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RAMANIRAMCHANDRAN
A GATA Ten Motif Pound in the p-globin LCR :possesses Insulator and Silencer
Properties
(Under the directi_on of DOROTHY Y. H. TUAN)
A 3 kb HSS DNA of the

hu~~ p~globin LCR has been reported to possess insulator

. activity (Li et al., 1994). ·we have identified a 40 hp DNA sequence which consists
often tandem GATA motifs located at the 3'end oftpe 3 kb HSS fragment called Sa.
To show if the (GATA) 10 motif contributes to the ins.ulator activity ofHSS we have
performed reporter gene assays in erythroid and non-erythroid cells. We tested the
silencer activity of Sa by cloning Sa upstream of a phosphoglycerate kinase gene
promoter in a CAT gene construct. Also, the insulator effect of Sa on an enhancer
such as HS2 was tested by cloning Sa either upstream or do:wnstream ofHS2 in a
CAT gene construct. These constructs were then transfected into e~throid KS62 and
non-erythroid N-Tera cells. The results show that the Sa sequence repressed the
activity of the pgk promoter and the HS2 enhancer in both transient and stable ·cAT
assays. EMSA results show that the_ GATA-I transcription factor binds to the Sa
sequence in both erythroid and non-erythroid cells. Mutation of the Sa sequence did
not alter its function but increases the affinity for t~e GATA-1 transcr~ption factor.
We. conclude that the GATA-I factor binds to the 5a sequence in erythroid and non.

~

.

.

.

'

~rythroid cells and the Sa/GATA-I co~plex represses the .activities of proximal
promoters and enhancers and thus contributes to the insulator activity ofHSS.
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INTRODUCTION
A. Statement of the Problem
In gene transfer experiments, transgene expression has been reported to be
influenced by host sequences proximal to the integration sites.

Such

influences have been referred to as position effect of gene expression or
position effect variegation (PEV) (Milot et al. , 1996). The position effect
(PEV) poses significant problems in the study of transgene regulation.
However, studies on the human P-globin gene locus have shown that a 20 kb
Locus Control Region (LCR) shields a cis-linked transgene from position
effects and thus confers position-independent expression of the transgene in
transgenic mice (Grosveld et al., 1987).

The LCR regulates the expression of the far downstream cis-linked P-Iike
globin genes during erythroid -development (Townes et al., 1985; Behringer

et al., 1990; Enver et al., 1990). -The 20 kb P-LCR is defined by four
. erythroid specific, DNase. I hype~sensitive sites, HS 1, 2, 3 ,· 4 and a unique
.

.

HS5 site-(Tuan et al., 1985; Forrester et al.,-1981; Grosveld et al., 1987;

1

2

Dhar et al., 1990). The unique HS5 site is located upstream of the HS 1-4
sites, at the apparent 5.' border of the LCR (Tuan et al., 1985; Dhar et al.,
1990). Like the boundary element of ~e chicken lysozyme gene (Steif et

al., 19~9), the HS5 site is located in a_span of DNA found to be associated
with the nuclear scaffold (Jarman et al.-, 1988).

More recently, a 3 kb DNA fragment containing the HS5 site has been
reported to possess insulator activity (Li et al., 1994; Yu et al., 1994).
Insulators are DNA sequence elements that block activation of a promoter
by an enhancer, but only when placed between them (Eissenberg et al.,
1991). When placed upstream of an enhancer, an insulator shields transgene
expression from position effects. HS5 fits this definition. When used to
flank 5' or 3' of a transgene in transfected plasmids, the 3 kb HS5 fragment
was capable of shielding the expression of the transgene from interference
by host DNA proximal to the integration sites.

Furthermore, when

interposed between the promoter and enhancer of the transgene, the HS5
fragment was found to block enhancer-promoter communication, thus
repressing the activity of the cis-linked enhancer (Chung et al., 1993; Li et

al. , 1994). The properties of the HS5 fragment are similar to the insulator
activity of the scs (Kellum

.et al., 1991; 1992) and gypsy (Cai and Levine,

3
1995; Roseman et al., 1993) elements of Drosophila and the A element of
the chicken lysozyme gene locus (Steif et al., 1989). DNA Sequencing of
the region between HS5 and HS4 has revealed a 40 bp DNA which consists
of ten tandem GATA motifs found within 1 kb 3' of HS5 in the human
genome (Figure 1). The (GATA) 10 motif is unique in the 73 kb P-like globin
gene domain, using a computer-aided analysis designed by Hardison et al.
(1994). This (GATA) 10 motif was named 5a. The question under study is
whether or not the 5a sequence located proximal to HS5 contributes to the
insulator function of HS5.

In this study, we sought to characterize the function of 5a in recombinant
plasmids, using transient and stable transfection assays. The experimental
results show that:

1.

l

When 5a was spliced either upstream or downstream of the HS2 enhancer
in recombinant CAT plasmids, it repressed enhancer activity in erythroid
K562 and HEL cells.
I

2.

In non-erythroid N-Tera cells, 5a repressed HS2 enhancer activity when it
was spliced upstream of the HS2 enhancer; however, 5a activated the HS2
enhancer. when it was spliced downstream of the enhancer.

4
3.

Further, the 5a sequence also possessed silencer activity (Brand et al. ,
1985).

When spliced upstream of the promoter of the housekeeping

phosphoglycerate kinase gene (Adra et al., 1987) in the enhancer-less
plasmid, 5a did not activate but repressed promoter activity in both erythroid
and non-erythroid cells.
4.

Electrophoretic mobility shift assays using both K562 and N-Tera nuclear
extracts showed that the 5a sequence is bound by the transcription factor
GATA-1 but not detectably by GATA-2.

5.

Also, mutation of the GATA motifs in the 5a sequence from a Head-Tail to
a Head-Head orientation did not alter the function of the 5a sequence buJ
affected the binding affinity for the GATA-1 transcription factor.

The results suggest that in erythroid K562 and HEL cells the 5a sequence
possesses both insulat()r and silencer ac!ivities and that_ transcription factor
GATA-1 bound at 5a is a repressor of the cis-linked promoter and the HS2
enhancer. From these findings we conclude that the 5a/GATA-1 complex
tepresses the activities of a proximal prqmoter and enhancer and contributes
to the observed insulator activity of the HS5 fragment .

Figure 1. The location of Sa sequence in the 5' boundary area of the Human /}-like

globin gene locus.
Small boxes: the P-like globin genes. Solid vertical arrows: the four erythroid specific
DNase I hypersensitive sites HSl-4. Light grey arrow: the nonerythroid specific HS5 site.
Large open box: the 3 kb HS5 fragment shown in transfection assays to possess insulator
activity (Li et al., 1994). Small box within the large open box: location of the 5a sequence
within the 3 kb HS5 fragment. The sequence of the 5a region is shown in the enlarged box
(inset).
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B~ Review of Related Literature
The Human P-Globin Genes
The human hemoglobin molecule is a tetramer that contains two a-like
subunits and two non-a-like (or P-like) subunits (Bunn et al., 1986; Honig

et al., 1986). Each subunit is made up of a globin polypeptide chain and a
heme prosthetic group that contains an iron . atom in the ferrous state.
Humans make more than one type of a-like and P-like globin chains. The
P-like globin chains include thee, y, o and P-chains, and the genes that code
for these chains are called the P-like globin genes.

The human P-like globin genes consist of five functional globin genes: the
embryonic e, the fetal Gy and Ay, and the adult o and

p genes (Efstratiadis

et al., 1980). In addition one pseudogene, lfrP is also found (Collins et al.,
1984; Curtin et al., 1989a; Fritsch et al., 1980). The P-like globin gene
cluster is located on the short arm of Chromosome 11 in a transcriptional
order of 5' e-Gy-Ay-lfrP-o-P 3' (Lebo et al., 1979). The basic structures of
the globin genes are similar in that each contains three exons and two intrans
.

.

(Lawn et al., 1980). Each globin gene contains its own promoter that is
located upstream of the respective gene. The promoter elements interact
· with. specific and ubiquitous trans-acting factors that lead to tb.e transcription

7
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of the genes (Dynan et al., 1985).

After transcription, the globin

premessenger RNA is capped, the exons are spliced, and· the 3' end of the
message is polyadenylated. The processed transcripts are transported from
the nucleus to the cytoplasm where the globin mRNA is translated into a
globin polypeptide chain (Watson et al., 1987).

Regulation of P-Iike globin gene expression

The P-like globin genes are specifically expressed in cells of the erythroid
lineage.

The expression of the P-like globin genes is regulated during
)

development in a temporal and tissue-specific manner (Choi et al., 1988;
Collins et al., 1984; Stamatoyannopoulos et al., 1987; -1985; Karlsson et al.,
1985; Tuan

et al., 1987).

The embyonic e-globin gene is expressed during

early embryonic development in ·erythroid cells that arise in the blood islands
of the' yolk sac. As development progresses, the fetal Gy and Ay genes are
activated, the. e-globin gene ceases to express, and the 'site of erythropoiesis switches to the fetal liver. Erythropoiesis subsequently occurs 'in the spleen
and bone marrow. By the time of birth, the final switch occurs, where the
expressions of the fetal

y genes are replaced by the adult o and

P-globin

genes in the erythroid cells of the bone marrow (Groudine et al., 1983b;
Lloyd et al., 1992).

8

Globin gene expression in erythroid cells involves gene transcription, RNA
processing, nuclear to cytoplasmic transport and translation (Watson et al. ,
1987). Regulation of globin gerie expression is seen at each level. l\fost of
the studies have focused on the regulation of globin expression at the level
of transcription (Evans et al., 1990; Deboer et al., 1988). Transcriptional
regulation of P-globin genes occurs in part, through the interaction of transacting proteins and cis-regulatory DNA sequences (cis-acting elements),

e.g., promoters, enh~~cers, silencers, insulators an~ the regulatory elements
of the locus control regions (LCR). Multiple protein factors bind to these
sequences. Some of these factors are ubiquitous while others are erythroidspecific.

Promoters: These are-DNA sequences that are necessary for the assembly
of the transcription initiation complex at the TATA box, which leads to the
correct positioning of the complex with respect to the start site of
transcription (Tjian and Maniatis, 1994). A typical globin promoter contains
three elements upstream of its mRNA cap site which are a TATA box (-30),
a CCAAT box (-70 to -90) and a CACCC and/or CCGCCC motif which are
further upstream (Myers et al., 1986). Most of the globin promoters also

9

include a motif WGATAR (W=A/T, R=A/G), recognized by GATA
transcription factors ..

Enhancers are .sequences that are able to upregulate the

Enhancers:

expression of genes through a promoter and operate over distances up to
I

several thou.sand base p~irs in ·either. orientation (~tchison, 1988).

A

0.25 kb Pst I fragment located·3' to· the P-globin gene has been shown to
enhance the expression of reporter genes in transgenic mice (Trudel et al.,
1987; Behringer et al., 1987}. Classical enhancer sequences have been
identified in-the P-LCR. HS2 (0.74 kb) can activate cis-linked reporter gene
expression by several fold in transient and stable transfection in cell lines and
transgenic mice and this activation is orientation independent (Tuan et al. ,
1989; Talbot et al., 1990).

Silencers: Silencers are sequences that are negative regulatory elements

which_ repress transcription from adjacent promoters (Brand et al., 1985).
Silencers were first identified in yeast and have properties opposite to those
of a transcriptional enhancer..

The yeast silencer has been observed to

repress the cis-linked promoter in a position and orientation independent
manner. The sequenc~s between -392 and -177 from the cap site in the

10
e-globin promoter are reported to be a silencer sequence in the human
P:-globin cluster (Cao et al., 1_989). The removal of this sequence leads to
an upregulation of the e-globin promoter activity in transgenic mice. A
1. 7 kb silencer element. located upstream of the human o-globin gene has
been reported to possess negative regulatory activity in transient transfection
assays in MEL cells (Vitale et al., 1994).

Insulators:

Insulators were initially defined as sequences that block

enhancer activity when placed between an enhancer and a promoter
(Eissenberg et al. , 1991). However, the newer_ definitions of insulators
include insulators shield transgene expression from position effects and
insulators serve as nuclear matrix attachment sites (Chung et al., 1993).
HS5 of the human P-globin LCR fits the initial definition and was shown to
be an insulator in stably transfected MEL cells (Li et al., 1994). A 0.25 kb
HS4 fragment of the chicken P-LCR (Chung et al., 1997),. the scs (Kellum

et al., 1992) and gypsy (Cai et al., 1995) elements in Drosphila, and the A
-element in chicken lysozyme gene (Steif et al., 1989) ate other examples of .
insulators. Most insulators are located at the domain boundaries of gene
clusters.

Transcriptionally active genes are generally embedded in a

DNase I sensitive "domain" extending many kilobases to either side (Gross

11
and Garrard, 1988). There is evidence that the genome is arranged in
.,

topologically isolated loops and these loops radiate from attachment points
on the nuclear matrix. Insulators are thought to be sites of attachment to the
~uclear matrix that isolate _transcriptionally active gene domains in loop
structures. In transgenic Drosophila, the scs site found at the ends of the
87A7 heat shock locus is capable of insulating reporter genes from the
effects of nearby regulatory sequences.

A similar function for the

Drosophila gypsy retrotransposon has been reported.

However, the A

element of the chicken lysozyme domain behaves differently from the
Drosophila elements, in that it has transcriptional activation properties in
stably transformed cell lines and a weak insulating effect in transient assays.

