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Abstract

"The obj eétive of this study was to identify potenfial transcribtion factor binding sites in the
'hurrian NFl gene through phylogenetic foétp’rinting. The 5' upstream region (SUR) _énd Exon 1-
Intron 1 of the NF1 gené from human, mouse, rat, and pufferfish were compared and analyzed
using various bioinformatic tools. Three regions that have equal or higher homology than the
coding regions were discovered in the NF1 SUR, and four more very highly homologous regions
Were fmin'd in intron 1. Five of these highly homolovgous regions had franscription factor binding
site predictions that were similar for the two binding site detection programs used in this

study. One of the highly homologous regions within intron ,l had no shared pfedictions between
the two transcription binding site detec;tion pro gfams. Another highly homologous region in
intron 1 is a tetranucleotide repeated séquence.‘ One of the highly homologous regions in the
5UR that contains several tr.anscripti()n factor binding site predictions spans the transcription
start site. This region includes a 24bp sequence acttccggtggggtgtcatggegg 310-333 bp upstream

of the translation start that is identical in human, mouse and rat and differs by only1 bp in

Fugu. This sequence may contain the core promoter responsibl.e for NF1 transcription initiation.
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Chapter 1. Introduction
1.1 History of Neurofibromatosis 1

One of the earliest records of neurofibromatosis 1 (NF1) may be the stone renderings identified
from 300 BC that appear to describe neurofibromas, one of the many manifestations of NF1
(Zanca et al., 1980). Throughout the centuries, there were other descriptions of the disease, but
most concentrated on dermological features, with occasional attentiqn to the familial aspects of
N_Fl. It was not until 1882 that Frederick von Recklinghausen gave a full description on NF1
phenotype. He also coined the term “neurofibroma” for NF1 tumours observed in the skin,

recognizing their origin from fibrous tissues surrounding small nerves (Von Recklinghausen,

1982).

In 1956, the landmark study of Crowe, Schull, and Neel (Crowe et al., 1956) described the high
incidence and high spontaneous mutation rate, as well as the usefulness of the café-au-lait spot as
a diégnostic feature and the widg range of clinical features that can occur (Lynch et al., 2002).

In 1987, the National Institutes of Health organized a Consensus Panel that established a set of
diagnostic criteria for NF1, which led to reliable and consistent diagnoses for affected
ihdiv.iduals. With identification of the NF] géne (Viskochil et al., 1990; Wallace et al., 1990)
and its protein, neurofibromin l(Gutrnann et ‘al., 1991), physiciahs and researchers began to
understand tﬁe pathogenésis of NF1 be&er, b;lt effective thefébiesl for inciividuals who suffer

from the disease remain elusive.




1.2 Neurofibromatosis 1: Clinical Features

NF1 is an autosomal dominant disease with 100% penetrance (Littler, 1990; Viskochil, 2002).
The prevalence is 2 to 3 per 10,000, and it can affect individuals of any age, gender, race, or
ethnic background (Friedman, 2002). The two main characteristics of NF1 are its progressive
nature and its variability. Different patients, even ones from the same family, can have a wide
range of disease manifestations with different levels of severity. Some of the key NF1
manifestations are: café-au-lait spots, axillary and other intertriginous freckling, Lisch noduies,
neurofibromas, malignant peripheral nerve sheatﬁ tumours, optic pathway gliomas_, apd skeletal

dysplasia.

1.2.1 Café-au-lait spots

Café-au-lait spots (CALs) occur in almost all children with NF1 in infancy. The size and
number of CALs usually increase in the first two years of life (Figufe 1). These macules can
reach 10 to. 30 mm in diameter in adult NF1 patients. They are usually ovoid in shape with
uniform pigmentation that varies in intensity b;CISéd on background cutaneous pigmentation
(Fricdman, 2002). Café-au-lait spots can occur anywhere on the body of NF1 patients except the-
écalp, eye-brows, palms, and soles, and range in number from six to several dozens.
Histologically, an increased‘ number of macromelanosomes is found within melanocytes of café-

au-lait spots of NF1 patients, but this is not diagnostic for NF1 (Konrad, ef al., 1974; Bhawan et -

al., 1976; Martuza et al., 1985).



Café-au-Lait Spots.



- 1.2.2 Axillary and Other Intertriginous Freckling

Crowe was the first to point out the appearance of freckles in the axillary and inguinal regions
(Figure 2) as a useful diagnostic feature (Crowe, '1964). Although these freckles are similar to
café;au-lait spots in colour, they are smaller and generally appear in clusters. Other common

sites of freckling in NF1 include the upper eyelids, face, trunk, and proximal extremities.

1.2.3 Lisch Nodules

In 1937, a Viennese ophthalmologist named Karl Lisch noted that raised, pigmented iris
hamartomas (Figure 3) were a frequent clinical manifestation in NF1 patients (Riccardi ef al.,

1986). Lisch nodules are more common in NF1 patients older than 10 years (Otsuka ef al.,

2001). Lisch nodules are not true tumours and have no effect on vision. They are generally not

associated with any clinical symptoms. Because most adults with NF1 have Lisch nodules and ‘

they are highly characteristic, Lisch nodules are useful as a diagnostic feature.

1.2.4 Neurofibromas
Neurofibromas are benign tumours composed of Schwann cells, ﬁbf(_)blasts, perineurial cells,
axons, and mast cells embedded in extracellular matrix (Ferner, O’Doherty, 2002). Discrete

dermal and plexiform neurofibromas are the two main forms.

Clinically, dermal neurofibromas are bresent in most adﬁlt NF1 patients as discrete masses
arising from a single nerve és cutaneous or subcutaneous tumors (Figure 4). Although they can
cause pain, discomfort, itching, and/or emotional concern because of their cosmetic effects,
dermal neurofibromas are rarely if ever associgted with other neurological symptoms or
malignant change. Their growth pattern is variable and unpredictaBle, but they tend to increase

in both size and number as an NF1 patient ages. Furthermore, since the onset of dermal



Figure 2. Axillary Freckling. (Wainer S. A child with axillary freckling and cafe au lait spots.
CMAJ. 2002 Aug 6;167(3):282-3.)

Figure 3. Lisch Nodules.



Figure 4. Discrete Cutaneous Neurofibromas



neurofibromas is usually just before puberty and an increased growth rate is observed during

pregnancy, neurofibromas may be under hormonal influence (Dugoff er al., 1996).

Unlike dermal neurofibromas, diffuse plexiform neurofibromas are congenital lesions (Figure 5).
Diffuse neurofibromas may involve major and minor nerves, muscle, connective tissue, and
overlying skin (Wiestler ef al,, 1994). Trunk, limbs, head, and neck are all common locations for
diffuse plexiform neurofibromas. Furthermore, because congenital diffuse plexiforms often
extend fingerlike projections into surrounding tissues, surgical removal is close to impossible
without sacrificing adjacent normal tissues. On the other hand, nodular plexiform neurofibromas
are confined within the perineurium; they may involve major or minor nerves. The sizes vary
greatly, and they can extend the entire length of a nerve (Friedman et al., 1999). They are

usually asymptomatic and can go unobserved for many years.

1.2.5 Malignant Peripheral Nerve Sheath Tumours (MPNSTs5s)

The overall lifetime rate for NF1 patients to develop MPNSTs (Figure 6) is about 10% (Evans, et
al., 2002). Patients with extensive and centrally-located plexiform neurofibromas, previous
history of radiotherapy, a family history of cancer, or microdelection of the NFI locus may
warrant closer monitoring by physicians for the development of MPNSTs (Ferner, Gutmann,
2002). MPNSTS are highly aggressive and are often fatal. Earlier detection may be possible
with 18-ﬂ‘uoro-deoxyglucose-positroﬁ emission tomography (PET), which may distinguish
benign and peripheral nerve sheath tumours (Ferner et al., 2000). Surgical removal is the only

effective way to treat MPNSTs that is currently available (Ferner, Gutmann, 2002; Thomas ef al.,



Figure 5. Diffuse Plexiform Neurofibroma of the right leg.



Figure 6. Local recurrence of MPNST in a 41 year-old female with NF1 4 months after radical
resection (Stark et al., 2001)



1983), although chemotherapy usihg doxorubicin and/or ifosfamide may offer palliation and

sometimes long-term remission (Santoro et al., 1995).

1.2.6 Optic Pathway Gliomas

Optic pathway gliomas, or optic gliomas, usually appear in NF1 patients during the first 5 years
of their lives (Figure 7). These tumours usually involve the intraorbital portion of both optic
nerves, and at least one-half are asymptomatic in NF1 patients. Symptomatic optic gliomas
often manifest as visual abnormalities with decreased visual acuity, poor colour vision, optic
atrophy, or abnormal pupillary function (Listernick et al., 1995). Therapies are generally
considered only when there is a progressive loss of vision or progressive proptosis (forward
displacement or projection of the eyeballs). Because of potential neurological damage and
endocrinological disturbance, radiotherapy is not recommended. Chemotherapy may be the best

choice in controlling progressive optic gliomas in NF1.

1.2.7 Skeletal Dysplasia

Although about 10 percent of patients with NF1 develop scoliosis (Figure 8), dysplastic scoliosis
is fairly uncommon. Dysplastic scoliosis is characterized by a sharp curve over a few vertebrae
and is a serious and characteristic clinical manifestation of NF1. Neurologic complications may

result from spinal cord compression but can often be prevented or alleviated by surgery

(Friedman, 2002; Korf, 2002).

Congenital tibial dysplasia in NF1 patients leads to thinning of the cortex of the bone and

anterolateral bowing of one leg (Figure 9). Since the bone is bowed and weakened, it is




Figure 7. Optic Glioma in a patient with NF1
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Figure 8. Scoliosis in a girl with NF1.

Figure 9. Tibial dysplasia in a child with NF1

(http://cc.oulu.fi/~anatwww/NF/N eurofibromatosis/)
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vulnerable to fracture, followed by poor healing and often pseudarthrosis, which is the inability

to form normal callus for healing (Friedman, 2002; Korf, 2002).

Another type of dysplasia that may occur in NF1 is sphenoid wing dysplasia (Figure 10). Itis
unilateral and sometimes is associated with an orbital plexiform neurofibroma. Sphénoid wing
dysplasia usually has little clinical consequence, but it may progresé and compromise the
integrity of the bony orbit. In some serious cases, pulsating enoéthalmos, which is a sucken

eyeball or herniation of the brain into the orbit can occur (Friedman, 2002; Korf, 2002).
1.3 National Institutes of Health Neurofibromatosis 1 Diagnostic Criteria

As mentioned, NF1 was well described as a clinical entity by Frederick von Recklinghausen in
1882. Standardized diagnostic criteria for NF1 were established by a Consensus Panel organized
by National Institutes of Health in 1987 to facilitate linkage studies (Table 1; National Institutes
of Health Consensus Development Conference, 1988). In 1997, the NIH Diagnostic Criteria
were re-evaluated, and continued use without modification was recommended for both clinical
diagnosis and research (Gutmann et al., 1997). Although thé NIH Criteria have high sensitivity
and épecﬁcity in adults, these criteria cannot always be used with confidence on young children,
because many young children who do not meet the NF1 criteria later develop unequivocal NF1
(DeBella et al., 2000). This problém is espe-cially apparent in children with sporadic NF1
because, with the exception of CALs, which are present in almost all NFI patients during
infaﬁcy, most NF1 features are uncommon in children (Friedman ef al., 1997). In contrast,

children with familial NF1 only require CALs to meet the NIH diagnostic criteria because these

children have an affected first-degree relative.




Figure 10. Sphenoid Wing Dysplasia compromising the bony orbit in a patient with NF1

(http://www.neurorad.ucsf.edu/previouscases/03012002.html).
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Table 1. National Institutes of Health Diagnostic Criteria for Neurofibromatosis 1.

Neurofibromatosis 1 is present in a patient who has two or more of the following signs:
¢ Six or more café-au-lait macules more than Smm in greatest diameter in prepubertal
individuals or more than 15mm in greatest diameter after puberty

Two or more neurofibromas of any type or one or more plexiform neurofibroma
Freckling in the axillary or inguinal regions (Crowe’s sign)

An optic pathway tumor

Two or more Lisch nodules (iris hamartomas)

long bones (with or without pseudarthrosis)

o A first-degree relative (parent, sibling, or offspring) with neurofibromatosis 1 by the above
criteria

From NIH Consensus Development Conference, Neurofibromatosis: Conference Statement
(National Institutes of Health Consensus Development Conference, 1988)

A distinctive osseous lesion, such as sphenoid wing dysplasia or thinning of the cortex of the
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1.4 Neurofibromatosis 1 and Associated Genetic Principles

NF1 is an autosomal dominant Mendelian disease affecting 2 to 3 people per 10,000 worldwide,
regafdless of gender, race, or ethnic background (Lakkis et al., 2000; Viskochil, 2002). Affected
individuals are heterozygous for an NF1 mutétion. Constitutional homozygosity for an NF/
gene mutation has never been.reported in humans. Mice homozygous for a targeted mutation in
NFI die in utero between embryonic days 12.5 and 13.5 because of cardiac defects (Dasgupta et
al., 2003; Lakkis etal., , 1999). Homozygous mutation of the NF'/ locus in humans is probably
lethal, as it is in mice (Friedman; 1999). Among NF1 patients, 30 to 50 percent of cases are
sporadic with no family history of NF1. These data translate into an extremely high mutation
rate _Of approximately 10" per generation. Most de novo mutations in the NF/ gene involve the
patemal chromosome (Jadayel et al., 1990), although whole-gene microdeletions tend to involve

the maternal chromosome (Upadhyaya et al., 1998).

1.4.1 Penetrance

NF1 as a disease is 100 percent penetrant (Littler et al., 1990), but its various manifestations are
incompletely penetrant and often age dependent (Viskochil, 2002). For example, CALs are
usually present in infants with NF1, while axillary freckling, Lisch nodules, and discrete dermal

neurofibromas usually do not appear until a patient gets older.

1.4.2 Variable Expressivity
NF1 exhibits highly variable expressivity. A wide spectrum of severity and features is common

within a NF1 family, and parents, siblings, and offspring can have completely different disease

manifestation and severity (Friedman, 2002).




On the ‘other hand, intrafamilial variation is smaller than interfamilial variation. For‘éxample,
one study of monozygotic twins found the highest correlation in the number of CALs and
neurofibromas in monozygotic twins, followed by first-degree relatives, and the lowest
correlation in more distant relatives (Easton ef al., 1993). Another study found that certain NF1
manifestation are more likely to be shared between first-degree relatives, between siblings, or
between parents and children (Szudek et al., 2002). For example, Lisch nodules and CALs were
more strongly associated between first-degree relatives than between second-degree relatives.
Therefore, besides the speciﬁc mutation in NF1 gene, other factors and méchanis_ms (e.g

epigenetic factors) that can control or affect NF1 manifestations may be shared within a family.

Epigenetic factors are modifications of DNA that can alter gehe exprgssion without altering the
nucleotide sequcnées of that gene. For exaﬁple, imprinting and gene silencing defects can lead
to Prader-Willi and Angelman syndromes (Vogels et al., 2002). Although methylation of the

NF1 gene has been observed during different stages of development (Haines et al., 2001), there

is no evidence that methylation can cause NF1.

143 Pleiétropy

Since CALs, axillary freckling, and Lisch nodules all involve cells that are of neural crest origin
(Benish, 1975) and there is a high level of NF1 gene expression in embryonic neural crest tissue,
NF1 is sometimes considered to be a neurocristopathy (Stocker ef al., 1995), i.e. a
developrﬁental anomaly of neural crest-derived tissues. However, NF1 can also manifest as
bbny dysplasia, vasculopathy, ahd cognitive abnormality. So, NF1 can involve tissues of
ectodermal, endodermal, or mesodermal origin, rather than just neural crest tissue. The NF]

gene is ubiquitously expressed (Gutmann et al., 1995), so it is not surprising that NF1 is a

pleiotropic disorder.




1.4.4 Mosaicism

Mosaicism is the occurrence of two or more cell popﬁlations of different constitutions that are all
derived from a single zygote. Mosaicism for a NF I mutation can cause “segmental NF1”, which
occurs when NF1 features are limited to a localized body region (Tinsch.ert et al., 2000).
Althbugh individuals with segmental NF1 have a lower risk of developing medical
complications compared to the common form of NF1, they are at a higher risk than the general
population for having a child with NF1 because of the possibility of germline mosaicism. There
has also been a report of a clinically normal individual having germline mosaicism that caused

NF1 in two of his children (Lazaro ef al., 1994).
1.5 Neurofibromatosis 1 Genetics

1.5.1 Basic Gene Structure

In 1987, the NF1 gene was found to be closely linked to a marker pHHH202 (D17S33), which
was later located at chromosome 17q11.2-12 by physical mapping (White et al., 1987; van
Tuinen ef al., 1987). This was also supported by the reports of two balanced chromosomal
rearrangements t(1;17)(p34.3;q11.2) and t(17;22)(q11.2;q11.2) in NFI patients (Schmidt et al.,
1987; Ledbetter et al., 1989). Iﬂ 1990, the NF'I gene was identified through the detection of
deletion mutations from NF1 patients and human-mouse homology (Viskochil et él., 1990), the
.iden_tiﬁcat_ion of splice junctions and sequencing of exons (Cawthon ef al., 1990), and the
identification of the ubitquitously-expressed NFILT (NFI) ttaljscript (Wallace et al., 1990).
According to ENSEMBL version 123 1. 1., the huhlan NF1 gene contains 58 exoﬁs and spans
279317 bp, with an open reading frame of 8520 bp and a protein (neuroﬁbromin) size of 2839

amino acids. However, there are three in-frame alternatively-spliced variants, exon 23a (63bp),
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exén 9a (30 bp) and exon 48a (54 bp) (Viskochil et al., 2002), and ENSEMBL only includes the
first of these. In other words, the NFI gene has a total of 60 exons. The features_ are
summarized in Figure 11. The NF1 transcription start site is considered to be 484 bp upstream of
the translation start site, which is the beginning of the ORF (Marchuk et al., 1991; Hajra et al.
1994). The 3’ UTR has a length of 3.5 kb (Li et al., 1995). The NF1 promoter is thought to lie
within a CpG island that is 471 bp long (Rodenhiser et al., 1993) and starts at 731 bp upstream
of the translation start site according to UCSC. The NF1 promoter does not include a TATA box

or CCAAT box (Viskochil, 1999).

1.5.2 Neurofibromin and the Ras Pathway

NF1 patients are predisposed to develop neurofibromas, MPNSTs, and.leukemia. Because NF1
is an autosomal dominant disease and becéﬁse loss‘of heterozygosity (LOH) in NFI gene activity
has been observed in tumour cell lines (Legius et al., 1993; Sawada et al., 1996, Side et al.,
1997), it was hypothesized that the NFI gene product, neurofibromin, may function as a tumour
suppressor gene in certain tissues. Furthermore, a.bovut 360 amino acids of neurofibromin, coded
by exons 21 to 27a, share homology with a Ras-specific GTPase activating protein (GAP),
p120GAP, and the yeast homologues IRA1 and IRA2 (Xu, O’Connell et al., 1990; Trahey etal,
1987; Tanaka et al., 1990). This segment, which. is now called NF1 GAP-related domain

(NF .1 GRD), has been shown to stimulate GTP-hydrolysis of normal Ras but not oncogenic Ras

in yeast (Xu, Lin et al., 1990; Scheffzek et al., 1998).
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Figure 11. Schematic drawing of NFI exons and embedded genes. Intron are not shown to scale.
The scale in the lower left corner is for the size of exons. The transcription start site is depicted
as a horizontal arrow upstream of exon 1. The transcription stop site and polyadenlyation site

are marked with an octagon. The GAP-related domain, ras-GRD, is shown spanning exon 21 to
27a (Scheffzek et al., 1998). The alternative splice forms are in-frame insertions of exon 9a, 23a,
and 48a, and they are hatched. The embedded genes are shown in bold in intron 27b and are
transcribed in the opposite direction (telomere-to-centromere). The t(1:17) and t(17:22)
translocation breakpoints lie in intron 27b, upstream of OMGP, and in intron 31, respectively.
The asterisk in exon 23-1 represents a site of mRNA processing, C3916U, that leads to

premature truncation at codon 1303 (Cappione et al., 1997). Picture obtained from Viskochil,
1999.
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Being central té cellular growth and differentiation, Ras protein activity is under tight regulation
‘and cycles between active GTP-bound confoﬁnatidﬂ (Ras-GTP) and inactive GDP-bound
conformation (Ras-GDP). Ras-GTP can stimulate cell proliferation by activating MEK
(formerly called MAP kinase kinase) and inhibit apoptosis by activating phophoinositol-3’-
kinase (Wittinghofer, 1998). On the other hand, GAPs act as negative control for Ras activity by
enhancing the slow intrinsic GTPase activity of Ras and increasing GTP hydrolysis rate (Figuré
12). Since neurofibromin contains the NF1GRD, it was hypothesized to have a regulatory and

tumour suppressing role in the Ras-MAP kinase pathway (Basu et al., 1992).

Neurofibromin’s regulatory role on tumour growth is supported by the observed abundance of
active GTP-bound Ras and the absence of functional neurofibromin in malignant tumours of
NF1 patients (DeClue et al., 1992). Maﬁy other Studies have also shown the relationship
betWeen néuroﬁbrOmin and the RAS pathway. For example, a study using an in vivo. RAS-
binding fluorescence assay has shown that loss of neurofibromin is associated with an increase in
RAS activity in neurofibroma Schwann cells (Sherman et al., 2000). Studies on MPNSTs have
shown that hyperactivation of RAS can be achieved with the loss of neurofibromin and
mutations of p53, p16™**? and p14** tumour suppressor genes as well as p27<P! cell-cycle
growth regulator (Kourea, Orlow ef al., 1999; Kouea, Cordon-Cardo et al., 1999). NF1-related
myeloid leukemias and pilocytic astrocytomas have also been demonstrated to have loss of
neurofibromin expressioﬁ and increased RAS pafhway activation (Side et al.,, 1997; Gutmann ef

al., 2000; Lau et al., 2000).

Mouse models of NF1 also agree with findings from cell culture. For example, although NFI*"

mice do not develop neurofibromas or astrocytomas, these mice develop leukemia and
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Figure 12. Neurofibromin acts as a negative regulator of ras signal transduction. GDP =
guanosine diphosphate; GTP = guanosine triphosphate (Viskochil D. Genetics of
neurofibromatosis 1 and the NF1 gene. J Child Neurol. 2002 Aug;17(8):562-70; discussion 571-

2, 646-51.)

22



myeloproliferative disease (MPD). Through adoptive transfer of NF] ” fetal liver cells, mice
myeloid lineage cells have been shown to be hypérsensitive to the proliferative factor GM-CSF
resulting in activation of the Ras pathway (Zhang ef al., 1998). NFI * mice also have increased
_nﬁmBers of brain astrocytes with cancer-like characteristics. For example, studie‘s‘have shown
that these cells possess abnormal spreading; atfachment, and rﬁotility properties, cell-
autonomous growth advantage, and increased RAS pathway activation (Gutmann et al., 1999;

Gutmann ef al., 2001; Bajenaru et al,, 2001).

1.6 NF1 Gene Mutations -

As mentioned, NF1 is a very large gene of 2793 17 bp with an unusually high mutation rate of

10'4'per. generation. The size of the NF' gene allows many possible mutation sites. | |
Furthermore, up to half of NF1 patients représent new mutations. Most of these mutations are

novel mutations and have been described affecting amost every exon (Upadhyaya et al., 1998).

Some particular exons may be more prone to mutation than others (Messiaen et al., 1999; Ars et

al., 2000, Fahsold et al., 2000).

NFI gene mutations can also affect introns, disrupting splicing patterns. For example, mutations
at 5’ splice sites of introns 14 and 16 and a mutafion at the 3’ splice site of intron 31 have been
repérted (Origone et al., 2003; Maynard et al., 1997; Ainsworth et al., 1994; Hatta et al,, 1995).
No mutation in the promoter region or 5’ upstream region of the NFI gene has been reported to
date. However, since the prorﬁoter region is crucial to transcription initiation and most
transcription factors are concentrated upstream of a gene, mutations in these regions are expected

to have a negative impact on NFI gene transcription and expression.
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Furthermore, microdeletion at the NF/ locus can lead to more severe cognitive abnormalities and
higher risk of MPNST development, and it has been suggested that genes adjacent to the NF/

gene may also interact with the NF/ gene or its product (Leppig et al., 1997).
1.7 General Transcription and Transcription Factors

Transcription, the synthesis of RNA molecules from DNA, is mediated by RNA polymerases,
which can generate mRNA for protein synthesis, ribosomal RNA for ribosome formation,
transfer RNA for translation, and other RNA molecules for structural, catalytic, or regulatory
functions. There are three types of RNA polymerase in eukaryotic cells - RNA polymerases I, II,
and III. RNA polymerase I is confined to the nucleolus and is responsible for the transcription of
18S, 5.8S, and 28S rRNA. RNA polymerase III is responsible for producing 5S rRNA, tRNA
molecules, 7SL RNA and some of the snRNA molecules essential for splicing. Lastly, RNA

polymerase II transcribes all polypeptide - coding genes and some snRNA genes (Strachan ef al.,

1999a)

In general, RNA polymerases are free floating, and they may slide along a chromosome.
Transcription usually proceéds only when there is activation by various distal or proximal
trénscription activators. This activation localizes some other coactivators, and together they
promote RNA polymerase basal transcription factor complexes, which usually contain TATA-
binding protein (TBP) and TBP-associated factors (TAFs), to bind to the core promoter (Pugh,
2000). These complexes finally recruit RNA polymerase to form a tight binding on DNA
sequences (Figure 13). This is then followed by DNA unwinding, RNA chain elongation, and

eventually termination, which is mediated by a special termination signal in the DNA. This
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Figure 13. Optimal induction of gene transcription by activators involves various coactivators
and protein-protein interactions. Coactivators (dark blue) are recruited by promoter-bound
activators (pink, polygons) to remodel chromatin structure (nucleosome, green) and/or to
stimulate the recruitment or activity of the general transcription machinery (yellow, general/basal
factors) during initiation of transcription by RNA polymerase II (pol I) at the core promoter or
during transcription elongation. Coactivators include (1) proteins and complexes that can
intimately associate with (or be part of) the general transcription machinery, e.g., TBP-associated
factors (TAFIIs) of the TFIID complex, TFIIA (ITA), and the Pol II-associated SRB/Mediator
Complex (Mediator) and (2) chromatin-modifying/remodeling factors and complexes that
modulate the generally repressive influence of chromatin on protein-DNA interactions (e.g.,
SAGA histone acetylase and SWI/SNF ATP-dependent nucleosome remodeling complexes).
Note that multiprotein cofactor complexes (e.g., the TAFII-containing complexes TFIID and
SAGA) might be involved both in chromatin modification (histone acetylation) and in
interactions with activators and the general transcription machinery. (Martinez E. Multi-protein
complexes in eukaryotic gene transcription. Plant Mol Biol. 2002 Dec;50(6):925-47.)
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termination signal is different from the stop codon used for transcription. Lastly, RNA
polymerase stops and releases both the DNA and RNA. For RNA polymerase II products except
snRNA, the released RNA goes through subsequent modifications like capping, splicing, and

poly adenylation and eventually becomes mRNA (Cramer ef al., 2001).

Transcription regulation for RNA polymerase II is tissue- and stage- specific through the

orchestration of three groups of factors (Martinez, 2002):

1. Sequence-specific DNA-binding transcription factors and regulators, which can be proximal
to the promoter or distal.

2. Ubiquitious factors like RNA polymerase II, TATA-binding protein (TBP), TBP-related
factors (TRFs), general transcription initiation factors (GTFs) like RNA polymerase 11 basal
transcription factor D (TFIID) complex, and core promoter DNA elements (e.g. TATA box,
TC-rich promoter, initiator, DPE).

3. Coactivators and corepressors like TBP-associated factors (TAFs) of TFIID, SAGA histone

acetylase, and SWI/SNF ATP-dependent nucleosome remodeling complexes.

The focus of this research is on DNA sequences that potentially contain the NFI core promoter

and transcription factor binding sites.
1.8 Core Promoter and Promoter Elements for RNA Polymerase II

The promoter, sometimes called the promoter region, is the ultimate target of all transcription
regulatory control (Figure 13). The core promoter is generally located within 40 bp upstream or

downstream (-40 to +40) of the transcription start site, which is designated as +1. There is also a

proximal promoter region from -40 to -250 relative to the +1 transcription start site, where




éeveral DNA binding factors may bind and influence transcription (Kadonaga, 2002). Within
the core promoter, there is a short DNA sequence called the core promoter element, where an
RNA polymerase II basal transcription factor (TFII) binds and then recruits RNA polymerase to
begin transcription. There are various different core promoter elements like the TATA box,

BRE, initiator element, and DPE, and there are different TFII complexes for each.

