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ABSTRACT

Regulation of N-myc oncogene expression is an important determinant of the

biological behavior of neuroblastoma. The N-myc promoter contains several potential

binding sites for transcription factors of the Spl family. Mutation of a CT-box motif

contained within a 26 base pair region required for N-myc downregulation by retinoic

acid decreased basal transcriptional activity and altered DNA-protein interactions of the

promoter, while mutations flanking this motif did neither. On gel shift this region

generated 3 specific DNA-protein complexes that were reliant on wild type sequence of

the core CT element within it. Both Spl and Sp3 bound to the wild type probe as distinct

complexes in specifically retarded bands, while neither protein was present on mutated

sequences. Lysates from Drosophila S2 cells expressing exogenous Sp I and Sp3

proteins were able to reproduce the gel shift complexes seen with neuroblastoma nuclear

extract. Transient transfections of S2 cells showed that individually or together, Spl and

Sp3 were able to trans-activate a N-myc CT-box-containing luciferase reporter construct

in a dose-dependent manner. Conversely, transfection of CT-box oligonucleotide was

able to decrease endogenous N-myc expression in neuroblastoma cells. Together these

results suggest that the CT-box element serves a critical functional role, and in the basal

state allows for N-myc transactivation by Spl and Sp3.
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SPECIFIC AIMS

Neuroblastoma (nb) is the second most common solid tumor found in children,

with 600 new cases diagnosed annually in the United States (Pizzo 2002). N-myc

oncogene amplification and/or overexpression is found in roughly 30% of nb primary

tumors and correlates with advanced disease stage, tumor aggressiveness and poor

clinical outcome (Seeger 1985, Haase 1999, Schor 1999). To date, regulation ofthe N

myc oncogene is incompletely understood in terms of both the cis and trans acting

factors. Experiments indicate that proximal-promoter elements such as E2F and CT

motifs are occupied and possibly involved in N-myc regulation (Lutz 1997). Data from

our own laboratory suggest that the CT motif is containined within a region of the

promoter necessary for the downregulation of N-myc expression (Wada 1997). While

E2F involvement in the regulation of N-myc is more established, the cis factors that

interact with the CT-box are not known.

The overall objective of this dissertation is to characterize the proteins that

interact with the CT-box element of the N-myc promoter and determine their role in the

regulation of the N-myc oncogene, with the following specific aims.

Specific Aim 1: Define the functional role of the CT-box promoter motif in the

regulation of the N-myc gene.

a. Demonstrate that the CT-box motif is involved in the transcriptional regulation of

the N-myc gene.
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b. Demonstrate that the CT-box is involved in recruiting transcription factor protein

complexes to the N-myc promoter.

c. Determine the specificity of the DNA-protein complexes at the wildtype N-myc

CT-box.

Specific Aim 2: Identify the transcription factor proteins that interact with the

wildtype CT-box of the N·myc promoter.

a. Determine the identity of the transcription factors that interact with the wildtype

N-myc CT-box.

b. Reproduce the DNA-protein complexes at the wildtype N-myc CT-box with

exogenously expressed transcription factor proteins.

c. Demonstrate that the recruited transcription factors are able to transactivate the

wildtype N-myc CT-box.

Specific Aim 3: Identify the transcription factors that interact with the mutated CT·

box of the N·myc promoter.

a. Identify the transcription factors responsible for interacting with the mutated N

myc CT-box.

b. Reproduce the DNA-protein complexes at the mutated N-myc CT-box with

exogenously expressed transcription factor proteins.

c. Determine if the transcription factors that interact with the mutant N-myc CT-box

are able to activate the N-myc promoter.
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BACKGROUND

NEUROBLASTOMA

Incidence and epidemiology. Nb is a childhood cancer originating from the

postganglionic sympathetic nervous system (Vogelstein 1997). Normally, pluripotent

nerve cells from the neural crest differentiate as an infant develops and become tissues of

the sympathetic nervous system, such as Schwannian cells and adrenal chromaffin

(Vogelstein 1997). However, nb cells remain blocked from differentiation and thus

represent immature multipotent peripheral neuronal cells that continue to proliferate

(Guzhova 2001). Nb accounts for 8-10% of all childhood cancers and is the second most

common solid tumor found in children (Vogelstein 1997, Pizzo 2002). In addition, nb is

the most common malignant disease in infants (Maris 1999). In the United States about

600 new cases of nb are diagnosed each year, which corresponds to one out of 7,000 live

births, with similar frequencies in Japan and the Quebec Province (Pizzo 2002, Alexander

2000). Nb is slightly more common in boys, with a male to female ratio of 1.1 to 1

(Pizzo 2002). Although nb accounts for approximately 10% of all childhood cancers, it is

responsible for more than 15% of the cancer deaths in the pediatric age group (Maris

1999, Haase 1999).

Pathology. The anatomic distribution of nb primary tumors is well established

and correlates with patient survivorship. Primary tumors are most common in the

abdominal region, with 67.8% of patients presenting with masses in this location

(Vogelstein 1997). Furthermore, 38.1% of these tumors are adrenal in origin, while

29.7% are not (Vogelstein 1997). Primary tumors can also be found in the chest (20.3%),
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pelvis (3.4%), cervical sympathetic chain (3.4%), and various other regions (5.1 %)

(Sidell 1998). Common symptoms often associated with primary disease include

abdominal mass or pain (Vogelstein 1997).

Metastatic disease occurs by hematogenous and lymphatic pathways and can

present in numerous ways and sites (Geminder 2001). Nb tends to spread to cortical

bones such as skull, facial, pelvis and proximal long bones (Alexander 2000). However,

this process is not limited to bone, and can also involve regional lymph nodes, bone

marrow, skin and liver (Vogelstein 1997). Disease only rarely spreads to the lungs and

brain parenchyma (Vogelstein 1997, Pizzo 2002).

Staging and classification of neuroblastoma. Although nb exhibits great

heterogeneity in both biological and clinical settings, extensive research has been able to

create a clinically relevant staging system for patients. Historically, the staging of

patients has been an evolving process and will most likely continue to be so as data,

diagnostic technjqu~s and molecular insights improve. As shown in table 1, the current

staging methodology takes into account criteria such as age, primary tumor location,

pattern of dissemination and biological variances. Implementation of this staging system

has allowed children to be more effectively triaged to a therapeutic regimen of

appropriate intensity.
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Table 1. International Neuroblastoma Staging System (Vogelstein 1997).

Stage I

Stage 2A

Stage 2B

Stage 3

Stage 4

Stage 4S

Localized tumor with complete gross excision, with or without microscopic residual
disease; representative ipsilateral lymph nodes negative for tumor microscopically.
Localized tumor with incomplete gross excision; representative ipsilateral nonadherent
lymph nodes for tumor microscopically.
Localized tumor with or without complete gross excision, with ipsilateral nonadherent
lymph nodes positive for tumor. Enlarged contralateral lymph nodes must be negative
microscopically.
Unresectable unilateral tumor infiltrating across the midline, with or without regional
lymph node involvement; or localized unilateral tumor with contralateral regional lymph
node involvement; or midline tumor with bilateral extension by infiltration
(nonresectable) or by lymph node involvement.
Any primary tumor with dissemination to distant lymph nodes, bone, bone marrow, liver,
skin. and/or other organs (except as defined by stage 4S).
Localized primary tumor (as defined for Stage I. 2A or 2Bl. with dissemination limited
to skin, liver, and/or bone marrow (limited to infants under I year of age).

In addition to clinical staging, years of accumulated research have allowed for

numerous insights into the disease and its correlation with environmental, behavioral,

biological and genetic factors. As a result, certain features have been determined benign

whereas others serve as genuine markers that aid in disease classification as well as

contribute to the prognosis and outcome in the clinical setting.

Environmental and genetic factors. Numerous studies have been conducted to

determine if there may be a link between environmental factors and nb. A few reports

have implicated the following intrauterine exposures: alcohol, seizure medications,

diuretics, neurally active drugs, fertility drugs and hormones. However, none of these

agents have been conclusively or consistently proven to correlate with nb (Pizzo 1997).

There have also been reports of an association with parental occupations such as

electrical work, farming, gardening and painting. Again though, none have been strongly

linked or adequately tested (Pizzo 1997). Thus, it appears that there are no known

prenatal or postnatal exposures that may influence the incidence of nb.
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Although nb is a sporadic cancer, 1-2% of patients report a family history of

disease (Maris 1999, Pizzo 1997, Lack 1994) and exhibit a predisposition in an

autosomal dominant pattern of inheritance (Vogelstein 1997). Knudson and Strong have

estimated that as many as 22% of familial nb cases could be the result of a gennline

mutation (Vogelstein 1997). Regression analysis of familial inheritance patterns has

detennined that these patients fit the classical two-hit hypothesis, and their median age of

diagnosis is 9 months rather than the nonnal 17 months (Vogelstein 1997, Pizzo 2002).

Chromosomal and cytogenetic abnormalities in neuroblastoma. Numerous

genetic alterations have been found in nb primary tumors. Cytogenetic studies have

shown that the short ann of chromosome 1 is deleted, rearranged or translocated in some

patients (Vogelstein 1997, Haase 1999, Bown 2001). In primary tumors, 30-50% show

regional loss at Ip36 (Maris 1999, Brodeur 1997), while 70-90% of nb cell lines also

exhibit this loss. Loss of heterozygousity for chromosome 1 has been found in 19-36%

of primary tumors (Maris 1999). Other studies involving the introduction of regions of

chromosome 1 to cells that do not contain it show that chromosome rescue is able to

induce differentiation, suppress of tumorigenecity, and promote cell death. Therefore it

appears that chromosome 1 may harbor nb tumor suppressor gene/s (Maris 1999, Bown

2001).

It has also been reported that various other chromosomal regions exhibit genomic

loss in nb tumors. These regions include 2q, 3p, 4p, 9p, llq, 14q, 16p and 18q, with the

frequency of loss of heterozygousity associated with these regions ranging from 9-50%

(Bown 2001). Though these regions may harbor potential tumor suppressor genes,
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candidate genes have not yet been found. Like chromosome 1 loss, deletion of l1q23 has

been found in 44% of primary tumors, and the transfer of a whole chromosome 11 into a

cell line lacking this chromosome was able to induce differentiation (Maris 1999).

However, further experiments thus far have not adequately shown which, if any genes

responsible for tumor suppression reside on this chromosome.

Another genetic abnormality seen in neuroblastoma tumors is the gain of 17q. It

has been reported that the 17q chromosomal gain is the result of unbalanced translocation

between it and a loss at chromosome 1p (Alexander 2000). In one study it was found that

54% of the patients exhibited a 17q gain while 47% contained a Ip deletion (Alexander

2000). Furthermore, studies indicate that a gain at 17q correlates with adverse outcome,

however the cellular consequence of this genetic change is currently unknown (Bown

2001).

Trk expression in neuroblastoma. The Trk family of neurotrophin receptors has

been shown to associate with disease prognosis and survivorship in nb patients. These

receptors display a high affinity for ligands of the nerve growth factor family (NGF) and

can induce cellular differentiation when a ligand is bound (Maris 1999). Conversely,

when the ligand is removed, these cells often undergo apoptosis (Maris 1999). For

example, transfection of the TrkA gene into a nonexpressing cell line has been shown to

restore cellular differentiation in response to NGF (Maris 1999). Also, preferential

expression of TrkA is seen in early stage nbs as well as infants under 1 year of age

(Nakagawara 1998). TrkA expression is also strongly downregulated in advanced stages

of nb and thus inversely related to disease stage (Nakagawara 1998, Maris 1999, Brodeur
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1997). Therefore, TrkA serves as favorable marker associated with an increased

probability of survivorship and positive prognosis (Nakagawara 1998, Maris 1999,

Brodeur 1997). Like TrkA, TrkC expression is linked to a favorable outcome in nb

patients (Maris 1999) and is essentially found in all tumors that express TrkA (Brodeur

1997). However, unlike TrkA, TrkC serves as a receptor for the neurotrophin 3 ligand

(Maris 1999).

While NGF and neurotrophin 3 serve as ligands for the TrkA and TrkC receptors,

respectively, brain derived nerve factor (BDNF) and neurotrophin 4 stimulate TrkB

(Maris 1999). TrkB is preferentially expressed in advanced stage nb tumors with N-myc

amplification, and when coexpressed with BDNF, an autocrine stimulatory pathway is

established that promotes cell growth and survival (Maris 1999, Brodeur 1997).

Moreover, truncated forms or low levels of expression of TrkB are found in biologically

favorable tumors (Maris 1999).

p53 and neuroblastoma. As previously mentioned, nb is a unique form of

cancer whose hallmarks differ from most cancers. Deletions or mutations of p53 are rare

in nb (Brodeur 1997), although in some cases this protein may be overexpressed

(Davidoff 1992). Other work suggests that although wildtype p53 may be expressed, it is

often cytoplasmically sequestered in nb-derived cell lines (Gaitonde 2001). In addition,

the presence of BK virus DNA was found in 17 of 18 human neuroblastomas tested and

viral T antigen expression co-localized with and sequestered p53 in the cytoplasm

(Flaegstad 1999).
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Angiogenesis and neuroblastoma. High-level expression of angiogenic factors

has been associated with advanced stage nb (Eggert 2000). In addition, others have

reported that higher vascularity corresponds with metastasis, N-myc amplification

(discussed below), unfavorable histology, and poor prognosis in nb patients (Meitar

1996). Recent work involving the transfection of TrkA and TrkB expression constructs

into nb cells suggests that TrkA expression inhibits angiogenesis by the downregulation

of angiogenic factors, whereas as TrkB has little effect (Eggert 2002). Therefore, these

correlations may explain, in part, the biologically different behavior of TrkA and TrkB

expressing nb tumors (Eggert 2002). As with other forms of cancers, it has been

suggested that inhibition of angiogenic factors such as vascular endothelial growth factor

(VEGF) may serve as a novel means of clinical therapy for nb patients (Rossler 1999).

Ras and neuroblastoma. H-ras was originally identified as a transforming gene

in nb cell lines, however activating ras mutations in primary tumors are rarely observed

(Maris 1999). In fact, when H-ras was transfected into a nb cell line, cellular

differentiation was more pronounced relative to the parent line (Tonini 1999). Other

experiments involving nb tumors with high levels of H-ras expression have also shown a

correlation with a more favorable patient outcome (Rossler 1999). Therefore, activation

of the ras pathway may, in some contexts, actually accelerate neuronal differentiation as

well as correlate with a more positive patient prognosis.
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Differentiation. One of the most remarkable and unique phenomena of nb

patients is the occurrence of complete spontaneous regression or differentiation (Lack

1994). In fact, nb shows the highest rate of spontaneous regression of any human

malignancy (Poplack 1982). Spontaneous regression is most common in infants, while

tumors in older patients can differentiate into benign ganglioneuroblastoma or

ganglioneuroma (Vogelstein 1997). In one study it was found that 2-5% of the infants

diagnosed with nb exhibited tumor regression without any treatment (Vogelstein 1997).

In addition, stage 4s of nb is associated with a very high rate of spontaneous maturation

and regression without the need for cytotoxic therapy (Fan 2001).

On the cellular and molecular level, the process of differentiation is not well

understood, although some progress has been made. For example, in a mouse nb cell line

DMSO, cyclic adenosine monophosphate (cAMP) and serum starvation were all able to

induce differentiation (Pizzo 2002). Associated with this differentiation was a decrease

in cyclin-dependent kinase (cdk) activity (Pizzo 2002). The loss of cdk2 activity was due

to a decrease in its abundance, while decreased cdk4 activity was caused by its strong

association with the cyclin kinase inhibitor (cki) p27kiP1 as well as the concurrent loss of

cdk4 phosphorylation (Pizzo 2002). As expected, differentiation was also found to be

induced by the overexpression of p27kip1 as well as the retinoblastoma protein (pRb)

(Pizzo 2002). It has been postulated that differentiation may also be driven by the

previously mentioned neurotrophin receptors when bound by their ligands (Maris 1999).

Nb cell lines are also routinely used for differentiation studies involving agents

such as 13-cis retinoic acid (13cisRA) (Villablanca 1995, Matthay 1999), all-trans

retinoic acid (ATRA) (Sidell 1998), vitamin D3 analogs (Moore 1995, Moore 1996)
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interferon gamma (Wada 1997), sodium phenylacetate (Sidell 1998) and sodium butyrate

(Pochedly 1982). However, the exact mechanisms by which these agents elicit

differentiation are not fully known and numerous teams are addressing this on the

molecular, cellular and clinical levels.

Prognosis and survivorship. Although nb is one of the most extensively studied

cancers, the prognosis for affected children has not changed as dramatically as for those

with other malignancies (Schor 1999). While major advances in therapy for many

childhood cancers have occurred, children with metastatic nb historically have only a 5

15% chance oflong-terrn survival (Schor 1999). However, more recently it has been

reported that the event free survjval (BPS) for nb patients after 5 years has increased to as

much as 48% to 67% (Berthold 2000).

Infants with small primary tumors and dissemination limited to liver, skin, bone

marrow and lymph nodes have a favorable prognosis. In older patients, dissemination to

bone marrow and bone, such as the skull and orbits, is linked with a poor clinical

outcome (Vogelstein 1997). Survivorship tends to be highest when the primary tumor is

found in the pelvis (32%), head (33%) and thorax (61%) (Lack 1994). Nb patients with

stages I or 2 have a 98% chance of survival with surgery alone as the primary therapy

(Perez 2000). The projected survival for stage 4s patients at age I is 91 %, and

chemotherapy as well as radiation often do not improve this rate (Nickerson 1985). Even

with stage 4 disease, children less than 1 year of age at diagnosis have a much-improved

outcome over children older than I (Schmidt 2000). As a whole however, stage 4 nb

patients have a 44% projected survival rate (Nickerson 1985), and 50% of the patients
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with advanced stage tumors (stages 3 and 4) over the age of I will likely exhibit tumor

progression despite intensive therapy (Matthay 1998). Sadly, most nb cases are already

metastatic at diagnosis and thus respond poorly to even the most intensive therapy.

Treatment of neuroblastoma patients. As mentioned previously, improvement

in the EFS of nb patients has not mirrored the advancements seen with many other

cancers. Part of the reason lies in the fact that the current treatment methodologies have

not evolved a great deal, and traditional chemotherapeutic agents continue to be the

mainstay of therapy. As with the treatment of many forms of cancer, there lies a balance

in effective treatment versus maintaining the immediate and long-tenn health of the

patient. Being that nb is a childhood disease this balance is even more essential.

Unfortunately, children are more sensitive to chemotherapeutic agents and radiation than

adults, and in many cases this lends itself to the difficulty of curing children.

Surgery is perfonned initially to not only remove a localized primary tumor, but

also to provide tissue for biological studies and allow for tumor staging. If further

treatment is necessary in intennediate to high-risk disease, chemotherapy provides the

backbone for multimodal treatment (Pizzo 2002, Vogelstein 1997). Common

chemotherapeutic agents used are cisplatin, cyclophosphamide, doxorubicin and

epipodophyllotoxins (Vogelstein 1997). These agents have been shown to yield complete

or partial response rates of 25% to 50% when used alone or in combinations (Vogelstein

1997). As mentioned previously, disseminated fonns of nb remain resistant to

chemotherapeutic cure (Goodman 1997).
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Radiation and bone marrow transplantation (BMT) are also utilized in the

treatment of nb. These tumors are radiosensitive, but while radiation therapy can provide

localized control, long term control seldom occurs (Vogelstein 1997). BMT can be done

in conjunction with radiation. Thus far, it appears that purged autologous marrow is

more successful than allogenic marrow (Matthay 1999). Studies continue to determine

the most effective combination of therapeutic modalities.

The method of treatment for nb patients varies, especially when age and stage of

disease are taken into account. For example, the survival rate of children with stages 1

and 2 is 98% when only surgery is preformed (Perez 2000). Supplemental treatment was

necessary in only 10% of stage 1 children and 20% of stage 2 (Perez 2000). In another

study, stage 4s patients showed no improvement of survival when both chemotherapy and

radiation therapy were used (Nickerson 1985). For children with stage 4 disease,

chemotherapy followed by autologous BMT proved to be more effective than

chemotherapy alone (Villablanca 1995). EFS of these high risk patients was even greater

when the differentiating agent 13-cisRA was administered after transplant (Matthay

1999).

