
The molecular mechanisms of cyclin D1
gene deregulation by immunoglobulin

regulatory sequences in B cell malignancies

Item Type text; Dissertation-Reproduction (electronic)

Authors Liu, Hui

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:02:44

Link to Item http://hdl.handle.net/10150/280522

http://hdl.handle.net/10150/280522


THE MOLECULAR MECHANISMS OF CYCLIN D1 GENE 

DEREGULATION BY IMMUNOGLOBULIN REGULATORY 

SEQUENCES IN B CELL MALIGNANCIES 

by 

Hui Liu 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF MOLECULAR AND CELLULAR BIOLOGY 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0 4 



UMI Number: 3131617 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

UMI 
UMI Microform 3131617 

Copyright 2004 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



The University of Arizona ® 
Graduate College 

As members of the Final Examination Cormiiittee, we certify that we have read the 

dissertation prepared by Hul Liu 

eBtitled The Molecular Mechanisms of Cyclin D1 Gene Deregulation by 

Immunoglobulin Regulatory Sequences in B Cell Malignancies 

and recommend tliat it be accepted as fulfilling the dissertation requirement for the 

Doctor of Philosophy Degree of 

/ t 

A 

Murray Brilllin/t~PhD 

-..,3 V 4^^ 
\ / f I / 

ELliot Epier, y r'PhI) 

r/ 
i 

(' . '-Jj 

:: W 

Eugene/^erner, PhD 

Roger Miesfeld,  PhD" 

i ? , "o f  
date 

f date/ 

'•/MhA 
date 

date ^ r 

y//i/dy 
date 

^ and acceptance of this dissertation is contingent upon the 
•"candid^e4s:!;subi^ission of the final copies of the dissertation to the Graduate College. 
^ I,lierfe|>^^certify that I have read this dissertation prepared under my direction and 

rut-ujrmiiend t!|dt it be accepted as fulfilling t]i§,_ dissertation requirement. 

^%yg  1 /  )  
p I 
I 
Vi3/y-/ 

DissOTatton Director; 
•'•^o-Director: 

Elliot Epner 

Eugene Gerner 
date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at The University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 

provided that accurate acknowledgment of source is made. Requests for permission for 

extended quotation from or reproduction of this manuscripl in whole or in pat may be 

granted by the head of the major department or the Dean of the Graduate College when in 

his or her judgment the proposed use of the material is in the interests of scholarship. In 

all other instances, however, permission must be obtained from the author. 

I \ 1 
SIGNED: ^ 



4 

ACKNOWLEDGEMENTS 

I would like to acknowledge the guidance, generosity, tolerance and patience of 

Dr. Elliot Epner during tJie course of my PhD training. 

1 wonld also like to thank Drs. Roger Miesfeld and Murray Brilliant from 

Department of Molecular and Cellular Biology, Drs. Eugene Gemer, Jesse Martinez and 

Beniai'd Futscher from Arizona Cancer Center, and Drs. Jin Wang, Jing Huang from Dr. 

Epner's laboratory for stimulating discussions and helpful comments. 

Dr. Martin Dyer from the University of Leicester, UK provided the Granta and 

NCEB-1 cells and Dr. Mark Groudine from the Fred Hutchinson Cancer Research 

Center, Seattle, WA provided Manca cells Eind MTC gene targeting construct. Dr. David 

Lewinsohn from the Oregon Health & Science University, Portland, OR provided the 

LCLl, LCL2, and D160 cells. 

I am grateful to Dr. Bernard Futscher for expert assistance with Bisulfite 

Sequencing and ChIP experiments, Dr. Xiangdang Liu from tlie University of Arizona, 

Tucson, AZ for the gene targeting experiments to obtain genetic variants, Victoria Bedell 

and Dr. Marilyn Slovak from City of Hope National Medical Center, Duarte, CA for the 

FISH experiments. Dr. Phil Streeter from the Oregon Health & Science University, 

Portland, OR for technical advice on B and T cell separation, and Dr. Guang Fan from 

the Oregon Health & Science University, Portland, OR for the inimunohistochemistry 

experiments. 

I also thank Drs. Mark Groudine, Matt Lorincz, Mirit Aladjem, William Forrester, 

and Matt Thayer for discussions and comments on manuscripts. 



5 

DEDICATION 

To my parents and Gang, who offered me unconditiotial love and support all the 

way througliout my study. 



6 

TABLE OF CONTENTS 

LIST OF FIGURES 9 

LIST OF TABLES 12 

ABSTRACT 13 

CHAPTER h INTRODUCTION 15 
Mantle Cell Lymphoma 15 
Multiple Myeloma 17 
Chromosome Translocation Involving IgH 18 
1 lql3 Translocations 20 
IgH Regulatory Elements 24 
Cyclin Dl 28 
Chromatin and Transcription 31 
Hi St one Acetylation 33 
DNA Methylation 34 
RNA Polymerase II and Gene Expression 36 
Statement of the Problem 39 

Hypothesis 39 
Specific Aims 40 

CHAPTER 2: MATERIALS AND METHODS 42 
Cell Culture 42 
B Cell Separation 42 
RT-PCR.. 43 
RNA Electrophoresis 43 
Cosmid Transformation by Electroporation 44 
Cosmid Prep 44 
Southern Blot 44 
Bisulfite Sequencing 45 
Chromatin Immunoprecipitation 47 
FISH Analysis 51 
Targeting Constructs 51 
Gene Transfer by Electroporation 52 
Gene Transfer by Retroviruses 53 
Somatic Cell Fusion 53 
PCR-RFLP 54 
Microcell-Mediated Chromosome Transfer 55 
Western Blotting 55 



7 

TABLE OF CONTENTS - Continued 

CHAPTER 3; DNA METHYLATION & HISTONE ACETYLATION 57 
Introduction 57 
Results 60 

Cycliii D1 Expression in Hematopoietic Cell Lines 60 
DNA Metbylation in the Cyclin D1 Promoter and Upstream Regions Inversely 
Correlates with Expression in Hematopoietic Lines 62 
Histone Acetylation in the Cyclin D1 Promoter Region Correlates with 
Expression in Hematopoietic Cell Lines 74 
The Cyclin D1 Gene Is Expressed in t(ll;14) Uncultured B Ceils 77 
The Cyclin D1 Promoter and MTC Regions Are DNA Hypometliylated in 
t(ll;14) Patients 79 
Cyclin D1 Is Not Expressing in Normal Human B/T Cells 81 
The Cyclin D1 Promoter Is DNA Hypomethylated But die MTC Region Is 
Methylated in NoiTOal B/T Cells 83 
The Cyclin 01 Promoter Region is Histone H3 and H4 Acetylated But the 
MTC Region Is Hypoacetylated in Normal B/T Cells.. 87 
Cyclin D1 Expression in Other Types of Cancer Cell Line 89 
Cyclin 01 Promoter Region Is Hypomethylated While MTC Region Is 
Hypennethylated in Non-hematopoietic Dl(+) Lines 91 
Histone Acetylation in the Cyclin D1 Promoter Region But Not Upstream 
Regions Correlates With Expression in Non-hematopoietic Lines 94 
IgH Regulatory Elements Are Acetylated in B Cell Lines and B/T Cells 96 
Cyclin D1 Gene Expression Is Not Activated by DNA Methyltransferase Or 
Histone Deacetylase Inhibitors 98 

Discussion 102 

CHAPTER 4: TRANS DNA DEMETHYLATION IN MALIGNANT B 
CELLS 105 

Introduction 105 
Results 108 

Genetic Variants Have Lost the Translocated Chromosome 11:14 109 
Cyclin D1 Is Not Expressed in the Genetic Variants 115 
The Cyclin D1 Promoter Is DNA Hypermethylated in the Genetic Variants! 17 
DNA Flypermethylation Is Also Demonstrated by Methylation-Specific PCR 

120 
Genetic Variants of MM Cell Line U266 Have No Active Chromosome 11 Or 
Cyclin Di Gene Expression 122 
Trans Demethylation Is Also Present in Cyclin 01 Expressing MM Cells.. 137 



8 

TABLE OF CONTENTS - Continued 

Bisulfite Sequencing in the Cyclin D1 Promoter Region Is Not Biased 122 
DNA Hypermethylation Is Not Caused By Selection,... 125 
The Cyclin D1 Promoter Is Histone H3 and H4 Hypoacetylated In Cyclin 
Dl(-) Genetic Variants, 127 
Histone H3 Methyiation Only Occurs On tlie Untrcinslocated Chromosome 11 

129 
Cyclin D1 Gene Expression Cannot Be Activated In Genetic Variant 131 

Discussion 139 

CHAPTER 5: POL II BINDING AND CYCLIN D1 EXPRESSION 141 
Introduction 141 
Results 142 

Pol 11 Binding To the Cyclin D1 Promoter Region Correlates With the Cyclin 
D1 Gene ExprcKSsion and Pol II Binding To the Upstream Regions of the 
Cyclin Dl Gene Locus Correlates With Cyclin D1 Deregulation 142 
Pol n Binding To the IgH Regulatory Elements Correlates With Cyclin Dl 
Translocation 144 
Pol II Does Not Bind To the cyclin Dl Promoter Region Or 3'Ca l-CR In the 
Cyclin Dl(-) Genetic Variants 146 

Discussion 149 

CHAPTER 6: TRANSCRIPTION FACTOR BINDING 152 
Introduction 152 
Results 155 

Transcription Factors Do Not Differentially Bind Except CTCF, Oct2, SPl 
155 

CTCF, Oct2, SPl Participates Cyclin Dl Deregulation 157 
CTCF Does Not Bind To the IgH Regulatory Region in EBV-transformed 
Cells 159 
CTCF, Oct2, SPl Do Not Bind to IgH Regulatory Region in Non-B Cells. 161 
CTCF Binds to c-myc Promoter Region in BL Cell Line 163 
CTCF, Oct2, SPl Ai'e Ubiquitously Expressed 165 

Discussion 167 

CHAPTER 7; SUMMARY AND FUTURE DIRECTIONS 170 

REFERENCES 186 



LIST OF FIGURES 

Figure 1-1. Chromosome Translocation t(l 1;]4) 21 
Figure 1-2. M'ap of the 1 lql3 Region in MM and MCI 22 
Figure 1 -3. Map of the Human 3'Ca Region 26 
Figure 1-4. Model of RNA Polymerase II Transcription Initiation Machinery... 38 

Figure 2-1, Graph of CUP assay procedure 49 

Figure 3-L Cydin D1 RT-PCR in hematopoietic cell lines 61 
Figure 3-2. DMA methylation analysis in the cyclin D! promoter 64 
Figure 3-3. DNA methylation analysis in the 1 lql3 locus 66 
Figure 3-4. The cyclin D1 promoter region shows differential cytosine methylation in 

cyclin Dl(+) and cyclin Dl(-) cell lines 68 
Figure 3-5. Bisulfite analysis of the upstream regions of the cyclin D1 promoter in 

Granta and HL60 cell lines 70 
Figure 3-6. Bisulfite analysis of the MTC region in hematopoietic cell lines .72 
Figure 3-7. Bisulfite analysis of the P519 sequence in Granta and HL60 cell lines 73 
Figure 3-8. Analysis of histone H3, H4 acetylation using ChIP assays in hematopoietic 

cell lines 75 
Figure 3-9. Quantitative analysis of PCR products 76 
Figure 3-10. Cyclin D1 RT-PCR in t(ll;14) patient sample 78 
Figure 3-11. DNA methylation analysis of patient samples with cyclin Dl(+) B cell 

malignancies 80 
Figure 3-12. Cyclin D1 RT-PCR in normal hummi B/T cells 82 
Figure 3-13. Cyclin D1 promoter DNA is unmethylated in normal human B and T 

cells 84 
Figure 3-14. The cyclin D1 promoter region showed very low levels of cytosine 

methylation in normal human B/T cells 85 
Figure 3-15. Low level cytosine methylation showed at the cyclin D1 promoter region 

while the MTC region exhibited high level DNA methylation in normal human B 
cells 86 

Figure 3-16. Analysis of histone acetylation patterns at the cyclin D1 locus in 
nonmalignant human B and T cells 88 

Figure 3-17. Cyclin 01 RT~PCR in cancer cell lines of non-hematopoietic origin 90 
Figure 3-18. wSouthern analysis of DNA methylation in cyclin Dl(+) breast cancer cell 

lines MCF7, MDA-MB-231 (231), colon cancer cell line SW480, and pancreatic 
cell line Panel 92 

Figure 3-19. The cyclin D1 promoter region is DNA hypomethylated in cyclin Dl(+) 
non-hematopoietic cancer cell lines 93 

Figure 3-20. Analysis of histone H3 and H4 acetylation in non-hematopoietic cell 
lines 95 



10 

LIST OF FIGURES - Continued 

Figure 3-21. Analysis of hislone H3 and H4 acetylation patterns at the IgH regulatory 
regions .97 

Figure 3-22. Drug treatment to activate cyclin D1 gene expression 99 
Figure 3-23. RT-PCR of cyclin D1 expression in EBV-transfornn,ed B lymphocytes 

LCLl and LCL2 cells treated witli HDAC inhibitors or DNA demethylating 
reagent 101 

Figure 4-1. DNA niethylation and histone acetylation studies in translocated (11:14) vs. 
normal chromosome 11 108 

Figure 4-2. FISH analysis of MCL parental and mutant cell lines 112 
Figure 4-3. Summary of FISH results for the presence of the t(l 1; 14) in Granta and 

NCEB and derivative mutant cyclin Dl(-) ceil lines 113 
Figure 4-4, Southern analysis of MCL parental and mutant cell lines 114 
Figure 4-5, RT-PCR analysis of Granta and NCEB cell lines and mutant lines 04, LGl, 

LG2,andNl,N2,N3 116 
Figure 4-6. Analysis of DNA methylation in Granta (G) vs. G4, LGl, LG2 cell lines, and 

NCEB-1 (N) vs. Nl, N2, N3 cell lines 118 
Figure 4-7. Remethylation of the cyclin D1 locus in cyclin D1 (-) clones 119 
Figure 4-8. Methylation-specific PCR confirmed the cyclin D1 promoter demethylation 

in MCL cell lines Granta (G) and NCEB-1 (N) and remethylation in mutant cell 
lines G4 and Nl 121 

Figure 4-9. Bisulfite sequencing of the cyclin D1 promoter region using equal-molar 
mixture genomic DNA as template 124 

Figure 4-10. Non-homologous recombinant clones did not show CpG remethylation.. 126 
Figure 4-11. Histone acetylation analysis in MCL parental and mutant cell lines 128 
Figure 4-12. Histone H3 methylation analysis at the cyclin D1 promoter and P519 

regions 130 
Figure 4-13. RT-PCR of cyclin D1 expression in G4 cells treated with HDAC inhibitors 

or DNA demethylating reagent : 132 
Figure 4-14. Cyclin D1 gene A870G PCR-RFLP analysis 133 
Figure 4-15. Summary of FISH results in U266 and derivative cells 135 
Figure 4-16. RT-PCR analysis of MM cell lines and U266 derivative cells 136 
Figure 4-17. Analysis of DNA methylation in MM cell lines by Southern blot 138 

Figure 5-1. Ch lP assays of the Pol II binding to the cyclin D1 promoter and MTC 
regions 143 

Figure 5-2. ChIP assays of Pol II binding to the IgH regulatory elements 145 
Figure 5-3. ChIP assays of Pol H binding to the cyclin D1 promoter and IgH regulatory 

regions in the parent and genetic variant cell lines.,,.' 147 
Figure 5-4. RT-PCR analysis of cyclin D1 and IgH, loci 148 



11 

LIST OF HGURES - Continued 

Figure 6-1. In vivo binding of various transcription factors to the cyclin D1 promoter 
region 155 

Figure 6-2. In vivo binding of transcription factors in the cyclin D1 promoter region and 
IgH regulatory elements in B cell lines ..,.157 
Figure 6-3. In vivo binding of transcription factors in the cyclin D1 promoter region and 

IgH regulatory elements EB V-transformed B cell lines 159 
Figure 6-4. In vivo binding of transcription factors in the cyclin D1 promoter region and 

IgH regulatory elements innon-B cell lines 161 
Figure 6-5. In vivo binding of CTCF at the c-myc promoter regions 163 
Figure 6-6. Western blot analysis of the cyclin D1 protein levels and transcription factors 

in cell lines 165 

Figure 7-1. Graph of Chromosome Conformation Capture (3C) assay principle 183 
Figure 7-2. Proposed model for long distance cyclin D1 deregulation by IgH regulatory 

elements 185 



1.2 

LIST OF TABLES 

Table 2-1. PGR primers for Bisulfite Sequencing (5' to 3') ,46 
Table 2-2. PGR primers for ChIP assays 50 
Table 7-1, Summary of results for epigenetic changes on the 1 lql3 and 14q32 

loci ' ' 171 



13 

ABSTRACT 

Cyclin D1 expression is deregulated by chromosome translocation in mantle cell 

lymphoma and a subset of multiple myeloma. The epigenetic mechanisms involved in 

this long-distance gene deregulation were studied. The cyclin D1 promoter was 

hypomethylated and hyperacetylated in expressing cell lines and patient samples. 

Domains of hyperacetylated histones and hypomethylated DNA extended over 120 

kilobases upstream of the cyclin D1 gene. Interestingly, hypomethylated DNA and 

hyperacetylated histones v^'ere also located at the cyclin D1 promoter but not upstream 

regions in cyclin D1 nonexpressing, nontumorigenic B and T cells. 

The findings of complete cyclin D1 promoter demethylation were surprising 

given the presence of both the translocated or inserted and the normal chromosome 11. 

The cyclin D1 locus and sequences 90 kilobases upstream were methylated in genetic 

variants that had lost the translocated or inserted but retained one or more copies of 

nomial chromosome 11. These observations indicate a trans demethylating effect of the 

translocated chromosome containing the immunoglobulin heavy chain (IgH) locus that 

resembles transvection in Drosophila and paramutation in maize. 

RNA polymerase II (Pol II) binding was demonstrated at the cyclin D1 promoter, 

upstream sequences, and 3' IgH regulatory regions only in malignant B cell lines with 

deregulated expression of the cyclin D1 gene. These results suggest Pol 11 bound at IgH 

regulatory sequences can activate the cyclin D1 promoter by either a long-range 

polymerase transfer or tracking mechanism,. 
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The obsen'ation that the DNA binding protein CTCF coneim-etitly binds to the 

cyclin D1 promoter region and IgH regulatory elements only in the cyclin Dl(+) MCL 

cell lines but not in the cyclin Dl(") EBV-transformed B lymphocytes suggests that 

CTCF may be crucial in the long distance interaction between IgH regulatory elements 

and the cyclin D1 gene locus. 

I propose that, in cyclin D1 expressing B cell malignancies, after chromosomal 

translocation, concuixent binding of Pol H, CTCF, and other transcription factors at the 

IgH regulatory regions and cyclin D1 gene promoter juxtaposes these two loci, affecting 

cis and trans DNA hypomethylation and histone hyperacetylation, and initiating 

deregulated expression of cyclin DL 
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CHAPTER 1: INTRODUCTION 

A frequent event in B cell malignancies such as mantle cell lymphoma (MCL) 

and multiple myeloma (MM) are translocations involving the immtnioglobulin heavy 

chain (IgH) locus on chromosome 14. These translocations result in overexpression of 

various target genes and are often characterized by separation of the translocated 

regulatory sequences and the target gene by up to several hundred kilobases (kb). For 

example, in over 90% of M'CL, llql3 translocations involving chromosomes (11:14) and 

bcl-1 reaixangement lead to the dysregulated expression of cyclin Di by regulatory 

elements from the IgH locus. These IgH regulatory elements can be located up to 100 

kilobases or more away from the cyclin Dl locus. In MM, ti'anslocations involving tire 

cyclin Dl/bcl-1 locus are among the most commonly observed (20-25%). 

Overexpression of cyclin Dl can be detected in MCL and MM, even in some cases where 

overt translocations cannot. Overexpression of cyclin Dl plays an important 

pathogenetic role, probably deregulating cell-cycle control by overcoming the suppressor 

effects of retinoblastoma (Rb) protein and p27Kipl. 

Mantle Cell Lymphoma 

Mantle Cell Lymphomas (MCL) represents a recently accepted lymphoma 

subtype that accounts for approximately 5--8% of all lymphomas. The disease often but 

not always occurs in elderly patients and affects predominantly the male gender. The cell 

of origin in MCL is a CDS antigen expressing B-cell lymphoma derived from a 

subpopulation of B-lyrnphocytes residing in the mantle zone of the lymphoid follicule 



(Dorfrnan, 1.974; Bookman et al, 1990; Leroux et al, 1991; Berard and Banks et al, 1992; 

Shivdasani et al, 1993). Phenotypically, the malignant cells lack CDIO and CD23, which 

help distinguish them from follicular and small lymphocytic lymphoma, respectively 

(Raffeld and Jaffe, 1991). The A, light chain subtype is seen more often than in otlier 

lymphomas and cytogenetic analysis usually demonstrates a t(l i;14)(ql3;q32), which 

juxtaposes the bcl-1 oncogene located on chromosome 11 with the immunoglobulin 

heavy chain locus located on chromosome 14. The translocation results in dysregulated 

expression of the gene encoding cyclin D1 (Weisenburger et al, 1981; Leroux et al, 1990; 

Raffeld and Jaffe, 1991). The typical presentation includes generalized lymphadenopathy 

as well as frequent and often extensive involvement of the spleen, bone marrow, blood, 

and gastrointestinal tract (Leroux et al, 1990; Raffeld and Jaffe, 1991; Carbone et al, 

1989; Lardelli et al, 1990). Histological variants have been described in maj-ginal zone 

(MZ), diffuse (DIFF), nodular (NOD), and blastic (Majlis et al, 1993). 

The chromosomal translocation t(l 1 ;14)(ql3;q32), resulting in the rearrangement 

and overexpression of tlie cyclin D1 gene, has been shown to be characteristic of MCL 

and is seen in the majority of cases. Immunohistochemical stains for cyclin D1 

expression are commonly used to confirm a morphologic diagnosis of MCL. Recent 

evidence from cDNA microaixay study demonstrates that -8% of MCL cases do not 

show cyclin D1 overexpression as a gene signature for the disease,.and that these cyclin 

Dl(-) MCL cases are usually associated with overexpression of other cyclin D family 

members cyclins D2 and D3 (Rosenwald el al, 2003).^, 



MCL is cuiTently considered one of the most refractory lympliomas to treatment 

and has a worse prognosis than most if not, all non-Hodgkin's lymphoma. The treatment 

of MCL remains a dilemma in spite of numerous efforts developing more effective and 

intensive regimens. A higli proportion of cases respond to initial therapy witli a partial or 

complete remission, which is, however, of short duration. The median survival of 

patients with MCL is only in, the range of 3-4 years. 

Multiple Myeloma 

Multiple myeloma is a tumor of immature, isotype switched, immunoglobulin 

secreting, plasma cells that accumulate in the bone maiTow, leading to marrow failure 

and bone destruction (reviewed in Kuehl and Bergsagel, 2002). It is also known as 

myeloma or plasma cell myeloma. The plasma cell is an important part of tlie immune 

system that produces immunoglobulins (antibodies ) to help fight infection and disease. 

Recent studies have suggested that many cases have translocations involving the IgH 

locus (Avet-Loiseau et al, 1999; Bergsagel and Kuehl, 2001). Besides chromosome 

1, lql3 (cyclin Dl; Chesi et al, 1996), other frequently involved partner chromosomes are 

4pl6 (FGFR3; Chesi et al, ,1997) and 16q23 (c-maf; Chesi et al, 1998), with each of these 

three occurring at a frequency of 15-20%. As myeloma cells grow, they invade the hard, 

outer solid tissue and part of tlie bone. In most cases, the ,myeloma cells form multiple 

lesions, he,nce the name "multiple" myeloma. Myeloma cells are derived from an 

identical clone and produce the same immunoglobulin protein, called monoclonal (M) 

protein or paraprotein, often in large quantities. Unlike normal immunoglobulins, M' 
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protein does not benefit the body. Instead, it often results in decreased levels of normal, 

functional immunoglobulins. 

The most common myeloma types are IgG and IgA. IgG myeloma accounts for 

about 60*%) to 70% of all cases of myeloma and IgA accounts for about 20% of cases. 

R<re cases of IgD and IgE myeloma have been reported (Daiton et al, 2001). Although a 

high level of M protein in the blood is a hallmark of myeloma disease, about 15% to 20% 

of patients witli myeloma produce incomplete immimoglobulins, containing only the light 

chain portion of the immunoglobulin. These patients are classified as light chain 

myeloma, or Bence Jones myeloma. 

With conventional tlierapy, cures have not been documented in patients with 

myeloma (reviewed in Kuehl and Bergsagel, 2002). Treatment of myeloma is a complex 

process because there m-e many variables, including stage of disease, age, and previous 

therapies. Moreover, there is no single test result that can lead to a diagnosis of myeloma 

and determine its prognosis. Many factors must be considered. 

New perspectives for MCL and MM treatment may arise from more specific 

therapies such as anti-lymphoma immunotherapy or the application of anti-cyclin D1 

therapies such as antisense oligonucleotides or ribozymes. 

