
 

1 

CHARACTERIZATION OF TRANSGENIC MOUSE LINES CARRYING THE HUMAN β-
GLOBIN LOCUS CONTROL REGION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

PAMELA ANN CHAMALES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A THESIS PRESENTED TO THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 
OF THE REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 
 

UNIVERSITY OF FLORIDA 
 

2013 



 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2013 Pamela Ann Chamales 
 
 

 
  



 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To the universe, for sending me on my path– 
May I always open my heart and soul to whatever it has to offer me.  

 
 
 

 



 

4 

ACKNOWLEDGMENTS 

I would first like to thank Dr. Jörg Bungert, who has always supported me, even 

in my most difficult times at UF.  He dedicated priceless time and energy toward 

advising and counseling me in my academic and professional development. I would 

especially like to thank him for encouraging me to do what I felt right for me when I 

made the decision to leave UF with a master’s degree.  His support has really helped 

me accept that I know that research is not the right profession for me.  His passion for 

his work has always inspired me, and I will go on to further adventures in my life always 

seeking the work-passion I have witnessed in him.  

I would like to thank my committee (Drs. Thomas Yang and James Resnick) for 

committing time and energy toward supporting my academic experience.  I am grateful 

to Dr. Yang for his ever-so-motivating energy.  If ever I am to mentor students I can only 

hope to challenge and motivate them in such a fashion as Dr. Yang.  His excitement 

and enthusiasm for molecular biology is unmatched and admirable.  His presence on 

my committee always helped me feel capable and ready for the next challenge. I am 

grateful to Dr. Resnick for his honesty and understanding and approachable demeanor.  

Since the first day I met Dr. Resnick I felt understood by him and having him on my 

committee has helped me feel safe throughout these several years. I will always aspire 

to be as honest and approachable with my students or clients as Dr. Resnick.  

I thank the members of the Bungert laboratory for always supporting and 

accepting me.  I especially thank Joeva Barrow for being a wonderful student-mentor 

and friend, and Jared Stees, for his friendship and support and for always cultivating an 

amicable atmosphere in the lab. I know I will remain connected with them through this 



 

5 

experience forever.  I thank Alex Fan for providing much helpful research-related advice 

and counsel and Blanca Ostmark for her helpful assistance. 

I am grateful to my mother and father, for letting me grow and make my own 

decisions over the past 3 years.  Their continued support has always given me strength 

and determination.  I thank Karin Koff, Tracy Brown, and Roberta Seldman, my 

therapists, who have provided me with the tools and trust I have needed to explore my 

way through the past 3 years of obstacles. Their support has been nurturing, accepting, 

encouraging, and continuous and I truly believe I could not have come this far without 

them.  I thank my sister for providing me with deep camaraderie; it is wonderful to go 

through graduate school with someone who understands you, and your every 

experience, each step of the way.  I thank my brother for being himself and showing me 

that it is okay to not know the answer to everything I may ever want in life.  I thank 

Celeste Meyer, Tanya Saraiya, Alea Wise, Stephanie Morton, Emily Warnock, Anna 

Batistatos, Laura Grossman, and Marisol Bayona for comprising the most soulful, 

authentic, loving, and effective support system I have ever known in my life.  I will 

remain forever grateful to have known these wonderful women throughout my time at 

UF and forever into the future.  

 



 

6 

TABLE OF CONTENTS 
 
 page 

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

LIST OF TABLES ............................................................................................................ 7 

LIST OF FIGURES .......................................................................................................... 8 

LIST OF ABBREVIATIONS ............................................................................................. 9 

ABSTRACT ................................................................................................................... 10 

CHAPTER 

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

Organization of the β-globin locus .......................................................................... 11 

Promoters, Enhancers and Locus Control Regions ................................................ 12 
Chromatin Organization and Structure ................................................................... 14 
Transcription Factories ........................................................................................... 16 

Question ................................................................................................................. 17 

2 MATERIALS AND METHODS ................................................................................ 19 

Generation of pLCR Transgenic Lines .................................................................... 19 

Inverse PCR Mapping Technique ........................................................................... 19 

Real-time Quantitative PCR for Determination of Copy number ............................. 20 
Chromatin Immunoprecipitation .............................................................................. 20 

3 RESULTS ............................................................................................................... 22 

pLCR Mapping in Transgenic Lines ........................................................................ 22 
pLCR Copy Number Determination ........................................................................ 24 