P-LCR: The expression of the P-like globin genes is controlled by the far
upstream element called the Locus ,Control Region (LCR) (Figure 1). The
Dutch (Van der Ploeg et al. , 1982) and Hispanic (Driscoll et al. , 1989)
forms of yop-thalassemia showed that sequences far upstream (approx
50 kb) of the p-globin gene are important for the expression of the P-like
globin genes. In the Hispanic deletion, all the P-like globin genes were
intact but a deletion-' -9.5 kb to -39 kb 5' to thee-gene was found. This
patient had no P-globin. gene expression from the affected chromosome.
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Transgenic mouse studies have shown that in the absence of the P-LCR, the
human P-like globin genes were expressed at low levels and the expression
was dependent on the position of integration in the host genome (Curtin et

al., 1989b; Magram et al., 1985; Townes et al., 1985; Talbot et al., 1989;
Chada et al. , 1986; Kollfas et al. , 1986). However, in the presence of the
complete P-LCR, the levels of expression of the human globins were
comparable to those of endogenous mouse globins· independent of the site of
integration in transgenic mice. Also, the level of expression was dependent
on the number of copies of the introduced transgene. Thus, the LCR directs
position-independent, copy number-dependent gene expression in transgenic
mice (Grosveld et al., 1987). When the individual y- and p-genes were
linked to the P-LCR, the temporal -expressions of these genes were lost.
However, the level of expression was high and the expression was copy
--number depe):'ldent (Behringer et al. , 1990). The developmental regulation
was restored when they- and P-globin gene were placed together in cis to
the LCR in transgenic_mice (Behringer et al., 1990; Enver et al., 1990).

· Chromatin structure is an important factor in determining gene expression
in eukaryotes (Gross and Garrard, 1988; Felsenfeld, 1992). There are
certain regions in the chromatin that are "nucleosome free" and hence are
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accessible to trans-acting factors. Nucleosome free regions are accessible
to enzymes such as DNase I which can digest naked DNA (Stalder et al.,
1980). Thus, these DNA regions are sensitive to DNase I digestion and are
called hypersensitive sites (HS). Hypersensitive sites are often located in the
-promoter regions of genes that are ready for transcription and contain
potential binding sequences for transcription factors._ Hypersensitivity is
found within 200 bp 5' of the Cap sites of they-,

o- and P-globin genes in

fetal liver cells but not found in ~he promoter region of the e-globin gene
-·(Groudine et al. , 1983a). The presence of hypersensitivity to· D Nase I is
often asso'ciated -~ith potential expression· of nearby genes. The overall _
hypersensitivity of the P-globin gene cluster is higher in erythroid cells than
in any other cell type (Groudine et al., 1983a). The P-globin LCR is defined
by five DNase I hypersensitive _sites 5'- HSI, HS2, HS3, HS4 and HS5
(Figure 1; Tuan-et_al., 1985; Forrester et al., 1987). The HSI, 2, 3 and 4
sites are found to be "open" (DNase I accessible) in erythroid cells and so
they are erythroid specific, whereas the HS5 site located upstream of the
HS l-HS4 sites at the 5' border of the LCR is open in both erythroid and
non-erythroid cells and hence it is not erythroid specific (Tuan et al. , 1985;
Dhar et al., 1990).
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Most of the P-LCR activity is associated'w~th HS2, HS3 and HS4 (Forrester

et al., 1989; Ryan et a{, 1989; Tuan et al., 1989; Collis et'al., 1990; Fraser
et al., 1990; 1993; Lowrey et al., 1992). HS2 possesses classical enhancer
activity, and the NF-E2/AP-1 binding site in HS2 possesses most of its
activity (Talbot et al., 1991; Ney et al., 1990; Cavallesco and Tuan, 1997;
Philipsen et al., 1990). Several proteins have been shown to bind to HS2
(Bresnick et al., 1993; Elnitski et al., 1997; Reddy et al., 1991;1994). NF-.
E2 binding at the core contributes to the enhancer function of HS2 (Moi et

al., 1990). HS3 also has enhancer function (Talbot et al., 1990), but sonie
evidence suggests that HS3 possysses domain-opening activity (Ellis et al. ,
1996). The presence of two closely spaced GATA-1 sites along with a Grich motif in HS3 are required for position-independent expression in
transgenic mice (Philipsen et al., 1993). The G-rich motif is bound by Spl
transcription factor in in vitro experiments which suggests that Sp 1 may play
a role in erythroid-specific transcriptional activation (Strauss et al., 1992).
HS4 has been reported to confer position-independent and developmental
stage-specific stimulation of the expression of a linked globin gene (Pruzina

et al. , 1991).

HS4 contains binding sites for NF-E2 and GATA-1

hematopoietic transcription factors as well as for ubiquitous factors ~uch as
AP-1 and Sp 1 (Stamatoyannapoulos et al. , 1994). HS5, unlike the other
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hypersensitive sites, has been reported to possess an insulator activity and
can shield a transgene from transcriptional interference of host sequences
proximal to the integration sites. In stable transfection in MEL cells, a
3. 3 kb Hindlll-BamHI fragment of HS5 blocks the enhancer function of
HS3, thus insulating the promoter from the effect of the HS3 enhancer (Li

et al., 1994). The mechanism by which the HS5 site may exert the insulator
activity on a linked gene is not known.

The advent of gene targeting technology has provided re~earchers with a
valuable tool to study effects of a loss of function mutation in vivo. Murine
P-HS2 and HS3 have been targeted, and the results from these knockout
mice show a surprisingly mild effect on globin gene expression (Hug et al. ,
1996; Fiering et al., 1995). Contrasting results have been reported from two
laboratodes on the knockout of human HS3 in YAC transgenic mice
(Bungert et al., 1995; Peterson et a~., 1996). Bungert et al. have-shown that
the deletion of either HS3 or HS4 results in catastrophic disruption of globin
gene expression in all erythroid developmental stages. However, Peterson

et at. reported that a deletion of HS3 resulted in a significant decrease in
e-globin gene expression and increase in y-globin gene expression in
embryonic cells. The results from the knockout studies suggest that the
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integrity of the P-LCR cannot be compromised and that the hypersen~itive
sites may show redundancy in their function.

The LCR is located approximately 50 kb upstream of the P-globin gene, and
it is known that the LCR is necessary for high levels of P-globin gene
expression (Grosveld et al., 1987). S~veral mechanisms have been proposed
to explain how the P-LCR can achieve long range activation of the P-like
globin genes (Felsenfeld, 1992). A "Looping Model" assumes that the
intervening DNA (from the P-LCR to the respective genes) is looped out
which allows ·the P-LCR to make· a stable interaction with the promoters and
activate gene expression (Ptashne et al. , 1986).

The "Tracking and

;_. Transcription Model" proposes that an upstream enhancer (such as HS2 of
the P-LCR) communicates with the far downst!eatn· promoter through the
synthesis of long enhancer transcripts. The functional role of the enhancer
transcripts is to open the chromatin structure of a cis-linked gene domain and
to deliver the enhancer binding proteins to the promoter.

The open

chromatin structure coupled by the delivery of enhancer proteins_ to the
promoter stimulates- transcription from a cis-linked gene.

This process

allows the P-LCR·to contact with the promoter to enhance gene expression·
(Tuan et al. , 1992).
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GATA-Motif as· a cis-element
Short DNA sequences such as TATA and CCAAT have been identified
within control elements of genes and constitute cis-regulatory motifs. These
sequences are bound by nuclear proteins that transactivate transcription.
Recently, GATA motifs have been recognized as cis-regulatory elements in
many genes. The identification of_GATA as a cis-regulatory element was
first reported in the analyses of glob in gene promoters. All chicken globin
gene promoters contain a GATA sequence conforming to the consensus
T/A(GATA)A/G (Evans
.

et al.,

1988a).

The GATA motifs have been .
.

.

implicated in globin gene expression by various studies (Orkin· et al., 1992).
In addition to globin genes, a number of other genes have been found to have
GATA binding sites in their promoter regions.

Genes coding for

porphobilinogen deaminase (Mignotte et al. , 1989), carbonic anyhdrase
(Brady et al., 1989), and erythropoietin receptor (Zon et al., 1991) have
GATA-motifs that have been shown to be bound by GATA factors in
mobility shift assays.

The GATA motif has been found in a wide variety of locations; in promoters
either upstream or near the transcription' initiation start site (Evans et al. ,
1988a; Plumb et al., 1989); in the enhancer found 3' to the human p-globin
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gene (Trudel et al., 1987); and in LCR' s which are far upstream of the gene
clusters (Philipsen et al., 1990; Orkin et al., 1990). The sequence of the
GATA motifs varies considerably particularly with respect to the nucleotides
flanking the GATA core. The widely used consensus motif is WGATAR
(W=A/T and R=A/G).

GATA motifs are found in different arrangement patterns. They are found
as a single motif (Gong .et al., 1991), _double motif (Tsai et al., 1991), or
multiple motifs (Evans et al., 1991). When the motifs are more than one,
the motifs are either tandem, or overlap one another (Chiang et al., 1994).
The importance of these motif variations is not known but they are suspected
to have a different functional context in vivo (Orkin et al., 1992). This
suggests that the ·proteins interacting with the GATA motifs have
multifaceted roles in disparate cells. Double and multiple GATA motifs are
also found in different orientations and are placed in a Head to Tail
orientation (H-T) or Head to Head orientation (H-H). GATA-GATA is a HT orientation and GATA-TATC is a H-H orientation (Chiang et al., 1994).

The review of literature of GATA motifs in the genome revealed that in most
regulatory regions such as hypersensitive sites, enhancers, GATA motifs
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exist in a Head-Head orientation. GATA motifs are found in each of the HS
sites 'of the P-LCR and are shown below (Talbot et al., 1990; Philipsen et

al., 1990; Pruzina et al., 1991).

HS2

TGATAG CA CTATCT

HS3

AGATGT GT CTATCA

HS4

TGATGA CTC CTATCT

gata-1 gene promoter

TGATAAGACTTATCT

/J-globin gene enhancer

AGATATATCTT

The GATA cis-elements in the examples shown above are in a H-H
orientation. GATA-1 factor has been shown to up regulate the gata-1 gene
through the GATA binding sites in-the promoter (Nicolis et al., 1991; Tsai

et al., 1991).

E-globin gene promoter

AGATGATGAGG ... CAGATAGATGA

The GATA motif in the e-globin gene promoter is an example of a GATA
motif in a Head-Tail orientation (Raich et al., 1992). This GATA motif has
been shown to repress the transcription of a cis-linke~ e-globin gene in cell

20
lines (Gong et al., 1991, 1993; Cao et al., 1989; Peters et al., 1993) and
transgeni~ mice (Raich et al. , 1995; Li et al. , 1997). Whether, this change
in orientation of GATA motifs contributes to differences in a functional
context in vivo is not known.

GATA Transcription Factors

Cis-regulatory elements mediate transcription . through interaction with
specific cognate nuclear proteins. The GATA cis-regulatory elements are
sites for binding to transcription factors of th~ GATA family (Chiang et al.,
1994_; Ko et al., 1993; Merika et al., 1993; Orkin, 1995). T~is family of
transcription factors have . been ·known to play significant roles in the
regulation of genes of the p-globin family (Orkin et al., 1992; Shivadasani
and Orkin, 1996; Simon, 1995). Over the years, this family has expanded
.

.

.

··to s~ an9-are called GATA-1, 2, 3,· 4, 5, and 6 (Orkin, 1990; 1992).
Various studies involving ·oligonucleotides and mutations have provided
insights into the binding sequences for these proteins. All the· GATA factors
bind to a core _sequence WGATAR (W =A/T and R = A/G) (Orkin et al.,
1992; Orkin et al. , 1990; Tsai et al. , 1989). However there have been
reports suggesting additional binding sequences (Yamamoto et al. , 1990;
Yang et al., 1994). NMR structural analysis shows that a chicken GATA-1
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factor binds as a monomer to the GATA site (Omichinski et al., 1993b).
The binding_ resembles a _hand gripping a rope, with the hand being the
GATA-1 factor and the rope being the DNA.

Members of the GATA protein family are related by .virtue of a highly
conserved protein doma~ that. is nece~sary and_ sufficient for DNA
recognition (Martin et al.; 1990b). Two homologous zinc fingers of the cys-

cys variety provide the means ~or DNA binding (Evans, 1988b). The aminoterminal Zn++ fmger has been ~hown to provide stability in DNA· binding,
whereas the carboxy-terminal zn++ fmger is necessary for DNA recognition
and trans-activation of genes (Martin et al., 1990b; Orkin, 1990). It has
been reported that the amino-terminal Zn++ fmger may serve as a "repressor
finger" and the carboxy-terminal zn++ finger as an "enhancer finger"
(Whyatt et al., 1993).

Gl}TA transcription factors have been shown to be expressed at varying
levels in erythroid cells (Leonard et al. , 1993; Nagai et al., 1994), and they
have been proposed to have different roles in erythropoiesis (Orkin, 1990).
The functions of GATA transcription factors (GATA-1, 2 and 3) have been
studied using gene targeting experiments. From these experiments it has
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been established that GATA-1 is essential for the development of primitive
and defmitive erythroblasts (Pevny et al., 1991).

The block to

differentiation in GATA-1 deficient ·cells was shown to· be at the
proerythroblast stage (Simon et al., 1992). Similarly, when a GATA-2 gene
was disrupted, the mouse embryos died of severe anemia (Tsai et al., 1994),
suggesting a role for GATA-2 in the initiation of erythropoiesis. Recently,
GATA-3 knockout mice were also generated, and mutant embryos showed
gross aberrations in fetal liver hematopoiesis (Pandolfi et al. , 1995). These
results provide evidence that GATA factors are involved in the activation of
globin and other genes during erythroid cell maturation.

The GATA proteins have a distinctive pattern of expression in tissues and
cell lines (Leonard et al., 1993).

GATA-1 is found in erythroid,

megakaryocyte, mast cell, and multipotential cell lineages (Martin et al.,
1990a).

