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ABSTRACT

DEAD box proteins are a family of proteins that are c!.aracterized by eight
highly conserved amino acid motifs, one of which is the DEAD motif (DEAD
standing for Asp-Glu-Ala-Asp). These proteins are putative RNA helicases that
are believed to be involved in many cellular functions such as translation
initiation, RNA splicing and ribosomal assembly. The human DEAD box gene,
DDX1, was identified by differential screening of a RB-enriched cDNA library.
DDX1 was shown to be amplified and over-expressed in two retinoblastoma and
several neuroblastoma cell lines amplified for MYCN, as well as in some primary
neuroblastoma tumours amplified for MYCN, suggesting co-amplification of
DDX1and MYCN in these cell lines and tumours.

To study the regulation of DDX17 transcription in retinoblastoma and
neuroblastoma cell lines, we have cloned the §' end of the DDX1 cDNA. Three
major and one minor transcription initiation sites of DDX1 have been identified.
DNase | hypersensitive sites, specific DNA-protein interactions and DNase |
protected regions have been detected in the 5' flanking region, as well as in the
first exon and first intron of DDX1, suggesting that these regions contain
regulatory elements. In addition, one region in DDX1 was identified which has

homology to the MYCN promoter region.
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CHAPTER I.
INTRODUCTION

I. Retinoblastoma and the RB gene
I. 1. General background

Retinoblastoma (RB), a rare childhood tumour of the retina, occurs in both
hereditary and nonhereditary forms. In the hereditary cases, children develop
bilateral, mutifocal tumours of the retina at an early age. In contrast,
nonhereditary RB is characterized by unilateral, unifocal tumours that develop in
older children. In 1971, based on a statistical analysis of RB, Knudson
postulated that RB could result from two mutations affecting both copies of a
gene (1). He proposed that in the hereditary form, one mutation is inherited and
a second mutation is acquired somatically, leading to tumour development. In the
nonhereditary form, both mutations occur in somatic cells. Subsequent
chromosomal abnormality, esterase D and DNA polymorphic analyses provided
strong support for this hypothesis, indicating that these mutations are located on
chromosome band 13q14 (2-5) and that both mutations involve the two ¢'leles of
the RB gene (6-10). Since complete inactivation of the RB gene appeared to be
directly responsible for tumour formation, the RB gene was categorized as a
tumour suppressor gene.

The RB gene, cloned in 1986, contains 27 exons dispersed over 200 kb of
DNA encoding a mRNA of 4.7 kb (8, 10, 11). The RB gene was found to be
expressed in all normal tisst ~s, but absent or mutated in ali RB tumours tested
(11)., which confirmed the hesis that inactivation of the RB gene is
important in the pathogenesis v these tumours. The RB gene product (pRB) is a

110 kDa nuclear protein with DNA binding activity. It undergoes phosphorylation
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in a cell-cycle dependent manner (12-14), with hypophosphorylated pRB present
in G1 and hyperphosphorylated pRB from S to M.

Mutation or absence of pRB have been found not only in RB, but also in
other tumours, including osteosarcoma, small cell lung carcinoma, breast,
bladder and prostate cancer, and leukaemia (10, 15-21). These observations

suggest a broad role for loss of functional pRB in the genesis of human tumours.

I. 2. The functions of RB protein (pRB)
I. 2. 1. The role of pRB in the cell cycle

Two lines of evidence suggest that pRB has an important role in the cell
cycle. First, the phosphorylation of pRB changes during the cell cycle. During
G1, pRB is predominantely hypophosphorylated, while in the S, G2 and M
phases pRB exists in a progressively hyperphosphorylated form. In the study of
primary T cells stimulated to enter the cell cycle, pRB has been shown to
undergo phosphorylation in multiple stages during the cell cycle: it is first
phosphe lated in mid G1; subsequent phosphorylation events occur in S and
G2/M (22). Analysis of the phosphoprotein revealed that pRB is phosphorylated
on serine/threomine residues by cyclin-dependent kinases (23;. The second line
of evidence comes from the discovery that microinjection of excess purified
hypophosphorylated pRB into early G1 cells inhib**s cell progression into S
phase, but injection of similar amounts of hypophosphorylated pRB into cells
arrested in late G1 or early S phase has no effect on DNA synthesis (24).

It is known that pRB can form complexes with several transforming
proteins of DNA tumour viruses, such as SV40 large T antigen (25), adenovirus
E1A (26) and human papilloma virus E7 (27). The SV40 large T antigen
specifically binds to the hypophosphorylated form of pRB that exists in the G1
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phase of the cell cycle, indicating that hypophosphorylated pRB is the active
form (28, 29). Studies also shcwed that pRB-induced G1 arrest can be abolished
by co-injection with T antigen (24). Because one of the functions of these viral
proteins is to drive non-dividing cells into the cell cycle so as to permit viral
replication, it is possible th~t binding viral oncoproteins to tihe active form of pRB
inhibits pRB's ability to r=strain cell division (27, 30, 31). Based cn these
findings. it was suggested that hypophosphorylated pRB possesses a
suppression activity in cell growth that can be turned off in late G1 either by
phosphorylation or by binding of viral oncoproteins.

The interaction of pRB and viral oncoproteins raised the nossibility that
pRB may function by binding to cellular proteins that are in turn responsible for
cell cycle regulation at the G1/S boundary. Immunological and biochemical
studies havr provided evidence that pRB interacts with a number of cellular
proteins implicated in the cell cycle (32-36). The best characterized cellular
protein associated with pRB is the transcription factor E2F (32). E2F was
originally identified as a cellular factor mediating the transcription of the
adenovirus E2 gene (33). In most cells, E2F is complexed with other cellular
proteins, thus preventing E2F from forming a complex with the E4 protein (a 19
kDa product of the adenovirus E4 gene activated during the early phase of viral
infection) to activate the E2 promoter. The adenovirus E1A protein can
dissociate the binding between E2F and cellular proteins, allowing E2F to
complex with E4 and bind to the £2 promoter to induce transcription of the E2
gene (33). E2F was also found to be required for transcription of cellular genes
involved in growth control and DNA synthesis, such as DHFR, thymidine kinase,
DNA polymerase «, cdc2, MYCN and MYCC (33, 36-39). These genes have

been shown to have E2F binding sites in their promoter region. In addition.
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expression of E2F has been found to induce quiescent cells to enter S phase
(40). These observations suggest that E2F has a function in cell progression. By
immunoprecipitation experiments, pRB has been found to be one of the cellular
proteins associated with E1A (26), suggesting that pRB may be able to form a
complex with E2F (32). Additional experiments demonstrated that pRB forms a
complex with DRTF1, a protein related or identical to E2F (41). A "pocket” region
has been identified at the carboxy terminus of pRB, which contains two domains
(domain A from amino acids 394 to 571, domain B from amino acids 649 to 773).
The pocket region is required for pRB interaction with E2F, E1A and SV40 large
T antigen (42-44). When using this region of pRB as a probe to screen
expression libraries, a number of clones that bind to pRB were obtained (45-48).
One clone was human E2F-1 defined by its sequence-specific DNA binding and
transcriptional activation properties (46-48). All these data suggest that E2F is a
cellular target for pRB.

The interaction of E2F and pRB is regulated by the phosphorylation status
of the pRB. E2F only binds to the hypophosphorylated form of pRB (32, 43). It
has been suggested that in G1, pRB binds to E2F and prevents it from binding
and activating transcription of other genes until the G1/S transition point, at
which time pRB is phosphorylated by cyclin-dependent kinases and E2F is
released. When E2F is free, it can activate transcription of genes required for S
phase (32, 49). If pRB is absent or mutated, it can not bind to E2F and/or other
similar factors. These factors can therefore continually activate transcription of
the genes required for S phase and the cells do not arrest at the G1/S boundary.
Through interaction with E2F, pRB acts as a regulator of the cell cycle by
overseeing the G1/S transition, regulating a large number of genes required for
cell cycle transition and also playing a role in the differentiation of some cell

types (14, 50, 51).



l. 2. 2. The role of pRB in transcription

Since pRB is a nuclear protein and has DNA-binding activity in vitro, pRB
has also been proposed to function as a transcriptional factor regulating
expression of certain genes. Transfection experiments have provided evidence
supporting this possibility.

pRB has been reported to negatively regulate the transcription of the c-fos
gene (52). Expression of c-fos was shown to be essential for the entrance of
quiescent cells into the cell cycle and its promoter appeared to be an attractive
target for suppressors of cell growth (53, 54). Human or mouse c-fos promoters
linked to a reporter gene (CAT) were transfected into NIH/3T3 cells alone or in
combination with an expression vector carrying RB cDNA. The results indicated
that the level of fos expression in cotransfected cells was reduced compared to
the level in the cells transfected with the CAT reporter constructs alone (52). In
an effort to map the regulatory elements within the c-fos promoter that are
responsible for pRB repression, 5' deletion mutants of the c-fos promoter were
tested for their activity in the presence of RB cDNA. A 31 nucleotide region
between -102 and -71 in the human c-fos promoter was defined as being
essential for transcriptional repression by pRB. This region has been termed
retinoblastoma control element (RCE) (52). Since c-fos is one component of the
heterodimeric transcription tactor AP-1 believed to be invoived in regulating a set
of early response genes required for cell growth, it is proposed that pRB may
also indirectly regulate the expression of other components of AP-1, such as c-
jun, junB and junD by downregulating AP-1 activity through repression of c-fos
transcription (52).

pRB has also been shown to positively regulate the transcription of TGF-§
1 and TGF-2. These two genes belong to the family of transforming growth

factor-fis (TGF-fs) that have a function in the regulation of cell division, cell
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differentiation and are the most potent growth-inhibitory polypeptides known for a
wide variety of cell types (55-57). Sequence homology to the c-fos RCE has
been found in the TGF-p7 gene promoter and transfection analysis has
demonstrated that pRB can regulate TGF-j}1 gene expression positively or
negatively via this site depending on the cell types, suggesting that the
regulation of TGF-f31 expression by pRB is cell-type specific (68). For TGF-p2,
the pRB induced transcription activation is through interaction with the
transcription factor ATF-2 (59).

Another gene known to be regulated by pRB is MYCC. MYCC is a
member of the MYC oncogene family. It encodes a nuclear phosphoprotein that
functions as a transcription regulator involved in the control of cell proliferation
and differentiation (60). Studies showed that pRB can downregulate transcription
of MYCC. This repression is believed to be mediated by TGF-f31 (61). A TGF-p3
control element (TCE) has been found in the MYCC promoter by deletion
analysis (62). The sequence of TCE is homologous to RCE. Both of them are
GC rich sequences. Co-transfection of RB ¢cDNA and MYCC promoter also
showed that the TCE is necessary for dowrregulation of MYCC by pRB (62).

