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Abstract

Background
CIP4 (Cdc42-interacting protein 4), a member of the F-BAR family which plays an important role in
regulating cell membrane and actin, has been reported to interact with Cdc42 and closely associated with
tumor invadopodia formation. However, the speci�c mechanism of the interaction between CIP4 and
Cdc42 as well as the downstream signaling pathway in response in colorectal cancer (CRC) remains
unknown, which is worth exploring for its impact on tumor in�ltration and metastasis.

Methods
Immunohistochemistry and western blot analyses were performed to detect the expression of CIP4 and
Cdc42. Their relationship with CRC clinicopathological characteristics was further analyzed. Wound-
healing, transwell migration and invasion assays tested the effect of CIP4 on cells migration and
invasion ability in vitro, and the orthotopic xenograft colorectal cancer mouse mode evaluated the tumor
metastasis in vivo. The invadopodia formation and function were assessed by immuno�uorescence,
scanning electron microscopy (SEM) and matrix degradation assay. The interaction between CIP4 and
Cdc42 was con�rmed by co-immunoprecipitation (co-IP) and GST-Pull down assays.
Immuno�uorescence was used to observed the colocalization of CIP4, GTP-Cdc42 and invadopodia. The
related downstream signaling pathway was investigated by western blot and immuno�uorescence.

Results
CIP4 expression was signi�cantly higher in human colorectal cancer tissues and correlated with the CRC
in�ltrating depth and metastasis as well as the lower survival rate in patients. In cultured CRC cells,
knockdown of CIP4 inhibited cell migration and invasion ability in vitro and the tumor metastasis in vivo,
while overexpression of CIP4 con�rmed the opposite situation by promoting invadopodia formation and
matrix degradation ability. In addition, we identi�ed GTP-Cdc42 as a directly interactive protein of CIP4,
which was upregulated and recruited by CIP4 to participate in this process. Furthermore, activated NF-κB
signaling pathway was found in CIP4 overexpression CRC cells contributing to invadopodia formation
while inhibition of either CIP4 or Cdc42 led to suppression of NF-κB pathway resulted in decrease
quantity of invadopodia.

Conclusion
Our �ndings suggested that CIP4 targets to recruit GTP-Cdc42 and directly combines with it to accelerate
invadopodia formation and function by activating NF-κB signaling pathway, thus promoting CRC
in�ltration and metastasis.
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Background
Colorectal cancer (CRC) is one of the most common tumors. In 2020, approximately 147,950 individuals
are diagnosed with CRC and 53,200 died from the disease(1). Although surgical techniques and adjuvant
therapy have advanced, the overall survival of CRC patients has not improved obviously in recent
years(2). Liver and lung metastasis after radical resection and chemoradiotherapy is the most important
cause of death in CRC patients(3). Metastasis is a complex biological process which needs cancer cells
to form a leading edge and move forward(4). Invasion of cancer cells into surrounding tissue and the
vasculature requires chemotactic migration of cancer cells, steered by protrusive activity of the cell
membrane and its attachment to the extracellular matrix (ECM)(5). Recent work has discovered a
prominent actin-based cellular structure, termed invadopodia, as unique structural and functional
modules through which major invasive mechanisms are regulated(6–8). The co-localization of F-actin
with actin-bundling protein cortactin combines with microtubules, driving the invadopodia to degrade
extracellular matrix and to facilitate distant metastasis(9).

CIP4 (Cdc42-interacting protein 4) is a protein encoded by the TRIP10 gene located on human
chromosome 19(10). CIP4 was �rst identi�ed by using activated Cdc42 as a bait in a yeast two-hybrid
screen which contains an F-BAR domain at the N-terminal, a SH3 domain at the C-terminal and an HR1
domain in the middle(11, 12). It has been reported that CIP4 plays an important role in various cellular
events by regulating cell membranes and actin, such as vesicle formation, endocytosis, cytoplasmic
membrane microtubule transformation, adhesion and invadopodia formation in a variety of cells(13–17).
Other studies have associated CIP4 with cell invasiveness and migration in different types of cancer, such
as breast cancer, Non-small cell lung cancer, Nasopharyngeal carcinoma, Osteosarcoma and so on, which
indicates that CIP4 has a crucial part to play in tumor metastasis(18–22).

CIP4 has been identi�ed by the interaction with the activated Cdc42. Cdc42 is a key member of the Rho
family which is well established to be central to the dynamic actin cytoskeletal assembly and
rearrangement, the underpinnings of normal cell–cell adhesion, cell migration, and even
transformation(23). Cdc42 is also involved in the regulation of invadopodia formation(24, 25). Studies
have demonstrated the podocalyxin-like 1 promotes invadopodia formation and metastasis through
activation of Rac1/Cdc42/cortactin signaling in breast cancer cells(26).

NF-kB is a critical cell signaling pathway involving in many cellular activities and can result in cancer if
not appropriately regulated(27). Inappropriate activation of NF-kB leads to tumor proliferation, invasion
and metastasis(28, 29). Early studies showed that Cdc42 regulates speci�cally in the NF-kB-dependent
transcription(30, 31). Therefore, in view of the special role of CIP4 and Cdc42 in invadopodia formation,
along with the unknown downstream signaling pathway, whether NF-kB is in response to the activated
Cdc42 interacting with CIP4 to promote CRC progression and metastasis attracted the interest of us.

