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ABSTRACT

The β4-integrin subunit has been implicated in development and progression of 
several epithelial tumor types. However, its role in metastases of colorectal cancer 
(CRC) remains elusive. To study CRC metastasis, we generated a highly invasive, 
metastatic cell line MC38-LM10 (LM10) by passaging mouse CRC MC38 cells ten times, 
using a splenic injection model of liver metastasis. Affymetrix microarray analyses 
of LM10 and MC38 cell lines and their corresponding liver metastases generated a 
gene signature for CRC metastasis. This signature shows strong upregulation of β4-
integrin in LM10 cells and corresponding metastases. Upregulation of β4-integrin 
in highly aggressive LM10 cells is associated with increased migration, invasion, 
and liver metastases. Furthermore, stable knockdown of β4-integrin in human CRC 
SW620 cells reduces Bcl-2 expression, increases apoptosis, and decreases invasion, 
tumorigenicity, and liver metastasis, thus resulting in significantly increased survival 
of mice (hazard ratio = 0.32, 95% confidence interval = 0.15-0.66, P<0.01). Patients 
with CRC tumors display higher β4-integrin levels in stages 1-4 and significantly 
lower survival rate. Collectively, β4-integrin plays a critical role in CRC progression, 
invasion, and metastasis, suggesting that it could be a potential therapeutic target 
for CRC patients.

INTRODUCTION

Colorectal cancer (CRC) represents the second most 
frequent type of cancer-related deaths in the United States 
[1]. Approximately 15-25% of patients present with liver 
metastases at the time of primary tumor diagnosis and 
another 20% of patients will develop liver metastases post-
diagnosis [2]. Even with surgery and modern neoadjuvant 

therapy, most liver metastases will lead to fatalities, as the 
5-year survival of patients with distant CRC metastasis 
is only 12.5% [3]. Thus, understanding the underlying 
mechanism for the progression of CRC metastasis is 
essential for the management of this life-threatening 
disease.

Integrins are transmembrane glycoproteins and 
are an important family of heterodimeric cell adhesion 
receptors. They have been shown to be critical in 
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controlling cell-cell and cell-matrix interactions, and 
regulate a variety of cellular functions crucial to the 
initiation, progression, and metastasis of solid tumors [4, 
5]. α6β4-integrin plays a key role in the formation and 
stabilization of junctional adhesion complexes called 
hemidesmosomes [6, 7]. β4-integrin contains a long 
cytoplasmic domain (1017 amino acid), which does not 
share homology with other known mammalian integrins 
[8]. This large and structurally-unique cytoplasmic domain 
of β4-integrin associates with cytoskeletal elements and 
is involved in cellular signaling functions [9, 10]. It 
associates with and enhances the signaling function of 
multiple receptor tyrosine kinases, including ErbB2 [11], 
Met [12], and Ron [13]. Once activated, these kinases 
lead to phosphorylation of the cytoplasmic domain of β4-
integrin. Conversely, the α6β4-integrin can promote the 
phosphorylation of associated tyrosine kinase receptors via 
Src activation [14]. Studies have shown that β4-integrin 
can activate Ras and PI3K signaling pathways [5, 15]. 

Additional studies have demonstrated that higher levels of 
β4-integrin and changes in its distribution correlate with 
increased aggressiveness of tumors and poor prognosis 
[16, 17]. Studies have also demonstrated that β4-integrin 
enhances cell survival, proliferation, migration, and 
invasion of various tumors [16, 18, 19]. However, its 
role in human CRC liver metastasis has not been well 
documented.

To identify genes that are potentially involved in the 
promotion of liver metastases of CRC, it is important to 
acquire an ideal cell line for in vitro studies and in vivo 
animal models. In order to generate a highly metastatic 
cell line MC38-LM10 (LM10), we passaged the parental, 
less aggressive MC38 cells (a mouse colon cancer derived 
cell line) ten times using a splenic injection model of 
metastasis. Following microarray analyses using total 
RNA from parental MC38, LM10 cells, and corresponding 
liver metastases, we successfully identified a metastasis 
signature of CRC through comprehensive gene expression 

Figure 1: LM10 cells display more aggressive characteristics than parental MC38 cells. (A) Schematic representation of 
experimental flow chart, showing the generation of LM10 cells after 10 cycles of splenic injection. (B) Migration assay was performed 
to assess the aggressive characteristics of LM10 cells. Data are presented as mean ±SD from three independent wells. ***p<0.001 when 
compared with control. (C and D) Cell invasion assay through collagen (C) or matrigel (D) was performed as described in Materials and 
Methods. Data are presented as the mean ±SD from three independent wells. ***p<0.001. (E) Gelatinase zymographic analyses of MMP-2 
and MMP-9 activity were performed using parental MC38 and LM10 cells. Both MMP-2 and MMP-9 activity was increased in LM10 cells 
compared to parental MC38 cells. (F) MC38 and LM10 cells were injected into spleens of C57BL/6 mice (5 mice in each group). Liver 
metastasis was assessed after four weeks of splenic injection.
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profiling. Interestingly, upregulation of β4-integrin in 
liver metastases provides evidence of the potential role 
of β4-integrin in CRC metastasis. Stable knockdown 
of β4-integrin reduced Bcl-2 expression, increased 
apoptosis, and decreased invasion, tumorigenicity, and 
liver metastasis, thus resulting in significantly increased 
survival of mice. Our observations reveal elevated levels 
of β4-integrin in CRC patients’ primary tumors and 
liver metastases, and thus blockade of β4-integrin may 
represent a therapeutic approach for CRC treatment.

RESULTS

Generation of a highly metastatic colon cancer 
cell line

To establish a representative and reproducible 
animal model to study CRC metastasis, we generated a 
highly metastatic mouse cell line using MC38 luciferase 
cells (MC38-Luc). These cells express luciferase and 
neomycin resistance genes, and were used in a splenic 
injection model of liver metastasis. MC38-Luc cells 
were injected into the spleens of C57BL/6 mice and three 
weeks later, mice were sacrificed, liver metastases were 
harvested, and the cell line was established by neomycin 
selection. A highly metastatic MC38-LM10 (named as 
LM10) cell line was established after 10 cycles of stepwise 
selection (Figure 1A).

