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Disruption of mitotic events contributes greatly to genomic instability and results in mutator phenotypes.
Indeed, abnormalities of mitotic components are closely associated with malignant transformation and tumor-
igenesis. Here we show that ninein-like protein (Nlp), a recently identified BRCA1-associated centrosomal pro-
tein involved in microtubule nucleation and spindle formation, is an oncogenic protein. Nlp was found to be
overexpressed in approximately 80% of human breast and lung carcinomas analyzed. In human lung cancers,
this deregulated expression was associated with NLP gene amplification. Further analysis revealed that Nlp
exhibited strong oncogenic properties; for example, it conferred to NIH3T3 rodent fibroblasts the capacity
for anchorage-independent growth in vitro and tumor formation in nude mice. Consistent with these data,
transgenic mice overexpressing Nlp displayed spontaneous tumorigenesis in the breast, ovary, and testicle
within 60 weeks. In addition, Nlp overexpression induced more rapid onset of radiation-induced lymphoma.
Furthermore, mouse embryonic fibroblasts (MEFs) derived from Nlp transgenic mice showed centrosome
amplification, suggesting that Nlp overexpression mimics BRCA1 loss. These findings demonstrate that Nlp
abnormalities may contribute to genomic instability and tumorigenesis and suggest that Nlp might serve as a

potential biomarker for clinical diagnosis and therapeutic target.

Introduction

The centrosome is a small cytoplasmic nonmembranous organ-
elle involved in the nucleation and organization of microtubules
and critical for proper cell cycle progression. It establishes polarity
and orientation of microtubule during interphase and contrib-
utes to assembly of spindle and chromosomal segregation. The
centrosome may also serve as a central site that anchors impor-
tant molecules and regulates fundamental cellular function, such
as cell motility and adhesion. Multiple studies show that centro-
some activity is also important to the completion of cytokinesis
and progression from the G, phase to the S phase of the cell cycle
(1,2). Therefore, centrosome aberrations may result in disruption
of cell cycle progression, including chromosomal missegregation
and aneuploidy, which often lead to cell transformation, tumori-
genesis, and the development of malignancies (3-5). Consistently,
centrosome abnormalities have been frequently observed in differ-
ent types of clinical human tumors and are often correlated with
poor clinical prognosis. (6-8).

Centrosome instability has been linked to certain genetic aber-
rations (3, 9), including the loss of the tumor suppressor pro-
teins p53 (10), BRCA1 (11, 12), and BRCA2 (13). Mouse embry-
onic fibroblasts (MEFs) carrying targeted deletion of p53 or Brcal
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genes exhibit centrosome amplification and abnormalities of
spindle formation, which are coupled with spontaneous tumori-
genesis (10, 14, 15). Mammalian cells harboring p53 mutations or
infected with HPVEG, a potent p53 inhibitor, often display centro-
some abnormalities (16). It has been shown that the p53 target
genes p21%41 (17) and Gadd45 (18) regulate centrosome stability.
The p21/Wafl protein regulates centrosome replication in the
S phase by inhibiting Cdk2/cyclin E kinase (17, 19), and pS3- and
BRCA1-regulated Gadd45 exert their role on maintaining centro-
some stability by inhibiting Cdc2/cyclin B1 and Aurora-A (20, 21).
Consistently, disruption of p21#4! (17) or Gadd45 (18, 21) results
in centrosome amplification and aneuploidy. In addition, several
mitotic protein kinases have been implicated in centrosome ampli-
fication, such as Aurora-A (22), P1k1 (23, 24), Nek2 (25), and Cdc2
(26, 27). As a result, gene amplification or deregulated expression
of those mitotic proteins is associated with centrosome abnor-
malities in human tumors. Introduction of exogenous Aurora-A
or Plk1 expression vectors into cells leads to centrosome amplifica-
tion and genomic instability (21-24).

Centrosomal protein ninein-like protein (Nlp) was initially
characterized as an important molecule involved in centrosome
maturation (28) and has most recently been defined as the tumor
suppressor BRCAl-associated protein (29). Nlp physically inter-
acts with y-tubulin ring complex and stimulates microtubule
nucleation in the interphase. Upon the G,/M transition, Nlp is
subjected to phosphorylation by Plk1 and Nek2 (28, 30), lead-
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ing to its dissociation from the centrosome. Therefore, the Nlp
association with centrosome and its interaction with y-tubulin are
regulated by Plk1 and Nek2 activity. Nlp expression is cell cycle
dependent and regulated by anaphase-promoting complex (APC/c)
for its degradation (31). Inhibition of endogenous Nlp has been
shown to interfere with MT nucleation. Overexpression of Nlp
also results in aberrant mitotic spindle forma-
tion (28) and chromosomal missegregation as
manifested by the presence of multiple nuclei in
cells (31). It is thus thought that the fine level of