Two concerns that must be considered when treating nb patients are multidrug

resistance (mdr) and minimal residual disease. Tumors in many patients respond well

initially to chemotherapy, but eventually continue to progress during treatment or after it

has ceased (Maris 1999). Studies involving nb cell lines derived at relapse often show

increased resistance to standard chemotherapy agents compared to lines established at

diagnosis (Maris 1999). Disseminated disease often exhibits chemotherapy resistance,

and as a result is responsible for the majority of nb deaths (Goodman 1997). Thus,
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prognosis is usually favorable when the nb tumor is localized, even if it is unresectable

(Rubie 1997). Studies indicate that there is a correlation between expression of mdr

family genes and N-myc oncogene amplification (discussed below). High expression of

these drug-resistance genes are linked to poor patient outcome (Norris 1996). Though

validating studies are lacking, it is believed that one of the mdr genes, Pgyl, might be

responsible for this increased resistance to therapeutic drugs (Maris 1999). In addition,

inhibition of the N-myc oncogene via antisense technology has resulted in a decrease in

protein levels of mrp, another member of the mdr gene family (Norris 1997), thereby

showing the correlation between N-myc overexpression and resistance to

chemotherapeutic drugs.

Relapse of disease is common in nb, and like drug resistance, this in part may be

due to minimal residual disease. One means of combating minimal residual disease lies

in the treatment of tumors with retinoids, which presumably function as differentiating

agents. By killing as many tumor cells as possible with chemotherapy and radiation,

followed by induced differentiation of the remainder, one may be able to attack nb

tumors on multiple levels.

14



THE Myc ONCOGENE

The Myc family. Of all the biological indicators of prognosis for nb

patients, the most powerful thus far has been activation of the N-myc oncogene. In

humans N-myc is just one member of a larger family that consists of four other members,

c-myc, L-myc R-myc and B-myc (LeGouy 1987). Two other myc genes also exist. D

myc is found in Drosophila melanogaster, while v-myc is virally derived (Gallant 1996,

Cole 1986). The v-myc oncogene is the forefather of the myc family and was initially

discovered in the MC29 avian myelocytomatosis retrovirus and found to cause

myelocytomas, carcinomas, sarcomas and lymphomas (Cole 1986).

N-myc amplificationloverexpression in neuroblastoma. Extensive cytogenetic

studies done in the late 1970's and early 1980's found that the most pronounced cellular

abnormalities associated with nb were homogeneously staining regions (hsrs), double

minutes (dms) and partial monosomy for the short arm of chromosome 1 (Tsuchida

1996). Molecular analysis of nb cell lines subsequently determined that the hsrs were

comprised of the genomic N-myc oncogene amplified many times over (Schwab 1983).

Furthermore, additional studies demonstrated that N-myc amplification was also present

in primary tumors as well (Brodeur 1985).

Although dms were observed in nb cell lines as early as 1965, only later was it

determined that these entities might change to form hsrs (Tsuchida 1996). The current

theory behind this phenomenon is that the amplification of the N-myc gene allows

retention of the N-myc gene in extrachromosomal dms that can then integrate back into

the genome in the form of hsrs (Brodeur 1997). Indeed, confirming in situ hybridization

experiments have shown that the N-myc hsrs arise from the home site on chromosome 2,
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are amplified at a distant location (Brodeur 1997), and may attach to various other

chromosome anns such as 1, 12, 13 and X (Tsuchida 1996). Furthennore, it has been

shown that dms and hsrs may coexist in a single nb cell line in selected instances

(Tsuchida 1996).

In most cases, the overexpression of N-myc reflects an abnonnal amount of N

myc gene copies due to gene amplification, with subsequent increased transcriptional

activity. Protein stability is not typically increased over nonnal. In nb, amplification of

the N-myc oncogene can range from 5 to 500 gene copies per cell with similarly high

levels of expression (Maris 1999). Although up to 500 copies of the N-myc gene in a cell

have been observed, the more common range is 50 to 100 copies, which comprise a

region of 100 kilobases (kb) to 1 megabase (Brodeur 1997). Moreover, studies indicate

that N-myc oncogene copy number is consistent for a given tumor at different times, so

progression of a nonamplified tumor during therapy is not likely due to the development

of genomic amplification (Seeger 1988). DNA sequencing of these amplified regions

have not found large amounts of mutations in the N-myc coding region and thus it

appears that increased dosage of wildtype N-myc is the contributing factor for

tumorigenesis (Schwab 1998).

Debate continues as to whether amplification can occur spontaneously or if it is

induced. It has been reported that some genes can undergo amplification when

mammalian cells are exposed to certain cytotoxic drugs and are thereby placed under

selective conditions (Schimke 1984). However, amplification can also be linked to

endogenously or exogenously caused DNA damage and subsequent replication and/or

repair (Stark 1989, Schimke 1992). Futhennore, amplified DNA appears to be stabilized
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when the amplified region encompasses one or more genes that provide a selective

advantage to the host cell within a particular tissue environment.

Reports by others have shown that the amplificationloverexpression of the N-myc

oncogene correlates with rapid tumor progression, advanced stage disease and poor

patient prognosis (Seeger 1985, Maris 1999). Subsequently, a great deal of research has

been done determining the frequency of primary tumors that exhibit N-myc

amplification. One study found amplification in 20- 25% of primary tumors (Maris

1999), another reported it was 25% (Matthay 1998), while yet another determined it was

38% (Brodeur 1997).

N-myc amplification has been found in 5-10% of patients with low stages of

disease as well as stage 4s, while it is exhibited in 30-40% of advanced stage children

(Vogelstein 1997, Brodeur 1992, Brodeur 1995, Brodeur 1997, Brodeur 2000). Also, less

than 10% of localized tumors exhibit N-myc amplification while greater than 40% of

tumors derived from disseminated tissue show amplification (Haase 1999). Work has

confirmed that children whose tumors demonstrate amplification of N-myc have rapid

disease progression (Haase 1999). Similarly, no N-myc amplification was found in 93%

of patients with BPS while patients with amplification were less likely to survive despite

intensive therapy (Schmidt 2000).

N-myc amplification correlates with tumor progression and poor clinical outcome

regardless of tumor stage or patient age (Schor 1999, Matthay 1998). However, levels of

N-myc expression in the absence of amplification also appear predictive of outcome in

children greater than age 1 (Brodeur 1995). In one study, N-myc amplification was

found in 42% and N-myc protein expression was in 95% of 19 patients with poor
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prognosis, while neither N-myc amplification or expression was found in 90% of patients

who survived disease free (Hiyama 1991). Furthermore, high N-myc expression

associated significantly with reduced survival, both in the overall study population and in

older children without N-myc amplification (Haase 1999). At any stage of the disease,

N-myc overexpression by the untreated tumor predicts poor prognosis in nb patients

(Schor 1999).

Amplification of the N-myc oncogene also correlates with tumor cell invasiveness

and vascularization. In tum, vascularization has been shown to correlate with metastasis,

unfavorable histology and poor outcome (Meitar 1996, Matthay 1999). It has been

reported that N-myc amplified cell lines exhibited increased Matrigel-coated filter

invasiness relative to nonamplified cell lines (Zaizen 1993). Conversely, engineered cell

lines that express N-myc antisense RNA have shown an increase in tumor cell attachment

and decreases in cell motility, proteolytic ability and invasiveness when compared to the

N-myc overexpressing parental line (Goodman 1997). In addition, others have reported

that ATRA treatment resulted in decreased N-myc expression and invasiveness of a nb

cell line (Hiyama 1991). To date, N-myc levels continue to be used as an important

marker for newly diagnosed patients (Maris 1999).

Myc involvement in other cancers. Although N-myc

amplificationfoverexpression is normally associated with neuronal cells and nb, this is not

the extent of its oncogenic spectrum. The amplificationfoverexpression of N-myc has

also been reported in astrocytomas, (Schwab 1990, Schwab 1998), medulloblastoma

(Mizukami 1995), gliomas (Driman 1994) and Wilm's tumors (Levin 1994). High levels
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of N-myc have also been observed in other cancers such as small cell lung carcinoma,

glioblastoma, rhabdomyosarcomas, retinoblastomas and some brain tumors (Tsuchida

1996, Schwab 1998). Also, N-myc gene translocations have been reported in Burkitt's

lymphoma and mouse plasmacytomas (Bishop 1996). In both cases, translocation from

chromosome 2 to chromosome 14 resulted in the overexpression of N-myc from the

immunoglobin gene locus (Bishop 1996). Similarly, in another study N-myc

overexpression without amplification was found in breast carcinoma and correlated with

clinical stage, histological grading of tumors, and clinical outcome (Mizukami 1995).

Virally-induced upregulation of N-myc has been associated with cancers found in

humans as well as other organisms. For example, N-myc activation has been seen in rat

lymphomas when the Moloney murine leukemia virus becomes genomically integrated

(van Lohuizen 1989). In human genital tumors N-myc activation occurs as a result of

papilloma integration (Couturier 1991), while in woodchuck liver tumors it is due to the

hepadnavirus (Fourel 1990). N-myc has also been found to transform cells in culture

when it was expressed from the context of a retroviral vector (Schwab 1985, Small 1987,

Yancopoulos 1985).

Overexpression of N-myc can cooperate with mutationally activated H-ras to

transform rat embryo cells as well as convert established rat cell lines to tumorigenicity

(Schwab 1985, Small 1987). Nb cell lines with N-myc amplification have been able to

consistently form tumors in soft agar as well as produce tumors in nude mice (Biedler

1988). Similarly, enhanced expression of N-myc has been shown to induce nb cells to

grow in soft agar as well as cause tumor formation in nude mice (Schweigerer 1990). It

has also been reported that tumors develop when N-myc is inserted as a transgene in mice
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(Dildrop 1989, Rosenbaum 1989). Other work has shown that lymphoid tumors develop

when the N-myc gene is under the control of the immunoglobulin heavy chain enhancer

and overexpressed mice (Weiss 1997). Likewise, targeted overexpression of N-myc in

the neuroectoderm of transgenic mice reliably yields neural tumors in a dose-dependent

manner (Maris 1999, Nickerson 1985). Finally, overexpression of N-myc was able to

rescue embryonic fibroblasts from senescence (Maris 1999).

Of course N-myc is not the sole member of the myc family that harbors oncogenic

potential. c-myc was first discovered as the cellular homologue of the transforming

oncogene v-myc, and has been shown to be sufficient to induce mitogenesis in

established cell lines without H-ras involvement (Bouchard 1998). Furthermore, N·myc,

c-myc, L-myc and D-myc have all been shown to transform primary rat fibroblasts in

cooperation with H-ras (Bouchard 1998). Elevated or deregulated levels of c-myc

protein have been detected and associated with numerous cancers such as breast, colon,

cervical, small cell lung carcinoma, osteosarcoma, glioblastoma, melanoma and myeloid

leukaemia (Dang 1999, Nesbit 1999, Schlagbauer-WadI1999, Henriksson 1996). L-myc

has also been found amplified in human small cell lung carcinoma (Nau 1985).

Myc inactivation and tumorigenesis. Recent reports suggest that even transient

inactivation of myc expression can lead to a decrease in tumorigenicity. Using a

conditionally regulated myc expression system in transgenic mice, it was found that myc

inactivation in osteosarcoma cells resulted in their differentiation into mature bone as

well as sustained tumor regression (Jain 2002). Concommitantly, the tumor cells

exhibited a flattened morphology and a reduced growth rate. Moreover, upon myc
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reactivation differentiated cells underwent apoptosis in a stochastic manner. In other

experiments using a conditional myc expression system in pancreatic beta cells, it was

found that c-myc deactivation involved growth arrest, differentiation, re-expression of E

cadherin and cell reattachment (Pelengaris 2002). In addition, myc expression appeared

necessary to not only to induce, but also to maintain numerous aspects of neoplastic

progression (Pelengaris 2002). Therefore, it is possible that even a transient inactivation

of myc expression may not only result in terminal differentiation and growth arrest, but

may also confer long term regression, as well as promote apoptosis once myc is

reactivated.

The N-myc gene. Schwab et. aJ. discovered the N-myc gene in 1983 by

identifying amplified DNA in several nb cell lines with partial sequence homology to c

myc (Schwab 1983). Subsequently, the DNA sequence for N-myc was determined and

the open reading frame found to consist of 6435 base pairs (bp) (Stanton 1986). In situ

hybridization experiments that followed confirmed that the N-myc gene resided at

chromosome 2p24 (Garson 1987). Transcription of the N-myc gene yields three exons

comprising 2914 bp (excluding the poly A tail), with two intervening introns of 892 and

2629 bp (Stanton 1986). Translation of exons 2 and 3 results in two peptides of 456 or

464 amino acids corresponding to a 59 or 64 kiloDalton (kD) protein, depending on the

site of translation initiation. (Makela 1989).

As shown in figure 1, extensive studies over the years have many found key

features within the N-myc DNA sequence. At its C-terminus, N-myc contains a basic

region (BR) that is responsible for DNA binding (Murre 1989). Also located at the C-
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terminus are the helix-Ioop-helix/leucine zipper domains, collectively known as the MAX

domain (Maris 1999, Kohl 1983, Schwab 1983). This MAX domain has been shown to

be a critical determinant for DNA binding as well as the protein-protein interactions ofN-

myc with other regulatory proteins (Murre 1989). Thus far, most of the proteins that

interact with myc via the MAX domain are basic helix-loop-helix proteins such as max

(see below) (Maris 1999). In the central region ofN-myc lies the nuclear localization

signal (Dang 1989) as well as a cluster of acidic amino acids and several serine and

threonine residues that serve as sites ofphosphorylation (Hamann 1991). The N-

terminus ofN-myc contains two MYC boxes that are 90% homologous between all myc

members (Schwab 1988) and consist of 12 and 19 amino acids, respectively (Cziepluch

1993). Experiments have shown that these MYC boxes are required for transcriptional

activation (Cziep1uch 1993, Wenzel 1995).

MYC boxes
MBI MB2

Transactivation region

Figure 1. Functional domains ofN-myc.
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Myc/max. Most of what is known about N-myc structure and function was

detennined from c-myc. However, as expected by the homology of their effector

sequences, myc family members can functionally substitute for each other under a variety

of circumstances and experimental systems (Schwab 1998). Therefore, although much of

what we know about myc function has been elucidated from c-myc, it is generally

assumed that N-myc functions in a similar manner.

Initially, Wenzel et. aL found that the c-myc protein interacts with another protein

that is either 20 or 21 kD (Wenzel 1994). Blackwood et. aL independently identified this

protein as max (Blackwood 1991). More recently, it has been shown that myc proteins

activate the transcription of target genes as obligate heterodimers with max (Bouchard

1998) and this partnership is required for all biological effects of myc (Wenzel 1995,

Bouchard 1998).

Curiously, though myc and max are both nuclear transcription factors that pair up

to activate transcription of target genes (Wenzel 1995), they are quite unique from one

another. While myc proteins may be expressed transiently or temporally, max proteins

are always present in the celL For example, the N-myc protein has a short half-life of 30

50 minutes (Tsuchida 1996) while the half-life of max is more than 12 hours (Blackwood

1992). Thus, although myc members are powerful transcriptional activators, nonnally

they do not accumulate in the cell due to their short half-life and are subsequently

destroyed by ubiquitin-mediated proteolysis (Salghetti 1999). Another difference

between myc and max is that the fonner contains a C-tenninal MAX domain while the

latter does not (Maris 1999).
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In order for myc proteins to mediate transcription, they must first heterodimerize

with max (Maris 1999). As mentioned below, the activity of the myc proteins may be

regulated by phosphorylation at specific central residues by casein kinase II (CKlI). max

is also a phosphoprotein that contains two CKII phosphorylation target sites. However,

in this case the sites reside in the N-terminus rather than centrally located as with N-myc

(Blackwood 1992, Koskinen 1994). Phosphorylation of the CKlI target residues within

max is believed to affect DNA binding of the both the max homodimers as well as the

myclmax heterodimers (Bousett 1993).

The formation of max homodimers results in a repressive structure when bound to

the DNA, for this complex lacks the transcriptional domains that are found in myc

(Wenzel 1995). In quiescent cells with little or no expression of myc members, max

expression is high and thus favors the repressive max homodimers over myc/max

complexes (Maris 1999). However, as cells enter the cell cycle, or if N-myc is

overexpressed, higher amounts of myc/max dimers are favored and result in the

activation of target genes that drive the cell cycle (Maris 1999, Wenzel 1995). Like max,

myc proteins can also form homodimers, however it is the myc/max heterodimers that

preferentially bind to DNA (Wenze11995).

The expression of max is not limited to nbs with high N-myc levels. max is also

found in nbs with no detectable level ofN-myc protein (Wenzel 1995). Thus, as

expected, max can form heterodimers with other proteins such as mad and mxi I (Maris

1999). Consequently, mad and mxil can compete with myc for max binding and thus

serve to repress transcription (Maris 1999). Although max is ubiquitous, its partners are

not and thus cells appear to either express the myc or mad proteins, depending on
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whether they are in a growth or quiescent phase, respectively. For example, mad proteins

have been shown to accumulate during cellular differentiation in several cell types such

as U937, whereas cell growth stimulation allows for an increase in the cellular levels of

N-myc (Bouchard 1998). One possible means in which mad/max complexes are able to

repress cell cycling is through their recruitment of histone deacetylases via the Sin3

protein (Bouchard 1998).

Myc and other proteins. It has been postulated that the members of the myc

family can interact with proteins other than max (Bouchard 1998). For example, c-myc

has been shown to interact with the multifunctional transcriptional regulator YY-1. This

interaction precludes c-myc binding to max, thus serving as a repressor of myc function.

Indeed, studies have shown thatYY-l is inhibitory to myc function (Austen 1998). Myc

can also bind to Miz-l, a zinc finger protein that normally exerts potent growth arrest.

This arrest is most likely alleviated by its interaction with myc (Bouchard 1998). Other

work has shown that pRb can interact with the translated N-myc protein through the

MYC box region (Cziepluch 1993). However, in what capacity pRb functions in this

region is unclear, for in vitro studies have shown that pRb interaction had no detectable

effects on the functioning of the N-myc protein (Cziepluch 1993).

Myc and the cell cycle. Transcriptional activation mediated by the myc/max

heterodimer occurs at E boxes that are located in the promoter region of target genes (Ma

1993, Maris 1999). E boxes consist of the six bp DNA palindromic motif CACGTG

(Blackwood 1991). Although E boxes are the DNA targets for the myc/max complex, it
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is believed that flanking regions may also confer specific recognition for physiologically

relevant targets in vivo (Wenzel 1995).

Although numerous studies over the years have focused on myc and max, as

recently as 1995 no in vivo targets for this heterodimer had been found (Wenzel 1995).

Luckily however, through observations, co-immunoprecipitation experiments, chromatin

immunoprecipitation (ChIP) assays, screening, differential expression and even guessing,

candidate genes have been coming forward. For example, both CCND2 (which encodes

cyelin D2) and cdk4 have been shown to be direct targets of myc regulation (Bouchard

1999, Hermeking 2000). The expression of both these target genes leads to the

sequestering of p27kipl
, thus preventing p27kip1 inhibition of cyclin Elcdk2 complexes

(Bouchard 1999, Perez-Roger 1999). Other work has shown that one of the earliest

events of c-myc activation in resting cells is the rapid induction of the cyelin E/cdk2

kinase activity, with other cyelinlcdk complexes lagging behind (Bouchard 1998).

Conversely, microinjection experiments have shown that the inhibition of cdk2 activity

blocks all downstream responses of c-myc in the cell cyele, most notably the transcription

of cyelin A (Bouchard 1998). Moreover, myc proteins have been shown to directly

regulate the phosphatase Cdc25A, which in turn is able to remove two inhibitory

phosphates from cdk2 (Bouchard 1998).

It is believed that myc members upregulate and prevent inhibition of cyclin

Elcdk2 activity through numerous pathways. Myc proteins are able to inactivate p27kip1

through the induction of cyelin D2, cdk4 and potentially other unidentified sequestering

proteins, which most likely also target p21cipl and p57kiP2 (Bouchard 1998, Bouchard

1999, Hermeking 2000, Amati 1998). Myc also upregulates Cdc25A transcription, which
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then allows the dephosphorylation conserved residues on cdk2 (Amati 1998). Finally, by

myc deregulates cyclin E transcription by an unknown but most likely direct mechanism

(Amati 1998).