LM10 cellular aggressiveness was tested by in vitro 
migration and invasion assays using Boyden chambers. 
We found that LM10 cells exhibited a 2.3-fold increase in 
cell migration compared with MC38 cells (Wilcoxon Rank 
Sum test, p<0.001) (Figure 1B). In comparison to MC38 
cells, LM10 cells displayed an increase in cell invasion 
by 2.0-fold (through collagen) and by 2.5-fold (through 
matrigel) (Wilcoxon Rank Sum test, p<0.001) (Figure 
1C and 1D, respectively). We subsequently determined 
MMP activities of LM10 cells using zymography assays 
and found that LM10 cells showed higher levels of MMP-
2 and MMP-9 activity compared to those of MC38 cells 
(Figure 1E). To test the metastatic potential of LM10 
cells, we performed splenic injection. We observed that 
LM10 cells produced significantly higher levels of liver 
metastases (4 fold increase, Wilcoxon Rank Sum test, 
p<0.001) than MC38 cells (Figure 1F). The liver weight 
of LM10 group is 2.1 times higher than MC38 group 
(Wilcoxon Rank Sum test, p<0.05). All five mice (100%) 
in LM10 group developed liver metastases within 4 weeks, 
whereas one out of five (20%) mice in MC38 control 
group produced a small liver metastatic focus (less than 
0.5 cm). In LM10 group, liver metastases were uniformly 
distributed throughout the liver parenchyma with a slight 
predominance to periphery. LM10 cells produced multiple 
metastatic foci per mouse that were 1 to 1.5 cm in size. 
Therefore, these results suggest that LM10 cells are highly 

aggressive and have higher potential to develop liver 
metastasis.

Identification of a gene expression profile 
associated with liver metastasis

To identify the gene expression signature associated 
with liver metastasis, we performed affymetrix microarray 
analyses. Gene expression profiles in MC38 and LM10 
cells and their corresponding liver metastases were 
directly compared to evaluate the gene expression 
changes associated with invasion and metastasis (Figure 
2A). Analyses of gene expression profile differences 
in LM10 and LM10-liver metastases compared to their 
MC38 counterparts were performed, after grouping 
expression profiles according to overall biological 
processes including development, cell adhesion, apoptosis, 
signal transduction, angiogenesis, and oncogenesis 
(Supplementary Excel File 1). Several genes, such as 
Adam8, Cdkn1c, Chl1, Cidec, Clec4d, Clu, CTGF, 
Cxcl2, Cxcl13, Dhh, EGFR, Fgb, Fgl1, Itgb4, Lox, 
Prkg1, S100a8, S100a16, Ttpa, Vegfa, and Wt1 showed 
2-30 fold higher expression levels (Figure 2B). Proteins 
encoded by these genes are involved in angiogenesis, cell 
proliferation, cell cycle regulation, and apoptosis. We 
also observed downregulation of several genes, including 
Agtr2, Cdh26, Dmbt1, Egr3, Fndc4, GIG1, Gzma, Gzme, 
Lphn3, Hspa5bp1, ILGF2R, and TUSC1 (Figure 2B). The 
corresponding proteins have been shown to modulate cell 
adhesion and apoptosis. Interestingly, we found that the 
β4-integrin gene was upregulated by 13.8 fold in LM10 
cells and by 34.6 fold in LM10-liver metastases compared 
to MC38 cells and MC38-liver metastases, respectively 
(Figure 2B). We first validated the upregulation of β4-
integrin expression in LM10 and LM10-liver metastases 
by RT-PCR and western blot analyses (Figure 2C and 2D, 
respectively). RT-PCR analyses showed strong expression 
of β4-integrin in LM10 cells, but no expression in MC38 
cells. In addition, liver metastases generated in two mice 
from LM10 cells showed strong β4-integrin expression, 
whereas no expression was detected in liver metastases 
generated from MC38 cells (Figure 2C). We also observed 
that the β4-integrin protein expression was upregulated in 
LM10 cells, but not in MC38 cells (Figure 2D). Therefore, 
these data suggest that β4-integrin is upregulated in highly 
metastatic colon cancer cells and may play an important 
role in the progression of liver metastasis.

Effect of β4-integrin silencing on cell migration, 
invasion, and anchorage-independent growth

Upregulation of β4-integrin in a highly tumorigenic 
colon cancer cell line suggests that β4-integrin may 
promote CRC progression and metastasis. To determine 
the pro-oncogenic functions of β4-integrin and to validate 
the effect of β4-integrin upregulation in human colon 
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carcinoma, we generated stable β4-integrin knockdown 
SW620 clones using retroviral vectors expressing specific 
shRNAs (Figure 3A). We have chosen this cell line as it 
is derived from lymph node metastasis and it expresses 
high level of β4-integrin (Supplementary Figure 1). We 
did not observe any significant changes in α6-integrin 

(a functional partner of β4-integrin) expression in these 
knockdown clones. We observed that these knockdown 
clones showed significant reduction in migration as 
compared to SW620 cells or vector control clones (Ratio 
of Vec/Clone = 2.47, Wilcoxon Rank Sum test, p<0.001) 
(Figure 3B). Similarly, we observed that β4-integrin 

Figure 2: Gene expression profile analyses. (A) Showing differentially-expressed gene profiles both in LM10 cells or corresponding 
liver metastasis tissues with at least a 2-fold change (>2 or <2) indicated by colored bars (green: down-regulated and red: up-regulated), 
when compared to MC38 counterparts. (B) Relative fold changes of upregulated or downregulated genes in LM10 cells and corresponding 
liver metastases compared to parental MC38 cells and corresponding liver metastases, respectively. (C) The mRNA expression of β4-
integrin was increased in LM10 cells and corresponding liver metastases. The mRNA levels of β4-integrin were detected by RT-PCR. PCR 
products were analyzed by agarose gel electrophoresis. (D) Western blot analysis for protein expression of β4-integrin was performed using 
lysates prepared from parental MC38 and LM10 cells.
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knockdown clones showed significantly reduced invasion 
through the matrigel barrier (Ratio of Vec/Clone = 3.4, 
Wilcoxon Rank Sum test, p<0.001) (Figure 3C). These 
results suggest a potential role of β4-integrin in inducing 
SW620 cell migration and invasion. The tumorigenic 
potentials of these stable β4-integrin knockdown 
clones were verified by anchorage-independent growth 
assays. β4-integrin knockdown SW620 clones showed 
significantly reduced colony numbers in soft agarose 
assays compared with parental cells or vector control 
clones (Ratio of Vec/Clone = 3.01, Wilcoxon Rank Sum 
test, p<0.001) (Figures 3D and 3E). These results suggest 
that β4-integrin contributes to tumorigenicity and invasive 
ability of CRC cells.

