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Abstract
NOL7 is a candidate tumor suppressor gene that localizes to 6p23, a chromosomal region
frequently associated with loss of heterozygosity in a number of malignancies including cervical
cancer (CC). Re-expression of NOL7 in CC cells suppresses in vivo tumor growth by 95% and
alters the angiogenic phenotype by modulating the expression of VEGF and TSP1. Here, we
describe the determination of two NOL7 transcriptional start sites (TSS), the cloning of its
regulatory promoter region, and the identification of transcription factors that regulate its
expression. Using 5′ Rapid amplification of complementary DNA ends (RACE), two
transcriptional start sites were identified. Deletion analysis determined that the essential elements
required for the optimal promoter activity of NOL7 were 560 bp upstream of its translation start
site. In silico analysis suggested that the promoter region contained potential binding sites for the
SP1, c-Myc and RXRα transcription factors as well as an overall GC content of greater than 60%.
Chromatin immunoprecipitation (ChIP) confirmed that SP1, c-Myc and RXRα bound to the
NOL7 promoter region. Finally, we demonstrate that NOL7 expression was positively regulated
by c-Myc and RXRα. These results demonstrate that the NOL7 promoter region possesses each of
the key elements of a TATA-less promoter. In addition, the positive regulation of NOL7 by c-Myc
and RXRα provides additional mechanistic insights into the potential role of NOL7 in CC and
other malignancies.
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1. Introduction
Cervical Cancer (CC) is the second most common malignancy in women worldwide after
breast cancer (American Cancer Society, 2008). HPV infection is observed in 99% of CC
cases. However additional cooperating genetic alterations are required for malignant
transformation (Lazo, 1999; Walboomers et al., 1999; Kaufmann et al., 2002; Branca et al.,
2006; Narisawa-Saito et al., 2008). NOL7 is a novel tumor suppressor gene which localizes
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to 6p23, a region frequently lost in CC (Janet S. Rader, 2000; Chatterjee et al., 2001;
Mazurenko et al., 2003; Hasina et al., 2006; American Cancer Society, 2008). In addition,
6p23 loss is also observed in other malignancies including hormone refractory breast cancer,
leukemias, lymphomas, osteosarcomas, retinoblastoma and nasopharyngeal carcinomas
(Fleischman et al., 1983; Hoyle et al., 1988; Jadayel et al., 1995; Nemani et al., 1996;
Mutirangura et al., 1997; Liao et al., 1998; Nagai et al., 1999; Chen et al., 2000; Nakase et
al., 2000; Shao et al., 2000; Achuthan et al., 2001; Giagounidis et al., 2001; Lung et al.,
2001; Batanian et al., 2002; Starostik et al., 2002; Fan and Rizkalla, 2003; Amare Kadam et
al., 2004; Lim et al., 2004; Takeshita et al., 2004; Gasowska-Giszczak et al., 2005). NOL7 is
a 29 kDa protein that localizes to both the nucleus and nucleolus. Reintroduction of NOL7
into CC tumor cells alters the angiogenic phenotype by modulating the expression of VEGF
and TSP1, thereby inhibiting in vivo tumor growth (Hasina et al., 2006). Allelic loss of
NOL7 has been identified in 40% of CC cell lines and tumor samples by fluorescent in situ
hybridization (FISH) analysis. Similarly, NOL7 mRNA expression was also reduced in 38%
of CC cell lines (Hasina et al., 2006).

Nothing is known regarding the transcriptional activation or regulation of NOL7. Therefore,
the aim of this work was to identify and characterize the promoter region of the human
NOL7 gene. We have determined two transcriptional start sites of NOL7 and defined the
promoter region immediately upstream of these sites. In silico examination of the promoter
region predicted SP1, c-Myc and RXRα as potential transcription factors. Further, we
validated these predictions, showing that SP1, c-Myc and RXRα bind to the NOL7 promoter
and that c-Myc and RXRα positively regulate NOL7 expression.

