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Chromosome 14 was transferred into tumorigenic nasopharyngeal
carcinoma and esophageal carcinoma cell lines by a microcell-
mediated chromosome transfer approach. Functional complemen-
tation of defects present in the cancer cells suppressed tumor for-
mation. A candidate tumor-suppressor gene, cysteine-rich intestinal
protein 2 (CRIP2), located in the hot spot for chromosomal loss at
14q32.3, was identified as an important candidate gene capable of
functionally suppressing tumor formation. Previous studies have
shown that CRIP2 is associated with development. To date, no re-
port has provided functional evidence supporting a role for CRIP2 in
tumor development. The present study provides unequivocal evi-
dence that CRIP2 can functionally suppress tumorigenesis. CRIP2 is
significantly down-regulated in nasopharyngeal carcinoma cell lines
and tumors. CRIP2 reexpression functionally suppresses in vivo tu-
morigenesis and angiogenesis; these effects are induced by its tran-
scription-repressor capability. It interacts with the NF-κB/p65 to
inhibit its DNA-binding ability to the promoter regions of the major
proangiogenesis cytokines critical for tumor progression, including
IL6, IL8, and VEGF. In conclusion, we provide compelling evidence
that CRIP2 acts as a transcription repressor of the NF-κB–mediated
proangiogenic cytokine expression and thus functionally inhibits
tumor formation and angiogenesis.

transcription regulator | antiangiogenesis

Functional complementation of internal defects present in can-
cer cells can be used to identify candidate tumor-suppressor

genes (TSGs) contributing to tumor development. The microcell-
mediated chromosome transfer (MMCT) approach can be used to
transfer a chromosome to a cancer cell. The resulting hybrid cells
containing the exogenous transferred chromosome, known as
microcell hybrids (MCHs), can be used to investigate the ability of
that particular chromosome to induce tumor suppression and
identify TSGs (1).Using a panel of tumor-suppressive chromosome
14 MCH cell lines established in a previous study (1), a novel
candidate TSG, cysteine-rich intestinal protein 2 (CRIP2), was
identified and shown to induce tumor suppression in nasopharyn-
geal carcinoma (NPC). CRIP2 is located in the chromosome
14q32.3 region, which often shows high allelic loss in many cancers,
including NPC (2, 3) and esophageal, renal, and colon carcinomas
(4–7). In fact, because of its location in a hot spot for chromosome
truncation in tumor development, it was reported to be a candidate for
leukemic translocation (8). However, there have been no follow-up
studies to examine the functional role of this gene in tumor de-
velopment. Our earlier chromosome 14 studies indicate that CRIP2
may be a potential TSG and provide the impetus for further in-depth
study of a new functional role for CRIP2 in NPC.

CRIP2 is a member of the LIM domain protein family (9).
Members in this family encode different proteins, including tran-
scription factors, adhesion molecules, and cytoskeleton proteins
(10, 11). CRIP2 belongs to the cysteine-rich intestine protein family
l and specifically to the second class of LIM domain proteins, which
contains between one and three LIM domains but usually lacks
DNA-binding homeodomains (9). Interestingly, the mouse CRIP2
protein was found to interact with a protein tyrosine phosphatase,
PTP-BL, which is important in cancer development (12).
CRIP2 is highly expressed in theheart aswell as in theovaries, brain,

skeletal muscle, spleen, prostate, small intestine, pancreas, testis, and
neuronal ganglia (9, 13). CRIP2 expression has been detected in the
heart endothelium during development and in the adult heart (14).
CRIP2 also has been identified as a heart vascular marker (15).
The present study shows that CRIP2 acts as a transcriptional

repressor of NF-κB. NF-κB is an important and well-studied
transcription factor for various genes involved in the regulation
of cancer development and angiogenesis. Loss of regulation of this
gene is commonly seen in various types of cancer. The dominant
NF-κB complex is p50/p65. This complex is mainly controlled by
IκB, which binds to NF-κB to inactivate its transcription function.
Phosphorylation of IκB proteins by the upstream IκB kinase
results in degradation of IκB protein. NF-κB is then translocated
to the nucleus and activates proangiogenesis and cell proliferation
target gene transcription. Inactivation of NF-κB transcription
factor regulation is an important event contributing to tumor
suppression (16, 17).
We have investigated the possible role of CRIP2 in regulating

angiogenesis in cancer and associated molecular pathways for
CRIP2-inhibited angiogenesis. This report investigates the
functional role of CRIP2 in cancer development and provides
critical evidence of its crucial role in regulating angiogenesis
during tumor development.

