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Characterization of NOL7 Gene Point Mutations, Promoter
Methylation, and Protein Expression in Cervical Cancer
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Summary: NOL7 is a putative tumor suppressor gene localized to 6p23, a region with
frequent loss of heterozygosity in a number of cancers, including cervical cancer (CC).
We have previously demonstrated that reintroduction of NOL?7 into CC cells altered the
angiogenic phenotype and suppressed tumor growth in vivo by 95%. Therefore, to
understand its mechanism of inactivation in CC, we investigated the genetic and
epigenetic regulation of NOL7. NOL7 mRNA and protein levels were assessed in 13 CC
cell lines and 23 consecutive CC specimens by real-time quantitative polymerase chain
reaction, western blotting, and immunohistochemistry. Methylation of the NOL7
promoter was analyzed by bisulfite sequencing and mutations were identified through
direct sequencing. A CpG island with multiple CpG dinucleotides spanned the 5
untranslated region and first exon of NOL7. However, bisulfite sequencing failed to
identify persistent sites of methylation. Mutational sequencing revealed that 40% of the
CC specimens and 31% of the CC cell lines harbored somatic mutations that may affect
the in vivo function of NOL7. Endogenous NOL7 mRNA and protein expression in CC
cell lines were significantly decreased in 46% of the CC cell lines. Finally,
immunohistochemistry demonstrated strong NOL7 nucleolar staining in normal tissues
that decreased with histologic progression toward CC. NOL?7 is inactivated in CC in
accordance with the Knudson 2-hit hypothesis through loss of heterozygosity and
mutation. Together with evidence of its in vivo tumor suppression, these data support
the hypothesis that NOL?7 is the legitimate tumor suppressor gene located on 6p23.
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Cervical cancer (CC) is the most common gyneco-
logical malignancy and the third most common
cancer among women worldwide (1). CC develop-
ment is strongly associated with human papilloma-
virus (HPV) infection. However, additional genetic
alterations are required for malignant transformation
(2-6). Therefore, the successful screening, prevention,
diagnosis, and treatment of CC require further
characterization of the key genetic alterations re-
quired for CC development. NOL7 is a putative
tumor suppressor gene (TSG) localized to 6p23, a
region with frequent loss of heterozygosity (LOH) in
a number of cancers, including hormone-refractory
breast carcinoma, leukemia, lymphoma, osteosarcoma,
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retinoblastoma, nasopharyngeal carcinoma, and CC
(7-25). Using CC as a model, in which LOH of 6p23
is one of the most common allelic losses in this
neoplasm (26-31), we demonstrated that NOL7
expression is regulated through genomic instability.
Fluorescent in-situ hybridization experiments using
BAC clones and an 8-kb NOL7 genomic probe
demonstrated consistent loss of one NOL?7 allele in
CC cell lines and in CC tumor samples (32).
Reintroduction of NOL7 into CC cells with decreased
NOL7 expression modulated the angiogenic pheno-
type by decreased expression of the proangiogenic
cytokine vascular endothelial growth factor and
increased expression of the antiangiogenic factor
TSP-1. Importantly, reintroduction of NOL7 sup-
pressed tumor growth in vivo by 95% (32).

These studies suggest that NOL7 plays a significant
role in the suppression of tumor growth. However,
according to the Knudson 2-hit hypothesis, inactiva-
tion of a TSG requires the functional loss of both
alleles through various genetic or epigenetic mechan-
isms (33,34). Although numerous studies, including
those within our own lab, have documented the LOH
of 6p23 and NOL7, an additional hit has not been
identified. In addition to the LOH, mutation and
methylation represent 2 common methods of genetic
and epigenetic inactivation (35,36). A recent study
identified mutations within NOL?7 in 25% of the CC
specimens examined. However, the limited number of
samples investigated precludes definitive conclusions
(37). Promoter methylation of genes localized to 6p is
associated with cancer, and methylation of ID4 and
POU2F3 has been reported on 6p23 (38,39). How-
ever, no studies have specifically determined the
methylation status of NOL7.