2. Materials and Methods
2.1. Cell Culture

HeLa and HEK293T cell lines (ATCC) were cultured in DMEM (Invitrogen) supplemented
with 10% FBS, 100 μg/ml penicillin-streptomycin (Gemini Bioproducts) and maintained at
37°C in a 5% CO2–95% air environment in humidified incubators.

2.2. 5′ RACE Assay
Total RNA was extracted from cell lines using TRIzol® reagent (Invitrogen) and quantified
spectrophotometrically. The 5′ RACE kit (Invitrogen, 18374–058) was used according to
the manufacturer’s instructions. Briefly, cDNA was synthesized using the RT Primer 5′-
GTCTCCCGCACTCGCCGCTC-3′ and a dCTP tail was added to it. This “C-tailed cDNA”
was then amplified using a nested PCR primer 5′-CCTTCCTCGTCTTCCTCCAG-3′ and
the primer provided in the kit, using cycling parameters: 94 °C for 1 min, (94 °C for 30s, 55
°C for 30s, 72 °C for 1min) 30 cycles, 72 °C for 7 min. The primer design was based on the
NOL7 mRNA sequence (NCBI ID: NM_016167). The 5′-RACE PCR products were
resolved on 2% agarose gel, the bands were excised, cloned in to pCR®4TOPO sequencing
vector (Invitrogen) and sequenced.

2.3. PCR Amplification and Cloning
Human chromosome 6 cosmid clone, LA0634c7 (LANL Human Chromosome 6 Library,
HGMP Resource Centre) spanning base pairs 13,545,500 to 13,585,060 (NCBI ID:
NT_007592.15) was used as a template for amplifying the NOL7 upstream fragments, using
primers described in Supplementary figure 1. PCR products were digested with BglII and
HindIII restriction enzymes (New England Biolabs) and resolved on a 2% agarose gel. The
bands were excised, purified (Gel Extraction Kit, Qiagen) and cloned into the pGL3 basic
vector (Promega) digested with the same enzymes, to obtain the deletion constructs
described in Figure 3. pSV-β-Galactosidase control vector was purchased from Promega.
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For c-Myc cloning, SuperScript® III Kit (Invitrogen) was used to generate cDNA from
HeLa RNA as per the manufacturer’s instructions. The c-Myc coding region (NCBI ID:
NM_002467.3) was amplified from the HeLa cDNA using primers, 5′-
GGCACTTTGCACTGGAACTT-3′ and 5′-CGCACAAGAGTTCCGTAGCT-3′ and
cloned into pCDNA3.1 DEST40 vector (Invitrogen, 12274-015), which has a c-terminal V5
tag using the Gateway cloning protocol. PCR was performed using Hi Fi Phusion Master
Mix (New England Biolabs) and cycling parameters; 98°C for 30s, (98°C for 10s, 64°C for
30s, 72°C for 3mins) 35 cycles and 72°C for 10 mins. All clones were verified by
sequencing and the plasmid DNA was extracted using the Hi-Speed Maxi Prep Kit (Qiagen).

2.4. In Silico Analysis of NOL7 Promoter Elements
The EMBOSS-Isochore program was used to identify regions within the NOL7 promoter
that were particularly GC-rich (Bernardi, 1995; Pesole et al., 1999; Bernardi, 2000). TESS,
Genomatrix and Alggen Promo predication softwares were used to identify the transcription
factor binding sites within the promoter (Werner, 2000; Farre et al., 2003; Schug, 2003).
These programs were inputted with the NOL7 promoter sequence, as identified by the
luciferase assays (13,555,060 to 13,555,590 base pairs, NCBI ID: NT_007592.15).
Sequences of the NOL7 upstream region among different species were analyzed using
MegAlign software (DNASTAR, Inc). The NOL7 upstream region was defined as the
genomic sequence separating the SIRT5 and NOL7 genes in the individual species.