Effect of the loss of β4-integrin expression on 
apoptosis in colon cancer cells

To gain insight into the mechanism by which β4-
integrin induces tumorigenicity of colon cancer cells, 
we determined whether β4-integrin is involved in 
regulating cell proliferation and/or apoptosis. We did not 
observe any change in cell growth between control cells 
and knockdown clones in cell counting and thymidine 
incorporation assays (data not shown). We next tested the 
expression of apoptosis related proteins in the knockdown 
clones. Analyses of protein lysates from SW620 clones 
showed strong downregulation of anti-apoptotic Bcl-2 
in knockdown clones compared to vector control clone 
and SW620 cells (Figure 4A). Other anti-apoptotic 
protein expression (Bcl-w, Bcl-xl, and Mcl-1) and pro-
apoptotic protein expression (Bok, Bax, and Puma) were 
not affected. However, the apoptotic markers (cleaved 
PARP and cleaved Caspase-3) were increased in all four 
β4-integrin knockdown clones (Figure 4B). These results 
suggest an anti-apoptotic role of β4-integrin in SW620 
cells. To further confirm the induction of apoptosis in β4-
integrin knockdown clones, we performed cell apoptosis 
assays. All four β4-integrin knockdown clones showed 
substantial enhancement of cell death (2.5 to 5.5 fold) 
compared to SW620 or vector control clone (Ratio of Vec/
Clone = 0.26, Wilcoxon Rank Sum test, p<0.001) (Figure 
4C). These results demonstrate that increased apoptosis, 
rather than decreased cell proliferation, was responsible 
for reduction in tumorigenicity of β4-integrin knockdown 
clones. In addition, β4-integrin inhibits apoptosis by 
upregulating anti-apoptotic Bcl-2 in SW620 cells.

Loss of β4-integrin reduces tumorigenicity and 
metastatic potential of SW620 cells

To determine whether β4-integrin contributes to 
in vivo tumorigenicity, SW620 cells and clones were 
subcutaneously injected into athymic nude mice. β4-
integrin knockdown clones showed significantly reduced 
growth compared to control groups (Figure 5A). Lower 

β4-integrin protein expression in subcutaneous tumors 
was confirmed by western blot analyses. Tumors from 
the β4-integrin knockdown clones also showed reduced 
expression of anti-apoptotic Bcl-2 (Figure 5B).

We next investigated the role of β4-integrin in liver 
metastasis using a splenic injection model and the survival 
of mice bearing liver tumors derived from SW620 cells, 
a vector control clone, and three β4-integrin knockdown 
clones (Figures 5C and 5D). We observed that 100% mice 
(5 out of 5) injected with SW620 cells and 80% mice (4 
out of 5) injected with vector control clone produced liver 
metastases, whereas 39% (considering all clones) of β4-
integrin knockdown clone-injected mice showed liver 
metastases (Figure 5C). Additionally, 100% mice from 
SW620 cells and 80% mice from vector control clone 
produced lymph node metastases, whereas 40-62% mice 
injected with stable clones produced much smaller lymph 
node metastases (Figure 5C). These results demonstrate 
the potential role of β4-integrin in the development 
of colorectal tumor metastasis. Number of liver foci 
formation was significantly reduced in mice injected with 
knockdown clones and these mice also showed much 
longer survival than control mice injected with SW620 or 
vector control cells {Hazard for β4-integrin knockdown 
group is 0.32 times that of the control group (95% CI=0.15 
to 0.66, p<0.01)} (Figure 5D). These results suggest 
that blocking the endogenous β4-integrin expression by 
shRNA suppresses liver metastasis, and prolongs survival 
of mice bearing metastatic tumors. H&E staining of 
above liver tumors revealed similar morphology in liver 
metastases derived from SW620 and vector control cells, 
or from stable β4-integrin knockdown clones (Figure 5E). 
We observed increased staining of Caspase-3 cleaved 
product in liver metastases derived from β4-integrin 
knockdown clones compared to SW620 cells or vector 
control clone. These data suggest that β4-integrin induces 
liver metastases of SW620 cells by inhibiting apoptosis, 
thereby supporting in vitro results.

Human colon tumors exhibit high levels of β4-
integrin

To investigate whether β4-integrin expression 
is regulated in CRC patients, we performed 
immunohistochemistry and western blot analyses for 
β4-integrin expression using patient colorectal tumors 
and corresponding normal colonic mucosa. We used a 
CRC tissue microarray (TMA) containing 100 primary 
colorectal tumors with matched normal tissues, and a 
metastasis TMA containing 34 matched normal tissue, 
primary, and metastatic tumors (examples in Figure 6A 
and 6B). A high level of immunoreactivity for β4-integrin 
was detected in CRC tumors, predominantly localized 
in the cytoplasm or membrane. In contrast, very weak 
immunoreactivity for β4-integrin was observed in normal 
colon tissues. The relationship between expression levels 
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of β4-integrin and clinicopathologic characteristics is 
summarized in Supplementary Table 1. No significant 
relationship was found between β4-integrin expression 
level and age of patient, tumor site, grade, and depth 
of invasion. The β4-integrin expression stays higher 
in primary and metastatic tumors (Figure 6D) and in 
stages 1-4 (Figure 6E), compared to their corresponding 
normal controls. We have confirmed this observation 
by comparing primary tumor β4-integrin expression of 
274 colorectal adenocarcinoma (COAD) patients with 
normal tissue expression from 41 controls using TCGA 
dataset (http://ulcan.path.uab.edu/index.html, [20]). 
The β4-integrin mRNA level was increased in all CRC 

stages compared to normal colon tissue (Supplementary 
Figure 2). The β4-integrin expression was significantly 
associated with disease outcome; that is, patients with high 
β4-integrin expression had shorter survival (Figure 6F, 
p<0.05) compared to CRC patients with low β4-integrin 
expression. Remarkably, at the invasive front of colon 
carcinoma, the β4-integrin levels were increased (Figure 
6B). We further confirmed higher carcinoma levels of β4-
integrin in a subset of patients by western blot analyses and 
the data were correlated with immunohistochemistry. As 
shown in Figure 6C, we analyzed 15 tumor samples with 
corresponding normal tissues, of which 8 pairs normal and 
primary tumor, and 7 pairs normal and liver metastatic 

