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CONSERVED LOCUS CONTROL REGION SEQUENCES CONTROLLING BETA-
GLOBIN GENE EXPRESSION IN MICE

ANDREA A. SVENDSEN 

ABSTRACT

The mouse (3-globin locus is composed of four globin genes and a series of 

DNasel hypersensitive sites upstream of the first globin gene. The main goal of this 

research was to determine the function of conserved protein-binding sites within the 

mouse p-globin Locus Control Region (LCR). The conserved sequences were mutated in 

the endogenous murine LCR and the effects of these mutations were analyzed in vivo. By 

studying alteration of the expression of distant cis-linked globin genes, the mutated LCR 

sequences will lead to a better understanding of basic gene regulation. I made two 

different DNA targeting constructs that contain mutations of different classes of 

transcription factor binding sites. The first construct contained 4 mutated NF-E2-like 

binding sites, while the second contained 2 mutated CACBP binding sites. Each construct 

was used to mutate the murine genome by homologous recombination in ES cells. The 

ES cells were injected into blastocysts to produce two classes o f cloned mice, each 

containing mutations of a particular transcription factor binding site. This allowed the 

elucidation of the role of specific transcription factor binding sites in the context o f the 

entire LCR. The phenotype of the cloned mice was characterized for gene expression and 

disease pathology. I found that the NF-E2-like mutations resulted in a 25% decrease of 

beta-globin mRNA compared to the wildtype. This decrease resulted in slight drop in
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hemoglobin protein levels in mice homozygous for the mutation which did not 

correspond with an overt thalassemia. The second class o f mice had conserved CACBP 

like binding sites mutated, these mice had a 10% decrease in beta-globin mRNA levels. 

These results show that the conserved transcription factor binding sites play a significant 

but non-essential role in LCR enhancement of (3-globin gene expression.

iii
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1

INTRODUCTION

Hemoglobin may very well be the most studied protein in history. Since the 

discovery of hemoglobin it has been on the forefront of scientific discovery. Research on 

hemoglobin has driven forward the fields of protein biochemistry, molecular biology, and 

gene therapy. Hemoglobin was the first protein crystallized, to have its amino acid 

sequence revealed, and to have its structure elucidated. In addition, the P-globin gene was 

the first to be identified, cloned and sequenced. The initial studies of mRNA splicing 

utilized the beta-globin gene. From the identification of its structure to the discovery of 

the globin genes, the knowledge gleaned from hemoglobin has aided scientists studying 

other systems. The study of P-globin gene regulation has developed into the model 

system for developmental switching and for long range enhancer activity. Research on 

globin gene regulation is still leading to the uncovering of new mechanisms of tissue 

specific and temporal gene expression.

Hemoglobin

In the late 1700’s Antoine Lavoisier determined that oxygen was critical for the 

support of life (1). This discovery drove scientists to find the protein that transported 

oxygen through our blood. Over the next two centuries, many studies were performed, 

and it was determined that hemoglobin was responsible for oxygen delivery in the blood. 

These studies culminated with the elucidation of hemoglobin’s structure by x-ray
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crystallography (2). The structure of Perutz et. al. conclusively demonstrated that 

hemoglobin is a tetrameric protein composed of two beta-globin polypeptides, two alpha- 

globin polypeptides and four heme groups (fig 1). Hemoglobin is the one of the most 

abundant proteins in the blood.

Its role as an oxygen carrier makes it essential for life, and many 

hemoglobinopathes in humans result in much suffering and an early death. In humans 

there are at least 400 variants of hemoglobin. The first hemoglobin variant causing 

hemoglobinopathy to be identified was the M-Saskatoon variant (3). Soon after, sickle 

cell anemia was found to be due to a single amino acid substitution in the (3 chain (4). 

There are four major classes of clinically important hemoglobin variants: sickle variants, 

unstable variants, abnormal oxygen affinity variants, and structural variants that result in 

a thalassemic phenotype (5). The majority of these variants were identified through 

studies of hemoglobin properties and not through the sequencing of the globin genes.

Hemoglobin Switching

Hemoglobin is not just a simple oxygen tank; instead, hemoglobin is a 

sophisticated delivery system to provide oxygen to all parts of the body. Four oxygen 

molecules can bind to hemoglobin in a reversible and cooperative manner. The first O2 

molecule binds to deoxyhemoglobin with low affinity, initiating a chain reaction of 

conformational changes between the polypeptides. These changes result in a higher 

affinity of O2 binding for each subsequent molecule of oxygen bound to hemoglobin. 

Hemoglobin binds its fourth O2 with a 100-fold higher affinity than its first. 

Hemoglobin’s multiple subunits and O2 binding sites permit a very sensitive response to
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small changes in oxygen concentration. This sensitivity leads to the binding of oxygen in 

the lungs and the release o f oxygen in the tissues that allows for life.

Throughout development, different O2 binding affinities are necessary for 

hemoglobin to effectively deliver oxygen, due to the different oxygen concentrations that 

occur during development and adult life. As an embryo’s oxygen first comes from the 

mother’s blood it is available at a lower concentration than would be found in the lungs 

of adults. To overcome this difficulty, the polypeptides that compose hemoglobin 

undergo a developmental switch (figure 2), allowing hemoglobin to act as a sensitive 

delivery system in embryonic, fetal, and adult life.

The mouse has been extensively utilized as a model for the study of 

hematopoiesis and erythropoiesis. Hematopoiesis is the development of the entire blood 

system cells, and erythropoiesis is the development of red blood cells (RBC), or 

erythrocytes. Mice are advantageous to use as a model system as they are easy to 

maintain and that blood samples for analysis are relatively easy to obtain. In addition to 

there is an extensive body of literature on mouse hematopoiesis and erythropoiesis (6-9). 

However, the switch between hemoglobin forms in mice is not as clear cut as it is in 

humans.

In mice, hematopoiesis first occurs in the yolk sac at 7-8 days post coitus (dpc), 

and then shifts to the fetal liver between 12 and 14 dpc. A final shift in hematopoiesis to 

the bone marrow occurs shortly before birth and bone marrow continues to be the main 

site of normal hematopoiesis for the rest of adult mouse life. At day 9 of mouse 

development, embryonic Phi and fetal ey2 beta-like globins genes are expressed and an 

embryonic £, alpha-like globin chain is produced (10,11). The levels o f Phi expression
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slowly decrease from this point, while ey2 expression levels rise and then fall. The £- 

globin chains slowly decrease in abundance until 17 dpc when they are completely absent 

(11). Before the site of hematopoiesis moves to the fetal liver, the levels of ey2 

expression increase reaching a peak around 13 dpc, and the adult forms of a-globin 

increase in abundance (11). By 12 dpc a  is as common as £, and by 17 dpc it is nearly 

100% of the alpha-like polypeptide found in hemoglobin (11). Coinciding with the switch 

in the site of hematopoiesis, the adult P-globin forms increase in abundance, and the fetal 

hepatic erythropoietic cells predominately produce adult P-globin chains (12,13). From 

this point forward adult P-globin polypeptides become the predominant peptides, and 

fetal globins are completely absent by 17 dpc (11). The end result is by birth mouse 

hemoglobin is composed of 2 polyeptides of P-globin and 2 polypeptides of a-globin.

The p-globin Genes

The P-globin gene locus of mice is composed of four functional genes and three 

pseudogenes. The genes are located on chromosome 7 in the following order 5’- 

8y2-Ph0-P hl-Ph2-Ph3-pl-P2-3’ (figure 3). The first genes in this set to be fully 

characterized in the mouse are responsible for the adult p-globin polypeptides. Konkel et 

al. sequenced and compared the two genes (p i and p2) responsible for the adult P-globin 

polypeptide in mice (14). This group demonstrated that these two genes are closely 

related and seemed to have arisen from a duplication of a single beta-globin gene during 

the course of evolution. In 1980, Jahn et al. identified 5 beta-like coding regions that 

were linked to p i and P2 (15). Using partial sequences, they identified a potential gene 

ey2 responsible for the embryonic/fetal globin polypeptide in mouse development and a
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set of potential genes named phO, phi, Ph2, Ph3, which are homologous to the P-globin 

genes p i and P2. The Ph3 gene sequence revealed aberrations in the 5’ sequence 

resulting in no translation to produce a normal P-globin, and as such was defined as a 

pseudogenes. Subsequently, complete sequencing and characterization of ph2 revealed 

that is also was a pseudogenes (16). Finally, complete characterization of Phl(17) and 

ey2 (18) revealed that these genes are the functional genes responsible for the 

embryonic/fetal beta-like globin polypeptides.

To complicate the picture, inbred strains of mice have two different haplotypes or 

allelic alternatives of the P-globin locus. Strains of the single type (HbbS), such as 

C57BL, synthesize only one type of adult P-globin chain from both p i and P2. 

Sequencing of HbbS revealed that the p i and P2 genes are identical and were named ps 

and p\ respectively (19). Other strains such as 129 have the diffuse haplotype (HbbD). 

These strains produce two P-globin chains P™̂  and P™” in unequal amounts from the p i 

(P™̂ ) and P2 (p1™11) genes. Comparison of the sequences of the p i and P2 genes of the 

HbbD and HbbS haplotypes revealed distinct differences in the genes from each 

haplotype and within the HbbD haplotype (19).

A Brief History of the Evolution of the P-globin Genes

Though hemoglobin was first identified from the blood of mammals due to the 

incredibly high levels found there, hemoglobins are in fact found in all groups of 

organisms from prokaryote to fungi, plants and finally in the familiar animals (20). 

Hemoglobin has more functions than just being a O2 delivery system in these other 

groups. In bacteria, plants, and fungi hemoglobins may act as a transporter of oxygen to
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electron transport chain, to sequester oxygen, to scavenge oxygen, as well as having some 

catalytic activity (20). The various hemoglobins appear to have all descended from an 

ancient common ancestral gene (figure 4). The ancestral gene precedes the divergence of 

prokaryotes and eukaryotes approximately 1800 million years ago (mya) (20). Next an 

ancestral gene to hemoglobin was in the last ancestor of plants and animals around 1500 

mya (20). It is interesting that the common plant hemoglobins differ by 80% of the amino 

acids and yet folds into the same three dimensional structures as animal globins. The 

primary structure of vertebrate hemoglobins is highly related to inverterbrate 

hemoglobins suggesting that these genes diverged around 670 mya (20). As a side note it 

appears the myoglobin and hemoglobin diverged around 700 mya (21). Approximately 

450 mya a duplication of the globin genes in vertebrates resulted in the precursors to a -  

like and (3-like globin genes. This is supported by the fact that regardless of verterbrate 

species the a-like and (3-like globin genes are 50% identical at the amino acid sequence 

level (20-22). The duplication of the a-like globin gene was fixed prior to the divergence 

of birds and mammals (22). This means that the a-like genes in each are orthologous. On 

the other hand the duplications resulting in the current P-globin locus in mammals 

happened after the divergence of the avian and mammalian lines (22). The formation of 

the current P-globin locus with fetal and adult globins started 180-200 mya when a 

duplication event resulted in two p-globin genes (21). The fetal genes then duplicated 

again around 110-130 mya resulting in e-like and y-like globin genes (21). A final 

duplication of the adult p-like globin gene resulted in 8-like and P-like globin genes 

around 85-100 mya (21). Over the course of the final 100 million years to the present
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multiple gene conversions and additional gene duplications resulted in the current (3- 

globin locus in mice.

Globin Gene Regulation and the Locus Control Region 

Upstream of the ey2 gene there are a series of DNAsel hypersensitive sites (HS). 

These sites were first characterized in humans (23,24) and subsequently their presence in 

the mouse beta globin locus was demonstrated (25,26). Deletions of this region severely 

down regulate P-globin expression in humans (27-29). Multiple studies have also 

demonstrated the necessity of these HS sites for high levels of P-globin gene expression 

(Figure 5), and so have they have collectively been named a locus control region (LCR).

The P-globin gene and the tyrosinase gene locus (30,31), the Th2 cytokine locus 

(32), and the T-cell receptor a/8 locus (33) are just a few of the over 38 known loci that 

contain LCRs. LCRs can function both as enhancers and insulators of the loci they 

control. When a LCR sequence is linked to a transgenic gene it confers tissue-specific 

and physiological levels of expression of the linked genes in a position-independent and 

copy number dependent manner (34-37).

Initial studies of human beta globin transgenic mice revealed that when the 

human gene was introduced into mouse embryos, it was expressed at the correct stage of 

development but its expression was very low and in many cases no expression could be 

detected (38-40). When the LCR was linked to the human globin gene, all mouse lines 

which contained an intact mini-locus expressed the globin gene at levels equivalent to the 

endogenous mouse beta-globin genes (34,40). This data suggested that the LCR acts as
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an enhancer of the beta-globin genes. Further understanding of the function of individual 

HS sites was obtained through multiple deletion and transgenic studies.

HS1 is located 6kb upstream of the ey gene. When the human HS1 is 

linked to a P-globin gene in transgenic mice, it confers position independent expression 

of the linked gene but does not enhance the expression of the gene, suggesting a minor 

role for HS1 in the activity of the LCR(41,42). On the other hand, when the endogenous 

murine HS1 is deleted, the linked genes have a decrease in expression of approximately 

24% (43). The deletion of the endogenous murine HS2 results in an approximate 30% 

decrease of the linked gene (44-46).When the human HS2 is linked to a beta globin gene 

in transgenic mice, high levels o f globin expression are observed in a position 

independent manner (40,41). HS3 has been shown to have very similar effects to HS2 on 

beta globin expression in both transgenic studies(41,47) and in endogenous 

knockouts.(45,48) The deletion of HS4 decreases beta globin expression by 

approximately 30% (49), while the linkage of human HS4 to a globin gene in transgenic 

mice results in a 30% level of expression compared to the same gene linked to the entire 

LCR (42). Collectively, HS1-4 contains the enhancer activity of the LCR. HS5 has been 

implicated as an insulator element(50,51), and its deletion has minimal effects on beta 

globin expression (52). Finally, Bender et al. showed that the HS sites act additively 

rather than synergistically in enhancing the expression of genes of the P-globin locus 

(43).

