastoma cells.  A restriction map of the 2.2-
NHS2 region is shown on the top left corner and the size and position of each 
subfragment are described below the restriction map.  Enzymes: E-EcoR I, N-
Not I, B-Bgl II, T-Taq I, S-Sty I, H-Hpa I, S’-Sma I.  An R next to the 
construct N-T indicates that the subfragment was introduced in the reverse 
orientation.  Numbers refer to the position respect to SNURF-SNRPN 
transcription initiation site.  Relative luciferase activities are shown compared 
to a reporter construct containing the SNURF-SNRPN promoter and lacking 
2.2-NHS2.  The stars mark a region that is common in all of the intronic 
fragments that show a significant activation function, termed minimal 
activator sequence or MAS.  Error bars indicate standard deviations.   

expression assays.  These experiments defined a minimal activator sequence (MAS), a 80 

bp region flanked by Taq I and Bgl II restriction sites that retained a significant portion of 

the activation function.   
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Reporter constructs used in the transient expression assays included 

approximately 700 bp of SNURF-SNRPN 5’ region upstream from the luciferase gene 

and subfragment of 2.2-NHS2 downstream from the luciferase gene.  As shown in Figure 

3-4, the truncated constructs E-H, E-S’, N-S’, T-S’ and B-B retained 50% or more of the 

activation potential associated with the full length 2.2-NHS2.  All these fragments share a 

approximately 80 bp common region that is bracketed between the Taq I and Bgl II 

restriction sites and is marked with a star in the figure.  This region was termed minimal 

activator sequence (MAS) and it colocalizes with the approximate position of NHS2 in 

the first intron of the SNURF-SNRPN gene.  For other fragments there were none or 

significantly less activation function remaining and, therefore, were not investigated 

further.   

In order to identify conserved sequences between the 2.2-NHS2 region in human 

and the hom

with the en This 

analysis id  

approxima

Significant he 

approxima

factor datab ive 

binding sit e MAS 

 recognized in the transcription factor search.   

ologous region in mouse, a sequence comparison of the entire 2.2-NHS2 

tire sequence for first intron of the Snurf-Snrpn gene was carried out.  

entified a single region that showed significant conservation (Figure 3.4).  This

tely 80 bp conserved region was termed activator conserved sequence (ACS).  

ly, the ACS extensively overlaps with the MAS and is also coincident with t

te location of NHS2 in SNURF-SNRPN first intron.  Analysis of transcription 

ase (TRANSFAC) sites within the conserved ACS/NHS2 indicated putat

es for SP1 and YY1 within the portion of the ACS that overlaps with th

and for NRF-1 immediately downstream of the Bgl II restriction site.  In addition, there is 

another highly conserved 9 bp element adjacent to the YY1 putative binding site (see 

Figure 3-6) which was no
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Figure 3-5: Blast algorithm based alignment of the human 2.2-NHS2 region and the full 

length first intron in the mouse Snurf-Snrpn gene.  The only region of 
significant sequence conservation between human (H) and mouse (M) 
sequences is shown above together with the partially overlapping minimal 
activator sequence (MAS) flanked by Taq I and Bgl II restriction sites.  The 
position of potential transcription factor binding sites identified by analysis of 
transcription factor database (TRANSFAC) is indicated.      

YY1 is a ubiquitous factor that has been described to participate in gene activation 

and gene repression both by interacting with promoter (including with initiators 

elements) and with distal elements.  It has also been shown to act as an insulator and a 

nuclear matrix attachment factor.  The role of the putative YY1 binding site in the 

activation function associated with 2.2-NHS2 was examined by introducing a mutation in 

that sequence by site directed mutagenesis in a luciferase reporter construct including 

approximately 700 bp of SNURF-SNRPN 5’ region and 2.2-NHS2 (Figure 3-1A, 

construct (b)).  A 4 fold reduction in the expression levels was observed in the mutated 

construct, which suggested that the putative YY1 binding site in the ACS/NHS2 is a 

major component of the activator function. 
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Figure 3-6: Functional analysis of a putative YY1 binding site in 2.2-NHS2 by transient 
expression assays.  Luciferase reporter constructs included ~700 bp of 
SNURF-SNRPN promoter region (black line) and 2.2-NHS2 (grey arrow).  
Constructs were transfected into human SK-N-SH neuroblastoma cells.  The 
putative YY1 binding site in 2.2-NHS2 was mutated (indicated by the 
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itro binding of YY1 to the Putative YY1 Binding Site in ACS/NHS2 

bility of YY1 to interact with the putative YY1 binding site 

nalyzed next.  Crude nuclear extract from human SK-N-SH neuroblastoma cells 

was incubated with a radioactively labeled probe containing the putative YY1 bin

sequence in electrophoretic mobility shift assays (EMSA).  As shown in Figure 3-4, one 

prominent and several weak shifted bands were detected (lane 1), which indicates t

formation of DNA-protein complexes.  These bands were readily competed with a 30 

fold excess of cold probe (lane 2) or with an unrelated oligonucleotide that included th

YY1 consensus binding sequence (aagatggccgcc; lane 4).  However, no competitio

observed with an oligonucleotide similar in sequence to the probe except for a mutation 

at the putative YY1 binding sequence that also disrupts the activation function of the 

NHS2 as shown in figure 3-6 (lane 3).  In ad
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Figure 3-7 YY1 binding site in the ACS-NHS2.  
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Lane 1, a radiolabeled oligonucleotide probe including the YY1 binding 
in the ACS-NHS2 and flanking sequence was incubated with nuclear ext
from human SK-N-SH neuroblastoma cells. Lanes 2-5, competition reactions 

oligonucleotide containing the consensus YY1 binding site (lane 4), unrelat

specific for YY1 DNA binding domain (lane 6) and full length YY1 (lane 7-

Ab and the nuclear extract with respect to addition of the DNA probe).  Lanes

Two different antibodies against YY1, anti-YY1-a (Santa Cruz, sc281) and anti-

factor bound to the probe.  Anti-YY1-a recognizes the DNA binding domain of YY1 and

elimination the bands associated with complexes 1-4 and the intensification of the band 

associated with complex 5 (lane 6).  Anti-YY1-b recognizes the full length protein and 

the antibody with the nuclear extract resulted in a supershift o
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the band associated with complex 5.  Furthermore, purified recombinant YY1 (kindly 

provided by Dr. Edward Seto) yielded the same gel shift pattern than the crude nuclear 

extract upon incubation with the radiolabeled probe (lane 10 includes lower amounts of 

recombinant YY1; lane 11 included higher amounts of recombinant YY1).  The band 

associated with complex 5 that was not competed with anti- YY1-a or supershifted with 

anti-YY1-b, was present after incubation of the probe with purified YY1.  This indicated 

that complex 5 represented, nonetheless, a DNA-YY1 complex.  However, the reason 

why this complex was not affected by the antibodies is unclear.  Altogether, the EMSA 

analysis showed that YY1 does bind to the presumptive YY1 binding site in the 

CS/NHS2 in vitro. 

Bind

ACS/NHS2

technique a

DNA.  In a

posttr n 

p 

s 

A

Chromatin Immunoprecopitation (ChIP) Analysis of Factors Associated with 
SNURF-SNRPN 5’ Region/NHS1 and ACS/NHS2 

ing of YY1, NRF-1 and CTCF to SNURF-SNRPN 5’ region/NHS1 and 

 in vivo was analyzed by chromatin immunoprecipitation (ChIP) assays.  This 

llows the in vivo detection of factors interacting with specific regions in the 

ddition, ChIP assays are sensitive enough to distinguish between specific 

anslational modifications associated with those factors.  These assays are based o

the use of a crosslinking agent to “freeze” all the protein-protein-DNA interactions 

occurring within a cell at the time of the crosslinking.  This is followed by isolation of the 

crosslinked chromatin and shearing by sonication to an average size between 200 b

(mononucleosomes) and 1000 bp depending on the application.  The sheared chromatin i

then immunoprecipitated with an antibody raised against a specific factor.  After 

reversing the crosslinking, the presence of the genomic region of interest in the 

immunoprecipitate is tested by PCR, dot blot or other methods for DNA detection.  
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Alternatively, instead of sonicating the chromatin, cells can be treated with micrococal

nuclease (MNase).  The in vivo MNase digestion of DNA is followed by crosslinking.   

In order to distinguish between SNURF-SNRPN paternally- and maternally-

inherited alleles, lymphoblast derived from AS and PWS patients, containing either the 

paternal or the maternal allele, respectively, were used in the ChIP assays.  The 

immunoprecipitated DNA was analyzed by PCR.  The PCR products were size-

fractionated by polyacrylamide gel electrophoresis (PAGE), stained with SyBr green, a

visualized and quantitated in a fluorescence scanner.  At least two independent 

immunoprecipitation (IP) reactions were performed with each antibody and each 

reaction was analyzed

 

nd 

IP 

 with at least two independent PCR reactions.   

 

no antibody was added, was performed in each experiment.  The precipitated fraction of 

the DNA in this sample was used to control for non-specific precipitation of the DNA 

region of interest.  The non-precipitated fraction of the DNA in that sample was 

considered as an input DNA control.  The input DNA control was used to normalize 

across experiments the amount of DNA immunoprecipitated with the various antibodies 

in the different cell lines.  For some genomic regions, the PCR reaction was more 

efficient on the DNA immunoprecipitated from the PWS-derived cell line than on the 

DNA immunoprecipitated from the AS-derived cell line.  Although PCR reactions were 

performed within the linear range (see Material and Methods), these differences in 

amplification efficiency may result in a shift from the linearity in the amplification 

reaction of the immunoprecipitated DNA from the PWS cell line.  Therefore, for each 

experiment and each region, the amount of input DNA control from AS- and PWS-

Several controls were included in the ChIP analysis.  A mock IP reaction in which
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derived cell lines used in the PCR reaction, was corrected in order to yield the same 

amount of amplified product.  That same correction was then applied to the antibody-

specif

ted with 

ificant 

e 

st is 

reds of base pairs 

away  

ol 

 

arates 

r 

ed 

nner 

ic immunoprecipitated DNA in each experiment and for each region.   

Shearing the chromatin by sonication resulted in DNA fragments with an average 

size of 500 to 1000 bp.  Therefore, some of the DNA fragments immunoprecipita

an antibody for a given factor binding to a specific DNA sequence included sign

portions of neighboring DNA that was not associated with that factor.  In those cases, 

PCR-amplification of the immunoprecipitated DNA with primers specific for th

neighboring sequence would result in a PCR product even though the factor of intere

not associated with that region and the actual binding sequence is hund

.  This effect will be referred to as “amplification of neighboring regions”.  Since the

regions amplified in the SNURF-SNRPN 5’ region is only 1.3 kb upstream from 

ACS/NSH2, controls were generated to account for the amplification of neighboring 

regions, in which the amplification of one of these two regions may occur after 

immunoprecipitation with antibodies for factors that bind the other region.  The contr

for SNURF-SNRPN 5’ region consisted of a region (1.3 kb upstream or 1.3 kb us) located

upstream from SNURF-SNRPN 5’ region, and at the same distance (1.3 kb) that sep

the regions amplified in SNURF-SNRPN 5’ region and the ACS/NHS2.  The control fo

ACS/NHS2 consisted of a region (1.3 kb downstream or 1.3 kb ds) located 1.3 kb 

downstream from ACS/NHS2.      