TATA-box was the first identified and is the probably the best studied core promoter element
(Mathis et al, 1981). It has a consensus sequénce of TATAAA and is usually located -25 to -35
relative to the transcription start site and suﬁomded by GC-rich sequences. TATA-Box binding
protein (TBP), when in a TFIID comi)lex, will bind to the TATA box. This is followed by the
binding of TFIIA, TFIIB, TFIIF, RNA polymerase II, TFIIE, and lastly TFIIH for transcription
initiation (Figure 14). The TATA box is the coré promoter element in less than 50% of all

human core promoters (Suzuki et al., 2001).

TFIIB, besidevs facilifating. TFHD-TATA box binding, can also bind té the TFIIB Recognition
Element (BRE), which is found immediately upstream of the TATA box in about 12% of all
TATA promoters (Lagrange ef al., 1998). Its coﬁsensus sequence is G/C- G/C-G/A-C-G-C-C |
followed by the 5° T of the TATA box. BRE may have either positive or negative effect on

transcription (Evans et al., 2001).

The initiator (Inr) element, when found, is located -2 to +4 relative to the transcription start site
and has a consensus sequence of Py-Py(C)-A+;-N-T/A-Py-Py in mammals (Corden et al., 1980).
Transcription is usually initiated at the A+, nucleotide. This sequence is.not bound by TBP but is
bound by TAF;250, which is a subunit of TFIID (Martinez ef al., 1994). Furthermore, although
the TATA-Inr combination is known to be the best platform for RNA polymerase II binding, it
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Figure 14. Model for a stepwise assembly and function of a pre-initiation complex (PIC). PIC
assembly at a TATA-containing class II promoter is initiated by the binding of TFIID to the core
promoter through both TBP interactions with the TATA box and TAF interactions with initiator
(INR) or other downstream promoter elements. These interactions are stabilized by TFIIA.
TFIIB further stabilizes the TBP-TATA complex and allows the recruitment of TFIIF, Pol 11,
TFIIE, and TFIIH in either a sequential manner (as shown) or as a preformed holoenzyme in
which Pol II is in addition associated with the Mediator coactivator components (not shown in
this figure). ATP-dependent promoter melting involves ATPase activities in TFIIH and is
stimulated by THIIE to form the open complex that is competent to initiate transcription upon
addition of ribonucleoside-triphosphate (NTPs). During initiation or early elongation the CTD
domain of Pol II becomes phosphorylated by the CDK7 kinase activity of TFIIH allowing
promoter escape/clearance and transcription elongation by hyperphosphorylated Pol II in
association with TFIIF, while TFIIB, IIE, and ITH dissociate from the core promoter. After
termination reinitiation might require de-phosphorylation of Pol IT by a CTD-phosphatase.
(Martinez E. Multi-protein complexes in eukaryotic gene transcription. Plant Mol Biol. 2002
Dec;50(6):925-47.)
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has also been shown that, in the absence of a TATA box, Inr can cooperate with other TATA-

less core promoter elements and direct accurate transcription initiation (Smale, 1997; Wieczorek

etal, 1998)

An example of a TATA-less promoter is the Downstream Promoter Element (DPE) (Burke ef al.,
1996). It is located precisely at +28 to +33 relative to the transcription start site. The épatial
distance for DPE-Inr promoters seems to be very important. For example, if the distance
between DPR and Inr is altered, the core promoter activity is seriously reduced. Having a G
nucleotide at position +24 is also preferred. On the other hand, the consensus sequence of DPE,
A/G-‘G-A/T-C/T-G/A/C, is more variable than that of the TATA box. Like Inr, binding to DPE
is accomplished by TFIID, not by TBP (Burke et al., 1997, Kadonaga, 2002). DPE can be
present as frequently as TATA box within promoter regions. A study on a database of 205
promoter regions with known transcription start sites in Drosophila has shown that 29% of the
promoter regiohs contained TATA box only, 26% contained DPE only, and 14% contained both
TATA box and DPE (Kutach et al., 2000). Also, up to 31% of the core promoter regions
contained no TATA box or DPE. Therefore, promoter elements other than TATA box and DPE

are likely to exist.

Since both core promoter elements and RNA polymerase II are ubiquitously expressed and

active, regulation is needed, which is achieved through interactions between regulatory DNA

sequences and transcription factors.
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- 1.9 Regulatory DNA Sequences

Regulatory DNA sequences, or transcription factor (tfactor) binding sites, are cis-acting, because

they are located on the same DNA molecule that they regulate. Depending on their influence on

transcription, tfactor binding sites can be organized into different groups:

1. Enhancers — positive regulatory elements that can increase basal transcription level over a
léng range (Blackwood et al., 1998).

2. Silencers — negative regulatory elémenté vthat can decrease basal transcription level over a |
long range (Ogbourne et al., 1998).

3. Insulators — neutral elements with a size of 0.5-3 kb that can constrain and define boundaries
affected by enhancers or silencers (Geyer et al., 2002).

4. Response Elements — flexible elements found within 1 kb upstream of the promoter that can

either increase or decrease transcription based on external stimuli (Strachan et al., 1999b).

Some enhancers like GC boxes and CCAAT boxes are integral to the core promoter, and they
can be found in the vicinity of the transcription start site. For example, GC boxes (or Spl boxés),
having a consensus sequence of GGGCGG, are usually found within 100 bp of the transcription
start site, while CAAT boxes, having a consensus sequence of CCAAT, are usually found at
position -75. Oﬁ the other hand, cyclic AMP response element (CRE) can be found up to 200 bp
upstream of the core promoter element. CRE has a consensus sequence of G-T-G-A-C-G-T-

A/C-A-A/G. Tt can activate or deactivate transcription, depending on the conditions.
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1.10 Transcription Factors

Unlike tfactor binding sites, tfactors are trans-acting factors because they-are proteins encoded
distantly and have to migrate to their sites of action. Each tfactor generally binds to a specific
tfactor binding site through one of the common DNA-binding domains, which are structural
motifs shared by different tfactors (Stfachan et al., 1999b). Some common motifs are:

1. Leucine Zipper - a leucine-rich helix that readily forms a dimer through coiled-coil
interaction.

2. Helix-Loop-Helix (HLH) - related to the leucine zipper, and composed of one long and one
short a-helix connected by a flexible loop. Two helices can pack against each other and
permit both DNA binding and dimer formation.

3. Helix-Turn-Helix (HTH) - two short a-helices separated by a short amino acid that induces a

turn.

4. Zinc Finger - a Zn ion bound by four conserved amino acids, usually four cysteine residues

or two cysteine and two histidine residues.

Different tfactors have different mechanisms and effects on transcription. Currently, there are
2785 tfactor entries in the TRANSFAC database (Release 4.0). This.number does not reflect the
exact number of tfactors because of imperfect classification. Some of the best-studied ones are

Simian-virus-40-protein-1 (Sp1), Activator Protein (AP-1), and CRE-binding proteinv (CREB).

1.10.1 Sp1
Spl was the first mammalian transcription factor for RNA polymerase II that was discovered and
cloned (Briggs ef al., 1986; Kadonaga et al., 1987). Having three two-cystein-two-histidine zinc

finger motifs, it is also the founding member of a zinc finger tfactor protein family that includes

31




Sp2, Sp3, Sp4, basic transcription element Bl (BTEB1), and BTEB2. All Spl-like tfactors tend
fo bind GC-rich sequences, like the GC box shown in Table 2 (Cook ét al., ‘1999). Because
multiple Sp1 sites have been found near the core promotérs of many housekeeping genes, Spl
may be responsible for basal transcription (Lin et al., 1996). Furthermore, multiple Spl sites can
work synergistically to superactivate transcription. Spl activity is under tight control through

phosphorylation and glycosylation and can upregulate genes for growth promotion and growth

inhibition (Black ef al., 2001).

1102 AP-1°

AP-lisnota singlevtfactor but instead représents a family of tfactors that possess leucine-zippers.
Some members of the family are the Fos and Jun leucine zipper proto-oncogenes. It is related to
cellular stress, UV irradiation, DNA damage, efc. Since leucine-zippers tend to dimerize

thrdugh coiled-coil protein interaction, binding between these tfactors and DNA occurs at
palindromic sequences (Wisdom, 1999). Different members of the family can form either
homodimers or heterodimers. Originally thought to be stimulated by the phorbol ester 12-O-
tetradecanoylphorbol-13-actate response element (TPA), AP-1 binds to the TPA-response |
_elemént (TRE), which has a consensus sequeﬁce of 5> TGAGTCA 3’ (Whitmarch et al., 1996).
For example, Jun-ATF-2 dimers can recogﬁize 5’ TGAGCTCA 3°. One of the charécteristics of
AP-1 is its ability to respond to an incredibly wide range of stimuli (e.g. cellular stress, DNA
damage, oxidative stress, neuronal depolarization, T or B lymphocyte binding, cytoskele_tél
rearrangement, tumour necrosis factor a (TNFa), interferon-y, ionizing and ultraviolet irradiation,
MAP kinases). The two most potent inducers of AP-1 are UV irradiation, which leads to cell

cycle arrest, and peptide growth factors (e.g. MAP kinase), which leads to cell cycle progression

(Wisdom et al., 1996).




Table 2. Examples of cis-acting elements recognized by ubiquitous transcription factors.

DNA sequence is identical

Cis element Associated frans- | Comments
to, or a variant of acting factors .
GC box GGGCGG Sp1 Sp1 factor is ubiquitous
TATA box TATAAA TFIID TFIIA binds to the TFIID-TATA
box complex to stabilize it

CAAT Box CCAAT Many, e.g. C/EBP, | Large family of trans-acting

' , CTF/NF1 factors ,
CRE (cAMP CTGACGTA/CAA/G CREB/ATF family, | Genes activated in response to
response element) | e.g. ATF-1 cAMP

From Strachan ef al. 1999a.
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1;10.3 CREB
CREB, a leucine zipper tfactor, is closely relgted to the cAMP pathway, which is étimulated

* mainly by hormones (Strachan et al., 1999b). Aftér a hormone receptor binds to a hormone, it
activates the receptor-bound G protein, whiCh then dissociates and activates the enzyme |
adenylate cyclase. This enzyme converts ATP to cAMP, which activates a wide variety of
protein kinases, one of which is MAP kinase. All these protein kinases phosphorylate CREB
protein, so that it can bind to an 8-bp cAMP responsive element (CRE), 5° TGACGTCA 3’
(Whitmarsh et al., 1'996). Transcription is then activated. CREB can work with other tfactors

like c-fos in the presence of growth factors (Ginty et al., 1994).

1'.10.4 Effect of Chromatin Structure on Tfactor Binding

When tfactors are activated, they can theorétically bind to all ailailable tfactor binding sites in the
genome and activate transcription in a wide array of gene‘s. There must be control on tfactor-
DNA binding to achieve transcription initiation specificity. This can be achieved in part through

the regulation of chromatin structure.

When transcription is inactive, DNA is highly organized and compacted into chromatin. The
most fundamental unit of chromatin packaging is the nucléosome, which consists of an octamer
of cofe histones (H3, H4 tetramers, H2A dimér, and H2B dimer). Tighter or denéer binding is
achieved through the recruitment of H1 and' HS5 histone proteiﬂs. On the other hand, when DNA
is transcriptionly active, it is less compact because the co;e histones are acteylated and H1
binding becomes weaker. Depending on the position in the cell cycle and the 3D orientation of
the DNA, tfactdr binding sites may be exposed (facing the surface) or hidden (facing the octamer)

(Beato et al., 1997). Furthermore, different chromatin sections may be opened or closed
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depending on the presence or absence of other tfactors, thus achieving a fine tuning of

transcriptional regulation.

1.10.5 Effect of DNA Methylation on Tfactor Binding

Besides chromatin structure, regulation of tfactor-DNA binding can be achieved through DNA
methylation, which occurs through the action of DNA methyltransferase 1 at the 5 position of
cytosine, converting a cytosine to a methylcytosine. Methylation occurs in about 4% of
cytosines in the genome, and all methylcytosines are found in 5°CG 3’ dinucleotides (Razin et
al., 1980). One would expect to find the méj_ority of methylcyfosine in CpG islands, which are
regions with a high proportion of CG content that are more concentrated 5° instead of 3’of a
gene (McClelland ef al., 1982). However, most CpG islands are unmethylated. Passive
demethylation can occur during DNA replication, possibly under the effect of DNA binding
factor (Wolffe ef al., 1999). Active demethylation involves demethylases, which are highly

active in the developing embryo (Jost, 1993).

bNA methylatién can interfere with tfactor binding in two ways (Attwood ef al., 2002). First,
methylated DNA proximal to a promoter méy recruit methylcytosine-binding proteins, which
then recruit corepressor and histone déac;teylases. This in turn changes the chromatin from an
active to an inactive transcription state. Second, methylated CG dinucleotides may protrude into
the major DNA'groove and block the access of tfactors to their binding sités. AP-2, CREB, and
Spl have been showﬂ to be inhibited from binding to their corresponding recognition sequences

by methylation (Comb et al., 1990; Iguchi-Ariga et al., 1989; Clark et al., 1997).
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1.11 NF1 Gene Transcription

Studies using primer extension and RNAse protectjon on human melanoma and brain tissue
culture cells have shown that the major transcription start site for NF] begins 484 nucleotides
ﬁpstream of the translation start site (Wallace ef al., 1990; Harja et al., 1994). There are
alternate transcription start sites at +11 and -1 relative to the méj or transcription start site

(Viskochil, 1998).

1;11.1 Potential Tfactor Binding Sites and Methylation

The 5’ Untranslated Region (5’ UTR) of NF1I gene contains 5 potential AP-2 sites, 3 of which
are 140-220 bp upstream of translation start site, and 2 potential Sp1 sites, located at 24 bp and
66 bp upstream of the translation start site (Harja et al., 1994). Since AP-2 is restricted in
expression with high aBundance in neural crest cells (Mitchell et al., 1991), it may play an
important role in NF1, which involves tissues derived from neural crest, among many others.
According to Hajra et al., there are two potential AP2 sites at 623 bp and 650 bp upstream of the
translation start site, two SP1 sites at -625 and - 649, one potential GT2 site at -636, one
potential MT1 site at -.58.4, one potex;tial CREB site at -500, and one potential SRE site at -498,

all within 200 bp upstream of the transcription start site (Harja et al., 1994).

Some studies suggest that methylation may be a potential mechanism in regulating NFI gene
expfessioh (Mancini et al., 1999). As mentioned, methylation can hinder tfactor-DNA binding.
No methylation is observed in the vicinity of the Sp1 binding sites 625 bp and 649 bp upstream
of the NF1I translation start site. Furthermore, both the CREB and Sp1 sites upstream of

translation start site can be blocked from binding to DNA by methylation. However, since no

actual methylation of these binding sites is observed in neurofibrosacrcomas and neurofibromas,
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methylation may not be a major cause of NF1 gene inactivaﬁon during tumourogenesis (Luijten
e.t al. 2000). Furthermore, although methylaﬁon can be seen at -609, -429, -406, -383, -331, and
-315 nucleotides relative to the transcriptioﬁ start sites in NF1-specific tumburs, the other 64
potential CpG methylation sites near NF1 promoter region are unmethylated, and none of the

methylated ones are located at predicted transcription factor binding sites.

1.11.2 Core Promoter Element

As mentioned, no TATA or CCAAT box exists in the NF'I promoter region. Furthermore, no
consensus sequence for Inr has been found (Vis‘k’ochil, 1998). Two unpublished luciferase assay
studiés of NF'I transcription activity have reyealed some potential regulatory regions. Although
both studies focused on regions with positive or negative effects on NF/ transcription, these

studies may provide an indication where the NF core promoter element lies (Figure 15).

Using a luciferase assay, Purandare ef al. have shown that the sequence between 4846 bp
upstream and 11 bp upstream of the NF/ translationistart site can increase luciferase activity by
14 fold. The region between 341 bp and 11 bp upstream was able to act independently as a
promoter. On the other hand, a construct that deleted the region between 11 bp and 341 bp
upstfeam of the translation start site inéreas_ed luciferase activity by 65 fold. These results
suggest the presence of a promoter and a strong repressor in the region 11 bp to 341 bp upstream
of the ORF. Furthermore, both predictions are located downstream of the transcription start site

(Purandare ef al., 1996). Lastly, addition of more upstream sequence can increase luciferase

activity, which may signify the influence of potential activating tfactors.




a) From Purandare ef al.

pGL2

pLUCB3
(-341 to -11)

-341

11

pLUCB4.5
| (4846t0-11)  -4846  TSS

NO name
(-4846t0 -341)  -4846  TSS

b) From Rodenbhiser ef al.

pGL3

-341

pMXNF13
(-755 to -330) 755 TSS

-330

pMXNF14-1
(-755 to -255) 755  TSS

-255

pMXNF14-2, 14-3
(-755to -131) =755 TSS

-131

-11

Basic

Increase 8 fold

Incréase 14 fold

Increase 65 fold

Basic

Increase 45 fold

Increase 105 fold

Increase 11 fold

Figure 15. Summary of luciferase assay results from (a) Purandare ef al., and (b) Rodenhiser et
al. Name, the location of the construct, and the luciferase activity are included. Locations in
brackets are relative to the translation start site (+1), which is 484 bp downstream of the
transcription start site (TSS). Note that the basic construct used in Purandare et al. is pGL2
(thick red line) while the one used in Rodenhiser ef al. is pGL3 (thick green line). The increases.
in activity can be compared within the experiments but not across the experiments. Blue box (a)
shows the region that may hold potential core promoter element, activator, and repressor. Pink
box (b) shows the region that may hold potential core promoter element while green box (b)
shows the location of possible repressor. ’
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Rodenhiser et al. have performed similar luciferase assay experiments (Rodenhiser ef al., 2002).
Different constructs were made that began at 755 upstream of the translation start site and ended
at different positions downstream of the translation start site. The transcript with the most
luciférase activity was pMXNF14-1, which includes the segment between —755 bp and -255 bp
of the translation start site. Lengthening thi‘s_ construct to -131 bp or shortening it to -330 bp both
decreased its effectiveness. These results suggest the presence of a repressor downstream of -
255 and an activator, possibly a promoter element, located between -330 bp and -255 bp of the
translation start site. Considering the two studies together, one may suggest a possible core

promoter element between 255 bp and 341 bp upstream of the ORF.

1.12 Transcription Factor Prediction

There are two main methods for predicting potential tfactors that regulate gene expression. The
first way is through coexpression. The second way is through direct tfactor binding site

detection.

1.12.1 Coexpression

Any given cellular action usually involves more than one protein or gene product. Therefore,
organisms often have to .orchestrate transcription for different genes together. A simple way to
do so is to regulate genes With related funcitions with common tfactors. By collecting mRNA
and protein expression data, researf:hers can often associate actions of different genes together to
form a gene network. If one of the.genes is known to be regulated by certain tfactors, there is a
possibility that those tfactors will affect other genes within the same network. Furthermore, if
there are.known tfactor binding sites for a particular gene, researchers may be able to discover

binding sites for those tfactors for the other coexpressed genes by comparing their sequences.
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There are computer programs and analytical tools designed to facilitate the investigation of
coexpression among different genes (Gasch et al., 2002). Unfortunately, the NFI gene is
ubiquitously expressed. There is no coexpression data that will be useful for detecting tfactors

for NFI in this _stuay.

1.12.2 Direct Tfactor Binding Site Prediction
Potential tfactor binding sites can be predicted using the powerful tools of bioinformatics

(Kanehisa et al., 2003). Tfactor binding site prediction can be achieved by analysing the DNA

sequence of a gene for known consensus tfactor binding site sequences, which are usually very

short. However, unlike restriction endonucleases that have very specific recognition sequences,
tfactér binding sites are often degenerate. Minor changes in a tfactor binding site may cause
decreased affinity rather than abolishing tfactor-DNA binding (Roulet ef al.,, 1998). Therefore, a
tfactor may bind to different DNA sequences. This limits the effectiveness of predicting tfactor

binding sites solely based on a perfect match in DNA sequence.

This problem is alleviated in part by using a weight fnatrix, which was first used to characterize
E. coli transcription and translation initiation sites (Harr ef al., 1983; Stormo et al., 1982). A
weight matrix is a two-dimensional table in which each row corresponds to one of the four letters
of the DNA alphabet and each column corresponds to consecutive positions of a tfactor Binding
site sequence. A different nucleotide at each position will be given a different number, which
reflects a tfactor’s binding strength at that position when recognizing the binding site. Each
tfactor will have a different weight matrix, which is obtained by compiling sequence variations
of the naturally occurring binding site of that tfactor, recording the differences in affinities of
different sequences, and calculating the effect of different nucleotides at each position.
Researchers can then assign a final score to any given sequence by combining all the
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corresponding numbers in the matrix for that sequence. Using a set threshold, researchers can
classify the sequence as either nonfunctional or a potential binding sité for the tfactor (Frech et
al., 1997). TRANSFAC? is the biggest collection (library) of tfactor data that is available
publicly (Matys et al., 2003). The most current version, Release 6.0, contains 6627 entries for
putative tfactor binding sites for different eukaryotic genes, with species ranging from yeast to

Detection of tfactors by weight matrices has several weaknesses:

1. Because of the ﬁeed to rely on TRANSFAC® or another library, no no‘vel tfactors can be
predicted.

2. Some tféctor binding sifes have no natural variants, so they do no have a weight matrix.

3. Biologically important tfactor-DNA binding can be very tolerant so that even weak
interactions may be very important. Setting too high a cutoff for weight matrices will act
against the prediction of these tfactors. .Similarly, values above the cutoff may not represent

true tfactor binding sites.

There are many prediction programs for ‘potential” tfactor binding sites that are based on weight
matrices and TRANSFAC libraries. The details of the programs used in this study can be found
in the Methods section. The adjective ‘potential’ cannot be stressed enough because the actual
function of each prediction has to be validated through experiment. Furthermore, these
programs often generate predictions that do not égree with one another, and many of the
predictiohs are false-positive. Since all of these programs use the same TRANSFAC. library and
similar algorithms, using multiple programs does not necessarily alleviate the problem. This is

where phylogenetic footprinting becomes important.
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1.13 Phylogenetic Footprinting

Evo'lu.tion' explains the two principles of life — diversity and unity. Diversity refers to the wide
array of different life forms on the earth. Unity refers to th@ common biochemical, cellular,
genetic, and physiological characterisfics shared by different organisms. The four basic
nucleotides in' DNA, the amino acids used in proteins, the electron transport chain in respiration,
and organelles in the cells, all reflect the common origin shared by different organisms on the
earth. It is, therefore, not surprising that many genes, including NF1, are shared by different
organisms.v Because the functions of the protein product are determined by the genetic sequence,
it is expected that exon_s; which are the coding séquences of proteins, woﬁld be highly conserved
across different species through evolution. For a long time, however, the importariccv of introns

was overlooked because of their non-coding nature. -

The basic principlés of evolution and natural selection suggest that changes in functional DNA
sequencés are generally selected against because random mutations are usually déleterious.
Coding regions between humans and mice, for example, share an average homology of 85% in
their DNA sequences. On the other haﬁd, non-coding introns share an average homology of -
69%. The homologies of 5> UTR and 3* UTR are 75-76%, with similar degree of homology iﬁ
the ﬁrst 200 bp upstream of the transcription start site (Waterson et al., 2002). Sincé these
regions upstream of the tran'scription' site have a higher homology than non-coding regions in
general, they are likely to be functional and may contain potential transcriptional control
elements like core promoter regions and tfactor binding sites. However, homology comparison
alone cannot predict what functions areas of interest may have. Tfactor detection programs and

phylogenetic footprinting can, therefore, be complementary to each other. For example, a
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combined approach has been used in the search for potential cis-regulatory elements in the

promoter of 5-Lipoxygenase in humans and mice (Silverman et al., 2002).

Besides Homo sapiens, genomes from Caenorhabditis elegans, Drosophila melanogaster, Fugu
rubripes, Anopheles gambiae, Mus musculus, Rattus norvegicus, Caenorhabditis briggsae,
Saccharomyces cerevisiae, and many other eukaryotic organisms are completely or' close to
completely sequenced. With the ever-increasing number of eukaryotic genomes becoming
available,'bioinformatibs for comparative study becomes feasible (Ureta ef al., 2003). Many

computer programs for aligning genomes and detecting regulatory regions have been developed,

and most of them are available free for academic use.

The first comparative study of NFI for potential regulatory regions based on human and mouse
sequence was done in 1994 (Hajra et al, 1994). This study demonstrated highly conserved
regions and several conserved tfactor binding sites within 1000 bp ﬁpstream of the translation
start site of humans and mice. Another study attempted to align flanking genes of Fugu rubripes
NFI to.hu'man NFI, but those genes are located very far away or on different chromosomes in
humans (Kehrer-Sawatzki et al.,, 2000). Since then, there is no entry in PubMed concerning

comparative study of human NF'/ with other organisms.

1.13.1 Special Note on Fugu rubripes

Fugu rubripes is the poisonous and delicious J apane.se pufferfish. The International Fugu
Sequencing Consortium has recently coﬁipleted the draft assembly of 1'2,403 contigs covering
approximately 90% of the genome (Aparicio et a‘l., 2002). The Fugu genome, while possessing
a similar gene repertoire to mammalian geﬁomes, has a total size of less than 400 Mb, which is

- eight times smaller than mammalian genomes. There is much less non-coding sequence in Fugu.
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Therefore, comparative study between the human and Fugu genome can potentially pinpoint
functionally important segments of intronic regions (Aparicio et al., 2002). With an
evolutionary distance of 450 million years between humans and Fugu, compared to 40.5 million
years between humans and mice or rats (Kumar et al., 1998), regions that are highly conserved
betwéeh humans and F ugu may cqntaiﬁ impdrtant regulatory-elerhents. Comparative studies
between human and Fugu ﬁave been done o‘n seve;ral genes (Goode et al., 2003; Annilo et al,

2003).
1.14 Thesis Rationale and Objectives

The 1994 comparative study of the NFI gene was limited to 1000 bp upstream of the
transcription start site in human and mouse (Hajré et al, 1994). With many eukaryotic genome
sequencin‘g projects completed or close to completion and the increased knowledgé on
transcription factor binding sites, there is a need to conduct another comparative study.
Therefore, I studied the 5° Upstream Region (SUR) and Intron 1 of the NF] gene from four

vertebrates - human, mouse, rat, and pufferfish. This study covered a larger region with updated

~ sequences.

There were two main objectives for this study. First, phylogenetic footprinting was done on the
5’ Upstream Region (SUR) and Exon 1/Intron 1 (EI1) regions of the NFI gene in the four
species to identify and characterize the most homologous regions. The second objective was to

~ uncover potential regulatory regions based on sequence alignment together with transcription

factor binding site and promoter detection programs.




Chapter 2. Methods

2.1 Overview

The success of t_his research depends on accurate and current genetic sequences. The human,
mouse, rat, and Fugu NF1 gene cDNA, 5UR, and EIl sequences, as well as the neurofibromin
amino acid sequences were first located and downloaded from UCSC, NCBI, or ENSEMBL.
The degree of cDNA and protein homology was then calculated. Next, SUR and EI1 regions
wére_compared using the sequence alignment program mVISTA, followed by analysis using a
Perl.progfam called Frameslider that was written to calculate identity. Highly horﬁolbgous
regions were located based on cDNA homology. Regions surrounding these highly homologous
regions were then analyzed using tfactor binding site prediction programs. Predictions from
different organisms were compared, and ones that were shared by human and at least one other
species af the aligned positions were selected. Lastly, all data were summarized and presented

using a graphic program.

2.2 Introduction to Programs Used for Analysis

Many different programs have been used for this bioinfoﬁnatics study. In order to understand
the research logic, a basic understanding of the functions of the different programs is necessary.
They can.be broken down into five categories:

1. Sequence Search and Homology

2. Sequence Alignment and Homology

3. Promoter Search
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4. Tfactor Search

5. Graphics Display
Note that there are programs that‘ pérform alignment together with tfactor binding site prediction
(e.g. ConSite). However, for most of these programs, either the output format is hard to

maneuver or some information like exact nucleotide location is lost. Therefore, alignment and

tfactor binding site prediction were done separately.