The mechanism by which the LCR activates transcription of P-globin genes is not 

fully elucidated. Looping (53-55) and linking (56,57) models have been proposed to 

explain the necessity of LCR sequences for high level globin gene expression. In the
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looping model, individual HSs form a larger LCR holocomplex through the cooperative 

binding of many proteins to each HS. This LCR holocomplex interacts with proteins 

bound to downstream globin gene promoters to form an active transcription complex (58- 

60) that directs globin gene expression. DNA loops are created as a consequence of these 

long-distance interactions. In the linking model, the LCR holocomplex interacts with 

“transcription factories” (61-65) that are outside the p-globin locus chromosomal domain. 

DNA is then spooled into the transcription factory until a promoter complex is 

encountered, which activates gene expression. Both models are supported by recent 

studies demonstrating that LCR sequences interact directly with downstream P-globin 

genes in erythroid cells (66,67).

The entire beta-globin locus is highly conserved throughout the mammalian class. 

This conservation includes not only the genes but also the LCR. Hardison et al. aligned 

the HS sites of human, galago, rabbit, goat, and mouse LCRs to identify regions of 

conservation (68). Within each HS, blocks with very high conservation were observed. 

These highly conserved regions corresponded with known putative transcription factor 

binding sites, such as CACCC, GATA1, and NF-E2-like binding sites (figure 6). HS2 

was the most highly conserved region in the LCRs of the five species(68). HS3 is not as 

highly conserved as HS2 but still contains blocks of conservation between the five 

species(68). HS4 has blocks of conservation between human, galago, rabbit, and mouse 

(68). HS1 also displays regions o f conservation, the highest of which corresponds with 

two GATA1 sites. The high conservation of these transcription factor sites suggests that 

they are important in the activation o f P-globin gene expression by the LCR. The bulk of
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the work of this dissertation will cover an investigation of the role of the conserved NF- 

E2 and CACBP sites in LCR activation of endogenous globin genes.

NF-E2-like Sites

Previous studies have provided some insight into the role of the NF-E2-like sites 

in the individual HS sites. Within HS2, 2 NF-E2-like sites are highly conserved with a 

single base pair difference within the alignments for each (68). These highly conserved 

sites in HS2 are in a tandem array, and when they are deleted in transgenic mice with 

HS2 linked to the p-globin gene, the transgene is expressed at very low levels(69-71). 

The drastic drop in expression linked to the absence of the NF-E2-like sites in HS2 

suggests that they play a critical role in HS2’s enhancer activity. One major block of 

conservation in HS3 is a single NF-E2-like site that is perfectly conserved between the 

five species (68). When a small region of DNA containing the conserved NF-E2-like 

binding site was added to a smaller HS3 fragment in transgenic mice, the expression of 

the reporter gene increased (72). Within the blocks of conservation in HS4, a single NF- 

E2-like site is conserved in all the species except mice which has a block of four base 

pairs with no homology to the other species in that region(68). Mutations o f the region of 

conservation containing the NF-E2-like binding site in human HS4 results a loss in 

DNasel sensitivity (73).

The above studies suggested that the proteins that bind to the NF-E2 sites in the 

LCR have an important role in mediating globin gene activation. In order to identify the 

proteins involved in this process, many groups began looking for factors that could bind 

to these sites. Initially, activating protein 1 (AP-1) was a prime candidate. AP-1 is a
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heterodimer of the jun and fos families o f proteins. To determine if AP-1 was the factor 

that bound to the NF-E2 site, several experiments where performed. The most important 

showed that these sites are bound by an erythroid specific factor and not by the 

ubiquitously expressed AP-1 (74). A second candidate NF-E2 was proposed to bind to 

the conserved sites in the LCR. Studies to determine if NF-E2 could bind to these sites 

generated conflicting results. Ney et al. (74)showed that NF-E2 appears to bind to these 

sites in K562 cells, where as Moi et al. (70) suggested that an NF-E2 related protein in 

facts what binds to these sites. Another factor that was identified using the NF-E2 

sequences, LCR-F1 (75) was subsequently shown to have no globin phenotype when 

deleted inmice(76).

CACBP Sites

Within HS2 and HS3 there are a set of highly conserved CACBP sites. A single 

CACBP site was highly conserved in HS2 (68). When this site is deleted in an HS2/ p- 

globin gene construct and tested in transgenic mice, a modest reduction in transgene 

expression was observed compared to wild-type HS2/ P-globin transgene expression 

(69,71). HS3 also contains blocks of conservation between the five species, including a 

single CACBP site(68). In addition to these highly conserved sites, four other CACBP 

sites are found in HS 1-4 of the mouse LCR. Whereas the position and sequence of the 

highly conserved sites in HS3 and HS2 are nearly the same in all five species, the 

position and sequence of the four additional sites are not as well conserved.

Currently the most likely candidate for binding to the CACBP sites in the LCR 

during adult erythropoiesis is erythroid krupple like factor (EKLF). In 1993, EKLF was
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identified as an erythroid specific factor in mice with high homology to the Drosphila 

body determining gap gene Krupple (77). EKLF’s consensus binding sequence was 

predicted to be CCN CNC CCN (77) and further experiments confirmed this binding 

sequence and refined it further to CCA CAC CCT and also showed that single base 

mutations of this sequence severely impairs EKLF’s transcriptional activation o f reporter 

genes (78). The above data strongly suggested that EKLF is important for expression of 

adult p-globin genes as they contain CACBP sites in the promoters that match to EKLF’s 

binding sequence. Interestingly, the single base mutations in the CACBP site tested in the 

above experiment corresponded with mutations found in the promoter of P-globin of 

some non-deletion P-thalassemic human patients (79,80). EKLF expression was 

demonstrated to be regulated in a developmentally specific manner in all types of 

erythroblasts in the fetal liver and adult bone marrow (81). Knock-out of EKLF in mice 

resulted in death before birth, due to severe defects in adult P-globin gene expression 

(81,82). Surprisingly, EKLF knock-outs express the fetal/embryonic globin genes ( Phi 

and ey2) in a normal manner (81,82).

The Mouse as a Model for P-globin Gene Regulation 

The common mouse is an attractive model system for the study of long range 

gene enhancement. It has been extensively studied and so information on its husbandry, 

physiology and genetics are easily obtained. In addition the many parallels between 

human and mouse genetics are highly studied. The Townes laboratory has produce mice 

in which human globin genes replace the mouse globin genes and express only human 

hemoglobin within normal levels (TMT and TR unpublished). The mouse is easy to feed
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and house and it is also relatively affordable to do so. Common diseases of mice are 

known and can be protected against eliminating disease as a variable in any experiment. 

Females reach reproductive age at 3 to 6 weeks of age and remain fertile for up to 18 

months of their 2- year life span. Females enter estrus every 3 to 5 days and pregnancy 

last for 18-21 days. This rapid turnover allows for the production of many generations 

very quickly. In addition litters are of a larger size, around 6-12 pups per litter, allowing 

rapid expansion of a mouse line for experimentation. Finally, the availability of many 

inbred strains, whose DNA sequences have been fairly well characterized, allows for 

allele specific assays such as those used to determine the effects of HS2 in the LCR (44).

The mouse is an attractive model for more then just the above reasons. The ability 

to create mice with a discrete change is a major reason for selecting mice as a model 

system for the study of P-globin gene regulation. Embryonic stem (ES) cells from mice 

are relatively easy to maintain in culture. Using the ES cell’s natural homologous 

recombination ability it is possible to make distinct changes that are defined by the 

experimenter to the mouse genome. A wide variety of selection strategies allows for the 

rapid identification of ES cell with the desired change. The ES cells can then be injected 

into blastocysts and incorporated into the developing embryo. These blastocysts can then 

be implanted into females and chimeric pups can be generated. Male chimeric mice can 

be breed to produce mice which are heterozygous for the change desired.

Recombineering

Previous studies have only examined the role of each NF-E2-like site or CACBP 

site in the context of one HS in transgenic mice. Though transgenic mice are a very
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powerful tool for understanding gene expression, only a study in the context o f the 

endogenous LCR can give a true representation of the role of these conserved sites. With 

the advent of efficient systems to generate mutations within bacterial artificial 

chromosomes (BACs), one can efficiently generate discrete mutations within larger 

regions of interest, and a study of these sites in the endogenous locus becomes possible.

Recombineering was developed in 2000 by Yu et al. (83) as an efficient system 

for chromosome engineering in E. coli. This system was rapidly adapted for 

recombinogenic targeting of bacterial artificial chromosomes (BAC) (84,85). In this 

system, a BAC is maintained in a recA' strain of E. coli to prevent genomic 

rearrangement Within this strain, a defective lambda prophage was developed which 

provides the recombination genes exo, bet, and gam under the control of a temperature- 

sensitive X cl-repressor (83). Upon induction of these recombination genes a single 

stranded oligonucleotide with a total of 70-140 bp of homology and a desired mutation is 

efficiently targeted and recombines with the BAC (84,85). Mutations such as single-base 

changes, deletions and insertions can be easily introduced into a BAC with this system, 

whereas with traditional subcloning methodologies this can be a very difficult feat and at 

times impossible.

Introduction to the Chapters 

The next two chapters of this dissertation are papers I have coauthored during my 

graduate studies. The first paper “Conserved NF-E2 binding sites are not essential for 

high-level p-globin locus control region activity” demonstrated the role of the conserved 

NF-E2 sites in LCR activity. Mutation of these sites resulted in a relatively mild decrease 

in P-globin gene expression from the mutant allele compared to the wild type allele at all
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developmental stages. The second paper “Highly conserved CACBP sites in HS3 and 

HS2 are dispensable for high-level P-globin locus control region activity” showed the 

mutation of the highly conserved CACBP sites. The mutation of these sites resulted in a 

10% decrease in expression o f the linked p-globin genes. Finally the conclusion proposes 

further experiments for understanding the role of conserved sites in the LCR.
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Figure 1. Structure o f Hemoglobin. The tx-globin chains are indicated by white, and the 

P-globin chains are indicated by black. The heme groups are indicated by grey disks. 

(Adapted from Perutz Nobel Lecture 1962 (86))
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Figure 2. Mouse globin chain synthesis during development. The individual a - and (3- 

globin protein chains, expressed as a percentage of the total globin chains, are plotted 

against time. The a-like globin chains are drawn with a thick line, while the 3 -like globin 

chains are drawn with a thin line. (Adapted from Ryan 1990 (87))
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Figure 3. The p-globin locus of mice on chromosome 7. The red boxes represent the 

functional globin genes. The black boxes represent the pseudogenes present in the locus. 

The arrows represent the series of DNasel hypersensitive sites upstream of the beta 

globin genes.
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Figure 4. A schematic overview of hemoglobin gene evolution. Speciation events are 

depicted as black circles and gene duplication events are depicted as black boxes. Mya, 

millions of years ago
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Figure 5 A diagram of LCR transgenic studies. Two constructs showed the importance of 

the LCR for (3-globin gene activation. The first construct was a |3-globin gene alone; its 

expression was very low compared to the endogenous (3-globin gene expression. When 

the [3-globin gene was linked downstream of the LCR in two different constructs, 

expression was at near endogenous levels. In addition, inclusion of the LCR in the 

transgenic construct resulted in expression in 100% of the mouse lines generated, while 

the (3-globin gene alone allowed only spotty expression in mouse lines.
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Figure 6. Conserved transcription factor binding sites in the HS of the p-globin LCR. 

HS4, HS3, HS2, and HS1 are represented by the black lines; conserved NF-E2-like, 

CACBP, and GATA sites are represented by purple boxes, red circles, and green 

triangles, respectively. HS4 has one NF-E2-like site and two GATA sites which are 

highly conserved. HS3 has one NF-E2-like site, one CACBP site, and four GATA sites 

that are highly conserved. HS2 has two NF-E2-like sites, one CACBP site, and two 

GATA sites which are conserved. Finally, HS1 has two GATA sites conserved between 

the five mammalian species.
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Abstract

Conservation of NF-E2 binding sites in the p-globin Locus Control Region (LCR) of 

human, galago, rabbit, goat and mouse suggests that these sequences play an important 

functional role in globin gene expression. To define the role o f these sequences in vivo, 

we replaced an 18 kb region of the wild-type LCR (HS1-4) in murine embryonic stem 

(ES) cells with an 18 kb LCR fragment (HS1-4) containing mutations of the conserved 

NF-E2 sites in HS4, HS3 and HS2. Mice were derived from these LCR knockin ES cells, 

and globin gene expression was analyzed. Surprisingly, P-globin gene expression is 

reduced by only 23% in these animals and mice that are homozygous for the mutations 

are not anemic. These results suggest that the highly conserved NF-E2 binding sites in 

the P-globin LCR play a significant, but nonessential, role in long-range enhancement of 

P-globin gene expression.

