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ABSTRACT

The transcriptional regulation of the globin gene family in the erythroid
lineage of hematopoietic cells provides an excellent system in which to study tissue
and developmental stage-specific gene expression.

The human B-globin gene locus is located on the short arm of chromosome 11. It
is composed of five linked active globin genes (g, 87, 2y, 0, B) that are arranged in the
order of their developmental expression, and an upstream regulatory region, the
Locus Control Region (LCR), in about 65 kb of DNA.

The proper sequential expression of each B-globin gene relies upon the integrity
of cis-regulatory sequences located both proximally to each gene and distally within
the LCR.

Such dynamic binary association is likely to be accomplished via protein-protein
interaction between frans-factors bound to specific targets in the regulatory
sequences (gene promoters and LCR), in a sort of a flip-flop mechanism.

In particular, the ratio of y- to B-gene expression would depend on the specific
affinities between their promoters and the LCR, reflecting the milieu of nuclear
regulatory proteins within the cell.

The Hereditary Persistence of Fetal Hemoglobin (HPFH) is a genetically
inherited condition characterized by the constitutive expression of the fetal +globin
genes in adult life.

Natural non-deletional HPFH mutations within the distal CCAAT-box of the
human y-globin gene promoters affect the binding of several factors in vitro.
Among the nuclear factors capable to bind this region, NFE-3 is the only one whose
binding is consistently decreased with all different HPFH mutations so far observed:
the -117 G->A, the -114 C->T and the A13 deletion in the 2y promoter, and the -110 A-
>C in the 8y promoter.

NFE-3 was originally described as a factor present in extracts of
erythroleukemic cell nuclei (K562, MEL, HEL) and capable to bind exclusively the
distal and the unique CCAAT-boxes of the human y- and e-globin gene promoters.

In this work I have further characterized the NFE-3 binding activity from

K562 cells and I have purified the proteins responsible for such an activity
An accurate analysis was carried out to differentiate NFE-3 from the other
CCAAT-binding proteins (in particular from the ubiquitously expressed CP1/NF-Y)
and to highlight its complex biochemical nature. In addition, it was observed that



both YY1 and Ku proteins coelute with NFE-3 and their correlation with NFE-3
activity was also investigated.

Purification of NFE-3 to near homogeneity, reveals that two polypeptides of 40-
and 120-KDa segregate with its in vitro binding activity and several lines of evidence
establish that these two proteins are the major components of such an activity.

Both polypeptides are actually under investigation by mass-mass spectrometry
analysis.

The cloning of the cDNAs encoding for the 40-KDa and the 120-KDa proteins
might be a further step toward a deeper understanding of the composite and
fascinating world of B-globin gene regulation.
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CHAPTER 1

INTRODUCTION

In higher eukaryotes the embryologic development and tissue
differentiation are achieved through the execution of a genetic program that mainly
determines which genes have to be transcribed and their rate of transcription in a
particular cell type and in response to multiple physiological signals.

Over the past decade, innumerable studies carried out on hundreds of genes
have highlighted the various mechanisms involved in the regulation of gene
expression. The principles that we deduce from all these data can be broadly outlined
as follows. The transcription of a gene depends on the presence of arrayed multiple
cis-acting regulatory sequences. The activity of such sequences is exerted through the
interaction with certain trans-acting factors. Multiple physiological signals and
structural components influence the combinatorial interactions between cis- and
trans-acting elements. Only certain combinations of complexes can functionally
interplay with the RNA polymerase machinery. However, a lot has still to be
understood on the interplay network that involves all the above mechanisms in the
fine tuning of gene expression in those complex biological processes leading to
cellular differentiation and development.

To this respect, the human B-globin gene family constitutes an ideal model of
study.

1.1 The Human B-globin Gene Locus

The human B-globin gene locus consists of five linked genes (g, 8y, 2y, 3, B)
and a regulatory region, the Locus Control Region (LCR), spanning about 65 kb on
the short arm of chromosome 11 (1, 2). The B-like globin genes are arranged in the
order of their developmental expression: 5'-g-8y-2y-8-p-3' (Fig. 1).

The e-globin gene is expressed in early embryo, in cells forming the blood
islands in the yolk sac. The expression of y-globin genes is limited at the fetal life and
occurs in the fetal liver red blood cells. 8- and B-globin genes are expressed
throughout adult life in the erythropoietic cells of the bone marrow.

The differential expression of globin genes during embryologic development is
accomplished at the transcriptional level and is referred to as hemoglobin switching

(3) (Fig. 2).



Globin genes in mice have a similar pattern of expression. The embryonic B-like
globin gene (Bh1) is expressed in the blood islands of yolk sac from day of gestation 8
to 12. Then the embryonic to fetal/adult switch occurs: from day 12 on, the
fetal/adult B-like globin gene (Bma)) is expressed in the liver till birth and then in the
spleen and bone marrow (5, 6). Moreover, transgenic mice carrying the entire human
p-globin locus show proper developmental switch of the human genes (7). The
human ¢ and y genes behave like the embryonic B! and € mouse genes, whereas the
human B gene behaves like the adult fm2 mouse gene. Thus, these data strongly
suggest that the regulatory mechanisms underlying the control of time- and tissue-
dependent expression of globin genes are highly conserved in these two mammals.
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Figure 1. Location of nuclease-hypersensitive sites within the B-globin gene cluster. These sites in
nuclear chromatin mark the position of nucleosome-free major sequences. Developmentally stable
hypersensitive sites flank the cluster; HS-1 to -4 are erythroid specific and contain the locus control
region (LCR) activity. Each promoter has a hypersensitive site in fetal stage erythroid cells, but only the
8-and B-genes are nuclease sensitive in adult stage erythroid cells (3).
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Figure 2. The human (3 locus and its expression during human development. (4).

1.1.1 B-Globin Locus Control Region (LCR)

The proper sequential expression of B-globin genes relies upon the
integrity of cis-regulatory sequences located both proximally to each gene and
distally (LCR). These sequences consist of multiple cis-acting elements that are
targets for ubiquitous and tissue- and stage-specific transcription factors (8, 9) (Fig.
3).
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The human [B-globin LCR was initially identified as a cluster of distinct 200- to
500-bp erythroid-specific DNase I hypersensitive sites (HS-1 to HS-5) (1, 10, 11).
These have been termed "major" or "super" HSs to distinguish them from the less
sensitive gene-linked HSs (12). HS-1-4 (or HS-I-IV -13-) are located 6, 11, 14.5, 17.5 kb
upstream the e-globin gene, respectively, and are detected in early erythroid cell
precursors - when gene-linked HSs are still inactive -, while HS-5 is constitutively
and ubiquitously active. A less characterized sixth HS (HS-6, or 3' HS-1) is located 20
kb downstream the B-globin gene.

The first strong evidence that the LCR is an important cis-regulatory element
consisted in the observation that in naturally occuring HS-2-4 deletions - Hispanic
Y6B-thalassemia - the entire B-globin locus became late replicating and DNase I
resistant and no B-globin mRNA was detected (13). From then, the LCR has been the
subject of extensive analyses.

LCR activity appears to be dominant as it confers high-level and erythroid-
specific expression on a number of cis-linked heterologous genes both in transgenic
mice and in transfected cells (2, 14-16). ‘

The main principle derived from the data collected so far is that the LCR
contributes to the organization of the globin locus as a single large "chromatin-open”
domain. This goal is achieved by an exquisite additive effect of the single HSs (17, 18,
49). To this regard, the three central tissue-specific HS sites (HS-2, HS-3, and HS-4)
play a major role in elaborating the multiple activities attributed to the LCR, while
the roles of HS-1 and HS-5 are poorly defined. Anyway, LCR must be complete to
overcome heterochromatin silencing and it does so by ensuring that the locus is
active all of the time in all of the (red) cells (254).
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Figure 3. Disposition of binding motifs for various proteins within individual hypersensitive sites.

@)



1.1.1.1  Hypersensitive Site 2 (HS-2)

HS-2 consists of about 500 bp containing target sequences for several trans-
acting factors such as NF-E2, GATA-1, USF and YY1 (19). Since its initial
characterization, the HS-2 site has been considered the most effective regulatory
element of the B-globin LCR: it has enhancer activity (20-24) and, in transgenic mice,
can act as LCR when present in at least two copies (25). However, the insertion by
homologous recombination of a hygromycine phosphotransferase gene between HS-
2 and HS-1 of the B-globin locus, abolishes expression of the human B-globin gene,
even though no deletion of LCR sequences occurs (26). The expression of the B-globin
gene can be restored by recombinase-mediated deletion of the selectable marker,
suggesting that when neo gene is present within the LCR it disrupts regulation,
possibly by out-competing globin gene promoters (27). A similar result has been
obtained in mice where HS-2 deletion, though decreasing to 70% the expression of
the B-globin gene, has virtually no effect on e- and y-globin genes expression (28).

The conclusive assumption is that though HS-2 may have unique gene-specific
functions in the intact LCR, its deletion does not abolish a sufficient number of
binding sites to significantly alter the topology of the entire locus. Likely other HS
sites might perform HS-2 functions whenever it is deleted.

11.1.2  Hypersensitive Site 3 and 4 (HS-3 and HS-4)

H5-3 and HS-4 confer position independent (18, 24, 29) and developmental
stage-specific expression of linked y- and B-globin genes, though they have weak
enhancer activities. HS-3 is the most active site in embryonic yolk sac and fetal liver
(30). It is capable of directing B-globin gene expression from several independent
integration sites in mice containing single-copy transgene (31), due to a likely
chromatin-opening activity. HS-3 core fragment contains a triple repeat of a
combination of GATA-1 binding sites and G-rich sequence that are spaced 30 bp
apart (3). Deletion analyses have revealed that the combination of a G-rich sequence
flanked on each side by one binding site for GATA-1 is essential to obtain position-
independent expression of a linked B-globin gene in erythroid cells (33). On the
contrary, binding sites for NF-E2 and GATA-1 are required for the formation of HS-4

chromatin structure following stable transfection into murine erythroleukemic cells
(MEL) (34).

1.2 - Heterokaryons

Analysis of globin gene expression in heterokaryons between human
fibroblasts and MEL cells and between MEL and K562 cells, demonstrated that
diffusible cellular factors are involved in the specific activation of the globin locus



(11). Papayannopoulou et al. (35), by transferring normal human lymphoid cell
chromosomes into MEL cells, obtained hybrids which expressed only the human
adult B gene. Moreover, minicell hybrids carrying human chromosomes containing
mutations responsible for the Hereditary Persistence of Fetal Hemoglobin (HPFH)
either deletional - §B-globin gene deletion - or non-deletional - -117 ay G->A -
expressed the human y-globin gene. More recently, Stanworth et al. (36) have
elegantly shown that hybrids between MEL cells and erythroblasts derived from
mice carrying human y- and B-globin transgenes express these depending on the
pattern of expression in the erythroid cells at the time of fusion, sustaining that
epigenetic modifications acquired during development and differentiation may also
play a role in determining expression of globin genes in hybrid cells.

1.3 Globin Genes Regulation

Developmental and tissue restricted expression of the y- and B-globin
genes in transgenic mice can be obtained also in the absence of LCR (37-40).
However, the level of expression is low and sensitive to the site of chromosomal
integration and copy number of the transgene (41). Only the e-globin gene expression
seems to be totally LCR-dependent (42-44). These data confirm that the genetic
informations leading to the developmental regulated expression of B-globin genes
reside within the genes themself. The LCR sequences, somehow, seem to perform
two major activities: the optimization of the erythroid expression of cis-linked genes
and the commitment to a temporal-scheduled expression of the linked genes by first
activating the closest one. To this respect, it is worthy to note that a transgene
consisting of human LCR and a linked B-globin gene is prematurely expressed in the
yolk sac (45, 46). When another gene is placed in cis between the LCR and the j-
globin, or the whole cluster is used (47), the correct temporal expression of the B-
globin gene is restored.

Several studies of this sort lead to the model of the competitive interaction, that
is the expression of the -globin genes is influenced by the polarity of the genes with
respect to the LCR and possibly by the formation of a single complex between LCR
and proximal promoter sequences at any given developmental stage (7, 45-48). In
addition, Peterson et al. (50) proposed that in transgenic mice carrying tandemly
arranged human y- or B-genes and yB or By constructs in PLCR, the primary
determinant of appropriate gene expression during development is the trans-acting
environment. They shown that gene order, or distance from the LCR, influences the
degree of expression - especially when two genes are structurally identical - but

promoter competition plays the major role in controlling developmental switching.



All together, these data confirm that crucial DNA sequences, necessary to
mediate developmental stage-specific expression of globin genes, are located within
or near the genes themselves and are discriminatory partners of interaction with LCR
sequences.

1.3.1 The Enhancer Competition Model

The enhancer competition model was proposed by Choi and Engel (51) to
account for the embryonic e- to the adult BA-globin gene switching in chicken (52).
The model hypothesizes competition between different promoters and a unique
shared enhancer. In the embryonic environment, physical interaction between the &-
promoter and the enhancer should be favoured, while in the adult environment the
stage-specific trans-acting factor NF-E4, which binds to a purine-rich sequence (the
Stage Selector Element -SSE-) of the BA promoter (53), should favour the association
of this promoter with the enhancer, leading to the activation of the B4 gene and to
the silencing of the e-globin transcription. This model is supported by the
observation that NF-E4 is present in mature adult but not in primitive erythrocytes.

1.3.2 Polar Competition Model

Hanscombe et al. (48) have shown that the B-globin genes order plays an
important role in the developmental control of transcription. They showed that all
globin genes are in polar competition for the LCR activating function at any
developmental stage, being the more proximal genes advantaged for interacting with
LCR sequences over the distal ones and being the B-globin gene suppressed in the
embryo only when there is transcriptional competition from linked y-globin genes
(46,48, 54).

Polarity is also sustained by the analysis of individuals with non-deletional
Hereditary Persistence of Fetal Hemoglobin mutations (HPFH). The persistent
expression of the fetal y-globin gene, associated with the presence of point mutations
in its promoter, results in a down-regulation of the cis-linked B-globin gene. Also the
precise v/p and 8y/2y ratios observed during development might reflect their polar
distribution,.

1.3.3 Autonomous Gene Regulation

This model accounts for the relevant role played during development by
specific elements in directing the interaction of the single e-, y-, and B-globin
promoters with LCR sequences. These elements are targets for stage-specific factors
which mediate the functional interaction between LCR and promoter regions. The



obvious consequence is that there have to be positively and negatively acting factors.
In agreement to this model, it is worthy to note that functional silencer elements have
been mapped in the promoters of the e- and yglobin genes (43, 55).

How do LCR and promoter complexes interact? What is the nature of this
communication network and how is it carried out?

A sort of dynamic binary association of LCR and gene promoter sequences
must be achieved and a remarkable number of models and mechanisms have been
proposed to explain how cross-talk between distant elements might be accomplished.

Looping-out Mechanism. This model implies that the functional
interaction between LCR and promoter sequences occurred via protein-protein
interactions between factors bound to specific targets in the regulatory regions. This
physical network can be simple and direct or can be mediated by additional partners
(e.g. coactivators). Whenever this sort of zip is formed, the chromatin spanning
between the regulatory regions will be looped-out (56).

Tracking Mechanism. According to this model, the transcription factors
and/or helicases can bind to the LCR and migrate to a downstream promoter by
progressive and developmental-specific sliding along the DNA (23, 57).

Wave of Supercoiling. This model is related to the previous and accounts
for a determinant role played by chromatin structure in directing the hierarchy of
globin genes expression. Supercoiled chromatin regions should progressively involve
the promoters of the genes to be silenced. At the same time, this stress will favour
chromatin changes in the downstream genes making their promoter elements
available for the interaction with activating factors.

Whatever mechanism, dynamic chromatin changes are considered to play a
pivotal role in the regulation of B-globin genes expression. In agreement to this
principle, Wijgerde et al. (58) have shown in vivo that the B-globin LCR activates
only one gene at a time by a monogenic interaction and that coexpression of multiple
genes from a single locus involves alternate transcription. Furthermore, they have
shown that these interactions are not static but dynamic, with a LCR holocomplex
stably involved with one gene at a time and switching back and forth between genes
in a flip-flop mechanism. The LCR appears to interact in a stochastic fashion with
gene promoters. The ratio of y- to B-gene expression would depend on the specific
affinities between their promoters and the LCR, reflecting the milieu of nuclear
regulatory proteins within the cell (Fig. 4).



1.4 Stage Specific Factors

The existence of stage-specific activators or repressors able to control the
developmental profile of globin gene expression has been debated for years. What is
becoming clear is that globin switching reflects the cumulative interactions of trans-
acting factors within the LCR and promoter sequences throughout the locus, rather
than being the effect of a single stage-specific regulatory factor.

141 Stage Selector Elements (SSE)

A putative Stage Selector Element (SSE), mapped in the chicken B-globin
promoter, mediates temporal regulation through the binding of the developmentally
specific protein NF-E4 (51, 53). A similar element has been identified in the human y-
globin gene promoter. In vitro and in vivo - in K562 cells - such an element allows
preferential interaction of the y-promoter with HS-2 when in competition with a
linked B-promoter (59). The y-globin SSE is bound by three proteins: Spl (59, 226),
CTF/NF-1 (60) and a complex (SSP, Stage Selector Protein) consisting of CP2 and an
unknown partner protein of 40-45 KDa (61, 62). Binding of SSP correlates with SSE
activity, a fact emphasized by evolutionary phylogenetic footprinting studies that
demonstrate loss of the protein binding-sites in species without fetal expression of
the y-gene (63).

Fig. 4. A model of the interactions of the LCR with the different globin genes through a stochastic
looping mechanism. The LCR is indicated as a squiggly line to indicate that the different regions that
are hypersensitive to DNase I of the LCR could act together or even form a holocomplex to establish
an interaction of the LCR with one of the genes (58).



1.5 Trans-Regulators

The majority of models proposed to explain the details of globin gene
switching, considers protein-protein interactions as the main mechanism to build the
functional framework between LCR and gene promoters (reviewed in 8, 9, 64, 65).

1.5.1 GATA-1

GATA-1 [or Eryfl (66), or GF-1 (67), or NE-E1 (68)] is a 47-KDa protein that
binds to the consensus sequence T/AGATAA/G. The DNA-binding domain consists
of two related zinc-fingers (carboxy- and amino-terminal finger) of the type C-X-N-
C-(X17)-C-N-X-C. GATA-1 is the founder member of a wide family of proteins that
show a high degree of homology restricted to their finger domains (38, 75, 76, 87-90),
among mammals (66, 69, 85, 86), avians and amphibians.

The C-terminal finger mediates both the binding to DNA (70) and the physical
interaction with other zinc finger-containing proteins, such as Sp1, EKLF (71), other
GATA-binding factors, and GATA-1 itself (72, 73). The GATA-1 N-terminal finger is
dispensable for binding to DNA, though its presence stabilizes the binding to low
affinity GATA motives (74).