I. 2. 3. Are other genes invu'ved in RB tumour formation?

All the results from the studies described above suggest that inactivation
of pRB may directly or indirectly affect numerous genes and their products. In
order to understand the RB tumorigenic state at the molecular level, it is
important to study not only the primary events involved in the transforming
process, but also the effect of pRB inactivation on the expression of other genes
in the cells. One approach is to identify genes that are selectively or
preferentially expressed in RB cells. For this purpose, a RB-enriched cDNA

library was prepared from RB522A and Y79 by hybridizing RB522A and Y79
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cDNAs to excess poly (A)* RNA from fetal tissues and a human duodenum
carcinoma cell line (HuTu). The double-strand hybrid was separated from the
single-strand cDNA by hyaroxyapatite chromatography. The nonhybridized
single-strand cDNA was selected for construction of the library (63). This
procedure resulted in the depletion of transcripts that are commonly present in
normal and tumorigenic proliferating cells. A differential strategy was then used
to screen the cDNA library by hybridizing replica filters with latelled cDNA
derived from either RB522A/Y79 or fetal tissue/HuTu poly (A)* RNA,
respectively. Ciones hybridizing preferentially to the RB522A/Y79 cDNA were
selected, purified and used for further analysis. Using this strategy, a transcript
that is preferentially expressed in a subset of RB cell lines has been identified. A
search for nucleotic.. sequence homology using the GenBank DNA database
revealed that this transcript encodes a member of the DEAD box protein family

(63). This DEAD box proirin has been named DDX1(DEAD box 1).

Il. The DEAD box protein family

The DEAD bc:x protein family is a rapidly growing family of proteins, which
contains more than 30 members at the present time. DEAD box proteins have
been identified in a wide range of organisms from bacteria to humans (64, 65).
This family was originally identified based on their amino acid sequence
homology to the eukaryotic translation initiation factor elF-4A. This family is
characterized by eight highly conserved amino acid motifs (Figure 1), one of
which is the DEAD motif (DEAD standing for Asp-Glu-Ala-Asp in their single
letter amino acid code) that gives the family its name (65). Members of this

family have been shown to have RNA unwinding activity.
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1. 1. Conserved motifs in the DEAD box protein famiiy

All members of the DEAD box protein family have been shown to contain
eight highly conserved motifs in their amino acia sequences. Of these eight
motifs, only four have been shown to have biochemical activities. They are motifs
one (AXXXXGKT), five (DEAD), six (SAT) and eight (HRIGRXXR). Using site-
directed mutagenesis, Sonenberg and his colleagues have carried out in vitro
functional studies of these four highly conserved regions in mouse elf-4A (66).
Furthermore, Linder and Schmid have performed an in vivo mutational analysis
of motifs one, five and six in yeast Tif1 and Tif2 (Tif1 and Tif2 have been shown
to be functional homologues of mouse eiF-4A) (67). The data from their studies
have demonstrated that motifs one, five, six and eight are involved in the ATP
binding, ATP hydrolysis and RNA unwinding reactions. The first motif
(AXXXXGKT) has been described as an ATPase A motif and shown to be
involved in ATP binding (66, 68, 69). The alanine (A) in this motif is conserved in
most of the members of the family (64). Substitution of this alanine residue with a
valine or an aspartic acid is either lethal to the cell or results in a slower growth
rate, whereas replacement by glycine has no effect on cell growth (67). UV
cross-linking assays showed that changing alanine to valine results in a dramatic
decrease in ATP cross-linking while changing lysine (K) to asparagine results in
almost complete abrogation of ATP binding. The fifth motif (DEAD) represents an
ATPase B motif (68). Evidence from mutational analysis indicates that this motif
is involved in ATP hydrolysis (66, 70) and some studies suggest that it may also
be involved in ATP binding (65, 66, 68, 70). The D-E residues in this motif are
highly conserved not only in the DEAD box family, but also in many proteins
involved in DNA and RNA replication (71, 72). Mutations in this region abolish
ATP hydrolysis, indicating that they are required for ATP hydrolysis (66). The

sixth motif (SAT) has been shown to be essential for RNA unwinding and a
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mutant with residues AAA instead of SAT was incapable of unwinding duplex
RNA, but still capable of binding RNA in an ATP-dependent manner (66). The
eighth motif (HRIGRXXR) located in the C-terminus is believed to be involved in
ATP hydrolysis and has been identified as a critical region for RNA binding. It
has been shown in vitro that any mutations generated by site-directed
mutagenesis in this region of elF-4A drastically reduces RNA cross-linking as
well as the rate of ATP hydrolysis activity (66, 73). RNA helicase activity of elF-
4A was also affected by the mutations in this last conserved motif (66, 73).

All these studies show that these four highly conserved motifs (motifs one,
five, six and eight) are important for the function of the DEAD box proteins as
defined by ATPase and RNA helicase activities. The functions of the remaining
motifs that are conserved in the DEAD box family have not been determined yet.

Although all members of the DEAD box family contain eight conserved
motifs, individual members have C-terminal and N-terminal regions that have
little in common. These regions have been suggested to be associated with the

specific function of individual proteins (64, 65, 66).

Il. 2. The functions of the DEAD box proteins

Two well studied DEAD box proteins, elF-4A and p68 (a mammalian
nuclear protein), have been shown to have RNA-dependent ATPase and ATP-
dependent RNA helicase activities in vitro (73-77). elF-4A is known to complex
with elF-4F (which is composed of the cap-binding protein elF-4E and a 220 KDa
protein) and bind to the 5' end of mMRNA. In the presence of another translation
initiation factor elF-4B and using the energy generated from ATP hydrolysis, t+i-.
complex will unwind secondary structure in the 5' untranslated regic» of
eukaryotic mRNA to allow ribosome binding and scanning for the AUC codon

(78-80). An in vitro RNA-unwinding assay has revealed that elF-3/ wawinds
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RNA in both the 3'- to 5' and 5'- to 3' directions (73). Based on these results, it is
often assumed that all members of the DEAD box protein family have RNA-
dependent ATPase and ATP-dependent RNA helicase activities and that these
proteins have a function in manipulation of RNA secondary structure (63, 64).
Studies have demonstrated that DEAD box proteins are implicated in various
cellular functions. Some are involved in general cellular processes, such as
translation initiation [elF-4A in mouse (73, 81), Tif1/Tif2 in yeast (66, 83)], RNA
splicing [PRP5, PRP28 and SPP81 in yeast (84-86)] and ribosomal assembly
[SrmB in E.coli (87)]. Other members of this family are known to be tissue- or
stage- specific. Their cellular functions are not clear, but some are believed to
play a regulatory role in cell growth and development. For example, murine PL10
mRNA is expressed only in the male germ line and its product has been
suggested to have a specific role in translational regulation during
spermatogenesis (88). The Drosophila genes, vasa and ME31B, are maternally
exp: ssed and their products are believed to be involved in embryogenesis (89-
92). p68 was identified because of its specific immunological cross-reaction with
the SV40 large T antigen (93). It is expressed in all dividing eukaryotic cells, but
not in quiescent cells (93). The nuclear location of p68 undergoes dramatic
changes during the cell cycle. It stays in the nucleoplasm during interphase and
enters the nucleoli during telophase (78). Alithough p68 has been shown to have
RNA-dependent ATPase and ATP-dependent RNA helicase activities in vitro
(76, 77), little is known concerning its cellular functions. !t has been suggested
that p68 may be required for the formation of nucleoli and may also have a
function in the regulation of cell growth and division (76-78).

In addition to roles in translation initiation and mRNA splicing, DEAD box
proteins are also involved in stabilizing mRNA (94). In E.coli cells, replacing the

host RNA polymerase with the faster bacteriphage T7 enzyme results in a ~100
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fold decrease in the production of p-galactosidase. But when vectors carrying
E.coli DEAD box protein genes, either SrmB or deaD were introduced into £ coli
cells containing bacteriphage T7 enzyme. there was overprodtction of [3-
galactosidase and cell growth was not affected. I* is proposed that
overexpression of DEAD box proteins stabilized the [3-galactosidase transciipts

by protecting them from endonucleases and resulted in efficient translation. (94)

il. 3. Regulation of DEAD box proteins

The mechanisms responsible for regulation of the DEAD box proteins are
not yet understood. However, a recent study has shown that p68 contains a
region of sequence homology to the conserved protein kinase C (PKC)
phosphorylation site and calmodulin (CaM) binding domain of neural-specific
proteins (95). The CaM binding domain is also known as the IQ domain (96). It
has been shown that CaM binding to the 1Q domain of neuromodulin decreases
the rate of phosphorylation by PKC, and phosphoryiation conversely prevents
CaM binding to the IQ domain (97). The IQ domain also has been implicated as
a region for interaction with other Ca**-binding proteins (98, 99). A study has
shown that after removal of bound RNA from p68 using ribonuclease, p68 can
be phosphorylated by PKC in a Ca**-dependent manner in vitro and
phosphorylation results in reduced ATPase activity, suggesting that PKC
phosphorylation blocks RNA stimulation of ATPase activity. In addition, the
ATPase activity of p68 can be significantly inhibited by CaM binding and this
inhibition is both Ca**- and CaM dose-dependent (95). Since the levels of
nuclear CaM in the cells is normally very high and Ca** or CaM alone has no
effect on ATPase activity of p68, it was suggested that the ATPase activity of
p68 is likely inhibited by PKC and/or by Ca**/CaM through the I1Q domain (95).

Because ATPase activity is required for p68 unwinding activity, it is proposed
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that the RNA helicase activity of p68 may be regulated by PKC and/or Ca* “/CaM
during the cell cycle (95).

ill. DDX1

DDX1 is a human DEAD box protein identified in RB cells by differential
screening of a RB-enriched cDNA library. All eight conserved amino acid motifs
characteristic of DEAD box proteins are present in the deduced amino acid
sequence of DDX1 (63). Studies from this lab have shown that the DDX7 gene is
expressed at high levels in two of six RB cell lines tezled -- RB522A and Y79, as
well as in IMR32 (a neuroblastoma cell line), but not in a variety of tumorigenic
cell lines from different origins, such as malignant glioma, bladder and colon
cancers (63). Tissue distribution of DDX1 mRNA indicates that it is expressed at
higher levels in tissues of neuroectodemal origin, including retina, brain and
spinal cord, than in other tissues (63). Southern blot analysis of the DDX7 gene
revc -+ J that there is gene amplification in the cell lines that have elevated levels
of DDX1 mRNA, indicating that gene amplification may be one of the factors
responsible for the higher expression of the DDX1 gene in these cell lines (63).
Interestingly, the MYCN gene is also found to be amplified in these same cell
lines (RB522A, Y79 and IMR32) (63) and recent studies have shown that both
DDX1 and MYCN genes are amplified in some primary neuroblastoma tumours
and cell lines (100-103), suggesting co-amplification of these two genes in these
cell lines and tumours (63, 100-103). Chromosome mapping studies revealed
that DDX1 and MYCN colocalize to chromosome band 2p24. Furthermore, HSR
(homogeneously staining region) analysis has indicated that amplified copies of
DDX1 and MYCN are located on the same HSR region on chromosome 1 in the
neuroblastoma cell line IMR32 (63, 104, 105). These data strongly support the
possibility of DDX1 and MYCN co-amplification.
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The biochemical and cellular functions of DDX1 protein remain unknown,
but some hypotheses have been generated based on what is known concerning
DDX1 and other members of the DEAD box protein family. Based on sequence
homology with other members of the DEAD box protein family. we hypothesize
that DDX1 protein has RNA-dependent ATPase and ATP-dependent RNA
helicase activities. In addition, since there is a similar level of homology between
DDX1 and all other members of DEAD box protein family, DDX1 may be
involved in either RNA splicing, initiation of translation or other activities yet to be
defined (63). Furthermore, computer search for amino acid sequence homology
of the region between the first two conserved motifs in DDX1 has shown a high
level of homology to a subregion of hnRNP U (heterogeneous nuclear
ribonucloprotein U) (106). HhnRNP U is a member of the hnRNP family. This
family has been proposed to have a function in the processing of hnRNA to
mRNA (107). T»» hnRNP U has RNA binding activity, and binds to hnRNA in
vivo and to bot. ""NA and ssDNA in vitro {108). The presence of a hnRNP U
homologous region in DDX1 indicates that DDX1 may have a role in RNA
processing (106). Finally, based on the fact that DDX7 and MYCN genes are co-
amplified in some RB and neuroblastoma cell lines, it has been postulated that
there may be interaction between the products of DDX7 and MYCN genes in
these cell lines. The DDX1 protein may play a role in MYCN mRNA processing.
Alternatively, MYCN protein, a transcriptional regulator (109, 110), may play a
role in the regulation of DDX1 RNA (100).