Introduction

The p-globin LCR was originally identified as a set of DNase I Hypersensitive sites 

(HSs) mapped from 6 to 22 kb upstream of the human e-globin gene (1,2). Subsequendy, 

the functional significance of these sequences was demonstrated in transgenic mice (3), 

and the role of the LCR in tissue (4-6) and developmental (7,8) specificity of globin gene 

expression was defined. Although a 22 kb fragment of DNA containing HS1-5 directs 

maximal globin gene expression, individual LCR HSs function independently to enhance 

P-globin gene expression in cultured cells and in transgenic mice (5,9,10). The sites 

appear to function additively and not synergistically (11). The contribution of individual 

transcription factor binding sites in HS2, HS3 or HS4 was determined by mutating these 

sequences in individual HSs and assaying the fragments in transgenic mice (12-16).
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Hardison et al. (17) aligned the HSs o f the human, galago, rabbit, goat, and mouse 

LCRs to identify regions of conservation. Within each HS, regions of high conservation 

are observed. These highly conserved regions correspond to known and putative 

transcription factor binding sites, such as CACCC, GATA-1, and NF-E2. The HS2 core 

(15) is the most highly conserved region in the LCR (17). Two NF-E2 sites are highly 

conserved in HS2; a single base pair difference is detected in the alignments (17). When 

these sites are deleted in an HS2/j3-globin gene construct and tested in transgenic mice, |3- 

globin gene expression is reduced by 20 fold (14,15,18). These results suggest that the 

NF-E2 sites play a critical role in HS2 enhancer activity. HS3 is not as highly conserved 

as HS2 but also contains blocks of conservation between the five species (17). In HS3, a 

single NF-E2 site is perfectly conserved (17). Deletion of this site in HS3 reduces 

reporter gene expression significandy in transgenic mice (19). In HS4, blocks of 

conservation are also observed including a single NF-E2 site (17). Mutation of this site in 

HS4 results in a loss of DNase I sensitivity but no loss in enhancer activity (16).

To understand the role of conserved NF-E2 sites in endogenous LCR activity, all 

four conserved NF-E2 sites were mutated in the endogenous mouse LCR. We 

demonstrate that conserved NF-E2 sites in the endogenous LCR play a significant but 

nonessential role in the expression of embryonic/fetal and adult (3-globin genes.

Materials and Methods 

Recombineering o f the fi-globin BAC

A  180 kb bacterial artificial chromosome (BAC) clone (BPRC, CHORI) 

containing the murine HbbD P-globin locus was maintained in the DY380 strain of E.
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coli. Mutations were made following standard recombineering procedures (20-22). 

Briefly, BAC-containing DY380 cells were grown at 30 °C in 30 mL of Luria-Bertani 

(LB) broth to an optical density o f 0.5 at an absorbance of 600 nm. The temperature was 

then increased to 42 °C for 15 min to induce expression of the bacteriophage X-Red genes 

exo, bet and gam. After heat induction, cells were placed on ice for 25 minutes, washed 

three times in 10% glycerol and resuspended in a final volume of 200 pL of 10% 

glycerol. Fifty to two hundred nanograms of mutagenic oligonucleotides were 

electroporated into 50 pL of the cells at 1.8 kV, 200 Q, and 25 pF (BioRad GenePulser 

D). After 1 hr of recovery at 30 °C, the cells were seeded into a 96 well BioBlock 

(Labcor) at 10,000 cells/well and 1,000 cells/well and incubated overnight at 30 °C. One 

microliter aliquots were assayed by PCR to identify pools containing mutated BAC 

clones. The positive pools were then diluted, cultured, and assayed. This process was 

repeated until 10 cell/well pools containing mutated BACs were obtained. Dilutions of 

these pools were then spread onto LB agar plates containing tetracycline (5 pg/mL) and 

chloramphenicol (12.5 pg/mL) and incubated at 30 °C overnight. The following oligos 

were used to make the mutations in HS4, HS3, and HS2, respectively: HS4, 

ATGTCAGAATGAGATGGCTTTCCCCACCCCTTTACTAGTCTCCCGGGCTCCCA 

CCCATGGCAAGGGGAGTGAGATCCTGCCAAG; HS3,

TCTGTA AGTGT A AATTTTGG AGC AC AGGTTTCT AAG ACTTTCCCGGGGC AAAC 

CCTAGGCCTCCTAGGGACTGAGAGAGGCTGCTT; HS2,

CAGCCTTGTGAGCCAGCATCAGGCTTGAGCACAGCAGTGCCCCGGGATGCCC 

CGGGATGCTGAGGCTTAGGGTGTGTGGCCAGATGTTTTCAGCTG.
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The underlined portion of each oligo is the mutation of the NF-E2 site. All oligos were 

purchased from Integrated DNA Technologies (IDT) and purified by polyacrylamide gel 

electrophoresis (PAGE). All PCR primers used in this study were also purchased from 

IDT. For the identification of the mutations in the BAC, the following primers were 

used: HS4F1, ACCCCTTTACTAGTCTCCC; HS4R, GTTCCTGCCCTCTAAATCTGC; 

HS3F1, ACAGGTTTCTAAGACTTTCCC; HS3R, TTAGCAGGTGTTCTTGGAC; 

HS2F1, TTGAGCACAGCAGTGCCCC; HS2R, GTTATGTCACACAGCAAGGC.

Generation of ES cell targeting vector

A capture vector (pCV6) was designed to retrieve a 27.9 kb fragment of DNA 

containing LCR 5' HS5 through HS1 and the ey2 gene from the mouse (3-globin BAC. 

The 5' and 3' capture homologies were produced by PCR and subcloned into plasmid 

pKPl 14 to construct pCV6 (see Supplemental Figure 3). In brief, the 395 bp 5' homology 

fragment was amplified from the mouse (3-globin BAC using primers CV6-5' Fwd and 

CV6-5' Rev, and this fragment was subsequently digested with Sal I and Nsi I. The 430 

bp 3' homology fragment was amplified using primers CV6-3' Fwd and CV6-3' Rev, and 

this fragment was then digested with Nsi I and Cla I. These two homologies were ligated 

into the Sal I- and Cla I-digested cloning vector pKP114 and transformed into E. coli (XL 

10-Gold, Stratagene). PCR was performed using ExTaq polymerase (Takara) according 

to the manufacturer's protocols. The primer sequences were:

CV6-5' Fwd, CCACCGTCGACACGCGTGAGAATATGTCAGTACTTCCC;

CV6-5' Rev, CCACCATGCATCAGACATACTCCTCTACCC;

CV6-3' Fwd, CC ACC ATGC AT AG ATGCC ATGG AAGGCTTCT AC;
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CV6-3' Rev, CCACCATCGATTCGCGACCATGAAGCTTGCTGTGATAC.

Restriction enzymes and T4 DNA ligase were used according to the manufacturer's 

protocols (Roche).

To recombineer the ES cell targeting vector, pCV6 was linearized with Nsi I and 

50 to 400 ng of linearized plasmid was electroporated into DY380 cells containing the 

mutated BAC. After a 1 hr recovery at 30 °C, the cells were spread onto LB agar plates 

with ampicillin (50 pg/mL) for overnight culture at 30 °C. Single colonies from these 

plates were isolated and transferred to 3 mL LB broth with ampicillin for another 

overnight incubation at 30 °C. One microliter of culture was assayed in a 25 uL PCR 

reaction using the following primers to confirm the capture of the LCR: mBG52620F, 

GGGAAGCACAGGAAGACTCA; M13-20, ACGTTGTAAAACGACGGCCA; 

mBG25712R, CCC AA AC AC AC AGC AG AACA; and \|/M13R,

CACAGGAAACAGCTATGACCA. Three positive clones were obtained and plasmid 

DNA was isolated using a standard alkaline lysis procedure (23). The plasmid DNA was 

then transformed into XL 10-Gold cells, and the cells were spread onto LB agar plates 

with ampicillin. After overnight incubation at 37 °C, single colonies were isolated, 

expanded in liquid culture, and assayed as above for LCR sequences. Positive cells were 

further analyzed by PCR to confirm the presence of the NF-E2 mutations. To ensure that 

the LCR was captured correctly, a series of restriction digests was performed. These 

digests confirmed that the entire 27.9 kb fragment of the LCR plus homology regions was 

captured.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

Knockin mutations in ES cells

The targeting vector containing the LCR with NF-E2 site mutations was 

linearized with Nsi I and electroporated into HS1-4 KO ES cells (KMP and TMT, 

unpublished). HS1-4 KO ES cells are HM-1 (24) cells in which an 18 kb fragment of the 

LCR has been deleted and replaced with a mouse hypoxanthine phosphoribosyl 

transferase (HPRT) marker gene (25). These cells were maintained on HPRT+ murine 

embryonic fibroblasts (MEFs) in media supplemented with 1.6 pg/mL hypoxanthine,

0.175 pg/mL aminopterin, and 4.8 pg/mL thymidine (HAT) prior to electroporation to 

confirm the presence of a functional HPRT gene. After electroporation, the cells were 

grown for 4 days in nonselective media to allow time for residual HPRT protein to decay. 

The cells were then replated at a low density onto gelatinized plates containing HPRT 

MEFs and selected for the loss of HPRT with 10 pM 6-thioguanine (6-TG). Cells were 

cultured under selection for 14 days and then individual colonies were isolated.

Correctly modified HS1-4 KI ES cells were identified using PCR and DNA 

sequencing. Primers mHPRT(961.El)F, ATGCCGACCCGCAGTCCCAG and 

mHPRT(61 ,E7)R, GGCCTGTATCCAACACTTCG were utilized to detect the loss of the 

HPRT marker gene. The previously described primers HS4F1, HS4R, HS3F1, HS3R, 

HS2F1 and HS2R were used to identify the mutations. Cell samples that were negative 

for HPRT and positive for the NF-E2 mutations by PCR were sequenced across the four 

HS sites. The following PCR primer pairs were used to generate the templates for 

sequencing: HS4F2, ATTTGCCCTCTCTTACATCT and HS4R; HS3F2,

CCAGGACAGCCAGGACTAC and HS3R; HS2F2, CACTTCTTCATATTCTCTCTC
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and HS2R; HS1F, CTCTCCCATAACCCATACCTC and HS1R, 

CTCACTCTCAAGCCTGTGTTAC.

Generation o f the mice

C57BL/6 blastocysts were injected with HS1-4 KI ES cells and then transferred to 

pseudopregnant CD-I females to generate chimeric mice. Male chimeras were bred to 

C57BL/6 females to obtain agouti pups whose paternal chromosomes are derived from 

the HS1-4 KI ES cells. The pups were genotyped using the aforementioned primers. Mice 

that were heterozygous for the mutations were mated to produce homozygotes. The NF- 

E2 site mutations were confirmed by sequencing as described above. In addition, the 

junctions between homology regions in the targeting vector and chromosomal DNA was 

sequenced to confirm correct gene targeting. The following PCR primer pairs were used 

to generate the templates for sequencing: mB24959F, TGGTAGAGGAGCAGGACAC; 

mB25957R, CTCATCAGTACCATCTCCTC; mB52700F,

T AC AGGCCC AG AG AG AGTC and mB53752R, TCCACATACTCTGTCTCAGC.

Allele specific RT-PCR

Blood RNA was extracted with Trizol LS (Invitrogen) according to the 

manufacturer’s protocol. RNA was resuspended at the equivalent of lxlO6 cells/pL in 

diethylpyrocarbonate (DEPC)-treated H2O.

Yolk sac RNA was prepared from 10.5 days post coitus (dpc) embryos. 

Individual yolk sacs were dissected from embryos and placed into 0.4 mL of Trizol 

(Invitrogen). Tissue was disaggregated by shearing through a 26 gauge needle and was
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then incubated at room temperature for 15 min. RNA was subsequently isolated 

according to the manufacturer’s protocol. RNA pellets from individual yolk sacs were 

resuspended in 8 pL of DEPC-treated H2O.

Adult blood and yolk sac RNA samples were treated with DNase I (RNase-ffee; 

Invitrogen) in a 10 pL reaction for 30 min at 25 °C. From this reaction, 5 pL was used to 

generate cDNA using the Superscript II First Strand Synthesis System for RT-PCR 

(Invitrogen).

Genomic DNA was obtained from adult mouse tail clips and 10.5 dpc embryos by 

overnight incubation at 55 °C in 500 pL of a solution containing 20 mM Tris, 20 mM 

EDTA, 100 mM NaCl, 1% SDS, and 500 pg/mL Proteinase K (PCR grade; Roche). DNA 

was extracted with phenol/chloroform (50:50), precipitated with ethanol, and 

resuspended in 350 pL or 100 pL of TE for tail or embryo DNA, respectively.

PCR of adult beta globins was performed using the following primers: 

mBG79746F, TGCTTCTGACATAGTTGTGTTGACT and mBG80043R, 

AAAGCTATCAAAGTACCGCTG. Two microliters of cDNA or genomic DNA was 

amplified for 32 cycles in a 20 pL PCR reaction. The mBG79746F primer was then end- 

labeled with y32P-ATP and purified on a Sephadex G-25 column (Boehringer 

Mannheim). A 20 pL primer extension reaction was performed using this labeled primer 

and 1 pL of the PCR reaction. To distinguish between the allele-specific products, 5 pL 

o f the primer extension reaction was digested with Hae HI for 6 hr at 37 °C. Two 

microliters of digested or undigested sample was electrophoresed through an 8% 

polyacrylamide gel. The gels were dried and bands were quantitated using a Molecular 

Dynamics Storm 860 Phosphorlmager and ImageQuant software (GE Healthcare).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37

PCR of ey2 was performed as above with the following primers: Ey-IR, 

AACCCTCATCAATGGCCTGTGG and Ey-2R, TCAGTGGTACTTGTGGGACAGC. 

These primers were previously described by Fiering et. al. (26). An end-labeled Ey-IR 

primer was used for the primer extension reaction. Xba I was used to distinguish between 

the allele-specific products and quantitation of bands was carried out as above.

PCR of Phi was performed as above with the following primers: mbhl 182524F, 

GCACACTTGAGATCATCTCC and bhl-5R, TAACCCCCAAGCCCAAGGATG. The 

bhl-5R primer was previously described by Fiering eL al. (26). An end-labeled bhl-5R 

primer was used for the primer extension reaction. Xba I was used to distinguish between 

the allele-specific products and quantitation of bands was carried out as above.