Chromosome Translocation Involving IgH 

Chromosomal translocations involving the IgH locus are common in lymphoid 

malignancies such as B cell non-Hodgkin's lymphomas (NHL) and multiple myeloma 



(MM; Willis and Dyer, 2(X)0). Perhaps the best studied of these involve the c-myc locus 

located on human chromosome 8 in the pathogenesis of Burkitt's lymphoma (BL). The 

translocation Juxtaposes immunoglobulin regulatory elements witli the c-myc locus 

leading to a characteristic pattern of deregulated c-myc expression. One c-myc allele 

becomes juxtaposed to immunoglobulin sequences through a reciprocal chromosomal 

translocation (reviewed in Cole, 1986; Spencer and Groudine, 1991; Marcu et al, 1992; 

Shen-Ong et al 1982)., As a result of this recombination, the translocated c-myc allele 

remains transcriptionally active in these cell types. In contrast, the unrearranged c-myc 

allele is silent, as it is in nonnal mature B cells (Cory, 1986; Magrath, 1990; Bernard et 

al, 1983; Nishikura et al, 1983). Sequences present in the IgH locus tire thought to 

deregulate expression from linked c-myc alleles bodi by maintaining c-myc in an active 

chromatin domain and by promoting interactions between c-myc and IgH regulatory 

elements (Spencer and Groudine, 1991). 

In addition to the IgH translocations observed involving the c-myc locus in BL, 

other characteristic translocations have been described in lymphoid malignancies, which 

involve the bcl-1 (Tsujimoto et al, 1984) and bcl-2 (Cleary and Sklar, 1985) loci on 

chromosomes llql3 and 18q21 respectively. More recently tlie description of other 

genes deregulated by IgH translocation in NHL include Pax,5 (Busslinger el al, 1997), 

BCL 6-10 (Chaganti et al, 1998; Jadayel et al, 1998; Dyomin et al, 1997), anc MUCl 

(Gilles et al, 2000). 
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lJql3 Translocations 

Translocations involving 1,1 ql3 (Figure 1-1) have been described in the majority 

of mantle cell lymphomas in several series and in other B cell tumors such as multiple 

myeloma (MM) jmd CLL (Seto et al, 1991; DeBoer et at, 1993; Riitiokh et al, 1994; 

Williams and Swerdlow, 1994; Chesi et al, 1996). 

Analysis of the BCL-1 region revealed that tlie majority of breiikpoints in MCL 

were confined to a 2 kilobases region caJied die major translocation cluster (MTC; Figure 

1-2; Deboer et al, 1993). 
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Figure 1-1. Chromosomal translocation t(ll;l4). The cyclin Dl locus and MTC 
sequence are located on chromosome 11 while the IgH regulatory elements (such as te 
E|i intronic enhancer) are located on chromosome 14 along with the IgH genes. After the 
translocation, often occurring at the MTC region, the cyclin Dl gene locus is juxtaposed 
with the IgH regulatory elements. However they can be separated by more than 100 
kilobases. 
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Figure 1-2. Map of the 11 ql3 region in MM and MCL. The position of the MTC and the 
cyclin Dl gene in MCL are shown. The cyciin D1 gene md the MTC sequence are 
separated by at least 120 kilobases (Rosenberg et aJ, 1993), with MTC residing 
ccntromeric to the cyclin Dl gene. BCLl-lb, p94PS, pllEH, and BB4 are commonly 
used DNA probes to detect llql3 translocations. 



However, several minor translocation breakpoint cliistciii and other breakpoints 

scattered over a 12()kb region have been reported (DeBoer el al, 1993; Rimokh et al, 

1994). No gene coding regions in the vicinity of the MTC were identified. The cyclin 

D1 gene is located about lOOkb teloroeric to the MTC (Rosenberg et al, 1993). The 

cyclin D1 gene is overexpressed in all mantle cell lymphomas regardless of whether a 

translocation is detected cytogenetically (Seto et al, 1991; DeBoer et al, 1993; Rosenberg 

et al, 1993; Rimokh et al, 1994; Williams and Swerdlow, 1994; Akiyama et al, 1994; 

DeBoer et al, 1995a). Studies using more sensitive techniques such as fiber fluorescent 

in situ hybridization (FISH) have suggested that reanrangements in this region may be 

detectable in close to 100% of mantle cell lymphomas (Vaandrager et al, 1996). 

In MM, the cyclin Dl/Bcl-1 locus on chromosome 1 lql3 is one of the most 

common translocation partners. In one series from 21 MM cell lines and one plasma cell 

leukemia, translocations involving the IgH locus could be detected using either FISH, 

cytogenetics or a Southern blot assay in 20/22 samples. In 6/22 samples, the 1 lql3 

region was involved (Bergsagel et al, 1997). One series of 69 plasma cell neoplasms 

found cyclin D1 expression in 26% that correlated with intermediate and immature 

histology and differentiation (Nishida et al, 1997). This con-elation of cyclin D1 

expression with immaturity has been confirmed by flow cytometry. Expression of cyclin 

D1 has also been correlated with an, aggi'essive course in some but not all MM series 

(Fonseca et al, 1998; Berenson et at, 1999). 



IgH Regulatory Elements 

Tlie first regulatory element characterized in the IgH locus, the Eji intronic 

enhancer, consists of a core enhancer and flanking matrix attachment regions (MAR's) 

and is capable of directing high level position-independent expression of linked genes in 

B cells of transgenic mice and in transfected cell lines (Forrester et al, 1994). 

Homologous recombination studies in mouse embryonic stem (ES) cells have 

demonstrated that this element and 5' flanking sequences are important for heavy chain 

gene expression and class switching (Chen et al, 1993; Gu et al, 1993). 

Detailed analysis of the translocations between c-myc and Ig heavy chain locus 

found in Burkitt's lymphoma revealed that the breakpoints involved on botli 

chromosomes are highly vaiable (Madisen and Grouding, 1994). As a result, the well-

described Ig heavy chain intronic enhancer, E|^, becomes cis-linked to c-myc in only half 

of BL, suggesting that additional regulatory elements capable of influencing c-myc 

expression are present in the IgH locus. 

Several years ago a late B cell specific transcriptional enhancer was identified in 

both the rat (Pettersson et al, 1990) and the mouse IgH loci (Dariavach et al, 1991). In the 

mouse IgH locus, these elements are located 25 and 16 kilobases downstream of the Ca 

coding region, respectively (3' Ca enhancer, Figure 1-3). A third, less active enliancer in 

the IgH locus also has been identified immediately 3' of tlie murine Ca gene (Lieberson 

et al, 1991; Matthias et al, 1993). The human equivalents have also been cloned and 

sequenced (Chen and Birshtein, 1997). The search for additional regulatory elements in 

the murine 3' Ca region revealed four tissue-specific and stage-specific DNasel 



hypersensitive sites (HSs) located 3' of the Ca codin,g gene (Madisen and Groudine, 

1994) (see Figure 1-3). The two DNasel HSs most 5' in the sexies (HSl and HS2) map to 

the 3' Ca enhtmcer, while two additional sites are located approximately 13kb (HS3) and 

17kb (HS4) further 3' of this enhancer. HSs 1,2 and 3 ha.ve been detected in a number of 

myeloma cell lines. They are however absent in DNA preparations from earlier stage B 

cells, including pre-B and LPS induced pre-B cells, as well as from non-B cells. The 

most distal 3' site, HS4, has been detected in three pre~B lines tested and in myeloma and 

plasmacytoma cells, but like the other three sites, is restricted to cells of the B lineage 

(Giannini et al, 1993). Targeted deletion of this region in mice has been reported (Manis 

et al, 1998). Deletion of the two proximal mouse elements HS3a and HSl2 are 

dispensable for normal expression and reaiTangement of the IgH locus (Pinand et al, 

2001). However deletion of the two distal elements HS3b and HS4 severely impaired 

germ line transcription and class switching, even in the absence of the selectable marker 

gene. Collectively, these data indicate that the 3' Ca region has properties of a locus 

control region (LCR) that could control, when translocated, expression of oncogenes like 

cyclin D1 and c-myc over a large and variable distance. 



26 

Human lill 
n M 

Figure 1-3. Map of the Human 3'Ca Region. Human IgH contains two repeated copies 
of f-f-e-a after the |i and 5 genes. The LCR resides 3' of the Co genes, with four 
DNasel hypersensitive sites, HvS3, HS12 and HS4. 



The organization, and composition of these four 3'CaDNasel sites is reminiscent 

of the Locus Control Region (LCR) responsible for the tissue- and stage-specific 

expression of the fi-like globin genes (reviewed in Epner et al, 1992; Martin et al, 1996; 

Bulger et al, 2002). The ^-globin IXRs have been functionally defined as a series of 

erythroid specific DNasel hypersensitive sites, located 5' of the P-globin locus and 

required for high-level expression of the (3-like globin genes throughout development. 

Analysis of a naturally occurring deletion of this region demonstrated that the |3-g]obin 

LCR influences chromatin structure and timing of DNA replication over at least 200 

kilobases, and functions as a transcriptional enhancer over a distance of at least 75kb 

(Forrester et al, 1990). More recently, targeted deletions of the entire mouse and human 

p-globin LCRs have been created and analyzed (Epner et al, 1998; Reik et al, 1998). 

Transcription of all the P-like genes is severely reduced but the chromatin structure and 

replication patterns are not effected. The reasons for these different phenotypes are 

unknown and still under investigation (see Epner et al, 1998; Reik et al, 1998 for 

discussion). 

In transfection and transgenic assays, the LCR confers tissue-specific, high level 

and position-independent expression on linked genes (Sakai et al, 1999; Epner et al, 

1992; Martin et al, 1996). Subsequently, this pattern of regulated expression was used to 

define LCRs adjacent to numerous other genes/geoe families including those coding for 

human p-globin-like chains (Higgs et ai, 1990), human CD2 (Greaves et al, 1989), 

human MliC alleles (Chamberlain et al, 1991; Carson and Wiles, 1993), murine CI)34 

(May and Enver, 1995), and red and green visual pigment cones (Wang et al, 1992). A 
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similar patlern might be predicted for a regulatory element in th.e IgH chain locus tliat 

effectively controls when translocated, c-myc and other oncogenes like cyclin Dl 

expression over a large and variable distance. 

Cyclin Dl 

Cyclin Dl (bcl-1, PR AD 1, parathyroid adenomatosis 1, CCNDl) is one of a 

family of Gl cyclins that includes the highly homologous cyclins D2 and 03 as well as 

the less homologous Gl cyclin E (Sherr, 1993). The family members are characterized 

by a dramatic periodicity in protein abundance throughout the cell cycle. Cyclins 

fonction as regulators of cyclin dependent kinase (CDK), Different cyclins exhibit 

distinct expression and degradation patterns which contribute to the temporal 

coordination of each mitotic event. The D-cyclins are differentially, and sometimes 

redundantly, expressed in different cell lineages, but in every cell type at least one of the 

three D-type cyclins can be detected. 

Cyclin Dl gene product is a 295 amino acid protein, 36 kDa. The gene is located 

on chromosome llqlS. Cyclin Dl forms a complex with and functions as a regulatory 

subunit of CDK4 or CDK6, whose activity is required for cell cycle Gl/S transition. The 

protein has been shown to interact with tumory suppressor protein Rb and its expression 

is regulated positively by Rb. The expression is cell cycle dependant, maximal in Gl and 

minimal in S phase. Localization is mainly nuclear. In nomnal tissues, Cyclin Dl 

expression is restricted to the proliferative zone of epithelial tissues. There is no cyclin 

Dl expression in nonnal lymphoid tissue (DeBoer et al, 1995a; Ajchenbaum et al, 1993). 



Cydin D1 is cwerexpressed in a wide variety of human cancers such as breast, 

lung, colorectal, pancreatic, and head and neck cancers (Hall and Peters, 1996; Tetsu and 

McConiiick, 1999; Jin et al, 2001; Qiao et al, 2001; Wang et al, 2002; Utsunomiya et al, 

2001; Leach et al, 1993). Amplification of the cycMn D1 gene and its surrounding llql3 

chromosomal region is found in several types of solid tumors including esophageal 

(43%), breast cancer (13%), bladder cancer (15%), sqtiaraous head and neck cancers 

(43%), small cell lung and hepatocellular cancers (10%). Amplification of the 1 lql3 

region correlates with cyclin D1 protein overexpression (Leach et al, 1993; Buckley et al, 

1993). However in some tumors such as breast and colon cancers cyclin D1 

overexpression is common (50%) but gene amplification is uncommon. The mechanism 

of cyclin D1 overexpression in the nonamplified cases remains poorly understood. 

Defects in cyclin D1 degradation have been found in some cases, usually involving the 

ubiquitin dependent proteosome pathway (Welcker et al, 1996; Russell et al, 1999). 

Cyclin D1 overexpression has been con-elated with a worse prognosis in some but not all 

malignancies (Fonseca et al, 1998; Gansauge et al, 1997; Arber et al, 1996; Loden et al, 

2002). 

Cyclin D1 function in the mouse has been studies by gene targeting. In single 

cyclin mouse embryos, mutant embryos ubiquitously expressed the remaining D-cyclin. 

Later in life, single-cyclin mice displayed focused abnonnalities, resulting in premature 

mortality (Ciemerych et al, 2002). Gene ablation studies in embryonic stem (ES) cells 

have revealed nonredundant roles of cylin D1 in. breast and retinal development 

development (Sidnski et al, 1994; Fantl et al, 1995). Data from mouse models also 



suggests an important role for cyclin Dl in. carcinogenesis. Experiments using cyclin D1 

knockout mice have indicated a criticaJ role for cyclin Dl in cancers involving skin and 

some but not all breast cancers (Yu et al, 2001; Roblcs et al, 1998). 

Cyclin Dl function has also been studied in-a variety of transformed cell types 

using antisense and antibody-mediated inhibition assays. It has been demonstrated that 

antisense mediated inhibition of cyclin Dl, function decreased growth rate and 

tumorigenicity of several cancer cell lines (Zhou et al, 1995; Cagnoli et al, 1998; 

Kommann et al, 1996; Wang et al; 1998). In MCL cell lines, antibody or antisense of 

cyclin Dl inhibited S phase entry by 20-40% (Lukas et al, 1994). These studies suggest 

the importance of cyclin Dl overexpression in the malignant behavior of human cancer 

cells (reviewed in Sherr, 1996). 

Deregulated and high level expression of cyclin Dl is tliought to be the common 

and primary event in mantle cell lymphomas as well as other malignancies containing 

amplified and translocated cyclin Dl loci (Sherr, 1996). The mechanism by which 

translocation of the IgH locus results in deregulated cyclin Dl expression and malignant 

transformation is unknown but is postulated to involve the dysregulation of the Gl/S cell 

cycle checkpoint. Cyclin Dl overexpression studies in transgenic mice have been 

described. Using a construct where the IgH intronic enhancer (Ep) produced 

overexpression of the cyclin Dl gene in transgenic B cells, no malignant lymphomas 

were generated but synergism with transgenic Ep myc mice in producing malignant 

lymphomas was demonstrated (Lovec et al, 1994). Several potential explanations exist 

for the inability of the Ep, cyclin Dl mice to develop tumors: 1) Incoixect or incomplete 



regulatory elements were employed. Perhaps the 3" Ca elements alone or in combination 

with the E|i , enhancer is required to generate the precise pattern of developmental Jtnd 

cell cycle specific overexpression required for malignant transformation. 2) Subtle 

differences between the mouse and human loci exist. 3) Deletion or removal of an 

element by translocation is required for malignant transformation. 4) Additional unlinked 

mutations are required. 

Most evidence suggests that the D type cyclins act through the retinoblastoma 

(Rb) pathway to signal cells to enter S phase (Sherr, 1993; SheiT, 1996). However, 

expression of the active form of Rb in MCL did not correlate with cyclin D1 

overexpression in MCL, raising tlie possibility that cyclin Dl may be contributing to the 

pathogenesis of MCL through alternative mechanisms (Zukerberg et al, 1996). Reccjitly, 

cyclin Dl functions independent of Rb mediated by the transcription factor CEPB/p have 

been described (Lamb et al, 2003). 

Chromatin and Transcription 

Chromatin is the packaged form of eukaryotic DNA, and is composed of 

arrays of nucleosomes and associated non-histone proteins (Johns, 1967). The 

nucleosome structural unit consists of 146bp of DNA that is spooled as 1.75 negative 

superhelical turns onto a histone octamer containing two copies of each of the core 

histones, I-I2A, H2B, .H3 and H4 (Franklin et al, 1977). Histone HI is associated with the 

outside of this strocture, and contacts a variable length of linker DNA connecting 

adjacent nucleosome cores (Noll and Komberg, 1977). This packaging of DNA into 



chromatin results in tJie partial charge neutralization of the sugar-phosphate backbone, 

allowing the compaction of the poly-anionic DNA molecule into a condensed 30nm, fiber 

and higher-order structures visible in metaphase chromosomes (Are-nts et al, 1991; Luger 

et al, 1997). The linker histone HI is indispensable in this series of condensations, which 

results in a 10 000-fold lengthwise compaction of the genetic molecule enabling the DNA 

to fit into tlie cell nucleus (Allan et al, 1980; Camithers et al, 1998; Ohsiimi et al, 1993; 

Shen et al, 1995). 

Chromatin has a well-established repressive effect on the biochemistry of DNA, 

since it masks the molecule from enzymatic and regidatory complexes that require access 

to the DNA for normal genetic function (Studitsky et al, 1995). This repressive effect of 

chromatin has been implicated in X-chromosome inactivation, position effect variegation, 

recombination, DNA replication, and transcriptional regulation. 

Specific regions of chromatin therefore needs to be decondensed in a reversible 

and ordered fashion in response to functional requirements. The mechanism and 

regulation of chromatin decondensation has been most actively studied in the 

transcription process (reviewed in Romberg and Lorch, 1995). The conversion of 

specific regions of chromatin to a state of transcriptional competence involves a general 

loosening of the chromatin structure, a process in which the linker histone HI plays an 

integral part (Pennings et al, 1994), and concomitant or subsequent chemical 

modification of the core histones, most notably acetylation of specific lysine residues in 

the H3 and H4 histone N-terminal tails by histone acetyl transferases (Brownell et al, 

1996). The ATP-dependent SWl/SNF and related com,plexes have also been implicated 



in general structural perturbations that precede transcription initiation (Owen-Hughes et 

al, 1994; K,woii et al, 1994; Khavari et al, 1993). This series of molecular remodeling 

events, which result in a transcriptionally poised chromatin configuration, are required 

for the proper regulation of gene expression. The seminal regulatory role of chromatin is 

clearly demonstrated by several human genetic diseased slates including myotonic 

dystrophy (Wang et al, 1994), leukaemogenesis (Borrow et al, 1996; Lin et al. 1998) and 

multiple myeloma (Sawyer et al, 1998; Le Baccon, 2001) in which improper chromatin 

structural transitions and nucleosome associations have been implicated. 

Histone Acetylation 

Acetylation of the lysine residues at the N terminus of histone proteins removes 

positive charges, thereby reducing the affinity between histones and DNA. This allows 

access by RNA polymerase and transcription factors to the promoter region. Therefore, 

in most cases, histone acetylation enhances transcription while histone deacetylation 

represses transcription. 

Acetylation of histone tails correlates with transcriptional activity in many genes. 

Although suspected for over 30 years (Allfrey, 1977), the connection between histone 

acetylation and DNA transcription was not confirmed until experiments in yeast and 

mammals showed that the nudeosomes containing promoter and enhancer elements were 

acetylated in those genes that were transcriptionally active. Gcn5. a transcriptional 

activator in yeast, was shown to have histone acetyltransferase activity (Brownell et al, 

1996; Kuo et al, 1998). At the same time, the p300/CBP mammalian coactivator (a 



protein bound by numerous activating transcription factors) was found also to be a 

histone acetyltransferase (Bannister and Kouzarides, 1996; Ogryzko et al, 1996; 

Grunstein, 1998). The acetylation of tiie liistones by promoter-associated transcription 

factors is localized to tlie nucleosomes around the prorooter region (Parekh and Maniatis, 

1999). 

The importance of histone acetylation in the regulation of transcription is 

strengthened by the observations that histone deacetylation (the removal of acetyl groups 

from nucleosomes) causes repression of gene expression. Tliis connection was 

demonstrated by the finding that two yeast and human repressor proteins, Rpd3 and 

HDAC, respectively, were histone deacetylases (Grozinger et al, 1999). Histone 

deacetylases often form complexes that can be bound by transcriptional repressors that 

bind to DNA. The repressive complexes often include Sin3. Sin3 can interact with 

repressive transcription factors such as Mad or unbound nuclear hormone receptors to 

bring the Rpd3/HDAC histone deacetylases to a particular region (Knoepfler and 

Eisenman, 1999). Moreover, Sin3 can bind to a methyl CpG-binding protein, recmit 

these histone deacetylases to methylated DNA regions, and thereby repress their 

transcription (Ng and Bird, 1999). 

DNA Methylation 

DNA methylation plays a very important role in the control of eukaryotic gene 

expression (reviewed in Singal and Ginder, 1999). DNA methylation is a process that 

catalyzes the transfer of a methyl group (-CH3) Ixom Sadenosyl-methionine (SAM, a 
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commonly used cellular metJiylating agent) to a cytosine residue, 'modifying it to 5-

methylcytosine (5mC). This modification occurs largely in the CG dinucleolide (known 

as CpG islands when found in high concenti-ations upstream of a gene) of various 

palindromic sequences. CpG islands iwe often located around the promoters of 

housekeeping genes (which are essential for general cell fanctions) or other genes 

frequently expressed in a cell. At these locations, die CG sequence is not methylated. By 

contrast, the CG sequences in inactive genes Jtre usually methylated to suppress their 

expression. DNA methylation of the CpG islands in the promoter region of a gene is 

believed to interfere with the binding of transcription factors, thus suppressing the 

expression of the gene. Methylated DNA segments can also repress the transcription of 

genes distant from the methylation site (located on the same chromosome) by altering the 

structure of die entire chromatin (reviewed in Razin, 1998). 

The repression of transcription by DNA methylation can occur through 

transcriptional repressive complexes, such as DNA mediyltransferases (Dnmts, Yoder et 

al, 1997), methyl-CpG binding domain proteins (MBDs, Hendrich and Bird, 1998), and 

histone deacetylases (HDACs). Dnmtl has a principle function of maintaining already 

established methylation sites. DnmtSa and Dnmt3b are believed to be responsible for de 

novo DNA methylation and are expressed in high levels in ES cells. 

Mutations that deactivate Dnmt3b can lead to hypomethylation of repeat 

sequences adjacent to the centromere. The centromere decondenses and produces 

multiradiate chromosomes (Nestor, 2000). Gene expression is altered by chromosomal 

rearrangements. This condition is known as Instability-facial anomalies (ICF) syndrome; 



characterized by variable combined immunodeficiency, developmental delay, and facial 

anomalies. In contrast, hypemiethylation of CpG rich areas has been related to the 

repression, of tumor suppressor genes, genes that suppress metastasis and angiogenesis, 

and DNA repair genes in cancer cells. The silencing of these genes can lead to tumor 

foimation. Elevated levels of Dnmtl and Dnmt3b have been observed in human 

malignancies (Robert et al, 2003; Mizuno et al, 2001). 

RNA Polymerase II and Gene Expression 

The characteristics of living cells are determined by their composite proteins, 

which result from expression of their protein-coding genes. Different cell types in 

multicellular organisms contain identical genomes and cell specialization is achieved 

through the tightly controlled and co-ordinate expression of a cell type-specific subset of 

genes. Aben-ant cellular gene expression is a major cause for disease, including vaiious 

forms of cancer. 

The first step in gene expression, and the predominant step at which gene 

expression is regulated, is the transfer of genetic information from DNA to RNA by the 

biochemical process of transcription, the synthesis of RNA on a DNA template by RNA 

polymerases (Mooney and Landick, 1999). Eukaryotic cells contain three different RNA 

polymerases and synthesis of messenger RNA (mRNA) on protein-coding genes is 

catalyzed by Pol II (Hirose and Manley, 1987; Mooney and Landick, 1999). 

Transcription of protein-coding genes in eukaryotes is a complicated process that 

requires a large number of protein factors in addition to Pol II (Kadonaga, 1998). In 



order to initiate RNA synthesis, Pol II must assemble with minimally six general 

transcription factors (GTFs) designated TFIIA, TFIIB, TFJID, TFIIE, and TFIIH (Figure 

1-4; reviewed in Roeder, 1996; Green, 2000), at the promoter DN A region encompassing 

the transcription stait site to form a pre-initiation complex (PIC). Pol II and GTFs are 

both necessary and sufficient to affect low (basal) levels of promoter-specific 

transcription from cloned genes in vitro and are thought to constitute the minimal 

(general) transcription machinery required for transcription of most, if not all, protein-

coding genes in vivo (Dvir et al, 2001; Cramer et al, 2001). 

