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Colorectal	cancer	is	the	second	leading	cause	of	death	from	cancer	in	the	United	States.	Metastases	in	the	
liver,	the	most	common	metastatic	site	for	colorectal	cancer,	are	found	in	one-third	of	the	patients	who	die	of	
colorectal	cancer.	Currently,	the	genes	and	molecular	mechanisms	that	are	functionally	critical	in	modulating	
colorectal	cancer	hepatic	metastasis	remain	unclear.	Here,	we	report	our	studies	using	functional	selection	in	
an	orthotopic	mouse	model	of	colorectal	cancer	to	identify	a	set	of	genes	that	play	an	important	role	in	mediat-
ing	colorectal	cancer	liver	metastasis.	These	genes	included	APOBEC3G,	CD133,	LIPC,	and	S100P.	Clinically,	we	
found	these	genes	to	be	highly	expressed	in	a	cohort	of	human	hepatic	metastasis	and	their	primary	colorectal	
tumors,	suggesting	that	it	might	be	possible	to	use	these	genes	to	predict	the	likelihood	of	hepatic	metastasis.	
We	have	further	revealed	what	we	believe	to	be	a	novel	mechanism	in	which	APOBEC3G	promotes	colorectal	
cancer	hepatic	metastasis	through	inhibition	of	miR-29–mediated	suppression	of	MMP2.	Together,	our	data	
elucidate	key	factors	and	mechanisms	involved	in	colorectal	cancer	liver	metastasis,	which	could	be	potential	
targets	for	diagnosis	and	treatment.

Introduction
After lymph nodes, the liver is the most common site for 
colorectal cancer metastasis, and liver metastasis is a common 
cause of cancer-related mortality (1–4). Most colorectal cancer 
patients with hepatic metastasis are not candidates for surgical 
treatment, and their 5-year survival rate following diagnosis of 
hepatic metastasis is below 10% (2, 4). It is well established that 
5-year survival rates exceed 90% in patients diagnosed with early 
stage colorectal cancer (5, 6). It is imperative that we uncover 
the underlying mechanisms and genetic alterations that pre-
dispose to the metastatic phenotype in colorectal cancer. Such 
an understanding has the potential to improve early detection 
and prevention in addition to helping with developing novel 
targeted therapies for late stage disease. Studies reveal that 
genomic instability in cancer cells leads to cellular heterogene-
ity, which may guide tumor cell aggression and specific organ 
colonization during the metastatic process (7, 8). Many stud-
ies have attempted to identify the metastasis-related genes in 

metastatic tumors from other types of cancer using global gene 
expression profiling analysis. For example, several genes have 
been identified to be involved in development of breast cancer 
metastasis to the lungs and brain, including Twist, Cox2, and 
MMP (9–11). Recent studies also revealed that MACC1, Notch 
and TGF-β/Smad signaling may be involved in the process of 
colon cancer liver metastasis (12–15). However, detailed molec-
ular mechanisms that mediate colorectal cancer metastasis to 
liver have not been systemically characterized.

Results
Identification of a gene expression signature for colorectal cancer liver 
metastasis. To study the genetic signatures that modulate human 
colorectal cancer hepatic metastasis, we performed a transcrip-
tomic microarray analysis of the cell lines isolated from an 
orthotopic colorectal cancer liver metastasis animal model. The 
identified genes that potentially mediate liver metastasis were 
further validated by functional analysis both in vitro and in vivo 
and in human tumor tissues. First, we established an experi-
mental platform using 2 well-known colorectal cancer cell lines, 
SW480 and SW620. These 2 cell lines were derived from differ-
ent stages of colon cancer in the same patient; SW480 was iso-
lated from the primary tumor, and SW620 was isolated from a 

Authorship	note: Qingqing Ding and Chun-Ju Chang contributed equally to this 
work.

Conflict	of	interest:	The authors have declared that no conflict of interest exists.

Citation	for	this	article: J Clin Invest. 2011;121(11):4526–4536. doi:10.1172/JCI45008.