MATERIALS AND METHODS

Identification of GC-rich Genomic Regions and CpG
Islands

The EMBOSS-Isochore program was used to
identify regions within the NOL7 gene that were
GC rich (40-42). The program was input with base
pairs 13,614,790 to 13,621,437 of the Chr6 Genbank
accession NC_000006.11. This identified a region
from 13,614,790 to 13,616,240, which was subse-
quently analyzed for CpG islands using the EM-
BOSS-CpGPlot program (43,44). Default settings for
both programs were used (GC>0.5 and CpG>0.7
thresholds).

Int J Gynecol Pathol, Vol. 31, No. 1, January 2012

Cell Lines

All cell lines were obtained from the ATCC
(Manassas, VA) and were cultured at 37°C in a 5%
CO, in humidified incubators. Media and reagents
were purchased from Invitrogen (Carlsbad, CA).
HEK?293 T was used as a positive control for NOL7
expression. All media were supplemented with 10%
FBS, penicillin (100 pg/mL), and streptomycin. Med-
ia were as follows: SiHa, Ca Ski, and ME180—
RPMI; HeLa and HEK293 T—DMEM; AN3CA,
C-33A, MS751, and CC-I—MEM; HEC-1-A and
HT-3—McCoy’s; C-4I and C-4II—Waymouth’s; and
SW756—Leibovitz’s. Genomic DNA from cell lines
was extracted using the Gentra Puregene Kit (Qiagen,
Valencia, CA) as per the manufacturer’s instructions.
Genomic DNA from normal adult cervix was
obtained from the Biochain Institute Incorporated
(Hayward, CA).

Tissue Specimens

CC tissue specimens were collected and used under
the approval of the University of Chicago Institu-
tional Review Board. Paraffin blocks of diagnosed
CC specimens were obtained and representative
hematoxylin and eosin-stained sections were re-
viewed. Matched normal and cancer specimens were
collected by laser capture microdissection) using the
Leica AS LMD system. Genomic DNA from laser
capture microdissection sections was extracted as
described previously (45).

Bisulfite Treatment and Polymerase Chain Reaction
Amplification

Genomic DNA from the cell lines, normal cervical
mucosa, and 23 CC samples were treated with sodium
bisulfite as described previously (46). The bisulfite-
treated DNA was used as template for polymerase
chain reaction (PCR), using AmpliTag Gold PCR
Master Mix (Applied Biosystems, Foster City, CA)
and primers region A (5-GTGGTAGTAGGGTTG
ATTGG-3 and 5-AATAAACCCCACTAAAAAT
ACTCTAC-3) and region B (5-GTAGAGTATTTT
TAGTGGGGTTTATT-3 and ¥-AAACTACACCA
TAACCCA-3) (Figure 4). The PCR program used
was 94°C for 10 minutes, 35 cycles of 94°C for 30s,
59°C for 45s, 72°C for 45s, and 72°C for 10 minutes.
The PCR products were resolved and visualized on a
1% agarose gel.
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TOPO TA Cloning and Sequencing

PCR products from bisulfite-treated DNA ex-
tracted from cell lines and tissue samples were cloned
into the pCR4-TOPO vector by TOPO TA cloning
according to the manufacturer’s instructions (Invitro-
gen, Carlsbad, CA). Ten colonies per transformation
were sequenced using T7 and T3 primer sites within
the pCR4-TOPO vector. Sequences were compared
with the genomic template (accession number:
NC_000006.11) and the CpGs were analyzed using
MegAlign software (DNASTAR, Inc., Madison, WI).

Mutational Sequencing

Genomic DNA from cell lines and tissues was
amplified by PCR using AmpliTaq Gold PCR Master
Mix (Applied Biosystems). Primers are listed in
Supplementary Table 1 (Table, Supplemental Digital
Content 1; http://links.lww.com/IJGP/A6). Cycling
conditions were 94°C for 5 minutes, 35 cycles of 94°C
for 20 seconds, varied T,, for 30 seconds, 72°C for 2
minutes, and 72°C for 10 minutes. PCR products
were purified using the Wizard SV Gel and PCR
Cleanup System (Promega, Madison, WI) and
sequenced using amplification primers. Sequences
were compared with bases 13,614,022 to 13,621,437
of NC_000006.11 using MegAlign software (DNAS-
TAR, Inc.) and ChromasLite (Technelysium Pty Ltd,
Eden Prairie, MN). Potential biologic significance of
the mutations was evaluated using Genomatix
Matlnspector (47), Human Splicing Finder (48),
CRYP-SKIP (49-51), Microlnspector Prediction
Software (52), and miRBase (53-57).

