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Recent studies have suggested an oncogenic role of the BTB/POZ-
domain genes in hematopoietic malignancy. The aim of this study
is to identify and characterize BTB/POZ-domain genes in the
development of human epithelial cancers, i.e., carcinomas. In this
study, we focused on ovarian carcinoma and analyzed gene ex-
pression levels using the serial analysis of gene expression (SAGE)
data in all 130 deduced BTB/POZ genes. Our analysis reveals that
NAC-1 is significantly overexpressed in ovarian serous carcinomas
and several other types of carcinomas. Immunohistochemistry
studies in ovarian serous carcinomas demonstrate that NAC-1 is
localized in discrete nuclear bodies (tentatively named NAC-1
bodies), and the levels of NAC-1 expression correlate with tumor
recurrence. Furthermore, intense NAC-1 immunoreactivity in pri-
mary tumors predicts early recurrence in ovarian cancer. Both
coimmunoprecipitation and double immunofluorescence staining
demonstrate that NAC-1 molecules homooligomerize through the
BTB/POZ domain. Induced expression of the NAC-1 mutant con-
taining only the BTB/POZ domain disrupts NAC-1 bodies, prevents
tumor formation, and promotes tumor cell apoptosis in established
tumors in a mouse xenograft model. Overexpression of full-length
NAC-1 enhanced tumorigenicity of ovarian surface epithelial cells
and NIH 3T3 cells in athymic nu/nu mice. In summary, NAC-1 is a
tumor recurrence-associated gene with oncogenic potential, and
the interaction between BTB/POZ domains of NAC-1 proteins is
critical to form the discrete NAC-1 nuclear bodies and essential for
tumor cell proliferation and survival.
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The BTB (bric-a-brac tramtrack broad complex) (also known as
POZ) gene family is composed of several proteins that share a

conserved BTB/POZ protein–protein interaction motif at the N
terminus that mediates homodimer or heterodimer formation
(1–3). These proteins have been demonstrated to participate in a
wide variety of cellular functions including transcription regulation,
cellular proliferation, apoptosis, cell morphology, ion channel as-
sembly, and protein degradation through ubiquitination (1). A
subset of BTB/POZ proteins have been implicated in human
cancer, and they include BCL-6 (4, 5), PLZF (promyelocytic
leukemia zinc finger) (4, 6), leukemia/lymphoma-related factor
(LRF)/Pokemon (7, 8), HIC-1 (hypermethylated in cancer-1), and
Kaiso (9, 10). Among them, the BCL-6 gene is the best character-
ized oncogene. Frequent gene translocation or mutation has been
identified in B cell lymphoma, resulting in constitutive BCL-6
expression in the tumor cells (4, 5). Peptide inhibitors that block
interaction between the BCL-6 BTB/POZ domain and corepressors
abrogate BCL-6 oncogenic functions in B cells, suggesting that the
use of peptide inhibitors of the BTB/POZ domain may represent a
therapeutic approach for B cell lymphoma (5). As the role of
BTB/POZ proteins in human cancer is emerging, we have analyzed
the expression patterns of tumor-associated BTB/POZ genes in
ovarian cancer in silico using the serial analysis of gene expression

(SAGE) database. Ovarian cancer was selected in this study be-
cause this disease represents one of the most aggressive cancer types
in women. Most patients with ovarian cancer are diagnosed at
advanced stages when conventional therapy is less effective. As a
result, most ovarian cancer patients suffer from, and eventually
succumb to, recurrent disease. New therapeutic agents are urgently
needed for effective treatment to improve outcome in these pa-
tients. In this study, we focused on a BTB/POZ gene, NAC-1, that
is overexpressed in ovarian cancer, particularly in recurrent disease.
We demonstrated that NAC-1 plays a critical role in tumorigenesis
and in the growth and survival of tumor cells.