GATA-1 is expressed in most hematopoietic cell lineages (75-78) and in Sertoli
cells (79). Targeted disruption of the mouse GATA-1 locus is associated with lack of
erythroid differentiation in chimeric mice (80), while the development of mast cells
and megakaryocytes appears largely unaffected. In vitro differentiation of GATA-1
null ES cells shows that primitive erythroid cells differentiate normally up to the
stage of pro-erythroblast and then undergo to apoptosis (81). This observation
emphasizes the role of GATA-1 as a survival (or anti-apoptotic) factor (82) in
differentiating erythroid cells.

Recently, a new 40-KDa isoform of GATA-1 has been identified. This isoform
results from an alternative translation initiation site usage, seems differently
expressed in developing mouse and shows a decreased transactivation potential with
respect to the full-length protein (83).

A related protein, GATA-2 (75, 76, 89), is expressed in selected
hematopoietic cell types and mice lacking the GATA-2 gene die prematurely with
severe anemia (84). The effect of GATA-2 in the regulation of B-globin genes
expression seems to be indirect. Likely, GATA-2 is one of the targets of the
hematopoietic growth factor signals that sustain erythroid cell differentiation.

1.5.2 NF-E2
Nuclear Factor Erythroid 2 (NF-E2) is a leucin-zipper heterodimer

consisting of a large subunit (p45), expressed in hematopoietic tissues and a small



subunit (p18), widely expressed. The DNA-binding domain of p45 is related to the
Drosophila protein cnc (cap 'n collar), involved in head segmentation and to the C.
elegans skn-1, a protein critical for blastomere determination. p18 is related to the
human retinal protein NRL and to the chicken oncoprotein v-Maf (91-93).

In erythroid cells, NF-E2 is the major AP-1-like DNA binding protein. NF-E2
recognizes and binds a site containing an intact AP-1 binding motif, TGA(C/G)TCA,
preceded by a G residue two base pairs upstream. Functional analysis of tandem AP-
1-like motifs present in the HS-2 (21, 22) and the HS-4 (94) of the B-globin LCR,
indicates that NF-E2 partially mediates activity of these elements in vivo. Target sites
for NF-E2 have been shown in other gene promoters such as those coding for the
porphobilinogen deaminase and the ferrochelatase , as well as in the o-globin LCRs.

Mice lacking the gene for the p45 subunit of NF-E2 develop normally (95).
These findings lead to the hypothesis that, though NF-E2 might be an important
regulator of globin gene expression and iron metabolism, it is dispensable for
hematopoiesis in mice. On the other hand, given the type of binding site, it might be
that other AP-1-like proteins can compensate for the absence of NF-E2.

1.5.3 EKLF
The erythroid Kruppel-like factor (EKLF) is a Spl-related transcriptional

activator containing three zinc fingers. It binds specifically the GC or GT/CACC
motif (CACCC box) (96), found in several erythroid specific gene promoters and
within the LCR hypersensitive sites (97). The expression of EKLF is restricted to few
hematopoietic cell lineages, being abundant in both embryonic and definitive
erythroid cells and low in mast cells (98). The binding of EKLF to the B-globin
CACCC-boxes is abolished by mutations responsible for some B-thalassemias (96).

The role of EKLF has been defined by gene disruption experiment. EKLF null
mice die of anemia. Interestingly, either Wijgerde et al. (99), analysing transgenic
mice homozygous for a single copy of the entire human B-globin locus in an
EKLF+/- or EKLF-/- background, or Perkins et al. (100), interbreeding EKLF+/~
mice with mice harboring a human B-globin transgene, observed that in absence of
EKLF the y-globin gene expression is normal or increased in fetal liver, while the
human B-globin gene expression is absent (99) or dramatically reduced (100). Thus,
despite the presence of putative consensus sites in other globin genes, EKLF lack
leads to a highly selective deficiency in B-globin gene expression, mimicking the
thalassemia data. This defect has to be ascribed only to the lack of adult B-globin
expression since the embryonic globin genes are correctly expressed (98, 101).
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These results, consistent with the competitive switching model, indicate that
EKLF plays an important role in the LCR/B-promoter interaction and in the y-/f-
gene competition.

1.5.4 Tal-1/SCL/TCL-5

The protein SCL (Stem Cell Leukemia), known also as Tal-1 (T-cell acute
lymphoblastic leukemia), or TCL-5, is a bHLH transcription factor that binds to the
consensus sequence CANNTG (CAGATG) and is a critical regulator of
hematopoiesis. It is normally expressed in erythroid cells, in mast cells, in
megakaryocytes, in early myeloid cells and in committed progenitor cells
(CD34+/CD38%) (89, 102-104). The SCL gene encodes a helix-loop-helix (HLH)
transcription factor which is aberrantly expressed in the majority of cases of pediatric
T-cell acute lymphoblastic leukemia (105). The constitutive expression of SCL in T-
cell leukemic cells might represent a critical step in the leukemogenic process as SCL
is not expressed in normal mature T-cells. The N-terminal transactivation domain is
dispensable for oncogenesis, supporting the hypothesis that the scl gene product
exerts its oncogenic action through a dominant-negative mechanism (256).

Several SCL transcripts are observed in vivo resulting either from alternative
transcription start sites or by alternative splicing. Only one splice variant is predicted
to affect the protein product and produce an amino-truncated polypeptide (22-26
KDa) which lacks a putative transactivation domain (106). The full-length protein is
phosphorylated on serine in vitro and, possibly, in vivo, by the ERK1 protein kinase
(107).

SCL null mice die around day 9 of gestation due to failure of hematopoiesis
(108, 109). In agreement with previous data, scl -/~ ES cells make a substantial
contribution to all non-hematopoietic tissues but do not contribute to any
hematopoietic lineage (110).

It has been suggested that GATA-1 and GATA-2 are involved in the expression
of the scl gene since two functional GATA-motifs have been mapped in the erythroid
specific scl gene promoter Ia (111, 112).

1.5.5 Sp1

Spl is an ubiquitous trans-activator that binds to the consensus sequence
GGGCGG (GC box) (113, 114). It contains three contiguous zinc-fingers and is
involved in transcriptional activation of a variety of cellular genes (115, 116).
Cooperation between GATA-1 and Sp1 factors has been clearly proved in promoters,
enhancers, and LCRs of erythroid specific genes (33, 71).
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1.5.6 LCR-F1 (Nrf1)
NF-E1 Related Factor 1 (Nrfl) (117) or Locus Control Region Factor 1

(LCR-F1) (118) and NF-E2 related factor 2 (NRF2) (119) are widely expressed
proteins, closely related to the p45 subunit of NF-E2 (65). LCR-F1 is a basic leucine-
zipper protein that binds to the duplicated AP1-like sites within HS-2. Although
LCR-F1 expression is not restricted solely to erythroid cells, it contains an acidic
domain that exerts a strong erythroid-specific transactivation activity (118).

Gene inactivation by homologous recombination in embryonic stem cells
demonstrates that LCR-F1 is essential for mesoderm formation, while it is
dispensable for globin gene expression (255).

1.5.7 USF/MLTF

USF (Upstream Regulatory Region Factor) or MLTF (Major Late
Transcription Factor), is an ubiquitous basic helix-loop-helix zipper protein that
binds an E-like box within the HS-2 of the human B-globin LCR (25).

1.5.8 HS2NF5

HS2NF5 (HS-2 Nuclear Factor 5) is a 35-KDa protein that binds the
sequence TGTTCTCA within the HS-2 of the B-globin LCR. This site overlaps the
binding site for the erythroid-specific transcription factor SCL. Mutations that abolish

its binding reduce the enhancer activity of HS-2 in transient and stable transfection
assays (120).

1.5.9 NF-E6
NF-E6 (Nuclear Factor Erythroid 6) is an erythroid-specific factor that
binds to the y- and B-globin CCAAT boxes. NF-E6 binding does not correlate with

changes in transcription of the wild type y-globin gene and is not affected by the -117
HPFH mutation (121).

1.5.10 CTF/NF-1
CTE/NF-1 (CCAAT binding Transcription Factor; Nuclear Factor 1)
consists of a family of polypeptides of 52-66 KDa, that bind with high affinity to the
symmetrical sequence TTGGCT-(N3)-AGCCAA, but that can also strongly bind to
the half AGCCAA sequence (122).
CTF binds to two regions in the y-promoter: from -53 to -35 (SSE) (60) and from
-140 to -118, overlapping the transcriptionally active CACCC element. CTF interferes
with the synergistic transcriptional activation of the y-globin promoter mediated by
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GATA-1 and Spl1 via competitive displacement of Spl from the CACCC element
(123).

The very high affinity CTF-binding sites located in the distal upstream region of
the human -globin gene promoter (-125 to -300) do not contribute to the expression
of the gene in transient expression experiments, whereas the much lower affinity
binding site located at position -80 is fully functional. Thus, neither the mere
presence of of a CCAAT sequence in the vicinity of a promoter nor the binding of
CTF to fortuitous CCAAT element is sufficient per se to create a promoter responsive
to CTF, but rather, its ability to activate transcription is determined by the context of
the binding site in relation to the location of other transcription factors (122).

1.5.11 CP1/NE-Y

CP1/NF-Y is a heterodimer made of a 42-KDa (YA) and a 32-KDa (YB)
protein (124, 243), homologous to the yeast transcriptional activator HAP2 and HAP3
respectively (126). CP-1/NF-Y is an ubiquitous activator that recognizes CCAAT
boxes in a large number of gene promoters, including those of the ¢- and B-like
globin genes. It binds very strongly to the CCAAT box of the human B-globin gene
promoter (127); its in vitro binding to the distal CCAAT box of the y-gene promoter
(see later) does not show any modification during development (121).

NF-YA has histidines in a H(X)3H disposition sequence, while NE-YB has
cysteine residues, C(X)3C, in the same disposition, together reminescent of the zinc
finger motif. It has been hypothesized that these two "half-fingers" may participate in
a tetrahedrical metal coordination complex (128).

1.5.12 CDP

CDP (CCAAT Displacement Protein) binds with high affinity to sequences
overlapping the CCAAT element thus preventing the binding of CCAAT-binding
factors. In the histone H2B gene promoter of sea urchin embryos, the binding of CDP
abolishes the expression of the H2B gene in sperm (129). In vertebrates, the CDP
homologue is an ubiquitously expressed protein that exhibits binding activities very
similar to that of CTF/NF-1, but is unable to bind the single CCAAT box from B-, e-,
and al-globin promoters (130).

1.5.13 YY1

The zinc finger protein YY1 (Yin Yang 1 -131-), also known as NF-E1
(Nuclear Factor pE1 -132-), or & (133), or UCRBP (Upstream Conserved Region
Binding Protein -134-), or NMP-1 (Nuclear Matrix Protein 1 -135-), is a DNA-binding
protein belonging to the GLI-Kruppel family. It is widely expressed and highly
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conserved between human and mouse. It is a 414 amino acids protein, with a
calculated molecular weight of 44 KDa that migrates in SDS-PAGE as a 68-KDa
polypeptide. YY1 is heat-stable (136) and contains four zinc fingers of the Cys-Cys-
His-His type, while a very unusual N-terminal domain includes stretches of 11
consecutive negatively charged amino acids and 12 consecutive histidines.

Binding sites for YY1 have been reported in a variety of promoters.

Binding site selection analysis (136, 137) established that the CCAT sequence
represents the core of YY1 high-affinity binding target. A lower affinity consensus
contains the ACAT motif. At present, there is no evidence that ACAT and CCAT
sites are functionally different, but the ACAT consensus has been observed only in
adeno-associated virus P5 (AAV-P5) and in the human v-globin gene promoters (131,
61).

Another core sequence, TCAT, found in the human papillomavirus type 18 promoter
(139), in the E6/E7 promoter of HPV16 (140) and in the human g-globin upstream
region (141) is bound by YY1 in vitro 5 to 10-fold less avidly than the CCAT/ACAT
motives (136).

The nucleotides located on the 5' and 3' boundaries of the core are relatively
flexible. In principle, this variability in binding sites should allow YY1 to bind and
influence transcription within a wide variety of promoters. YY1 is considered a
multifunctional nuclear factor since it can activate, repress, or initiate transcription
depending on the context of cis-acting genetic elements.

The suppressive effect of YY1 can be obtained through: i) competition with
other transcriptional activators for overlapping binding sites; ii) DNA-bending that
turns bound activators away from the initiation complex; iii) sequestration of an
activator protein through protein-protein interactions.

YY1 represses transcription of a variety of cellular promoters, including those
from skeletal c-actin (143, 144), c-fos (145), e-globin (146, 147), y-globin (61), a-globin
(148), creatine kinase M, ol acid glycoprotein and B-casein genes. In addition, YY1
represses the immunoglobulin (Ig) x 3' enhancer (132) and it inhibits transactivation
of the human IFN (y-Interferon -149-) and GM-CSF (Granulocyte-Macrophage
Colony Stimulating Factor -150-) promoters mediated by AP-1 or Sp1/AP-1 proteins,
respectively. YY1 mediates transcriptional repression also in viruses: Moloney
murine leukemia virus (134), human papillomaviruses (139), Epstein Barr virus (134),
human cytomegalovirus, human immunodeficiency virus type I (151), parvovirus
(131), adenovirus, and AAV. In particular, it binds to a motif centered at -60 relative
to the initiation site of AAV P5 promoter that mediates transactivation by the E1A
protein (152). Recently, it has been shown that E1A protein normally relieves the
YYl-mediated transcriptional repression by complexing with it (153). Also c-myc
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(154) and B23 proteins (155) bind to YY1 and abrogate its ability to repress
transcription.

As a positive regulator, YY1 activates c-myc (156), ribosomal protein (133),
and GM-CSF (157) promoters. Activation and, moreover, transcription initiation of
AAV-P5 promoter by YY1 involves protein-protein interaction between YY1 and Sp1,
in particular between one and half zinc fingers, as well as the portion immediately
preceding the zinc finger region of YY1 and the C-terminal region, encompassing the
zinc finger DNA-binding domain and the transcriptional activation domain D of Sp1.
The interactions with Sp1 protein occurs both in vivo, and in vitro, and in solution
also without DNA (143, 158, 159).

YY1 recognizes and binds in vitro to the c-fos SRE (Serum Response Element)
and the skeletal actin MRE (Muscle Regulatory Element). Functional antagonism
between YY1 and the SRF (Serum Response Factor) at the level of both c-fos SRE and
a-actin MRE was initially demonstrated (145). Then, Natesan et al. (160) shown that
YY1 facilitates the association of SRF with c-fos SRE. They interpreted this behaviour
as a competition between the SRF-DNA complex and free DNA for YY1; increased
SRF concentration directs YY1 toward the ternary complex (SRE-SRF-YY1) and away
from the simple binary complex (SRF-SRE) with DNA.

YY1 plays a role also during development: in primary myoblasts, it
simultaneously inhibits and activates expression of the skeletal c-actin and c-myc
genes, respectively, modulating in such a way myoblasts growing and
differentiation; the transrepression activity depends on its C-terminal zinc finger
region, while its transactivation activity requires an additional N-terminal domain
(144).

Under the appropriate in vitro conditions YY1 can direct and initiate
transcription at nucleotide position +1 in the AAV-P5 promoter (131, 162), being able
to interact directly with TFIIB and RNA Polymerase II, in the absence of other known
auxiliary factors, including TFIID (163). Besides, YY1 can also specifically interact
with TAF55, a human TFIID TAF (164).

It is very likely that YY1 may mediate the critical switch between gene
activation and repression; in all cases studied this phenomenon requires the
interaction of YY1 with a second protein, highlighting its role in establishing protein-
protein interactions within gene promoters.

1.5.14 Ku/DNA-dependent Protein Kinase (DNA-PK)

Chromosomal double strand breaks (DSBs) may occur spontaneously, or
during DNA recombination (e.g. V(D)J recombination), or may be induced by DNA
damage (ionizing radiations -IR-, alkylating agents, oxidative stresses).
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Nonhomologous DNA end-joining recombination is the primary mechanism of DSBs
repair in eukaryotes.

Intriguingly, it was shown that a DNA-dependent protein kinase [DNA-PK
(165)] binds to; and is activated by, DNA double stranded (ds) ends. It was also
observed that Ku protein (166) interacts with free ends of ds DNA without almost
any sequence-specificity, serving as the DNA binding component of DNA-PK. All
together, these findings led to the suggestion that both factors might be involved in
DNA repair/recombination process, and studies on DSB; repair-defective mutants
isolated from bacteria, yeast and mammalian cells recently confirmed it.

1.5141 Ku

Ku is an abundant nuclear protein originally identified as an autoantigen
recognized by sera from patients with autoimmune disorders (Ku' being derived
from the first patient's name -166-). It is a heterodimer composed of two polypeptides
of 70 KDa (p70) and 86 KDa (p80) (167), that behaves as a 300 KDa-polypeptide when
analysed by gel-filtration chromatography (166, 168). cDNAs of both subunits have
been cloned (169-171) and shown to contain no significant homologies to other
proteins (169, 171).

Ku binds indifferently to DNA ends whether 5' protruding, blunt, or 3'

recessed, phosphorylated or not, and binds - with lower affinity - to linear or circular
single stranded (ss) DNA (167, 172). It binds also to DNA nicks and to DNA termini
ending in hairpin structures, perhaps by recognizing transition forms from dsDNA
to ssDNA without specificity for any particular nucleotide sequence or termini
configuration. Ligation of DNA ends after binding of Ku can trap the protein on the
DNA. By this trik it has been shown that Ku might have some sequence-specificity
(173-175). It seems that also RNA/DNA duplex may provide Ku targets, as they
contain ssRINA ends (176).
Ku binds and selectively protects from DNase I digestion approximately 25
nucleotides at both 5' and 3’ termini, and 30-35 bp are required per Ku molecule
(173). Once attached to DNA termini, it translocates along the DNA in an ATP-
independent manner (167). The sliding is processive; once loaded onto a fragment of
DNA, there is very little exchange of Ku protein to other fragment, unless DNA ends
are present (175). These peculiarities can explain why in mobility shift assay ladders
of shifted bands proportional to the length of DNA are constantly seen (173).

Initial data indicated p70 as the active DNA-end binding member of the dimer
(177, 178), being able to carry out this activity even in the absence of p80 (179-182).
However, more recent and convincing works have indicated that p70 is not enough,
and p80 is dispensable for DNA binding (168, 183).
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Ku is the DNA-binding component of the DNA-PK holocomplex in eukaryotic
cells (184-186); it is phosphorylated in vitro by DNA-dependent protein kinase
catalytic subunit (DNA-PK) and possesses also ATPase activity (125). Ku first binds
to the DNA, then it recruits p350 DNA-PK to the complex. Its ability to slide along
the DNA may have a physiological significance in terms of delivering the kinase
catalytic component to substrates bound at fixed positions on the template.