ChIP assays have shown that myc/max dimers can bind to promoter regions of the

E2Fl through 6 genes (Mac 2000, Amati 1998). E2F protein expression then results in

the inactivation of pRb repressor complexes that reside at the promoters of cell cycle

genes. Further work has revealed other myc protein promoter targets in vivo such as

ornithine decarboxylase (ODC), cad, the catalytic subunit of telomerase, and

topoisomerase IlA (Bouchard 1998, Eberhardy 2000, Mac 2000, Galaktionov 1996, Sears

1997, Bouchard 1999). Upon myc induction, protein levels of these genes quickly

accumulate. In addition, the promoter of the Id2 gene contains an E box and has been

shown to be directly regulated by myc (Lasorella 2002). Overexpression of the Id2

protein has been found in nb cells that have N-myc amplification. The Id2 protein is an

integrator of positive and negative environmental stimuli and able to bind to and

inactivate/sequester the pRb protein as a dominant negative antagonist (Lasorella 2000,

Lasorella 2002). Therefore, like the E2F proteins, Id2 is able to block pRb-mediated

repression of cell cycle genes and thus allow the bypass of cell cycle control.

Myc can also repress other transciption factors that induce growth arrest, such as

Miz-l (Bouchard 1998). In addition, CIEBPalpha (Mink 1996), gadd4S (Marhin 1997),

gasl (Lee 1997) and plS lnk4b (Warner 1999) all exhibit a downregulation as a

consequence of myc expression. One consequence of the interaction of myc with Miz-l

is that this transcription factor can no longer associate with its co-activator p300, thereby

causing a decrease in expression of the cell cycle inhibitors WAFI and plSlnk4b (Staller
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2001, Herold 2002). Thus far, the pathways, mechanisms and consequences of

repressing these genes are not fully clear.

One question posed is that if myc is able to do so many things, why is it that it

needs a cooperative protein like H-ras in some instances? One possibility may be that H

ras stabilizes the myc protein from rapid degradation and therefore allows activation of

target genes (Sears 1999). Also, as mentioned previously, myc inhibits p27kip1 but not

pl30 of the pRb family whereas H-ras might target this. The complementary targetting

of these two cell cycle inhibitors by myc and ras may relieve cyclin Elcdk2 blockage

more completely (Coats 1999).

Myc and chromatin structure. The cellular role of the myc protein is not

limited to enabling cell cycle genes and inhibiting tumor suppressor genes. Myc can also

aid in altering chromatin. c-myc has been shown to interact with TRRAP, a cofactor that

in tum, can recruit GCNS and its intrinsic histone acetylase activity (McMahon 1998,

McMahon 2000). Therefore, the current model suggests that in a repressive state,

mad/max heterodimers are bound to the E box of a target gene and serve to not only limit

transcription, but also recruit the Sin3 complex and its associated histone deacetylases

(McMahon 2000). Once promoter repression is relieved, a myc/max heterodimer

replaces the mad/max complex and facilitates transcription by the recruitment of other

transcription factors as well as the TRRAP/GCNS histone acetylase complex (McMahon

2000, Eherhardy 2000). Work has also shown that the swi/snf complex is necessary for

c-myc-mediated transactivation. Like GCNS, the swi/snf complex is able to remodel

chromatin in an adenosine triphosphate (ATP)-dependent manner allowing for
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potentiating the ability to express target genes (Cheng 1999). As a result, myc target

genes may be remodeled at the chromatin level via nucleosomal alterations (McMahon

1998). By altering the chromatin structure of specific promoters, myc may not only aid

in making the promoter more accessible for itself but other TFs as well, while

simultaneously prepping the chromatin for the transcription preinitiation complex of

RNA polymerase II.

Myc and apoptosis. While myc activation can result in the induction of genes

utilized for cell growth and cycle entry, it can also result in cell death. This most likely is

a normal safeguard protecting the organism from tumors that might otherwise arise as a

consequence of a single mutation at a myc locus (Bouchard 1998). Numerous work has

shown that c-myc is an established sensitizer and inducer of apoptosis, therefore cells

transformed as a result of deregulated myc expression may also require the presence of a

survival signal (Amati 1994, Cole 1999, Dang 1999, Grandori 2000, Hueber 1997, Obaya

1999, Predergast 1999, Schreiber-Agus 1998, Zindy 1998). As cells grow they not only

require growth signals, but survival signals as well and thus ectopic expression of myc

may provide only the growth stimuli. Furthermore, this suggests that like other cancers,

nb tumors have developed mechanisms to override the apoptosis-inducing signals

associated with myc activation. In accordance with this supposition, recently it has been

found that WntlBeta-catenin expression suppressed c-myc-induced release of cytochrome

c and caspase activation (You 2002). Likewise, one report suggests that the caspase 8

gene is frequently inactivated in nb, and complete inactivation of this pro-apoptotic gene

occurs exclusively in nbs that contain N-myc amplification (Teitz 2000).
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Other work has shown that the influence of the myc gene on apoptosis may be

mediated by Fas, Bin I and cyctochrome c. c-myc has been shown to be an inducer of

Fas-ligand expression (Kasibhatia 2000) and myc induction of apoptosis in rodent

fibroblasts is dependent on Fas-Fas ligand interactions (Huber 1997). Another effector

protein, Bini, has been shown to directly interact with c-myc and serve as an adaptor

protein that engages a caspase-independent cell death process similar to type II apoptosis

(Elliot 2000, DuHadaway 2001). Moreover, the introduction of antisense and dominant

inhibitory genes were found to reduce cell susceptability to c-myc induced apoptosis but

did not affect the ability of c-myc to drive proliferation or transformation (DuHadaway

2001). Cytochrome c release from the mitochondria has also been shown to be induced

by c-myc, possibly through BAX (Juin 1998). Once cytochrome c is released from the

cytoplasm, it associates with APAFI (apoptotic protease-activating factor 1) to form an

apoptsome, that in tum, activates caspase 9 and its downstream effector caspases

(Pelengaris 2002).

Myc and genomic instability. A recent report suggests that myc activation can

lead to genomic instability (Vafa 2002). In fibroblasts, ectopic expression of myc

induces rapid DNA damage through the induction of reactive oxygen species as well as

inhibiting the ability ofp53 to effectively control checkpoint response. Although this is

not the first evidence to suggest the ability of myc to impart DNA damage, it is the first

that used genetically normal primary human fibroblasts (Soucek 2002). In addition, other

work involving both c-myc and Bcl-2 have shown that myc overexpession results in

significant genomic damage (Schmitt 2002). However, it is interesting to note that there
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is no standard agreement as to whether genomic damage is a consequence of oncogene

activation or aberrant oncogene activation is a consequence of genomic instability that is

inherent with tumorigenesis (Soucek 2002).
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EXPRESSION AND REGULAnON OF N-myc.

Expression of myc. Members of the myc family are transcribed in a strictly

proliferation-dependent manner (Bouchard 1998). For example, it has been shown that c

myc expression is dependent on growth factors as well as mitogenic signals and is

suppressed by growth inhibitory signals and inducers of differentiation (Amati 1998,

Sears 1999). In quiescent cells, c-myc expression is nearly undectable. Although it is

rapidly induced upon mitogenic or serum stimulation, myc expression once again drops

to low levels once those stimuli have been removed and the cells growth arrest

(Pelengaris 2002). Interestingly however, in some cases it has been shown that the

constitutive expression of c-myc in cultured cells can also drive proliferation even in the

complete absence of growth factors (Bouchard 1998). This growth factor independence

may occur as a result of either lesions in the c-myc gene itself or from alterations in

signaling pathways that regulate its expression (Bouchard 1998). For example, myc

expression has been implicated as one end result of the ras/raf signal cascade (Sears

1999). Most reports claim that c-myc expression is ubiquitous (Wenzel 1995), however

one study has shown that no detectable levels of c-myc protein were found in 2 nb cell

lines tested (Tsuchida 1996). Also, it has been reported that c-myc can actually

autosuppress its own expression. For example, when wildtype c-myc was driven from a

minimal promoter construct, a 4-5 fold decrease in endogenous c-myc expression was

observed (Facchini 1997). From these data one might postulate that the lack of c-myc

expression in nb cell lines may be due to a repressive auto feedback loop initiated by N

myc expression.
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In nonnal fetal development, N-myc is expressed at high levels in neuroblasts

migrating from the neural crest through the adrenal cortex (Thiele 1988). However,

neuroblasts forming the adrenal medulla as well as ones migrating from it express low

levels ofN-myc mRNA (Wada 1992, Goodman 1997). Therefore, migrating cells

receive signal/s upon entering the adrenal cortex that cause a downregulation of N-myc

expression and allow the cell to begin the process of differentiation. N-myc expression is

highest in the early embryonic stages, then decreases drastically with no detectable N

myc expression in nonnal murine and human somatic cells, although limited expression

has been observed in the brain, adrenal gland and kidney of fetuses (lnge 2002, Tsuchida

1996).

Myc expression appears to be essential for nonnal embryonic development.

Experiments have found that lethality in N-myc knockout mice occurs at 11.5 days of

gestation (Davis 1993). Thus, although no functional differences have been found

between members of the myc family (Schwab 1998), specifically timed N-myc

expression must playa critical role in development, while the expression patterns of other

myc members may prevent them from serving as functional substitutes. Like N-myc, c

myc deletion in mice also confers death in early embryogenesis (Bouchard 1998). In

fibroblasts in which both alleles of c-myc are inactivated by homologous recombination,

the cells remain viable but have a diminished rate of proliferation as well as a marked

delay in passage through the Gland G2 phases of the cell cycle (Bouchard 1998).

Furthennore, ectopic expression of c-myc has been shown to alleviate G1 arrest, block

cellular differentiation and diminish growth factor requirements of the cell (Grandori
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2000). Likewise, work has shown that N-myc expression via exogenous gene transfer

can block RA-mediated differentiation (Thiele 1988).

Regulation of N-myc activity through phosphorylation. Like many other

proteins, the N-myc protein can be post-translationally modified. For example, work has

shown that it may serve as a target for phosphorylation by CKII. The CKII

phosphorylation sites within the N-myc protein are located in the central region adjacent

to the BR domain (figure I) that contains the acidic amino acids as well as the serine and

threonine residues (Hamann 1991). One consequence of this phosphorylation may be the

modification of the alpha helical structure of the N-myc protein (Wenzel 1995).

The MYC box I also contains a putative map kinase and GSK3 site, and phosphorylation

in this region may influence N-myc function by modulating transcriptional activity or its

interaction with other proteins (Henriksson 1993). Interestingly, RA treatment of nb cells

not only causes a decrease in N-myc expression, but also an increase in protein kinase A

(pKA) levels, as well as morphologic and biochemical differentiation (Kim 2000). Thus,

PKA activity may playa role in the RA induction of differentiation via its modulation of

N-myc activity. Moreover, retinoids have also been shown to interact with PKC alpha

and enhance its activation as well as the subsequent downstream map kinase pathway in

NIH 3T3 cells (Zhang 1999). Another report, however, has shown that RA treatment

actually decreased PKC alpha activity (Radominska-Pandya 2000). Thus, the post

translational modifications in N-myc protein and their effects on its function are presently

not clear.

34



Regulating agents of N-myc expression. Over the years numerous agents have

been found that can elicit a downregulation of N-myc expression. For example, it has

been shown that N-myc is regulated by some growth factors and unaffected by others

(lyer 1991). Also, RA and NGF treatment of nb cell lines results in the decreased

expression of N-myc concomitant with growth arrest and terminal differentiation

(Matsushima 1993, Wada 1992, Thiele 1985). On a molecular level, RA treatment ofnb

cell lines has been shown to lead to an increase of p73, a member of the p53 tumor

suppressor gene family (De Laurenzi 2000). Moreover, RA treatment of U937 cells

resulted in differentiation possibly mediated through the induction of p21, another tumor

suppressor gene (Liu 1996). However, the consequences of these changes in p21 and p73

are not fully defined thus far (De Laurenzi 2000).

Iron chelation, polyamine depletion and suramin treatment of nb cell lines have

also been shown to decrease N-myc expression as well as inhibit cell growth (lyer 1991).

Further work has shown that iron chelation via deferoxamine can induce apoptosis while

concomitantly inhibiting N-myc expression at the transcriptional level (Fan 2001). It is

suggested that deferoxamine treatment results in the induction of HIP-la, which, in tum,

sequesters CBPJp300. As a consequence, CBP/p300 is not able to interact with the basal

machinery and aid in transactivation ofN-myc (Liju Fan, personal communication).

N-myc promoter motifs. Thus far, there have been more studies done on the

regulatory motifs found within the c-myc promoter than in N-myc. Although there are

similarities in the coding regions of c-myc and N-myc, it is generally believed that

regulatory mechanisms of these genes are distinct from one another (lyer 1991).
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Certainly, this is one way to explain the divergent expression patterns of not only N-myc

and c-myc, but the myc family as a whole.

Early studies with transgenic mice suggested that the 3 kb flanking sequences

both upstream and downstream of the coding region contained all the cis elements

necessary for the proper developmental expression of N-myc (Zimmerman 1990).

Further work has shown that the basal N-myc promoter consists of 200 bp immediately

upstream of a region containing multiple transcriptional start sites for gene expression

(Hiller 1991, Wada 1992). This 200 bp region is 94% conserved between man and

mouse and contains two E2F motifs as well as two CT and two GC-rich regions (figure 2)

(Ibson 1988). DNA-protein interactions within the 200 bp promoter region of N-myc are

believed to be involved in the downregulation of N-myc during maturation of B

lymphocytes (Smith 1992) as well as the terminal differentiation of embryonal carcinoma

cells (Rara 1993).

Interestingly, myc members were among the first genes shown to have E2F

elements in their promoters (Mudryj 1990). One means of regulation of N-myc via the

E2F element involves N,N'hexamethylene-bis-acetamide (HMBA). HMBA treatment

results in a decrease in myc expression possibly by abolishing the E2F complexes that

form in the promoter of both c-myc and N-myc through an unknown mechanism (Rara

1993). Another pathway for the regulation of N-myc through E2F is seen with RA

treatment. Lee et. al. have shown that RA is able to convert the E2F protein to a

transcriptional suppressor and inhibit epithelial cell growth through a RA receptor

dependent pathway (Lee 1997).
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-200 E2F E2F CT-box GC-box 2
GCTTTTGGCGCGAAAGCCTTGGCGCCTCCCCTGATTTTTATGGAAATCAGGAGGGCGGGGTA

CT-box 2 GC-box 1
AAGCCGCTTTCCTCTCCTTTCTCCCTCCCCCTTGTCTGCGCCACAGCCCCCTTCTCTCCCCGCC

+1
CCCCGGGTGTGTCA.GATTTTTCAGTTAATAATATCCCCCGAGCTTCAAACGCGAGGCTG

Figure 2. The N-mye proximal promoter (adapted from Lutz 1997).
E2F motifs underlined, Sp motifs outlined in bold and multiple transcriptional start sites in red.

Further work has suggested that other elements in the DNA sequence of the N-

myc gene may affect its expression. For example, ROR alpha I and RVR consensus

binding sites have been found in the first intron ofN-myc and have been shown to

transactivate or repress (respectively) a reporter construct (Dussault 1997). Also located

within the first intron ofN-myc is a tissue-specific silencer (Woodruff 1995).

Futhermore, HBPI protein binding motifs have been found at -484, -551 and -661 bp

upstream of the transcriptional initiation site (Tevosian 1997). In tum, HBPI has been

shown to be a transcriptional repressor ofN-myc and during differentiation levels of

HBPI inversely correlate with those ofN-myc (Tevosian 1997, Yee 1998).

Overexpression ofHBPI has also been shown to help repress N-myc transcription

(Tevosian 1997). Other evidence suggests that the HBPI protein interacts with pRb as

well as p130 and thus may be a mediator ofdifferentiation or cell cycle arrest (Yee

1998). Similarly, the Wilm's tumor suppressor gene (WTl) has also been shown to

downregulate N-myc in transient transfection assays, with the mediating element located

at position -94 (Zhang 1999). Finally, an enhancer has been mapped I kb upstream ofN-

myc (Hiller 1991, Imamura 1992).
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Sp TRANSCRIPTION FACTORS

The Sp family. As described in the Results section, the Sp family of transcription

factors appears to playa major role in regulating N-myc expression. By 2001, in

mammals the Sp transcription factor family was found to consist of 20 members, with 4

Sp proteins, Spl, Sp2, Sp3 and Sp4, and 16 kruppel-like factors (Black 2001). Spl was

the first member discovered, and in a broad sense Sp2, Sp3 and Sp4 are similar to it in

their structural and transcriptional properties (Suske 1999, Castoldi 2002). The most

unifying feature found amongst these 4 proteins is the 81 amino acid zinc finger domain

found on the C-terminus (figure 3)(Philipsen 1999). Spl, Sp2 and Sp3 are considered

ubiquitously expressed whereas Sp4 is expressed primarily in the brain, neural tissue and

certain epithelia (Black 1999, Supp 1996). High levels of Sp4 expression are seen in the

development of the mouse central nervous system and appear to be required for normal

male mouse reproductive behavior (Supp 1996). Other mouse studies have shown that in

tissues undergoing differentiation there are higher levels of Spl protein present relative to

nondifferentiated cells (Saffer 1991). Conversely, increased cellular levels of the Spl

protein, as well its activity, have been linked to cell proliferation and tumor progression

(Gunther 1995, Kitadai 1992, Saffer 1991).

In mice, when the Spl gene is homozygously deleted the embryos are

developmentally retarded, exhibit a broad range of abnormalities and die around day 11

of gestation (Marin 1997). Unlike Spl, Sp3 mouse knockouts develop until birth but

invariably die of respiratory failure shortly thereafter (Bouwman 2000). Late tooth and

bone developmental processes have also been shown to be impaired in Sp3-1- mice

(Bouwman 2000, Gollner 2001).
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Sp History. Spl was discovered by Dynan et. al. in 1983 for its ability to activate

the Simian virus 40 (SV40) promoter via a GC-rich DNA motif (table 2)(Dynan 1983).

Kadonaga et. al. first cloned Spl in 1987 (Kadonaga 1987) and by 1991 Szpirer had

assigned it to chromosome 12q (Szpirer 1991). Subsequently, in 1993 Matera and Ward

further localized Spl to chromosome 12q13 (Matera 1993). Strangely, three different

explanations exist for the name Spl. One author stated it was called Sp due to the

purification method, Sephacryl phosphocellulose (Kadonaga 1987). Others believe it

stands for specificity protein 1 (Suske 1999, Echetebu 1999). However, the earliest and

most popular explanation is that it stands for Simian virus protein-l (Dynan 1983). In

1992, Kingsley and Winoto noted that in T cells a consensus GT-box similar to the

original GC-box was bound by Spl (Kingsley 1992). Subsequently, further work

determined that other regulatory proteins also bind to this GT-box. As a result two novel

cDNAs were cloned using the Spl zinc finger region as a probe. These two proteins thus

became Sp2 and Sp3 (Kingsley 1992). Later, it was found that Sp3 resides at

chromosome 2q31 (Philipsen 1999).

Sp protein structure. As shown in figure 3, the carboxy-terminal domain of the

Sp members contains 3 contiguous zinc finger repeats of -Cys-X4-Cys-X12-His-X3-His

(whereas X can be any amino acid) that are responsible for DNA binding (Narayan

1997). These zinc finger domains seen in the Sp proteins are analogous to those first

identified in TFIIA (Miller 1985), and are also similar to the Drosophila kruppel protein

(Philipsen 1999). When compared to Spl, homology of the zinc finger domain is 72%

for Sp2 and 90% for Sp3 (Kingsley 1992). Outside of the zinc finger domain, Sp3
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exhibits extensive homology to Spl whereas Sp2 and Sp4 are less conserved (Kingsley

1992). Experiments have shown that when Spl is purified, zinc addition is necessary for

sequence-specific DNA binding to occur in vitro (Kadonaga 1987).