Table 1
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Figure 1

Deregulated expression Nlp in human lung and breast carcinomas. (A)
Normal (non-cancerous) human breast tissue and breast carcinoma
tissue samples were collected and subjected to immunohistochemical
staining with antibody to NIp. Original magnification, x100 (left) and
%200 (right). (B) Immunohistochemical assays using NlIp antibody were
conducted in normal (non-cancerous) lung tissue and tumor samples.
Original magnification, x100 (left) and x200 (right). (C) Cell lysates
were prepared from 30 paired clinical lung tumor tissues (T) and nor-
mal adjacent tissues (N) and analyzed with antibodies to Nip (top) and
actin (bottom). The experiments were repeated 3 times, and only the
representative results of 5 paired samples were shown.

in human breast cancers and lung carcinomas. The deregulated
expression of Nlp in human tumors was associated with its gene
amplification. Additionally, we show that Nlp is an oncogenic pro-
tein, the overexpression of which allowed anchorage-independent
growth and induced cell malignant transformation. In parallel, we
also used the transgenic model in which Nlp was overexpressed and
found that elevated expression of Nlp resulted in centrosome ampli-
fication and spontaneous tumors. The Nlp transgenic animals were
also susceptible to DNA damage-induced tumorigenesis.

Results

Nlp is overexpressed in human breast and lung carcinomas. As dem-
onstrated by others and our group, disruptions of centrosomal
protein Nlp cause defects of spindle formation and chromosom-
al segregation (28, 31). We therefore first examined whether Nlp
expression is deregulated in human tumors. Using an immuno-
histochemical approach, we found that Nlp was overexpressed in
both breast and lung cancers compared with their normal (non-
cancerous) tissues (Figure 1, A and B). The comparative results
of immunohistochemistry are summarized in Table 1. Strong
cytoplasmic staining of Nlp protein was detected in 72 of 90
(80%) human breast cancer samples. Weak or negative staining
was detected in 18 tumors (20%). In contrast, none of 15 normal
breast tissue samples exhibited strong staining for Nlp. We also
analyzed 150 lung squamous cell carcinoma samples and 79 lung
adenocarcinomas samples. Strong positive staining of Nlp was
observed in 79% (119 of 150) of squamous cell carcinomas and
78% (62 of 79) of adenocarcinomas, but only 5 of 20 non-cancer-
ous samples (25%) showed positive Nlp staining, and the remain-
ing 15 normal lung tissues showed weak or negative Nlp staining.
To further confirm the overexpression of Nlp in human tumors,
we used Western blots to analyze 30 tumor samples and their

Overexpression of NIp in human breast carcinoma and lung carcinoma

Nlp is required for proper centrosome matura-
tion and spindle assembly, and that disrupted

NIp expression

expression of Nlp might lead to genomic insta- (=) or(z) (+) (++)  Total cases Pvalue
bility and tumorigenesis. Normal breast tissue 15 0 15
In spite of genomic instability caused by abnor- Breast tumor tissue 18 54 18 90 <0.01
mal expression of Nlp in cell models (28, 31), Normal lung tissue 15 5 0 20
deregulated expression and genetic alterations of Lung cancer .
Nlp in human clinical tumors remain unclear. In Squamous cell carcinoma 31 65 54 150 <0.05
Adenocarcinoma 17 23 39 79 <0.05

addition, the oncogenic nature of this centrosomal

protein needs to be defined. In this report, we
demonstrate that levels of Nlp were upregulated
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“Total cases” represents the number of human tumor tissue samples. P values are compared
with adjacent normal tissue.

Volume 120~ Number2  February 2010 499



research article

A No.1

T N T N T N T N T N

HEK293T

No. 8 No. 9 No. 11 No. 14

A549

No. 11

No. 1 No. 8 No. 9
.....+NLP

MCF-7

No. 14

Normal lung tissues

Lung cancer sampls

Figure 2

No. 11 No. 14

NLP gene amplification in human tumor. (A) Total RNA (0.5 ug) isolated from 30 paired lung tumor tissues and normal adjacent tissues were
used for semi-quantitative RT-PCR assays. (B) DNA was extracted from the lung cancer samples and their normal adjacent tissues (See Figure
1C). DNA (20 ug per specimen) was digested with EcoRI and hybridized with NLP probe. The estimated size of the hybridized NLP band was
approximately 7.7 kb. In addition, the digested DNA was also hybridized with GAPDH probe, which was included as an internal control. (C)
Human lung carcinomas and their normal adjacent tissues from A were used for FISH analysis. In addition, multiple human cancer cell lines
(lung cancer, cervical cancer, and esophageal cancer cells) were included for analysis of NLP gene copy numbers. NLP-hybridizing loci were
visualized as red spots, and the hybridizing signals for chromosome 20—specific centromeric probe were green. Original magnification, x400.

paired normal adjacent tissues. In agreement with the observa-
tions in the immunohistochemical assays, Nlp overexpression was
detected in 21 tumor samples and 5 representative samples (nos.
1,8,9, 11, and 14; shown in Figure 1C). In addition, Nlp overex-
pression and positive staining were also found in other types of
tumors, including liver cancer, cervical cancer, and bladder carci-
nomas (data not shown). Collectively, these observations indicate
that expression of the centrosomal protein Nlp is deregulated in
human tumors, suggesting that abnormal levels of Nlp are cor-
related to clinical tumor development.