Results
NAC-1 Expression Is Associated with Cancer Development. A total of
11 SAGE libraries were used to screen 130 BTB/POZ domain-
containing genes for overexpression in high-grade ovarian serous
carcinomas as compared with ovarian surface epithelium and
benign ovarian cystadenoma. Sixteen genes were selected based on
an average tag count per library �10 (Table 2, which is published
as supporting information on the PNAS web site). Among these 16
genes, a gene named NAC-1 (BTBD14B HS.531614) showed the
highest ratio of average tag counts in ovarian carcinoma to controls
(ovarian surface epithelium and benign ovarian cyst) and was
therefore selected for validation and characterization in this study.
The SAGE database was also used to analyze NAC-1 expression in
different cancer types and their corresponding normal tissues. As
shown in Fig. 1, in addition to ovarian cancer, NAC-1 was up-
regulated in several tumors from other organs including pancreatic,
colorectal, and breast carcinomas, although the sample size of
SAGE libraries in most of tumor types was too small for a statistical
analysis.

To validate the SAGE results in ovarian cancer, we generated a
mouse monoclonal antibody (NAC-1 Ab clone 3) that reacted to the
C terminus of the NAC-1 protein and performed immunohisto-
chemistry in 265 ovarian tumors and normal tissue samples (Table
3, which is published as supporting information on the PNAS web
site). The specificity of the NAC-1 antibody was evaluated by
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reciprocal immunoprecipitation/Western blot analyses in RK3E
cells transfected with pCDNA6-V5/NAC-1 and vector control. A
single band with a molecular mass of �57 kDa corresponding to
NAC-1 protein was detected in NAC-1-transfected cells but not in
control cells (Fig. 2A). Because the immunoreactive tumor cells
always exhibited diffuse staining, we used intensity scores to quan-
tify NAC-1 expression in tissues. In contrast to normal ovaries and
benign ovarian cystadenomas, both low- and high-grade serous
carcinomas demonstrated a higher NAC-1 immunoreactivity, with
27% and 40% of cases showing 2� and 3�, respectively (�2 test, P �
0.001) (Fig. 2 B–D and Table 3). The number of high-grade cases
with high NAC-1 immunointensity (2� and 3�) was significantly
higher than that in low-grade carcinoma (P � 0.01). Immunoflu-
orescence revealed that NAC-1 was localized to dot-like structures
in those tumors showing strong NAC-1 immunointensity (2� and
3�) (Fig. 2 E and F). Ultrastructural analysis using ImmunoGold
labeling, and electron microscopy further revealed that NAC-1 was
localized to discrete nuclear bodies, tentatively termed ‘‘NAC-1
bodies’’, with a diameter ranging from 0.3 to 1.8 �m (Fig. 2G).

Overexpression of NAC-1 Correlates with Recurrent Ovarian Cancer. It
is widely accepted that recurrent tumors represent the true ‘‘killer’’

in cancer patients, because the primary tumors are usually removed
by surgery. Identification of molecular targets that are present in
recurrent tumors would be important in the development of a
prognostic test and a novel therapeutic intervention for cancer
patients. Thus, we addressed whether NAC-1 expression was re-
lated to tumor progression by analyzing primary and recurrent
ovarian high-grade serous carcinomas using immunohistochemistry
and quantitative real-time PCR. NAC-1 immunohistochemistry
was performed at two institutions, Johns Hopkins Medical Insti-
tutions (JHMI, solid tumors) and Norwegian National Radium
Hospital (NRH, effusions), by using independent sets of ovarian
cancer specimens, and the results are presented in a 2 � 2
contingency table (Table 1). Among 182 JHMI high-grade carci-
noma cases, we analyzed 166 samples including 110 primary and 56
first recurrent tumors. The remaining 16 specimens that were
obtained from second and third recurrence were not included in the
analysis. Both JHMI and NRH studies demonstrated that a higher
NAC-1 staining intensity (2� and 3�) was more frequently found
in recurrent than in primary tumor tissues (P � 0.01 in JHMI and
P � 0.013 in NRH, �2 test). To validate the immunohistochemistry
results, we performed quantitative real-time PCR using samples
from JHMI to assess the correlation of NAC-1 mRNA expression
levels and the recurrence status. We found that an increased NAC-1
transcript level significantly correlated with recurrent disease (P �
0.012, Mann–Whitney test) (Fig. 3A). The association of NAC-1
expression and recurrent status was independent of clinical stage
(III versus IV) at diagnosis.