Figure 3: Stable knockdown of β4-integrin in SW620 cells reduced cell migration, invasion, and tumorigenicity. 
(A) Stable β4-integrin knockdown clones were generated from SW620 cells, using β4-integrin-pBabe retrovirus and selected in 1μg/
ml of puromycin. Expression of β4-integrin in SW620 stable clones was verified by western blotting with β-actin as loading control. (B) 
Migration assay using SW620 cells, two vector control clones, and three β4-integrin knockdown clones was performed as described earlier. 
Data are presented as mean ±SD from three independent wells. ***p<0.001 compared to control. (C) Invasion assay through Matrigel was 
performed using above cells as described in Materials and Methods. Data are presented as the mean ±SD from three independent wells. 
***p<0.001 compared to control. (D and E) Decrease in anchorage-independent growth of β4-knockdown clones. Soft agar assays were 
performed in 35-mm dishes and colonies were allowed to grow for 14 days. Total number of colonies grown on soft agar was counted and 
shown. Each data point is the average of three values determined from three independent plates. Pictures were taken with a magnification 
of 200X. These experiments were performed four times in triplicate with similar results.
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tissues. All liver metastatic tissues expressed higher β4-
integrin levels, whereas corresponding normal tissues 
didn’t express β4-integrin or levels were undetectable. In 
colorectal primary tumors, 6 of 8 tumors showed higher 
β4-integrin expression compared to corresponding normal 
tissues. Taken together, these results demonstrate that high 
levels of β4-integrin may be associated with human CRC 
progression and metastasis.

DISCUSSION

Overall CRC incidence and death rates have steadily 
declined in the past 30 years, due to the improvement 
of early detection and/or treatment [3]. However, liver 
metastases development is still an ominous event in the 

natural history and progression of CRC. A higher mortality 
rate of CRC patients is largely due to liver metastasis. 
Therefore, understanding the mechanisms which underlie 
human CRC development and progression is important in 
finding a potential cure for this disease.

In order to identify genes that potentially promote 
liver metastasis of CRC, it is essential to acquire 
appropriate cell lines and animal model systems. Few 
human cell lines metastasize in a splenic injection 
model. To study CRC metastasis in vivo using cell 
lines, immunocompromised mice are commonly 
used, but this is not an optimal model system. To 
circumvent this problem, we have used a mouse cell 
line and a immunologically-compatible syngeneic 
mouse model. MC38 cells are not highly invasive and 

Figure 4: Knockdown of β4-integrin induced apoptosis. (A) Lysates from SW620 cells, a vector control clone, and stable β4-
integrin knockdown clones were subject to immunoblotting with antibodies against Bcl-2, Bcl-xl, Bcl-w, Bax, Bok, Puma, Mcl-1, and 
β-actin. (B) Above cell lysates were also analyzed for expression of cleaved Caspase-3 and PARP. Equal amounts of protein loading were 
verified by immunoblotting with anti-β-actin antibody (bottom). (C) Cell death ELISA assays. Parental SW620 cells, a vector control clone, 
and stable β4-integrin knockdown clones were processed for cell death apoptosis assay. 10 μl of each clear cell lysate was used for ELISA 
according to the manufacturer’s protocol. Each data point represents the mean ±SD of three individual measurements. ***p<0.001 when 
compared with control.
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have less potential to produce liver metastases in mice; 
therefore, we generated a more aggressive and metastatic 
variant of these cells (LM10) by ten passages of liver 
metastases using a splenic injection model (Figure 

1A). Additionally, to isolate the aggressive version of 
LM10 cells, these cells were passed through collagen-
coated Boyden chamber. Cells which invaded through 
the collagen layer were trypsin digested and harvested. 

Figure 5:Stable knockdown of β4-integrin showed decreased tumorigenicity and liver metastasis. (A) Subcutaneous 
tumors were generated in nude mice by injecting above β4-integrin knockdown clones in parallel with SW620 cells and vector control 
clone. Tumor volumes were measured and tumor growth curves are presented as the mean volume ±SD of tumors (n=5). ***p<0.001. (B) 
Reduced levels of β4-integrin were maintained in subcutaneous tumors with knockdown clones compared to those from parental cells and 
vector clone. Low levels of β4-integrin were correlated with low levels of Bcl-2. (C) SW620 clonal cells were injected into spleens of 
athymic nude mice (n=5, in each group). Eight weeks after injection, the mice were killed and macroscopic liver metastasis and lymph node 
metastasis were assessed and are shown by circles in one mouse from each group. Number of liver foci and number of mice with liver and 
lymph node metastasis are shown. (D) The survival of nude mice injected with β4-integrin knockdown (n= 20) or vehicle (n= 18) control 
cells was analyzed. **p<0.01 when compared with control. (E) H&E and activated Caspase-3 immunohistochemistry in liver metastases 
generated from β4-integrin knockdown/control clones. Paraffin sections were immunostained with a polyclonal antibody which specifically 
detects activated Caspase-3 and staining signals were detected in cellular cytoplasm.
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MC38 cells’ metastatic potential was then compared to 
that of LM10 cells using a splenic injection model. We 
observed very similar metastatic potentials of these two 
cell types (data not shown). Therefore to our knowledge, 
we are the first to establish a highly invasive, metastatic 
cell line LM10, thereby providing an appropriate model 
to identify the metastasis promoting effects of β4-integrin 
in CRC. We found that both MMP-2 and MMP-9, which 
are important for promoting cell migration and invasion 
(Figure 1B, 1C, and 1D), were enhanced in highly 
metastatic LM10 cells compared to parental MC38 cells. 
This result is opposite to one report showing that anti-
β4-integrin antibodies increase the MMP-2 expression in 
the colon adenocarcinoma cell line LoVo [21]. However, 
another study on ovarian cancer showed that β4-integrin 
depletion reduced the expression of MMP-2 and MMP-9, 
consistent with our data [22]. We believe that β4-integrin 
may have different MMP regulation for CRC derived 
from different genetic backgrounds or stages.