Figure 3-8 shows the results for the allele specific ChIP analysis of the indicat

regions using antibodies against YY1, NRF-1 and CTCF.  The top panel shows 

representative gels.  The intensity of the bands was determined in a fluorescence sca
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and the values for each immunoprecipitated DNA sample were normalized with resp

to the input DNA controls.  The average and standard deviation of the normalized valu

for each antibody and region were calculated and plotted in the bottom panel 

ect 

es 

of Figure 3-

8.  Ch

d 

 a 

, was 

me 

d band 

, 

n lymphoblasts, does not include a clear YY1 binding 

site.  e  

IP analysis showed in vivo clear association of YY1 with the ACS/NHS2.  This 

association was only detected in the AS-derived cell-line indicating that the association of 

YY1 with the ACS/NHS2 occurs specifically in the paternally-inherited chromosome an

not on the maternally-inherited allele.  As a positive control for IP with YY1 antibody,

region 5’ of the glucocorticoid receptor gene, which is known to interact with YY1

analyzed.  Association of this region with YY1 was detected in both AS- and PWS-

derived cell lines (data not shown).  A weak band representing a possible interaction of 

YY1 with the SNURF-SNRPN 5’ region was observed in AS-derived cells.  However, 

another band of similar intensity was detected in 1.3-ds, which is located at the sa

distance from ACS/NHS2 than 5’ SNURF-SNRPN and controls for the effect of 

amplification of neighboring regions (see above).  Therefore, the abovementione

corresponding to the SNURF-SNRPN 5’ region was considered unlikely to represent an in 

vivo interaction of YY1 with this region.  In addition, a very weak band representing a 

possible interaction of YY1 with the SNURF-SNRPN upstream promoter U1A was 

detected in the paternally- inherited allele.  However, this band was also detected for the 

maternally-inherited allele in the PWS-derived cell line.  The U1A promoter region

which is not active in either allele i

Therefore, it is likely that the observed PCR products at the U1A promoter were th
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Figure 3-8: ChIP analysis of factors associated with the SNURF-SNRPN upstream 
promoter U1A, the SNURF-SNRPN 5’ region and ACS/NHS2.  Paternal 
alleles were analyzed in lymphoblasts derived from AS patients maternal 
alleles were analyzed in lymphoblasts from PWS patients.  Chromatin was 
immunoprecipitated with antibodies against YY1 (Santacruz, sc1703), NRF-1 
(provided by Dr. Richard C. Scarpulla (Northwestern Medical School, 
Chicago, Il)) and CTCF (Upstate Biotechnology). Purified DNA was analyzed 
by PCR using primers for the indicated regions.  Input DNA was diluted 1:20 
and used to normalize the amount of DNA used in the amplification reaction 
for each cell type.  On the top are shown representative gels. The PCR 
products were quantitated in a fluorescence scanner and the values norma

 

lized 
to the input DNA.  The chart at the center represents the average values across 
several experiments.  The lower values are expanded in the chart at the 
bottom. 

result of non-specific immunoprecipitation.  Alternatively, a barely perceptible 

association of YY1 with both paternally- and maternally-U1A alleles may be possible.  

ChIP analysis revealed the association of NRF-1 with the ACS/NHS2 and the 

SNURF-SNRPN 5’ region/NHS1.  As was previously shown for YY1, this association 

was only observed in the AS-derived cell line, indicating that NRF-1 interaction with 

ACS/NHS2 and SNURF-SNRPN 5’ region/NHS1 is specific to the paternally-inherited 

allele and does not occur in the maternally-inherited allele.  As a positive control for IP 

with NRF-1 antibody, a region in the DM1 (myotonic dystrophy 1) locus in chromosome 

19, which was suspected to interact with NRF-1, was analyzed (Filippova et al., 2001).  

Association of this region with NRF-1 was detected in both AS- and PWS-derived cell 

lines.  After amplification of the NRF-1 immunoprecipitated DNA, the normalized 

intensity of the PCR-amplified ACS/NHS2 sequence was higher than the normalized 

intensity for the PCR-amplified SNURF-SNRPN 5’region/NHS1.  This likely reflects a 

stronger association of NFR-1 with the ACS/NHS2 compared to SNURF-SNRPN 5’ 

region/NHS1.  The SNURF-SNRPN upstream promoter U1A showed a very weak and 
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biallelic band for NRF-1, which was likely to be the result of non-specific 

cipitation.      

 SNURF-SNRPN gene 5’ region includes several potential CTCF binding 

efore the association of CTCF with that region was examined by chromatin IP. 

ion with CTCF was detected in the SNURF-SNRPN 5’ region or any of the 

ns analyzed.  As a positive control for IP with CTCF antibody, the same 

e DM1 (myotonic dystrophy 1) locus, in which CTCF is known to assoc

immunopre

The

sites.  Ther

No interact

other regio

region in th iate 

with to sequences 176 bp apart, was analyzed (Filippova et al., 2001).  Association of this 

region with CTCF was detected in both AS- and PWS-derived cell lines.   

In summary, ChIP analysis showed the association of YY1 with the ACS/NHS2 

and the association of NRF-1 with the ACS/NHS2 and at lower levels with SNURF-

SNRPN 5’ region/NHS1.  Association of CTCF with these regions was not detected.     

Association of RNA Polymerase II with ACS/NHS2 

YY1 has been reported to recruit RNA Pol II and TFIIB to activate transcription 

(Usheva and Shenk, 1994).  Therefore, it is possible that the activator function associated 

with ACS/NHS2 is based in the recruitment of RNA Pol II by YY1, followed by transfer 

of the polymerase to the SNURF-SNRPN promoter.  Consequently, the association of 

RNA Pol II with the ACS/NHS2 was analyzed by ChIP assays.  Two antibodies were 

used in the immunoprecipitation reaction: a general antibody that recognizes RNA Pol II 

(Santa Cruz, sc-899) and a second more specific antibody that recognizes the 

unphosphorylated non processive form of RNA Pol II (Covance, MMS126R).  

Transcription is preceded by the formation of a preinitiation complex at gene promoters 

that includes general transcription factors and RNA Pol II in a unphosphorylated form.  

Phosphorylation of the C-terminal domain of RNA Pol II is required to disrupt the 
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interactions of the polymerase with other transcription factors at elongation

transcription.  Therefore, unphosphorylated RNA Pol II is generally considered to be the 

 of 

non-pro  II 

 

s 

CR 

 II and, in 

particu

g 

Regions 1.3 kb up d the 

ACS/N

 

ternally-

ally-

cessive form associated with transcription initiation while phosphorylated Pol

is generally considered to be the processive form associated with transcription elongation.  

Figure 3-9 shows the results of the analysis of RNA Pol II.  The top panel show

representative gels and the bottom panel shows the average relative intensity of the P

products with respect to the input DNA control in each experiment.  PCR amplification 

of DNA immunoprecipitated with antibodies for either RNA Pol II or the 

unphosphorylated form of RNA Pol II revealed the association of RNA Pol

lar the unphosphorylated form, with both the ACS/NHS2 and SNURF-SNRPN 5’ 

region/NHS1.  This association was only detected on AS-derived cell lines, indicatin

that it occurs specifically with the transcriptionally active paternally-inherited allele.  

stream and downstream of SNURF-SNRPN 5’ region an

HS2, respectively, were also analyzed.  However, no PCR-amplification of these 

regions was observed, eliminating the possibility that detection of RNA Pol II in 

ACS/NHS2 was the result of amplification of neighboring regions effect.  As a control a 

transcribed region in the SNURF-SNRPN second intron was analyzed.  No initiation of

transcription takes place in this region and, therefore, should not be associated with 

unphosphorylated RNA Pol II.  As is shown in Figure 3-9, such association was not 

observed.  Furthermore, the levels of RNA Pol II detected in the transcribed pa

inherited allele are comparable to the levels detected in the not transcribe matern

inherited allele, indicating that the signal observed is likely due to unspecific  
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Figure 3-9: ChIP analysis of RNA polymerase II association with SNURF-SNRPN 
upstream promoter U1A, SNURF-SNRPN 5’ region/NSH1 and ACS/NHS2.  
Paternal alleles were analyzed in lymphoblasts derived from AS patients, 
maternal alleles were analyzed in lymphoblasts from PWS patients.  
Chromatin was immunoprecipitated with antibodies against RNA Pol II -Pol 
II- (Santa Cruz, sc-899 ) and the unphosphorylated form of RNA Pol II -Pol II 
unP- (Covance, MMS126R).  Purified DNA was analyzed by PCR using 
primers for the indicated regions.  Input DNA was diluted 1:20 and used to 
normalize the amount of DNA used in the amplification reaction for each cell 
type.  On the top are shown representative gels. The PCR products were 
quantitated in a fluorescence scanner and the values normalized to the input 
DNA.  The bottom chart represents the average values across several 
experiments.   
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immunoprecipitation of the region of interest.  Therefore, association of RNA Pol II with 

the second intron was not detected, which is consistent with the low level of transcription 

SNURF-SNRPN gene in the cell line used for the ChIP analysis.  Similarly, RNA 

Pol II was not detected on the upstream promoter U1A, consistent with the fact that the 

 transcripts are brain-specific and not expressed in the lymphoblast cell type 

ployed in the immunoprecipitation. 

The average values indicated in the chart in Figure 3-9 suggested that the 

association of the unphosphorylated form of pol II is stronger at the ACS/NHS2 that at 

SNURF-SNRPN promoter.  This suggested that ACS/NHS2, probably with the 

assistance of YY1, may recruit the unphosphorylated form of RNA pol II.  NRF-1 and 

likely SP1 may be involved in stabilizing the association of the polymerase with this 

region.  Bending of the DNA probably facilitates the transfer of RNA Pol II to the 

oter that contains two additional NRF-1 binding site, several putative SP1 binding 

sites and a putative E2F binding site.  SNURF-SNRPN upstream promoters also contain 

potential NRF-1 binding sites, therefore, activation of those promoters by ACS/NHS2 

y use the same mechanism.    

EST database analysis identified a transcript that starts in the vicinity of 

of the 

upstream

em

the 

prom

ma

ACS/NHS2   

Hence, it is  bound 

by several 

Neverthele

rather than

 and splices once within SNURF-SNRPN intron 1 before splicing into exon 2.

 possible that, as a result of the recruitment of RNA Pol II to a region

transcription factors, the ACS/NHS2 may act as a weak promoter.  

ss, this would be a consequence or secondary effect of the activator function 

 part of the activation mechanism.  Additionally is also possible that the 
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transcript in the EST database is an incomplete version of a larger transcript that starts in 

one of the SNURF-SNRPN known promoters.   

Analysis of Histone Modifications in SNURF-SNRPN 5’ Region/NHS1 and 
ACS/NHS2 

Histone tail modifications are among the mechanisms that establish and maintain 

distinct chromatin states which are key regulators of gene expression.  Complex 

combinations of histone modifications specify a wide variety of chromatin states and 

associated genomic function.  Therefore, patterns of allele-specific histone modifications 

associated with ACS/NHS2 and the SNURF-SNRPN 5’ region were characterized.  