Besides its characteristic ability for non-specific interactions with DNA, the
participation of ku antigen in sequence-specific DNA binding has been described in
some cases. This observation is of considerable importance because it might create a
linkage between the excision repair mechanism and the transcriptional apparatus.
Footprints of Ku proteins have been observed on the promoters of U1 RNA (by PSE1,
Proximal Sequence Element-binding protein -187, 188-), transferrin receptor (by
TREF-1 and -2, phorbol 12-tetradecanoate 13-acetate-Responsive Element Factor -189-
190-), human collagen IV (by CTCBF, CTC box Binding Factor -252-), heat shock
response element (by CHBF, Constitutive hse Binding Factor -194, 195-), and
ribosomal DNA genes (by E1BF, Enhancer 1 Binding Factor -191, 192-), U5 region of
the human T-cell leukemia virus type 1 (HLTV-1) LTR (193) and T-cell receptor 3
enhancer (178). In addition Ku gives footprints on the octamer motif (196). It has also
been shown that Ku/DNA-PK can directly and specifically bind to NRE1 (Negative
Regulatory Element 1) of mouse mammary tumor virus (MMTV), repressing
glucocorticoid-induced MMTV transcription (197); other data suggest that Ku protein
may repress Polymerase I transcription and that UBF (Upstream Binding Factor) may
relieve this inhibition (198).

Ku seems to bind, together with UBF, in a human DNA region (B48) previously
recognized to contain a DNA replication origin (199) and, linked to this observation,
Ku has also been identified as human helicase (211).

However, some of these reports are a bit controversial and the Ku binding-specificity
is still not universally accepted; more than one authors have isolated Ku as
contaminant during DN A-affinity chromatography (201).

Ku exists within the nucleolus and nuclear cortex (202) and the nucleolar
localization varies throughout the cell cycle; Ku and DNA-PK,, are present in the
nucleoli of G2-phase cells, but neither are detectable in the nucleoli of S-phase cells,
suggesting that gene expression for these proteins is associated with the proliferative
state of the cells (203, 204).

Ku homologs have been found in monkey, mouse and Drosophila (205); the recent
identification of a Ku-like activity also in S. cerevisiae suggests that Ku/DNA-PK is
ubiquitous in the eukaryotic kingdom.
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1.5.14.2 DNA-PK
DNA-PK (DNA-dependent protein kinase) is a serine/threonine kinase

that is absolutely dependent for activity on binding to ds DNA containing broken
ends, nicks, and ss gaps (165, 200). DNA-PK consists of a catalytic subunit (DNA-
PKs, a large polypeptide of 350 KDa) and a DNA binding component (Ku). DNA-PK
becomes activated only when recruited on DNA by Ku. Once activated, DNA-PK is
capable of phosphorylating a number of substrates in vitro, including several
transcription factors (Sp1, Octl, Oct2, SRF, Fos, Jun, Myc) (113, 176), proteins
implicated in the cellular response to DNA damage (p53, Ku, hsp 90, and the 34 KDa
subunit of replication protein A) (165, 200), topoisomerase II, SV40 large T-antigen,
and the C-terminal domain (CTD) of the largest subunit of RNA Polymerase II (207,
208). These substrates are only phoshporylated effectively when they are bound to
the same DNA molecule as DNA-PK, suggesting that DNA-PK activity in vivo might
be restricted to proteins relatively close to the site of its specific activation (176).

DNA-PK is capable of autophosphorylation, a process that leads to its
inactivation (165) and it has been implicated in several nuclear processes, besides
DSBg repair and V(D)J recombination, including transcription (RNA Polymerase I
transcriptional repression -204-, collagen IV genes transcriptional regulation -252-),
and DNA replication (185, 186, 209, 210).

The three subunits of DNA-PK (DNA-PKy, p70- and p80-Ku DNA-binding
subunit) are all needed for both IR repair and V(D)] recombination: Ku plays a direct
role in the signal join formation (end joining), while DNA-PK preferentially acts
during the processing of coding joining formation (coding ends).

P80 Ku defects are responsible for the DSB; repair deficient mutational group
5 (XRCC5) and for the absence of any DNA-PK activity in mutant cell lines like sxi-1
and xrs-6 (161, 184-186, 210). V3 and scid group mutant cells are defective in DNA-
PK activity and complemented by a yeast artificial chromosome containing the DNA-
PK s gene (210).

1.6 v-Globin Genes Regulation
The evolutionary duplicated human &y- and 2y-globin genes contain
identical proximal promoter elements, which are separated by about 5 kb of DNA
and are transcriptionally active in human fetal liver and in some human
erythroleukemic cell lines (e.g. HEL, K562). These genes encode proteins which differ
in only a single amino acid at position 136: glycine in 8y and alanine in @y (138).
Despite major advances in the understanding of the structure of human
hemoglobin genes, the mechanism controlling the ¥- to B-switching has remained
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elusive and both autonomous and competitive models have been proposed to

explain the turning off of y-globin genes in adulthood.

a) The autonomous control is thought to be achieved through the action of cis-acting
silencer elements within the y-globin gene promoters. In transgenic mice, negative
elements located between -382 and -730 and between -141 and the transcription
initiation site, are required for y-globin gene silencing (206). The latter cis element
includes the distal CCAAT box (-115-111 region) and the SSE (-53 to -35 region).

b) The competitive model assumes that the preferential interaction between the B-
globin gene and the LCR in the adult stage of development determines the turning
off of y-globin genes.

Data accumulated so far, strongly support the autonomous silencing rather than
gene competition as the primary mechanism for turning off y-globin expression in
adulthood.

Pharmacological induction of fetal hemoglobin (HbF, ¢212) in humans has been
achieved by several agents. These include cytotoxic drugs (5-azacytidine,
hydroxiurea) that induce HbF by altering the kinetic of erythropoiesis, hemopoietins
(erythropoietin) that stimulate HbF production by inducing rapid erythroid
regeneration, and butyric acid that acts by preventing the silencing of v genes rather
than by reactivating y genes that have already been silenced. Butyrate (212) and its
analogues (short-chain fatty acids with up to nine carbons -213- and ¢-amino butyric
acid, 0-ABA -214-) inhibit the fetal-to-adult globin gene switching both in vitro and in
vivo. It has been proposed that the mechanism responsible for this effect might
involve the increase of hyperacetylated histones due to inhibition of the histone
deacetylase (215). Up to date, two Butyrate Response Elements (BRE) have been
mapped between -382/-730 and -730/-1350 of the ay-gene promoter, but their
relevance in vivo is not precisely established (216).

1.7 v-Globin Gene Promoters

The y-globin promoters contain several elements whose sequences and
localization are highly conserved; cis elements for transcription factors such as
GATA-1, CTE/NF-1, Spl, OTF-1, NFE-3, CDP and CP-1/NF-Y have been well
characterized (Fig. 5).

GATA-1 binds to the -195 to -170 region and contacts two TATCT (AGATA)
motifs (-189/-185; -175/-171) (67). It also binds to the consensus CAAG found at
-120/-117 (-120 region) (74) and to a canonical consensus sequence at -104/-98 (88).

CTF/NF-1 binds to two regions in the y-promoter: from -53 to -35 (SSE -60-) and
from -140 to -118, overlapping the transcriptionally active CACCC element (123). Tt
has been shown that CTF/NF-1 interferes with the synergistic transcriptional
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activation of the y-globin promoter mediated by GATA-1 and Spl, throughout the
competitive displacement of Sp1 from its target at -140 (123, 63).

The ubiquitous OTF-1 protein binds to the octamer element at position -182/-
175 (217).

A peculiar characteristic of y-globin promoters is a duplication of a 12-bp
sequence containing the CCAAT box, a cis acting element of many eukaryotic gene
promoters. A number of nuclear factors binds to overlapping sequences within the
duplicated CCAAT boxes and the binding of CP1/NF-Y, CDP and NFE-3 have been
better characterized.

CP1/NF-Y binds more tightly to the proximal (more similar to the B-globin
CCAAT box) than to the distal v-CCAAT (130).

CDP binds flanking sequences of both »-CCAAT boxes containing the
GCCTTGAC motif. It has been reported that CDP binding displaces CP1 from its
target and, as a consequence, acts as a putative repressor (127, 130).

NFE-3 binds to the distal but not to the proximal CCAAT box (234, 246) (see
later).
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Figure 5. The y-globin gene promoter. General disposition of the conserved "boxes™ and position of
binding motifs for various proteins are shown (3).

1.8 Hereditary Persistence of Fetal Hemoglobin (HPFH)

The Hereditary Persistence of Fetal Hemoglobin (HPFH) is a genetically
inherited condition characterized by the constitutive expression of the fetal v-globin
genes in adult life. The adult expression of y-globin has no adverse effects and, when
a HPFH mutation is coinherited with a B-thalassemia allele, the presence of ¥ chains
can partially compensate for the absence of B chains, giving rise to a much milder
disease. Individuals heterozygous for one of the several types of HPFH express one
or both the nonallelic 8y- and 2y-globin genes at levels exceeding by 15-200-fold the
physiological one. The HbF may represent more than 30% of total hemoglobin in
contrast to the normal adult level of less than 1% HbF.
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HPFH alleles can be of two types.

Deletional HPFHs are caused by large deletions within the 3' end of the B-like globin
cluster; they are almost invariably associated with increased expression of both y
genes (or the only 8y-, if the 3y-globin gene is eliminated by the deletions) in cis to
the deletion.

Mutational HPFHs (or non-deletional HPFHs) are associated with a number of point
mutations or small deletion within the promoter sequences of the 8- or &y-globin
genes (Tab. I and Fig. 6). The casual relationship between the point mutations and
the HPFH phenotype is strongly supported by genetic evidences. First, the single
point mutations are constantly associated with HPFH phenotype. Second, the
same mutations have been observed in HPFH cases of different ethnic origins.

Although the molecular mechanisms responsible for y-globin protracted
expression in mutational HPFH are not perfectly known, alterations in the
recognition of cis-acting elements by regulatory factors have been invoked. The
mutations might increase y promoter strength, allowing the mutant promoter to
interact with adult stage-specific trans-activating factors, or they might eliminate or

inhibit binding of repressors (142, 240, 241).

TYPE AND RACIAL GROUP MUTATION IN GLOBIN GENE . % Hb F In HETEROZYGOTES
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Table I. Non-deletional forms of Hereditary Persistence of Fetal Hemoglobin (HPFH). (3).
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Figure 6. Point mutations in the y-globin gene promoter that cause Hereditary Persistence of Fetal
Hemoglobin (HPFH). (3).
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1.9 Mutational HPFH

1.9.1 -200 region HPFHs
The region between positions -141 and -202 of the 2y- and &y-promoters is

essential for their expression in transgenic mice (218), and it is the site of several
HPFH mutations: a -175 T->C in Blacks 87y (219), in Blacks 2y (220), and in Sardinian &y
(221) HPFHs; a -195 C->G in Brazilian 2y HPFH (222); a -196 C->T in Italian (223) and
Chinese (224) @y HPFH; a -198 T->C in British 2y HPFH (225); a -202 C->T and C->G
in African 2y and 8y HPFH, respectively (227-229).

As already mentioned, a variety of transcription factors binds to this region.
Among them, binding of GATA-1, Spl and OTF-1 has been shown to be critically
affected.

1.9.1.1 -198 ay HPFH

-198 @y is the only HPFH mutation that creates a significantly stronger Sp1
binding site and a 4-5-fold increased activity in transient transfection experiments
(63,230, 231), in sharp contrast to -202 and -196 HPFH mutations.

In the -198 HPFH promoter, OTF-1 canonical binding is apparently displaced
by Spl and also GATA-1 shows an unusual binding, protecting from position -172 to
-211, instead of the normal -195 to -172 region (63) (Fig. 7). However, the apparent
erythroid-specificity of -198 HPFH mutation in transfected cells suggests that the
molecular mechanisms acting in vivo are probably more complex than the simple

augmentation of the binding of ubiquitous transcription factors observed in vitro.

1.9.1.2 Much more contrasting data concern the -202 C->G 8y HPFH (228, 229)
and the -202 C->T 2y HPFH (227) mutations. Some authors have reported an
increased Spl binding to these sites (230, 232), while others have not (63, 231).

1.9.1.3 -175 HPFH
It has been proposed that the -175 T->C HPFH mutation, that induces a 4-
fold increased activity of the y-globin promoter in transfection assays in K562 cells
(233), "increases" (234) or "alters" (67) the binding of GATA-1 to its distal site in the
-195 to -170 region (Fig. 7). It is unclear whether this change is relevant to the in vivo
HPFH phenotype, but the transfection data do suggest that GATA-1 binding to the
distal site has a positive, physiological effect on y-globin promoter activity.
The same mutation abolishes OTF-1 binding in vitro (234, 235) but inactivation
of its binding site does not cause overexpression of the y-globin gene in transfection
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experiments (233), weakening the possibility that it might be really involved in the
-175 HPFH phenotype.

1.9.2 dCCAAT box HPFHs

1.9.2.1 -114 HPFH

The -114 C->T mutation has been associated with increased adult ay
expression (3%-5%) in a Georgian family (236) and with increased 8y expression in a
Japanese HPFH (237). The -114 transition occurs within the distal CCAAT box of the
y-gene promoters and abolishes binding of CP1 and NFE-3, without affecting CDP
and GATA-1 binding affinity (237, 238) (Fig. 7). In transgenic mice the -114 HPFH
mutation results both in a significant increase in y-globin expression as well as in a
stronger transcriptional competition of y- toward B-globin gene (239).

1.9.2.2 -117 HPFH

The G->A substitution at position -117, two bases upstream of the distal
CCAAT box of the 2y gene, is known as the Greek 2y form of HPFH (240, 241).
Individuals heterozygous for this mutation produce from 10% to 20% ay-HDbF in
adulthood and Greek HPFH mutation is sufficient to produce HPFH phenotype in
transgenic mice, resulting in persistence of y-globin expression at high level and a
concomitant decrease in B-globin expression in fetuses and adults (121). GATA-1,
CP1/NF-Y, CDP and NFE-3, all contact the G residue mutated in the Greek HPFH
(130). Methylation interference assay using affinity-purified proteins shows that the
G at -117 is crucial for NFE-3 as well as for GATA-1 binding and the substitution for
this G in A results in a significantly decreased of their specific binding (130, 238, 242).

The -117 substitution occurs in a TGA trinucleotide within a sequence that is
repeated three times at intervals of 13 and 14 bp in the duplicated CCAAT box
regions (Fig. 7). This arrangement resembles the interaction site for the sea urchin
CCAAT displacement protein (CDP) in the sperm H2B promoter (129) and the G->A
susbstitution in the first 5 TGA triplet leads to a two-fold increase of CDP binding
affinity (130).

The mutated sequence (GACCAAT to AACCAAT) exhibits also a stronger
similarity to the canonical high-affinity CP1/NF-Y binding site (AACCAATT) and
this is probably the reason why also CP1/NF-Y binds the -117 HPFH distal CCAAT
box with higher affinity than the wild type box (130, 234, 238, 243, 244).

The -117 HPFH phenotypic changes correlate with the loss of binding of the
transcription factor GATA-1 to the -120 region of y-globin promoter, suggesting that
it may also act as a negative regulator of the y-globin gene in adults (130). Moreover,
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-117 G->A point mutation is clearly associated with almost complete disappearance
of typical NFE-3 in vitro binding to the distal -CCAAT box (130, 234).
The ability to completely override the adult suppression of the y-globin gene could
result from the loss of bound suppressor/s (GATA-1, NFE-3), the gain of bound
activator/s (CP1/NEF-Y), or modification in CCAAT boxes reciprocal interaction, so
that inactivation of the distal box leads to more effective use of the proximal one.

The behaviour of a 13-bp deletional HPFH, that lacks the distal yCCAAT box,
strongly favours the first possibility and highlights the critical role played by NFE-3
in regulating y-globin gene expression (see later).

1.9.2.3  Al13 deletion

Al3 indicates a thirteen-base pairs deletion in the 2y gene distal CCAAT
region described in two black adolescents with ay-B+/HPFH and sickle cell trait. In
these individuals the expression of the fetal gene exceeds 100-fold the normal levels.
It is usually referred as -115 to -103 deletion, but the 5' end of this deletion is
ambiguous: it could be anywhere, between -122 and -114 (245).

The deletion removes: one of the TGA repeats thought to be essential for CDP
binding, the third GCCTT repeat at -109/-105 and the distal CCAAT sequence (-115
to -111) (Fig. 7). This deletion reduces the in vitro binding of GATA-1 by about 50%
and abolishes binding of CP1, CDP and NFE-3 (245, 246).

In the -117 HPFH y-promoter GATA-1 and NFE-3 binding is dramatically
affected, while CDP and CP1/NEF-Y binding is slightly increased. CDP, CP1/NE-Y
and NFE-3 binding is also abolished by the A13 HPFH deletion, while GATA-1
binding is weakened. Though the two mutations are located in the same region, it is
possible that the molecular mechanisms underlying the HPFH phenotype are
heterogeneous. On the other hand, if similar mechanisms are responsible for the two
types of HPFH, the loss of NFE-3 binding is the only common alteration in both the
-117 and A13 HPFH, suggesting a negatively acting role for this factor.

It has been demonstrated that the abrogation of GATA-1 binding site by a G->A
point mutation at -104 results in a substantial decrease of y-globin promoter activity.
Furthermore, this mutation abolishes the increased activity of the -175 HPFH mutant,
showing that the proximal GATA-1 site is the major GATA-like determinant of y-
globin gene erythroid-specific expression (242). This result has important
implications for understanding the -117 and A13 HPFH. It weakens the possibility
that GATA-1 might behave as the only and crucial negatively acting factor when
bound to the mutated sequences, and indirectly gives relevance to the role of NFE-3.
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Figure 7. The y-globin gene promoter. Nucleotide sequence of the human y-globin promoter (from
-209 to -38). Sequences corresponding to the proximal and distal CCAAT box are indicated in bold.

Consensus binding sites for trans-acting factors are underlined.



CHAPTER 2

MATERIALS AND METHODS

2.1 Cell culture

Human erythroleukemic K562 cells (kindly provided by Dr. M.E. Lopez)
were grown at 37°C in suspension to a density of 5x10° cells/ml in RPMI 1640
medium supplemented with 2 mM L-glutamine, 10% fetal calf serum and 5 pg/ml
gentamycin.