The β4-integrin expression is maintained and often 
upregulated in various types of invasive and metastatic 
tumors, and is correlated with poor prognosis [16, 18, 
19]. In CRC, the expression of β4-subunit was reported to 
be reduced/lost in some studies [23, 24], and maintained 
or heterogeneously increased in other studies [25, 26]. 
However, no direct correlation was shown between β4-
integrin expression and CRC progression and metastasis 
to the liver. In this study, we show that β4-integrin 
expression is associated with human CRC progression 
and metastasis. We first examined the mRNA levels in 
MC38 and LM10 cells and in their corresponding liver 
metastases by gene microarray (Figure 2A 2B). The β4-
integrin was highly expressed in LM10 cells compared 
to parental MC38 cells in both mRNA (Figure 2C) and 
protein (Figure 2D) levels. We also noticed that there is 
an upregulation (12.2 fold) of Desert Hedgehog (Dhh), 
one of the major ligands of Hedgehog signaling, in 
LM10-liver metastases, compared to MC38 counterparts 

Figure 6: Higher levels of β4-integrin expression in CRC patients were associated with poor survival rate. (A) 
Representative β4-integrin immunohistochemical staining of tissues from normal human colon, primary colon cancer, and liver metastasis. 
A high level of β4-integrin was detected in CRC and liver metastatic tissues (200X). (B) At the invasive front of colon carcinoma (indicated 
by arrows), β4-integrin levels were increased (200X). (C) Lysates, from 8 paired normal and primary colon cancer tissues and 7 paired 
CRC liver metastasis tissues (T) and the patient-matched normal tissues (N), were subjected to immunoblotting with anti-β4-integrin, α6 
integrin, Bcl-2, and β-actin antibodies. (D and E) Both in primary colon tumor and metastasis, β4-integrin expression was upregulated when 
compared with normal tissues (Chi-square test, p<0.05, D), but no significant differences were observed among different stages (p>0.05, 
E). (F) Analysis of survival (Kaplan-Meier) considering patients with β4-integrin expression. Overall survival of colon cancer patients 
increases with lower β4-integrin status (p<0.05).
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(Figure 2B). Activation of Hedgehog signaling is 
reported to be associated with increased metastasis in 
CRC [27]. A recent study also showed that β4-integrin 
expression is upregulated by Hedgehog signaling 
pathway [28]. These results suggest that β4-integrin is 
upregulated as a result of increased Hedgehog signaling 
activation in LM10-liver metastases.

Regulation of cell apoptosis is pivotal for cancer 
progression and metastasis. Apoptosis in tumors or in 
tumor cell lines could be induced by downregulation of 
anti-apoptotic proteins, upregulation of pro-apoptotic 
proteins, or regulation of both. The anti-apoptotic (Bcl-
2, Bcl-w, Bcl-xL, and Mcl1) and pro-apoptotic (Bax, 
Bad, Bok, Bak) Bcl-2 family proteins can affect tumor 
metastasis through regulation of the mitochondrial 
apoptotic pathway. Interestingly, in our present study, we 
provide evidence that β4-integrin knockdown significantly 
down-regulated Bcl-2 in SW620 cells in vitro (Figure 4A) 
and in vivo (Figure 5B) resulting in cleavage of Caspase-3 
and PARP (Figure 4B). In addition, Bcl-2 protein 
expression is positively correlated with β4-integrin in 
human CRC and liver metastases (Figure 6C). Bcl-w was 
marginally downregulated when β4-integrin was knocked 
down in SW620 cells, but other Bcl-2 family proteins did 
not show obvious changes (Figure 4A). The β4-integrin 
can interact with epidermal growth factor receptor (EGFR) 
and promote AKT signaling pathway [29]. Bcl-2 was 
identified as a target of AKT signaling pathway [30]. As 
EGFR was also found to be upregulated in LM10-liver 
metastases, it is possible that β4-integrin/EGFR/AKT axis 
induces the expression of Bcl-2 through AKT signaling 
pathway. A second possibility is that α6β4-integrin can 
activate IGF-1R signaling, which then induces Bcl-2 
expression. The α6β4-integrin forms a ternary complex, 
α6β4-IGF1-IGF1R, which activates IGF-1R signaling 
and induces Bcl-2 expression [31]. These results provide 
a potential mechanism by which β4-integrin promotes 
CRC tumorigenesis and liver metastasis by upregulating 
the anti-apoptotic protein Bcl-2.

There is no significant difference in β4-integrin 
expression between primary and metastatic colon 
cancer (Figure 6D and 6E). An explanation could be 
that metastatic CRC cells will go through MET at sites 
of metastases. As β4-integrin also has role in EMT [32], 
early β4-integrin upregulation in the primary tumor may 
contribute to metastasis. However, in the secondary tumor, 
there is no further increase in its expression which may 
be important for the MET process. Our results show that 
β4-integrin is upregulated in both protein (Figure 6D) and 
mRNA levels (Supplementary Figure 2) in all stages of 
CRC tissue compared to normal tissue. Loss of β4-integrin 
also reduces tumorigenicity of SW620 cells (Figure 5A). 
Therefore, it is evident that β4-integrin has roles in both 
primary colon cancer and metastasis.

Several integrins have been considered as 
therapeutic targets in cancer treatment. Function-

blocking monoclonal antibodies have been developed 
and show efficacy in preclinical studies [33]. 
For example, Volociximab, a function-blocking 
monoclonal antibody against integrin α5β1, has been 
tested in a phase I trial in patients with advanced solid 
malignancies. β4-integrin specific antibodies, ASC-8 
and ASC-3, have been developed [34], which target 
different β4-integrin epitopes and have been shown to 
significantly decrease human keratinocytes migration 
rate. Based on these studies, new monoclonal β4-
integrin antibodies and inhibitors could be developed 
to block β4-integrin pro-oncogenic functions, including 
migration, invasion, and metastasis, in preclinical colon 
cancer models.

In conclusion, we have developed the LM10 
cells from mouse colon adenocarcinoma MC38 cells, 
which produce 100% liver metastasis within three 
weeks. Microarray analyses show that LM10 cells have 
significantly higher levels of β4-integrin and activated 
matrix metalloproteinases, MMP-2 and MMP-9. 
Knockdown of β4-integrin in human CRC cells reduces 
liver metastasis and prolongs overall survival of mice 
bearing liver metastases. This is supported by the fact that 
patients with higher β4-integrin expression have poorer 
overall survival. Taken together, our results demonstrate 
that the β4-integrin is associated with human CRC liver 
metastasis, and thus, β4-integrin may be a potential target 
for the development of novel CRC therapeutics.