Mouse Endogenous Transcription Factor Binding at pLCR .................................... 26 
Limitations ............................................................................................................... 28 

4 CONCLUSIONS AND FUTURE DIRECTIONS ...................................................... 30 

Generation and Characterization of pLCR Transgenic Lines .................................. 30 

Further Experimentation ......................................................................................... 31 
Association of the β-Globin Locus with Transcription Factories .............................. 31 

LIST OF REFERENCES ............................................................................................... 33 

BIOGRAPHICAL SKETCH ............................................................................................ 37 

 



 

7 

LIST OF TABLES 

Table  page 
 
2-1 Oligonucleotide sequences ................................................................................ 21 

3-1   LCR insertion sites ............................................................................................. 24 

3-2 Human LCR copy number determined by qPCR ................................................ 26 

 
 



 

8 

LIST OF FIGURES 

Figure  page 
 
1-1 Organization of the human and mouse β-globin loci........................................... 12 

1-2   Schematic indicating the experimental question. ................................................ 17 

3-1  Results of inverse PCR on three transgenic lines using SacI restriction 
digestion. ............................................................................................................ 22 

3-2 Sequencing results of inverse PCR on three transgenic lines using SacI 
restriction digestion. ............................................................................................ 23 

3-3   Sample standard curves from copy number analysis ......................................... 25 

3-4   RNA polymerase II binding in multiple-copy LCR transgenic E14.5 fetal liver 
cells.. .................................................................................................................. 26 

3-5   RNA polymerase II binding in single-copy LCR transgenic E14.5 fetal liver 
cells.. .................................................................................................................. 27 

3-6  RNA polymerase II and USF-1 binding in multiple-copy LCR transgenic 
E14.5 fetal liver cells ........................................................................................... 28 

 
 



 

9 

LIST OF ABBREVIATIONS 

3C Chromosome conformation capture 

CHIP Chromatin Immunoprecipitation  

CHR Chromosome 

DNA Deoxyribonucleic acid 

DNA-FISH DNA-fluorescence in situ hybridization 

E12 Embryonic day 12 

HS2 Hypersensitive site 2 

KBP Kilobase pairs 

POL II RNA polymerase II 

RNA Ribonucleic acid 

USF-1 Upstream-stimulatory factor-1 

 



 

10 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 

Requirements for the Master of Science 
 

CHARACTERIZATION OF TRANSGENIC MOUSE LINES CARRYING THE HUMAN β-
GLOBIN LOCUS CONTROL REGION 

 
By 

Pamela Ann Chamales 
 

May 2013 
 

Chair: Jörg Bungert 
Major: Biochemistry and Molecular Biology 
 

The β-globin locus control region is a powerful cis-regulatory element that is 

essential for high-level transcription in the β-globin gene locus. During activation of the 

globin genes, the locus has been shown to co-localize in fluorescence in situ 

hybridization experiments with focal accumulaions of active RNA polymerase II, or 

transcription factories.  We aim to create mouse lines carrying the human β-globin locus 

control region without the presence of the globin genes themselves.  Utilizing this tool in 

the future, we can ask if the LCR alone is able to form associations with transcription 

factories, without influence from the genes.  In this study, 4 pLCR transgenic lines were 

created to help us answer this question. Using a variety of techniques we investigated 

the integration site, copy number, and binding by mouse endogenous transcription 

factors of the transgenic human LCR inserts.    
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CHAPTER 1 
INTRODUCTION 

Organization of the β-globin locus 

Hemoglobin is a tetrameric protein expressed and stored in erythrocytes that is 

composed of four alpha-helical protein subunits (two α-globin and two β-globin) that 

each contains a tightly bound heme group that is needed for the transport of oxygen 

and carbon dioxide through the bloodstream (1, 2). As human development occurs, the 

subunits that make up the heterodimers undergo two switches to produce slightly 

different forms of hemoglobin with different affinities for oxygen (3).  Defects in 

hemoglobin production result in many disease states, such as sickle cell anemia and a 

variety of thalassemias. Hemoglobinopathies are the most prevalent group of 

monogenic diseases in the world (4). 

The β-globin locus in the human genome is located on chromosome 11 and in 

the mouse genome is located on chromosome 7.  The genes of the β-globin locus are 

organized in a manner reflecting developmental stage-specific expression (Figure 1-1).  