Hematology

Red blood cell (RBC) counts were determined using a HEMAVET 1700 

hematology analyzer (CDC Technologies, Inc.). Hemoglobin concentration was 

determined spectrophotometrically after conversion to cyanmethemoglobin with 

Drabkin’s reagent (Sigma). Before determining the hemoglobin concentration, red cell 

membranes were pelleted at 14000 RPM for 5 min in an Eppendorf centrifuge. Pelleting 

the membranes inhibits artifactually high values caused by membrane-bound, denatured 

hemoglobin. Packed Cell Volume (PCV) was measured using a JorVet J503 micro­

hematocrit centrifuge (Jorgensen Laboratories, Inc). Reticulocyte numbers were 

determined by flow cytometry (FACSCalibur flow cytometer; BD Biosciences) after 

staining with thiazole orange (Sigma).
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Results

Recombineering and embryonic stem cell mutation

Figure 1 illustrates the conserved NF-E2 sites in HS4, HS3, and HS2 o f the 

murine P-globin LCR. We mutated these four sites by recombineering a murine p-globin 

BAC (see Supplemental Fig. 1). Gap repair was used to capture the mutated LCR (18 kb) 

and flanking sequences into a plasmid to generate a 30 kb targeting vector for 

homologous recombination in ES cells. The targeting vector was electroporated into 

HS1-4 KO ES cells which contain an 18 kb deletion of the LCR and insertion of an 

HPRT marker gene (Fig. 2). ES cells were selected for loss of the HPRT gene by growth 

in 6-TG. Resistant colonies were analyzed by PCR for NF-E2 site mutations in HS4, 

HS3, and HS2. PCR was performed with primers that are specific for mutated HS4, HS3, 

and HS2 sequences (Fig. 3A-C). Figure 3D demonstrates that the HPRT gene was 

replaced with an 18 kb LCR fragment containing the mutated NF-E2 sites.

Generation of mice bearing NF-E2 site mutations

HS1-4 KI ES cells were injected into wild-type (WT) C57BL/6 mouse 

blastocycsts to produce chimeric males. The chimeric males were subsequently bred to 

WT C57BL/6 females. Agouti offspring were either LCR NF-E2 +/+, HbbD/HbbS or 

LCR NF-E2 + /- , HbbD/HbbS. Genotyping was performed using DNA isolated from tail 

clips with primers specific for each of the mutations (Fig. 4). Mice that were 

heterozygous for the LCR NF-E2 site mutations were mated to produce homozygous 

offspring (LCR NF-E2 -/-, HbbD/HbbD). HS sites and chromosomal junctions were
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sequenced and compared to WT alleles. The results clearly demonstrate the presence of 

HS4, HS3, and HS2 NF-E2 site mutations (Fig. 5) and correct chromosomal junctions.

Down-regulation o f adult (3-globin gene expression in LCR NF-E2 +/- mice

Samples of blood were obtained from 5 WT and 6 LCR NF-E2 +/- mice and RT- 

PCR of blood RNA was performed with primers common to all four adult p-globin 

alleles (ps, p1, p111̂ , P™11) (Fig. 6A). As a control, PCR of tail DNA from the same 

animals was performed with the same primers. After primer extension with a 5 ’ end 

labeled primer, RT-PCR (Fig. 6B) and PCR (Fig. 6C) products were digested with Hae 

III and separated on 8% polyacrylimide gels to distinguish HbbD and HbbS sequences 

(HbbD, single Hae HI site; HbbS, two Hae HI sites) (see Fig. 6A). Labeled bands were 

quantitated using a phosphorimager and pmaj-mm/ps>t values were calculated. These values 

were normalized to pmai'mm/ps<t values for tail DNA PCR products (Fig. 6C) and the 

results are illustrated in Figure 6D. Surprisingly, P ^ ’1™11 gene expression in LCR NF-E2 

+/- mice was reduced by only 23% compared to Ps,t. These data demonstrate that 

mutations of the highly conserved NF-E2 sites in HS4, HS3 and HS2 have a relatively 

mild, but significant, effect on endogenous p-globin gene expression in vivo.

Down-regulation o f embryonic ey2-globin gene expression in LCR NF-E2 +/- embryos

Ten and one-half dpc yolk sacs were obtained from 4 WT and 4 LCR NF-E2 +/- 

mice and RT-PCR of yolk sac RNA was performed with primers specific for ey2-globin 

alleles (ey2HbbD, ey2HbbS) (Fig. 7A). As a control, PCR of DNA from the same embryos 

was performed with the same primers. After primer extension with a 5’ end labeled
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primer, RT-PCR (Fig. 7B) and PCR (Fig. 7C) products were digested with Xba I and 

separated on 8% polyacrylimide gels to distinguish HbbD and HbbS sequences (HbbD, 

no Xba I site; HbbS, one Xba I site) (see Fig. 7A). Labeled bands were quantitated using 

a phosphorimager and £y2HbbD/ey2HbbS values were calculated. These values were 

normalized to ey2HbbD/ey2HbbS values for embryo DNA PCR products (Fig. 7C) and the 

results are illustrated in Figure 7D. Consistent with the results described above for adult 

genes, ey2HbbD gene expression in LCR NF-E2 +/- embryos was reduced by only 20% 

compared to ey2HbbS. These data demonstrate that mutations of the highly conserved NF- 

E2 sites in HS4, HS3 and HS2 have a relatively mild, but significant, effect on 

endogenous ey2-globin gene expression in vivo. Similar results were obtained for |3hl- 

globin gene expression (see Supplemental Fig. 2)

Hematology o f LCR NF-E2 -/- mice

To determine the effects of LCR NF-E2 mutations on hematological values in 

adult mice, red blood cell indices were obtained. The data are listed in Table 1. Red 

blood cell counts in LCR NF-E2 -/- mice were not significantly reduced compared to WT 

mice, and reticulocyte counts in LCR NF-E2 -/- and WT mice were not significantly 

different. Hemoglobin concentrations of LCR NF-E2 -/- mice were in the normal range, 

and blood smears of LCR NF-E2 +/- and LCR NF-E2 -I- mice are identical to blood 

smears of WT mice (Fig. 8). These results suggest that the 23% down-regulation of 

globin mRNA does not result in significant anemia. As previously described, relatively 

small decreases in (3-globin mRNA do not result in significant decreases in hemoglobin
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levels (27). Increased translation o f P-globin mRNA compensates for the decrease in 

mRNA abundance.

Discussion

Within the P-globin LCR of five species, several NF-E2 sites are highly 

conserved. To understand the role of these NF-E2 sites in LCR activity, we mutated all 

four conserved sites in the endogenous mouse LCR. We demonstrate that these four NF- 

E2 sites play a significant role in long-distance enhancement of P-globin gene expression. 

We also show that mice homozygous for mutations of these sites are not anemic; 

therefore, these highly conserved sequences are not essential for hemoglobin synthesis in 

the normal range.

The mechanism by which the LCR activates transcription of P-globin genes is not 

completely understood. Looping (28-30) and linking (31,32) models have been proposed 

to explain the requirement o f LCR sequences for high level globin gene expression at all 

developmental stages. Both models are supported by recent studies demonstrating that 

LCR sequences interact directly with downstream P-globin genes in erythroid cells 

(33,34). In the looping model, individual HSs form an LCR holocomplex through the 

cooperative binding of many factors to each HS. This LCR holocomplex interacts with 

proteins bound to downstream globin gene promoters/proximal enhancers to form an 

active transcription complex (35-37) that directs globin gene expression. DNA loops are 

created as a consequence of these long-distance interactions. In the linking model, the 

LCR holocomplex interacts with “transcription factories” (38-42) that are outside the p- 

globin locus chromosomal domain. DNA is then spooled into the transcription factory
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until a promoter/proximal enhancer complex is encountered. The 

LCR/promoter/proximal enhancer interaction completes the transcription complex that 

activates gene expression. Interactions of LCR/promoter/proximal enhancer complexes 

with transcription factories are also accommodated in the looping model; however, in this 

model the LCR/promoter/proximal enhancer complex is formed prior to interaction with 

the transcription factory.

Multiple deletion studies have demonstrated that HSs in the LCR function in a 

highly cooperative manner. Deletion of individual HSs has a relatively minor effect on 

globin gene expression (11,26,43,44); however, deletion of the entire LCR drastically 

inhibits transcription of beta-like globin genes at all developmental stages (45-47). We 

anticipated that mutation of the highly conserved NF-E2 sites in multiple HSs would 

significantly inhibit cooperative interactions and mimic deletion of the entire LCR. 

Surprisingly, these mutations reduced globin gene expression by only 20%. These results 

suggest that there is significant redundancy involved in the formation of a functional 

holocomplex. If holocomplex-forming sequences are this redundant, why are specific 

LCR sequences highly conserved? Perhaps these sequences are conserved because LCR 

activity at or near 100% confers a selective advantage for animals in the wild, but 

significantly less activity is necessary for survival under laboratory conditions.

The 20% reduction of P-globin gene expression resulting from deletion of the 

conserved NF-E2 sites is consistent with both the looping and linking models. In the 

looping model, the absence of conserved NF-E2 sites reduces the rate or stability of LCR 

holocomplex formation and, consequently, alters formation of the 

LCR/promoter/proximal enhancer transcription complex. In the linking model, mutation
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of conserved NF-E2 sites reduces the rate or stability of LCR interactions with 

transcription factories and, consequently, inhibits the spooling required to form an active 

transcription complex.

Comparison of LCR sequences of human, galago, rabbit, goat and mouse revealed 

many conserved regions in addition to NF-E2 sites (17). These regions and the proteins 

that bind to them may provide the large number of interaction surfaces that are necessary 

for full LCR activity. Future experiments involving the mutation of combinations of 

conserved sequences, including CACCC boxes in HS3 and HS2 and GATA-1 sites in 

H S4,3 ,2  and 1, may reveal the minimal sequences necessary for maximal LCR activity.
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Table 1. Hematological values of WT and LCR NF-E2 -/- mice.

Mice RBC
x l0 6/pL

Hb
g/dL

PCV
%

Retie
%

RDW
%

MCV
fL

MCH
Pg

WT
n=17

9.2±0.7 13.0+1.2 44.7±3.1 3.1 ±0.8 18.2±0.8 48.7±1.8 14.2±0.7

NF-E2
-/-

n=18

9.0±0.7
(0.546)

12.1+0.9
(0.016)

42.7+3.7*
(0.094)

3.2 ±0.8  
(0.890)

20.4±1.2 
(<0.0001)

47.4±2.9*
(0.115)

13.4±0.6
(0.002)

RBC, rec blood cel ; Hb, hemoglobin; PCV, packed cell volume; Retie, reticulocytes;

RDW, red cell distribution width; MCV, mean corpuscular volume; MCH, mean 

corpuscular hemoglobin. Values represent the mean ± SD. P values in parentheses were 

calculated using a two-tailed unpaired Student’s t-Test. *n= 17
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Figure 1. Mouse P-globin LCR and mutagenic oligos. (A) Diagram of HS1-4 of the 

mouse P-globin LCR. The bracketed regions are 5 ’ and 3’ DNA fragments used for 

homologous recombination in ES cells. The core regions are highlighted in red, yellow, 

blue, and green for HS4, HS3, HS2, and HS1, respectively. Boxes in the enlarged regions 

of HS4, 3 and 2 indicate the relative position of conserved NF-E2 sites. (B) Sequence of 

conserved NF-E2 sites and surrounding regions. The conserved sites are indicated in 

bold, and the mutations are indicated below in red.
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A.
HS4 HS3 HS2 HS1

f— i
z x

I

B.

HS4
ATGTCAGAATGAGATGGCTTTCCCCACCCCnTACTAGTCTGAGAICCTCCCACCCATGGCAAGGGGAGTGAGATCCTGCCAAG

TCTCCCGGGCTC

HS3
CTGTAAGTGTAAATTrTGGAGCACAGGTTTCTAAGACTTTGACTCAGCAAACCCTAGGOCTCCTAGGGACTGAGAGAGGCTGCTT

TTTCCCGGGGCA

HS2
GTGAGCCAGCATCAGGCTTGAGCACAGGAGTGCTGAGTCATGCTGAGTCATGCTGAGGCTTAGGGTGTGTGGCCAGATGTTTT

TGCCCCGGGATGCCCCGGGATG
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Figure 2. Schematic of knockin strategy. HS1-4 KO ES cells are murine HM-1 ES cells 

in which an 18 kb fragment of the LCR has been deleted and replaced with an HPRT 

marker gene. The targeting vector is composed of homology regions totaling 10 kb (4 kb 

5’ and 6 kb 3’) and an 18 kb fragment of the LCR containing mutated NF-E2 sites in 

HS4, HS3, and HS2. After homologous recombination, HS1-4 KI ES cells contained one 

mutant HbbD allele and one WT HbbD allele.
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Figure 3. PCR genotyping of ES cells. The top panels of A, B and C demonstrate PCR 

products obtained with primers that are specific for the NF-E2 site mutations in HS1-4 KI 

ES cells. The lower panels are controls demonstrating intact core HS sites in HS1-4 KI 

cells. Panel D demonstrates the loss of HPRT in ES cells containing the knockin allele
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Figure 4. PCR genotyping of mice. M is a marker, +/+ is WT mouse tail DNA, +/- is 

mutant NF-E2 heterozygous mouse tail DNA, -/- is mutant NF-E2 homozygous mouse 

tail DNA and H2O is a water (no DNA template) control. The top panel of A, B and C 

demonstrates the presence of NF-E2 site mutations in HS4, HS3 and HS2, respectively. 