In addition to containing the zinc finger region, Spl also has 4 domains called A,

B, C and D spread throughout its DNA sequence that are believed responsible for the

transcriptional activity of this protein (Courey 1988). Other evidence has suggested that

the transcriptional domains of A, Band C for the most part act in a redundant fashion

wherease domain D appears to be independently required for high levels of

transactivation by Spl (Kadonaga 1987). Domain A consists of a serine/threonine-rich

region on the N-terminal side as well as a glutamine-rich region on the C-terminal side

(Philipsen 1999). Another region of serine/threonine residues is found just N-terminal of

domain B, while most of this domain is composed of a glutamine-rich region (Philipsen

1999). Although Spl contains two serine/threonine-rich regions, Sp3 contains only the

more central region and not the N-terminal one (Hagen 1995, Kingsley 1992, Dennig

1996, Kennett 1997, Majello 1997). Full length Spl and Sp3 also harbor inhibitory

domains, although these are located in distinct regions from one another (Husmann

2000).
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Figure 3. Functional domains of Spl and Sp3. Serine/threonine-rich regions outlined in green,
glutamine-rich regions outlined in blue, inhibitory domains in purple and zinc fingers in red.

Transcription and translation of Spl and Sp3. The open reading frame of the

Spl gene encodes an 8.2 kb mRNA product (Kadonaga 1987) that is translated into 778

amino acids (Suske 1999). Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) has found the Spl protein to be roughly 105 kD when phosphorylated and

about 95 kD when it is not (Echetebu 1999). The cDNA of Sp3 encodes roughly a 5 kb

message that translates into 713 amino acids (Kingsley 1992). Although the full length

713 amino acid isoform is the most common, two other human Sp3 protein isoforms are

also generated from the mRNA message through alternate translational initiation sites

(Kennett 1997). Thus, the fmal product for Sp3 can be between 100-115 kD as well as

isoforms of 70-80 kD. As expected, the full length Sp3 protein contains all the necessary

domains whereas the smaller isoforms contain only the second transcriptional activation

domain B and not the ftrst (Philipsen 1999). As a consequence, it is believed that the

smaller Sp3 isoforms may act only as weak transcriptional activators (Philipsen 1999)

and function as repres~ors in some contexts (Kennett 1997). However, there is no solid

agreement on this issue (Suske 1999).
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DNA recognition motifs of the Sp proteins. Although Spl, Sp2 and Sp3 share

somewhat similar expression patterns, DNA-binding domains, and transactivation

domains (Kingsley 1992), Spl and Sp3 recognize identical DNA motifs whereas Sp2

does not. Spl and Sp3 bind not only to GC-boxes (see table 2), but also CT, GT and

CTC elements while Sp2 has a low affinity for GC-boxes and binds preferentially to GT-

boxes (Suske 1999, Philipsen 1999). It has been reported that Sp4 is able to recognize

and bind to GC and GT-boxes with a similar affinity as Sp3 (Castoldi 2002).

Interestingly, Sp binding motifs have been shown to function in either orientation with

equal effects (Kadonaga 1987). The region of Sp responsible for mediating DNA binding

is the zinc finger domain. Within the zinc finger domain, the amino acid residues that are

most likely responsible for DNA binding are KHA, RER and RHK on the 1st, 2nd and 3rd

fingers, respectively (Philipsen 1999). Other work has shown that the specificity of Spl-

DNA interactions in the regulation of target genes may also be dictated by DNA

sequences flanking the GC-box (Nagaoka 2001). Note that although the Sp motif is

rather small, it has been shown that Spl binding spans about 20 bp of the DNA (Lewin

2000). Another interesting note is that while some transcription factors like c-myc show

a preference for binding to unmethylated DNA, Spl appears to have no such prejudices

regarding CpG islands (Brandeis 1993).

Table 2. Canonical binding motifs for Sp protein members.

GC GGGCGG
GT GGGTGTGC
CT CCTCCCC
CTC CTCCTCCTC
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Post-translational modifications of Spl and Sp3. The Spl protein belongs to a

specific subgroup of transcription factors that are phosphorylated upon binding to

promoter sequences (Jackson 1990). Spl is phosphorylated mainly on serine residues

and less than 5% of the time on threonines, while no detectable changes occur to tyrosine

amino acids (Jackson 1990). Phosphorylation of specific residues requires the presence

of a DNA template as well as ATP or deoxyATP (Jackson 1990). Thus, it appears that

the phosphorylation of Spl is an early event in DNA binding that may enhance

transcriptional activity of this protein (Jackson 1990).

Work involving the thrombomodulin gene promoter has shown that RA cell

treatment has resulted in an increased amount of phosphorylated Sp1, with a concomitant

increase in promoter activity by Sp1 (Wenzel 1995). Moreover, work involving the

VEGF promoter has also shown a correlation between Sp1 phosphorylation and

transactivation (Pa11998). In this case, PKC zeta was identified as the kinase that

phosphorylates the zinc finger region of Spl, thus potentiating its activity (Pal 1998).

Also implicated in the phosphorylation of Spl is PKA (Rohlff 1997) as well as DNA

dependent kinase (Jackson 1990, Jackson 1993). Furthermore, it is believed that cyclic

AMP-dependent PKA may aid in triggering the DNA binding and transactivating

properties of Spl (Venepally 1995, Rohlff 1997, Alliston 1997, Ungefroren 1998, Ray

1999, Alroy 1999). Interestingly, more recently it has been reported that cyclin Ncdk2

directly interacts with Spl, and phosphorylation of Spl by this complex increases its

ability to bind to target motifs (Fojas de Borja 2001, Haidweger 2001). Conversely, other

evidence suggests that cyelin D1 can bind to and inhibit Sp I-dependent transcription

(Opitz 2000).
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Further work has shown that SpI can also become phosphorylated on amino acids

579,612 and 678 of the C-terminus by CKII (Armstrong 1997, Saleh 1996, Finkenzeller

1997). This phosphorylation of Spl by CKII has a profound effect on its function and

results in a decrease of DNA binding potential by Spl (Armstrong 1997, Zhang 1997,

Philipsen 1999). In addition, the activity of Spl has also been shown to be regulated by

the protein serine/threonine phosphatases PPI and PP2A (Armstrong 1997, Zhang 1997,

Garcia 2000). Thus, the phosphorylation of at least Spl, and possibly other Sp members,

appears important in regulating DNA binding and transactivation (Panariello 1996, Black

2001). Being that Spl is ubiquitously expressed, these mechanisms of post-translational

modification may explain why some genes within a cell may be preferentially activated

while others are not.

In addition to phosphorylation, it is believed that the activities of Spl may be

regulated by glycosylation. Interestingly, glycosylation is often regarded as being

restricted to proteins of the cell surface or within the lumen of intracellular organelles.

However, Spl presents several a-linked N-acetylglucosamine monosaccharide residues

(Jackson 1988). Glycosylation most likely occurs on serine or threonine residues, the

location of which have not been identified (Jackson 1988). In tum, these residues may

playa role in the regulation of transcriptional acitivation such as activating or repressing

Spl-DNA interaCtion. Others postulate that glycosylation does not affect the ability of

Spl to bind to DNA, but rather only influences the transcriptional potential as well as the

degradation of this protein (Han 1997). This latter effect is possibly mediated by

conferring resistance to the proteasome-dependent degradation of Spl (Han 1997).
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Thus far, post-translational modifications within the Sp3 have not been

characterized to the extent of Spl. It has been reported that in certain in vivo systems Sp3

can only weakly drive transcription from a target reporter construct whereas Spl works

quite well (Hagen 1994). This may be due to an inhibitory region within the Sp3 protein

that has been shown to reside between the 2nd glutamine-rich activation domain and the

zinc finger region (Dennig 1996). Furthermore, mutational analysis has shown that the

integrity of a charged amino acid KEE triplet within this region is essential for the

observed inhibitory function. When this triplet was mutated, Sp3 once again became a

strong activator similar to Spl (Dennig 1996). Thus, it is believed that a specific lysine

residue serves to convey repressor activity upon Sp3 when it is acetylated. In support of

this theory, it has been shown that this lysine residue can become acetylated by the

p300/CBP histone acetyltransferase complex in vitro (Braun 2001). In this respect, Sp3

is not unique, for many other TFs have recently been found to serve as targets of

acetylation. Like Spl, Sp3 is a phosphoprotein, but thus far definitive studies are lacking

in providing the targetted amino residues, phosphorylating complexes and subsequent

effects.

Nuclear function of Sp proteins as well as their synergy. Sp members are

sequence-specific RNA polymerase II (RNAPII) transcription factor DNA-binding

proteins that are important in the transcription of many cellular and viral genes (Ema

1997, Dynan 1985, Kadonaga 1986). In tum, these genes contain upstream cis elements

in their promoters that are required for basal transcription or repression by the Sp

members (Kadonaga 1987, Kadonaga 1988).
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It has been reported that a single Sp binding motif is sufficient for promoter

stimulation by Sp1 (Kadonaga 1987). However, while transactivation by Sp1 may arise

from a single molecule binding to the DNA, the full length Sp1 protein is also able to

form dimers, trimers, tetramers and possibly even higher orders of complexity (Pascal

1991, Mastrangelo 1991, Courey 1989). As shown in fIgure 4, most likely this higher

order synergistic complexing involves one Sp1 protein initially binding to DNA followed

by the stacking of other monomers on top of it (Pascal 1991). One piece of evidence to

confirm this is the observation that Spl can interact with itself through the glutamine-rich

regions that are required for transcriptional activation (Su 1991).

DNA sequencing of the genome suggests that although some genes contain only a

single Sp binding motif, more often than not a promoter region will contain numerous

repeated motifs (Dynan 1983, Gidoni 1984, Kadonaga 1986, Gidoni 1985). Indeed,

experiments have shown that the higher levels of transcriptional activity achieved by Sp1

usually require multiple binding sites close to the transcriptional start site of a gene

(Courey 1989). For example, promoters of constitutive housekeeping genes frequently

harbor several strong binding sites for Spl, while motifs found in inducible genes are

generally weaker (Naar 1998). Furthermore, work involving Drosophila S2 cells has

shown that the addition of multiple Sp1 sites to a reporter construct can create a

synergistic potential and that the spacing between these sites had little effect on this

synergy (Pascal 1991).

While the involvement of Sp1 has been well characterized at the proximal

promoter elements, it is not limited to this regulatory region of a gene. In fact, the

interaction of Spl with distal enhancer regions can even allow for synergistic activation
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with proximal binding motifs (Su 1991). As shown in figure 4, when this distal-proximal

complex is formed, the looping out of DNA occurs within the intervening regions and

thus results in synergistic transactivation (Li 1991, Su 1991).
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Figure 4. Sp transcriptional synergy. Sp proteins are able to stack (top cartoon), bridge from one
proximal promoter element to another (middle cartoon) and loop DNA between distal elements (bottom
cartoon)(adapted from Pascal 1991).
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Transcription initiation. In order to outline how the Sp proteins are believed to

transactivate gene expression, it is first necessary to explain transcription initiation. To

relate the current model of transcriptional initiation is well beyond the scope of this

dissertation, thus a quick synopsis is as follows.

As early as the 1970's it was realized that purified RNAPII was not sufficient to

direct promoter selective transcriptional initiation (Naar 1998). Intensive research over

the years has found that mRNA synthesis by RNAPII requires the interaction of a rather

large array of auxiliary general and specific TFs that bind to specific promoter DNA

sequences upstream of eukaryotic genes (Narayan 1997). These TFs allow for the

regulation of transcription in a temporally ordered manner by assembling and engaging

the transcriptional machinery of RNAPII (Narayan 1997). Thus, RNAPII, Mediator and

the general transcription factors (GTFs) TFIill, TFIIB, TFIIA, TFIIF, TFIlE and TFIrn

comprise the basal transcriptional machinery (Narayan 1997). Their general placement

as well as the GTF/RNAPII complex is shown in figure 5.

Although eukaryotic promoters show a great deal of diversity, they are still able to

be classified as TATA-box containing or TATA-Iess (Pugh 1991). It is at the promoter's

TATA-box that the TATA binding protein (TBP) is able to interact with the DNA

(Woychik 2002). The TBP protein is a single polypeptide that sits astride the TATA-box

as a molecular saddle and induces a sharp bend in the DNA (Nikolov 1997). With the

TBP bound to the DNA, TFIill is able to interact with the promoter, thus facilitating the

formation of the preinitiation complex (PIC) (Woychik 2002).
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Subsequent to the TFIID-TBP-DNA complex, TFIIB interaction is a prerequisite

for RNAPII binding (Woychik 2002). The TFIIB protein contains a helix-turn-helix

motif that binds to the BRE element, a sequence present in a subset of promoters

immediately upstream of the TATA-box (Lagrange 1998). Evidence suggest that TFIIB

is able to bridge the interaction between TBP and RNAPII such that the DNA template

need only follow a straight path from the TATA-box to position the start site in the active

center of RNAPII (Leuther 1996). Next, TFIIA is able to bind to the de novo complex

and as a result, allows for the activation of TBP by relieving repression caused by the

TBP-associated factor TAFii230 (Lewin 2000). Subsequently, TFIIF becomes involved

with the PIC. TFIIF is a heterotetramer consisting of two large RAP74 subunits and two

small RAP30 subunits (Woychik 2002). While the RAP74 subunit contains ATP

dependent helicase activity, it is the smaller RAP30 subunit that interacts with RNAPII

and allows for its recruitment to the promoter complex (Lewin 2000). Also, RAP30 is

able to interact with the DNA template on either side of the TATA-box whereas RAP74

interacts only downstream of this element (Kim 1997).

Like TFIIF, TFIIE is a heterotetrameric complex containing two large TFIlEalpha

and two small TFIIEbeta subunits (Woychik 2002). TFIIE binds downstream of the

transcriptional start site and affects late PIC assembly, including the recruitment of

TFIIH, as well as the subsequent regulation of this protein's activities (Woychik 2002).

Both TFIIE and TFIIH are required for the ATP-dependent formation of the open

promoter complex prior to the formation of the first phosphodiester bond (Woychik

2002). TFIIF, TFIIE and TFIIH cooperate to suppress promoter-proximal stalling,

thereby facilitating early events in the transition of RNAPII to productive elongation
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(Dvir 2001). TFIIH is the largest and most complex of the GTFs, consisting of nine

subunits with a molecular mass comparable to that of RNAPII (Woychik 2002). Also,

TFIIH contains two ATP-dependent helicases, XPB and XPD with opposite polarity as

well as a cyclin Hlcdk7 complex (Woychik 2002). The function of the helicase subunits

is self-evident while the kinase activity allows for phosphorylation of the CTD tail of

RNAPII (Lewin 2000).

The final 2 components of the PIC are RNAPII and Mediator. RNAPII is

generally believed to contain about 12 subunits whose sequences are conserved amongst

phylogenetically diverse organisms (Woychik 2002). As the name implies, RNA

polymerase II catalyzes the DNA-dependent synthesis of mRNA (Woychik 2002).

However, this synthesis cannot occur unless Mediator has integrated the sum of all gene

specific regulators and deemed the complex as a positive one to initiate transcription.

Thus far, Mediator has been somewhat of an elusive complex. Work has shown that it

consists of the various TRAP (not to be confused with the before mentioned TRAPP

protein) family proteins that alone cannot bind specific DNA sequences (Woychik 2002).

Figure 5. Promoter assembly of RNAPII and associated transcriptional machinery (Naar 1998).
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Spl and the TATA-box. TATA-boxes are nonnally 5-8 nucleotides long, solely

consisting of A and T residues that are often flanked by GC-rich regions (Klug 1994).

TATA-boxes generally reside 25-30 bp upstream of the transcriptional start site and

allow for the binding of the TBP component of TFIID (Pugh 1991). As expected, it has

been shown that TBP is critical for transcription in promoters containing a TATA-box

(Pugh 1991). Moreover, numerous experiments have shown that mutations in the TATA

box can reduce, restrict or eliminate transcription of a variety of genes (Klug 1994). It

has also been proposed that the TATA-box may be fairly nonspecific and merely have the

responsibility for fixing the site of transcription initiation by facilitating the denaturation

of the double helix (Klug 1994).

Spl serves as a general transcription factor that plays an important role in

mediating gene expression through its interaction with TAFIIllO (Gill 1994). This

interaction stimulates transcription by facilitating the recruitment of the TBPffFIID

complex to the transcription initiation complex (Echtebu 1999, Chen 1994, Gill 1994).

The portion of the Spl protein responsible for this interaction with TAFIIllO is the

previously outlined glutamine-rich region (Pugh 1990, Gill 1994). Independent

confirmation of this interaction was also shown using the E2 gene of human

papillomavirus (Liu 1994). In the TATA-containing promoter of this gene, Spl is able to

transmit activation via the coactivators TAFIIllO as well as TAFII250 (Hoey 1993,

Weinzierl 1993). Furthennore, other experiments have found that TAFIIllO can also

bind directly to the large subunit ofTFIIA (Yokomuri 1993).

Other data to support the interaction of Spl with the basal transcriptional

machinery was found using the retinal fatty-acid-binding gene. This gene's promoter
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contains a TATA-box as well as Sp DNA binding motifs (Bisgrove 1997). Although Spl

was not shown to interact directly with TBP, it was able to bind to TAFII250 and

TAFII30 alpha, both of which interact with the TBP (Weinzierl 1993, Yokomuri 1993,

Kokobu 1993). Furthemore, transcriptional activation by Spl has been shown to require

TFIlD as well as other TAFIls (Hoey 1993). Current data suggest that the activation

domains of Sp1 and other transcriptional regulators can bind directly to the TAFs and

appear to serve as coactivators by mediating recruitment of the transcriptional machinery

(Naar 1998). Other work has shown that Spl-responsive transcription requires the GTFs;

TFlIA, TFIrn, TFIID, TFlIE, TFIIF and TFIIH (Pugh 1990). Furthermore, Mediator has

been isolated as a coactivator of Spl (Woychik 2002).

TATA-boxes are common in eukaryotic promoters but by no means necessary.

One intriguing feature of many TATA-less promoters is the presence of multiple GC

boxes that bind the Sp proteins. Work has shown that Spl can act as a critical

determinate of promoter activity and initiation in the transcription of these promoters (Fry

1999, Pugh 1991). Spl mediates this function by assembling the basal initiation factors,

possibly by anchoring TBP to the TATA-less template via a tethering factor (figure 6B)

(Pugh 1991). For example, no transcription occurred in a TATA-less promoter system

without the presence of Spl (Pugh 1991). Conversely, the addition of Spl resulted in

transcription, suggesting that Spl plays an essential role in activating transcription from

these types of promoters (Pugh 1991). The promoter of the dihydrofolate reductase gene

also lacks a TATA-box, and experiments have shown that Spl acts as a basal TF in this

context (Black 1999). Furthermore, mutational work on the TATA-less murine

thymidine kinase gene promoter has found that when the Sp site is altered, promoter
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activity is abolished (Karlseder 1996). Yet another TATA-less promoter driven by Spl

as well as Sp3 is the DNA polymerase delta catalytic subunit, via a GC-rich region

upstream of the coding sequence (Zhao 1997). Both Spl and Sp3 physically interact and

cooperate with the GABP protein for activation of the TATA-less utrophin promoter

(Galvagni 2001). Likewise, the rat PARP-l promoter is also driven by Spl binding (as

well as NF-l, see below) at a GC-rich region of its TATA-less promoter (Laniel 2001).

Finally, work involving a reconstituted human transcriptional system composed of

chromatin, TAPs, SREBP, Spl and CRSP has shown that all are necessary to activate

transcription (Naar 1998). Furthermore, it is believed that the CRSP protein is an

essential interactor and coactivator of Spl activity that may be the previously discussed

tethering factor to the transcriptional machinery (Ryu 1999).
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A co-activators

B co-activator

Figure 6. Spl interaction with the transcriptional machinery at TATA-containing (A) and TATA
less (B) promoters (adapted from Pugh 1990).