2.3 Sequence Search and Homology

2.3.1 BLAST (http://www.ncbi.nlm.nih.gov/BLAST/.)

BLAST (Basic Local Alignment Search Tool) is a set of similarity search programs designed in
1990 (Altschul et al., 1990). When a user supplies a query, whether it is a sequence of DNA or
protein, BLAST can seafch for similar sequences from the available databases in NCBI. The
BLAST aigorithm finds similar sequences by building an index or dictionary of shbﬁ
subsequences called words for both queries and the database. The program then searches for
exact matches by comparing words in the query to words in database. There are many different
variations of BLAST (Table 3). A user can search a subset within a database (e.g. RNAs, ESTs,
Protein) émd adjust different parameters for different alignment strihgencies. The two most
important parameters are word size and Expect value. Word size reflects the length of individual
words in the indices for the query and database. Word size can range from 7 to 11. Increasing
the word length increases the stringency. The Expect value reflects the number of matches

expected between the query and database by chance alone. The lower the Expect value,
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Table 3. BLAST programs.

Program Description

blastp -compares an amino acid query sequence against a protein sequence database

blastn compares a nucleotide query sequence against a nucleotide sequence database

blastx compares a nucleotide query sequence translated in all reading frames against a protein
sequence database.

tblastn compares a protein sequence against a nucleotide sequence database dynamically
translated in all reading frames.

tblastx compares the six-frame translation of a nucleotide query sequence against the six-frame

translations of a nucleotide sequence database.

From NCBI BLAST Tutorial
(http://www.ncbi.nlm.nih.gov/Education/BLASTinfo/query tutorial.html)



http://wvyrw.ncbi.nlm.nih.gov/Education/BLASTinfo/querv

the more stringerit the test. If the statistical significance assigned to a match is above the Expect
value, that match will not be reported. Similarly, matches with lower Expect value are more
significant statistically. The main BLAST program used in this research was blastn with default

settings for organism-specific genomic BLAST.

The main limitations of BLAST are its speed and output. Analysis can be time consuming,
especially under low“stringency seﬁings; Furthermore, although the output provides useful
statistics and the database (accession number) where matches are located, it lacks a convenient
coorciinate system thatvenables the user to the. pinpdint location of matches in the.g'enOme

without doing additional searches.

2.3.2 Pairwise BLLAST (http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html)

This is another variation of BLAST that was very useful in this study. Using the same BLAST
engine, local alignments are found by comparing two user-supplied sequences (Tatusova et al.,
1999). Both blastn and blastp are used. The former is useful in aligning and locaﬁng a specific
query sequence relative to the other sequeﬁce. The latter is useful in comparing the degree of

protein homology. Unless specified, default settings were used in this study.

2.3.3 BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat?command=start&org=human)

BLAT is short for BLAST-Like Alignment Tool (Kent, 2002). Although it is spelled similarly,
BLAT is not BLAST. Unlike BLAST, BLAT builds an index of the database (but not the
sequence) and searches linearly along the sequence (instead of the database). For example, the
database used in BLAT is broken down into non-overlapping 11-mers for DNA and 4-mers for
protein. Furthermore, BLAT output stitches togéther different alignments to form one big
alignm.ent., instead of producing individual broken local alignments as in BLAST. .O_verall,
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BLAT is much quicker than BLAST and can give a clearer picture of alignment. It is used
extensively in the UCSC database as an extremely efficient tool in pinpointing the exact location
of a specific query sequence within a specific genomé database (e.g. chromosome number énd
the coordinates). However, BLAT does not have any index for Fugu, so a Fugu BLAT search is
not currently available. Also, there is an upper limit on the query sequences of 25000
nucleotides in DNA, which is less than the length of NF/ human 5UR or intron 1 (more details

on this later). It was, therefore, necessary to use other alignment tools as well.

2.4 Sequence Alignment and Homology

2.4.1 mVISTA (http://www-gsd.lbl.gov/vista/)

mVISTA stands for main VISualization Tool for Alignment, which is designed for comparative
genomics (Mayor et alf, 2000). The user can input two or more sequences for several one-on-
one élignrhents simultaneously. For example, if human (H) sequence ié input as the base
organism, and comparisons to sequences of mouse (M), rat (R), and pufferfish (F) are desired,
the program returns alignments of HvsM, HvsR, and HvsF. Note that if only three organisms are
picked, for example, H, M, and R, there is no need to specify a base organism and all possible
cbmpariéons are provided (e.g. HvsM, HvsR, and MvsR). Alignment is achieved by sliding a
window of predefined length alohg the comparison sequences and searching for regions of high
homology. In this study, alignment was performed under the setting “one-cell organism”. This
setting was used to avoid sequence masking for répeat regions, which may contain tfactor

binding sites. The window size and conservation level for the identity calculation do not affect

the alignment itself, so default settings were used.
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The advantages of mVISTA are that multiple large sequences can be aligned quickly and the
memory requirerhent is low. However, mVista alignment is based on the assumption that the
order of conserved regions (synfeny) will be preserved through evolution. Therefore, mVISTA
is not suitable for genome-wide alignment, but it can be used for smaller local alignment of

different regions of the NF/ gene.

Another problem with mVISTA is its output. Although mVISTA uses sliding windows in its
alignment, the output does not define the location of individual windows with respect to the
genome as a whole. Final identity scores are given along the alignment, but it is impossible to
pinpoint the exact coordinates that correspond with a particular score. The scores for individual
windows of a fixed size are also ndt available. This is an important limitation if a nucleotide by
nucleotide comparison is being performed. For this project, there was a need to tap into the
hidden information available in the alignment so that the identity score of individual windows

could be determined and appropriate regions selected for further analysis.

2.4.2 Frameslider

Frameslider (frameslider.pl) is a Perl program that I designed to report percent identity of
individual window comparisons along an alignment between two species (Appendix 1). First,
the user creates two text files by converting an mVISTA alignment from horizontal format to
vertical format supplied with an index number (Figure 16). This can be done easily using
EXCEL and Word Cut-and-Paste, Reblace, and Data-to-column commands. Also, the two ﬁlés
must be named with asequence.txt as the first strand and bsequence.txt as the second strand in
the same directory as frameslider.pl. Executing Frameslider will prompt the user to input the

window size needed for comparison. Suppose a window size of 5 is picked (Figure 16). The

program starts at nucleotide 1 on the first strand and compares this with nucleotide 1 on the
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a) Hypothetical Alignment: Human ATGCATGCA-GGTTGC----

LU T T

Mouse ATGCA-GCATGCATGCAAAA

b) Input Format

asequence. txt 1 a bsequence. txt 1la
' 2t : 2t
3 g 3 g
4 ¢ 4 ¢
5 a 5 a
6 t 6 -
79 79
8 ¢ . 8 c
9 a 9 a
10 - 10 t
11 g 11 g
12 ¢ 12 ¢
13 a 13 a
14 t 14 t
15 g 15 g
16 ¢ 16 ¢
17 - 17 a
18 - 18 a
19 - 19 a
20 - 20 a
c) Output Format

Page 1

Start End ANucleotide BNucleotide Homology

1 5 a a 1

2 6 t t 0.8

3 7 g g 0.8

4 8 c c 0.8

5 9 a a 0.8

6 11 t - 0.8

7 12 g g 0.8

8 13 c c 0.6

9 14 a a 0.6

10 16 - t 0.6

Figure 16. Demonstration of Frameslider with window size of 5. a) alignment output from
mVISTA. b) input file format. c) sample output. Note that frameslider skips gaps (character -
to obtain a correct window size, and, therefore, skips one comparison if a gap occurs on the first
strand. It will not skip a gap on the second strand and will take it into the identity calculation.




second strand. If they are identical, the number of identical nucleotides will increase by 1;
otherwise, it will remain zero. Since the number of nucleotides being looked at is not equal to
the window size (5 in this example), the program moves to the next nucleotide on both strands
and repeats the analysis. Any gap on the first strand will be ignored during window size
calculation, and no corﬁparison will be made at that position. This ensures identity calculation
will include the same number of nucleotides. On the other hand, a gap on the second strand wi.ll
count as a mismatch in the identity calculation. When comparison of five nucleotides has been
completed, the programme will report the average identity (e.g. the total number of matches
divided by the Window size). The outpﬁt.txt is updated after each window is cbmpared, and the
identity score is reset to zero. The program then moves to the next nupleotide as the starting
point and begins the next anaiysis. The identities of different windows can be ranked very easily
in EXCEL by using the ‘Sort’ command and precise information on nucieotide coordinates is

proVided. |

In this study, a window size of 50 was chosen between HvsM, HvsR, and MvsR alignments
because this size has been shown to be optimal for the comparison between human and mouse
genomes (Waterson et al., 2002). A window size of 30 or 20 was used for alignments against
Fugu because of the larger evolutionary distance. Windows with the highest identity were

investigated further.

Frameslider has two main weaknesses. First, a misleading result can occur if there are extensive

gaps in the top strand. For example, an alignment like this will report 100% identity when in

fact the alignment is likely to be incorrect:




Mouse AAAAACCCCCCCCCCCCCCAAAAAAAACCCCCCCCCCCCAAAAANA

This problem can be spotted quite easily during manual data analysis. Furthermore, reversing

the order of two strands demonstrates this artifact.

The second problem is harder to solve. Because Frameslider is based on the mVISTA alignment,

~ Frameslider cannot compensate for the limitations of mVISTA. Erroneous alignments can occur

in mVista when the sequences under investigation are too different in length or too far apart in
their evolutionary history. Sequence length can be chosen wisely, but alignment of sequences

that are evolutionarily distam may be better done with BLAST or pairwise BLAST, where the |
parameters can be easily adjusted and no assumptions on conserved order for homologous

regions is necessary.

The code for Frameslider can be found in Appendix 1.

2.5 RepeatMasker (http://ftp.genome.washington.edu/cgi-bin/RepeatMasker/)

RepeatMasker is a program written by Arian Smit (Smit ef al., 1996) that screens a DNA
sequence against a library of repetitivé elements like interspersed repeats or low complexity
DNA sequences. The output returns a masked query sequence with all repeats replaced by ‘N’s
and a table annotating the exact location of repeats. Almost 50% of the human genomic
sequence is masked by the program. The comparison of DNA sequences to the repeat library is
performed by a program called cross_match, an efficient implementation of the Smith-

Waterman-Gotoh algorithm developed by Phil Green. Theoretically, there is no sequence size
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limit for this program. However, depending on the sensitivity setting, if the input sequence
exceeds 10kb, the connection may time out if the online version is used. For the purpose of this
study, all queries were done in slow speed, high sensiﬁvity setting, with the appropriate
organism DNA source. Since th.e sequence is not mésked before alignment to avoid losing

potential tfactor bindirig site regions, only the annotation table was selected as output.
2.6 Promoter Identification

2.6.1 GenomatixSuite (http://www.génomatix.dé) ’

GenomatixSuite is a collection of bioinformatics tools designed for RNA polymerase II promoter
and tfactor binding site prediction (e.g. PromoterInsf)ector, El Dorado, Chip2Promoter,
Matlnspector, efc). An academic license is available without cost, but there are limitations on

the number of analyses that can be done and other restrictions.

The user can import a sequence to search for potential promoters in PromoterInspector (Scherf ‘et
al.,

2000). PromoterInspector predicts promoter regions rather than the core promoter. It looks for a
combination of different components of a promoter region separated by an acceptable number of
wildcard nucleotides “N’. The acceptable range is derived from experiments. The prediction is
checked against three classifiers, which are exons, introns, and 3’ UTRs. Each claséiﬁer consists
ofa gollection of training sequences. Each prediction is compared to promoter training

seqﬁenceé and one of the classifiers. If more hits are found within the promoter training

sequence database, the sequence is assigned as a potential promoter prediction. If the sequence

passes all three classifier tests, then the prediction is output as a valid promoter prediction. The
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program claims to have a specificity of 85% but a sensitivity of 48%, so it misses promoters half
of the time. The limitation on length input is 100000 bp, which means the whole NFI gene

cannot be input at one time for this analysis.

GenomatixSuite also contains two other programs to search for promoters and other additional
features (e.g. exon-intron boundary, gene annotation) but the user must have the mRNA
sequence of the gene of interest. The user can enter the fnRNA sequence directly through El
Dorado or the NCB.I accession number of the mRNA through ChipZPromoter. Both programs
then extract additional information about the gene associated with this mRNA from a copy of the
NCBI database stored within GenomatixSuite. Annotated features like exon-intron boundaries
are displayed. Furthermore, PromoterInspector predictions are performed on regiqns adjacent to
the mRNA sequences. If there is an annotated promoter, then the program will compare the
PromoterInspector predictions and the annotations to see whether they agree with each other.
Another program in GenomatixSuite is MatInspector, which will be discussed below in the

Tfactor Prediction section.

One main drawback of El Dorado and Chip2Promoter is that they use build 31 of the human
genome from NCBI as the database rather than the most current NCBI database. Build 31 was
réleased on Nov 15, 2002. Build 33, which was used in the other analyses in this study, was

released April 10, 2003, so the database used by GenomatixSuite is outdated.

2.6.2 Dragon Promoter Finder
Dragon Promoter Finder (DPF) is a relatively new program available on the internet without

charge for academic users. DPF is designed to locate promoter regions based on Transcription

Start Site (TSS) prediction obtained from five independent promoter recognition models. A




sliding wihdow comparison is performed for each model to look ‘for promoters, exons, and
introns by weight matrices. This program claims to perform better than PromoterInspector
(Bajic et al., 2002), and its main attraction is higher sensitivity (up to 80%), compared to the
48% offered by PromoterInspector. However, DPF requires two precautions. It can only take
10,000 bb for analysis, which is much shorter than the human NF! gene. In addition, because of
the algorithm used, DPF .cannot fnake any prediction for the promoter region if the TSS is
located within the first 150-200 nucleotides (depending on setting) or the last 49 nucleotides of a

sequence.
2.7 Tfactor Prediction

2.7.1 MATCHTM_ (http://www.gene-regulétion.com/cgi-bin/pub/programs/match/bin/match.cgi)

There is no full publication on MATCH™, but a poster was presented at the German Conference
on Bioinformatics in 2001 (available at http://www.bioinfo.de/isb/gcb01/poster/index.html).
BIOBASE is the creator of this tool. MATCH™ relies on two scores for tfactor prediction: a
core-similarity score and a matrix-similarity score; both range from 0 to 1, with 1 for an exact
match. The core-similarity score weighs the quality of a matcﬁ between the test sequence and
the core sequence of a matrix, which consists of the five most conservative positions in a matrix.
The matrix similarity score determines the quality of a match between the test sequence and the
matrix. Because the normally time-intensive martix-similarity calculation is only perférmed for
matches above a certain cut-off value in core-similarity score, the core-similarity score can act as

a screen for tfactor prediction. This feature can be turned off easily by setting the. cut-off score

as zero.
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The best features of MATCH™ for this study are the three pre-calculated cut-off value settings.
They are:

1. Minimize false-negative (minFN)

2. Minimize false-positive (minFP)

3. Minimize the sum of both errors (minSUM)

To decide cut-off values for the minFN setting, the programmers applied no cut-off values for
initial predictions for their experiment sequences. Then cut-off values were applied to screen out
a maximum 10% of the predictions. When these cut-off values are applied, detection can
approacﬁ 90% sensitivity (Pickert er al., 1998). Specificity is compromised, so there will be

large number of false-positives, and the computing time is great with this setting.

The second setting is opposite to the first setting because its specificity approaches 99% with a
loss of sensitivity (Pickert ef al.,, 1998). Cut-off value settings for minFP are generated from
experiments with exon 2 and 3 sequences, assuming they'.shou_ld have no biologically active

tfactor binding sites.

The minSUM method is based on a dissertation written in Germany (Reuter, 2000). Using exon
sequences, the programmers calculated the number of matches by first setting cut-off values for
minFN10 (identical to minFN) and defining the r_esult as 10% FN and 100% FP. Subsequently,
different cut-off values were used on the same sequence to obtain different number of matches

§vith different FN and FP. The cut-off Values that yielded the minimum sum of FN and FP were

then used for the minSUM setting.
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2.7.2 MatInspector
Matlnspector’s large library (>200) of tfactor binding site matrices was created with MatInd, a
program for matrix creation (Quandt et al., 1995). This program uses published matrices as

entries with an emphasis on sequences with experimentally verified binding capacity as well as

the TRANSFAC database.

Similar to MATCH™, MatInspector allows the user to define core and matrix similarity (i.e. cut-
off values). However, the core used in Matlnspector is usually 4 bp long instead of 5 bp in
MATCH™., Although MatInspectqr does not have minFN, ﬁlinFP, or minSUM settings, it has a
powerful feature that allows the user to select optimized matrix similarity thresholds for each
indi;/idual matrix. A drawback is the slight ihconveniehce of excluding the common name for
tfactors in the output and limitation on the number of uses with the free academic license. For
the purpose of this study, the optimized setting for matrix similarity and core similarities of 0.70

(lowest) and 1.00 (highest) were used.

2.8 Graphic Display

2.8.1 GFF

GFF, Gene-Finding_Format or General Feature Format, is a spécial format in a data sheet
containing genomic information (Figure 17). One genofﬁic feature occupies one line. The
details of the feature, which are the Sequence name, source, feature, starting nucleotide, ending
nucleotide, score, strand, frame, attributes, and comments, are entered on the same line,
separated by a tab with no extra space. This rule must be observed in order for the data to be

read correctly. Using GFF allows genomic features to be summarized in a standard way without
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SEQ1 EMBL atg 103 105 + 0
SEQ1 EMBL exon 103 172 + 0
SEQ! EMBL splice5 172 173 . +
SEQ1 netgene  splice5 172 173 094 +
SEQ1 genie sp5-20 163 182 2.3 +
SEQ1 genie  sp5-10 168 177 2.1 + .
SEQ2 grail ATG 17 19 2.1 - 0

Figure 17. Example of GFF. Columns from left to right are sequence name, source, feature,
starting nucleotides, ending nucleotides, score, strand, and frame. Additional columns for
attributes and comments can also be input. Note that each column is separated by a <Tab>
character but not by a <Space>.
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loss of information. Furthermore, a standardized format allows researchers to interpret data with
different computer programs without generating different data files for different programs. More
information on GFF can be found on the Sanger Centre Website

(http://www.sanger.ac.uk/Software/formats/GFF/).

2.8.2 Sockeye (http://www.begse.ca/ge/bomge/sockeye)

Created by BC Genome Sequencing Centre (BCGSC), Sockeye is a Java application capable of
displaying genomic information in a 3-dimensional environment. The program can be run on
Windows or Linux platforms. Users can visualize large quantities of genetic annotation on a
DNA strand by supplying data in GFF. Also, users can select an individual feature and obtain its
detailed information. Since multiple ‘tracks’ (e.g. for different organisms) can be displayed at
the same time, this is-an excellent tool for compafative studies. Sockeye-genefated graphics can

be saved in JPEG format.

This program does have some limitations. For example, unless used on a very powerful
computer, a user cannot enter more than 1000 features. Therefore, it may not be possible to
display the degree of homology along two DNA sequences, depending on the length of the
sequence. Furthermore, because the program is still in development, there are some minor bugs.

Nevertheless, this is one of the best graphics program for displaying genomic information.
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2.9 Data Sources and Version

2.9.1 Sequence Database NF1 gene
The most current data available on each species were used. For human, mouse, and rat, the
whole NFI gene and its 5° Upstream Region (SUR) sequences were obtained from UCSC

(http://genome.ucsc.edu/). The versions are April ‘03, February ‘03', and January ‘03,

respectively. For pufferfish, thelmost recently updated NCBI contigs were used to cover
different regions. The SUR region to intron 2 was covered by CAAB01003481 (updated June
02), exon 3 to part of iatron 4c was covered by AF197897 (updated July 00), part Qf intron 4c to
intron 9 was covered by AC064564 (updated August 99), and the rest of the gene was covered
by CAAB01003123 (updatéd July 02). The fruitfly NF] gene sequence was obtained in

ENSEMBL (www.ensembl.org; version 14.3.1 updated 3 March 2003) at chr3R:21798100-

21810826.

2.9.2 TRANSFAC
The TRANSFAC database was created by Wingender et al. (2000). Access is free. The

database can be found at http.//transfac.gbf.de/TRANSFAC/. 'It is the biggest collection of

eukaryotic transcription binding site matrices available. The database is divided into different -
classes — SITE, GENE, FACTOR, CELL, CLASS, and MATRIX. SITE gives information on
individual (putati?ely) regulatory sites within eukaryotic genes. GENE gives a short description
of the gene in which a site (or group of sites) belongs to, including the gene(s) that are under the
influence of that particular tfactqr and/or the gene that codes for that tfactor. FACTOR describes

the proteins binding to these sites. CELL gives brief information about the cellular source of

proteins (e.g. cell lines, tissues, or organs) that have been shown to interact with the sites.
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CLASS contains some background information about the transcription factor classes, while the

MATRIX table gives nucleotide distribution matrices for the binding sites, if available.

SITE is the most important class for this research. The newest version of TRANSFAC is Release
6.0, and there are 6627 entries under SITE. Both MATCH™ and MatInspector use the

TRANSFAC database.

2.9.3 Eurkaryotic Promoter Database (EPD)
Eukaryotic Promoter Database was created by Praz et al. (2002). Access is free. The database

can be found at http://www.epd.isb-sib.ch/. It is an annotated, non-redundant collection of

eukaryotic RNA polymerase II promoter regions for experimentally-determined transcription

start sites.

The most current version is Release 74. The database contains 2994 promoter region sequences
that are available for download. Each promoter region is defined as 499 bp upstream and 100 bp

downstream of a transcription start site. This definition is fixed and cannot be adjusted.

2.9.4 Transcription Regulatory Regions Database (TRRD) - TRRDUNITS

The Transcription Regulatory Regions Database was created by Kolchanov ef al. (2002). Access

is free. The database can be found at http://wwwmgs.bionet.nsc.ru/megs/enw/trrd/. Users can
also input a sequence and BLAST against the data set. However, the exact location of the

alignment within a genome is not provided in the academic version, which is a severe limitation

for this study.
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TRRD coﬁtains only experimenfal data, which are annotated by literature citations. TRRD
release 6.0 includes the i_nformation on 1167 genes, 5537 transcription factor binding sites, 1714
regulatory regions, 14 locus control regions and 5335 expression patterns obtained through 3898
scientific papers. This information is arranged in seven databases: TRRDGENES (general gene
description), TRRDLCR (ldcus control regions); TRRDUNITS (regulatory regions: promoters,
enhancers, silencers, efc.), TRRDSITES (transcription factor binding sites), TRRDFACTORS
(transcription factors), TRRDEXP (expression patterns) and TRRDBIB (experimental
publications). TRRDUNITS was used in this study because it contains sequences for promoters,

enhancers, and silencers. There were 1967 entries in this database as of March 18, 2003.

2.9.5 Rfam (http://rfam.wustl.edu/)

Rfam, the RNA family database, is a collection of sequence alignments and covariance models
representing non-coding RNA families. The current (Juné 2003) release contains 165 models,
and each model has a consensus base-paired secondary structure. The user can input a DNA
sequence, and Rfam will look for potential RNA motifs by combining a BLAST and covariance

model search (Griffiths-Jones ef al., 2003). The current limit on the size query is 2 kb.

2.9.6 SCOR (http://scor.lbl.gov/index.html)

SCOR is a collection of three-dimensional RNA structures. The current releé.se (July 2002)
contains 261 RNA structures from Protein Data Bank, 402 intelrnal loops (two helices connected
by two strands), and 295 external loops (one helix capped by one RNA strand). Tertiary
interactions including helix-helix interactions, loop-loop interactions, A-minor interactions, loop
or helix-loop interactions, pseudoknots, and tetraloop-tetraloop receptor interactions are also
being classified (Klosterman er al., 2002). The user can input a sequence, and SCOR will look
for an exact match to any of the known tertiary structures in its database. Alternatively, a user
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can use special characters in a sequence string to allow more flexibility in the search

(http://scor.1bl.gov/help/sgsearchHelp.html). Although this feature is usefui, it becomes

increasingly cumbersome as a search string gets longer. This rigidity is an important limitation

of SCOR searches.
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Chapter 3: Experimental Results

3.1 Transcription Start Site (TSS)

The NF1 gene has been reported to have altamative TSSs, with the major one at 484 bp upstream
of the translation start site as determined by primer extension assay and RNase protection assay
(Marchuk et al., 1991; Harja et al., 1994). Two other TSSs are located at +11 bp and -1 bp
relative to the major TSS (Viskochil, 1998). In order to search for additional TSSs, another
searchlon the current human EST database was doné (NCBI human genome build 31 released

April 10, 2003).

Using BLAT in UCSC, NCBI’s entry of NF1 mRNA (NM_000267, updated 03-APR-2003) was
found to begin at nucleotide 29272015 on human chromosome 17 (Hchr17:29272015). |
Compared to the ORF, which .begins at Hchr17:29272226, the TSS was 211 bp upstream of the
translation start site if the beginning of this mRNA is assumed to be a TSS. Next, this mRNA
was compared with the genomic EST database using blastn. Four EST clones AA832486,
AA837064, AA489674, and AA8(07249 were found. However, these clones were actually in the
middle of the NF1 gene‘ instead of the beginning of the gene, which seemad to have no EST
collection in the NCBI database. Because this study reqﬁires a consistent coordinate system for
the genorhic sequence, and there seems to be a range of possible TSSs, all sequences were

labeled in relationship to the translation start site at Hchr17:29272226.
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3.2 Promoter Region and Core Promoter Element

3.2.1 GenomatixSuite

First, the NCBI NF1 @RNA sequence (NM_000267) was inpﬁt into El Dorado to check for
existing annotation and the PromoterInspector prediction in this region (Table 4, Figure 18). The
program links this cDNA to chromosome 17 locus GX_025981, which is between position
4161289 — 4450606 (289318 bp) in sequence NT_010799. The output for this region includes
annotated features like the 5° UTR, exons, introns, and repeat regions. Part of these results were
summarized using Sockeye (Figure 20). However, the version of the sequence used in El
Dorado and consequently the locations of the features are outdated. A BLAT search of this
segment in UCSC showed the more updated location of the segment to be Hchr17:29267015-
29556374, which is 289360 bp long instead of 289318 bp. Because my interest was on the
PromoterInspector predictions, the locations of these predictions were determined in the current

version of the human genome using BLAT in UCSC.

According to this annotation, the promoter region for NF1 gene is found at Hchr17:29271515-
29272115 (601 bp). This region is =771 bp to —~111 bp upstream of the translation start site. It
does not include the ORF but spans the major TSS (Figure 21). No TATA box or other core
promoter element was found. Two other promoters are predicted on the positive strand. One
was found at Hchr17:29428959-29429559, which was a predicted gene AK024873 that spans
NF1 intron 23.2, exon 23a, and intron 23a. The other is found at Hchr17:29527130-29522330

for a predicted gene AK025926 within NF1 intron 47. Both of these predicted genes are based

on their mRNAs in the NCBI mRNA library. Three other promoters at Hchr17:29474355-
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Table 4. Summary of El Dorado output of the human NFI gene All positions are relative to
position 4161289 in sequence NT_010799.

Pos. from [Pos. to  |Strand Length Type of element Annotation

4501 5101 + 601 bp Gene-associated |Associated with NF1 Predicted by Promoterinspector,
Promoter (NM_000267) Quality=silver 100 bp overlap with 5' end of NF1.

(predicted promoter) Overlap with 5'UTR of NF1.

4701 5480 n/a 780 bp Promoterinspect 479 bp overlap with 5' end of NF1.
or Prediction Overlap with 5'UTR of NF1.