Real-Time Quantitative PCR

Endogenous NOL7 mRNA expression was deter-
mined by quantitative real-time PCR as described
previously (58). Relative fold change for mRNA
expression was quantified using the AACt relative
quantification method and normalized to 293T
mRNA levels. Statistical significance was determined
using the Student ¢ test.

Western Blotting

Western blotting was performed as described (58).
Antibody conditions were as follows: NOL7 (12
ng/mL) (Sigma-Aldrich, St. Louis, MO); B-actin
(0.75ng/mL) (Abcam, Cambridge, MA); and goat
a-rabbit-HRP (12.5ng/mL) (Cell Signaling Techno-
logy, Danvers, MA). Results were quantified using

the Bio-Rad QuantityOne Software (Bio-Rad,
Hercules, CA) and normalized to B-actin.

Tissue Microarray and Immunohistochemistry

Immunohistochemistry for NOL7 was performed
on cervical tissue obtained with the approval of the
University of Chicago Institutional Review Board. A
tissue microarray (TMA) was generated using a
Beecher Instruments ATA-27 Automated Tissue
Arrayer. The TMA consisted of normal cervical
mucosa (n=70), cervical intraepithelial neoplasia
(CIN) I (n=22), CIN II (n=20), CIN III (n=23),
and cervical squamous cell carcinoma (n=88).
Deparaffinized sections were microwaved in ET
buffer, a-NOL7 primary (Sigma-Aldrich) was applied
at 1:120 dilution for 1 hour at room temperature, and
the rabbit EnVision 4+ kit (DAKO, Carpinteria, CA)
was used for detection. All sections were counter-
stained with hematoxylin and scored on a 0 to 2+
scale, with 0 being the lowest staining and 2+ the
greatest. The Fisher exact test was performed for the
comparison of NOL7 expression among the histolo-
gic groups. Unless otherwise stated, NOL7 expres-
sion was ranked as present (staining intensity 1 and 2)
or absent (staining intensity 0) against normal + CIN
I versus CIN II + CIN III 4 squamous cell carcinoma
(SCC) groups.

RESULTS

NOL7 is downregulated in CC cell lines and its
expression decreases with progression in CC. We
have previously demonstrated decreased mRNA
expression and allelic loss of NOL7 in a limited
number of CC cell lines and tumor samples by
Northern blot and fluorescent in-situ hybridization
(32). To further characterize the expression of
endogenous NOL7 in CC, we assessed mRNA and
protein levels in an expanded set of CC cell lines.
Using a polyclonal antibody against NOL7, we
performed western blotting (Fig. 1A) and compared
this with mRNA Ievels as determined by real-time
quantitative PCR (Fig. 1B), normalized to 293 T cells
for which previous analyses have indicated as
containing high levels of endogenous normal
NOL7. NOL7 protein expression was decreased by
half in 6 of 13 (46%) cell lines compared with 293 T
control (Fig. 1A). We also found that 6 of 13 (46%)
CC cell lines demonstrated significantly decreased
NOL7 mRNA expression (<50% of 293 T control,

Int J Gynecol Pathol, Vol. 31, No. 1, January 2012
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FIG. 1. Analysis of endogenous NOL7 expression in CC cell lines. (A) Western blotting was performed on 25 pg of whole cell lysate from a
panel of CC cell lines. Expression was quantified in (B) using QuantityOne software from Bio-Rad and normalized to p-actin. (B) Real-time
quantitative polymerase chain reaction was performed on total RNA isolated from 13 CC cell lines and compared with 293T controls.

P<2x107% Fig. 1B). Four of these cell lines, Ca Ski,
ME-180, SiHa, and SW756, demonstrated consis-
tently downregulated NOL7 mRNA and protein.
Interestingly, 5 of the 13 (40%) cell lines, C-4 I, Ca
Ski, CC-1, HEC-1-A, and HeLa, showed differential
expression between NOL7 mRNA and protein levels,
suggesting that NOL7 may also be posttranscription-
ally and posttranslationally regulated.