Our previous research found that CIP4 expression is signi�cantly up-regulated in human CRC tissues(32).
In the current study, we demonstrated the expression and clinical signi�cance of CIP4 in CRC samples,
and provided evidences that CIP4 binds to GTP-Cdc42 to promote invadopodia formation and ECM
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degradation. Importantly, we further explored the downstream regulation mechanism of the complex of
CIP4 and Cdc42 in CRC progression and metastasis, in which the NF-kB signaling pathway was
con�rmed to be essential.

Materials And Methods

Clinical samples, cell lines and animals
Formalin-�xed para�n embedded human colorectal carcinoma tissues (n = 107) for this study were
obtained from the Department of Pathology, Nanfang Hospital, Southern Medical University, China. Each
case was con�rmed a de�nite diagnosis of primary CRC. The fresh surgically resected CRC tissues and
matched adjacent normal tissues (n = 14) were immediately frozen in liquid nitrogen till the later study.
Colorectal cancer cell lines, including Lovo, HT29, HCT116 and DLD1 cells were obtained from the Global
Bioresource Centre (ATCC, Washington, USA). All cells were cultured in RPMI 1640 medium (Gibco, Grand
Island, USA) supplemented with 10% foetal bovine serum (FBS, Gibco) at 37°C in a humidi�ed
atmosphere with 5% CO2. Four to six weeks-old male athymic BALB/c mice were purchased from the
Central Laboratory of animal Science at Southern Medical University (Guangzhou, China). All animal care
and experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Nanfang
hospital, Southern Medical University, Guangzhou.

Reagents and antibodies
Antibody against CIP4 (Cat:612556) was purchased from BD Biosciences (NY, USA). Antibodies against
GAPDH (Cat:60004), Cdc42 (Cat:10155), Cortactin (Cat:11381), Histone H3 (Cat:17168), FLAG tag
(Cat:66008) were purchased from Proteintech (Illinois, USA). Antibodies against p65 (Cat:8242), p-p65
(Cat:3033), the Active Cdc42 Detection Kit (Cat: 8819) were purchased from Cell Signaling Technology
(Massachusetts, USA). Antibodies against His tag (Cat:0287R) and GST tag (Cat:33007M) were
purchased from Bioss (Beijing, China). The Cdc42 inhibitor ML141 and the NF-κB signaling inhibitor QNZ
were purchased from Selleck Chemicals (Shanghai, China). The NF-κB signaling activator LPS was
purchased from Sigma (Missouri, USA).

Western blot analysis
Total proteins from cell or tissue were separated from cells by lysis buffer (FDbio, Hangzhou, China) and
the concentration was detected by BCA protein assay kits (FDbio). Proteins were separated by 10% or
12.5% SDS-PAGE gel and transferred to PVDF membranes. After being blocked by 5% skimmed milk for
1h at room temperature, the protein bands were incubated with primary antibodies at 4°C overnight. The
membranes were then incubated with goat anti-mouse or anti-rabbit secondary antibody (FDbio) and
detected by enhanced chemiluminescence.

Immunohistochemistry (IHC) analysis
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The procedure of IHC refered to the speci�cation of rabbit and mouse two-step immunohistochemical
detection kit (ZSGB-BIO, Beijing, China). The para�n-embedded human CRC tissue sections were
incubated with primary antibodies against CIP4, Cdc42 and Ki-67 (working solution, ZSGB-BIO). Two
experienced pathologists observed and scored the degree of staining in the sections independently. The
staining intensity was scored as follows: 0 (no staining); 1 (light yellow); 2 (brownish yellow); and
3(brown), and the percentage of positive staining cells was scored as follow: 1 (< 10%); 2 (10%-50%); 3
(50%-70%); 4 (> 70%). Each section was comprehensively calculated by multiplication of the staining
intensity score and the percentage positivity score. We de�ned 0 as negative, 1–4 as low, 5–8 as medium
and > 8 as high.

Construction of stable cell lines
The plasmid (hU6-MCS-SV40-Neomycin) carrying CIP4-repressing shRNA sequence (shCIP4, 5’-
GGAGAAUAGUAAGCGUAAATT-3’) and the empty vector (shCtrl) used as control to shCIP4 were purchased
from Genechem (Shanghai, China). The lentivirus vector carrying the human CIP4 sequence (CIP4) and
the lentivirus containing a scrambling sequence (Ctrl) used as control to CIP4 overexpression were
purchased from Genechem. The lentivirus vector carrying the FLAG-L61Cdc42 sequence, which contained
a Gln61 to Leu substitution to activated Cdc42 constantly, was purchased from Genechem.

Lovo and HT29 cells were transfected with shCIP4 and shCtrl using Lipofectamine 3000 Transfection
Reagent (Invitrogen, California, USA) referring to the speci�cation. Stable cell lines were obtained by
resistance screening with G418 (Sigma) at the concentration of 800µg/ml for 15 days. HCT116 and
DLD1 cells were transfected with CIP4 and Ctrl, Lovo-Ctrl, Lovo-shCIP4, HT29-Ctrl, HT29-shCIP4, HCT116-
Ctrl, HCT116-CIP4, DLD1-Ctrl and DLD1-CIP4 cells were transfected with FLAG-L61Cdc42 referring to the
speci�cation provided by Genechem. Stable cell lines were obtained by resistance screening with
puromycin (Solarbio, Beijing, China) at the concentration of 5ng/ml for 10 days. The transfection
e�ciency was assessed by Western blot analysis.