5001 284318 |+ 279318 bp |Primary NF1 (NM_000267 ) Neurofibromin 1 (neurofibromatosis,
Transcript von Recklinghausen disease,

Watson disease)

5001 5271 + 271 bp Exon 000267) Exon 1

5001 5211 + 211 bp 5'UTR 000267) -

5272 65886 + 60615 bp  |Intron 000267) intron 1

65887 66030 + 144 bp Exon 000267) Exon 2

66031. 68913 + 2883 bp Intron 000267) Intron 2

68914 68997 |+ 84 bp Exon 000267) Exon 3

68998 73089 + 4092 bp Intron 000267) Intron 3

73090 73280 |+ 191 bp Exon 000267) Exon 4

73281 79794 + 6514 bp Intron 000267) Intron 4

79795 79901 + 107 bp Exon 000267) Exon 5

79902 91325 + 11424 bp  |[Intron 000267) Intron 5

91326 91393 + 68 bp - [Exon 000267) Exon 6

91394 91613 + 220 bp Intron 000267) Intron 6

91614 91689 |+ 76 bp Exon 000267) Exon 7

91690 92411 + 722 bp Intron 000267) Intron 7

92412 92569 + 158 bp Exon 000267) Exon 8

92570 110325 |+ 17756 bp  [Intron 000267) Intron 8

110326 [110499 [+ 174 bp Exon 000267) Exon 9

110500 (110940 |+ 441 bp Intron 000267) Intron 9

110941 [111063 |+ 123 bp Exon 000267) Exon 10

111064 (111314 |+ 251 bp Intron 000267) Intron 10

111315  [111389 |+ 75 bp Exon 000267) Exon 11

111390 116143 |+ 4754 bp Intron 000267) Intron 11

116144 116275 |+ 132 bp Exon 000267) Exon 12

116276 |124354 |+ 8079 bp Intron 000267) Intron 12

124355 1124489 |+ 135 bp Exon 000267) Exon 13

124490 128908 |+ 4419 bp Intron 000267) Intron 13

128909 129022 |+ 114 bp Exon 000267) Exon 14

129023 131753 |+ 2731 bp Intron 000267) Intron 14

131754 131833 |+ 80 bp Exon 000267) Exon 15

131834 (133347 |+ 1514 bp Intron 000267) Intron 15

133348 {133471 |+ 124 bp Exon 000267) Exon 16

133472 134998 |+ 1527 bp Intron 000267) Intron 16

134999 [135154 |+ 156 bp Exon 000267) Exon 17

135165 [136338 |+ 1184 bp Intron 000267) Intron 17

136339 [136588 |+ 250 bp Exon 000267) Exon 18

136589 [137121 |+ 533 bp Intron 000267) Intron 18

137122 |137195 |+ 74 bp Exon 000267) Exon 19

1137196  {137426 |+ 231 bp Intron 000267) Intron 19

137427  |137510 |+ 84 bp Exon 000267) Exon 20

137511 |138928 |+ 1418 bp Intron 000267) Intron 20

138929 1139369 |+ 441 bp Exon .000267) Exon 21

139370 |139738 |+ 369 bp Intron 000267) Intron 21

139739 [139878 |+ 140 bp Exon 000267) Exon 22

139879 140163 |+ 285 bp Intron 000267) Intron 22

140164 (140286 |+ 123 bp Exon 000267) Exon 23

140287 140745 |+ 459 bp Intron 000267) Intron 23

140746 |140829 |+ 84 bp Exon 000267) Exon 24

140830 [141977 |+ 1148 bp Intron 000267) Intron 24

141978 |142094 |+ 117 bp Exon 000267) Exon 25

142095 142604 |+ 510 bp Intron 000267) Intron 25

142605 142786 |+ 182 bp Exon 000267) Exon 26

142787 |142906 |+ 120 bp Intron 000267) Intron 26

142907 [143118 |+ 212 bp Exon 000267) Exon 27

143119 |145515 |+ 2397 bp Intron 000267) Intron 27

145516 |145677 |+ 162 bp Exon 000267) Exon 28

145678 |145822 |+ 145 bp Intron 000267) Intron 28
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145823 (145926 |+ 104 bp Exon NF1 (NM_000267) Exon 29
145927 158888 |+ 12962 bp [Intron NF1 (NM_000267) Intron 29
158889 159024 |+ 136 bp Exon NF1 (NM_000267) Exon 30
159025 168248 |+ 9224 bp Intron NF1 (NM_000267) Intron 30
161948 [162548 |+ 601 bp Gene-associated |Associated with AK024873 Based on oligo_capped AK024873,
Promoter (AK024873) Quality=gold 100 bp overlap with 5' end of
(experimentally verified AK024873. Overlap with exon 1 of
promoter) AK024873. Within intron 30 of NF1.
162448 |164178 |+ 1731 bp Primary AK024873 (AK024873 ) Full length cDNA based on oligo
) : Transcript capping method.
162448 164178 |+ 1731 bp Exon AK024873 (AK024873) Exon 1 :
162448 162448 |+ 1bp Transcription TSS Oligo_capped AK024873_1
Start Site '
168249 |168407 |+ 159 bp Exon NF1 (NM_000267) Exon 31
168408 168936 |+ 529 bp Intron NF1 (NM_000267) Intron 31
168937 169034 [+ 98 bp Exon NF1 (NM_000267) Exon 32
169035 170273 |+ 1239 bp Intron NF1 (NM_000267) Intron 32
170274 |170420 |+ 147 bp Exon NF1 (NM_000267) Exon 33
170421 |171615 |+ 1195 bp Intron NF1 (NM_000267) Intron 33
171616 |171762 |+ 147 bp Exon NF1 (NM_000267) Exon 34
171763 |175128 |+ 3366 bp Intron NF1 (NM_000267) Intron 34
175129 - 1175239 |+ 111 bp Exon NF1 (NM_000267) Exon 35
175240 |235686 |+ 60447 bp |Intron NF1 (NM_000267) Intron 35
204461 |207423 |- 2963 bp Primary OMG (NM_002544 ) Oligodendrocyte myelin
Transcript glycoprotein (PubMed) more gene
) info...
204461 |207423 |- 2963 bp Exon OMG (NM_002544) Exon 1
204461 (204895 |- 435 bp 3'UTR OMG (NM_002544)
207323 |207923 |- 601 bp Gene-associated |Associated with OMG 100 bp overlap with 5' end of OMG.
Promoter (NM_002544) Quality=bronze (5' |Overlap with exon 1 of OMG. Within
) ) upstream region) intron 35 of NF1.
213658 223947 |- 10290 bp  |Primary EVI2B (NM_006495 ) Ecotropic viral integration site 2B
) Transcript {PubMed) more gene info...
213658 215514 |- 1857 bp Exon EVI2B (NM_006495) Exon 2
213658 214145 |- 488 bp 3'UTR . |EVI2B (NM_006495)
215494 215514 |- 21 bp 5'UTR EVI2B (NM_006495)
215515 [223852 |- 8338 bp. Intron EVI2B (NM_006495) intron 1
223847 (224447 |- 601 bp Gene-associated |Associated with EVI2B 100 bp overlap with 5' end of
Promoter (NM_006495) Quality=bronze (5' |EVI2B. Within intron 35 of NF1.
upstream region) Overlap with 5'UTR of EVI2B.
223853 1223947 |- 95 bp Exon EVI2B (NM_006495) Exon 1
223853 1223947 |- 95 bp 5'UTR EVI2B (NM_006495)
227533 231564 |- 4032 bp Primary EVI2A (NM_014210) Ecotropic viral integration site 2A
. : . _ |Transcript (PubMed) more gene info...
227533 1228898 |- 1366 bp Exon EVI2A (NM_014210) Exon 2
227533 1228177 |- 645 bp 3'UTR EVI2A (NM_014210)
228877 228898 |- 22 bp 5'UTR EVI2A (NM_014210)
228899 1231367 |- 2469 bp Intron EVI2A (NM_014210) Intron 1
231368 231564 |- 197 bp Exon EVI2A (NM_014210) Exon 1
231368 (231564 |- 197 bp’ 5'UTR EVI2A (NM_014210)
231464 (232064 |- 601 bp Gene-associated |Associated with EVI2A 100 bp overlap with 5' end of
- Promoter (NM_014210) Quality=bronze (5' |[EVI2A. Within intron 35 of NF1.
upstream region) Overlap with 5'UTR of EVI2A.
235687 236119 [+ 433 bp Exon NF1 (NM_000267) Exon 36
236120 (237363 |+ 1244 bp Intron NF1 (NM_000267) Intron 36
237364 1237704 |+ 341 bp Exon NF1 (NM_000267) Exon 37
237705 240413 |+ 2709 bp Intron NF1 (NM_000267) Intron 37
240414 1240616 |+ 203 bp Exon - [NF1 (NM_000267) Exon 38
240617 |244589 |+ 3973 bp Intron NF1 (NM_000267) Intron 38
244590 244783 [+ 194 bp - Exon NF1 (NM_000267) Exon 39
244784 1246191 |+ 1408 bp Intron NF1 (NM_000267) Intron 39
246192 246332 - |+ 141 bp Exon NF1 (NM_000267) Exon 40
246333 1246494 |+ 162 bp Intron NF1 (NM_000267) Intron 40
246495 |246774 |+ 280 bp Exon NF1 (NM_000267) Exon 41
246775 |247227 |+ 453 bp Intron NF1 (NM_000267) Intron 41
247228 |247442 |+ 215 bp Exon NF1 (NM_000267) Exon 42
247443 1247679 |+ 237 bp Intron NF1 (NM_000267) Intron 42
247680 1247741 |+ 62 bp Exon NF1 (NM_000267) Exon 43
247742 |247885 |+ 144 bp Intron NF1 (NM_000267) Intron 43
247886 1248000 |+ 115 bp Exon NF1 (NM_000267) Exon 44
248001 248565 |+ 565 bp Intron NF1 (NM_000267) Intron 44
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102 bp

NF1 (NM_000267)

Start Site

248566 1248667 |+ Exon Exon 45
248668 1250366 |+ 1699 bp Intron NF1 (NM_000267) Intron 45
250367 (250507 [+ 141 bp Exon NF1 (NM_000267) Exon 46
250508 [252884 [+ 2377 bp Intron - [NF1 (NM_000267) Intron 46
252885 (253011 [+ 127 bp Exon NF1 (NM_000267) Exon 47
253012 [258998 [+ 5987 bp- Intron NF1 (NM_000267) Intron 47
254692 |255292 |+ 601 bp Gene-associated |Associated with AK025926 Based on oligo_capped AK(025926,
Promoter (AK025926) Quality=gold 100 bp overlap with 5' end of
(experimentally verified AK025926. Within intron 47 of NF1.
promoter) Overlap with exon 1 of AK025926.
255173 |255472 |[n/a 300 bp Promoterinspect [Pi017011 280 bp overlap with 5' end of
or Prediction AK025926. Within intron 47 of NF1.
Overlap with exon 1 of AK025926.
255192 256903 {+ 1712 bp Primary AK025926 (AK025926 ) Full length cDNA based on oligo
Transcript capping method.
255192 |256903 |+ 1712 bp Exon AK025926 (AK025926 ) Exon 1
255192 1255192 |+ 1bp Transcription TSS Oligo_capped AK025926_2
Start Site
258999 (259130 [+ 132 bp Exon NF1 (NM_000267) Exon 48
259131 |2600861 |+ 931 bp Intron NF1 (NM_000267) Intron 48
260062 260197 |+ 136 bp Exon NF1 (NM_000267) Exon 49
260198 (262134 [+ 1937 bp intron NF1 (NM_000267) Intron 49
262135 262292 |+ 158 bp Exon NF1 (NM_000267) Exon 50
262293 266337 |+ 4045 bp Intron NF1 (NM_000267) Intron 50
266338 [266460 [+ 123 bp Exon NF1 (NM_000267) Exon 51
266461 |266837 |+ 377 bp Intron NF1 (NM_000267) Intron 51
266838 266968 [+ 131 bp Exon NF1 (NM_000267) Exon 52
266969 267146 |+ 178 bp Intron NF1 (NM_000267) Intron 52
267147 267247 |+ 101 bp ~ Exon NF1 (NM_000267) Exon 53
1267248 1268357 |+ 1110 bp Intron NF1 (NM_000267) Intron 53
268358 1268500 [+ 143bp - |Exon NF1 (NM_000267) Exon 54
268501 268846 |+ 346 bp Intron NF1 (NM.000267) Intron 54
268847 268893 |+ 47 bp Exon NF1 (NM_000267) Exon 55
268894 270364 |+ 1471 bp Intron NF1 (NM_000267) Intron 55
270365 |270581 |+ 217 bp Exon NF1 (NM_000267) Exon 56
'|270582 |283884 |+ 13303 bp [Intron NF1 (NM_000267) Intron 56
283885 284318 |+ 434 bp Exon NF1 (NM_000267) Exon 57
284028 284318 |+ 291 bp JUTR NF1 (NM_000267)
284681 285281 |+ 601 bp Gene-associated |Associated with AK026658 Based on oligo_capped AK026658,
Promoter (AK026658) Quality=gold 100 bp overiap with 5' end of
(experimentally verified AKO026658. Overlap with exon 1 of
promoter) AK026658.
285181 287541 |+ 2361 bp Primary AK026658 (AK026658 ) Full length cDNA based on oligo
Transcript capping method.
285181 [287541 |+ 2361 bp Exon AK026658 (AK026658) Exon 1
285181 285181 [+ 1 bp Transcription TSS 1 Oligo_capped AK026658_
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29474955, 29490889-29491489, and 29498507-29499105 are identified for the genes OMV,

EVI2B, and EVI2A coded on the reverse strand (Figure 19).

3.2.2 Dragon Promoter Finder

With the restriction of sequence length and the TSS (484 bp upstream of ORF) position in mind,
a test sequence was constructed to include at least 684 bp upstream of the translation start site
(200 bp upstream of TSS) and a length of 10,000 bp. Hchr17:29271526-29281525 is 10,000 bp
long and includes 700 bp upstream of the translation start site (216 bp upstream of the TSS).
Sensitivity settings of 80%, 65%, and 50% yielded results that were upstream of the ORF and on

the positive strand. 35% and 25% (higher specificity) did not.

Most promoter regions are found between -250 bp (for TATA box and proximal promoter
regions) and +32 bp (for DPE) of the TSS (Kadonaga, 2002). At 80% sensitivity, DPF predicts 8
potential TSSs, only two of which were upstream of the ORF at 384 and 116 bp upstream of the
translation start site. Therefore, after extending 250 bp upstream and 32 bp downstream of the
predicted TSSs, the two predicted promoter regions would be —534 bp to —353 bp
(Hchr17:29271692-29271 873) and —-366 bp to -85 bp (Hchr17:29271860-29272141) relative to
the translation start site (+1). All the other prediétions were downstream of the ORF (+127,
+637,+551, +3352, +4043, +5600), so they are unli‘kely to represent the NF/ TSS. At 60%
sensitivity, thfee predictions were made, and the only TSS detected upstream of the ORF was

383 bp upstream. At 50% sensitivity, only the TSS 116 bp upstream of the ORF start site was

detected. These results are summarized with the PromoterInspector result in Figure 20.
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3.3 Comparison of the Human, Mouse, Rat, and Pufferfish NF1 ORF and
Protein ' :

mRNAs of human (H), rat (R), pufferfish (F) were obtained from NCBI with the foliowing
accession ﬁumbers NM_000267, NM_012609, and AF064564, while mRNA of Fugu was
obtained from ENSEMBL with accession number ENSMUST00000000890. The 5° UTR and 3’
UTR of each sequence was trimmed to form the ORF, which includes the translation start site,
all the normally-spliced exons, and the alternatively spliced exon 23b. Note that Fugu does not
have exon 12b. These sequences were _then compared with mVista and have the identities shqwﬁ

in Table 5.

These ORFs were translated into amino acid sequences and are compared with Pairwise BLAST

under default settings using blastp. The results are shown in Table 5.
3.4 Defining the 5’ Upstream Region (SUR)

Because this study is designed to search for potential tfactor binding sites, the intronic regions,
énd especially the region upstream of the NF1 OREF, were of special interest. Although it is
possible that regions that regulate transcripﬁon lie upstream of the 5’ flanking gene of NF1, a
valid tfactor binding site within or upstream of the 5’ ﬂaﬁking gene is much more likely to be
relevant to transcription of that gene than to NF1. Therefore, for the purpose of this study, the 5°

upstream'regiori (SUR) was defined as the intragenic region between the NF! translation start

site and the 3’ end of the coding region of the gene that is immediately 5’ of NFI in human.




Table 5. Identities of NFI ORF genomic nucleotide sequence and protein sequence among
human, mouse, rat, and pufferfish. Green boxes represent percent identities of nucleotides
within the N/ ORF. Yellow boxes represent protein identities.

9535%

84.24%

~ 82.39%
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According to UCSC, the first annotated gene 5° of the NF1 translation start site
(Hchr17:29272226) is NT_010799.114, a GenScan prediction at Hchri7:29148001-29212469
(Figure 21). This gene has a supportive mRNA (AF086476) and spliced ESTs (AV764031,
W84334, A11683491, and BG182434). On the other hand, MGC13061 at Hchr17:29147950-
29176825 is the closest known functional gene upstream of the human NF/ gene that has the
same transcription direction to date (Jenne et al., 2003). 1t is over 95000 nucleotides away from
the NFI translation start site while NT_010799.144 is less than 60000 nucleotides away.
Furthermbre, NT_010799.114 overlaps with MGC13061, so it could be a separate gene or part
of MFC13061, if the annotation of MGC13061 does not reflect its entire length. There is no | 7 ‘
known or predicted gene annotated closer to the NF/ gene, so NT 010799.114 was used as the
5’ flanking gene for NF1. The NF1 SUR was, therefore, defined as Hchr17:29212470-29272225

(59756 bp). | o

Unlike the human NFI gene, the mouse NFI gene is not yet annotated, but it is represented as
gene AK085050 in UCSC. Using ENSEMBL data on mouse NFI and BLAT in UCSC, mouse
NF1 exoﬁ 1 was found to begin at Mchr11:80125292, which is also the translation start site.
According to UCSC, the first annotated gene upstream of the NF1 gene on the same strand is

| Nos2, which was located 419149 bp awéy at Mchr11:79706143-79745518 (Figure 22). Using

- mouse Nos2 mRNA in BLAT, this gene is located at chr17:25935666-25979387 on the reverse
strand in human, and at chrl0:61267669-61303238 on the forward strand in rat. If SUR in
mouse is defined to be between fhe NF1 gene and the Nos gene, the size of the NF1 5UR is
379773 bp, which is excéedingly lar'ge.' For reasonable Aalignmen't and comparison with human
5UR, a relatively similar length is needed. Therefore, the mouse SUR was defined to have the

same length as human SUR and to extend from Mchr11:80065536-80125291.
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EST data.

77


http://ecoiie.ee

UCSC Genome Browser_ on Mouse ,?eb 2003 Freeze
R 3 O Y S PR |

‘“‘on{ §chn 1:78715000-60129000

o

BaSB FOS‘tiOh l 79603090[ 79850900] 79993000' 7995$003’ BBBOBB
: Cod § P - sTS Markers. on’ ‘genetic ‘Map
sTS HRFKW% 117N H N l ll P NISUE R,

: Gap Locanons
: Known Genes based on SNISS—PROT, TrEMBL, mRNﬂ, and Refseq
Hosz HIFHNE : KSr H{MH\ i ,W—eg : uHspl-pending §
Hos2 k-l ' P usbi-pendmgl{m{
Lga]sg(‘lﬁ-&-—{ : ! : | ‘
L gknsian Gére Ptmiw‘cmﬁ" R T B
Gangoan uém”‘»iﬂHﬁiW iﬁ%mu%«w%l-mmé&ww«%w%%-wm - R £ | M e et a1
ouse’ HRNAS rom Genbank i [ "
87039’ : =80019661| Ly : N(GSSBS&}-'Z
MI2E649 fﬂK039548| ﬁK039395| . :
ME4373 . IAKe19286 mﬁ
AF 965921 : ;_m(uesu
AF 855920 | .
ﬂressem

’usseso” :
BCOO3TEA] H"g : : _
uss081 : : :
Mouse ESTs That Have Been Snln:

sericea EsTsII UM 1 A4 g L
Normouse mRNA 1 I WIMINY | mgmnu; n l m
Fugu elat HIIEL |01 L I ne N TN NN | S

3 : at.ng Elements RQDQBCMQSKEP- <
_ Repeatnasker (W) || NINNN. 111 - L] I : --llil
Flgure 22. UCSC annotation in reglon Mchrll 79715000 80129000. Note the posmon of the

NF1 gene (AK085050) at the right edge of the figure and the position of the annotated gene

Nos2. Also note the supportive mRNA and ESTs data for the Nos gene. Note that both Krs amd-
Wsb1-pending are coded on the opposite strand.

P Xe1439) | -
S laKerg4es

om0l
SOl

mouse MRNHS FFON Genbank

78




Although the rat NF 1 gene is annotated in UCSC, the region around the translation start site is
not completely sequenced. Because mouse and rat share high homology, mouse intron 1
(Mchr11:80125352-80150351) was used to estimate the position of the rat translation start site.
BLAT indicates that Rchr10:61761033 corresponds to Mchr11:80125357. Assuming the
distance between the mouse translation start site (Mchri1: 80125292) and Mchr11:80125357 is
identical to the distance between rat translation start site and Rchr10:61761033, then the rat
translation start site will be Rchr10:61760§68. The first annotated gene in rat upstream of the
NF 1 gene on the same strand is also Nos2, which is located 133364 bp away at

Rehr] 0:61267669-61303238 (Figure 23). Again, defining the rat SUR based on the distance
between the NF'1 gene and Nos2 gene would be too large for this study, so the SUR in rat was

defined as Rchr10:61701212-61760967 , i.e., of the same length as human and mouse SUR.

The Fugu genome is sequenced but not assembled, so the Fugu NFI gene is represented in
NCBI by a series of contigs. Annotation is not available, but the 5° flanking gene of Fugu NF1
has been described (Kehrer-Sawatzki. 2000).» The gene is called FNS (flanking Fugu NF1 gene
in 5’ direction). Using Pairwise BLAST, the sequence reported as FNS5 ends at nucleotide 21241
of contig CAAB01003481. The same result is confirmed by GenScan. Also, using exon data of
Fugu supplied by NCBI, nucleotide 22730 of contig CAAB01003481 corresponds to the
translational start site of FNS5. Therefore, the Fugu NFI SUR region was defined as
CAAB01003481:21242-22729. Note that this region is only 1488 bp long, compared to the

nearly 6 kb long SUR of human.

79




,,,,, < UCSC Genome Browser on'Rat Jan. 2003 Freeze: =
EE".M zoom ify [1 5"]@ 10x][ base ] zoom: out @.@

p'osmon chr1 [] 81257000-618091 UU 1“5123 542 .101 1mage wxdthi 10 ' ump l

mov

Base P051tsonf 51460096] P 61500908] | 6160&000] : 61780000| - s:aaeeael B
Ly o . S‘rs Mar‘kers on s’rs Maps :
i $T18 Markers: | |} T g _ |
1 N D S Gab Locatxohs‘ : P :
] o, 4 i | N ]
e : i : ‘four saquence Fr*om BLﬁT Search b ’
MIZE49: |- oo . .
M92649 : : :
MIR649 :
“Knoun Genes' based on SWISS-FROT, TrEMBl., mRNa, and Refseq
Nosaﬂu-ﬂﬂﬂ Lgaisgw
© 1 Gengcan Oene P»*ex:hrtxans C :
Genscan Genes) HH{%MHII £ et W Tl TN e R T
; [ | Rat mRNAS from Genbahk I
D12s2e P | '
Li2s62
D44591
Di4654
Ue3699
u2BB86
083661
L36063
AF 896629
AF006615.
$71597 :
LI6063 .
uB7858 L
U72741 P
use462 ; ;
pasael ;
. Rat ESTs That Hav Been thced
B8Q1990616 casxz-ue H : BGE72154] .
. . ol BaRe1649 )
; : . : ... EFE59637|
: samg*aoseu : R B © 1. BFB48429
| - : P ; Lo L BGES3406
‘AR433920
AASE3983
AASE4839 H
Lo : 8F420940H B |
rat mRNAS from Genbank .
Nonrat mRNﬁgllllllllllll Ilillﬂ&iﬂill Ii |||muu Il | I 1 e Il ll| Il 1 Ill 1 'Il e
: kifugu rubriges Translatea BLAT. ent’s
Fugu Bum "lm N B : II!‘%M il I I §§§ﬂ Hi H N
s R ting Elements by. RepeatMasker .
RepeatMas kem L L]

Figure 23. UCSC annotation in region Rchr10:61267000-61809100. Note the position of the
NF1I gene on the right edge of the figure and the closest annotated gene Nos2, which has
supportive EST data. Note that Lgalls9 is coded on the opposite strand.




3.5 Defining Exon-Intron 1 (EI1)

- For the purpose of this study, exon 1 is defined as the coding region of mRNA before exon 2.
The 5° UTR is not included in this definition. For human, mouse, rat and pufferfish, this
definition will léad to a common length of 60 bp for exon 1 instead of a different lengtﬁ in each
species if the 5° UTR is included. Exon-Intron 1 (EI1) is defined as the combination of exon 1
and intron 1. The human, mouse, and rat EI1 regions were obtained from UCSC as
Hchr17:29272226-29332898, Mchr11:80125292-80169466, and Rehr10:61760968-61804379,
respectively. The pufférﬁsh EIl region is covered by contig CAAB01003481: 22730-25367.
The lengths of EI1 in human, mouse, rat, and pufferfish are 6067'3, 44175, 43412, and 2638 bp,

respectively.

3.6 Comparison of NF1 SUR and EI1 in Human (H), Mouse (M), Rat (R), and

Pufferfish (F)

Compaison of the NFI 5UR and EI1 regions were performed between human, mouse, rat and
pufferfish. Each comparison was divided into two sections, and the first sectioﬁ was divided info
two parts. Section 1a was a search for ‘windows’ of high homology shared by human, mouse
and rat. The location of these windows was pinpointed by using mVISTA for sequence

alignment, followed by analysis with Frameslider.

The cut-off for window selection was based on the amount of homology observed in the NF
ORF for each pair of species (Table 5). The cutoff values used to define “high homology” in

non-éoding regions were HvsM — 0.90, HvsR —0.88, HvsF — 0.70, MvsR — 0.92, MvsF —0.70,
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and RvsF — 0.68. These cut-off values are not exactly the same as the percent identities of the
ORFs because With a window size of 50, identity jumps in increments of 0.02. For example, the
observed HvsM identity in the ORF was 91.45% (Téble 5). Either 0.90 or 0.92 could be chosen
as the cutoff, but the higher value may be so high that crucial homologies are lost. Therefore, a
cut-off value of 0.90 was chosen. Similarly, for other cut-off values, the closest value smaller
than the cbrresponding OREF identity was used. The rationale behind these cut-off values is that
if a non-coding region shares as high an identity as the functional coding sequences when
compared to other species, then it is very likely to be functional. Adjacent or overlapping
windows were combined to form a bigger region when shared by human, mouse, and rat. vIn this
case, the identity of a large homologous region is reported as a range if there are differences
among the identities of the individual windows. If a. highly homologous region appeared likely
not to be functional upon manual inspection due to potential repeat elements, RepeatMasker was

used to confirm this observation.

Section 1b of each analysis focused on comparison between the Fugu sequence and the highly
homologous non-coding regions observed in mammals. Note that analyses related to Fugu were
not included in thé definition of the highly homologous regions in Section 1a for several reasons.
First, because of the extreme difference in length between Fugu and other organisms, only the

human, mouse, and rat non—codihg sequences could be éligned along their full lengths using

mVista. Furthermore, because of the extreme difference in evolutionary distance, there is a low -

possibility that sequence would be conserved over a large window size. Therefore, each highly
homologous region found in mammals was compared to the Fugu sequence using Pairwise
BLAST with two different settings. One was the default blastn setting, except the “Forward
strand” option was chosen instead of “Both strands”. The other blastn setting used was the

default except the Penalty for a mismatch was set at -20, the Open gap penalty was set at -20, the
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Extended gap penalty was set at -20, the Expect was set at — 99999999, and the Filter was set at
— Off. Wordsize was iteratively increased from 7 (its minimum value) until the lowest number
that produced no hits was found. These matches between the human and Fugu sequences were
then compared with the mouse and rat sequences to confirm the identity. This method was
designed to search for nucleotides that have the longest exact match between Fugu and the
mammalian species. Although there is no maximum value for ‘Expect’, the stringency setting

was very low as ‘Expect’ was set to be extremely large.

Furthermore, since there Iis a higher p'robiaﬁlﬁy that tfactor binding sites that influence NF1
transcription are located closer to the beginhing of the translation start site rather than thoﬁsands
of bp aWay, an mVista énalysis was done w1th the 1488. bi) Fugu SUR. In this alignment, the
whole Fugu SUR was aligned with the 1488 bps immediately upstream of translational start site
of human, fnouse, and rat NFI. Because of the extreme difference in evolutionary distance,
Frameslider was used with the Fugu SUR as the primary sequence and a window size of 20,

instead of the window size of 50 used for comparisons among human, mouse, and rat sequences.

Section 2 of each analysis was the tfactor binding site prediction. For each region of high
homolgy that was not due to repeat elements, the sequence including each highly homologous
regibn énd extending 100 bp upstream and downstream was analyzed using MATCHvTM and
MatInspector. For MATCH™, predictionsWere made using the minFN, minFP, and minSUM
settings. For Matlnspector, predictions were made switching the core similarity settings between
0.70 (lowest) and 1.00 (highest) while keeping the matrix similarity setting at ‘optimized’.
Predictions from these programs were then compared, with special attention paid to predictions

that indicated a common tfactor at the same aligned position. All results were summarized using

Sockeye.
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3.7 Analyses of the SUR

Using mVista andv Frameslider, 3 regions of similar or greater homology than the NF'I coding
region were found in the comparison of the SUR in human vs. mouse, 9 in the comparison of
human vs. rat, and 144 in the corhparison of mouse vs. rat. In this study, a highiy homologoue
region was defined as a sequence of at least 50 bp shared by human, mouse, and rat. Therefore,
homology regions obtained from the HvsM comparison, which yielded the smallest number of
candidate regions, were searched for among the segment found to show homology as great or
greater than that of the coding reiongs in comparisons of HvsR and MvsR. All three regions
found in the HvsM comparison were also fouhd in the HvsR and MvsR comparisons, so they

were defined as highly homologous regions (Figure 24).