Among 56 recurrent carcinomas from JHMI, there were 21 cases
for which the corresponding primary tumors were available from
the same patients for comparison. A statistically significant increase
in NAC-1 immunointensity (2� and 3�) was found in recurrent
tumors as compared with the primary tumors from the same

Fig. 1. Scatter plot of NAC-1 tags in several major tumor types. NAC-1
expression level is analyzed by counting NAC-1-specific tags from SAGE librar-
ies in both cancer tissue (T, filled symbols) and the corresponding normal
tissues (N, open symbols). The NAC-1 tags are normalized to tags per 100,000
(y axis). The dash line in each tumor type indicates the ‘‘ceiling’’ tag number
in normal tissue libraries. Each symbol represents an individual specimen.

Fig. 2. Immunoreactivity of NAC-1 in ovarian cancer
tissues. (A) Immunoprecipitation/Western blot analy-
ses using NAC-1 and V5 antibodies in RK3E cells trans-
fected with pCDNA6-NAC-1/V5 (RK3E-C1) or vector-
only control (Vec). A discrete band corresponding to
NAC-1 protein mass is identified in this reciprocal anal-
ysis. (B–D) The NAC-1 immunointensity is undetectable
or weak in normal ovarian surface epithelium (B) but
is strong in a high-grade serous carcinoma (C and D). (E
and F) Immunofluorescence of NAC-1 protein localiza-
tion in ovarian cancer cells in a tissue section. Tumor
cells contain NAC-1 protein, which is located in discrete
nuclear bodies (E). The adjacent stromal cells are neg-
ative for NAC-1 immunoreactivity. A higher magnifi-
cation demonstrates the NAC-1 nuclear bodies by us-
ing a confocal fluorescence microscope (F). (G)
Ultrastructure of NAC-1 bodies. ImmunoGold labeling
of NAC-1-expressing RK3E cells demonstrates elec-
tron-dense bodies decorated by gold particles in the
nuclear matrix.

Table 1. Increased NAC-1 immunoreactivity correlates with first
tumor recurrence

JHMI (solid tumors) NRH (effusions)

0�/1� 2�/3� 0�/1� 2�/3�

Primary 71 39 62 49
First recurrent 21 35 22 39
Total 92 74 84 88
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patients (P � 0.017, �2 test) (Fig. 3B). Based on these findings, we
further analyzed to see whether NAC-1 expression in primary
tumors was predicative of disease-free interval (the period between
primary surgery and tumor recurrence) in 57 patients with ad-
vanced-stage high-grade serous carcinomas who underwent opti-
mal primary debulking surgery, followed by a standard chemother-
apeutic regimen in the same institution (JHMI). We found that high
NAC-1 immunointensity (2� and 3�) predicted recurrence within
1 year after diagnosis with an odds ratio of 14.9 (95% CI, 3.00–74.2;
P � 0.0002, Fisher’s exact test). The median disease-free interval
with NAC-1 immunointensity of �2 was 12 months, whereas when
the intensity was �2, the interval was 18 months.

The positive correlation of NAC-1 expression and recurrent
disease suggests that NAC-1 plays a role in the development of
recurrent ovarian tumors. To test whether NAC-1 expression
directly contributes to drug resistance, we correlated NAC-1 im-
munoreactivity and in vitro drug resistance in 60 high-grade serous
carcinomas. The in vitro drug-resistance results were performed at
Oncotech (Tustin, CA) by using the protocol described at www.
oncotech.com/pdfs/edr�4�pager.pdf (11, 12). Cases were grouped
according to different immunointensity scores, but there was no
significant correlation (P � 0.17, �2 test) between NAC-1 expres-

sion and in vitro resistance to carboplatin, cisplatin, and taxol, the
standard chemotherapeutic agents for ovarian cancer.

Dominant Negative Role of NAC-1 BTB/POZ Domain. Because the
BTB/POZ domain has been known to be involved in protein
homomerization or heteromerization, we tested whether the
NAC-1 BTB/POZ domain participated in protein–protein interac-
tion using deletion mutants of NAC-1 (Fig. 4A). Based on coim-
munoprecipitation and immunofluorescence colocalization studies
(Fig. 4 B and C), we found that the BTB/POZ domain of NAC-1,
corresponding to the 1–129 aa at the N terminus (N130 construct),
was the minimal structural motif required for NAC-1 homooli-
gomerization (Fig. 4B). The NAC-1 deletion mutants/Xpress tags
were then transfected into RK3E cells that had been stably trans-
fected with a full-length NAC-1/V5 tag expression vector. As shown
in Fig. 4C, full-length NAC-1/V5 colocalized with the full-length
NAC-1/Xpress in the NAC-1 bodies, indicating that NAC-1 inter-
acted with NAC-1. As expected, both N130 and N250 deletion
mutants containing the BTB/POZ domain also colocalized with
full-length NAC-1, but interestingly, both mutants disrupted the
formation of NAC-1 bodies by transforming them into ‘‘cotton
candy’’-like aggregates or large ‘‘noodle’’-like structures in the
nuclei (Fig. 4C). In contrast, C250 and M120 deletion mutants that
did not contain the BTB/POZ domain failed to colocalize with
wild-type NAC-1.