Wound-healing assay
Cells (5–10×105) were seeded into six-well plates and cultured to 90% con�uence. Cell monolayers were
wounded by a sterile 10µl pipette tip. The detached cells were removed by PBS. After culturing for another
48h, the wound gaps were observed and photographed by the inverted microscope (Olympus, Tokyo,
Japan).

Transwell migration and invasion assays
Cells (0.1-1×106) were resuspended in 200µL serum-free medium and seeded in the 24-well transwell
upper chambers (Corning, NY, USA). 500µL RPMI-1640 medium containing 10% FBS was added into the
lower chambers. After culturing for 12-48h, cells on the membrane were �xed with formalin, stained with
hematoxylin and then calculated and photographed using the ordinary optics microscope (Olympus).
Invasion assays were performed according to the same procedures with the diluted Matrigel (Corning)
(RPMI-1640: Matrigel = 5:1) spread on the inside bottom of the transwell upper chambers.
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Orthotopic xenograft colorectal cancer mouse model
The HT29-shCtrl and HT29-shCIP4 cells were prepared and suspended by fresh PBS to a concentration of
1 × 107 cells/100µl. 80µL volume of cells were injected into the scapular skin of each athymic BALB/c
mice. The formed subcutaneous tumor tissues were planted separately into the cecal wall of athymic
BALB/c mice. After 8 weeks, the orthotopic xenograft colorectal cancer masses and the livers of nude
mice were surgically removed after euthanasia, �xed in formalin (neutral buffered 10%), embedded in
para�n, and prepared into 2.5-µm sections for hematoxylin-eosin (HE) staining and IHC analysis.

Immuno�uorescence
Cells were seeded on confocal disks (Nest, Wuxi, China) and cultured for 24h, washed with PBS, �xed
with 4% formaldehyde for 30 min, permeabilizated with 0.25% Triton X-100 for 8 min, blocked with goat
serum (ZSGB-BIO) for 45 min and then incubated with primary antibodies at 4°C overnight. After being
incubated with Alexa488/594/355 conjugated secondary antibodies (ZSGB-BIO) or rhodamine phalloidin
(Cytoskeleton Inc, Colorado, USA) for 1 h and DAPI counterstaining for 10 min, the cells were observed
and photographed by the Olympus confocal �uorescence microscope (FV1000).

Scanning electron microscopy (SEM)
Cells were seeded on 8mm diameter pre-cleaned coverslips and cultured in 24-well plates for 36h, then
washed with PBS and �xed with 2.5% glutaraldehyde at 4°C overnight. After being washed with PBS, the
cells on coverslips were dehydrated by graded ethanol at 4°C, soaked in 100% acetonum for 20 min, in
100% isoamyl acetate for 15 min and in propylene epoxide for 20 min at 45°C. The coverslips were put in
vacuumed and sprayed with metal foil. Further observation was performed under the Scanning Electron
Microscopy.

Matrix degradation assay
The confocal disks (Nest) were incubated with 200µl 50µg/ml polylysine, 200µl 0.5% glutaraldehyde,
200µl 0.2% gelatin from pig Oregon green 488 (Invitrogene) and 200µl 5mg/ml sodium borohydride, each
for 15 min at room temperature and washed with PBS for 3 times in between. Cells (5×103) were seeded
in each disk and cultured for 48h. The following steps were performed according to the procedures of
immuno�uorescence.

Co-immunoprecipitation (co-IP)
Proteins extract from Lovo cells (1 × 107) were immunoprecipitated using the primary antibodies against
CIP4 or Cdc42. Input was used as the positive control and normal rabbit IgG (Cell Signaling Technology)
was used as the negative control. The immu-noprecipitated proteins were then analyzed by Western
blotting.

GST Pull-down
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The Ctrl-GST, CIP4-GST and L61Cdc42-6HIS prokaryotic expression vectors were constructed and
purchased from Genechem. The fusion proteins were induced by IPTG in BL21 (TransGene Biotech,
Beijing, China) growing in LB-ampicillin. The optimum inducement condition for CIP4-GST is 0.5mM of
IPTG in 16℃ for 20h, and for L61Cdc42-6HIS is 0.8mM of IPTG in 16℃ for 12h (Supplementary
Fig.S2B). The proteins were puri�ed by combining GST-agarose or His-agarose at 4°C overnight. The
puri�ed Ctrl-GST and CIP4-GST proteins were eluted from the GST-agarose and combined with L61Cdc42-
6HIS fusion protein and His-agarose at 4°C overnight. After being washed for 5 times, the remaining
protein mixture combined with His-agarose was analyzed by Coomassie brilliant blue staining and
Western blot assays.

Statistical analysis
All statistical analyses were performed using the SPSS 24.0 (Abbott Laboratories, USA) and presented as
the mean ± standard deviation. The signi�cance of correlation between the expression of CIP4 and
histopathological factors was determined using Pearson χ2 test. The enumeration data was analyzed
using t-test or one-way ANOVA. Survival curves of CIP4 expression in CRC patients was carried out using
the Kaplan–Meier method. P values of 0.05 or lower were considered statistically signi�cant.