GATA-2 (Dorfman et al., 1992) is found in mast cell,·

megakaryocytic lineages, early erythroid cells, endothelial cells and
embryonic brain (Nagai et al., 1994). GATA-3 is present in T-lymphoid
cells and embryonic "f?rain (Oosterwegel et al., 1992). GATA-4, 5 and 6 are
found in the heart and gut (Laverriere et al. , l 994).
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C. Rationale and, Specific Aims
Significant progress has been made towards identifying the cis-elements of
the P-LCR, which is defined by four erythroid specific, DNase I
hypersensitive sites, HSl, 2, 3, 4 and a ubiquitous HS5 site. HS5 is located ,
upstream of the HS 1-4 sites, at the apparent 5' border of the LCR (Tuan et

al., 1985; Dhar et al., 1990). Recently, a 3.3 kb DNA fragment containing
the HS5 site has been reported to possess insulator activity (Li et al., 1994;
Yu et al., 1994).

We have identified a 40 bp DNA sequence, named 5a, which consists of ten
tandem GATA motifs located within 1 kb 3' of HS5 in the human genome
(Figure 1). Since th~_(GATA) 10 motif was proximal to the HS5 site and was
included in the 3. 3 kb HS5 fragment which was show~ in transfection
experiments to possess insulator activity (Li et al., 1994; Yu et al., 1994),
''

we sought

to

.,

.

characterize 5a's function in recombinant plasmids, using

transient and stable transfection assays. Because HS5 was shown to be open
(D Nase I accesible) in both· erythroid and non-erythroid cells (Tuan et al. ,
1985; Dhar et at , 1990), we decided to test the function of the 5a sequence

in both erythroid and non-:-erythroid cells. So, we used a housekeeping pgk
(phosphoglycerate kinase) promoter that would be active in both erythroid
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and non-erythroid cells as our choice for a promoter. To test for 5a's
function in the erythroid system, we used the e-globin gene promoter.

Transcription factor GATA-1 binds to the GATA site (WGATAR, where
W = A/T and R = A/G) and is important for erythropoiesis (Ko et al., 1993;

Merika et al., 1993; Orkin et al., 1992; Pevny et al., 1991). As GATA-1
has been shown to actjvate promoters containing GATA sites (Martin et al.,
1990b), we initially thought that (GATA) 10 would be an activator since the
presence of ten GATA sites would lead to more GATA factor binding thus
activating LCR function in erythroid cells. Therefore, the experiments with
the stated specific aims were performed.

The specific aims of the study were to determine the function of 5a: whether
5a acts as an insulator, silencer or transcriptional activator were investigated
by the following experiments.
1.

To test the effect of 5a on the promoter activity of phosphoglycerate kinase

>

(pgk) and the e-globin gene.
2.

To study the effect of 5a on an enhancer such as HS2 (Hypersensitive Site 2)
of the LCR.·
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3.

To identify the transcription factors that directly interact with the 5a
sequence. ·

4.

To test for a difference in the function of 5a from its normal genomic (Head-,
Tail) H-T orientation to a mutant 5a in (Head-Head) H-H Qrientation.

The GATA motifs in the -5a sequence are in a Head-Tail orientation, but in
most regulatory elements in nature, multiple GA-TA motifs are found in a
Head-Head_ orientation. By mutating the 5a sequence so that some GATA
motifs in 5a are changed to a _Head-Head orientation, we investigated the
. effect of sue~ a mutation on the function of the sequence and on the
transcription factor. binding to the sequence. Thus, we would study the
function of the 5a sequence in erythroid and non-erythroid cells and show
· whether or not the 5a sequence contributes to the insulator function of HS5
or acts as an activator of LCR in erythroid cells.

MATERIALS AND METHODS

Section A. Cloning
Generation of Fragments
Sa oligonucleotide (62 bp): The 5a oligonucleotide was synthesized
(sequence shown below; Cruachem). The upper and lower strands were
synthesized separately. Sall and Smal. restriction enzyme sites were· added
to the 5' end and SnaBI and BamHI sites were added to the 3' end to
facilitate the cloning process. In a microcentrifuge tube, 10 µg each of the
upper and lower strand oligonucleotides were combined with 0.1 M NaCl in
'

.

a final. volume of 20 µI. The tube containing the oligonucleotides was placed
in a rack with a metal plate screwed tightly on the cap of the tube. The rack
was then placed in a pan containing boiling water for 5 min. After 5 min,
'

'

' the pan was removed fro_m the heat source and allowed to cool slowly to
room temperature. The slow drop in room temperature helps the single
stranded oligonucleotides to anneal to form duplex DNA.

Wild type Sa sequence: (top strand is indicated)

GAAAGAATAGATAGATAGATAGACAGATAGATGATAGATAGAAT

26

27

HS3 oligonucleotide ·(42 bp) ~nd Mutant Sa oligonucleotide (62 bp): A
.

'

46 bp HS3 oligonu~leotide· (Applied Biosystems) and a 62 bp mutant 5a
sequence (Amitof) were synthesized (sequences shown below).

The

I

_oligonucleotides were annealed using• the protocol describ~d above. For the
mutant 5a sequence, Sall and Smal restriction enzyme sites were added to
the 5' end and Nrul and BamHI sites were added to the 3' end.

HS3 sequence: (top strand is indicated)
'TCGACTTTTGACTCAGCAAACACAAGACCCTCACGGTGACTTTGCG

Mutant Sa sequence: (top strand is indicated and the mutated bases are in
bold type)
GAAAGAATAGATATATCGATAGACAGATAGATTATCGATAGAAT

phosphoglycerate kinase promoter (pgk) (165 bp): A 165 bp DNA fragment
was amplified from a pBluescript (Stratagene) plasmid containing the full
length mouse pgk (phosphoglycerate kinase) promoter (Adra et al., 1987)
using the primer pair shown below. BamHI and_EcoRV sites were ~dded to
the forward primer. A Hindlll site was added to the reverse primer. The
sites used for cloning are underlined.
Forward Primer: 5' CG GGAtCC GATATC TGGGAAGGGGTGGGT 3'
Reverse Primer: 5' CGCC AAGCTT CGGAGATGAGGAAGA 3'
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PCR Conditions:
The pgk promoter was generated by PCR (Saiki et al., 1988) using the
following conditions: 30 cycles of denaturation at 95°C for 30 sec, annealing
of prim.er at 50°C for 30 ·sec and extension at 72°C for 1 min.

€-globin gene promoter (200 bp): The 200 bp e-promoter was excised from
a plasmid which was constructed in previous work (Tuan et al., 1989).

Hyperse·nsitive site 2 (740 bp): A 740 bp BamHI - BglII HS2 (Tuan et al.,
1989) fragment was cloned in a BamHI site in the pUC19 plasmid. This site
was conveniently located in the polylinker cloning region and thus different
ends for HS2 could be generated by digestion with different restriction
enzymes.

Cloning of the DNA inserts
pgk-CAT (Construct 1): The 165 bp pgk promoter was cloned into a -CAT

(Chloramphenicol Acetyl Transferase) reporter gene plasmid at the BamHIHindIII site.
Sa-pgk-CAT (Construct 2): The 5a oligonucleotide was subcloned into a SalIBamHI site in construct 1 to give construct 2.

Figure 2. Maps of Recombinant CAT_constructs I.
The figure ·shows the restriction enzyme sites used in cloning. B-BamHI, B-EcoRV, HHindlll, S-SalI.. The numbers to tbe left of each construct indicate the construct number
used in the Materials and Methods section. CAT-chloramphenicol acetyl transferase gene,
pgk-phosphoglycerate kinase promoter, e- ·epsilon globin gene promoter.
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cp-CAT (Construct 3) and 5a-cp-CAT (Construct 4) containing the 200 bp
e promoter were cloned using a similar strategy as for pgk promoter
described above.
HS2-pgk-CAT (Construct 5): A SmaI-SalI. HS2 fragment excised from the
HS2-p UC 19 plasmid was clo~ed into NruI-SalI. sites in construct 1.
5a-HS2-pgk-CAT (Construct 6): :A ·740 bp BamHI-HincII HS2 fragment
excised from the HS2~pUC19 plasmid was cloned into BamHI-EcoRV sites
· between 5a and pgk promoter in construct 2 to give construct 6.
HS2-5a-pgk-CAT (Construct 7): A SmaI-SalI. HS2 fragment excised from the
HS2-pUC19 plasmid was cloned into Nrul-SalI. sites upstream of 5a in
construct 2 .'
m5a-pgk-CAT. (Construct 8): The 5a oligonucleotide was excised from
construct 2 using Sall. and BamHI restriction enzymes and a m5a fragment
with Sall. and BamHI ends was inserted in its place.
m5a-:HS2-pgk-CAT (Construct 9): Similarly, a m5a with Sall. and BamHI
ends was cloned into construct 6 in place of th~ wild type 5a sequence.
HS2-m5a-pgk-CAT (Construct 10): A SalI.-NruI m5a fragment was cloned
into a SalI.-EcoRV site in construct 7. Figures 2, 3 and 19 show the partial
restriction map for each construct. The plasmids CMV-f)gal and CMV-CAT
were gifts from Dr. E. F. Howard of the Medical College of Georgia.

Figure 3. Maps of Recombinant CAT constructs II.
The figure shows the restriction enzyme sites used in cloning. B-BamHI, E-EcoRV, HincHincll, H-Hindlll, N-Nrul, S-SalI, Sma-Smal. The numbers to the left of each construct

indicate the construct number used in the Materials and Methods section.

CAT-

chloramphenicol acetyl transferase gene, HS2-hypersensitive site 2, pgk-phosphoglycerate
kinase promoter.

31

N/Sma

5

HS2

pgk

. CAT

H
I_ .

S2-pgk-CAT

Hinc/E H

~~
5a HS2
pgk
CAT
N/Sma

7

H

·~.~

S B

6

S

·s

B

5a-HS2-pgk-CAT

H

~~
HS2 · sa pgk
CAT

HS2-5a:..pgk-CAT

32
Purification of DNA fragments

DNA fragments were excised from the plasmids by digestion with restriction
enzymes (New England Biolab&, Inc.) according to the conditions specified
by the manufacturer. The DNA_ was analyzed by electrophoresis in a 0.8%
low melting point agarose geL(GibcoBRL) in 0.5 x TBE (0.045 M TrisB6rate, 10 mM EDTA,- pH-8.0) at 4 V/cm for 2 hr at room temperature.
Electrophoresis was continued until the fragments were well separated. The
desired DNA fragment was excised from the gel using a clean sharp razor
blade under UV light. .The excised low melting point agarose band was
transferred to a microfuge tube and heated at 65°C for 15 min to melt the
agarose. The DNA fragment in the melted agarose solution was extracted
with an equal volume of phenol (pH adjusted to 6.6), vortexed for 1 min
followed by centrifugation in a microfuge at room temperature for 5 min.
The aqueous phase was transferred to a new microfuge tube and was
extracted with an equal volume of chloroform by the similar procedure of
phenol extraction. The aqueous phase was transferred to a new tube and one
tenth volume of 3M sodium acetate (pH 5.2) was added foll(?wed by two
and half volumes of 100% ethanol to precipitate the DNA. The tube was
stored at -20°C for 1-2 hr. The DNA was collected by centrifugation in a

~
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microcentrifuge for 10 min at 12,000 rpm at 4°C and washed with
70% ethanol and air dried. The DNA pellet was resuspended in 10-20 µl of
low TE (10 mM Tris, pH 8.0, 0.5 mM EDTA, pH 8.0).

Ligation
All ligation reactions were carried out in a fmal volume of 20 µl containing
0.2 µg

of total vector and insert DNA at a molar ratio of

vector:insert · 1:1.

The DNA's were mixed with lx ligation buffer

, (Promega, C126B) and 0.3 units of T4 DNA ligase (Promega, M1801) and
incubated at 15. ° C for 16 hr.

Transformation
Competent E.coli DH5a cells were obtained from GibcoBRL. Cells were
transformed with the plasmid constructs using a protocol provided by the
manufacturer. Fifty µl of the competent cells were pipetted into a sterile
15 ml Fisher tube and kept on ice for 2 min. One µl of the ligation reaction ,
was mixed with the cells by gentle shaking for 5 sec. The mixture was then
placed on ice for 30 min,. heat-shocked for 90 sec in a 42°C water bath, and
cooled immediately on ice for 2 mi1:).~ . Four hundred and fifty µl of SOC
medium (GibcoBRL) was added to the DNA-c~mpetent cell mixture and the
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tube was incubated in a shaker (300 rpm) at 37°C for 1 hr. One hundred µl
of the cell suspension was plated on 1. 5 % agar plates prepared with LB
medium (DIFCO Laboratories) containing 100 µg of ampicillin per milliliter.
The LB plates were incubated overnight in a 37 °C incubator.

Minipreps to identify and confirm the clones
The colonies from each plate were inoculated into 3 ml of LB medium
containing 100 µg/ml of ampicillin in a sterile 15 ml Fisher tube. The tubes
were incubated overnight in a 37°C shaker at a speed of 300 rpm. One ml
of the bacteria was pelleted in a 1.5 ml microfuge tube by centrifugation in
an Eppendorf centrifuge at a speed of 12,000 rpm for 2 min.