NLP gene is amplified in human tumors. To determine the mecha-
nism by which Nlp protein is overexpressed in human tumors,
we measured Nlp mRNA levels by RT-PCR analysis in 30 paired
clinical lung tumor and normal adjacent tissues. Consistent with
the findings that Nlp protein is overexpressed in different types of
human tumors, higher levels (greater than 2-fold) of NLP mRNA
were observed in 18 of 30 primary lung tumor specimens, and
S representative samples (nos. 1, 8, 9, 11, and 14) are shown in
Figure 2A. Additionally, NLP mRNA expression in most human
cancer lines (such as HeLa, A549, MCF-7, H157) were also higher
500
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than that seen in non-cancerous HEK293T cells (Supplemental
Figure 1A; supplemental material available online with this article;
doi:10.1172/JCI139447DS1).

Next, genomic Southern blot analyses were used to examine the
amplification of the NLP gene in the same 30 paired clinical lung
tumor tissues and normal adjacent tissues mentioned above, which
exhibited elevated levels of both Nlp protein and NLP mRNA (Fig-
ure 1C and Figure 2A). Consistently, NLP gene amplifications were
detected in 11 lung carcinomas, and S representative samples (nos. 1,
8,9, 11,and 14) are presented in Figure 2B. In addition, genomic PCR
Southern blot assays also demonstrated that the NLP gene is ampli-
fied in human lung cancer samples (Supplemental Figure 1B).

To further confirm NLP amplification in lung carcinomas, FISH
was used to measure NLP copy numbers in primary lung tumors.
Amplifications of NLP were visualized as an increased number of
loci hybridizing to an NLP BAC probe. Fifteen paired lung carci-
noma and normal adjacent lung tissues were tested. Among them,
6 tumors were found to have NLP amplifications, but none of the
normal adjacent lung tissues showed NLP amplifications (Figure
2C). Hybridization of a centromere of chromosome 20 (green
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spots) to the same tumor samples indicated that the increase in
NLP hybridizing loci was not due to polyploidy of chromosome 20.
Additionally, human lung cancer cells A549 and human breast
cancer cells MCF-7 also showed NLP amplifications, but not in
human renal cells HEK293T (Figure 2D). These findings indicate
that there are genetic alterations of the NLP gene during tumori-
genesis. It should be noted here that NLP gene amplifications are
correlated to increased expression of NIp mRNA and protein. Rep-
resentative lung cancer samples with identified numbers (labeled
1,8,9, 11, and 14) that showed NLP gene amplification, elevated
mRNA, and protein expression are presented in Figure 1C, Figure
2, A-C, and Supplemental Figure 1B, respectively.

Nip induces cell transformation and tumorigenesis. Further efforts were
made to determine whether Nlp has an oncogenic property. We
stably transfected the pEGFP-Nlp expression vector into NIH3T3
rodent fibroblast cells and obtained isogenic cells with high expres-
sion of Nlp. We used pooled clones (3T3-Pool) and 3 independent
clones (3T3-53, 3T3-58, and 3T3-78) for tumorigenic assays (Fig-
ure 3A). These isogenic cell lines displayed fast-growing capabilities
compared with the parental NIH3T3 cells (3T3) or cells transfected
with empty pEGFP vector (3T3-GFP) (Figure 3B), indicating that
Nlp may confer to the cell strong growing capability. To evaluate
whether the Nlp-expressing NIH3T3 cells were transformed, their
ability to form colonies in semi-solid medium (soft agar) was tested.
Pooled clones and all 3 isogenic lines expressing Nlp formed signif-
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independent clones of NIH3T3 cells were used.
(B) Cells (10*) from NlIp-expressing cell lines (3T3-
Pool, 3T3-53, 3T3-58, and 3T3-78) and the paren-
tal line (3T3) or 3T3-GFP were seeded in 100-mm
dishes and grown in DMEM supplemented with
10% FBS. Cells were collected each day to count
cell numbers. Data are presented as mean + SEM;
n=9-12. (C) NIH3T3 or its isogenic cells (10%) were
seeded in 0.3% top agar and incubate at 37°C in
a humidified incubator for 14 days. Nlp-expressing
cells formed larger colonies in soft agar. Original
magpnification, x20. (D) The quantitative results of
colony formation were obtained. Data are presented
as mean = SEM; n=9.

icant numbers of large colonies when grown in soft agar. However,
the parental NIH3T3 and cells transfected with empty vector only
formed a few tiny colonies (Figure 3, C and D), which suggested
that Nlp confers anchorage-independent growth to cells.