2.2 Whole cell extract preparation and protein purification

The protein purification was carried out by consecutive extractions of
approximately 20 g of frozen cell pellets. K562 whole cell extracts (WCEs) were
prepared accordingly to the method of Manley et al. (247) with sligth modifications.
The salt precipitated proteins were dissolved in TM buffer (50 mM Tris-HCl pH 7.9,
12.5 mM MgCl2, 10 uM ZnCl2, 1 mM EDTA, 10% glycerol) or TM* buffer (as TM,
plus 0.009% Tween20), dialyzed at 4°C against TM 0.1 M NaCl, 2mM DIT (TM
0.1M), or TM 0.1 M NaCl, 2 mM DTT, 0.009% Tween20 (TM* 0.1M) for a total of 12
hr, with one buffer change, and loaded onto a Heparin-Sepharose column,
equilibrated with TM 0.1 M or TM* 0.1 M. Bound proteins were step-eluted with TM
or TM* buffer with 0.4, 0.6 or 1 M NaCl. The elution of NFE-3 from the Heparin-
Sepharose and subsequent columns was checked by electrophoretic mobility shift
assay (EMSA). The fractions eluted at 0.6 M salt were pooled, and the proteins were
precipitated with ammonium sulfate to 60% of saturation. Precipitated proteins were
dissolved in TM or TM*, dialyzed at 4°C against TM 0.5M or TM* 0.5M for a total of
12 hr, with one buffer change and applied to a Sdx-200 column equilibrated in TM
0.5M or TM* 0.5M. Active fractions eluted from gel filtration column were pooled,
precipitated and dialyzed against TM 0.2M or TM* 0.2M. Sample was mixed with
various amount of polydIdC and calf thymus DNA (see results), cleared by
centrifugation and/or filtration through 0.2 um filters, and the supernatant was
loaded onto a NHS-activated Superose column coupled to yYdCCAAT, eCCAAT or
v42-36 concatamerized ONs. All the ONs used are listed in Tab. II. The affinity
chromatography was performed on a SMART System, and the bound proteins were
eluted either with a linear 0.1-1 M NaCl gradient or with a single step at 1 M NaCL
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Mono Q anionic exchange chromatography (performed on a SMART System) was
used to concentrate protein samples at any stage of purification, as a valid alternative
to the ammonium sulfate precipitation. Usually the column was equilibrated in TM
0.1M NaCl or TM* 0.1M NaCl and elution was carried out with a linear 0.2-1 M NaCl
gradient. All chromatographies were run at 4°C.

2.3 Preparation of DNA-affinity columns

YdCCAAT, eCCAAT and ¥42-36 ONs were annealed, phosphorylated and
ligated essentially as described by Kadonaga et al. (248). The ligation product was
coupled to NHS-activated Superose column (Pharmacia) accordingly to the
manufacturer's instructions.

2.4 YY1 purification/deprivation

Partially purified NFE-3 preparations in which YY1 activity was also
detected were pooled and further subjected to Ni2+-NTA chromatography,
performed on a SMART System at 4°C. The proteins were dialyzed at 4°C against
buffer A (20 mM Hepes pH 7.9, 12% glycerol, 100 mM KCl, 0.1% Tween20, 30 mM
imidazole) for a total of 12 hr and loaded onto a Ni2*-charged Hi Trap column
(Pharmacia), equilibrated with the same buffer. Bound proteins were eluted with
buffer A plus 250 mM imidazole; binding activity of eluted fractions was checked by
EMSA.

2.5 Magnetic beads DNA-affinity purification

Twenty milligrams of Streptavidin magnetic particles were transferred to a
15 ml Falcon tube and washed extensively by resuspension and magnetic separation:
six times with TE buffer (10 mM Tris-HCl pH 7.9, 1 mM EDTA), once with 1 M N aCl,
once with 2 M NaCl and six times with TE buffer. After removal of the last wash
solution, the beads were resuspended in 1 M NaCl containing 200 pg of double
stranded (ds) 5-biotynilated eCCAAT ON. The suspension was gently rocked in a
roller for 12 hr at room temperature and then washed three times with TE buffer. The
efficiency of coupling was estimated by reading the ODygq of the solution before and
after coupling. Protein samples were pooled, diluted to 100-150 mM NaCl with TM
buffer and added to the DNA-coupled magnetic particles suspension. The reaction
tube was placed on ice for 15 min, mixed by gentle flicking every 5 min to prevent
sedimentation and the supernatant recovered after magnetic separation. Beads were
washed three times with TM buffer; bound proteins were step eluted with TM buffer
at a final concentration of 0.5 M, 1 M and 2 M NaCl, assayed in EMSA and visualized
by silver staining (249).
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2.6 Electrophoretic mobility shift assay (EMSA)

Fifty nanograms of sense strand ONs were 5' end labeled with y¥32P-ATP
and T4 polynucleotide kinase at 37°C for 45 min in 50 mM Tris-HCl pH 7.5, 10 mM
MgCl2, 5 mM DTT, 1 mM spermidine, 1 mM EDTA. The mixture was then heated at
95°C for 5 min; 55 ng of complementary ONs were added, and the sample heated at
95°C for 5 min, slow cooling to room temperature and separated from
unincorporated y32P-ATP by gel filtration through Sephadex G-50 column. EMSA
standard binding reaction (10 pl) contained 0.1-0.3 ng of labeled ds ON
(approximately 50.000 cpm), 2 pg of bovine serum albumin (BSA), 4 mM spermidine,
150-200 mM NaCl, 1 mM EDTA, 10 mM Tris-HCI pH 7.9, 2 mM DTT and 0.009%
Tween20, when indicated. For YY1 in vitro binding, NaCl concentration was lowered
to 50 mM. When crude extract proteins were used (2-5 nug), 1 pug of polydIdC/10 pl
reaction was added and competition performed with 100-fold molar excess of cold ds
ONs. When affinity-purified fractions were used, polydldC was added at a
concentration of 10-500 ng/10 pl reaction or omitted at all, and unlabeled
competitors were usually added in 50-fold molar excess. Apart from few -
experiments, competition and supershift assays were performed by mixing
competitor DNA or specific antibodies (or phosphate-buffered saline - PBS -) with all
the other components both before and after the addition of the protein to be tested.
EMSA mixtures were kept on ice 30 min; 2 pl of loading buffer (0.25% bromophenol
blue, 0.25% xylene cyanol FF, 10% ficoll) were added and samples were loaded onto
a 5% 29:1 acrylamide/bisacrylamide non denaturing gel; electrophoresis was carried
out in 50 mM Tris borate pH 8.2 at 200 V for 2.5 hr at 4°C. Gels were vaccum dried
and exposed to X-ray films.

2.7 NFE-3 on-off rate analysis

EMSA mixture was scaled up to 100 pl and incubated on ice for 30 min
with labeled eCCAAT ON and without polydIdC; 100-fold excess of unlabeled
competitor ON was then added. After 0 time, 2, 5, 15 and 30 min, 10 ul aliquots were
loaded onto a continuously running non-denaturing gel; electrophoresis was carried
out exactly as reported in 2.6.

2.8 NFE-3 affinity study

NFE-3 affinity for wild type and mutated CCAAT consensus sequences
was estimated in EMSA using the ON for which the affinity had to be determined
(usually eCCAAT and ydCCAAT) as labeled probe, and varying the amounts of
competitor over at least a 100-fold range with 1.5- to 2-fold serial dilutions. Binding
condition and experimental procedure were exactly as reported in 2.6.
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2.9 UV-crosslinking

2.9.1 UV-crosslinking to end-labeled probe: affinity-purified fractions were
incubated with 32P-end labeled yd- and e-CCAAT ONs under gel shift conditions, for
30 min on ice. After binding, one fifth of the reactions was loaded onto a non
denaturing gel and the rest of the mixtures was transferred to a 60-well microtiter
and irradiated for 30 min at 4°C using a 254 nm UV lamp at a distance of 3 cm.
Samples were then mixed with SDS sample buffer (5% B-mercaptoethanol, 60 mM
Tris-HCl pH 6.8, 1% SDS, 10% glycerol, 4 mM EDTA), heated for 5 min at 90 °C and
electrophoresed on 10% or 12.5% SDS-PAGE. Gels were fixed in 50% methanol, 7.5%
acetic acid for 15 min, dried and exposed to X-ray films.

2.9.2 UV-aosslinking to uniformly labeled probe: partially purified fractions were
incubated with 32P-uniformly labeled y42 ON probe. 42 ON was body labeled by
annealing a 18 bp ON (3-GGAACTGTTCCGTTTGAA-5') and filling in with Klenow
fragment and o32P-dCTP/-dTTP in 10 mM Tris-HCI pH 7.5, 5 mM MgCl2, 7.5 mM
DTT. Labeled probe was purified by gel filtration through Sephadex G-50 column
and crosslinking reactions performed as above. After UV irradiation each sample
was transferred to eppendorf tube. One volume of solution 1 (0.4% sarcosyl, 2 mM
PMSF) was added and samples mixed and briefly cenrifuged. One volume of
solution 2 (1% NP-40, 10 mM MgCl2, 5 mM CaCl2, 20 mM Tris-HCl pH 8.0) was
further added and samples digested with 9.4 U of DNase I and 3 U of microccocal
nuclease for 30 min at 37°C. Samples were precipitated with 20% Trichloroacetic acid
(TCA), resuspended in SDS sample buffer and analysed as above.

2.10 Southwestern blot
Partially purified samples were fractionated on 12.5% SDS-PAGE and
transferred to nitrocellulose membrane in 20 mM Na2HPO4/NaH2PO4 pH 7.0
buffer, for 12 hr, at 8 V at 4°C. Membrane was renatured and blocked for 8 hr with
two changes (3 ml/each) of buffer A (40 mM Tris-HCI pH 7.6, 50 mM NaCl, 10%
glycerol, 2.5% NP-40, 5% BSA, 0.002% NaN3, 10 pg/ml herring sperm DNA, 0.02
mM ZnCl2, T mM EDTA pH 8.0, 2 mM PMSF) by gentle rocking at 4°C. After
renaturation, filter was washed in 30 ml of buffer B (as buffer A, but without glycerol
and NP-40 and with 0.25% BSA), rocking at 4°C for 20 min. Filter was then probed
with about 106 cpm/ml of 32P-end labeled and concatamerized eCCAAT ON,
rocking at 4°C for 12 hr. Nitrocellulose membrane was washed two times, 30
- min/each with buffer B and exposed to X-ray films. Competition was performed by
addition of 100-fold molar excess of competitor DNA to the labeled probe.



211 DNA-binding protein renaturation

Affinity-purified samples were precipitated in 20% TCA and resuspended
in SDS sample buffer, heated for 15 min at 45 °C and fractionated on a preparative
12.5% SDS-PAGE. Lane corresponding to NFE-3 sample was excised and cut out in
four different areas (using standard protein molecular weights as reference); each
area was transferred into a dialysis tube and electroeluted in SDS-PAGE running
buffer for 3 hr at 50 V. After precipitation with 20% TCA, pellet was washed 4-5
times with cold acetone. The resulting pellet was resuspended in 50 pl 6 M
guanidinium hydrochloride (GAHCI) in TM buffer (without glycerol and DIT) and
incubated on ice for at least 30 min. GdHCI was removed by gel filtration
chromatography (Fast desalting on SMART System) and samples were left 16 hr at
4°C to allow their slow refolding. Column equilibration and elution was done in
TMO0.1 M NaCl, 2mM DTT. Each fraction was tested in EMSA.

2.12 Sample preparation for mass-mass spectrometry analysis

Affinity-purified material was concentrated by a Mono Q
chromatographic step. Active fractions were precipitated with 20% TCA or directly
mixed with SDS sample buffer, heated 5 min at 90 °C and loaded onto a 10-12.5%
SDS-PAGE (prepared with ultra-pure reagents). At the end of electrophoresis, gel
was stained with Coomassie blue (0.1% Coomassie blue R-250, 45% methanol, 10%
acetic acid) for 5 min and then destained (10% methanol, 10% acetic acid) for 15-20
min. The specific bands were excised out and each gel slice was transferred into an
1.5 ml tube containing 1 ml of MilliQ water, frozen in dry ice-ethanol bath and sent to
M. Mann - Protein Peptide group - at the EMBL.

2.13 Western immunoblot analysis

Proteins were separated by electrophoresis on 10-12.5% SDS-PAGE and
electroblotted to nitrocellulose for 48 min at 20 V in 25 mM Tris base, 192 mM
glycine, 20% methanol, 0.1% SDS. When Phast System transblot apparatus
(Pharmacia) was used, manufacturer's instructions were followed. Membranes were
stained with 0.1% Ponceau red in 1% acetic acid, washed in PBS, blocked in 5% milk-
TBST (5% w/v non-fat dried milk in TBST buffer: 10 mM Tris-HCI pH 7.9, 150 mM
NaCl, 0.05% Tween20) for 1 hr at room temperature and incubated for 60-90 min at
room temperature (or overnight at 4°C) with antisera or polyclonal antibodies in 5%
milk-TBST. Antibodies anti-Ku were kindly provided by the A. Falaschi's and S.
Jackson's labs; antibodies anti-CP1/NF-Y were a generous gift of S. Ottolenghi's lab.
Antibodies anti-CTF and anti-murine GATA-1 were made in our laboratory, while all
the others (anti-YY1, anti-human GATA-1) were commercially supplied (Santa Cruz).
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Filters were incubated with anti-rabbit or anti-mouse alkaline-phosphatase-
conjugated antibodies for 45 min at room temperature. Bound antibodies were
revealed with AP buffer (100 mM Tris-HCI pH 9, 100 mM NaCl, 5 mM MgCI2)
containing BCIP (5-bromo-4-chloro-3-indolyl phosphate) and NTB (Nitro blue
tatrazolium) reagents. When UV-crosslinked proteins were subjected to immunoblot
analysis, filters were also dried and exposed to X-ray films.
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CHAPTER 3

RESULTS: Part I

The first purification procedure is detailed in Fig. 31.

Typical NFE-3 in vitro binding activities were observed in crude K562 WCEs (3.1, 3.2)
and in partially purified preparations that means samples eluted both from Heparin-
Sepharose (3.3.1, 3.6) and Sdx-200 (3.3.2, 3.4, 3.5) columns. These activities were
indicated as "band 1, band 2 and band 3", beginning from the slower migrating to the
faster migrating one.

Earliest approaches to perform DNA-affinity purification led, instead, to a

variety of problems. In particular: i) low recovery of NFE-3 activity (3.3.3) ii)
presence of NFE-3 activity in flowthrough sample (3.3.3).
This behaviour was considered the direct consequence of: i) fractionation of NFE-3
components (complementation in 3.7) ii) high off ratio of NFE-3 binding (3.8) iii)
partial inhibition of NFE-3 binding to the affinity column by YY1 (3.9); this protein in
fact copurified with NFE-3.

In the attempt to circumvent these problems: i) YY1 protein was removed from
the NFE-3 active samples before subjected them to affinity purification (3.9) ii) a low
amount of polydIdC was used during the affinity step (3.3.3, 3.3.5) iii) DN A-affinity
chromatography was replaced by DNA-coated magnetic beads purification (3.3.5).

The latter two modifications led to a better recovery of DNA-binding activities,
but provoked both a variation in mobility shift and the loss of typical NFE-3 binding
specificities.

For these reasons the in vitro binding activity obtained after DN A-coated
magnetic beads purification was indicated as "affinity-purified activity” and no more
as NFE-3 protein/s or NFE-3 activity (3.3.5, 3.10, 3.11, 3.12).

The activity enriched during the DNA-coated magnetic beads purification
turned out to be due to contaminant Ku heterodimer (3.13, 3.14).
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3.1 NFE-3 Binds to the distal CCAAT Box of the Human y-globin Promoter
To better characterize the nature of the binding activity known as NFE-3,

whole cell extracts (WCEs) from the human erythroleukemic cell line K562 were

tested in electrophoretic mobility shift assay (EMSA) with a labeled oligonucleotide

(ON) spanning the distal CCAAT box region of the human y-globin promoter

(YdCCAAT) and 1 ug of polydldC as aspecific competitor.

- A reproducible pattern of shifted complexes

. . K562 Whole Cell Extract
was observed as shown in Fig. 8 (lane 1,

complexes 1-6). To assess their specificity,

the binding was challenged by competition competitor

with 100-fold molar excess of several ONs
(all the ONs used are listed in Tab. II).

The retarded band 1 is known to be due
to CP1/NF-Y, the major factor interacting
with the human y-globin distal CCAAT box
(130, 234, and Fig. 8 and 9). In terms of
binding specificity, CP1/NF-Y can be
distinguished from NFE-3 by its ability to
bind to both the HPFH -117 mutant and the
wild type sequence of the y-globin distal
CCAAT box, whereas NFE-3 binds only to
the latter (234, 246).

YdCCAAT eCCAAT

Fig. 8. Binding specificity of crude K562 extracts to e- and y-dCCAAT boxes. K562 whole cell extract
was incubated with either YdCCAAT or eCCAAT labeled ONg, in the presence of 1 pg of polydIdC.
Binding reactions were carried out in the absence (lane 1 and 6) or presence of 100-fold molar excess of
competitors, as reported on the top of the figure. The position of complexes 1-6 is indicated on the left
of the figure.

In Fig. 9 a heparin fraction enriched for CP1/NF-Y is analysed by EMSA with
labeled YdCCAAT probe. CP1/NF-Y binds the YdCCAAT (lane 1) and is competed
out by unlabeled YdCCAAT (y, lane 2) or by -117 HPFH (-117, lane 4) ONs. In
contrast, the unlabeled human e-globin promoter CCAAT box (eCCAAT ON, ¢, lane
3) is not bound by CP1/NEFE-Y (166).

CP1/NF-Y in crude K562 WCEs was also competed out by both yYdCCAAT (Fig.
8,7, lane 3) and -117HPFH ONs (Fig. 8, -117, lane 5).



Anyway, competition with -117HPFH revealed
another band comigrating with, and weaker than,
CP1/NF-Y. As detailed later on, it corresponds to a
newly identified NFE-3 binding activity.

In Fig. 8, bands 2 and 3, that for electrophoretic
migration resemble the NFE-3 complexes, were
indeed specifically competed by either yYdCCAAT (y,
lane 3) and eCCAAT (g, lane 4), while no competition
or a clearly weaker competition was observed when
moglobin (GATA-1 consensus binding site from the
murine ol globin gene promoter) (lane 2) and -117
HPFH (-117, lane 5) ONss, respectively, were used.
These results are in agreement with the criteria
originally adopted to identify NFE-3 activity in crude
extract (234, 246).