Suppression of Tumor Formation upon Induction of NAC-1 N130
Mutant. To test whether the BTB/POZ domain is involved in
tumor growth, we established an inducible (Tet-Off) system by
expressing the N130 construct upon removal of doxycycline in
two NAC-1-positive tumor cell lines, SKOV3, an ovarian cancer
cell line, and HeLa, a cervical adenocarcinoma cell line. Cervical
adenocarcinomas, like ovarian serous carcinomas, frequently
overexpressed NAC-1, because a high level of NAC-1 immuno-
reactivity (2� and 3�) occurred in �50% (16 of 32) cervical
adenocarcinomas, whereas the NAC-1 immunoreactivity in nor-
mal endocervical glands were undetectable (Fig. 7, which is
published as supporting information on the PNAS web site).

For both SKOV3-N130 and HeLa-N130 cell lines, the efficiency
of N130 induction was very high as evidenced by �99% of cells
expressing green fluorescence based on flow cytometry (data not
shown) and increased copy number of N-terminal mRNA sequence
as compared with C-terminal sequence based on quantitative
real-time PCR (Fig. 8 A and B, which is published as supporting
information on the PNAS web site) after removal of doxycycline.
Like RK3E cells expressing the N130 mutant (Fig. 4C), NAC-1
nuclear bodies were transformed to cotton candy-like aggregates in

Fig. 3. NAC1 expression correlates with tumor progression in ovarian serous
carcinomas. (A) Quantitative real-time PCR analysis shows higher NAC-1 ex-
pression levels in high-grade carcinomas (HG) than in ovarian surface epithe-
lial cells (OSE), low-grade carcinomas (LG), and cystadenomas. Moreover,
recurrent carcinomas have significantly higher expression levels than primary
tumors (P � 0.012). The data are expressed as fold increase as compared with
the average of OSE. (B) Immunohistochemistry demonstrates intense immu-
noreactivity in recurrent tumors as compared with patients’ primary tumors in
three representative cases.

Fig. 4. Coimmunoprecipitation and colocalization of
NAC-1 deletion mutants and full-length NAC-1. (A) Dia-
gram of NAC-1 and NAC-1 deletion mutants. Full-length
(FL) construct contains V5 tag at the C terminus, whereas
all of the deletion mutants contain an Xpress (Xp) tag at
the N terminus. The yellow box is the BTB/POZ domain;
the blue box is the DUF1172 domain. (B) Coimmunopre-
cipitation shows that full-length NAC-1, N130, and N250
bind to NAC-1. The predicted molecular masses, not in-
cluding the tag sequences, are: full-length NAC-1 (57.3
kDa), N130 (14.4 kDa), N250 (27.8 kDa), C250 (30.3 kDa),
and M120 (14 kDa). (C) Cells with stable full-length NAC-
1/V5expressionwere transfectedwithdifferentdeletion
mutants with the Xp tag. Double immunofluorescence
shows that full-length NAC-1, N130, and N250 deletion
mutants colocalize with full-length NAC-1. However,
only full-length NAC-1 proteins form discrete round and
oval-shaped NAC-1 nuclear bodies ,whereas both N130
and N250 form irregular aggregates with the full-length
NAC-1. Neither C250 nor M120 colocalizes with the full-
length NAC-1 protein.
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both SKOV3 and HeLa cells after induction of N130 (Fig. 8C). As
compared with the control (induction of C250), induction of N130
expression significantly reduced cell proliferation in both SKOV3
cells (Fig. 5A) and HeLa cells (Fig. 5B). Induction of the control
C250 mutant did not have significant effects on cellular prolifera-
tion in either of the cell lines. Similarly, expression of N130
significantly suppressed colony formation in both cell lines (Fig. 9,
which is published as supporting information on the PNAS web
site). The decrease in cellular growth after N130 induction was
associated with cell cycle arrest at G2/M phase (percentage of cells
in G0/G1-to-S-to-G2/M � 50.3%-to-16.5%-to33.2% in noninduced
cells vs. 20.1%-to-17.4%-to-62.5% in induced cells) (Fig. 5C). N130
induction significantly increased the number of annexin V-labeled
cells and also decreased the number of BrdU-labeled cells (except
on day 3), although the level in the decrease of cells with BrdU
uptake is not as dramatic as the increase of annexin V-labeled cells
(Fig. 5D). To further evaluate the effect of N130 on cellular
proliferation and apoptosis, we used the miniN130 mutants, N65
and N30-122, in which its BTB/POZ oligomerization activity was
deficient. Both N65 and N30-122 showed protein expression but
were not able to coimmunoprecipitate with the full-length NAC-1
protein (Fig. 10A, which is published as supporting information on
the PNAS web site). When transfecting these two constructs into
the NAC-1 overexpressing SKOV3 cells, both N65 and N30-122
could not effectively suppress cellular proliferation as compared
with N130 (Fig. 10B). In addition, we also knocked down NAC-1
using RNAi to determine whether there was a similar inhibitory
effect to the expression of the N130 dominant-negative construct.
In fact, NAC-1-expressing SKOV3 and HeLa cells had significantly
reduced cell numbers after NAC-1 siRNA treatment (Fig. 11 A and
B, which is published as supporting information on the PNAS web
site). In contrast, NAC-1 siRNA did not show a significant effect on