Next, Nlp-expressing NIH3T3 cells were subcutaneously inject-
ed into nude mice. Of the 60 animals injected with NIH3T3 cells
expressing Nlp (3T3-Pool, 3T3-78, 3T3-58, and 3T3-53), 58 dis-
played tumors, but none of the 10 mice injected with control
cells (3T3-GFP) generated measurable tumors (Figure 4A). After
the animals were sacrificed, the xenografts were removed and col-
lected for further analysis. H&E staining showed that the tumors
were histologically sarcomas with medium differentiation, and
immunohistochemistry demonstrated that tumors were strongly
positive for Nlp staining (Figure 4B). In addition, we isolated genomic
DNA from tumors and measured both mouse Nlp and human NLP
genes using PCR analysis. As the positive controls, mouse Nlp gene
was detected in MEFs and the human NLP gene was detected in
HeLa cells. However, both mouse Nlp and human NLP genes were
found in all xenografts (Figure 4C). These results further confirmed
that the xenografts were derived from Nlp-expressing NIH3T3
rodent fibroblast cells. Taken together, these findings indicate that
Nlp is oncogenic and able to induce cell transformation.

Nlp transgenic mice develop spontaneous tumors and are susceptible to
radiation-induced lymphoma. To investigate the oncogenic potentials
of Nlp in vivo, transgenic mice overexpressing human Nlp were
Number 2

Volume 120 February 2010 501



research article

A PEGFP-NIp

3T3-Pool

3T3-78 3T3-58

3T3-53

3T3 3T3-GFP

Tumors

B H&E staining
N A ' W

HelLa 1 2 3 4

Figure 4

<« Mouse Nip
“ Human NLP

<+ Mouse Gapdh

Oncogenic properties of Nlp in a nude mouse model. (A) Nip-expressing NIH3T3 cell lines (3T3-Pool, 3T3-78, 3T3-58, and 3T3-53), parental 3T3,
and 3T3-GFP cells were subcutaneously injected into anesthetized 4-week-old nude mice. After 6 weeks, mice were sacrificed when tumors were
visible and tumor tissues were removed for histological and molecular analysis. (B) H&E and Nlp staining analyses in tumors derived from the Nlp-
expressing cells. Original magnification, x100 (top) and x200 (bottom). (C) Genomic DNA analysis in the Nip-induced tumor samples. The primers
were designed to specifically define either mouse Nip DNA or human NLP DNA. As controls, MEFs and human Hela cells were included.

generated (Figure SA). Mice overexpressing Nlp were viable and
fertile, and development appeared normal. The expressions of Nlp
in transgenic animals were determined by fluorescent examination
and Northern and Western blotting assays (Figure 5, B-D). Expres-
sion of exogenous Nlp was detected in most tissues, including
lung, kidney, breast, heart, thymus, testicle, and skin (Figure 5D).

Nlp transgenic mice and normal littermates were monitored for
spontaneous tumorigenesis. Normal animals (20 mice) did not
develop any tumor by the age of 60 weeks, but Nlp-overexpressing
mice (35 animals) exhibited spontaneous tumors (Figure 6A). In
the group of transgenic mice, 1 female (at age of 39 weeks) was
found to have a metastatic tumor in the right hind leg and lung
tissue. This carcinoma was thought to come from ovarian gland
epithelia (Figure 6B). Four male mice (38-60 weeks old) developed
primary tumors in the testis (Figure 6B). Four female animals
(38-54 weeks old) developed breast ductal cancers (Figure 6B),
and the tumors were poorly differentiated with invasive features.
The normal breast tissue and testis tissue were included for com-
parison (Figure 6B). A summary of those spontaneous tumors is
shown in Table 2, and the frequency of spontaneous tumors in the
transgenic mice versus control animals was statistically significant
(P=0.02). Thus, mice overexpressing Nlp are able to develop spon-
taneous tumorigenesis.

We also treated both normal mice and Nlp transgenic animals
with ionizing radiation (IR) at a total dose of 9 Gy (Figure 6C and
Table 3). For the Nlp transgenic mice treated with IR, the first lym-
phoma was detected at the 20th week, and 8 mice developed lym-
phomas over the period of 28 weeks, but in the group of normal
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animals, the first tumor appeared at 24th week and 2 mice devel-
oped lymphomas within the period of 28 weeks. The occurrence
of IR-induced lymphomas in the transgenic mice compared with
normal animals is statistically significant (P = 0.03). However, by
32 weeks, 12 of 20 transgenic animals and 8 of 20 control animals
were found to have lymphomas. In addition, the lymphomas gener-
ated in Nlp transgenic mice appeared more malignant with strong
invasive features. The lymphomas in normal mice treated by IR
were often confined to the thymus and rarely invaded the neighbor
organs, while most lymphomas that appeared in the transgenic
mice occurred not only in the thymus but frequently invaded to
the tissues of heart and lung. As shown in Supplemental Figure 2,
C-F, lymphoma cells invaded the pericardium, a large number of
lymphoma cells invaded the bronchial tissues, and some cells also
invaded the alveolar interstitium. In some cases, lymphomas devel-
oped to an advanced stage and striated muscles of the chest wall
were also invaded. At the same time, thymus adhered to the chest
wall (Supplemental Figure 2, G and H). During the invasion of
liver and kidney, lymphoma cells invaded interstitial tissues (Sup-
plemental Figure 2, I-L). Therefore, Nlp transgenic mice are more
susceptible to radiation-induced carcinogenesis.