Band 4 was only competed by the wild type
YdCCAAT (y, lane 3), while band 5 was competed by
all the ONs tested (v, €, -117, lanes 3-5), with the
exception of maglobin (lane 2), suggesting that this
complex might be due to a general CCAAT-binding
protein. Band 6 appears to be non-specific, since it
was neither competed by any of the tested ONs
(moglobin, v, €, -117, lanes 2-5). 1dCCAAT

Fig. 9. DNA binding specificity of CP1/NF-Y. Partially purified CP1/NEF-Y eluted from Heparin-
Sepharose at 0.4 M salt was assayed in mobility shift with labeled yYdCCAAT (lane 1). The specificity of
binding was tested by competition experiment with 100-fold molar excess of YdCCAAT (y, lane 2),
eCCAAT (g, lane 3) and -117 HPFH (-117, lane 4) ONs. CP1/NF-Y retarded complexes are indicated by
bars on both sides of the figure.

3.2 NFE-3 Binds to the Single CCAAT box of the Human e-globin Promoter

On the basis of binding specificity, NFE-3 belongs to the heterogeneous
class of CCAAT box-binding proteins. Among the tested human globin gene CCAAT
boxes, only the single e-globin CCAAT box is significantly bound by NFE-3 and
NFE-3 represents the major e-globin CCAAT box-binding protein (238). A
reproducible pattern of retarded bands was observed when crude K562 WCE was
incubated with eCCAAT labeled probe, as shown in Fig. 8. The slower migrating
band (named 1') comigrates with the CP1/NF-Y-ydCCAAT complex; the other two
strong and broad bands partially overlap NFE-3-ydCCAAT complexes (2 and 3). In
competition assay, all three retarded bands behave exactly as expected for NFE-3:
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they were competed out by both YdCCAAT (y, lane 8) and eCCAAT (g, lane 9), while
neither moglobin (lane 7) nor -117 HPFH (-117, lane 10) ONs were able to abolish the
binding. These data strongly suggest that: i) NFE-3 can efficiently bind both ¢- and
vd-CCAAT boxes; ii) YdCCAAT -117 mutation associated with HPFH abolishes NFE-
3 binding; iii) the retarded band 1 (with labeled YdCCAAT) or 1' (with labeled
eCCAAT) can not be exclusively due to CP1/NF-Y, but very likely also to a
comigrating NFE-3 complex. On the basis of these discriminatory behaviours, the
purification procedure was scaled up to accumulate enough NFE-3 protein suitable
for peptide microsequencing or mass spectrometry analysis.

3.3 Purification of NFE-3 from Human Erythroid K562 Cells

3.3.1 Heparin-Sepharose Chromatography

NFE-3 activity is detectable only in mouse (MEL) and human (K562)
erythroleukemia cell WCEs (data not shown). K562 cells were chosen as starting
material in consideration of their human origin and their stronger NFE-3 activity in
mobility shift assay. K562 cells were first processed by conventional chromatography
to fractionate NFE-3 from CP1/NF-Y. This was achieved by salt step elution of
proteins bound to Heparin-Sepharose. While NFE-3 activity eluted in the 0.6 M
fractions, CP1/NE-Y eluted exclusively in the 0.4 M fractions, as demonstrated by
both gel retardation and western blotting assays. A typical EMSA of this purification
step is shown in Fig. 10. Once again, the specificity of binding was assessed by
competition experiments. Binding of NFE-3 to both the yd- and e-CCAAT probes
(lane 1 and 6, bands 1',2/2',3/3') was specifically competed by 100-fold molar excess
of either yd- (y, lane 3 and 8) and e-CCAAT (g, lane 4 and 9) unlabeled DNA, while
both maglobin (lane 2 and 7) and -117 HPFH (-117, lane 5 and 10) ONs did not.

The novel NFE-3 binding activity, named 1 or 1', as well as the previously
reported ones (234, 246), here indicated as 2 and 3 (when assayed with labeled
YdCCAAT) or 2' and 3' (when assayed when eCCAAT probe), were all enriched by
this chromatographic step. They showed stronger binding affinity for eCCAAT than
for the wild type yYdCCAAT box, suggesting that the eCCAAT box is a better site for
NFE-3. NFE-3 complexes bound to eCCAAT migrate slightly slower than when
bound to the YdCCAAT ON (compare lane 1 and 6).

Western blot analyses confirmed the DNA-binding results (Fig. 11): both
subunits of CP1/NF-Y (NF-YA of 42 KDa and NF-YB of 32 KDa) (128) were eluted
from Heparin-Sepharose column at 0.4 M NaCl (Panel on the left: 0.4M, lane 2; Panel
on the right: 0.4M, lane 3), while at 0.6 M (Panel on the left: 0.6M, lane 1; Panel on the
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right: 0.6M, lane 4) neither of them were detected, even though a larger amount of
protein was tested.

Hep. 0,6M frc 60

. &
competitor & Y e-17 & v & -117

gl — 1 « NF-YA Ab . o NF-YB Ab
b
—2 .
[ — N heparin-Sepharose heparin-Sepharose
3 — i . —_— -
z = Z 3
. 2 ZFTI 1 FT & &
6 —
=] —™NF-YA
= = | —Fy

YydCCAAT eCCAAT

Fig. 10. EMSA: Fractionation of K562 whole cell extract by Heparin-Sepharose chromatography. Gel
retardation assay with fractions eluted at 0.6 M NaCl from Heparin-Sepharose column; samples were
incubated with either YACCAAT or eCCAAT labeled ONs and 1 pg of polydIdC. Binding reactions
were carried out in the absence (lane 1 and 6) or presence of 100-fold molar excess of competitors, as
reported on the top of the figure. The position of complexes 2-6 and 1'-3' is indicated on the left and
right side of the figure, respectively.

Fig. 11. Western Blot: CP1/NF-Y subunits are eluted at 0.4 M salt from Heparin-Sepharose column.
Immunoblot analysis of 0.4 M salt heparin-eluted fractions with antibodies specific for NF-YA (panel
on the left) and NF-YB (panel on the right) proteins. I: input; FT: flowthrough; 0.4M and 0.6M: 0.4 M
and 0.6 M NaCl eluted fractions, respectively. The migration of the 42-KDa NF-YA and 32-KDa NF-YB
proteins is shown.

3.3.2 Gel Filtration Chromatography
The Heparin-Sepharose 0.6 M fractions were further processed by gel
filtration chromatography on a Superdex-200 column. As shown in Fig. 12, size

exclusion chromatography resolved band 1' from bands 2' and 3' (see, as an example,
fraction #67, #82 and #91).
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Superdex 200

eCCAAT

Fig. 12. Segregation of NFE-3 binding activities. Heparin-Sepharose active fractions were pooled and
applied to a FPLC Sdx-200 column; two pl aliquot of the eluted fractions were incubated with eCCAAT
ON in the presence of 1 g of polydIdC and samples resolved in a non denaturing gel. The position of
major retarded complexes are indicated.

To demonstrate that NFE-3/YydCCAAT (lane 1) and NFE-3/eCCAAT (lanes 2-14)
activities were exactly the same observed in both K562 crude WCE and in heparin
samples, Sdx fractions #67, #91, and #82 containing the activities 1',2' and 3'
respectively, were each challenged with 100-fold molar excess of the unlabeled ONs
reported on the top of Fig. 13. The specific retarded bands were all competed out by
YdCCAAT (v, lanes 4, 8, 12) and eCCAAT (g, lanes 5, 9, 13), but not by -117 HPFH (-
117, lanes 3, 7, 11) and CP1/NF-Y consensus binding site (NFY, lane 2) ONs.

Protein standards were also subjected to Sdx-200 chromatography, under the
same conditions. Comparison of their elution profile allowed to make an evaluation
of NFE-3 molecular mass of about 400 KDa for the heaviest complex and 60 KDa for
the lightest one.

Since the 1' complex represents an unreported NFE-3-like DNA binding
activity, further studies were done to deeply analyse its biochemical properties and
to definitively exclude any relationship with the other predominant and ubiquitously
expressed CCAAT-binding protein CP1/NE-Y.
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Fig. 13. Competition assay of samples purified by gel-filtration chromatography. Fractions #67, #91,
and #82 eluted from Sdx-200 column were incubated with eCCAAT labeled ON (or ydCCAAT, lane 1)
and 1 g of polydIdC. Competition experiments were performed using 100-fold molar excess of

competitors, as reported on the top of the figure. The position of complexes 1, 2 and 3' is indicated on
both sides of the figure.

3.4 NFE-3 Binding Affinity Study

To directly estimate the relative binding affinity of NFE-3 for HPFH
mutants, it was assessed the ability of NFE-3 to bind ydCCAAT, -117 HPFH or -114
HPFH ONs in competition experiments. A series of parallel binding reactions
containing the NFE-3 complex 1 and the yYdCCAAT labeled ON were incubated with
increasing concentrations of unlabeled competitors (10- to 100-fold molar excess).
Fig. 14 shows that wild type YdACCAAT (YWT, lanes 2-4) fragment is a much higher
effective competitor than either -117 HPFH (-117, lanes 5-7) or -114 HPFH (-114, lanes
8-10) mutants confirming the in vitro binding identity between canonical NFE-3
activities (bands 2, 3 - data not shown -) and this newly identified one.

3.5 Further Characterization of NFE-3 Binding Specificity

It has been shown that NFE-3 binds to the distal CCAAT box of the -
globin gene promoter but not to ONs carrying either -117 (G->A), -114 (C->T) HPFH
point mutations (41, 42, 50) or 13-base pairs HPFH deletion (43). In the attempt to
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evaluate the behaviour of the Sdx fractions containing NFE-3 activity (activities 2/3,
not shown; activity 1, in Fig. 15), direct binding to wild type and mutant probes were
performed. In Fig. 15 is shown that NFE-3 failed to bind to the proximal CCAAT box
of the human y-globin promoter (PyH, lane 1) in spite of the high degree of homology
with the distal one; no binding was also observed when -117 (-117, lane 3), -114 (-114,
lane 5) and 13-bp deletion (A13, lane 4) ONs were tested.

These findings are in agreement with reported DMS interference data (238).

+YWT +-117 + 114

1 1 ]

NFE3— @ & @E@@EN NFES— b

T

PyH WT-117 313 -114

Fig. 14. Titration assay (left). A fixed amount of Sdx-purified NFE-3 protein and labeled YdCCAAT
probe were mixed with increasing amounts of cold competitors and of 1 ug of polydIdC. Lanes 2, 3,
and 4: 10-, 50-, and 100-fold molar excess of yYdCCAAT ON (YWT); lanes 5, 6, and 7: 10-, 50-, and 100-
fold molar excess of -117 HPFH ON (-117); lanes 8, 9, and 10: 10-, 50-, and 100-fold molar excess of -114
HPFH ON (-114). Retarded complex, corresponding to band 1, is indicated on the left.

Fig. 15. Direct binding of Sdx-purified fractions to YdCCAAT and mutant probes (right). NFE-3
active samples eluted from Sdx-200 column were tested with different labeled ONgs, in the presence of
1 pg of polydIdC. Lane 1: proximal CCAAT box of the human Y-globin promoter (PyH); lane 2: wild
type YdCCAAT (YWT); lane 3: -117 HPFH (-117); lane 4: A13 HPFH (A13); lane 5: -114 HPFH (-114).
NFE-3 retarded band is indicated on the left.

3.6 NFE-3 is not an Alternative Form of CP1/NF-Y

In the active form CP1/NF-Y consists of a heterocomplex composed of at
least two subunits, A and B (128 and Fig. 11). It has been shown that alternative
forms of CP1/NF-Y can originate from alternatively spliced NF-YA mRNA (250).
Before proceeding to further purification, the possibility that NFE-3 could be one
alternative form (band 1) or a degradation product (bands 2 and 3) of CP1/NF-Y was
tested. Antibody-mediated supershift assay was performed on Heparin-Sepharose
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Antibody-mediated supershift assay was Hep. 04M Hep. 0.6M

performed on Heparin-Sepharose fractions
containing either CP1/NF-Y or NFE-3. As
shown in Fig. 16, an antisera raised against
an invariant peptide of the NF-YA subunit
(251) did not alter NFE-3-ydCCAAT CP1/NEY —
complexes (Hep 0.6M + oNF-YA, lane 5)
even at concentration capable of
supershifting CP1/NF-Y-ydCCAAT complex
(Hep. 0.4M + NF-YA, lane 2), excluding any
immunological correlation between these
two CCAAT-binding factors.

oNF-YA  ofNF-YA

YCCAAT

Fig. 16. Supershift of CP1/NF-Y by anti-NF-YA antibodies. EMSA reactions were performed with 0.4
M (Hep. 0.4M) and 0.6 M (Hep. 0.6M) salt eluted fractions from Heparin-Sepharose column in the
absence or presence of anti-NF-YA antibodies (¢NF-YA). Proteins were preincubated with antibodies
first, and then with labeled yYdCCAAT ON, before being subjected to gel mobility shift analysis. Specific
CP1/NF-Y and NFE-3 retarded bands are indicated on the left and right of the figure, respectively.

3.3.3 DNA-Affinity Purification

The two major NFE-3 binding activities individuated and deeply
characterized after Sdx-200 purification step (band 1 and 2/3), were mixed with
polydIdC (corresponding to about 10 ng/10 ul EMSA reaction) and singly purified
by affinity chromatography on resin containing concatamerized ydCCAAT or
eCCAAT ONs. Unfortunately, first attempts to purify NFE-3 by affinity approach
were frustrating by the extreme low recovery of the protein. Fig. 17 shows a
paradigmatic example: pooled Sdx-200 active fractions, containing the NFE-3 haviest
complex, were loaded onto an eCCAAT-affinity column and eluted samples tested in
mobility shift with the same labeled probe. The recovery was extremely low (sample
#13 and #14) with a flowthrough containing most of the activity (F.T., lane 2).
Flowthrough fractions were generally rechromatographied, but the expected
recovery of additional NFE-3 was never observed (data not shown).
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Among the possible explanations for such a result, NHSe 14

the following were considered more plausible: i)
: _ , . . [FT.11 1213 14 15
Inappropriate preparation of the affinity column; ii) TE e ==
very high eCCAAT-NFE-3 dissociation constant (Kd) 1 |,

that allows loaded proteins to bind to the n

immobilised DNA, but that also causes their

immediate release from the consensus binding site
(high off ratio); iii) fractionation of NFE-3
components (as suggested by gel filtration data)
critically involved in DNA binding. To address the
quality of the affinity resin, yYdCCAAT-NHS affinity
column was used to purify CP1/NE-Y. It succeeded
as expected (data not shown) proving that affinity-

column was correctly prepared.

eCCAAT

Fig. 17. EMSA of affinity-purified NFE-3. Sdx-eluted fractions containing NFE-3 1' binding activity
were pooled, mixed with polydIdC and applied to eCCAAT-coupled NHS-column. Bound proteins
were eluted with a linear 0.1-1 M NaCl gradient and tested in mobility shift with labeled eCCAAT ON
and 100 ng of polydIdC. Lane 1: Input (I), lane 2: flowthrough (F.T.) and lanes labeled as 11 to 15:
fractions eluted at 0.5 M NaCl. Specific retarded band is indicated on the left.

3.7 Complementation Assay

Mobility shift analyses of samples eluted from Sdx-200 column, led to
hypothesize that the specific slower migrating NFE-3 complex might be the result of
protein-protein interaction occuring in parallel with DNA binding. The possibility
that band 1 might be due to overlapping components, partially resolved during
affinity-chromatography, was tested by complementation assay.
Usually mobility shifts performed with DNA-affinity purified samples show NFE-3
binding activity in both the input material and the flowthrough sample and very
weak or no activity in the other eluted fractions. The experiment shown in Fig. 18 is
an example; fractions #15 and #18 (unable to bind by itself to the eCCAAT or
YdCCAAT ONs) could be complemented by a very high dilution of flowthrough
sample (FT 1/10, lane 2) that did not give rise to any specific activity in EMSA
(compare lane 2 with lanes 8 and 11). An equivalent result was obtained when a pool
of all the eluted DNA-affinity fractions, by itself unable to bind to the yYdCCAAT
(pool 12-187, lane 12) was complemented with diluted flowthrough (pool 12-18+, lane
13). The reconstituted activity migrated in EMSA faster than the canonical one.
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COMPLEMENTATION
Conceivably, the reason for this finding

R S S T Spp— b I/ T
FT. / 12 13 14 15 16 17 18 pool12-18 - NHSe10

FT1/10

could be either degradation of the !
protein/s or inability to reconstitute the
fully active NFE-3 binding activity. These
data reinforced the hypothesis that NFE-3
binding activity might be separated in few

e — == -
S |

essential components (one segregating in
fraction #15, the other in fraction #18 and
the third one lost in the flowthrough) and
that their combination might result in a

striking, but partial, restoration of binding
activity.

eCCAAT

Fig. 18. Reconstitution of NFE-3 binding activity in complementation assay. Affinity-purified
samples were tested in EMSA with labeled eCCAAT ON and 100 ng of polydIdC. Lane 1: input (I);
lane 3: flowthrough (FT); lane 2: 1/10 dilution of flowthrough sample. From lane 5 to 11: eluted
fractions complemented with 1 ul of 1/10 FT dilution; lanel2: an aliquot of pooled fractions from #12
to #18 (pool 12-18 -); lane 13: #12-#18 pooled sample mixed with the same amount of 1/10 diluted FT
tested in lane 2 (pool 12-18 +).

3.8 On-Off Rate Study
Dissociation rate of pooled flowthrough samples from DNA-affinity

column was analysed. An aliquot was preincubated with labeled DNA and 100 ng of
polydldC, as a standard EMSA reaction; then a 100-fold molar excess of cold
eCCAAT ON was added, and the disappearance of protein-DNA complexes was
monitored over time by loading aliquots onto a continuously running gel. As shown
in Fig. 19, NFE-3 binding resulted very unstable. No retarded bands were discernible
after few seconds of chase (0 time, lane 6) also after long-exposures of the
autoradiogram. This simple dynamic study suggested that eCCAAT-NFE-3 binding
instability might be responsible for the low protein recovery occuring during DNA-
affinity chromatography.

In the attempt to circumvent such a problem, a tentative purification with
DNA-coated magnetic beads was tried to shorten the time between binding to and
elution from immobilised DNA.



3.3.4 Anion Exchange Chromatography

In order to increase the protein molar concentration of samples accumulated
during various affinity-purification steps, an anion exchange (Mono Q)
chromatography was performed. On elution with a linear NaCl gradient, the majority
of NFE-3 binding activity was detected at a NaCl concentration of 0.45-0.5 M. As
hown in Fig. 20, Mono Q flowthrough (FT, lane 2 and 11) was totally devoided of any
binding activity, but the eluted active fractions shown a partially new pattern of

retarded bands. In particular, band 1 was no more detectable and two other activities,
faster migrating, were observed.