3.7.1 SUR-HHR1 (5’ Upstream Region Highly Homologous Region 1) - Section 1a (H, M, &
R)

SUR-HHRI is located at Hchr17:29229534-29229600, Which aligns to Mchr11:80092345-
80092416 and Rchr10:6172>5619-61725686 (Figure 25). Frameslider indicates that identity for
this segment between HvsM is 0.90, between HvsR is 0.88, and between MvsR is 0.82-0.90.
However, inspection indicates that the alignment of mVista is incorrect in the MvsR comparison

because unnecessary gaps are introduced at the end of the MvsR alignment. Once corrected, the

identity ranges from 0.9-0.92. There is no repeat in this region according to RepeatMasker.




Figure 24. Summary for SUR. Blue rods denote non-coding regions; purple circles denote exon 1.
Bars perpendicular to the plane are highly homologous as indicated by the following colours:
Green — HvsM, Grey — HvsR, Red — MvsR. The bars also indicate the locations of the highly
homologous regions shared by human, mouse, and rat. Tfactor predictions are indicated by
boxes under the bar representing the SUR in the follow colours: Yellow — MATCH™, Orange —
Matlnspector. Locations of some tfactor predictions are shown. Tfactor binding sites are
represented by the following symbols: e for AP-1, ¢ for AP-2, * for Pax-4, and + for c-Ets-1
(p54).
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HvsM
Human

Mouse
Human
Mouse

HVsSR
Human

Rat
Human
Rat

MvsR
Mouse

Rat
Mouse

Rat

‘a) mVista Alignment

gaacacgccctggaaacagaaaccgtct-gtcattce- - --taaggccattgtggttggga

CEEEE TEPEEEEEEE e o L Trer 1 RERNRNRRARARER IR
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gtgattcagact

FEEETTERTTE

gtgattcagact

gaacacgccctggaaacagaaaccgtct-gtcattctaaggccattgtggttgggagtga

AR AR RN N e A e A R A AR R AR AR R AN R AR

gaacaggccctggaaacagaaagcctcttgtegetegaaggccattgtggttaggagtga

ttcagact
NRRRRRR
ttcagac

ggaaacagaaagcctcttgtcactcgctcgaaggeccattgtggttagga
||||IIIIIII|I|||||||||Il|||l|||| |11 SERRRERRARRRRRRARN
gaacaggccctggaaacagaaagcctcttgtegeteg- - --aaggecattgtggttagga

Human

Rat

Mouse [g[a 1z tlglgialaiaiciaiglalalalglc T |aic|tlelale|t |clglalalg Jt[t]alglala
| J | ql
Human |}a fa'lc glglafalalclalglalala vielt]- gl el = Elelalalele ke e lgE ik 6la (g,
I INNNENENNNENNNNEN 1|||||||||_|_‘ ]
[Rat | lalaisialalclalalialaialqlclcltleit]s [altielac lt]E]lq|-[- - |- [alalalgle[clatelvlafEiala flt Ja [a[5]a
House | g o ? ; : .
;
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Figure 25. Alignment of SUR-HHR1 on Hchr17:29229534-29229600, Mchr11:80092345-
80092416 and Rchr10:61725619-61725686 from a) mVista and b) when combined. Nucleotides

highlighted in yellow are shared by all three species. Note that the corrected alignment between
mouse and rat is shown.
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SUR-HHRI falls within a GenScan predicted gene (NT_010799.115) located at
Hchrl7:29224077-29238353 on the reverse strand. This gene has supporting EST AA628349
(Figure 21, Figure 26). This EST does not overlap with SUR-HHR1. To investigate the potential
relationship of SUR-HHRI to this GenScan prediction, the following experiments were done. A
region 1000 bp upstream and downstream of NT_010799.115 (chrl7:29223077-29239353),
which is 6457 upstream and 9753 downstream of the highly homologous region, was
downloaded and analyzed with GenScan under its default settings to determine the structure of
the predicted gene. The essential structures are shown in Table 6. Next, corresponding regions
in the mouse and rat were inspected using UCSC. In this case, the regions were
Mchr11:80085888-80102169 and Rchr10:61719162-61735438 (Figure 26).. Although there
were gene predictions fo‘r fnouse (chfl 1 _16.16) and rat (chr10 13.37), they :were both upstream
of 5UR-HHR1 , with the prediction in mouse on the opposite strand and the prediction in rat on

- the same strand. Furthermore, Pairwise BLAST has shown that the .predicted mRNAs of
NT_010799.15, chrl1_16.16, and chr10-13.37 were not homologous to one another. When the
locations of the exons predicted by GenScan and the Frameslider results of HvsM, HvsR, and
MvsR were all plotted on the same scale, SUR-HHR1 was found not to be within an exon of the
predicted gene (Figure 27). Sockeye shows the position of 5SUR-HHR1 relative to the GenScan
prediction for NT_010799.115 (Figure 28). Lastly, the mRNA of NT 010799.115 was
downloaded and BLASTed against the human (default setting), mouse and rat (both at lower
stringency with Expect at 10) EST databases in NCBI. 130 hits were found in the human
database, (hit with the lowest expect value was 5° of NF1), but no hit was found in the mouse or

rat database.

Therefore, the GenScan predicted gene NT _010799.115 may exist in humans but not in mice or
rats. If this gene does exist in all 3 species, it is not in the same position relative to 5UR-HHR1
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Figure 26. UCSC annotations at Hchr17:29223077-29239353, Mchr11:80085888-80102169,
and Rchr10:61719162-61735438. The vertical green line denotes the location of SUR-HHR1.




Table-6. GenScan prediction on NT_010799.115 in region chr}7:29223077-29239353. The
locations of exon features on chromosome 17 are shown. Predicted exons with higher
probability values are more likely to be correct. Exon score > 100 is strong; 50-100 is moderate;
0-50 is weak; and below 0 is poor. ' .

Gene number,
exon number

Type

Strand

Beginning of
exon/signal

End point of
exon or signal

Length

Probability
as exon

Exon
Score

1.06

poly-A signal
(consensus:
AATAAA)

29223612

20223607

6

-0.45

Terminal exon
(3' splice site to
stop codon)

29224580

29224077

504

0.936

14.04

Internal exon (3'
splice site to 5'
splice site)

29225312

29224735

578

0.23

6.94

Internal exon (3'
splice site to &'
splice site)

29226904

29225561

1344

0.302

39.63

Internal exon (3'
splice site to 5'
splice site)

29227676

29227466

211

0.959

19.59

Initial exon
(ATG to 5'
splice site)

29238353

20238276

78

0.253

1.66
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Figure 27. GenScan prediction for NT_010799.115 and the homology profile at
Hchr17:29223077-29239353, Mchr11:80085888-80102169 and Rchr10:61719162-61735438.
The top graph displays relative exon position, shown as blue dots. The vertical green line
denotes the position of SUR-HHRI.
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Figure 28. Sockeye presentation of SUR-HHR1 and GenScan predictions for NT _010799.115.
Blue rods denote non-coding sequences; purple rods denote exons on the reverse strand. The
black semicircle denotes a poly A tail. Bars perpendicular to the plane are homologies at SUR-
HHR1 shown in the following colours: Green — HvsM, Grey — HvsR, Red — MvsR. Note that
the position of SUR-HHRI1 falls into an intron of the GenScan prediction.
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Furthermore, SUR-HHRI1 is located in the intronic region, not in an exon of NT_010799.115.

Therefore, SHR_HHRI1 is more likely to reflectta potential function other than protein coding.

3.7.2 SUR-HHRI1 - Section l_b H,M, & RVSF)

The Fugu 5UR was compared to SUR-HHR1 of human, mouse, and rat using Pairwise BLAST.
Three regions with exact matches common to human, mouse, rat and Fugu over at least 7 bp
were found. The locations in Fugu, human, mouse, and rat are as follows:

FCAABO01003481 :21966-21973 (8 bp) with Hchfl7:29229546-29229553, Mchr11:80092357-
800-92364; and Rchr10:6172563 1-61725638; FCAAB01003481:22591-22597 (7 bp) with |
Hchr17:29229549-29229555, Mchrl1 :80092360-80092366, and Rchr10:61725634-61725640;
and FCAAB01003481 :22060-.22068 (9 bp) and Hchr17:29229590-29229598,

Mchrll :80092363-80092371, and Rchr10:61725637-61725645. All of these matches have
extremely high Expect value (>1393250), which means the matches are likely to be due to

chance.

3.7.3 SUR-HHRI1 - Section 2

The region extending from 100 bp upstream to 100 bp downstream of SUR-HHR1 in humans

and the corresponding regions in mouse and rat were downloaded. These are Hchrl7:29229434-

29229700, Mchr11:80092245-80092516 and Rchr10:61725519-61725786. These sequences and
the whole Fugu SUR were analyzed using MATCH™ and Matlnspector with the settings listed
in Chapter 2. Predictions that are shared between humans and at least one other species at the

same aligned position are summarized in Table 7 and Table 8.
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There is no tfactor binding site predicted by MATCH™ on the forward strand for the human,
mouse, or rat NF/ SUR under the minFP setting, although predictions do exiét for the Fugu SUR
under this setting (Table 7). There are quite a few tfactor binding site predictions that are shared
by human, mouse, and rat. Two predictions from regions in the F: ugu sequence that are
pinpointed by Pairwise BLAST are v-Myb, which is the oncogene of Avian myeloblastosis virus
(AMV), and AP-1, which is Activator Protein. This AP-1 site is also worth noting because it is

the only MATCH™ prediction that is shared by all four species.

All Matlnspector tfactor binding site predicﬁons are either shared by human, mouse, and rat, or
not shared at all (Table 8). Two of the predictions were also found in the Fugu S5UR sequence by
Pairwise BLAST - Interferon Regulatory Factor 3 and AP-1 (Activator Protein). Since AP-1 is
.predicted. by both Matlnspector and MATCH™ at the same position and is shared by all four
species, this prediction is promising. These tfactor binding site predictions and the SUR;HHRI

are shown by Sockeye in Figure 29.

3.7.4 SUR-HHR2 - Section 1a

SUR-HHR?2 and SUR-HHR3 are both locatéd within 1488 bp upstream of the translation start |

site. Section 1a was done for SUR-HHR2 andA SUR-HHR3 separately, using the human, mouse,
and rat. Section 1b for SUR-HHR2 and SUR-HHR3 was replaced by a modified mVISTA and

Frafneslider analysis together with Pairwise BLAST using the 1488 bp segment upstream of the
human, mouse, rat, and Fugu translation start sites. The analyses for transcriptional regulatory

factors in Section 2 were then done for these 1488 bp segments that include both SUR-HHR2

and SUR-HHR3.



H5UR HHR1

MSUR HHR1

BR092245

R5UR HHR1

61¢25519

FSUR HHR1
1

Figure 29. Sockeye presentation of tfactor predictions surrounding SUR-HHR 1
(Hchr17:29229434-29229700, Mchr11:80092245-80092516 and Rchr10:61725519-61725786)
and Fugu SUR (1488 bp). The mammalian species are shown in same scale, but the scale for
Fugu SUR is 5.59 times bigger. Blue rods denote non-coding regions; the purple rods denote
exon 1 (in Fugu). The bars above non-coding regions represent the sequence of SUR-HHR1
with homologies indicated by the following colours: Green — HvsM, Grey — HvsR, Red — MvsR.
Boxes below the non-coding regions are tfactor prediction from MATCH™ (yellow) and
MatInspector (orange). Only the position of tfactor predictions for v-Myb (e), IRF-3 (+), and
AP-1 (*) are shown. The precise location of other tfactors can be found in Table 7 and Table 8.
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a) mVista

HvsM :
Human ccctaacttccaactccgggagcaatccaaacccggaggccggcggggga
NN m
Mouse ccctaacttctaaccececgggagegatccaageccggaggecageggggga
.HvsR
Human ccctaacttccaactecgggagcaatccaaaccecggaggeecggeggggga
e e TR e e e ey
Rat ctctaacttctaaccccgggagcaatccaageccggaggeccageggggga
MvsR _
Mouse ccctaacttctaaccccgggagecgatccaageccggaggecageggggga
CEEECEEEEE TR e e e e e e ey
Rat ctctaacttctaaccccgggagcaatccaagcccggaggccagcggggga

b) Combined alignment

House |&

E52 B W P S [
lelclalglelslgla[alala

LU PP

Humanlc [ciElglglelsialalglglal
P L

Rat lclclalalelglalglglala

Figure 30. Alignment of SUR-HHR?2 in Hchr17:29271537-29271586, Mchr11:80124609-
80124658, and Rchr10:61760457-61760506 from (a) mVista and (b) when they are combined.
Nucleotides highlighted in yellow are shared by all three species.
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SUR-HHR? is a 50-bp window located at Hehr17:29271537-29271586, Mechrl 1 80124609-
80124658, and Rchr10:61760457-61760506 (Figure 30). The identities are as follows: HvsM-—
0.90, HvsR—-0.90, and MvsR-0.96. There is no repeat in this region, according to RepeatMasker.
The positions of SUR-HHR2 in human, mouse, and rat relative to their own translation start sites
are -689 fo —640, -683 to —634, and -511 to —462, respectively. Note that the major TSS for

‘humans is at —484 relative to the translation start site.

According to UCSC, this region does not fall into any GenScan prediction in human or rat, but it
doe§ fall iﬁto GenScan prediction chr11_16.17 in mouse. Mchrl1_16.17 is coded on the reverse |
strand, and. it has supporting ESTs (Figure 31). The predicted mRNA of this .predicted gene was
BLASTed against the EST databases of human, mouse, rat, and Fugu using blastn with every
parameter set as default except Expect, which was raised to 10 for lower stringency. Hits with
low Expect values were found in mouse (8¢-36 to 2e-18) and human (4e-36 to 4e-11), but not in

rat, where the best hit had an Expected value of 1.0. No hit was found in Fugu.

Itis 'unlikf.ely that the homology is a result of the sequence lying in a coding sequence. All of the
best hits with an Expect value smaller than 4e-11 in the human EST database were related to
neurofibromin, due to an overlap of the predicted gene with ESTs of NFI. The best hits in the
mouse EST database do not have annotation that is related to the ESTs of NF/. In addition,

there were no convincing EST data from rat, and no mRNA was found in the Fugu EST database.
Therefore, there is no evidence that gene Mchrl1_16.17 exists in hﬁman, and this GenScan
prediction is probably a false poéitive. For these reasons, no more analysis was done regarding

this predicted gene in mouse. If this gene does exist in human, it is probably not located in the

séme’ region in relationship to NF1.
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Figure 31. UCSC annotations at Hchrl17: 29251537 29291586, Mchrl1: 80104609 80144658
and Rchr10:61740457-61780506. The vertical green line denotes the location of SUR-HHR?2,
the red line denotes the exact location of the TSS of the human NF/ gene and the approximate
locations of the TSSs of the mouse and rat NFI. Note the position of chr11_16.17, a GenScan-
predicted gene on the opposite strand in mouse.




3.7.5 SUR-HHRS3 - Section 1a

SUR-HHR3 is a long homéldgoﬁs fegioﬁ in human, ﬁlouse, and rat (Figure 32). The regions are
iocated at Hchr17:29271707-29271993 (287 bp), Mchr11:80124780-80125066 (287 bp), and -
Rchr10:61760628-61760913 (286 bp). The ranges of identity of the windows are as followed:
HvsM - 0.90 to 1, HvsR - 0.88 to 1, and MvsR — 0.96 to 1. The positions of SUR-HHR3 of
human, mouse, and rat relative to their own translation start sites are —519 to —233, -512 to —226,
and —340 to —55. Therefore, this region spans the major TSS for human and mouse. Also, since
there is high homology between mouse and rat, the difference in distances relative to the
translation start site may. indicate that that roughly 171 to 176 bp of genomic sequence are
missing as a result of incomplete sequence around the NF1 translation start site and exon 1 in rat

genome. RepeatMasker reported no repeat sequence in SUR-HHR3 for the three species.

3.7.6 SUR-HHR2 & SUR-HHR3 - Section 1b

The 1488 bp ségments upstream of the translation start site for human, mouse, rat, and Fugu
were downloaded as folloWed: Hchr17:29270738-29272225, Mchr11:80123804-80125291,
Rchr10:61759480-61760967, and FCAAB01003481:21242-22729. The Fugu SUR was used as
the primary sequence and aligned against huﬁm; mouse, and rat using mVista. The alignment
wasfhen analyzed using Frameslider with a window size of 20 and cutoff values of 0.70 for
FvsH and FvM, and 0.65 for FvsR. Note thét although ORF hémology for FvsR is 0.68, 0.65
was chosen as the cutoff because a window size of 20 leads to increments of 0.05 in identity.
The following number of regions of high homology were found in these comparisons: FvsH — 8,
FvsM -7, FvsR — 16. Regions that were identical or overlapped in all three comparisons were
identified — three such regions were found (Figure 33). As shown in the figure, some of these
alignments are not tight, and there are extensive gaps in some cases. Furtherfnore, out of these
three regions that show strong homology between the mammalian species and Fugu, only region
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a) mVista

HvsM
Human gacggcccagaggagttagatgacgtcacctccaggaggactcgetttttcattaatgaa
SRR R R A R R R R R RN
Mouse ccgggcccggaggagttaggtgacgtcaccteccaggaggactegetttttcattaatgaa
Human accggccggcg-cgggegcatgegeggcaggecgectteectetegetteeccecteccect
PEUrrerert ottty rrey e e b r et
Mouse accggcecggccgcecgggcecgcatgecgcagcaggeec-cctteectetegetteceectecect
Human ttcccageccgegectctcaatctctagetegetegegeteectetececcgggecgtggaaa
Arrrrrrerererererrr ety rrr e et rerrrrrer rrrrere
Mouse ttcccagecgegetctcaatctcaagetegetegeteteecteteccececgagecgtggaaa
Human ggatcccacttccggtggggtgtecatggeggegtetecggactgtgatggectgtggggaga
PEPETEETE R b e b e e b e bbb rered i
Mouse ggatcccacttcceggtggggtgtcatggecggegtecteggactgtgatggctgaggggaga
Human cggcgctagtggggagagcgaccaagaggccccctcececctecceggg
CETEEEETT et e b rer T ety
Mouse cggcgctagtggggagagccacccacaggecgeccteccecteccecggg
HvsR . :
Human gacgqcccagaggagttagatgacgtcacttccaggaggactcgctttttcattaatgaa
LT TP bbb i bbb bbb bbb bbby
Rat ccgggcceccggaggagttaggtgacgtcaccteccaggaggactcgetttttcattaatgaa
Human accggccggceg-cgggcgcatgegeggcaggecgecttcectetegetteccectececet
PEEEEED e e r et by v bbb et rererentd
Rat accggccagcg-cgggcgcecatgcgcagcaggec-ccttcecectectegetteccecteccect
Human ttcccagecgcegetetcaatetctagectecgetegegeteecctetececcgggecgtggaaa
. SRR R N N R AR R R R AN N
Rat ttcccagecgcegctcetcecaatetegagetecgettgeteteecctetecccgagecgtggaaa

Human ggatcccacttccggtggggtgtcatggeggegtcteggactgtgatggctgtggggaga
R N A R R R R R R RN RN RN RN

Rat ggatcccacttccggtggggtgtcatggeggegtctecggactgtgatggectgaggggaga
Human cggcgctagtggggagagcgaccaagaggccccctcecctecceggg
PELTELTTRIE ey v v bt bt
Rat cggcgctagtggggagagccacccacaggcgeccctcecececteceeggg
MvsR
Mouse ccgggcccggaggagttaggtgacgtcaccteccaggaggactegetttttcattaatgaa
PEPELEEIE T b e e b b b e r b e bbb b b b e b et
Rat ccgggcccggaggagttaggtgacgtcacctceccaggaggactegetttttcattaatgaa
Mouse accggccggcecgegggcgcatgecgecagcaggceecctteecctetegettececccteeeett
PELREED 00 PE e b e e e e bt b el b e b
Rat accggccagc-gcgggcgcatgcecgcagecaggecccttecetectegetteccecteceett
Mouse tcccagccgcgctctcaatctcaagctcgctcgctctcéctctccccgagccgtggaaag
AR N R R R R N AR RN
Rat 'tcccagccgcgctctcaatctcgagctcgcttgctctccctctccccgagccgtggaaag

Mouse gatcccacttccggtggggtgtcatggeggegtctecggactgtgatggctgaggggagac
PETEEIEE T e e e e b e b b b e b e ety

Rat gatcccacttccggtggggtgtcatggeggegtctecggactgtgatggetgaggggagac

Mouse ggcgctagtggggagagccacccacaggcegecctececteecceggg
AR R AR AN RN

Rat ggcgctagtggggagagccacccacaggcgccctcecectececcggg
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Combined Alignment

b)
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Mchr11:80124780-80125066 (287 bp), and Rchr10:61760628-61760913 from (a) mVista and (b)

when they are combined. Nucleotides highlighted in yellow are shared by all three species.

Figure 32. Alignment of SUR-HHR3 in Hchr17:29271707-29271993 (287 bp),
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a) Region 1

Fugu ttaatt--catgggttcttgtattacaattta-gcga
N e N R R AREREREN

Human ttgattgccaccgggtctagecattgggatttaageg-

Fugu tgg--gttcttgtattacaatttagcga
Nouse  tggeggtgtggcettacatitt -
Fugu atttagcgaaattgattg---t
Rat  —-tttgggastttaactgacct

b) Region 2

Fugu atcaatttctc---—---—--- e tgaagaaga~---- cttecg

PR Tl (A REREN
Human ctcaatctctagctcegetcgegetcecectcteccecgggecgtggaaaggatececcacttcecy
Fugu gtggtgtgtcatggcggtggecatgg----tgaatc

L T I I T I T R Y I
Human gtggggtgtcatggcggcgtcteggactgtgatgg

Fugu atttctc--=-—---~- tgaagaaga----- cttcecggtggtgtgtecatggeggtggeca--

RN [ FEERELTEEE TR reerir |
Mouse cccteteccecgagecgtggaaaggateccacttecggtggggtgtecatggeggegtecteg
Fugu  -—-—=—-m—mm—mmmmmm e tggtgaat

FETd
Mouse gactgtgatggctgaggggagacggcgctagtggggaga

Fugu tttctetga-~---------- agaagacttceggtggtgtgtcatggeggtggeat
e I PECLEERRELE TRy
Rat tctcceccgagecgtggaaaggatceccacttecggtggggtgtecatggegg-—-~-—

c) Region 3

‘Fugu cggtcccgcaccttggatetace---agecgecagettt——-—-—-——= o e oo -
e rer e e [ RN
Human cagaccctetecttgectcettecctecacctecagectecgetececgeectetteccggee
Fugu =  ——=----——-mmmmmmmm e tgcggegteccecececgece-—---— ggcc
e e 1 M
Human cagggcgccggcccacccttccctccgccgccccccggccgcggggaggac
Fugu tccecgecac--—-===-----—-- cttggatctaccagcgcagctttgeggegtceceeeg
FEEEY I [ [ T o e e B I e N N N R N
Mouse - gcccgcactcctcagccgctcggctcgccgctgcc~jctcgcctccgcgccggccgcccg
Fugu - CCCggC === === === T L ——
PR |
Mouse cccgcecctcaggcgggccccggacgecggeccteccaccgeccecgggtegecgggaggac
Fugu cgcagctttgecggegteeceecgeceggem—mmmmmm s m s s s s s oo
N CEE et '
Rat cacag--——gcgccctcccctccccgggctcccctccccnnnnnnnnnnnnnnnnnnnnn
Fugu -=---m-mmmmmeemoo oo [¢
Rat NNNNNNNNNNNNANANANANNNNN

Figure 33. Alignments of the 1488 bp segments upstream of the NFI ORF in human, mouse, rat,
and Fugu. Regions that meet the cutoff values from Frameslider and are shared by all four
species (a, b, and c) are shown. Note that FvsR in region 1 only overlaps with FvsH and FvsM
in the beginning. Also, in region 2, there are 24 bp (shown in blue) that are nearly identical in all
4 species. The extensive gaps that exist in region 3 indicate an unpromising alignment.
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2 lies within a mammalian highly homologous region (SUR-HHR3). Interestingly, there is 24-
bp-segment that is identical among human, mouse, and rat and varies by only 1 single bp in
pufferfish. This sequence is acttceggtggggtgtcatggegg. Frameslider indicates the idgntity over
this range to be 0.85-0.95. This seqhence, which is analyzed in more detail below, will be
referred to as the NF1 5° Highly Conserved Sequence (NFIHCS). It is located at
Hchr17:29271893-29271916, Mchr11:80124966-80124989, Rchr10:61760813-61760836, and F

CAAB01003481:22551-22574.

Next, the Fugu NFI SUR was compared to SUR-HHR?2 and SUR-HHR3 of human, mouse, and
rat using Pairwise BLAST. No exact match over least 7 bp or more was found that was common
to human, mouse, rat and Fugu in SUR-HHR2. 16 exact matches of at least 7 bp were found that
were shared by to humans, mice, rats, and Fugu within SUR-HHR3. A portion of NF1HCS is
the only match that could be detected when the Wordsize was increased to 12 bp. When the
same experiment was repeated while gradually lowering the ‘Expect’ value, NF1HCS was
detected with an Expect value of 5.3. The other segments needed a much higher Expect value

(>3000000). This means that the homology for NFIHCS is the least likely to be due to chance

among the hits that were observed.

3.7.7 SUR-HHR2 - Section 2

Tfactor detection was performed in the region surrounding SUR-HHR2 and SUR-HHR3, with
épecial attention to the region covered by NFSHCS. Regions extending from 100 bp upstream to
100 bp downstream of SUR-HHR2 in human, mouse, and rat (Hchr17:29271437-29271686,

Mchr11:80124509-80124758, and Rchr10:61760357-61760606) were analyzed using

MATCH™ and Matlnspector (Table 9, Table 10). Only predictions that were shared between
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human and at least one other species at the same aligned position are summarized in the tables.
Note that tfactor prediction for this region is done for Fugu in Section 2 of SUR-HHR1 and some

of the results are reported in Table 7 and 8.

MATCH™ predicted no 'tfactor binding site on the forward strand for hﬁman-, mouse, or rat
under the minFP setting. Several tfactor binding site predictions were found that were common
to human, m(;use, and ratvusing the minFN setting. However, only c-ETS;l(p54), which is
involved in mesodermal cell development during organ formation and tissue modeling, lies

within SUR-HHR2. This prediction appears with the minSUM setting for all three mammalian

species.

All MatInspector tfactor binding site predictions shared by human and at least one other species
lie within SUR-HHR2, and all have a core similarity of 1.00. The predictions are quite different
from those of MATCH™. However, the MATCH™ c-ETS-1(p54) prediction and MatlInspector
AP-2 prediction are at the sa@e position, which may mean that a tfactor binding site does exist
but the identity of that tfactor is uncertain. The tfactor binding site predictions related to SUR-

HHR?2 are illustrated by Sockeye in Figure 34.

3.7.8 SUR-HHR3 - Section 2

Regions extending from 200 bp (instead of 100 bp) upstream to 200 bp downstream of SUR-
HHR3 were downloaded as followed: Hchr17:29271507-29272193, Mchr11:80124580-
80125266, and Rchr10:61760428-61760967. This longer region was chosen to provide an
opportunity to compare the predictions from MATCH™ and MatInspector to the ones that have

‘previously been reported (Hajra ef al., 1994). Note that in rat the translation start site is
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HSUR HHR283

RSUR HHR2&3

B1755430
EmE 5 man L3 R 1 f

FSUR

2142

Figure 34. Sockeye presentation of regions 1488 bp upstream of translation start sites and the
first 60 translated bp for human, mouse, rat, and F ugu. Blue rods denote non-coding regions;
purple rods denote exons; black rods denote NF1 Highly Conserved Sequence. Bars above non-
coding regions represent SUR-HHR2 and 5SUR-HHR3 with homologies indicated by the
following colours: Green — HvsM, Grey — HvsR, Red — MvsR. Boxes below are tfactor
predictions from MATCH™ (yellow) and MatInspector (pink). Only the positions of tfactor
predictions for Pax-4 (#) from MATCH™ are shown. The precise location of other tfactor
predictions can be found in Tables 9, 10, 11, and 12.
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annotated only 55 bpk downstream of SUR-HHR3, probably as a result of the incomplete
séquence around the translation start site of the NF ] gene. These sequeﬁces were analyzed using
MATCH™ and MatInspector (Table 11 and Table 12). Only predictions that were shared
between the human sequence and that of at least éne other species at the same aligned positions
are éummarized in the tables. Note that some of the tfactor predictions for this region in Fugu

were reported above in Table 7 and 8.