The bottom panels of A-D demonstrate the presence of intact HS site cores in all mouse 

lines. Homozygous NF-E2 site mutant mice were confirmed by the presence of two HS3 

HbbD alleles (Panel B, bottom). -/- represents an HbbD/HbbD mouse and +/- represents 

an HbbS/HbbD mouse.
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Figure 5. Sequence of HS4, HS3 and HS2 in homozygous NF-E2 site mutant mice. The 

top strand is sequence from homozygous NF-E2 -/- mice and the bottom strand is the 

reference BALB/c mouse sequence. Sequences in red are the mutations. The vertical line 

represents the junction of homology regions in the targeting vector and endogenous 

sequences. The sequence in italics identifies a portion of homology regions. (A) HS4 

sequence (B) HS3 sequence (C) HS2 sequence (D) Junction of 5 ’ homology and 

endogenous mouse chromosome 7 sequences (E) Junction of 3’ homology and the 

endogenous mouse chromosome 7 sequences.
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A. HS4
GCAGCAATGTCAGAATGAGATGGCTTTCCCCACCCCTTTACTAGTCTCCC GGG

* GCAGCAATGTCAGAATGAGATGGCTTTCCCCACCCCTTTACTAGTCTGAGATC
m. CTCCCACCCATGGCAAGGGGAGTGAGATCCTGCCAAGACTCTGATAATA 

CTCCCACCCATGGCAAGGGGAGTGAGATCCTGCCAAGACTCTGATAATA

B. HS3
-  AGGAGGTCTGTAAGTGTAAATTTTGGAGCACAGGTTTCTAAGACTTTCCC GGG 
-t AGGAGGTCTGTAAGTGTAAATTTTGGAGCACAGGTTTCTAAGACTTTGACTCA
»i GCAAACCCTAGGCCTCCTAGGGACTGAGAGAGGCTGCTTTGGAAGATGT
* GCAAACCCTAGGCCTCCTAGGGACTGAGAGAGGCTGCTTTGGAAGATGT

C. HS2
mi TGTGGGTGTGTTCAGCCTTGTGAGCCAGCATCAGGCTTGAGCACAGCAGTGC 
-i TGTGGGTGTGTTCAGCCTTGTGAGCCAGCATCAGGCTTGAGCACAGCAGTGC
mi CCCGGGATGCCCC GGGATGCTGAGGCTTAGGGTGTGTGGCCAGATGTTTTCA 
wi TGAGTCATGCTGAGTCATGCTGAGGCTTAGGGTGTGTGGCCAGATGTTTTCA
mi GCTGTGAGTGATCA 
« GCTGTGAGTGATCA
D. 5’ boundary
mt CCITCTCTITTCCCCAAAATGTCTTCTGAGAATATGTCA|GJAC7TCCCTC7T7M 
*t CCTTCTCTTTTCCCCAAAATGTCTTCTGAGAATATGTC/jGrACTTCCCrCTTrA
mt CAATACTTAAAGCTAAATCAGTAAAATATCACCTTGGATTTTGCAAATGCC 
t  CAA TACTTAAAGCTAAATCAGTAAAATATCACCTTGGATTTTGCAAATGCC
E. 3’ boundary
mt GAGGTCTCATCGGCTTTATTTACCCCACCCATATTAGCAAA TGTGTATCACA GCAA G
* GAGGTCTCATCGGCTTTATTTACCCCACCCATATTAGCAAATGTGTATCACAGCAAp
mt CTTCATGGTCTTTTGGCTCTTACAATCCTTTTCCCTTCTTCTG
* CTTCATGGTCTTTTGGCTCTTACAATCCTTTTCCCTTCTTCTG
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Figure 6. Allele specific RT-PCR of adult mouse blood. Blood samples were obtained 

from 5 WT and 6 LCR NF-E2 +/- mice. RT-PCR of blood RNA was performed with 

primers common to all four adult P-globin alleles (ps, pl, p ^ , p1™11). (A) Diagram of 

expected bands from p-globin alleles. (B) RT-PCR of blood RNA. Undigested cDNA is 

182 bp and cDNA digested with Hae in results in bands of 126 bp and 85 bp for HbbD 

and HbbS, respectively. (C) PCR of tail DNA. Undigested DNA is 298 bp and DNA 

digested with Hae HI results in bands of 126 bp and 85 bp for HbbD and HbbS, 

respectively. (D) Histogram indicating the relative amounts of HbbD compared to HbbS. 

HbbD/HbbS for WT samples was set to 1. All values for mutant animals were 

normalized to WT. The NF-E2 mutations result in a 23% decrease in p^ /p ^-g lob in  

gene expression. Raw values for WT DNA ranged from 1.06 to 1.09 with a mean of 1.07; 

mutant DNA ratios ranged from 1.07 to 1.10 with a mean of 1.09. The ratio of 

HbbD/HbbS for WT cDNA ranged from 0.92 to 1.01 with a mean of 0.97 and the ratio of 

HbbD/HbbS for NF-E2 mutant cDNA ranged from 0.72 to 0.82 with a mean of 0.75.
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Figure 7. Allele specific RT-PCR of 10.5 dpc mouse yolk sacs. Four WT and 4 LCR NF- 

E2 +/- embryos were analyzed. RT-PCR was performed with primers common to HbbD 

and HbbS ey2 alleles. (A) Diagram of expected bands from ey2-globin alleles. (B) RT- 

PCR of 10.5 dpc yolk sac RNA. Undigested cDNA is 418 bp and cDNA digested with 

Xba I results in bands of 418 bp and 209 bp for HbbD and HbbS, respectively. (C) PCR 

of 10.5 dpc embryo DNA. Undigested DNA is 1,208 bp and l,255bp for HddD and HbbS 

ey2 alleles, respectively. DNA digested with Xba I results in bands of 1,208 bp and 298 

bp for HbbD and HbbS, respectively. (C) Histogram indicating the relative amounts of 

HbbD compared to HbbS. HbbD/HbbS for WT samples was set to 1. All values for 

mutant animals were normalized to WT. The NF-E2 mutations result in a 20% decrease 

in ey2HbbD-globin gene expression. Values for WT DNA ranged from 0.60 to 0.70 with a 

mean of 0.66; mutant DNA ratios ranged from 0.61 to 0.77 with a mean of 0.65. The 

ratio of HbbD/HbbS for WT cDNA ranged from 0.76 to 0.91 with a mean of 0.84, and 

the ratio of HbbD/HbbS for NF-E2 mutant cDNA ranged from 0.67 to 0.68 with a mean 

of 0.68.
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Figure 8. Blood smears of LCR NF-E2 +/+, +/- and -/- mice. No differences in the 

morphology of red blood cells were observed in these animals. (A) WT (B) LCR NF-E2 

+/- (C) LCR NF-E2 -/-
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Supplemental Figure 1. BAC recombineering and capture of the mutant LCR fragment 

into the targeting vector. (A) A 90 bp mutagenic oligonucleotide was electroporated into 

DY380 cells. Serial dilutions were performed, and PCR was utilized to identify pools that 

were positive for the mutation. (B) After confirming NF-E2 mutations in HS4, HS3 and 

HS2, the LCR was captured by gap repair, which resulted in a targeting vector containing 

a total of 10 kb of homology (4 kb 5 ’ and 6 kb 3’) plus the entire mutated LCR.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

A.

HS 5 4 3 2 1
| | sy2 phO phl ph2 pj,3 pmao R““BAC with HS4NF-E2 and HS3NF

E2 sites mutated
|M utated NF-E2 sites 

[] Native NF-E2 sites
HS2 with 2 NF-E2 sites

BAC with all conserved NF-E2 
sites mutated

|  Recombineering with 90 bp
oligonuleotide.

PCR Screen for mutation

Sib Selection from 1,000, 
100,10 cell pools.

PCR Screen for nutation in 
Single colonies

HS 5 4 3 2 1
sy2 PhO phi ph2 ph3 p1"̂

1 1 2

B.
HS 5 4 3 2 1

1 sy2 PhO phi Rh2 Bh3 p1̂
BAC with all conserved NF- 
E2 sites mutated

Capture

HS 5 4 3 2 1

Gene targeting vector with mutated
LCR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

Supplemental Figure 2. Allele specific RT-PCR of 10.5 dpc mouse yolk sacs. Four WT 

and 4 LCR NF-E2 +/- embryos were analyzed. RT-PCR was performed with primers 

common to HbbD and HbbS Phi alleles. (A) Diagram of expected bands from [3hl- 

globin alleles. (B) RT-PCR of 10.5 dpc yolk sac RNA. Undigested cDNA is 269 bp and 

cDNA digested with Xba I results in bands of 243 bp and 269 bp for HbbD and HbbS, 

respectively. (C) PCR of 10.5 dpc embryo DNA. Undigested DNA is 375 bp and 374 bp 

for HddD and HbbS Phi alleles, respectively. DNA digested with Xba I results in bands 

of 349 bp and 374 bp for HbbD and HbbS, respectively. (C) Histogram indicating the 

relative amounts of HbbD compared to HbbS. HbbD/HbbS for WT samples was set to 1. 

All values for mutant animals were normalized to WT. The NF-E2 mutations result in a 

15% decrease in phlHbbD-globin gene expression. Values for WT DNA ranged from 1.03 

to 1.10 with a mean of 1.09; mutant DNA ratios ranged from 1.02 to 1.08 with a mean of 

1.09. The ratio of HbbD/HbbS for WT cDNA ranged from 1.12 to 1.14 with a mean of 

1.13, and the ratio of HbbD/HbbS for NF-E2 mutant cDNA ranged from 0.94 to 1.00 

with a mean of 0.97.
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Supplemental Figure 3. Generation of pCV6. A capture vector was designed to retrieve a 

27.9 kb fragment of DNA containing LCR 5' HS5 through HS1 and the ey2 gene from 

the mouse (3-globin BAC. The 5' and 3' capture homologies were produced by PCR and 

subcloned into plasmid pKPl 14 to construct the capture vector pCV6. In brief, the 395 bp 

5' homology fragment was amplified from the mouse (3-globin BAC using primers CV6- 

5' Fwd and CV6-5' Rev and this fragment was subsequently digested with Sal I and Nsi I; 

the 430 bp 3' homology fragment was amplified using primers CV6-3’ Fwd and CV6-3' 

Rev and this fragment was then digested with Nsi I and Cla I. These two homologies 

were then ligated into the Sal I- and Cla I-digested cloning vector pKPl 14.
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Abstract

Conservation o f CAC Binding Protein (CACBP) sites in the p-globin Locus Control 

Region (LCR) between five mammalian species suggest that these sequences play an 

important functional role in globin gene expression. To define the role of these 

sequences in vivo, we replaced an 18 kb region of the wild-type LCR (HS1-4) in murine 

embryonic stem (ES) cells with an 18 kb LCR fragment (HS1-4) containing mutations of 

the conserved CACBP sites in HS3 and HS2. Mice were derived from these LCR 

knockin ES cells, and adult p-globin gene expression was analyzed, p-globin gene 

expression is reduced by only 10% in these animals and mice that are homozygous for 

the mutations are not anemic. These results suggest that the highly conserved CACBP 

binding sites in the P-globin LCR are dispensable in long-range enhancement of p-globin 

gene expression.

Introduction

Originally identified as a set of DNasel Hypersensitive sites (HS) that were 

mapped from 6 to 22 kb upstream of the human e-globin gene (1,2), the P-globin LCR 

was subsequently demonstrated to function as an enhancer in transgenic mice (3). The 

LCR was further demonstrated to function at all developmental stages of erythropoiesis 

(4,5) and specifically in erythroid cells (6-8). DNA fragments containing individual LCR 

HS sites have been demonstrated to function as enhancers of p-globin gene expression in 

cultured cells and in transgenic mice (7,9,10).

Hardison et al. (11) aligned the HS regions of the human, galago, rabbit, goat, 

and mouse LCRs and identified regions of sequence conservation. Within each HS, highly
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conserved regions corresponding to known and putative transcription factor binding sites, 

such as CACCC, GATA1, and NF-E2 were found. Recently, we demonstrated that the 

conserved NF-E2 sites have a significant but nonessential role in LCR enhancement of (3- 

globin gene expression (manuscript submitted).

A single CACBP site is highly conserved in HS2 (11). When this site was deleted 

in an HS2/ P-globin gene construct and tested in transgenic mice, a modest reduction in 

transgene expression was observed compared to wild-type HS2/ p-globin transgene 

expression (12,13). HS3 also contains blocks of conservation between the five species, 

including a single CACBP site(l 1).

To understand the role of these CACBP sites in endogenous LCR activity, both 

were mutated in the endogenous mouse LCR. We demonstrate that these two CACBP 

sites, conserved between five species, have a nonessential role in the expression of adult 

P-globin genes.

Materials and methods 

Recombineering o f the P-globin BAC

A  180 kb bacterial artificial chromosome (BAC) clone (BPRC, CHORI) 

containing the murine HbbD p-globin locus was maintained in the DY380 strain of E. 

coli. Mutations were made following standard recombineering procedures (14-16). 