To assess endogenous NOL7 expression during the
histologic progression of CC, immunohistochemistry
against NOL7 was performed on TMAs consisted of
specimens from normal, CIN I, CIN II, CIN III, and
SCC cervical tissue (Fig. 2A). Tissues were scored 0, 1,
or 2 based on staining intensity, with 0 being the lowest
and 2 being the highest expressing tissue. Although the
majority (95%) of normal and CIN 1 samples

Int J Gynecol Pathol, Vol. 31, No. 1, January 2012

demonstrated staining for NOL7, <23% of samples
from CIN II, CIN III, and SCC had a staining intensity
of 1 or 2 (P<0.001) (Fig. 2B). Conversely, 77% of CIN
II, CIN III, and SCC tissues did not express
endogenous NOL7, whereas only 5% of normal and
CIN 1 tissues lacked NOL7 expression (P<0.001)
(Fig. 2B). These data suggest that NOL7 expression
decreases significantly with histologic progression in
CC, and that loss of NOL7 occurs after CIN 1.

CC Cell Lines and Tumor Samples Do Not Have
Methylated NOL7 Promoter

The significant loss of NOL7 expression in CC cell
lines and cervical tissue suggests that NOL7 may
function as a TSG. In accordance with the Knudson



GENOMIC REGULATION OF NOL7 19

-n L
2 g g IR mﬁ 3 P o 2T Ty 2004
CIN 1l scC
B n=70 n=22 n=20 n=23 n=88
2 100 1
]
2 801 Staining
@ Intensity
B -0
€ ®; =
2 (=]
k-]
"
£
a-
Normal CINI CINI CINII sCC
Histologic Diagnosis

FIG. 2. Immunohistochemical expression of NOL7 in normal (A)
CIN I (B) CIN III (C), and malignant cervical mucosa (D).
Decreased nucleoplasmic NOL7 protein expression is observed
with increasing histologic atypia. Original magnification: 200 x
and 1000 x . E, Quantification of NOL7 expression in cervical
mucosa. Normal (n=70), CIN I (n=22), CIN II (n=20), CIN III
(n=23), and SCC (n=288). Data are expressed as percentage of
tumor specimens demonstrating an intensity of staining ranging
from 0 to 2+.

2-Hit hypothesis, loss of the first allele of NOL7 by
LOH must be followed by loss or silencing of the
second allele through genetic or epigenetic mechan-
isms, likely methylation or mutation. Epigenetic
regulation by methylation in a gene-specific manner
is dictated by the presence of a CpG island in the
promoter of these genes (59). To determine whether
NOL7 might be regulated by this mechanism, the
NOL7 genomic region was analyzed for high GC
content that might indicate the presence of a CpG
island. The region upstream of the NOL7 start codon
averages >60% GC across the region of interest
(Fig. 3A) (40-42). To determine whether this GC-rich
region contained a CpG island, the genomic region

1000 2000 3000 4000 5000 6000

T

;I.;I..I.;.I.;.J..I

400 600 800 1000 1200 1400
FIG. 3. Prediction and analysis of NOL7 genomic elements. (A)
The genomic region of chromosome 6 (NC_000006.11) from bases
13,614,790 to 13,621,437 was analyzed using EMBOSS Isochore
program to predict regions of high GC content. Dashed lines
indicate the designated threshold of 0.5. (B) The 1451 bp region of
NOL7 demonstrating that >50% GC content was analyzed for the
presence of a CpG island using EMBOSS CpGPlot. Dashed lines
indicate a threshold of 0.7.

1

200

sequence was analyzed using the EMBOSS CpG Plot
program (44,46). The analysis predicted a large CpG
island approximately 1120 nucleotides in Ilength,
containing 111 CpG dinucleotides (Figs. 3B).