MATERIALS AND METHODS

Cell cultures and animals

MC38 (C57BL/6 mouse colon adenocarcinoma-
derived) and SW620 (human colon cancer cells derived 
from lymph node metastasis) cell lines were cultured as 
previously described [35]. Female C57BL/6 mice (6-8 
weeks old) and athymic nude mice (5-6 weeks old) were 
used for experiments. Protocols for animal breeding, 
housing, and handling were approved by the UAB Animal 
Care and Use Committee (IACUC).

Reagents and antibodies

Transfection reagents were purchased from 
Invitrogen (Carlsbad, CA). Puromycin was obtained 
from Sigma (St. Louis, MO). Antibodies were purchased 
as follows: anti-human β4 and α6 integrins from Abcam 
(Cambridge, MA); anti-mouse β4-integrin from R&D 
(Minneapolis, MN); anti-PARP, anti-Caspase-3, anti-Bcl-2 
antibodies, and anti-mouse and anti-rabbit secondary 
antibodies from Santa Cruz Biotechnology (Santa Cruz, 
CA); anti-Bcl and -xL, anti-Bax and anti-Puma from Cell 
Signaling (Danvers, MA). Anti-β4-integrin (450-11A) 
antibody for immunohistochemistry was a kind gift from 
Dr. Rita Falcioni (Regina Elena Cancer Institute, Italy).
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Generation of β4-integrin knockdown stable 
clones

To generate β4-integrin knockdown stable clones, 
SW620 cells were transfected with pBabe-retro-β4-
integrin shRNA or scramble RNA plasmids (Addgene, 
Cambridge, MA). After transfection, cells were selected 
with 1 μg/ml puromycin for 10 days, and then single 
clones were isolated.

RT-PCR analyses

Isolation of total RNA from cells and RT-PCR analyses 
were performed as previously described [36]. Briefly, 2 μg of 
total RNA was reverse transcribed using mouse β4-integrin 
forward primer: 5’-cctccctcctatctgggaaga-3’ and reverse 
primer: 5’-atatctccattgggcctcct-3’. PCR amplification was 
carried out using 2 μl of above RT reaction mixture, 1 × PCR 
buffer, 1.5 mM MgCl2, 2U Taq DNA polymerase, and 10 
nM of each primer in a 25 μl reaction volume. The RT-PCR 
products were separated and visualized on a 1.5% agarose gel.

In vivo selection of highly metastatic colon 
cancer cells

Liver metastases were generated by splenic 
injection as described [35]. Briefly, 1×105 MC38 cells 
in 100 μl PBS were injected into spleens of C57BL/6 
mice. Five minutes after injection, spleens were 
removed. Three weeks later, liver metastases were 
obtained. Individual cells were aseptically harvested 
from a portion of metastatic liver tumors by collagenase 
digestion. Cells were selected with G418 (400 μg/ml) for 
at least one week. We then repeated the splenic injection 
procedure for nine more cycles to select highly invasive, 
metastatic MC38-LM10 cells, and hereafter these cells 
were referred to as LM10 cells.

Microarray analyses

To characterize gene expression profiles in highly 
metastatic cells, total RNA was isolated from MC38 
cells, LM10 cells, and corresponding liver metastases 
generated in C57BL/6 mice using these cell lines via 
splenic injection. Microarray analyses were performed 
using GeneChip 430 Mouse Exon 1.0 ST Array from 
Affymetrix, which contains 30 arrays for analyzing 28,853 
mouse genes. Signal intensity was detected according to 
the supplier’s instructions.

Western blot analyses

Cell lysate preparation and western blot analyses 
were performed as described [37]. In summary, cells were 
solubilized in mammalian lysis buffer, briefly sonicated, 
and centrifuged at 14,000 rpm for 15 min at 4ºC. Equal 
lysate amounts were resolved and probed with specific 

primary antibodies. Specific protein bands were visualized 
by enhanced chemoluminescence.

Cell migration and invasion assays

Cell migration and invasion assays were performed 
as previously described [38]. Briefly, for migration assays, 
3×104 cells were seeded into the upper chamber of 8-μm 
pore transwells. For invasion through either collagen 
layer or matrigel barrier, 3×104 cells in DMEM containing 
0.2% BSA were added to the upper chamber of each well. 
Medium containing 5% fetal bovine serum was added to 
the lower chamber. Cells were allowed to migrate through 
transwell membranes for 5 h for migration assay, for 12 
h through collagen layer, and for 21 h through matrigel 
barrier. In the end, migrated or invaded cells were fixed 
in 4% paraformaldehyde, stained with crystal violet, and 
then counted from 5 random fields and averaged. Each 
experiment was repeated three times with similar results.

Gelatin zymography

MC38 and LM10 cells were cultured in 12-well 
plates, serum starved overnight, and then supernatant 
medium was collected. MMP-2 and MMP-9 activity was 
measured by in-gel gelatin zymography assay as described 
[39].

Soft agarose assays

Anchorage-independent growth on soft agarose was 
performed according to the method as we described [35]. 
Briefly, 2.5×104 cells from each pool of parental SW620, 
vector control clones, and SW620 β4-integrin knockdown 
clones were suspended in 1 ml of 0.4% sea plaque agarose 
containing 10% FBS and then plated on the top of 1 ml of 
semisolid 0.8% agarose in 35-mm plates. Two weeks after 
plating, colonies grown on soft agarose were counted and 
pictures of colonies shown.

In vivo tumorigenicity assay

2×106 cells from each pool of parental SW620, 
vector control clones, and β4-integrin knockdown clones 
were injected subcutaneously behind the anterior forelimb 
of Balb/c nude mice (n=5, in each group) as we described 
[37]. Mice were monitored every week for tumor growth, 
and tumor volumes were measured using the following 
equation: V=LxW2x0.5, where L is length and W is width 
of a tumor. Tumor growth curves were plotted as the mean 
volume ± S.D. of tumors of five mice from each group.

Survival assays

Survival assay was performed as we described [35]. 
Briefly, 5×106 cells from each pool of parental SW620, vector 
control clones, and β4-integrin knockdown clones were used 
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for splenic injection into athymic nude mice as described 
above. Mice were allowed to live and were euthanized when 
evidence of advanced bulky disease was visible. Day of death 
was considered the day of death for survival evaluations. The 
mean survival time for each group of mice was determined 
and survival was evaluated by log-rank test.