2.5. Transfections
Cells were plated in 6 well plates (BD Biosciences) such that they were 70–75% confluent
and co-transfected with 1μg of each promoter construct and 0.5 μg pSV-β-Galactosidase
vector using Lipofectamine 2000 (Invitrogen) as per the manufacturer’s protocol. All
transfections were performed in duplicate at a given time and repeated a total of three times.
Cells were lysed 24 hours after transfection and the cell lysates were used for the luciferase
and β-galactosidase assays. For c-Myc transfection, cell lines were transfected with equal
amounts of either pDEST40-c-Myc or pCDNA3.1 DEST40 vector for 24, 48 and 72hrs.
Total RNA and protein were extracted from the cells after each of these time points.

2.6. Luciferase and β-Galactosidase Assays
Luciferase and β-Galactosidase assays were performed using luciferase and β-Galactosidase
assay reagents respectively (Promega) as per the manufacturer’s guidelines. Luciferase
activity was read using 20/20n Single Tube Luminometer (Turner Biosystems). The β-gal
values were used to normalize the luciferase activity and either the pGL3-3.1 or pGL3-2.1
constructs were used to calibrate the normalized luciferase activity in the other constructs.

2.7. Retinoic Acid Treatment
Cells were grown to 70–75% confluence in DMEM supplemented with 10% FBS, after
which they were switched to DMEM containing 1% BSA (Sigma), to eliminate artifacts
caused by retinoids known be present in serum in small quantities. After growing cells
overnight in the 1% BSA medium, they were treated with 1 μM of ATRA (Sigma) or 9-cis
RA (Sigma) or DMSO for 4 hrs. After treatment, the cells were used to generate chromatin
preparations or to extract total RNA for quantitative RT PCR as described below. The
ATRA treatment was repeated three separate times.

2.8. Chromatin Immunoprecipitation (ChIP) Assays
ChIP assays were performed for the transcription factors c-Myc, RXRα and SP1. Cell lines
untreated or treated with DMSO or ATRA or 9-cis RA were fixed with 1% formaldehyde,
quenched using 1.25M Glycine, resuspended in SDS lysis buffer and sonicated (10 second
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pulses × 5 at 50% duty cycle, output 5, Branson sonifier) to generate chromatin sizes
between 200–1000bp. ChIP assay was carried out using EZ-ChIP assay kit (Upstate
Biotechnology), according to the manufacturer’s instructions. The 100 μl of soluble DNA
fraction was saved as input (10%). 5 μg of c-Myc (Abcam, ab56), RXRα (Millipore,
MAB5478), SP1 (Millipore, 17-601), Mouse IgG (Millipore, 12-371B) and Rabbit IgG
(Millipore, 17-601) antibodies were used for the ChIP assay. Each ChIP assay was repeated
twice. 2 μls of eluted DNA from ChIP and input reactions was used for PCR with primers
537F 5′-TAGAGCGCATTTCTTCCCAT-3′ and 1004R 5′-GCGCTAGACCGTCTGACCT
-3′ using program 98°c for 30s, (98°c for 20s, 62°c for 30s and 72°c for 30s) 19 cycles and
72°c for 5 mins. A second PCR was performed using 1–2 μls of the amplicon as a template,
this time using nested primers A3F 5′-TCTTCCCTGCCTTGAAATCAA-3′ and A3R 5′-
GGCAGTGGGCGTGTTTCT-3′. The products were resolved on 2% agarose Gel.

2.9. Quantitative RT-PCR
Endogenous NOL7 mRNA expression was determined by quantitative RT PCR (PRISM
7900HT, Applied Biosystems), using Ag-Path ID RT PCR Master mix (Ambion). The
TaqMan assays for NOL7 and GAPDH were purchased from Applied Biosystems
(Hs00982304_m1 and Hs99999905_m1 respectively). Gene expression was quantified using
the relative quantification method, according to the manufacturer’s instructions
(Biosystems). Briefly, GAPDH cycle threshold (Ct) value of each sample was used to
normalize NOL7 Ct value for that sample, to calculate its “delta Ct” value. Further, the
NOL7 delta Ct values in the ATRA treated or c-Myc transfected cells were normalized to
their respective untreated delta Ct values, to calculate delta delta Ct (ddCt). The ddCt values
were then used to estimate the relative fold change in NOL7 mRNA expression.