Regulation of Pol II transcription is generally mediated by proteins that bind to 

gene-specific regulatory DNA sequences and that either stimulate (activators) or inliibit 

(repressors) transcription at various steps of the transcription pathway (see Figure 1-4; 

Green, 2000). Despite the remarkable size and complexity of the basal transcription 

machinery (>40 polypeptides; molecular mass >20 MDa), regulation of its activity 

through transcription activators and repressors depends on a complex array of positive-

and negative-acting cofactors. 

In vivo Chip assays have also found Pol II binding at the regulatory elements in 

the P-globin LCR, MHC upstream regulatory element, and the prostate specific antigen 

enhancer (Johnson et al, 2001; Masternak et al, 2003; Louie et al, 2003). Recently, 

targeted deletion of the LCR revealed that Pol II recruitment to the mouse P-globin 

promoter is only partially dependent upon the LCR under conditions of phenylhydrazine-

induced stress erythropoiesis, proposing the possibility tliat it controls transcription by 

regulation at the level of transcriptional elongation (Sawado et ai, 2003). 
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Figure 1-4. Model of RNA Polymerase II Transcription Initiation Machinery. The 
machinery encompasses over 85 polypeptides in 10 complexes: core RNA polymerase II 
consists of 12 subunits; TFIIH, 9 subunits; TFIIE, 2 subunits; TFIIF, 3 subunits; TFIIB, 1 
subunit, TFIID, 14 subunits; core SRB/mediator, more than 16 subunits; Swi/Snf 
complex, 11 subunits; Srb 10 kinase complex, 4 subunits; and SAGA, 13 subunits. 
(Holstege et al, 1998) 



Statement of the Problem 

A frequent event in B cell nialignas'icies such as lymphoma and multiple myeloma 

are translocations involving the IgH locus. MCL is characterized by a pathogenomic 

t(ll;14) translocation. In MM, translocations involving the cyclin Dl/bcl-1 locus are 

among the most commonly observed. As a result of tliese reaixangements, potent gene 

regulatory sequences consisting of regulatory elements from the IgH locus, are placed 

inappropriately next to the cell cycle regulator cyclin D1 protein coding sequetice. This 

translocation deregulates tlie expression of cyclin D1 niRNA. Overexpression of cyclin 

D1 can be detected in MCL and MM, even in some cases where overt translocations 

cannot. As a consequence of deregulated cyclin Dl gene expression, B cells proliferate 

to form a tumor. Translocated IgH regulatory elements can be located up to 100 

kilobases or more away from the cyclin Dl locus. The mechanisms involved in long 

distance gene deregulation are the crux of these investigations. 

Hypothesis 

IgH regulatory elements participate in the deregulation of cyclin Dl expression 

through long distance interactions that lead to DNA hypomethylation, histone 

hyperacetylation, and RNA polymerase II binding at tlie cyclin Dl promoter and other 

regions on chromosome 1 lql3, Jind these interactions also involve specific regulatory 

DNA-binding proteins. 
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Specific Aims 

1. Detennine the relationship between cvclin D1 gene expression. CpG 

cliiiucleotides DNA methvlation, and histories H3 and H4 acetylation. Gene expression is 

often associated with cytosine demethylation of CpG dinucleotides and acetylatioii of 

histones H3 and H4 at gene promoters. RT-PC,R assays were first conducted to evaluate, 

the cyclin D1 gene expression status in human malignant B cell lines. Cytosine 

methylatiori of the cyclin Dl promoter in expressing and non-expressing cell lines was 

compared by Southern blotting and sodium bisulfite genomic sequencing assays. 

Histones H3 and H4 acetylation patterns were evaluated by chromatin 

immunoprecipitation (ChlP) assays. These assays were performed on a large genomic 

region including the translocated regulatory sequences and the cyclin Dl gene. 

2- Detemiine the location of RNA polymerase II binding sites in the cvclin Dl 

and IgH loci in relationship to cvclin Dl gene expression, and determine the identity of 

regulatory DNA-binding proteins that are located at the cvclin Dl promoter and at the 

IgH regulatory regions in vivo. Cyclin Dl is selectively transcribed in some B-cell 

lymphoma lines but not transcribed in others. Cyclin Dl expression does not necessarily 

correlate with chromosome translocation. It is well known that transcription regulation 

of genes in eukaryotic cells involves interaction of DNA-binding titinscription factors 

with short consensus DNA sequence motifs in enhancer and promoter regions, and these 

interactions can occur in regions other than the promoter. Moreover, precise regulation 

of gene expression requires both positive and negative controls. I identified, through 

DNA sequence searching and literature reviews, a series of potential activators and 



repressors to be studied, including NFKB, SPL, Sir2, CTCF, Oct2 and RNA polymerase 

II, as well as methyl-binding proteins MBDl, MBD2, and MeCP2. ChlP assays were 

conducted to determine whedier the binding of specific factors corolates with the 

deregulated expression of cyclin D1 gene in different cell lines. 



CHAPTER 2; MATERIALS AND METHODS 

Cell Culture 

Human MCL cell lines Granta, NCEB~1, human MM cell lines U266, KMS12, 

KMS21BM., and tlieir derivatives, human myelocytic cell line HL60, human erythrocytic 

cell line K562, human small lung cancer cell line H82, human breast cancer cell lines 

MCF7, M,DA-MB-231., and EBV-immortalized human lymphocyte cell lines LCLl, 

LCL2 were maintained in RPMI1640 supplemented witli 10% fetal bovine serum. 

Human Burkitt's lymphoma cell line Manca v/as maintained in DMEM supplemented 

with 10% fetal bovine seram. Cell lines HL60, K562, U266, MCF7, and MDA-MB-231 

were purchased from American Type Culture Collection (ATCC). Cell lines Granta and 

NCEB~1 were obtained from Dr. Martin Dyer (University of Leicester, UK). LCLl, 

LCL2, and activated T cell clone D160 were obtained from Dr. David Lewinsohn 

(Oregon Health & Science University, Portland, OR). Human normal CD19+ B cells and 

human normal CD4+ T cells were purchased from Cambrex Corp. 

B Cell Separation 

50 jiL of the RosetteSep™ human B cell enrichment cocktail (catalog no. 15024, 

Stemcell Technologies, Vancouver, BC) was added for 1 mL of peripheral blood or bone 

marrow. Cells and antibody were incubated at room temperature for 20 min with gentle 

swirling every 5 min. The cell suspension was then diluted with PBS containing 2% 

heat-inactivated fetal calf serum., and underlaid with 1 mL of Ficoll-paque plus 

(Amersham Biosciences, Piscataway, NJ) and centrifuged at 2,000 rpm for 20 min 
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without braking. Th,e cells at the interface were coJlecte-d with a Pasteur pipette and 

washed twice prior to RNA/DNA extraction. 

RT-PCR 

Total RNA was isolated from various cell lines by using tJie RNA Trizol Reagents 

(Invitrogen). 3-5 f,ig of total RNA was reverse transcribed into cDNA by using dNTP (1 

mM), 5x RT buffer (500 rnM Tris-HCl pH 8.3, 250 mM KCI, 50 mM MgCb, mid 50 mM 

dithiothreitol), 16 U of Rnasin, and 2.5 U of avian myeloblastosis virus reverse 

transcriptase (Roche Biotech). Expression of cyclin D1 and p-actin control was 

determined by RT-PCR. The primer sequences for cyclin D1 were 5'-

CTGGCCATGAACTACCTGGA-3' (forward) and 5'-GTCACACTTGATCACTCTCG-

3' (reverse) (Taniguchi et al, 1998). The primer sequences for actin were 5'-

GTTGCTATCCAGGCTGTGC-3' (forward) and 5'~GCATCCTGTCGGCAATGC-3' 

(reverse). The PGR products were separated on 1.5% agarose gel stained with ethidium 

bromide and examined under ultraviolet transillumination, and photographed using a 

Biorad geldoc or Stratagene Eagleeye. 

RNA Electrophoresis 

RNA was mixed with 3X RNA loading buffer (3X DNA loading buffer, 2.5% 

formaldehyde, 3X MOPS), and then loaded on a 1% agarose gel in IX MOPS buffer with 

2% fomialdehyde. 



Cosmid Transformation by Electroporation 

100 ng cosmid DNA and 40 |iL E. Coli SURE electroporalion-corapetent cell 

(Invitrogen) were mixed together and transferred to a chilled 0.1 cm electroporation 

cuvette. Electroporation was carried at 200 O, 25 pF, 1,700 V using a Bio-Rad Gene 

Pulser, and bacterial cells were suspended with 1 ml LB media and shaken at 37 °C for 

one hour and plated onto LB plates with antibiotics. 

Cosmid Prep 

Overnight culture was diluted 20 X to 15 ml, and cultured for 1.5 hrs. 0.2 g/ml 

IPTG 8.9 ^L were added and the cells were cultured for 5 hrs more. Then the bacteria 

were harvested. Cosmid DNA was extracted with buffers from Qiagen MidiPrep Kit, 

precipitated with isoproponol, and purified with another round of ethanol precipitation. 

Southern Blot 

-10 fig Genomic DNA was digested with appropriate enzyme(s) overnight. DNA 

fragments were separated by gel electrophoresis and transfeiTed to a nylon membrane. 

Prehybridization and hybridization witli ["^FJdCTP-labelled probes were performed at 42 

"C in a hybridization solution containing 50% formamide. Transblotting was then 

• perfomied and the blot exposed to X-ray film (Kodak) with intensifying screens at -80 

®C for several days. 
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Bisulfite Sequencing 

To elucidate the detailed methylation status of the promoter regions of cyclin D1 

and other regions, bisulfite DNA sequencing was performed. PCR primers (Table 2-1) 

were designed to amplify the CpG rich region of the cyclin D1 promoter (GenBank 

accession No. Z29078) region and other regions (MTC, P519) after sodium bisulfite 

(Sigma) treatment to convert all unraetliylated C to T. PCRs were then conducted with 

two rounds using pRe Taq Ready-To-Go PCR Beads (Amersham Biosciences). First 

round used primers USl/DSl and bisulfite-treated DNA as template. Second round used 

primers US2/DS2 and PCR product from first round as template. The PCR products 

were cloned into the pGEM-T easy vector system (Promega). Multiple clones 

(approximately ten from each PCR product) were sequenced with a DNA sequencing 

module developed by Biolechnology Computing Facility of Arizona Research Labs in the 

University of Arizona and subsequently at the MMI Research Core Facility of the Oregon 

Health & Science University. 
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Table 2-1. PCR primers for Bisulfite Sequencing (5' to 3'), Shown below were bisulfite 
sequencing primers for the cyclin D1 promoter region, 1-2 kilobascs upstream region of 
the cyclin D1 promoter, 3 kilobases upstream region of the cyclin D1 promoter, 5' of the 
MTC region (MTCl), 3' of the MTC region (MTC), and the F519 region. USl/DSl 
were used for first-round PCR (outside), tmd US2/DS2 were for second-round PCR 
(inside). Targeting sequence were first converted CG to XG, then C to T, and last XG 
back to CG. PCR primers were then designed to avoid any CG sequence. ^ 

Promoter USl: 

TFi'n'ri'AG'rrGTrrn'rAiTGTAOA 

DSl: 

CACAAAAACTAATATTCCATAACT 

Tin: 

52°C 

IJS2: 

GGGiiTriTOTATn'TrrrrnTrGG 

DS2: 

AAACAACTAAAAAAAACTATAAATCCT 

Tm; 

54T 

1 -2k upstream USi: 

TAGCjGTAAATl'rrAAAGGTGAA 

DSl: 

AAAAAAAAAAAATACAAAAAACCC 

Tin: 

54®C 

US2: 

TGnTTAGCTAGAGGGGA'rrAA 

DS2; 

AAAAAATAAAATAAAAATAACTC-TACA 

Tm: 

SS'C 

3k upstream USl: 

TTAAGGGlTrAATAATGGAAAA 

DSl: 

ACAAAAAACAAATAACCCAATC 

Tm: 

53X 

US2: 

G'n'GTAGGTGA'lTTTA'iTTGGG 

i:)S2: 

CCAAAA'rrAACTAAAATCACCTrC 

Tm; 

5TC 

MTCl USl; 

TAATrrArnriTA'nTGAGTGG 

DSl: 

CCTAAAAAAAAACCXTCAACAA 

Tm: 

54°C 

US2: 

TTGAGTGGATGAGATTAAATTG 

DS2: 

CCTAAAATTATTCTATTCAACA 

Tni; 

56°C 

MTC USl: 

TAAGGGTTAGTTrTTAGGGTTG 

DSl; 

CCACAACCAAAAAATTCATAACC 

Tm; 

56''C 
US2: 

TTGGTTTGGTTAGTGGGTTATTO 

DS2; 

TTCATAACCCAATCAACTTTCTAAA 

Tm: 

58°C 

P519 USl: 

GGTAAGGAlTlTlTrATAAGG 

DSl; 

TCAACATTAATTTAAAAACCAC 

Tra: 

se-c 

US2: 

AGGATmrrTATAAGGGGGTr 

DS2: 

CCACATAAAAACTCACTCTAC 

Tm; 

dO'-C 



Chromatin Imrnunoprecipitation 

Chip was performed according to the protocol included with the anti-acetyl H3 or 

H4 antibodies (Upstate Biotechnology, Lake Placid, NY, USA). A cell suspension (5 >« 

lO'^ cells per BP condition) was fixed with medium containing 1% fonnaldehyde for 

10 mln at 37 "C. The cell suspension was washed with PBS, and treated with SDS lysis 

buffer (1% SDS, 10 niM EDTA, 50 mM Tris/HCl, pH 8.1) containing protease inhibitors 

of 1 mM phenylmethylsulfonyl fluride PMSF, 1 fig/nil aprotinin, and 1 pg/ml pepstatin A 

(all from Sigma) for 10 min on ice. The suspension was then sonicated (Microson 

Ultrasonic Cell Disruptor, Misonix) for five 15-s treatments, and the supernatant was 

recovered by centrifugation at 13,000 rpm for 10 min at 4 "C. The supernatant was 

diluted with 9x vol. ChlP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM 

EDTA, 20 mM Tris/HCl, pH 8.1,150 mM NaCl) and pretreated with 30 ul salmon sperm 

DNA/protein A agarose/50% slurry for 30 min at 4 °C. For Pol 11 and other transcription 

factors binding assays, the supernatant was precleaned with rabbit pre-immune serum for 

overnight at 4 °C before adding the salmon sperm DNA/protein A agarose/50% slunry. 

The pretreated supernatant (1 mL per IP condition) was incubated with antibody with 

rotation overnight at 4 °C. To collect the antibody-histone complex, 40 pL salmon sperm 

DNA/protein A agarose was added, and the mixtiffe was incubated for 2 h at 4 °C with 

rotation. According to the protocol, the pelleted protein A agarose-antibody-histone 

complex was washed. The histone complex was eluted from the antibody with 0.5 mL 

elution buffer (1% SDS, 0.1 M NaUCOa); 20 pL 5 M NaCl was added to tlie elution, and 

the histone~DNA complex was reverse-cross-linked by heating at 65 "C for 4 h. To the 



reaction mixture was added 10 pL 0.5 M EDTA, 20 |jL 1 M Tris/HCl, pH 6.5, and 2 pL 

15 ing-raL proteinase K, and this mixture was incubated for 1 h at 45 °C. The DNA 

was recovered by phenol/chloroform extraction and ethanol precipitation, and then 

dissolved with 10 mM Tris/HCl (pH 7.5)/1 mM EDTA. Control DNA was recovered from 

the sonication supernatant by the same procedure as for the ChIP DNA. The average size 

of the control DNA recovered was 600-1000 bp. I used antibodies ajiti-(triacetyl-histone 

H3) (code 06-599, lot 19165), anti-(tetraacetyl-histone H4) (code 06-866, lot 20667), Pol 

11 (Santa Cruz Biotech, cat# sc-899), Oct-2 (Santa Cmz Biotech, cat# sc-233), Bob~l 

(Santa Cruz Biotech, cat# sc-955), Rel-B (Santa Cruz Biotech, cat# sc-226), NFKB (Santa 

Cruz Biotech, cat# sc-109), MBDl (Santa Cmz Biotech, cat# sc-10751), SPl (Upstate 

Biotech, code 07-124, lot 23067), CTCF (Upstate Biotech, code 06-917, lot 21998), 

MeCP2 (Upstate Biotech, code 07-013, lot 23449), MBD2 (Upstate Biotech, code 07-

198, lot 20338), Sir2 (Upstate Biotech, code 07-131, lot 22073), dimethyl-Histone H3 

Lys9 (Upstate Biotech, code 07-212, lot 24837), and dimethyl-Histone H3 Lys27 

(Upstate Biotech, code 07-421, lot 24357). For the acetylation and Pol II binding assays, 

2.5 pL out of 50 pL antibody bound DNA or 0.5 pL out of 100 pL control DNA was 

used as template for PCR reactions. For transcription factors binding assays, 2.5 pL out 

of 30 pL antibody bound DNA or 0.5 pL out of 60 pL control DNA was used as template 

for PCR reactions. Table 2-2 lists all tlie PCR primers used fi)r analysis. 
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Figure 2-1. Graph of ChIP assay procedure. Proteins are covalently cross-linked to DNA 
in living cells, the cells are lysed, and the DNA is mechanically broken into small 
fragments. Then, antibodies directed against a given gene regulatory protein are used to 
purify DNA that was covalcntly cross-linked to gene regulatory proteins due to the 
protein's close proximity to that DNA at the time of cross-linking. In this way, the DNA 
sites occupied by the gene regulatory protein in the original cells can be determined by 
PGR amplification of specific DNA sequences. 
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Table 2-2. PCR primers for ChIP assays. Primers are from various regions on 1 k|13 
region (MyeOV, MTC, P519, UPIOK, UP3K, Promoter, Intronl, Introi).4, DownfiOK) 
named based on the cyclin D1 gene, Igli regulatory region (Eu, HS4, HS3), and cojitrols 
(GAPDH, Beta-globiii). 

Name Forward Reverse Tra 

GAPDH TAGTGTCCTGCTGCCCACAGTCCAG GGCGACGCAAAAGAAGATGC f)8T 

Beta-g)obin TGAGTGGCAGTGTTTAAAGGG CCATCCCTGATGAGTXnTCCTC 6irc 

MyeOV CMCCCTCTCCTClTCCTrCTC TACGCATGGCAGACATCAC 60X 

MTC AGATTAAACTGCGTCTTG'ITCG TAGAGGCTTTGTCCTACCATCC 62%: 

P519 ACATGAGCGATCTGGTAAGGACTC CCACATGAGAGCTCACTCTCjCAA 6()"C 

UPIOK TACAGACCATCACCGTTGCC TTCACTCACCACCCATCCIX': (•)5"C 

UP3K mCTCCTGACCGAa:ATCC CACTGTCTTCTTAAAACCCACC 63"C 

Promoter CCTTGGGCATTTGCAACGAC CGCATTTCCAAGAACGCCAC 64°C 

Intronl TTCTTTGCTACTCACCCCC CCCTTCCTCCTTCAGAAAATAC 6 PC 

Intron4 TGGCTCAGAAACACCATCG GGACATI^CCACCCACCAAAG 65°C 

DDwn60K ACAATATCCCACCATCTCCTC AACCCTAACACTCCCCATC 61°C 

Eu CAGCCCTTGTTAATGGACTT GGAAAGTTAAATGGGAGTGACC 65X 

HS4 TCCAGTCTGAAAAACAAGACC ACCTCCCCCAATGCAAATC 63°C 

HS3 AGGTCTCGACTTAGCACTG GGCATGTTTCTCAGAACAGC 66°C 



FISH Analysis 

Chromosome spreads on eight cell lines were prepared by standard methods. 

Slides were incubated in 2XSSC at 37°C for 30 minutes, denatured in 70% 

formaraide/2XSvSC (pH 7.0) at 72°C for 2 minutes. Each cell line was hybridized with 

an 11 centTomere probe (Oncor) and a t(l 1 ;14) dual fusion probe (Vysis, Inc. Downers 

Grove, IL). Ten microliters of probe mixture were heat denatured at 72^0 for 5 minutes, 

applied to denatured slides and covered witli a 22x22 mm coverslip sealed with rubber 

cement. Slides were incubated in a humidified chamber at 37°C overnight. Non-specific 

probe binding was removed according to manufacturer's instructions. Cells were 

counterstained with DAPl (Vector Laboratories, Inc. Burlingame, CA). Lymphocytes 

from a phenotypically normal female were used as a negative control. 200 nuclei were 

scored for each probe combination and each cell line. A percentage of < 4% of cells is 

considered to be within background limits for t(ri ;14) probe. Sensitivity, 100% with 

95% confidence limits of 76.8%-100.0% and specificity, 100% with 95% confidence 

limits of 81.5%-100%. A percentage of < 3% of cells is considered to be within 

background limits for 11 centromere probe. Sensitivity, 100% with 95% confidence 

limits of 69.2%'100.0% and specificity, 100% with 95% confidence limits of 69.2%-

100%i. Positive signal patterns were confirmed by screening metaphases. 

Targeting Constracts 

Positive (neo'^ or his'') selectable marker genes were inserted into the MTC 

targeting plasmid 1/363 (from Mark Groudine, Fred Hutchinson Cancer Research Center, 



Seattle, WA). For negative selection, a 1.6 kilobases dipA fragment (Reik et al, 1998) 

was inserted at the end of the targeting sequence. The MLL (mixed lineage leukemia) 

gene targeting vector was constructed by amplifying a 4.2 kilobases fragment genomic 

DNA from Granta cells. A 2 kilobases lox pgkneo'^ fragment (Fiering et al., 1995) was 

inserted into the unique Nco I site of FR4.6. For negative selection a 1.6 kilobases dipA 

fragment (Reik et al, 1998) was inserted at the end of the targeting sequence. 

Gene Transfer by Electroporation 

For stable transfections, I x 10^ exponentially growing cells were harvested and 

suspended in serum-free RPMI 1640 medium and 20|ig of Pvul-linearized plasmid DNA 

was added. The cells were electroporated at 400V, 250 mFD using a Bio-Rad Gene 

Pulser. The cells were incubated in nonselective medium for 48h, and then plated into 8 

X 96-well plates in medium containing appropriate concentation of selection drag 

(VWR), After ~10 days, clones were picked individually and expanded. 

For ti'ansient transfections, 1 x lO' exponentially growing cells were harvested • 

and suspended in serum-free RPMI 1640 medium, 20|,ig plasmid DNA was added. The 

cells were electroporated at 400V, 250 mFD. After incubation at 37°C for 48h, total 

RNA was isolated and used as template for RT-PCR, or total DNA was isolated and used 

as template for bisulfite sequencing. 



Gene Transfer by Reirovimses 

Retroviral vectors pLMrecSN and pBabeDl were obtained from Dr. Baice 

Clurman (Fred Hutchinson Cancer Research Center). Transient retroviral producer cell 

lines were established by transfection of the Phoenix-ECO with pLMrecSN or pBabeDL 

1X10^ Phoenix-ECO cells were seeded into a 60-mm tissue culture plate (Costar-

Coraing, Corning, NY) in 3 mL RPMI medium supplemented with 10% FCwS, 2 mM L-

glutaniine and penicillin/streptomycin, and was cultured overnight. The semiconfluent 

cells were then transfected with 10 pg of plasmid DNA with calcium phosphate. The 

next day, the cells were detached by trypsinization and transfen-ed to 75-cnr tissue 

culture flasks. On the following day, the supernatant was harvested and passed tlu'ough a 

0.45-pm syringe filter (Millipore, Bedford, MA). One million of each target cells were 

resuspended in 1 mL of retroviral supernatant in the presence of 4 pg/mL polybrene 

(Sigma, Chicago, IL). The cells were incubated at 37°C in 5% CO2 overnight. On day 2 

after infection, puromycin was added at the final concentration of 0,4 pg/mL, cells were 

transfen-ed to 96-well plates, and single colonies were selected. Transfectants were 

maintained in culture with puromycin selection for 3 days every 1-2 month. 

Somatic Cell Fusion 

Polyethylene glycol (PEG) fusions were carried out on monolayers of cells in 25-

cm 2 flasks by adapting the method for producing heterokaryons described by Baron and 

Maniati.s (101). Approximately IXUf to 2X10^ cell line I cells were added in 3 ml of 

medium (RPMI, 15% PCS) to 60mm tissue culture dish pretreated with poly-L-lysine 



(BD Labware, Bedford, MA); the cells were allowed to adhere for 15 to 30 min. 

Approximately 2X10' to 3X10"^ cell line 2 cells were added to the primary cell layers and 

allowed to adhere for 20 to 30 min to give a mixed monolayer. The medium containing 

excess cells was discarded, and the monolayer of cells was rinsed itiree times in serum-

free RPMI. Two milliliters of 50% PEG (molecular weight, 1,450; Sigma) in RPMI, 

prewarmed to 37°C, was added to the cells for 1 rain and then diluted with 10 ml of 

RPMI added slowly, with gentle mixing, over a period of 2 min. The diluted PEG was 

removed, and the cells were washed twice with RPMI and incubated in medium with 

PCS. After 2 h, the fused cells were detached from the flask by gentle pipetting or, if 

strongly adherent, by scraping with a rubber policeman. The detached cells were 

transferred to a 75-cm tissue culture flask with 20ml media. On day 2 after fusion, 

selective media with appropriate concentration of antibiotic(s) was added, cells were 

transferred to 96-well plates and single colonies were selected. 