IV. The aim of this study
The overall objective of this study was to characterize the DDX1 gene in

RB and neuroblastoma cell lines. There were two aspects to this study: the first
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was to clone the 5' end of the DDX1 cDNA and identify the transcriptional start
site. and the second was to characterize the regulatory elements involved in the
regulation of DDX1 transcription.

The results from this study may contribute to a better understanding of the
mechanism of transcriptional regulation of the DDX1 gene and may 2/so help to
further investigate the possible relationship between DDX1 and MYCN genes at

the molecular level.
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CHAPTERIIIL.
MATERIALS AND METHODS

Library Screening

Positive phage were purified using three rounds of screening. In the
primary screening, the library was plated at a density of 5 X 10" p.f.u. (plaque
forming units) per 150 mm plate. E. coli LE392 bacterial host cells were used to
screen genomic libraries. E. coli BB4 was used to screen cDNA libraries. A total
of 1 x 10° phage particles were analyzed in the genomic library screening and 3
x 10° phage particles in the cDNA library screening. Host cells (600 ul) were
incubated with phage at 37°C for 20 min (this allows the phage to infect the host
celis) and plated on 150 mm plates. The plates were incubated at 37°C for 5to 6
hours. The plates were then chilled at 4°C overnight. Phage were transferred to
a nitrocellulose filter by placing a dry filter (130 mm, Millipore HA) on the surface
of the plate for 3 min. After asymmetrically marking each filter and the
corresponding plate for orientation using waterproof ink, the filter was lifted from
the plate with forceps, denatured in 1.5 M NaCl and 0.5 M NaOH, neutralized in
1.5 M NaCl and 0.5 M Tris HCI (pH 7.5), and rinsed in 2X SSC and 0.2 M Tris
HCI (pH 7.5) for 5 min, respectively. All filters were air dried for 1/2 hour and then
baked at 80°C in a vacuum oven for 2% hours.

The filters were pre-hybridized at 42°C for 4 to 5 hours in 50% formamide,
5X 8SC, 5X Denhardt's, 50 mM NaH,PO4 (pH 6.5) and 250 pg/ml sonicated
salmon sperm DNA. The pre-hybridization buffer was then removed and 10 mi of
hybridization solution containing 50% formamide, 5X SSC, 1X Denhart's
solution, 20 mM NaH,PO,, 10% dextran sulfate, denatured **P-labelled probe
and 100 pg/ml salmon sperm DNA was added. Hybridization was carried out at

42°C overnight. Following hybridization, the filters were washed three timez in 2X
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SSC and 0.1% SDS, and two times in 0.1X SSC and 0.1% SDS. The washed
filters were air dried and exposed to X-ray film at -80°C with intensifying screens.
Positive clones were picked with toothpicks and transferred to a grided 85 mm
plate containing a lawn of host cells. At least 50 plaques were picked from each
positive clone area in order to increase the chance of getting positive clones.
The plagues underwent secondary screening as detailed for primary screening
except that 80 mm nitrocellulose filters (Millpore HA) were used to transfer
plaques.

The tertiary screening involved removing an agar plug containing the
positive plaque, transferring the agar plug to a sterile eppendorf tube containing
500 pl of SM buffer (0.1 M NaCl, 0.01 M MgSQ,, 0.05 M Tris HCI pH 7.5 and
0.01% gelatin) and 35 pl of chloroform, and rzleasing the phage particles from
the agar plug. This phage stock was stored at 4°C. Diluted phage stock was
incubated with 200 ul of host cells at 37°C for 20 min and plated on a 85 mm
plate. Using toothpicks, individual plagu. s were picked and transferred to a
grided 85 mm plate containing a lawn of host cells. Phages were transferred to
nitrocellulose filter and underwent tertiary screening.

Positive plaques from the tertiary screening were stored as individual
phage stocks in 500 pl of SM buffer and 35 pul of chloroform at 4°C.

For the cDNA library screening, pBluescript phagemids containing DNA
inserts of interest were prepared from phage stocks by in vivo excision according
to the protocol supplied by Stratagene. For the genomic library screening,
bacteriophage containing DNA inserts of interest were prepared from phage
stocks as described (111) and then digested with restriction enzyme. The
digestion products were separated on a 1% agarose gel and Southern blotted in
order to select DNA fragments of interest. The DNA fragments were then purified

and subcloned into pBluescript.



Preparation of DNA Inserts

DNA fragments were generated by restriction enzyme digestions,
separated by electrophoresis on 1% agarose or 5% polyacrylamide gels. and
isolated from the gels by electroelution in 1X TBE at 160 volts for 2 to 3 hours.
The DNA was extracted with phenol and chloroform, and then precipitated with
1/10 volume of 5 M NaCl and 2 volumes of ethanol at -20°C for at least 1 hour.
The DNA pellets were resuspended in sterile H,O and stored at -20°C.

Labelling of DNA Fragments

The DNA fragments used as probes in library screenings or Southern
blotting were labelled using nick translation as described (113). The DNA
fragments used as probes in the EMSA experiments were labelled as described
(114). Single-end labelling of DNA fragments used as probes in DNase |
footprinting was performed as described (115).

DNA Sequencing

DNA sequencing was by the dideoxynucleotide chain-termination method
with T7 DNA polymerase (Pharmacia) as modified for double-stranded DNA
templates (116, 117). For sequencing of large DNA fragments, a sequential
deletion strategy was used to obtain overlapping sequences (118).

Promoter Sequence Homology Search

Searches for promoter sequence homology were performed using the
eukaryotic promoter database at the National Center for Biotechnology
Information through the BLAST network service. In addition, Dr. Rufus Day
(Cross Cancer Institute) performed a search for transcription factor binding sites
using his specially designed program.

Secondary Structure Prediction
The secondary structure prediction for the sequerice at the 5' end of

DDX1 cDNA was performed using the foldrna' program from the GCG (Genetics
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Computer Group) software manual version 7.3.1. 1993 (119). This program is
based on the method described in references 120 and 121.
RACE (Rapid Amplification of cDNA Ends)

A 5-AmpliFINDER RACE kit was purchased from CLONTECH. Using poly
(A)* RNA as template and nested gene-specific primers, the RACE experiments
were carried out according to the protocol supplied by the manufacturer (Figure
2). Briefly, using 2 ng of poly (A)* RNA from RB522A as template, 1st-strand
cDNA was synthesized with a DDX1 gene-specific primer. The RNA template
was then hydrolyzed with NaOH and excess primer was removed using a glass
matrix support. Purified cDNA was precipitated with ethanol. A single-stranded
AmpliFINDER anchor oligonucleotide that contains an EcoRI site was ligated to
the 3'-end of the cDNA using T4 RNA ligase. PCR amplification was then
performed using ligated cDNA as template and the two primers, AmpliFINDER
anchor primer and a nested DDX1 gene-specific primer. RACE PCR products
were analysed by electrophoresis on a 1% agarose gel and Southern blotting.
PCR products of interest were purified, restriction enzyme digested and then
cloned into pBluescript. DNA sequence analysis of both strands of the DNA
insert was as described in DNA sequencing.
Southern Biot Analysis

RACE PCR products were run on a 1% agarose gel in TAE buffer (40 mM
Tris-acetate, 1 mM EDTA pH 7.2). The DNA gel was then denatured and
neutralized in 0.5 N NaOH/1.5 M NaCl and 3 M NaCl/0.5 M Tris-HC! (pH 7.5),
respectively. Transfer of DNA to nitrocellulose and conditions for prehybridization
and hybridization were as described (122).
Poly (A)* RNA Preparation

The RB522A cell line was obtained from Dr. Brenda Gallie (Hospital for

Sick Children, Toronto). The IMR32 cell line was obtained from the American
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Figure 2. Schematic representation of amplification of the 5'-end of a gene
using the 5-AmpliFINDER RACE method (supplied by CLONTECH). P1 and
P2 are nested gene-specific primers. After the 1st-strand cDNA is synthesized
using poly(A)+ RNA as template and P1 as primer, the AmpliFINDER anchor
is ligated to the 3'-end of 1st-strand cDNA using T4 RNA ligase. AmpliFINDER
anchor primer, which contains a EcoRl site, and P2 are then used for PCR
amplification. The black square at the 3'-end of P2 indicates a restriction
enzyme site that will be used in cloning the PCR product.
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Type Culture Collection. The RB(E)-2 tumour was obtained from the Royal
Alexandra Hospital here in Edmonton. Cells were cultured in DMEM containing
10% FCS (fetal calf serum), 10 ug/ml insulin and 5 X 10 > M p-mercaptoethanol.
Poly (A)* RNA was extracted from these cells using the hot phenol method and
oligo(dT)-cellulose chromatography as described (123).
Primer Extension

A primer extension system from Promega was used in this study. The
experiments were carried out according to the protocol supplied by the
manufacturer. Briefly, poly (A)* RNA was isolated from RB522A, IMR32 and
RB(E)-2 cells, respectively. An oligonucleotide complementary to the sequence
at the 5' end of the DDX1 cDNA was labelled with T4 polynucleotide kinase
(BioLabs) and [y-*?P] ATP (DuPont, 3000 Ci/mmoi, 10 mCi/ml). The labelled
primer was annealed to 2 pg of each poly (A)* RNAs at 45°C for 90 min. The
extension reaction followed at 42°C for 60 min using AMV reverse transcriptase
(Promega). The primer extension products were heated at 90°C for 10 min and
then separated on a 8% denaturing polyacrylamide gel. A G+A sequencing
ladder served as the size standard. The gel was dried at 80°C in an vacuum
dryer for 50 min and then exposed to X-ray film at -80°C.
DNase | Hypersensitivity Assay

Nuclei were isolated from RB522A cells as described (124). DNase | was
added to 100 pl (~100 ng) aliquots of nuclei to a final concentration of 0.1-25 pg/
ml. The reactions were then incubated at 37°C for 10 min. The negative controls
in which nuclei were not treated with DNase |, were incubated at 4°C and 37°C
for 10 min, respectively. Digestion was stopped by adding 200 p! of buffer
containing 10 mM Tris-HCI (pH 8.0), 2.5 mM EDTA, 1% SDS and 50 ug/ml
proteinase K and incubated at 37°C overnight. Genomic DNAs were then

extracted by chloroform and phenol and precipitated with ethanol. The purified
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DNA (10 ng per sample) was digested with appropriate restriction enzymes. The
DNA fragments were separated by electrophoresis on a 1% agarose gel and
Hindlll digested 7. DNA was used as a marker. Southern blotting was carried out
using radioactively labelled probes prepared by nick translation.
Preparation of Nuclear Extracts