Figure 3-10 shows the results for the ChIP analysis of histone H3 and H4 with specific 

modifications.  The top panel shows representative gels and the bottom panel shows the 

average relative intensity of the PCR products with respect to the input DNA control in 

each experiment.  The acetylated state of histone H4 was analyzed using antibodies that 

recognized acetylation of H4 at all lysines in the histone tail (K5, K8, K12 and K16) and 

antibodies specific for acetylated H4 lysine 5 and H4 lysine 8.  Figure 3-10 shows that 

acetylated histone H4 was enriched in the paternally-inherited allele of SNURF-SNRPN 

5’ region/NSH1 and the ACS/NHS2.  On the other hand, hypoacetylated H4 was 

associated with both regions in the maternally-inherited chromosome.  Enrichment for 

acetylated H3 lysine 9 and methylated of H3 lysine 4 was also observed in the paternally-

inherited allele compared to the maternally-inherited allele of SNURF-SNRPN 5’ 

region/HS1 and the ACS/NHS2.  Interestingly the level of histone modifications in 

SNURF-SNRPN 5’ region and ACS/NHS2 is similar except for the level of H3-K4 

methylation, which is higher in ACS/NHS2.  This is consistent with the higher levels of  
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Figure 3-10: ChIP analysis of the histone code associated with SNURF-SNRPN upstream 

promoter U1A, SNURF-SNRPN 5’ region/NHS1 and ACS/NHS2.  Paternal 
alleles were analyzed in lymphoblasts derived from AS patients and maternal 
alleles were analyzed in lymphoblasts from PWS patients.  Chromatin was 
immunoprecipitated with antibodies against histones modified at specific 
residues: acetylated H4-K5, acetylated H4-K8, acetylated H4 and acetylated 
H3-K9 (Upstate Biotechnologies), methylated H3 K4 (Abcam).  Purified 
DNA was analyzed by PCR using primers for the indicated regions.  Input 
DNA was diluted 1:20 and used to normalize the amount of DNA used in the 
amplification reaction for each cell type.  On the top are shown representative 
gels. The PCR products were quantitated in a fluorescence scanner and the 
values normalized to the input DNA.  The bottom chart represents the average 
values across several experiments.   
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NRF-1 and RNA Pol II associated with that same region compared to SNURF-SNRPN 5’ 

region/NHS1.  Histones associated with regions 1.3 kb upstream and 1.3 kb downstream 

from SNURF-SNRPN 5’ region/HS1 and ACS/NHS2, respectively, are largely 

unmodified on both alleles.  The differential histone modifications described earlier are 

mostly absent in the upstream promoter U1A.  U1A is not active in the cell type 

examined and that was shown in the previous section not to associate with NRF-1 or 

RNA Pol II.     

In summary, the paternally-inherited alleles of SNURF-SNRPN 5’ region/NHS1 

and ACS/NHS2 were characterized by histone modifications representative of active 

chromatin, which is consistent with the nuclease hypersensitivity, factor binding and 

active transcription associated with the SNURF-SNRPN locus in the paternally-inherited 

chromosome 15.  On the other hand, the maternally-inherited alleles of SNURF-SNRPN 

5’ region/NHS1 and ACS/NHS2 were characterized by histone modifications 

representative of silent chromatin.   

 
 
 
 

 



CHAPTER 4 
MATERIALS AND METHODS 

Cell culture:  EBV transformed lymphoblasts derived from PWS and AS p

were kindly provided by Dr. DJ Driscoll and were grown in suspension in RPMI med

supplemented w

atients 

ium 

ith 10% FBS and 1% penicillin-streptomycin.  Human neuroblastoma 

SK-N

 

rived form 

ated in the figures were cloned into pGL3-basic 

ector (Promega) using commercial enzymes: in SNURF/SNRPN –3999 (Pvu II), -676 

Bgl II), -455 (Rsa I), -207 (Xba I), +80 (Pvu II).  UBE3A -455 (Ava I); +75 (Ava I).  

MKRN3 -890 (Sap I) 45 (Taq I).  Snurf-Snrpn -567 (Nde I); +56 (Pvu II).  Fragments for 

U1A, U1B, U1-A and U1-C were generated by PCR (Continues in Appendix A) 

Transient transfection and reporter assay:  SK-N-SH and HT1080 cells were 

transfected with SuperFect (Qiagen) or FuGene 6 (Promega) according to the 

manufacturer specifications.  Transfections performed with SuperFect were optimized to 

4 µl of reagent and a total amount of 825 ng of DNA per well on 24 well-plates.  

Transfections performed with FuGene were optimized to 1 µl of reagent and a total 

amount of 165 ng of DNA per well on 24 well plates.  In order to maintain the 

-SH and human fibrosarcoma HT1080 cell-lines were grown in monolayer in Earl 

minimal essential medium (EMEM) supplemented with 10% FBS and 1% penicillin-

streptomycin.  All the cells were maintained in culture at 37 °C in 5% CO2. 

Vector design: SNURF-SNRPN fragments were derived from plasmid pHTRM1.8;

MKRN3 fragments were derived from the plasmid pDN34 (Jong et al., 1999); UBE3A 

fragments were derived plasmid pUBE3A-3.3.  Snurf-Snrpn fragments were de

plasmid pGN73 The fragments indic

v

(
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transfection conditions consistent, approximately 1x10-13 moles of the experimental 

constructs were supplemented with pBluescript S/K II plasmid in order to keep the total 

amount of DNA constant.  A construct containing the Renilla luciferase gene driven by 

the herpes simplex virus thy r, pRL-TK (Promega), was 

used 

 that 

requir

ion 

.  Those 

avera

Yang, 

 

midine kinase (HSV-TK) promote

in a 1:11 mass ratio respect to the total DNA as an internal control for transfection 

efficiency.  24 hours post-transfection, cells were lysed in passive lysis buffer (Promega) 

and the Firefly and Renilla luciferase activities sequentially and individually measured 

with the Dual-Luciferase® Reporter Assay System (Promega).  The photinus pyralis and 

the Renilla reniformis luciferase gene products have diverged in their substrate 

specificity, the first using the beetle luciferin in a chemoluminescent reaction

es ATP, Mg2+ and O2, while the second uses O2 and coelenterateluciferin 

(coelenterazine).  This system allows for the examination of both gene products 

individually in the same cell lysate by addition of the first substrate, quenching of the 

chemoluminescent reaction and addition of the second substrate.  The lucifarase react

was quantified in a Sirius Luminometer V2.2, that measures relative light units.  Each 

experiment was performed in duplicate and repeated at least three times.  The values 

obtained from the firefly lucifarase were normalized to the internal control, the Renilla 

luciferase, and the average value of each construct for each experiment calculated

ges were then used to calculate the standard deviation of the means across 

independent experiments.    

In vivo and in vitro DMS treatment of cells and DNA for in vivo footprinting:  

DMS treatment was performed as described by Hornstra and Yang (Hornstra and 

1992).  Briefly, approximately 2 X 107 suspension cells were collected, washed with
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phosphate buffer saline (PBS) and incubated at room temperature in 1ml of PBS with

DMS for 60, 90 and 120 s.  Cells were immediately washed with 50 ml of ice cold PBS 

three times and lysed overnight at room temperature in lysis buffer (50mM Tris-HCl pH

8.0, 150 mM NaCl, 25 mM EDTA, 0.5% SDS and 300 µg/ml proteinase K).  The lysate 

was sequentially extracted with equal volumes of phenol, phenol:chloroform (1:1) and 

chloroform, then treated with RNase (RNase cocktail by Amersham), phenol:chloroform 

(1:1) and chloroform extracted a second time.  The genomic DNA was then ethanol 

precipitated, resuspended in 180 µl of double distilled water (ddH2O) and then cleaved at

the modified guanine residues in 10% piperidine at 95 °C for 30 minutes follow

incubation on ice.  Piperidine was eliminated by sequential addition of 1 ml of dou

distilled water followed by drying in a vacuum concentrator in the absence of he

procedure was repeated one more time.  DNA was resuspended in TE (pH 7.5) (1

Tris-HCl (pH 7.5) and 1 mM EDTA (pH 8)) to a concentration of 1.5 mg/ml.   

For the treatment of naked genomic DNA with DMS, approximately 100 µg of 

DNA in 10 µl of ddH2O was incubated with 0.5 % DMS at room temperature for 45 se

To reduce the viscosity of the DNA, the sample was vortexed for 2 sec after addition 

the DMS.  The reaction was immediately stopped by addition of 200 µl of DMS stop 

buffer (1.5 M NaAc pH 5.0 and 1 M ß-mercaptoethanol) and the DNA precipitated with 

750 µl of 100% ethanol followed by a 20 minutes incubation in a dry ice/ethanol

The precipitated DNA was th

 1% 

 

 

ed by 

ble 

at.  This 

0 mM 

c.  

of 

 mixture.  

en washed in 75% ethanol and cleaved with piperidine as 

befor

 and 

e.    

In vivo and in vitro DNase I treatment of cells and DNA for in vivo 

footprinting:  This proceeding was performed as described by Chen and Yang (Chen

 



89 

Yang, 2001).  Briefly, approximately 2 X 107 lymphoblast cells were collected, washed 

once with PBS, once with solution A (150mM  sucrose, 80mM KCl, 35mM HEPES (pH

7.4), 5mM K2HPO4, 5mM MgCl2, 0.5mM CaCl2), once with solution B (150mM  

sucrose, 80mM KCl, 35mM HEPES (pH 7.4), 5mM K2HPO4, 5mM MgCl2, 2mM CaCl2) 

and incubated for 2 minutes at 37 °C in solution B with 0.2% Nonident P40 (NP40) and

10-60 units of DNase I (Worthington).  The reaction was stopped by addition of lysis 

buffer and cells were lysed overnight at room temperature and genomic DNA purifie

phenol/chloroform extraction as described above.  

For the treatment of naked genomic DNA with DNase I, three tubes were prepar

with approximately 50 µg of DNA resuspended in 100 µl of ddH2O plus 200 µl of 

solution B.  Three different concentration points were generated by addition of DNase I 

to final concentrations of 0.05, 0.1 and 0.2 units/µl, respectively, and the mixtures 

incubated at room temperature for exactly 2 minutes.  The reaction was stopped

 

 

d by 

ed 

 by 

additi nd 

 

 

 

y 

F-SNRPN gene promoter as described below. 

ed as 

on of EDTA and SDS to a final concentration of 20 mM and 0.2% respectively a

the DNA was purified by phenol/chloroform extraction followed by ethanol precipitation. 

The DNA was resuspended in TE (pH 7.5) to a final concentration of 1.5 mg/ml.  