the cell growth of OVCAR3 cells that did not express abundant
NAC-1 (Fig. 11B). Furthermore, we found that the apoptosis-
inducing effect of the siRNAs used here was potent, but was less
pronounced than the N130 dominant-negative NAC-1 (Fig. 11C),
indicating that the latter approach could be a more effective
experimental system to inactivate NAC-1 function. As a control, we
expressed N130 in OVCAR3, which expressed only a minimal
amount of NAC-1 protein compared with HeLa and SKOV3 cells,
and found that N130 expression did not have a significant effect on
the growth of OVCAR3 cells (Fig. 11D).

Based on the above findings, we investigated whether disrupting
interactions between NAC-1 molecules using the N130 dominant-
negative approach had a growth-inhibitory effect in HeLa (Fig. 12,
which is published as supporting information on the PNAS web site)
and SKOV3 (Fig. 13, which is published as supporting information
on the PNAS web site) xenografts in nude mice. First, we tested
whether expression of N130 could prevent tumorigenesis by induc-
ing N130 expression 2 days after s.c. tumor injection. As shown in
Figs. 12A and 13A, induction of N130 expression in HeLa and
SKOV3 cells almost completely prevented the formation of s.c.
tumors. In contrast, the control cells grew tumors at all injection
sites. Second, we determined whether N130 could limit tumor
growth in established HeLa and SKOV3 tumors. The expression of
N130 was induced by removing doxycycline, when all of the mice
harbor palpable tumors. Five days after discontinuation of doxy-
cycline, induction of N130 expression was evidenced by green
fluorescence in the s.c. HeLa tumors because expression of both
N130 and EGFP was driven by a bicistronic promoter (Fig. 12B).
As shown in Figs. 12C and 13B, tumors continued growing in
control mice, whereas the tumors stopped growing or decreased in
size after N130 induction. Histological examination of the tumors
excised 10 days after N130 induction revealed extensive apoptosis
in tumor cells, based on morphology and immunoreactivity with the
M30 antibody, which recognizes the apoptosis-specific caspase-
cleaved cytokeratin epitope (13, 14) (Fig. 12D).

The Oncogenic Potential of NAC-1 Expression. To test whether NAC-1
expression is tumorigenic, we randomly selected two clones from a
spontaneously immortalized MOSE cell line and two NIH 3T3
clones that were stably transfected with an NAC-1 expression vector
(Fig. 6). When compared with vector-transfected controls, all
NAC-1-expressing clones had a higher cellular proliferation, based
on growth curves and BrdU-uptake assays (Fig. 6 A, D, and F). S.c.
injections of NAC-1-expressing MOSE clones in athymic nu/nu
mice produced larger tumors than the control cells transfected with
the vector-only (Fig. 6 B and C). MOSE clones did not grow i.p.
tumors 21 days after i.p. injection. The NAC-1-expressing NIH 3T3
clones produce both s.c. and i.p. tumors in the athymic nu/nu mice.
The i.p. tumors were always multiple, and their combined weights
were measured in each mouse (Fig. 6E). In contrast, the vector-
transfected NIH 3T3 cells did not grow tumors during the course
of this study.