Results
Identification of a Candidate TSG Using a Chromosome 14 MMCT
Approach. Our earlier study of NPC chromosome 14 MCH cell
lines established by the MMCT approach demonstrated these
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cell lines’ ability to functionally suppress tumor formation in vivo
(1, 18). Critical regions were delineated. One gene, CRIP2, was
identified and investigated for its importance in NPC. Inter-
estingly, up-regulation of CRIP2 expression was observed in
three tumor-suppressive chromosome 14 MCHs (14F, 14T, and
14U), compared with the tumorigenic recipient cell line HONE1
(Fig. 1A), suggesting an important role for CRIP2.
Significant CRIP2 down-regulation was observed by qPCR

analysis in five out of seven NPC cell lines (HONE1, HNE1,
CNE1, C666-1, and SUNE1), compared with the nontumorigenic
immortalized nasopharyngeal epithelial cell line NP460 (Fig. 1B).
The clinical relevance of CRIP2 was investigated in 60 NPC
tumors; 42 (70%) showed CRIP2 mRNA down-regulation com-
pared with their corresponding nontumor tissues (Fig. 1C). This
suggests that CRIP2 down-regulation is likely an important event
during NPC tumor progression.

CRIP2 Reexpression Is Associated with in Vivo Tumor Suppression.
The functional role of CRIP2 was investigated by reexpressing
CRIP2 in a HONE1-2 NPC cell line in a previously described
tetracycline-regulated inducible system (19). Three CRIP2-
expressing clones (CRIP2-C9, -C10, and -C12) expressed in-
creased levels of CRIP2 at both the mRNA and protein levels
compared with the vector-alone control (BSD-C5) in the absence
of doxycycline (−dox) (Fig. 2 A and B). The expression levels
were similar to or higher than those of the immortalized NP460
cell line. In the presence of dox (+dox), transgene expression
levels were switched off and CRIP2 expression levels were re-
duced (Fig. 2 A and B).
The CRIP2 in vivo tumor-suppressive ability was studied in the

nude mouse tumorigenicity assay. All six injection sites of the
vector-alone control, BSD-C5 (±dox), formed tumors within 14–
21 d postinjection (Fig. 2C and Table S1). The three CRIP2-
expressing clones (−dox) suppressed tumor formation. A longer
tumor formation latency period was observed compared with
that for the vector-alone control. The tumorigenicity of all three
CRIP2-expressing clones was restored when CRIP2 expression

was switched off by dox. These findings confirm the potent tumor-
suppressive ability of CRIP2. The differences in tumor growth
kinetics among the vector-alone, CRIP2-expressing clones, and
their corresponding +dox controls were statistically significant
(P < 0.05) (Table S1).

CRIP2 Suppresses in Vitro and in Vivo Angiogenesis. CRIP2 has been
reported to regulate blood vessel formation during heart de-
velopment (14). We studied the functional role of CRIP2 in
cancer angiogenesis using in vitro human umbilical vein endo-
thelial cell (HUVEC) tube formation and in vivo Matrigel plug
assays. In the in vitro HUVEC tube formation assay, conditioned
media from the vector-alone and CRIP2-expressing clones
(±dox) were added to the HUVEC cells. The conditioned media
from transfectants CRIP2-C10 and -C12 significantly reduced
HUVEC cell tube-like formation ability to 44.5% and 45.6%,
respectively, compared with the vector-alone (BSD-C5) (±dox)
and corresponding +dox controls when transgene expression was
repressed (Fig. 3 A and B). The differences in relative tube-
forming ability between the vector-alone and CRIP2-stable
transfectants (±dox) were statistically significant (P < 0.05).
We further studied the antiangiogenesis effect of CRIP2 in an

in vivo nude mouse model Matrigel plug assay. After CD34
staining, we analyzed the density of blood vessels observed inside
the Matrigel plug. The blood vessel formation observed with two
CRIP2-expressing clones, CRIP2-C10 and -12, decreased dra-
matically, to 23.2% and 25.6%, respectively, of the vector-alone
levels (Fig. 3 C and D). The tumor-forming ability was restored
when the transgene was switched off. This further confirms the
antiangiogenesis effect of CRIP2.