The

supernatant was discarded and the cells were resuspended in 50 µl of
1 M TE, pH 8.0. Three hundred µl of solution I (0.5% SOS, 0.01 M
NaOH, Tris-EDTA, pH 8.0) were added to the resuspended cells and the
mixture was vortexed for 30 sec followed by addition of 100 µ1 of 3 M
sodium acetate, pH 5.2 and the mixture was vortexed again for 30 sec. The
tube was centrifuged for 2 min in an Eppendorf centrifuge at a speed of
12,000 rpm. Tlie supernatant was transferred to a new microfuge tube and
· 900 µI of ethanol (room temperature) was added. The solutions were mixed
well by shaking and centrifuged for 5 min at 12,000 rpm to pellet the DNA.
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The supernatant was discarded and the DNA pellet was washed with 70%
ethanol (24 °C), air dried and resuspended in 40 µl of low TE (10 mM Tris,
pH 8.0, 0 ..5 mM EDTA, pH 8.0) with RNase A (50 µglml). Restriction
enzyme digestion of the DNA was carried out according to the conditions
I

recommended by the manufacturer (New England Biolabs, Inc.).

For

restriction digests, 3 µl C0.2-0.4 µg) of the miniprep DNA was used in a
final reaction volume of 20 µl. All the recombinant DNA's were tested with
different combinations of restriction enzymes to confirm the identity of the
construct. The plasmid was analyzed by electrophoresis in a 1 % or 2 %
agarose gel stained with ethidium bromide (100 µglml).

Large Scale Preparation of Plasmid DNA
All .plasmids used in this study were prepared- from transformed E. coli cells
and purified using CsCl gradients (Tuan
et al. , 1985).
5 ml of autoclaved
·.
.
.

~

LB medium in a sterile 15 ml Fisher tube ~as inoculated with a pipet tip
containing the appropriate frozen stock of cells and incubated at 37°C with
shaking. The culture was grown to late log phase (A600 of ~1.5). 50 µl of
cells from this tube were inoculated into 25 ml of autoclaved LB containing
ampicillin (200 µg/ml) in an autoclaved 250 ml flask. The entire 25 -~ of
culture was inoculated to 500 ml of autoclaved LB in a 2 liter autoclaved
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flask.

The bacteria were grown for 4-5 hr and chloramphenicol

(200 mg/liter) was added to the culture (for CMV-pgal plasmid, 20 mg/liter
of c~loramphenicol). The flasks were incubated overnight at 37°C with
shaking. The plasmid DNA was isolated using the lysozyme method. The
bacteria were collected in 250 ml plastic bottles (Nalgene) and harvested by
centrifugation at 6000 rpm for 5 min in a GSA rotor. The bacterial pellet
was resuspended in 4.8 ml of solution I (25% sucrose, 50 mM Tris, pH 8.0)
and 0.6-ml of freshly prepared lysozyme solution (10 mg/ml in 25 mM Tris,
pH 8 .·_o).
.

The solutions were mixed ·by ~wirling :and the mixture was
,

'

· · incubated at room temperature for 1 hr. 1.9 ml of 250.mM EDTA (pH 8.0)
was added and the bottle was placed on ice for 5 min followed by the
addition of 7. 7 ml of .Triton solution (0. l % Triton X-100, 80 mM EDTA,
'

60 mM Tris, pH 8. 0). The contents from the bottle were transferred to a
30 ml SW28 thick-walled polyallomer centrifuge tube· and centrifuged at
(

25,000 rpm in a Beckman SW28 rotor for 30 min. The supernatant was
transferred to a new 30 ml polyallomer tube and 0. 95 g/ml of CsCl and
10 mg/ml of ethidium bromide were added. The mixture was centrifuged at
11,000 rpm for 20 min using an SW28 rotor to remove debris and protein
film.

Plasmid DNA was purified by· two cycles of CsCl gradient

centrifugation. First, centrifugation was carried out at 60 k for 16 hr using

37
. a-Ti70.1 rotor, and the lower plasmid DNA band was··excised.using a 16 g
·needle. This band was transferred to.a new Beckman tube (5.0 ml capacity)
and centrifuged at 80 k for· 3 hr in an NVT90 rotor. The lower band was
collected, and the ethidium bromide was. ·removed ·by extraction with
isopropanol. The clear DNA solution was transferred to a dialysis bag
(Spectra/Par, MWCO: 12-14,000) and dialysis was carried out against 2 liter
of TE buffer (10 mM Tri~, pH 8.0, 1 mM EDTA, pH 8.0) for 2 hr at room
temperature. The samples were dialyzed again in 2 liter of fresh TE buffer
at 4 °C overnight to decrease the concentration of salts. The plasmid DNA
was precipitated with two volumes of ethanol in the presence of 7. 5 M
ammonium acetate in a 30 ml Corex tube. The tube was incubated at -20 °C
for 2 hr. The DNA was collected by centrifugation at 10,000 rpm using a
JA-20 rotor for 30 min, washed with cold ethanol (70%) and air dried. The
plasmid DNA's were resuspended in low TE (10 mM Tris, pH 8.0, 0.5 mM
EDTA, pH 8.0) to a final concentration of 0.5~0.8 µglµI. The A260 and ·
A2601280 ratio of the plasmid DNA' s was determined on a spectrophotometer
(Pharmacia). An A260 reading of 1 corresponds to approximately 50 µglml
for double stranded DNA. The formula used to calculate the concentration
of DNA was: A260 reading x Dilution factor x 50 µglml

= X concentration

of DNA per milliliter. The plasmids were analyzed by electrophoresis in a
1 % agarose gel.

1
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Section B.. Cell Culture
Maintenance of erythroid K562, HEL, HEL (GATA-I*) and non-erythroid N-Tera
cells
K562 (Lozzio et·al., 1981; kindly provided by Dr. M. Fordis of the National
Institutes of Health), HEL (Martinet al., 1982) and HEL (GATA-I*) (Hu,
1992; kindly provided by Dr. K. Lanclos of the Medical College of Georgia)
were grown and maintained in RPlv.1;11640 medium, pH 7.4, supplemented
with 10% fetal calf serum (HyClone), 10 mM HEPES buffer, pH 7.4 (USB)
and penicillin (500 u/ml)-streptomycin (500 µg/ml) (GibcoBRL). The HEL
and HEL (GATA-I*) cells were subcultured by scraping from the plates
with a cell lifter (Fisher), while the K562 cells were easily removed from the
plates by flushing medium on the cells. N-Tera cells (Andrews, 1984;
obtained from ATCC) were grown and maintained in DMEM medium,
pH 7.4, supplemented with 10% fetal calf serum, penicillin (500 u/ml)streptomycin (500 µg/ml) and 10 mM HEPES buffer, pH 7.4. The N-Tera
cells were removed from the plates·by trypsinization using 0.02 % TrypsinEDTA. All cells were seeded at a density of 2-3 x 106 cells per 10 ml plate
(Falcon 3003) and were incubated in a humidified environment at 37°C in
the presence of 5 % CO2 •
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Section C. Transfection
Transient Transfection in K562, HEL, HEL (GATA-I*) and N-Tera cells
Cells were harvested and resuspended in culture medium (without fetal calf
serum) to obtain a density of 1-2 x 107 cells per ml.

For transient

transfection, 10 µg of supercoiled test 'plasmid and 10 µg of pCMVPgal
control plasmid were co-transfected into cells by electroporation (Andreason
et al., 1984; Baum et al., 1994) using a BioRad Gene Pulser set at 960 µF

capacitance and 240 V. For N-Tera cells, a higher voltage of 260 V was
used. After electroporation the cells were immediately plated in sterile
plates (Falcon 3003) with 10 ml of RPMil 640 complete medium. After
48 hrs, cells were harvested for assays (Figure 4).

Stable Trans/ection in K562 cells
For stable transfection in K562 cells (Figure 4), 2 µg of linearized test
plasmid and 0.06 µg of linearized pcDNeo plasmid were electroporated
using

identical. conditions

as

transient

transfection.

Following

electroporation, the cells were grown in RPMI1640 complete medium for
48 hr. After the 48 hr period, sta}?le transfectants were selected using G418
(Geneticin, GibcoBRL) at a concentration of 400 µg/ml. Approximately 2
weeks later, the G418-concentration was lowered to.200 µg/rnl. The pooled

Figure 4. Design of transient and stable transfection experiments.
The figure shows the co-transfection of circular plasmids in transient transf~ction and the
linearized plasmids for· stable transfection. The actual conditions for the. experiment are
explained in the Materials and ·Methods section.
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clones were then grown and maintained at this lower concentration of G418.
Each pooled clone was split into three plates. Confluent cells from one plate
was frozen at -80°C for long-term storage. Cells from a second plate were
used for CAT assays and from the third plate, for Southern analysis.

Section D. Assays
Preparation of Cell Extracts
Cells were frozen in an ethanol-ice bath for 1 min and then thawed in a 37°C
water bath. The cells were then vortexed for 2 min. This procedure of
freezing, thawing and vortexing was performed twice. The cells were then
centrifuged at 13,200 rpm for 10 min at 4 ° C using an IEC 851 rotor. The
'

'

'.,

supernatant which is the cell extract was collected and stored at -80 °C until
further use.

Protein Assay
The BCA (Bicinchoninic acid) protein assay (Pierce; Smith et al. , 1985) was
used to determine the total protein in each sample. The working reagent was
prepared by combining 50 parts reagent A (Pierce) with 1 part reagent B
(Pierce). A set of protein standards was prepared by diluting the stock BSA
solution (2 µgl µl). A 1: 10 dilution of the protein samples was used for the
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Microplate Reader) at 419 nm. The p-gal readings in the linear range from
0.2-0.9 were used to correct for variations in transfection efficiencies across
samples.

CAT Assays
CAT Assay on protein extracts from transiently trans/ected cells
The CAT assay (Seed et al., 1988) samples (corrected for P-gal) were heated
at 65°C for 10 min which inactivates the endogenous cellular acetylases.
The heat-inactivated samples were incubated at 37°C for 45 min with 5 _µ1
of D-threo-[dichloroacetyl-l- 14C]Chloramphenicol (Amersham, Specific
activity 54.0 mCi/mmol) and 20 µl of acetyl CoA (3 .5 mg/ml; Sigma) in a
final volume of 100 µl with 0 .25 M Tris, pH 8. 0. This step was performed
_three more times and fresh acetyl CoA (20 µl) was-added each time. After
incubation (45' x 4
[

=

180 min), the [14CJChloramphenicol and

14

C]acetylated Chloramphenicol products were extracted twice with 500 µl

of ethyl acetate. The top organic phase was transferred to a new microfuge
- tube and dried under vacuum-~ The dried pellets were resuspended in 25 µl
of ethyl ace~te, spotted on TLC plastic ~beets {E. ~erck, 20 x 20 cm Silica
gel

60

F254)

and

chromat_ographed

iri

a

chamber

containing

chloroform/methanol (95: 5) for 1 hr. The TLC plates were allowed to dry
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·in a chemical fume hood and were exposed to phophorimager cassettes for
24 hr. The CAT enzymatic activities were quantified in a Phosphorimager
SF (Molecular_ Dynamics) using the ~n:iageQuant Software version 3. 3.

CAT Assay on protein extracts from stably trans/ected K562 cells
For stable CAT assays, 160 µg of heat-inactivated total protein was used
along

with 2 µl

of D-threo-[dichloroacetyl-l- 14C]Chloramphenicol

(Amersham, Specific activity 54.0 mCi/mmol) and 20 µl of acetyl CoA
(3.5 mg/ml; Sigma) in a fina~ volume of 100 µl with 0.25 M Tris, pH 8.0.
The rest of the procedure was similar to the transient CAT assay as
described above.

Section E. Genomic DNA Studies
DNA Extraction from K562 cells

Genomic DNA from stable K562 pooled clones was extracted by
modification of the original method described by Maniatis et al. (1989).
Approximately 1 x 107 K562 cells were collected from a single plate of
confluent cells by flushing with RPMI complete medium. The cells were
centrifuged (Eppendort) at a· speed of 10,000 rpm· for 2 min.

The

supernatant was aspirated and the cells were washed twice with Dulbecco' s
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PBS (without Ca2 + and Mg2+). The cell pellets were resuspended in 1 ml of
Tail buffer (0.2 M NaCl, 0.1 M Tris-HCl; pH 8.5, 5 mM EDTA; pH 8.0,
0.2% SOS) with 20 µg/ml of RNase A. The suspension was mixed gently
by using a pipet tip several times and the tube was incubated at 37°C for
.

.

.

1 hr itfa water bath. The viscous solution was transferred to a 15 ml Falcon
tube, proteinase K was added to

~

final concentration of 100 µg/ml and the

tube was· incubated oyernight in a shaker at 58°C. The clear suspension with
the digested protein pfoducts was extracted with an equal volume of phenol
(previously saturated with Tris buffer l00mM Tris, pH 8~0), cJlloroform and
isoamyl alcohol in a ratio of 25 :24: 1. The top layer was transferred to a
new 15 ml Falcon tube and was extracted again with phenol; chloroform and
isoamyl alcohol (25:24: l)~

The genomic DNA samples were dialyzed

against 2 liter TE buffer (l0mM Tris, pH 8.0, and 1 mM EDTA, pH 8.0)
overnight at 4 °C. The A260 and the A2601280 ratio of the genoniic DNA was
determined (Pharmacia LKB, Ultrospec Ill). The concentration of genomic
DNA ranged from 0.05-0.2 µg/µl.

Southern Blot Analyses

The protocol used was from Tuan et al. (1985). Twenty micrograms of
genomi_c DNA were digested with restriction enzymes Hindlll and Hpal
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(New England Biolabs, · Inc) using' conditions recommended by the
manufacturer in a 30 µl final reaction volume~ After digestion, the samples
were mixed with 5 µl of 6x tracking dye (0.25% bromophenol blue, 0.25%
xylene cyanol, 15% Ficoll in water) and electrophoresed in a 1 % agarose gel
(0.8 cm in thickness) in 0.5 x TBE buffer (0.045 M Tris-Borate, 10 mM
EDTA, pH 8.0) at 1.7 V/cm overnight. After electrophoresis, the agarose
gel was rocked in a container with 500 ml of 0.25 M HCl for 15 min at
room tem.perature. This step was repeated. The agarose gel was rinsed in
.