Target gene regulation by Sp3. While it is clear that the Sp1 protein most often

regulates promoter activity in a positive manner, the effects of the Sp3 protein are not so

clear. It appears that the activity of the Sp3 protein is context specific in not only

regulating a certain promoter's activity, but also to what degree. The Sp3 protein

contains a transcriptionally repressive domain and thus can activate or repress

transcription, depending on the promoter and cell type (Majello 1997, Birnbaum 1995,

Bigger 1997, fun 1997, Majello 1994). Thus far the mechanism for this is not clear but

sequence comparisons between Sp1 and Sp3 have shown that the regions responsible for

protein-protein interactions are less conserved than other regions of these two proteins

(Kim 1999). As an example of cell context, when Sp3 was transfected in the
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teratocarcinoma cell line Ntera2-DI with a HERV-H LTR reporter contstruct, it

stimulated activity (Sjottem 1996). However, when the same construct was transfected in

HeLa and insect cells, promoter activity was repressed (Sjottem 1996). It has also been

reported that Sp3 may be a weak activator when bound to a promoter through multiple

motifs, yet may serve as a stronger activator when it is targeted to a promoter via only

one binding site (Dennig 1996, Hagen 1995, Kwon 1999, Birnbaum 1995).

Downregulation of a target gene may not only be due to the inate repressive

function of Sp3, but also due to the ability of Sp3 to repress Spl-mediated transcriptional

activation (Hagen 1994). For example, Sp3 is able to repress Spl-mediated

transcriptional activation of the human alcohol dehydrogenase 5 gene, possibly through

competition for binding sites (Kwon 1999). Similarly, work involving Drosophila S2

cells has shown that when Spl and Sp3 were co-transfected promoter activity decreased

when compared to Spl alone (Suske 1999). This is felt to be caused by competition for

DNA target sites as well as the fact that Sp3 is a weak transcriptional activator in S2

cells. It is interesting to note that some feel the weak transactivation ability of Sp3 in S2

cells is due to a change in the acetylation state (Braun 2001). This is based on other in

vitro experiments that have shown that Sp3 was able to function as a strong activator of

reporter constructs under certain conditions (Braun 2(01). Thus, the dual role of Sp3

being able to promote or repress transcription is context specific and not yet clearly

established.

Gene targets of SpI and Sp3. The putative targets for Spl and Sp3 are too

numerous for the scope of this dissertation. In some cases Spl, Sp3 or both may be
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directly responsible for the regulation of the promoter, whereas in other cases they may

act with other coregulators already bound to the proper DNA motif. For an extensive, but

by no means complete, list of genes regulated by Spl andlor Sp3 see table 3.

It is interesting that Spl and Sp3 not only drive expression of genes implicated in

cell cycle and proliferation, but also genes that function as repressors of these actions.

High levels of VEGF are found in pancreatic tumors with constitutive expression of Spl.

Mutational work has shown that the Sp motifs within the VEGF promoter are

responsible, in part, for its expression (Shi 2001). Conversely, numerous Sp motifs are

found in the promoter of the p2l cell cycle repressor, and Spl serves to drive expression

of this gene not only through its transactivation properties but also through an as of yet

undefined means in which CBP/p300 is recruited (Xiao 2000). In tum, CBP/p300

recruits the histone acetyltransferase EIA (Ecker 1994). Drosophila S2 cell work has

shown that co-transfection of Spl is required for p53 to transactivate p21 repressor

expression (Koutsodontis 2001). Work involving the Bax gene promoter has also shown

that p53-mediated expression is dependent upon a Spl motif adjacent to two p53 half

sites (Thomborrow 2001). When this Spl motif was mutated, p53 was not able to

activate Bax expression (Thomborrow 2001). Finally, Spl expression has been shown to

mirror that of pRb, although this is not surprising since the pRb promoter contains three

GC-boxes (Tang 1989).

Most of the examples oftransactivation cited thus far have involved Spl. It is

well known that Spl interacts with these promoter elements but as mentioned previously,

Sp3 can bind to identical motifs. Being that Spl was identified and characterized first,

not much is yet known about Sp3 activation aside from its ability to act in concert with
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Spi. For example, in the mouse fibulin-l promoter both Spl and Sp3 have been shown

to be essential for transcription and act synergistically (Castoldi 2002). Also, Spl and

Sp3 regulate the matrix metaI!oproteinase 2 gene in a synergistic manner (Qin 1999).

Likewise, expression of the lipoprotein lipase gene is driven by both Sp members

(Hughes 2002). Interferon gamma treatment has been shown to downregulate expression

of this gene by decreasing the DNA binding ability of Spl as well as decreasing the

cellular levels of Sp3 (Hughes 2002).

Sp motifs have also been shown to mediate RA-induced upregulation of retinal

binding protein gene expression. In this case RA works through two Sp motifs, and site

directed mutagenesis studies have shown that when these motifs were altered the effects

of RA were abolished (Panariello 1996). Similarly, others have shown that Spl and Sp3

interacted with a novel retinoic acid regulatory element in the lamin ale promoter, and

that the CT-box within it was important for gene expression (Okumura 2000). Also, the

RA nuclear receptors RAR and RXR have been shown to activate the urokinase

plasminogen activator through a Sp GC-box motif located within its promoter and a

specific GC-box inhibitor called mithramycin could inhibit this action (Suzuki 1999).
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Table 3. Gene promoters that interact with and/or are regnlated by Spl and/or Sp3.

Gene Reference
KDR Hata 1998
ODC Kumar 1995
tissue factor Cui 1996
dynamin I Yoo 2002
interleukin-6 Kang 1996

I prolactin receptor Hu 1998
cytochrome P45501Al Imataka 1992
alpha 2 collagen Tamalti 1995
rat CYP2D5 P-450 Lee 1997
adenosine deaminase Valerio 1985
hypoxanthine guanine phosphoribosyl transferase Melton 1984
epidermal growth factor receptor Ishii 1985
DNA polymerase beta Yamaguchi 1988
pRb T'ang 1989
H-ras Kadonaga 1987
dibYdrofolate reductase Jenson 1997
Werner's syndrome gene Yamabe 1998
catalase Nenoi 2001
b-myb Zwicker 1996
rat alpha 1b adrenergic receptor Chen 1997
Bax Thomborrow 2001
connexin 43 Echetebu 1999
rat growth hormone Schaufele 1990
low density lipoprotein receptor Dawson 1988
CDClle Noti 1996
mV-lltr Jones 1986
p21 Xiao 2000
retinol-binding protein Panariello 1996
murine thymidine ltinase Karlseder 1996
U2 snRNA Strom 1996
retinal fatty-acid binding protein Bisgrove 1997
methionine adenosyltransferase Legros 2001
Heroes simplex virus thymidine kinase Jones 1985
Xenopus keratin Warshawsky 1995
collagen type I Ihn 1996, Ihn 1997
mouse and human fibulin-l Castoldi 2002
matrix metalloproteinase 2 Oin 1999
lipoprotein lipase Hughes 2002
interleukin-lO Brightbill 2000
hematopoietic cell kinase Hauses 1998
carboxvesterase Langmann 1997
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Table 3. (Continued) Gene promoters that interact with and/or are regulated by Spl and/or Sp3.

Gene Reference
c-fes Heydemann 1996
myeloid integrin CDllb and CDllc Chen 1993, Noti 1997
membrane glycoprotein CD14 Zhang 1994
acid sphingomyelinase Langmann 1997
lysosomal acid lipase Ries 1998
Id4 Pagliuca 1998
megakaryoctye-specific gene Shou 1998
CIEBP-beta Chen 1993
lamin ale Okumura 2000
urokinase plasminogen activator Husmann 2000
DNA polvmerase delta catalytic subunit Zhao 1997

Proteins that interact with Spl and/or Sp3. Just as Sp1 and Sp3 associate with

many gene promoters, these transcription factors also exhibit a wide range of protein-

protein interactions. As shown in table 4, the partnerships formed with these two Sp

proteins are diverse, and consequences of these interactions are not always understood.

Also, by no means are these interactions necessarily direct ones, since adapter and/or

tethering molecules may be involved in some cases.

As seen previously with target promoters, the Spl and Sp3 proteins interact with

both negative and positive protein regulators of the cell cycle. For example, co-

immunoprecipitation and GST-pull down experiments have shown that the Sp proteins

interact with the pro-cell cycle proteins of the E2F family (Karlseder 1996). One

consequence of this interaction has been the synergistic promoter transactivation

mediated by these complexes (Karlseder 1996, Lin 1996). Conversely, Spl and Sp3 have

also been shown to interact with pRb, the target of E2F proteins. In one study it was

found that pRb interaction with Spl and Sp3 led to a synergistic activation complex for

gene expression (Udvadia 1995). Also, as previously mentioned, it is believed that p53
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and Spl interact within the Bax promoter, due to the fact that p53 could not drive

expression when bound to its target motifs if the adjacent Sp motif was abolished

(Thomborrow 2001).

Sp members not only interact with other TFs, but can also aid in recruitment of

other proteins involved in chromatin remodeling. Spl has been shown to interact with

HDACI as well as p300/CBP. In the former case this confers target gene repression,

while in the latter it aids in relieving promoter repression (Doetzlhofer 1999, Czuwara

Ladykowska 2001).
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Table 4. Proteins !bat have heen shown to interact with Spl and/or Sp3.

Protein Reference
myc Garte12001
RARandRXR Suzuki 1999, Husmann 2000
thyroid receptor Husmann 1999
vitamin D receptor Husmann 1999
PPAR Husmann 1999
p300/CBP Xiao 1999
p107 Datta 1995
OFT-1 Janson 1990
YYl Seto 1993, Lee 1993
erthrvroid GATA TF Merika 1995
OCTl Strom 1996
p53 Koutsodontis 2001
ElS-l Kavunna 2002
Fli-1 Czuwara-Ladykowska 2001
pRb Udvadia 1995
E2F1 Karlseder 1996
E2F2 Lin 1996, Karlseder 1996
E2F3 Lin 1996 , Karlseder 1996
p74 Karlseder 1996, Strom 1996
hTAFII55 Chiang 1993
hTAFIIl30 Hoey 1993
dTAFII250 Yokomuri 1993, Weinzierl1993, Kokobu 1993
dTAFIIllO Hoey 1993
GABP Galvagni 2001
NFkB Lee 1993
SREBP-l Hirano 1998
c-Jun Kardassis 1999
cyelin Alcdk2 Fojas de Borja 2001, Haidweger 2001
PPI Armstrong 1997, Zhang 1997,
PP2A Garcia 2000
NF-l Raftv 2002
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THE NF-I TRANSCRIPTION FACTOR

NF-I history. Nuclear factor 1 (NF-1) was first isolated from HeLa cell extracts

and shown to be a host site-specific DNA binding protein required for the intitiation of

adenovirus DNA replication as well as for cellular RNA metabolism (Nagata 1982).

Subsequently, Rawlins et. aI. showed both in vivo and in vitro site-specific binding at the

adenovirus origin of replication (Rawlins 1984). In the ensuing years greater work has

been devoted to this protein and the more common role associated with it is not in DNA

replication, but rather transcriptional regulation. The NF-1 gene is the founding member

of the NF family of transcription factors that bind primarily at CCAAT regulatory motifs

found within target promoters (Jones 1985). Hence, NF-l is sometimes found in the

literature as either CCAAT transcription factor (CTF) or CTFINF-l, possibly so it is not

confused with a distinct protein implicated in neurofibromatosis also called NF-l.

NF·I function. Deletion mutagenesis work has yielded much information as to

the NF-l domains responsible for its various functions. The amino-terminus has been

shown to be sufficient for DNA recognition and protein dimerization, whereas the

addition of the carboxy-terminus is required for transcriptional activation (Mermod

1989). Crosslinking experiments suggest that like the Sp members, the DNA binding of

NF-l can occur with a single molecule but multimers may also be involved (Mermod

1989). It is believed that the native DNA binding structure is most likely a homodimer

and work within our lab supports this (see below) (Mermod 1989). Other work suggests

that like Spl, some forms of NF-l are O-glycosylated, and that secondary modification

may result in its function (Jackson 1998).
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NF-I and transcription. The involvement of NF-1 in various promoter

complexes and/or transcriptional regulation has been found in numerous genes. This

includes collagen (Rossi 1988), alpha1 globin (Jones 1987, Santoro 1988), mouse

albumin (Lichtsteiner 1987, Cereghini 1987), c-fos of mouse fibroblasts (Chen 1996),

Hepatitus B virus enhancer (Dikstein 1990), S-antigen (Rossi 1998) and the plasma

proteinase inhibitor alpha1-inhibitor III found in rat livers (Abraham 1990). Futhermore,

other genes such as the rat alpha-fetoprotein (Jose-EstanyoI1988), murine alpha 2

collagen (Shaul 1986), HSV thymidine kinase (Jones 1985), and human hsp70 (Morgan

1987) are all affected by the NF-1 protein. NF-1 binding also occurs in promoters such

as the MSV LTR (Jones 1985) as well as the human beta-globin gene (Jones 1987).

Binding of NF-1 in all the above mentioned promoters is generally associated with the

positive regulation of these genes.

In many independent studies it has been shown that the NF-1 and Sp proteins may

act as antagonists of one another. For example, NF-1 and Sp1 bind independently to the

rat PARP-1 promoter, and NF-1 has been shown to cause a down regulation of this gene.

Most likely this is due to the fact that the NF-1 protein can interfere with Sp1 binding,

since the motifs of these proteins often overlap (Laniel 2001, Jones 1985). NF-1 has also

been shown to repress platelet-derived growth factor transcription by interacting with Spl

and antagonizing its occupancy of this promoter (Rafty 2002).

In some cases, there appears to be a hierarchy in terms of NF-1 and Sp1

interacting with a target promoter. For example, footprint experiments done on the rat

liver-type arginase promoter have shown two protected regions occupied by NF-1 and

Sp1 in a mutually exclusive manner. The authors further suggest that NF-1 is the
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dominant DNA interactor (Takiguchi 1991). One piece of data in ~upport of this theory

was that when NF-l protein binding was titered out with competing oligonucleotides,

Spl binding became more apparent, while the converse did not occur (Takiguchi 1991).

A similar relationship exists in the rat alpha Ib adrenergic receptor promoter. While each

factor alone can drive transcription, co-expression of both proteins yields no change in

the overall expression (Chen 1997). Both NF-l and Spl have also been shown to bind to

the HDV thymidine kinase promoter (Jones 1985, McKnight 1984).

Some have postulated that adjacent motifs of NF-l and Sp are common in many

promoters (Jones 1985). This is clearly seen in the human P450cl7 promoter that

contains two sites that are occupied by NF-l adjacent to a Sp motif occupied by Spl and

Sp3 (Lin 2001). Likewise, the previously mentioned rat PARP-l promoter contains a

Sp1 and a NF-l motif that overlap (Laniel 2001). Although in some promoters Sp and

NF-l motifs overlap, most authors believe that there is no direct protein-protein

interaction between these proteins. However, more recent data from one report shows

that this may not always be the case (Rafty 2002).
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SIGNIFICANCE

Though various c-myc promoter elements and functions have been identified,

very little is known about the regulation of N-myc. Even more surprising is that although

N-myc is associated with aggressive fOnTIS of nb, and its downregulation is a key step in

the induced differentiation of tumor cells, very little work has been done to address the

mechanisms of N-myc expression. An understanding of the regulation of this oncogene

on a molecular level should lead to an effective means of preventing its inappropriate

overexpression. Thus far, it has been observed that an E2F element as well as aCT-box

motif may be involved in the regulation of N-myc (Lutz 1997). Work has even shown

that E2F3 is able to mediate an upregulation of N-myc expression (Lutz 1997). However,

the nature of the CT-box involvement, as well as the cis factorls interacting with this

region, are not known. This dissertation focuses on the involvement of the CT-box and

its role in the regulation of the N-myc gene. Identifying the role of the CT-box as well as

the proteins that interact with it in the regulation of N-myc will also potentially provide

data that may be applied in the clinical setting.
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RESULTS

Specific Aim 1: Define the functional role of the CT-box promoter motif in the

regulation of the N-myc gene.

A. Demonstrate that the CT-box motif is involved in the transcriptional regulation of the

N-myc gene.

Mutations within the N-myc CT-box affect gene transactivation while mutations

outside ofit do not.

Deletion mutagenesis experiments done previously found that the 26 bp CT-box

region (see figure 8) of the N-myc promoter was important in the transactivation of the

N-myc promoter (Wada 1997). In an effort to identify the particular nucleotide bases

responsible for mediating N-myc regulation in this region, nb cell transfections were

employed using full length N-myc promoter luciferase reporter constructs that span the

CT-box region (position -514 to +151). As shown in figure 7, single point mutations

within the CT-box reduced N-myc promoter activity relative to the wt control.

Conversely, mutations either upstream or downstream of the CT-box did not result in a

decrease of N-myc promoter activation. These data suggest that normal N-myc

expression is dependent on a wildtype CT-box motif.
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Figure 7. Mutations within the N-myc CT-box result in a decrease of promoter
acitivity, while mutations outside of it do not. LA-N-S cells were transfected with 20
ug of full length N-myc promoter luciferase reporter constructs. C is empty vector
control and WT contains no mutations. DNA sequences of the CT-box region
containing mutations within or outside of the CT-box may be found in figure 8.

·186
Position: -7

wt A GCC
-7G A GCg

2G A GCC
SG A GCC

+SA A GCC
+7C A GCC

123 456
TTG GCG CCT CCC
TTG GCG CCT CCC
TTG GCG CgT CCC
TTG GCG CCT CgC
TTG GCG CCT CCC
TTG GCG CCT CCC

5 7
·159

+ +
CTG ATT TTT A
CTG ATT TTT A
CTG ATT TTT A
CTG ATT TTT A
CTG AaT TTT A
CTG ATT cTT A

competitor (UR)
CTACTAAGAGCACTGTCGCAGCAACG

GATCGATCGGGGCGGGGCGATC
wt Spl GC-box GGGCGGGGC
mutant Spl GC-box GttCGGGGC

AAGCAGGTGAACTGCAGGTCAAAGAT
AGCTTCAGGTCAGAGGTCAGAGAGCT

CTCCACGCTCGCCAGCCTCCACTCCACC

Spl GC box
agarose bound
agarose bound
RAR
RXR
AP2

unrelated

Figure 8. CT-box region of the N-myc promoter and other
oligonucleotides used. DNA sequences for wt and mutant
oligonucleotidenucleotides used in transfection, competition and
EMSA assays are found in the top panel. The core CT-box is
outlined in bold. all mutations are lowercase and relative positions
of the mutations are designated as (-) for upstream or (+) for
downstream of the core CT-box. Other oligonucleotides
employed in various experiments are in the lower panel, with
mutations in lowercase.
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B. Demonstrate that the CT-box is involved in recruiting transcription factor protein

complexes to the N-myc promoter.

DNA-protein complexes at the N-myc promoter are affected by mutations within

the CT-box.

Data from the experiment in figure 7 suggested that the CT-box region was

involved in the transcription of N-myc, and that mutations within the core CT-box

resulted in a decrease of promoter activity. To determine the molecular interactions that

occur within the CT-box region, electrophoretic mobility shift assay (EMSA)

experiments were performed as a preliminary step in identifying the proteins involved.

As shown in figure 9, when radiolabeled probes containing mutations outside of the CT

box were run in alongside to the wt N-myc CT-box, no changes in DNA-protein complex

formation were observed. Conversely, when the EMSA probes contained mutations

within the N-myc CT-box, novel DNA-protein complexes resulted (figure 10).

Therefore, it appears that only mutations within the core sequence of the N-myc CT-box

are responsible for altering the transcription factor protein complement that is recruited to

this region of the N-myc promoter.
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WT +SA +7C -7G Probe WT SG 2G

Figure 9. Mutations outside of wildtype N
myc core CT-box yield identical DNA
protein complexes. LA-N-S nb lysate was
incubated with wildtype (WT) or mutant or
probes containing mutations outside of the core
CT-box. See figure 8 for DNA sequences.

Figure 10. Mutations within the N-myc
CT-box alter the DNA-protein complexes.
LA-N-S lysate was incubated with wildtype
(WT) or mutant probes containing mutations
within the core CT-box. See figure 8 for
DNA sequences.
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C. Determine the specificity of the DNA-protein complexes at the wildtype N-myc CT

box.

The DNA-protein complexes that interact with the wildtype N-myc CT-box are

stable and specific.