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 11   November 2011 4527

lymph node metastasis (16). We first examined the capability of 
these 2 cell lines to form hepatic metastasis using an orthotopic 
colorectal cancer mouse model. SW480 failed to metastasize to 
the liver (0/8), whereas 1 case in the SW620 group (1/8) had 2 
hepatic metastases. From these 2 hepatic metastases, we further 
established 2 cell lines (L-1 and L-2; Figure 1, A and B). After 
repeating the orthotopic experiments with L-1 and L-2, both 
cell lines showed significantly increased capability of forming 
hepatic metastasis (7/8 and 5/8, respectively; Figure 1B) com-
pared with the parental SW620 cells. Representative histologic 
H&E staining of the orthotopic colon tumors and their hepatic 
metastasis was validated and is shown in Figure 1C. Thus, by 
in vivo selection, we successfully established a stable orthotopic 

colon cancer hepatic metastasis mouse model, which could pro-
vide highly metastatic cells in comparison with their parental 
cells under isogenic background.

To identify genetic signatures that may be involved in colorectal 
cancer hepatic metastasis, we used an Affymetrix Human Genome 
U133A Array, which represents 14,500 well-characterized human 
genes to compare the gene expression profiles between the low 
metastatic (SW480 and SW620) and high metastatic (L-1 and L-2)  
cell lines. We identified 68 genes whose expression levels were 
induced in L-1 and L-2 cells when compared with SW480 and 
SW620 cells (Figure 1D, upregulated and downregulated genes; 
fold-change, UniGene ID, and P values are listed in Supplemental 
Tables 1 and 2; supplemental material available online with this 

Figure 1
Identifying a gene expression signature for colorectal cancer liver metastasis. (A) Flow chart of in vivo selection process of colorectal cancer cell 
metastasis to the liver. The nonmetastatic colorectal cancer cells (SW480) and those with only lymph node metastasis (SW620) were inoculated 
into the colon of nude mice. Liver tumors were detected by the IVIS Imaging System (Caliper Life Sciences), and tumor cells (L-1 and L-2) were 
then isolated from the liver lesions and reinoculated to confirm their metastatic phenotype. (B) Representative images of the liver metastases 
(upper panels) and IVIS luciferase images in mice inoculated with colorectal cancer cells (lower panels). The hepatic metastasis rate of colorectal 
cancer cells is indicated at the bottom. *P < 0.05; **P < 0.01 compared with SW480 and SW620 cells. (C) Representative immunohistochemistry 
staining of colorectal primary tumor and hepatic metastases from the orthotopic transplanted nude mice. Scale bars: 50 μm. (D) Gene expression 
profiles reveal a set of 68 genes that are highly expressed in L-1 and L-2 cells as compared with SW480 and SW620 cells. (E) Immunoblotting 
analysis of gene expression levels in SW480, SW620, L-1, and L-2 cells.
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article; doi:10.1172/JCI45008DS1). Among these 68 genes, most 
were related to physiologic regulation (33%) and cellular metabo-
lism (21%), and a few (2%) were associated with proliferation (Sup-
plemental Figure 1A). To further narrow down the genes to be 
examined, we selected those genes from the microarray data with 
at least a 4-fold increase in their expression levels in the L-1 and L-2  
cells when compared with both SW620 and SW480 cells; a total of 
10 genes were identified (Supplemental Figure 1B). We then vali-
dated the expression of these 10 genes by RT-PCR (Supplemental 
Figure 2), semi-quantitative PCR (Table 1), and immunoblotting 
(Figure 1E). After validation of the mRNA and protein levels of the 
10 genes, we excluded the ATP1B1 and IGFBP2 genes because their 
expression levels were not significantly increased in L-1 and L-2 
cells compared with SW480 and SW620, and thus we focused on 
the functional examination of the remaining 8 genes.