Expression of the globin genes occurs in erythroid cells produced from the 

hematopoietic cell lineage in various tissues throughout development. For example, in 

human the ε-globin gene is expressed in the embryonic yolk-sac through the first 5-6 

weeks of development.  After this period, expression of this gene in this tissue is turned 

off and expression of the Gγ- and Aγ-globin genes in the fetal liver are turned on. This 

persists until birth when the γ-globin genes are turned off in the fetal liver and the adult 

δ- and β-globin genes are turned on in the adult bone marrow. Most other animals 

undergo one molecular switch instead of the two persisting in human. The regulation 
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and arrangement of the genes in the mouse is conserved, allowing the use of this model 

organism in studying β-globin gene expression (3).  

The β-globin locus also contains an upstream 15 kbp cis-regulatory element 

known as the locus control region (LCR) (5-7). In humans, this region contains five 

DNaseI-hypersensitive sites that have been shown to contain cis-regulatory elements 

that attract trans-acting factors for binding and regulation of the globin genes (8, 9).  The 

LCR has been shown to be essential for globin gene activation and can confer 

transcriptional activity in a position independent and copy number dependent manner 

(10).  Without the LCR, globin gene expression is dramatically reduced (10-13). 

 

Figure 1-1.  Organization of the human and mouse β-globin loci. A) Human β-globin 
locus B) Mouse β-globin locus. 

Promoters, Enhancers and Locus Control Regions 

Promoters, enhancers and locus control regions are cis-regulatory elements that 

generally serve to regulate the timing and frequency of gene transcription. Promoters 
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are absolutely essential for gene transcription and enhancers are somewhat 

supplementary in that they enhance low levels of transcription to produce higher 

transcriptional output.  Promoters are located proximal to the gene they activate and 

serve as the docking station for RNA polymerase II before gene transcription begins. 

Enhancers are distal cis-regulatory elements that contain binding sites for various 

ubiquitous and cell-type-specific transcription factors that regulate gene activation. 

Locus control regions are regions containing multiple different types of positive and 

negative cis-regulatory elements that regulate complex genetic loci (14).  

Promoters are usually located just upstream (but can be located downstream or 

within the body of a gene) of the transcriptional start site and contain a diversity of core 

promoter elements like TATA-box, initiator, downstream promoter element (DPE), CG-

rich regions and others (14, 15). The diversity of promoters allows for greater complexity 

of transcriptional programs during development (15). Promoters can cause focused or 

dispersed transcription depending on the number of start sites they contain. The 

promoter recruits RNA polymerase II with the help of the basal transcription machinery. 

These proteins come in and bind to the basal elements of the promoter and interact with 

each other, allowing for RNA polymerase II to dock and be positioned and prepared for 

transcription initiation (14).  

Enhancers are functionally defined as cis-acting elements that cause gene 

activation regardless of the location or orientation of the element relative to the gene 

promoter it enhances (16, 17). Enhancers are about the same size as promoters (200-

400bp) and bind various regulatory factors, but generally do not contain any of the basal 

promoter elements present in promoters and can be positioned thousands of base pairs 
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away from the genes they regulate. Enhancers work with promoters to modulate 

expression of a gene to acquire a particular level of expression in a specific cell-type at 

a specific stage in development (14). Like promoters, they are generally found to 

colocalize with regions of DNaseI hypersensitivity, due to lack of nucleosome 

occupancy and abundance of trans-factor binding (18, 19).  

Locus control regions are functionally defined by the ability to confer position-

independent and copy-number-dependent expression to linked genes (10). They have 

the ability to restructure chromatin into an open and decondensed state, allowing for the 

activation of nearby genes. They are usually comprised of multiple enhancer elements 

that work together to produce exceptionally high levels of gene transcription. At the β-

globin locus, it has been observed that in the absence of the LCR the genes still 

express globin, but transcripts are produced at a fraction of the normal rate (20). LCRs 

also carry out the complex regulation of multiple genes in one genetic locus, as in the 

case of the β-globin locus (14).  

Chromatin Organization and Structure 

The dynamic structural characteristics of the β-globin locus are an integral 

component of globin gene activation. Differences in chromatin state exist between the 

transcriptionally active β-globin locus present in erythroid cells and the transcriptionally 

silent β-globin locus present in non-erythroid cells. Part of understanding globin 

switching involves elucidating the dynamic changes in chromatin during gene activation.  