Preparation of the DNA sequencing ladder:  G, G+A, C+T and C sequencing

ladders were generated from purified human genomic DNA that was chemically modified

and cleaved according to the method developed by Maxam-Gilbert (Meth enzymol 65 

499-560,1980).  Ligation-mediated PCR (LMPCR) was then used to specifically amplif

the SNUR

Ligation-Mediated PCR (LMPCR):  LMPCR was essentially perform

described by Chen and Yang (Chen and Yang, 2001) with minor modifications and 
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consists of 3 steps: 1- extension with a gene specific primer (extension primer);2- ligatio

of a double stranded asymmetric oligonucleotide linker (LP1- 5’-gaattcagatc-3’ and LP2- 

5’-gcggtgacccgggagatctgaattc-3’); 3- PCR amplification with a second gene specif

primer (PCR primer) and a linker specific primer.  All three steps were performed in a 

thermocycler with heated lid to prevent evaporation/condensation.  Approximately 3 µg 

of DMS/piperidine-treated DNA or 5 µg of DNase I-treated DNA were denatured at 95

 C for 10 min. and annealed to 0.6 pmols of extension primer at the temperatures 

indicated in Table 4-1 for 30 min. in a 15 µl of a so

n 

ic 

 

lution containing 10 mM Tris-HCl 

(pH 8

2  C 

 

0 mM 

DTT,

 

 by standard phenol/chloroform 

extrac

.9) and 40 mM NaCl.  The subsequent primer extension was carried out by addition 

of 15 µl of a solution containing 10 mM Tris-HCl (pH 8.9), 40 mM NaCl, 0.5 mM each 

dNTPs and 2 units of the high fidelity Vent polymerase (New England Biolabs) and 

incubation at 53  C for 1 min., 55  C for 1 min., 57  C for 1 min., 60  C for 1 min., 6

for 1 min., 66  C for 1 min., 68  C for 3 min. and 76  C for 3 min.  20 µl of a dilution

buffer (10 mM Tris-HCl (pH 7.5), 18 mM MgCl2, 50 mM dithiothreitol (DTT) and 

0.0125% bovine serum albumin (BSA)) were added followed by 100 pmols of 

asymmetric double stranded linker in a 25 µl solution containing 10 mM MgCl2, 2

 3 mM ATP, 0.005% BSA and 4.5 units of T4 ligase (Ambion).  The double 

stranded linker was generated by combining LP1 and LP2 to a final concentration of 20 

µM each in 250 mM Tris-HCl (pH 7.7) followed by denaturation at 95  C, cool down to

room temperature at a rate of 1  C/min and overnight incubation at 4  C.  The ligation 

proceeded overnight at 17  C and DNA was then purified

tions and ethanol precipitation in the presence of 10 µg of tRNA.   
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DNase I-treated DNA conserves 3’ hydroxyl groups that can be extended and 

ligated increasing the background of the reaction.  To avoid undesired extension products 

the extension primer was biotinylated at the 5’ end.  This allowed for the capture of 

primer extension products with streptavidin-coated magnetic beads (Promega) followin

the ligation.  This was accomplished as described by Tormanen et al. (Tormanen et al., 

1992).  Briefly, beads were washed twice with washing/binding buffer (10 mM Tris-HCl

(pH 7.7), 1 mM EDTA and 2 M NaCl) and resuspended at a concentration of 1 µg

beads/µl.  The biotinilated extension products in the ligation reaction were captured wit

75 µl of the prewashed streptavidin-coated beads at room temperature for 15 min.  The 

beads were collected on a magnetic stand and washed once with 75 µl of 

washing/binding buffer and resuspended in 37.5 µl of 0.15 N NaOH.  The non-

biotinilated template strand was eluted from the beads by incubation at 37  C for 10-15 

min.  The beads were separated in a magnetic stand and the supernatant containing the 

product of interest was transferred to a new tube and neutralized by addition of 37.5 

0.15 N HCl and 7.5 µl of 1 M Tris-HCl (pH 7.7).  The DNA was then ethanol 

precipitated in the presence of 10 µg of tRNA.  The purified ligation products were 

amplified by Taq polymerase in the presence of 10 mM Tris-HCl (pH 8.9), 40 mM

3 mM MgCl2, 0.25 mM each dNTPs and 20 pmols of gene specific primer and 20 pmols 

of linker primer.  Cycling conditions for the PCR were as follows: a single denaturation 

step of 3 minutes at 95 °C followed by 20-25 cycles of (20 s at 95 °C, 1 min at the 

primer-specific annealing temperature indicated in Table 4-2 and 90 s + 2 s/cycle at 

76°C) and a final extension step of 15 min at 76°C.  Extension/amplificati

g 

 

 

h 

µl of 

 NaCl, 

on though some 

particularly C/G rich regions required the use of 7-deaza-dGTP.  Instead of 0.25 mM 
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dGTP

Primer set Sequence Annealing temp.

, those reaction contained 0.175 mM dGTP and 0.075 mM 7-deaza-dGTP.  

Indicated in Table 4-2 are LMPCR primer set sequences, annealing temperature 

(extension and PCR) and requirement for 7-deaza-dGTP:   

Table 4-1:  Primers and conditions for LMPCR reactions. 

TY 528* 5’-ATCCCAGGTTGCTTATGGT-3’ 45°C 
5’-GGCCCCCTCTCATTGCAACAGTG-3’ 63°C 

TY 539* 5’-CTTGAGAGAAGCCACCGG-3’ 45°C 
5’-CTGACCTTGCCCGCTCCATCG-3’ 63°C 

TY 541 5’-CAACCTGGGATCAATGGACA-3’ 47°C  
5’-TGCACACACCACTGGCCAAACAATC-3’ 64°C 

TY 640  5’-AGAACGGCACAACAGCAAG-3’ 47°C 
5’-GGGCCCAAATTCCGTTTATTCAGTACTCC-3’ 65°C 

TY 647 5’-TGTGGTTATGGCGCATTT-3’ 47°C 
5’-CTTTTTTGTACCGCACATAGGAAGACCTGA-3’ 65°C 

TY 651 5’-TGTTTGCCGCAGTGCAG-3’ 47°C  
5’- CCCCACAGCACTGTTGCAATGAGAGG-3’ 65°C 

TY 653 5’-TTGAATAGCCAGTGTTTTTGAGT-3’ 47°C 
5’-GGGGGAGATAATTTTCACAATTTACCCCCTC-3’ 65°C 

TY 760 5’-GCAAACAAGCACGCCTG-3’ 47°C 
5’-CATGCTCAGGCGGGGATGTGTG-3’ 65°C 

The asterisk indicates primer used in reactions that were supplemented with 7-deaza-

extension; the second primer was used in the PCR.   

Electrophoresis, transfer and hybridization of sequencing gels:  The P

amplified products from the LMPCR reaction were phenol/chloroform extracted, eth

precipitated and resuspended in 20 µl of ddH2O.  Initially, 3µl were size-fractionated in a 

5% polyacrylamide denaturing gel (Long Ranger Gel Solution from BioWhitaker 

Molecular Applications) sequencing gel in 1xTBE.  DNA was electrotransfered to a 

nylon membrane (Hybond N+, Amersham) for 30 min. and dried for 1h at 80 C.  Th

membrane was pre-hybridize for 20 min. at 65  C in hybridization buffer (250 mM 

Na2PO4, 3.5 % SDS, 1% BSA).  The blot was hybridized to a gene specific P 

radiolabeled probe that was synthesized from a plasmid template using the Prime a Pro

dGTP.  The first primer/annealing temperature in each set was used in the initial 

 
CR-

anol 

e 

32

be 

kit (Ambion) with certain modifications.  A plasmid containing the region to be analyzed 
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was digested with an appropriate enzyme flanking that region and purified by 

phenol/chloroform extraction.  Approximately 1.5 µg of digested plasmid and 0.3

gene specific PCR primer used for the LM-PCR were denat

 µg of 

ured in 9 µl of ddH2O at 95 C 

n was supplemented with 5 µl 

of 5X DecaP , 10µl of α-32P dCTP (3,000Ci/mmol) 

and 1 unit of BRL) and incubated at 37 °C for 1 h.  For 

L ea e replaced w in the 

p ten Cl ( ), 500 mM 

KCl, 1.5 mM 32 ,0 /mmol), 20 

pmols of PC plasmid was denatured at 95 

°C for 3 min a in at 76 °C).  

The probe w d immediately purified by 

d film 

ype 57, Polaroid) and excised.  The probe containing polyacrylamide gel piece was 

crushed and soaked in 4 ml of hybridization buffer and directly added to the pre-

hybridized membrane.  The hybridization proceeded overnight at 65 C and the membrane 

washed in (20 mM Na2PO4, 0.5% SDS).  The labeled DNA was detected by 

autoradiography.  For LMPCR reactions with primer set TY 539 and TY 541 the opposite 

strand primer was used in the probe synthesis.     

Site directed mutagenesis:  Sequence-specific mutations of factor binding sites in 

the SNURF-SNRPN gene promoter region were performed using the QuikChange  XL 

Site-Directed Mutagenesis Kit (Stratagene) following the manufacturer’s instructions.  

The mutations were design to substitute the nucleotides identified by in vivo footprinting.  

for 10 min. followed by snap freeze in dry ice.  This solutio

rime Buffer minus dCTP (Ambion)

 Klenow DNA polymerase (Gibco-

MPCR r ctions with primer set TY 640, Taq polymeras  kleno

rimer ex sion of 1 µg of digested plasmid in 200 mM Tris-H pH 8.4

 MgCl2, 0.2 mM dNTP-dCTP, 10µl of α- P dCTP (3 00 Ci

R primer and 2.5 units of Taq polymerase.  The 

 followed by 5 cycles of (20s at 95 °C, 1 min at 65 °C nd 2 m

as then denatured at 95 °C for 10 min. an

denaturing PAGE in 1xTBE, from where is was detected by exposure to a Polaroi

(T

®
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The new sequences were compared to a transcription factor database (TRANSF

rule out the creation of transcription factors binding sites.  Additionally new sequences 

included a new restriction site in order to facilitate the screening of the mutated clones.  

Complementary primers including the desired mutations (see table 4-2) were extended 

with the high fidelity PfuTurbo® DNA polymerase in 1X reaction buffer (10 mM KCl, 

mM (NH4)2SO4, 20 mM Tris-HCl (pH 8.8), 2 mM MgSO4 0.1% Triton® X-100 and 0.1 

mg/ml nuclease-free BSA) supplemented with 50 ng of template DNA and 6% 

QuikSolution (Stratagene).  The reactions were conducted as follows 1 min denaturatio

at 95°C, 18 cycles of 1- 95°C for 50 sec., 2- 60°C for 50 sec. and 3- 68°C for 1 minute

of template plasmid length (5.5 and 7.5 kb respectively for the two plasmids described 

AC) to 

10 

n 

/kb 

below) followed by a final extension at 68°C for 7 min.  Two types of template DNA 

were used.  The template plasmid for mutations of P1, P3, P4, P5 and P/M6 was a 

luciferase reporter construct including the SNURF-SNRPN promoter (see Figure 2-1 

construct (c)).  The template plasmid for mutation of the YY1 binding site was a 

luciferase reporter construct including the SNURF-SNRPN promoter and a 2.2 kb nuclear 

hypersensitive intronic fragment (see Figure 3-1 construct (b)).  Following this reaction 

the dam-methylated template DNA was selectively digested with Dpn I endonuclease 

(target sequence: 5´-Gm6ATC-3´) that is specific for methylated and hemimethylated 

DNA and leaves intact the mutation containing newly synthesized DNA.  The mutated 

nicked plasmid was then transformed into XL10-Gold® ultracompetent cells and clones 

positive for the mutation were identified by restriction digest and verified by sequencing.   
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Table 4-2:  Site directed mutagenesis of SNURF-SNRPN promoter cis-acting elements: 

Factor binding site Wild type sequence Primer sequence 

P2 (839-40) CTGGCG 5’-cgctgctgcagcgagtatgcatcagagtggagcggcc-3’ 

P5 (835-6) GGCGCG 5’- gccgcagaggcaggctagtactcatgctcaggcgggg-3’ 

M6/P6’(883-4) CGCC 5’- cactgcggcaaacaagcaatattgcgcggccgcagaggc-3’ 

P1 though M5 represent the factor binding sites identified by in vivo footprint analysis in

primer sequence indicate the new sequence.  The bolded nucleotides in the wild 

footprint analysis.   