MEF:; derived from Nlp transgenic mice display centrosome amplification
and resistance to DNA-induced apoptosis. We isolated MEFs from Nlp
transgenic mice and found that cells overexpressing Nlp exhibited
faster growing compared with MEFs from normal animals (Figure
7A). Interestingly, approximately 20% of Nlp-overexpressing MEFs
displayed centrosome amplification (defined as at least 3 centro-
some copies per cell) (Figure 7, B and C). The centrosome amplifi-
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cation was also observed in about 22% of glomerular cells (data not
shown). Additionally, most MEFs or glomerular cells with centro-
some amplifications appeared to be multinucleate.

Next, the MEFs isolated from both Nlp transgenic and normal
mice were treated with IR at a dose of 15 Gy or UV radiation at
30 J/m? and subjected to analysis of apoptosis. Following IR, 22%
of MEFs derived from normal mice underwent apoptosis, but 7%
MEFs from Nlp transgenic mice showed apoptosis. Similarly, 12%
of UV radiation-induced apoptosis in normal MEFs was observed,
but 5% of Nlp-expressing MEFs displayed apoptosis after UV
radiation (Figure 7D). Thus, overexpression of Nlp substantially
attenuated DNA damage-induced apoptosis. Moreover, we also
found that overexpression of Nlp disrupted apoptosis induced by
some chemotherapeutic agents such as paclitaxel in human breast
cancer cells (data not shown).

Discussion

A number of investigations have demonstrat-
ed that disruption of mitotic events greatly
contribute to cell transformation. Abnormal-
ities of mitotic components such as Plk1 (32),

Table 2

Aurora-A (22, 33), survivin (34), cyclin B1 Mouse Sex
(35), and Nek2 (36) are closely associated with

tumorigenesis and development of malignan- ig:i :z
cy. These proteins often exhibit gene ampli- Tg-ﬁ F
fication or deregulated expression in various

types of human tumors. Interestingly, mitotic Tg-7 M
defects are closely associated with centrosome Tg-11 M
abnormalities, including structural altera- Tg-16 M
tions, such as an increase in centrosome num- Tg-20 F
ber and size, excess of pericentriolar material, Tg-30 F
supernumerary centrioles, and functional Tg-32 M

abnormalities, such as increased microtubule
nucleation activity (37). It has been well
accepted that centrosome abnormalities may
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be an early event in tumorigenesis and sometime can serve as the
cause rather than consequence of genomic instability (3, 5, 16,
38). In addition, the centrosome abnormalities often contribute
to malignant tumor progression (6-8). However, the underlying
mechanism by which centrosome aberrations cause tumorigenesis
and malignant progression remains to be further defined.

In this study, we have shown that expression of the centrosomal
protein Nlp, as a critical mitotic component, is deregulated in
human lung and breast carcinomas. Using an immunochemical
staining technique, we found that about 80% of breast tumor tis-
sues and 78% of lung cancer tissues exhibit overexpression of Nlp
(Figure 1 and Table 1). The fact that Nlp protein is overexpressed
in human tumors is consistent with the observations that expres-
sion of NLP mRNA was abnormally upregulated in about 60% of
lung cancer specimens. Importantly, abnormal expressions of Nlp
protein and mRNA appear to be associated with NLP gene amplifi-

Spontaneous tumorigenesis in transgenic mice expressing Nip

Week of tumor Histology Location
detection
38 Invasive ductal carcinoma Breast
38 Invasive ductal carcinoma Breast
39 Adenocarcinoma (Metastasis) Subcutaneous
and lung tissues
38 Intratubular germ cell carcinoma Testis
39 Intratubular germ cell carcinoma Testis
4 Intratubular germ cell carcinoma Testis
45 Invasive ductal carcinoma Breast
54 Invasive ductal carcinoma Breast
60 Intratubular germ cell carcinoma Testis

A total of 35 transgenic animals were monitored for spontaneous tumors over 60 weeks. The
frequency of spontaneous tumors in the transgenic mice (9 of 30 in total) versus control animals
(0 of 20 in total) was statistically significant (P = 0.02).
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Spontaneous tumorigenesis in Nlp transgenic mice. (A) Both normal and NIp transgenic mice were maintained in normal conditions and moni-
tored for spontaneous tumorigenesis. During 60 weeks, none of 20 normal mice exhibited spontaneous tumors, but 9 of 30 transgenic mice
showed spontaneous tumors. (B) Transgenic animals with tumors were sacrificed for histological examinations. Ovarian adenocarcinoma was
poorly differentiated and exhibited abnormal glandular structures. Intractable germ cell carcinomas were poorly differentiated with irregularly
arrayed anaplastic cells, abundant cytoplasm, and irregular nuclei. Spermatogenesis was absent. Invasive breast ducal carcinoma was poorly
differentiated without visible adenoid structures in the cancer nests. Nuclei of malignant cells were large and irregular, and hemorrhagic necrosis
was observed. (C) Animals were treated with a total dose of 9 Gy (exposure to IR at 3 doses of 3 Gy each). Mice monitored for tumorigenesis

for 32 weeks. Original magnification, x100 (top) and x 200 (bottom).