In erythroid cells, the entire β-globin locus is sensitive to DNaseI digestion and 

the hypersensitive sites of the LCR are hypersensitive, whereas in non-erythroid cells 

the HS sites are DNaseI insensitive (21). Additionally, erythroid cells have increased 

histone acetylation at the globin locus as compared with non-erythroid cells (22). Within 
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the nucleus, chromosomes occupy separate territories but portions of chromosomes 

have been found to intermingle (23).  In erythroid cells, the β-globin locus has been 

found to loop out of the chromosome territory prior to gene activation (24). This 

suggests that active genes leave the chromosome territory to achieve high levels of 

transcription. It has also been found that the nuclear periphery seems to be a zone of 

inactivation whereas the interior of the nucleus harbors more active genes. Molecular 

tethering of genes to the nuclear periphery results in transcriptional repression (25, 26).  

This has also been found to be true in the β-globin locus. In early erythroid progenitor 

cells, the β-globin locus is found at the nuclear periphery. As differentiation continues 

and the transcriptional activity increases, the locus moves to the interior of the nucleus 

(27).  These observations indicate a difference in the chromatin compaction and 

accessibility state between the two cell types; in cells where the globin locus is active 

the chromatin takes on a more open state and in cells where the globin locus is inactive 

the chromatin takes on a more closed state.  

During globin-gene activation, the hypersensitive sites of the LCR communicate 

through physical interactions via the looping out of intervening DNA and the interaction 

of protein complexes bound at the surface of the hypersensitive site cores.  A looping 

model has been proposed, whereby the LCR is capable of activating the globin genes 

through physical interactions with the promoters of the genes (28-30). It has been 

observed that in erythroid cells, the LCR is in close proximity to the globin gene being 

expressed, whereas in non-erythroid cells, the LCR and genes do not show proximity.  

These 3C experiments suggest looping of the globin locus serves to bring the LCR 
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within proximity of the globin genes in order to facilitate transcriptional activation (30, 

31).  

Transcription Factories 

Transcription factories were first described, after immuno-gold-labeling of mRNA 

transcripts and RNA polymerase II, as microscopic accumulations of nascent RNA 

transcripts co-localizing with RNA Pol II in the nuclei of cells (32).  It seems that 

transcription within the nucleus occurs at these distinct focal points enriched with Pol II 

(32, 33). These factories are a subset of nuclear bodies that carry out different essential 

functions (34). Different cell types have been shown to harbor different numbers of 

transcription factories (35). Some evidence suggests that transcription factories are 

anchored to a proteinaceous nuclear substructure (36, 37). It has been shown, using 

DNA-immunoFISH, that active genes co-localize with transcription factories and that 

silent genes do not and that genes dynamically move in and out of transcription 

factories depending on their level of activity (35). Additionally, in erythroid cells, KLF1-

regulated genes have been shown to associate with the same transcription factory 

containing KLF1 (38). There are two current models for the mechanism by which a 

transcription factory forms and associates with a gene.  One suggests that transcription 

factories are already established in the nuclei of cells, with genes being recruited from 

their nuclear position and reeled into the factory to facilitate a high level of 

transcriptional activation (39). The other model suggests nucleation of transcription 

factories at highly active genes. RNA polymerase II could be recruited to the genes 

themselves, establishing a transcription factory wherever a new gene is being activated 

(40, 41). Regardless of the method of transcription factory formation, it has been shown 

that in erythroid cells, during times of high-level activation of β-globin transcription, the 
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β-globin locus consistently co-localizes with immuno-staining for active RNA 

polymerase II (27). In cells where the LCR is not present this co-localization does not 

occur and the transcriptional activity of the β-globin locus is similar to that of other 

sporadically active genes, instead of exhibiting the high-level of activity it normally 

possesses (20, 27). This evidence suggests that the LCR is necessary for the globin 

locus to associate with a transcription factory and cause high-level activation of 

transcription.  

Question 

We want to ask if the LCR alone has the ability to associate with transcription 

factories.  It is known that the intact β-globin locus associates with transcription factories 

and that the genes alone do not. We intend to ask if the LCR alone makes this 

association. 

 

Figure 1-2.  Schematic indicating the experimental question.  