2.10. Western Blotting
Cells transfected with pDEST40-c-Myc or pCDNA3.1 DEST40 vectors for various time
periods were resuspended in 500–750 μl of lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100), and sonicated (10 second pulses × 5 at 30%
duty cycle, output 3, Branson sonifier). Protein concentration was measured using Bio-Rad
protein assay reagent and a Synergy HT microplate reader (BioTEK Instruments). 30 μg of
protein was separated on 10% SDS-PAGE gels (Pierce) and transferred to Immunoblot-
PVDF membrane (Bio-Rad). The blot was blocked and then incubated with V5 (Invitrogen,
R960-CUS) or Actin (Abcam, ab8227) antibodies, followed by the appropriate secondary
antibodies. Blots were developed with SuperSignal West Dura Extended Duration Substrate
(Pierce) and exposed to film (Denville Scientific).

3. Results
3.1. Identification of NOL7 transcription start sites (TSS)

As a first step towards defining the promoter region of NOL7, 5′ RACE was performed to
identify the gene’s TSS, which is designated as the first nucleotide copied at the 5′ end of
the corresponding mRNA (Sandelin et al., 2007). 5′ RACE PCR, followed by nested
amplification, was performed using total RNA isolated from HeLa cells. This yielded two
product sizes of 232 and 143 bp (Fig. 1A). Analysis of these sequences demonstrated that
the products corresponded to two distinct transcripts starting at −32 and +60 with respect to
the NOL7 translation start site which will be referred to as +1 throughout the remainder of
this report (Fig. 1B). Conventionally, transcriptional initiation is believed to occur from a
single focused “TSS” (Bjornsdottir and Myers, 2008; Anish et al., 2009). Therefore, the
presence of two distinct transcriptional start sites suggests that NOL7 transcription may be
regulated by “non-traditional” mechanisms.
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3.2. Cloning and Identification of NOL7 Promoter Region
In order to compare the genomic architecture of NOL7 across different species and identify
possible conserved regions, the sequences located upstream of the NOL7 gene were aligned
and analyzed in four species (human, chimpanzee, mouse and dog). The genes SIRT5 and
RANBP9 flank NOL7 at its 5′ and 3′ ends respectively in each species, suggesting
conservation of genomic architecture (Fig. 2A). However, no specific region conservation
was observed in the sequence 5′ upstream of the NOL7 gene (Fig. 2B). Therefore, in order
to accurately identify the proximal promoter region, we cloned the 5′ flanking region of the
human NOL7 gene. We generated an initial set of three luciferase reporter gene constructs
containing deletions of the NOL7 upstream region (Fig. 3A+B). The longest construct of the
three constructs was 3.1kb (pGL3-3.1) in length, which extended −3162 bp upstream of the
NOL7 translation start site and 421 bp downstream of the SIRT5 stop codon (NCBI ID:
NM_012241.3) (Fig. 3B). Further, the 3.1 kb region was divided into 1.2 and 2.1 kb regions
(pGL3-1.2 and 2.1 respectively; Fig. 3B). To determine the functional significance of the
regulatory domains of the NOL7 promoter region, equal amounts of the three constructs, and
the promoter less pGL3 basic vector, were individually transfected in HEK293T cells along
with the β-Galactosidase vector. The 1.2 kb region did not demonstrate any luciferase
activity when compared to the pGL3 basic control vector. Conversely, the 2.1 kb and the 3.1
kb constructs dramatically increased promoter activity (Fig. 3B). To further characterize the
promoter region, we generated four additional deletion constructs by creating 5′ and 3′
truncations of the 2.1 kb region as depicted in Fig. 3C. The proximal constructs pGL3-1P
and pGL3-1.5P failed to demonstrate significant luciferase activity. Conversely, both of the
distal constructs, pGL3-1.5 D and pGL3-1D, induced relative luciferase activity that was
comparable to pGL3-2.1. Finally, the distal 2.1 kb region was further characterized by the
generation of four additional constructs approximately 0.5 kb in length, that sequentially
spanned the entire distal 2.1 kb region. The pGL3-0.5(4) construct demonstrated luciferase
activity that was equivalent to the activity expressed by either the pGL3-2.1 or the
pGL3-3.1. Conversely, the pGL3-0.5 (1), pGL3-0.5 (2) and pGL3-0.5(3) failed to
demonstrated significant luciferase activity (Fig. 3C). These results demonstrated that the
genomic region occupying the −560 to −30 nucleotides upstream of the first NOL7
translation start site contain the essential elements required for the optimal promoter activity
of the NOL7 gene.