MATCH™ predi‘cited“.two'l or £hree tféctbr bi'n.d.ing4 sites on forWafd strand for;l;uman, mouse, and
rat under minFP settings. Many tfactor binding site predictions were shared by human, mouse,
aﬁd rat at the minFN settingé (Table‘ 1.1'). Of the 9 predictions shared between humans and mice
that have previously been published (Hajra et al.,‘ 1994), only CREB at Hchr17:29271726 was
séen in this analysis, probably due to the use of a different program and an updated TRANSFAC
Hbrary. Two tfactor predictions were found 1n the NF1HCS region - Pax-é and Pax-4. The
prediction for Pax-4 (Paired. box-4), which is involved in cell fate, early patterning, band

organogenesis, is especially important because it is common to human, mouse, rat, and Fugu.

MatInspector gave several predictions that are shared by humans and other species (Table 12).
Most of these conserved predictions are within SUR-HHR3. Although the predictions are quite
different from those of MATCH™, both programs predict the previously-described CREB site in
the same position. MatInspector also predicts the previously-described AP-2 site (Hajra et al.,
1994). The positions of the two previously-described Sp-1 sites (Hajra et al., 1994) are predicted
to be Hehr17:29271580-29271594 and Hehr17:29271599-29271613, but these two predictions
were not found for mouse or rat. Although an Erythroid krueppel-like factor (EKLF) binding
site shared by all three mammalian species was predicted within the_ NF1HCS, this prediction

was different from the Pax-6 and Pax-4 predictions .from MATCH™. Lastly, Matlnspector
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Table 11. Summary of MATCH™ predictions surrounding SUR-HHR3 on the same strand.
‘Beginning’ and ‘End’ represent the corresponding positions on chromosome 17 for human,
chrll for mouse, chrl0 for rat, and contig CAAB01003481 for Fugu. Core S. = Core similarity.
Matrix S. = Matrix similarity. Only tfactor binding site predictions shared between human and
at least one other species at the aligned positions are shown. Italic characters denote tfactor
binding sites that are detected with both the minFN and minFP settings. Bold characters denote
region within SUR-HHR3. White characters denote previously reported tfactor binding sites.
Blue characters denote the tfactor predicitons within NFIHCS. Boxes highlighted in yellow are
tfactor predictions shared by 2 species; orange, 3; light blue, 4.

Tractor Human Mouse | Rat Pufferfish
Beginning! _End__[Core $.[Matrix S Beginning] End _1Core S./Matrix S.|Beginning] End |Core S. Matdx S Beginningl End__[Core S.[Matrix S
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Table 12. Summary of Matlnspector predictions surrounding SUR-HHR3 on the same strand.
‘Beginning’ and ‘End’ represent the corresponding positions on chromosome 17 for human,
chrl1 for mouse, and chr10 for rat. C = Core similarity. M = Matrix similarity. Only tfactor
binding site predictions shared between human and at least one other species at the aligned
positions are shown. Italic characters denote predictions that are identified when the core
similarity setting is 1.00. Bold characters denote the regions within SUR-HHR3. Pink characters
denote previously reported tfactor binding site predictions. Blue characters denote predictions in
NF1HCS. Boxes highlighted in yellow are tfactor predictions shared by 2 species; orange, 3.
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failed to detect any tfactbr binding site in Fugu NF 1HCS that was conserved with the human,
mouse, and rat. The positions of NF1HCS, SUR-HHR2, SUR-HHR3 and the tfactor predictions

surrounding these highly homologous regions are shown by Sockeye in Figure 34.

3.8 Summary for SUR

- Three highly homologous regions were found in NF1 SUR (locations within brackets are
positions relative to the translation start site in each species). SUR-HHRI was fo.und at
Hchri7:29229534-29229600 (-42692 to —42626), Mchrl1 :80092345-80092416 (-32947 to —
32876) and Rehr10:61725619-61725686 (-35349 to -35282). SUR-HHR2 was found at
Hchr17:29271537-29271586 (-689 to —640), Mchr11:80124609-80124658 (-683 to —634), and
Rchr10:61760457-61760506 (-511 to —462). SUR-HHR3 was found at Hchr17:29271707-
29271993 (-519 to —233), Mchr11:80124780-80125066 (-512 to -226), and Rchr10:61760628-

61760913 (-340 to -55).

Within SUR-HHR1, the most important tfactor prediction was an AP-1 site predicted at
Hehr17:29229585-29229605 (-42641 to -42621), Mchr11:80092401-80092421 (-32891 to -
32871), Rchr10:61725671-61725691 (-35297 to —35277), and FCAAB01003481:22055-22075
(-675 to —655) by MATCH™ and MatInspector. This site is shared by human, mouse, and rat at

the same aligned position and possibly also by Fugu if the Pairwise BLAST alignment is correct.

Within SUR-HHR2, the most noteworthy spot is at Hchr17:29271566-29271578 (-660 to -648),

Mchr11:80124638-80124650 (-654 to ~642), and Rchr10:61760486-61760498 (-482 to —470). c-




Ets-1 (p54) is predicted at this location is by MATCH™, but AP-2 is predicted by Matinspector

at the same location.

Within SUR-HHR3, the most important discovery is. NF1HCS, a 24 bp segment that is
completely identical among hﬁmans, mice, and rats, and that differs by only 1 bp in Fugu. This
sequence is located at Héhrl 7:29271893-29271916 (-333 to —310), Mchr11:80124966-80124989
(-326 to —303), Rchr10:61760813-61760836 (-155 to —132), and F CAAB01003481 :22551-
22574 (-179 to —156). MATCH™ predicts a binding site for Pax-4, a tfactor involved in cell
fate, eaﬂy patterning, and organogenesis, in the NF THCS of all four species. No prediction from
Matlnspector is shared by all four species ih the NFIHCS region. Other important results
include confirmation of the previously-reported CREB site by MATCH™ and Matlnspector, and

of the previously-described AP-1 and Sp1 sites in the human by MatInspector.

3.9 Analyses for NF1IHCS

Although NF1HCS was previously recognized as part of fhe homologous segment of the SUR in
human and mouse (Hajra et al., 1994), it has never been defined separately or associated with a
potential function. Because NF1HCS is so highly conserved among human, mouse, rat, and
pufferfish, additional analyses were done to explore the possibility that NF1HCS might function
as the NFI core promoter element. A search was performed for other instances of this 24 bp
mammalian sequence within the genomes of different organisms, with special attention to the
relative position and relationship between NF1HCS and adjacent genes. The sequence as also

tested against the Eukaryotic Promoter Database and TFDD to check whether NF1HCS had been

reported in association with the promoter regions of other genes.




3.9.1 The Occurrence of NF1HCS in Various Genomes

If NF1HCS contains a core promoter element, it would be éxpected to ‘occur in association with
other genes and to be widely conserved by evolution. However, an exact match of all 24 bp
wouid nof be expected in other locations in the genome because core promoter elefneﬁts are
usually less than 24 bp long. The mammalian NF1HCS sequence acttccggtggggtgtcatggegg was
BLASTed against the complete NCBI database using default settings except that Expect was
increased to 1000000 and all filters were disabled. Hits were found in human, mouse, rat,
pufferfish, Drosophila and some bacteria (e.g. Thermosynechococcus elongatus, Mycobacterium
tuberculosis). Hits were also obtained in the separated genomic searches of the Caenorhabditis

elegans and Saccharomyces cerevisiae genomic databases.

If NF1HCS were a core promoter sequence for other genes, it would be expected to exhibit three
characteristics: First, it should occur on the same strand as the gene. Second, it should not lie in
the coding sequence of the gene. Third, it should be upstream of the ORF. To see whether
NF1HCS fullfiled these expectations, genomic BLAST was done on the human, mouse, rat,
pufferfish, and fruitfly genomic sequences individually. The mammalian NFIHCS was used as
the query and default settings were used except Expect value was raised to 10. BLAT from
UCSC was used to pinpoint the locations of hits found in the mammalian species. If NFIHCS
was found within an annotated gene, the NFIHCS sequence was checked against the mRNA of
that gene using Pairwise BLAST to determine the relationship to the coding region. BLAT is -
not available for Fugu or Drosophila; and no aﬁnotation is available for the Fugu genome.

Therefore, GenScan was used to predict any potential genes and their distance relative to hits in

Fugu. NCBI annotations for the Drosophila genome were used.




1000 bp upstream of the ORF of Drosophila NF1 homologue was downloaded from ENSEMBL
(chr3R:21797380-21798379) and compared to NFIHCS using Pariwise BLAST. No exact

match of 7 bp (minimum wordsize setting) was found.

The results are summarized in Table 13. There are three interesting findings. First, portions of
NFIHCS were found in other organisms in various locations. The portion of NF1HCS that was
found to be homologous varied somewhat but usually included the nucleotides gtgtcatggcgg near
the 3’ end of the sequence. Second, most hits occurred in the vicinity of an annotated gene or a
gene prediction, but most of these genes or predictions were on the opposite strand from the gene
except in Fugu. Third, the hits were usually within a gene rather than upstream of it. Two Hits
were in an exon of a gene on the same strand in Fugu, but the other hits in mammalian species
and Drosophila were found within an intron. Overall, these results do not support to the

possiblity that NF1IHCS contains a core promoter element.

3.9.2 Comparison with Eukaryotic Promoter Database (EPD)

2994 promoter regions (499 bp upstream and 100 bp downstream of the TSS) of genes with
known translation start sites from various organisms were downloaded. Within this dataset,
1871 regions were human, 196 mouse, 119 rat, 120 Drosophila, but none were from Fugu. The

total number of nucleotides for all the regions was 1796400 bp.

If NF1HCS includes a core promoter element, NF1HCS or a portion of it would be expected to

occur within the promoter region of other genes and to lie downstream of the transcription start

site, as it does in NFI. In fact, a location around 181 bp downstream of the TSS would be
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Table 13. Summary of human, mouse, rat, pufferfish, and fruitfly genomic BLASTs with
mammalian NF1HCS (acttccggtggggtgtcatggegg) as the query sequence. Chr = chromosome,
except for pufferfish, where the contig is given. For Str, + means the alignment is on the same
strand as the annotated or predicted gene, - means the alignment is on the opposite strand.
‘Begin’ and ‘End’ represent the corresponding positions on the chromosome. Expect is the
expect values indicating a stronger alignment. Letters in red means that the alignment is found
within an exon of a gene located on the same strand.

Comment

Organism Chr Str Begin End Expect
Human 17 + | 29271893 | 29271916 |7.00E-05[Whole NF1HCS is found upstream of the NF7 gene
8 - | 140817722 | 140817738 1 Last 17 bp of NF1HCS is found within intron of the gene
) MGC4737 on the other strand
9 - | 110308656 | 110308671 4 Last 16 bp of NF1HCS is found within intron of the gene
. . A Loc113220 on the other strand

9 . + | 92524373 | 92524388 4  |Last 16 bp of NF1HCS is found within the intron of the
Twinscan prediction chr9.93.004.a on the other stand

2 - 1202013354 | 202013369 4 Last 16 bp of NFIHCS is found within the intron of the gene
CASP10 on the other stand

1 + | 221235854 | 221235869 4 Last 16 bp of NF1HCS is found within the intron of the gene

. FLJ38993 on the other stand
Mouse 11. + | 80124966 | 80124989 |6.00E-05|Whole NF1HCS is found upstream of the NF1 gene

7 + | 21694794 | 21694810 | 0.94 |Region between the 6th bp and the 22nd bp of NFIHCS is
found within the intron of the 2700043MO3R gene on the other
strand

17 - | 45955809 | 45955824 3.7 |Region between the 7th bp and the 22nd bp of NF1IHCS is
found within the exon of the Snt2-pending geneon the other
strand

14 + | 79055923 | 79055938 37 Region between the 7th bp and the 22nd bp of NFIHCS is
found within the intron of the GenScan prediction chr14 16.8

- on the other strand

1 - | 124337184 | 124337199 3.7 {Region between the 7th bp and the 22nd bp of NFIHCS is
found within the intron of GenScan prediction chr1_25.6 on
the other strand

Rat 10 + | 61760813 | 61760836 |7.00E-05[Whole NF1HCS is found upstream of the NF1 gene

16 + | 66545237 | 66545252 39 Region between the 6th bp and the 21st bp of NFIHCS is
found within the intron of the TwinScan prediction
chr16_957.1 on the other strand

9 - | 13111180 | 13111195 3.9 |Region between the 7th bp and the 22nd bp of NFTHCS does
not have any annotated gene or predictions within 1000 bp
upstream and 1000 bp downstream

5 + | 116411580 | 116411595 3.9 |Region between the 7th bp and the 22nd bp of NF1IHCS is
found within the intron of the GenScan prediction chr5_24.17
on the same strand

4 + | 73851825 | 73851840 3.9  |Region between the 7th bp and the 22nd bp of NFIHCS does

' : : not have any annotated gene or predictions within 1000 bp
upstream and 1000 bp downstream ’

2 - | 29135008 | 29135023 3.9  |Region between the 5th bp and the 20th bp of NF1HCS does
not have any annotated gene or predictions within 1000 bp
upstream and 1000 bp downstream

Pufferfish | CAABO100 | + 22551 22574 0.002 |Whole NF1HCS except the 12th bp is found upstream of the
3481.1 NF1gene
CAABO100{ - 69159 69173 21 Region between the 9th bp and the 23rd bp of NFIHCS is
0706.1 found within the exon of a GenScan prediction on the same
- |strand.
CAABO100| + | 31587 31601 21 Region between the 4th bp and the 18th bp of NF1HCS is
0628.1 found within the intron of a GenScan prediction on the same
: strand.
CAABO100 | + 54484 54498 21 Region between the 6th bp and the 20th bp of NF1HCS is
0553.1 found 1033 bp upstream of the promoter of a GenScan
. prediction on the same strand.

CAABO100| - 11321 11334 8.3  |Region between the 8th bp and the 21st bp of NFIHCS is
39441 found within the exon of a GenScan prediction on the same
strand.

CAABO100 | + 23059 23072 8.3 |Region between the 3th bp and the 16th bp of NF1HCS is
2786.1 found within the intron of a GenScan prediction on the same
. |strand.
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CAABO0100 59515 59528 8.3 |Region between the 3th bp and the 16th bp of NFIHCS is not
1499.1 found within or upstream of any GenScan prediction
CAABO0100 5476 5489 8.3 . |Region between the 10th bp and the 23nd bp of NFIHCS is
1086.1 found within the intron of a GenScan prediction on the same
strand.
CAAB0100 26949 26962 8.3 |Region between the 9th bp and the 22nd bp of NFTHCS is
0944.1 found within the intron of a GenScan prediction on the same
. strand.
CAABO0100 29670 29657 8.3 |Region between the 6th bp and the 19th bp of NFIHCS is
0418.1 : found within the intron of a GenScan prediction on the same
strand.

CAAB0100 65763 65750 8.3 Region between the 4th bp and the 17th bp of NFIHCS is
0176.1 found within the intron of a GenScan prediction on the other
strand.

CAABO0100 52620 52607 8.3 Region between the 4th bp and the 17th bp of NF1HCS is
0084.1 found within the exon of a GenScan prediction on the other
strand. -
Fruitfly - 3R 17440679 | 17440698 0.21 |Region between the 3rd bp and the 22nd bp of NFIHCS is
found within the exon of gene E2fon the other strand.
X 17101536 | 17101550 0.84 |Region between the 7th bp and the 21st bp of NFIHCS does
: not have any annotated gene or predictions within 1000 bp
upstream and 1000 bp downstream
X 14912942 | 14912955 3.3  |Region between the 9th bp and the 22nd bp of NFIHCS does
not have any annotated gene or predictions within 1000 bp
upstream and 1000 bp downstream
3R 18877437 | 18877450 3.3 . |Region between the 4th bp and the 17th bp of NFIHCS is
found 400 bp upstream of annotated gene BcDNA:LD21504
on the other strand.
3L 4375093 4375106 Region between the 10th bp and the 23rd bp of NFIHCS is

.33

found within the annotated gene CG74470n the same strand.




expected, because most core promoters (e.g. TATA box, DPE) have a consistent distance and
direction from the TSS (Kadonaga, 2002). Unfortunately, EPD only includes the first 100 bp
downstream of the TSS, so searching this database for NFIHCS does not provide information on

whether this sequence occurs in the expected relationship to the TSS of these genes.

The promoter regions within EPD were compared to NFIHCS with Pairwise BLAST. With the
default settings (with filters off and the forward strand chosen), no perfect match for all 24 bp
was found. When the settings were adjusted to look for longest exact match, 2239 perfect
matches of 7 bp or more were found. The distribution was as follows: 1624 matches of 7 bp,
412 matches of 8 bp, 102 matches of 9 bp, 30 matches of 10 bp, and 7 matches of 11 bp. The
longést matches were 13 bp, and there were only two of them. The first of these included the
first 13 bp of NF1HCS and was located 24 bp upstream of the TSS of the human gene Ovarian
cancer overexpres;sed 1 (NCBI reference NM_015945) on chromosome 20. The second match
included the last 13 bp of NFIHCS and was located 42 bp downstream of the TSS of the human
gene Ubiquitin specific protease 5 (NCBI reference NM_003481) on chromosome 12. 1413 of

the 2994 promoter regions in EPD had more then one match of >7bp with NFIHCS.

There were three interesting results from tﬁis analysis. First, a portion of NFIHCS was found in
47% of the promoter regions. Second, the two longest matches of 13 bp were both from human
promoter regions. Third, portions of NFIHCS were found both upstream and downstream of the
TSS. This experiment showed that portion of NFIHCS could be found in a large portion of

promoter regions, although its location relative to the TSS was not fixed.
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3.9.3 Comparison with the TRRD Database

There are many subsets of the TRRD database. TRRDUNITS4, which contains information on
transcription factor binding sites, eukaryotic gene promoters, enhancers, transcription regulatory
regions, gene expression regulation, and corresponding bibliography references, was used for
this 'study.» Default settings were used but Filter was turned off and Gap alignment was enabled.

This database has a total of 971 sequences.

When the mammalian NF1HCS was used as the query sequence, a segment from the 7" through
the 17 bp was aligned to the reverse strand of a promoter region (TRRD accession number:

P00656) upstream of the TSS of the mitochondrial glycerol-3-phosphate acyltransferase (GPAT)

gene in mouse.

Whén the Fugu NFIHCS was used as the query sequence, five alignments were found.

1. The 4™ through the 15" bp were aligned to the reverse stand of a promoter region
(TRRDR accession number P0013) upstream of the TSS of lipoxygenase 1 (LoxA) in
barley (Hordeum vulgare L).

2. The 12" through the 22™ bp were aligned to the forward strand of an enhancer region
(TRRD accession P00598) 3000 bp upstream of the ORF of the granulocyte/macrophage
colony stimulating factor (GM-CSF) gene in human.

3. The 11" through the 21 bp were aligned.to the forward strand of a silencer region
(TRRD accession number P00842) upstream of the TSS of the lactoferrin (LFER) gene
in human. | |

4. The 8" through the 18" bp were aligned to the forward strand of a promoter region

(TRRD accession number P00543) upstream of the TSS of the acyl-coenzyme A

synthetase gene (ACS) in rat.




5. The11™ through the 21* bp were algined to the forward strand of é promoter region
upstream (TRRD accession number P00470) of the TSS of the cellular retihol-binding

protein IT (CRBPII) gene in mouse.

Because NF1HCS is on the same strand as NF1, alignments that involve the reverse strand are
probably not relevant to the regulation of NFI transcription. The TRRD alignments involving
the forward strand indicate that a portion of NF1CS1 occurs in genomic sequences involved in

transcriptional regulation of human, mouse, and rat.

3.9.4 Potential RNA Structure

The whole mammalian NFIHCS was searched for potential RNA structure with Rfam and
yielded no result. A 64 bp segment that includes NFIHCS and extends 20 bp upstream and
downstream was then used as a query in Rfam. Again, no result was obtained. Thus, there is no

indication that NF1HCS has a recognized secondary RNA structure.

Because of the relatively simple but rigid search function in SCOR, the entire mammalian
NF1HCS sequence was ﬁrst input, and then variéus portions of this sequence were searched.
Searches Were done of all substrings made by removing one base at a time from the 3’ end of
NF1HCS, then of all substrings made by removing one base at a time from the 5’ end of
NF1HCS, and finally of all substrings made by serially removing one base from each end of
NFIHCS at the same time. No hits were obtained with NFIHCS or with any of these substrings

that were more than 4 bp long. Thus, SCOR did not identify any 3D structure for the RNA

produced by NF1HCS.




3.9.5 Comparison NF1HCS with promoter regions of other genes

NF1HCS is 24 bp long, but most core promoter sequences are only 6 bp long. Therefore, if
NF1HCS includes a core promoter element, the segment of complete sequence identity among
the mammalian species and of >95% identity with Fugu almost certainly includes surrounding
sequence in addition to the core promoter element itself. Therefore, I examined the regions
surrounding known core‘ promoter elements of other genes to see whether similar high levéls of

identity are observed in the homologous human, mouse, rat, and Fugu genes.

Five genes with defined core promoter elements were chosen for analysis. They are the beta-
globin (HBB), alpha-skeletal actin 1 (ACTA1), transcription factor AP-2 gamma (TFAP2C),
TATA box-binding protein-associated factor (T4AF7), and lymphocyte-specific protein-tyrosine
kinase (LCK) genes. HBB and ACTAI were chosen because they contain a putative TATA box in
Fugu (Gillerhans et al., 2002; Vekatesh et al., 1996). TFAP2C was chosen because it has been
found to have an Inr elcrﬁent in human (Hgsleton et al., 2003), and TAF7 was selected because it
has Been éhown to have Inr and DPE elements in human (Zhou et al. 2001). inr and DPE have
not been identified in Fugu genes. LCK was included because this gene has been found to have
two promoters in human and mouse, and both are known to share a highly conserved 11 bp

segment with the homologous gene in Fugu (Brenner et al., 2002). LCK has no known TATA or

Inr.

Nucleotides upstream and downstream of each core promoter element were downloaded so that

the whole region was roughly 50 bp long. This was followed by mVISTA manual alignment and

frameslider identity calculation using a 24 bp window, which is the length of NF1HCS.
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The TATA box and the surrounding region of the HBB gene are summarized in Table 14. The
TATA box associated with this gene in human (Lewis ef al., 2000), mouse (Jacob ef al.,1994),
and Fugu (Gillemans et al., 2002) do not have the usual TATAAA consensus sequence. The
homulogOus rat TATA box was found by manual inspection. As shown in Table 14, the region
upstream of Ithe. TATA box exhibits only high homolog; be‘rwg;en human, mouse and rat, and |
much less homology to F ugu. According to UCSC, the HBB gene has no upstream CpG island

in human, mouse, and rat.

The TATA box and surrounding region of ACTAI gene are summarized in Table 15. The TATA
box in human, mouse, rat were found by manual inspection. They all have the TATAAA
consensus sequence and lie 30 bp upstream of the major transcription initiation site in human, 31
bp in nrouse, and about 39 bp in rat. The Fugu TATA box also has the usual consensus sequence
(Venkatesh ez al., 1996). As shown in Table 15, the region surrounding the TATA box exhibits |
high homology among humarr, mouse, and rat. The homology between human and Fugu is also
quite high, considéring the cDNA of the NF'I gerle is also only 0.70 identity between mammals }
and Fugu (Table 5). According to UCSC, there is a 3477 bp CpG island that begins 843 bp

upstream of the TSS in human, but there is no upstream CpG island in mouse and rat.

The Inr box and surrounding region of the T FAP2C gene are summarized in Table 16. The Inr
'c.oreb element that has been described in human (Hasleton ef al. 2003) was found irr the
homologous mouse and rat genes by manual inspection. This Inr was situated at the right place
with respect to major TSS in human (Hasleton et al., 2003). However, it was 4 bp further
upstream than expécted in mouse according UCSC. Because the TS S. Qf rat has not been defined,

the location of Inr with respect to the TSS was not clear. There has been no published research
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on the Fugu TFAP2C gene. The Fugu homologue was identified by a BLAST search of the
Fugu genome using TFAP2C mRNA from human (UCSC Accession Number: BC03 5664) and
mouse (UCSC Accession Number: X94694). The alignment with the lowest expect value was
5x107 between human and Fugu CAAB1001040 and 9x10™'? between mouse and SCAFFOLD
CAAB1001040. As both searches associated SCAFFOLD CAAB1001040 with TFAP2C
mRNA, this region is likely to contain the Fugu TFAP2C gene. However, no alignment for the
beginning of either the human or mouse 7FAP2C mRNA was found within the Fugu
SCAFFOLD CAAB1001040 sequence. Therefore, ahother search of the Fugu genome was done
with the first exon of the human TFAP2C gene. Only hits with high expect values (greater than
0.064) were found. Because the initiator element lies upstream of exon 1 and the location Fugu
TFAP2C exon 1 is unclear, no further analyses of Fugu were done. As shown in Tab1¢ 16, the
region upstream and including the Inr box exhibited a 96% identity between the human sequence
and those of both the mouse and rat. According to UCSC, there is a 6509 bp CpG island that
begins 4118 bp upsfcreamv of the TSS in human, a 2264 bp.CpG island that begins 44 bp upstream
of the TSS in mouse. Rat 7TFAP2C has a 2577. bp CpG island, but because the TSS is not

defined in UCSC, its position relative to TSS is uncertain.

The Inr and surrounding region of the TAF'7 gene in human, mouse and rat are summarized in
Tabie 17. The Inr in human TAF7 was described by Zhou et al. (2001). The same Inr sequence
was found in the TAF7 gene in mouse and rat by manual inspection. There has been no published
research on Fugu TAF7. In order to find the pufferfish TAF7 gene, a BLAST search of the Fugu
genome was done with the human T4F7 mRNA sequence (NCBI Accession Number:
NM_005642). The alignment with the lowest expect value was 0.16. This expect value does not

provide a convincing location for the TAF7 gene in Fugu, so Fugu was excluded from the
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analysis of the TAF7 core promoter. As shown in Table 17, the region surrounding the Inr
element exhibits moderate homology between the human, mouse and rat T4AF7 genes. The

idenity was 0.75 between human and mouse and 0.83 between human and rat.

The human 74F7 gene is also associated with DPE, a downstream promoter element (Zhou et al.
2001). The location of DPE is chr5:140683467-140683472 on the reverse strand. This location
is 29 to 33 bp downstream of the transcription initiation site (which is numbered as +1). DPE is
usually found at +2‘8 to +32 bp (Kadonaga, 2002). No homologous DPE sequence could be
found between base pairs +28 to +33 in mouse or rat. Because DPE was only found in
association with the human TAF7 locus, no alignment around this core promoter element was
done. According to UCSC, there was a 596 bp CpG island starting 196 bp upstream of the TSS
in humah, and a 390 bp CpG island starting 163 bp upstream of the TSS in mouse. A 353 bp
CpG island was present in rat, but because the TSS is not defined, their relative positions could

not be determined.

The .LCK gene in human, mouse, rat, and Fugu has two promoters, but no TATA or CAAT box
has been found (Brenner et al., 2002). However, a 11 bp-PRE (Putative Regulatory Element)
sequence that lies 366-376 bp upstream of the Fugu LCK gene TSS (NCBI Assession Number
AF411956) was found to be identical or highly homologous to regions of both the distal and
proximal LCK promoter in the marﬁmals (Brenner et al., 2002). The sequences surrounding
PRE in its distal and proximal locations are summarized in Tables 18 and 19. The sequence
including the distal PRE and slightly downstream exhibited 96% identity between human and
mouse, 96% identity between human and rat, anci 83% identity between human and Fugu. The

identity was substantially lower for the PRE associated with the proximal LCK promoter.
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According to UCSC, there was no immediate CpG island upstrearh of the distal promoter region,
but a 561 bp CpG island starting 1092 upstream of the proximal TSS in human. Because the Lck
gene was not annotated in UCSC for mouse or rat, how the CpG island is distributed with respect

to the gene could not be determined.

Overall, the analysis of these five genes shows that core promoter elements can be embedded in
larger regions of conserved sequence. Some of the regions of identity observed in association

with the core promoters of these other genes were as long and as strong as the one observed with

NF1HCS.