Preparation of nuclear extracts electrophoresis mobility shift assay:  Crude 

nuclear extracts were prepared from human neuroblastoma SK-N-XX cells and human 

lymphoblasts derived from AS and PWS patients.  Approximately 5-10 X 107 cells we

collected (lymphoblasts) or trypsinized and collected (neuroblastoma cells).  Cells w

resuspended in PBS, pelleted by centrifuagation at 1,500 rpm for 3 min. at 4 C and 

resuspended by gentle trituration in 1 ml of lysis buffer (20 mM HEPES (pH 7.6),

NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 20% glycerol, 0.1% Triton-X, 1mM DTT and 

protease inhibitors, PMSF, leupeptin, apoprotein, pepstatin, chymostatin).  Lysis 

proceeded for 3 min. on ice and nuclei were collected by centrifugation at 2,000 rpm fo

5 min. at 4 C and resuspended in nuclear extraction buffer (20 mM HEPES (pH 7.6), 

20% glycerol, 400 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT and protease

inhibitors).  Nuclei were rocked for one hour at 4 C and then collected by centrifugation 

at 10,000 rpm at 4 C.  The supernatant, that contained the nuclear extract, was dialyzed 

 
the SNURF-SNRPN promoter (see Figure 2-4 and text).  The bolded nucleotides in the 

type 
sequence indicate the sites of direct protein/DNA interaction as determined by the 

 

re 

ere 

 10 mM 

r 

 

for at least 6 h. at 4 C in dialysis buffer (20 mM HEPES (pH 7.6), 20% glycerol, 100 mM 

primer design 

P1 (804-5) CGCG 5’-ggagcggtcagtgaattcatggagcgggcaag-3’ 

P4 (837-8) TGTGTG 5’-catgctcaggcggggagatatccgaagcctgccgc-3’ 

M6/P6 (853-4) GCCT 5’- gcggcaaacaagcacatatgcgcggccgcagaggc-3’

YY1 (885-6) GCCGCC 5’- gcagctccttcaagatgtacgtagctgcagcggcttag-3’ 
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NaCl, 10mM MgCl2, 0.2 mM EDTA, 1 mM DTT and protease inhibitors).  Nuclear 

extracts were then 

otein c n in the n

tometry. in sample d 

 of t t 205 nm (A

is mobility shift assays (EMSA):  The probes were synthesized 

using

 

l run in 

e 

centrifugation through a syringe plugged with glass wool. The probe was finally purified 

aliquoted and stored at -80 C.   

The pr oncentratio uclear extract preparation was measured by 

spectropho   The prote s were diluted 50 to 200 fold in 0.01% Brij an

the absorbance he mix a 205) measured in a spectrophotometer.  The 

protein concentration in mg/ml was estimated with the following equation: A205/(31*b), 

where b is the length of the path in cm and equals 1.     

Electrophores

 cartridge purified oligonucleotides.  Approximately 100 ng of a 30-35 bp 

oligonucleotides (YY1(875-6): cagctccttcaagatggccgccgctgca) was radioactively labeled

with T4 Kinase (Gibco BRL or New England Bioloabs) in the presence of γ-32P ATP 

according to the manufacturer’s instructions.  The kinase was inactivated at 95 C for 5 

min., followed by addition of 400 ng of a complementary oligonucleotide and ddH2O to 

100 µl.  The primer mix was denatured at 95 C for 5 min. and annealed by incubation at 

room temperature for at least 2 h. and at 4 C overnight.  To eliminate self-annealing 

products, the radiolabeled probes were further purified in a 8% polyacrylamide ge

TBE.  The position of the probes was determined by exposure to a Polaroid film (Type 

57, Polaroid) and the pieces of gel containing the probes excised, placed in a microfug

tube and crushed with a toothpick.  Approximately 3 volumes of extraction buffer (50 

mM NaCl, 50 mM Tris-HCl (pH 7.5), 1 mM EDTA) was added to the crushed gel piece 

that was then incubated at -80  C for 30 min. or until frozen.  DNA was extracted 

overnight at 37  C in a spinning rotor.  Acrylamide bits were removed by slow 
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with the Gel Extraction Kit from Qiagen and eluted in 100 µl of TE.  Counts per min

(CPM) per µl were measured in a scintillation coun

ute 

ter.   

om 

 

of the antibodies (described in 

the te ly 

re 

last 

t 

ia) 

  

g buffer (5 

For the binding reactions, 10,000 cpm of probe were incubated for 20 min at ro

temperature with 7-10 µg of nuclear extract or 1-2 µl of purified protein (purified YY1 

was kindly provided by Dr. Edward Seto).  The conditions for YY1 binding were as

follow, 50 mM NaCl, 1 mM MgCl2, 4% glycerol, 10 mM Tris-HCl (pH 7.5), 0.5 mM 

EDTA and 0.5 mM DTT.  For supershift assays, 1.2 µg 

xt) were added to the reaction 10 min. before addition of the probe, simultaneous

with the probe, or 10 min. after the addition of the probe.  Reaction mixtures we

analyzed by 5% non-denaturing polyacrylamide gel (0.06% APS and 0.2% TEMED) run 

in 0.5X TBE buffer and the probes visualized by autoradiography. 

Chromatin immunoprecipitation (ChIP):  This technique was performed as 

described by Kang et al. (Kang et al., 2002).  Ten million cells were used in each 

immunoprecipitation (IP) reaction.  The experimental conditions indicated below are 

adjusted for 10 IP reactions and therefore start off with 1X108 cells.  Human lymphob

cells grown in suspension were collected, resuspended in 25 mls of cell culture media and 

crosslinked in 1% formaldehyde (27 µl of 37% formaldehyde/ml of media) for 10 min. a

room temperature with gentle rocking.  The crosslinking reaction was stopped by 

addition of glycine to a final concentration of 0.125 M (62.5 µl 2 M glycine/ml of med

and gentle rocking for 5 min. at room temperature followed by two washes with 25 mls 

of ice cold PBS containing protease inhibitors (protease inhibitor cocktail, Roche).

Formaldehyde-treated cells were resuspended in 1 ml of ice cold nuclei swellin

mM PIPES (pH 8.0), 85 mM KCl, 0.5% NP-40, 1.1 mg/ml sodium butyrate and protease 
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inhibitors), transferred to a microfuge tube and incubated on ice for 10 min.  Nuclei were

collected by centrifugation for 5 min. at 5,000 rpm and 4 

 

 C in a microcentrifuge, 

resusp

  

 

ify 

IP dilution buffer 

(0.01%

 

 were 

ended in 1ml of SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl (pH 

8), 1.1 mg/ml sodium butyrate and protease inhibitors) and incubated on ice for 10 min.

Lysed nuclei were sonicated on ice in a 4 ml plastic culture tube.  The sonicated 

chromatin was cleared by centrifugation for 10 min at 13000 rpm and 4  C in a 

microcentrifuge.  Thirty microliters of the supernatant were set aside an incubated at 65

 C for at least 2h, and then phenol/chloroform extracted, treated with RNase and 

fractionated by electrophoreses in a 1.6 % agarose gel in TBE buffer in order to ver

that the average size of the fragments was between 0.5 and 1 kb.  The rest of the 

supernatant was transferred to a 15 ml conical tube with 9 ml of Ch

 SDS, 1.1% Triton X-100, 1.2 mM EDTA, 167 mM Tris-HCl (pH 8) 167 mM 

NaCl, 1.1 mg/ml sodium butyrate and protease inhibitors).   

The immune complexes were captured with Protein A Sepharose beads.  A 50%

slurry was prepared by rocking 0.2g dry beads in 40 ml ddH2O for 2 h followed by two 

washes with ddH2O.  Beads were collected each time by centrifugation at 4000 rpm in a 

tabletop centrifuge.  Following the washes beads were resuspended in approximately 1 

ml of TE (pH 8) containing 0.05% sodium azide.  In all the subsequent steps beads

handled with wide bore tips.   

Non specific DNA/beads interactions were removed by addition of 500 µl of 50% 

slurry of Protein A Sepharose beads to the sonicated chromatin and incubation in a 

spinning wheel with for 2h at 4 C.  Beads were pelleted by centrifugation for 10 min. at 

4000 rpm and 4 C in a tabletop centrifuge and the supernatant divided into 1 ml aliquots 
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to which the antibodies were added as follows: anti-YY1 (Santa Cruz Biotechnology sc-

1703; 5 µg), anti-NRF-1 (provided by Dr. Richard C. Scarpulla, (Northwestern Me

School, Chicago, Il); 4 µl), anti-CTCF (Upstate Biotechnology 06-917; 5 µg and 20 µg), 

anti-RNA polymerase II (Santa Cruz Biotechnologies sc-899; 1µg), anti-RNA pol II 

(unphosphorylated form) (), anti-H3 dimethyl-K4 (Abcam ab7766-50; 2 µg), anti

acetyl-K5 (Upstate 06-759; 5 µl of rabbit antiserum) anti-H4 acetyl-K8 (Upstate

Biotechnology 06-760; purified rabbit IgG 5µl), anti-H3 acetyl-K9 (Upstate 

Biotechnology 06-942; 5µg), α-acetyl-H4 (Upstate Biotechnology 06-866; 1 µl o

antiserum).  A control sample using no antibody was included for each cell-line in each

experiment.   

Sonicated chromatin was then incubated with each of the antibodies overnight a

4 C with gentle rocking.  At the same time sepharose beads in TE-Na azide were 

collected by a quick pulse of centrifugation in a microcentrifuge and blocked overnight as 

dical 

-H4 

 

f rabbit 

 

t 

50% s

 

e 

heel for 5 min/wash sequentially with 1 ml of each of the 

follow

 X-

lurry in TE (pH 8) with 0.05% Na azide and 3% BSA.  The next day 60 µl of the 

blocked Protein A Sepharose beads were added to each reaction and incubated for 2 h at

4  C on a rotating wheel to capture immune complexes.  Beads were collected by a quick 

pulse of centrifugation and supernatants discarded except for 500 µl of supernatant of th

control sample with no antibody that was saved to use as input control.  Beads were then 

washed at 4  C on the rotating w

ing: low salt wash solution (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 200 mM 

Tris-HCl (pH 8) and 150 mM NaCl ), high salt wash solution (0.1% SDS, 1% Triton

100, 2 mM EDTA, 200 mM Tris-HCl (pH 8) and 500 mM NaCl), LiCl wash solution 

(0.25 M LiCl, 1% NP-40, 1% Na desoxycholate, 1 mM EDTA and 100 mM Tris-HCl 

 



100 

(pH 8)), and twice with TE (pH 8).  The immune complexes were eluted from the beads 

with 275 µl of freshly made elution buffer (1% SDS and 0.1 M NaHCO3) under vigorous

shaking in a dry heating block/shaker (950 rpm) at 65  C for 15 min.  The elution was 

repeated once with 250 µl of elution buffer.  The collected elutants were pulled togeth

supplemented with NaCl to a final concentration of 200 mM and, together with the inp

sample collected earlier, were incubated at 65  C for 4 h to reverse the crosslinkin

followed by overnight incubation at 4  C.  Samples were then treated with 40

RNase A for 30 min. at 37  C and proteinase K in the additional presence of 10 µM 

EDTA and 40 µM Tris-HCl (pH 6.5) for 1 h at 37  C.  The DNA was then purified using

a PCR purifica

 

er, 

ut 

g 

 µg/ml of 

 

tion kit by Qiagen and eluted in100 µl 50% TE (pH 7.5). 

NA 

 

NA 

The DNA isolated after the immunoprecipitation together with a 1:20 dilution of 

input DNA control was then analyzed by PCR.  Aproximately 2.5 µl of template D

was amplified in a 25 µl reaction with 0.625 units of Hot Start Taq (Qiagen), 0.5% Q 

solution, 1X Hot Start Buffer with 1.5 mM MgCl2 and 0.5 µM each forward and reverse

primers.  The conditions for the PCR amplification were as follow: denaturation and 

activation of the enzyme for 15 min, followed by 25-29 cycles of (95 C for 30 s, 54 or 60 

 C for 30 s and 72  C for 1 min) and a final extension of 5 min at 72  C.  PCR reactions 

with each primer set were performed using two different cycle numbers.  For each 

experiment, the input DNA control from the PWS patient-derived cell line was 

sequentially diluted to 1:2, 1:4 and 1:8 and PCR-amplified with some of the primer sets 

used in the ChIP analysis.  This ensured the linearity of the amplification reactions.  