cation in human tumors. Using FISH and Southern blot analysis,
we demonstrated amplified signals of NLP in primary lung cancer
samples and in lung carcinoma cell lines as well (Figure 2). These
observations indicate that there are genetic alterations of the NLP
gene in human tumors. More informatively, NLP gene amplifica-
tions were closely related to abnormal expression of Nlp mRNA
and protein. Five representative lung cancer samples with identi-
fied numbers showed consistent patterns for NLP gene amplifica-
tion and elevated mRNA and protein. In addition, several reports
show amplifications of chromosomal region 20p11, where NLP
gene is located, in human breast and esophageal tumors (39, 40).
However, it is noted here that NLP amplification may not count
for all deregulated expression of Nlp protein in human tumors,
and elevated levels of Nlp in human tumors might also be caused
by the defects in the processes of Nlp degradation.

Interestingly, Nlp exhibits a potent transforming capability
when it is overexpressed, which is demonstrated by the fact that
NIH3T3 cells expressing exogenous Nlp reveal anchorage-inde-
pendent growth and tumor formation in nude mice. Pooled clone
and 3 independent clones of NIH3T3 expressing Nlp exhibited the
ability to grow quickly and formed colonies in soft agar. Follow-
ing subcutaneous injection of NIH3T3 expressing Nlp into nude
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mice, tumors formed in almost all animals tested within 6 weeks
(Figures 3 and 4). Consistently, the Nlp transgenic animals showed
spontaneous tumorigenesis. In 35 mice aged 38-60 weeks, 9 ani-
mals developed cancers, including both primary and metastatic
tumors (Figure 6 and Table 2). In addition, the Nlp transgenic mice
were more susceptible to IR-induced lymphoma. The frequency of
spontaneous and IR-induced tumors in the transgenic mice versus
control animals is statistically significant. All those findings dem-
onstrate that Nlp is an oncogenic protein. As discussed above, fine
levels of Nlp are required for centrosome maturation and stability,
and thus deregulated expression (both overexpression and down-
regulation) of Nlp may result in aberrant spindle formation and
disruption of chromosomal segregation, which leads to aneuploidy
and chromosomal aberration (28, 31). It is likely that when Nlp is
deregulated, it causes centrosome aberrations and genomic insta-
bility, which in turn lead to tumorigenesis. In addition, since Nlp is
involved in organization of the microtubule network that supports
many important cellular functions including cell adhesion and
migration, disruption of Nlp may cause defects in those biological
aspects and contribute to the development of cell malignancy.

It is worth noting that we have recently characterized Nlp as a
BRCA1l-interacting protein and Nlp might mediate the role of
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Table 3
Tumorigenesis in transgenic mice expressing Nip following
IR treatment

Mouse Sex Week of tumor detection
Tg-IR-7 F 207
Tg-IR-8 M 23A
Tg-IR-9 F 267
Tg-IR-10 F 26~
Tg-IR-12 M 27A
Tg-IR-13 M 27A
Tg-IR-14 F 27A
Tg-IR-15 F 287
Tg-IR-16 M 32
Tg-IR-18 F 32
Tg-IR-19 M 32
Tg-IR-20 F 32
C-IR-2 F 24A
C-IR-3 F 27A
C-IR-5 F 29
C-IR-8 M 32
C-IR-9 M 32
C-IR-11 F 32
C-IR-15 F 32
C-IR-16 M 32

A total of 20 NlIp transgenic mice were treated with IR (Tg-IR) at a total
dose of 9 Gy. A total of 20 normal mice were treated with IR (C-IR) at a
total dose of 9 Gy. All tumors were lymphomas located in the thymus.
AStatistical analysis was performed on data from animals that devel-
oped lymphomas within 28 weeks. The difference between IR-induced
lymphomas in the transgenic mice versus normal animals was statisti-
cally significant (P = 0.03).