3.3. Identification of regulatory elements in the promoter region
In silico analysis of the promoter by the TESS, PROMO and Genomatrix programs (Werner,
2000; Messeguer et al., 2002; Farre et al., 2003) demonstrated that this region lacked the
major eukaryotic promoter elements, such as TATA and CCAAT boxes, implying that the
NOL7 may have a TATA-less promoter. It is now believed only 10–20% of human protein-
coding genes have promoters that contain TATA boxes (Anish et al., 2009). TATA-less
promoters are characterized by the presence of multiple TSSs, CpG islands and SP1
transcription factor binding sites (Zhu et al., 2008; Anish et al., 2009). Because NOL7 has
two TSSs at positions −32 and +60 respectively (Fig. 1) and lacked the major eukaryotic
promoter elements, we searched for the presence of CpG islands immediately upstream of
the TSS. The overall GC content of the promoter region was estimated to be greater than
60% by the EMBOSS-isochore program (Bernardi, 1995; Pesole et al., 1999; Bernardi,
2000) (Fig. 4A). Using the EMBOSS-CpG plot program it was determined that the NOL7
genomic region contains a large CpG island about 1120 nucleotides in length, containing
111 CpG dinucleotides (13,554,908 to 13,556,028 bp, NCBI ID: NT_007592) (Rice et al.,
2000). Promoter hypermethylation is a common mechanism by which tumor suppressor
genes can be silenced in various malignancies including CC (Dong et al., 2001). However,
bisulfite sequencing of the NOL7 promoter region from genomic DNA derived from normal
cervical epithelium, CC cell lines and CC tumor samples failed to identify persistent sites of
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methylation (Mankame, et al, in submission). This data suggest that NOL7 expression was
not regulated by an epigenetic mechanism. However the presence of a CpG island further
supports the hypothesis that NOL7 may be regulated by a “TATA-less promoter”. Finally, a
search of transcription factor consensus motifs identified two potential SP1 binding sites in
the promoter (Fig. 4A+B). To verify that the SP1 transcription factor physically occupied
the SP1 sites identified within the NOL7 promoter, a ChIP assay was performed.
Immunoprecipitation of cross-linked chromatin from HEK 293T and HeLa cells with anti-
SP1 polyclonal antibody followed by PCR amplification of the region (the sequence
between 13,555,323 and 13,555,447 of NCBI ID: NT_007592) demonstrated that
endogenous SP1 protein specifically binds to this region of the NOL7 promoter in both HEK
293T and HeLa cells (Fig. 4C). The data presented above confirms that the NOL7 promoter
region possesses each of the key features of a classical “TATA-less” promoter.

3.4. Regulation of NOL7 expression by c-Myc
In addition, to the SP1 binding site, in silico analysis of the NOL7 promoter regions
consistently predicted the presence of conserved c-Myc and RXRα binding sites (Fig. 4A
+B). c-Myc is a transcription factor that coordinates diverse intracellular and extracellular
programs necessary for growth and expansion of somatic cells and is commonly deregulated
or overexpressed in cancer (Soucek et al., 2008). Analysis of the NOL7 promoter region
identified the specific conserved c-Myc binding site “CACGTG” (Fig. 4A+B) (Zeller et al.,
2006). In addition, NOL7 was identified as a potential c-Myc target gene by a ChIP-ChIP
study conducted by another group (Kim et al., 2008). To verify that c-Myc physically
occupied the NOL7 promoter region, a ChIP assay was performed. Immunoprecipitation of
cross-linked chromatin from HEK 293T and HeLa cells with anti-c-Myc polyclonal
antibody followed by PCR amplification of the region (the sequence between 13,555,323
and 13,555,447 of NCBI ID: NT_007592) demonstrated that endogenous c-Myc protein
specifically binds to this region of the NOL7 promoter in both HEK 293T and HeLa cells
(Fig. 5A). Next, c-Myc was transfected in cells for various time periods to determine
whether it acted as a positive or negative regulator of NOL7 expression. Quantitative RT-
PCR analysis of c-Myc transfected cells demonstrated an upregulation of endogenous NOL7
mRNA levels in HeLa cells. However this trend was less pronounced in HEK293T cells,
although both cell lines exhibited a robust expression of c-Myc protein (Fig. 5B+C).