Additionally, several primer sets amplified more efficiently the immunoprecipitated D

from the PWS patient-derived cell line.  This was probably due to differences in 
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chromatin structure between paternally- and maternally- inherited alleles of the SNURF-

SNRPN gene.  Comparison of input DNA control from the AS patient-derived cell line to 

the serial dilutions from input DNA control from the PWS patient-derived cell line afte

PCR-amplification allowed normalization of the template DNA of the several cell-lines.  

Table 4-3 shows the sequence of the primers and conditions employed to amplify the 

different genomic regions examined.     

Table 4-3: Primers and conditions for the amplification of immunoprecipitated DNA.  

r 

Genomic region  Sequence Annealing temp
HS1/ SNURF-SNRPN  promoter 5’-atcccaggttgcttatggt-3’ 54  C 

5’-agaacggcacaacagcaag-3’ 
HS2 (855-6) 5’-tcttttgactgataggccaggtg-3’ 60  C 

5’-ggcttcctctccttaccactgc-3’ 
1.3 kb us (907-8) 5’-aatcaaaagagcctgagtccaaag-3’ 54  C 

5’-tcacataaaataacatgggaagttgac-3’ 
1.3 kb

5’-gaatagtgaaatcaagataaggcaagg-3’ 
 ds (937-8) 5’-cttctggtcatttggctatttgc-3’ 54  C 

Intron 2 (857-58) 5’-gaaaagttgagctggatgtggtg-3’ 60  C 
5’-accctcaccataatttaaaacttgc-3’ 

U1A (869-870) 5’-tttctctctagggccttctcttagc-3’ 54  C 
5’-tcaaacagctccagagggaagac-3’ 

DM1 (904-5) 5’-ccagttcacaaccgctccgag-3’ 60  C 
5’-ttcccggctacaaggacccttc-3’ 

GR (859-60) 5’-ccccctgctctgacatctt-3’ 60  C 
5’-cttttccgaggtggcgagtatc-3’ 

 

experiments calculated.       

The amplified products were size-fractionated in a 5% non-denaturing PAGE gel in 

TBE buffer, and visualized after SyBr Green staining in a fluorescence scanner that 

allowed for quantification of the bands.  The intensity of the experimental bands was 

normalized to the input DNA and average value and standard deviation across 

 

 



CHAPTER 5 
DISSCUSION AND FUTURE DIRECTIONS  

The long term goal of this research is to understand the function of the PWS-IC.

Specific questions were asked in this par

  

ticular based on the hypothesis that the function 

his 

t on of cis-ac

S-IC.  The PWS-IC h and/o tain an 

n, and/or preven  con

paternally-inherited chromosome 1 ion of the PWS-IC 

may be mediated by assembly of t egion of the 

SNURF-SNRPN gene, leading to a he paternally-inherited 

PWS-AS imprinted domain (Dittri  (Nicholls et al., 

1998).  The paternally-inherited P h two nuclease 

hypersensitive sites, NSH1 and NH e maternally-inherited 

allele

ys 

URF-SNRPN gene and two negative regulatory elements in 

the SNURF-SNRPN 5’ region were defined by transient expression assays in the absence 

of an exogenous enhancer.  Published data on the transcriptional activity of the SNURF-

SNRPN 5’ region relies on the presence of an exogenous enhancer (SV40).  However, the 

of the PWS-IC is mediated, at least in part, by cis-acting regulatory elements.  Hence, t

thesis project focused on the iden ification and characterizati ting elements 

within the PW  has been postulated to establis r main

active conformatio t the establishment of an inactive formation in the 

5 q11-q13.  Furthermore, the funct

ranscription factors at the promoter r

ctivation of gene expression in t

ch et al., 1996; Perk et al., 2002)

WS-IC region is associated wit

S2, which are absent from th

.  Therefore, NHS1 and NHS2 were analyzed for their potential role in transcription 

of the SNURF-SNRPN gene and by extension in the PWS-IC function.     

Analysis of SNURF-SNRPN 5’ Region/NHS1 

Analysis of the SNURF-SNRPN gene 5’ region by transient expression assa

The promoter of the SN

102 



103 

presence of such a robust exogenous element can introduce artifacts that affect the 

promoter function.  Therefore, the 5’ region of SNURF-SNRPN was analyzed in the 

absence of an exogenous enhancer.  No cis-acting elements involved in transcriptional 

activation of the SNU utside of the region 

betwe

 

ssion 

PN 

DNA-protein interactions in the 5’ region of SNURF-SNRPN were analyzed by in 

vivo footprinting.  The sequence examined included NHS1, the six sequences 

phylogenetically conserved between human and mouse, and all the promoter elements 

identified by transient expression assays.  Six footprints were identified in the paternally-

nd 

P6) an

RF-SNRPN gene were found in the PWS-SRO o

en positions -336 to +80, which immediately flank SNURF-SNRPN transcription 

start site (see Figure 2-1).  This region includes four out of six phylogenetic footprints, 

conserved in the human PWS-SRO and the homologous region in mouse, that are 

candidate cis-regulatory elements for SNURF-SNRPN transcription and PWS-IC 

function.  Additionally, a novel negative regulatory element was identified upstream of

the minimal promoter.  A second negative regulatory element was detected within exon 

1.  This second element had already been described by Green Finberg et al. in the 

presence of the SV40 enhancer, which artificially intensified the degree of the repre

(Green Finberg et al., 2003).     

Identification and functional analysis of cis-acting elements in the SNURF-SNR
gene 5’ region 

inherited allele (P1-P6), three of which played a role in promoter function (P2, P5 a

d one of which (P1) repressed the activation of the SNURF-SNRPN promoter by a 

endogenous activator located within SNURF-SNRPN first intron.  P6 was in close 

proximity to the only footprint identified on the maternally-inherited allele (M6).  These 

and other findings are summarized in Table 5-1.   
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Table 5-1:  Identification and functional analysis of cis-acting elements in the 5’reg

repression of an activator function located in intron 1.  See Figure 2-4, Fig

Footprint Potential binding site Position  Effect on transcription 

P2 E2F -5 Yes* 

P4  -34 No 

P6 NRF-1/CTCF -86 Yes* 

 

ion of 
the SNURF-SNRPN gene.  *Involved in promoter function; **Involved in the 

ure 
2-7 and Figure 3-2  

P1 AP1 +56, +58 Yes** 

P3 NRF-1 -13 Not tested 

P5 NRF-1 -56, -58 Yes* 

M6 NRF-1/CTCF -85 Yes* 

The promoter element P5 is a potential NRF-1 binding site and lies within one of 

the sequences phylogenetically conserved between human and mouse.  This is consistent 

with a recent report that identified by transient expression assays a sequence in the human 

and mouse SNURF-SNRPN promoter that overlaps with P5 and that is involved in 

promoter function (Green Finberg et al., 2003; Hershko et al., 2001).  P2, which is also 

essential for promoter function, is a potential E2F binding site and resembles an initiator 

element.  The functional characterization of P2 and P5 differs from previous transient 

s reported by Huq et al.  They analyzed, in the context of the SV40 

enhan

the activity 

e 

mited to repressing the effect of 

expression assay

cer, a region of the SNURF-SNRPN promoter that lacked sites P2 and P5.  

However, the transcriptional activity of this region was only two-fold less that 

of a larger region that included the minimal promoter (Huq et al., 1997).  The divergenc

between the results obtained for P2 and P5 and the results shown by Huq et al. can be 

explained by the presence of the exogenous SV40 enhancer in the latter study.  P1 was 

found to repress the activation of the SNURF-SNRPN promoter by an endogenous 

activator located within SNURF-SNRPN intron 1.  In fact P1 is included within a 

sequence previously identified as a repressor by transient expression assays (Green 

Finberg et al., 2003).  However, the role of P1 is li
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activators on the SNURF-SNRPN promoter.  In vivo footprint P3, which is a potential 

ing site, was not examined functionally.   CTCF bind

Foo o F pression 

assays and was not found associated to any known transcription factor binding site.  

Neverthel this element may play a role in lishin pecific endogenous 

chromatin conformati ter regio t cann ecreated in the episomal 

rm employed in the expression studies.  Alternatively, this site may be involved in the 

function of the PWS-IC, i.e., the establishment and/or maintenance of an active state of 

the paternally-inherited PWS-AS associated region.  Nevertheless, the Snurf-Snrpn 

promoter and associated elements in the mouse are not necessary for PWS-IC function 

(Bressler et al., 2001).  However, a similar finding has not been confirmed for the human 

SNURF-SNRPN promoter which, in contrast to the mouse, is included in the small region 

that constitutes the PWS-SRO.   

P6 and M6 are two distinct footprints that localize to approximately the same DNA 

sequence in the SNURF-SNRPN 5’ region.  Transient expression assays indicated that the 

sequence associated with P6 and M6 is involved in promoter function.  Since the 

SNURF-SNRPN gene is expressed from the paternally-inherited allele and silent in the 

maternally-inherited allele, it is likely that the abovementioned promoter function is 

associated with P6 in the paternally-inherited allele and not with M6 in the maternally-

inherited allele.  On the other hand, M6 may participate in the silencing of SNURF-

SNRPN in the maternally-inherited allele.  P6 and M6 are associated with potential CTCF 

and NRF-1 binding sites.  Therefore, the DNA methyl-sensitive NRF-1 may bind P6 in 

the unmethylated paternally-inherited allele.  On the other hand, CTCF has been shown 

tprint P4 had no role in transcripti n of SNUR -SNRPN in transient ex

ess,  estab g a s

on at the promo n tha ot be r

fo
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in vitro to bind CTCF binding sites in the promoter of the Snurf-Snrpn gene in mouse 

irrespective of DNA methylation.  This suggests that CTCF may associate with M6 in the 

methy

l 

at may be an indication of a non-canonical nucleosome.    

 

 

between the human and mouse homologous regions.  Furthermore, YY1 was shown to 

lated maternally-inherited allele.  Alternatively, both alleles may be bound by the 

same factor in two different conformations (posttranslational modifications etc) 

generating two distinct footprints.   

A rotationally phased nucleosome is associated with the promoter region of the 

SNURF-SNRPN gene on the maternal allele (see Figure 2-5).  This reveals an additional 

level of regulation on the maternally-inherited allele that would explain the lack of 

hypersensitivity of this region on the maternal allele and would be likely to prevent 

transcription factors from binding and activating the promoter.  In addition, the materna

specific cis-acting element identified by in vivo footprinting may participate in the 

formation of this structure.  The paternally-inherited allele shows weaker phasing of a 

nucleosome in the same region th

Taken together, the data shown for the SNURF-SNRPN 5’ flanking region represent 

a comprehensive characterization of cis-acting elements in that region.  Several elements 

were shown to participate in transcription of the SNURF-SNRPN paternally-inherited

allele and others were proposed to play a role in chromatin structure or IC function.  An

element unique to the SNURF-SNRPN maternally-inherited allele was proposed to 

participate in silencing of that allele.  

Characterization of NHS2 and Associated Activation Function 

Examination of NHS2 revealed a novel activation function with a preference for the 

human and the mouse SNURF-SNRPN main and upstream alternative promoters.  This 

element includes potential binding sites for YY1, NRF-1 and SP1 that are conserved 
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play a role in the activation function.  YY1, NRF-1 and the unphosphorylated non 

processive form of RNA Polymerase II were shown to associate with NHS2 in the 

paternally-inherited allele in vivo.  In addition, histones associated with NSH2 showed 

modifications characteristic of active chromatin in the paternally-inherited allele,

characteristic of silent chromatin in t

 and 

he maternally-inherited allele.  