F.T. NHSe 14 Mono Q 1 Mono Q 2
+ cold eCCAAT 1 FT ' I FT
Y e 117 0 2 5 15 30 §
@ ;= [ Y

Fig. 19. On-off rate study (left). Active flowthrough sample recovered from eCCAAT DNA-NHS
column was preincubated on ice with labeled eCCAAT ON and 100 ng of polydIdC. After 30 min, 100-
fold molar excess of cold eCCAAT ON was added and 10 pl aliquots were loaded onto a continuously
running gel at different times, as indicated above each lane in minutes. In lane 5 is the control; in the

first four lanes, a typical competition experiment performed with yYdCCAAT (y, lane 2), eCCAAT (e,
lane 3) and -117 HPFH (-117, lane 4) ONs is shown.

Fig. 20. Anion exchange chromatography (right). NFE-3 active fractions obtained by DNA-affinity
chromatography were pooled and applied to a Mono Q column. Active samples eluted at 0.5 M NaCl
were assayed in EMSA with labeled eCCAAT ON. Two identically performed chromatographies are

shown (Mono Q1 and Mono Q2). Major retarded band is indicated with an asterisk on the right of the
figure. I: input; FT: flowthrough.
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3.35 Protein Purification with DNA-Coated Magnetic Beads

To purify the binding activity from Mono Q fractions, biotinylated
eCCAAT or yYdCCAAT ONs were immobilised on streptavidin-coated paramagnetic
particles.
As shown in Fig. 21 the proteins responsible for the
binding observed in the Mono Q fractions were Zﬁﬁi?;ﬁ:ﬁ;ﬁé\?
efficiently captured. No eCCAAT-binding activity ‘
was discernible both in flowthrough (FT, lane 3) and
after washes (W, lane 4), while fractions eluted at 0.5
M NaCl (0.5M, lane 5 and 6) gave rise to a strong
retarded band when assayed in EMSA with labeled
eCCAAT ON and without polydIdC.
Unfortunately, such activity was efficiently
competed out by -117 HPFH ON (data not shown), in
contrast to the well established NFE-3 binding T eCCAAT

I 1 FT W 05M

uld

peculiarities.

Fig. 21. Protein purification by eCCAAT-coated magnetic particles. NFE-3 active fractions from
Mono Q chromatography were pooled, mixed with polydIdC and purified with eCCAAT-coated
magnetic particles. Active samples eluted at 0.5 M NaCl were tested in EMSA using labeled ydCCAAT
(lane 1) and eCCAAT (lanes 2-6) ONs, without polydIdC. Lane 1 and 2: Input (I); lane 3: flowthrough
(FT); lane 4: first wash (W); lanes 5 and 6: 0.5 M salt eluted fraction (0.5M).

This finding could be due either to the fractionation of non specific DNA-
binding proteins or to the purification of a DNA-binding subunit that lacks NFE-3
specificity because missing the discriminatory components. The latter hypothesis
was preferred on the basis of several indications: i) the nature of the input material -
proteins undergone to several steps of fractionation -; ii) the complementation data
shown above; iii) the possibility that the lack of the NFE-3 specificity in these
fractions reflects the loss of discriminatory components that confer specificity to a
DNA-binding subunit; iv) the possibility that protein degradation could influence
either the binding specificity or the on-off rate.

The complexity in protein constituents of active fractions was evaluated by
silver staining. As shown in Fig. 22 (Panel A), DNA-binding activity segregated with
three major polypeptides with an estimated molecular weight of 66-, 68-, and 82-
KDa. ,

Among the transcription factors known to play a role in the modulation of
globin gene expression, an involvement of the ubiquitous transcription factor YY1
has been clearly demonstrated (61, 132, 141, 147). YY1 migrates in SDS-PAGE as a 68-
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KDa protein (131) and therefore the possibility to have YY1 within the three isolated
polypeptides was assessed by cross-competition, supershift, and immunoblot assays.

A B
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Fig. 22. Silver staining of samples purified with DNA-coated beads, before and after YY1-
deprivation. Panel A: an aliquot of sample purified with eCCAAT-coated magnetic particles was
separated on 10% SDS-PAGE and visualized by silver staining. Three major polypeptides of 82- 68-
and 66-KDa are marked on the right of the figure. Panel B: silver staining of the same affinity-purified
sample after YY1-deprivation. Two predominant bands of 66- and 82-KDa are indicated on the left,
while standard molecular weights are indicated on the right of the figure.

YY1 binds to the CCAT or ACAT consensus sequences (136, 137), while its
ability to recognize and bind the CCAAT box has not been reported. Using YY1
consensus binding site ON (-70 to -50 region of the adenovirus associated P5
promoter -P5 ON-) a tentative cross-competition was performed. Affinity-purified
fractions were either incubated with labeled P5 ON and competed out with 100-fold
molar excess of eECCAAT ON, or, vice versa, incubated with labeled eCCAAT ON
and competed out with 100-fold molar excess of P5 ON. Unfortunately, no clear and
definitive results were obtained, presumably due to the different experimental
conditions required for optimal eCCAAT affinity-purified proteins and YY1 in vitro
binding (see Materials and Methods). The same rather confusing conclusions were
achieved when supershift experiments with anti-YY1 antibodies were performed
(data not shown). More informative data came from Western blot analysis with anti-
YY1 antibodies. Lane 3 of Fig. 23 (MonoQ7) shows that active fractions eluted from
Mono Q column (and used as starting material for DNA-magnetic beads purification)
contained a high amount of YY1 protein, strengthening the assumption that the 68
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KDa polypeptide seen in the silver stained gel of Fig. 22 might be really ascribed to

YY1.

Fig. 23. Western blot: Immunodetection of YY1 protein in
NFE-3 active samples. Nuclear extract from HeLa cells (HeLa,
lane 4), Mono Q eluted fractions, before (Mono Q7, lane 3) and

after (YY1", lane 1) YY1 deprivation, were fractionated by 10%
SDS-PAGE, transferred to nitrocellulose and probed with anti-
YY1 antibodies. In lane 2 (YY1+) is an aliquot of partially

purified YY1 eluted from Ni?*-NTA column. Molecular
weights are indicated on the right and YY1 protein on the left of
the figure.

3.9 YY1 Deprivation
A valid procedure to demonstrate whether YY1
participates in NFE-3 binding activity, was to eliminate
YY1 protein from the eluted Mono Q samples and to
investigate whether any change in their in vitro DNA-
binding did occur.
YY1 was efficiently sequestered by Ni2+-NTA

- chromatography, as demonstrated by mobility shift
(using as labeled probe its consensus binding site -P5 ON)
and immunoblotting assays (with rabbit anti-YY1
polyclonal antibodies).

EMSA in Fig. 24 shows that in Mono Q eluted
sample (lane 5), YY1 activity identical to that observed in
HeLa cells (lane 1), disappeared after only one round of
Ni2+-NTA chromatography (lane 3), while no change in
the pattern of retarded bands obtained with eCCAAT
probe could be demonstrated, being an increased binding
affinity of either two reported NFE-3 complexes, the only
striking difference (compare lane 2 and 4), to suggest a no
better characterized YY1-mediated inhibition of NFE-3
binding.
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Fig. 24. EMSA: YY1 binding activity in NFE-3 active samples. Nuclear extract from Hela cells (HeLa,
lane 1) and Mono Q eluted fractions (K562-Mono Q-, lanes 2-5), before (lanes 4 and 5) and after (lanes
2 and 3) YY1 deprivation, were subjected to mobility shift analysis using both P5 (PS5, lanes 1, 3, 5) and
eCCAAT (g, lanes 2 and 4) labeled ONs. YY1 retarded band is indicated on the left of the figure.
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A precise correlation between EMSA and immunoblot analysis was also
demonstrated. Western blot of Fig. 23 shows in fact that YY1 protein was effectively
absent in Ni2t-NTA flowthrough sample (YY1, lane 1), while still detectable in
eluted fractions (YY1+, lane 2), Mono Q fractions (MonoQ?7, lane 3) and in HeLa cell
nuclear extract (HeLa, lane 4).

3.10 Large-Scale Protein Purification

In light of the results reported above, large-scale protein purification was
performed. Pooled Mono Q NFE-3 active fractions were subjected to Ni2+-NTA
chromatography and the flowthrough sample (deprived of YY1 protein/activity)
further subjected to eCCAAT DNA-coated magnetic particles purification. The DNA-
binding activity was efficiently and quantitatively purified.

Silver staining of purified proteins is shown in Panel B of Fig. 22. YY1 was
no more detected (68 KDa polypeptide seen in Panel A of Fig. 22) and only two
proteins of about 66- and 82-KDa, in apparently equimolar amount, were observed.

3.11 UV-Crosslinking

To establish whether both p66 and p82
polypeptides directly interact with YdCCAAT ON in
vitro, EMSA mixture (in the presence of 10 ng of
polydIdC and the same amount of protein tested in
retardation shift) was irradiated with UV light and the

cross-linked products analysed by SDS-PAGE. A

predominant labeled complex of about 85 KDa was 25

123—
clearly seen (Fig. 25, lane 1). Correction of the molecular 85—
weight for the bound DNA led to protein of about 70 50—

KDa, in good agreement with the apparent size of one of
32—

the two purified polypeptides. However, competition 35—
experiments revealed that unlabeled ydCCAAT (y, lane 19—
2), as well as -117 HPFH mutant (-117, lane 3) or
CP1/NF-Y unrelated consensus sequence, from Y box of
MHCII gene (CP1/NF-Y, lane 4) ONs could equally well

+dCCAAT

abolish binding.

Fig. 25. UV-crosslinking of "affinity-purified activity". UV-crosslinking was performed with active
fractions eluted from eCCAAT-coated magnetic particles, labeled YdCCAAT ON and 10 ng of
polydIdC. After UV irradiation and electrophoresis onto 10% SDS-PAGE, labeled proteins were
visualized by autoradiography. Competition was performed with 50-fold molar excess of YdACCAAT (y,
lane 2), -117 HPFH (-117, lane 3) and CP1/NF-Y consensus binding site (CP1/NE-Y, lane 4) ONs. In
lane 5 no protein was added to the mixture reaction (negative control). Standard molecular weights are
indicated on the left of the figure.
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This finding was in agreement with gel shift competition data (see 3.3.5), and
indicated that p66 subunit has, by itself, a low DNA binding specificity not
completely restricted to the yYdCCAAT box region.

The band visible at the top of the picture (migrating close to the 213-KDa
molecular weight) corrsesponded to the slot of the gel.

3.12 Renaturation of "Affinity-Purified Activity" from SDS-PAGE

An aliquot of pooled active fractions was precipitated and separated by
preparative SDS-PAGE. The region of the gel containing both p66 and p82 was
excised and proteins electroeluted from the gel. After precipitation of the eluted
proteins SDS was removed by acetone washing and the precipitated proteins
resuspended in 6 M GdHCI. Subsequent removal of GdHCI by gel filtration
chromatography allowed the slowly refolding of the polypeptide chains and
furthermore, the recovery of DNA binding activity, as determined by EMSA (data
not shown). The renatured polypeptides gave rise to the same pattern of retarded
bands observed when samples eluted from eCCAAT-coated beads were tested (see,
3.3.5).

3.13 Mass-Mass Spectrometry (I)

Active samples eluted from DNA-coated magnetic beads were
concentrated by TCA precipitation, separated by 10% SDS-PAGE and quickly stained
with Coomassie; the two major bands of 66 KDa and 82 KDa were excised out and
subjected to mass spectrometry analysis (M. Mann's lab - EMBL -). Proteins were
partially sequenced by nanoelectrospray mass spectrometry and their coding genes
identified by database search. Such analysis revealed, with no doubt, that p66 and
P82 KDa were identical to the p70 and p80 subunits of the human Ku autoantigen.

3.14 p66 and p82 are Identical to Ku Autoantigen Subunits

To discriminate between a real participation of Ku subunits in NFE-3
binding activity and the possiblity of their unspecific enrichment during DNA-
affinity purification, a variety of experiments was performed.

K562 WCE samples and active fractions eluted from Heparin-Sepharose
column and DNA-coated beads were subjected to SDS-PAGE, blotted and reacted
with antisera raised against human Ku (200). Ku subunits were abundantly
detectable in almost all fractions tested and not only after affinity-chromatography
where a sufficient enrichment of NFE-3 should have been achieved. As shown in Fig.
26, Panel A, p70- and p80-Ku were present in K562 WCE (lane 1) as well as in
Heparin-Sepharose input (I, lane 6), flowthrough (F.T., lane 5), 0.4 M salt (H. 0.4M,
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lane 3) and 0.6 M salt (H. 0.6M, lane 4) fractions. Ku coeluted also with vd- and e-
CCAAT binding activity in Sdx-200 (Fig. 26, Panel B, lanes 3-8) and, of course, in
fractions purified DNA-coated magnetic beads purified fractions (Fig. 26, Panel A,
Aff. purif,, lane 2).
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Fig. 26. Immunodetection of Ku autoantigen in NFE-3 active samples. Western blot: proteins were
separated onto 10% SDS-PAGE, transferred to nitrocellulose and probed with anti-Ku antibodies.
Panel A. Protein samples: K562 WCE (lane 1), Heparin-Sepharose input (I, lane 6), flowthrough (F.T.,
lane 5), proteins eluted from Heparin column at 0.4 M (H. 0.4M, lane 3) and 0.6 M (H. 0.6M, lane 4),
and proteins eluted from DNA-coated magnetic beads (Aff.purif., lane 2). Positive control was run
together with standard molecular weights (lane 7). p70 and p80 Ku polypeptides are indicated on the
left and protein standards are indicated on the right of the figure. Panel B: fractions eluted from Sdx-
200 column. Positive control was loaded in lane 14; p70 and p80 Ku are indicated on the right of the
figure.

With the purpose to demonstrate the functional involvement of Ku in
NFE-3 in vitro binding, polyclonal antisera to Ku were added to EMSA reactions
containing: K562 WCE samples or active NFE-3 fractions derived from several
chromatographic purification steps, 10 ng of polydldC and labeled eCCAAT ON.
Each sample was preincubated with increasing amount of anti-p70, anti-p80, or anti-
heterodimeric Ku antisera, before and after the addition of labeled probe and
analysed in gel retardation assay. Fig. 27 shows that anti-Ku antibodies specifically
ablated (anti-p70, lane 2 and 3; anti-p80, lane 5 and 6) or supershifted (anti-p70, lane
4; anti-p80, lane 5) -according to their final concentration in the reaction- the "affinity-
purified activity" complex. On the contrary, the same antibodies, in the same reaction
conditions (but with the addition of 500 ng of polydIdC) were not able to affect
binding between eCCAAT probe and partially purified NFE-3. As shown in Fig. 28,
the binding of complexes 1, 2' or 3, present in Sdx-200 fractions, were not affected by
the addition of anti-p70 Ku (lane 2 and 5), anti-p80 Ku (lane 3 and 6) or anti-p70/80
Ku (lane 7) antibodies, indicating that Ku did not take part in NFE-3 activity and
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reinforcing the possibility of its non specific enrichment during DNA-affinity
purification procedure.

o p70Ku o p80Ku

Sdx-200 fractions /] /]

1 2 3 4 5 6

[SSHLS}

eCCAAT

eCCAAT

Fig. 27. Supershift assay with anti-Ku antibodies. "Affinity-purified activity" obtained after ECCAAT-
coated magnetic particles step was preincubated with antibodies directed against either p70 or p80 Ku
subunits and tested in mobility shift assay in the presence of 10 ng of polydIdC and labeled eCCAAT
ON. Lane 1: control without antibodies; lanes 2 to 4: increasing amounts of anti-p70 Ku antibodies;

lanes 5 and 6: increasing amounts of anti-p80 Ku antibodies. Shifted bands are indicated with a bar on
the right of the figure.

Fig. 28. Supershift assay with anti-Ku antibodies. Partially purified NFE-3 samples eluted from Sdx-
200 column were tested in mobility shift with anti-p70, -p80 and -p70/80 Ku antibodies (as reported
on the top of the figure), in the presence of 500 ng of polydIdC and labeled e CCAAT probe. Lane 1

and 4: controls without antibodies. 1, 2' and 3' specific complexes are indicated on both sides of the
figure.

The formation of ladder of retarded bands concomitant to increased
protein concentration is a well established in vitro binding characteristic of Ku (173).
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Fig. 29 (10X, lane 10) shows that increasing the protein to DNA ratio led to the
appearance of more slowly migrating complexes also when affinity-purified NFE-3 is
tested in EMSA.

The loss of NFE-3 binding specificity
observed immediately after DNA-affinity
purification was further investigated. In Fig. 29

is shown that binding of "affinity-purified
activity” to YdCCAAT probe is displaced not
only by addition of 50- fold molar excess of
specific YdACCAAT (y, lane 7), -117 HPFH, (-117,
lane 8) and unrelated Sp1 consensus (Sp1, lane
9) ONs but also by an excess of synthetic DNA
fragments, such as 150 and 500 ng of polydIdC
(dIdC, lane 2 and 3) and, to a lower degree, 250
ng of calf thymus DNA (CTD, lane 4) and 250
ng of polydAdT (dAdT, lane 5); on the other
hand, 250 ng of yeast tRNA (tRNA, lane 6)
were unable to compete the binding.

vydCCAAT

Fig. 29. Binding specificity of "affinity-purified activity". Active samples eluted from eCCAAT-
coated magnetic beads were tested in EMSA with a variety of specific and aspecific DNA competitors
added either before or after labeled YdACCAAT. Lane 1: control; lanes 2 and 3: 150 ng and 500 ng of
polydIdC (dIdC) respectively; lane 4: 250 ng of calf thymus DNA (CTD); lane 5: 250 ng of polydAdT
(dAdT); lane 6: 250 ng of yeast tRNA (tRNA); lanes 7, 8 and 9: 50-fold molar excess of ydCCAAT (y),
-117 HPFH (-117) and Sp1 consensus (Sp1) ONs, respectively; lane 10: the same amount of labeled
probe tested with 10 times more affinity-purified protein (10X).

All together, these results established that Ku subunits were enriched during
the DNA-affinity chromatographies, in a non-specific manner with no relationship
with the ONs used for NFE-3 purification, even though this is in apparent
contradiction with the finding that the protein was strongly bound to the DNA-
affinity matrix, that was eluted from the column only at high salt concentration and,
above all, it was not sequestered by others NHS-affinity columns used in series
during NFE-3 purification (data not shown). Anyway, the most plausible conclusion
is that Ku is not a component of NFE-3 complex, but it simply coeluts with such
activity. Likely, Ku enrichment was caused by the low amount of aspecific
competitor DNA used during affinity purifications. As mentioned above, polydIdC
was reduced to favour NFE-3 binding. But unfortunately, being coeluted with NFE-3
and having a much higher affinity for free DNA ends, Ku was probably able to
efficiently displaced NFE-3 from its specific consensus binding site ONs.
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RESULTS: Part II

3.15 New Course in NFE-3 Purification

On the basis of accumulated data, it was really essential to confirm the
strict binding specificity of partially purified NFE-3 samples before subjecting them
to DNA-affinity chromatography.