Discussion
NAC-1 was first identified and cloned as a transcript induced in the
nucleus accumbens from rats treated with cocaine (15). The nucleus
accumbens is a unique forebrain structure involved in reward
motivation (16) and many addictive behaviors (17–19). Except for
its role in cocaine-induced expression in animal brains, the cellular
function of NAC-1 is unknown. In this study, we demonstrate that
NAC-1 is a previously uncharacterized cancer-associated gene,
because the NAC-1 expression level is significantly increased in
several types of cancers including ovarian cancer, cervical adeno-
carcinoma, and breast cancer. We showed that NAC-1 was required
for cell proliferation and survival and was sufficient to enhance
tumorigenicity in athymic nu/nu mice.

Cancer mortality and morbidity are related to recurrent and
metastatic disease. Therefore, a positive correlation between

Fig. 5. Effects of N130 induction on cellular proliferation and apoptosis in
96-well plates. (A and B) Cell growth curves show that after induction of N130
(�Dox), cell growth is significantly suppressed as compared with the nonin-
duced cells (�Dox). In contrast, induction of C250 does not have an apparent
effect on cell growth in SKOV3 (A) or HeLa (B) cells. (C) Cell cycle analysis shows
an increase in G2/M fraction in N130-induced HeLa cells (Lower) as compared
with noninduced cells (Upper) 24 h after induction, indicating a G2/M block.
(D) Percentages of apoptotic and proliferating cells are determined by count-
ing annexin V- and BrdU-positive cells, respectively, in both N130-induced and
-noninduced cells. Data are presented as mean � SD. *, P � 0.05; **, P � 0.001,

***, P � 0.0001, Student’s t test.
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NAC-1 expression and recurrence status in ovarian carcinoma as
shown in this study has significant biological and clinical implica-
tions. First, NAC-1 expression may directly contribute to tumor
recurrence and tumor progression. However, a lack of correlation
between NAC-1 expression and in vitro drug resistance to taxol,
carboplatin, and cisplatin, the primary chemotherapeutic agents
used in the treatment of ovarian cancer patients, suggests that
NAC-1 may not directly participate in the development of drug
resistance. Because the etiology of tumor recurrence is multifac-
torial, it is likely that NAC-1 overexpression confers a growth
advantage to tumor cells by providing them with higher prolifera-
tive and lower apoptotic activity as shown in this study. Second, we
demonstrated that intense NAC-1 immunoreactivity in primary
tumors is highly predictive of a shorter disease-free interval;
therefore, NAC-1 expression may potentially be used alone or in
combination with other markers as a prognostic test to identify
ovarian cancer patients who are likely to develop early recurrence.
This finding can have potential clinical implications because at least
60% of advanced-stage ovarian cancer patients who appear to be
disease-free after completing primary therapy ultimately develop
recurrent disease (20). Thus, patients with NAC-1-positive ovarian
serous carcinoma can be monitored more closely to detect recurrent
tumor. It has been demonstrated that ovarian carcinoma patients
can most benefit from secondary cytoreduction when the recurrent
tumor is small and localized (20–24).

Similar to other BTB/POZ members, the NAC-1 BTB/POZ
domain is essential and sufficient for NAC-1 homomerization.
Based on immunoprecipitation using the NAC-1 antibody and
tumor lysates from ovarian cancer tissues that expressed NAC-1, we
did not detect other proteins that were pulled down with NAC-1,
suggesting that NAC-1 molecules may homooligomerize to each
other. The dominant-negative strategy using the N130 deletion
mutant suggests that homooligomerization of NAC-1 is required for
formation of NAC-1 nuclear bodies. Although both N130 and N250
deletion mutants can be coimmunoprecipitated and colocalized
with wild-type (full-length) NAC-1 molecules, they transformed the
morphology of NAC-1 bodies, suggesting that both the BTB/POZ