Promoter hypermethylation is a common mechan-
ism by which many TSGs such as p16 and APC are
silenced in CC (60). The promoter of NOL?7 spans the
560 bp region upstream of the start codon, which
contains 47 CpG dinucleotides (58). To specifically
assess NOL7 promoter methylation, bisulfite PCR
primers were designed such that the promoter region
was split into 2 fragments, region A and B (Fig. 4A).
To assess the methylation status of NOL7 in cell lines
that express a wide spectrum of endogenous NOL7,
genomic DNA from 293 T, HeLa, and SiHa cell lines
that express high, moderate, and low levels of
endogenous NOL7 was bisulfite treated, PCR ampli-
fied, and TOPO TA cloned (Fig. 4B). There was no
methylation observed in the 3 cell lines (Fig. 4C). To
determine whether the lack of methylation was an
artifact due to cell culture, 23 consecutive CC tissue
samples were analyzed and compared with normal
cervix for methylation status. No significant methyla-
tion pattern was observed in either the normal or CC
tissue samples (Fig. 4C). These data suggest that
methylation is not a mechanism of inactivation of the
NOL?7 gene.

Int J Gynecol Pathol, Vol. 31, No. 1, January 2012
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FIG. 4. Bisulfite PCR-mediated methylation analysis. (A) Schematic of the NOL7 genomic region with exons (light gray box), promoter
region (white box), and CpG Island (dark gray box). (A) and (B) indicate the bisulfite primer location. (B) Representative bisulfite polymerase
chain reaction products for regions A and B from HEK293 T, HeLa, and SiHa cell lines. (C) Analysis of the methylation pattern of 47
individual CpG dinucleotides in the NOL7 promoter region. Ten clones were sequenced for the 3 cell lines, normal, and 23 cervical cancer
samples (CC-1 to 23), which is represented in parentheses. Open circles represent unmethylated CpG dinucleotides. Ten clones are represented
per circle, with the methylated CpGs corresponding to the black shaded fraction.

NOL7 is Mutated in CC NOL?7 gene. Genomic DNA from cell lines (Table 1)

Lack of NOL7 methylation in the promoter region and 23 consecutive matched normal and CC tumor
suggested that there may be inactivation through specimens (Table 2) were collected and the NOL7
mutation. To determine whether the genomic region genomic region was sequenced. Four consistent
of NOL7 harbors inactivating mutations, a series of variations from the genomic sequence of NOL7 were
primers were designed to cover the length of the identified within the 13 cell lines. Fifteen of the 23

TABLE 1. Mutational analysis of NOL7 genomic region in CC cell lines

Coding
Variance Genomic NOL7 region change SNP Frequency Predicted biologic consequence
A-C 13615401 Promoter rs2841524 61.54% HIF la-binding site lost
G->A 13615702 Exon 1 G38R — 61.54% May affect functionality of adjacent acidic
domain
G-A 13618408 Intron 5 — 38.46% Destroys splicing silencer motifs and creates new
enhancer motifs; alternative splicing pattern
T-C 13620097 Intron 5 — 7.69% Destroys splicing silencer motifs and creates new

enhancer motifs; alternative splicing pattern

The results of direct mutational sequencing of the NOL7 genomic region within CC cell lines are listed. The location of the mutation
corresponding to Genbank accession NC_000006.11 is listed, along with the region of NOL7 affected and frequency of the mutation within
the 13 cell lines examined. The mutation, SNP status, and predicted effect are included.

CC indicates cervical cancer.

Int J Gynecol Pathol, Vol. 31, No. 1, January 2012
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TABLE 2. Mutational analysis of NOL7 genomic region in CC tumor samples

Variance Genomic NOL7 region SNP Frequency Predicted biologic consequence

G -A 13614430 5 UTR — 4.35% Loss of hsa-miR-1225-3p, -145, -331-3p, -1274a, -500, and
-326; Gain of hsa-miR-134

A-C 13615401 Promoter rs2841524 39.13% HIF la-binding site lost

C-T 13615444 Promoter — 4.35% AP-2-binding site lost

G-A 13617979 Intron 3 — 4.35% Destroys splicing silencer and enhancer motifs; splice site
broken

A-G 13618177 Intron 4 — 4.35% Destroys splicing silencer motifs and creates new enhancer
motifs; alternative splicing pattern

G-A 13618408 Intron 5 — 8.70% Destroys splicing silencer motifs and creates new enhancer
motifs; alternative splicing pattern