Four genes are essential in mediating colorectal cancer liver metastasis. To 
further identify the genes that are functionally essential in mediat-
ing colorectal cancer hepatic metastasis, we generated retrovirus-
encoded shRNAs (Supplemental Figure 3) and cDNA expression 
constructs to stably knock down or overexpress these target genes. 
We then examined their biological effects on metastasis. We ran-
domly divided the 8 genes into 2 groups: group A (si-4-A), includ-
ing APOBEC3G, CD133, LIPC, and S100P; and group B (si-4-B), 
including CALB1, IFITM3, FERRITIN, and LERK5. Four retroviral 
shRNA expression constructs against group A or group B genes 
were cointroduced into highly metastatic L-1 cells where their pro-
tein or mRNA levels were examined to validate the efficiency of the 
shRNAs (Supplemental Figure 4). Compared with SW620-control 
cells, knocking down group A genes suppressed the invasion and 
migration abilities of the L-1–control cells in vitro (Figure 2, A and 
B) and significantly decreased the frequency of hepatic metasta-
sis in vivo (Figure 2C). In contrast, knocking down group B genes 
had no statistically significant effect on invasion, migration, and 
metastasis activity of L-1 cells (P > 0.05). These data suggest that 
group A contains 1 or multiple genes that can be crucial mediators 
for colorectal cancer hepatic metastasis.

To further characterize whether overexpression of APOBEC3G, 
CD133, LIPC, and S100P are sufficient to induce hepatic metas-
tasis, cDNA expression constructs expressing these 4 genes were 
introduced into low-metastatic SW620 cells. We found that over-

expressing of these 4 genes increases the invasion and migration 
abilities of the SW620-control cells in vitro (Figure 2, D and E) and 
also significantly enhances the frequency of hepatic metastasis in 
vivo (Figure 2F). Together, these results suggest that APOBEC3G, 
CD133, LIPC, and/or S100P plays a role in promoting colorectal 
cancer hepatic metastasis.

Expression of the hepatic metastasis gene signature is enhanced in colorec-
tal cancer with metastatic liver lesions. To determine the clinical cor-
relation of our identified gene signatures with colorectal cancer 
hepatic metastasis, we examined the protein levels of APOBEC3G, 
CD133, LIPC, and S100P in 7 freshly isolated human colorectal 
cancer hepatic metastatic tumors and 7 nonmetastatic primary 
colorectal carcinomas. We showed that expression levels of these 
4 genes are significantly increased in the metastatic tumors com-
pared with the nonmetastatic primary tumors (Figure 3A).

Furthermore, we performed immunohistochemical staining 
to investigate the protein expression levels of these 4 genes in 71 
paired samples from human primary colorectal carcinomas along 
with their hepatic metastasis and 68 samples from the nonmeta-
static primary colorectal carcinomas. The expression levels of all 
4 genes were highly increased in the hepatic metastasis and their 
corresponding primary colorectal carcinomas compared with the 
nonmetastatic colorectal carcinomas; they were also significantly 
associated with metastatic colon cancer with liver metastasis (Fig-
ure 3B and Table 2). The results from multiple logistic regression 
models when all 4 genes entered the model (Table 3) simultaneous-
ly show that metastatic colon cancer patients were much more like-
ly to have high expression of APOBEC3G (OR [Odds Ratio] = 2.5;  
95% CI = 1.2–5.5), CD133 (OR = 3.0, 95% CI = 1.4–6.4), and S100P 
(OR = 2.4, 95% CI = 1.1–5.1) than the patients with no metasta-
sis. Additionally, patients with liver metastasis were much more 
likely to have expression of all 4 genes (APOBEC3G: OR = 3.3, 95% 
CI = 1.4–7.5; CD133: OR = 4.5, 95% CI = 1.9–10.5; LIPC: OR = 2.4, 
95% CI = 1.9–9.9; and S100P: OR = 4.9, 95% CI = 1.2–6.6) than the 
patients with no metastasis. Taken together, our data suggest that 
APOBEC3G, CD133, LIPC, and S100P are functionally essential for 
mediating colorectal cancer hepatic metastasis and may serve as 
signatures in primary colorectal carcinomas to predict a higher 
likelihood of recurrent cancer metastasis.