BRCAT1 in the control of mitotic progression (29). Indeed, there
were similarities between the overexpression of Nlp and the loss
of BRCAL It has been shown that deletion of BRCA1 exon 11 in
knockout mice results in centrosome amplification and abnor-
malities of spindle formation (14). The observations from our
group and others have shown that abnormal expression of Nlp
causes disrupted spindle assembly, chromosomal missegrega-
tion, and aneuploidy (28, 29, 31). In the model of transgenic mice,
both MEFs and glomerular cells derived from Nlp transgenic mice
exhibited centrosome amplification. About 20% of MEFs and glo-
merular cells displayed 3 or more copies of centrosomes (Figure 7),
indicating that deregulated expression of Nlp disrupts the normal
machinery of controlling centrosome stability. Thus, overexpres-
sion of NIp mimics the phenotypes of disrupted BRCA1, including
both centrosome amplification and in vivo oncogenic potentials.
In spite of its deregulated expression in human tumors and
oncogenic potentials, overexpression of Nlp in cancer cells
has been shown to affect clinical therapeutic sensitivity and to
enhance cancer cell survival. Following introduction of exogenous
Nlp into ovarian cancer SKOV3 cells, the cell death induced by the
chemotherapeutic agent Taxol, which is thought to induce apop-
tosis by stabilizing the spindle microtubules and causing mitotic
arrests at the metaphase stage, is substantially inhibited (41). In
support of these findings, we have shown that MEFs derived from
Nlp transgenic mice exhibit resistance to apoptosis activated by IR
and UV radiation (Figure 7D). Collectively, the findings presented
in this report imply that Nlp is an oncoprotein whose abnormal
expression is correlated with human breast and lung cancers and
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that induces carcinogenesis. These findings thus provide what
we believe are novel insights into our understanding of the role
of disrupted regulatory machinery of mitotic progression in the
development of human cancers. It is also possible that Nlp can
be used as a potential molecular target for the development of
a novel therapeutic drug and serve as a diagnostic marker in the
clinical cancer treatment.

Methods
Clinical tissues samples collections. Fresh tumor tissues and normal adjacent
tissues were collected from patients with pathologically and clinically con-
firmed carcinomas. In some cases, non-cancerous tissues were also collected
to serve as controls in the experiments. All human tumor tissues were
obtained with written informed consent from patients or their guardians
at Dalian Medical University prior to participation in the study. The Insti-
tutional Review Board of the Cancer Institute, Chinese Academy of Medical
Sciences, approved use of the tumor specimens and animal models in this
study. Most of tissue samples were fixed in formalin, embedded in paraffin,
and sectioned at S um thick. One section was stained with H&E for histo-
logical examination, and the others were used for immunohistochemistry
or immunofluorescence staining. A portion of tissue specimens were kept
in liquid nitrogen and sectioned for protein or mRNA extraction.

Cell culture and transfection. Human lung cancer line A549, human breast
carcinoma line MCF7, and NIH3T3 line were grown in DMEM supple-
mented with 10% FBS. Cell transfection was carried out as described previ-
ously (42). Briefly, 4 x 105 NIH3T3 cells were seeded onto 100-mm plates
1 day prior to transfection. Plasmid DNA (5 ug) and 15 ul of lipofectamine
(Gibco-BRL) were used for each transfection, and cells were selected in the
medium containing G418 (400 ug/ml). The G418-resistant colonies were
collected and examined for Nlp expression.

Plasmid clones. HJ07083, a KIAA0980/NLP cDNA clone, was generously
provided by T. Nagase (KAZUSA DNA Research Institute, Kisarazu, Japan).
pEGFP-NIp was constructed by cloning KIAA0980 fragment (75-4848)
into the BamHI and NotI sites of pGEX-5X-1 vector.

Cellular protein preparation, Western blotting analysis, and antibodies. Cellu-
lar proteins were prepared and assayed as described previously (42). Nlp
polyclonal antibody was produced using Ac-CQEKVDKLKEQFEKNTKSD-
amide short peptide (putative KIAA0980 protein 1310-1327 aa; Bio-
Source). This polyclonal antibody was demonstrated to be specific against
human KIAA0980 protein (29).

Southern blot assays. The Southern blot was performed by standard meth-
ods. Briefly, DNA was extracted from the lung tumor and paired with nor-
mal adjacent tissue samples, followed by phenol-chloroform purification.
Approximately 20 ug of DNA per specimen was digested with EcoRI over-
night and electrophoresed on 0.8% agarose gels. The DNA was transferred
to a HyBond N+ Nylon filter (Pharmacia USA) and fixed for 2 min under
UV light. Then the filters were hybridized with DIG-labeled NLP probes
under stringent conditions using the DIG DNA labeling kit (Mylab). After
hybridization with the NLP probe overnight at 65°C, the filters were washed
at room temperature. An anti-digoxigenin-alkaline phosphatase conjugate
was used for visualization with the DIG DNA detection kit (Mylab). The size
of the hybridization band for NLP was approximately 7.7 kb.