'

deionized water and rocked in 500 ml of denaturation solution (1.5 M NaCl
and 0.5 M NaOH) for 15 ·min at room temperature. The gel was rinsed in
deionized water again and the denaturation step was repeated. Then, the gel ·
was placed in 500 ml of neutralization buffer (1.5 M NaCl, 0.5 M Tris-HCI,
pH 7.4) with gentle rocking at room temperature for 1 hr and the DNA was
blotted on to Hybond-N (Amersham) nylon membrane (preheated at 55°C
in 6 x SSC solution) by capillary action in 6 x SSC so_lution (0.9 M NaCl and
90 mM sodium citrate). The DNA was crosslinked to the membrane using
a UV crosslinker (UV Stratalinker 1800, Stratagene) at 1200 µJoules for
1 min. The membrane was covered in. a 3MM (Whatman) filter paper and
baked in an oven under vacuum at 80°C for 2 hr. The membrane was
transferred to a Biometra tube and immersed in 25 ml of prehybridization
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solution containing the following: 50% Formamide, 5 x SSC (0.75 M NaCl,
75 mM sodium citrate), 5 x Denhardt's solution (0.1 % Ficoll 400, 0.1 %
polyvinylpyrrolidone and 0.1 % BSA), 0.1 % SDS, and 100 µglml of
sonicated salmon sperm DNA. The Biometra tube was incubated at 42°C
overnight in a hybridization oven (Biometra). Oligolabeled DNA probes
(CAT and HS5 probes) were heat denatured by boiling for 10 min at 95°C
and immediately transferred to ice for cooling.

The prehybridization

solution was discarded and fresh 25 ml solution was added to the Biometra
tubes. The denatured probe at a concentration of 40 ng/µl was added to the
fresh solution in the tube and the tube containing the probe and the
membra~e was incubated with constant rolling at 42°C for 18-25 hr in the
hybridization oven. Following hybridization, the membrane was placed in
a pan and washed twice _for 30 min with constant agitation in solution A
containing 2 x SSC (300 mM NaCl, 30 mM sodium citrate) and 0.1 % SDS
a·t room temperature. The membranes were transferred to the Biometra
tubes and washed twice in solution B containing 0.1 x SSC (15 mM NaCl,
1. 5 mM sodium citrate) and O.1 % SDS at 55 °C for 15 min in hybridization
oven.

The membranes were air dried and wrapped in Saran wrap and

exposed to Phosphorimager cassettes. The data was quantified by using the
ImageQuant software version 3. 0 program.

The membranes were also
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exposed to BioMax film with intensifying screens for 48 hr at -70°C and the
hybridization signals were detected by autoradiography.

Section F. Protein-DNA Binding Studies
Nuclear extract preparation from K562 and N-Tera cells

The procedure for preparing nuclear extracts from K562 and N-Tera cells
was based on the methods of Dignam et al. (1983). In a typical extraction,
exponentially growing cells, C-5 x 107 ) washed twice in PBS were pelleted,
and then resuspended in 0.5 ml of a buffer ·(Buffer A) containing 10 mM
HEPES-KOH (pH 7.9), 10 mM KCl, L5 mM MgC12 , 0.1 mM EGTA,
0. 5 mM dithiothreitol (OTT), and O. 3 M sucrose.

Buffer A was also

supplemented. with a broad spectrum of protease inhibitors: 0. 5 mM
phenylmethylsulfonyl fluoride (PMSF), 2 µg/ml each of antipain,_ aprotinin,
leupeptin and pepstatin. Cells were lysed by 10 strokes in an all glass
Dounce homogenizer (B type pestle) and 1-2 strokes in the presence of
. Nonidet P-40 (0. 3 %). Completion of lysis C-90 %) was monitored_ using a
phase-contrast micros~ope. ~he homogenate was centrifuged for 10 min at
setting 6 in· an IEC ·clinical centrifuge at 4 °C ·-' The pelleted nuclei were
washed, twice in 0.3 M sucrose in buffer A without Nonidet P-40. The
nuclear pellet was resuspended in O. 3 ml. of buffer B containing 10 mM
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HEPES-KO:H (pH 7,.9), 1.5 inM MgC12 , 400 mM NaCl, 0.1 mM EGTA,
0.5 mM DTT, 0.5 mM PMS~ and 5% glycerol. The pellet was suspended
by 8 strokes using an all glas.s ._Dorince homogenizer (B pestle) and left for
40 min at O°C with gentle intermittent stirring. The broken nuclei (observed
under phase contras! microscope) were transferr_ed to polyallomer centrifuge
tubes (Beckman, 5. 0 ml capacity). The nuclear supernatant extract was
recovered by centrifugation at 15,000 rpm using an SW55 Ti rotor for 1 hr
at 4 °C to remove chromatin debris. The supernatant fluid was dialyzed in
boiled VisKing dialysis bags (Spectra/Por, MWCO: 12-14,000) for 3 hr
r

against 50_0 ml of buffer C containing 20 mM HEPES-KOH (pH 7.9), 75

mM NaCl, 0.1 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, and 20%
glycerol. The dialyzed nuclear extract was clarified b_y centrifugation at
4000 rpm using an SW55 Ti rotor for 15 min which removes precipitated
material completely and partially removes the lipids. The nuclear extract
was aliquoted and stored at -80 °C until further use.

The protein

concentration in the supernatant was 5-10 µgl µI.

Electrophoretic Mobility Shift Assay (EMSA)

The procedure for the binding reaction -(Figure 5) was as described by
Morgan et al. (1996). 10 µg of nuclear extract was incubated in reactions
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containing 10 mM Tris-HCl, pH 7.5, 50_mM NaCl, 1 mM MgC12 , 0.5 mM
DTT, 4% glycerol, 0.5 mM EDTA, 1 µg of poly d(IC) (Pharmacia), and
40,000 cpm C0.5 ng) of end-labeled oligomers in a fmal volume of 20 µ1
(35 µ1 for N-Tera reactions) for 30 min at 33°C. For the competition
experiments, 10-fold (5 ng) and 100-fold (50 ng) excess of unlabeled
oligonucleotides (5a, HS3:and mutant 5a) were added to the reaction. In the
case of blocking assays using GATA antibodies, increasing concentrations
(1, ~ and 10 µg's) of GATA-1 (1 µg/µ1) and GATA-2 (2 µg/µ1) antibodies
(Santacruz Biotechnology, Inc.) were·used. For binding reactions using N.

-

-

'

Tera nuclear extracts, 10 µg ·of •the extract was,_incubated with increas~g
concentrations of the 5a probe (1, 2.5, 5, 10, 15 ng) in a final volume of
35 µI. The samples were mixed with 5 µ1 of 6 x tracking dye (0.25 %
bromophenol blue, 0.25% xylene cyanol, 15% Ficoll in water) and the
DNA-protein complexes were separated from unbound probe by
electrophoresis in a pre-run, 5 % nondenaturing polyacrylamide gel (29: 1
,

Acrylamide:Bis ratio) in 0.5 x TBE buffer (0.045 M Tris-Borate, 10 mM
EDTA, pH 8.0) using a vertical gel electrophoresis system (Dan-Kar).
Some samples were analyzed by electrophoresis in a 4 % nondenaturing
polyacrylamide gel (40: 1 Acrylamide:Bis ratio) to allow the DNA-protein
complex to migrate further into the gel. Gels were run at 10 V/cm for 3 hr

Figure 5. Experimental Design ofEMSA.
The figure shows the incubation of the 32P-labeled probe with the nuclear extract as per the
reaction conditions explained in the Materials and Methods section. The DNA-protein
complex (shifted band) was then resolved from the free probe by electrophoresis on a
polyacrylamide gel. Ab-Antibody, NE-Nuclear extract.
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in room temperature. The gels were dried on blotting paper, wrapped with
Saran wrap and exposed to Kodak BioMax MR film in a cassette with
intensifying screens at -80 ° C for 2-3 hr. The gels were also exposed to
phosphorimager cassettes (Molecular Dynamics), and the DNA-protein
complexes were detected by a Phosphorlmager SF (Molecular Dynamics).

Section G. Probe Preparation
Probes
, For Southern

The probes that were used to detect bands in Southern blot were the CAT
gene·probe and the inte~nal control human HS5 probe. The 1.6 kb CAT
gene fragment was excised from the pep-CAT plasmid (Construct 3) using
.

.

BamHI and Hindlll restriction enzymes (New England Biolabs,- Inc.). Th~

· 2.8 kb human HS5 fragment was excis_ed from a plasmid (pA]Jgi5.5) using
Hindlll.
,

·., .·

For Electrophoretic Mobility Shift Assay -(EMSA)

The probes that were used for EMSA's were the 5a (62 bp), mutant 5a
(62 bp) and the HS3 (42 bp) ·probe.· The oligonucleotides were synthesized
commercially and annealed by a procedure described earlier (page 26).
These oligonucleotides were used as templates for the probe preparation.
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Oligolabeling of Probes
For Southern Blot
Radioactive labeling of the DNA probes was performed with tµe
Oligolabeling Kit from Pharmacia LKB using (a-32P)dCTP. The DNA's
(CAT and HS5) were diluted to a fmal concentration of 40 ng/µl. After
3 min of boiling the DNA, the tubes were cooled immediately on ice for
10 µl. of reagent. _mix (Pharmacia), 5 µl of (a-32P)dCTP

2 min.

.

.

-

'

(3000 Ci/mMol, Amersham), and

.

i µl of the Kienow fragment of DNA

polymerase I (Promega) were added to the tube. The solutions were mixed
.

'

· gently 3:nd centrifuged for 5. sec in_ a microcentrifuge (Eppendort). The tube
.

.

.

.

-

:

'

-

was incuba~ed ~t 37°C for 30 min. After 30 min, the.probes were heated in
a boiling water bath f9r l O min and then cooled immediately in an ice water
bath for 3 min. The CAT gene and HS5 probes were combined and mixed
into hybridization buffer for Southern blots. The specific activity of the
probes was ~7 x 109 cpmlµg.

ForEMSA
5a (62 bp), mutant 5a (62 bp) and HS3 probes (42 bp) were end-filled at the
3' ends using Kienow fragment of DNA Polymerase I (Promega), unlabeled
dATP, dGTP; dTTP (1 µl of 2 mM stock) and (a-32P) dCTP .(3000 Ci/mmol)
(Amersham) to a specific activity of ~3.4 x 107

cpm/µg.

Labeled
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oligonucleotides were purified using Sephadex G-25 spin columns
(5

Prime➔ 3

Prime, Inc.) and were stored. at 4 °C until further use.

Section H. Statistical Analysis and Formula for Copy Number Determination
,

.

The mean relative CAT enzymatic activities of the 5a-pgk-CAT, 5a-HS2pgk-CAT and HS2~5a-pgk-CAT plasmids were compared to the.ratio of 1.0
by a one-sample t-test. The mean, standard deviation, n=number of
determinations, and p values are reported.

For copy number determination, the membranes were exposed to
Phosphorimager cassettes ov.ernight.

The cassettes were read in a

Phosphorimager SF· (Molecular Dynamics) machine and the data was
quantified by usin.g the ImageQuant Software version· 3. 3. An example. is
shown below for the determination of the average copy number for a pooled
stable clone.

Two values were obtained from the Im~geQuant Software for each pooled
clone. First value = .cpm for the CAT band (X). Second value = cpm for
the HS5 band (Y). Then, X/Y gives a ratio of the two bands. This ratio
was multiplied. by 3 (since 3 copies of HS5 exist in K562 cells). The value
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obtained from the previous step is Z. rhen Z was multiplied by 2. 8/ 1. 6 or
1.75 (where 2.8

= HS5 band size and

1.6

=

CAT band size). The final

step will give a value C which is the average copy number for that pooled
clone.

RESULTS

I. Design of recombinant CAT plasmids and choice of host cells for transfection
experiments
The presence of 5a proximal to the HS5 site ·in the 5' border of the LCR
raises the question as to its function in the insulator activity of the HS5
fragment. We attempt to address this question in this study in two ways,
first, by determining the function of a 5a sequence with respect to a
promoter (pgk and E-globin), and secondly, by determining the function of
a 5a sequence with respect to an enhancer (HS2).

We initially constructed the 5a-Ep-CAT plasmid (construct 4) and the control
Ep-CAT plasmid (construct 3) (Figure 2). However, the activity of the CAT
gene driven by the E-globin gene promoter (200 bp) was very low. As a
result, the suppressive effect of the 5a sequence could not be quantified with
precision. Therefore, we chose the active housekeeping pgk promoter to
-drive the CAT gene. The original full length pgk promoter (500 bp) was a
very active promoter even in the absence of an enhancer (Johnson et al.,
1990). In order to be able to clearly differentiate between the effects of the
56
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enhancer and the promoter, we used a weakened pgk promoter of 165 bp,
which retained between 30 to 50% of the activity of the longer pgk
promoters of 300-500 bp (data not shown). Since the pgk promoter was
derived from a housekeeping gene, the effect of Sa could be assessed in both
erythroid a:pd non-erythroid cells.

The erythroid cells used for the·transfection studies were K562, HEL, and
· HEL (GATA-1 *).

The K562 cells are multipotential, Iiematopoietic

malignant cells that spontaneously differentiate :into progenitors of
erythrocytic, granulocytic.· and monocytic lineages (Lozzio et al. , 1981) and
predominantly express the embryonic globin gene program (Rutherford et

al., 1979).