PCR-RFLP 

The cyclin D1 G/A polymorphism was detected by the PGR- RF1..P method. A 

167 bp fragment of the cyclin D1 gene at the junction of exon 4/intron 4 was amplified by 

PGR reaction using primers 5'-GTGAAGTTCATTTCCAATCCGC-3', 5'-

GGGACATCACCCTCACTTAC-3' using 0.1 ng genomic DNA from cell lines as 

template and annealing temperature at 64®C. For RFLP analyses, each PGR product was 

purified by gel extraction and stibjected to BsrI (ACTGGN/) digestion at 50"C before 

electrophoresis. The DNA fragments were separated using 3% 2:1 Nusiev/SeaKera 
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agarose gel. The allele types were determined as follows: a single 167•-bp fragment for tlie 

GG genotype, two fragments of 145 and 22 bp for the A A genotype, and three fragments 

of 167, 145, and 22 bp for tlie AG genotype. 

Microcell-Mediated Chromosome Transfer 

The G-MLL and N-MLL series microcell hybrids were prepared as described 

(Reik et al, 1998). Approximately 3 x, lO"^ microcells were fused with 1 x lO"^ N1 

(hygromycin^) cells. After fusion, the material was rinsed at least three times with 

seram-free medium to remove PEG. The fusion mixtures were incubated in nonselective 

medium for 48 hours, and then plated clonally into 8 x 96-well microtiter plates in 

0.2ml/well of medium containing Img/mL G418 plus I mg/mL hygromycin. After 4-8 

weeks, hybrid clones were expanded and maintained in medium containing 0.7mg/mL 

G418. Microcell hybrids derived from G-MLL donor are designated as G-Nl series 

clones, and tliose derived from N-MLL donor are designated as N-Nl series clones. 

Western Blotting 

For immunodetection of cyclin D1 and vaiions transcription factors, cell pellets 

were lysed in a buffer containing 100 mM Tris (pH 6,8), 8% P-mercaptoethanol, 4% SDS 

and 20% glycerol. Protein content was measured using the Bio-Rad Protein Assay. 100 

fig of protein per lane was separated in 10% acrylamide gels and transferred to 

nitrocellulose. Equal protein loading was assessed by Coomassie blue staining of the gels 

after transfer. Please refer to the Chromatin Immunoprecipitation section for product 
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information of the artliboclies. Immune complexes were detected by chemlluminescence 

(ECL, Amersham, UK). 



CHAPTER 3: DMA METHYLATION & HISTONE ACETYLATION 

Introcluclion 

Hislone hyperacetylation and DNA demethylation may participate in the long 

distance deregulation of the cyclin Dl gene observed in B cell malignancies. DNA 

methylation is found primarily in iraiiscriptionally silent regions of the genome. DNA 

hypomethylation changes the chromatin structure around gene loci. Methylated DNA 

proteins may vacate the demetJvylated DNA. together with chromatin remodeling 

complexes and histone deacetylases tliat condense chromatin so it becomes 

transcriptionally active. Histone acetylation destabilizes chromatin stiticture, and more 

importantly, acetylated histones are able to attract specific proteins to a stretch of 

chromatin that has been appropriately modified. Both mechanisms have been implicated 

in long distance transcriptional regulation. 

In multigene domains such as the P-globin (Bulger et al, 2002; Recillas-Targa et 

al, 2001) and grov/th hormone loci (Ho et al, 2002), domains of demethylated DNA and 

hyperacetylated histones are known to exist. To investigate if such a domain were 

present in tlie 1 lql3 region in cyclin Dl expressing B cell malignancies, a detailed 

analysis of the patterns of histone H3 and H4 acetylation and DNA methylation was 

performed. 

1 have used the activation of the cyclin Dl gene that occurs in MCL and a subset 

of MM as a model system to investigate the mechanisms responsible for long distance 

gene deregulation in B cell malignancies. Cyclin Dl i,s not expressed in normal B~ 

lymphocytes, where unlinked family members cyclin D2 and/or 03 are expressed 



(Ajchenbaum et al, 1993; Suzuki et al, 1999). Cyclin Dl gene expression is activated by 

tlie insertion or translocation of IgH regulatory dements such as the E|i, intronic or 3'C(X 

enhancer/LCR's that ca:n be as far as 100-300 kilobases away from tlie cyclin Dl. gene 

(Chesi et al, 1996; DeBoer et al, 1993). The majority of breakpoints in MCL map to the 

MTC region located about 120 kilobases upstream (centromeric) of the cyclin Dl gene 

(Rimokh et al, 1994). The nearest gene to cyclin Dl, MyeOV, is located 360 kilobases . 

centromeric to cyclin Dl and is expressed in a subset of t(l 1 ;14) MM but not MCL cell 

lines (Janssen et al, 2000). 

DNA methylation has been inversely coiTelated with gene expression in many 

different eukaryotic systems, including the Ig locus (Lichtenstein et al, 1994). Several 

studies have suggested that regulatory elements in the Ig heavy and light chain loci may 

serve to mediate demethylation of these loci. Both the Ep and jK intronic enhancers 

demonstrate this effect (Kirillov et al, 1996; Lichtenstein et al, 1994). In the light chain 

locus, the cis-acting elements required may include the intronic enliancer, adjacent 

MAR's and an additional 3' element. 

The cyclin Dl promoter is composed of a CpG island that can be potentially 

regulated by DNA methylation (Kitazawa et al, 1999). The role of DNA methylation in 

tlie activation of the liqi3 region by IgH regulatory elements was studied. The 

methylation status of the 1 IqlS area in several different cell types (B and non-B) were 

examined using a Southern blotting assay with methylation sensitive restriction enzymes 

such as HpallMspI. Bisulfite sequencing was also used to directly determine the 

location of methylated CpG's. 



Hyperacetylated histones have been associated with active genes and gene 

domains in several systems. In perhaps the best studied model, the chicken p-globin 

locus, the domain of DNasel sensitivity co-maps with the domain of histone 

hyperacetylation. The 5' boundary of diis domain marks the location of the furthest 

upstream DNasel hypersensitive site of the LCR that has insulator activity (Litt et al, 

200lb). In addition, several labs have demonstrated that histone acetylases are 

components of transcriptional activators (Brownell et al, 1996; Kuo et al, 1998; Bannister 

and Kouzarides, 1996; Ogryzko et al, 1996). Evidence has suggested that treatment with 

inliibitors of histotie deacetylases can substitute for tlie IgH LCR in stimulating c-myc 

transcriptional initiation and elongation (Madisen et al, 1998). The role of histone 

acetylation in cyclin D1 activation in lymphoid malignancies were investigated. ChIP 

methodology allows the identification of die sites in a genome that are occupied by a 

gene regulatory protein in vivo, and it is routinely used to identify the locations that are 

occupied by the various types of modified histones. Antibodies that recognize acetylated 

histones were used to map tlie domain of histone acetylation in the llql3 region in MM 

and MCL cells. Cyclin D1 expressing and nonexpressing cell lines were studied. 

Mononucleosomes were prepared from these cell lines and immunoprecipitated with anti-

acetylated H3 and H4 antibodies. DNA from antibody bound fraction was used as a PCR 

template with primers from, the 1 lql3 region. As controls, I used active (GAPDH) and 

inactive (human p-globin) sequences. ' • 
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Results 

Cyclin D1 Expression in Hematopoietic Cell Lines 

The t(ll;14)(ql3;q32) observed in B cell malignancies results in tJie 

overexpression of cyclin D1 (also known as bcl-l, PRADl, CCNDi). Initially, cyclin Dl 

expression was analyzed by semiquantitative RT-PCR (Taniguchi et al, 1998) in human 

hematopoietic cell lines. Human jj-actin and cyclin Dl genes were co-amplified in both 

the reverse transcription reaction and the following PCR reaction. Human P~actin, as a 

housekeeping gene, was used as positive control for RNA concejitration and integrity. 

The semiquantitative RT-PCR assay compares the ratio of cyclin Dl gene transcripts to 

the ubiquitously expressed constitutive gene P-actin. 1 have confirmed that it is linear 

under the conditions employed and can be used to distinguish high levels of cyclin Dl 

mRNA in overexpressing cell lines from nonexpressing cell lines or the low levels found 

in K562 erythroleukemia ceils. Cyclin Dl expression was evident in two MCL cell lines 

(Granta, NCEB-l) which contain a t(ll;14) translocation and one MM cell line (U266) 

which contains an insertion of IgH regulatory sequences near the cyclin Dl gene (Gabrea 

et al, 1999). A promyelocytic leukemia cell line (HL60) and a BL ceil line (Manca) 

which contains a t(8;14) translocation and consequently c-niyc deregulation, did not 

express cyclin Dl. Interestingly, a stem cell/erythroleukemia cell line (K562) with no 

described translocation or insertion of JgH regulatory sequences showed low level cyclin 

Dl expression (Figure 3--1). Immunohistochemistry assay witli cyclin Dl antibody 

showed no heterogeneity in the cell population (data not shown). 
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Figure 3-1. Cyclin D1 RT-PCR in hematopoietic cell lines. MCL cell lines Granta and 
NCEB-1, and MM cell line U266 expressed high levels of cyclin D1 raRNA. K562 stem 
cell/erythroleukemia cells expressed low levels of cyclin Dl. Promyeloc)1:ic leukemia 
cell line HL60 and Burkitt's lymphoma cell line Manca cells did not express cyclin Dl 
mRNA. 



DNA Methylatioii in the Cycliri D1 Promoter and Upstream Regions Inversely Correlates 

witli Expression in Hematopoietic Lines 

The pattern of DNA methylation in the 1 lql3 region near the cyclin D1 gene was 

first studied by a Southern blot assay using the paired restriction enzymes Msp, which is 

methylation insensitive and Hpa II, an isoschizomer which is inhibited by CpG 

methylation,. Complete cleavage by Msp will produce small molecular weight band 

whose size depends on the probe used. If CpG roetliylation is present at the Hpa II 

recognition site, the small molecular weight band will not be observed and larger 

molecular weight band will be produced. 

Figure 3-2 illustrates an example using analysis of tlie cyclin D1 promoter region 

in cyclin D1 expressing and nonexpressing cells. Genomic DNA was cut with Hind III 

alone as control, which produced a 15 kilobases band. The cyclin D1 promoter probe 

used locates at 730 bp to 1030 bp upstream of the cyclin D1 gene transcription start site. 

There are four Msp sites around this region, at 627 bp, 877 bp, 889 bp and 1114 bp 

upstream of the cyclin D1 gene transcription start, respectively, and no Hind 111 

recognition site. So complete Msp plus Hind III digestion will produce tliiee small 

molecular bands with sizes 250 bp, 12 bp, and 225 bp, respectively. The 12 bp band was 

too small to be seen on the x-ray film, and the other two bands, 250 bp and 225 bp, had 

too small a difference in size to be distinguished. So only one small molecular bmd, 

around 250 bp, was expected from the complete Msp digestion, and this small molecular 

weight band observed represented a doublet of completely cleaved fragments. When one 

or both of the Hpa II recognition sites is methylated, the low molecular weight 250 bp 



band(s) will disappear or weaken in the Hpa II plus Hind III lane and be replaced by 

larger molecular weight band(s). When there was same size and same density small 

molecular weight band seen in the Hpa H plus Hind III lane, it was concluded that the 

region for tliis probe was unmethylatcd. Otherwise, this region was concluded to be 

methylated or partially methylated according to densitometry. 

Figure 3-2 showed that hypomethylation of the cyclin D1 promoter region was 

found in TVfCL cell lines Granta, NCEBl and MM cell line U266, which coirelates with 

overexpression of the cyclin D1 gene in these hematopoietic cell lines. DNA of this 

region was methylated in the cyclin D1 nonexpressing HL60 and Manca cell lines, and 

partially methylated in the cyclin D1 low level expressing K562 cells. 
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Figure 3-2. DNA methylation analysis in, the cyclin D1 promoter. DNA from cyclin D1 
expressing B cell Jiues (Granta, NCEB-1, IJ266), nonexpressing cell lines (H,L60, Maiica) 
and a low-expressing cell line (K562) was cleaved with Hind III (,Hd) plus Msp (.M) or 
Hpa II (H), Southern blotted, and probed with a fragment of the cyclin D1 promoter. A, 
map below shows ,Msp sites and position of the probe relative to the cyc,iiB DJ gene 
transcription start:, which is included in a 15 kilobases Hind III fragment as shown, in the 
first lane of the gel 



Multiple DNA probes were then used to determine the methylation structure of a 

large domain around the cyclin D1 gene. By comparing tlie smallest DNA fragment, a 

composite figure (Figure 3--3) was shown of the hybridization patterns of llql3 probes in 

cyclin D1 overexpressing MCL (NCEB-1, Granta) and MM (U266) as well as control 

cell lines. Most genomic regions were unmerhylated and showed no consistent 

correlation between expression of the cyclin D1 gene and methylation status across all 

cell lines (see map at the bottom of Figure 3-3 for probes used). Some of the probes 

utilized (MyeOV, P519, and intron4 of the cyclin D1 gene) showed variable patterns of 

DNA methylation in the cell lines examined. However, DNA methylation status = 

correlated with cyclin D1 expression status at the MTC region located about 120 

kilobases upstream of the cyclin D1 gene as well as tlie cyclin D1 promoter region. The 

cyclin D1 promoter region and upstream MTC region were unmethylated in 

overexpressing cell lines (Granta, NCEBl, U266) and methylated in nonexpressing cell 

lines (Manca, HL60). There were no high molecular' weight bands detectable in die 

expressing cell lines (not shown). K562 cells, which express low amounts of cyclin D1 

mRNA without a t(ll;14) translocation, exhibited partial methylation of the cyclin 01 

promoter and MTC regions. The majority of breakpoints in MCL map to the MTC 

region. In the two MCL lines examined (Granta, NCEBl), the MTC region was distal to 

the IgH breakpoint and thus would be found on the translocated chromosome partner. 
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Figure 3-3. DNA methylation analysis in the 1 lql3 locus. Southern analysis of DNA 
methylation in cyclin Dl expressing and nonexpressing hematopoietic cell lines with 
probes in the 1 lql3 region. The map below shows the probes used, and the sites of 
translocation breakpoints relative to the cyclin Dl gene locus. The translocation 
breakpoint for Granta cells and NCEB-1 are indicated as well as the site of insertion of 
IgH regulatory sequences in U266 cells. The small DNA fragments produced by 
complete cleavage (Hindlll plus Msp, Hd+M) are shown. If there is a band in the Hd+H 
(Hindlll plus Hpall) lane, that sequence is unmethylated. In contrast, if there is no band 
observed, then that sequence is methylated and a higher molecular weight band was seen 
(not shown). 



The use of Southern analysis for DNA methylation studies is not conckisive 

because it is based on restrictioti enzyme cleavage of limited recognition sites containing 

CpG. Bisulfite sequencing experiments were then conducted to confirm and extend tliese 

results by assaying the methylation status of all CpG dinucleotides biochemically. 

Bisulfite treatment of genomic DNA results in deamination of cytosine to uracil. In 

contrast to cytosine, S-methylcj'tosine cannot be converted to uracil, and subsequent PGR 

product sequencing can be used to distinguish 5-methylcytosines from the cytosines. 

PCR primers were designed in regions of interest, avoiding potential cytosine 

methylation sites in the CpG dinucleotides. 

The bisulfite sequencing data corroborated the difference in DNA methylation at 

the cyclin D! promoter region in expressing and nonexpressing cells (Figure 3-4). There 

were 33 CpG dinucleotides in the cyclin D1 gene promoter region studied, 280 bp 

upstream to 120 bp downstream of the cyclin D1 gene transcription start. MCL cell lines 

Granta and NCEBl showed very low levels of cytosine methylation, 10- 20% in a few 

CpG dinucleotides downstream of the transcription stait, and 10% in two CpG 

dinucleotides upstream of the transcription start, in NCEB l cells. MM cell line U266 

showed some DNA raethylation downstream of the transcription start, but none upstream 

of transcription start site. Cyclin D1 nonexpressing cell lines Manca and HL60 showed 

high level of cytosine methylation upstream of the transcription start site. K562 cells, 

which express low level of cyclin 01 mRNA, showed intermediate levels of cytosine 

methylation both upstream and downstream of the transcription start. 
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Figure 3-4. The cyclin D1 promoter region shows differential cytosine metliylation in 
cyclin Dl(+) and cyclin Dl(-) cell lines. Upper: Diagram, of the cyclin, D1 promoter 
region analyzed. The bent a,rrow represents the transcription start site, the vertical lines 
,mark the locations of CpG dinucleotides, and filled rectangles indicate the positions of 
PCR primers used for sodium bisulfite genomic sequence analysis. Msp i,ndicates the 
positions of restriction sites. Lower: Bisulfite analysis of the cyclin D1 promoter region 
methylation in cyclin D1 overexpressing cell lines (Granta, NCE,Bl, and U266), a cyclin 
D1 low-expressing cell line (K562) and cyclin -D1 nonexpressing cell lines (l,-fL60 and 
Manca). 



These differences in DNA methylation status were shown to extend as far as 3 

kilobases upstream of the cyclin D1 gene transcription initiation site (Figure 3-5). Two 

bisulfite sequencing assays were performed upstream of tlie region shown in Figure 3-4, 

one from 398 bp to 846 bp upstream of the cyclin D1 gene transcription start, and the 

other from 2385 bp to 2889 bp upstream of the cyclin D1 gene transcription start. There 

are 25 mid 42 CpG dinucleotides in the regions assayed, respectively. Granta cells 

showed only low levels and occasional cytosine metiiylation while HL60 showed high 

levels and frequent cyt,osine methylation in both region, which correlates with iheir cyclin 

D1 gene expression status. 
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Figure 3-5. Bisulfite ajialysis of the upstream region of the cyclin D1 promoter in Granta 
and HL60 cell lines. Asterisks show the region (-2385—845) where CpG sites were not 
analyzed. Granta (cyclin D1+) was hypomethylated and HL6() (cyclin D1-) was 
metliylated. 



The bisulfite sequencing data also showed the difl^tetices in merliylatiou Eit the 

MTC and P519 regions in expressing and nonexpressing cells (Figures 3-6, 3-7), 

approximately correlating with the cyclin D1 gene expression status. Bisulfite 

sequencing assays were perfomed in both the 5' and 3' of iJie MTC region (totally -2,2 

kilobases in length), with 8 and 12 CpG dinucleotides, respectively (Figure 3-6c). There 

were 7 CpG dinucleotides (Figure 3-7b) in the P519 region (totally -400 bp in length). 

The cyclin D1 expressing cell lines Granta, NCEBl, and 1)266 generally showed low 

levels of cytosine methylation in both regions while the control cell lines showed high 

levels (Figures 3-6a, 3"6b, 3-7a), but there were three CpG dinucleotides in the 5' of the 

MTC region that showed high levels of cytosine methylation in Granta cells (see Figure 

3-6b). 
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Figure 3-6. Bisulfite analysis of the MTC region in hematopoietic cell lines, (a). 3' of 
the MTC region showed CpG demethylation in cycJiii D1 expre.ssing cell lines (GitirMa, 
NCEB-1, and U266) (b). 5' of the MTC region, also shows more CpG demethylation in 
Granta (cycliii D1+) than in HL60 cells (cycliii D1-), but there are three dinucleotides 
with high degrees of DNA methylation in both Granta and HL60. (c). The diagram 
shows locations of CpG dinucleotides relative to the start of tfie MTC sequence. The left 
pane! shows the 5% and the right panel shows the 3' MTC sequences. 
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Figure 3-7. Bisulfite analysis of the P519 sequence in Granta and HL60 cell lines. There 
are only 7 CpG dinucleotides in this region, but cyclin D1 expressing Granta had low 
level of DNA methylation while cyclin D1 nonexpressing HL60 cells had high levels of 
DNA methylation. 



Histone Acetylation in tlie Cyclin D1 Promoter Region, Correlates with Expression in 

Hematopoietic C^ell Lines 

Chip assays were then used to determine ihe patterns of histone H3 and H4 

acetylation in the 11 ql3 region in cyclin D1 expressing versus nonexpressing cell lines. 

The cyclin D1 promoter region was histone H3-hyperacetylated in MCL and MM cells 

(Granta, NCEB-1, U266), and hypoacetylated in M'anca and K562 cells (Figure 3-8), as 

shown by densitometric analysis (Figure 3-9). Histone H3 acetylation coixelated with 

cyclin D1 expression status extending to 3 kilobases upstream of the promoter. However, 

at 10 kilobases upstream of the cyclin D1 promoter, and continuing further upstream until 

tlie MTC, tlie sequences identified were hyperacetylated in all cell lines examined. At the 

downstream regions from the cyclin D1 promoter, inUml of the cyclin D1 gene showed 

higher level of histone acetylation in the cyclin D1 expressing cell lines Granta, NCEBl 

and U266, but these may result from its proximity to the cyclin D1 promoter region. 

Intron4 and downstream regions were hyperacetylated in all cell lines studied, similai- to 

the patterns observed in the upstream regions. The pattern of histone H4 acetylation was 

very similar in all cell lines except K562 cells, where the cyclin D1 promoter region and 

p-globin LCR sequences were H4- but not H3- hyperacetylated, maybe resulting in low 

level expression of the cyclin D1 mRNA. Differing patterns of H3 and H4 acetylation in 

the mouse P-globin locus have also been reported (Johnson et al, 2001). 
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Figure 3-8. Analysis of histone H3, H4 acetylation in hematopoietic cell lines. ChIP 
assays in MCL Granta (G) and NCEB4 (N), MM U266 (U), all cyclin Dl(+), and 
control K562 (K), Manca (M) cell lines. Differential H3 and H4 acetylation was found in 
the cyclin D1 promoter region, which extended 3kb upstream, and con-elated with cyclin 
D1 gene expression status. All the other regions were acetylated in all hematopoietic cell 
lines, p-globin 5'HS2 and GAPDH served as controls. 
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Figure 3-9. Quantitative analysis of PCR products. Densities of bands shown in Figure 
3-8 were measured using a GelDoc appai'atus (BioRad). GAPDH (positive control), 
MyeOV, MTC, and the cyclin D1 intron4 regions showed little difference among cell 
lines or between histones H3 and H4. Beta-globin (negative control) had high binding of 
acetyl-H4 in K562 cell line. Cyclin Dl(+) MCL cell lines Granta, NCEBl, and MM cell 
line U266 showed higher binding of acetyl-H3 and -H4 in the cyclin Di promoter region 
than, the cyclin Dl(-) BL cell line Manca, The cyclin Dl promoter region in K562 cells 
showed the presence of acetyl-H4 but not acetyl-HS. 



The Cycliii Dl Gene Is Expressed in t(l J ;14) Uncultured B Cells 

The DNA methylation and histone acetylation data shown were from cultured cell 

lines, with differential expression of the cyclin Dl gene, 1 then obtained bone marrow or 

peripheral blood from patients with pathologically confirmed lympiiocytosis and t(] 1;14) 

B cell maligniincy, including two patient samples with MCL. 

Cyclin Dl RT-PCR was performed in peripheral blood B cells of a patient with 

lymphocytosis and t(l 1 ;]4) B cell malignancy (Orchard et al, 2003). There was abundant 

cyclin Dl mRNA in the purified B cells from peripheral blood (Ptl; Figure 3-10). 



Figure. 3-10. Cyclin D1 RT-PCR in t(ri;14) patient siimple. Ptl, a sample of purified B 
cells from peripheral blood from a patient with t(ll;14) B cell malignancy, expressed 
cyclin D1 mRNA. 



The Cyclin D1 Prornoter and MTC Regions Are DNA Hypomethylated in t(l 1;14) 

Patients 

DNA methylation was tlien, studied in patients with l.lql3 translocation. 

Southern blot analysis showed that both the cyclin D1 promoter region and the MTC 

region were demethylated in the purified B cells from Ptl (Figures 3-11), which 

correlates with its high level cyclin D1 gene expression (see Figure 3-10). Bisulfite 

sequencing assays confirmed demethylation of the cyclin D1 promoter in the purified B 

cells from the t(l l ;14) patient (Ptl) and two additional MCL patients (Pt2 and Pt3). 

These observations were similar to those from the MCL and MM cell lines (see Figures 

3-3 to 3-7), suggesting that DNA hypomethylation and histone acetylation may play 

importimt roles in the cyclin D1 gene deregulation. 
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Figure 3-11. DNA methylation analysis of patient samples with cyclin D1 (+) B cell 
malignancies. In the peripheral blood sample from a patient with lymphocytosis and 
t(ll:14)B cell malignancy (Ptl), both tiie cyclin D1 promoter region and the MTC 
region (Ptl) were unmethylated in purified B cells by Southern analysis. In Ptl and two 
MCL patient bone marrow samples (Pts 2 and 3), the cyclin D1 promoter region showed 
low level cytosine methylation by bisulfite sequencing. 