3.10 Analyses of the EI1

Exon 1 was used as an anchor for the mVista alignment of Intron 1 but was not considered in the
analysis. Using mVista and Frameslider, 4 homologous regions were found in intron 1 in the
comparisons of human vs. mouse, and human vs. rat. 175 homologous regions were found in the
mouse vs. rat comparison. Only three of thg four homologous regions in HvsM were also
identical in HvsR. However, comparison with thé MyvsR alignment reveals an apparent
misalignment in HvsR, which leads to the loss of one homology region (E11-HHR3). If this
misalignment is taken into account, HvsR has 5 homology regions, énd all 4 regions found in

HvsM are found also in human vs. rat (Figure 35).

3.10.1 EI1-HHRI - Section 1a
EIl-HHRI is located at Hchr17:29272543-29272633, Mchr11:80125572-80125667, and

Rchr10:61761246-61761340 (Figure 36). According to Frameslider, the identity is 0.90-0.92 in
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Figure 35. Summary of EIl. Blue rods denote non-coding regions; purple semicircles denote
exon 1. Bars perpendicular to the plane are homologies denoted by the following colours: Green
—HvsM, Grey - HvsR, Red — MvsR. These bars also indicate the locations of the highly
homologous sequences. Tfactor predictions are indicated by boxes under non-coding regions
with the follow colours: Yellow - MATCH™, Orange — MatInspector. Locations of some
tfactor predictions are shown. Tfactor binding sites are represented by the following symbols: +

for MyoD, e for Pax-2, and * for Pax-4. Note that mouse and rat Intron is shorter than human
Intron 1
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a) mVista

HvsM
Human accctccatceccecctttatcccageccttecgettggaaatgg-—-——- ggatgagtgacct
CETEET Rt ettt bt |11 FETTEETTEET
Mouse -ccctccatcecccectttateccageecttecgettgetcecttggtgeggggatgagtgaccet
\
HumanA gggggcgcctttaggggegegeccatctggatttaat
CETEETEE brrrrrt | PEREETTTE i |
Mouse gggggcgctttcagggccactceccatctggatttaat
HvsR |
Human accctccatcccectttatceccagececttecgettggaaatgg-—-—--- ggatgagtgacct
Lt st trrb bt 1] FITTTEET e |
Rat -ccctececatccectttateccageecttecgettgetettggtgegaggatgagtgacct
Human gggggcgcctttaggggcgcgecatctggatttaat
: e rrrrrrr FETEEETT T
Rat gggggcgctttcaggg-cactccatctggatttaat
MvsR
Mouse ccctecateccctttateccageecttecgettgetettggtgecggggatgagtgacctg
PETEEEETT bR e P et bt b bttt et
Rat ccctcececatccecectttatceccagececttecgettgetettggtgegaggatgagtgacctyg
Mouse ggggcgctttcagggccactccatctggatttaat
CETTEETET e Prre e
Rat " ggggcgctttcaggg-cactccatctggatttaat

b) Combined Ali
= = -

Mouse Telaleaelalcltlclt ialE =
i1l N
Hunan glalalaltglg I
I1]] [
Rat cltieltitiglg h
House |g] altlcldalale] -
L UL
Human [g aftltftralalt] | ¢ o bbb
! L]
Rat |gi ale|italalt

Figure 36. Alignment of EI1-HHR1 in Hchr17:29272543-29272633, Mchr11:80125572-
80125667, and Rchr10:61761246-61761340 from (a) mVista and (b) when combined.
Highlighted yellow boxes are nucleotides shared by all three species.
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HvsM, 0.88-0.92 in HvsR, and 0.98 in MvsR. There is no prediction from GenScan or
RepeatMasker in this region for the human sequence. EI1-HHRI1 is located 316-436 bp
downstream from the translation start site in human, 279-374 bp downstream in mouse, and 277-

371 bp downstream in rat.

3.10.2 EI1-HHR1 - Section 1b

Human EI1-HHR1 Was corﬁpared to the whole F ugu EI1 using Pairwise BLAST. There were no
hits under the default settings. The parameters were adjusted to search for the longest exact
match. At the lowest Wordsize setting, which is 7, there were 27 hits. The longest match that
was shared by all four species is 9 bp long. The positions were FCAAB01003481:23273-23281, .
Hchr17:29272595-29272603, Mchr11:80125629-80125637, and Rchr10:61761303-61761311.
Relative to the translation start site, this match begins 544 bp downstream in Fugu, but only 370
bp downstream in the human. Considering that F ugu intron 1 is 22 times shorter than intron 1 in
the mammalian species, one niighf argue’thét_ it is unlikely that this site is furthér from the

translation start site in Fugu than in human.

3.10.3 EI1-HHR1 - Section 2

A segment extending from 100 bp downstream and 100 bp upstream of EI1-HHR1 in human,
mouse, or rat was downloaded as follows: Hchr17:29272443-29272733, Mchr11:80125472-
80125767, and Rchr10:61761146-61761440. These sequences, together with whole Fugu EI1,

were analyzed using MATCH™ and MatInspector (Table 20 and Table 21).

There were no predictions from MATCH™ under the minFP setting for human, mouse, and rat,

but some predictions for Fugu EI1. There were several predictions that were shared by the three




]

Table 20. Summary of MATCH™ predictions surrounding EI1-HHR1 on the same strand.
‘Beginning’ and ‘End’ represent the corresponding positions on chromosome 17 for human,
chrl1 for mouse, and chr10 for rat. Core S. = Core similarity. Matrix S. = Matrix similarity.
Only tfactor binding site predictions shared between human and at least one other species at the
aligned positions are shown. Italic characters denote tfactor binding sites that are detected with
both minFN and minFP settings. Bold characters denote the regions within EI1-HHR1. Boxes
highlighted in yellow are tfactor predictions shared by 2 species; orange, 3.

Thactor Human

Moust

Rat

jgginnin | _End

Beginnin

End

End

Begmmn
5573 5 1761

6012
4 801255

1180125633

17 601

25640 [0

'r:29272692

i 61761382 51761402 ]

139272692 [ 0.

1o9272722 10,

61761382 161761402 780




~Table 21. Summary of Matlnspector predictions surrounding EI1-HHR1 on the same strand.
‘Beginning’ and ‘End’ represent the corresponding positions on chromosome 17 for human,
chrll for mouse, and chr10 for rat. C = Core similarity. M = Matrix similarity. Only tfactor
binding site predictions shared between human and at least one other species at the aligned
positions are shown. Italic characters denote predictions that are identified when the core
similarity setting is 1.00. Bold characters denote the regions within EI1-HHR1. Boxes
highlighted in yellow are tfactor predictions shared by 2 species; orange, 3.

Further Information Human Rat

Thactor

20272616 /300 8013566,

20272624(29272644| 1] 0872 80125655]80125675




mammalian species under the minFN setting. However, there was no prediction made in Fugu
that was common to the other three spécies_at the location where the match was predicted in the

previous section.

Although there were also several predictions for tfactor binding sites from MatInspectof; none of
these predictions was shared between MatInspector and MATCH™. None of the predictions
found in Fugu at the 9 bp exact match was found in mammalian species (not shown). Also, the
shared prediction at the matched region for human and mouse was Pdx1, and it was not shared

by rat.

The location of EI1-HHRI1 and its surrounding tfactor predictions are summarized by Sockeye in

Figure 37.

3.10.4 EI1-HHR2 — Section 1a

EI1-HHR? is located at Hchrl7:29281291-29281430, Mchr11:80132603-80132753, and
Rchrl10:61769227-61769379 (Figure 38). According to Frameslider, the identity is 0.90-0.96 in
HvsM, 0.88-0.96 in HvsR, and 0.94-1.00 in MvsR. There is no prediction from GenScan other
than NFI, and no repeats were detected by RepeatMasker in this region for the human. The
downstream locations relative to the translation start sites are 9066-9203 bp in human, 7312-

7462 bp in mouse, and 8260-8412 bp in rat.

3.10.5 EI1-HHR2 — Section 1b

When human EI1-HHR2 was compared to Fugu EI1 under the default settings, no region of high
homology is found. There were 19 exact matches of 7 bp long. There was only 1 exact match
between human and Fugu that is 8 bp long, and this match is not shared with mouse aﬁd.rat.
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HEI1 HHR

MEI1 HHR g

80126282

REIN HHR 1 g

61760968

Figure 37. Sockeye presentation of EI1-HHR1 and related tfactor predictions at
Hchr17:29272443-29272733, Mchr11:80125472-80125767, and Rchr10:61761146-61761440.
Blue rods denote introns; purple rods denote exons. Bars above the introns represent the
sequences for EI1-HHR1 with homologies denoted by the following colours: Green — HvsM,
Grey — HvsR, Red — MvsR. Boxes below are tfactor predictions from MATCH™ (yellow) and
Matlnspector (orange). Precise locations of tfactor predictions can be found in Tables 20 and 21.
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a) mVista

HvsM
Human aggaggtatcggaaggctct------- aaaggaagtttaaggaggagaatattctata--
. LEPTEEE TEREETELT PEPEETEET TR b e e tEererd
Mouse gagaggtataggaaggctcttgttttaaatggaagtttaaggaggagaatgttctataaa
Human -gaagtggaaggggagatttgtggtcagcttaaactgttaaaaggcttgggatcaatact
LEEECEEEEEEEe e P e e e e e e e e e e e e T e |
Mouse agaagtggaaggggaggattgtggtcagcttaaactgttaaaaggecttaggatcaatact
Human ‘ gaagcagaatatgagcatcttaatctgt
||IlHl|l|l|||||l||l||lIIII
Mouse gaagtagaatatgagcatcttaagctat
HvsR
Human aggaggtatcggaaggctet---------- aaaggaagtttaaggaggagaatattctat
NRRREARERRRRRER RN NN RRRRRR RN RRA RN IRy
Rat gagaggtataggaaggctcttttttttttaaacggaagtttaaggaggagaatgttctat
Human a---gaagtggaaggggagatttgtggtcagcttaaactgttaaaaggcttgggatcaat
AR R R RN RN R R RN AR R R RN AR RN RN RA Y
Rat aaaagaagtggaaggggaggattgtggtcagcttaaactgttaaaaggcttaggatcaat
Human accgaagcagaatatgagcatcttaatctgt
LEEEEE FEREEEEE R T
Rat actgaagtagaatatgagcatcttaagctat
MvsR
Mouse ' gtatag gaaggctcttgtttt-—-aaatggaagtttaaggaggagaatgttctat
|||||||||||II||||||||IIII LEETEREEEEEE TR
Rat gagaggtataggaaggctcttttttttttaaacggaagtttaaggaggagaatgttctat
Mouse aaaagaagtggaaggggaggattgtggtcagcttaaactgttaaaaggcttaggatcaat
R R R NN NN A RN R RN RN RN AR
Rat aaaagaagtggaaggggaggattgtggtcagcttaaactgttaaaaggcttaggatcaat
Mouse actgaagtagaatatgagcatcttaagctat
AR RN AR AR RNy
Rat actgaagtagaatatgagcatcttaagctat

b) Combined alignment
o P

Wouse[a[a |Gla]q 4] Clalt]a ala alalHalc e le e g ARE
NNANNER l|l||l|| |
Human |a |g lgia]g | ezl [glaialalglg &l slel={- lal
lllll |t Lil l] |
Rat jglalglalgigltialt]alglqlals 'Idi—'@”‘ffit t plalaigle]
Mouse|alalalalgGlalala t]g alt TaTz
: L 1
Hunan|al-|-i-|g tlt Tals
| | | ‘
Rat [alalalalg glalalala alt s ‘
Mouse [aiE1t {§]a giaigle glalefelale] 0 o L |
LA L LU RN |
Hunan [&|cic|glalald stiglalglelateelt altloit|g |t
Ll L L LT LH
Rat |alc]tlglafalg viglalglclatticltlt]alalg[cit]alt

Figure 38. Alignment of EI1-HHR2 at Hchr17:29272443-29272733, Mchr11:80125472- ‘
80125767, and Rchr10:61761146-61761440 from (a) mVista and (b) when combined. |
Nucleotides highlighted in yellow are shared by all three species.




This is a rather unusual result because most other highly homologous regions have at least one 8
bp exact match shared by the four species. EI1-HHR?2, which at about 140 bp is longer than any
other highly homologous region found in this study except SUR-HHR3, does not have such a

match.

3.10.6 EI1-HHR2 — Section 2 ~

The region extending from 100 bp downstream to 100 bp upstream of the EI1-HHR2 in human,
mouse, and rat were downloaded as follows: Hchr17:29281 191-29281530, Mchr11:80132503-
80132853, and Rchr10:61769127-61769479. These sequences were analyzed using MATCH™
and Matlnspector (Table 22 and Table 23). Since there was no convincing match from Fugu,

special attention was focused on predictions within the EI1-HHR2 region as a whole.

There was no prediction from MATCH™ under the minFP setting that corresponded in human
and mouse. Although rat has two predictions uﬁder the minFP setting, neither prediction is
shared by all three species. There was a long list of predictions that were shared by all three

species under the minFN setting.

The list of predictions from Matinspector was shorter and most of the predictions had a cor'e
similarity of 1. The prediction of Pax-2 from MatInspector at Hchr17:29281355-29281377,
Mchr11:80132678-80132700, and Rchr10:61769304-61769326, and the prediction of Pax-4 -
from MATCH™ at Hchr17:29281360-29281380, Mchrl1l :80132683-80132703, and
Rchr10:61769309-61769329, belonged to the same tfactor family. Furthermore, this particular
tfactor is within EI1-HHR2. However, although the two predictions overlapped, the core

sequences within the predictions had no overlap. Otherwise, there are no shared predictions

between the two programs.




Table 22. Summary of MATCH™ predictions surrounding EI1-HHR2 on the same strand.
‘Beginning’ and ‘End’ represent the corresponding positions on chromosome 17 for human,
chrl1 for mouse, chr10 for rat. Core S. = Core similarity. Matrix S. = Matrix similarity. Only
tfactor binding site predictions shared between human and at least one other species at the
aligned positions are shown. Italic characters denote tfactor binding sites that are detected with
both minFN and minFP settings. Bold characters denote the regions within EI1-HHR2. Boxes
highlighted in yellow are tfactor predictions shared by 2 species; orange, 3.
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Table 23. Summary of Matlnspector predictions surrounding EI1-HHR2 on the same strand.
‘Beginning’ and ‘End’ represent the corresponding positions on chromosome 17 for human,
chrll for mouse, and chr10 for rat. C = Core similarity. M = Matrix similarity. Only tfactor
binding site predictions shared between human and at least one other species at the aligned
positions are shown. Italic characters denote predictions that are identified when the core
similarity setting is 1.00. Bold characters denote the regions within EI1-HHR2. Boxes
highlighted in yellow are tfactor predictions shared by 2 species; orange, 3.
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actor urher nfor Beginning‘End Core S.IMatrix S|Beginning/End Core S.|Matrix S.Beginaing|End Core S.|Matrix S

vomsy sggr| Brading stte for S8 type
VSHOMS/ 58,01 omsodormains 2g281200 2009127 1] o0er 61760141 |Bireoreol 1| o006

DEXA, -2, 5 6 binding sites’

29281208129281220 51769140)61769152 1 098]



http://Ho.it

The location of EI1-HHR2 and related tfactor predictions as summarized by Sockeye are shown

in Figure 39.

3.10.7 EI1-HHR3 - Section 1a

EI1-HHR3 is located at Hchr17:29299920-29299983, Mchr11:80151206-80151279, and
Rchr10:61786728-61786801 (Figure 40). According to Frameslider, the identity is 0.9 in Hst,
0in HvsR, and 0.86-0.94 in MvsR. However, the alignment of human and rat provided by
mVista was incorrect because of an extensive gap in the alignment. The same ;egioﬁ in rat can
be aligned to human with an identity of 0.90-0.92. There is no prediction from GenScaﬁ or
RepeatMasker in this region for the human. The downstream locations relative to the translation

start sites are 27695-27758 bp in human, 25915-25988 bp in mouse, 25761-25834 bp in rat.

3.10.8 EI1-HHRS3 - Section 1b

Human EI1-HHR3 was compared to the whole Fugu EI1 using Pairwise BLAST. There were no
hits under the default settings. The parameters were, therefore, adjusted to search for the longest
éxact match. At the lowest Wordsize setting, which is 7, there were only 2 hits.b Neither of these.

hits was shared among all four species. No hit was detected for an exact match of 8 bp long.

3.10.9 EI1-HHRS3 - Section 2

The regions extending from 100 bp downstream to 100 bp upstream of EI1-HHR3 in human,
mouse, and rat were downloaded as follows: Hchrl7:29299820729300083, Mchr11:80151106-
80151379, and Rchr10:61V786628-617869'01. These sequenée; were analyzed‘ using MATCH™
and MatInspector (Table 24 and Table 25). Since there was no con‘vincing“ match from Fugu,

special attention was focused on the predictions within the EI1-HHR3 region as a whole.
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61765038

Figure 39. Sockeye presentation of EI1-HHR2 and related tfactor predictions at
Hchr17:29281191-29281530, Mchr11:80132503-80132853, and Rchr10:61769127-61769479.
Blue rods denote non-coding regions. Bars above the introns represent the sequences for EI1-
HHR?2 with homologies denoted by the following colours: Green — HvsM, Grey — HvsR, Red —
MvsR. Boxes below are tfactor predictions from MATCH™ (yellow) and MatInspector
(orange). Locations of Pax-4 (e) from MATCH™ and Pax-2 (+) from MatInspector are shown.
Precise locations of other tfactor predictions can be found in Tables 22 and 23.
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a) mvista

HvsM -
Human " aagcttctggcttgaattaagttataaac-ttagcacagtggcaggtgcttgaactge--

LEECEEEEE TErer PR e et PEe e e e e
Mouse cagcttctggtttgaactaagttataaaaattagcatagtggcaggtgcttcaactgtta
Human = ------- catgtta

NERERE

Mouse tatatgccatgtta
MvsR
Mouse ggtttgaactaagttataaaaattagcatagtggcaggtgcttcaactgtta

||||||||||||I||I||||l|| RO AR RN RN RN RN RN RRRRRN
Rat ctggtttgaactaagttgtaaaatt-agcatagtggcaggtgcttaaactgtta
Mouse -tatatgccatgtta

PEb T
Rat atagacaccatgtca
b) mvista with corrected alignment.
HvsR
Human aagcttctggcttgaattaagttataaacttagcacagtggcaggtgecttgaactge---

LCEECEEED TR FEEr e e eee et et e e ey
Rat cagcttctggtttgaactaagttgtaaaattagcatagtggcaggtgcttaaactgttat
Human ~ ------ catgtta

LT

Rat agacaccatgtca

¢) combined allgnment

Mouse

Human

Rat

ko | — et —

Mouse

Human |-|-[-|-]|-|-|-[c]|&a]

Rat

Figure 40. Alignment of EI1-HHR3 in Hchr17:29299920-29299983, Mchr11:80151206-

80151279, and Rchr10:61786728-61786801 from mVista (a). (b) Corrected HvsR alignment
based on the homology between mouse and rat. (c) Combined alignment, with nucleotides

shared by all three species highlighted in yellow.
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Table 24. Summary of MATCH™ predictions surrounding EI1-HHR3 on the same strand.
‘Beginning’ and ‘End’ represent the corresponding positions on chromosome 17 for human,
chr11 for mouse, and chr10 for rat. Core S. = Core similarity. Matrix S. = Matrix similarity.
Only tfactor binding site predictions shared between human and at least one other species at the
aligned positions are shown. Italic characters denote tfactor binding sites that are detected with
both minFN and minFP settings. Bold characters denote the reglons within EI1-HHR3. Boxes
hlghhghted in yellow are tfactor predictions shared by 2 species; orange, 3.
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Table 25. Summary of Matlnspector predictions surrounding EI1-HHR3 on the same strand.
‘Beginning’ and ‘End’ represent the corresponding positions on chromosome 17 for human,
chrl1 for mouse, and chrl0 for rat. C = Core similarity. M = Matrix similarity. Only tfactor
binding site predictions shared between human and at least one other species at the aligned
positions are shown. Italic characters denote predictions that are identified when the core
similarity setting is 1.00. Bold characters denote the regions within EI1-HHR3. Boxes
highlighted in yellow are tfactor predictions shared by 2 species; orange, 3.

- |
Tactor pti X Core S. {Matrix S.




There was no prediction from MATCH™ under the minFP setting in any of the three species.
Among the many predictions shared between the three species under the minFN setting, there

were seven conserved predictions within the highly homologous region.

The list of predictions from Matinspector has only two shared predictions, and only one is within
the highly homologous region. However, this prediction is also shared by MATCHTM in the
same location. At Hchrl7:29299957-29299971, Mchrl 1 :80151244;8015 1258, and -
Rchr10:61786765-6178677§, both programs predict a binding site for MyoD (Myoblast
determination gene product), which is involved in myogenic differentiation and inhibition of cell

proliferation.

The location of EI1-HHR3 and related tfactor predictions are summarized by Sockeye in Figure

41.

3.10.10 EI1-HHR4 - Section 1a H -

EI1-HHR4 is 'thé iastphighliy ilorholégéus region that waxs\fci)ulnd in EI>1. It is located at
Hchr17:29323319-29323389, Mchrl1 :80161561-80161634, and Rchr10:61795122-61795754.
According to Frameslider, the identify is 0.90-0.94'in‘ Hst, 0.88-1 .OO in HvsSR, and 0.92-0.94 -
in MvsR. The downstream locations relative to the translation start sites are 51094-51164 bp in
human, 36270-36343 bp in mouse, 34155-34787 bp in rat. Inspection of this alignment showed
two problems (Figure 42). First, in HvsR, the homology is an artifact because Frameslider is not
sensitive to gaps in the primary strand. Second, even though the alignments for HvsM and
MvsR are correct, they lie within a repeat region as confirmed by RepeatMasker. Régions
Hchr17:29323326-29323377, Mchr11:80161568-80161619, and Rchr10:61795703-61795742

consist of (TCCA)n simple repeats. Information on this region is summarized by Sockeye in
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Figure 41. Sockeye presentation of EI1-HHR3 and related tfactor predictions at
Hchr17:29299820-29300083, Mchr11:80151106-80151379, and Rchr10:61786628-61786901.
Blue rods denote introns. Bars above the introns represent sequences of EI1-HHR3 with
homologies denoted by the following colours: Green — HvsM, Grey — HvsR, Red — MvsR.
Boxes below are tfactor predictions from MATCH™ (yellow) and MatInspector (orange).
Locations of MyoD (e) from MATCH™ and Matlnspector are shown. Precise locations of other
tfactor predictions can be found in Tables 24 and 25.
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a) HvsM

Human ctgtctgtccatccatccatccatccatccateccatccatecatccatecatccatceca-
N R R R R R R R R R N AR N B R R
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Human -—-atctgtatatctctgaga---——--------------
FEEr 1 TR |
Mouse ctatctatctatct---atctatctatctatctatctatc
b) HvsR
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Lol ‘ A
Rat cattc--cteccecganncennttetttgttencgecteecgeccececegggttegggect
Human  ——=——" - "o m o m e s e e
Rat tgcnccgeeccecececgecectcaacncegnnnngggnnacaantgteccceccttagngg
Human T T T T T T T T T T T T T T T T T T T T e e e e e e e ——
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~ Human’ T T T T T T T T T T T T T T T T T e e
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Human  --—--—-———-————-———-—— e e e
Rat NtnnNNNCNNNNNNNNNNNNNINNNNNNNANNNANANNANANNNNNANNNANANNNNNNNNN
Human m - oo e e e e e e e e e e
Rat nancnnnnNnnnNnnNNNNNCNNNANNNNCINNNCANNANNNNNNANNANANANNNNANNNANNN
Human T T T e e
Rat nNNINNNNNNANNNNNNNINNNNNANNNNNNANANN E INNNNRNNNNNNANNNNNANNNANNN
Human e e
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Human @ —~—---- oo e
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Human  ———-—— oo catccatccatccatccatccatccat
FUETTRORE Tty -
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Human ccatccatccatccatccatccaatectgtatatcet
FEEEEEErr et rerrrrreer oo |
Rat ccatccatccatccatccatccaatctatttctag
' ) o . . ) C
¢) MvsR . . i o \ . o
‘Mouse ctatctatctatccatccatccatccatccatccatccatccatccaatcacccatcecat
R R R R R R RN AR AR RN R RN A R |
Rat ccatccatccatccatccatccatccatccatccatccatecateccaate~-------- t
Mouse ctatctatctatct
[ R RN |
Rat atttctagctgett

Figure 42. Alignment from mVista around EI1-HHR4 from (a) HvsM, (b) HvsR, and (c) MvsR.

148




Figure 43. Since this is a repeat region, it is not likely to be functional as a binding site for

tfactors, so no further analysis was performed.

3.11 Summary for EI1

The data for EI1 can be summarized as follows (locations within brackets are positions relative
to the translation start site (+1)). Four highly homologous regions in EI1 were found. EI1-HHR1
is at Hchﬂ7:29272543-29272633 (+318 to +408), Mchr11:80125572-80125667 (+281 to +376),
and Rchr10:61761246-61761340 (+279 to +373). EI1-HHR2 is at Hchr17:29281291-29281430
(+9066 to +9205), Mchr11:80132603-80132753 (+7312 to +7462), and Rchr10:61769227-
61769379 (+8260 to +8406). EI1-HHR3 is at Hchr17:29299920-29299983 (+27695 to +27758),
Mcﬁrl 1 :80151206-8015 1279 (+25915 to +25988), and Rchr10:61786728-61786801 (+25761 to
+25834). EI1-HHR4 is at Hehr17:29323319-29323389 (+51094 to +51164), Mchr11:80161561-

80161634 (+36270 to +36343), and Rchr10:61795122-61795754 (+34155 to +34787).

Within EI1-HHR1, no promising tfactor prediction was found because the predictions from
MATCH™ and Matlnspector did not agree with each other. Within EI1-HHR2, the most
important predictions were Pax-2 from MatInspector at Hchr17:29281355-29281377 (+9130 to
+9152), Mccchr11:80132678-80132700 (+7387 to +7409), and Rchr10:6l769304-61769326
(+8337 to +8359), and Pax-4 from MATCH™ at Hchr17:29281360-29281380 (+9135 to +9155),
Mchrl 1:80132683-80132703 (+7392 to +7412), and Rchr10:61769309-61769329 (+8342 to
+8362). These two predictions are similar and their locations overlap. Within EI1-HHR3, both

programs predict a tfactor binding site for MyoD at Hchr17:29299957-29299971 (+27732 to
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HEI1 HHR4
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80160896

REI1 HHR4

61795022

Figure 43. Sockeye presentation of regions surrounding EI1-HHR4 at Hchr17:29322657-
29323503, Mchr11:80160896-80161742, and Rchr10:61795022-61795868. Blue rods denote
introns. Purple blocks represent repeat sequence. Bars above the introns represent the sequences
for EI1-HHR4 with homologies denoted by the following colours: Green — HvsM, Grey — HvsR,

Red — MvsR. Note the difference in length for HvsR in the rat sequence because of the gap
within the alignment.
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+27746), Mchr11:80151244-80151258 (+25953 to +25967), and Rchr10:61786765-61786779
(+25798 to +25812). Because EI1-HHR4 is a simple (TAAC)n repeat at Hchr17:29323326-
29323377 (+51101 to +51152), Mchr11:80161568-80161619 (+36277 to +36328), and
Rchr10:61795703-61795742 (+34736 to +34775), a functional role as a tfactor binding site is
unlikely; and tfactor predictions were not made. Unlike SUR, no promising homologous regions
were detected between Fugu and the three mammalian species. Some statistics concerning the

length of the highly homologous regions and their tfactor predictions are summarized in Table

26.