The human erythroleukemia cell line (HEL) expresses

predominantly the fetal y-globin genes (y-chains) along with trace amounts
of e-globin and hence is termed a fetal-like cell line (Martin et al., 1982).
We chose K562 and HEL cells to test the function of the Sa sequence in two
different cell stages of hematopoiesis. The HEL(GATA-1 *) cell line has a
stably integrated ribozyme targeted at the GATA-1 mR~A, so the
concentration of the GATA-1 transcription factor is reduced by, about 50 %
(Hu, 1992). · This cell line was chosen to determine whether lower
concentrations of GATA-1 in the cell affected the function of Sa consisting

Figure 6. Transient CAT assay in K562 cells: Effect of Sa on pgk promoter activity.
Each lane represents the CAT activity of the respective plasmid. Lanes 1-3: CAT activity
of 5a-pgk-CAT plasmid; Lanes 4-6: CAT activity of pgk-CAT plasmid.
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Figure 7. Transient CAT assay in N-Tera cells: Effect of Sa on pgkpromoter activity.
Each lane represents the CAT activity of the respective plasmid. Lanes 1-3: CAT activity
of 5a-pgk-CAT plasmid; Lanes 4-6: CAT activity of. pgk-CAT plasmid.
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Figure 8. Transient CAT assay in K562 cells: Effect of Sa on HS2 enhancer activit_y.
Each lane represents the CAT activity of the respective plasmid. Lanes 1-3: CAT activity
of 5a-HS2-pgk-CAT plasmid; Lanes 4-6: CAT activity of HS2-5a-pgk-CAT plasmid;
Lanes 7-9: CAT activity of HS2-pgk-CAT plasmid. Acetylated chloramphenicol spots in
the TLC sheet are marked by a and b and the unacetylated chloramphenicol spots are
marked by c to the right.
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'Figure 9. Transient CAT assay in N-Tera cells: Effect of Sa on HS2 enhancer activit_y.
Each lane represents the CAT activity of the respective plasmid. Lanes 1-3: CAT activity
of 5a-HS2-pgk~CAT plasmid; Lanes .4-6: CAT activity of }:1S2-5a-pgk-CAT-plasmid;
Lanes 7-9: CAT activity of HS2-pgk~CAT plasmid. Acetylated chloramphenicol spots in
the TLC sheet are marked by a, b and c~· _the imacetylated chloramphenicol spots are
marked by d to the _right.
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Figure 10. Transient CAT assay in HEL cells: Effect of Sa on pg_k promoter and HS2
enhancer activities.
Each lane represents the CAT activity of the respective plasmid. Lanes land 2: CAT
activity of 5a-pgk-CAT plasmid; Lanes 3 and 4: CAT activity of pgk-CAT plasmid; Lanes
5 and 6: CAT activity of 5a-HS2-pgk-CAT plasmid; Lanes 7 and 8: CAT activity of HS25a-pgk-CAT plasmid; Lanes 9 and 10: CAT activity of HS2-pgk-CAT plasmid.
Acetylated chloramphenicol spots in the TLC sheet are marked by a and b and the
unacetylated chloramphenicol spots are marked by c to the right.
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Figure 11. Transient CAT assay in HEL (GATA-1 )* cells: Effect of Sa on pgk promoter

and HS2 enhancer activities.
Each lane represents the CAT activity of the respective plasmid; Lanes land 2: CAT
activity of 5a-pgk-CAT plasmid; Lanes 3 and 4: CAT activity ofpgk-CAT plasmid; Lanes.
5 and 6: CAT activity of 5a-HS2-pgk-CAT plasmid; Lanes 7 and 8: CAT activity ofHS25a-pgk-CAT -plasmid; Lanes 9 and 10: CAT activity of HS2-pgk-CAT plasmid.
Acetylated· chloramphenicol spots in the TLC sheet are marked by a and b and the
unacety-lated chloramphenicol spots are marked by c to the right.. HEL (GATA-1)* cells
are HEL cells that have a stably integrated ribozyme which is targeted at the GATA-1
mRNA (Hu, 1992).
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Figure 12. Stable CAT assay in K562 cells: Effect of Sa on pg_k promoter and HS2
enhancer activities.
Each lane· represents the CAT activity of the respective plasmid. Lanes land 2: CAT
activity of 5a-pgk-CAT plasmid; Lanes 3 and 4: CAT activity ofpgk-CAT plasmid; Lanes
5 and 6: CAT activity of 5a-HS2-pgk-CAT plasmid; Lanes 7 and 8: CAT activity of HS25a-pgk-CAT plasmid; Lanes 9 and 10: CAT activity of HS2-pgk-CAT plasmid.
Acetylated chloramphenicol spots in the TLC sheet are marked by a and b and the
unacetylated chloramphenicol spots are marked by c to the right.
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Table Ill. Relative CAT activities of plasmids stably trans/ected in K562 cells:
Effect of Sa on pgk promoter and HS2 enhancer activities.
Constructs

Copy no./cell

CAT
activity/copy

Relative CAT
activity

pgk-CAT

3.4 + 0.5

1.9. + 0.04:

1.0

5a-pgk-CAT

6.9 + 0.2

1.4 + 0.33

0.74

HS2-pgk-CAT

4.3 + 1.6

i5.5

+ 9.0

1.0

5a-HS2-pgk~CAT

4.0 + 0.7

2.4_ + 0.36

0.16

HS2-5a-pgk-CAT

4.8 + 1.0

8.1 + 1.3

0.52
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HS2-5a-pgk-CAT plasmid, the repression effect was less.

5a repressed

enhancer activity by 10-50% in the plasmid either transiently transfected into
K562 (Figure 8, Table II), HEL (Figure 10, Table II), HEL (GATA-1 *)
cells (Figure 11, Table II) or stably integrated into K562 cells (Figure 12,
Table III).

In non-erythroid N-Tera cells, however, the 5a sequence

activated the HS2 enhancer by 50 % (Figure 9, Table II) in HS2-5a-pgk-CAT
plasmid. Thus, when the 5a sequence was placed upstream of the HS2,
there was a sharp decrease in HS2 enhancer activity. In contrast, when the
5a sequence was placed downstream of HS2, 5a activated the HS2 enhancer
in non-erythroid N-Tera cells.

C. Copy number determination of stably integrated plasmids in K562 cells_

The constructs 5a-pgk-CAT, pgk-CAT, 5a-HS2-pgk~CAT, HS2-5a-pgk-CAT
and HS2-pgk-CAT were stably integrated into K562 cells. To determine the
number of copies of the plasmids ·that were integrated in the pooled K562
stable clones, .we performed Southern blots on the K562 genomic DNA using
_. a·cAT gene probe and an internal control HS5 probe.· The ¢9py numbers
were determined by using the formula explained in the Materials and
Methods section. T~e Southe~ blots for 11?-e stable K562 clones are depicted
in Figure 13 and copy number standards are shown in Figure 14.

Figure 13. Southern blot of stably integrated plasmids in K562 cells . .
Each lane shows the genomic DNA isolated from clones that were transfected ·with the
respective plasmids. Twenty µg of genomic DNA were digested with HindIII and Hpal
in a final 30 µl reaction volume. Southern blot analysis was performed as described in the
Materials and Methods. The membranes were hybridized simultaneously to oligolabeled
HS5 and CAT gene probes. The HS5 band and the CAT gene band in each lane are shown
(

.-

'

-

'

''

'

'

by arrows to the left of the figur~·- Lanes 1 and 2 are g~nomi_c-DNA from two separate
pools of clone transfected with 5a-pgk-CAT plasmid. Lanes 3 and 4: genomic DNA from
clones with pgk-CAT; Lanes 5 and 6: genomic DNA from clones with 5a-HS2-pgk-CAT
plasmid; Lanes 7 and 8: genomic DNA from clones-with HS2-5a-pgk-CAT plasmid; Lanes
9 and 10: genomic DNA froni clones with HS2-pgk-CAT plasmid.·-
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Figure 14. Southern blot for standard copy number determination.

Lanes 1-10 contain 1, 2, 5, 8, 10, 20, 40, 60, 80, 100 copies of eP-CAT. The 1.6 kb
CAT gene band is shown by an arrow to the left of the figure.
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D. Identification by EMSA of proteins that bind to the Sa sequence
The electrophoretic mobility shift assay (EMSA) was used to detect the
protein factors that bound to 5a and shifted its mobility in gel
electrophoresis. The EMSA of 5a reacting with K562 nuclear extracts is
presented in Figure 15. The labeled 5a probe produced a strong shifted band
(lane 2, Figure 15) in the presence of the nuclear extract. On competition
with increasing concentrations of unlabeled self oligonucleotide (lanes 3 and
4) the shifted band disappeared. In the presence of increasing concentrations
of unlabeled non-self HS3 oligonudeotides, the intensity of the shifted band
did not decrease (compare lanes 5 and 6 with lane 2). This indicates that the
HS3 sequence which does not contain the GATA motif did not bind to the
protein factors that bind to 5a. However, increasing concentrations of an
unlabeled mutant 5a oligonucleotide caused the shifted b~nd to disappear
(lanes 7 and 8) which suggests that a common protein factor binds to both
the mutant 5a and the wild type 5a oligonucleotides.

To identify the transcription factor present in the Sa/protein complex, we
performed blocking assays with antibodies against GATA-1 and GATA-2
transcription factors. When increasing concentrations of GATA-1 antibodies
were used in the EMSA reaction (lanes 9, 10 and 11), the strong shifted .

Figure 15. EMSA of5a wiih K562 nuclear extract~
Lane 1: 5a probe C0.5 ng) by itself; Lane 2: 5a prnbe-with K562 nuclear extract; Lanes
3-8: Competition experiments; Lanes 3 and 4: a 5a probe was competed with increasing
concentrations (10- and 100-fold excess) of unlabeled 5a oligonucleotide (self); Lanes 5
and 6: b 5a prob~ was competed with (10- and 100-fold excess) of non-self unlabeled HS3
oligonucleotide; Lanes 7 and 8: c 5a probe is competed with (10- and 100-fold excess) of
unlabeled mutant 5a oligonucleptide. Lanes 9-14: Antibody blocking assays. Lanes 9-11:
Increasing concentrations (1 µg, 5 µg, 10 µg) of GATA-1 Ab; Lanes 12-14: Increasing
concentrations (1 µg, 5 µg, 10 µg) of GATA-2 Ab. The shifted band and the free probes
are showµ by arrows to the left of the figure.
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band progressively weakened in intensity and disappeared at the highest
concentration of GATA-1 antibody (lane 11), and a weak band with slightly
faster mobility became detectable (lanes 10 and 11).

This finding was

curious since 5a consists of mutiple GATA sequences and- would be able to
bind to multiple GATA factors. The anticipation was that the removal of
GATA-1 factor from the nuclear extract pool with GATA-1 antibody would
generate a variety of 5a molecules with different number of bound GATA-1
factors. This would lead to the generation of a ladder of different size faster
mobility bands in the EMSA geL In contrnst, with the exception of a weak
· band with faster mobility, we observed a gradual disapperance of the original
complex without the appearance. of the ladder of bands. This suggests that
the GATA-1 factor binds to 5a cooperatively, i.e., if one molecule of
GATA-:1 bind_s to a GATA site, the other GATA-1 factors would bind
cooperatively to the other GATA sites or that the first GATA-1 factor that
binds

t? a GATA site becomes an anchor in recruiting other non-GATA-1

factors to bind to 5a. We did not observe a supershifted band with GATA-1
antibody in lanes 9-11. This may be due to the large size of the 5a/GATA-1
complex which· stayed at the top of the gel even after prolonged
electrophoresis in soft gel with lowered concentrations of acrylamide and
bis-acrylamide (data not shown).

Hence, the presumably even larger
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anti-GATA-1 complex formed with different charge composition would stay
in the well. The results shows that GATA-1 is the major protein factor that
contributes to the formation of the observed strong Sa/protein band. Also,
the appearance of weak bands (lanes 10 and 11) indicate that other protein
factors bind to the Sa sequence. However, GATA-2 is apparently not among
these minor protein factors. When increasing concentrations of GATA-2
antibody was used (lanes 12, 13 and 14) there was no apparent change in the
intensity of the strong band even in the presence of the highest concentration
of GATA-2 antibody (lane 14).

This indicates that GATA-2 did not

appreciably bind to Sa although the GATA-2 factor is expressed in KS62
cells (Nagai et al. , 1994).

The EMSA of Sa using N-Tera nuclear extract is shown in Figure 16. The
Sa probe, used previously to generate the strong shifted band with KS62
nuclear extract, produced no specific shifted bands with N-Tera nuclear
extract (lane 2, Figure 16). Increasing the amount of Sa probe by 2-30 times
still did not produce specific shifted bands (lanes 3-7). However, with the
increase in Sa probe, the band in the well became progressively more
radioactive, as shown by the plot in Figure 17. This suggests the possibility
that a Sa/protein complex was formed but the complex was too large to

Figure 16. EMSA of Sa with N-Tera nuclear extract. ·
Lane 1: 5a probe C0.5 rig) by itSelf;Lane ~: 5a pr0be with 10 µg of nuclear extract;
Lanes 3-7: Increasing concentrations (l, 2.5, 5_, .10, 15 ng) of 5a probe. Lanes 9-13 :
blocking assays.'Lane 9: 5a probe (10 ng) and 5 µg of GATA-1 Ab; La~~ 10: 5a probe
'

.I,>

'

(l? ng) and 10 µg of GATA,;1 Ab; Lane 12: 5a probe (10 ng) and 5-µg ·of GATA-2 Ab;
..