Results
1. CIP4 expression in CRC tissues correlates with tumor development, invasiveness and patient survival
rate

Western blot was utilized to test the expression of CIP4 in 14 CRC tissues (T) and paired adjacent normal
colorectal tissues (N). Our results revealed that CIP4 was up-regulated in all the 14 CRC tissues at the
protein level (p < 0.0001, Fig. 1A). Immunohistochemistry (IHC) staining was performed in 107 para�n-
embedded CRC tissue sections. The representative photographs showed the expression of CIP4 was
signi�cantly elevated in human CRC tumors compared to the corresponding normal tissues. CIP4
expression score was also higher in tumor tissues (p < 0.0001, Fig. 1B). Interestingly, we found that CIP4
exhibit higher expression in the invasion front (a) than the tumor central area (b) in some CRC tissues
(Fig. 1C). In addition, the correlation between CIP4 expression level and CRC clinicopathological
characteristics was further analyzed (Table 1). we found that CIP4 level was closely related to tumor
differentiation (p < 0.001, Table 1) and invasive depth (p < 0.001, Table 1).
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Table 1
Clinicopathological and molecular characteristics of CIP4 expression of CRCs

Variables No.of cases Low Medium High P-value

Age          

Younger ( < = 50 years) 32(29.9%) 6(5.6%) 14(13.1%) 12(11.2%) 0.280

Older (> 50 years) 75(71.1%) 14(13.1%) 44(41.1%) 17(15.9%)

Gender          

Male 70(65.4%) 12(11.2%) 38(35.5%) 20(18.7%) 0.530

Female 37(34.6%) 8(7.5%) 20(18.7%) 9(8.4%)

Position          

Colon 79(73.8%) 15(14.0%) 45(42.1%) 19(17.8%) 0.373

Rectum 28(26.2%) 5(4.7%) 13(12.1%) 10(9.3%)

Tumor size (maximum diameter)          

<=5cm 66(61.7%) 13(12.1%) 34(31.8%) 19(17.8%) 0.874

> 5cm 41(38.3%) 7(6.5%) 24(22.4%) 10(9.3%)

Tumor grade (differentiation)          

G1 18(16.8%) 10(9.3%) 7(6.5%) 1(0.9%) < 0.001

G2 82(76.6%) 10(9.3%) 50(46.7%) 22(20.6%)

G3 7(6.5%) 0(0.0%) 1(0.9%) 6(5.6%)

Invasive depth          

Submucosal 9(8.4%) 5(4.7%) 3(2.8%) 1(0.9%) < 0.001

Myometrium 16(15.0%) 9(8.4%) 4(3.7%) 3(2.8%)

Subserosal 82(76.6%) 6(5.6%) 51(47.7%) 25(23.4%)

Mucinous component          

Absent 23(21.5%) 5(4.7%) 9(8.4%) 9(8.4%) 0.437

Present 84(78.5%) 15(14.0%) 49(45.8%) 20(18.7%)

Moreover, to investigate whether the different levels of CIP4 expression in CRC are related to patient's
prognosis, we performed bioinformatic analysis of NCBI GEO Database. Kaplan–Meier survival analysis
revealed that patients with a higher level of CIP4 expression had a worse clinical outcome (P = 0.0353,
Fig. 1D). These observations demonstrate that CIP4 may play an important role in CRC invasion and
metastasis as well as the patient's survival.
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2. CIP4 promotes CRC cells migration and invasion in vitro, and tumor metastasis in vivo

A high level of CIP4 expression was observed in Lovo and HT29 cells while HCT-116 and DLD1 showed a
low level of CIP4 expression according to our previous research(32). To gain insight into the potential role
of CIP4 in CRC invasion and metastasis, we generated Lovo-shCIP4, HT29-shCIP4 cell lines that stably
downregulated CIP4, and HCT116-CIP4, DLD1-CIP4 cell lines that stably overexpressed CIP4 (Fig. 2A).
Transwell migration assays and wound-healing assays were performed to evaluate cells migrate ability.
The migration ability of Lovo-shCIP4 and HT29-shCIP4 cells were reduced compared with the control
cells, while HCT116-CIP4 and DLD1-CIP4 cells showed enhanced migration ability compared with the
control cells (P < 0.05, Fig. 2B, 2C). Matrigel-coated Boyden chamber invasion assay revealed that the
knockdown of CIP4 signi�cantly reduced the invaded cell numbers. Inversely, overexpression of CIP4
accelerated the invasion ability of HCT116-CIP4 and DLD1-CIP4 cells (P < 0.01, Fig. 2D).

The effect of CIP4 on tumor metastasis was assessed by an animal model for colon cancer metastasis,
which spontaneously metastasizing colonic tumors were formed after suture of colon cancer tumors into
the cecal wall of BALB/c-nu/nu athymic mice. 8 weeks after operation, no liver metastatic nodule was
found in all �ve HT29-shCIP4 groups (0/5) while three out of �ve HT29-shCtrl groups presented liver
metastatic (3/5). The numbers of nodules observed were 2, 3 and 5 respectively as shown in Fig. 2E. IHC
staining con�rmed that the tumors derived from HT29-shCIP4 group exhibited less CIP4 expression levels
than tumors derived from control cells.
3. CIP4 is su�cient for invadopodia formation and function in CRC cells