CRIP2 Reexpression Inhibits Angiogenesis Through Transcriptional
Inhibition of Proangiogenesis Cytokines. We investigated the
functional pathway through which CRIP2 inhibits tumorigenesis
and angiogenesis using an angiogenesis-specific antibody protein
array. Significant down-regulation of six angiogenesis-related
cytokines—IL-6, IL-8, MCP1, VEGF, uPAR, and angiogenin—
was observed with the conditioned media from CRIP2-expressing

A B

C
Fig. 1. CRIP2 gene expression analysis.
(A) qPCR analysis of CRIP2 expression in
three chromosome 14 MCHs. The ex-
pression fold changes were compared
with the recipient HONE1 cell line. (B)
qPCR analysis of CRIP2 expression in
seven NPC cell lines. The expression fold
changes of the NPC cell lines were
compared with that of the immortalized
nontumorigenic cell line NP460. (C)
qPCR analysis of CRIP2 expression in 60
NPC paired biopsy specimens. The fold
changes of the NPC tumor tissues were
compared with their corresponding
nontumor tissues.
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clones (Fig. 4 A and B).The secreted form of VEGF, an im-
portant proangiogenic protein, in conditioned media was quan-
titated by ELISA to confirm the antibody array results. The
vector-alone BSD-C5 (±dox) showed a high concentration of
VEGF (∼3,500 pg/mL). When CRIP2 was expressed in the
CRIP2-C10 and -C12 clones, VEGF protein concentration was
reduced to 1,616 and 1,079 pg/mL, respectively (Fig. 4C). VEGF

protein concentration was restored when the transgene expres-
sion was switched off by dox treatment of the CRIP2-C10 and
-C12 clones, further confirming the antibody array results.
We studied the mRNA transcription levels of candidate genes

IL6, IL8, MCP1, VEGF165, uPAR, and angiogenin by qPCR. All
demonstrated decreased mRNA levels in the CRIP2-expressing
clones (Fig. 4D), suggesting that reduction of these proangio-

A

C D

B

Fig. 3. In vitro and in vivo angiogenesis
assays of CRIP2-expressing clones. (A)
Representative images of the HUVEC
tube formation assay of vector-alone
(BSD-C5) and CRIP2-expressing clones.
(B) Summary of the relative tube-forming
ability of the vector-alone (BSD-C5) and
CRIP2-expressing clones (±dox). Relative
tube-forming ability was calculated by
comparing the total tube length of each
sample to that of BSD-C5 (+dox). (C)
Representative images of the in vivo
Matrigel plug CD34 IHC staining of vec-
tor-alone (BSD-C5) and CRIP2-expressing
clones. The brown color represents pos-
itive staining of the blood vessels. (D)
Summary of the relative blood vessel
formation ability of vector-alone (BSD-
C5) and CRIP2-expressing clones (±dox).
Relative blood vessel formation ability
was calculated by comparing the total
tube length of each sample with that of
the BSD-C5 (+dox) control. *P < 0.05 and
**P < 0.05, statistically significant differ-
ences compared with the vector-alone
control and corresponding +dox control,
respectively.

A B

C

Fig. 2. CRIP2 expression levels in the CRIP2-
expressing clones in an in vivo tumorigenic-
ity assay. (A) qPCR analysis of CRIP2 expres-
sion in the vector-alone BSD-C5 (±dox) and
the three CRIP2-expressing clones CRIP2-C9,
-C10, and -C12 (±dox). The expression levels
were compared with that of BSD-C5 (+dox).
The NP460 cell line was used as a control for
endogenous CRIP2 expression. (B) Western
blot analysis of BSD-C5 and CRIP2-C9, -C10,
and -C12 (±dox). α-tubulin served as a load-
ing control. (C) In vivo tumorigenicity assay
of CRIP2-expressing clones and vector-alone
controls (+dox). The curves represent an av-
erage tumor volume of all sites inoculated
for each cell population. Vector-alone BSD-
C5 (±dox) formed large tumors by 6 wk
postinjection. Small tumors were induced
after 5–6 wk postinjection in all of the
CRIP2-expressing clones. Tumorigenicity was
restored when CRIP2 gene expression was
switched off (+dox).