To answer this, we created a set of transgenic mouse lines carrying the 15kbp human 

LCR. The genomic location of the insertion of the LCR in each lines was determined 

using inverse PCR, the copy number of each line was determined using real-time 
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quantitative PCR, and finally chromatin immunoprecipitation was used to investigate the 

binding of mouse endogenous RNA polymerase II and USF2 to the transgenic human 

LCR.  
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CHAPTER 2 
MATERIALS AND METHODS 

Generation of pLCR Transgenic Lines 

ClaI and NotI were used to cut the human β-globin locus control region from a 

plasmid (pRS316/LCR) previously described (42). The products were run on a 1% 

agarose gel and the 15kbp band containing the LCR was cut from the gel and purified 

using the QIAquick Gel Extraction Kit (Qiagen, 28706). The DNA was diluted to 

concentrations of 1ng/uL and 0.5ng/uL in injection buffer and injections were performed 

using fertilized FVB oocytes. Eggs were implanted into the uterus of pseudopregnant 

mothers and after birth, DNA from the pups’ tails was prepared by incubating the tissue 

overnight in DNA lysis buffer containing Proteinase K and subsequently purified using a 

series of one phenol, one phenol-chloroform/isoamyl alcohol, and one 

chloroform/isoamyl alcohol  extraction.  PCR was used to confirm transgenic and non-

transgenic genotypes. Please see Table 2-1 for all primer sequences.  

Inverse PCR Mapping Technique 

3μg transgenic mouse genomic DNA was digested using SacI and then run on a 

1% agarose gel to verify digestion. 1μg of this digested DNA was used in a 400uL 

intramolecular ligation reaction and then the DNA was purified using phenol-

chloroform/isoamyl alcohol extraction and ethanol precipitation. PCR reactions using 

inverse PCR primers complementary to sequences near the 3’ and the 5’ ends of the 

inserted LCR were performed and the products were run on 1% agarose gels. Resulting 

bands were purified using the QIAquick Gel Extraction kit and were ligated with the 

pGEM-T vector (Promega, A3600). These plasmids were then transformed into Stbl2 

competent cells (Invitrogen, 10268-019) and selected using Ampicillin.  Colonies were 
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picked and selected by colony PCR (using the same inverse PCR primers) for positive 

clones. Minipreps (QIAprep Spin Miniprep Kit, 27106) were performed and the samples 

were sent for Sanger Sequencing.   

Real-time Quantitative PCR for Determination of Copy number 

Real-time quantitative PCR for copy number determination was carried out as 

previously described with minor modifications (43). 3-4 mice from each transgenic line 

were analyzed on at least 2 separate occasions with reactions prepared in triplicate. 

The 2-ΔΔCt method was used for analysis and results were confirmed using the standard 

curve method (44). Mouse HS2 primers were used to amplify a reference sequence and 

DNA from the human β-YAC line was used as a one-copy calibrator (43, 45). 

Chromatin Immunoprecipitation 

E14.5 fetal livers were dissected from embryos and resuspended in 500μL 

DMEM with 10% FBS and 1% Penicillin/Streptomycin. Tissue from the head of the 

mouse was used for genotyping, which was carried out as noted above. The fetal liver 

cells were separated using a cell strainer and syringe plunger and washed with more 

media. The cells were then resuspended in 10mL media and ChIP was carried out as 

previously described (46).  Briefly, cells were crosslinked using 1% formaldehyde. 

Crosslinking was stopped using 0.125M glycine and cells were washed twice with PBS. 

The cells were then frozen as pellets at -80°C until genotyping results were acquired (2-

3 days). Cells from WT and transgenic livers were selected and thawed on ice.  Cells 

were lysed, nuclei pelleted, and DNA was sonicated to an average size of 500bp and 

cleared using centrifugation. Samples were diluted to yield 1mL of chromatin per 

antibody sample and pre-clearing was carried out using 50μL Protein A Sepharose 

beads per mL of diluted chromatin. After 2 hours of rotation for pre-clearing and removal 
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of beads by centrifugation, antibody samples aliquots were made and 5μg of the 

appropriate antibody was added to each for rotation overnight.  Antibodies used were 

anti-RNA polymerase II, clone CTD4H8 (Millipore, 05-623), anti-RNA polymerase II 

CTD repeat YSPTSPS (phosphoS2) antibody (Abcam, ab-5095), anti USF-1 (Santa 

Cruz Biotechnology, sc-8983), anti USF-2 (Santa Cruz Biotechnology, sc-861), and 

Anti-rabbit IgG (Bethyl Laboratories, P120-101). The next day, antibody-protein 

complexes were captured by adding 60μL beads and rotating for 2 hours.  Inputs were 

reserved and then washes were performed to remove any non-specifically binding 

proteins from the beads.  After washing, 500μL eluates were collected and purified, 

along with the inputs. qPCR with reactions prepared in triplicate was performed to 

analyze the results.  