Competition experiments were carried out with a large number of ONs
added to the reaction mixture either before or after the eCCAAT and the YACCAAT
probes. In each reaction the binding was challenged with 100-fold molar excess of
unlabeled competitor and at least 1 g of polydIdC.

Fig. 30 shows an EMSA performed with Sdx fractions containing either the 1'
(lanes 1-13) or the 2'/3' activities (lanes 14-26) and labeled eCCAAT ON. The binding
was challenged with the ONs reported on the top of the figure. Both eCCAAT and
YdCCAAT competed, while all the others competed less efficiently or did not
compete at all. In particular, -117 HPFH (-117, lane 5 and 18), -114 HPFH (-114, lane 7
and 20), A13 HPFH deletion (A13, lane 6 and 19), y proximal CCAAT (yp CCAAT,
lane 4 and 17) ONs, and CP1/NEF-Y (NF-Y, lane 12 and 25) and YY1 (YY1, lane 13 and
26) consensus binding site ONs were unable to displace NFE-3 complexes.

In competition assay, two different -117 HPFH ONs were tested: the ON

already used in earlier experiments with blunted extremities (old -117 ON, -1170)
and a new one (new -117 ON, -117n) with 5' protruding ends identical to those of
eCCAAT and ydCCAAT ONs.
This was done in order to: i) reveal different binding affinities exclusively due to the
specific HPFH point mutation and not to difference occuring in other regions of the
DNA fragments; ii) avoid masking non specific Ku binding in mobility shift
competition assays since it has indeed been proposed that once loaded onto a
fragment of DNA, there is very little exchange of Ku protein to other fragments,
unless identical DNA ends are present (175).

To conclude investigations on NFE-3 binding affinities, a titration curve
with polydIdC was performed. Increasing amounts of polydIldC were added to
EMSA reactions containing Sdx-purified NFE-3, bound to labeled YdACCAAT. NFE-3
retarded bands were not disturbed by polydIdC at a final concentration up to 3
ng/10 pl binding reaction (data not shown), in net contrast with the easy
displacement of Ku by 100-150 ng/10 pl reaction of polydIdC (Fig. 29, dIdC, lane 2).
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Fig. 30. In vitro binding specificity of 1', 2', and 3' NFE-3 complexes. NFE-3 active fractions (band 1,
lanes 1-13; bands 2'/3', lanes 14-26), eluted from Sdx-200 column were tested in EMSA with labeled
eCCAAT ON and 1 pg of polydIdC. Binding was challenged with 100-fold molar excess of CCAAT-
related and unrelated double-stranded ONs, as reported on the top of the figure and listed in Tab. II.

3.16 New Purification Scheme

3.16.1 Non-Specific Competitor DNA

K562 WCEs were loaded onto a Heparin-Sepharose column as already
described. Heparin fractions eluted at 0.6 M NaCl, containing NFE-3 activities 1 and
2/3 together were pooled, mixed with an appropriate amount of non-specific
competitor DNA (equivalent to about 400 ng of polydIdC and 11 ng of calf thymus
DNA/10 pl EMSA reaction) and applied onto a newly-made DNA-affinity column.
A very large amount of polydIdC (about 700 pg) and calf thymus DNA (about 20 pg)
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per ml of input material was used (approximately 40 times more than in previous
DNA-affinity chromatographies) in order to avoid aspecific binding.

3.16.2 Buffer Composition

Buffer composition was modified by the addition of low levels of non-
ionic detergent (0.009% Tween?20) in all chromatographic and analytical procedures
to further reduce non-specific DNA-protein interactions.

3.16.3 Oligonucleotides

A new synthetic ON (named y42-36) was designed. y42-36 is longer than
vdCCAAT ON, it covers position from -132 to -95 relative to the cap site of the
human y-globin promoter and contains only two Cs 5' protruding, instead of the
GATC sequence present in ydCCAAT ON. These partial modifications were done to

avoid handling of 5' protruding ends already shown to be efficiently recognised by
Ku.

FIRST NFE-3 PURIFICATION
SCHEME

K562 Whole Cell Extract

Heparin-Sepharose

SECOND NFE-3 PURIFICATION
SCHEME

K562 Whole Cell Extract
Heparin-Sepharose

Superdex-200 Dfiff'f’?f? o

DNA-Affinity (+42/36 ON)

(e-vd CCAAT)

Second-pass
Mono Q DNA-Affinity

(142/36 ON)

Ni2*-NTA

ET. Third-pass
DNA-Affinity

DNA-coated Magnetic Beads (+42/36 ON)

Fig. 31. Purification of NFE-3 from K562 cells. Purification schemes relative to the first and second
purification approaches. The steps in purification of NFE-3 are indicated in simplified forms as a
flowchart. For details, see Materials and Methods.

3.16.4 Affinity Chromatography

In the course of the first purification it turned out that NFE-3 binding
activity might be attributed to a heterodimeric protein complex. To avoid potential
and undesired segregation of the components, elution from the DN A-affinity column
was carried out in a single step, with 1 M NaCl. The high competitor DNA /protein
ratio, the presence in all buffers of 0.009% Tween20, the new y42-36 ON and the
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single one-step elution were all improvements that together allowed to purify NFE-3
proteins near to homogeneity after three rounds of affinity-chromatography (Fig. 31).
Gel retardation of samples

recovered after the second round ¥42-36-affinity

of DNA-affinity is shown in Fig. 2nd pass

32. EMSA reactions were
performed with labeled yYdCCAAT
ON and 150 ng of polydIdC.
Flowthrough (FT, lane 2) is
devoided of any binding activity,

I1FT345 678 910

o T —

while active fractions (lanes 5-8)
gave rise to two classes of

complexes (indicated on the right

of the figure). The first one
corresponds to the already

characterized specific NFE-3
binding activities (band 1 and
2/3), the second one corresponds
to three faster migrating

complexes never identified during

earlier purification and/or other
gel retardation experiments (*a, YACCAAT
*b, *c).

Fig. 32. Mobility shift of v42-36 DNA-affinity purified NFE-3. Active samples eluted at 0.6 M NaCl
from Heparin-Sepharose column were pooled and fractionated by two rounds of DNA-affinity
chromatography. Fractions eluted at 1 M NaCl (from #3 to #10) were tested in EMSA with labeled
YdCCAAT ON and 150 ng of polydIdC. I: Input; FT: flowthrough. Predominant retarded bands are
indicated on the right of the figure.

3.17 Competition Experiments
| Binding specificities of all the complexes were estimated by competition
experiments with labeled yYdCCAAT and 150 ng of polydldC, as shown in Fig. 33.
They all were competed out by 50-fold molar excess of cold YdCCAAT ON (y, lane 3,
7,11, 15). A13 HPFH ON (A13, lane 4, 8, 12, 16) did not compete, while -117 HPFH
ON (-117, lane 5, 9, 13, 17) competed a little less efficiently than ydCCAAT ON,
suggesting that even with this newly devised purification procedure, a segregation of
some cofactor/s essential for specific NFE-3 binding might occur.
Interestingly, one complex (*b) exhibited typical NFE-3 binding specificities: it
was competed out by wild type YdCCAAT (y, lane 3), but it was not competed by
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both A13 HPFH (A13, lane 4) and -117 HPFH (-117, lane 5) ONs. The relative
difference in binding affinity between wild type and -117 HPFH distal CCAAT
region was even much stronger than previously observed with partially purified
NFE3 sample. Furthermore, *b activity seemed to be characterized by a lower
dissociation rate and/or by a higher binding affinity for the wild type probe
relatively to the other retarded bands. When competition experiments with cold
vdCCAAT ON were performed on affinity-purified fractions containing band *b
together with band 1 and 2 (y, lane 7), band 2 and 3 (y, lane 11) and band *a and *c (y,
lane 15), complex *b was less efficiently displaced. Presumably, limiting amount of
cold competitor allowed the displacement of labeled YdCCAAT probe from
complexes characterized by a low binding affinity and/or a high dissociation rate, to
the expense of the high-affinity *b binding species.

#5 #6 #7 #8

-117

Al3
YydCCAAT

ydCCAAT

Fig. 33. Mobility shift competition assay of y42-36 DNA-affinity purified NFE-3. Exactly the same
fractions analysed in EMSA of Fig. 32 were incubated with labeled ydCCAAT ON, 150 ng of polydIdC
and competition performed with 50-fold molar excess of cold competitors, as indicated on the top of
the figure. -117: -117 HPFH ON; A13: A13 HPFH ON. Predominant retarded bands are indicated on the
right of the figure.
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3.18 Supershift Assay
To determine
whether any of the NFE-3
retarded bands could be due to
known DNA binding factors, Aff-purified NFE-3
some of which previously
shown to coelute with NFE-3
activity, supershift experiments

were performed. Fig. 34 shows
that addition of anti-NF-E2
(aNF-E2, lane 2), anti-YY1
(xYY1, lane 4) and anti-
heterodimeric Ku (ap70/p80,
lane 6) antibodies, even at a

concentration capable of
affecting specific protein-DNA
complexes (data not shown),
did not affect NFE-3 binding.
Therefore, YY1 and Ku proteins

are no more present in affinity-

purified NFE-3 fractions and
they did not take a part in NFE- vdCCAAT
3 in vitro binding.

Fig. 34. Supershift assay with y42-36 DNA-affinity purified NFE-3. Second-pass affinity-purified
NFE-3 samples were tested in EMSA with labeled yYdCCAAT ON and 150 ng of polydIdC. For
supershift assay, anti-NF-E2 (lane 2), anti-YY1 (lane 4) and anti-p70/p80 Ku (lane 6) antibodies were
added to the EMSA mixtures. Lane 1 is the positive control. In lanes 3, 5, and 7, anti-NF-E2, anti-YY1,
and anti-p70/p80 Ku antibodies were tested in the absence of protein samples.

3.19 Silver Staining

Samples recovered after a third-passage of DNA-affinity chromatography
were analysed by SDS-PAGE and stained with silver. Two polypeptides of 120 KDa
(p120) and 40 KDa (p40) were observed (indicated with two dots in Fog. 35). Active
samples were pooled and concentrated by anion exchange chromatography; a small
aliquot of samples exhibiting NFE-3 binding activities in EMSA was loaded onto a
10% SDS-PAGE and silver stained. Fig. 35 represents a typical silver staining
performed with NFE-3 samples eluted from different columns, at various
purification steps. In particular, in lane 4 is the protein pattern of the y42-36 DNA-
affinity purified NFE-3 (silver staining of the relative input and flowthrough samples
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were inconclusive due to smearing caused by high amount of aspecific competitor
DNA present - data not shown -). Although it is well established that staining with
silver does not accurately reveal the true ratio between different proteins, it seemed
that p120 and p40 were not in a perfect equimolar amount, being p120 in slight
preponderance.

»
. . 3 Q:
Fig. 35. Analysis of protein ?
profiles after more significant S L ;f N
purification steps. Active ‘X\Q & X Y‘? § &
samples eluted from various 1 2 - 4 5 6
2

chromatographic columns were
precipitated with TCA,
electrophoresed on 10% SDS-
PAGE and silver stained. Lane
1: K562 WCE (WCE), or p120—
Heparin-Sepharose input; lane
2: Heparin-Sepharose
flowthrough (FT); lane 3: Sdx-
200 eluted fraction (Sdx); lane
4: NFE-3 active fraction
obtained after three rounds of
v42-36 DNA-affinity
purification (Aff.pur.NFE-3); p40—
lane 5: about 30 ng of each
marker protein (MW); lane 6:
DNA affinity-purified Ku
autoantigen (Ku). The two
predominant bands in lane 4
are indicated with dots and
with bars on the left of the
picture (p120, p40).
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— 97

—66

3.20 UV-Crosslinking of Affinity-Purified NFE-3 to "End-Labeled" DNA

To provide conclusive evidence that the two major polypeptide species
eluted from y42-36 DNA-affinity column represent NFE-3, and also to investigate
whether both subunits are involved in DNA binding, UV-crosslinking to 32P-end
labeled YdCCAAT ON was performed.

Fig. 36 shows two labeled proteins of 120-130-KDa and 60-70-KDa. Since the
irradiated sample was not digested by DNases, the observed molecular weight might
be consistent with the labelling of the two major components observed in silver
stained gel.

Even though the lightest lebeled polypeptide migrated in SDS-PAGE as a doublet of
60-70 KDa, both the UV-crosslinked complexes (120-130 KDa and 60-70 KDa) were

58



competed out by 50-fold molar excess of unlabeled yYdCCAAT ON (y, lane 3) but not
by the same amount of A13 HPFH ON (A13, lane 4).

Aff. Purified
NFE-3
Fig. 36. UV-crosslinking of affinity-purified NFE-3 to end- é N Ry
labeled DNA. 32P-end labeled ydCCAAT ON was ~ v S

crosslinked to NFE-3 active samples obtained after two 213 205
passages through v42-36 DNA-affinity column and < 116
complexes were separated on 12.5% SDS-PAGE (lane 2). 12§ 7

Competition was challenged with 50-fold molar excess of 8 86

either cold ydCCAAT (y, lane 3) and A13 HPFH deletion 50 45

(A13, lane 4) ONs; all reaction mixtures contained 150 ng of

polydIdC. Prestained and high molecular weight protein 32 29

standards are indicated on the left and on the rigth of the 28

figure, respectively. .

. YdCCAAT

Considering the very low recovery of NFE-3, it was not possible to correlate
these polypeptides with specific DNA-binding activity, by denaturation-renaturation
experiment, as it was done with Ku. Anyway, further DNA binding studies
(southwestern blot and UV-crosslinking with uniformly labeled DNA) were
approached to test whether there are any significant differences between the
specificity of the highly purified NFE-3 relative to crude fractions.

3.21 UV-Crosslinking of Partially-Purified NFE-3 to "Uniformly-Labeled"
DNA

NFE-3 active fractions eluted from Heparin-Sepharose and Sdx-200
columns were UV-crosslinked to a y42 ON (encompassing the dCCAAT box of the
human y-globin promoter, Tab. II) uniformly labeled with both a32P-dCTP and o32P-
dTTP.The cross-linked products were digested with nucleases before loading them
onto a 12.5% SDS-PAGE, so that the size of the radiolabeled complexes more closely
approximated the size of the protein. As shown in Fig. 37, two major labeled
complexes, with electrophoretic mobilities of 50-60 KDa and 120 KDa, were clearly
detected in Heparin-Sepharose fractions eluted at 0.6 M NaCl (Hep 0.6M, lane 1) and
in fractions #91, #67, and #82 from Sdx-200 column (lanes 3, 4, and 5). All these
active samples gave rise to specific NFE-3 retarded bands when tested in EMSA (see,
for comparison Fig. 10 and Fig. 12). Each crosslinking reaction was performed with
150 ng of polydIdC.
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Competition with 50-fold molar excess of cold YdCCAAT and A13 HPFH ONs (data
not shown) reproduced exactly the competition pattern observed when purified
NFE-3 was tested in UV-crosslinking with end-labeled YACCAAT (see Fig. 36).
Binding of p120 and p50-60 to labeled y42 ON was competed out by cold ydCCAAT
ON, but not by the same amount of A13 HPFH ON.

Fig. 37. UV-crosslinking of partially purified
NFE-3 to uniformly labeled DNA. Protein
samples and 150 ng of polydIdC were incubated
with filled in a32P-dCTP/dTTP y42 ON, irradiated *
with UV light, digested with nucleases and
electrophoresed on 12.5% SDS-PAGE. In lane 1:
Heparin-Sepharose active sample eluted at 0.6 M
salt (Hep. 0.6M); lane 2: supernatant after
precipitation of Hep. 0.6 M fractions (Sdx SN); lane
3 to 5: Sdx-200 eluted active fractions (#91, #67,
#82, respectively). Standard molecular weights are
marked on the right, while p120 is indicated (with
an asterisk) on the left of the figure.

3.22 Southwestern Blot

A southwestern assay was used to test the DNA binding activity of
separated putative NFE-3 subunits. Partially purified NFE-3 samples eluted from
Heparin-Sepharose at 0.6 M NaCl and from Sdx-200 columns were separated by
12,5% SDS-PAGE, transferred to nitrocellulose and probed with 32P-labeled
concatamerized eCCAAT ON.

As shown in Fig. 38, this resulted in the p120, but not the p40 binding to DNA.

The labeled 47 KDa polypeptide was considered unrelated to NFE-3, as it was also
present in the supernatant recovered after precipitation of fractions eluted at 0.6 M
salt from Heparin-Sepharose, a sample totally avoided of any in wvitro binding
activity.
p120 binding was observed in the Heparin-Sepharose sample (Hep 0.6M, lane 5) and
in the Sdx-200 fractions (#82, #67, and #91, lanes 1, 2, and 3) characterized by 2'/ 3'
and 1' binding activities when tested in EMSA (see Fig. 10 and 12). Labeled proteins
in sample #91 and #82 were observed only after longer exposure of the membrane
(data not shown). The whole procedure was carried out with a constant amount of
sonicated herring sperm DNA (10 pg/ml solution) as competitor DNA to avoid
aspecific binding,.

Being NFE-3 almost the only nuclear factor in K562 able to bind the
eCCAAT box, the above results acquired great interest, also considering that the 120
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KDa protein was clearly detected i) in UV-crosslinking (with uniformly labeled y42-
and end labeled yd-CCAAT ONs) ii) in southwestern assay (with end labeled
concatamerized eECCAAT ON) and iii) both with partially and highly purified NFE-3
preparations. These data and the strong linkage between p120/p40 elution profile
from affinity-column and NFE-3 in vitro binding, allowed to conclude that p40 and
moreover pl120 represent/s NFE-3. On the basis of the estimated molecular weights
in SDS-PAGE and supershift experiments on affinity-purified NFE-3 (3.17), the
involvement of YY1 and Ku was also definitely excluded.

N
. . : S
Fig. 38. Southwestern blot analysis of partially (,3% i
purified NFE-3 samples. Protein samples were \éo\' {@ @'_\ O}:’ Qg?’*
separated by 12.5% SDS-PAGE, transferred to

nitrocellulose and probed with 32P-end labeled
concatamerized eECCAAT ON. Lane 1 to 3: Sdx-200
eluted active fractions (#82, #67, #91, respectively); S
lane 4: supernatant after precipitation of Hep 0.6M o
fractions (Sdx SN); lane 5: Heparin-Sepharose '
active sample eluted at 0.6 M salt (Hep 0.6M).
Standard molecular weights are marked on the :
right, while p120 is indicated (with an asterisk) on f 1 —19
the left of the figure.