Table 26. Summary of the findings from this study. Lengths (in bp) of different regions and
highly homologous sequences are presented together with the number of tfactor predictions
made by MATCH™ and MatInspector. Individual = initial number of predictions in the
segment extending 100 bp upstream to 100 bp downstream of the highly homologous sequence
(except in the segment for SUR-HHR3, which was extended from 200 bp upstream to 200 bp
downstream). Shared = numbers of predictions that are shared by human and at least one other
species. Total is the total number of nucleotides in the highly homologous sequences or the total
number of tfactor predictions (data from NF1HCS and EI1-HHR4 are excluded from the

calculation).
Human Mouse Hat
Lenath MATCH Matluspector Length MATCH Matinspector Lenath MATCH Matnspector
I ndividual | Shared {ndividual Shared I fndividual [Shared Individual[Shared| -9 Individual [Shared | individual[Shared
SUR 59756 NA NA 59756 NA 59756 NA NA
.SUR:HHR1 67 76 2% 36 7 72 56 p.s] 2 7 68 £8 20 22 2
SUR-HHR2 | 50 28 8 14 2 50 35 7 12 1 50 40 8 16 2
“SURHHRI | 287 9 15 34 3 287 73 43 3» 2 286 63 34 37 5
‘NFIHCS 24 2 2 1 1 24 2 2 1 1 24 2 2 1 1.
. Total 404 183 79 B84 40 409 164 75 69 37 404 161 62 75 29
WATCH Matnspocior | WMATCH Matinepocior WATCH Matnspoctor
th Lengt
Length  dividual] Shared | ndividual [Shared| "> [ndividual[Shared |Individual[Shared] - "™ [individual]Shored|individual [Shared
Intron 1 | 60613 NA NA 44115 NA NA 43352 NA NA
El1.HHR1 91 40 15 32 11 96 48 13 A 11 95 40 15 23 10
El.HHR2 140 a3 42 k) 15 151 94 40 41 12 153 102 37 B 15
EITHHR3 | 64 57 21 18 2 74 61 20 21 2 74 63 20 21 2
CEITHHRY Al NA NA NA NA 71 NA NA NA NA 683 NA NA NA NA
__Total - | 285 180 78 87 28 321 203 73 93 25 322 205 72 a3 27
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" Chapter 4. Discussion

This discussion is divided into four sections. First, results related to the NFI promoter and
additional TSSs are discussed. Then discussion is provided regarding NF1HCS, which is the
major discovery of this study. This is followed by some comments on the strengths and

limitations of this research. Lastly, some ideas and hopes for future research are presented.

4.1 Defining the NFI Promoter Region and Core Promoter Element

In this study, a region of almost 60 kb upstream of the NF/ translation start site (including 483

bp downstream of the TSS) and all of intron 1 in three mammalian species were analysed for

transcriptional control elements using phylogenetic footprinting and other bioinformatic methods.

Particular emphasis was placed on efforts to define the NFI core promoter element.

The characterization of -484 bp as the major TSS for NF1 is based on two separate studies
'(Marchvuk. et al., 1991; Hajra et ql., 1994). Marchuk e al. collected cDNA from adult. brain and
fetal brain, fetal muscle, and endothelial tissué, as well as from a melanoma. These investigators
performed primer extension assays beginning 92 bp upstream of the translation start site to
identify mRNA products of the NF1 gene. The longest and major product found had an
approximate length of 380 bp to 410 bp, predicting a TSS between 471 bp to 501 bp upstream of
the translation start site. Another product was around 300 bp long, which put the TSS at roughly

392 bp upstream of the translation start site. These positions were only approximate; complete

sequencing of the 5° cDNA was not done.




Hajra et al. (1994) constructed a riboprobe that included 309 bp of NFI sequence extending 520
bp to 212 bp upstream of the human NF'/ translation start site. RNase protection assays were

then done on cDNA prepared from human brain tissue. A major product of 272 bp was obtained,
putting the major TSS at 484 bp (212 + 272 bp) upstream of thé translation start site. Other
products indicated alternate TSSs at 483 bp and 495 bp upstream of the translation start site.
Because the TSS locations established by Hajra et al. agreed with the range found in the

Marchuk et al. studies, the location of major TSS at —484 bp relative to the translation start site is

credible.

No TATA box, CAAT box or other core promoter element has been reported for the human NF1
gene (Viskochil, 1998). The findings in my study confirm and expand this observation -- SUR-
HHR3, which includes the major TSS and extends between 512 bp and 226 bp upstream of the
translation start site, has no recognized core promoter element in any of the species analyzed
(Tables 11 and 12). Therefore, two questions arise: First, does NFI have a core promoter

element? Second, if NF/ does have a core promoter element, where is it?

One way to estimate the likelihood that the human NF/ géne has a core promoter element is to
compare NF/ with other human genes. A core promoter element is defined as a DNA sequence
that interacts difectly with thé baSa'l‘transcription machinery (Smale et. él., 2063), and only 4
well-defined eukaryotic core promoter elements have been described -- TATA, Inf, BRE, and
DPE. The CAAT box and GC box are often associated with promoter regions but are not core

promoter elements because they do not interact directly with the basal transcription machinery

(Strachan et al., 1999a).
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A bioinformatics study of the promoter regions of 1031 human genes showed that only 32%
contained TATA boxes and that 85% contained initiator (Inr) elements (Suzuki ef al., 2001).
This analysis did not include BRE, an upstream element associated with the TATA box, or DPE,
a downstream core promoter element that is frequently seen in Drosophila genes (Kutach ef al.,
ZOOQ). Suzuki ef al. (2002) found that the promoter regions of about 15% of human genes had no
recognizable TATA or Inr. The percentage of genes with no recognizable core promoter element
would probably be smaller if BRE and DPE had also been included in the search. No comparable

éurvey of well-defined core promoter element usage in mouse, rat of Fugu has been published.

Because the NF/ gene is ubiquitously expressed, it has been suggested that the NF! promoter is
embedded within a CpG island like many other TATA-less housekeeping genes (Viskochil,
1998). According to Goldenpath, a CpG island is found upstream of the NF/ gene at
Hchr17:29271495-29271965, which extends —731 bp to —261 bp relative to the translation start
site. Therefore, this CpG island spans the TSS and the promoter region. Both mouse and Vrat
have CpG islands upstream of their translation start sites. Suzuki ef al. (2002) found that 1/6 of
human genes with promoter-associated CpG islands do not have TATA or Inr as a core promoter
element. DPE may be found with or without a CpG island, but it is not known how frequently
DPE occurs as the only core promoter element in association with a CpG islaﬁd. There is no Inr
associated with the CpG island in the human NFI gene (Table 11 and 12). TRANSFAC does not
include a DPE consensus sequence, but NF/ does not have a DPE consensus sequence at the

location it would be expected 28 bp to 33 bp downstream of the major TSS.

The promoter regions of many housekeeping genes are associated with a CpG island (Kundu et

al. 1999), often without a TATA, Inr, or DPE core promoter element (Smale ef al., 2003). When

there is no recognizable core promoter element within the CpG island, it is not clear how




transcription is initiated or where the basal transcription machinery binds (Smale et al., 2003).
CpG islands usually contain multiple Sp1 sites, and it has been hypothesized that Sp1 directs the
basal transcription machinery to a particular region within a TATA-less CpG island (Smale,
1994). Within this region, the transcription machinery may choose a window of DNA sequence
that is most compatible with its DNA binding motif and begin transcription. The sequence where
the basal transcription complex binds in association with a CpG island may be gene spéciﬁc and
may not have a motif that is conserved or recognizable as a core promoter element in other genes.
However, this mechanism of CpG-associated transcription initiation has not been demonstrated
experimentally, and it is not known whether such facilitative transc.ription initiation sequences

are highly conserved among different species.

Several lines of indirect evidence suggest that additional core promoter elements exist that have
not yet been characterized. About 3% of human genes without a CpG island have no TATA or
Inr element (Suzuki ef al., 2001). Some of these genes may use DPE as a core promoter element,
but the mechanism for transcription initiation in the promoter regions of genes that lack both a
CpG island and a recognized core promoter element is not clear. Eukaryotic organisms have a set
of so-called “TBP-like” proteins (TLP/TRF2/TLF) that are similar to TATA-binding protein
(TBP) but are not part of the standard basal .transcription machinery (Martinez 2001). TRF2
protein has TATA-binding and transcription activation pfoperties (Hansen et al., 1977).A TLP
can increase basal transcription from TATA-less promoters (Ohbayashi et al., 2003) but does not
bind to the TATA consensus sequence or direct transcription from TATA-containing promoter in
vitro in mouse (Ohbayashi et al., 1999). Although the mechanism is not clear, TLP may be part
of an unconventional transcription initiation process. Recently, a bioinformatic study isolated
several novel motifs that are eﬁriched‘ in Drosophila promoter.regiéns but are not associated with

known core promoter elements (Ohler ef al., 2002). These motifs may represent new
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transcription factor binding sites or core promoter elements. If additional core promoter elements

remain to be discovered, might the NF] gene possess such a novel core promoter element?

Most studies on transcription control of the human NFI gene have focused on a region upstream
of the NFI transcription start site (Horan et al., 2000; Mancini et al., 1999; Luijten et al., 2000),
but impbrtant transcription regulatory elements, including the core promoter element itself, can
also occur downstream of a gene’s TSS (Kadonaga et al., 2002). The proportion of humén genes
that contain core promoter elements that are downstream of the TSS is not known, but DPE, a
downstream core promoter, has been found in the human IRFI, TAF7, andy CCR3 genes (Burke
et al., 1997; Zhou et al., 2001; Vijh et al., 2002). In Drosophila, DPE was found in the promoter
region of up to 40% of 205 genes that were analyzed and was the only recognized core promoter
element besides Inr in 26% of these genes (Kutach ez al., 2000). DPEs are generally associated

with Inr with strict spacing between the elements (Kutach et al., 2000).

Two in vitro studies of the NFI pfomoter region using the luciferase assay support the possib.ility
that the NF'I core promoter element lies downstream of the TSS (Figure 15; Purandare et al.
1996; Rodenhiser et al., 2002). Purandare et al. used a basal luciferase construct that included
the portion of the NFI SUR between —4361 bp and -11 bp. (To facilitate comparisons, all
nucleotide positions are given relative to the NF1 translation start site unless otherwise stated).
These investigators found that a segment between 341 bp and 11 bp upstream of the NF!
translation start site can function independently asa promoter but that déletion of this region
from a larger construct increased luciferase activityv by 65 fold. This observation sﬁggests that a
strong repressor is also present in this region. Rodenhiser ef al. (2002) showed that a construct
that includes the segment between —755 bp and —255 bp possesses the highest activity,
suggesting the presence of a core promoter and/or a strong enhancer in this region. Shortening
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the construct to —330 bp or lengthening it to —131 bp both led to decreased activity. Therefore, a
repressor may be located downstream of —255 bp while a core promoter and/or enhancer may be
pfesént between —330 bp and —255 bp. Both luciferase assay studies also indicate that the
addition of sequence upstream of the major TSS at -484 bp can increase transcriptional activity
(Figure 15). These data are consistent with the possibility that NF1HCS is a core promoter

element, that NF1HCS is a strong transcriptional activator, or that NF1HCS has both of these

functions.

Both studies are consistent with the presence of the NF/ core promoter between 341 and 255 bp
upstream of the translation start site. Note that -341 is chosen over -330 because the segment
betWéen -341 bp and -11 bp can function as an independent promoter. This region (-341 to —255
bp) is 154 to 229 bp downstream of the major TSS at —484 bp and overlaps with a lafge portioﬁ

of the CpG island at -731 to —261 bp.

PromoterInspector and DPF were used in this study to search for the NFI promoter region.
PromoterInspector predictions are based on existing annotation and the recognition of a
combination of features characteristic of a promoter region (Scherf et al., 2000).
PromoterInspector reported a region of 601 bp as the NFI promoter (Table 4, Figure 19). This

prediction extends from —771 to —111 bp relative to the translation start site.

DPF predicts the TSS for a gene and defines the promoter region as éxtending 250 bp upstream
and 50 bp downstream from the TSS prediction (Bajic et al., 2002). The two TSSs predicted by
DPF are at —384 bp and ;1 16 bp, which together i)redict a potential profnoter region that extends
from —534 to -85 ‘bp from the ORF. Note that these predictions do not agree with the major TSS

established by experiment at 484 bp from the translation start site).
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Both programs predict a promoter region for NF] that spans the major TSS and includes a
segmént downstream from this point that contains NF1HCS (Figure 20). These predictions are
compatible with the luciferase data and with the possibility that the NFI core promoter element

lies downstream, rather than upstream, of its major TSS.

4.2 Major Discoveries of This Research

There are three important discoveries from this study.

First, this research has defined three highly homologous regions in the SUR of NFI. 5UR-
HHRU1 lies in the middle of an intragenié region (Figure 28). Although it is over 42000 bp
upstream from the NF'I gene, it may have an effect on NF transcription because transcription
regulatory factors like enhancers are known to act over a long range (Blackwood et al., 1998).
For example, the locus control region, which lies roughly 26 kb upstream of the human B-globin
gene, acts as an enhancer (Li et al., 1990; Shen et al., 2002), and the enhancer for the human
immunoglobulin Calphal (IgH-k1 and IgH-k2) genes lieé 25 kb downstream (Mills et al., 1997).
However, by the same reasoning, SUR-HH1 could also be an enhancer for a gene that lies further
upstream. Portions of SUR-HH1 are found elsewhere in the human genome, so this sequence
may contain functional motifs such as enhancer elements that are also used by other genes.
Alternatively, SUR-HHR1 may be present at this location for another purpose -- for example, as
part of a gene that has not yet been detected. There is no gene annotation or GenScan prediction
in this region, but UCSC annotates a spliced-out portion of EST AA416617 spanning SUR-

HHRI.
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My identification of SUR-HHR2 (-689 bp to -640) and SUR-HHR3 (-519 bp to —233 bp) is
consistent with what has previously been reported regarding the high homology between the
human and mouse genomes in the NFI 5’ upstream region (Hajra et al., 1994). In additioh, my
study has 'sh(‘)wnb that similarly high homology (>0.90) exists in this region between human and
rat (Figures 25, 30, and 32). Both SUR-HHR?2 and 5UR-HHR3 are likely to be f;mctional

because of their high homology among the mammalian species and their proximity to the major

NFI TSS (at -484 bp).

SUR-HHR3 is probably more important than SUR-HHR?2 for three reasons. First, SUR-HHR3 is
closer to the TSS. Second, SUR-HHR3 is a longer region with more promising transcription
factor binding site predictions. Third, a portion of 5SUR-HHR3 (NF1HCS) is conserved among

all four species, while no homology between SUR-HHR2 and the NFI 5UR was found in Fugu.

The second major finding of this study is the existence of three highly homologous regions in
EIl. (A fourth region, EI1-HHR4, was also identified but is comprised of repeat elements and is
therefore unlikely to be involved in NF! transcriptional regulation.) These homologies have not
been reported previously. According to Waterson et al. (2002), only 40% of the human genome
can be aligned to the mouse genome at the nucleotide level. Furthermore, the average homology
of known regulatory regions is only 75.4%, and the average homology for coding regions is
85.7%. Since the identities of all of the highly homologous regions found in intron 1 of NFI are

more than 90% conserved, they are highly unlikely to be due to chance.

The function of these highly homologous regions is unknown, but they may be related to

transcriptional regulation. The transcription factor binding sites predicted in EI-HHR? and EI-
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HHR3 are shared by all three mammalian species (Figures 39 and 41; Tables 22, 23, 24, and 25).
Although functional transcription factor binding sites have not previously been described within -
introns of the NFI gene, transcriptional control elements have been found within introns-of
several other human genes. For example, upregulation of the Fra-1 gene by an AP-1 site within
the first intron has been reported (Casalino et al., 2003). Sequences within introns may also
affect splicing. For example, a splicing enhancer has been discovered in intron 6 of the Survival

Motor Neuron (SMN! and SMN2) genes (Miyajima et al., 2002).

Partial matches to all of the highly homologous regions discovered in this study were found in
human chromosomes other than chromosome 17 by BLAST soarches (data not shown). This is
consistent with a potential role of the highly homologous regions in transcriptional control
because most transcription factor binding sites occur throughout the genome (Brigg et al., 1986;
Whitmarch et al., 1999). Alternatively, the highly homologous regions found in this study could
be related to replication or chromatin structure. Identification of these functions would require

in vitro experiments that are beyond the scope of this study.

The most important discovery of this study is NFIHCS. This 24 bp sequence
acttceggtggggtgteatggegg is located at Hehrl 7:29271893-29271916 (-333 to -310 bp in relation
to the translation start site), Mchr11:80124966-80124989 (-326 to -303 bp), Rchr10:61760813;
61760836 (-155 to -132 bp), and FCAAB01003481:22551-22574 (-179 to -156 bp). This
sequence is identical in all three mammalian species studied and varies by only a single
nucleotide between mammals and F: ugu. If the mammalian NF1HCS sequence is used in a
BLAST query of the human, mouse, or rat genomes, the Expect values found are 7x10~° for
human, 6x107 for mouse, and 7x10° for rat. If the F ugu sequence is used in a BLAST search of
the Fugu genome, the Expect value is 9x10. This means that the alignments expected for
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NF1HCS among these various species are not likely to be due to chance. Because of its high

homology and location near the TSS, NF1HCS is probably related to NF/ transcriptional control.

I was unable to determine the function of NFIHCS by locating the sequence in relationship to
other vertebrate or Drosophila genes using BLAST (Table 13). Comparison with the Rfam and
SCOR databases did not indicate any potential secondary or tertiary structure of importance
within the NFIHCS RNA. Pairwise BLAST between mammalian NF1HCS and the EPD or
TRRD database provided no significant alignment. However, promoter regions are represented
in EDP by a segment that only extends 100 bp downstream of the major TSS while NF1HCS lies
150 bp downstream of the NFI TSS. The TRRD database is relatively small and does not yet

include data from Fugu.

Portions of NFIHCS were found occasionally in various regions of the genomes of various
organisms, but these locations were not consistent among species. However, exact 24 bp matchs
would not necessarily be expected to occur in other locations even if NF1HCS contains a
transcription factor binding site or core promoter element. Transcription factér binding sites
generally have rather variable consensus sequences (Roulet ef al., 1998) that can be very short.
For example, the consensus sequence for the TATA box and the consensus sequence for Spl site
are both only 6 bp long (Kadonaga, 2002; Cook ef al., 1999). MATCH™ and Matlnspector, the
two tfactor binding site detection programs used in this study, define their matrices for
transcription factor binding site core sequences with 5 bp and 4 bp, respectively. Therefore,
even if only a portion of NFlHCS..were found elsewhere in vertebrate genomes, these portions

might be long enough to carry out trariscriptional regulatory functions.
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Some transcription factors like AP-1 can function downstream, upstream or within an intron of a
gene (Aringer ef al., 2003; Casalino et al., 2003). Most of the BLAST hits for portions of the
NF1HCS sequénce in other vertebrate genomes lie within an intron of an annotated gene or géne
brediétion. This locatidnbin the non-coding segment of a gene is compatible with a cis-regulatory
function for these sequences (Ureta-Vidal ei al., 2003). Although no promising predictions
shared by MATCH™ and MatInspector for known transcription factor binding sites were found

within NF1HCS, this sequence may contain one or more novel tfactor binding sites.

Phylogenetic footprinting of the promoter regions of 5 other genes with known core promoter
elements in human, mouse, rat and Fugu was undertaken to help assess the biological
significance of the very high homology found for NFIHCS among these four species. Analysis
of the régions surroundiﬁg the core prl.omoter elements of tilevHBB, ACT. A 1, T FA)’ZC, TAF 7, and
LCK genes revealed various levels of homology. Some of these examples showed a degree of

identity as great as that found in NF1HCS among human, mouse, and rat but not with £ ugu.

Overall, these analyses are far from definitive, but they do provide some support for the notion

that NFIHCS functions in the regulation of NF/ transcription.

As mentioned in the beginning of the Discussion, my analysis indicates that the most likely
location for an NFI core promoter element is between —255 bp and —341 bp. This region is
downstream of thé major TSS at —484 bp, overlaps the CpG island, and includes NF1HCS,
which lies between -333 bp and -310 bp. The presence of a core promoter in this region is
consistent with the predictions of both PromoterInspector and DPF (Figure 21). However, if
NF1HCS is the NFI core promoter element, it lies further downstream of the TSS than any other

core promoter that has ever been described.
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The strongest support for the potential funcfion of NF1HCS as the NFI core promoter element
comes from the luciferase assay experiments (Figure 15; Purandare ef al. 1996; Rodenhiser ef al.,
2002). The luciferase assay data are combatible with a core promoter element in the region
where NF1HCS lies but are not compatible with a core promoter element in the conventional
location between 100 bp upstream and 50 bp downstream of the TSS (Figure 15). Whether
NF1HCS or some other portion of the NF/ promoter region interacts direétly with the basal
transcription machinery (and is, by definition, a core promoter element) can only be determined

through future in vitro experiments.

In summary, if the NF/ gene has a core promoter element, it may be NF1IHCS. No TATA box
or other recognized core promoter element is present in the vicinity of the NF/ TSS, and no
alternate candidate for the core promoter element was found within 100 bp downstream or 50 bp

upstream of major TSS, where all recognized vertebrate core promoter elements lie (Smale ef al.,

2003).

4.3 Limitations and Strengths of This Research

This study relies heavily on mVista for sequence alignment. As demonstrated by EI1-HHR4,
mVista can produce alignments as a result of repeat sequences. Furthermore, finding mVista
alignments between Fugu and mammalian species is very difficult because of the evolutionary
distance and sequence length differences between these species. These problems cannot be
compensated by Frameslider, which is dependent on mVista, or by Pairwise BLAST, which

often produces numerous hits under low stringency. Although NFIHCS was successfully
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located after combining all of these alignment methods, other important homologous regions

may exist that were not detected.

The presence of gaps can interfere with mVista alignmenfs of homologous regions. For example,
EI1-HHR3 was not initially detected in human and rat because of the presence of a large gap in
the alignment. Multiple methods of alignment were done in this study, and these different

approaches tend to complement each other. It is, therefore, likely that the highly homologous

regions identified are valid.

The cutoff values used for Frameslider in this study were very high. Transcription factor binding
sites, unlike amino acid sequences in proteins or restriction enzyme recognition sites in DNA,
are very tolerant of variation in sequence (Roulet ef al., 1998). Therefore, régions of lower
homology may contain many importaﬁt transcription factor binding sites that would not have

been identified as highly homologous regions in this study.

MATCH, Matlnspector, and all other currently-available programmes for identifying
transcription factor binding sites are inefficient, with many false-positive predictions (Roulet et

al., 1998). Even by restricting the analysis to highly homologous regions and considering only

- predictions that are seen at the same site in more than one species, many of the of predicted

tfactor binding sites are probably incorrect. To make mattérs worse, predictions from MATCHTM
and Matlnspector usually differ from each other. In this study, there were only two identical
predictioﬁs among all 4 species studied (AP-1 in SUR-HHR1 and MyoD in EIl-HHR3) out of
119 shared predictions based on alignment. Experimental validation of predicted tfactor binding

site is always necessary. Furthermore, these programs can only predict known transcription

factor binding sites. Current knowledge of transcription regulation in mammals is still very
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| limited, and many tvr'énscriptionﬁ factors and regulatory pathways probably have yet to be

discovered. It is quite possible that some of the highly-homologous regions identified in this

study have functions that are unrelated to transcriptional regulation.

I analysed only the SUR and intron 1 of the human NFI gene in this study, and important
transcriptional regulatory factors may exist further upstream, in other introns, in the 3° UTR or
further downstream of the gene. There may also be other kinds of regulation (e.g., regulation of

chromatin structure, methylation, efc.) that were not studied at all.

Despite these limitations, this study has shown that phylogenetic footprinting is a powerful
means of discovering regions that are potentially important in transcriptional regulation. As
shown in Table 26, 699 out of 120369 bp in the non-coding segments of the human NF/ SUR
and intron 1 sequence were found to have homologies with mouse and rat that extend for at least
50 bp and are as strong as those that occur in the coding regions of this gene. In some of these
cases, the homologies in the non-coding sequénce are as strong as those observed with the NF'/
coding regions of Fugu as well. If most of the sites that are critical to NF transcriptional
regulation lie in these highly homologous regions, application of phylogenetic footprinting will
have reduced the search space for important transcriptional control regions by more than 170-
fold. Within these regions, 225 out of the 534 transcription factor ipredictions made in human
were also found in mouse and/or rat, thereby decreasing the number of predictions that are most
likely to be valid by an additional 60%. Phylogenetic footprinting has been used for a variety of
genes in various organisms (Hong et al., 2003, Cliften et al., 2003), and programs have been

developed to facilitate this approach (Lenhard et al., 2003). Focusing experimental studies on

regions that are shown by phylogenetic footprinting and tfactor binding site analysis to be the




best candidates is likely to be a very efficient strategy for defining the transcriptional regulation

of NFI (Duret et al., 1997).

This study has increased our understanding of transcriptional regulation of the human NF/ gene
in two ways. First, if the tfactor binding sites predicted within the highly homologous regions of
the SUR and intfon 1 are true, their further study may elucidate important aspects of
transcriptional control of the NF/ gene. Screening on these locations may identify disease-
causing mutations in NF1 patients in whom no mutation of the coding sequence or splicing has
been found (Upadhyaya et al., 1994; Fahsold ef al., 2000; Messiaen et al., 2000). Furthermore,
since many of the clinical manifestations of NF1 may be related to haploinsufficiency
(McLaughlin er al., 2002), up-regulation of NF/ gene expression by activating specific

transcriptional regulatory pathways may provide a novel approach to treatment of the disease.

Second, if NFIHCS is the NFI core promoter element, it is also an important target for
mutational screening, since mutations in the promoter region may disrupt transcription initiation
(Duan et al., 2002). Furthermore, if NF1HCS contains a core promoter or other important

transcriptional regulatory element, it may also occur in other genes.

This study has shown that phylogenetic footprinting can be used to compare non-coding regions
for the NFI gene in different organisms. The same method should be applied to other introns
and the 3’ UTR of NFI, which may contain other important regulatory motifs. These methods

are likely to be useful in studying the transcriptional regulation of other genes as well.

167




4.4 Future Ideas and Hopes

The completion of sequencing of many different eukaryotic genomes signals the beginning of an

era of comparative study. By using comparisons to more organisms, more homologous regions |
can be identified with more confidence. For example, in this study, the evolutionary distance |
between the mammalian species and Fugu may be too large for some comparisons. If the

sequences of intermediate vertebrates that are more similar to the mammalian species were

available, phylogenetic footprinting might be more informative (Thomas et al., 2002). Similarly,
information from a species that is more closely related to humans than mice and rats may also be

useful. Neurofibromatosis 1 does not occur naturally as a disease in mice or rats, and, although

transgenic models are very useful, these animals display a different spectrum of phenotypes in

association with constitutional NF'/ mutations than humans with NF1. The extent to which these

differences reflect differences in transcriptional regulation of the NF/ gene is unknown.

Transcriptional regulation of NF'/ is more likely to be similar in humans and non-human

primates than in humans and rodents.

Only limited experimental analysis of transcriptional regulation of the NFI gene has been
reported (Hajra et al., 1994; Purandare et al. 1996; Rodenhiser ef al., 2002), and additional
experimental studies in vitro or in other model systems are necessary. Detailed in vitro analysis
of NFIHCS is especially important because this fegion may be crucial for NFI transcription

initiation and/or regulation. Analysis of this region in knockout mice may also be informative.

Analysis of the highly homologous regions, and especially of NFIHCR, for constitutional

mutations in human NF1 patients in whom no coding sequence or splice site mutation can be

found may provide evidence regarding the functional importance of the regions identified in this
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study. Given that NF1 is such a prevalent genetic disease and that its impact on patients’ lives is

so great, more research on NF1 is much needed.
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Appendix I Code for Frameslider
#!/usr/bin/perl

print "What size of the frame you will like to use, my majestry? "; # Asking for the frame size to
look in the sequence

$size = <STDIN>;

chomp ($size);

print "What a good choice to use ", $size, " as the size!\n";

open_asequence ();
open_bsequence ();

$start = 1; # Set the value for human
starter

$position = 1;

while ($position <= 99999-$size) {
$scounter = 0;
while ($scounter < $size )

if ($anucleo{$position} ne "-" ) { # check the counter to
be valid

$scounter = $scounter + 1;
if ($anucleo{$position} eq $bnucleo{$position}){
$a=8%a+1;
} else { '
$a = $a;}
} else {
$scounter = $scounter;

$position = $pesition + 1;

} .

open (STDOUT, ">>outfile.txt");

write; #invoke format STDOUT to
STDOUT

close (STDOUT) || die "can't close outfile: $!";

$start = $start + 1;
$position = $start;
$a=0;

}

sub open_asequence {
open (ASEQUENCE, "asequence.txt");
while ($anumber = <ASEQUENCE>) {
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chomp ($anumber);

$anucleotide = <ASEQUENCE>;
chomp ($anucleotide);
$anucleo{$anumber} = $anucleotide;
}

close (ASEQUENCE);

}

sub open_bsequence {

open (BSEQUENCE, "bsequence.txt");
while ($bnumber = <BSEQUENCE>) {
chomp ($bnumber);

$bnucleotide = <BSEQUENCE>;
chomp ($bnucleotide);
$bnucleo{$bnumber} = $bnucleotide;

3
close (BSEQUENCE);

}

format STDOUT = :
@<<<<<<<<< @<<<<<<<<<<<< @<<<<<<<<<< @<<<<<<<<<< @<<<<<<<
$start, $position - 1, $anucleo{$start}, $bnucleo{$start}, $a/$size;

format STDOUT_TOP =

Page @<<
5% .
Start End ANucleotide BNucleotide Homology
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