8392 | www.pnas.org/cgi/doi/10.1073/pnas.1101747108 Cheung et al.

www.pnas.org/cgi/doi/10.1073/pnas.1101747108


genic proteins occurs at the mRNA transcription level. These
findings were further substantiated by the discovery of CRIP2
transiently expressed in three CRIP2-down-regulated NPC cell
lines, HONE1, HNE1, and SUNE1. When CRIP2 was overex-
pressed (Fig S1A), down-regulation of IL6, IL8, and VEGF165
was observed (Fig S1B). Thus, this CRIP2 overexpression can
functionally down-regulate these proangiogenic proteins at the
transcriptional level. In contrast, down-regulation of NF-κB–
mediated antiapoptotic factors BclXL and Survivin was not ob-
served when CRIP2 was expressed (Fig S1C).

CRIP2 Suppresses the Transcription of NF-κB–Mediated Proangiogenesis
Cytokines IL-6, IL-8, and VEGF. Because the down-regulation of the
proangiogenesis cytokines is regulated mainly by CRIP2 at the
transcriptional level, we investigated the functional role of CRIP2
as a transcription repressor. We confirmed the subcellular locali-
zation of CRIP2 protein. It was detected mainly in the nuclear
fraction, not in the cytoplasmic and membrane fractions, as ob-
served after cell fractionation (Fig. 5A) followed by Western blot
detection with antihistone and anti–α-tubulin antibodies as positive
controls. This is consistent with a nuclear transcriptional-repressor
role for CRIP2.
We investigated the interaction between CRIP2 and a well-

studied angiogenesis key regulator, NF-κB, a potential interact-
ing partner. The interaction between CRIP2 and NF-κB/p65
subunit was confirmed by coimmunoprecipitation (co-IP) with
the CRIP2 and p65 antibodies (Fig. 5B), providing strong evi-
dence that CRIP2 interacts with NF-κB/p65 and subsequently
inhibits its transcription factor capability.
We further investigated the mechanism for CRIP2 control of

NF-κB function by studying one of the key regulators of NF-κB
subcellular translocation, IκB. The phosphorylation status of the
NF-κB regulator IκB was confirmed by Western blot analysis.
There was no significant change in phosphorylated IκBα levels
between the vector-alone and CRIP2-expressing clones (Fig.
5C). There was also no significant change in the phosphorylated
NF-κB/p65 levels between the vector-alone and CRIP2-
expressing clones (Fig. 5C). This suggests that CRIP2 does not
regulate NF-κB function by controlling its phosphorylation status
or subcellular localization.

We examined the functional role of CRIP2 in regulating NF-
κB–binding affinity to a defined NF-κB–responsive DNA-binding
element inCRIP2-expressing clones, to evaluateCRIP2’s ability to
inhibit NF-κB’s transcription activation capability. NF-κB DNA-
binding activity was significantly reduced in the CRIP2-expressing
clones compared with the vector-alone and their corresponding
+dox controls. The NF-κB–binding activity dropped to 56% in the
CRIP2-C10 cell lines and to 32% in the CRIP2-C12 cell lines (Fig.
5D). These findings suggest that CRIP2 regulates NF-κB’s tran-
scriptional activity by inhibiting its binding to the promoter region.
We studied the promoter activities of some proangiogenic

cytokines to confirm the transcription-repressive effect of NF-κB.
The promoter regions of IL-6 and VEGFwere cloned in the pGL3
vector (20, 21). Our luciferase reporter assay found significantly
reduced promoter activity of the proangiogenesis proteins IL-6
and VEGF by CRIP2 expression (Fig. 5E) and confirmed the role
of CRIP2 in repressing their transcription. In the IL-8 promoter
region, the IL-8-54 construct showed no significant change in
promoter activity between the vector-alone and the two CRIP2-
expression clones. In the IL-8-152 construct, which contains a de-
letion of the transcription factor-binding element, the promoter
activity was significantly reduced in the two CRIP2-expressing
clones compared with the vector-alone control and their corre-
sponding+dox controls. These findings indicate the importance of
the -152 to -55 region of the promoter, which contains the NF-κB–
responsive site, for CRIP2 suppression of NF-κB–mediated IL-8
expression (Fig. 5E).