3.5. Regulation of NOL7 expression by Retinoic acid via RXRα
Retinoic X receptor alpha (RXRα) is a nuclear receptor that mediates the biological effects
of retinoids by binding to specific sequences in the promoters of target genes and regulating
their transcription. 9-cisRA is considered an RXR selective ligand (Chambon, 1996).
However, RXRs are known to be obligatory DNA-binding partners for a variety of nuclear
receptors, there by broadening the spectrum of their biological activity, to the corresponding
nuclear receptor-signaling pathways (Altucci et al., 2007; Desvergne and Gerald, 2007). In
addition, recent studies have shown that RXRα is recruited to gene promoters in response to
all trans retinoic acid (ATRA) (Saavalainen et al., 2005; Knutson and Clagett-Dame, 2008).
As indicated previously, the NOL7 promoter region has two potential RXRα binding sites
(Fig. 4A+B). To determine if RXRα bound to the NOL7 promoter upon 9-cis RA treatment,
cells were grown in serum free media overnight and then treated with 9-cis RA or DMSO.
ChIP analysis of 9-cisRA-treated cells failed to demonstrate a significant association of
RXRα with the NOL7 promoter as compared to the DMSO treated cells (Fig. 6A). To
determine if NOL7 expression could be alternatively regulated by ATRA, cells were treated
with either ATRA or DMSO using the same conditions. ChIP analysis demonstrated binding
of RXRα to the NOL7 promoter exclusively in the ATRA treated HEK293T and HeLa cells
(Fig. 6B). To determine if ATRA treatment positively or negatively regulated expression of
NOL7, its mRNA levels in these cells were evaluated. Quantitative RT-PCR analysis
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showed a robust upregulation of endogenous NOL7 mRNA (>2 fold) in HEK293T and
HeLa cell lines treated with ATRA as compared to DMSO (Fig. 6C). Again this induction
was more pronounced in HeLa cells. Thus, these experiments indicated that NOL7 was
transcriptionally activated by ATRA treatment, in part by the recruitment of RXRα to its
promoter region.

4. Discussion
HPV infection is believed to be the causative agent in the majority of CC cases. However
additional genetic aberrations are required for malignant transformation (Lazo, 1999; Branca
et al., 2006; Narisawa-Saito et al., 2008). NOL7 is a candidate tumor suppressor gene,
whose expression is commonly lost in CC (Hasina et al., 2006). In order to study the tumor
suppressor functions of NOL7, it was necessary to understand the molecular mechanisms
behind its transcriptional regulation. This study was designed to identify the promoter region
of the NOL7 gene, as well as the potential transcription factors that regulate its expression.
Using a combination of bioinformatics and molecular biology techniques we have
characterized the NOL7 promoter, provided evidence that it is a TATA-less promoter, and
identified c-Myc and RXRα as positive regulators of NOL7 expression.