Immuohistochemical analyses

A tissue microarray (TMA) containing colorectal 
carcinoma (CRC) specimens in triplicate with control 
colonic mucosa from 100 patients (53 females and 47 males; 
mean age = 64 years) was used for immunohistochemistry. 
CRC cases were taken from surgical pathology archive, 
with follow-up ranging from 1 to 168 months. Using TNM 
staging system, 9 tumors were classified as Stage I, 42 as 
Stage II, 40 as Stage III, and 10 as Stage IV. In addition, a 
TMA containing 34 cases of colorectal primary carcinomas 
matched with liver metastases and normal colonic mucosa 
was used. Study protocols and procedures were approved 
by the Institutional Review Boards (IRB) at the UAB 
Medical Center. Tumor deparaffinized and rehydrated 
sections were pretreated by microwaving in 1mM citrate 
buffer (pH 6.0), followed by an overnight incubation with 
the anti-β4-integrin (R&D, clone 450-11A). Membrane and 
cytoplasmic expression in neoplastic cells was scored by 
intensity from 0 to 3, according to the following criteria: 
0, no expression; 1+, weak expression; 2+, moderate 
expression; and 3+, strong expression. Percentage of 
stained tumor cells was recorded, and results are scored 
by multiplying the percentage of stained cells (P) with the 
intensity (I). Formula: Q = P × I; Maximum = 300.

Statistical analysis

Student’s t-test or Mann-Whitney test for non-
normally distributed data was used to determine 
the statistical differences among groups analyzed. 
Calculations were performed using PRISM 5.0 software 
for Macintosh (GraphPad Software, San Diego, CA). 
P<0.05 was considered statistically significant.

Author contributions

Study Concept and design: WZ, BxZ, PKD
Acquisition of data: WZ, BxZ, TV
 Analysis and interpretation of data: WZ, BxZ, TV, 
GY, BhZ, PKD
 Drafting of the manuscript: WZ, TV, GY, BhZ, UM, 
PKD
 Critical revision of manuscript, important 
intellectual content: GY, BxZ, TV, XC, UM, PKD
Statistical analysis: WZ, TV, GY, UM, PKD
Obtained funding: PKD
 Technical or material support: WZ, BxZ, GY, BhZ, 
XC, PKD
Study supervision: BxZ, XC, PKD

CONFLICTS OF INTEREST

The author declares no conflicts of interest.

FUNDING

This study was supported by National Cancer Institute 
R01 CA95195, Veterans Affairs Merit Review Award, and 
a Faculty Development Award from UAB Comprehensive 
Cancer Center, P30 CA013148 (to PK Datta).

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA 
Cancer J Clin. 2016; 66: 7-30.

2. Brenner H, Kloor M, Pox CP. Colorectal cancer. Lancet. 
2014; 383: 1490-502.

3. Siegel R, Desantis C, Jemal A. Colorectal cancer statistics, 
2014. CA Cancer J Clin. 2014; 64: 104-17.

4. Seguin L, Desgrosellier JS, Weis SM, Cheresh DA. 
Integrins and cancer: regulators of cancer stemness, 
metastasis, and drug resistance. Trends Cell Biol. 2015; 25: 
234-40.

5. Desgrosellier JS, Cheresh DA. Integrins in cancer: 
biological implications and therapeutic opportunities. Nat 
Rev Cancer. 2010; 10: 9-22.

6. Mercurio AM, Rabinovitz I, Shaw LM. The alpha 6 beta 4 
integrin and epithelial cell migration. Curr Opin Cell Biol. 
2001; 13: 541-5.

7. de Pereda JM, Wiche G, Liddington RC. Crystal structure 
of a tandem pair of fibronectin type III domains from the 
cytoplasmic tail of integrin alpha6beta4. EMBO J. 1999; 
18: 4087-95.

8. Hogervorst F, Kuikman I, von dem Borne AE, Sonnenberg 
A. Cloning and sequence analysis of beta-4 cDNA: an 
integrin subunit that contains a unique 118 kd cytoplasmic 
domain. EMBO J. 1990; 9: 765-70.

9. Wang H, Jin H, Beauvais DM, Rapraeger AC. Cytoplasmic 
domain interactions of syndecan-1 and syndecan-4 with 
alpha6beta4 integrin mediate human epidermal growth 
factor receptor (HER1 and HER2)-dependent motility and 
survival. J Biol Chem. 2014; 289: 30318-32.

10. Merdek KD, Yang X, Taglienti CA, Shaw LM, Mercurio 
AM. Intrinsic signaling functions of the beta4 integrin 
intracellular domain. J Biol Chem. 2007; 282: 30322-30.

11. Guo W, Pylayeva Y, Pepe A, Yoshioka T, Muller WJ, 
Inghirami G, Giancotti FG. Beta 4 integrin amplifies ErbB2 
signaling to promote mammary tumorigenesis. Cell. 2006; 
126: 489-502.

12. Pullar CE, Baier BS, Kariya Y, Russell AJ, Horst BA, 
Marinkovich MP, Isseroff RR. beta4 integrin and epidermal 
growth factor coordinately regulate electric field-mediated 
directional migration via Rac1. Mol Biol Cell. 2006; 17: 
4925-35.



Oncotarget92345www.impactjournals.com/oncotarget

13. Giancotti FG. Complexity and specificity of integrin 
signalling. Nat Cell Biol. 2000; 2: E13-4.

14. Bertotti A, Comoglio PM, Trusolino L. Beta4 integrin 
activates a Shp2-Src signaling pathway that sustains HGF-
induced anchorage-independent growth. J Cell Biol. 2006; 
175: 993-1003.

15. Mainiero F, Murgia C, Wary KK, Curatola AM, Pepe 
A, Blumemberg M, Westwick JK, Der CJ, Giancotti 
FG. The coupling of alpha6beta4 integrin to Ras-MAP 
kinase pathways mediated by Shc controls keratinocyte 
proliferation. EMBO J. 1997; 16: 2365-75.

16. Cruz-Monserrate Z, O’Connor KL. Integrin alpha 6 beta 4 
promotes migration, invasion through Tiam1 upregulation, 
and subsequent Rac activation. Neoplasia. 2008; 10: 
408-17.