APOBEC3G enhances colon cancer in vitro cell migration and invasion 
activity. Next, we sought to determine which of these 4 genes (APO-
BEC3G, CD133, LIPC, and S100P) enhances colorectal cancer hepat-
ic metastasis by affecting cancer cell migration and/or prolifera-
tion, 2 critical determinants of metastasis. Interestingly, knocking 
down either CD133 or S100P using shRNAs (si-CD133, si-S100P) 
substantially reduced proliferation of the metastatic cancer cells 
as measured by BrdU incorporation assay, with less significant 
suppression in cancer cell migration and invasion (Figure 4, A–C), 
suggesting that CD133 and S100P may mediate colorectal cancer 
hepatic metastasis mainly through enhancing the growth advan-
tage of the metastatic cancer cells. Different from the effects of 
knocking down CD133 or S100P, knocking down either APOBEC3G 
or LIPC using shRNAs (si-APOBEC3G, si-LIPC) significantly inhib-
ited in vitro migration and invasion of the L-1 cells with modest 
reduction in cell proliferation (Figure 4, A–C). However, knock-
ing down either one of these genes was not sufficient to decrease 
the liver metastasis rate in the orthotopic animal model, if com-
pared with knocking down all 4 genes (Supplemental Figure 5),  
indicating that the process of liver metastasis may require the 
cooperation/synergism of the 4 genes.

Table 1
Validation of 10 genes in SW480, SW620, L-1, and L-2 cells 
using quantitative PCR analysis

	 SW480	 SW620	 L-1	 L-2
APOBEC 1 2.5 16 14.8
ATP1B1 1 1.3 4 2.6
CALB1 1 8.2 71.5 45.2
CD133 1 75.2 751.6 633.5
FERRITIN 1 1.2 11.4 11.2
IGFBP2 1 1.3 2.3 3.3
IFITM3 1 5.5 35.2 29.1
LERK5 1 2.6 13.2 17.2
LIPC 1 38.4 357.5 337.7
S100P 1 1.9 7.8 6.4
GAPDH 1 0.9 1 1

Gene expression levels in SW620, L-1, and L-2 cells are normalized to 
those in SW480 cells.
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Figure 2
Four genes are essential in mediating colorectal cancer liver metastasis. (A) Images show the invasion activity of the hepatic metastasis L-1 cell 
line with knocked down group A and group B genes using retroviral shRNAs (si-4A, si-4B, upper panel). Cells migrating to the lower side of the 
Transwell filter were counted per HPF in 3 fields (lower panel). Each assay was repeated at least twice. Original magnification, ×200. *P < 0.05. 
(B) Images show the migration activity of the hepatic metastases L-1 cell line with knocked down group A genes using wound healing assay 
(upper panel). The distance of cell migration was calculated at 3 locations (lower panel). Con, control. (C) Representative images of the IVIS 
luciferase signal in the mice inoculated with colorectal cancer cells preinfected with 2 groups of retroviral shRNAs. The hepatic metastasis rate 
is indicated at the bottom. *P < 0.05 compared with L-1–control cells. (D) Invasion activity of the hepatic metastasis L-1 cell line overexpressing 
the group A genes. (E) Migration activity of the hepatic metastases L-1 cell line overexpressing the group A genes. (F) Representative images 
of the luciferase signal in mice inoculated with colorectal cancer cells expressing the group A genes. The hepatic metastasis rate is indicated 
at the bottom. *P < 0.05 compared with SW620-control cells. Bars show the mean value of the representative results from 3 experiments, each 
conducted in duplicate (± SD).
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It is worthwhile to mention, among the 4 genes, only APO-
BEC3G, a central subunit of the RNA editing complex, has not 
been reported to play a role in tumor progression, whereas it most 
significantly produces cell migration and invasion (Figure 4, A 
and B). Therefore, we further investigated the underlying mecha-
nism that links APOBEC3G overexpression to cell migration and 

cancer metastasis. To determine whether APOBEC3G expression 
levels in colon cancer cells are indeed involved in the regulation 
of cell migration activity, we examined APOBEC3G expression 
levels in 4 colon cancer cell lines. We found that APOBEC3G 
had relatively high expression levels in CaCO2 and DLD1 cells, 
while it had low expression levels in HCT116 and RKO cells (Fig-

Figure 3
Expression levels of the hepatic metastasis 
gene signature are enhanced in colorec-
tal cancer with metastatic liver lesion. (A) 
Protein expression levels of 4 genes were 
detected by immunoblotting in nonmeta-
static human colorectal cancer samples 
and human colorectal cancer samples with 
hepatic metastases. Met, metastatic. (B) 
Representative images of protein expres-
sion levels of 4 genes in nonmetastatic 
human colorectal cancer samples and 
human colorectal cancer with hepatic metas-
tases using immunohistochemistry staining.  
Scale bar: 50 μm.