,'

Lane 13: 5a probe (15 ng) and 10 µg of GATA.-2 Ab.
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Figure 17. Quantitative Analysis ofSa/GATA-1 complex in N-Tera cells.
Plot of shifted 5a/GATA-1 complex in the well (y axis) with respect to increasing amounts
of labeled 5a probe (x axis) is shown. (•) 5a complex with N-Tera nuclear extract;

( ■)

5a complex with K562 nuclear extract; (•) 5a complex with N-Tera nuclear extract and
GATA-1 Ab;(~) 5a complex with N-Tera nuclear extract and GATA-2 Ab; (o) 5a probe
by itself.
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migrate into the gel. The radioactivity of the band in the wells appears to be
due to specific complexes formed between 5a and N-Tera nuclear extract
because it was apparently not generated by contaminants in the 5a probe in
the absence of nuclear extract nor at such high levels by K562 nuclear
extract with the 5a probe (Figure 17). The complex apparently contained
GATA-1 because antibody to GATA-1 caused a decrease in the intensity of
this complex (lanes 9 and 10, Figure 16 and plotted in Figure 17). Antibody
to GATA-2 did not produce a decrease in the intensity of this complex (lanes
12 and_ 13). The results indicate that GATA-1 and apparently not GATA-2 ·
binds to 5a in N-Tera cells.

II. Design of the mutant Sa constructs

The review of literature of GATA motifs in the genome revealed that in most
regulatory regions, GATA motifs exist in a H-H orientation. When found
in this orientation, the cis-eleinent was known to be used as an activator
element by GATA transcription factors. However, in the 5a sequence all the
GATA motifs are arranged in a H-T mann~r. We have shown that GATA-1
binds to the 5a sequence and represses a cis-linked pgk promoter and the
HS2 enhancer in transient and stable assays.

Mutation of the H-T 5a

sequence to a H-H 5a sequence· is hypothesized to change the binding affinity

Figure 18. Comparison of the wild ty_pe Sa and mutant Sa sequence.
The differences between the mutant 5a and the wild type 5a sequence is shown by the open
boxes. The small case letters are the restriction enzyme sites used for cloning. There is
a 4 bp difference in the sequence itself in addition to a 4 bp difference in the 3' restriction
enzyme site.

Comparison of Wild type 5a and Mutant 5a sequence

Wild type Sa: tcgaccccgggGAAAGAATAGATA[Q ATf\jGATAGACAGATAGATpJATIAiGATAGAATtla;~rg
Mutant Sa: tcgaccccgggGAAAGAATAGATAWATldGATAGACAGATAGATlIJAT tJGATAGAATt c c ag

00

0

Figure 19. Design of the mutant Sa constructs.
The figure shows the restriction enzyme sites used in cloning. B-BamHI, E-EcoRV, HincHincII, H-HindIII, N-Nrul, S-SalI, Sma-Smal. The numbers to the left of each construct

indicate the construct number used in the Materials and Methods section.

CAT-

chloramphenicol acetyl transferase gene, HS2-hypersensitive site 2, pgk-phosphoglyce!ate
kinase promoter, m5a-mutant 5a.
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of GATA-1 and hence the relative function of the factor on promoter and
enhancer activity. The question that we addressed was whether mutation of
a few GATA motifs in the 5a sequence from a H-T orientation to a· H-H
orientation would alter the function of the 5a sequence mstable and transient
transfection assays.

The mutant 5a sequence was synthesized and is shown in comparison to wild .
type 5a sequence in Figure 18. The mutant 5a sequence differs from the
wild type 5a sequence in 8 of its 62 bp. A 4 bp ·change in the 5a sequence
leads to the change in the. orientation from H-T to a H-H fashion. A second
4 bp change is in the 3' restriction enzyme site (a Nrul site replaces the
SnaBI site) used for cloning.•·· We constructed the. m5a-pgk-CAT and'

transiently transfected the plasfl:lld into erythroid K562 and non-erythroid N..:
Tera cells. The stable integration of the m5a-pgk-CAT plasmid was also
performed in K562 cells. The maps of the mutant constructs are shown in
Figure 19 (page 81).

A. Effect of m5a on the pgk promoter
We tested the effect of m5a sequence on promoter activity as measured by
the expression of a cis-linked CAT gene in erythroid K562 and non-erythroid
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Table IV. Relative CAT activities of plasmids transiently trans/ected into erythroid and
non-erythroid cells: Effect of mSa on pgk promoter activity.
Relative CAT activities

K562

N-Tera

pgk-CAT

1.0

1.0

m5a-pgk-CAT

0.6 + 0.46
(n=4, p < 0.10)

0.89 + 0.06
(n=4, p <0.025)
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Table V. Relative CAT activities of plasmids transiently trans/ected into erythroid and
non-erythroid cells: Effect of mSa on HS2 enhancer activity.
Relative CAT activities

K562

N-Tera

HS2-pgk-CAT

1.0

1.0

m5a-HS2-pgk-CAT

0.72 + 0.19
(n=5, p <0.025)

0.34 + 0.09
(n=4, p <0.0005)

HS2-m5a-pgk-CAT·

0.57 + 0.15
(n=5, p <0.01)

0.45 + 0.07
(n=4, p < 0.0005)
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N-Tera cells. We found that the m5a sequence represses the pgk promoter
activity by 40 % in transiently transfec~ed K562. (Table IV) or by 60 % in
stably integrated K562 cells (Figure 20, Table VI). The m5a sequence also
showed a minor repression of 11 % in non-erythroid N-Tera cells (Table IV).
The above results show that the mutant 5a like the wild type ·5a sequence
represses the pgk promoter activity in erythroid K562 and non-erythroid NTera cells.

B. Effect of m5a on the HS2 enhancer
To test the effect of m5a on HS2 enhancer activity, the m5a sequence was
cloned upstream or downstream of HS2 in m5a-HS2-pgk-CAT (Figure 19,
construct 9) and HS2-m5a-pgk-CAT (Figure 19, construct 10) plasmids.
The CAT gene expressions of these plasmids when transiently transfected
into K562 and N-Tera cells or stably integrated into K562 cells (Figure 20)
were compared to the HS2-pgk-CAT (construct 5) reference plasmid.

The relative CAT activities from TablesV and VI show that the m5a
sequence repressed HS2 enhancer activity by 30-60 % in erythroid and nonerythroid cells when it was placed upstream of the HS2 enhancer in m5aHS2-pgk-CAT plasmid in both transient and stable assays. When m5a

Figure 20. Stable CAT assays in K562 cells: Effect of m5a on pg_k promoter and HS2 ·
enhancer activities.
Each lane represents the CAT activity of the respective plasmid. Lanes land 2: CAT
activity of pgk-CAT plasmid; Lanes 3 and 4: CAT activity of m5a-pgk-CAT plasmid;
Lanes 5 and 6: CAT activity of m5a-HS2-pgk-CAT plasmid; Lanes 7 and 8: CAT activity
of HS2-m5a-pgk-CAT plasmid; Lanes 9 and 10: CAT activity of HS2-pgk-CAT plasmid.Ac·etylated chloramphenicol .spots in the TLC sheet are marked by a and b .and -the
unacetylated chloramphenicol spots are marked by c to the right.
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Figure 21. Southern Blot of Stably integrated m5a constructs in K562 cells.
Each lane shows the genomic DNA isolated from clones that were transfected with the
respective plasmids. Twenty µg of genomic DNA were digested with Hindlll and Hpal
in a final 30 µl reaction volume. Southern blot analysis was performed as described in the
Materials and Methods. The niembtanes were hyb~idized simultaneously to oligolabeled
HS5 and CAT gene probes. The HS5 band and the CAT gene band in each lane are shown
by arrows to the left of the figure. Lane 1: genomic DNA from non-transfected control
K562 cells; Lanes 2 and 3: genomic DNA from two separate pools. of clone transfected
with m5a-pgk-CAT plasmid; Lanes 4 _ and 5,: genomic DNA from clones with m5a-HS2pgk-CAT plasmid; Lanes 6 and_7: genomic DNA from clones with HS2-m5a-pgk-CAT
plasmid.
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Table VI. Relative CAT a~tivities of plasmids stably trans/ected in K562 cells:
Effect of m5a on pgk promoter and HS2 enhancer activities.
·
Constructs

Copy no./cell

CAT
activity/copy

Relative CAT
activity

pgk-CAT

3.4 + 0.5

1.9

+ 0.04

1.0

m5a-pgk-CAT

3.9 + 0.1

0.8 + 0.18

0.42

HS2-pgk-CAT

4.3 + 1.6

15.5 + 9.0

1.0

m5a-HS2-pgk-CAT

3.6 + 0.2

5.7 + 0.9

0.36

HS2-m5a-pgk-CAT

7.7 + 3.5.

3.3 + 1.4

0.21
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sequence was spliced downstream of HS2 enhancer in HS2-m5a-pgk-CAT
plasmid, the repression was 45-80 % (Tables V and VI). So, in contrast to
5a in HS2-5a-pgk-CAT, m5a in HS2-m5a-pgk-CAT did not activate CAT
gene expression. Furthermore, no significant difference in the repression
. was seen when m5a was placed upstream or downstream of HS2.

C. Copy number de,termination of stab~y •integrated m5a plasmids in K562
cells
Copy numbers of the m5a-pgk-CAT, m5a-HS2-pgk-CAT and HS2-m5a-pgkCAT plasmid integrated into K562 cells were determined by Southern blots.
Southern blots of the mutant constructs integrated into K562 cells are shown
in Figure 21. The copy number ranged from 2 to 20 copies per pooled
clone.

D. Identification by EMSA of proteins that bind to the m5a sequence
EMSA for mutant 5a sequence with K562 nuclear extract is shown in
Figure 22. The labeled m5a probe with the K562 nuclear extract produced
a strong shifted band (lane 2, Figure 22). Self competition with increasing
concentrations of cold m5a DNA made the shifted band disappear (lanes 3
and 4). However, on competing with increasing concentrations of a cold

·Figure 22. EMSA ofm5a with K562 nuclear extract.
Lane 1: m5a probe C0.5 ng) by itself; Lane 2: m5a probe with K562 nuclear extract;
Lanes 3-8: Competition experiments; Lanes 3 and 4:

a

m5a pr~be was competed with

increasing concentrations (5- and 50-fold excess) of unlabeled m5a oligonucleoti_~e (self);
Lanes 5 and 6:

b

m5a probe was competed with (5- and 50-fold excess) of non-self

unlabeled HS3 oligonucleotide; Lanes 7 and 8:

c

m5a probe is competed with (5- and

50-Jold excess) of unlabeled wild type 5a oligonucleotide. Lanes 9-12: Antibody blocking
assays. Lanes 9 and 10: Increasing concentrations (5 µg, 10 µg) of GATA-1 Ab; Lanes
11 and 12: Increasing c?ncentr_at~ons· (5 µg, 10 µg) of GA.TA-2.Ab; *Lane 13: 10 µg of
K562 nuclear extract with 0.5 ng of HS3 pr~be. • The shifted band and the free probes are
shown by arrows to the left of the figure.
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HS3 DNA (lanes 5 and 6), the shifted band was present. This shows that the
specific protein factors bind to m5a sequence.

Also, increasing

concentrations of a cold wild type 5a sequence (lanes 7 and 8) lead to a
decrease in the intensity of the shifted band, suggesting that mutant and wild
type sequence binds to the same protein factor.

Supershift assays with

GATA-l and GATA-2 antibodies were performed to identify the
transcription factor. Increasing concentrations of GAT A-1 antibody (lanes
9 and 10) resulted in the reduced intensity of the shifted band.

Again

increasing concentrations of GATA~2 antibody showed no difference in the
intensity of the.shifted band (lanes 11 and 12). Finally, in lane 13 we used
a HS3 probe instead of the m5a probe and showed that the shifted band was
specific for the m5a probe and K562 nuclear .extract. The results show that
GATA-1 binds to the mutant 5a sequence in K562 cells.

EMSA for m5a probe with N-Tera nuclear extract is shown in Figure 23.
A strong shifted band is see~ in lane 2 which is the m5a probe with N-Tera
extract.

Ori competition with increasing concentrations of cold m5a

oligonucleotides (lanes 3 and 4) the shifted band disappears. Increasing
concentration of wild type 5a oligomicleotide resulted in a gradual decrease
in the intensity of the shifted band (lanes 5, 6 and 7). Blocking assays with

Figure 23. EMSA ofm5a with N-Tera nuclear extract.
Lane 1: m5a probe C0.5 ng) by itself; Lane 2: m5a probe with 10 µg of nuclear extract;
Lanes 3-7: Competition experiments: Lanes 3 and 4:

a

m5a probe was competed with

increasing concentrations (5- and 10-f~ld excess) of unlabeled m5a oligonucleotide (self);
Lanes 5, 6 and 7:

b

m5a probe was competed with (5-, 10-, 100-fold- excess) of non-self

unlabeled wild type 5a.oligonucleotide; Lanes 9-12: blocking assays_. Lane 9: m5a probe
w~th 5 µg of GATA-1 Ab; Lane 10: m5a probe with 10 µg of GATA;_l Ab; Lane 11: m5a
probe with 5 µg of GATA-2 Ab; Lane 12: m5a probe witb 10 µg of GATA-2 Ab. The
shifted band and the free probes are shown by arrows to the left of the figure.
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Figure 24. Competition EMSA for wt5a probe with cold m5a and m5a probe with cold

wtSa using K562 nuclear extract.
Lane 1: 0.5 ng of wt5a probe with 10 µg of nuclear extract; Lanes 2-6: Increasing
concentrations of cold m5a oligonucleotide (1, 3, 5, 7 and 10 ng's) was competed with 0.5
ng of wt5a probe; Lane 7: 0.5ng of~5a probe with 10 µg of nuclear extract; Lanes 8-12:
Increasing concentrations of cold wt5a oligonucleotide (1, 3, 5, 7 and 10 ng's) was
competed with 0.5 ng of m5a probe. The shifted band is shown by an arrow to the. left of
the figure.
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Figure 25. Quantitative analysis of the shifted complex in K562 cells.
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(x axis) is shown. (•) m5a probe with cold wt5a; (o) wt5a probe with cold m5a.
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GATA-1 (lanes 9 and 10) and GATA-2 antibodies (lanes 11 and 12) do not
show a decrease in .the intensities :of ·the shifted band.