T-C 13620207 Intron 5 — 4.35% Destroys splicing silencer and enhancer motifs; splice site
broken

A-G 13620386 Intron 5 — 4.35% Destroys splicing silencer and enhancer motifs; splice site
broken

+AACT 13621391 JUTR 510695200 4.35% Change in 3" UTR cis-elements

Deletion 13621627 3'UTR — 4.35% Loss of hsa-miR-19-1b and -182;Gain of hsa-miR-1184

G-oA 13621698 3'UTR — 4.35% Loss of hsa-miR-106b;Gain of hsa-miR-548m

The results of direct mutational sequencing of the NOL7 genomic region in CC tumor samples are listed. The location of the mutation
corresponding to Genbank accession NC_000006.11 is listed, along with the region of NOL7 affected. The mutation, SNP status, and

predicted effect are included. The total mutation frequency is indicated.

samples showed variation from the National Center
for Biotechnology Information reference sequence,
and 40% of these represented somatic tumor-asso-
ciated mutations. The majority of these mutations are
clustered in intron 5 and the 3’ untranslated region
(UTR) of NOL7. One mutation in intron 5 was
identified in 2 of the tumor samples and in 5 of the 13
cell lines examined (G13618408A). Using software
prediction programs, the majority of the intronic
mutations are within splicing regions that may
influence alternative splicing of the NOL7 gene,
whereas the 3’ UTR mutations are associated with
multiple miRNA sites (Tables 1, 2). In addition to
somatic tumor-associated mutations, some cell lines
and tumor samples also demonstrated single-nucleo-
tide polymorphism (SNP) variations. In particular,
SNP rs2841524 is located in the promoter region of
NOL7. The variation at this locus was identified in
61% of CC cell lines and 39% of tumor samples.
Variation of this particular allele from A—C is
predicted to change the consensus HIF-1la-binding
element within the promoter. Taken together, this
demonstrates that NOL7 harbors tumor-associated
mutations and SNP variations, and suggests these
genomic alterations may potentially contribute to
NOL?7 inactivation in conjunction with LOH.

DISCUSSION

HPYV infection has a well-characterized role in the
pathogenesis of CC (61-63). However, this event is

insufficient for oncogenesis, and the genetic and
epigenetic changes that contribute to the develop-
ment of CC are poorly understood. Chromosomal
instability and LOH were among the first nonviral
mechanisms identified that contribute to CC (26—
29,64). However, a limited number of putative TSGs,
and their functional role in the development of CC,
have been adequately described. One of the most
common allelic losses in CC occurs at 6p23 (26-31).
Within this chromosomal region, there are several
potential cancer-associated genes, including CDS83
and NOL?7. Evidence of genetic alterations of CD83
in CC has been demonstrated (37,65). However,
functional demonstration of its tumor suppressive
capacity is lacking. Conversely, we have previously
shown that NOL7 displays allelic loss in both CC cell
lines and tumor samples. Furthermore, reintroduc-
tion of NOL7 into CC tumor cell lines suppresses
in vivo tumor growth by 95% in part by the
modulation of the angiogenic phenotype (32). In this
study, we investigated the genetic and epigenetic
regulation of NOL7 and provide evidence of both
mutations and LOH, further supporting the role of
NOL7 as a TSG in CC.

CC development represents a continuum of cyto-
logic and molecular alterations that occurs over
decades. The interrogation of normal cervical mucosa
and various grades of CIN and CC demonstrated a
decrease in the number of samples demonstrating
NOL7 protein expression at the juncture between
CIN I and CIN II (77.3% and 50.0%; Fig. 2B).
A further decrease was observed in CIN IIT (13%,
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Fig. 2B) and vast majority of CC lacked NOL7 ex-
pression (19.3%; Fig. 2B). This mirrors the progres-
sive gain of expression of the angiogenic phenotype,
as measured by the surrogate of microvessel density,
during CC development (66-72). Interestingly, the
dramatic loss of NOL7 expression in CIN III also
correlates with the stable integration of the HPV E6
and E7 oncoproteins (62,73,74). Therefore, decreased
NOL7 expression concurrent with increased micro-
vessel density and HPV integration supports the
hypothesis that loss of NOL7 plays a critical role in
the expression of the angiogenic phenotype during
CC development and suggests that NOL7 expression
may be additionally regulated through HPV onco-
proteins. Although it is currently unknown whether
there is a direct correlation between HPV type and
NOL7 expression levels, the impact of HPV onco-
proteins on upstream regulation of NOL7 is being
investigated. It will also be of interest to determine
whether other cancers whose etiology is correlated
with HPV infection, such as head and neck cancers,
also demonstrate differential expression of NOL7
during histologic progression as has been observed in
our CC model system.