17. Falcioni R, Kennel SJ, Giacomini P, Zupi G, Sacchi A. 
Expression of tumor antigen correlated with metastatic 
potential of Lewis lung carcinoma and B16 melanoma 
clones in mice. Cancer Res. 1986; 46: 5772-8.

18. Bon G, Folgiero V, Di Carlo S, Sacchi A, Falcioni R. 
Involvement of alpha6beta4 integrin in the mechanisms 
that regulate breast cancer progression. Breast Cancer Res. 
2007; 9: 203.

19. Giancotti FG. Targeting integrin beta4 for cancer and anti-
angiogenic therapy. Trends Pharmacol Sci. 2007; 28: 506-11.

20. Chandrashekar DS, Bashel B, Balasubramanya SAH, 
Creighton CJ, Rodriguez IP, Chakravarthi BVSK, 
Varambally S. UALCAN: a portal for facilitating tumor 
subgroup gene expression and survival analyses. Neoplasia. 
2017; 19: 649-658.

21. Daemi N, Thomasset N, Lissitzky JC, Dumortier J, Jacquier 
MF, Pourreyron C, Rousselle P, Chayvialle JA, Remy L. 
Anti-beta4 integrin antibodies enhance migratory and 
invasive abilities of human colon adenocarcinoma cells and 
their MMP-2 expression. Int J Cancer. 2000; 85: 850-6.

22. Choi YP, Kim BG, Gao MQ, Kang S, Cho NH. Targeting ILK 
and beta4 integrin abrogates the invasive potential of ovarian 
cancer. Biochem Biophys Res Commun. 2012; 427: 642-8.

23. Lohi J, Oivula J, Kivilaakso E, Kiviluoto T, Frojdman K, 
Yamada Y, Burgeson RE, Leivo I, Virtanen I. Basement 
membrane laminin-5 is deposited in colorectal adenomas 
and carcinomas and serves as a ligand for alpha3beta1 
integrin. APMIS. 2000; 108: 161-72.

24. Stallmach A, von Lampe B, Matthes H, Bornhoft G, Riecken 
EO. Diminished expression of integrin adhesion molecules 
on human colonic epithelial cells during the benign to 
malign tumour transformation. Gut. 1992; 33: 342-6.

25. Saif MW, Chu E. Biology of colorectal cancer. Cancer J. 
2010; 16: 196-201.

26. Falcioni R, Turchi V, Vitullo P, Navarra G, Ficari F, 
Cavaliere F, Sacchi A, Marianicostantini R. Integrin Beta-4 
expression in colorectal-cancer. Int J Oncol. 1994; 5: 573-8.

27. Varnat F, Duquet A, Malerba M, Zbinden M, Mas C, Gervaz 
P, Ruiz i Altaba A. Human colon cancer epithelial cells 

harbour active HEDGEHOG-GLI signalling that is essential 
for tumour growth, recurrence, metastasis and stem cell 
survival and expansion. EMBO Mol Med. 2009; 1:338-51.

28. Chen Q, Xu R, Zeng C, Lu Q, Huang D, Shi C, Zhang W, 
Deng L, Yan R, Rao H, Gao G, Luo S. Down-regulation of 
Gli transcription factor leads to the inhibition of migration 
and invasion of ovarian cancer cells via integrin beta4-
mediated FAK signaling. PLoS One. 2014;9:e88386.

29. Leng C, Zhang ZG, Chen WX, Luo HP, Song J, Dong 
W, Zhu XR, Chen XP, Liang HF, Zhang BX. An integrin 
beta4-EGFR unit promotes hepatocellular carcinoma 
lung metastases by enhancing anchorage independence 
through activation of FAK-AKT pathway. Cancer Lett. 
2016;376:188–96.

30. Pugazhenthi S, Nesterova A, Sable C, Heidenreich KA, 
Boxer LM, Heasley LE, Reusch JE. Akt/protein kinase B 
up-regulates Bcl-2 expression through cAMP-response 
element-binding protein. J Biol Chem. 2000;275:10761-6.

31. Basu S, Rajakaruna S, De Arcangelis A, Zhang L, Georges-
Labouesse E, Menko AS. α6 integrin transactivates insulin-
like growth factor receptor-1 (IGF-1R) to regulate caspase-
3-mediated lens epithelial cell differentiation initiation. J 
Biol Chem. 2014;289:3842–3855.

32. Li XL, Liu L, Li DD, He YP, Guo LH, Sun LP, Liu LN, 
Xu HX, Zhang XP. Integrin β4 promotes cell invasion and 
epithelial-mesenchymal transition through the modulation 
of Slug expression in hepatocellular carcinoma. Sci Rep. 
2017;7:40464.

33. Desgrosellier JS, Cheresh DA. Integrins in cancer: 
biological implications and therapeutic opportunities. Nat 
Rev Cancer 2010; 10: 9–22.

34. Egles C, Huet HA, Dogan F, Cho S, Dong S, Smith A, 
Knight EB, McLachlan KR, Garlick JA. Integrin-blocking 
antibodies delay keratinocyte re-epithelialization in a 
human three-dimensional wound healing model. PLoS One. 
2010;5:e10528.

35. Zhang B, Halder SK, Kashikar ND, Cho YJ, Datta A, 
Gorden DL, Datta PK. Antimetastatic role of Smad4 
signaling in colorectal cancer. Gastroenterology. 2010; 138: 
969-80 e1-3.

36. Papadatos-Pastos D, Rabbie R, Ross P, Sarker D. The role 
of the PI3K pathway in colorectal cancer. Crit Rev Oncol 
Hematol. 2015; 94: 18-30.

37. Halder SK, Beauchamp RD, Datta PK. Smad7 induces 
tumorigenicity by blocking TGF-beta-induced growth 
inhibition and apoptosis. Exp Cell Res. 2005; 307: 231-46.

38. Hu Y, Ylivinkka I, Chen P, Li L, Hautaniemi S, Nyman TA, 
Keski-Oja J, Hyytiainen M. Netrin-4 promotes glioblastoma 
cell proliferation through integrin beta4 signaling. 
Neoplasia. 2012; 14: 219-27.

39. Toth M, Sohail A, Fridman R. Assessment of gelatinases 
(MMP-2 and MMP-9) by gelatin zymography. Methods 
Mol Biol. 2012; 878: 121-35.