Table 2-1. Oligonucleotide sequences 

NAME SEQUENCE 

PLCR 622 AACTCGGTGATGATGGAAGC 

PLCR 629 GCGTCAGAAACTGTGTGTGG  

IPCR 5’ PLCR GAAAACAGGAGTGCAGAGGC 

IPCR 5’ PLCR AATGGTCCAAGATGGTGGAG 

PRIMER 123 TAGCTCGAGTCTAGCCCCACAGGAGTTTG 

PRIMER 122 ACTCTCGAGCTTGCTCACTTGCCAATCCT 

HUMAN LCR CND F CCTTGGTCAAGCTGCAACTT 

HUMAN LCR CND R AAGACGGAGCCAATGGGTTA 

MOUSE LCR CND F ACATGGTGCTTTTGGGATATAG 

MOUSE LCR CND R CATGTGTGGGATGCCTTACTA 

HUMAN LCR HS2 F CGCCTTCTGGTTCTGTGAA 

HUMAN LCR HS2 R GAGAACATCTGGGCACACAC 

HUMAN HS2-3 LINKER F CTATTTGCTAACAGACAATAGAGTAG 

HUMAN HS2-3 LINKER R GTTACATATGCAGAAAGCCACAAATC 

Β-MAJ PRO F AAGCCTGATTCCGTAGAGCCACAC 

Β-MAJ PRO R CCCACAGGCCAGAGACAGCAGC 

MOUSE LCR HS2 F TGCAGTACCACTGTCCAAGG 

MOUSE LCR HS2 R ATCTGGCCACACACCCTAAG 
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CHAPTER 3 
RESULTS 

pLCR Mapping in Transgenic Lines 

 
We used inverse PCR to identify the genomic location of the LCR inserts in each 

of the transgenic lines.  The genomic context of the insert is important to consider when 

evaluating the results of experiments in the future.  The surrounding chromatin 

environment could affect the results we see in immunoFISH.  After restriction digestion 

with SacI, intramolecular ligation and PCR using primers specific for the 3’ end of the 

human LCR, genomic DNA from mouse lines 617, 622, and 629 yielded the products 

shown in Figure 3-1.  Line 617 was later sacrificed.   

  
 
Figure 3-1.  Results of inverse PCR on three transgenic lines using SacI restriction 

digestion.   
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Each of the PCR products was sequenced after ligation into the pGEM-T vector 

and mapped back to the mouse genome and human LCR.  The results are shown in 

Figure 3-2. 

    

Figure 3-2.  Sequencing results of inverse PCR on three transgenic lines using SacI 
restriction digestion.   
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Table 3-1 indicates the results from the inverse PCR analysis. Insertion sites 

were mapped for two of four transgenic lines.  

Table 3-1.  LCR insertion sites 

Transgenic Line Location 

622 Inserted into the last exon of the GrpelI gene, which is a nuclear 
gene that encodes a protein, GrpE-like 1, that is part of the 
mitochondrial protein-transport complex PAM 

629 Inserted into an intron of the gene Homer2, which encodes a 
post-synaptic density scaffolding protein which is expressed in 
the olfactory bulb, hippocampus, thalamus and heart 

 
Line 622 seems to have the LCR contained within a gene that is constitutively 

active whereas in line 629 the LCR integrated within a gene body that is active only in 

specific cell types, probably not in erythroid cells. The genomic location of line 622 was 

confirmed using PCR with one primer complementary to the 3’ end of the LCR and a 

second primer complementary to a sequence in the mouse genome proximal to the 3’ 

end of the LCR, as indicated by our inverse PCR results. We will attempt to map the two 

remaining transgenic lines using a technique called splinkerette PCR (47). 

pLCR Copy Number Determination 

The copy number of the LCR inserts in each of the lines was determined using 

real time-quantitative PCR and will be confirmed using Southern blot. It has been well 

documented that qPCR can be used to determine copy number if the appropriate 

controls are used and measures taken to eliminate error (43, 44, 48).  In our 2-ΔΔCt 

analysis, the mouse β-globin locus HS2 was used as a reference target and β-YAC 

mouse DNA containing one copy of the human LCR was used as a one-copy calibrator 

(43, 45). Primers for human and mouse HS2 were designed using specific parameters 

as previously described to attempt to reduce variations in efficiency between the two 

primer sets (48).  Figure 3-1 shows the standard curves from one qPCR run. The slopes 
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of the standard curves are about equal and the amplification is near 100 percent 

efficiency for both primer sets. The mouse target at each DNA concentration amplifies 

just one cycle ahead of the human target, as it should because there should be two 

copies of the mouse target for every one of the human target.  