Both global DNA hypomethylation and regional
DNA hypermethylation have been observed in CC,
suggesting that methylation is likely a key mechanism
for regulation of gene expression in CC (75). The
identification of a CpG island within the promoter
region of NOL7 suggested that the expression of the
NOL?7 gene might be epigenetically regulated. How-
ever, no methylation was detected in cell lines or
tumor samples, suggesting that methylation is not a
mechanism of NOL7 regulation. In addition to the
promoter region CpG island, an additional CpG
island within the fifth intron of the NOL7 gene was
detected. Although nonpromoter methylation has
been described in gene bodies and intergenic regions,
their functional significance is not well understood
(76,77). Nonpromoter methylation can enhance
transcription in a protein-specific and tissue-specific
manner (78). Enhanced methylation in intergenic
regions is also associated with splicing efficiency
(79). A number of mutations were also detected
in this region, suggesting that intron 5 may be
an epigenetic hotspot that is targeted during CC
development.

The mutations identified within intron 5 and other
introns are predicted to affect splicing patterns of the
flanking exons. Alternative splicing may account for
up to 75% of the diversity in the human proteome
and it is estimated that as much as 15% of the
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somatic mutations in cancer are attributable to
alternative splicing (80,81). These alternative splicing
patterns can manifest as truncated, frameshifted, or
unstable transcripts. Alternative or truncated protein
products would likely demonstrate altered function-
ality in vivo, as critical localization domains of NOL7
are coded within the carboxy terminus of the protein
(82). Aberrant splicing patterns can also negatively
impact the stability and expression of mutant tran-
scripts, triggering nonsense-mediated decay and other
nuclear surveillance mechanisms (83-85). In addition,
coupled splicing mechanisms can lead to altered cotra-
nscriptional processing, leading to differential expres-
sion of an mRNA at multiple levels (86-88). Muta-
tions within the 3 UTR of genes have also been
shown to have significant effects on mRNA polyade-
nylation, stability, export, and subsequent translation
(89-91). Although the effect of the specific mutations
on NOL?7 expression and function cannot be deter-
mined from this study alone, the number of mutations
within a small genomic locus suggests that NOL7
may play a critical role in CC development and pro-
gression. It will be critical to experimentally determine
the effect of these genetic alterations on NOL7 isoform
expression, and to assess their functional consequences
in the context of the second NOL7 allele. In addition,
some of the identified nucleotide changes correlate with
characterized SNPs NOL?7. In particular, the expression
of the A versus C allele identified in the promoter
region of NOL7 corresponds to the consensus for an
HIF-1a-binding site. Although the role of HIF-1a in
NOL7 expression must be validated experimentally,
this is particularly compelling when considered in
conjunction with data showing that loss of NOL7
correlates with the onset of angiogenesis in CC clinical
progression.

In conclusion, NOL7 is a putative TSG in CC and
perhaps other malignancies with loss of 6p23. In this
study, we sought to characterize the expression of
endogenous NOL7 in CC and to identify the mechan-
ism of inactivation of its other allele. NOL7 was found
to be significantly downregulated in 6 of 13 CC cell
lines. Furthermore, NOL7 protein expression decreased
with histologic progression. Through bisulfite and
mutational sequencing of CC cell lines and tumor
samples, we demonstrated that NOL?7 is not methy-
lated, but contains numerous tumor-associated somatic
mutations and potentially deleterious SNPs in CC cell
lines and tissue specimens. This provides additional
evidence for the role of NOL7 as a bona fide TSG in
CC and suggests a mechanism by which NOL7 may
contribute to the pathogenesis of cancer.
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