We evaluated the effect of CIP4 on invadopodia formation by examining the co-localization of F-actin
(red) with actin-bundling protein Cortactin (green) in CRC cell lines. Suppression of CIP4 reduced the
occurrence of invadopodia from 45.83–19.67% in Lovo cells (P < 0.001, Fig. 3A) and from 26.00–16.67%
in HT29 cells (P < 0.001, Supplementary Fig. S1A) and also shrinked the morphology of invadopodia
(Supplementary Fig.S1B). Meanwhile, over 35% (HCT116,) or 38% (DLD1) of cells contained invadopodia
after overexpressing CIP4, which existed as bright large puncta surrounding the nuclei, compared with
16.33% or 16.83% of control cells with smaller invadopodia respectively (P < 0.01, P < 0.001, Fig. 3A and
Supplementary Fig. S1A, S1B). In addition, we observed the effect of CIP4 on the morphology of
invadopodia by scanning electron microscopy (SEM). A great quantity of elongated branching
invadopodia in the ventral side of Lovo were observed. The number of invadopodia reduced and the
protrusions became shorter with the decreased expression of CIP4. The same phenomenon was found in
HCT116 cells, the invadopodia was denser and more extended than control cells when CIP4 was
overexpressed (Fig. 3B).

The matrix degradation is an indispensable step of tumor metastasis(33), so we detected the ability of
invadopodia to degrade matrix gels by matrix degradation assay. Overexpression of CIP4 enlarged the
cavities formed by degradation of matrix gels by approximately 2.7-fold (HCT116, P < 0.01), while CIP4
knockdown reduced the cavities by 2.3-fold (Lovo, P < 0.05) (Fig. 3C). We further observed the
morphology of matrix degradation by CRC cells through scanning electron microscope. As is shown in
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Fig. 3D, the cells with high levels of CIP4 expression (Lovo-shCtrl and HCT116-CIP4) inserted the
invadopodia deeply into the matrix gels and disintegrate it. To the contrary, the cells with low levels of
CIP4 expression (Lovo-shCIP4 and HCT116-Ctrl) appeared to be smoother and merely adhered to the
surface of the matrix gels. Based on the above data, we evaluated that CIP4 is necessary and su�cient to
promote invadopodia formation and focal matrix degradation in CRC cells.
4. CIP4 promotes the expression and activation of Cdc42

Cdc42 cycles between activation with GTP and inactivation with GDP(34, 35). It has been reported that
overexpression of an active form of Cdc42 is su�cient to form invadosome actin cores(36). Since CIP4
was �rst identi�ed as an interacting protein of Cdc42, the regulatory mechanism between them in CRC
remains to be revealed. In Fig. 4A, we examined the expression levels of CIP4 in 14 pairs of colorectal
cancer tissues, and we again examined the expression levels of Cdc42 in these tissues. The results
showed that the protein level of Cdc42 in tumor tissue (T) was higher than that of matched normal
colorectal tissue (N) as same as CIP4 (P < 0.001, Fig. 4A). As shown in Fig. 4B, CIP4 and Cdc42 protein
expression levels in consecutive para�n-embedded slice of human CRC tissue were detected by IHC. We
con�rmed that Cdc42 expression score was higher in tumor tissues (Tumor1, Tumor2) than normal
tissues (Normal) (P < 0.01). In the meantime, we observed the consistence in the expression and
localization of CIP4 and Cdc42. The bioinformatic analyses indicated that there was positive correlation
between CIP4 and Cdc42 (R = 0.297, P = 0.023).

To determine if CIP4 regulates Cdc42 expression and activation, we detected the expression of Cdc42 and
GTP-Cdc42 in Lovo and HT29 cells when CIP4 expression was blocked, and we found the decrease
protein level of Cdc42 and GTP-Cdc42 compared with the control cells. Conversely, the raised protein level
of Cdc42 and GTP-Cdc42 was found in HCT116 and DLD1 cells when CIP4 expression was increased
(Fig. 4C). The immuno�uorescence results also con�rmed the expression of CDC42 (red) was positively
correlated with CIP4 (green) (Fig. 4D).

5. CIP4 directly interacts with activated Cdc42 to accelerate invadopodia function.

Since we have demonstrated that CIP4 can promote the activation of Cdc42, whether CIP4 interacts with
activated Cdc42 and participates in the process of invasion and metastasis of colorectal cancer is
essential to our research. The immuno�uorescence assays validated localization of CIP4 and its partial
co-localization with Cdc42 (Fig. 5A). The co-localization coe�cients between CIP4 and Cdc42 in Lovo
cells and HT29 cells are 0.64 (n = 5) and 0.71 (n = 5), in HCT116-CIP4 and DLD1-CIP4 cells are 0.42 (n = 5)
and 0.38 (n = 5) (Supplementary Fig.S2A). Moreover, Co-immunoprecipitation assay revealed that CIP4
and Cdc42 physically interacted with each other in Lovo cell (Fig. 5B).

Cdc42 has the ability to combine GDP/GTP. In response to extracellular stimuli, Cdc42 transition from an
inactive GDP-bound status to an active GTP-bound status and interact with downstream effectors to
propagate changes in cell behaviors [10]. We constructed a prokaryotic vector for mutant of activated
Cdc42 (L61Cdc42), containing a Gln61 to Leu substitution. Next, we performed the GST-Pull down assay
to see whether CIP4 combines GTP-Cdc42 directly. Coomassie brilliant blue staining showed the clear
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protein bands with consistent molecular weights (GST for 26KD, CIP4-GST for 101KD and L61Cdc42-
6HIS for 27KD) (Supplementary Fig.S2C). We then detected the expression of CIP4-GST and L61Cdc42-
6HIS fusion protein by western blot, which showed the combination between L61Cdc42-6HIS and CIP4-
GST, while the negative control GST didn’t combine with L61Cdc42-6HIS. According to the results, we
veri�ed that CIP4 directly interacts with GTP-Cdc42 and might forms a complex to participate in the
formation of invadopodia.