 
 
Figure 3-3.  Sample standard curves from copy number analysis. SYBR corresponds to 

the mouse HS2 target and SYBR1 corresponds to the human HS2 target.  

Two-three biological samples per transgenic line were run in triplicate in three 

separate experiments and data was analyzed using the 2-ΔΔCt method (44).  The 

analysis for line 682 has not yet been completed, but preliminary experiments indicate 

that the copy number of this line is low.  
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Table 3-2. Human LCR copy number determined by qPCR 

TG Line 2-ΔΔCt mean Upper limit mean Lower limit mean 

622 4.64 6.70 3.28 
629 1.77 2.76 1.18 
680 0.89 1.20 0.67 
682    
β-YAC 1.00 1.55 0.68 

 
It appears that we have created two lines containing higher copy number LCR 

inserts (lines 622 and 629) and two lines containing lower copy number inserts (lines 

680 and 682). It is difficult to know exactly how many copies are contained within each 

line without a second method to confirm these results; therefore, Southern blot will be 

used to verify this data.   

Mouse Endogenous Transcription Factor Binding at pLCR 

We investigated whether mouse endogenous transcription factors were binding 

at the transgenic human LCR in the pLCR mice using chromatin immunoprecipitation.  

Figure 3-4 shows RNA polymerase II occupancy at human HS2 and the negative 

control human HS2-3 linker region in the DNA of E14.5 transgenic LCR embryos.   

 

Figure 3-4.  RNA polymerase II binding in multiple-copy LCR transgenic E14.5 fetal liver 
cells. The antibody for RNA pol II used RNA pol II, clone CTD4H8.  Two 
embryos from line 622 were analyzed and data presented represent the 
average of these two samples ± SEM.  
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It appears that Pol II binding levels at HS2 are nearly two fold greater than IgG 

levels at hHS2 in this multiple-copy line (622).  Pol II pulls down no greater amount of 

hHS2-3 linker DNA than IgG. The results proved similar when we examined a predicted 

single-copy line (680). Results are shown in Figure 3-5.  Binding at the β-major 

promoter was used a positive control.  

 

 
Figure 3-5.  RNA polymerase II binding in single-copy LCR transgenic E14.5 fetal liver 

cells. Antibody used was against RNA pol II phosphoserine2. Two embryos 
from line 680 were analyzed and data presented represent the average of 
these two samples ± SEM. 

The binding of RNA pol II and of the transcription factor USF-1 at HS3 were 

investigated in transgenic line 682 (low copy number). USF is a ubiquitously expressed 

transcription factor that has been shown to be essential for high levels of β-globin gene 
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transcription (49). Figure 3-6 shows the results obtained from 4 transgenic embryos. 

The levels of binding at mouse HS2 were also measured.  

 

 

Figure 3-6.  RNA polymerase II and USF-1 binding in multiple-copy LCR transgenic 
E14.5 fetal liver cells. The antibody for RNA pol II used was against RNA pol 
II phosphoserine2.  Four embryos from line 682 were analyzed and data 
presented represent the average of these four samples ± SEM. 

It appears that active mouse endogenous RNA polymerase II and USF-1 are indeed 

binding at the transgenic human LCR, at levels comparable to those found at mouse 

HS2. This suggests that transcription complexes are forming and that transcription is 

occurring at the LCR, independent of the presence of the human β-globin genes.   

Limitations 

It is possible that the binding of RNA pol II seen at human HS2 in the transgenic 

mice is due to the presence of active endogenous genes nearby interacting with the 

LCR. If the LCR does come into the proximity of nearby genes, it is possible that Pol II 

could be pulled down at the LCR because of its binding at the other gene and not 
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specifically at the LCR. It would additionally be interesting to check to see if genes 

nearby the human LCR undergo any changes in gene expression due to the presence 

of the LCR. This is unlikely in most tissues but could be relevant in erythroid cells, due 

to the tissue-specific activity of the LCR and the promoters of nearby genes (5, 50). 