Cyclin D1 Is Not Expressing in Normal Human B/T Cells 

The cyclin D1 expression status was also examined using RT-PCR in 

nonmalignant liuman B and T cells. As reported (DeBoer et al, 1995a; Ajchenbaum et al, 

1993), there was no cyclin D1 expression in noiinal B cclls (NB), two EBV-imnioitalized 

B cell lines (LCLL LCL2), a T cell clone (D160) activated by IL-2 from a single normal 

human T cell, or resting T cells (NT) (Figure 3-12). 
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Figure 3-12. Cyclin D1 RT-PCR in normal human B/T cells. Normal human B cells 
CD19+ (NB), EBV-immortalized human B cells (LCLl, LCL2), human T cell clone 
(D160) activated by lL-2 from a single normal human T cell, and nonnal human T cells 
CD4+ (NT) were all cyclin DJ (-). Granta cells were shown as positive control, and 
human p-actin (actin) was used as control for RNA quantity and integrity. 



The Cyclin DI Promoter Is DNA Hypometfiylated But the MTC Region, Is Methylated in 

Normal B/T Cells 

DNA methylatlon patterns were examined in non-tumorigenic B and T cells, 

including normal CD19+ B cells, two EBV-traiisfomied B lymphocyte cell lines, normal 

CD4+ T cells, Md an activated T cell clone. These B and T cells did not express cyclin, 

,D1 mRNA (see Figure 3-12). Surprisingly, Southern analysis and bisulfite sequencing 

assays showed that the cyclin D l promoter was unmethylated or partially unmethylated 

in most of the nonmalignant sources of B imd T cells (Figures 3-13, 3-14,3-15). 

However, DNA methylation was present at the MTC in these B and T cells, different 

from MC,L cell lines (see Figures 3-3, 3-6) and B cells from a t(l 1 ;14) patient sample 

(see Figure 3-11), where the MTC was unmethylated. In nonmalignant B and T cells, the 

upstream MTC region contained methylated CpG dinucleotides, similar to the results 

with cyclin Dl nonexpressing hematopoietic cell lines (see Figures 3-3, 3-6). For the 

F519 region and the intron4 region of the cyclin Dl gene locus, DNA was 

hypermethylated in these nonmalignant B and T cells. One EBV-transformed cell line 

(LCLl) showed demethylation in the cyclin Dl promoter region, but partial 

demethylation in all the other regions studied (MTC, F519, intron4). The reason for this 

discrepancy is unclear, but may due to different sources of the cell lines. 
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Figure 3-13. Cyclin D1 promoter DNA is unmethylated in normal human B and T cells. 
Southern blot analysis with the cyclin Dl promoter, P519, MTC and intron4 probes. 
LCLl and LCL2 are two EBV-trmisformed lymphocytes, NB is normal human B cells, 
and D160 is an activated nonnal human T cell clone. For iiomnal B/T cells, tlie cyclin D1 
promoter was demethylated even though the gene was not expressed (see Figure 3-12). 
However the MTC region was CpG methylated. LCLl cell line is more CpG 
hypomethylated than the other B and T cells. 
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Figure 3-14. The cyclin D1 promoter region showed very low levels of cytosine 
methylation in normal human B/T cells. Bisulfite analysis of the cyclin D1 promoter 
region methylation in cyclin D1 nonexpressing B/T cells confirmed the Southern blot 
analysis results (see Figure 3-13). 
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Figure 3-15. Low-level cytosine metliylation showed at the cyclin D1 promoter region 
showed while the MTC region exhibited higli-level DNA methylation in iiomial human B 
cells. Bisulfite analysis of the cyclin D1 promoter and upstream 3 kilobases of the 
promoter regions showed DNA demethylation. However, the 3' part of the MTC region 
was methylated in cyclin D1 nonexpressing nonnal humaji B cells. 
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The Cyclin Di Promoter Region is Histone H3 and H4 Acetylated But the MTC Region 

Is Hypoacetylated in Normal B/T Cells 

Histone acetylation patterns were then examined in the non-timiorigenic B and T 

cells, including two EBV-transfonned B lymphocyte cell lines (LCLl and LCL2), normal 

CD4+ T cells and an activated T cell clone (Figure 3-16). These B and T cells did not: 

express cyclin Dl m,RNA (see Figure 3-12). ChIP assays showed that the cyclin Dl 

promoter and upstream regions to P519 contained acetylated histones H3 and H4. 

However, the MTC region was hypoacetylated in all tliese nonmalignant sources of B and 

T cell examined. 
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Figure 3-16. Analysis of histone acetylation patterns at the cyclin D1 locus in 
nonmalignant human B and T cells, (a). Two EBV-immortalized human B cell lines 
LCLl and LCL2 showed acetylation in all regions except the MTC region, (b). 
Activated T cell clone (D160) and cord blood CD4-f T cells (T) showed a similar pattern. 



Cyclin D1 Expression in Other Types of Cancer Cell Line 

As stated in the Introduction section, cyclin D1 overexpression has been 

demonstrated in many types of carcinomas (breast, colorectal, urinary bladder, thyroid 

gland). The overexpression may be caused by chromosome locus llql'i amplification, 

defects in the regulation of cyclin D1 protein degradation, or other unknown mechanisms. 

Cyclin D1 overexpression alters cell cycle progression, thus may contribute to 

tumorigenesis in this way. The results demonstrated that long-distance epigenetic 

regulation was important in deregulated expression of cyclin Dl. I then went on to ask if 

this phenomenon was specific for B cell malignancies with IgH translocation. 

Two himian breast cancer cell lines (MCF7, MDA-MB-231), one colon cancer 

cell liiie (SW480), and one pancreatic cell line (Panel) all expressed cyclin Dl mRNA 

while a SCLC cell line H82 did not (Figure 3-17). 
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Figure 3-17. Cyclin Dl RT-PCR in caiicer cell lines of non-hematopoietic origin. Breast 
cancer cell lines MCF7y MDA-M.B-231 (231), colon cancer cell line SW480, and 
pancreatic cell line Panel were cyclin Dl(+). SCLC cell line H82 was cyclin Dl(-). 
Actin was used as control. 
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Cyclin D1 Promoter Region Is Hypometliytated While MTC Region Is Hypemielhylatecl 

in Non-hematopoielic Dl(+) Lines 

DNA methylation patterns were examined in two cyclin Dl. overexpressing breast 

cancer cell lines, one colon cancer cell line, and one pancreatic cell line that do not 

deregulate cyclin Dl expression by IgH translocation. Although the promoter was 

unmethylated (Figures 3~18, 3-19), consistent with the expression of cyclin Dl, the P519 

and MTC upstream regions in all these cancer cell lines were CpG methylated (see Figure 

3-18), suggesting that hypomethylation seen at the p519 and MTC regions is associated 

with B cell malignancies that deregulate cyclin Dl by IgH translocation. 
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Figure 3-18. Southem analysis of DNA methylation in cydin Dl(+) breast cancer cell 
lines MCF7, MDA-MB-231(231), colon cancer cell line SW480, and pancreatic cell line 
Panel. The cyclin D1 promoter was unmethylated in all cell lines, but the upstream 
MTC and P519 regions, and tlie downstream cyclin D1 intron4 region were methylated. 
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Figure 3-19. The cyclin D1 promoter region is DNA hypomethylated in cyclin Dl(+) 
non-hematopoietic cancer cell lines. Bisulfite analysis of the cyclin D1 promoter region 
methylation in cyclin D1 overexpressing breast cancer cell lines (MCF7. MDA-MB-231), 
colon cancer cell line (SW480), and pancreatic cell line (Panel) showed very low levels 
of cytosine methylation in the cyclin D1 promoter region. 



Histone Acetylation in the Cyclin D]. Promoter Region. But Not Upstream Regioas 

Correlates With Expression in Non-hematopoietic Lines 

Examination of the histone acetylation patterns in the cyclin Dl overexpressing 

breast cancer line MCF7 showed acetylated H3 and H4 at the promoter and intron4 

regions, consistent with cyclin Dl gene expression, while the cyclin DI promoter region 

was hypoacetykited in the cyclin Dl non-expressing lung cancer cell line H82 (Figure 3-

20). However, tiie upstream of cyclin 01 regions, including the P519 and MTC regions, 

were hypoacetylated in both H82 and MCF7 cell lines, in contrast to all the 

hematopoietic cell lines examined, where they were hyperacetylated. 
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Figure 3-20. Analysis of histone H3 and li4 acetyiation in non-hematopoietic cell tines. 
H82 (SCLC cell line, cycHn D1 non-expressing) and MCF7 (breast cancer cell line, 
cyclin D1 overexpressing) were examined. Differential H3 and H4 acetyiation was found 
in the cyclin D1 promoter region, and correlated with cyclin D1 gene expression status. 
The upstream regions were hypoacetylated, and downstream intron4 region was H3 and 
H4 hyperacetylated in both cell lines. 



IgH Regulatory Elements Are Acetylated ia B Cell Lines and B/T Cells 

Cliowdhury and Sen (Chowdhiiry and Sen, 2001) showed that, histone acetylaiion 

occuiTed the murine immunoglobuline mu heavy chain gene locus over large segments of 

the genome in a stepwise manner, perhaps participating in the sequential activation and 

expression of different antibody genes in B cells. In B cell malignancies with t(l 1 ;14), 

the cyclin D1 gene is separated from tlie IgH regulatory region by more than 100 

kilobases. It was of interest to study the chromatin strocture of the IgH regulatory region. 

Acetylated histones were also present at the IgH regulatory regions Ep. and 3'Ca 

HS3 and HS4 in B and T cell sources (EBV-transformed B lymphocytes LCLl and 

LCL2, T cell clone D160 and resting nonnal human T cells) and MCL cell lines (Granta 

and NCEBl), but not in the erythroleukemia cell line K562 or the breast cancer cell line 

MCF7 (Figure 3-21). These findings suggested that the IgH regulatory elements were 

active in B and T cell sources, where chromosome translocation involving these 

regulatory elements occurred or potentially could occur, but not other cell types. 
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Figure 3-21. Analysis of hislone H3 and H4 acetyl ation patterns at the IgH regulatory 
regions. IgH regulatory regions including Eji intronic enhancer, 3'Ca DNasel 
hypersensitive regions HS4 and HS3 from chromosome 14 were acetylated in the nonnal 
B/T cells and the M'CL cell lines Granta (G) and NCEB-1 (N), but not in the stem, 
cell/erythroleukemia cell line K562 and breast cancer cell line MCF7. 
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Cycliii D1 Gene Expression Is Not Activated by DNA MethyUransferase Or Histone 

Deacetylase 'Inhibitors 

DNA methyl transferase inhibitors can inliibit DNA methylation. Four major 

types have been clinically tested, which are analogs of the nucleoside deoxycitidine: 5-

azacytidine, 5-aza-2'-deoxycytidiiie, l-fi-J>arabinofuranosyl-5-azacytosine and dihydro-

5-azacytidjne, 'fhese drugs can restore suppressor gene expression and exe,it antitumor 

effects in vitro and in vivo (reviewed in Goffin and Eisenhauer, 2002). Histone 

deacetylase (HDAC) inhibitors induce hyperacetylation of histones that modulate 

chromatin structure <md gene expression. These inhibitors also induce growth anest, cell 

differentiation, and apoptosis of tumor cells (Moreira et al, 2003). One of the best 

studied HDAC inhibitors is trichostatin A, which can cause eukaryotic cell cycle aixest, 

induce morphological reversion of transformed cells, and inhibit histone deacetylase at 

nanomolar concentrations (Vigushin et al, 2001). It has also been shown that a 

combination of demethylating agents and HDAC inhibitors are more effective than either 

one alone (Zhu et al, 2001). 

Since an inverse coixelation between DNA metliylation and gene expression and a 

coixelation between histone acetylation and gene expression in the cycliii D1 gene locus 

were observed, cyclin Dl(-) cell lines were treated with DNA methyltransferase inhibitor 

5-azacytidine, or histone deacetylase inhibitor trichostatin A, or a combination of the two, 

to attempt to activate cyclin D1 gene expression in these cell lines. RT-PCR results 

showed that these drugs could not activate cyclin D1 mRNA (Figure 3-17). 
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Figure 3-22. Drug treatment to activate cyclin Dl gene expression. Cyclin Dl 
nonexpressing HL60 cells and H82 cells were treated with methylatransferase inhibitor 5-
azacytidine (azaC) and/or deacetylase inhibitor trichostatin A (TSA). Any combination 
of drug treatment of the cells was unable to turn on the cyclin Dl gene expression. 
Cyclin Dl(+) Granta cells were used as po.sitive control Ibr the RT-PCR assay. 



The EBV-transfbTmed B lymphocytes, which are cyclin Dl(~), showed DNA 

hypoinethylation and histone H3 and H4 hyperacetylalion in the cyclin D1 promoter 

region similar to the cyclin Dl(+) M£X and MM eel! lines, but not the upstream MTC 

region. They were treated with DNA methyltransferase inhibitor 5-azacytidine, or 

histone deacetylase inhibitors trichostatin A (TSA) or sodium biityrate (NaB), or a 

combination of S-azacytidine and NaB, or a combination of TSA and NaB, to attempt to 

activate cyclin D1 gene expression in these cells. RT-PCR results showed that these 

drugs could not activate cyclin D1 gene expression in these cell lines either (Figure 3-23). 
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Figure 3-23. RT-PCR of cyclin D1 expression in EBV-transformed B lymphocytes 
LCLl and LCL2 cells treated with HDAC inhibitors or DNA demethylating reagejit. 
Cyclin D1 nonexpressing cell lines (LCLl, LCL2) was treated with demethylating agents 
5-azacytidine (5-azaC), histone deacetylase inhibitors sodium butyrate (NaB) and 
trichostatin A (TSA) to attempt to activate cyclin D1 expression. Results showed that it 
was not reversible. Granta (G) was used as a positive control. Actin was used as control 
for RNA quantity and integrity. 
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Discussion 

The pattern of DNA methyiation and histone acetylation was examined in tlie 

1 lql3 region surrounding the cyclin D1 gene in B cell malignancies. Long range 

activation of cyclin D1 expression by Igli elements was associated with hyperacetylated 

histones H3 and H4 and hj'pomethylated CpG's at the cyclin D1 promoter, while the 

promoter region of nonexpressing B and non-B cell lines was CpG methylated and 

histone H3 and H4 hypoacetylated. Complete hypomethylation at the cyclin D1 

promoter and upstream regions in malignant B cells suggests the possibility of a trans 

demethylating effect of the translocated chromosome on the noma! chromosome. 

However, the finding of complete hypomethylation in noma! B cells and EBV-

transformed B lymphocytes suggests further investigations ai-e needed. The ChIP assays 

utilized to study histone acetylation and Pol II binding are "positive assays" which caimot 

distinguish between binding at only the translocated vs. botii the translocated and 

untranslocated chromosomes. The lack of polymorphic differences between the 

translocated chromosome and normal chromosome curi-ently preclude this type of 

analysis. 

The MTC region was CpG unmethylated and histone H3 and H4 hyperacetylated 

in cyclin D1 expressing B cell lines, while the cell lines of other origins, such as breast 

cancer, lung cancer, colon cancer, and pancreatic cancer, the MTC region was CpG 

methylated and histone H3 and H4 hypoacetylated, suggesting that the chromatin in the 

MTC region is "open" in MCL and MM cell lines studied and permissive for 



chromosome translocations. However, the MTC region in B and T cells was methylated 

and hypoacetylated, in contrast to cyciin D1 expressing B cell lines. 

These results together suggest that hypomethylation and acetylation at the cyciin 

D1 promoter are not sufficient for deregulated expression of cyciin D1 in B cells. The 

observation that treatment of the nonexpressing cell lines with a DNA raethyltransferase 

inliibitor or a histone deacetylase inliibitor could not activate the cyciin D1 gene 

expression suggested involvement of a TSA resistant HDAC such as sir2 (Kyrylenko et 

al, 2003) and/or an alternative, dominant histone modification such as H3-meK9 

(Mutskov et al, 2002; Litt et al, 2001a). Hyperacetylation and hypometliylation of the 

upstream MTC region correlated with deregulated expression of cyciin D1 in B cell 

malignancies. The MTC (bcl-l) region is the site of the majority of breakpoints in MCL. 

Acetylated histones are usually associated with active genes or may be found in 

domains of several multigene loci such as the chicken, mouse, and human P-globin 

(Bulger et al, 2002; Recillas-Targa et al, 2001) and growth hormone loci (Ho et al, 2002). 

These studies have defined two general patterns of histone acetylation, a broad domain 

specific acetylation pattern and a local promoter dependent pattem that was con-elated 

with gene expression. The results in the cyciin Dl/1 lql3 region in B cell malignancies 

suggest a similar organization with a broad acetylation pattern which included the cyciin 

Dl gene locus and sequences over 100 kilobases upstream (P519) in both normal and 

malignant B cells, and a local pattem of hyperacetylation at the cyciin Dl promoter 

which con'elated with cyciin Dl expression status in cell lines but was also found in 

nonmalignant sources of B and T cells which did not express cyciin Dl. The histone 



acetylation patterns defined in the genomic regions upstream, of the cyclin D1 gen,e 

extending to the P5I9 but not the 5' MTC regions in nonmalignant B and T cells suggest 

an association between histone acetylation and the potential for Pol II tracking from the 

translocated IgH regulatory regions. These studies also emphasize the limitations of 

using cell lines alone without normal, nonmalignant cell sources as controls. 
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CHAPTER 4: TRANS DNA DEMETHYLATION IN MALIGNANT B 

CELLS 

Introduction 

DNA methylation in mammalian cells has been thought to involve a cis acting, 

allele specific mechanism. Several observations in higher plants (Walker, 1998; Hollick 

et al, 2000; Mittelsten et al, 2003), and more recently in mice (Hermiui et al, 2003) show 

that trans methylation occurs at homologous chromosomes. 

This phenomenon in maize has been termed paramutation (reviewed in Chandler 

et al, 2000). It is an epigenetic, non-Mendelian phenomenon, whereby different alleles of 

the same gene interact with each other in the nucleus. This interaction leads to a heritable 

change in gene expression of one of the alleles. Paramutation is well studied at three 

maize genes that control plant pigmentation; b, pi and r. hi the r locus, the paramutant 

state is correlated with increased DNA methylation (Walker, 1998). The combination of 

a hypemiethylated and a hypomethylated allele leads to the semi-dominant and heritable 

repression of the hypomethylated allele by the hypermethylated allele. It is associated 

with, passage tlirough meiosis (Rassoulzadegan et al, 2002). The molecular mechanism of 

a homology based transfer of DNA methylation patterns is miclear, but indirect evidence 

suggests a participation of an altered chromatin stiiicture. 

In Drosophila, where homologous chromosomes are intimately paired in somatic 

cells, genetic complementation called transvection has been, well described (reviewed in 

Duncan, 2002). M^ost if not all cases of transvection involve the actions of enhancers in 

, trans (Chen et al, 2002). Deletion of the promoters at several genetic loci magnifies the 
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transvectioii effect, suggesting that the promoter region functions to tether the enhancer 

in cis (Southworth and Kemiison, 2002). Several cases of transvection in Drosophila 

require the protein zeste, a DNA binding protein whose human homologu.es have been 

cloned (Kurotaki et al, 2001). 

The pattern of complete demethylation of the cyclin D! promoter and upstream 

regions were surprising given the presence of botfi a translocated or inserted and normal 

chromosome 11 in the MCL and MM cell lines (Tsiijimoto et al, 1984; Gabrea et al, 

1999), DNA methylation and histone acetylation patterns in the P519 region, the 

trmislocation breakpoint for Granta cells, were first studied using a translocated 

chromosome specific probe or primer set. Genetic variants that had lost the translocated 

cliromosome were further used to study the patterns of the normal chromosome 11 

depleting the eifect of the translocated chromosotne. 
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Results 

In the P519 region, both translocated and normal chromosomes in Granta cells 

showed complete demethylation (Figure 4-la). The P519 region also showed Histone HB 

and H4 hyperacetylation on the translocation chromosome when a translocation allele 

specific primer set was used (Figure 4-lb), DNA methylation pattern was then examined 

in a series of genetically modified cell lines derived from Granta and NCEBL Two gene 

targeting vectors were used to insert a selectable marker gene +/- the Eji, enhancer into 

the MTC on chromosome 11 region or into tlie 3'Ca region on chromosome 14. 

Targeted clones were isolated after selection, but the targeted, translocated chromosome 

proved unstable. After several passages, these clones lost the translocated 11:14 

chromosome and retained one or more copies of the unreananged chromosomes 11 and 

14. These clones constituted a model system to study potential effects of the translocated 

chromosome on the normal chromosomes by comparing the parent cell lines with both 

translocated and untranslocated chromosomes and derivative cell lines with only the 

untranslocated chromosomes. 
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Figure 4-1. DNA raethylatioo and histone acetylation studies in translocated (11:14) vs. 
normal chrojiiosome 11, (a). Soutliem analysis of DNA methylalion in Granta cell line 
with t(l 1;14) translocation breakpoint at the P519 region. When restriction enzyme 
BamHI (B) was used alone for the digestion and probed with P519 probe, two bands were 
produced representing the translocated (16kb) and normal (llkb) chromosomes 
respectively. When genomic DNA was cleaved with BamHI plus Msp (B+M) or BamHI 
plus Hpall (B+H), there was only one small band (Ikb) shown, (h). MCL cell line 
Granta (G) with t(l 1 ;14) translocation breakpoint at the P519 region was studied. 
P519_bkp included a 5' primer on the translocation breakpoint and a 3' primer on 
chromosome 11 so that the PGR detects H3 and H4 acetylation in the P519 region in a 
translocated chromosome-specific manner. P519„bkp region showed histone H3 and H4 
acetylation in Granta cells. Manca (M) was used as negative control. 
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Genetic 'Variants Have Lost the Translocated Chromosome 11:14 

FISH and Southern analysis of these cells showed complete loss of the 

tr£inslocated 11:14 chromosome and the continued presence of the unrearranged 

chromosomes 11 (s) and 14. 

The LSI IgH/CCNDl dual color, dual fusion translocation probe is designed to 

detect the juxtaposition of tlie IgH locus and the Cyclin D1 (CCNDl) gene. The probe is 

a mixture of the LSI IgH probe labeled with Spectrum Green (Chr 14) and the LSI 

CCNDl probe labeled with Spectram Orange (Chr 11). The LSI ligH probe set contains 

two Spectrum Green labeled probes that hybridize to sequences on both sides of the IgH J 

region breakpoint associated with the t(l 1 ;14). One of the two probes in the LSI IgH 

probe set hybridizes to an approximately 450 kilobases germline genomic target centered 

in the LSI IgH constant region. The other LSI IgH probe is also approxijnately 450 

kilobases in size and hybridizes to tlie telomeric portion of the IgH variable region. 

Situated between the targets of these two LSI IgH probes is a central region, also 

approximately 450 kilobases in gennline DNA, which is not represented in the LSI IgH 

probe. The LSI CCNDl probe was derived from DNA sequences that have a 

hybridization target length of approximately 350 kilobases and span the common 

breakpoint region MTC that lies centromeric to LSI CCNDl. The hybridization target of 

this probe extends from a point telomeric to FGF4, through LSI CCNDl and ends 

proximally at a locus at least 110 kilobases centromeric to the MTC. 

LSI IgHyCCNDl hybridized to a cell containing t(ll;14) with breakpoints at the 

MTC on llql3 and at the IgH J region on 14q32, will result in the orange probe region 
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distal to the MTC being located next to the green probe region proximal to IgH J region 

on the der(14) chromosome. The reciprocal translocation involves the relocation of green 

probe sequences telotneric of IgH next to orange probe sequences centromeric to the 

MTC on the der(l 1) chromosome. The resultant signal pattern is the two-orange/green 

(yellow) fusion signal pattern, one on each of the abnonnal chromosomes 11 and 14, in 

addition to the single orange and green signals expected from the normal chromosomes. 

Due to the gap between the two probes in the IgH probe set, the normal IGH loci may 

sometimes appear as two slightly separated green signals. This gap may also cause a 

slight separation of the orange and green signals on the der(ll) chromosome, in some 

instances. 

Analysis of t(ll;14) samples suggests that due to variation in breakpoint location 

on llql3 or loss of V segments within the LSI IgH probe target, some samples 

containing t(l 1;14) might display signal patterns different than 101G2F. If the ilql3 

breakpoint is considerably centromeric of the MTC, a 102G1F pattern may be expected. 