Table 2
Immunohistochemistry analysis of protein expression in colorectal cancer using bivariate tests

	 	 Non-met	colon	cancer	 Met-primary	colon	cancer	 Met-liver	tumor	metastases
APOBEC3G Negative 32 (47%) 17 (24%) 14 (20%)
 Positive 36 (53%) 54 (76%)B 57 (80%)C

CD133 Negative 33 (49%) 18 (25%) 15 (21%)
 Positive 35 (51%) 53 (75%)B 56 (79%)C

LIPC Negative 41 (60%) 29 (41%) 20 (28%)
 Positive 27 (40%) 42 (59%)A 51 (72%)C

S100P Negative 34 (47%) 21 (30%) 20 (28%)
 Positive 34 (38%) 50 (70%)A 51 (72%)C

AP < 0.05. BP < 0.01. CP < 0.001. χ2 test was used. Met, metastatic; Non-met, nonmetastatic.
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ure 4D). Knocking down APOBEC3G in CaCO2 and DLD1 cells 
by shRNA (Figure 4E) significantly inhibited cell migration and 
invasion activity (Figure 4, F and G). In addition, ectopic expres-
sion of APOBEC3G in HCT116 and RKO significantly enhanced 
cell migration and invasion activity (Figure 4, F and G), suggest-
ing that increased APOBEC3G expression promotes the mobility 
of colon cancer cells.

APOBEC3G enhances colon cancer cell migration and invasion through 
restoration of MMP2 from inhibition of miR-29. MicroRNAs (miRNAs) 
are 20–22–nt regulatory RNAs that participate in the regulation 
of various biological functions including tumor development and 
metastasis (17, 18). APOBEC3G has been implied to be involved 
in the regulation of miRNAs (19–23). Thus, we asked whether 
APOBEC3G promotes colorectal cancer liver metastasis through 
regulation of miRNAs; we screened a miRNA PCR array includ-
ing approximately 90 miRNAs (SABiosciences). We found that 
miR-29 was downregulated and miR-126, 181c, 212, and 205 
were upregulated in APOBEC3G-overexpressed cells (Table 4). 
To further determine the metastasis-related genes that could be 
controlled by APOBEC3G-regulated miRNAs, we used a human 
tumor metastasis PCR array (SABiosciences) that included 84 
genes known to be involved in metastasis and found MMP2/3, 
KRAS, and Cathepsin K were regulated by APOBEC3G (Table 5). 
Then we used TargetScan software to search for the potential 
match between APOBEC3G-regulated miRNAs and their metas-
tasis target genes. MMP2, a metastasis activator, was identified 
as one of the potential mRNA targets for miR-29 (Figure 5A). To 
further determine whether MMP2 is indeed a miR-29 target, we 
used a luciferase reporter linked with 3′ UTR of MMP2 (miR-29 
binding site). We found that indeed ectopic expression of miR-
29 significantly decreased MMP2 luciferase activity (Figure 5A). 
In addition, knocking down miR-29 using oligonucleotides in 
SW620 cells enhanced MMP2 expression, whereas overexpressing 
miR-29 in L-1 cells reduced MMP2 expression, suggesting MMP2 
is suppressed by miR-29 (Figure 5B).

Furthermore, we inquired whether APOBEC3G expression 
could inhibit miR-29 activity and thereby derepress MMP2 
expression. We found that, compared with SW620 cells, miR-29 is 
downregulated, whereas MMP2 is upregulated in L-1 cells. Knock-
ing down miR-29 in SW620 cells led to increased MMP2 levels, 
whereas overexpression of miR-29 in L-1 cells led to decreased 
MMP2 levels (Figure 5B). Additionally, knocking down Apobec3G 
in L-1 cells resulted in increased miR-29 levels and decreased 
MMP2 mRNA and protein expression, which could be reversed 
by suppression of miR-29 (Figure 5, C and D). These data sug-
gest that APOBEC3G may promote MMP2 expression through 
downregulating miR-29. Next, we asked whether APOBEC3G-