In the previous data,we have evaluated that CIP4 is necessary and su�cient to promote invadopodia
formation, we then validated the localization of CIP4 (green) and its partial colocalization with Cortactin
(blue) and F-actin (red) in Lovo and HT29 cells by confocal laser scanning (Fig. 5D). Representative
photographs indicate that CIP4 not only promotes the formation of invadopodia, but also assemble in the
invadopodia. We further constructed a lentivirus vector FLAG- L61Cdc42 that continuously activated
Cdc42 mutant L61Cdc42 and transfected it into the CIP4-overexpression or CIP4-knockdown CRC cells as
well as their control cells. After performing the immuno�uorescence assays to locate the invadopodia
(blue for Cortactin and red for F-actin) and activated Cdc42 (green for FLAG, representing the activated
Cdc42), we found that in the cells with high expression level of CIP4(Lovo-shCtrl, HT29-shCtrl, HCT116-
CIP4 and DLD1-CIP4), the activated Cdc42 was more likely to gather in the invadopodia, while in the cells
with low expression level of CIP4 (Lovo-shCIP4, HT29-shCIP4, HCT116-Ctrl and DLD1-Ctrl), the activated
Cdc42 tended to scatter throughout the cells. Therefore, we inferred that CIP4 recruits GTP-Cdc42 into the
invadopodia and interacts with it, promoting the formation and function of invadopodia.

6. The NF-κB signaling pathway is involved in accelerating invadopodia formation regulated by CIP4
through GTP-Cdc42.

GTP-Cdc42 has been reported to be able to activate the NF-κB signaling pathway(31). Since NF-κB is well
known to be a critical part of tumor invasion and metastasis(37, 38), we wondered if the invadopodia
formation was accelerated by NF-κB, which was regulated by CIP4 through GTP-Cdc42. We investigated
the effects of CIP4 on the key molecule of NF-κB signaling pathway, RelA (p65), the phosphorylation
status of p65 (p-p65) and the p65 in nucleus(39, 40). As is shown in Fig. 6A and Supplementary Fig.S4A,
the downregulation of CIP4 in Lovo-shCIP4 and HT29-shCIP4 cells led to the decreased expressions of
Cdc42 and GTP-Cdc42 as well as p-p65 and the p65 in nucleus compared with the control cells. We then
overexpressed the activated Cdc42 in Lovo-shCIP4 and HT29-shCIP4 cells, and found the expressions of
p-p65 and the p65 in nucleus were reverted. After being treated with the NF-κB activator LPS(41), the
expressions of p-p65 and the p65 in nucleus increased signi�cantly while the expressions of CIP4, Cdc42
and GTP-Cdc42 remained low.

Correspondingly, the overexpression of CIP4 upregulated the expressions of Cdc42 and GTP-Cdc42 as
well as p-p65 and the p65 in nucleus in HCT116-CIP4 and DLD1-CIP4 cells compared with the control
cells. When treated with the Cdc42 inhibitor ML141(42), the expressions of Cdc42 and GTP-Cdc42
decreased so as p-p65 and the p65 in nucleus. After being treated with the NF-κB inhibitor QNZ(43), the
expressions of p-p65 and the p65 in nucleus was suppressed while the expressions of CIP4, Cdc42 and
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GTP-Cdc42 barely changed (Fig. 6B, Supplementary Fig.S4B). The optimum conditions of activator and
inhibitors to treated cells were examined in Supplementary Fig.S3. These results indicated the NF-κB was
the downstream pathway regulated by CIP4 through GTP-Cdc42.

Next, we detected the in�uence of the expression changes of these proteins on the formation of
invadopodia by immuno�uorescence assays (Fig. 6C-D, Supplementary Fig. S4C-D). The quantity of
invadopodia was consistent with the expression level of p-p65 (P < 0.01), which revealed that the
activation of NF-κB signaling pathway was an indispensable part of invadopodia formation. Therefore,
our data demonstrated that CIP4 promotes the expression and activation of Cdc42, which activated the
NF-κB signaling pathway, thereby accelerating the invadopodia formation.

Discussion
Colorectal cancer is one of the most common cancers worldwide(44). Although a large number of
information on the molecular basis of CRC has been provided from numerous researches to develop all
kinds of targeted therapeutic options, the clinical cure rate remains unsatisfactory(45). The main obstacle
of improving the clinical treatment effect of CRC currently is metastasis, which is a complex biological
process involves various molecular regulation that still needs to be clearly revealed. Therefore, to
elucidate the molecular mechanism of colorectal cancer in�ltration and metastasis, and to intervene and
treat its progress, has important scienti�c signi�cance to improve the cure rate of malignant tumors and
the survival rate of patients.