Loss of IgH V gene segments within the IgH probe target (loss of V gene segments is 

know to occur in physiologic V(D)J recombination) miglit produce a 201 GIF signal 

pattern in some samples. Complex rean*angements of the CCNDI gene region associated 

with the t(lT,14) have been observed and it i,s possible that additional FISH patterns may 

be seen in some cells. In this report,, the translocation breakpoint is either at the MTC 

region (NCEBi), or in proximity to the MTC region (P519 for Granta, -20 kilobases 

away). 
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Dual fusion, dual color probe in FISH analysis showed the presence and absence 

of the translocated chromosome 11:14 in parent (Granta, NCEB1) and mutant (G4, Nl) 

cell lines, respectively (Figure 4-2). The FISH analysis results for the parent (Gratita, 

NCEB I) and all the genetic variant ceil lines were summarized in Figure 4-3, together 

with the number of copies of chromosome 11 present in each cell line. Some cells had 

extra copies of untranslocated chromosome 11. Southern blot analysis using cell line 

specific translocation breakpoint probes (P519 for Granta, MTC for NCEBl) confimied 

the absence of translocated chromosome 11:14 in the mutant cell lines (G4, LGl, LG2, 

N1,N2,N3; Figure 4-4). 
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Figure 4-2. FISH Analysis of MCL parental and mutant cell lines. An enumeration 
(centromere) probe for chromosome 11 (A and B), revealed three (trisomy) chromosome 
11 centromeres in Granta (A) whereas the G4(D1-) line shows only two chromosome 11 
centromeres (B). Using a dual fusion, dual color CCNDl/IGH probe (C and D), an 
interphase Granta (parent) cells shows 3 fusion CCND/IGH fusion signals representing 
two copies of the derivative 11 chromosome [der(l l)t(tl 1;I4) and one copy of the 
derivative 14 chromosome [der(14)t(l i;14)] (C), The extra green IGH signals and the 
normal copy of the CCNDl region (red) on chromosome 11 represents non rearranged 
IGH and CCNDl genes. (D) The G4(D 1 -) line, there are two copies of CCNDl (red) 

and two copies of IGH (green) indicating both copies of CCNOi and IGH are not 
rearranged. An enumeration (centromere) probe for chromosome 11 (E and F), reveals 
three to four copies of the 11 centromere in NCEB (E) whereas Nl line (F) has only two 
copies of chromosome 1L Using a dual fusion, dual color CCNDl/IGH, probe (G and 
H), the NCEB parental cell line shows 2-4 fusions, as well as extra copies of the IGH 

region of chromosome 14. There is also one normal copy of the CCNDl region on 
chromosome 11. (H) The Nl line shows two copies of CCNDl (red) and three copies of 
IGH (green). IGH is rearranged indicated by the one large green signal (normal IGH) 
and two smaller green signals (IGH rearrangement, arrowheads). These results suggest 
loss of the derivative 11 chromo.some and rearrangement of IGH on chromosome 14. 
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Figure 4-3. S ummary of FISH results for the presence of the l( 11:14) in Granta and 
NCEB and derivative mutant cyclin Dl(-) cell lines. Two probes were used, a 
centromeric chromosome 11 probe (Oncor) to determine the number of copies of 
chromosome 11 present and an 11:14 fusion probe (IgH/CCNDl, Vysis, Inc.). The 
diploid fibroblast line LT was used as a negative control. The data showed the loss of the 
11:14 chromosome in the mutant cyclin D1 (-) cell lines. *NCEB had 23% 2 fusion, 
57.8% 3 fusion and 17.6% 4 fusion. 
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Figure 4-4. Southern analysis of MCL parental and mutant cell lines. Parental cell line 
Granta (G) and derivatives (G4, LGl, LG2) genomic DNA were cut with EcoRI and 
Southern blotted with the Granta breakpoint (P519) probe. Parental ceil line NCEBl (N) 
and derivatives (Nl, N2, N3) genomic DNA were cut with BamHI and Southern blotted 
with the NCEB1, breakpoint (MTC) probe. The parent cells have both translocated and 
untranslocated chromosomes 11, so NCEBl and Granta showed higher and lower bands 
respectively, while the variants, which retain only the untranslocated chromosome, only 
have the lower band. The llql3 map at the bottom shows the locations of the 
breakpoints relative to the cyclin D1 gene locus. 
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Cyclin D1 Is Not Expressed in the Genetic Variaiits 

RT~PCR assays were performed to co-amplify the cyclin D1 and (3-actin mRNAs. 

Parental cell lines Granta and NCEBl showed cyclin D1 expression, as shown previoysly 

in Figure 3-1. However, the derivative cell lines, which had lost the translocated/active 

chromosome 11:14, also did not express the cyclin D1 gene (Figure 4-5). 
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Figure 4-5. RT-PCR Analysis of Granta and NCEB cell lines and mutant lines G4, LGl, 
LG2 and Ni, N2, N3. Clones did not express cyclin D1 mRNA. Actin was used as a 
positive control. 
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The Cyclin D1 Promoter Is DNA Hypermethylated in, the Genetic Variants 

DNA metliylation around the cyclin DJ locus in the cyclin Dl(-) cells was 

analyzed. The cyclin D1 promoter region including sequences 3kb upstream were 

completely remethylated, as shown by Southern analysis (Figure 4-6) and bisulfite 

sequencing (Figure 4-7a, 4-7b). DNA remethylation occurred in sequences 120 kilobases 

(MTC; Figure 4-7c, 4-7d) and 90 kilobases (P519; Figure 4-7e) upstream of the cyclin 

D1 gene. At the MTC, some CpG sequences such as at the Hpa 11/ Msp site remained 

unmethylated in both cyclin D1 expressing and nonexpressing clones (see Figures 4-6,4-

7c, 4-7d), while others in the middle of the 5' MTC were demethylated in parental Granta 

cells and methylated in the nonexpressing clone G4 (see Figures 4-7d). In addition, CpG 

sites such as those located at the 3' end of the 5' MTC or in the middle of 3' MTC were 

demethylated in the nonexpressing clones (see Figure 4-7c, 4-7d). The variability in 

behavior of CpG sites in the MTC reason is unclear and may be due to a distance effect 

or alternatively the propensity for chromosome translocation in MCL. 

However, in aggregate, these data, along with the previous methylation data from 

the cyclin D1 expressing cell lines that showing complete demethylation (see Figures 3-2 

to 3-7), are consistent with a model where the translocated chromosome exerts a 

demethylating effect in trans on the nontranslocated chromosome. This long distance 

demethylating effect di,sappeared with the loss of the translocated chromosome in the 

mutant lines. The transdemethylating effect extended from the cyclin DJ. promoter up to 

the MTC region, 120 kilobases upstream. ,ldentical results were obtained with additional 

independently isolated Granta and NC.EB clones (LGl, LG2; N2, N3; see Figure 4-6). 
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Figure 4-6. Analysis of DNA niethylation in Granta (G) vs. 04, LGl, LG2 cell lines, and 
NCEB-1 (N) vs. Nl, N2, N3 cell lines. Parental Granta (G) and NCEB (N) arid mutant 
G4, LGl, LG2 and Nl, N2, N3 were cut with Hind III + Msp or Hpa II and Southern 
blotted with probes spanning the cyclin D1 locus as in Figure 3-3. All the regions studies 
were unmethylated in the parental cell lines. In the mutant cell lines, tlie MTC region 
remained unmethylated, but the other regions were CpG methylated. 
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Figure 4-7. Remethylation of the cyclin D1 locus in cyciin Dl(") clones. Bisulfite 
sequencing in G4 and N1 cell lines in various regions, (a). Cyclin D1 promoter region, 
(b). 3kb upstream of the cyclin Dl. promoter region, (c), 3'of MTC region, (d). 5'of 
MTC region, (e). P519 region, lliere was extensive remethylation in the promoter and 
3kb upstream regions and remethylation of some but not all sites in the p5l9 and MTC 
regions located 90 and 120 kilobases upstream of the cyciin Dl gene. 
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DNA Hypermethyiation Is Also Demonstrated by M.ethyktion-Specific PGR 

Metliylation-specific PGR is another method used to assay DNA methylatioii, 

besides Southern blot analysis with paired restriction enzymes and bisulfite sequencing. 

This method complements Southern blot approach for incomplete digestion and bisulfite 

sequencing for possible PGR bias (Warnecke et al, 1997), Bisulfite treated genomic 

DNA is used as template, and primer sets with at least one CG and as many as possible in 

the 5' and 3' primer sequences are used. The PGR primers were designed with C's 

converted to T's except the C's in the CG sequences. So, if a PGR product is present, the 

sequences represented by the primers are methylated in the GpG dinucleotides; otherwise, 

they are unmethylated or partially methylated. This approach was used in both tlie cyclin 

D1 promoter and the 3 kilobases upstream regions, comparing the parental cell lines 

Granta and NGEBl with the derivative cell lines G4 and Nl. Tlie data showed that both 

regions were remethylated in the genetic variants (Figure 4-8). 
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Figure 4-8. Methylation fipecific PGR confirmed cycliii D1 promoter DNA 

demelhylation in MCL. cell lines Granta (G) and NCEBl (N) and remethylation in mutant 
cell lines G4 and Nl. Primer sequences used for the cyclin D1 promoter and upstream 3 
kilobases (UP3K) regions were designed lo detect methylated CG, but not demethylated 
CG, or even paitially methylated CG sequences. Primers used Ibr the cyclin D1 promoter 
are: 5'-GTAGGCGCGGCGTTTTAG-3' (-197 to -180 nt relative to the transcription 
start), and 5'-GCTCGACTCTCGCTTCTAC-3' (90 to 108 nt relative to the transcription 
start); for the UP3K are: 5'-GTCGTrGGCGAAAGGTCG-3' (-2827 to -2810 nt relative 
to the transcription start), and 5'-TCATTCAAAAACCGACGCG-3' (-2722 to -2710 nt 
relative to the transcription stait). 
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Bisulfite Sequencing in tlie Cyclin D1 Promoter Region Is Not Biased 

Treatment with bisulfite introduces DNA sequence changes that are dependent on 

the methylation state of the target DN A. In a sample with variable or heterogeneous ' 

DNA metliylation, a pool of molecules with different sequences will be created from, 

dependent on the locations of methylated cytosines. In the standard bisulfite treatment 

protocol, PGR primers are designed so as to avoid regions that contain CpG sites within 

the primers thus avoiding the preferential amplification of methylated or unmethylated 

sequences. However, despite the presence of identical primer sequences, methylated and 

unmethylated sequences do not always undergo PGR amplification at the same efficiency 

following bisulfite treatment. This is due to the very different sequence composition of 

methylated and unmetliylated sequences after bisulfite treatment. An amplification bias 

of up to 30-fold between fully methylated and unmethylated sequences has been 

demonstrated (Warnecke et al, 1997). The occurrence of PGR bias can often be predicted 

from the sequence composition. Highly methylated CpG-rich sequences tend to be more 

prone to PGR bias, presumably since there is a greater potential for sequence variability 

following bisulfite treatment. In addition to artifacts inti'oduced through PGR 

amplification, lack of conversion by bisulfite treatment (Harrison et al, 1998; Ramsalioye 

et al, 2000) or preferential cloning of either "methylated" (C-rich) or "unmethylated" (T-

rich) sequences (Xiong and Laird, 1997) can also introduce errors tliat may complicate 

inteipretation of bisulfite sequencing data. 

To eliminate the possibility that the methylation pattern obsetved in the cyclin D1 

promoter region was due to bias, equal quantities of genomic DNA from parental and 



derivative cell lines (Granta with G4, NCEBl with Nl) were mixed and bisulfite 

sequencing assays were perfoniied. The cyclin D1 promoter region showed VQIJ low 

levels (close to 0%) of cytosine methylation in tlie parental cell lines Granta and NCEBl 

(see Figures 3-2 to 3-6) and very high levels (close to 100%) in the mutant cell lines G4 

and Nl (see Figures 4-6,4-7). Figure 4-9 showed approximately 50% cytosine 

methylation in both mixtures, suggesting that the bisulfite sequencing results in the cyclin 

D1 promoter region was not biased toward either the methylated or the unmethylated 

DNA templates. 



124 

G+G4 

« •  

# 

BuclwiWe from tfanserlpton start 

N+N1 

5. # .# # ^ 

nucMWe from transcription $ltrt. 

Figure 4-9. Bisulfite sequencing of ttie cyclin D1 promoter region using mixed genomic 
DNAs as template. Genomic DNA from tlie parental cell lines Granta (G) or NCEB l (N) 
was mixed at an equally 1:1 ratio with the mutant cell line G4 or Nl, respectively. The 
metliylation percentage was approximately 50% in the cyclin D1 promoter region. 
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DNA Hypermethylation Is Not Caused By Selection 

To eliminate the possibility that the remethylation in the cyclio D1 promoter 

region observed in the genetic variants was caused by the selection process in the gene 

targeting procedure, I also studied several non-homologous recombinant clones obtained 

in the sjime gene targeting experiment to insert, the Efi intronic enliancer into the MTC 

region in the MCL NCEBl cell line. Tlie cyclin Dl gene was expressed in these clones 

(Figure 4-1,0a), and the cyclin Dl gene promoter and the MTC regions were 

demethylated (Figure 4-10b, 4-10c), simiktr to the patterns observed in the parental cell 

line NCEBl (see Figures 3-2 to 3-7), but different from the mutant cells (see Figures 4-6, 

4-7,4-8). 
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Figure 4-10. Non-homologous recombinant clones did not show CpG methylation. (a). 
RT-PCR analysis showed that these clones expressed the cyclin D1 gene mRNA. (b). 
Southern blot analysis of clone N5 showed hypomethylation in the cyclin D1 promoter, 
MTC, and MyeOV regions and partial methylation in the P519 and cyclin D1 intron4 
regions. The other clones, N6 and N7, showed very similar patterns (not shown), (c). 
Bisulfite sequencing data showed very low level of cytosine methylation in the cyclin ,D1 
promoter region in clone N5. 
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The Cyclin Dl, Promoter Is Histone H3 and H4 Hypoacetylaled In Cyclin Dl(-) Genetic 

Variants 

Histone acetylation patterns in the cyclin D l(-) genetic variants were then studied 

by Chip assays. The cyclin Dl promoter region, extending 3 kilobases upstream, was 

deacetylated in the mutant cell lines. The upstream regions including MTC and P519, 

and the IgH regulatory region remained hyperacetylated (Figure 4-11). After the 

translocated chromosome 11:14 was lost, the cyclin Dl promoter chromatin was histone 

H3 and H4 hypoacetylated, but the upstream regions and the IgH regulatory regions 

remained histone H3 and H4 hyperacetylated. 
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Figure 4-11. Histone aceiylation analysis in MCL parental and cyclin Dl(-) derivative 
cell lines. ChIP assay with acetylated histone H3 and H4 showed hyperacetylation in the 
parental cell lines Granta (G) and NCEBl (N) and hypoacetylation in the mutant cell 
lines G4 and N1 in the cyclin D1 promoter and upstream 3 kilobases (UP3K) regions. 
The otlier regions, including upstream regions MyeOV, MTC, F519, tlie cyclin D1 gene 
intron4, and the IgH regulatory elements showed higli levels of acetylation in all the cell 
lines studied. 
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Histone H3 Methylation Only Occurs On the Uiitranslocated Qwomosome 11 

Chip assays were also used to examine the distribution of Iysine9 and Iysine27 

methylation at histone H3 (H3-meK9, H3"nieK27), which has been shown in several 

different systems to be associated with transcriptional repression (Lilt et al, 2001a; 

Herman and Baylin, 2003; Mutskov and Felsenfeld, 2004). Antibodies to dimetliylated 

H3 K9 or trimethyhited H3 K27 and PCR primers that amplified only the translocated 

chromosome, or both the translocated and the iintranslocated chromosome 11 were nsed 

(Figure 4-12). The results of this analysis showed the presence of FO-meK9 and H3-

meK27 at the P519 region (Granta t(l 1;14) translocation breakpoint) in both the parent 

MCL cell line Granta and the genetic derivative 04, which has lost the translocated 

chromosome, when the chromosome 11 primer set was used (P519). Wlien the t(l 1;14) 

specific primer set was used (P519_bkp), a PCR product was amplified only with DNA 

from Granta cells with the translocated chromosome 11:14 (input). However no binding 

to H3-meK9 or H3-meK27 ChlP DNA from, this region was detected. Granta and G4 

cells botli contain untranslocated chromosome 11's. Binding of H3-meK9 and H3-

meK27 at the P519 region was detectable in both these cell lines, but no binding was 

detected when the t(l 1; 14)- specific P519 PCR primers were used. These results suggest 

that histone H3 K9 and K27 methylation occurs only on the normal chromosome 11. At 

the cyclin D1 promoter region, both cell lines showed histone H3 K9 and K27 

methylation, but similar to the results with the P519 primers, binding may occur only on 

the normal chromosome 1.1. PCR primers that recognize DNA polymorphisms between 

the translocated and untranslocated chromosome can be used to confirm this hypothesis. 



130 

Q m G G4 G m G f,4 
pmmotm-

mi9Mp 

warn 

input +19 +127 -Ab 
I  . lata „ , 

Wfim ^ mt fim Cyeiis m 

:a-k< '..'.k, "mfe 

Figure 4-12. Histone H3 metliylation analysis at the cyclin D1 promoter and P519 
regions. MCL cell line Granta (G) with t(] l;14) translocation breakpoint at the P519 
region, and its genetic derivative 04 with only normal/untranslocated chromosome 11 but 
not chromosome 11:14 were studied. The cyclin D1 promoter (promoter) and P519 
regions showed histone H3 K9 and K27 methylation in both cell lines, while P519„bkp 
region showed no binding. P519j3kp included a 5' primer on chromosome 14 and a 3' 
primer on chromosome 11 so that the PCR detects H3-meK9 and H3~meK27 binding in 
the P519 region in a translocated chromosome-specific manner. P519 included 5' and 3' 
primers both on chromosome 11 and both on the 5' of the translocation breakpoint so that 
die PCR detects H3-meK9 and H3-meK27 binding in the P519 region in both 
translocated and normal chromosome 11. The map below the figure indicates the 
location of the Granta breakpoint P519 relative to the cyclin D1 locus. 
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Cyclin D1 Gene Expression Cannot Be Activated In Genetic Variant 

Cyclin Dl(~) cell line G4, which lost the translocated chromosome 11:14, were 

treated with DNA methyltransferase irfiibitor 5-azacytidine, or histone deacetylase 

inhibitors trichostatin A (TSA) or sodium butyrate (NaB), or a combination of 5-

azacytidine and NaB, to attempt to activate cyclin D1 gene expression in these cells. RT-

PCR results showed that these drugs could not activate cyclin D1 gene expression in this 

cell line (Figure 4-13). 

Reintroduction of the translocated or inserted chromosome 11:14 into the genetic 

variants and further assay of its effect on the normal chromosome 11 will strengthen the 

trans acting model. Figure 4-14 showed preliminary results using the RFLP-PCR 

technique on parental cell line Granta, which showed a GO genotype, and mutant cell line 

Nl, which showed an AA genotype. The mixture of genomic DNA from Granta and N1 

as template for the PCR-RFLP analysis showed an AG genotype. This technique will be 

used for selection of hybrid clones (see Chapter 7). 
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Figure 4-13. RT-PCR of cyclin D1 expression in G4 cells treated with HDAC inhibitors 
or DNA demethylating reagent. Cyclin D1 nonexpressing cell line (G4) was treated with 
demetliylating agents 5-azacytidine (5-azaC), histone deacetylase inhibitors sodium 
biityrate (NaB) and trichostatin A (TSA) to attempt to activate cyclin D1 expression. 
Results showed that it was not reversible. Granta (G) was used as a positive control. 
Actin was used as control for RNA quantity and integrity. 
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Figure 4-14. Cyclin D1 gene A87()G PCR~RFLP analysis. PCR product from Cydin 
Dl(+) parental cell line Granta could be cut by BsrI to produce the 145bp smaller 
fragment, which meant that Granta had the GG genotype. Mutant cell line N1 with AA 

genotype showed the 167bp larger fragment. Mixture of genomic DNA Granta and N1 
showed both fragment. The 22bp fragment with BsrI digestion was too small to be seen 
on the gel. 
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Genetic Variants of MM Ccli Line U266 Have No Active Chromosome 11, Or Cyclin D1 

Gene Expression 

U266 is a cyclin D1 expressing MM cell line with an insertion of the IgH 

regulatory sequence at about 10 kilobases centromeric of tJie cyclin D1 promoter (Gabrea 

et al, 1999). This active chromosome 11 was lost after a gene targeting attempt and LUl 

and LU2 clones were obtained (X. Liu and Epner, unpublished results). FLSH results 

summarized in Figure 4-15. No cyclin. D! mRNA was detected in LUl or LU2 cells 

(Figure 4-16). 
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Figure 4-15. FISH results for the presence of the t(l l: 14) in U266 and derivative mutant 
cyclin Dl(-) cell lines. Two probes were used, a centromeric chromosome 11 probe 
(Oncor) to determine the number of copies of chromosome 11 present and an 11:14 
fusion probe (IgH/CCNDl, Vysis, Inc.). The diploid fibroblast line LT was used as a 
negative control. U266 has a variant insertion t(l 1;14) than those shown in Granta and 
NCEBI (see Figures 4-1, 4-2), therefore only one fusion is obtained on positive cells. 
The negative pattern for this cell line is 2 red signals (II) and 3 green signals (14q32). 
The data showed the loss of the 11:14 chromosome in the mutant cyclin D1 (-) cell lines 
LUl and LU2. 
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Figure 4-16. RT-PCR Analysis of MM: cell lines and derivatives. MM cell lines U266, 
KMS12, KMS2iBM: expressed cyclin D1 mRNA while the U266 mutant clones LUl and 
LU2 did not. Actin was used as control. 
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Trails Demeihylatioii Is Also Present in Cyclin Dl Expressing MM Cells 

DNA methylation status was studied in MM cell lines and the U266 derivatives. 

The cyclin Dl promoter region and P519 region, which is 90 kilobases upstream, showed 

complete demethylation in the cyclin Dl(+) MM cell lines, including U266, KMS12, and 

KMS21BM (see Figure 4-16), by Southern blot analysis (Figure 4-17), similar to the 

results of MCX cell lines Grsinta and NCEBl with t(ll;14) translocation. .KMS12 and 

KMS2rBM are M,M cell lines that express cyclin Dl and contain a t(il ;14) translocation 

(Fonseca et al, 1998; Fonseca et al, 2002) involving the cyclin Dl gene and the IgH 

locus. DNA hypermethylation was observed at the cyclin Dl locus in the mutant MM 

cell lines (see Figure 4-9a), which had lost the active chromosome with inserted IgH 

regulatory elements. These results were similar to those obtained with the mutmit cell 

lines from Granta and NCEBl which had also lost tlie translocated/active chromosome 

t(ll:14). In aggregate, these results suggest, a trans demethylation effect could be 

observed with inserted IgH regulatory elements (3' Ca) as well as with a chromosome 

translocation. Thus, 3' IgH regulatory sequences are sufficient for a trans demethylation 

effect. 
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Figure 4-17. Analysis of DNA methylation in MM cell lines using Soutliern blotting, 
(a). The cyclin D1 promoter region and upstream region p519 are unmethylated in 
expressing cells (U266) and methylated in nonexpressing LUl and LU2 cells, while the 
MTC region is unmethylated or partially metliylated in all cell lines, (b). Cyclin D1 
expressing MM cell lines KMS12 and KMS21BM are unmethylated in all regions 
examined, similar to U266 cells. 
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Discussion 

Evidence for long distance, trans demetliylation suggests an active role for the 

translocated or inserted IgH locus in demethylation of up to 90 kilobases upstream of the 

cyclin D1 gene in maintaining activation of the cyclin D1 gene. 

Recent observations in transgenic mice have described paranmtation/transvection 

at the rasgrfl, Rosa26, Igf2r, and U2afl-rs loci (Hennan et al, 2003). At all of these 

murine loci, changes in DNA methylation patterns were observed in trans, Ixtng 

distance, in cis DNA methylation ch^uiges have been demonstrated at the H19/IgC locus 

in mice and up to 100 kilobases upstream in trans at the maize rJ locus (Walker, 1998). 

The potential association of paramutation/transvection with human genetic 

disease has been noted at a VNTR in the human insulin gene locus, which is associated 

with the susceptibility to type 1 diabetes (Bennett et al, 1997). The finding in B cell 

malignancy is the first report of association of transvection with human cancer. The 

mechanism of transvection in B cell malignancies is unknown, but probably involves 

effects of the translocated or inserted IgH locus with associated regulatory elements-Efi 

intronic enhancer and the 3'Ca LCR. The observations with U266 cells suggest that 

regulatory elements from 3'Ca LCR alone are sufficient.' One or both of these regions 

may recruit proteins that are capable of demethylating homologous chromosomes. The 

contribution of transvection to the pathogenesis of B cell malignancy remains to be 

determined. Since translocations of the IgH locus are frequent in B cell malignancies, 

transvection may be associated with otlier translocated loci in B cell malignancies such as 

c-myc and bcl-2 in NHL and c-maf and fgfr3 in MM. Further investigations of the long 
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distance trans demethylation phenomenon could provide new insights into the 

pathogenesis and treatment of B cell malignancies. 



C:iiAPTER 5: POL II BINDING AND CYCLIN Di EXPRESSION 

Introduction 

RNA polymerase II is present at the promoters of actively transcribed genes 

(reviewed in Chapter 1), and this observation has been confirmed in the P-globiii locus 

using the ChIP assay (Johnson et al, 2001, Sawado et al, 2003). Pol II is also found at the 

regulatory elements in vivo in the P-globin LCR (Johnson et al, 2001), MHC tipstream 

regulatory element (Mastemak et al, 2003), and the prostate specific antigen enhancer 

(Louie et al, 2003). Recent evidence from the Groudine lab has suggested that the mouse 

P-globin LCR controls transcription by regulation at the level of transcriptional 

elongation (Sawado et al, 2003). A long-range Pol II transfer (LPT) mechanism has been 

proposed in the mouse fi-globin locus, where Pol II is first recruited to the LCR and then 

is relocalized to promoters by accessory factors (Johnson et al, 2003). 