domain and the C-terminal motif of the NAC-1 molecule are
critical for NAC-1 body formation. This finding is consistent with
what has been observed in LAZ3/BCL6 proteins in which the BCL6
BTB/POZ domain has the capability to self-interact and target the
protein to form discrete nuclear substructures (25). Furthermore,
expression of the N130 mutant but not miniN130 mutants that
failed to bind to NAC-1 suppressed cellular proliferation and
induced apoptosis, suggesting that interaction among NAC-1 mol-
ecules or between NAC-1 and other partner protein(s) through
their BTB/POZ domains is essential for NAC-1-regulated tumor
cell growth and survival. This result is similar to BCL-6 in which the
peptide inhibitors that block interaction between the BCL-6 BTB/
POZ domain and corepressors abrogate BCL-6 oncogenic func-
tions in B cells and suggests that targeting the BTB/POZ domain of
a specific BTB/POZ member may provide an approach for cancer
therapy (5). Besides its critical role in maintaining cell proliferation
and survival, NAC-1 expression could also enhance cellular pro-
liferation and induce tumorigenicity in athymic nu/nu mice. These
findings suggest that NAC-1 is a gene with oncogenic potential in
ovarian carcinomas.

In conclusion, this study shows that expression of NAC-1, a
member of BTB/POZ family, is associated with the development of
recurrent ovarian serous carcinoma. Homo-oligomerization of
NAC-1 proteins through the BTB/POZ domains is essential for cell
survival in carcinomas that express NAC-1. Targeting the BTB/
POZ domain of NAC-1 could be a molecular strategy for drug
intervention in ovarian cancer and other types of cancer with
NAC-1 overexpression.

Materials and Methods
For detailed procedures of quantitative PCR, siRNA knockdown,
and tumor xenograft assay, please see Supporting Material and
Methods, which is published as supporting information on the
PNAS web site.

Tag Counts of the BTB/POZ Family Genes from SAGE Libraries. Proteins
matching the PS50097 profile of the BTB/POZ domain amino acid

Fig. 6. Effects of constitutive expression of NAC-1 in immortalized ovarian surface epithelial cells (MOSE) and NIH 3T3 cells. Western blot analysis shows NAC-1
expression in stable clones of NAC-1-expressing MOSE cells (A) and NIH 3T3 cells (D). Upper blots, NAC-1; lower blots, GAPDH. Growth curves show a higher
proliferation activity in both NAC-1 clones as compared with vector-transfected control under a low serum (0.5%) culture condition in MOSE cells (A) and NIH
3T3 cells (D). The weights of s.c. tumors increase in NAC-1-expressing MOSE tumors as compared with control MOSE in nude mice (B). A representative
photomicrograph shows a s.c. NAC-1-expressing MOSE tumor (C). Similarly, the combined tumor weights of tumors in the peritoneal wall of the NAC-1-expressing
NIH 3T3 cells are greater than the controls (E). (F) Cell proliferation was determined by a BrdU-incorporation assay, and all NAC-1-expressing clones have a higher
proliferation rate than the vector-only control. Data are presented as mean � SD.
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sequence were extracted from the Swiss-Prot/TrEMBL protein
databank released on January 16, 2006 (http://us.expasy.org/cgi-
bin/get-entries?DR�PS50097&db�tr&db�sp&view�tree). A to-
tal of 130 BTB/POZ genes were identified. The expression levels of
the BTB/POZ gene family members were determined from the
ovarian tumor SAGE libraries by obtaining the SAGE tag counts
for each BTB/POZ gene. The libraries included the OSE cells
(SV-40 immortalized IOSE29 (26) and short-term cultured
HOSE4), benign cystadenoma (ML10), ovarian high-grade serous
carcinoma tissues (HG63, HG48, HG92, OVT6, OVT7, and
OVT8), and ovarian cancer cell lines (OVCAR3 and A2780). All
libraries have been published (27), except HG63, HG48 and HG92
which were established in this study. The NAC-1-specific SAGE
tags included TTCCCGGCCC, TGAAGGCAGT, CCTATA-
ATCG, AGTGCCAGGG, AGAATATCAG, GAGGGAGGGA,
and GTTCCCCCAC. By using a minimum tag count setting of �1,
these NAC-1 tags were tallied and normalized per 100,000 total tags
for each SAGE library. To select the candidate gene(s) for further
study, we first select those with a high average tag count (�10 tags
per 100,000 tags) in ovarian carcinoma libraries, followed by the
highest ratio of average tag counts in ovarian carcinoma to the
benign controls (IOSE29, HOSE4, and ML10).