EMSA experiments performed by others have shown that a radiolabeled wt N

myc CT-box probe was able to generate three DNA-protein complexes (Lutz 1997).

However, thus far it has not been determined if these complexes are either stable or

specific to cell lines with N-myc amplification. As shown in figure 11, the incubation of

LA-N-S nb nuclear cell lysate with the radiolabeled 26 bp wt CT-box DNA probe was

able to induce specific gel shift bands labeled A, Band C, as well as a nonspecific band

N. This was shown by the addition of a non-radiolabeled (cold) DNA competitor

identical to the wt N-myc CT-box as well as the addition of non-radiolabeled unrelated

DNA that was equal in length to the radiolabeled probe. In addition, while an unlabeled

competitor identical to the wt N-myc CT-box was able to compete away the DNA-protein

complexes, a non-radiolabeled competitor containing a single base pair mutation at the Sth

position of N-myc CT-box (SG in figure 8) was not able to alter these complexes (figure

12). Furthermore, EMSAs performed with other nuclear Iysates from amplified and non

amplified N-myc expressing cell lines also produced bands A, Band C in an identical and

reliable manner (data not shown). Therefore these data confirm that the A, B and C

DNA-protein complexes are not unique to a particular cell line and are sequence specific

for the wt N-myc CT-box.
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-------------------------------26wt probe---------------------------------------------

Figure 11. Specific DNA
protein complexes formed at
the N-myc wt CT-box. LA-N-5
nb extracts were incubated with
the radiolabeled wt N-myc CT
box probe as well as the wildtype
specific competitor (WT) or an
unrelated competitor (UR).

5GWT

c

Figure 12. A mutant CT-box
cannot compete with the
wildtype N-myc CT-box
complexes. LA-N-5 nb lysate
was incubated with the
radiolabeled wt N-myc CT-box
probe as well as wildtype
specific competitor (WT) or a
competitor that contains a
mutation within the core CT
box (5G).

A

B

CompetitorURWT

N

c

A

B
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Specific Aim 2: Identify the transcription factor proteins that interact with the

wildtype CT·box of the N-myc promoter.

A. Detennine the identity of the transcription factors that interact with the wildtype N

myc CT-box.

A radiolabeled canonical Spl protein GC-box motifyields similar gel shift

complexes when compared to the wildtype N-myc CT-box.

Once the specificity and stability of the DNA-protein complexes had been

established, it was then a question of what transcription factors may be interacting with

the wt N-myc CT-box. From Transfact DNA motif software analysis it was speculated

that members of the Sp family might be responsible for the observed DNA-protein

complexes. As shown in figure 13, when a radiolabeled SpI GC motif was run alongside

the wt N-myc CT-box probe, the observed DNA-protein complexes were of nearly

identical mobility. In addition, a non-radiolabeled wt N-myc CT-box competitor was

able to compete away the radiolabeled Spl GC-box bands as successfully as the non

radiolabeled Spl GC competitor competed away the radiolabeled wt N-myc CT-box

complexes. These data suggest that both the CT and GC-box DNA elements may be

interacting with the same proteins and thus yield similar complexes on gel shifts.

However, one difference observed between the wt N-myc CT and Spl GC-box gel

complexes was that the Spl GC-box complexes ran slightly higher (see Discussion).

Further work not shown here for the sake of brevity suggests that numerous other TFs are

not involved in DNA-protein complexes that interact with the wt N-myc CT-box. For

example, the addition of unlabeled competitor canonical DNA motifs for Ai-I, API,
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AP2, AP3, E2F, TCFILEF, OCT-I, p53, RAR, RXR and Egr did not compete with any of

the observed DNA-protein complexes.

Probe: ----------26wt----------- -----Spl GC-box-----

Competitor: GC UR WT UR

A

B

c

Figure 13. The wildtype N-myc CT-box and Spl GC motif
DNA-protein complexes are similar. Radiolabeled wt N
myc CT-box and Spl GC motif probes were incubated with
LA-N-5 nb lysate as well as wildtype N-myc RARR (WT),
Spl GC-box (GC) and umelated (UR) cold competitors.
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When conjugated to agarose beads, the Spl GC-box motif is able to clear the

nuclear extract ofproteins that complex with the wildtype N-myc CT-box protein

complexes.

Owing to the fact that a Sp1 GC-box is able to compete with as well as yield

similar gel shifts patterns with respect to the wt N-myc CT-box of distinctly different

sequence, it was thought that the Sp1 GC motif might be used to remove and

subsequently rescue the protein complexes interacting with the wt N-myc CT-box. For

this, a canonical Spl GC-box conjugated to agarose beads was employed. As shown in

figure 14, by pre-incubating the nb lysate with an agarose-bound Spl GC motif followed

by pelleting the protein complexes that interacted with it, bands A, Band C were

reduced. Conversely, a control that had functionally significant mutations in the Spl GC

motif was not able to remove these bands. Furthermore, upon the addition of high molar

salt it was possible to elute proteins from agarose-bound motifs. Those from the

canonical Spl GC motif were able to partially restore the original gel shift patterns, but

those from the mutant Spl GC motif were not.
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---------------------26wt Probe------------------------
Protein fraction: Spdep mudep Spel mutel

A

B

c

Lane: 2 3 4 5 6

Figure 14. An agarose-bound Spl GC motif can remove the
wt N-myc CT-box complexes. LA-N-5 nb extract was
preincubated with either a Spl GC-box motif bound to agarose
(lane 2) or a mutant Sp1 GC motif bound to agarose (lane 3) and
the bound proteins removed prior to gel loading. The agarose
bound complexes were then eluted in high molar salt and loaded
onto the gel from either the Sp I GC motif bound agarose (lane
5) or the mutant Spl GC motif (lane 6). Lane 1 is LA-N-5
extract control and lane 4 is empty.
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Zinc chelation is able to partially remove the DNA-protein complexes from the

wildtype N-myc CT-box.

Being that Sp members are zinc finger proteins, others have shown that zinc

chelation can abolish their ability to interact with specific DNA motifs. As shown in

figure 15, this was also the case with the N-myc CT-box. In the presence of

orthophenanthroline, a zinc chelator, specific bands A and B were completely abolished

while band C was partially removed.

--------------------26wt probe--------------------
Competitor: WT UR

Zinc: 1.6mM
OP: 40mM

A

B

c

Lane: 4

Figure 15. Zinc chelation can remove the wildtype
N-myc CT-box complexes. LA-N-S nb extracts were
incubated with the radiolabeled wt N-myc CT-box as
well as; lane 2 wt N-myc CT-box cold competitor
(WT), lane 3 unrelated DNA cold competitor (UR),
lane 41.6 mM zinc and lane S 40 mM 1,10
orthophenanthroline.

77



Spi and Sp3 antibodies are able to induce supershifting ofthe wildtype N-myc

CT-box complexes.

Based on the DNA sequence analysis as well as various EMSA experiments, it

was felt that the proteins most likely involved in the formation of the observed complexes

at the wt N-myc CT-box were members of the Sp family. However, cold competitors

alone could not determine which members of the Sp family were involved in bands A, B

and C. Therefore, antibodies were introduced targeting the four Sp proteins prior to

performing the gel shifts. Because of the results observed in figure 13, both the

radiolabeled wt N-myc CT-box and Spi GC motif probes were used. It was found that

only the Spl and Sp3 antibodies were able to induce a super shift with either probe

(figures 16 and 17). Interestingly, Spl appeared as a component only in band A while

Sp3 was present in both bands Band C. Furthermore, antibodies against E2FI, E2F2,

E2F3, E2F4, DPI, pRb, RARgamma, p53, CBP/p300, Egr and OCT-I did not induce

supershift or any other changes in complexes A, B and C (data not shown).
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Figure 16. Sp1 and Sp3 antibodies are able to
supershift N-myc CT-box complexes. LA-N-5 nb
lysate was incubated with the radiolabeled wt N-myc
CT-box probe as well as the indicated antibodies.
The position of the Sp I supershifted band is
designated by the blue arrow, while the Sp3
supershift is shown by the red arrow.

------------------------Sp GC probe-------------------------
Antibody: 2 I SIS 2 3......
-+

A

B

c

Figure 17. Sp1 and Sp3 antibodies supershift similar
complexes with the Sp1 GC motif probe. LA-N-5 nb
lysate was incubated with the radiolabeled Spl GC-box
probe as well as the indicated antibodies. The position of
the Sp I supershifted band is designated by the blue
arrow, while the Sp3 supershift is shown by the red
arrow.
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Western blots confirm that Spl and Sp3 interact with the wildtype N-myc CT-box.

As confirmation of the involvement of the Spl and Sp3 proteins in complexes A,

Band C, a Western blot was performed downstream of a gel shift. In this experiment the

probe was not radiolabeled and the amount of lysate used increased, however other

components of the gel shift remained essentially the same. Subsequent to running the gel

shift, the gel region of interest was cut out and transferred overnight to PVDF membrane

as outlined in the Research Design and Methods section. Standard immunoblotting was

performed and resulted in the data presented in figure 18. Once again, it was determined

that the Spl protein was a component of band A while Sp3 was present in bands Band C.

26wt probe: hot cold cold
Immunoblot: Spi Sp3

A

B

c

Figure 18. Immunoblotting indicates the
presence ofthe Sp1 and Sp3 proteins in
bands A, Band C. LA-N-5 nb lysates were
incubated with either the radiolabeled or non
radiolabeled wt N-myc CT-box probe. Non
radiolabeled gel shifts were transferred to PVDP
and immunoblotted for either Spi or Sp3.
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B. Reproduce the DNA-protein complexes at the wildtype N-myc CT-box with

exogenously expressed transcription factor proteins.

Exogenously expressed Spi and Sp3 protein lysates are able to reproduce the

wildtype N-myc CT-box complexes.

Once it had been established that the Sp1 and Sp3 proteins were involved in the

specific complexes that interact with the wt N-myc CT-box, it was then a question of

what else may be involved. As mentioned previously in the Background section, Spl and

Sp3 interact with a bevy of other proteins. Furthermore, Westerns blots previously

performed (data not shown) with nb Iysates indicated that there were high levels of both

proteins. Thus, they may be interacting with numerous other cellular proteins. Because

of this, co-immunoprecipitations seemed unwise in that we were only concerned with the

interacting partners of Spl and Sp3 when bound to the wt N-myc CT-box and not any

other DNA region. Therefore, it was decided to try and reproduce the complexes seen on

EMSA experiments by introducing exogenously expressed Spl and Sp3 proteins.

Drosophila S2 cells lack endogenous Sp proteins and thus are well suited for such

analyses (Mennod 1989).

As shown in figure 19, Iysates derived from Drosophila S2 cells transfected with

Sp1 and Sp3 expression vectors were able to reproduce the complexes observed

previously with nb Iysates. When the wt N-myc CT-box probe was incubated with

transfected Sp1 expression vector insect cell lysate, band A was reproduced. Similarly,

the addition of Sp3 transfection lysate resulted in the reproduction of band B. When

lysates from both the Spl and Sp3 transfected cells were incubated with the wt N-myc

CT-box probe, bands A and B were produced. Surprisingly however, band C was not
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present. As outlined in the Discussion section, these data suggest that Spl and Sp3 are

solely responsible for the fonnation of bands A and B, respectively.

----------------26wt probe---------------------

Exogenous protein: Spl Sp3 Spl+3 C

A

B

c

113M

Lane: 3 4 5

Figure 19. Exogenously expressed Spl and
Sp3 are able to reproduce bands A and B.
Expression vectors for Sp1 and Sp3 were
transfected into Drosophila S2 cells, the
lysates were then harvested and incubated
with the radiolabeled wt N-myc CT-box
probe. Lane 1 is LA-N-5 nb lysate control
and lane 5 empty vector control. 113M
denotes the position of monomeric Spl and
Sp3 protein-DNA complexes (see
Discussion).
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C. Demonstrate that the recruited transcription factors are able to transactivate the N

myc wildtype CT-box.

The Spl protein is able to transactivate the wildtype N-myc CT-box.

It has been reported that the single N-myc CT element is not able to allow for the

transcription of a luciferase reporter construct in nb cells (Lutz 1997). However, studies

in our laboratory suggested that it was indeed able to support a small amount of promoter

activity in nb cells. To more thoroughly address this question, a 26 bp luciferase reporter

construct containing just the wt N-myc CT-box motif was transfected into Drosophila S2

cells.

As shown in figure 20, when S2 cells were co-transfected with the 26 bp wt N

myc CT-box luciferase construct, as well as increasing amounts of the Spl expression

vector, promoter activation occurred. Furthermore, this transactivation responded in a

dose-dependent manner. To help validate consistent protein levels with an increase in the

amount of Spl expression vector, a gel shift was also performed with the transfection

Iysates. As expected, the lysates were able to bind to the radiolabeled wt N-myc CT-box

probe in a dose-dependent manner (figure 21). Conversely, when the same transfection

lysates were incubated with a mutant N-myc CT-box probe (5G), the Spl-specific band A

was not produced (figure 22).
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Figure 20. Transactivation of the wildtype N-myc CT-box by Spl. S2 cells
were co-transfected with the 26 bp wt N-myc CT-box luciferase reporter
construct as well as increasing amounts of the pPac Sp I expression vector.
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Figure 21. Sp1 is able to interact
with the wildtype N-myc CT-box
probe in a dose-dependent
manner. The radiolabeled wt N
myc CT-box probe was incubated
with equal amounts of lysate from
S2 cells that were transfected with
increasing amounts of the Sp I
expression vector. Lane 1 is LA
N-5 lysate control and lane 2 empty
vector control. 1M denotes the
position of monomeric Spl-DNA
complexes (see Discussion).

Figure 22. Sp1 is not able to
interact with the mutant N-myc
CT-box probe in a dose
dependent manner. The
radiolabeled mutant N-myc CT
box probe (5G) was incubated
with equal amounts of S2 cell
lysate transfected with increasing
amounts ofthe Sp I expression
vector. Lane 1 is LA-N-5 lysate
control and lane 2 empty vector
control. IM denotes the position
of monomeric Sp I-DNA
complexes (see Discussion).
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The Sp3 protein is also able to transactivate the wildtype N-myc CT-box.

Others have reported that the Sp3 protein is a poor transcriptional activator when

compared to Spl in some in vivo reporter expression systems (Braun 2001). However, as

shown in figures 16 and 18, larger amounts of the Sp3 protein interact with the wt N-myc

CT-box in both the bands Band C.

As shown in figure 23, Sp3 was indeed able to activate transcription, though at a

reduced rate, even when larger amounts of Sp3 were transfected compared to SpI (data

not shown). Although the transactivation by Sp3 was not as dramatic as the results

shown with the Spi expression vector, the wt N-myc CT-box luciferase reporter

construct was still able to respond in a dose-dependent manner. Subsequently, a gel shift

was also performed on the lysates derived from this assay (figure 24). A dose response

was again observed, as well as a possible saturation of binding when larger amounts of

Sp3 were transfected. Conversely, when the mutant N-myc CT-box was used as an

EMSA probe there was no observed interaction of Sp3 with the probe except when

exceedingly large amounts of Sp3 were transfected (figure 25).
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Figure 23. Transactivation of the wildtype N-myc CT-box by
Sp3. S2 cells were co-transfected with the wt 26 bp N-myc CT
box luciferase construct as well as increasing amounts of pPac
Sp3.
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-------------------------26wt probe--------------------- Figure 24. Sp3 expression lysate is
able to interact with the wildtype N
myc CT-box probe in a dose
dependent manner. The radiolabeled
wt N-myc CT-box probe was incubated
with equal amounts of S2 lysate
transfected with increasing amounts of
pPac Sp3. Lane I is LA-N-5 nb extract
control and lane 2 empty vector control.
Monomeric Sp3 is denoted as 3M.
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Figure 25. Sp3 expression lysate does
not interact with the mutant CT-box

-. probe except under abnormally large
amounts. The radiolabeled mutant N
myc CT-box probe (5G) was incubated
with equal amounts of S2 expression
lysates transfected with increasing
amounts ofSp3. Lane 1 is LA-N-5 nb
extract control and lane 2 empty vector
control.
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The Sp] and Sp3 proteins complement one another in the transactivation ofthe

wildtype N-myc CT-box.

As shown in figure 26, when S2 cells were transfected with a fixed amount of the

Spi expression vector along with increasing amounts of the Sp3 expression construct, an

increase in promoter activity occurred. A similar effect was observed when the

transfected levels of Sp3 were kept constant and the Spileveis were increased (figure

27). As expected, concommitant with this complementary activation of the luciferase

reporter construct, there was a dose response in gel shifts conducted with the reporter

assay Iysates (figure 28). Moreover, in this figure it appears that the addition of Sp3 in

increasing amounts actually promoted and stabilized the interaction of Spl with the wt N

myc CT-box probe, rather than competing for binding (lanes 3 and 4). In summary, these

data suggest that Spl and Sp3 are not antagonists of each other at the wt N-myc CT-box,

but rather complement each other in promoter transactivation, perhaps by stabilizing each

other's DNA binding.
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Figure 26. Increasing amounts of Sp3 co-transfected with a
constant amount of Spl can increase wildtype N-myc CT
box transactivation. S2 cells were co-transfected with the wt
26 bp N-myc CT-box luciferase reporter as well as increasing
amounts of a Sp3 expression vector while keeping the amount
of transfected Sp I expression vector levels constant.
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Figure 27. Increasing amounts of Spl co-transfected with
constant amounts of Sp3 can increase wildtype N-myc CT-box
transactivation. S2 cells were co-transfected with the wt 26 bp N
myc CT-box luciferase reporter vector as well as increasing
amounts of a Sp1 expression vector while keeping the amount of
transfected Sp3 expression vector levels constant.
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--------------------26wt probe-------------------
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Figure 28. Corresponding EMSA for figures 27 and 28.
The radiolabeled wt N-myc CT-box probe was incubated with
Iysates derived from the above reporter assays (figures 27 and
28). Lane 1 is LA-N-5 control. Lanes 2-4 contain lysates from
S2 cell co-transfected with a constant amount of Sp1 and
increasing amounts of Sp3. Lanes 5-7 contain Iysates from S2
cells co-transfected with constant amounts of Sp3 and
increasing amounts of Sp1.
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Specific Aim 3: Identify the transcription factors that interact with the mutated CT

box of the N-myc promoter.

A. Identify the transcription factors responsible for interacting with the mutated N-myc

CT box.

The mutated N-myc CT-box generates a distinct DNA-protein complex on gel

shifts compared to the wildtype N-myc CT-box.

DNA sequencing done previously on the N-myc proximal promoter in numerous

nb cell lines found that two cell lines with high levels of N-myc expression contained a

mutation within the CT-box of the N-myc promoter. Furthermore, as shown in figures 7

and to, this 5G mutation resulted in a decrease of N-myc promoter activity and altered

the observed DNA-protein complexes. Moreover, because this C to G mutation occurred

within the core binding region of the CT-box, it was speculated that the Sp proteins may

not be involved in interacting with the mutated CT-box. In order to determine the novel

proteinls that replace the Sp members, EMSA experiments were performed using the

mutant N-myc CT-box as a probe. As shown in lane I of figure 29, a unique DNA

protein complex D was generated that appeared to be broader and more amorphous. A

nonspecific band N was also present.

The wildtype N-myc CT-box is able to compete with the mutant CT-boxfor

complex binding while the mutant CT-box does not compete away wildtype CT-box

complexes.

As shown in lanes 2 and 3 of figure 29, both the mutant and wt N-myc CT-box

unlabeled competitors were able to compete away complex D from the mutant N-myc
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CT-box probe. However, as shown in lane 10 of figure 29, the mutant N-myc CT-box

was not able to successfully compete for the protein complexes A, Band C that form at

the wt N-myc CT-box. This was surprising and suggested two things. First, that the

components of complex D were not involved in the complexes A, B or C. Second, that

the proteins contained in band D harbor an affinity for the wt N-myc probe. In support of

these contentions the Sp GC motif was not able to compete away the binding complex D

when used as a cold competitor (lane 4). Therefore, band D does not contain Sp proteins.

Furthermore, when canonical RAR, RXR and AP2 cold competitor motifs were added,

no competition was observed. Thus, complex D is most likely formed by non-Sp

protein(s) that harbor a specific affinity for both the mutant and wt N-myc CT-box

motifs.