Briefly, BAC-containing DY380 cells were grown at 30 °C in 30 mL of Luria-Bertani 

(LB) broth to an optical density of 0.5 at an absorbance of 600 nm. The temperature was 

then increased to 42 °C for 15 min to induce expression of the bacteriophage ^-Red genes 

exo, bet and gam. After heat induction, cells were placed on ice for 25 minutes, washed
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three times in 10% glycerol and resuspended in a final volume of 200 pL o f 10% 

glycerol. Fifty to two hundred nanograms of mutagenic oligonucleotides were 

electroporated into 50 pL of the cells at 1.8 kV, 200 £2, and 25 pF (BioRad GenePulser 

II). After 1 hr of recovery at 30 °C, the cells were seeded into a 96 well BioBlock 

(Labcor) at 10,000 cells/well and 1,000 cells/well and incubated overnight at 30 °C. One 

microliter aliquots were assayed by PCR to identify pools containing mutated BAC 

clones. The positive pools were then diluted, cultured, and assayed. This process was 

repeated until 10 cell/well pools containing mutated BACs were obtained. Dilutions of 

these pools were then spread onto LB agar plates containing tetracycline (5 pg/mL) and 

chloramphenicol (12.5 pg/mL) and incubated at 30 °C overnight. The following oligos 

were used to make the mutations in HS3 and HS2, respectively: 

HS3:TGCTGGCTCAGATAGATGACCATGTGTGGGTTTCAGCTCACCCGGGAGT 

CTGTGACTCTGAGAAAAGATAGACACAAACATGAGAG 

HS2.CACAGCAGTGCTGAGTCATGCTGAGTCATGCTGAGGCTTACCCGGGGTG 

GCCAGATGTTTTCAGCTGTGAGTGATCAGTGCTATCT

The underlined portion of each oligo is the mutation of the CACBP site. All oligos were 

purchased from Integrated DNA Technologies (IDT) and purified by polyacrylamide gel 

electrophoresis (PAGE). All PCR primers used in this study were also purchased from 

IDT. For the identification of the mutations in the BAC, the following primers were 

used: HS3F3, TGTGGGTTTCAGCTCACCC; HS3R, TTAGCAGGTGTTCTTGGAC; 

HS2F3, AGTCATGCTGAGGCTTACCC; HS2R, GTTATGTCACACAGCAAGGC.
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Generation ofES cell targeting vector

Previously, we (manuscript submitted) designed a plasmid, pCV6, to capture a 

27.9 kb fragment of DNA containing LCR 5' HS5 through HS1 and the ey gene from the 

mouse P-globin BAC. To recombineer the ES cell targeting vector, pCV6 was linearized 

with Nsi I and 50 to 400 ng of linearized plasmid was electroporated into DY380 cells 

containing the mutated BAC. After a 1 hr recovery at 30 °C, the cells were spread onto 

LB agar plates with ampicillin (50 }xg/mL) for overnight culture at 30 °C. Single colonies 

from these plates were isolated and transferred to 3 mL LB broth with ampicillin for 

another overnight incubation at 30 °C. One microliter of culture was assayed in a 25 uL 

PCR reaction using the following primers to confirm the capture of the LCR: 

mBG52620F, GGGAAGCACAGGAAGACTCA; M13-20,

ACGTTGTAAAACGACGGCCA; mBG25712R, CCC AAAC AC AC AGC AG A AC A ; 

and \|/M13R, CACAGGAAACAGCTATGACCA. Multiple positive clones were 

obtained and plasmid DNA was isolated using a standard alkaline lysis procedure (17). 

The plasmid DNA was then transformed into XL 10-Gold cells, and the cells were spread 

onto LB agar plates with ampicillin. After overnight incubation at 37 °C, single colonies 

were isolated, expanded in liquid culture, and assayed as above for LCR sequences. 

Positive cells were further analyzed by PCR to confirm the presence of the CACBP 

mutations. To ensure that the LCR was captured correctly, a series of restriction digests 

was performed. These digests confirmed that the entire 27.9 kb fragment of the LCR plus 

homology regions was captured.
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Knockin mutations in ES cells

The targeting vector containing the LCR with CACBP site mutations was 

linearized with Nsi I and electroporated into HS1-4 KO ES cells (KMP and TMT, 

unpublished). HS1-4 KO ES cells are HM-1 (18) cells in which an 18 kb fragment of the 

LCR has been deleted and replaced with a mouse hypoxanthine phosphoribosyl 

transferase (HPRT) marker gene (19). These cells were maintained on HPRT* murine 

embryonic fibroblasts (MEFs) in media supplemented with 1.6 |ig/mL hypoxanthine,

0.175 pg/mL aminopterin, and 4.8 pg/mL thymidine (HAT) prior to electroporation to 

confirm the presence of a functional HPRT gene. After electroporation, the cells were 

grown for 4 days in nonselective media to allow time for residual HPRT protein to decay. 

The cells were then replated at a low density onto gelatinized plates containing HPRT' 

MEFs and selected for the loss of HPRT with 10 pM 6-thioguanine (6-TG). Cells were 

cultured under selection for 14 days and then individual colonies were isolated.

Correctly modified HS1-4 KI ES cells were identified using PCR and DNA 

sequencing. Primers mHPRT(961.El)F, ATGCCGACCCGCAGTCCCAG and 

mHPRT(61.E7)R, GGCCTGTATCCAACACTTCG were utilized to detect the loss of the 

HPRT marker gene. The previously described primers HS3F3, HS3R, HS2F3 and HS2R 

were used to identify the mutations. Cell samples that were negative for HPRT and 

positive for the CACBP mutations by PCR were sequenced across the four HS sites. The 

following PCR primer pairs were used to generate the templates for sequencing: HS4F, 

ATTTGCCCTCTCTTACATCT and HS4R, GTTCCTGCCCTCTAAATCTGC; HS3F2, 

CC AGGAC AGCC AGG ACT AC and HS3R; HS2F2, CACTTCTTCATATTCTCTCTC
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and HS2R; HS1F, CTCTCCCATAACCCATACCTC and HS1R, 

CTC ACTCTC AAGCCTGTGTTAC.

Generation o f the mice

C57BL/6 blastocysts were injected with HS1-4 KI ES cells and then transferred to 

pseudopregnant CD-I females to generate chimeric mice. Male chimeras were bred to 

C57BL/6 females to obtain agouti pups whose paternal chromosomes are derived from 

the HS1-4 KI ES cells. The pups were genotyped using the aforementioned primers. Mice 

that were heterozygous for the mutations were mated to produce homozygotes. The NF- 

E2 site mutations were confirmed by sequencing as described above. In addition, the 

junctions between homology regions in the targeting vector and chromosomal DNA was 

sequenced to confirm correct gene targeting. The following PCR primer pairs were used 

to generate the templates for sequencing: mB24959F, TGGTAGAGGAGCAGGACAC; 

mB25957R, CTC ATC AGTACC ATCTCCTC; mB52700F,

T AC AGGCCC AG AG AG AGTC and mB53752R, TCCACATACTCTGTCTCAGC.

Allele specific RT-PCR

Blood RNA was extracted with Trizol LS (Invitrogene) according to the 

manufacturer’s protocol. RNA was resuspended at the equivalent of lxlO6 cells/pL in 

diethylpyrocarbonate (DEPC)-treated H20 .

Adult blood RNA samples were treated with DNase I (RNase-free; Invitrogen) in 

a 10 pL reaction for 30 min at 25 °C. From this reaction, 5 pL was used to generate 

cDNA using the Superscript II First Strand Synthesis System for RT-PCR (Invitrogen).
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Genomic DNA was obtained from adult mouse tail clips by overnight incubation 

at 55 °C in 500 pL of a solution containing 20 mM Tris, 20 mM EDTA, 100 mM NaCl, 

1% SDS, and 500 pg/mL Proteinase K (PCR grade; Roche). DNA was extracted with 

phenol/chloroform (50:50), precipitated with ethanol, and resuspended in 350 pL.

PCR of adult beta globins was performed using the following primers: 

mBG79746F, TGCTTCTGACATAGTTGTGTTGACT and mBG80043R, 

AAAGCTATCAAAGTACCGCTG. Two microliters of cDNA or genomic DNA was 

amplified for 32 cycles in a 20 pL PCR reaction. The mBG79746F primer was then end- 

labeled with y32P-ATP and purified on a Sephadex G-25 column (Boehringer 

Mannheim). A 20 pL primer extension reaction was performed using this labeled primer 

and 1 pL of the PCR reaction. To distinguish between the allele-specific products, 5 pL 

of the primer extension reaction was digested with Hae HI for 6 hr at 37 °C. Two 

microliters of digested or undigested sample was electrophoresed through an 8% 

polyacrylamide gel. The gels were dried and bands were quantitated using a Molecular 

Dynamics Storm 860 Phosphorlmager and ImageQuant software (GE Healthcare).

Hematology

Red blood cell (RBC) counts were determined using a HEMAVET 1700 

hematology analyzer (CDC Technologies, Inc.). Hemoglobin concentration was 

determined spectrophotometrically after conversion to cyanmethemoglobin with 

Drabkin’s reagent (Sigma). Before determining the hemoglobin concentration, red cell 

membranes were pelleted at 14000 RPM for 5 min in an Eppendorf centrifuge. Pelleting 

the membranes inhibits artifactually high values caused by membrane-bound, denatured
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hemoglobin. Packed Cell Volume (PCV) was measured using a JorVet J503 micro­

hematocrit centrifuge (Jorgensen Laboratories, Inc). Reticulocyte numbers were 

determined by flow cytometry (FACSCalibur flow cytometer; BD Biosciences) after 

staining with thiazole orange (Sigma).

Results and Discussion 

Recombineering and Embryonic Stem cell mutation

The conserved CACBP sites in HS3 and HS2 of the murine beta-globin LCR are 

illustrated in Figure 1. By recombineering a murine P-globin BAC, we mutated both of 

these sites. Capture, by gap repair, of the mutated LCR into pCV6 generated a 30 kb 

targeting vector for homologous recombination in ES cells. The targeting vector was 

electroporated into HS1-4KO ES cells, which contain an 18kb deletion of the LCR and 

insertion of a murine HPRT marker gene (Fig 2). The electroporated ES cells were 

cultured in media containing 6-TG to select for the loss of the HPRT marker due to 

correct targeting. Genomic DNA from surviving colonies was analyzed by PCR with 

primers specific for mutated HS3 and HS2 sequences (Fig. 3A-B). Figure 3C 

demonstrates that the HPRT gene was replaced with an 18kb LCR fragment containing 

the mutated NF-E2 sites.

Generation of Mice bearing CACBP site mutations

CACBPmtHSl-4 KI cells were injected into wild type C57BL/6 mouse 

blastocycsts to produce chimeric males. The chimeric males were subsequently bred to 

wild type C57BL/6 females. Agouti offspring were either LCR CACBP +/+,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

HbbD/HbbS or the LCR CACBP + /- , HbbD/HbbS. Genotyping was performed on DNA 

isolated from tail clips using primers specific for each of the mutations (Fig 4). Mice that 

were heterozygous for the LCR CACBP site mutations were mated to produce 

homozygous offspring (LCR CACBP -/-, HbbD/HbbD). Each HS site and chromosomal 

junctions were sequenced and compared to wild-type alleles. The results clearly 

demonstrate the presence of HS3 and HS2 mutations (Fig 5) and correct chromosomal 

junctions.

Down-regulation o f adult ft-globin gene expression in LCR CACBP +/- mice

Samples of blood were obtained from 6 wild type and 6 LCR CACBP +/- mice 

and RT-PCR of blood RNA was performed with primers common to all four adult (3- 

globin alleles ((3s, (3T, (3maj, 0"““) (Fig. 6A). PCR of tail DNA from the same animals was 

performed with the same primers as a control (Data not shown). After primer extension 

with a 5 ’ end labeled primer, RT-PCR (Fig. 6B) and PCR products were digested with 

Haein and separated on 8% polyacrylimide gels to distinguish HbbD and HbbS 

sequences (HbbD, single HaelH site; HbbS, two Haein sites) (see Fig. 6A). Labeled 

bands were quantitated on a phosphorimager and pmaj>nun/ps't values were calculated. 

These values were normalized to pma3*mm/ps-t values for wild type PCR products and the 

results are illustrated in Figure 6C. Surprisingly, (3maj,mm gene expression in LCR CACBP 

+/- mice was reduced by only 10% compared to (3s,t. These data demonstrate that 

mutations of the highly conserved CACBP sites in HS3 and HS2 have a relatively mild, 

effect on endogenous P-globin gene expression in vivo.
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Hematology of LCR NF-E2 -/- mice

To determine the effects of LCR CACBP mutations on hematological values in 

adult mice, red blood cell indices were obtained. The data are listed in Table 1. Red 

blood cell counts in LCR CACBP -/- mice were not significantly reduced compared to 

WT mice, and reticulocyte counts in LCR CACBP -/- and WT mice were not 

significandy different. Hemoglobin concentrations of LCR CACBP-/- mice were in the 

normal range. These results suggest that the 10% down-regulation of globin mRNA does 

not result in significant anemia.

Within the P-globin LCR HSs o f human, mouse, galago, rabbit and goat, two 

CACBP sites are highly conserved. To understand the role of these CACBP sites in LCR 

activity, we mutated both sites in the endogenous mouse LCR. We demonstrate that these 

CACBP sites are dispensable in long-distance enhancement of beta-globin gene 

expression. We also show that mice homozygous for mutations of these sites are not 

anemic; therefore, these highly conserved sequences are not essential for hemoglobin 

synthesis in the normal range.

Recently Zhou et al. (20) demonstrated that Erythroid Kruppel-like Factor 

(EKLF), a CACBP, bound to HS4, HS3, HS2, and HS1 of the murine p-globin LCR. In 

addition to the two CACBP sites mutated in this report that are conserved between five 

species, 4 more CACBP sites are conserved between humans and mice. Whereas the 

position and sequence of the highly conserved sites in HS3 and HS2 are nearly the same 

in all five species, the position and sequence of the four additional sites are not as well 

conserved. Further understanding of the role of CACBP sites in long range enhancement
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of globin gene expression by the P-globin LCR may be obtained by mutating these

additional sites.
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Table 1. Hematological values of WT and LCR CACBP -/- mice.