Nuclear extracts were prepared from RB522A and IMR32 cells according
to the method described by Guérin et al (125). Briefly, about 5 X 10° frozen cells
from RB522A or IMR32 were thawed on ice. 4 ml of NE1 buffer [10 mM Hepes
(pH 7.9), 1.5 mM MgCl,, 10 mM KCi, 0.2 mM EDTA and 25% glycerol] was
added and the cells were homogenized using a 15 ml dounce. Nonidet P-40 was
then added to a final concentration of 0.2%. Following another round of
homogenization, nuclei and cell debris were centrifugated at 1300 rpm for 10 min
at 4°C using a HB-4 rctor. The supernatant was discarded. Nuclei were washed
with 5 ml of NE1 buffer and centrifugated as above. After the supernatant was
discarded, the nuclei were gently resuspended with 1 "Packed Cell Volume" of
NE1 buffer and then 4 M KCI was slowly added to a final concentration of 350
mM. The nuclei were incubated on ice for 10 min, then transferred to a 7 ml
dounce and homogenized ~10 strokes. The homogenate was transferred to
ultracentrifuge tubes and spun at 30,000 rpm for 3 hours at 4°C using a TST
60.4 rotor. The supernatant was dialyzed twice, 30 min each time at 4°C against
500 mi of DNase | buffer (50 mM KCi, 4 mM MgCl,, 20 mM KPO,, 1 mM §-
mercaptoethanol and 20% glycerol), after which the supernatant was transferred
to eppendorf tubes and centrifugated at full speed for 5 min in a microcentrifuge
at 4°C. The supernatant was quick-frozen in 50-100 pl aliquots in liquid nitrogen
and stored at -80°C. A small aliquot of the supernatant was used to determine

the protein concentration according to the Bradford assay (126).
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EMSA (Electrophoretic Mobility Shift Assay)

The DNA fragments used as probes in EMSA were labelled with j.:-*P]
dCTP (DuPont, 800 Ci/mmol, 10 mCi/ml) using Klenow polymerase for fillic g in 2t
restriction enzyme sites. EMSA was performed essentially as described by
Garabedian et al (127). Briefly, 1-2.5 ng of nuclear extract were iricubated with 1-
2 ng of poly (dI-dC) in a final volume of 20 ul containing birding kuffer (20 mM
Tris-HCI pH 7.9, 50 mM NaCl, 2 mM MgCi,, 1 mM EDTA. 10% glycerol, 1 mM
dithiothreitol) for 20 min at room temperature. The labelled probe was added and
incubated for another 10 min at room temperature. Competition binding
experiments were performed by first incubating the competitor with the nuclear
protein extract and poly (dI-dC) in binding buffer for 20 min at room iemperature.
The labelled probe was then added and the sample was incuhated for an
additional 10 min. The reaction mixture was loaded onto a 6% non-derturing
polyacrylamide gel and resolved by electrophoresis at 160V at room temperature
for 2 to 3 hours. The gel was dried for ~1 hour at 80°C and then exposed to X-
ray film.

In vitro DNase | Footprinting Assay

In vitro DNase | footprinting experiments were performed essentially as
described (127). Briefly, DNA fragments used as probes in the DNase |
footprinting experiments were end-labelled on either the coding and/or the
noncoding strand with [«-*2P] dCTP (Amersham, 3000 Ci/mmol, 10 mCi/ml) by a
fill-in reaction using Klenow polymerase. A second restriction enzyme was used
to obtain the appropriate end-labelled DNA fragments. The digested products
were separated on a 5% polyacrylamide gel. The end-labelled fragments were
cut out from the gel and purified. DNase | digestions were carried out in a 50 pl
volume containing 25 mM Hepes (pH7.6), 23 mM KCI, 6 mM MgCl,, 0.48 mM
EDTA, 10% glycerol, 0.5 mM dithiothreitol, 2 ng of poly (dl-dC) and end-labelled
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probe (10 fmole, 10,000-30,000 cpm) with 30 ng of nuclear extracts. The
mixtures were incubated on ice for 15 min and then at room temperature for 2-3
min, after which 50 pl of start buffer (10 mM MgCl,, 5 mM CaCl,) was added.
Fresh DNase | diluted in sterile H,0 was added and digestion was allowed to
proceed for 60 sec at room temperature. The amount of DNase | was adjusted to
produce an even pattern of partial cleavage products. Reactions were stopped
by adding 100 ul of stop solution (200 mM NaCi, 20 mM EDTA, 10% SDS).
Samples were then extracted with phenol-chloroform, and the DNAs were
precipitated with 2 volumes of ethanol. The DNA pellets were dried and
resuspended in sequencing loading buffer (95% formamide, 10 mM NaOH, 1
mM EDTA, 9.025% bromophenol, 0.025% xylene cyanol), and the samples were
denatured at 90°C for 3 min and then loaded onto a 7% polyacrylamide-8M urea
sequencing gel. The gel was dried and exposed to X-ray film at -80°C. Areas
protected from DNase | digestion and their sequences were determined by
parallel runnirny of a G+A sequencing reaction and by comparison with a

negative control reaction in which no nuclear extract was added.
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CHAPTER Ili.
CLONING THE 5' END OF DDX1 cDNA AND
IDENTIFICATION OF THE TRANSCRIPTION INITIATION SITE

Il. 1. Introduction

Obtaining a complete cDNA sequence is ciitical for gene regulation and
expression studies. By difierential screening of a RB-enriched cDNA library, a
~2.4 kb sequence of DDX1 cDNA (this sequence is referred to as the DDX1 2.4
kb cDNA in this thesis) was generated from a number of overlapping cDNA
clones. The presence of a poly (A) tail at the 3' end of the DDX1 2.4 kb cDNA
indicated that it was complete at its 3' end. The predicted amino acid sequence
of DDX1 revealed an open reading frame from position 1 to 2217 of the DDX1
2.4 kb cDNA (106). However, based on the predicted size of the DDX1 mRNA
determined by Northern blotting, it was estimated that a maximum of 400 bp of 5'
DDX1 cDNA sequence was lacking. Extensive screening of two RB cDNA
libraries failed to generate clones containing the 5' end of DDX1 cDNA.

In order to obtain the full length sequence of the DDX1 cDNA, two
strategies were used. First, Northern analysis showed that DDX1 mRNA is
preferentially expressed in fetal brain, suggesting that screening of a fetal brain
cDNA library might represent a way to obtain clones whose sequence extended
to the §' end of DDX1 cDNA. A human fetal brain cDNA library was therefore
purchased for this purpose. Second, we used the RACE (Rapid Amplification of
cDNA Ends) strategy te attempt to obtain the 5' end of DDX1 cDNA. This method
is designed to specifically amplify the 5' ends of cDNAs and is believed to be the
preferred way to overcome the difficulties of cloning the 5' ends of cDNAs

caused by secondary structure at the 5' end of mRNA. Once the complete
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sequence of the DDX1 cDNA is obtained, the primer extension strategy can be

used to verify the exact transcription start site.

lil. 2. Results

Cloning the 5' end of DDX1 cDNA. A human fetal brain cDNA library
(week 18 of gestation) was purchased from Stratagene. Approximate 500,000
plaques were screened using a *?P-labelled probe (a ~320 bp DNA fragment
from the 5' end of the DDX1 2.4 kb cDNA). Clones hybridizing to the probe were
selected, purified and the pBluescript phagemids containing DNA inserts were
rescued by in vivo excision. Upon sequencing of purified DNA from these clones,
we were able to extend the DDX1 cDNA sequence to the 5' end by ~100 bp (this
sequence will be referred to as DDX1 2.5 kb cDNA).

In the RACE experiment, we designed two nested DDX1-specific primers,
P1 and P2 (Figure 3). These primers were complementary to the sequence at
the 5' end of DDX1 2.4 kb cDNA. Using 2 g of poly (A)* RNA from RB522A as
template, 1st-strand cDNA was synthesized with P1. In cider to obtain efficient
cDNA synthesis, the poly (A)* RNA was first incubated at 65°C for 15 min to
reduce secondary structure at the 5' end of DDX1 mRNA. For the same reason,
the reverse transcriptase step in the cDNA synthesis was performed at a
relatively high temperature (52°C). The RNA template was then hydrolyzed using
NaOH and cDNA was synthesized. A single-stranded AmpliFINDER anchor
oligonucleotide containing an EcoRI site was ligated to the 3' end of the cDNA
using T4 RNA ligase. PCR amplification was carried out using ligated cDNA as
template and the two primers: AmpliFINDER anchor primer and P2. In control
reactions, either AmpliFINDER anchor primer and P1 or only AmpliFINDER
anchor primer were used in the PCR reactions. An additional control reaction

was carried out in the absence of ligated cDNA and using only AmpliFINDER



5'CTCTGTAGCTGTGACCCTGATACCGCGTGGTGTGCTCCGAACACATGGT
P4

GCCCAGAACGAAGGCGGCGTCCAGAAGCCCTAGGTCCCAGAGGTCGCTCAG
P3
CGGCAGGCGCATAAGGCGGGGCCGGCGCGGGCCTTTCCTTCCATCGGAACC

GTTCTCCCGGGGCTGAGTCCCTGCCCGGACTCCGAACGCCGAAGACCAGGG
GCCGGAAGCGCGCGCCGCCACTGCCACGCCGTCTCAGTCGGGAGGGAGGGA
GCGAGCAGGCGAAGCCGCGGAGGACGGGGTGAAGATGGCGGCCTTCTCCGA
GATGGGTGTAATGCCTGAGATTGCACAAGCTGTGGAAGAGATGGATTGGCT

CCTCCCAACTGATATCCAGGCTGAATCTATCCCATTGATCTTAGGAGGAGG
P2

TGATGTACTTATGGCTGCAGAA. . . 3"

Pl

P1, P2... gene-specific primers used in the first RACE experiment. The primers
used are complementary to the underlined sequences.

P3, P4... gene-specific primers used in the second RACE experiment. The
primers used are complementay to the underlined sequences.

Figure 3. Sequence of the 5" end of the DDX1 2.7 kb cDNA. The sequence
shown in bold represents the additional sequence obtained using the RACE
strategy. This sequence extended ~230 bp upstream of DDX1 2.5 kb cDNA.
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anchor primer in the PCR reaction. PCR products were electrophoresed on a 1%
agarose gel and Southern blotted. The filter was hybridized using a “'P-labelled
probe (a ~100 bp DNA fragment from the 5' end of DDX1 2 5 kb cDNA). A PCR
product of ~400 bp was found to hybridize to the probe (Figure 4) The DNA from
this band was purified, digested with EcoRI/EcoRV and cloned into pBluescrip!
digested with the same enzymes. Several clones were sequenced from both
strands. The longest clone contained an insert of ~370 bp that extended ~230 bp
upstream of DDX1 2.5 kb cDNA (Figure 3) (this sequence is referred to as
DDX1 2.7 kb cDNA). Based on this sequence, we designed an additional two 5'
end-specific primers, P3 and P4 (Figure 3), and repeated the RACE experiment.
P3 was used in cDNA synthesis and P4 was used in PCR amplification. The
sequence obtained from the second RACE experiment did not extend further
upstream. Therefore, both RACE experiments revealed the same sequence at
the 5' end of the DDX1 cDNA.

When the ‘foldrna' computer program was used to analyse 303
nucleotides at the 5' end of the DDX1 2.7 kb cDNA, it revealed " extensive
secondary structure (Figure 5). Based on these data, we speculated that our
original difficulties in cloning the 5' end of the DDX1 cDNA may have been due to
the secondary structure at the 5' end of DDX1 mRNA that prevented the
progression of the reverse transcriptase through this region during first strand
cDNA synthesis.