mediated miR-29 downregulation and MMP2 upregulation con-
tributed to cell migration activity and cell invasion. We found 
that overexpressing APOBEC3G enhanced SW620 cell migration 
and invasion, which was reversed by increasing miR-29 or silenc-
ing MMP2 (Figure 5, E and F, and Supplemental Figure 6, A and 
B). Knocking down APOBEC3G reduced L-1 cell migration and 
invasion, which was reversed by repressing miR-29 or increasing 
MMP2 (Figure 5, G and H, and Supplemental Figure 6, C and D). 
Moreover, ectopic expression of miR-29 in L-1 cells also inhibited 
cell migration and invasion activity, which was restored by over-
expressing MMP2 (Supplemental Figure 6, E and F). However, 
knocking down either APOBEC3G or APOBEC3G and miR-29 
does not affect cell apoptosis and viability (Supplemental Figure 
7, A and B). Together, these results suggest that APOBEC3G over-
expression may promote colon cancer metastasis through dere-
pressing MMP2 from the inhibition of miR-29.

We then examined APOBEC3G and MMP2 expression in human 
colorectal cancer samples (Figure 6 and Table 6; total 88 cases, from 
stage I to IV) and found that MMP2 was correlated positively with 
APOBEC3G expression (P < 0.01). In addition, both high MMP2 
expression and high APOBEC3G expression were associated with 
high tumor stage (P < 0.05), supporting the idea that APOBEC3G 
and MMP2 may be involved in colorectal cancer progression.

Discussion
Metastasis is a complex series of steps in which cancer cells leave 
the original tumor site and migrate to a distant organ. Cer-
tain cancers tend to spread to specific organ sites; however, the 
underlying mechanism is not completely understood. Differ-
ent gene signatures may determine different organ targets with 
the involvement of metastatic microenvironment. For example, 
different sets of genes were identified to mediate breast cancer 
metastasis to either lung, bone, or brain (1, 9, 10, 24). A similar 
phenomenon was identified in colon cancer metastasis to lung 
and liver. Gene expression profiles that were either drawn from 
a colorectal cancer lung metastasis model using tail vein injec-
tion (25) or profiles generated from a cohort of colorectal cancer 
lung metastasis patient samples (26) exhibited distinct gene sig-
natures of colon cancer metastasis. Though those findings do 
not overlap with our newly identified gene signature of colorectal 
liver metastasis, the metastasis process of colon cancer cells to 
lung and to liver may require different sets of gene activation in 
response to specific microenvironment.

Recent studies also revealed that certain genes and signal-
ing pathways might play a role in colon cancer liver metastasis. 
Metastasis-associated in colon cancer-1 (Macc1) was identified as 
a key regulator of HGF-MET signaling and is able to enhance 

Table 3
Summary of immunohistochemistry analysis of protein expression in colorectal cancer using multiple logistic regression

	 	 Odds	ratio	(95%	CI)	 Odds	ratio	(95%	CI)
	 	 Met-colon	vs.	non-met	colon	 Liver	colon	vs.	non-met	colon
APOBEC3G Positive vs. negative 2.5 (1.2, 5.5)A 3.3 (1.4, 7.5)B

CD133 Positive vs. negative 3.0 (1.4, 6.4)B 4.5 (1.9, 10.5)C

LIPC Positive vs. negative 1.8 (0.9, 3.9) 4.4 (1.9, 9.9)C

S100P Positive vs. negative 2.4 (1.1, 5.1) 2.9 (1.2, 6.6)A

AP < 0.05. BP < 0.01. CP < 0.001.