I used the ChIP assay to map the locations of Pol II binding sites in the cyclin Dl 

promoter and upstream regions, Eu enhancer, and 3' IgH Ca LCR. Here, I found Pol II 

located at the cyclin Dl promoter, upstream sequences, and IgH regulatory regions only 

in cyclin Dl expressing B cell malignancies. 
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Results 

Pol II Binding To the Cyclin D1 Proirioter Region Con-elates With the Cyclin D1 Gene 

Expression and Pol II Binding To the Upstream Regions of the Cyclin D1 Gene Locus 

Correlates Witli Cyclin D1 Deregulation 

Ch.l[P assays were used to assay the presence of Pol II at the cyclin D1 promoter 

region. Pol II was bound to the cyclin D1 promoter in MCL lines Granta and NCEB and 

in MCF7 breast cancer cells which expressed high levels of cyclin D1 (Figure 5-la, 5-

Ib). There was no Pol II found at the cyclin Dl promoter in nonraalignant T or B cells 

(see Figure 5-lb, 5-lc). Interestingly, no Pol II was detected at tlie cyclin Dl promoter in 

K562 erythroleukemia cells (see Figure 5-lb), which expressed low levels of cyclin Dl 

niRNA by RT-PCR. This observation suggested possible involvement of either Pol I or 

111 in die low level cyclin Dl transcription in K562 cells. There was no Pol II found at 

the MTC region in any cell type examined (see Figure 5-1). In the two MCL lines 

examined, the MTC region was distal to the IgH breakpoint and thus would be found on 

the translocated chromosome partner. Suiprisingly, examination of sequences upstream 

of the cyclin Dl promoter and proximal to the chromosomal breakpoints revealed Pol II 

binding to both the P519 and upstream 10 kilobases regions only in cyclin Dl 

overexpressing B cell lines but not cyclin Dl nonexpressing B cells or cells of otlier 

origins with or without cyclin Dl expression (Figure S-la, 5-lb). These observations are 

consistent with the tracking of Pol II from the IgH regulatory regions, across the 

chromosomal breakpoint, and to the cyclin Dl promoter. 
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Figure 5-1. CliIP assays of Pol II binding to the cyclin D1 promoter and upsti"eam 
regions, (a). Pol II bound lo the cyclin D1 promoter, upstream lOkb, and F519 regions 
in the cyclin Dl(+) MCL cell lines Granta (G), NCEB-1 (N). Myeloid HL60 cells and 
BL Manca cells were used as negative controls, (b). MCF7, a cyclin Dl{+) breast cancer 
cell line, demonstrated Pol II binding at the cyclin D1 promoter region. K562 was used 
as a negative control. EBV-transfoiined B lymphocytes showed no Pol U binding in any 
region in the 1 !ql3 locus, (c). Noranal human CD4+ T cells (NT) and activated T cell 
clone (D160) showed no Pol II binding in the cyclin D1 promoter region, Granta (G) and 
NCEB-] (N) were used as positive controls. No binding of Pol 11 lo the MTC region was 
observed in any cell source examined. Bottom map shows the sites of translocation 
breakpoints relative to the cyclin D1 gene locus for Granta and NCEBl cells. 
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Pol II Binding To the IgH Regulatory Elements C'orrelates With Chromosome 

Translocation 

Chip assays were then employed to determine whether Pol II is bound in vivo to 

IgH regulatory elements. Pol II was bound in vivo to t!ie IgH EjJ intronic enhancer and 3' 

Ca LCR sites HS3 and HS4 in MCL cell lines Granta and NCEB-1 and the BL cell line 

Manca (Figure 5~2a), These cells lines all contain IgH translocations. Pol II was also 

present at E|i. in EBV-transforraed B cells but not in T cells (Figure 5-2b, 5-2c). No Pol 

II was bound at the 3'LCR Ca HS3 and 4 in nonmalignant B or T cells or in K562 and 

MCF7 cells (see Figure 5-2b, 5-2c). The latter two cells lines express cyclin D1 but do 

not possess IgH translocations. These results are consistent with a model of Pol II 

tracking from the IgH regulatory regions to the cyclin D1 promoter in B cell 

malignancies (see Discussion). 
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Figure 5-2. ChIP assays of Pol II binding to the IgH regulatory elements. Pol II bound to 
IgH regulatory regions (E|jl, HS4, HS3) in Granta. NCEB-1 and Manca (M) cells, which 
contain chromosomal translocation involving IgH regulatory elements, (b). MCF7 
showed no Pol II binding at the IgH regulatory elements. EBV-immortalized human B 
cells LCLl and LCL2 showed Pol II binding in the E|i intronic enhancer region, (c). 
Normal human CD44- T cells (NT) and activated T cell clone (D160) showed no Pol II 
binding in the IgH regulatory regions. 



Pol II Does Not Bind To the cyclin D1 ftomoter Region Or 3'Ca LCR In the Cyclin 

Dl(-) Genetic Variants 

The cyclin Dl(-) genetic variants were also studied for Pol H binding. The results 

were very similar to the EBV-transfomied lymphocytes (see Figures 5-lb, 5-2b). 

Because these cells had lost the translocated/active chromosome, they lost cyclin DI 

expression too. No binding of Pol II was found at tlie cyclin Dl promoter region or the 

IgH regulatory elements (H.S4. HS3), or the MTC region in these mutant cell lines 

(Figure 5-3). Pol II bound to the Eii intronic enhancer in both parental and mutant cell 

lines, similar to the pattern observed in the cyclin Dl(-) EB V-transforraed B 

lymphocytes. The Pol II binding to the E|t intronic enliancer correlates with the reports 

of sterile transcript (Kuzin et al, 2000). 

To determine whether Pol II binding is involved in the long distance cyclin D1 

deregulation in a transcription dependent mode, I looked for transcripts in the cyclin D1 

and IgH loci. Figure 5-4 showed a preliminary study using RT-PCR. Furtlier studies 

using Northern blot to look for larger transcript, or RT-PCR in other regions, including 

the repetitive sequences in the IgH locus, will be performed (see Chapter 7). 
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Figure 5-3. ChlP assays of Pol II binding to the cycMn D1 promoter and IgH regulatory 
regions in the parent and genetic variant cell lines. Cyclin Dl(-) G4 and N1 cells showed 
no Poll! binding at the cyclin D1 promoter region. No PolII was bound to IgH regulatory 
regions (HS4, HS3) while Pol II binding to the Eu intronic enhancer region was obsej-ved 
in all the B cell lines assayed. 
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Figure 5-4. RT-PCR analysis of cyciin D1 and IgH loci. Granta (G) cells mid EBV-
transfomied B lymphocyte (LCLl) showed RNA transcripts in the Efi, intronic enhancer 
region. But for the other regions, little or no niRNA was observed in Granta cells even 
though Pol II binding was detected (see Figure 5-1). 
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Discussioii 

Chip assays were used to study Pol 11 binding to the cyclin D1 promoter and IgH 

regulatory regions. The results indicate that Pol II bound to tilie cyclin D1 promoter only 

in cell lines where tlie gene was actively transcribed, in contrast to promoter histone 

acetylation and DNA hypomethylation, which could be observed in nonexpressing B and 

T cells. Thus, DNA hypomethylalion and histone hyperacetylation and RNA polymerase 

11 binding at the cyclin D1 promoter together were all required for deregulated expression 

of cyclin D1 in B cells. Unlike observations from normal loci such as the |3-globin and 

class II MHC, I have found Pol II binding and histone acetylation at cis linked regions 

upstream of the promoter. These data are consistent with a transcriptional mechanism of 

cyclin D1 gene activation in B cell malignancies involving Pol 11 tracking from IgH 

regulatory elements, in contrast to the recently reported LCR-mediated regulation of 

mouse (3-globin gene expression by transcriptional elongation (Sawado et al, 2003). 

Pol II was also found present in vivo at IgH regulatory regions, including the Ejj, 

intronic enhancer and 3' Ca LCR HS 3 and 4. Sterile germ line transcripts originating 

from the E|i enhancer have been described (Kuzin et al, 2000), so the presence of Pol II 

at the Ep, enhancer in B cells was not surprising. However, in the other IgH regulatory 

sequences (3' Ca LCR), no RNA transcripts or Pol II binding has been reported. Recent 

targeted deletion experiments in the mouse 3' Ca LCR liave identified 3' HS 3 and 4 as 

important elements for gennline transcription and class switch recombination (Pinaud et 

al, 2001), but their role in deregulation of genes such as cyclin D1 in B cell malignancies 

remains obscure. In addition to DNA hypomethylation and histone hyperacetylation, Pol 
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II binding at both the cyclin D1 promoter, distal sequences and IgH regulatory elements 

was associated with cyclin D1 expression in B cell malignancies. 

Although the mechanism of long range gene deregulation in B cell malignancies 

is unknown, models iocliiding tracking, looping, and linking have been proposed in the p-

globin loci for long range gene regulation by ttie p-globin LCR (Bulger and Groiidine, 

1999; Bulger and Groudine, 2002). The presence of Pol II at the IgH regulatory regions 

in MCL is consistent with a long-range Pol D transfer (LPT) mechanism that has been 

proposed in the mouse P-globin locus. In this locus, looping has been implicated in tiie 

juxtaposition of the LCR and p-globin promoters, allowing access of LCR boimd factors 

to the p-globin promoters (Tolhuis et at, 2002; Carter et at, 2002). Pol II binds the mouse 

p-globin LCR independent of its recruitment to the promoter. The LPT model proposes 

that Pol II is first recruited to the LCR with the aid of the transcription factor GATA-1. 

Another erythroid factor, NFE-2, provides a signal for Pol II relocalization to the 

promoter, enabling transcription to initiate (Forsberg et al, 2002). 

Histone acetyltransferases have been shown to interact directly with elongating 

RNA polymerase II (Wittschieben et al, 1999), so in the tracking model, Pol II could 

track from translocated IgH sequences down to the cyclin D1 promoter. I have observed 

Pol II binding to the cyclin D1 upstream 10 kilobases and F519 regions in cyclin D1 

expressing, malignant B cell lines, which provided evidence in, support of a Pol II 

tracking TOCchanisra of long distance gene activation in B cell m,alignancies. 

The correlation of Pol II binding and histone acetylation patterns is consistent 

with the known association of Pol II and histone acetyltransferases. The Pol II tracking 



mechanism observed in malignant B cell lines widi t(l 1:14) differs from the IJ^f and 

looping mechanisms obsei-ved in normal loci such as the beta globin loci. Whether this 

mechanism is common to other chromosomal translocations in B and T cell malignancies 

and the identity of facilitating factors awaits further investigations (see next chapter). 

Undennethylation of a discrete region approximately 120 kilobases upstream of 

the cyclin D1 gene where the majority of MCL breakpoints are found (MTC) correlated 

with activation of the cyclin D1 gene in B cell malignancies. Activation of the cyclin D1 

gene by long distance translocation may be accompanied by changes in binding of 

methylation sensitive proteins involved in long distance activation of cyclin D1 

transcription. Several transcription factors stich as Spl and CTCF are known to bind to 

DNA in a metliylation sensitive fashion. Further studies utilizing the ChlP assay to 

examine binding of these and other DNA binding proteins in this domain may provide 

insights into the mechanism of long-range deregulation by IgH elements. 



CHAPTER 6: TRANSCRIPTION FACTOR BINDING 

Introduction 

Often, trans-acting transcriptional activators can bind to enhancer sequences in 

DNA distant from the gene promoters, by as much as several kilobases. These regulatory 

factors influence transcription by helping attract RNA polymerase II to the stait site of 

ti-anscription. Their mode of action appears to involve DNA looping, perhaps mediated 

by niicleosomes, which can bring enhancer-bound proteins into close physical contact 

with proteins bound to the promoter. vSome transcription factors can bind to either 

promoter or enhancer regions. The trans-acting factors tend to fell into a small number of 

classes, each defined by the kind of stractural domain that interacts with the DNA. 

Cyclin D1 is selectively transcribed in some B-cell lymphoma lines but not 

transcribed in some others, although sometimes the transcription does not correlate with 

chromosome translocation. It is well known that transcription regulation of genes in 

eukaryotic cells involves interaction of DNA-binding transcription factors with short 

consensus DNA sequence motifs in enhancer and promoter regions, and these 

interactions can occur in regions other than the promoter. Moreover, precise regulation 

of gene expression requires both positive and negative controls. 

Literature review and sequence analysis of the cyclin D1 promoter region were 

used to identify potential DNA-binding proteins to study further. Based on in vitro 

binding assay and transient transfection assays, several groups have found that cyclin 01 

gene expression is correlated with the binding of several transcription factors to the 

cyclin D1 promoter region. Induction of cyclin D1 gene expression by cell transforming 



proteins such as Racl and Dbs is dependent on nuclear factor kappaB (NF-kB) (Joyce et 

al, 2001). p300 protein, an adenoviras oncoprotein EIA-associated protein, activates the 

cyclin D1 promoter through an activator protein (AP-1.) site (Albanese et al, 1999). 

Expression of c-myc represses the cyclin, D1 promoter via core promoter elements and 

antagonizes USF-mediated transactivation (Philipp et al, 1994). The DNA binding 

domain, th.e pRB pocket binding region, and tite amino-terminal Spl binding domain of 

E2F were required for full expression of cyclin Dl (Nagata et al, 2001). Another protein 

that has been shown to bind in vitro to the cyclin Dl promoter and/or IgH regulatory 

regions is Oct-2 (reviewed in Tang and Sharp, 1999), a POU homeodomain protein 

predominantly expressed in B cells, in activated T cells and in the nervous system. Oct2 

has been recently shown to bind to the 3' Ca LCR region. CTCF (reviewed in Klenova 

et al, 2002), a ubiquitous protein witli 11 zinc fingers (ZF), can be a transcriptional 

activator or repressor depending on cell-context. It also binds to epigenetically controlled 

chromatin insulators that regulate imprinted genes in soma and blocks insulator activity. 

Cloning and sequencing of 3' Ca HS3 and HS4 revealed potential protein binding motifs 

for many of the transactivators known to regulate the IgH intronic (Ruezinsky et al, 

1991), 3' Ca (Grant et al, 1992) and 3' light chain (Meyer et al, 1989) enhancers, 

including octamer and E box consensus motifs. 

Sequence analysis has confirmed that consensus sites for most of these DNA-

binding proteins exist in the cyclin Dl promoter region, such as CTCF, SPl, Oct2, and 

NF-kB. Several transcription factors such as CTCF and Spl are known to bind to DNA 

in a methylation sensitive fashion. In a similar fashion, the hyperacetylated locus and 



promoter region seen in cytiin D1 expressing B cell maligtiaiicies may serve to recmit 

otiier factors involved in long distance deregulation. 

None of the previous studies address whether binding of these factors occurs in 

vivo. I used the ChIP assay to study in vivo binding of various transcription factors. The 

Chip assay was used to assay regions of lOOkb or more to detennine if a chroniatin-based 

signal could be detected. Initially, the cyclin Dl promoter were studied followed by 

other important regions such as the MTC and the 3'Ca LCR, in control, parental and 

genetic variant clones. Monoclonal antibodies to these transcription factors were used to 

immunoprecipitate sheared chromatin. DNA was then purified and amplified using PGR 

primers for tJie cyclin Dl promoter, MTC, and regulatory sequences. 

Using this technique, I have demonstrated that cyclin Dl expression was 

correlated with the histone H3 and H4 acetylation status and methylation status at the 

promoter. I have also observed differences in DNA methylation patterns at the MTC 

region between expressing and nonexpressing cells. Perhaps this difference is related to 

the methylation sensitive binding of a specific factor in the MTC region and is involved 

in long distance deregulation. In addition to using the ChIP approach to study which 

factors are associated with cyclin Dl expression in MCL and MM cell lines, I used a 

similar approach to determine what factors are involved in repressing cyclin Dl 

expression in nonexpressing cells. Candidate factors studied include components of the 

histone deacetylase complexes such as Sir2, as well as the family of DNA methyl binding 

proteins that includes MBDl, MBD2, and MeCF2, 
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Results 

Transcription Factors Do Not Differentially Bind Except CTCF, Oct2, SPl 

CTCF, Oct2, and SPl showed in vivo binding at the cyclin D1 promoter region in 

the cyclin D1 expressing cell line Granta but not the cyclin D1 non-expressing cell line 

G4 (Figure 6-la), while OCA~B (Bob-1), NF-KB, or a subtype of NF-KB (Rel-B) did not 

bind to the cyclin D1 promoter (Figure 6-lb). Binding of the histone deacetylase Sir2 

and the methyl-binding proteins MBDl, MBD2 and MeCP2 did not correlate widi cyclin 

D1 expression status (Figure 6-ic). 
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Figure 6-1. In vivo binding of various transcription factors to the cyciin Dl promoter 
region, (a). CTCF, Oct2, and SPl showed differential binding in the parental cell line 
Granta (G) and the mutant cell line G4. (b). OCA-B/Bob-I, NF-KB and its subtype Rel-B 
showed similar low levels of binding in both cell lines, (c). Methyl-binding proteins 
MBDl, MBD2, MeCP2, and histone deacetylase Sir2 did not show difference in binding 
to the cyciin Dl promoter region in tliese cell lines. 
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CTCF, Oct2, SPl Pajticipates Cyclin Dl Deregulation 

Chip assays were performed to further study in vivo DNA-protein interaction of 

CTCF, Oct2 and SPl at the cyclin Dl promoter, MTC, and Efi intronic enhancer region 

in cyclin Dl expressing and control cell lines. Oct2, SPl and CTCF binding to the cyclin 

Dl promoter region correlated with gene expression (Figure 6-2). ChlP analysis using 

primers from the MTC region did not show significant binding or clear association 

between binding of any of the above-mentioned factors and cyclin Dl gene expression. 

FCR primers from the IgH Ep. intronic enhancer region and 3'Ca LCR showed Oct2, 

SPl binding to tlie Ejj enhancer and 3' Ca HS3, HS4, which correlated with cyclin Dl 

expression. 
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Figure 6-2. In vivo binding of transcription factors in the cyclin D1 promoter region and 
IgH regulatory elements in B cell lines. Cyclin D1 over-expressing (G- Granta, N-
NCEB-1), nonexpressing BL cell (M- Manca), nonexpressing erythroid cell (H- HL60) 
and nonexpresing Granta-derived cell (G4) were' studied using the ChIP assay. CTCF, 
Oct2 and SPl bound to the cyclin Dl promoter and IgH regulatory regions in cyclin 
Dl(+) MCL cell lines Granta and NCEBl but not the other hematopoietic cells or the 
mutant cell line. No binding of any of these factors was ft)und in the MTC region in any 
cell line. 
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CTCF Does Not Bind To the IgH Regulatory Region in EBV-transformed Cells 

To furttier establish the coiTelation between transcription factor binding and 

cyclin D1 gene deregulation in B cell malignancies, the binding of CTCF, Oct2 and SPl 

were then examined in the 1 IqO locus and IgH regulatory region in the EB V-

transformed lyniphocytes. ChlP assays showed SPl and Oct2 binding in both the cyclin 

Dl promoter and IgH regulatory regions although the cyclin D1 gene was not expressed 

(see Figure 3-12). However, the CTCF binding was Ibund in the cyclin Dl promoter 

region but not the 3'Ca LCR region (HS4, HwS3) in these EBV-transformed B 

lymphocytes (Figure 6-3). CTCF bound to the Eji intronic enhancer in one cell line 

(LCLl), which correlated with the higher level of DNA deraethylation in (bis cyclin D}(-

) cell line (see Figure 3-13). None of these factors bound to the MTC region in vivo. 
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Figure 6-3. In vivo binding of transcription factors in the cyclin D1 promoter region and 
IgH regulatory elements in EBV-transformed B cell lines. EBV-transformed B 
lymphocytes LCLl and LCL2 showed binding of CTCF, Oct2 and SPl in the cyclin D1 
promoter region while cyclin D1 mRNA was not expressed in tliese cells. Oct2 and SFl 
were bound to the IgH regulatory elements Ep and 3' Ca HS4 and HS3 while CTCF was 
only found bound to the Ep intronic enhancer in only LCLl. None of these factors bound 
to the MTC region in either cell line in vivo. 
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CTCF, Oct.2, SPl Do Not Bind to IgH Regulatory Region in Non-13 Cells 

Non B cell malignant Cell lines, which expressed cyclin Dl, were assayed using 

the Chip assay for transcription factor binding in the 1 lql3 and ]4q32 loci. CTCF, Oct2 

and SPl bound to the cyclin Dl promoter region, but not to the other regions examined 

(Figure 6-4). 
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Figure 6-4. In vivo binding of transcription factors in the cyclin Dl promoter region and 
IgH regulatory elements in non-B cell lines. Cyclin Dl expressing stem cell line K562 
and breast ctincer cell line MCF7 were studied using ChIP assay. CTCF, Oct2 and SPl 
all bound to the cyclin Dl promoter region, but not the MTC region or the IgH regulatory 
region including Ep, intronic enhancer and 3' Ca LCR elements HS4 and HS3. 
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CrCF Binds to c«myc Promoter Region in BL Ceil, Line 

In BL, the c-myc gene locus and the IgH regulatory elements are juxtaposed after 

a t(8;14) chromosomal translocation, and it was proposed that sequences present in the 

IgH locus deregulates expression from linked c-myc alleles both by maintaining c-niyc in 

an active chromatin domain and by promoting interactions between c-myc and IgH 

regulatory elements (Spencer and Groudine, 1991). In a recent report, it was found that 

CTCF associates exclusively and constitutively with the 5' boundary region (2kb 

upstream of exonl) of the PI promoter and tlie P2 promoter region (0.23kb downstream 

of the begijining of exonl) of the c-myc gene (Gombeit et al, 2003). So I studied CTCF 

binding to the c-myc gene promoter regions in BL cell line Manca using ChlP assay, and 

HL60 cell line was used as control. Consistent with tlie results reported in Gombert et al, 

CTCF binding was found at the c-myc 5' boundary region of the PI promoter as well as 

the P2 promoter region in HL60 cells (Figure 6-5). CTCF bound to the 5' boundary 

region of the c-myc gene but not to the P2 promoter region in Manca cells, in which the 

c-myc promoter shifts from P2 to PI after chromosome translocation (Spencer et al, 

1990). 
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Figure 6-5. In vivo binding of CTCF at the c-myc promoter regions. C-myc expressing 
cell lines HL60 (H) and Manca (M; BL) were studied using ChIP assay. CTCF bound to 
the 5' boundary region (c-myc„K) of the PI promoter, and the P2 promoter region (c-
myc_N) of the c-myc gene, but not to the 3' boundary region {c-myc„L) of the c-myc PI 
promoter in HL60 cells. In Manca cells, CTCF binding was only found at the 5' 
boundary region (c-myc_K) of the c-myc PI promoter. The bottom map shows the 
positions of the primer sets used. 
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CTCF, Oct2, SPl Are Ubiquitously Expressed 

Chip assays demonstrated the correlation between, transcription factors CTCF, 

Oct2 and SPl binding to the cyclin D] promoter region and IgH regulatory regions and 

the cyclin D1 gene expression. Western blot analysis was then performed to raeasure the 

protein level of these transcription factors across various cell lines. Cyclin D1 protein 

was detected in the MCL cell lines Granta and NCEBl and the breast cancer cell line 

MCF7, consistent with the RT-PCR assays for mRNA level (see Figures 3-1, 3-10, 3-17, 

4-3). The transcription factors CTCF, Oct2, and SPl were universally detected in all cell 

lines examined (Figure 6-6), regardless of the cyclin D1 gene expression status. 
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Figure 6-6. Western blot analysis of cyclin D1 protein levels and transcription factors in 
cell lines. Cyclin D1 protein was found only in the MCL cell lines Graiita and NCEBl 
and breast cancer cell line MCF7. CTCF, Oct2, and SPl were detected at similar levels 
in all cell lines, including the cyclin D1 expressing cell lines Granta, NCEBl, and tlie 
cyclin D1 nonexpressing cell lines, including two cyclin Dl(-) mutant cell lines 04 and 
Nl, two EBV-transformed B cell lines LCLl and LCL2, two malignant B cell line HL60 
and Manca, and the erythroleukemia cell line K562. 
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Discussion 

Traditionally, transcription fector and gene promoter activity has been analyzed 

using reporter gene assays, EMSA, Western blot and cDNA microarrays. Although these 

methods have led to significant advances in understanding of transcription, they cannot 

be used to demonstrate that a particular protein is bound to a specific, native DNA 

sequence in living cells. ChlP involves the immunoprecipitation of protein/DNA 

complexes that have been stabilized in vivo via cross-linking, and offers a versatile 

solution by combining the specificity of immunoprecipitation with the sensitivity of PCR. 