Identification of the transcription init:ation site of DDX1. The
transcription initiation site of DDX1 was determined by primer extension Poly
(A)" RNA was prepared from RB522A, IMR32 and RB(E)-2 cells, respectively.
RB522A and IMR32 cell lines were chosen for their overexpression of DDX1
mRNA, while RB(E)-2 was chosen because it expresses DDX1 mRNA at normal

levels. The primer used in the primer extension was a 21 oligonucleotide that



b .- ~400 bp

Figure 4. Southern blot analysis of PCR products from the RACE
experiments. 1st-strand cDNA was synthesized using poly(A)+ RNA from
RB522A as template and gene specific primer P1 (Figure 4). Anchor primer
(Figure 2) and gene specific primer P2 (Figure 4) were used for PCR
amplification. In control reactions, either anchor primer and gene specific
primer P1 were used or only the anchor primer was used in the PCR reactions.
1 ul of each PCR product was electrophoresed on a 1% agarose gel and a
~100 bp radioactively labelled cDNA fragment derived from the 5' end of DDX1
2.5 kb cDNA was used as the probe in Southern blots. Lanes 2-4, 6 and 8 were
loaded with 1ul of each control samples [lane 2, using anchor primer and
primer P1; lane 3, using only anchor primer; lane 4, using only anchor primer
and without template DNA; lanes 6 and 8, using anchor primer and primer P1,
but the ligated cDNA used in the PCR reactions was diluted (1/10 in lane 6 and
1/100 in lane 8)]. Lanes 1, 5 and 7 were loaded with 1 |l of RACE PCR product
using anchor primer and P2, respectively [(the ligated cDNA used in the PCR
reactions were undiluted (lane 1), 1/10 diluted (lane 5) and 1/100 diluted (lane
7)]. The arrow indicates the location of the ~400 bp PCR product that
hybridized to the probe.
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was complementary to a sequence near the 5' end of the DDX1 2.7 kb cDNA
(Figure 6), and labelled with T4 polynucleotide kinase and [-*?P] ATP. The
labelled primer (~200 fmol, 150,000 to 250,000 cpm) was annealed to 2 g of
poly (A)" RNA from RB522A, IMR32 and RB(t)-2 cells, respectively, and
incubated at 45°C for 90 min. The cDNA was extended 5' of the primer with
reverse transcriptase at 42°C for 60 min. The products of the primer extension
were separated on a 8% sequencing gel using a G+A sequencing ladder as size
marker. The result of a typical primer extension is shown in Figure 7. No
extension products were detected in RB(E)-2. In the RB522A cell line, three
major extension products were observed at 46, 43 and 40 bp upstream from the
primer. The first two corresponded to positions 6 and 3 nucleotides upstream of
the 5' end of the DDX1 2.7 kb cDNA and the third one corresponded exactly to
the 5' end of the DDX1 2.7 kb cDNA (Figure 6). One minor band iocated at 45 bp
upstream from the primer was also detected in the RB522A cell line (Figure 7).
This band corresponded to a site 5 nucleotides upstream of the 5' end of the
DDX1 2.7 kb cDNA (Figure 6). In the IMR32 cell line, we did not observe any
extension products corresponding to those seen in the RB522A lane, despite
increasing the exposure time and repeating primer extension experiments under
different conditions. But there is a evidence (data not shown) that extension
products identical to those observed in the RB522A cell line are found in another
neuroblastoma cell line, BE(2)-C, also shown to overexpress DDX1 mRNA (100).
Based on these data, we believe that there are three major transcription initiation
sites in DDX1 (Figure 6). We have designated the nucleotide at which the first

transcription initiation site is located as "+1" (Figure 6).



CAACGGTGTGGTGTCAGTCTGAGCCCACTGGATGACCCTAAT

CACCAAACACTCGCS '"TTCCTT*CTCTGTAGCTGTGACCCTG
To 7 0

+1

ATACCGCGTGGTGTGCTCCGAACACATGGTGCCCAGAACGAA

GGCGGCGT...3"

Figure 6. Transcription start sites of DDX1 as determined by primer extension.
Three major transcription initiation sites are indicated by "T" and one minor site is
indicated by "¢". The nucleotide indicated by the first "T" is designated as "+1",
which is located 6 nucleotides upstream of the 5' end of the DDX1 cDNA
obtained using the RACE strategy (the latter is denoted by "+"). The primer used
in the primer extension is complementary to the sequence that is double
underlined.



RB522A
IMR32
RB(E)-2

Figure 7. Mapping of DDX1 transcription initiation sites by primer extension. A
radioactively labelled primer (Figure 6 ) was annealed to 2 ug of poly (A)+ RNA
from RB522A, IMR32 and RB(E)-2 cells, respectively, and extended to the 5'
end using reverse transcriptase. The products were run on a 8% denaturing
polyacrylamide gel using a G+A sequencing ladder as size marker.The
extension products detected are indicated by arrows and their positions
upstream from the primer used in primer extension are numbered in
nucleotides, which are determined by comparison to the G+A sequence
ladder.
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CHAPTER IV.
CHARACTERIZATION OF THE
REGULATORY ELEMENTS OF THE DDX1 GENE

IV. 1. Introduction

Gene expression is controlled by regulation of gene transcription that
involves specific interactions between transcription factors and regulatory
elements. In this study, characterization of regulatory elements that participate in
the transcriptional regulation of the DDX7 gene will help us to understand how
the expression of this gene is regulated. Since the regulatory elements are
usually located upstream of the transcription initiation site, we initiated this study
by screening a human genomic library to identify and clone the 5' flanking
sequence of DDX1.

We have used different techniques to identify the regulatory elements of
DDX1, including DNase | hypersensitivity, EMSA (Electrophoretic Mobility Shift
Assay) and DNase | footprinting. D.dase | hypersensitivity experiments have
proven to be a valuable tool for detection of alterations in chromatin structure
that are associated with the regulatory regions of transcribed genes (124, 128-
130). These regions are "hypersensitive" to DNase | digestion and therefore
called DNase | hypersensitive (HS) sites. HS sites are believed to occur as the
consequence of transcription factors binding to specific DNA sequences (130)
and have been mapped to promoters (regu'atory elements that are proximal to
the transcription initiation site) and enhancers (more distally located elements
that usually function in a position and orientation independent manner) (131).
Mapping of DNase | HS sites can provide general information regarding the
location of regulatory elements in a large segment of DNA flanking the gene of

interest.
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EMSA and DNase | footprinting are two methods commonly used to
detect specific interactions between transcription factors and cis-regulatory
elements (132-135). Transcription factors are sequence-specific DNA binding
proteins, which are involved in the regulation of gene transcription by binding to
sequence-specific DNA located at promoters or enhancers, resulting in either
activation or repression of gene transcription.

EMSA provides a simple and sensitive method for identifying nuclear
proteins that bind to specific sequences of a gene (127). It relies on the ability of
a protein to bind to a radioactively labelled DNA fragment in vitro, followed by
electrophoretic separation of DNA-protein complexes from unbound DNA on a
non-denaturing polyacrylamide gel (133, 134). DNA-complexes migrate more
slowly and give retarded bands on the gel. Using this method, protein-DNA
interactions in a given DNA sequence region can be determined. In DNase |
footprinting, the binding of transcription factors to an end-labelled DNA fragment
protects the DNA domain that interacts with the transcription factor from
digestion by DNase !, resulting in protected regions represented as absent
bands on denaturing polyacrylamide gels (127). By using a G+A sequence
ladder in DNase | footprinting, the sequences recognized by the transcription
factors can be accurately identified.

Another method that can be used to identify regulatory elements is DNA
transfection assay using CAT reporter gene. This is a functional assay to
biologically assess the regulatory activity of DNA flanking the gene of interest.
DNA fragments from the 5' flanking region, which contain putative regulatory
elements, are cloned into a pCAT vector at a position upstream of the CAT gene
that encodes the enzyme chloramphenicol acetyl transferase (CAT). Eukaryotic
cells are then transfected with these constructs. As the pCAT vector lacks

eukaryotic promoter and enhancer sequences, CAT activity will be driven by the
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regulatory elements located in the inserted genomic DNA. CAT activity in
cultured cells is measured by the conversion of ['“C) chloramphenicol to its 1-
acetyl and 3-acetyl derivatives, which can be analyzed either by using thin layer
chromatography (TLC) or by liquid scintillation counting (LSC) of CAT reaction
products (136). Because CAT is a bacterial gene, eukaryotic cells contain no or
very low background of CAT activity. The CAT activity detected in this assay

therefore reflects the activity of regulatory elements located in the inserted DNA.

IV. 2. Results

Genomic cloning. A human genomic library was purchased from
CLONTECH. Approximate 1 X 10° plaques were screened using a 32P-labelled
probe consisting of a ~170 bp DNA fragment derived from the 5' end of the
DDX1 2.7 kb cDNA. Two clones that hybridized to the probe were selected and
purified by three rounds of screening. Genomic DNA from these two clones were
digested with EcoRIl, Pvull and Bgll, respectively. The products of these
digestions were separated on a 1% agarose gel and Southern biotted. The filter
was hybridized using the same ~170 bp probe as the one used in genomic
library screening. Two DNA fragments derived from one clone, an EcoR)
fragment of ~9 kb and a Bglll fragment of ~4 kb, hybridized to the probe. These
two fragments were purified and subcloned into pBluescript. In order to obtain
the complete sequence of the ~4 kb Bgill fragment, a sequential deletion
strategy was used. The pBluescript containing this insert was double-digested
with Kpnl and Xhol. Kpnl digestion created a 3'-single-stranded overhang that
prevented the vector sequence from being digested by exonuclease Ill, while
Xhol digestion produced a 5' overhang from which exonuclease Il initiated
digestion to create deletions in the insert. By controlling the time of exonuclease

Il digestion, sequential deletion of the insert was obtained. After digestion with
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mung bean nuclease, the DNAs were re-ligated. Overlapping sequences were
obtained by sequencing plasmid DNAs containing various size inserts.
Sequencing of the ~4 kb Bglil fragment indicated that it contains ~2.1 kb of 5’
flanking sequence. The sequence immediately upstream of the transcription
initiation site did not reveal a typical TATA box sequence. However, a TATA box
sequence (TATAAA) was found at position -260 to -255 bp. Eukaryotic promoter
homology search for the ~2.1 kb of &' flanking sequence was performed using
the eukaryotic promoter database at the National Center for Biotechnology
Information through the BLAST network service. Two areas with homology to
human Alu sequences were identified at -1883 to -1576 bp and -1049 to -603 bp,
respectively. The region from -315 to -272 bp (Figure 8) was homologous to the
MYCN promoter region from -214 to -170 bp [66% (30/45) nucleotide irentity]
(137, 133).