Discussion
In this study, we identified a novel candidate TSG, CRIP2, which
induces significant in vivo tumor suppression and angiogenesis
inhibition, after chromosome 14 MMCT. CRIP2 demonstrated
up-regulation in the MCHs and down-regulation in both NPC
cell lines and patient tumors, further validating its importance in
cancer development and making it an important candidate for
further in-depth study.
Three stably CRIP2-expressing clones were found to be potent

inducers of tumor suppression in an in vivo nude mouse tu-
morigenicity assay, providing unequivocal evidence that CRIP2
can act as a tumor suppressor. We used the CRIP2-C10 and -C12

A B

C D

Fig. 4. Angiogenesis-related protein expression in
CRIP2-expressing clones. (A) Results of the angiogenesis
protein array of the vector-alone BSD-C5 and CRIP2-
expressing clones. Duplicate spots: 1, angiogenin; 2, IL-6;
3, IL-8; 4, MCP1; 5, PDGF-BB; 6, RANTES; 7, VEGF; 8, uPAR.
(B) Summary of the relative expression of angiogenesis-
related proteins in the CRIP2-expressing clones. Relative
expression was calculated by comparing the intensity on
the protein array of CRIP2-expressing clones vs. the
vector-alone. (C) VEGF ELISA of the vector-alone and
CRIP2-expressing clones. The total VEGF protein con-
centration (pg/mL) in the conditioned media of the
vector-alone and CRIP2-expressing clones (+dox) was
determined. (D) qPCR analysis verifying mRNA tran-
scription levels of candidate genes identified by angio-
genesis protein array in the CRIP2-expressing clones. The
fold changes were compared with those of the vector-
alone BSD-C5. *P < 0.05 and **P < 0.05, statistically
significant differences compared with the vector-alone
control and corresponding +dox control, respectively.
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clones, which express near-physiological levels of CRIP2, for
further functional studies.
CRIP2 is a group 2 LIM protein that lacks the DNA-binding

LIM domain (9) and thus might not bind directly to the target
promoters. Instead, it can interact with other transcription fac-
tors to suppress transcription or affect binding to the responsive
DNA-binding elements for transcriptional inactivation. The in-
teraction of CRIP2 protein with the NF-κB/p65 subunit shows
that CRIP2 is a transcription regulator for NF-κB–mediated
transcriptional activation of IL-6, IL-8, and VEGF to inhibit
angiogenesis. NF-κB is an important transcription factor in
cancer owing to its effective control of key genes promoting cell
survival, antiapoptosis, angiogenesis, and invasion (16).
The expression of IL-6, IL-8, and VEGF can serve as an in-

dicator of NF-κB activity, because they contain NF-κB–responsive
elements in their promoter regions. These three proangiogenic
proteins play important roles in regulating angiogenesis. VEGF is
a key angiogenic stimulator, and its expression can directly induce
angiogenesis. It is a prognostic factor and is highly expressed in
metastatic cancers, including NPC (22, 23). IL-8 is proangiogenic
(24) and contributes to a poor prognosis in primary NPC (25).
IL-8 has been reported to increase expression of the antiapoptotic
protein Bcl-2 in endothelial cells (26) and thus to maintain the
angiogenic phenotype of endothelial cells (27). IL-6 promotes
angiogenesis and also tumor growth in different cancers by in-
ducing VEGF expression (28–30). CRIP2 induces transcriptional
repression of these three proangiogenic proteins, resulting in re-
duction of stimulating signals to induce angiogenesis. CRIP2 has

been detected in the heart endothelium during development and
in the adult heart (14) and has been identified as a heart vascular
marker (15), further supporting the importance of CRIP2 in
regulating angiogenesis.
Although NF-κB is an important regulator in controlling anti-

apoptotic protein transcription, apoptosis was not observed in the
CRIP2-expressing clones. Apoptosis appears to be controlled by
different signaling pathways not involving CRIP2 in NPC.
Our findings confirm the mechanism for CRIP2 involvement in

regulating NF-κB. The transcription factor activity of NF-κB is
tightly regulated by IκB. IκB binds to the NF-κB complex in the
cytoplasmic region and prevents subcellular translocation of NF-κB
to the nucleus. Phosphorylation of I-κB releases the NF-κB com-
plex and induces its subcellular translocation. CRIP2 expression
does not affect I-κB phosphorylation, and thus CRIP2 does not
regulate NF-κB activity by affecting NF-κB subcellular locali-
zation.
CRIP2 regulates NF-κB’s transcription capability by blocking its