Mice RBC

M/pL

Hb

g/dL

PCV

%

RDW

%

MCV

fL

MCH

Pg

WT

n = l l

8.98±0.41 12.86±0.90 44.23±1.77 18.20+0.55 49.28±1.45 14.33±0.82

CACBP 8.52±0.43 11.70±1.21 43.33±2.36* 19.60±0.90 50.86±1.62 13.72±1.12

-/- n=6 (0.0489) (0.0393) (0.3885) (0.0011) (0.0583) (0.2164)

RBC, red blood cell; Hb, hemoglobin; PCV, packed cell volume; Retie, reticulocytes; 

RDW, red cell distribution width; MCV, mean corpuscular volume; MCH, mean 

corpuscular hemoglobin. Values represent the mean ± SD. P values in parentheses were 

calculated using a two-tailed unpaired Student’s t-Test. *n= 5
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Figure 1. Mouse p-globin LCR and mutagenic oligos. (A.) Diagram of HS1-4 of the 

mouse P-globin locus control region. The bracketed regions are 5’ and 3’ DNA fragments 

used for homologous recombination in ES cells. The core regions are highlighted in red, 

yellow, blue, and green for HS4, HS3, HS2, and HS1, respectively. Boxes in the enlarged 

regions of HS3 and HS2 indicate the relative position of conserved CACBP sites. (B) 

Sequence of conserved CACBP sites and surrounding regions. The conserved sites are 

indicated in bold, and the mutations are indicated below in red.
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A.
HS4 HS3 HS2 HS1

B.
HS3

ATGCTGGCTCAGATAGATGACCATGTGTGGGTTTCAGCTCAGGGTGGAGTCTTGTGACTCTGAGAAAAGATAGACACAAACATGAG
TCACCCGGGACT

HS2
CACAGCAGTGCTGAGTCATGCTGAGTCATGCTGAGGCTTAGGGXGTGTGGCCAGATGTTTTCAGCTGTGAGTGATCAGTGCTATCT

TTACCCGGGGTC
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Figure 2. Schematic of knockin strategy. HS1-4 KO ES cells (KMP and TMT, 

unpublished) are murine HM1 ES cells in which an 18 kb fragment of the LCR has been 

deleted and replaced with an HPRT marker gene. The targeting vector is composed of 

homology regions totaling 10 kb (4 kb 5 ’ and 6 kb 3’) and an 18 kb fragment of the LCR 

containing mutated CACBP sites in HS3, and HS2. After homologous recombination, 

HS1-4 KI ES cells contained one mutant HbbD allele and one wild-type HbbD allele
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Figure 3. PCR genotyping of ES cells. The top panels of A and B demonstrate PCR 

products obtained with primers that are specific for the CACBP site mutations in HS1-4 

KI ES cells. The lower panels are controls demonstrating intact core HS sites in HS1-4 

KI cells. Panel D demonstrates the loss of HPRT in ES cells containing the knockin 

allele.
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Figure 4. PCR genotyping of mice. M is a marker, +/+ is wild-type mouse tail DNA, +/- 

is mutant CACBP heterozygous mouse tail DNA, -/- is mutant CACBP homozygous 

mouse tail DNA and H2O is a water control. The top panel of A and B demonstrates the 

presence of CACBP site mutations in HS3 and HS2, respectively. The bottom panels of 

A-D demonstrate the presence of intact HS site cores in all mouse lines. Homozygous 

CACBP site mutant mice were confirmed by the presence of two HS3 HbbD alleles 

(Panel B, bottom). -/- represents an HbbD/HbbD mouse and +/- represents an 

HbbS/HbbD mouse
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Figure 5. Sequence of HS3 and HS2 in homozygous CACBP site mutant mice. The top 

strand is sequence from homozygous CACBP site -/- mice and the bottom strand is the 

reference BalbC mouse sequence. Sequences in RED are the mutations. The vertical line 

represents the junction of homology regions in the targeting vector and endogenous 

sequences. The sequence in italics identifies a portion of homology regions. (A) HS3 

sequence (B) HS2 sequence (C) Junction of 5 ’ homology and endogenous mouse 

chromosome 8 sequences (D) Junction of 3’ homology and the endogenous mouse 

chromosome 8 sequences.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



98

A. HS3
*1 AGGAGGTCTGT AAGTGTAAATTTTGGAGCAC AGGTTTCTAAGACTTTCCCGGG 
wt AGGAGGTCTGTAAGTGTAAATTTTGGAGCACAGGTTTCTAAGACTTTGACTCA
-  GCAAACCCTAGGCCTCCTAGGGACTGAGAGAGGCTGCTTTGGAAGATGT 
•* GCAAACCCTAGGCCTCCTAGGGACTGAGAGAGGCTGCTTTGGAAGATGT

B. HS2
-  TGTGGGTGTGTTCAGCCTTGTGAGCCAGCATCAGGCTTGAGCACAGCAGTGC 
*• TGTGGGTGTGTTCAGCCTTGTGAGCCAGCATCAGGCTTGAGCACAGCAGTGC
«* CCCGGGATGCCCCGGGATGCTGAGGCTTAGGGTGTGTGGCCAGATGTTTTCA 
wi TGAGTCATGCTGAGTCATGCTGAGGCTTAGGGTGTGTGGCCAGATGTTTTCA
»t GCTGTGAGTGATCA 
-t GCTGTGAGTGATCA
C. 5’ boundary"
-  CCTTCTCTTTTCCCCAAAATGTCTTCTGAGAATATGTCA|GZ4C7TCCCrC77X4 
*• CCTTCTCTTTTCCCCAAAATGTCTTCTGAGAATATGTC^ GTACTTCCCTCTTTA

-t CAATACTTAAAGCTAAATCAGTAAAATATCACCTTGGATTTTGCAAATGCC 
•t CAA TACTTAAAGCTAAATCAGTAAAATATCACCTTGGATTTTGCAAATGCC
D. 3’ boundary
mt GAGGTCTCATCGGCTTTATTTACCCCACCCATATTAGCAAA TGTGTATCACAGCAJG 

GAGGTCTCATCGGCTTTATTTACCCCACCCATATTAGCAAA TGTGTATCACA GCAAp
-  CTTCATGGTCTTTTGGCTCTTACAATCCTTTTCCCTTCTTCTG 
•* CTTCATGGTCTTTTGGCTCTTACAATCCTTTTCCCTTCTTCTG

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99

Figure 6. Allele specific RT-PCT of adult mouse blood. Blood samples were obtained 

from 5 wild type and 6 LCR CACBP +/- mice. RT-PCR of blood RNA was performed 

with primers common to all four adult p-globin alleles (Ps, pT, P ^ , P"™) (A) Diagram of 

expected bands from P-globin alleles (B) RT-PCR of blood RNA. Undigested cDNA is 

182bp and cDNA digested with Haelll results in bands of 126bp and 85bp for HbbD and 

HbbS, respectively. (C) Histogram indicating the relative amounts of HbbD compared to 

HbbS. HbbD/HbbS for wild-type samples were set to 1. All values for mutant animals 

were normalized to wild-type. The CACBP mutations result in a 10% decrease in 

pmaj/pmm _g]05 jn gene expression. The ratio of HbbD/ HbbS for wild type cDNA ranged 

from 0.946 to 1.006 with a mean o f 0.984 and the ratio of HbbD/HbbS for CACBP 

mutant cDNA ranged from 0.836 to 0.929 with a mean of 0.878.
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CONCLUSIONS

Hemoglobin is a tetrameric protein composed of two p-globin polypeptides, two 

oc-globin polypeptides and four heme groups. It is one of the most abundant proteins in 

blood. The function and regulation of hemoglobin are very well studied. In the previous 

chapters I presented the work conducted to further characterize the enhancement of P- 

globin gene expression by the LCR. The P-globin gene locus of mice is composed of 

four functional genes and three pseudogenes. The genes are located on chromosome 7 in 

the following order 5 ’ -ey2-phO-Ph 1 -(3h2-ph3-p 1 -[32-3 ’. These genes are expressed in 

a regulated developmental pattern with phi and ey2 being expressed during early 

embryonic development and p i and P2 expression during late fetal development and 

adult life. The developmental switch in polypeptides that compose hemoglobin allows 

hemoglobin to act as a sensitive oxygen delivery system in embryonic, fetal, and adult 

life.

Upstream of the ey2 gene there are a series of DNAsel hypersensitive sites (HS). 

Multiple studies have also demonstrated the necessity of these HS sites for high levels of 

P-globin gene expression, and so have they have collectively been named a locus control 

region (LCR). When a LCR sequence is linked to a transgenic gene it confers tissue- 

specific and physiological levels of expression of the linked genes in a position- 

independent and copy number dependent manner (34-37). In addition to the P-globin
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gene locus, the tyrosinase gene locus (30,31), the Th2 cytokine locus (32), and the T-cell 

receptor a/8 locus (33) are just a few of the over 38 known loci that contain LCRs.

The P-globin locus is highly conserved throughout the mammalian order. 

Alignments of the HSs of human, galago, mouse, rabbit, and goat LCRs reveals regions 

of high sequence conservation that correspond with transcription factor binding sites. To 

further understand the role of the LCR and these conserved sites in P-globin gene 

activation, I set out to create mutations of these sites and replaced the endogenous mouse 

LCR with a mutant LCR.

A Brief Discussion on the Methods Used 

Hardison et al. aligned the HS sites of human, galago, rabbit, goat, and mouse 

LCRs to identify regions of conservation.(68) Within each HS, blocks with very high 

conservation were observed. These highly conserved regions corresponded with known 

putative transcription factor binding sites, such as CACCC, GATA1, and NF-E2-like 

binding sites. I set out to understand the role of the conserved NF-E2 and CACBP sites in 

endogenous LCR activity.

Mutation of the conserved sites were made in a bacterial artificial chromosome 

(BAC) which contains mouse sequence upstream of HS5 of the p-globin locus and 

extends well downstream of the p2 gene. This BAC was electroporated into the E. coli 

strain DY380 developed by Lee et. al. (84). This strain has an inducible recombination 

system that allowed the mutation o f the sites by introduction of an 80-100 bp 

oligonuleotide. These mutagenic oligonuleotieds are composed of a 40 bp 5’ homology, 

the desired mutation, and a 40bp 3’ homology region. Using PCR screens and sib

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

selection, single colonies were identified as positive for the mutation of the conserved 

sites. After multiple rounds of recombineering a BAC with all the conserved NF-E2 or 

CACBP sites mutated was obtained.

Gap-repair was utilized to capture a targeting vector for electroporation in to ES 

cells. This targeting vector was composed of a 5’ homology region, the mutated LCR, 

and a 3’ homology region. This vector was linerized and electroporated into HS1-4 KO 

ES cell which had an HPRT marker gene in place of the LCR. The ES cells positive for 

homologous recombination with the mutant LCR were identified by selection with 6-TG. 

The ES cells with the mutations of the conserved NF-E2 or CACBP sites were then 

injected into C57BL/6 blastocysts and then transferred to pseudopregnant CD-I females 

to generate chimeric mice. The chimeric males generated where bred to C57BL/6 

females to generate the NF-E2 or CACBP mutant heterozygous mice. These mice were 

then analyzed to determine the role of highly conserved NF-E2 and CACBP sites in LCR 

activation of the downstream (3-globin genes.

Traditional subcloning would have been extremely complex and very 

cumbersome if utilized to make the desired mutation. One reason is the mutations of the 

conserved sites were 6 bp in size and spanned 18kb of DNA sequence. Traditional 

subcloning would have involved a detailed search for unique restriction sites at each site, 

a task that is very difficult when covering such a large area. Using recombination to 

generate the mutations was simple in comparison as oligonucleotides can be designed 

quickly with the desired changes and short homology regions and so changes can be 

made in any sequence. In addition, small changes such as I made are easily detected 

with PCR, and serial screens allowed for the rapid identification of single colonies
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positive for each mutation. Also by generating the mutations in a BAC I was able to 

avoid the recombination that can occur when larger pieces of DNA are inserted and 

maintained in traditional vectors. In fact after the capture of the 28 kb necessary of 

targeting in ES cells into pCV6 it was necessary to grow the cultures under conditions 

which prevented the cells from entering the stationary phase where this recombination is 

most likely to occur.

The ES cell targeting stratagem I used allowed me to insert an 18 kb region o f the 

LCR back into its endogenous space with no extraneous sequences remaining. The 

deletion of the WT 18 kb region of interest before I introduced my mutated LCR was 

necessary, other wise the probability of recombination between the HS was great and it 

would have been very difficult to insert all the mutation into the ES cells. Fortuitously, 

Dr. Pawlik of our lab had previously replaced the region of interest with an HPRT marker 

gene. This marker gene has positive and negative selections available, and so no other 

marker was necessary for the replacement of it with the mutated LCRs. Though an extra 

marker may have increased the selection’s power resulting in fewer colonies, it would 

have been essential to remove that marker as it has been shown that the presence of a 

marker gene in the LCR can influence the expression of the downstream globin genes 

(45). This removal of the marker would require a second step and the cloning efficiency 

of the cells may have been impaired. Instead, the ES cell targeting I used allowed single 

step generation of cells with the mutated LCR desired to create chimeric mice.
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NF-E2 Site Mutations 

Chapter 2 describes the mutation of the conserved NF-E2 sites in HS4, HS3, and 

HS2 and the effect these mutations have on downstream P-globin gene expression. The 

mutation of these sites demonstrated that they have a significant but non-essential role in 

p-globin gene activation. The four conserved NF-E2 sites were mutated to Smal site by 

recombinerring of a BAC that contained the mouse P-globin locus. The mutated LCR 

was captured into a targeting vector and linearized vector was electroporated into ES 

cells which contained an 18 kb section of the LCR replaced with an HPRT marker gene. 