Mapping DNase | hypersensitive (HS) sites in DDX1. Three DNase |
hypersensitivity experiments were performed to map the DNase | HS sites in the
5' flanking region, as well as in the first exon and first intron of DDX7. Nuclei
were prepared from RB522A cells and treated with increasing concentrations of
DNase |. The genomic DNA was then purified and digested with three different
enzymes. The genomic DNA fragment produced from the restriction enzyme
digestion, along with subfragments produced by DNase | digestion, were
detected using specific probes mapping 5' or 3' of the fragment. Through
analysis of the size of the bands detected, possible DNase | HS sites were
mapped. In the first DNase | HS experiment, the DNA was digested with Bgill,
which generates a ~4.2 kb fragment from -2.1 kb to +2.1 kb. This fragment,
along with the partial digestion products produced by DNase | digestion, were
detected with probe A (as indicated in Figure 9). Four DNase | HS sites were

identified in this region, HS sites | and Il were mapped within the first intron, HS



5'....GACACTCTGGGGCAGGCTACAGATAGCACAGCACGCGCCOTCSUATTGUGCAGA
TGTGGCTCAGATCCCACGCTGCCATTCGGTAGATAAT: | i GTCTTTAGATAACTGACT TAA
CTTTCCCGAATTTTAGAGTCCTCATCTAAAGATTCTAATACCT TCUTGACAGAGTUAGTS

LR

TCTGGTTGGGAGGATTCCTCATTTACTTTCCCCATCTCTCTGCAAAGAGAAACGTCTTAA

AATTQQQATGGAAQTQAAACCCGAAATTATAAAAGCGACATCAAACATGGUTUAAGGUAU

GGAGACCTAAATCATTACTTAGTTTAAAAAAAAAATGTAACAAATACCTACTCUCTGCCA

CACACCAAGGCCCTGCTCACCTTTGGAAAGCTGGGGGACTGAGTGGGGAGOHGUACGHTGT

sl

GGTGTCAGCCTGAGCCCACTGGATGACCCTAATCACCAAACATCTGCTTCCTTCTCTGTA
GCTGTGACCCTGATACCGCGTGGTGTGCTCCGAACACATGGTGCCCAGAACGAAGGCGGC
GTCCAGAAGCCCTAGGTCCCAGAGGTCGCTCAGCGGCAGGCGCATAAGGCGGGGCCGCGC
GGGCCTTTCCTTCCATCGGAACCGTTCTCCCGGGGCTGAGTCCCTGCCCGGACTCCGAAC
GCCGAAGACCAGGGGCCGGAAGCGCGCGCCGCCACTGCCACGCCGTGTCAGTCGGGAGGG
AGGGAGCGAGCAGGCGAAGCCGCGGAGGACGGGGTGAAGATGGCGGCCTTCTCCHI TG
TTTGTGGAAACTCTGGGGGTGGTGGGGCGGCTTGTTGCACGCCTCAGCCUTGGGGOGOCC
GCGGAGGCTAAAGGGGCGGGAGCGGACAGGGGTCAGGGAGACAGAAGGGCGUTGTCCGUT

GCAGTCCCTGA....3"

Figure 8. Sequence showing the MYCN promoter homology region in DDXT.
The sequence homology to the MYCN promoter is double underlined and
extends from -315 to -272 bp. The sequence shown in bold represents the first
exon of DDX1 and the transcription initiation site is at "+1".
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site Il was within the first exon and HS site IV was mapped at a region
immediately upstream of the transcription initiation site (Figure 9). The second
DNase | HS experiment was carried out using Hindlli, which generates a ~5.2 kb
fragment from -1.1 kb to +4.1 kb. Probe B (as indicated in Figure 10) was used
to detect the 5.2 kb fragment and subfragments resulting from DNase | digestion.
Three DNase | HS sites were identified. Two of them (Il and 1V) had previously
been identified using probe A. One new site (V) was mapped within the first
intron (Figure 10). To examine the DNase | HS sites in the far upstream region of
DDX1, Smal was used in the third DNase | HS experiment. Smal digestion
generated a fragment of ~25 kb spanning from -25 kb to +160 bp of DDX1. This
fragment and other subfragments generated by DNase | were detected by two 3'
probes, probe C and probe D (as indicated in Figure 11). In the Southern
analysis, instead of one ~25 kb fragment expected to be detected from Smal
digestion, there were two fragments at ~25 kb, which is probably caused by
polymorphism in the Smal site in the genome. Two DMase | HS sites (VI, Vi)
were identified in this region which mapped to -3.4 kb and -16.5 kb, respectively
(Figure 11).

The DNase | HS sites identified by DNase | HS experiments are
summarized in Figure 12.

EMSA and DNase | footprinting assays. To investigate the interaction of
transcription factors and sequence specific DNA, we performed EMSA and
DNase | footprinting experiments. Fecur DNA fragments (Figure 13) covering the
region from -577 bp to +431 bp of DDX1 were isolated by restriction enzyme
digestions and nuclear extracts were prepared from RB522A and IMR32 cells.

In EMSAS, each of four DNA fragments, which are fragment 1 (-577/-203),
fragment 2 (-202/-36), fragment 3 (-35/+163) and fragment 4 (+164/+431) (Figure

13) was radioactively labelled and incubated with nuclear extracts from either
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Figure 9. Mapping of DNase | hypersensitive (HS) sites in a region from -2.1 kb
to +2.1 kb of DDX1. Nuclei prepared from RB522A were untreated (negative
control) or treated with DNase | and DNAs were purified. 10 ug of each DNA was
digested with Bglll, generating 2 ~4.2 kb fragment from -2.1 kb to +2.1 kb shown
in the diagram . Lanes 1 and 2 represent DNA from nuclei that were not digested
with DNase ' but were incubated at 4°C and 37°C for 10 min, respectively. Lanes
3-8 represent DNA from nuclei treated with DNase | at 0.1, 1, 2.5, 5, 10 and 25 ;1
g/ml at 37°C for 10 min, respectively. Probe A, a ~420 bp Dral/Hindlll fragment
shown in the diagram, was used to detect the ~4.2 kb fraament and subbands
resulting from DNase | digestion. The subbands, correspc .c.ng to DNase | HS
sites, are marked by roman numerals and their possibie lccations in DDX1 are
indicated by arrows in the diagram. The black box represents the first exon of
DDX1. The transcription initiation site is at "+1". Restriction enzyme digestion
sites shown are B (Bg/ll), D (Dral) and H (Hindllt).
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Figure 10. Mapping of DNase | HS sites in a region from -1.1 kb to +4.1 kb of
DDX1. Nuclei of RB522A cells were treated with varying concentrations of
DNase |. After DNA purification, 10 g of each sample was digested with Hindlll,
which generated a fragment of ~5.2 kb from -1.1 kb to +4.1 kb. Probe B, a ~1.1
kb Hindlll/Pvull fragment shown in the diagram, was used to detect the ~5.2 kb
fragment and partial digestion products generatead by DNase |. DNA samples
loaded in each lane are as described in the legend ‘o Figure 9. The subbands
representing DNase | HS sites are marked by roman numerals. Sites Il and IV
were previously identified using probe A. The possible locations of DNase | HS
sites in DDX1 are indicated by arrows in the diagram. The black boxes represent
the first three exons of DDX1 and the transcription initiation site is at "+1".
Restriction enzyme sites shown are H (Hindlll) and P (Pvull).
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Figure 11. Mapping of DNase HS sites in the upstream flanking region of DDX1.
10 ng of DNA from DNase l-untreated and -treated nuclei of RB522A were
digested with Smal, which generates a ~25 kb DNA fragment from -25 kb to
+160 bp of DDX7. Lane 1 was loaded with DNA from untreated nuclei (at 37°C
for 10 min). Lanes 2-7 were loaded with DNA from nuclei treated at 0.1, 1, 2.5, 5,
10 and 25 pg/ml DNase | at 37°C for 10 min, respectively. Probe C (a ~160 bp
EcoRl/Smal} and probe D (a ~420 bp Dral/Hindlll) shown in the diagram were
used to detect the DNA fragments resulting from Smal digestion and subbands
generated by DNase |. Two bands at ~25 kb were observed instead of the one
band expected in this region. The presence of two bands likely represents a
polymorphism at Smal site. The subbands are marked by roman numerals and
their possible locations in DDX1 are indicated by arrows in the diagram. The
black box represents part of the first exon of DDX1. Restriction enzyme digestion
sites shown are S (Smal), D (Dral), H (Hindlll) and E (EcoR)).
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RB522A or IMR32. In negative control reactions, no nuclear extract was added.
The DNA-protein complexes were separated from free labelled DNA and
detected as retarded bands on nondenaturing polyacrylamide gel. The specificity
of these complexes was demonstrated by competition reactions using
nonspecific competitor (a ~300 bp fragment from a cDNA clone isolated from a
day 3% chick retina library) and soecific competitor (same DNA fragme: t as the
one used as the probe but uniabelled). As shown in Figure 14, five complexes
were detected when using DNA fragment 1 (-577/-203) as the probe in EMSA.
These complexes were present using both RB522A and IMR32 nuclear extracts.
Competition reactions indicated that four of these complexes were produced by
sequence-specific DNA-binding proteins which bind specifically to the sequences
in DNA fragment 1. One complex was non-specific. We reached these
conclusions based on the following observations: (i) when 100-fold excess of
unlabelled DNA fragment 1 were added to the reaction, the retarded bands
resulted from specific DNA-protein interactions either disappeared or the density
of the bands was reduced significantly; (i) when non-specific competitor was
added at 100-fold excess compared to the labelled DNA fragment 1, there was
no effect on these bands; (iii) for a non-specific DNA-protein complex, the
retarded band was removed not only when specific competitor was added but
also when non-specific competitor was added.

Using DNA fragment 2 (-202/-36) as the probe in EMSA experiments,
three retarded bands were observed (Figure 15). All were present using both
RB522A and IMR32 nuclear extracts. Competition reactions showed that only
one of these three bands resulted from specific DNA-protein interaction. Using
DNA fragment 3 (-35/+164) as the probe in EMSA experiments revealed five
DNA-protein complexes (Figure 16). Competition reactions indicated that four of

them were specific. The fifth complex was considered non-specific because it
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Figure 14. Analysis of the interaction between nuclear proteins and DNA
fragment 1 (-577/-203) of DDX! by EMSA. 1 pg of nuclear extract from either
RB522A or IMR32 ceils was incubated with 3 ng of labelled DNA fragment 1.
Unlabelled DNA fragment 1 was used as the specific competitor and a ~300 bp
cDNA fragment from a day 3% chick retina cDNA library was used as the non-
specific competitor. The specific and non-specific competitors were added in 50
and 100 fold excess compared to the labelled DNA fragment 1. Four specific
retarded bands, which resulted from nuclear proteins binding to sequence
specific DNA, are indicated by arrows. The diagram shows the location of DNA
fragment 1 (-577 bp to -203 bp) in DDX1. The black box represents the first exon
of DDX1 and the transcription initiation site is at "+1".
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Figure 15. Analysis of the interaction betweer ~uclear proteins and DNA
fragment 2 (-202/-36) of ODX1 by EMSA. 1.5 g of nuc 2ar extiacts from either
RB522A or IMR32 cells were incubated with 4 ng of labelled DNA tieg. . 2t 2
Unlabelled DNA fragment 2 was used as specific competitor. The 'iA fragment
used as non-specific competitor is as described in the iegend to Figure 14.
Specific and non-specific competitors were added in 50 and 100 fold excess
compared to the labelled DNA fragment 2. One specific retarded band resulting
from nuclear protein binding to sequence specific DNA is indicated by an arrow.
The diagram shows the location of DNA fragment 2 (-202/-36) in DDX1. The
black box represents the first exon of DDX1 and the transcription initiation site is
at"+1".
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was also detected in the negative control lane. Interestingly, only two of four
specific complexes were present in both RB522A and IMR32 nuclear extracts.
One complex was specific to the RB522A nuclear extract, while another was
specific to the IMR32 nuclear extract (Figure 16). Finally, EMSA using DNA
fragment 4 (+163/+431) as the probe detected four DNA-protein complexes.
Competition reactions indicated that all of them resulted from specific DNA-
protein interaction (Figure 17).