In our previous study, we found signi�cantly higher expression of CIP4 in CRC cells compared to
corresponding normal tissues, and demonstrated that AKAP-9 regulates the expression of CIP4 to
promote metastasis and consequently epithelial-mesenchymal transition (EMT) of CRC(32). Similar
phenomenon is observed in breast cancer cells where CIP4 interacts with N-WASP in response to
epidermal growth factor receptor (EGFR) increasing the formation of invadopodia and ECM
degradation(19). While CIP4 is regarded as a suppressor of Src-induced invadopodia formation and
invasiveness in MDA-MB-231 breast tumor cells(18). CIP4 also increases the expression and activity of
matrix metalloproteinase-2 (MMP-2) by regulating EGFR signaling to promote metastasis in Non-small
cell lung cancer and Nasopharyngeal carcinoma cells(20, 21). The ability of CIP4 to facilitate metastasis
and invasiveness is con�rmed in hepatocellular carcinoma, Osteosarcoma and renal cell carcinoma as
well(22, 46, 47). Although multiple molecules signals are involved in CIP4 function on cancer cells as
reported, the speci�c mechanism of the interaction between CIP4 and Cdc42, which is the most well-
known directly related protein to CIP4, remains unclear. Therefore, we focused on exploring the
association between CIP4 and Cdc42 in invadopodia formation and ECM degradation, as well as the
downstream signaling pathway in response in CRC.

Our results con�rmed the signi�cant high expression of CIP4 in CRC tissues, especially in the invasion
front. The functional experiments in vivo and in vitro support our assumption that CIP4 plays an
important role in promoting the metastasis in CRC. Since the invadopodia formation is closely related to
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CIP4, we observed the quantity and morphology as well as the ECM degradation ability changes of
invadopodia in CRC cells under different expression level of CIP4, which indicates CIP4 is capable of
accelerating the formation and function of invadopodia. In order to �gure out whether the interaction
between CIP4 and Cdc42 contributes to this cellular structure, we meticulously veri�ed that CIP4 can
upregulate the expression and activation of Cdc42 and directly combine with the activated Cdc42. We
haven’t been able to identify the speci�c binding site yet, but we conjecture it might be the HR1 domain as
mentioned(48). Furthermore, we spotted an interesting phenomenon that the complex of CIP4 and GTP-
Cdc42 is located on invadopodia, and GTP-Cdc42 has been proved to be recruited by CIP4 to assemble in
invadopodia to maximize the impact. While further exploration of the downstream molecular mechanism
is required, we noticed the wildly activated signaling pathway NF-κB in CRC, which supports
tumorigenesis by enhancing cell invasion and metastasis(49, 50). As expected, the high expression level
of CIP4 and activated Cdc42 results in increase phosphorylation of RelA (p65), which controlles a great
extent of NF-κB activity, and promote the formation of invadopodia. On the other hand, inhibition of either
CIP4 or Cdc42 leads to suppression of NF-κB pathway ended up with decrease quantity of invadopodia.
These results highlight the essential role of NF-κB pathway in invadopodia formation and function
regulating by interaction between CIP4 and GTP-Cdc42.

Taken together, our studies revealed the molecular mechanism of CIP4 promoting CRC in�ltration and
metastasis. The combination with GTP-Cdc42 and activation of NF-κB signaling pathway associated
with invadopodia formation and function are �rst mentioned in CRC. Considering the unclarity of all the
details in the interaction, along with the recent study identi�ed the CIP4 phosphorylation by PKA on the
modulation of cancer invasion(46), our further research will focus on the possible modi�cation of CIP4
which leads to the interaction with Cdc42 as well as the speci�c mechanism of RelA (p65)
phosphorylation regulating invadopodia formation and function.

Conclusions
In summary, we found signi�cantly higher expression of CIP4 in CRC, which promotes the transformation
of Cdc42 into the active form GTP-Cdc42 and raises its amount. CIP4 targets to recruit GTP-Cdc42 and
co-locating in the invadopodia to combine with it. In the meantime, the NF-κB signaling pathway is
activated by the interaction of CIP4 and GTP-Cdc42, which participates in accelerating the invadopodia
formation and function, thus promoting CRC tumor invasion and metastasis (Fig. 7). Therefore, our study
implicates a new treatment strategy targets on CIP4 against metastasis of CRC.

Abbreviations
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Figure 1

CIP4 expression in CRC tissues correlates with tumor development, invasiveness and patient survival rate.
(A) CIP4 protein expression in fourteen pair of human CRC tissues (T) and adjacent normal tissues (N)
was detected by Western blot. Quanti�cation of protein levels were normalized to GAPDH. ***P<0.0001.
(B) CIP4 protein expression in 107 para�n-embedded normal human colorectal tissue (normal) and CRC
tissues (adjacent, Tumor1, Tumor2) was detected by immunohistochemical staining (scale=200μm,
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100μm) and analyzed by scores. ***P<0.0001. (C) Comparison of CIP4 expression in the invasion front
(a) and tumor central area (b) of colorectal cancer. (D) Bioinformatics analysis shows the relationship
between CIP4 expression and patient survival times. P=0.0353.

Figure 2

CIP4 promotes CRC cells migration and invasion in vitro, and tumor metastasis in vivo. (A)The
establishment of CIP4 stable knockdown (Lovo and HT29) and overexpression (HCT116 and DLD1) cell
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lines. CIP4 protein expression was detected by western blotting. (B) Wound healing assay was performed
to evaluate cells migrate ability (scale=200μm), and cells migrate ability was identi�ed by wound healing
percentage. Error bars represent the mean ± S.D (n=5). *P<0.05, **P<0.01. (C) The cell migrate ability in
CRC cells was detected by transwell migration assay (scale=100μm). Error bars represent the mean ± S.D.
**P<0.01, ***P<0.001. (D) The invasion ability in CRC cells was detected by Matrigel-coated Boyden
chamber invasion assay (scale=100μm). Error bars represent the mean ± S.D. **P<0.01, ***P<0.001. (E)
The effect of CIP4 on tumor metastasis was assessed by an orthotopic xenograft colorectal cancer
mouse model. The number of liver metastatic nodules in individual mice was counted under the
microscope and analyzed (*P<0.05, n=3).