Ident

 (see 

ould 

enhan

ytes 

ilent domain.  In a similar manner, chromosome 

11 contains nd IGF2 

share

  

ification of a activator function associated with NHS2    

The activation function associated with NHS2 is independent of orientation and 

position but dependent on the distance with respect to the SNURF-SNRPN promoter

Figure 3-1).  However, these characteristics were determined in transient expression 

assays.  Thus, it is possible that at the endogenous locus, where other elements may be 

present, the activator does not depend on the distance to the target promoter.  This w

allow NHS2 to activate the SNURF-SNRPN upstream promoters which have been 

implicated in the paternal to maternal switch in the female germline.  Therefore, an 

cer competition model can be proposed to explain the regulation of the imprint 

switch in the PWS-AS region.  In this model NHS2 would activate the SNURF-SNRPN 

main promoter in the paternal allele/male germline and it would activate the upstream 

promoters in the female germline.  Activation of the main promoter would facilitate the 

establishment of an open domain while activation of the upstream promoters in ooc

would assist in the establishment of a s

 an imprinted domain that includes the H19 and IGF2 genes.  H19 a

 a group of enhancers that activate H19 on the unmethylated maternally-inherited 

allele and IGF2 on the methylated paternally-inherited allele (Thorvaldsen et al., 1998).

CTCF binding to an intervening sequence in the maternally-inherited allele impedes 

interaction of the enhancers with the IGF2 promoter.  On the other hand, in the 
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methylated paternally-inherited allele CTCF binding is blocked and the enhancers c

activate IGF2 expression (Hark et al., 2000), (Szabo et al., 2000).  It is possible that

similar situation occurs at the PWS/AS-IC, where the intronic activator may stimulate 

transcription exclusively from the SNURF-SNRPN upstream promoters in the female 

germline and mostly from the SNURF-SNRPN main promoter in the 

an 

 a 

male germline and, 

ites have been 

identi

 to 

ns and 

mline 

 
SNURF-SNRPN locus 

Despite low level of sequence conservation in the SNURF-SNRPN locus between 

the human and the mouse homologous regions outside from the coding region, both 

human and mouse SNURF-SNRPN promoters were activated by NHS2 in transient 

later in development the paternal allele.  Putative CTCF binding s

fied at the main and upstream promoters of the SNURF-SNRPN gene.  However, 

the studies described here showed no detectable in vivo association of CTCF with the 

SNURF-SNRPN promoter or NHS2 in lymphoblasts.  It is possible that CTCF binding

these sites is limited to the female germline before the imprints are re-set.  In that case 

CTCF would participate in the establishing of a repressive state in the maternally-

inherited chromosome q11-q13 that then may be propagated by histone modificatio

DNA methylation.  Consistent with this idea, CTCF is not expressed in the male ger

at the time of the imprint switch, when the male germline restricted factor BORIS is 

expressed (Klenova et al., 2002; Loukinov et al., 2002).  BORIS shares the same DNA 

binding domain and DNA target sequences with CTCF and has been implicated in 

genomic imprinting by having a negative dominant effect on CTCF.  In the male 

germine, BORIS would then prevent CTCF binding to the IC and the initiation of a 

repressive domain in the PWS-IC.  

Definition of an Activation Conserved Sequence (ACS) in the human and the mouse
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expression assays in human cells (see Figure 3-4).  Therefore it was likely that the mou

homologous region included an element similar to NHS2.  Sequence comparison of the

human 2.2-NHS2 and the entire mouse Snurf-Snrpn intron 1 showed an 80 bp fragment

termed ACS (Activating Conserved Sequence) that is conserved in both species (see 

Figure 3-5).  Furthermore, this region partially overlaps with the minimal activator 

sequence (MAS) (see Figure 3-3) and corresponds to the approximate position of

in intron 1.  Knockout studies in the mouse have shown that deletion of a 4.8 kb fragme

around Snurf-Snrpn exon 1, which includes the ACS, resulted in 50% lethality after 

paternal transmission and in a partial imprinting defect that involved gain of a maternal 

epigenotype in the paternally-inherited imprinted domain.  A second 900 bp deletion 

(from -600 to +300) on this region, that included the Snurf-Snrpn promoter and firs

but did not include the ACS had no effect on the imprinting status of the region (Bressler 

et al., 2001).  These two deletion studies further emphasized the possible involvement of 

the ACS in the regulation of imprinted gene expression on the paternal allele in the P

AS associated domain.  In contrast to the partial imprinting defect observed in the 4.8 kb

deletion mice, a complete imprinting defect was observed when a larger fragment o

Snurf-Snrpn sequence was deleted (23 kb upstream and 20 kb downstream of the 

transcription start site) (Yang et al., 1998). This suggests that there are IC elements 

within this 43 kb region that were no

se 

 

, 

 NHS2 

nt 

t exon 

WS-

 

f 

t included in the 4.8 kb deletion.  Other knockout 

Snurf-Snrpn exon 2 to Ube3A (Tsai et al., 1999b), the deletion of the Snurf-Snrpn coding  

studies in which the ACS was left intact, including the deletion of the sequence between 
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Figure 5-1:  Targeted deletions of the Snurf-Snrpn locus in mouse.  Depicted on top is the 
PWS-AS homologous region in mouse chromosome 7 C.  Represented on the 
center is a map of the Snurf-Snrpn locus in mouse.  Black boxes symbolize 
coding exons while grey boxes symbolize upstream non-coding exons.  The 
bent arrow indicated the transcription initiation site and the red block indicates 
the approximate position of the ACS.  Horizontal arrows correspond to the 
regions removed by targeted deletion.  Green arrows represent deletions that 
had no effect on imprinted gene expression/IC function while red arrows 
represent deletions that did have an effect on imprinted gene expression/IC 
function.     

region (Yang et al., 1998) and the deletion of 110 kb of Snurf-Snrpn upstream sequence 

(from -11 kb to -121 kb) (Chen et al., 2002), resulted in no imprinting defects.  

Additionally, deletion of 1.5 Mb of Snurf-Snrpn upstream sequence (-121 kb to 1621 kb) 

affected imprinted gene expression in the maternally-inherited domain, indicating that the 

AS-IC but not the PWS-IC is included in that region.   

However, the mechanisms of imprinting seem to have somewhat diverged between 

the mouse and the human.  First, a 76 kb human transgene including the AS- and PWS-

SRO and the SNURF-SNRPN coding sequence was expressed from both paternal alleles 

regardless of copy number (Blaydes et al., 1999).  A similar transgene including the 

mouse sequence showed imprinted expression when integrated in two copies although 
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not when integrated as a single copy (Blaydes et al., 1999).  Second, a transgene 

including the human AS-SRO and the mouse Snurf-Snrpn promoter showed imprinted 

expression and methylation patters while a similar transgene in which the human 

promoter replaced the mouse did not (Shemer et al., 2000), (Hershko et al., 2001).  This 

indicates that the AS-IC function seems to be conserved in human and mouse while the 

PWS-IC function does not seem to be conserved.  That would explain why deletion of the 

mouse Snurf-Snrpn promoter has no effect on imprinted gene expression in the PWS-AS 

associated domain after paternal transmission while the human SNURF-SNRPN promoter 

elements e

Analysis o

Anal

NHS2 reve

transcription factor that can act as a transcription repressor, perhaps by interaction with 

histone and chromatin modifying complexes, and as a transcription activator possibly by 

recruiting components of the general transcriptional machinery such as RNA polymerase 

II or histone and chromatin remodeling complexes (reviewed in (Thomas and Seto, 

1999)).  Additionally, recent studies showed that YY1 can act as an insulator element.  

That is the case for the PEG3 imprinted locus where YY1 binds in tandemly repeated 

copies and in vitro studies suggests can act as an insulator.   

NRF-1 is a transcription factor associated in general with genes involved in 

oxidative phosphorylation and metabolic processes.  Indeed, NRF-1 has been proposed as 

a key element in the response to changes of the metabolic resource levels in the cell.  

Therefore, the role of NRF-1 in the SNURF-SNRPN locus may go beyond activating a 

which is located within the PWS-SRO is still a major candidate to include cis-acting 

ssential for the proper imprinting of the paternally-inherited allele.                 

f cis-acting elements in the ACS/NHS2 

ysis using the transcription factor database (TRANSFAC) of the ACS in 

aled possible binding sites for YY1, NRF-1 and SP1.  YY1 is a versatile 
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gene which is not to a usual NRF-1 target.  Instead, it is possible that NRF-1 is in

in the parental conflict in genomic imprinting.  According to this model, maternal and 

paternal interests conflict in the advantages that expression of imprinted genes hav

the members of the same kin.  In addition to the binding site in ACS/NHS2, there are two

NRF-1 binding sites in the SNURF-SNRPN main as well as upstream promoters in the 

human and the mouse genes, which may have functional implications. 

The putative YY1 binding site is present in both the ACS and the MAS within 

NHS2.  Mutation of this site in transient expression analysis showed a dramatic 

downregulation of the activation, which indicated the involvement of the putative YY

binding sequence in the activator function.  Furthermore, YY1 binding to the ACS/NHS

volved 

e for 

 

1 

2 

ChIP analysis, respectively.  In 

additi r 

as 

r 

ere 

 

 

, therefore, non-processive 

form HS2 

II, 

was demonstrated in vitro and in vivo by EMSA and 

on, NRF-1 was also found associated in vivo with the ACS/NHS2 and, at lowe

levels, with SNURF-SNRPN 5’ region/NHS1.  However no significant association w

detected with the non-hypersensitive non-transcribed SNURF-SNRPN upstream promote

U1A.   

Since YY1 is known to recruit RNA Pol II to some gene promoters, the levels of 

RNA Pol II present at the ACS/NHS2 and SNURF-SNRPN 5’ region/NHS1 in vivo w

examined by ChIP analysis.  Unphosphorylated RNA Pol II is generally associated with

initiation of transcription while phosphorylated RNA Pol II is generally associated with

transcription elongation.  RNA pol II in its unphosphorylated

was found to be associated in vivo with the paternally-inherited allele of 2.2-N

at higher levels than with the promoter.  This suggests that YY1, or a complex that 

includes YY1 (and NRF-1), may facilitate recruitment to the ACS/NHS2 of RNA pol 
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that may become more stably associated by interaction with NRF-I and possibly SP1.  

The polymerase may then be transferred to the promoter through mechanisms that are 

discussed below.  One of the footprints identified on the paternally-inherited allele of the

SNURF-SNRPN 5’ region/NHS1 is a potential E2F binding site/initiator element.  It is 

known that E2F and YY1 can interact upon mediation of RYBP (RING-1 and YY1 

binding protein).  Additionally, NRF-1 binding sites are common to all 

 

three ACS/NHS2, 

SNUR  as 

it is 

e 

1.  

-

sible that the same mechanism of recruitment and transfer of RNA Pol II is used 

to act

F-SNRPN 5’ region/NHS1 and the SNURF-SNRPN upstream promoters as well

to the Snurf-Snrpn main and upstream promoters in the mouse gene.  Therefore, 

possible to speculate that the transfer of RNA Pol II from ACS/NHS2 to the SNURF-

SNRPN promoters may occur though bending of the intervening DNA that allows the 

interaction between YY1 and E2F and the transfer from a single NRF-1 and SP1 in th

ACS/NHS2 to two NRF-1 and multiple SP1 factors in SNURF-SNRPN 5’ region/NHS

This is consistent with the ChIP data that showed association of NRF-1 with the SNURF

SNRPN 5’ region/NHS1 but not with the upstream promoter U1A which is not expressed.  