By generating a series of deletion constructs of the human NOL7 upstream region, its
optimal promoter was defined to be the 560 bp region upstream of the initiation codon (Fig.
3). These experiments demonstrated that the highest promoter activity is concentrated within
this 560 bp sequence and no enhancers or silencers were found to be present further
upstream of this region. Sequence analysis of this region showed that it lacked a “TATA
box” which is known to recruit transcriptional machinery needed for efficient expression of
a gene (Bjornsdottir and Myers, 2008). Recent bioinformatics studies have suggested that
the majority of mammalian gene promoters lack a TATA box, have multiple TSSs and are
highly GC rich (Anish et al., 2009). Our 5′ RACE analysis demonstrated that the NOL7
promoter contained two transcriptional start sites (Fig. 1) and had a significantly high GC
content (> 60%) (Fig. 4A). Finally, the promoter region contained potential SP1 binding
sites and this region was capable of binding SP1 protein as determined by ChIP analysis
(Fig. 4). Taken together all these data supported the hypothesis that NOL7 has a TATA-less
promoter.

In CC, the integration of HPV DNA near the c-Myc locus has been shown to
transcriptionally activate the gene (Peter et al., 2006). RNAi mediated HPV E6 and E7
knockdown resulted in the downregulation of c-Myc and its target genes suggesting that
malignant transformation in CC may be mediated in part via the regulation of c-Myc by
HPV (Kuner et al., 2007). Our ChIP data demonstrates that c-Myc associated with the NOL7
promoter and that overexpression of c-Myc upregulated endogenous NOL7 mRNA levels,
indicating the c-Myc positively regulated NOL7 transcription (Fig. 5). This finding was
unexpected considering the oncogenic nature of c-Myc. However it is not unprecedented, as
c-Myc is known to transactivate several prominent tumor suppressors such as p53, BRCA1
and PTEN by binding to their respective promoters (Roy et al., 1994; Menssen and
Hermeking, 2002; Fernandez et al., 2003). One hypothesis may be that certain cancer related
genes respond to deregulated c-Myc levels and are induced in order to activate their specific
tumor suppressive pathways. Also of importance is the ability of c-Myc to activate or
repress genes depending on the co-activator proteins such as Max or Miz-1 that it associates
with (Eilers and Eisenman, 2008). Future studies are required to better understand the
relationship between HPV infection, c-Myc and regulation of NOL7 transcription.

ATRA treatment is known to induce growth arrest and cell death in CC cell lines in a dose
dependent manner (Arany et al., 2003a; Arany et al., 2003b; Gasowska-Giszczak et al.,
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2005; Guo et al., 2006). In addition, treatment with ATRA can modulate the angiogenic
phenotype in CC and head and neck cancer (Majewski et al., 1994; Lingen et al., 1996).
Treatment with ATRA is also known to suppress the transcription of HPV 16, E6 and E7
proteins (Faluhelyi et al., 2004). Additionally, reduced serum levels of ATRA are associated
with HPV-mediated progression to invasive carcinoma (Berlin Grace et al., 2006).
Endogenous NOL7 mRNA was upregulated greater than two fold in ATRA treated
HEK293T and HeLa cells (Fig. 6C). This induction was accompanied by recruitment of
RXRα to the NOL7 promoter (Fig. 6B), supporting the hypothesis that RXRα positively
regulates NOL7 expression in response to ATRA treatment. Conversely, ChIP experiments
demonstrated that RXRα did not associate with the NOL7 promoter upon 9-cis RA
treatment (Fig. 6A), suggesting that RXRα may be recruited to the promoter as a
heterodimeric complex that does not respond to 9-cis RA (Altucci et al., 2007). Since RXRα
is known to heterodimerize with a number of different nuclear receptors, further
investigation is required to identify and characterize additional binding partners of RXRα
that may exert differential regulation of NOL7 gene expression (Bugge et al., 1992;
Desvergne and Gerald, 2007). It will also be interesting to determine if NOL7 plays a role in
ATRA mediated growth arrest, cell death and angiogenesis by acting as a downstream
effector of ATRA.

In conclusion, we have determined two transcriptional start sites of NOL7, cloned its
regulatory promoter region, and identified the transcription factors that regulate its
expression. Our data demonstrate that NOL7 contains a TATA-less promoter and is
positively regulated by the c-Myc and RXRα transcription factors. This novel regulation of
NOL7 by transcription factors that are intimately involved in carcinogenesis provides
additional mechanistic insights into the potential role of NOL7 in CC and perhaps other
malignancies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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