DNase | footprinting assays were used to map binding sites for
transcription factors involved in DDX1 expression. DNA fragments 1-3 (Figure
13), which cover the region from -577 to +164 of DDX1, were used as piobes in
DMase | footprinting experiments. Each fragment was end-labelled on the coding
strand and/or noncoding strand, incubated with nuclear extracts from RB522A or
IMR32 cells and digested with DNase |. In negative control reactions, no nuclear
extract was added. The digestion products were run on a sequencing gel. The
sequence of the DNase | protected regions was determined by comparison with
the sequence of the negative control sample and a G+A sequence ladder. DNA
fragment 1 (-577/-203) was end-labelled at the coding and noncoding strands,
respectively. DNase | footprinting of both coding and noncoding strands revealed
six DNase | protected regions (Figure 18). Region lil (-334 to -307 bp) was
detected on both coding and noncoding strands. Regions | (-486 to -452 bp) and
H (-428 to -392 bp) were on the noncoding strand. Regions IV (-296 to -274 bp),
V ( 267 to -239 bp) and VI (-220 to -203 bp) were on the coding strand. All these
DNase | protected regions were present using both RB522A and IMR32 nuclear
extracts. DNase | footprinting experiment with end-labelled noncoding strand of
DNA fragment 2 (-202/-36) detected one DNase | protected region (VIl) that was
from -164 to -130 bp and was present using RB522A nuclear extracts but not

IMR32 nuclear extracts (Figure 19). In addition, DNase | footprinting analysis of
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Figure 16. Analysis of the interaction between nuclear proteins and DNA
fragment 3 (-35/+163) of DDX1 by EMSA. 2.5 ng of nuclear extract from either
RB522A or IMR32 cells were incubated with 4 ng of labelled DNA fragment 3.
Unlabeitad fNA fragment 3 was used as specific competitor and the same DNA
fragmen* .. =scribed in the legend to Figure 14 was used as non-specific
competitc ~ecific competitor and non-specific competitors were added in 50
and 100 fold excess compared to the labelled DNA fragment 3. Four specific
retarded bands, representing nuclear proteins binding to sequence specific DNA,
are indicated by arrows. The band that only appeared in IMR32 lanes is
indicated by an arrow with "+ ". The band that only showed in RB522A lanes is
indicated by an arrow with "#". The diagram shows the location of DNA fragment
3 (-35/+163) in DDX1. The black box represents the first exon of DDX71. The
transcription initiation site is at "+1".
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Figure 17. Analysis of the interaction between nuclear proteins and DNA
fragment 4 (-164/+431) of DDX1 by EMSA. 1ug of nuclear extract from either
RB522A or IMR32 cells was incubated with 4 ng of labelled DNA fragment 4.
Unlabelled DNA fragment 4 was used as specific competitor and non-specific
competitor used is as described in the legend to Figure 14. Specific and non-
specific competitors were added in 50 and 100 fold excess compared to the
labelled DNA fragment 4. Four specific retarded bands resulting from nuclear
proteins binding to sequence specific DNA are indicated by arrows. The location
of DNA fragment 4 (+164/+431) in DDX1 is shown in the diagram. The black box
represents the first exon of DDX1 and the transcription initiation site is at "+1".
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Figure 18. DNase | footprint analysis of DNA fragment 1 (-577/-203) of DDX1.
The fragment was end-labelled on the coding strand and noncoding strand
respectively, incubated with either no nuclear extract (control lane) or 30 jg of
nuclear extract from RB522A or IMR32 cells, and digested with DNase |. The
numbers at the top of autoradiogram are the amounts of DNase | (jig/ml) used in
each reaction mixture. Areas p: :iected from DNase | digestion are bracketed
with the corresponding nucleotide positions determined by a G+A sequencing
ladder. The DNase | protected regions are marked by roman numerals. The
diagram shows the location of the DNA fragment 1 in DDX1. The black box
represents the first exon of DDX1 and the transcription initiation site is at "+1".
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Figure 19. DNase | footprint analysis of DNA fragment 2 (-202/-36) of DDX1.
The fragment was end-labelled on the non-coding strand. incubated with either
no nuclear extract (control lane) or 30 ng of nuclear extract from RB522A or
IMR32 cells, and digested with DNase |. The numbers at the top of
autc :diogram are the amounts of DNase | (ng/ml) used in each reaction
mixture. The area protected from DNase | digestion is bracketed with
corresponding nucleotide positions determined by a G+A sequencing ladder.
The DNase | protected region is marked by roman numeral VIi. The diagram
shows the location of the DNA fragment 2 in DDX1. The black box represents
the first exon of DDX'1 and the transcription initiation site is at "+1".
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the coding strand of DNA fragment 3 (-35/+164) also revealed one DNase |
protected region (Vill) from -32 to -5. This region was present using both
RB522A and IMR32 nuclear extracts (Figure 20).

All the DNase | protected regions (I to VIlI) obtained from DNase |
footprinting experiments are shown in Figure 21. Dr. Rufus Day (Cross Cancer
Institute) carried out a search of transcription factor binding sites for each of
DNase | protected regions using "TransFactor 6", a program that locates the
positions of consensus sites in a DNA sequence. The search revealed
recognition sites for the following transcription factors: C/EBP, CF1, E2A, TBP,
NF-IL6 and GATA-1,2,3. Binding sites for C/EBP (GCAAT) were found in DNase:
| protected regions | and IV. Binding sites for CF1 (AGATGG) and E2A
(AGAGATG) were found in DNase | protected region lIl. In addition, binding sites
for GATA-1.2,3 (AGATAA), TBP (TATAAA) and NF-IL6 (TAATGATTT) were
found in DNase | protected regions Il, V and VI, respectively. All these
transcription factors have been implicated in cell growth and differentiation.
These transcription factors and their consensus binding sites are summarized in
Table 1. No binding sites for transcription factors identified so far were found in

protected regions VIl and VIII.



Figure 20. DNase | footprint analysis of DNA fragment 3 (-35/+164) of DDX1.
The fragment was end-labelled on the coding strand, incubated with either no
nuclear extract (control lane) or 30 ug of nuclear extract from RB5224 or IMR32
celis, and digested with DNase |. The numbers at the top of autcradiogram are
the amounts of DNase | (ug/ml) used in each reaction mixture. The area
protected from DNase | digestion is bracketed with the corrasponding nucleotide
positions determined by a G+A sequencing ladder. The DNase | protectied region
is marked by roman numeral VIll. The diagram shows the location of the DNA
fragment 3 in DDX1. The black box represents the first exon of DDX1 and the
transcription initiation site is at "+1".
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Coding strand

[ ———
-35 bp +163 bp

-600 bp -400 bp -200 bp m»fzoo bp +400 bp

+1



[=))
h

5. .. GTGATCCGCCTGCCTCGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCCCG

CGCCCGGCCGCTGCAACCCTATTCTATCTTGCCTGAGGGTTCCACTTTTCTCCATGACAC

- 486 I
TCTGGGGCAGGCTACAGATAGCACAGC N selssaIee[e): VM Ke[ae[eNe) YR eleioyNey:Ne).

452 -428 I
TCC orNelaye{o(@).YNaleieyVNer IV:-ViWRe] TG T C T T TAGATAAGTGACTTAACTTTCCCGAAT

392
RIS GAGTCCTCATCTAAAGATTCTAATACCTTCCTGACAGAGTGAGTGTCTGGTTGGGA
3134 IIx -307 -290 IV
E€CATTCOTCATTTACTTTCCCCATCTCT CNEOV VNI NI VVNelelye T TAAAATTGCATGG

274 -267
MTCAAAC cC
Vi

v -252 -220
NI ;. CATCAAACATGGGTGAAGGGAGGGAGACCNN

-203 -164

RIS RPN NORSARIA A A ANAAAAATGTAACAAATACCTACTGGCTGCCAGGC LU IeHE
‘rII -130
GCATTUGTGCTCAGGGCAATGAA??CAGTCCATCTCTCCGGGTCATTCACACACCAAGGC

CCTGCTCACCTTTGGAAAGCTGGGGGA ZTGAGTGGGGAGGGCACGGTGTGGTGTCAGCCT

-22 VIiII -5

GAGCCCACTGGATCLNGGN VSRRSO V@ TGCTTCCTTCTCTGTAGCTGTGACCCT

+1

GATACCGCGTGGTGTGCTCCGAACACATGGTGCCCAGAACGAAGGCGGCGTCCAGAAGCC

CTAGGTCCCAGAGGTCGCTCAGCGGCAGGCGCATAAGGCGGGGCCGCGBCGGG. . . . 3!

Figure 21. Sequence of DNase | protected regions | to VIl (shown in dark boxas).
The sequence of the first exon of DDX17 is shown in bold and the transcription
initiation site is at "+1".
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CHAPTER V.
DISCUSSION AND FUTURE WORK

V. 1. Discussion

Loss of both copies of the RB gene is essential in tumorigenesis of
retinokblastoma (RB). The product of the RB gene, pRB, plays a key role in
regulation of cell growth and differentiation by modulating the cell cycle. On the
other hand, pRB has also been shown to directly or indirectly affect expression of
other genes by functioning as a transcription factor, which suggests that in RB,
as the result of pRB inactivation, expression of some genes may be altered and
these alterations in turn may have an implication in progression of RB. In an
attempt to identify genes whose expression may be aitered in RB tumour cells,
we used a +/- screening strategy to isolate cDNAs preferentially expressed in RB
cells compared to fetal tissues and a tumour that expresses the RB gene, colon
carcinoma.

A uman DEAD box gene, DDX1, was identified using this strategy (63).
DEAD b :: proteins are a family of putative ATP-dependent RNA helicases. The
members . f this family have been implicated in many cellular functions including
translation .:-‘tiation, ribosomal assembly, RNA splicing, spermatogenesis and
embryogenesis (65). DDX1 has been shown to be amplified and over-expressed
in two RB and several neuroblastoma cell lines amplified for MYCN, as well as in
some primary neuroblastoma tumours amplified for MYCN, which suggest co-
amplification of DDX7 and MYCN in these cell lines and tumours (63, 100-103).
The regulation of DDX1 expression and the functions of DDX1 protein are
unknown. In order to gain insight into the regulation of DDX7 expression, the
studies presented in this thesis were designed to characterize DDX1 in RB and

neuroblastoma cell lines by identifying the transcription initiation site of DDX1
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and characterizing the regulatory element. involved in the regulation of DDX1
transcription.

Using primer extension, three major and one minor transcription initiation
sites of DDX1 were identified in two different cell lines: the RB tumour cell line,
RB522A, and the neuroblastoma cell line, BE(2)-C. Surprisingly. these
transcription initiation sites were not found in another neuroblastoma cell line
amplified for DDX1, IMR32. There are two possibilities to explain the absence of
these transcription initiation sites in IMR32. First, the poly (A)* RNA isolated from
IMR32 may be degraded due to long term storage or contamination with RNase
during primer extension, which would result in no primer extension products.
Second, the transcription initiation site of DDX1 in IMR32 may be altered and this
could result from DDX1 rearrangement during amplification. It is believed that
gene ampification involves unscheduled DNA synthesis followed by
recombination (139). During amplification, bidirectional replicatioh at an origin of
replication generates a bubble that can undergo further rounds of unscheduled
DNA replication, resulting in partially replicated duplexes (139). Recombination
among these duplexes could generate abnormal structural arrangement of a
gene. Analysis of the amplified domain containing MYCN in neuroblastoma cell
lines showed that there is a low degree of sequence homogeneity among
amplicons from different cell lines and a significant number of rearrangements in
the amplicons within a cell line (140), which suggest that there is a different
amplification process for the same gene in different cell lines and the structure of
an amplified gene may be different in different cell lines.