DNA binding to target gene promoter regions. Previous studies
have shown that 17 β-estradiol inhibits NF-κBDNA-binding ability
and results in decreased IL-6 secretion in human retinal pigment
epithelial cells and an endometrial adenocarcinoma cell line (31,
32). This demonstrates the importance of the inhibition of NF-κB
DNA-binding ability in regulating NF-κB target gene promoter
activities to critically affect target gene expression levels. This study
provides valuable insight into the importance of CRIP2 in regu-
lating NF-κB function. In addition to the NF-κB–responsive ele-
ment, the promoter region of the IL-8 construct used in this study

A

B

C

D

E

Fig. 5. Transcriptional regulatory role of CRIP2. (A) Subcellular fractionation of CRIP2-expressing clones. Input protein, nuclear fraction, and cytoplasmic and
membrane fraction were used for Western blot analysis. Anti–histone-1H and anti–α-tubulin antibodies were used as positive controls for nuclear and cy-
toplasmic and membrane fractions, respectively. (B) Co-IP assay using CRIP2 and NF-κB/p65 antibodies. CRIP2 and the total and phosphorylated NF-κB/p65
were detected in the CRIP2-expressing clones after co-IP. Anti-rabbit IgG was used as a negative control. (C) Phosphorylation status of p65 and IκBα in CRIP2-
expressing clones. α-tubulin served as a loading control. (D) NF-κB–binding ability assay. The relative NF-κB–binding abilities of CRIP2-expressing clones were
compared with those of the BSD-C5 (+dox) control. (E) Promoter assay results for IL-6, VEGF, and IL-8 promoters. Relative promoter activities were compared
with the BSD-C5 (+dox) control. *P < 0.05 and **P < 0.05, statistically significant differences compared with the vector-alone control and corresponding +dox
control, respectively.
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also contains the AP1- and NF-IL-6–binding elements (33); this
suggests that CRIP2, like NF-κB, may have the ability to regulate
AP1 and NF-IL-6 transcriptional activities. Taken together, our
findings indicate that NF-κB is an important CRIP2 target re-
sponsible for its function.
In conclusion, we have provided irrefutable evidence that

CRIP2 plays an essential role in suppressing tumor development
through inhibiting angiogenesis. This interesting gene has hith-
erto been associated only with developmental processes. We
have shown that CRIP2 plays a key role as a transcriptional re-
pressor of NF-κB–mediated transcription, and that its sub-
sequent functional ramifications in cell regulation mediate its
critical role in cancer development.

Materials and Methods
See SI Materials and Methods for more detailed information. Table S2
contains qPCR primer sequences.

Gene Transfection. The CRIP2 cDNA clone was purchased from the Mam-
malian Gene Collection (Invitrogen). The CRIP2 gene ORF was cloned into
the pETE-BSD (19) vector to establish stable transfectants. Transfection into

HONE1-2 was performed with Lipofectamine 2000 Reagent (Invitrogen), as
described previously (34).

Luciferase Reporter Assay. The promoter region of the proangiogenesis
cytokines IL-6 and VEGF was cloned into pGL3-basic vector as described
previously (20, 21), The IL-8 promoter plasmids pGL-IL-8-54 and -152 were
described previously (33). Luciferase activity was measured 48 h after
transfection with the Promega Dual-Luciferase Reporter assay system
according to the manufacturer’s instructions. The relative promoter ex-
pression was calculated after normalization with Renilla luciferase activity to
eliminate the effect of differences in transfection efficiency.

NF-κB/p65 Transcription Factor Assay. The NF-κB/p65 transcription factor assay
was performed with the Millipore Universal EZ-TFA Transcription Factor
Assay Chemiluminescent Kit according to the manufacturer’s instructions
and as described previously (35).
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