FISH analysis. The slide samples from tumor cell lines or tumor tissue were
hybridized by 2-color FISH with an NLP-specific BAC probe RP11-96L6 (a
gift from the Wellcome Trust Sanger Institute) and a chromosome 20-
specific centromeric probe (Vysis). The NLP and centromere 20 probes
were labeled with Cy3-dUTP (red) and FITC-dUTP (green), respectively,
using the Bioprime DNA labeling system (Invitrogen) and hybridized with
nuclei from cell lines or tumor tissue samples. We counterstained slides
with DAPI and used the Olympus BX51 fluorescence microscope to cap-
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Analysis of MEFs derived from transgenic mice. (A) MEFs isolated from both normal and NIp transgenic mice were plated in 30-mm tissue culture
dishes, and cells were collected for counting each day. Three separate experiments were conducted. Data are presented as mean + SEM; n = 6-9.
(B) MEFs isolated from normal or Nlp transgenic mice were stained for centrosomes with y-tubulin antibody and counterstained with DAPI. Arrows
indicate the positions of centrosomes in MEFs derived from either normal (WT) or Nlp transgenic animals. Original magnification, x400. (C) Quantita-
tive results of centrosome analysis in MEFs were obtained from 3 separate experiments, and in each experiment, more than 400 cells were examined.
Data represent percentages of cells with different centrosome copies and are presented as mean + SEM. (D) Expression of Nip-attenuated apoptosis
induced by IR and UV radiation. MEFs from normal and Nlp transgenic mice were treated with IR at a dose of 15 Gy and UV radiation at a dose of
30 J/m2. Cells were collected 16 hours later for examination of apoptosis. Data are presented as mean + SEM; n = 9-12.

ture FISH images. Results were expressed as a ratio of the number of copies
of the NLP gene to the number of chromosome 20-centromeric markers.
A ratio of greater than 2 indicated gene amplification.

Immunobistochemical analyses and semiquantitative evaluation. The sample
sections were analyzed using immunohistochemistry as described previ-
ously (43). For evaluation, the visible brown granules in cytoplasm were
determined to indicate positive staining. Specimens were reviewed with
staining intensity and staining extent (43). The relationship between Nlp
expression and pathological parameters was analyzed using the %? test with
SPSS software (SPSS Inc.). Statistical significance was reached at P < 0.05.

RT-PCR assay. Total RNA was extracted using TRIzol reagent according
to the manufacturer’s instructions. Total RNA (0.5 ug) in 1 ul of RNase-
free water was used in 20 ul of room-temperature mixtures and subjected
to DNA amplification using GeneAmp PCR System 9600 (PerkinElmer).
PCR products were loaded on 1% agarose gel for analysis.

Soft agar assay. Equal volumes of 1% agar and 2x DMEM medium were
mixed and placed onto 60-mm dishes to generate 0.5% base agar. Nlp-
expressing NIH3T3 cells were seeded in 0.3% top agar (103 cells per plate)
and incubated at 37°C in humidified atmosphere for 10-14 days. Colonies
were analyzed using a microscope.

Tumorigenicity assay. Parental NIH3T3 cells or Nlp-expressing NIH3T3
cells were harvested by trypsinization, washed in PBS, counted, and col-
lected by centrifugation. Cells (5 x 10°) were suspended in 0.2 ml of PBS
and injected subcutaneously into 4-week-old nude mice. After 6 weeks,

mice were sacrificed, and tumor tissues were removed for further analysis.
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The experiments were performed in accordance with relevant institutional
and national guidelines and regulations.

Generation of transgenic mice. To generate the pEGFP-C3-NLP expression
plasmid, full-length human NLP cDNA was cloned into the pEGFP-C3
vector. The complete insert, which was isolated as an ApaLI-SspI (6.8-kb)
fragment, contained the CMV promoter, the EGFP gene, NLP, and the
simian virus 40 poly(A). It was microinjected into the pronuclei of fertil-
ized zygotes under sterile conditions, and subsequently the injected eggs
were transferred into pseudopregnant recipients to generate transgenic
mice. At 3 weeks after birth, potential founders were analyzed by PCR
of tail DNA for the presence of transgenes. Such transgenic mice were
generated in the inbred FVB/N genetic background and were housed in
a controlled, specific pathogen-free environment. Nlp transgenic mice
grew to adulthood without obvious differences from their wild-type lit-
termates. The animals survived without development malformation and
had no problems in procreation.

Preparation of MEFs. MEFs were prepared from E13.5 embryos, which
were isolated under sterile conditions. After rinsing twice with HBSS, these
tissues were cut up and digested with 0.25% trypsin at 37°C. Single cells
were collected by centrifugation at a speed of 75 g for 5 minutes. Collected
cells were washed twice in HBSS and subsequently resuspended and main-
tained in DMEM supplemented with 10% FBS.

IR-induced carcinogenesis. Transgenic and control mice 6-8 weeks old were
irradiated 3 times with a dose of 3 Gy, for a total dose of 9 Gy. The animals
were maintained in normal conditions for observation of carcinogenesis.
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Usually, the mice were observed 3 times each week for development of
tumors and illness. At 9 months after irradiation, all animals were sacri-
ficed for pathological examinations.

Statistics. Results are expressed as mean + SEM values, and P values less
than 0.05 were considered statistically significant. Data processing was
performed using the software package SPSS for Windows (SPSS Inc.).
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