Muiltiple regulatory elements are involved in transcription regulation of a
eukaryotic gene, including promoter, enhancer and other elements. Promoter
elements are proximal to the transcription initiation site They have a role in

determining the transcription initiation site and are involved in producing basal
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levels of transcription. Most eukaryotic genes contain a TATA box located 25 to
30 bp upstream of transcription initiation site in their promoters. But the
promoters of some genes, such as housekeeping genes, do not contain the
TATA box and are known as TAVTA-less promoters (141). Enhancer elements
are usually distally located from the transcription initiation site, either upstream or
downstream or even within a gene. They increase the leve! of gene expression
(142). Other regulatory elements are involved in the expression of tissue-specific
genes or transcription regulation in response to particular signals (143). In the
study presented in chapter IV of this thesis, we attempt to identify reguiatory
elements involved in regulation of DDX1 transcription. A ~2.1 kb &' flanking
region of DDX1 was obtained by genomic screening. In the sequence
immediately upstream of the transcription initiation sites, no typical TATA box
was found at its characteristic position. it is therefore likely that the promoter of
DDX1 belongs to TATA-less promoters, which may be the reason for the
presence of three major transcription initiation sites since transcription of TATA-
less genes is known to be often initiated at several sites (144). It has been well
documented that the sequences known as the initiator elements, which
encompass the transcription initiation site, are able to initiate transcription in the
TATA-less promoters (141, 145).

To search the possible locations of putative regulatory elements in DDX7,
we used DNase | hypersensitivity assay. DNase | HS sites are known to be
associated with the regulatory elements of transcribed gene (128) and have
been mapped to promoters and enhancers (131). In the RB522A cell line, seven
DNase | HS sites (HS | to VII) have been identified in the 5' flanking region, the
first exon and the first intron of DDX7 (Figure 12). One of them (HS IV) was
mapped immediately upstream of the transcription initiation site and probably

represents the promoter region that is responsible for initiation and basal level of
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DDX1 transcription. Of the other six DNase | HS sites, four were mapped
downstream of the transcription initiation site (HS lil was within the first exon: HS
[, Iland V were within the first intron) and two (HS VI and VII) were mapped far
upstream of the transcription initiation sites, at about -3.4 kb and -16.5 kb. These
six DNase | HS sites are potential candidates for additional regulatory elements
required for DDX7 expression, such as enhancers, tissue-specific elements or
other elements involved in the regulation of DDX1 transcription. In the studies of
transcription regulation of some viral and cellular genes, several regulatory
elements located downstream of the transcription initiation site have been shown
to have a function in the regulation of gene transcription (146-149). For example,
the major elements involved in the regulation of MYCN transcription have been
located within 1 kb immediately upstream of the transcription initiation site and
also in the first exon and/or first intron of the MYCN gene (150).

In crder to gain some information regarding the promoter region of DDX1,
the ~2. "~ ‘.arking region was analyzed for homology to other known
eukaryotic pirc.nc .. A region from -315 to -272 bp in DDX1 was found to be
homologc e MYCN promoter region from -214 to -170 bp. Study of the
regulatory elements involved in MYCN expression using DNA transfection
analysis has shown that one region about 220 bp upstream of the transcription
start sites is responsible for basal level of MYCN expression (150). At the
present time, it is unclear whether the MYCN promoter homology region in DDX1
is involved in the regulation of DDX1 transcription, but DNase | protected regions
have been found in this region, which suggest that some transcription factors
may bind to a specific DNA sequence in this region. It is known that DDX1
mRNA is expressed at higher levels in tissues of neuro-ectodermal origin,
including brain, retina and spinal cord, than in other tissues (63). MYCN mRNA is

also highly expressed in the central nervous system during development (151,
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152). Since both DDX1 and MYCN are expressed at higher levels in normal
tissues of neuro-ectodermal origin compared to othar tissues, the finding of
MYCN promoter homology region in DDX1 raises the possibility that the same
transcription factor may be involved in the transcription regulation of both the
DDX1 and MYCN geres.

Based on the data obtained from DNase | hypersensitivity assay and
eukaryotic promoter homology search of the ~2 1 kb &' flanking region, we used
EMSA and DNase | footprinting to further analyze the region from -577 to +431
bp of DDX1 which includes the area with homology to the MYCN promoter.
Specific DNA-protein interactions were observed in this region as determined by
EMSA. Interestingly, four specific DNA-protein interactions were detected in the
region from -35 to +163bp. Two of them were observed using both RB522A and
IMR32 nuclear extracts, one was RB522A specific and the other was IMR32
specific. This result suggests that in RB522A and IMR32 nuclear extracts, there
are different DNA binding proteins hat recognize and bind to different
sequences in this region. To further identify the areas of specific DNA-protein
interactions, the regicn from -577 to +163 bp in DDX71 was analyzed using
DNase | footprinting. Eight DNase | protect=:d regions (I to VIII, Figure 21) were
identified and the protected region VII was RB522ZA specific, which again
indicates that there are different binding proteins in RB522A and IMR32 nuclear
extracts. All the DNase | protected regions identified to date are located
upstream of the transcription initiation sites. These results suggest the presence
of multiple regulatery elements located upstrearn of the DDX1 gene.

Computer analysis of DNA-protein interaction sites identified by DNase |
footprinting has revealed the presence of binding sites for several transcription
factors: C/EBP, GATA-1,23, CF1, E2A, TBP, and NF-IL6 (Table 1). These

transcription factors have been implicated in the reguiation of gene transcription,



cell growth and differentiation. C/EBP (CCAAT/enhancer-binding protein)
represents a family of transcription factors (153). The proteins of this family
contain three structural components that include 2 C-terminal leucine-zipper, a
basic DNA-binding region and a N-terminal transactivating region. Expression of
C/EBP is elevated in adipocytes. hepatocytes, myeloid and B cells (154), which
suggests that these proteins are involved in tissue-specific expression.
Differentiation studies of cultured adipocytes (3T3-L1) showed that C/EBP« is
required for preadipocyte differentiation (155). GATA-1,2.3 are erythrocyte-
specific transcription factors (156, 157). They bind to the same consensus
sequence (AGATAA) that is found in the regulatory regions of erythroid-specific
genes (158, 159). Study of erythroid differentiation in chimaeric mice
demonstrated that GATA-1 is required for the normal differentiatiori of erythroid
cells (160). Transfection analysis showed that GATA-3 can activate transcription
of a reporter gene through a GATA binding site identified within the human T-cell
receptor & gene, suggesting that GATA-3 plays a role in T-cell specific
transcription regulation (161). E2A transcription factor is known to bind to the E2
motif [(G/A)CAG(G/A or C/T)TG] that is present in the enhancers of several
genes, including the immunoglobulin heavy- and light-chain gene, the insulin
gene and muscle creatine kinase gene (162-164). The function of E2A is not
very clear. Some studies suggest that it may be involved in muscle differentiation
by activation of muscle creatine kinase gene through interactior with MyoD (a
factor that plays a role in skeletal muscle specific gene regulation) and Id (a
negative regulatory of helix-loop-helix DNA binding pretein) (165-166). CF1
‘common factor 1) has been shown to bind to the MYCC promoter, the skeletal «
-actin promoter and the immunoglobulin heavy-chain enhancer (IgHE) (167). The
function of CF1 site in MYCC is unknown Transfection analysis show that the

binding site of CF1 in the skeletal «-actin promoter is essential for promoter
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function (168) and that CF1 site in the IgHE appears to function as a positive
activator (169). TBP (TATA-binding protein) is one of the most highly conserved
eukaryotic proteins, which plays a critical role in initiation of transcription by
forming a complex with TAFs (TBP-associated factors) and direct binding to the
TATA box (170). The TBP binding site found in DDX1 is located at -260 to -255
bp. We believe ttiat it does not represent a true TBP binding site because it is
located too far upstream of the transcription initiation site. Transcription factor
NF-IL6 belonys o the C/EBP family, which specifically binds to a responsive
element in the IL-6 (interleukin-6) gene (171). In addition, it was also shown to
bind to the transcription regulatory regions found in various acute-phase protein
genes, such as TNF (172). Because IL-6 and acute-proteins play important
protective roles in the host defense against tissue damage and infections, it was
suggested that NF-IL6 may be involved in the regulation of acute-phase reaction
and inflammation (171). Binding sites for all the transcription factors described
above have been found in the DNase | protected regions identified in DDXT. It is
not yet clear whether they do actually bind to these regions in vivo, but it will be

interesting to study their possible effects on DDX1 expression.

V. 2. Future work

The studies of human DEAD box gene, DDX1, in RB and neuroblastoma
cell iines are presented in this thesis.

We have identified three major transcription initiation sites in DDX17. In
addition, the requlatory elements involved in the regulation of DDX1 transcription
were stidied using DNase | hypersensitivity assay, EMSA and DNase |
footprinting. DNase | HS sites and specific DNA-protein interactions were
detected in the &' flanking region, as well as within the first exon and the first

intron of DDX1, which suggests that these regions contain regulatory elements.
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Eight DNase | protected regions representing the sites of DNA-protein
interactions have been identified in the region from -577 to -5 bp of DDX1 and a
search for transcription factor binding sites revealed the presence of binding
sites for several known transcription factors, suggesting that these transcription
factors may be involved in the regulation of DDX1 transcription. Furthermore.,
one region from -315 to -272 bp in DDX1 was identified which has homology to
the MYCN promoter region from -214 to -170 bp. The latter region has been
shown to result in a basal level of MYCN transcription. This suggests the
possibility that the same transcription factor may be involved in transcription
regulaiion of both DDX1 and MYCN. Finally, the results from EMSA and DNase |
footprinting indicate that there are different binding proteins in RB522A and
IMR32, which recognize different DNA sequences in DDX1. |

Future studies will be carried out to further identify the regulatory elements
involved in the regulation of DDX1 transcription. To eliminate the possibility that
degradation of poly (A)* %% f:3ated from IMR3Z is the reason why no
transcription initiation site * ~.ere ueie ted in this cell line, the primer extension
will be repeated using freshly prepared poly (A)* RNA and adding RNase
inhibitor to the reaction to prevent degradation of the poly (A)' RNA. DNA
transfection assay will be used to analyze the regions containing putative
regilatory elements to determine their biological function in the reguiation of
DDX1 transcription. Our strategy will be to first introduce a 2.1 kb of 5' flanking
DNA into pCAT vector and to progressively study deletions of this fragment to
determine when a decrease or increase in CAt aciivity is obtained. The same
strategy will also be used to investigate other regions that appear to .ontain
regulatory elementis. Since the level of CAT activity reflects the activity of the
reguiatory elements located in the DNA fragment inserted, this strategy will

identify the DNA elements involved in the regulation of DDX17 transcription. In
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addition, to further analyze the binding sites of DNA-protein interactions
oligonucleotides wiil be prepared based on the sequences of binding sites and
used as probes in EMSA and DNase | footprinting to determine their potential
functions as regulatory elements.

All these studies will contribute to a better understanding of how the

expression of DDX7 is regulated.
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