To determine the NAC-1 expression levels among different
cancer libraries, we compared NAC-1 tag counts among 81 SAGE
libraries (http://cgap.nci.nih.gov/SAGE) (28, 29) from carcinomas
and normal tissues of ovary, pancreas, liver, colon, kidney, prostate,
and breast (30). NAC-1 tag counts for each library were retrieved
by filtering for tag sequences that matched uniquely to NAC-1
according to the April 15, 2005 SAGEMap available on the public
National Center for Biotechnology Information FTP site (ftp://
ftp.ncbi.nlm.nih.gov/pub/sage/map/Hs/NlaIII).

Immunohistochemistry and Immunoelectron Microscopy. Paraffin-
embedded tumor tissues were obtained from the Department of
Pathology at the Johns Hopkins Hospital and effusion ovarian
cancer samples were obtained from the Norwegian Radium Na-
tional Hospital in Norway. These included 182 high-grade ovarian
serous carcinoma tissues (154 stage III and 28 stage IV), 44
low-grade ovarian serous carcinoma tissues (42 stage III and 2 stage
IV), 172 high-grade ovarian carcinoma effusion samples (1 stage I,
6 stage II, 97 stage III, and 68 stage IV), and 32 cervical adeno-
carcinomas. In addition, 21 benign ovarian cystadenomas, 18
normal ovaries, and 8 normal cervical tissues were included for
comparison. Acquisition of tissue specimens and clinical informa-
tion was approved by an institutional review board (Johns Hopkins
Medical Institutions) or by the Regional Ethics Committee (Nor-
wegian Radium Hospital).

For immunohistochemistry studies, we generated a mouse
NAC-1 monoclonal antibody by immunizing mice with the NAC-1
recombinant protein using a standard hybridoma protocol (31).
Immunohistochemistry was performed on deparaffinized sections
by using the NAC-1 antibody at a dilution of 1:100 and an
EnVision�System peroxidase kit (DAKO, Carpinteria, CA). Im-
munoreactivity was scored by two investigators as follows: 0,
undetectable; 1�, weakly positive; 2�, moderately positive; and
3�, intensely positive. NAC-1 immunoreactivity was not detectable
(immunointensity score � 0) or weak (1�) in normal OSE and
benign serous cystadenomas. For ultrastructure study of NAC-1
bodies, we applied ImmunoGold labeling on NAC-1-expressing-
RK3E cells, followed by electron microscopy.

Coimmunoprecipitation and Double Immunofluorescence Staining. A
series of NAC-1-deletion mutants including N130 (encoding the
amino acids 1–129 at the N terminus), N250 (amino acids 1–263 at
the N terminus), M120 (amino acids 123–263 in the middle
portion), and C250 (amino acids 257–528 at the C terminus) were
generated by PCR. Both N130 and N250 mutants contained the
BTB/POZ domain (amino acids 20–122) of NAC-1. In addition,
two miniN130 expression constructs were generated, and they
included N65 (encoding the first 1–65 aa of the BTB domain) and
N30-122 (30–122 aa). PCR products of the NAC-1-deletion mu-
tants were cloned into an expression vector, pCDNA4 with an
Xpress tag at the N terminus. RK3E cells were first stably trans-
fected with pCDNA6/V5/NAC-1 and then transiently transfected
with the pCDNA4/NAC-1-deletion mutants. Coimmunoprecipita-
tion was performed to assess the specific structural motifs that
bound to full-length NAC-1. For immunofluorescence staining,
cells were incubated with primary antibodies, followed by fluores-
cence-labeled secondary antibodies.

N130-Inducible Construct, Cell Proliferation, and Apoptosis Assays.
The Tet-Off inducible system was used to assess the biological
effects of N130. HeLa and SKOV3 cells that constitutively ex-
pressed tTA (tetracycline-controlled transactivator) were trans-
fected with pBI-N130/EGFP or pBI-C250/V5-EGFP (control) that
bicistronically expressed the products of interest and reporter
EGFP upon the binding of tTA to the tetracycline-responsive
element in the absence of inducer (doxycycline). Cell proliferation
and apoptosis assays were performed as described (32) in 96-well
plates.
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