It is also important to note that although the human β-globin genes are not linked 

to the transgenic LCR, the mouse-endogenous β-globin genes are still present in the 

nuclei. It is possible that the transgenic human LCR could be associating with the 

mouse-endogenous β-globin genes in trans and this could be the cause of RNA pol II 

binding at the transgenic LCR (51). This will need to be investigated in the future using 

DNA-FISH or 3C experiments. 
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CHAPTER 4 
CONCLUSIONS AND FUTURE DIRECTIONS 

Generation and Characterization of pLCR Transgenic Lines 

In this study, transgenic mouse lines carrying the human β-globin locus control 

region were created. The sites of insertion, number of LCR copies, and the binding of 

trans-acting factors were investigated.  

We found that we have 2 lines carrying 2 copies of the human LCR and two lines 

carrying 4-6 copies of the LCR.  This will be useful for experimentation because we can 

observe the effects of a varying number of copies of the LCR in these mice. We also 

investigated the genomic location of the LCR insertions. The genomic environment 

surrounding the LCR is important to be aware of because it could potentially have some 

effect on experimental results seen in future studies. Finally, the occupancy of RNA 

polymerase II and the transcription factor USF-1 at the LCR were investigated. RNA pol 

II and USF-1 binding levels seem to be comparable to the binding of Pol II at mouse 

HS2. 

Based on previous reports, RNA polymerase II was expected to be present at 

HS2. It has been shown that Pol II is recruited to the LCR in vivo before it is present at 

the globin gene promoter (8). Indeed, we found that active RNA polymerase II is present 

at HS2 in the transgenic human LCR, without the globin genes present. This further 

supports a model whereby the LCR recruits transcription complexes prior to their 

recruitment to the globin gene promoter.  

A mouse containing the human LCR will serve as a useful tool for studying the 

activity and function of the LCR without the presence of the globin genes. It is generally 

accepted that the LCR is the regulatory element responsible for the high level of 
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activation of globin gene transcription in vivo. When the LCR is deleted from the 

endogenous β-globin-locus, globin transcript levels are dramatically reduced (20, 28). 

The LCR mice will be a powerful tool in investigating how this phenomenon relates to 

the LCR’s association with transcription factories. Our hypothesis is that the LCR is the 

main driving force responsible for transcription factory-association, but it is possible that 

the active genes themselves are required for that association.  

Additionally, it will be interesting to investigate the transcription of non-coding 

RNAs originating from the LCR without the presence of the genes. Various groups have 

found ncRNA transcripts originating from the hypersensitive sites of the LCR (52-54). 

The functions of these transcripts are currently unknown. In the future we will ask if 

these transcripts are still present in the absence of the genes.  

Further Experimentation 

It will be important to verify the number of copies of the LCR in each line using 

Southern blotting. Locus control regions have been shown to exhibit copy number 

dependent effects (10). Because the endogenous β-globin locus only contains a single 

copy of the LCR it seems pertinent to know exactly how many copies are contained 

within our mouse models.  Additionally, the genomic location of each insert must be 

confirmed using PCR. This can be done using one primer complementary to the 3’ end 

of the LCR and another primer that will be complementary to a mouse endogenous 

sequence close to the end of the LCR. If a product of the expected size is obtained we 

can be confident that the genomic location is known.  

Association of the β-Globin Locus with Transcription Factories 

In the future, these transgenic lines will be used to investigate the association of 

the LCR with transcription foci in the nuclei of E14.5 fetal liver cells using DNA-
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immunoFISH. Transcription factories will be labeled using an antibody for active RNA 

polymerase II as performed previously. The human LCR will be labeled with a biotin-

tagged, sequence-specific probe and detected using streptavidin conjugated with a 

fluorophore. We can compare the frequency of association with that of the mouse 

endogenous LCR with transcription factories. These human LCR mice will also be 

crossed with AUSF mice (from a line that contains a dominant negative mutant form for 

the ubiquitously expressed transcription factor USF) to investigate the role of USF in the 

association of the LCR with transcription factories. USF has been shown to be essential 

for high level expression of the beta-globin genes. We hypothesize that this is due to the 

lack of recruitment of RNA polymerase II when USF is not present at HS2 (49). It will be 

interesting to see if the LCR can still associate with transcription foci in the absence of 

USF and the resultant reduced binding of RNA pol II.  
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