The NF-l protein may replace Spl and Sp3 in the presence ofthe mutated N-myc

CT-box.

Initial DNA motif sequence analysis on the mutant N-myc CT-box suggested that

numerous TFs might be involved in DNA binding at this site. However, further analyses

with greater stringency requirements suggested that the most likely candidate was NF-l.

As shown in lane 7 of figure 29, a canonical motif for NF-l was indeed able to compete

for complex D formation. Interestingly, like the Spi GC-box used to compete with the

wt N-myc CT-box in previous gel shifts, this canonical NF-I motif was very different in

sequence from the mutant N-myc CT-box probe.
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Probe: ---------------------------mut 26----------------------------- -----26wt-----
Competitor: mut26 26wt Spl RAR RXR NF-l AP2 mut26

o

A

B

C

Lane: 2 4 5 6 7 8 9 10

Figure 29. A distinct complex is formed with the mutant N-myc CT-box probe. The
radiolabeled mutant N-myc CT-box (lanes 1-8) was incubated with LA-N-5 extract as well as the
indicated cold competitors. In lanes 9 and 10 the radiolabeled wt N-myc CT-box probe was
incubated with (lane 10) or without (lane 9) mutant N-myc CT-box competitor. Lanes 1 and 9 are
LA-N-5 lysate control.

A canonical NF-l motifyields similar gel shift patterns to the mutated N-myc CT-

box.

Thus far it appeared possible that the NF-l protein was a component of complex

D. In order validate this assessment a canonical NF-l oligonucleotide was radiolabeled

and run alongside the mutant N-myc CT-box probe in EMSA experiments. As shown in

figures 30 and 31, complex D was present when either oligonucleotide was used as a

probe. Most likely, the greater intensity observed with the canonical NF-l probe is due

to the fact that this is a perfect motif. Moreover, it is interesting to note that the mutant

N-myc CT-box, as well as the canonical NF-l motif, were both able to efficiently

compete away complex D when the mutant N-myc CT-box was used as a probe.

However, when the radiolabeled canonical NF-l motif was used as a probe, the mutant

N-myc CT-box only competed weakly for complex D, while the unlabeled NF-l motif
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competed quite well. Again, this suggests that the mutant N-myc CT-box sequence is not

a perfect NF-l binding motif, but it is still able to support DNA binding by the NF-l

protein.

--------mut 26 probe--------
Competitor: mut26 NF-l

D

Figure 30. A canonical
NF-l motif can compete
away complex D. The
radiolabeled mutant N
myc CT-box probe was
incubated with LA-N-5
lysates as well as specific
(mut26) or a canonical
NF-l (NF-l) unlabeled
competitor. Lane 1 is LA
N-5 lysate control.
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mut26 NF-l

Figure 31. The
radiolabeled NF-l probe
yields similar gel shifts to
the mutant N-myc CT
box. The radiolabeled
NF-l probe was incubated
with LA-N-5 lysate in the
present of either specific
(NF-l) or mutant N-myc
CT-box (26mut) unlabeled
competitors. Lane 1 is
LA-N-5 lysate control.



NF-l antibody decreases the intensity ofcomplex D using mutant N-myc CT-box

probe.

Antibodies are not always able to adequately bind to their targets and induce

supershifting. Occasionally their interaction with the target protein alters its ability to

bind to the DNA in a stable manner. Therefore, instead of supershifting (such as Spl and

Sp3 used previously), DNA binding itself is reduced due to antibody-protein interactions.

This proved to be the case with the NF-I antibody. As shown in figure 32, the addition

ofSp member antibodies had no effect on the mutant N-myc CT-box DNA-protein

complexes. Conversely, the addition of a NF-I antibody resulted in a decrease in

complex D formation. Also, as will be discussed later, it appeared that upon the removal

of band D with the NF-I antibody, bands similar to A, Band C were present.

-------------------------mut 26 probe------------------------
Antibody: Sp I Sp2 Sp3 Sp4 NF-I

D

Lane:

A

B

Figure 32. NF-l and not Spl antibodies can compete
away complex D. LA-N-5 nb extract was incubated with
the radiolabeled mutant N-myc CT-box in the presence of
the indicated antibodies. Lane I is LA-N-5 lysate control.
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The NF-l protein is not involved in the wildtype N-myc CT-box complexes.

The observation that the NF-1 protein can be competed from the mutant N-myc

CT-box probe by both a mutant and wildtype CT-box competitor poses the question that

it may also be present in the complexes seen with the wt N-myc CT-box. However, as

previously shown in figure 29 the mutant CT-box motif does not compete with the A, B

or C complexes. To confirm that NF-1 is not involved in the complexes interacting with

the wt N-myc CT-box, a supershift EMSA was performed. As shown in figure 33, the

addition of a NF-1 antibody did not alter the bands A, B or C, while antibodies for Sp1

and Sp3 did. Furthermore, other experiments have also shown that antibodies directed

against another NF family member, NF-Y had no effect on the complexes A, B, C or D

(data not shown).

-------26 wt probe-----·
Antibody: E2FI S I NF-I

A

B

Lane: 2 4 5

Figure 33. The addition of a NF-l antibody
is not able to alter the wildtype N-myc CT
box gel shifts. The radiolabeled wt N-myc CT
box probe was incubated with LA-N-5 nb lysate
as well as the indicated antibodies. Lane I is
LA-N-5 lysate control. Sp I supershift is
designated with the blue arrow while the Sp3
supershift is shown with the red arrow.
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B. Reproduce the DNA-protein complexes at the mutated N-myc CT-box with

exogenously expressed transcription factor proteins.

Exogenously expressed NF-l protein is able to interact with the mutated N-myc

CT-box.

Because of the success obtained earlier involving the interaction of the wt N-myc

CT-box with the S2 cell Spi and Sp3 expression vector Iysates, a NF-I insect cell

expression vector was employed to try and reproduce complex D. As done previously,

S2 cells were transfected with the NF-I expression vector and the Iysates were used for

gel shifts. As shown in figure 34, a complex similar to band D was reproduced. Protein

production was lower than with the Sp expression constructs, and thus the resulting gel

shift was somewhat fainter. Possible explanations for this decreased DNA binding are

that the expression vector is poorly transactivated, that S2 cells lack the machinery and/or

specificity for post-translational modification of this protein, or that NF-I is simply a

sensitive protein to cell lysis and degradation as compared to Spi and Sp3. Note that

complex D seen with the nb cell lysate on the left of figure 34 is a faster migrating

complex than that observed from S2 expression lysate. This will be discussed later. It is

also clear in figure 34 that the Spi expression lysate from S2 cells was not able to interact

with the mutant N-myc CT-box. As a control, in figure 35, this same Spi expression

lysate was able to interact quite well with wt N-myc CT-box, while the NF-I expression

lysate did not.
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------------mut 26 probe-------------

D

Figure 34. NF-l expression lysate can
interact with the mutant N-myc CT
box while Spl lysate cannot. The
radiolabeled mutant N-myc CT-box
probe was incubated with the indicated
Drosophila S2 cell expression Iysates.
Lane I is LA-N-5 extract control and
lane 2 is empty vector control.
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----26 wt probe------

Figure 35. Spl expression lysate
but not NF-l expression lysate
can interact with the wildtype N
myc CT-box probe. The
radiolabeled wt N-myc CT-box
probe was incubated with the
indicated Drosophila S2 cell
expression Iysates. Lane I is LA
N-5 control and lane 2 is empty
vector control.
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C. Determine if the transcription factors that interact with the mutant N-myc CT-box are

able to activate the N-myc promoter.

The NF-l protein is a weak transactivator o/the mutated N-myc CT-box.

Previous work involving the NF-l expression vector in 52 cells suggested that the

protein expression level was very low. A dose response experiment was thus performed

to determine whether larger amounts of the NF-l expression vector could transactivate

the mutant N-myc CT-box promotor-reporter gene construct. As shown in figure 36, it

appears that NF-l is able to drive luciferase expression from a mutant N-myc CT-box in

a weak manner. In order to validate expression of NF-l in the 52 cells, Iysates from the

reporter assay were also used in gel shift experiments. As shown in figure 37, there was

a strong dose response of the NF-llysates interacting with the mutant N-myc CT-box

probe. Furthermore, the NF-l protein also formed higher order DNA-protein complexes,

although it is uncertain whether band D is a monomer or dimer, and just how many

molecules are in the higher band. As expected, this interaction is specific for the mutant

N-myc CT-box in that there was very little interaction of the NF-l protein with the wt N

myc CT-box, even when large amounts of NF-l were transfected (figure 38).
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Figure 36. A NF-l expression vector is able to weakly
transactivate the mutant N-myc CT-box luciferase construct.
Drosophila 82 cells were co-transfected with the mutant N-myc
CT-box luciferase reporter vector as well as increasing amounts of
the NF-I expression vector.

-------------------------mut 26 probe----------------------

D

Figure 37. NF-l expression
lysate is able to interact with
the mutant N-myc CT-box
probe in a dose-dependent
manner. The radiolabeled
mutant N-myc CT-box probe
was incubated with equal
amounts of S2 lysate
transfected with increasing
amounts of the NF-I expression
vector. Lane I is LA-N-5
extract control while lane 2 is
empty vector control.
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Figure 38. NF-l is able to
weakly interact with the
wildtype N-myc CT-box
probe. The radiolabeled wt
N-myc CT-box probe was
incubated with equal amounts
of 82 cell lysate transfected
with increasing amounts of
the NF-I expression
construct. Lane 1 is LA-N-5
extract control while lane 2 is
empty vector control.
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Endogenous basal N-myc expression is dependent on the wildtype CT-box motifof

the N-myc promoter.

Once it was established that Spl and Sp3 interacted with the wildtype CT-box of

the N-myc promoter and NF-I could bind to the mutant CT-box in vitro, it was then a

question as to whether these proteins regulated N-myc expression in nb cells. To address

this, LA-N-S nb cells were transfected with double stranded CT-box oligonucleotides

(figure 8) that were either wildtype in sequence or contained the SG mutation within the

core CT-box. As a control, a 26 bp oligonucleotide of unrelated sequence was also used.

If exogenous oligonucleotides are able to compete with endogenous N-myc promoter

sequences for transcription factor binding, they would sequester those transcription

factors. Therefore, the end result would be a decrease in N-myc expression. As shown in

figure 39, the introduction of competing 26 bp wt oligonucleotides resulted in a decrease

of endogenous N-myc protein levels, while both the unrelated and mutant

oligonucleotides had little effect. In addition, there was no gross change in the

endogenous protein levels of Sp1 in the presence of the competitors. This suggests that

in vivo, the CT-box region of the N-myc promoter is essential in N-myc regulation.

However, it appears that the NF-I protein does not playa major role in regulating N-myc

expression under basal conditions.
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Figure 39. Transient transfection of competitive
oligonucleotides. LA-N-5 cells were transfected
with competitive oligonucleotides corresponding to
the N-myc CT-box region with (5G) or without
(26wt) a mutation within the core CT-box as well
as an unrelated (UR) DNA sequence and
imrnunoblotted for N-myc and Spl.
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DISCUSSION

Dissertation rationale.

Extensive research over the past 20 years has yielded great insight into nb,

however many gaps still remain in terms of patient prognostication, clinical treatment,

tumor cell alterations, and the molecular mechanisms controlling biological behavior.

For example, N-myc amplification as well as its subsequent overexpression was one of

the early key features found to associate with nb (Schwab 1983). Yet, to date a clear

understanding of the genesis of this amplification, as well as its maintenance, is still only

speculative. Furthermore, although the correlation between N-myc and nb has been well

characterized for many years, few researchers have attempted to identify the key

regulatory elements that lead to N-myc oncogene transactivation.

Thus far, most ofthe work involving the regulation of the N-myc gene has

focused on the DNA elements outside of the proximal promoter region. However,

studies have established that the 200 bp immediately upstream of the multiple

transcriptional start sites are responsible for basal promoter activity (Wada 1992). Work

done by others has further shown that a full length E2F motif located within the N-myc

proximal promoter may be involved in the regulation of the N-myc oncogene (Lutz

1997). Experiments involving the insertion of this element upstream of a luciferase

reporter construct indicated that it could function in either a repressive or promotive

fashion, depending on which nb cell lines were used (Lutz 1997). The transfection of an

E2F3 expression vector resulted in an increase of N-myc protein production, whereas the

transfection of EZFl and E2F4 expression vectors had no effect (Lutz 1997). Additional
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experiments perfonned by this group showed that the CT-box element of the N-myc

promoter was 100% conserved between mouse and human and was occupied in

footprinting assays using extracts from N-myc expressing cell lines (Lutz 1997).

However, the identity of the transcription factors yielding these DNA-protein complexes

was not detennined, and the function of the CT-box in N-myc oncogene expression was

not clearly defined. Our current work shows that the CT-box plays a key role in N-myc

regulation.

The CT-box element of the N-myc promoter serves as a positive regulatory

element.

Transfections of LA-N-5 cells with full length N-myc promoter luciferase reporter

constructs indicate that the core CT-box is important in the regulation of N-myc. It was

found that point mutations within the core CT-box resulted in a decrease of promoter

activity. while mutations either upstream or downstream of this motif either had little

effect on transactivation, or caused an increase in activity.

Specific DNA-protein complexes interact with the N-myc wildtype CT-box and

correlate with the observed luciferase assay data.

EMSA experiments involving the wt N-myc CT-box indicate that the DNA

protein complexes forming at this element are unique, reproducible, and reliant on an

intact wt CT-box. Radiolabeled probes that contained the same upstream or downstream

mutations in the CT-box as the constructs in the luciferase assays exhibited identical gel

shifts when compared to those using wt N-myc CT-box with no mutations. However,
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when EMSA probes contained mutations within the N-myc CT-box, novel DNA-protein

complexes were observed. These data provide biochemical correlation with the

functionalluciferase experiments in that a nonmutated CT-box, or a CT-box with

flanking mutations, results in both a large amount of gene transactivation as well as a set

of specific DNA-protein complexes on gel shifts. Conversely, mutations within the CT

box result in not only a decrease in N-myc promoter luciferase activity, but also yield

divergent DNA-protein complexes on the gel shifts.

We have shown that the DNA-protein complexes formed between N-myc CT-box

sequence and nb nuclear extract are specific and stable (figure 11). While an unlabeled

wt N-myc CT-box could compete for these DNA-protein complexes (figure 12), a

competitor containing a single bp mutation within the core CT-box could not. This

suggests that mutations within the CT-box not only cause a decrease in promoter activity,

they also result in distinct DNA-protein complexes and cannot support the interaction of

those proteins that normally associate with the wt CT-box. In addition, other EMSA

experiments involving non-radiolabeled competitors bearing canonical motifs for RAR,

RXR, E2F, API, AP2, AP3, Fli-I, TCTILEF, OCT-I, p53 and Egr also indicate that

complexes A, Band C are unique to the wt N-myc CT-box (data not shown).

Conversely, these DNA-protein complexes are not unique to the nb cell line used, since

numerous other nb cell line lysates yield similar complexes (data not shown).

Therefore, the wildtype CT-box sequence is necessary for its positive regulatory activity

in the N-myc promoter because of the stable interactions it generates with specific

nuclear transcription factors.
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Spl and Sp3 interact with the wildtype N-myc CT-box element

The DNA-protein complexes observed in the EMSA experiments using the wt N

myc CT-box element were very similar to those observed with a SpI GC-box probe

(figure 13). In addition, an unlabeled wt N-myc CT-box motif was able to compete away

DNA-protein complexes from a SpI GC-box probe,just as well as an unlabeled Spi GC

box oligonucleotide could compete with wt N-myc CT-box probe. These data suggest

that the protein complexes that interact with either probe are similar, if not identical, and

probably involve Sp proteins.

Supplemental data that supports this hypothesis may be found in figures 14 and

15. In figure 14, a SpI GC motif bound to agarose beads was able to successfully

compete for the wt N-myc CT-box complexes while a mutated Spi GC-box could not.

Also, upon elution with high molar salt, eluate from the agarose bound Spi GC motif was

able to partially rescue the wt N-myc CT-box protein complexes while that from the Spi

GC-box mutant could not. Furthermore, as outlined in the Background section, the Sp

proteins contain a zinc finger domain that is responsible for DNA binding. In accordance

with this, when zinc was chelated out of the EMSA reaction buffer there was a loss of

DNA-protein interaction. Therefore, at least one of the components of each of the three

bands A, Band C is reliant on zinc in order to interact with the target DNA motif.

As shown in figure 13, the Spi GC-box complexes migrated slightly slower than

those observed with the wt N-myc CT-box element. Most likely this is due to post

translational modifications that may involve phosphorylation, glycosylation or

acetylation. The consequences of these differences can be only speculative at this point

but may relate to the complex's ability to regulate gene-specific expression.
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Figures 16 and 18 show that when antibodies are used to specifically target the

wildtype N-myc CT-box complexes, not all the Sp members are involved. Supershifts, as

well as EMSA to Western blot analyses, indicate that the Spl protein is involved in the

formation of band A while Sp3 is involved in complexes Band C. Figure 17 also

provides further support that the Spl and Sp3 complexes formed with the wt N-myc CT

box element are similar, if not identical, to those complexes that interact with the

unrelated Spl GC-box probe.

Finally, the addition of S2 cell expression lysates for Spl and Sp3 were able to

reproduce bands A and B, respectively. This confirms that the slower migrating band A

consists solely of Spl while band B is a homogeneous complex of Sp3. One surprising

observation of these experiments was that although band C was previously shown to

contain Sp3, we were not able to reproduce it with overexpressed Sp3 lysate. This

observation has been reported by others and it has been suggested that the smaller

isoforms of Sp3 are responsible for complex C. These may result from N-terminal

truncations of Sp3 that arise from alternate translation initiation sites (Suske 1999). It is

likely that the S2 expression system does not recognize these cryptic sites, and thus no

smaller isoforms of Sp3 were generated.

The Spl and Sp3 protein complexes at the wildtype N-myc CT-box are

composed of homodimers.

Observations from our experiments, as well as those from others, suggest that the

complexes A, Band C consist of homodimeric (or possibly greater) structures. As shown

in figures 19,21,22 and 24, when either overexpressed Spl and Sp3lysates were used
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for the gel shifts, faster migrating bands labeled 113M, 1M and 3M, became present.

These were felt to be monomeric DNA-protein complexes that formed as a result of

excess Spi and Sp3 protein levels. Further experiments in our lab such as supershift

analysis as well as the addition of sodium deoxycholate (a detergent that abolishes

protein-protein interaction) confirmed this supposition (data not shown). Moreover, the

observation that bands A, Band C do not contain other transcription factors supports this

contention that these bands are composed of the various isoforms of Spi and Sp3. The

slowest migrating band A is probably composed of the 105 kD Spl homodimer while the

100 kD and 70-80 kD Sp3 homodimeric isoforms migrate at a faster rate as bands B and

C, respectively. Western blots performed in our laboratory have confirmed the presence

of all of these protein isoforms in nb Iysates (data not shown).

From numerous published reports, it appears that these Spi and Sp3 complexes

also form at other promoters. For example, EMSA experiments involving the promoter

regions ofTGF receptors (Shimada 200l), dynamin I (Yoo 2002), lipoprotein lipase

(Hughes 2002) and the T-cell antigen receptor (Kingsley 1992) all appear to have similar

Sp member interaction with their promoter elements. However, all of these EMSA

experiments were performed with a GC-rich Spi motif and not a CT-box element.

Transactivation of the N-myc CT-box element by Spl and Sp3.

Spi and Sp3 are both able to interact with the CT-box element as well as mediate

N-myc expression through this element. As shown in figure 20, when a Spi expression

vector was co-transfected with a luciferase reporter construct containing only 26 bp of the

N-myc CT-box region in S2 cells, potent promoter transactivation occurred. Similarly,
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when a Sp3 expression vector was co-transfected with the same wt N-myc CT-box

construct it was also able to activate promoter activity (figure 23). However, the

activation by Sp3 was lower than that observed with the Spl expression vector, even

when greater amounts of the Sp3 expression vector were transfected into S2 cells (data

not shown).