Figure 3
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CIP4 is su�cient for invadopodia formation and function in CRC cells. (A) Quanti�cation of cells with
invadopodia was analyzed by immuno�uorescence. White arrowhead indicates the invadopodia. Error
bars represent the mean ± S.D (n=200 cells). **P<0.01, ***P<0.001. Magni�cation: 60x. (B) Scanning
Electron Microscopy (SEM) showed the cell morphology in indicated cells. Magni�cation: 1000x, 2000x.
(C) Matrix degradation assay was performed to analyze the invasion ability in cells. The quanti�cation of
FITC-gelatin degradation was detected by immuno�uorescence. Error bars represent the mean ± S.D
(n=100 cells). *P<0.05, **P<0.01. Magni�cation: 120x. (D) SEM showed the morphology of Matrix
degradation. Magni�cation: 150x, 2000x.
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Figure 4

CIP4 promotes the expression and activation of Cdc42. (A) Cdc42 protein expression in fourteen pair of
human CRC tissues (T) and adjacent normal tissues (N) was detected by Western blot. Quanti�cation of
protein levels were normalized to GAPDH. ***P<0.001. (B) Cdc42 expression was detected by
immunohistochemistry staining in 58 para�n-embedded normal human colorectal tissues and CRC
tissues and analyzed by scores. **P<0.01. Representative photographs of CIP4 and Cdc42 IHC staining



Page 23/27

(scale=200μm, 100μm) of normal tissue (Normal) and CRC tissue (Tumor 1, Tumor 2) as indicated.
Spearman's correlation analysis showed the relationship between the CIP4 and Cdc42 expression levels
in 58 human CRC tissues (r=0.297, P=0.023). (C) Western blot analyzed the expression of CIP4, Cdc42
and GTP-Cdc42 in CIP4 knockdown Lovo and HT29 cells and CIP4 over-expressing HCT116 and DLD1
cells. Grayscale values were normalized to GAPDH. (D) The expression of CIP4 and Cdc42 in indicated
cells was observed by immuno�uorescence. Magni�cation: 60x.

Figure 5
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CIP4 directly interacts with activated Cdc42 to accelerate invadopodia function. (A) Co-localization of
CIP4 (green) and Cdc42 (red) in Lovo and HT29 cells was observed by immuno�uorescence.
Magni�cation: 180x. The Person's correlation and overlap coe�cient were shown in bar graph format.
Error bars represent the mean±S.D (n=5). (B) Coimmunoprecipitations were performed to validate the
interaction between CIP4 and Cdc42 in Lovo cells. (C) GST-Pull down experiment of CIP4 protein with
mutant of activated Cdc42. GST and His were analyzed by Western blot. (D) The localization of CIP4 and
invadopdia was observed in Lovo and HT29 cells by confocal laser scanning. White arrowhead indicates
the co-localization of CIP4 and invadopodia. Magni�cation: 180x. (E) The localization of �ag-tagged
activated Cdc42 and invadopdia was observed in CIP4 over-expression or low-expression cells by
confocal laser scanning. White arrowhead indicates the co-localization of �ag-tagged activated Cdc42
and invadopodia. Magni�cation: 180x.
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Figure 6

The NF-κB signaling pathway is involved in accelerating invadopodia formation regulated by CIP4
through GTP-Cdc42. (A-B) western blot analyzed the expression of CIP4, Cdc42, GTP-Cdc42, p65, p-p65
and p65 in nucleus in Lovo (the CIP4-knockdown cells were treated with LPS, 10 μg/ml for 0.5h) and
HCT116 (the CIP4-overexpression cells were treated with ML141, 20μM for 36h, or QNZ, 10μM for 8h)
cells as indicated. Grayscale values were normalized to GAPDH and histone H3 in the nucleus. (C-D)
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Quanti�cation of cells with invadopodia was analyzed by immuno�uorescence. Lovo CIP4-knockdown
cells were treated with LPS, 10 μg/ml for 0.5h, HCT116 CIP4-overexpression cells were treated with
ML141, 20μM for 36h, or QNZ, 10μM for 8h. White arrowhead indicates the invadopodia. Error bars
represent the mean ± S.D (Lovo: P=0.0002, HCT116: P<0.0001, n=200 cells). Magni�cation: 60x.

Figure 7
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The schematic of the molecular mechanism of CIP4 accelerating invadopodia formation in colorectal
cancer. In colorectal cancer cells, Cdc42 circulates between inactive (GDP-Cdc42) and active (GTP-Cdc42)
forms. CIP4 promotes the transformation of Cdc42 into the active form, and raises the amount of GTP-
Cdc42. By interacting with GTP-Cdc42, CIP4 targets to recruit GTP-Cdc42 and co-locates in the
invadopodia. In the meantime, the NF-κB signaling pathway is activated by the increase of the CIP4 and
GTP-Cdc42 complex, which participates in accelerating the invadopodia formation and function, thus
promoting tumor invasion and metastasis.
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