ES cells positive for the mutation were identified by PCR screens. These ES cells were 

injected into C57B1/6 blastocysts and then implanted into pseudopregnant CD1 females. 

Chimeras generated by this method were bred to produce agouti offspring, of which 50% 

should be LCR NF-E2 +/+ and 50% should be LCR NF-E2 -/+. All agouti offspring had 

one hbbD and one hbbS P-globin locus allele. Allele-specific reverse transcription- 

polymerase chain reaction (RT-PCR) of adult P-globin genes revealed a 23% decrease in 

expression from the mutant locus compared to the wild-type locus. Analysis of yolk sac 

gene expression was consistent with the adult, a 20% decrease and a 16% decrease in 

ey2-globin and Phl-globin gene expression, respectively. These data clearly 

demonstrates that the conserved NF-E2 sites have a significant role in LCR activation of 

the downstream P-globin genes. In addition the similar results from adult and fetal tissues 

suggest that the sites are not essential from proper developmental switching of the globin 

genes. This further suggests that the protein(s) bound to the conserved NF-E2 sites are 

constitutive components of the LCR holocomplex. Mice homozygous for the mutation of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

the NF-E2 sites are non-anemic, and so these sites are nonessential for high levels of |3- 

globin.

CACBP Site Mutations 

Interestingly, mutation of the conserved CACBP sites in HS3 and HS2 revealed 

that these sites are dispensable for high-level globin gene expression. Chapter 3 covered 

the mutation and analysis o f these sites in the endogenous setting. The two conserved 

CACBP sites were mutated to Smal site by recombinerring of a BAC that contained the 

mouse P-globin locus. The mutated LCR was captured into a targeting vector and 

linearized vector was electroporated into ES cells which contained an 18 kb section of the 

LCR replaced with an HPRT marker gene. ES cells positive for the mutation were 

identified by PCR screens. These ES cells were injected into C57B1/6 blastocysts and 

then implanted into pseudopregnant CD1 females. Chimeras generated by this method 

were bred to produce agouti offspring, of which 50% should be LCR CACBP +/+ and 

50% should be LCR CACBP -/+. All agouti offspring had one hbbD and one hbbS (3- 

globin locus allele. Allele-specific reverse transcription-polymerase chain reaction (RT- 

PCR) of adult P-globin genes revealed a 10% decrease in expression from the mutant 

locus compared to the wild-type locus. Also mice homozygous for these mutations are 

non-anemic.

Additive Effects in the LCR 

In combination the results from chapter 2 and 3 suggest an interesting model of 

LCR holocomplex activity. The activity of the LCR may not result from just the additive
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nature of the HSs (43) but also additively for the transcription factor sites. This additive 

nature of the conserved sites is suggested by the fact that mutation of 4 conserved sites 

has a greater effect then mutation of 2 conserved sites. One example of an additive effect 

in enchancer activity is the binding of brachyury proteins to the enhancer of the 

homeobox gene otp. In Drosophila it has been shown that multiple conserved brachyury 

protein binding site act additively to enhance the expression of the otp gene (88). 

Christensen TH, and Kedes L (89) characterized the specific DNA regulatory elements of 

the human cardiac troponin C gene (cTnC) muscle-specific enhancer in myogenic cells. 

They concluded from their observations that the cTnC enhancer functions through the 

combined interactions of at least five transcription factor binding sites (89). Their data 

suggests that all of these sites contribute to enhancer function in an additive way but that 

none are absolutely required for enhancer activity (89). In addition, it is also implied that 

the expression level of cTnC in myogenic tissues lacking one of the factors would not be 

wholly suppressed (89). The cTnC gene enhancer has many parallels to the p-globin gene 

LCR. Both are necessary for high levels of expression of a linked gene and are composed 

of multiple classes of transcription factor binding sites. These parallels support the idea 

that the transcription factor binding sites of the LCR act additively with no one factor 

being essential for LCR activity.

To confirm the additive nature of the transcription factor binding sites a series of 

mutation throughout the HSs needs to be preformed. The mutations should vary from 

mutation of 2 NF-E2, or CACBP, or GATA sites to mutation of all the conserved sites in 

the HSs of the P-globin LCR (Figure 1). The series suggested would determine if the
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effect is sites specific or if the activation of globin gene expression is solely dependent on 

the number of binding sites regardless of identity.

Redundancy in the LCR 

Recently Zhou et al. (90)demonstrated that Erythroid Kruppel-like Factor 

(EKLF), a CACBP, bound to HS4, HS3, HS2, and HS1 of the murine P-globin LCR. 

Interestingly, the alignments of the HSs only revealed two highly conserved CACBP 

sites, one in HS3 and one in HS2. Examination of the mouse sequences revealed 4 more 

CACBP sites are partially conserved between humans and mice. Whereas the position 

and sequence of the highly conserved sites in HS3 and HS2 are nearly the same in all five 

species, the position and sequence of the four additional sites are not well conserved. 

These other CACBP sites, in the light of the apparently additive nature of the 

transcription factor binding site, suggest that the HSs have some redundancy build in. 

The system extra sites which are not highly conserved helps to ensure high levels of P- 

globin gene expression in the event of a mutation that disrupts binding at the presumably 

preferred conserved sites in HS3 and HS2. Further understanding of the role of CACBP 

sites in long range enhancement of globin gene expression by the p-globin LCR may be 

obtained by mutating these additional sites.

Holocomplex Formation 

I hypothesized that mutations of highly conserved sites would mimic the deletion 

of the LCR in mice. In fact the mutation of these sites resulted in a relatively mild 

decrease in globin gene expression. This suggest the possibility that the protein/DNA
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complex that forms on the LCR leading to gene activation does not form in a completely 

DNA dependent manner. If the complex formation is completely DNA dependent the 

proteins that bind to these conserved sites would first need to bind to the DNA and then 

they could interact to form the LCR holocomplex (Figure 2a). If this was the method of 

the complex formation then the deletion of the conserved sites would be expected to have 

a larger effect as one could assume that the absence o f a set of proteins would prevent the 

formation of the complex. I show that with the NF-E2 and CACBP site mutations that the 

absence of theses site does not prevent high level globin gene expression and so appears 

to not significantly impair the formation of the LCR holocomplex. This suggest that small 

protein complexes for each HS form in the absence of DNA in the nucleus and then these 

complexes bind to the DNA through the interaction with multiple conserved sites in each 

HSs (figure 2b). After each HS complex has bound DNA they then interact further with 

each other to form the final LCR holocomplex leading to activation of the globin genes. 

In this model disruption of a few binding sites would weaken the HS complex’s 

association constant and so would lead to slower binding of the complex to each HS, a 

less stable binding, and finally a higher rate of disassociation. This effect would be 

modulated by the number o f sites present for complex binding. In the wild-type these 

multiple DNA interaction surfaces created by the small HS complexes would create a 

very stable DNA/protein complex at each HS and so allow the formation of a stable LCR 

holocomplex. This stability is very desirable for high level of gene expression.

Future Studies o f holocomplex formation

I propose performing chromatin immunoprecipitation (ChIP) to determine which 

model of holocomplex formation is likely. EKLF is a CAC binding protein that is
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essential for adult P-globin gene expression (81,82). In addition, using a HA tagged form 

of EKLF, it was recently demonstrated to bind HS 1-4 during all developmental stages in 

erythroid cells of mice (90). The Townes’ lab also demonstrated that EKLF is bound to 

the promoter of the adult P-globin genes is the absences o f the LCR in mice (90). This 

strongly suggested that binding of ELKF to the promoter and to the LCR are to different 

events and so EKLF should bind to the LCR in the absence of the P-globin promoters. To 

test if complex formation is DNA independent I must first confirm that EKLF binds to 

the LCR in the absence of p1 and p2. To confirm this I propose breeding the HA-EKLF 

mice to P-thalassemia mice in which p1 and p2 have been deleted and performing ChIP 

for the HSs using anti-HA antibody for the immunoprecipitation. If the assumption that 

EKLF binds to the LCR independent to the binding of EKLF to promoter is correct, 

binding of EKLF to HS1-4 should be detectable. If EKLF binds to the LCR in the 

absence of adult P-globin, I propose to perform a similar ChEP in mice which have both 

HA-EKLF and mutations of all the CACBP sites in the LCR. If the formation of the 

holocomplex is DNA dependent it would be expected that EKLF would be excluded from 

the region and no binding of EKLF to the HSs would be detectable. On the other hand if 

my model of DNA independent complex formation is correct I expect ChIP with anti-HA 

antibodies would still pull down LCR sequences. Similar ChIP experiments using 

antibodies to other holocomplexe factors, such as NF-E2 and GATA1, would confirm 

this model.
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LCR Mutations are Possible p-Thalassemia Severity Modifiers 

p-Thalassemia is a heterogeneous group of naturally occurring, inherited 

mutations. It’s characterized by abnormal globin gene function resulting in the total 

absence or reduction of P-globin chain synthesis in human erythroid cells P-Thalassemia 

mainly affects people of Mediterranean, African and Asian ancestry. The severity of P- 

thalassemia varies greatly person to person and my data suggest a possible mechanism 

for the variability. The mutations in the globin gene which result in P-thalassemia are 

group into two classes: p°-thalassemias, mutations that result in the total absence of p- 

chain synthesis; p+-thalassemias, mutations that result in a marked decrease in P-chain 

synthesis.

There are three different groups of mutations that result in p°-thalassemia. First is 

single base substitution that creates termination or nonsense codons in the adult P-globin 

gene (91). Secondly, frame shift mutation due to base deletions or insertions, such as the 

deletion of A in codon 6, which creates a new termination codon downstream of the 

deletion (92,93). Mutations in intervening sequences that prevent normal splicing are a 

third cause o f P°-thalassemias (94).

There are two major groups of mutations that result in P+-thalassemia. The first 

group of mutations encompasses single base mutations in the globin gene that result in 

abnormal splicing (95). Mutations in the promoter region of the globin gene are the 

second cause of P+-thalassemia. It is interesting to note that one of these mutations is 

found in the EKLF binding sites of the globin promoter (94,96).

Individuals which are homozygous for p-thalassemia experience a severe anemia 

and are often transfusion dependent from an early age. The mutations I generated in the
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LCR in many ways mimic mild p+-thalassemia. Mutation of the conserved sites resulted 

in a decrease in P-chain synthesis but did not result in anemic mice. This was surprising 

as Hispanic thalassemia is caused by deletion of a large region o f DNA which spans the 

LCR. I suggest that single base mutation in the conserved protein binding sites may act as 

modifiers of P-thalassemia in humans. Heterozygous P+-thalassemic individuals are 

usally asymptomatic, with a mild anemia through a wide range of hemoglobin levels 

(97). Although, moderately severe anemia ( P-thalassemia intermedia) has been 

described occasionally in heterogeneous P+-thalassemic individual (98-101). One 

mechanism by which the LCR may act as a modifier of thalassemia is if a mutation in the 

LCR, such as the mutation of the CACBP sites in HS3 and HS2, is linked to a mutation in 

the globin gene which impairs globin chain synthesis, a greater decrease in globin levels 

would occur, resulting in a more severe anemia. A second mechanism would be mutation 

in the LCR of a normal globin gene on one allele and a thalassemic mutation in the 

globin gene on the second allele. This would create an environment in which there would 

be less production of normal globin messenger RNA which could not be compensated for 

by the second allele of globin as its p-chain synthesis is impaired. This combination of 

mutations could potentially shift a mild P-thalassemia to an imtermidia form. In the 

second case if the mutation of the globin gene is of the P° type any impairment of the 

normal alleles globin expression could be catastrophic and create a severe anemia for an 

individual.
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Figure 1. A proposed series of mutations of conserved sites in the HSs of the P-globin 

LCR. The top line represents the wild-type LCR with the conserved NF-E2, CACBP and 

GATA sites as purple boxes, green triangles, and red circles, respectively. The following 

lines are proposed mutations in the LCR determine if the sites act in an additive manner. 

Mutation of a site is represented by a black shape. Mutation of two NF-E2 or two GATA 

sites should mimic the effect of mutation of two CACBP sites if the number of sites is the 

critical factor in determining the activity o f the LCR. The addition al mutations of a 

larger number of sites in different combinations will also help clarify the additive nature 

of the LCR.
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Figure 2. Models of LCR holocomplex formation. A. DNA Dependent Model. B. DNA 

Independent Model. Circles, boxes, and triangles represent proteins that bind to the 

CACBP, NF-E2, and GATA sites, respectively. In the DNA dependent model each 

protein binds to the LCR individually and then interacts on the DNA to form the LCR 

holocomplex. The DNA independent model suggests that small HS complexes form off 

the DNA and that these complexes then bind to each HS leading to the eventual 

formation of a LCR holocomplex. In both models gene activation occurs after LCR 

holocomplex formation.
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TO:

PROM:
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January 9,2006

Ttm M, Townes, Ph.D. 
KAUL-537 0024 
FAX: 934-2889

Judith A. Kapp, Ph.D., Ch^  
institutional Animal Care an ise Committee

Title: Genetic Modifiers of Sickle Cell Dleoaco 
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Animal Project Number 060105655
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Committee (IACUC) reviewed the animal use proposed In the above referenced application. It 
approved the use of the following species and numbers of animals:

Speclos
Mice
Mice

Use Category
A
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6157 
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must be obtained before Implementing any changes or modifications In fire approved animal use.
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granting agency,

Refer to Animal Protocol Number (APN) 080105655 when ordering animals or In any 
correspondence with the IACUQ or Animal Resources Program (ARP) offices regarding this 
Study. If you have concerns or questions regarding this notice, please cafl the IACUC office at 
934-7692.
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