It is of interest that the Sp3 complexes fonned on the gel shifts were much more

intense than those formed by SpI. However, increased binding of Sp3 over Spl did not

correlate with the degree of transactivation observed in co-transfection assays. The

weaker transactivation of Sp3 versus Spl observed in our S2 system has been reported by

others. For example, EMSA experiments involving the VEGF promoter show similar

Spl and Sp3 patterns to ours, with the co-transfection of VEGF promoter elements and a

Spl expression vector resulting in a large amount of transactivation, while Sp3 co

transfection increased promoter activity only moderately (Shi 2001). Similarly, studies

involving the Sp motifs of the utrophin promoter have shown that both Spl and Sp3 are

able to activate promoter activity, but that the activation by Sp3 was about two-thirds

lower than that of Spl (Galvagni 2(01). As discussed previously, it is believed that the

weak transactivation potential exhibited by Sp3 in S2 cells may be due in part to protein

acetylation, and thus may serve as a post-translational mechanism to regulate gene

expression (Braun 2001). Furthermore, it has been suggested that the activity of Sp3 on

gene activation is dependent on promoter context in terms of the specific arrangement of

the DNA binding sites located within that promoter (Galvagni 2001).

Spl and Sp3 appear to transactivate the N-myc promoter CT-box element in an

independent, yet complementary fashion. As previously discussed, complexes A, Band
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possibly C are composed of Sp proteins and appear to not involve any heterogeneous

combinations with other types of transcription factors. Western blots and co

immunoprecipitations involving Spl and Sp3 further support the idea that Spl and Sp3

bind to the wt N-myc CT-box element as distinct complexes (data not shown). Although

these SpI and Sp3 complexes are distinct, there does appear to be additive and potentially

synergistic effects as shown in figures 26 and 27. When a fixed amount of the Sp3

expression vector was co-transfected with increasing amounts of the Spl expression

vector as well as the wt N-myc CT-box luciferase construct, an increase in transactivation

was observed. Likewise, when the amount of Sp3 was fixed and increasing amounts of

SpI were co-transfected, N-myc promoter activity increased. This suggests that Spl and

Sp3 are not only able to transactivate promoter activity, but may also function in a

complementary manner with one another in vivo. Further evidence to support this may

be seen in figure 28, where the addition of the Sp3 expression vector resulted in

potentiating SpI binding to the wt N-myc CT-box probe rather than competing for the

same binding motif.

The NF-l protein interacts with the mutant CT-box element ofN-myc.

Previous work involving the DNA sequencing of nb cell lines found a C to G

mutation within the core N-myc CT-box element in a minority of samples tested (data not

shown). Subsequent luciferase reporter assays involving N-myc promoter reporter

constructs containing this mutation have shown that transactivation was reduced (shown

as SG in figure 7). Therefore, it was hypothesized that this functionally significant

mutation may cause an alteration of the trans factors that interact with the mutated CT-
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box element. As shown in figures 29, 30 and 32, this proved to be the case. Initial

experiments involving the addition of a non-radiolabeled Spl GC-box competitor motif

indicated that the Sp proteins were not involved with formation of this novel complex.

Subsequent work involving the addition a canonical cold competitor NF-I DNA motif as

well as a NF-I specific antibody suggested that the NF-l protein was a member of this

novel complex D. In addition, a radiolabeled canonical NF-I probe run alongside to the

mutated N-myc CT-box element yielded similar gel shift patterns (figures 30 and 31).

Furthermore, the addition of S2 celllysates containing exogenously expressed NF-I

protein resulted in the reproduction of complex D when incubated with the mutant N-myc

CT-box element but not the wt N-myc CT-box probe (figures 34, 35, 37 and 38).

Conversely, exogenously expressed Spl and Sp3 were not able to interact with the

mutant CT-box probe.

The migration rate of Spi and Sp3 monomers can be used to make inferences as

to the organization of NF-l within band D. Since the NF-I protein is roughly 55 kD, if

NF-l monomers were interacting with the radiolabeled probe the resultant DNA-protein

complex would most likely migrate at a faster rate than that observed with band D.

However, no such complexes were found, and thus NF-I is likely to be interacting with

the DNA probe in a higher ordered structure. Moreover, when overexpressed NF-l

lysate was used for the EMSA experiments, the presence of band D was observed as well

as an even slower migrating band (figure 37). One can only speculate as to the order of

complexity that exists within the higher band but it does suggest that the NF-I protein is

capable of forming higher ordered complexes when interacting with the DNA.
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The NF-l protein is an inefficient transactivator ofthe mutant N-myc CT-

box.

Unlike Spl and Sp3, NF-l appeared to transactivate the CT-box region weakly in

our in vitro system. As shown in figure 36, only a small amount of activation occurred

when larger amounts of the NF-l expression vector were co-transfected with the mutant

N-myc CT-box element. Though it is not certain as to why this NF-l transactivation was

so weak, several reasons do present themselves. First, the S2 cells that were used for the

transfection assays do not contain a NF-l Drosophila homologue, and as a result they

may not contain the necessary adapter molecules that allow this protein to recruit the

transcriptional machinery. Second, it is possible that the S2 cells are not able to properly

fold this protein into its native form nor correctly post-translationally modify it in a way

that will allow for proper function. Third, unlike Spl and Sp3, NF-l may be a poor

transactivator and thus need the interaction of numerous other coactivators to aid in the

transactivation of its target genes. This last possibility seems most likely, as the mutant

CT-box had much less effect in the context of the full length promoter (figure 7).

Crosstalk between Spl, Sp3 and NF-l at the N-myc CT-box.

The observed cold competition of the wt N-myc CT-box for the NF-l protein

complex that forms with the radiolabeled mutant N-myc CT-box probe (figure 29, lane 3)

suggests that there appears to be a degree of crosstalk between the wt and mutant N-myc

CT-box elements. It appears that removal ofNF-l yields the presence of Spl and Sp3

and vice versa. In figure 32 (lane 6), the removal of NF-l from the mutant N-myc CT

box probe resulted in weak, but distinct DNA-protein bands that most likely are the SpI
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and Sp3 complexes. Likewise, other EMSA experiments have shown that the removal of

SpI and Sp3 from wt N-myc CT-box complexes by a cold competitor resulted in the

subtle presence of a band D-Iike complex (data not shown). In addition, lanes 9 and 10

of figure 29 indicate that cold competition ofthe wt N-myc CT-box with the mutated N

myc CT-box element resulted in more distinct bands A, Band C with the loss of a broad

signal between bands Band C. Furthermore, as shown in figure 38, the NF-l protein is

able to interact with the wt N-myc CT-box when expressed at high levels.

It is possible that there may be a hierarchy of binding, in which SpI and Sp3 are

the primary binding proteins with the wt N-myc CT-box motif, but only secondary

complexes in terms of their interaction with the mutant CT-box element. Likewise, the

opposite may be true for NF-l, in that it is the primary interactor with the mutant N-myc

CT-box and a secondary mediator with the wt N-myc CT-box.

Luciferase experiments done in both the S2 and nb cells appear to validate this

supposition. For example, a wt N-myc CT-box construct yielded the greatest promoter

activity in the luciferase assays and was able to recruit the potent transactivators Spl and

Sp3. By itself Sp3 mediated transactivation was not as high as that seen with Spl, but as

shown in figure 28, Sp3 may serve a role other than simply to direct transactivation. In

this figure, as the amount of transfected Sp3 expression vector was increased while the

Spl expression vector held constant, an increase in SpI binding (band A) to the wt N

myc CT-box was observed. Therefore, it is possible that the Sp3 protein plays a dual

function in both transactivating N-myc promoter activity as well as stabilizing and

potentiating Spl mediated N-myc promoter activity.
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Conversely, as shown in the luciferase assays containing the 5G mutation within

the N-myc CT-box, promoter activity is decreased. In accordance with this, the gel shift

data indicate that this mutation abolishes the interaction of Spl and Sp3 with the CT-box

element and instead recruits the less potent transactivator NF-l. Finally, the 5G mutation

within the CT-box of the luciferase constructs yield an even greater decrease in promoter

activity. As shown in figure 9, this mutation does not allow the recruitment of either the

Sp or NF-l proteins to the N-myc promoter. Therefore, this data further supports the

hypothesis that Spl and Sp3 are the primary transactivators of the N-myc CT-box. When

this element is mutated at certain nuc1eotides, secondary transcription factors such as NF

l may partially rescue N-myc expression.

In vivo suppression of N·myc expression occurs by the removal of Sp

proteins, but not NF-l.

Work by others has shown that it is possible to downregulate the expression of the

urokinase plasminogen activator gene by transfecting canonical motifs for Spl (Suzuki

1999). In addition, footprint experiments done with the rat liver-type arginase promoter

have shown two protected regions occupied by NF-l and Spl in a mutually exclusive

manner. The authors suggest that NF-I is the dominant DNA interactor (Takiguchi

1991). Data to support this consisted oftitering out NF-l with competing

oligonucleotides, with the subsequent increased presence of Spl binding, while the

converse did not occur (Takiguchi 1991). In vitro transcription assays involving liver

nuclear extracts have shown that the introduction of NF-l competitor oligonucleotides

resulted in a decrease of TAT promoter activity (Schweizer-Groyer 1992). Similarly,
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using an adenovirus EIB in vitro transcription system, Wu et. al. detennined that the

introduction of competitive oligonucleotides for Spl was able to inhibit Elb transcription

by more than 90% (Wu 1989).

Transfection ofLA-N-5 cells with the wt N-myc CT-box competitor

oligonucleotide resulted in a decrease in endogenous levels of N-myc protein (figure 39).

The introduction of either the 5G or an unrelated sequence had no effect on N-myc

expression. As a control, there was little gross change in the endogenous level of Spl in

the presence of any of the competitors. Based on the EMSA experiments, we believe that

the wt N-myc CT-box oligonucleotide was able to compete for and sequester the Sp

proteins, thus leading to a decrease in N-myc promoter activity. Since it it likely that the

majority of N-myc promoters within LA-N-5 cells are of wildtype sequence within the

CT-box region, this data supports the importance of the Sp proteins as the primary

facilitators of N-myc regulation. The role of NF-1 is not so well defined, and thus

experiments continue to determine whether this protein may play some role in the in vivo

regulation in N-myc expression.

Future directions.

By defining the precise role of the CT-box element in the regulation of the N-myc

gene, we hope to gain a greater understanding of N-myc regulation. Once the mechanism

ofN-myc regulation is better understood, this infonnation will facilitate efforts to target

and downregulate the N-myc oncogene by various reagents. For example, the drug

mithramycin is able to intercalate with GC-rich regions and inhibit Sp protein

transactivation of promoters (Takeguchi 1991, Suzuki 1999). However, our work
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suggests that this agent would not affect N-myc promoter activity, since Spl and Sp3

mediate their effects through aCT-box and not the more typical GC-box. Indeed, we

have observed that mithramycin has no effect on N-myc protein production (data not

shown), and as a consequence would be useless in the treatment of nb patients. Our

interest was fIrst drawn to the CT-box region because its loss by deletion mutagenesis

was found to prevent RA downregulation of promoter activity in transient transfections

(Wada 1997). While not within the immediate scope of this proposal, other preliminary

data suggest that SplISp3 interaction with the promoter is necessary for this RA effect,

while mutations that recruit NF-l are associated with a loss of RA responsiveness in

transfection assays. Experiments are under way to characterize the post-translational

changes in Spl and Sp3 that may mediate the RA response, and to identify other

functionally significant promoter mutations.

By decreasing N-myc expression it may be possible to induce differentiation,

impair cell survival, limit tumor invasiveness and decrease the growth rate and

aggressiveness of nb cells. Ultimately, the work outlined above as well as future

experiments will result in our greater mechanistic understanding. Thus allowing for more

specific drug treatment, as well as providing a screening test to more accurately triage nb

patients into the proper differentiation therapy program, and aiding in the development of

a model system for the idenfication of additional active biological modifiers.
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RESEARCH DESIGN AND METHODS

Speific Aim: 1 Define the functional role of the CT-hox promoter motif in the

regulation of the N-myc gene.

Tissue culture

The cell line used for all experiments involving nb celllysates and luciferase

assays was LA-N-5. LA-N-5 cells contain roughly 25-50 gene copies of N-myc and

require standard tissue culture reagents. Cells were grown in Iscoves media containing 2

roM glutamine and 10% fetal calf serum at 37 degrees and 5% CO2• All tissue culture

reagents were purchased from Gibco BRL (Rockville, Md)

Luciferase reporrer constructs

The full length wt 4,5 N-myc promoter luciferase reporter construct was

generated by the directional insertion of the Kpn I-Pst I fragment from 3'2.1 NCEM -514

into the pGL3 luc basic vector (Promega; Madison, WI). This fragment contains the 664

bp upstream region of the N-myc gene spanning positions -514 to +151. Full length N

myc promoter luciferase constructs that contain mutations within or outside of the CT

box were generated by site-directed mutagenesis as per the manufacturer's instructions

(Stratagene; La Jolla, CA) from the wt 4,5 luciferase stock. The empty vector control

was the pGL3 luc basic vector. The pRL-GAPDH Renilla reporter control was generated

the removal of CMV immediate early enhancer/promoter Bgl II-Hind III fragment from

pRL-CMV (Promega) and the insertion of the GAPDH promoter containing directional

Bgl II and Hind III cohesive ends.
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Neuroblastoma eel/line transfections

LA-N-5 transfections were performed using the BIORAD gene pulser II

(BIORAD; Hercules, CA). 5xl06 cells were incubated for 10 minutes with the indicated

luciferase constructs on ice. The cells were then pulsed at 226 volts/1070 microFaradays

and placed back on ice for 10 minutes. After an incubation of 2 minutes at 37 degrees the

cells were seeded on 60 mm dishes in 3 ml of Iscoves media. 2 days later the cells were

lysed and luciferase assays performed according to the manufacturer's instructions

(Promega). I ug of either a pRL-CMV or pRL-GAPDH control vector was included in

each data point for transfection normalization and the data presented is the mean of

triplicate experiments.

EMSAs

The specific DNA motifs employed in the EMSA experiments were synthesized

by IDT (Coralville, IA) and may be found in figure 8. The DNA was resuspended, the

sense and antisense strands combined in equimolar ratios and annealed at 95 degrees for

5 minutes followed by a decrease of 1 degree per minute and subsequently held at 4

degrees overnight. The double stranded oligonucleotides were quantified using a

GeneQuant spectrophotometer (Amersham Pharmacia; Arlington Heights, IL).

Radiolabeling of the double stranded probes was done using 5 ul of 10 mCilml 32p ATP

(NEN; Boston, MA), 5 ulof lOx T4 polynucleotide kinase buffer, 100 ng of probe and 20

units of T4 polynucleotide kinase (NEB; Beverly, MA) in a final volume of 50 ul. After

an incubation of 30 minutes at 37 degrees, the probe was diluted to 1 ng/ul and column

purified with Sephadex G-25 (Amersham Pharmacia). EMSA reactions were carried out
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for 20 minutes at room temperature in a 50 ul volume consisting of 5-10 ug of nuclear or

total lysate, 1 ng of radiolabeled probe, 1 ug of dAdT (Sigma; St. Louis, MO), 20 mM

Hepes pH 7.9, 4% ficoll, 10 mM MgCh and CaCl, 40 mM KCl and I mM DTT. Non

radiolabeled competitors were added to the reaction 20 minutes prior to radiolabeled

probe addition at a molar concentration of 100x more than the radiolabeled probe. After

the appropriate incubation,S ul of a glycerol based loading dye were added and the

DNA-protein complexes resolved on a 5% Tris/glycine acrylamide gel. The gels were

run at 20 mAmps for 4-5 hours and subsequently dried and exposed to X-AR OMAT film

(Eastman Kodak; Rochester, NY).

Specific Aim 2: Identify the transcription factor proteins that interact with the

wildtype CT-box ofthe N-myc promoter.

EMSAs

The EMSA experiments conducted in Specific Aim 2 were essentially the same as

those outlined above with the following modifications. For supershift assays, 2 ug of

antibody (all antibodies were purchased from Santa Cruz; Santa Cruz, CA) were added to

the reaction the night before radiolabeled probe (see figure 8) addition and allowed to

incubate at 4 degrees with mild agitation. For the lysate depletion EMSA, canonical as

well as mutant Spl GC motif DNA-bound agarose (see figure 8, Santa Cruz) were

incubated with the lysate for 2 hours prior to adding probes. After incubation the beads

were pelleted and the supernatent saved while the complexes bound to beads were

washed several times in Ix EMSA buffer (see above) and eluted with 500 mM NaCI prior

to gel loading. In the zinc chelation gelshift, ZnClz was added to the appropriate tube at a
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final concetration of 1.6 mM while 1,10 orthophanthroline was added to a final

concentration of 40 mM. For the EMSA to Western protocol, the reaction volume was

kept at 50 ul but 3x the normal amount of protein and non-radiolabeled probe were used.

These lanes were run alongside a standard radiolabeled reaction but were removed before

the gel was dried and exposed to X-AR OMAT film (Eastman Kodak). The non

radiolabeled lanes were then transferred overnight at 160 mAmps to Immobilon-P

membrane (Millipore; Bedford, MA) using standard Western methods with a

Tris/glycine/methanol transfer buffer. The membrane was then blocked for I hour with

TBSlTween containing 5% nonfat dried milk powder. Incubations and washes were

carried out in TBSlTween and detection done with ECL (Amersham Pharmacia) and X

AR OMAT film (Eastman Kodak). The Spl and Sp3 antibodies used were those listed

above in the EMSA protocol.

52 cell in vivo expression

The in vivo expression system experiments employed Drosophila embryonic S2

cells (Invitrogen; Carlsbad, CA) that do not contain endogenous proteins for Spl, Sp3

and NF-I (Mermod 1989). S2 cells were grown in Schneider's media (Gibco BRL)

containing 10% fetal calf serum at ambient temperature and CO2• The night before

transfection cells were plated on 60 mm culture dishes at 4x 106 cells per 4 ml of media.

All S2 transfections contained a final concentration of 19 ug of DNA, in some cases this

concentration was obtained by adding the empty vector pPac (see below). Calcium

phosphate transfections were carried out following the manufacturer's instructions

(Invitrogen) with the indicated micrograms of the Spl and Sp3 pPac expression vectors
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kindly provided by Robert Tjian and Jonathan Horowitz, respectively. The pPac empty

vector control was constructed by removing the Spl ORF from pPac Spl via XhoI (NEB)

sites and subsequently religated using T4 ligase as per the manufacturer's instructions

(NEB). S2 cells were lysed according to manufacturer's instructions (Invitrogen) and

stored at -70 degrees until use.

S2 celiluciferase assays

In all experiments involving luciferase reporter activation, 4 ug of the indicated

luciferase constructs were co-transfected with the indicated amounts of the Spl and Sp3

pPac expression vectors. Cell lysis and luciferase assays were performed as per the

manufacturer's instructions (Promega). Quantification was done using a TD-20120

Luminometer from Turner Designs (Sunnyvale, CA). The data obtained are

representative of triplicate experiments.

Specific Aim 3: Identify the transcription factors that interact with the mutated CT

box of the N-myc promoter.

EMSAs, transfections and luciferase assays.

The EMSA, transfections and luciferase experiments for Specific Aim 3 were

done essentially the same as outlined above. Again, all oligonucleotides (lOT) used are

shown in figure 8 and the antibodies purchased from Santa Cruz. All competitors were

added at 100x molar excess 20 minutes before the addition of the probe and antibodies

added 2 hours before probe addition. 5 ug of nuclear lysates or 10 ug of total cell lysate
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was used for the EMSA experiments. The NF-l pPac expression vector transfected into

S2 cells was kindly provided by Sylvain Guerin.

The introduction ofcompetitive oligonucleotides.

Transfections of competitive oligonucleotides were performed as described above

with the following modifications. LA-N-5 cells were transfected with 60 pmol of 26wt,

5G, or a 26 bp oligonucleotide of unrelated sequence (see figure 8 for all sequences).

Transfected cells were harvested at 4 hours and 30 ug of nuclear proteins extracts were

separated on an 8% acrylamide gel and immunoblotted as described above. N-myc

monoclonal antibody (NCM II 100) was kindly provided by Naohiko Ikegaki. Detection

was performed using ECL (Amersham Pharmacia) and X-AR OMAT film (Eastman

Kodak).
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