It is pos

ivate the SNURF-SNRPN upstream promoters in the female germline and the 

SNURF-SNRPN main promoter in the male germline.  YY1 binding to DNA is 

methylation sensitive therefore it would not be expected to bind the maternal allele in 

somatic cells.  Additionally, the cellular localization of YY1 is mostly cytoplasmatic in 

oocytes in mammals.  However it is possible that YY1 binds the maternal allele and 

activates the upstream promoter prior to the establishment of the methylation imprint on 

the female germline early in gametogenesis.   
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Recruitment of RNA pol II to distant control regions has been proposed for other 

gene locus.  The LCR in the β-globin locus has been proposed to recruit RNA pol II 

(Johnson et al., 2001) and then loop to track and interact with the β-globin gene promoter 

50 kb away (Carter et al., 2002).  A similar looping/tracking mechanism has been 

suggested for the HNF-4α upstream regulatory regions (Hatzis and Talianidis, 2002)

YY1 and NRF-1 are known to interact with histone modifying enzymes (Izumi et 

al., 2003),(Rezai-Zadeh et al., 2003), (Izumi et al., 2003) that may participate in the 

initiation/maintenance of silent chromatin in the maternally-inherited imprinted doma

and/or the formation/maintenance of active chromatin in the paternally-inherited 

imprinted domain.  Histone modifications at the ACS/NHS2 site were examined on ea

allele individually and compared to the SNURF-SNRPN 5’ region/NHS1.  As expected 

from previously published data (Fulmer-Smentek and Francke, 2001; Saitoh and Wada, 

2000) both the SNURF-SNRPN 5’ region and the ACS/NHS2 showed preferential histone

H3 and 4 hyperacetylation associated with the paternally-inherited allele and H3/H4 

hypoacetylation associated with the maternally-inherited allele.  In addition, H3-K4 

methylation of paternal origin has been reported in the SNURF-SNRPN 5’ region/NH

with very distinct boundaries just a few hundreds of base pairs upstream and dow

from the SNURF-SNRPN transcription initiation site (Xin et al., 2001).  However, ChIP

analysis detected association of H3-K4 methylation with the paternally-inherited allele o

ACS/NHS2, which is located approximately 1.5 kb downstream form the SNURF-

SNRPN transcription initiation site.  Furthermore, the level of H3-K4 methylation was 

higher in the ACS/NHS2 than in SNURF-SNRP

. 

in 

ch 

 

S1 

nstream 

 

f 

N 5’ region/NHS1, which is consistent 

with the higher levels of NRF-1 and RNA Pol II in ACS/NHS2 from the two regions.  

 



115 

Since

uit 

 

strong

  In 

e 

o 

MR-

  

e to 

 the intervening sequence lacks this H3-K4 methylation mark (according to Xin et 

al.) it is possible that both ACS/NHS2 and SNURF-SNRPN 5’ region/NHS1 sites recr

H3-K4 methyltransferases individually or that these enzymes are also recruited to the 

ACS/NHS2 and then transferred to SNURF-SNRPN 5’ region/NHS1.    

YY1 is known to associate with the nuclear matrix (Guo et al., 1995).  Evidence

ly suggests that the nuclear matrix is key at organizing nuclear functions such as 

transcription (Jackson et al., 1993), (Cook, 1999) (see Introduction for more details).

general transcriptionally active sequences are more tightly associated with the nuclear 

matrix while transcriptionally inactive sequences often extend into the nuclear halo 

(Gerdes et al., 1994).  Accordingly, the paternal and transcriptionally active allele of the 

SNURF-SNRPN gene has been shown to be associated with the nuclear matrix, while th

maternal allele shows up in the nuclear halo of nuclear matrix preparations.  Differential 

association to the nuclear matrix has been reported for other imprinted genes such as 

IGF2 where several differentially methylated regions (DMR) are in close proximity t

MARs that associate with the nuclear matrix on the paternal (expressed) allele in a D

dependent manner (Weber et al., 2003).  Therefore, it is possible that differential 

association of imprinted loci with the nuclear matrix is a mechanism common to 

imprinting control region or imprinting centers that leads to differential gene expression.

In the PWS-AS associated domain, YY1 may target the IC to the nuclear matrix in the 

male germline but not in the female germline since YY1 binding to DNA is sensitiv

DNA methylation and since YY1 is mostly excluded from the nucleus in oocytes.  

Continuous association of the paternally-inherited allele with the nuclear matrix during 
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somatic development may be responsible for maintaining the active domain and protect i

from the reprogramming events that occur during embryo development.   

Finally, the process of replication is tightly associated with the nuclear matrix 

(Hozak et al., 1993).  Transcription and replication processes are intimat

t 

ely connected 

with g  

 

ene expression.  In general, actively transcribed genes replicate earlier in S phase

than silent genes, which replicate late.  As might be expected, the AS-PWS associated 

imprinted domain replicates asynchronously, with the transcriptionally active paternally-

inherited copy replicating earlier in S-phase than the silent maternally-inherited 

copy(Gunaratne et al., 1995).  This pattern of asynchronous replication is already 

established in the gametes (Simon et al., 1999).  This finding reinforces the importance of

the nuclear matrix in the organization of replicational and transcriptional imprints during 

germline development.  

 

 

 

 

 

 

 

 



APPENDIX A 
VECTOR DESIGN FOR TRANSIENT EXPRESSION ASSAYS 

SNURF-SNRPN fragments were derived from plasmid pHTRM1.8; MKRN3 

fragments were derived from the plasmid pDN34 (Jong et al., 1999); UBE3A fragments

were derived plasmid pUBE3A-3.3.  Snurf-Snrpn fragments were derived form plasmid 

pGN73 The fragments indicated in the figures were cloned into pGL3-basic vect

(Promega) using commercial enzymes: in SNURF/SNRPN –3999 (Pvu II), -676 (B

455 (Rsa I), -207 (Xba I), +80 (Pvu II).  UBE3A -455 (Ava I); +75 (Ava I).  MKRN3 -890 

(Sap I) 45 (Taq I).  Snurf-Snrpn -567 (Nde I); +56 (Pvu II).  Fragments for U1A, U1B, 

U1-A and U1-C were gen

 

or 

gl II), -

erated by PCR.  In order to clone the +80 position in frame with 

the luciferase gene a linker including a Pvu II and a Nco I site (724-5: 5’-

agctcagctgcgatgga-3’) was designed and cloned into PGL3/HindIII to generate PGL3-L. 

The fragment -3999 to +80 was cloned into pGL3- L/Pvu II (pL-PS). This construct was 

digested with Bgl II and re-ligated to obtain the fragment -676 to +80 (pL-PBS).  The 

fragm nt -207 to +80 was excised from pL-PBS with Xba I and Hind III and introduced 

into pGL3/Nhe I+Hind III (p207).  The fragment –207 to +53 was generated by PCR on a 

plasm tt3’ and 737: 5’-accgctcctcagacagatgc-3’ 

annealing temp 50  C) and cloned into PCR 2.1 using the TA original cloning kit 

(Invitrogen) from which it was introduced into PGL3/Nhe I+Hind III after digestion with 

Xba I+Hind III (pL-B).  The fragment -336 to +53 was obtained by combining pL-

PBS/Rsa I+Apa I with pL-B/Sma I+Apa I.  MKRN3 promoter was cloned from the 

plasmid pDN34 with EcoR I and Sap I (fill-in) and into the Sma I site in pGL3. UBE3A 

e

id template (647: 5’-tgtggttatggcgcat

117 
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promoter was digested with Ava I (-455 and +70) filled-in with klenow polymerase and 

ligated into the Sma I site in pGL3.  U1A promoter region was PCR amplified from 

human genomic DNA (TY 869 5’-tttctctctagggccttctcttagc-3’ TY 870 5’-

tcaaacagctc  excised 

with E  

ouse 

n-

ly into pL-PS 

cagagggaagac-3’ 54  C) cloned into pCRII vector from which it was

coR I, filled in with klenow and introduced into pGL3/Sma I.  U1B promoter

region was PCR amplified from human genomic DNA (TY 871 5’-

acaagaattttccatccacagcc-3’ TY 872 5’-ccccgcaaaccacacagaa-3’ 54  C) cloned into pCRII 

vector from which it was excised with EcoR I andinserted into pGL3/Sma I.  The m

Snurf-Snrpn promoter was excised from the pGN73 plasmid with Nde I and Pvu II and 

inserted into pGL3/Sma I.  2.2-NHS2 EcoR I-Sma I fragment from SNURF-SNRPN 

intron 1 was subcloned into pBluescript/EcoR I in both orientations (pB-En-F and pB-E

R).  HS2 was cloned downstream of the luciferase gene the forward and reverse 

orientations as pB-En-R and pB-En-F/BamH I+Sal I fragments respective

and pL-PBS/BamH I+Sal I; HS2 was cloned upstream of the luciferase gene in the 

forward and reverse orientations as pB-En-R and pB-En-F/Xba I+Xho I fragments into 

pL-PS and pL-PBS/Nhe I+Xho I.   

 

 

 

 



APPENDIX B 
ANALYSIS OF 2.2-NHS2 ON SNURF-SNRPN PROMOTER ELEMENTS 

The effect of 2.2-NHS2 on increasingly truncated fragments of SNURF-SNRP

promoter region was analyzed in transient expression assays.  Repor

Figure B-1) that included the indicated fragments of SNURF-SNRPN 5’ region upstream 

of the luciferase gene and reporter constructs that constructs that additionally include 2.2-

NHS2 downstream of the reporter gene were transiently transfected into SK-N-SH cells.

Figure B-1 shows the resulting relative luciferase activity for each construct.  Progres

truncation of the SNURF-SNRPN promoter in constructs without 2.2-NHS2, produced a 

gradual increase in the luciferase activity (see also Figure 2-1).  It is interesting to

that in this experiment, in which the transfection reagent FuGene 6 was used instead of 

Superfect, the promoter deletions showed a less dramatic effect (compare Figure B-1

with Figure 2-1).  The constructs including the same truncated fragments of SNURF-

SNRPN promoter and 2.2-NHS2 sho

N 

ter constructs (see 

  

sive 

 note 

 

wed fairly uniform levels of luciferase activity.  

Therefore, the 2.2-NHS2 seems to compensate for the various negative regulatory 

elements identified in the SNURF-SNRPN promoter in transient expression assays.  

Alternatively, the relative fold induction caused by introduction of 2.2-NHS2 into 

reporter constructs containing fragments of SNURF-SNRPN promoter can be taken into 

consideration.  These fold inductions, that are shown in Figure B-1, drop significantly 

after deletion of the region between -454 and -207.  This suggests that the 

abovementioned region may be partially responsible for the interaction between the 

SNURF-SNRPN promoter and the activation function within 2.2-NHS2.   

119 



120 

 

 

included different fragments of the SNURF-SNRPN promoter without (black 

compared to a construct containing all the regulatory elements of the SNURF-

Figure B-1:  Functional interaction between the activator associated with 2.2-NHS2 and 
components of the SNURF-SNRPN gene promoter.  This analysis was 
performed by transient expression assays.  Luciferase reporter constructs 

bars) or with (grey bars) 2.2-NHS2.  Relative luciferase activities are shown 

SNRPN promoter and lacking 2.2-NHS2.  The fold induction observed upon 
introduction of 2.2-NHS2 is indicated on the right.  Error bars represent 
standard deviation of the means. 
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