In addition, the usability can be combined with the screening power of array profiling 

(so-called ChlP-CHlP assay, to be discussed in Chapter 7). 

I used the ChlP assay to demonstrate in vivo binding of CFCT, Oct2 and SPl to 

both the cyclin D1 promoter and JgH regulatory regions and to study the correlation with 

cyclin D1 gene deregulation by IgH regulatory elements. 

The zinc-finger protein CTCF (CCCTC-binding factor), previously known as 

NePl, is a highly conserved, ubiquitously expressed protein and was one of the first 

identified factors that bind to metazoan silencing elements known as insulators 

(Baniahmad et al, 1990). Analysis of DNA elements that bind CTCF has revealed that 

the binding site.s are extremely divergent, so both transcriptional repression and gene 

activation functions have been shown for CTCF (reviewed in Ohlsson et al, 2001). Its 

transcriptional repression domain can interact with the co-repressor SIN3A and recrait 

histone deacetylase activity (Lutz et al, 2000). Insulator elements, which act as a banler 

to prevent neighboring cis-acting elements from regulating a distal gene, have been found 



to me-diate their function by CTCF (Bell et al, 1999; Bell and Felsenfeld, 2000; Yusiifxai 

et al, 2004). Furthermore, the binding of CTCF to insulator elements involved in 

imprinting has been, shown to be methylation sensitive (Reik and Miirrell, 2000; Bell and 

Felsenfeld, 2000). Interestingly, the results shovi'ed CTCF binding as a transcriptional 

activation that correlates with cyclin D1 gene expression, histone hyperacetylation and 

DNA hypomethylation. A similar role for CTCF in the amyloid beta-protein precursor 

(APP) gene activation has been shown (Vostrov and Qnitschke, 1997). Although CTCF 

is generally thought to act as a transcriptional repressor, the protein is versatile in nature 

and capable of binding to highly divergent sequences by employing different 

combinations of zinc fingers (Ohlsson et al, 2001). Therefore, it is not surprising that the 

CTCF consensus sequences in the cyclin D1 promoter region can be dissimilar from 

other known CTCF binding sites. 

I have found that CFCF bound to the cyclin D1 promoter in expressing cells of B 

or non-B origin, and also cyclin Dl(-) B cells, but it only bound to the IgH regulatory 

elements in expressing B cells. These results suggest that the cyclin D1 gene 

deregulation in B cell malignancy requires tlie binding of CTCF to both the cyclin D1 

promoter and the IgH regulatory elements, maybe bringing these sequences together and 

also recruiting RNA polymerase II to act. Histone acetylation and DNA demethylation in 

the 11 ql 3 locus or IgH regulatory elements is not enough to activate the cyclin 01 gene 

expression, such as in the EBV-transformed B lymphocytes. The results in Granta vs. G4 

cells was also consistent with methylation sensitive binding of CTCF to the cyclin D1 

promoter. Interestingly, CTCF bound only to 3' Ca regulatory regions in cyclin 01 
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expressing cells even though these sequences were histone H3 and H4 liyperacetylated in 

all B and T cell lines examined. 

CTCF has been shown to bend DNA and cause chromosome conformation 

changes (Amok! et; al, 1996), so the findings of binding of CTCF to the cyclin D1 

promoter region and IgH locus in relationship to the cyclin D1 gene expression resulted 

in a model for involvement of CTCF in long distance gene deregulation (to be discussed 

in Chapter 7). 

Human Burkitt's lymphoma cells consistently exhibit c-myc chromosomal 

translocations, a loss of the block to transcription elongation in exonl, a promoter shift to 

use of the upstream PI promoter, and consequent aberrant c-myc expression patterns. The 

data showed that CTCF bound to the c-myc PI promoter region but not to the P2 

promoter region in BL cells, indicating that CTCF may play an important role in the 

mechanism responsible for the loss of transcription elongation blockage and resulting c-

myc deregulation in Burkitt's lymphoma, and also supporting a transcriptional activation 

model of CTCF on the c-myc gene expression (Klenova et al, 1993). 

Tlie data indicated that Oct2 and SP! may participate in the deregulated 

expression of cyclin D1 gene, but their role may be more as accessory factors. 
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CHAPTER 7: SUMMARY AND FUTURE DIRECTIONS 

A summary of the patterns of DNA methylation, histone acetylation, and binding 

of Pol II and other transcription factors studied are shown in Table 7-1. 

Data has shown that the DNA methylation status at tlie cyclin D1 promoter region 

inversely correlates with the cyclin D1 gene expression in all cell lines examined. 

Additional experiments to liirther define this association will be conducted, such as in the 

IgH regulatory elements, by Southern blot and bisulfite sequencing. The anticipated 

results is that IgH regulatory elements are hypomethylated in cyclin D1 overexpressing or 

c-rayc overexpressing B cell lines, since the chromatin structure of this region may be 

open to regulate the target genes at long distances by chromosome translocation. 

There are potential limitations for the methods that I used to study DNA 

methylation. Southern blot analysis does not identify all the methylated cytosine 

involved because the methylation-sensitive restriction enzymes have specific recognition 

sites, such as c/cgg for Hpall/Mspl. Methylation specific PCR approaches also have 

limitations: they only assay the methylation status of tlie CG dinucleotides in the primer 

sequences. Bisulfite genomic sequencing can precisely define the methylation status of 

the cytosines involved, but can only classify small regions (400 to 600 bp) at a time. In 

addition, sequence dependent or independent bias (Warnecke et al, 1997) is a potential 

problem with this technique. 
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Table 7-1, Suimnary of results ibr epigenetic changes on the 1 lql3 md 14c}32 loci. Trace 
expression, DNA metliylation detectable by Southern blot aiid/or bisulfite sequencing, or 
in vivo binding detectable by ChlP-PCR is denoted by + or DNA partial methylation is 
denoted by +/-. G: Granta; N: NCEBl; U: U266; GV: Genetic Variants; H: HL6(); M,: 
Manca; K: K562; Pt: t(ll;14) patient sample; LCL: EBV-transformed B lymphocytes; B: 
human CD 19+ nomial B cells; T: human CD4+ noraial T cells 
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Therefore, I have UvSed several complemeniary methods: Southern analysis to map 

large genomic regions, methylation specific PCR to confimi tlie results, md bisulfite 

sequencing to define methylation status in the regions that show differences between 

expressing and non-expressing cell lines, such as tlie cyclin D1 promoter region and the 

MTC region. Southern blot with other methylation-sensitive restriction enzymes such as 

Hial can also be used to supplement the analysis. In addition, non-CpG cytosine 

methylation may affect gene expression, for example C"'CXa/t)GCj methylation (MBlone 

et al, 2001). Whetlier it is affecting cyclin D1 gene expression and its relationship with 

CpG methylation can be studied with bisulfite genomic sequencing. 

Although acetylation of the cyclin D1 promoter and sequences 3kb upstream are 

associated with cyclin D1 gene activation, there does not appear to be a linear 

progression of histone acetylation from the translocated IgH sequences to the cyclin D1 

promoter. Upstream sequences are hyperacetylated in malignant hematopoietic cell lines 

but not in breast cancer cell lines or in nonmalignant B or T cells. The acetylation 

patterns in this genomic region are consistent with the concept of an active domain that 

may explain tlie propensity of this region for chromosomal translocation in B cell 

malignancies. 

In these studies, 1 have only studied histoneHS and H4 acetylation. Many other 

histone modifications have been described such as methylation, phosphorylation, 

ubiquitination, etc. Otiier antibodies could be used, to either analyze acetylation at 

specific lysine amino acid, or alternative histone modifications such as histone 
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methylatioii and phosphorylation that caxi potentially affect gene expression ("histone 

code"; reviewed in Jenuwein and Allis, 2001). 

Also, gene targeting studies can be conducted to delete important IgH regulatory 

elements or sequences in tlie MTC or IgH regions to turn olf the deregulated cyclin D1 

gene expression. DNA MethyJation and histone acetylation patterns can then be analyzed 

and conrpared between the mutant and the parental cell lines to further determine the 

con-elation between gene expression and the epigenetic changes. 

Thus far, I have been unable to reactivate cyclin D1 gene expression by treatment 

with demethylating agents or histone deacetylase inhibitors either alone or in 

combination. Also, cyclin D1 nonexpressing EBV-transformed B lymphocytes showed 

DNA hypomethylation and histone H3 and H4 hyperacetylation in the cyclin D1 

promoter region but not some other regions such as the MTC region. Drug treatment of 

these cells with S-azacytidine and/or TSA or sodium butyrate was not able to activate 

cyclin D1 gene expression. This may indicate that, although hypomethylation/acetylation 

status in the cyclin D1 promoter region correlates with gene expression, they are 

insufficient to turn on the gene. Alternatively, the treatment plan may not be effective 

enough. To further address this issue, first it will be important to have positive control 

for drug treatment efficiency. Treatment of silenced genes with DNA demethylating 

reagents and/or inhibitors of histone deacetylase has been shown to transcriptionally 

activate silent genes (Herman et al, 2003), and these genes such as p21 and P53 in B cells 

(Mitsiades et al, 2003) can be used as controls. Besides these two major classes of 

HDAC inhibitors: the hydroxamic acid derivatives such as trichostatin A (TSA) or 



SAHA, and the butyrat.es such as phenyl-biityrate, inhibitors to other HDAC fiimily 

member such as Sir2 can be tested. 

A trans methylation effect has been demonstrated with the translocated or inserted 

IgH regulatory elements from chromosome 14 acting on the untranslocated chromosome 

11. In the cyclin D1 overexpressing parental cell lines Granta and NCEB1 with the 

translocated/active chromosome 11:14 and the imtranslocated/inactive chromosome 11, 

the cyclin D1 promoter and upstream regions including the P519 sequence are almost 

completely demethylated. However, in the mutant cell lines where tlie translocated 

chromosome 11:14 has been lost, these regions are remethylated. 

In mouse, aben*ant CpG methylation of the endogenous imprinted U2afl-rsl(SP2) 

allele can be affected by an artificial homologous transgene in the testis (Hatada et al, 

1997). DNA methylation at the linked wild-type paternal lgf2 allele was reduced when 

the maternal HI 9 allele was deleted (Fome et al, 1997). My results suggest the existence 

of a trans-acting factor(s) that interacts with the cyclin D1 gene and prevents it from 

being methylated in 1(11; 14) B cell malignancies. Trans demethylation and activation of 

the cyclin Di gene were shown in the presence of the translocated or inserted 

chromosome, which indicates that tlie juxtaposition of IgH regulatory sequence and the 

cyclin Dl locus is essential while chromosome translocation is not required. When the 

translocated or inserted chromosome was lost, tlie cyclin Dl promoter on the remaining 

normal chromosome was methylated and gene expression was repressed. It is unknown 

if DNA methylation and repression happened simultaneously as results from loss of the 

active chromosome or as consequence of one another. This can be studied by studying 
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DNA methylalion after introducing a cyclin D1 overexpression vector into the genetic 

variantvS, or by assaying gene expression when the genetic variant cells are treated with a 

functioning DNA demethylating agent. Comraiinication between the translocated and 

normal alleles could maintain complete demethylation on both alleles. It is not known if 

physical interactions occur between the normal and translocated alleles. 

Human diseases such as Type 1 diabetes have been shown to be sensitive to a 

trans allele effect (Bennett et al, 1997). Understanding of the mechanisms underlying 

DNA methylation control and trans allele regulation at the cyclin Dl locus may assist in 

understanding related processes involving alleles associated human disease, including B 

cell malignancies with IgH chromosome translocation. 

To further clarify this phenomenon, reintroduction of the translocated 

chromosome 11:14 of the parental cell line Granta/NCEBl back into the genetic variants 

G4/N1 is being conducted by both somatic whole cell fusion and microcell chromosome 

transfer. For somatic whole cell fusion, different selectable marker genes such as 

neomycin, hygroniycin will first be introduced into the parental and mutant cell line 

separately. After the PEG-mediated fusion, clones containing translocated chromosome 

from the parental cell line and untranslocated chromosome from the mutant cell line will 

be selected based on a common A87()G single nucleotide polymorphism in exon 4 of the 

cyclin Dl gene (see Figure 4-14). The correct hybrid clones are expected to have the 

same pattern as the mixture (AG). Microcell chromosome transfer will be performed as 

follows: a selectable ro,arker gene such as neomycin will be integrated into tlie MLL 

gene locus on chromosome 11 q23 of the translocated chromosome 11:14 in parental cell 



lines by homologoiis recombination, th.en tliis "marked" chromosome will be transfeired 

to mutant cell lines. After hybrids have been obtained, methylation and acetylated status 

in the 1 lc}13 region will be examined, if the hypothesis is correct, I predict that the 

introduction of the translocated chromosome will demethylate chromosome 11 in the 

cyclin Dl(-) mutant cell lines, similar to what I have observed in the cyclin D1 

overexpressing B cell lines. 

The mechanism(s) for long distance gene regulation by cis-acting regulatory 

elements has not been elucidated, A central question for genes with a large and complex 

regulatory region is how to establish specific enliancer-promoter interactions (that is, how 

genes are turned on to produce a specific protein) whereby enhancer-interacting activator 

proteins recognize and activate specific, but often distantly located, gene promoters, and 

how to prevent inappropriate interactions, and thereby mistakes in cancer. Models 

including looping, tracking involving long RNA transcripts, and linking where a 

chromatin-based signal is propagated over long distances has been considered (Bulger 

and Groudine, 1999). 

RNA polymerase II has been observed from the IgH regulatory regions, across the 

chromosomal breakpoint, and to the cyclin D1 promoter. Pol II binding to regions along 

the 11 ql3 locus and the IgH regulatory elements indicates a long distance Pol II transfer 

or tracking as potential mechanism, of cyclin D1 gene activation in B cell malignancies. 

In P-globin locus, Pol II tracking has been shown involving long RNA transcript, while 

Pol II binds to only the regulatory sequences and gene promoter region but not the 

sequences in between (Bulger and Groudine, 1999). Little or no transcripts were found 
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along (he chromosome translocation although Pol II binding was shown in these regions 

(see Figures 5-1, 5-2, 5-3, 5-4). Noithem blot or further RT-PCR analysis to detect larger 

transcripts or Uanscripts in the other regions will be conducted. 

Small inhibitory RNA molecules have been shown to direct clu'omatin 

modification in trans in plant and Drosophila ((Zilberman et al, 2003; Pal-Bhadra et al, 

2002). Tandem repeats have been shown to be involved in this type of RNAi mediated 

repression. Recent characterization of a novel protein complex RITS (RNA-induced 

initiation of transcription silencing) was proposed to mediate the RNA-chromatin 

interaction (Verdel et al, 2004). Wliether there is a linkage between the RNA tracking 

model and the trims demethylating effect in the long distance cyclin D1 deregulation 

awaits further investigation. The identification of a protein or protein complex like RITS 

will help answer this question. Concurrent binding of CTCF to the cyclin D1 promoter 

and IgH regulatory region has been shown to associate with long distance cyclin D1 

deregulation. In addition, CTCF has been shown to bind to DNA in a methylation 

sensitive fashion. So it can be a potential candidate for the linkage between RNA and 

chromatin modification in ti'tins. 

Literature review cannot be identifying all potential DNA binding proteins. Only 

specific proteins have been studied and will be identified. Sequence analysis has the 

potential to identify many potential DNA-binding protein candidates. However, existing 

computer programs have limited database source of transcription factors. These two 

approaches were used in combination to search for potential candidates. Sometimes 
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"semiautomatic" sequence alignment lias to be dofte to find out if binding sites exist for a 

particular protein, such as CTCF. 

The new eraergiisg proteomics technology may be applied to extensively define 

potential candidates. Proteomics includes the identification of proteins in biological 

tissues, the characterisation of their physicochemical properties (complete sequence, 

post-translalional modifications), and the description of their behaviour (function, 

expression level) (reviewed in Zhu et al, 2003). A standard procedure is two-dimensional 

gel electrophoresis as the separation method, followed by mass spectrometry analysis of 

the separated and enzymatically digested proteins. The peptide mass fingerprints 

typically obtained by MALDI-TOF MS are matched against sequence databases using 

dedicated bioinformatics tools. The Groudine lab used the quantitative proteomics 

method to identify important transcription factors in erythroid differentiation and further 

Chip assays to define their regulation effects of gene expression through binding to the p-

globin LCR (Brand et al, 2004). 

It has been shown that Oct2, CTCF and SPl bind to both the cyclin D1 promoter 

region and the IgH regulatory regions such as the E|i intronic enhancer and 3'Ca HS4, 

HS3 in cyclin D1 expressing cell lines. However, CTCF only bound to the cyclin'Dl 

promoter region but not the IgH regulatory regions in cyclin D1 nonexpressing EBV-

immort'alized B lymphocytes and cyclin D1 expressing non-B cell lines, indicating that 

CTCF may play an important role in the mechanism, of cyclin D1 deregulation by IgH 

regulatory elements. CTCF binding was found at the c-myc gene PI promoter, the active 

promoter in BL cells biit not the P2 promoter or the IgH regulatory elements. This data 



suggests that CTCF is involved in c~myc gene expression but tlie involvement of CTCF 

may not be crucial in long distance deregulation of the c-myc gene. 

The importance of CTCF binding to the cyclin D1 gene locus will be further 

studied using the newly emerging RNA interference (RNAi) technology. This technique 

was recently used in transgenic mice to study the function of CTCF In HI 9 gene 

imprinting (Fedoriw et al, 2004). The expression pattern of the cyclin D1 mRNA and 

epigenetics of tlie cyclin Di gene locus including trans demethylation in MCL and MM 

cell lines will be analyzed after the CTCF protein level is reduced in these cells. 

Thus far, 1 have not been able to find a repressor protein binding that inversely 

correlates with cyclin Dl gene expression status such as Sir2 or one of tlie MBDs. 

Further studies using the combination of proteomics technology and ChlP assays will 

continue to address the question of differential binding of specific repressor or activator 

proteins to the cyclin Dl gene and the IgH regulatory elements in various type of cells. I 

anticipate that certain repressor proteins, such as methyl-binding proteins, as well as 

additional traiscriplional activators, are binding to the cyclin Dl promoter region and/or 

the IgH regulatory elements in the cyclin Dl expressing or non-expressing cells. Cyclin 

Dl promoter region tliat contains acetylated histones and hypomethylated CpG, 

dinucleotides correlates with deregulated gene expression. If a MBD or HDAC protein 

can be identified in this region that represses cyclin Dl transcription, knockdown 

experiment of this repressing factor using RNAi technology to attempt to activate cyclin 

Dl gene expression may provide more insights into .how the cyclin Dl gene is 

deregulated in B cell malignancies. 
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The Chip assay has the limitation of working on one small region (PC:R-based) at 

a time. And, it is used to study DNA-protein interaction, but these interactions may not 

be involved or essential in specific gene expression. 

The so-called "ChlP-CIilP" method (Horak and Snyder, 2002) can be used to 

solve this problem. Immimo-precipitated DNA can be used as probe to hybridize with 

niicroan-ay DNA chip containing a large number of genomic sequences. An alternative 

approach that 1 call "ChlP-Sontliem" may provide us similar capability. PI cosmids 

containing the cyclin D1 gene, the MTC region, and the IgH regulatory elements will first 

be cut witli appropriate restriction enzymes and run on a Southern gel. Immuno-

precipitated DNA will again be used as probe to identify regions that actually M"e bound 

to the protein. Future studies utilizing tlie ChIP assay may provide insights into the 

mechanism of long-range deregulation by IgH elements. 

Genetic approaches can also be used to make mutations or deletions of binding 

sites to determine if a reporter gene or the cyclin D1 gene itself can be turned on/off. 

A novel method called "chromosome conformation capture" (3C) (Figure 7-1) 

involves the isolation of intact nuclei, followed by formaldehyde fixation which causes 

cross-linking of genomic segments that are in contact via'their DNA-bound proteins. The 

cross-linking frequencies can then be measured by restriction enzyme digestion, ligation 

of intramolecular Iragmenls and detection by PCR amplification (Dekker et al, 2002). 

Dekker et al applied the technique to analysis of chromosome III of Saccharomyces 

cerevisiae, and could show that the telomeres ai-e in close spatial proximity and that there 

are dynamic changes in centromere interactions during meiosis. AT- and GC-rich 



domains exhibited different curved conformalions and constraints. Dekker et al also 

demonstrate that the 3C technique can be used to analyze chromatin flexibility and the 

importance of looping and long-range interactions along tlie chromatin fiber. 

Tolhuis et al (Tolhuis et al, 2002) used this approach in studying the long-range 

regulation of the moose |3-globin locus. f3~globin expressing liver tissue cells and non-

expressing brain tissue cells were used and compared. PCR-based relative cross-linking 

frequency comparing to controls demonstrated that the hypersensitive sites of the LCR, 

located 40 to 60 kilobase.s away from the active P"®'- and P"""-globin genes, and two 

distal hypersensitive sites, come in close spatial proximity to these genes, while the 

interaction is not observed in non-expressing tissue. Since IgH regulatory elements are 

similar to j5-globin regulatory regions in llinction in gene regulation, my hypothesis is 

that a stable loop is formed between the enhancer/LCR and the promoter region of the 

cyclin D1 gene with chromosomal translocation. PGR primers specific to these regions 

will be designed and tlie degree of physical interaction between IgH regulatory elements 

and the cyclin D1 promoter region will be assayed in cyclin D1 overexpressing cell lines. 

Nonexpressing lines and G4 cells will sei-ve as controls. 

I anticipate that physical interaction is detectable among the IgH regulatory 

elements, the cyclin D1 gene, and the MTC region, but not the other regions, in the cyclin 

D1 overexpressing B cell lines (see long-term goal). 

The 3C approach measures crosslinking efficiency by the formation of ligation 

products. This largely depends on the frequency with which two genomic sites interact, 

but other parameters such as local environment and fragment size may also make 
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contributions. Several things can be considered. First, it is best to study smaller 

fragments containing isolated entities. Second, an approach combining ChIP and 3C may 

allow identification of the proteins involved in long distance DNA interaction and 

improvement of tlte credibility of the results. DNA-binding protein specific antibodies 

can be added before ligation to inimunoprecipitate the cross-linked molecules and to 

increase ligation efficiency. 

A modified RNA FISH method called RNA TRAP (tagging and recoveiy of 

associated proteins) is another way to study long-range chromatin regulatory interactions 

in vivo (Carter et al, 2002). It involves targeting horseradish peroxidase activity to the 

primary transcripts associated with an actively transcribed gene. The localized 

horseradish peroxidase then catalyzes the covalent deposition of a biotin tag on chromatin 

proteins in the immediate vicinity of the gene. Confocal microscopy and image 

deconvolution can then be used to measure biotin deposition and thus the intensity of 

physical interactions between regulatory elements and the gene itself. 
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Figure 7-1. Graph of Chromosome CoiifoiTiialion Capture (3C) assay principle. It 
includes formaldehyde cross-linking, Eco R1 digestion, intramolecular ligation, and PCR-
mediated detection of ligation products after reversal of the cross-links. The asterisk 
indicates the newly formed restriction site. 
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Long-term Goal 

To determine the mechanism involved in the long-distance regulation of cyclin 

D1 gene exprcvssion by IgH regulatory elements 

The mechanisms involved in long-distance cyclin D1 gene deregulation and the 

intei-play among these molecular mechanisms will be further studied. Is the regulatory 

sequence reading "histone code" or "DNA code" directly by spatial organization? Is there 

a specific DNA-binding factor that is required in tlie looping structure (if it is present)? 

Or are there some other mechanisms at work? 

I propose the model of long distance cyclin D1 deregulation by IgH regulatory 

elements in B cell malignancies in Figure 7-2. After chromosome translocation, the 

cyclin D1 gene locus and the IgH regulatory elements are juxtaposed and brought to 

proximity. RNA polymerase II and other transcription factors such as CTCF 

intermediate the interaction between these two loci, causing cyclin D1 gene deregulation. 

DNA hypomethylation and histone hyperacetylation in the broad domain in cis and in tlie 

cyclin D1 promoter in trans are involved in this long distance deregulation. 

This long distance gene deregulation model may be applicable to other B ceil 

malignancies with, chromosome translocation involving IgH locus, including Burkitt's 

lymphoma (c-myc), follicular lymphoma (Bcl-2), and others, Corolation between 

epigenetic changes in the cyclin D1 promoter region and the gene expression has been 

shown in cancer cell lines of nonhemalopoietic origins, suggesting that DNA 

hypomethylation and histone acetylation may play important roles in cyclin D1 

deregulation besides chromosome translocation in B cell malignancies. 
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Figure 7-2. Proposed model for long distance cyclin D1 deregulation by IgH regulatory 
elements. The IgH regulatory elements, including E|i intronic enhancer and 3'Ca LCR, 
are in physical proximity to the cyclin D1 gene promoter by looping of the intermediate 
DNA fragment of more than 100 kilobases long. This physical interaction may involve 
various transcription activator/repressor such as CTCF and RNA polymerase 11, and may 
cause or associate with change of DNA methylation and/or histone acetylation status in 
the cyclin D1 locus. The MTC region may also play a role in this process. 
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