3.23 Mass-Mass Spectrometry (II)

NFE-3 samples recovered after a third passage through the ¥42-36 DNA-
affinity column were concentrated by an anion exchange chromatographic step,
precipitated with TCA, resuspended in SDS sample buffer, resolved onto a
preparative 12.5% SDS-PAGE and quickly stained with Coomassie. Both bands were
individually excised out, kept in ultra-pure water and recently sent to Heidelberg for
mass mass spectrometry analysis (M. Mann's lab).
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CHAPTER 4

DISCUSSION

This work deals with the characterization and purification from K562 cells
of the protein/s responsible for the NFE-3 binding activity.

NFE-3 was originally described as a factor present in extracts of
erythroleukemic cell nuclei (K562, MEL, HEL) and capable to bind exclusively the
distal and the unique CCAAT-boxes of the human y- and e-globin gene promoters.
Genetic evidences point out that these cis-regulatory elements play a pivotal role in
controlling the expression and the switch of globin genes during development.

Natural non-deletional HPFH mutations within the distal CCAAT-box of the
human y-globin gene promoters affect the binding of several factors in witro.
However, NFE-3 is the only factor whose binding is consistently decreased with all
different HPFH mutations so far observed: the -117 G->A (130), the -114 C->T (237)
and the A13 deletion (245) in the 2y promoter, and the -110 A->C in the 8y promoter
(253). These evidences legitimate the efforts put in this work and the
accomplishments pursued.

4.1 Characterization of NFE-3 activity
An accurate analysis was carried out to differentiate NFE-3 from the other
CCAAT-binding proteins (in particular from the ubiquitously expressed CP1/NF-Y)
and to highlight its complex biochemical nature.
Purification of NFE-3 was complicated by three major difficulties:
- first, the source material that is K562 cells
- second, the presence of several copurifying nuclear factors
- third, the limited amount of NFE-3

411 K562 cells

The choice of the human erythroleukemic cell line K562 as source of NFE-3
was obliged by the lack of large amount of nucleated human adult erythroid cells.
K562 cells express the €- and y-globin but not the adult B-globin genes (32). These
cells virtually represent the embryonic-fetal stage of erythroid development.
However, they are transformed and, though inducible, have a narrow and limited

62



pathway of differentiation. Above all, these cells do not undergo a + to B-globin gene
swicth, thus hampering the characterization of the molecular mechanisms involved
in this phenomenon.

Furthermore, the frozen stage of differentiation of K562 cells reflects a cellular
enviroment committed to the fully activation of embryonic-fetal genes and not to the
genetic switch occuring during development.

If NFE-3 does control the developmental y-globin silencing, it comes easy to
wonder why is the protein(s) present in K562 cells that abundantly express the y
genes. As observed in other known models, post-translational modifications,
productive interactions with other DNA-binding and non-DNA-binding proteins,
competition with different proteins for the same cognate site within the promoters
might occur and finely modulate/balance the action of any putative repressor, NFE-3
included.

Unfortunately, in the case of NFE-3 we do not know either the state or the
relative proportions of the polypeptide(s) in adult erythroid cells (where HPFH
phenotype is expressed), relatively to the embryonic/fetal cells .

41.2 Copurifying nuclear factors

During the purification procedure, two well characterized transcription
factors coeluted with NFE-3 activity: CP1/NF-Y and YY1. Two specific
chromatographic steps were devised in order to devoid extracts of both factors.

4121  CP1/NF-Y

NFE-3 differs from CP1/NF-Y on the basis of both immunological and
functional (in vitro DNA binding) criteria. In particular, antibodies directed against
CP1/NEF-Y do not affect the formation of the NFE-3-DNA complex (Fig. 16), ruling
out the possibility that NFE-3 is a heterodimer of either CP1/NF-Y subunit with an
unidentified protein.

In addition, we have recently shown, by DMS interference experiments (238),
that NFE-3 and CP1/NF-Y both interact with bases -117, -115 and -114 of the y-globin
promoter, but a G at -117 position seems critical only for NFE-3 binding.
Furthermore, only NFE-3 extends its contacts to nucleotides -107 and -108. This result
is in agreement with the inability of NFE-3 to bind to the -117 and -114 HPFH ONs
(Fig. 15).

As shown in Chapter 3, Heparin-Sepharose chromatography was a very
efficient tool in fractionating these activities (compare Fig. 9 to Fig. 10).
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4.1.2.2 YY1

YY1 is an ubiquitously distributed transcription factor which acts either as
an activator or a repressor of viral or eukaryotic promoters. Various mechanisms
have been proposed to explain YY1 action.

In particular, in the globin gene context, YY1 might directly interact with gene
promoters and repress their expression or it might act via competition with trans-
activators for overlapping binding sites. The first mechanism seems to occur in the
context of the y-globin gene promoter, since one conserved YY1 element located at
-1086 exhibits repressor activity in transient transfection assays (61). Displacement of
the transcriptional activator GATA-1 from its consensus binding site at -269 is,
instead, the mechanism by which YY1 participates to modulate silencing of the e-
promoter (147).

The procedure flowcharted in Fig. 31 for the purification of NFE-3 included
a step dedicated to the exclusion of YY1 (Ni*2-NTA chromatography). This was done
to simplify the pattern of protein correlating with NFE-3 activity but furthermore, to
investigate whether YY1 could be part of such an activity. The typical NFE-3
retarded bands observed in EMSA are not affected by YY1 deprivation (Fig. 24), and
this finding disfavoured any direct YY1 involvement.

On the other hand, the exclusion of this zinc finger protein clearly resulted in an
increased in vitro binding affinity of NFE-3 to its consensus sequence (Fig. 24). This
phenomenon can be interpreted as a consequence of the ability of YY1 to bend DNA.
It could be that the lack of YY1/DNA bendingr activity, might result in an easier
recognition and binding of NFE-3.

On the light of these results, as it will be also considered later on for Ku, it is
possible to exclude the participation of YY1 in NFE-3 activity, but it cannot be ruled
out the possibility that YY1 is included in the formation of a NFE-3 bigger complex.

Of course, cloning of cDNA(s) encoding NFE-3 protein(s) is necessary to solve
this issue.

4.1.3 NFE-3 abundance in K562 cell line

In K562 cells, NFE-3 is not the major CCAAT box binding protein. Even
though the in vitro binding efficiency does not necessarily correlate with the amount
of a given DNA-binding factor, it may be assumed that NFE-3 is much lesser
represented than CP1/NF-Y, Ku or GATA-1 nuclear proteins in K562 whole cell
extracts.
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4.2 First purification procedure

To purify NFE-3 from K562 whole cell extracts, it was devised the
purification procedure depicted in Fig. 31, consisting of five distinct chromatographic
steps with Heparin-Sepharose, Sdx-200, DNA-affinity Superose, Mono Q and Ni+2-
NTA columns and a final step of purification with DNA-coated magnetic beads.

Heparin-Sepharose column succeded in fractionating NFE-3 from CP1/NF-Y
activity (Fig. 9 and 10). Gel filtration (5dx-200) chromatography was necessary and
sufficient to separate the canonical NFE-3 activities (here named 2/3) from the slower
migrating and newly characterized one (named 1) (Fig. 12).

On the contrary, first attempt to purify NFE-3 by DNA-affinity purification
resulted in a very low recovery of the activity, whenever concatamerized YdACCAAT
or eCCAAT ONs were coupled to the activated Sepharose matrix (Fig. 17). Besides,
much of the activity was observed in the flowthrough fractions. Simple experiments
were done in order to understand the dynamic of NFE-3 binding to the DNA; the
data shown lead to hypothesize that a very high off-rate distinguishes the protein
(Fig. 19), explaining in such a way the not easy task in purifying NFE-3 by affinity
chromatography.

MonoQ-concentrated affinity fractions contained YY1. It was included in the
purification procedure an additional step to get rid of it. YY1 protein in fact has a
stretch of 16 histidines in a row, it binds tightly to Hi-trap chelating resin and after
only one round of Ni*2-NTA chromatography, both YY1 in vitro binding activity and
YY1 protein disappeared (Fig. 24).

To keep the active protein highly concentrated and to perform DNA binding
and elution as quick as possible, the classical DNA-affinity column was substituted
by a DNA-coated magnetic particles purification (Fig. 21). Biotynilated eCCAAT ON
was chosen because it was shown that NFE-3 binds the CCAAT box of the € globin
promoter stronger than the distal CCAAT of the y promoter and also because
YdCCAAT is crowded by general CCAAT-binding factors, while the eCCAAT region
is almost only bound by NFE-3.

At the end of this laborious procedure two predominant polypeptides of 66-
and 82-KDa were observed (Fig. 22).

421 Identification of Ku autoantigen
Mass-mass spectrometry analisys of both affinity-purified polypeptides
revealed their identity to sequences within the two subunits of the human Ku
autoantigen.
The identity between Ku and the purified proteins was also inferred by their
similar molecular weights, their identical behaviour in mobility shift and UV-
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crosslinking assays and by the recognition of p82 and p66 by anti-Ku antibodies both
in Western blot and supershift experiments.

It was investigated whether p70 and p80 Ku are integral members of the specific
NFE-3 complex. Any attempt to demonstrate this hypothesis failed and finally,
reconsidering the collected dats, it was concluded that Ku purification and isolation
was the direct consequence of its aspecific binding to DNA-coated magnetic beads.
This unwanted result is probably due to the fact that: i) Ku and NFE-3 have similar
biochemical characteristics - responsible of their coelution during initial purification
steps -, ii) DNA-affinity purifiation and binding assays were often performed in the
presence of low amount of umspecific competitor DNA, iii) the purification with
magnetic beads was performed with non-concatamerized ONs (and with a very high
amount of free DNA ends).

On the other hand, recent data suggest that Ku might play some regulatory
role(s) in transcription processes (187, 190, 191) and the partecipation of Ku in
sequence-specific DNA bindinghas also been described (197).

In light of these findings, it is still controversial the observation that Ku binds
with high affinity the YdCCAAT region with respect to different consensus sites. In
our hands, purification of other factors (e.g. octamer, GATA-1), from affinity resins
loaded in series with the YdACCAAT resin, do not appear contaminated by Ku. The
same behaviour was observed when batch chromatography was performed.

4.3 Second purification procedure

In order to avoid copurification of both Ku and YY1 and also to increase
NFE-3 recovery a novel purifiration approach was setted up. As shown in Fig. 31,
NFE-3 purification was simply accomplished by Heparin-Sepharose and DNA-
affinity chromatographies.

K562 whole cell extract preparation and the Heparin-Sepharose purification
were performed as in the first purification approach, with only a slight modification
in buffer composition, consisting in the addition of 0.009% Tween20. This non-ionic
detergent decreases aspecific DNA-protein interactions and increases protein
solubilization.

Small aliquots of active samples recovered from the Heparin-Sepharose were
loaded onto the affinity columm and subjected to three rounds of purifications. This
was done to guarantee a net molar excess of specific DNA-binding sites toward the
unspecific ones and to permita faster running procedure that also meant a faster
elution of bound proteins.

The recovery of bound proteins during the first two consecutive affinity-
purifications was achieved by ene-step elution at 1 M NaCl, to avoid potential and
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undesired segregation of NFE-3 components (Fig. 32). It was a feasible procedure
because the very high concentration of aspecific competitor in the injected material,
caused very few proteins to be retained onto the column.

A new designed ON (with different 5' protruding ends) and a very large
amount of apolydIdC were used. Interestingly, it was observed that polydIdC elutes
almost completely in the flowthrough sample and, as a consequence, when
flowthrough had to be rechromatographied, no additional polydIdC was necessary.

4.4 INFE-3 is a "bona fide" hetero(di)meric protein complex
Biochemical analyses shown that, in addition to the well known NFE-3
binding complexes (named 2 and 3), a slower migrating and specific NFE-3 complex
(named 1) was also present. This newly identified complex was constantly seen in
crude K562 WCEs (Fig. 8), in the Heparin-Sepharose eluted fractions (Fig. 10) and
also in the active samples eluted from Sdx-200 column (Fig. 12 and 13) when tested in
EMSA with both yd- and e-CCAAT probes.
The observation that the mobility of the original NFE-3 complexes was
significantly faster than that of the NFE-3/band 1 complex is consistent with a
scenario in which the molecular weight of the latter protein/s is higher than that of

the protein/s involved in complexes 2 and 3. Besides, in gel filtration

chromatography, band 1 activity elutes like a 400 KDa native protein complex.

The possibility that band 1 results from a protein-protein interaction and
therefore from at least a heterodimeric complex bound to the consensus DNA, came
also from the in vitro complementation result (Fig. 18).

The heaviest (band 1) and the lightest (band 2 and 3) complexes shown typical
NFE-3 binding specificity but in vitro band 1 seems to bind less efficiently than the
other complexes to the canonical site.

The distal CCAAT box has been considered an essential element involved in the
transcriptional regulation of the y-globin genes, and a region in which crucial
interactions between trans-acting factors might take place.

The -117 HPFH vy promoter might be considered a different multicomponent
structure in which protein-DNA and protein-protein interactions modulating the -
globin genes silencing are critically affected.

In transgenic mice, the -117 HPFH point mutation leads to a HPFH phenotype, while
point mutations within this region that singly affect NFE-3 or GATA-1 binding do
not result in such a phenotype (see later). :

The finding that NFE-3 can recognize and bind its consensus sequence also
as a heterodimeric protein complex, lead to hypothesize that:



i) it might bind the distal CCAAT box in conjuction with other factor/s to modulate
the human y-genes

ii) for such a reason, the -117 HPFH ypromoter cannot be replaced in transgenic mice
studies by a y-promoter carrying a point mutation that singly abolished only the
NFE-3 in vitro binding, considering the non-identity between these two modified
promoters

Following the second purification scheme (as detailed above), two

polypeptides of 40- and 120-KDa were identified.

Both copurified with the NFE-3 activity and were the most abundant proteins
observed when active fractions were analysed by silver staining (Fig. 35).
Anyway, UV-crosslinking between affinity-purified NFE-3 samples and either end-
labeled or uniformly-labeled consensus site ONs gave rise to a pattern of labeled
proteins that perfectly agrees only with the molecular weight of the larger
polypeptide. The putative p40-related NFE-3 protein migrated in both experiments
slightly above the expected molecular weight. The reason for such a behaviour is still
unknown. It could be due to an interference of DNA probe during the separation on
SDS-PAGE, but it could also be simply explained with a non real partecipation of p40
in DNA binding.
As shown by southwestern blot experiment, indeed, p120 but not p40 binds by itself
to DNA (Fig. 38).

Whether or not p40, even without directly contacting DNA, plays a role in NFE-
3 activity cannot be surely assessed until cloning of its cDNA.

The affinity-purified proteins maintain the in vitro binding behaviour
observed and well characterized in K562 whole cell extracts; the only difference
consists in the easier displacement of their binding by one of the HPFH point mutant
ON (-117HPFH). As already considered in Chapter 3, this could be due to
fractionation of some cofactor(s) dispensable for NFE-3 binding activity, but
necessary for binding specificity.

Finally, considering either the different molecular size (in SDS-PAGE) and
DNA binding activity (in EMSA) or the lack of any cross-reactivity with specific
antibodies, the presence of Ku and YY1 protems in the affinity-purified NFE-3, can be
definitely excluded.
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4.5 In vivo relevance of NFE-3 protein
4.5.1 Transfection data

We have previously shown (238) that a mutation in the e-globin CCAAT
box that completely abolishes NFE-3 binding, results in the almost complete
inactivation of the e-globin promoter in transfected K562 cells; however, a different
mutation that also abolishes NFE-3 binding but allows substantial CP1/NF-Y
binding results in essentially normal activity of the promoter. These data suggest
that, in the K562 environment, both NFE-3 and CP1/NF-Y may act as positive
factors.

The finding that NFE-3 activity in transient transfection experiments does not
correlate with the genetic data is intriguing as it could reveal more sophisticated
mechanisms underlyining the switching. As already mentioned, NFE-3 - that has
been characterized in an embryonic/fetal cellular type - might be a binding activity
that only in the adult erythroid environment can interact specifically with other
proteins (transcription factors or not) or be subjected to specific post-translational
modification; as well as, NFE-3 might be finely modulated in its concentration (e.g.
by compartimentalization within the cell) or even its DNA-binding activity might be
differentially modulated by defined external stimuli in particular physiologic
circumstances. On this light, it is possible that NFE-3 could share homologies with
families of other proteins like CREB and Stat.

4.5.2 Transgenic mice

While a single point mutation at -117 in the duplicated CCAAT box region
of the 2y-globin gene promoter associated with Greek HPFH (240, 241) is sufficient to
produce a HPFH phenotype in transgenic mice (121), specific disruptions of either
GATA-1 or NFE-3 sites within this region failed to give a HPFH phenotype in adult
transgenic mice (239). These evidences do not support a direct role for either of these
factors as suppressors of y-globin gene transcription through binding to the CCAAT
box region, contrasting the in vitro data. However, these findings do not exclude the
involvement of GATA-1 and NFE-3 in y-globin gene regulation. They only reinforce
the current model by which 7y genes silencing is mediated by an accumulation of
weak effects spread across its promoter, with the CCAAT box region being one
participating in this effect.

Conceivably, NFE-3 is not the only factor implicated in modulating the - to B-
globin switch, but being its binding abolished by a variety of HPFH mutations that
encompass its canonical binding site, NFE-3 will be an important tool to recognize
the nature of the other factors involved in the switch.
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Communication between cis elements situated many Kb apart, seems to be
achieved through physical protein-protein interactions. Erythroid-specific,
ubiquitous or even non-DNA binding adaptor molecule(s) might physically link
promoter associatedtrans acting factor(s) to LCR-bound protein(s).

Transcription factors which bind DNA as obligate dimers are subjected to an
additional levels of regulation. In fact, by contacting or dimerizing with different
partners under diverse circumstances, a limited repertoire of proteins may be mixed
and matched to assume a greater role in gene regulation. Variation in dimer pairing
may differentially affect target gene transcription, titrate complex formation, allow
recognition of different DNA-binding sites, promote interaction with different
coactivators and co-repressors or may affect the subcellular localization.

In light of this view and considering the importance of protein-protein
interaction in establishing and maintaining functional association between cis
elementes within each promoter and the globin LCR, the possibility that NFE-3
activity might be due to a heterodimeric complex is really intriguingly.

This conclusion is, so far, supported only by biochemical evidences and it will be
verified only with the cloning of the corresponding cDNAs.

4.6 Conclusion and perspectives

The characterization of NFE-3 and the molecular cloning of the cDNA encoding
its specific component(s) will be a significant step toward an analysis of y-globin gene
regulation. With gene targeting in mouse embryonic stem cells and the methods
available for in vitro differentiation of hematopoietic cells, it will be possible to
initiate a formal genetic analysis of the function on NFE-3 in erythroid cell
development.
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