This suggests a

potential new factor or another .GATA. factor binds to the mutant 5a
sequence.

We performed_ conipetition, experiments with mutant 5a and wild type 5a
probe using K562 nuclear extract.

The EMSA is shown in Figure 24.

Lane 1 shows the shifted band of the wild type 5a probe with K562 extract.
When wild type 5a probe is competed with cold mutant 5a oligonucleotide
(lanes 2-6) the shifted band seen in lane 1 has disappeared. This confirms ,
our earlier finding that mutant and wild type 5a binds to the same protein.
The labeled m5a probe with K562 _nuclear extract showed a strong shifted
band as seen in lane 7. .Competition with increasing concentration of cold
wild type 5a oligonucleotide results in a weakening in intensity of the shifted
band (lanes 8-12). These results suggest that the GATA-1 factor bound to
the mutant 5a probe at a higher affinity than wild type 5a probe. The
intensity of the shifted complex has been plotted to the concentration of the
cold DNA and is shown in Figure 25.

DISCUSSION

In this study, we tested the 5a sequence for insulator and silencer activities.
Silencer sequences are negative regulatory elements that rep~ess transcription
from an adjacent promoter (Brand et al., 1985). To test the silencer activity
\

of 5a on a cis-linked promoter, we have used a housekeeping pgk promoter.
Initial studies using e-globin promoter showed that the activity of the CAT
gene driven by this promoter was low, so we used the pgk promoter. Also,
by using the pgk promoter, testing the 5a sequence for silencer activity in
erythroid and non-erythroid cells would be possible.

The 165 bp pgk

promoter is rich in G/C bases and does not contain a TATA box nor the
CCAAT and GATA motifs (Adra et al. , 1987). The sequence composition
shows that repression by 5a does not necessarily involve interaction of the
5a/GATA-1-complex with the_se specific sequences in the promoter.

Since active transcription complexes are assembled ·from multiple protein
factors (Buratowski, 1994; Tjian and Maniatis, 1994), it is possible that the
5a/GATJ.\_-1 complex. in these enhan~er-less: plasmids may interact with
protein targets in the promoter complex and interfere with the assembly of
96
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an active promoter complex. In the human genome, a tandem GATA motif
located immediately upstream of the 200 bp e-globin promoter has been
shown to repress the transcription of the cis-linked e-globin gene in cell lines
(Cao et al., 1989; Peters et al., 1993; Gong et al., 1993) and transgenic •
mice (Raich et al. , 1995; Li et al. , 1997). These data are consistent with
our finding that 5a, the (GATA)i 0 motif, when present immediately upstream
of the promoter represses promoter activity.

The 5a sequence also exhibited insulator activity and repressed a cis-linked
HS2 enhancer. Curiously, 5a spliced upstream of the HS2 enhancer in the
5a-HS2-pgk-CAT plasmid repressed enhancer activity more than 5a spliced
downstream ·of the HS2 enhancer in the HS2-5a-pgk-CAT plasmid (Table II
and Table Ill). This position effect on repression by 5a may be a result of
interference by the 5a/GATA-1 complex in:

a) the assembly of the enhancer complex,
b) the assembly of the promoter complex or
c) enhancer-promoter interaction.
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The

5a

sequence spliced downstream of the enhancer in the

HS2-5a-pgk-.CAT plasmid is locate~ betw~en the enhancer and the promoter
and may "repress enhancer function - by blocking enhancer-promoter
·interaction. Hence, 5a spliced in this position may function in a manner
similar to the insulator seque~ces of the gypsy retrotransposon and the heat
shock locus in Drosophila, w~ich when interposed between the enhancer and
the promoter have been suggested to act as a "road block" in disrupting
enhancer-promoter interaction (Cai and Levine, 1995). In this plasmid, 5a
is also located immediately upstream of the promoter and may thus interfere
with the assembly of the promoter complex and repress the promoter (see
Table I). However, these mechanisms cannot explain the o}?servation that
5a more severly repressed enhancer activity when it was spliced upstream of
the HS2 enhancer~ In the 5a-HS2-pgk-CAT plasmid, 5a was not situated
between the enhancer and the promoter and therefore it would not interfere
with enhancer-promoter interaction. Also, 5a was not placed immediately
upstream of the. promoter and therefore it would not interfere with the
assembly of an active promoter complex. Since 5a is located immediately
upstream of the enhancer in this plasmid, the observed severe repression of
enhancer activity may be a result of the interference by 5a in the assembly
of an active HS2 enhancer complex.
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In the HS2 enhancer, a 26 base pair enhancer core has been shown to play
a pivotal role in HS2 enhancer function (Moi et al., 1990; Ney et al., 1990;
Talbot et al., 1990; Tuan et al., 1992) . The enhancer core is located closer
to the 5' end (180 bp) than the 3' end (560 bp) of the HS2 sequence. Hence,
5a spliceµ upstream of HS2 was located much closer to the core and may
thus interfere with the assembly of the enhancer core complex (Cavallesco
and Tuan, 1997) and inhibit enhancer function more than the downstream 5a
spliced at a much farther distance from the enhaneer core.

In the

HS2-5a-pgk-CAT plasmid, since the downstream 5a did not interfere with
the assembly of the enhancer core complex, the HS2 enhancer contained a
more properly assembled core complex and was able to overcome the
repressive effects of 5a on the promoter and on promoter-enhancer
interaction to mildly activate the transcription of the CAT gene (see Table
II). Consistent with the interpretation that the proximity of 5a to the HS2
enhancer core may interfere with the assembly of an 3:ctive enhancer core
complex and repress enhancer function, a pair of GATA motifs found within
30 bp downstream of the HS2 enhancer core also appear to repress ·HS2
enhancer function. Elimination of these GATA sites by base mutations has
been reported to increase HS2 enhancer activity sharply (Miller et al. ,
1993).

?

100
In non-erythroid N-Tera cells, 5a spliced downstream of HS2 in the
HS2-5a-pgk-CAT plasmid did not repress but activated the HS2 enhancer
(Table II). This stimulatory effect of .5a suggests that an assortment of
protein factors assembled on the HS2 enhancer and on 5a is different fr9m
those in erythroid cells.

In N-Tera cells, these proteins interact

synergistically to overcome the repressive effect of 5a on the promoter
<...

(Table I) and activate the transcription of the CAT gene.

The above results suggest that the 5a sequence in erythroid cells, when
'

spliced either upstream or ~ow11stream of the HS2 enhancer, represses
enhancer firQ.ction p'robably through inte1Jering with the assembly of the
enhancer and/or the _promoter complexes· -and_ with enhancer-promoter
interaction. The repression effect of 5a can be modulated by the cellular
environments of the transfected host cells but is apparently not affected by
the chromos~mal co,ntext of the transfecting plasmids, since repression by 5a
was observed . irrespective of whether the plasmids were transiently
transfected or stably integrated into the host cells (Tables ·II and Ill). In
these respects, 5a shares common functional properties with the scs insulator
sequenc_es of the Drosophila heat shock locus (Dunaway et al., 1997).
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It has been reported that the insulator activity of the scs elements is affected
by the sequence composition of the cis-linked enhancer (Vazquez et al. ,
1994), suggesting that insulator function involves interaction of the scs
elements with the enhancer. The scs element has also been reported to
repress a cis-linked enhancer and promoter when spliced upstream of the
enhancer and the promoter. Furthermore, this repression effect of the scs
elements is not dependent on the cliromosomal context of the transfecting
plasmids (Dunaway et al., 1997). The above functional similarities suggest
that the· 5a sequence, like the scs elements, possesses insulator as well as
'

'

silencer properties.

EMSA results show that GATA-1 appears to b·e the major protein factor that
binds to 5a (Figure 15). GATA-1 factor is known to be· present in K562
cells (Leonard et al., 1993) and GATA-1 has been reported to be a repressor
protein that binds to the e-gene silencer seque}J.ces (Raich et al., 1995).
GAT A-1 has also been shown to be an in vivo repressor factor in binary
transgenic models (Li et al. , 1997). These results are in agreement with our
data which show that GATA-1 binds to the 5a sequence and represses cislinked promoters and enhancers.
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Mutation of the 5a sequence did· not alter its function. From both transient
(Tables IV and V) aµd. stable transfectio~ studies (Table VI), we have shown
that the mutant 5a sequence represses the pgkpromoter and HS2 enhancer
activity in both erythroid and non-erythroid cells. These results show that
mutation of the 5a sequence did not affect the function of the 5a sequence.
Hence an identical factor or a factor with similar function was hypothesized
to bind to the mutant 5a sequence. EMSA results using the mutant 5a probe
and K562 nuclear extract (Figure 22) show that the GATA-1 transcription
factor binds to the mutant 5a sequence. GATA-1 was earlier shown to bind
to wild type 5a probe (Figure 15). These results suggest that GATA-1.factor
binds to both 5a and mutant 5a sequence and represses 'ds-linked enhancer
I

and promoter activities.

The cross-competition experiments with wild type 5a probe and cold mutant
5a suggest that the cold mutant 5a DNA competes with the wild type 5a
probe for binding to the GATA-1 transcription factor (Figure 24). Low
concentrations of cold mutant 5a DNA were sufficient to compete the wild
type 5a probe. These results show that GATA-1 transcription factor binds
to the mutant 5a sequence at a higher affinity than the wild type 5a sequence
(Figure 25). Also the data· suggest that changing the affinity for GATA-1
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transcription factor did not lead to alterations in the proteins binding at the
mutant Sa sequence, and thus no change in function was observed. Thus the
hypothesis that two GATA motifs on different strands of DNA will lead to
higher binding affinity for GATA-1 transcription factor may hold true.

The three-dimensional solution structure of a complex between the DNA
binding domain of the chicken erythroid transcription factor GATA-1 and its
cognate DNA site has been determined with multidimensional heteronuclear
magnetic resonance spectroscopy (Omichinski et al., 1993b).

The 3D-

analysis suggests that the presence of two tandem GATA motifs on the same
strand of DNA (in the case of H-T orientation) would lead to minimal
stereodynamic space in the minor groove of DNA and hence less affinity for
the sites for GATA factors. The presence of two GATA motifs on different
strands of DNA· (H-H orientation) would provide more space for interaction
with GATA factors in comparison to the motifs being on the same strand.
Also, it has been reported that when the chicken GATA-1 ·factor binds to its
consensu,s site "AGATAA," •the 5' and 3' nucleotides flanking the consensus
have an .important role to play in this interaction (Omichinski et al., 1993a;
1993b). Other studies on DNA binding affinities for GATA transcription
factors have also suggested the imp~rtance of the 5' and 3' flanking
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nucleotides (Ko et al., 1993; Merika et al., 1993). Thus, in an H..:T tandem
orientation, the 3' flanking nucleotide of one GATA motif is a 5' flanking
nucleotide of the adjacent GATA motif and this will lead to weaker binding
by the GATA factor. On the other hand, when GA'J:A motifs are found in
different strands, the 5' and 3' flanking nucleotides for each motif are free
for interaction with GATA factors and thus can lead to tighter binding.

Since GATA-1 was reported to activate promoters containing GATA sites
(Evans et al., 1988; Ma.rtin et al., 1990; Walters et al., t992; ·Yamamoto et

al., 1990 and others) an(). GATA-1 knockout mice show failure in
erythropoiesis . (Pevny .et a(., 1991), we init~ally anticipated that the
5a-(GATA)i 0 motif-with·· the associated GATA factors would -, be a
transcriptional activator. However, the above results show that GATA-1
bound at 5a appears to repress a cis-linked promoter and the HS2 enhancer
activity in erythroid cells. Also, mutation of the 5a sequence created a
stronger binding site for GATA-1 transcription factor but did not change the
function of the 5a sequen~e. Sequence analysis of the 3 kb HS5 fragment
with insulator activity shows that in addition to the (GATA) 10 motif, there
are approximately 30 other GATA sites distributed throughout the fragment
(Yu et al., 1994; Long et al.. , in preparation). How the (GATA) 10 motif,
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these other GATA sites and the DNA underlying the HS5 site interact
between themselves and with the flanking DNA to cause the observed
insulator activity of the HS5 fragment is a question that remains to be
elucidated. ·

SUMMARY

A 3 kb HS5 fragment in the human P-globin LCR has been shown to possess
insulator activity (Li et al., 1994). To show if a (GATA) 10 motif called -Sa
found at the 3' end of HS5 contributes to the insulator activity of HS5, we
have performed reporter gene assays in erythroid and non-erythroid cells.
We tested the effect of 5a on the housekeeping pgk (phosphoglycerate
kinase) gene promoter activity by cloning 5a upstream of this promoter in a
CAT gene construct, and tested the effect of 5a on an enhancer such as HS2
by cloning 5a either upstream or downstream of· HS2 in a CAT gene
construct. These constructs were then transiently and stably integrated into
erythroid K562, HEL cells and transiently into non-erythroid N-Tera cells.
The results show that 5a sequence represses the pgk promoter .and HS2
enhancer activities in both transient and stable CAT assays. ':fo identify the
protein that binds to the 5a sequence, we performed EMSA. EMSA results
show that GAT A-1 .transcription· factor binds to the 5a sequence in both
erythroid and non-erythroid. cells. Mutation of. the 5a sequence did not
change its ":function but lead to an increase in the- ·affinify ·for GATA-1
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transcription factor. From these results we conclude that GATA-1 factor
binds to the 5a sequence in erythroid and non-erythroid cells and the
5a/GATA-1 complex represses the activities of proximal promoters and
enhancers and thus contributes to the insulator activity of HS5.
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