research article

4532	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 11   November 2011

Figure 4
APOBEC3G enhances colon cancer cell invasion and migration. (A) Cells were infected with retroviral shRNAs against specific targets as indicat-
ed (si-APOBEC3G, si-CD133, si-LIPC, si-S100P) and then subjected to cell migration assay. *P < 0.05 compared with L-1–control cells. (B) Cells 
were infected with retroviral shRNAs and then subjected to cell invasion assay. *P < 0.05 compared with L-1–control cells. APO, APOBEC3G. (C) 
Percentage of proliferative cells was determined by BrdU-FITC. *P < 0.05. (D) Immunoblotting of APOBEC3G in multiple colon cancer cell lines. 
(E) Immunoblotting of APOBEC3G expression (upper panel) in cells expressing retroviral APOBEC3G shRNA and pMX-APOBEC3G (lower 
panel). (F) Cells expressing APOBEC3G shRNA or pMX-APOBEC3G were subjected to cell migration assay. *P < 0.05 compared with control 
cells. (G) Cells expressing retroviral APOBEC3G shRNA or pMX-APOBEC3G were subjected to cell migration assay. *P < 0.05 compared with 
control cells. Bars show the mean value of the representative results from 3 experiments, each conducted in duplicate (± SD).
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colon cancer cell migration in vitro and liver metastasis in mouse 
model (13). Another report indicates that the Notch pathway 
might be involved in colon cancer liver metastasis, as one metas-
tasis suppressor gene AES (or GRG5) could repress colon cancer 
metastasis through Notch inhibition (14). In addition, TGF-β/
Smad4 signaling was found to suppresses colon cancer metastasis 
in mice (12), while Smad7 could enhance colorectal cancer hepat-
ic metastasis (15). Thus, the balance between Smad4/Smad7 and 
the TGF-β pathway in colorectal cancer may be critical for the 
metastatic process. It is speculated that the combination of some 
or all these signatures involved in colorectal cancer liver metasta-
sis could better predict liver metastasis and patient survival. As 
shown in Figure 2 and Supplemental Figure 5, multiple genes are 
required to produce optimal effects in liver metastasis mediated 
by the group A genes. Since colon cancer is heterogeneous, it is 
conceivable that different sets of genes may cooperate with each 
other to induce liver metastasis.

In this current study, we separated 2 specific colorectal cancer 
cell lines with enriched metastatic activity to the liver by ortho-
topic injection and in vivo selection and further identified a set of 
genes, including APOBEC3G, CD133, LIPC, and S100P, which are 
essential for colorectal cancer liver metastasis. Among these genes, 
S100P has been shown to regulate calcium signal transduction, 
to mediate cytoskeletal interaction, and is correlated with poor 
prognosis in lung and breast cancer (27–29). Recently, studies 
have suggested that S100P may play a role in colon cancer growth 
and metastasis (30, 31), although the underlying molecular 
mechanism of S100P-mediated metastasis needs to be further 
investigated. CD133 is highly expressed in normal early progeni-
tors (32) and has been used as a marker for a subpopulation of 
highly tumorigenic, undifferentiated cells in brain, colon, and 
other cancers (33, 34). Previous studies have indicated that high 
CD133 expression is related to a high incidence of metastasis in 
cholangiocarcinoma and melanoma, thereby identifying CD133 
as a potential metastasis-related gene (35, 36). However, the role 
of CD133 in metastatic colon cancer and as a stem cell marker 
is still controversial, since evidence shows that CD133-negative 
colon cancer cells can still generate tumors and can be found in 
some liver metastasis of colon cancer (37, 38). In this study, we 
collected a relatively large cohort of human liver metastasis sam-
ples from colon cancer patients and found that CD133 expression 
was indeed correlated with incidence of liver metastasis (Figure 
3B). Multivariate analysis also revealed that high expression of 
CD133 could be a molecular marker of liver metastasis in colon 
cancer patients (Table 3). However, questions regarding how 
CD133 is involved in metastasis and in which cancer stages, how 
CD133 expression is regulated, and what controls the transition 
of CD133+ to CD133– cells remain to be addressed.

Lipase C (LIPC) is a hydrolase enzyme and ligand/bridging fac-
tor for receptor-mediated lipoprotein uptake and is involved in 
lipoprotein and cytokine homeostasis (39, 40). A recent study also 
implicates a role for monoacylglycerol lipase in promoting tumor 
growth, migration, and invasion, as this lipase translates lipogenic 
phenotype to oncogenic signals in tumor cells (41). Consistent 
with that report, our current study demonstrates that LIPC, is 
involved in colon cancer liver metastasis. Together, these results 
suggest lipase could be a new family of metastasis-related genes.

Notably, to the best of our knowledge, this is the first time it has 
been shown that APOBEC3G, a gene involved in RNA editing, is 
able to promote tumor metastasis. Previous reports have shown 
that APOBEC3G can counteract the inhibition of protein synthe-
sis mediated by various miRNAs through releasing target mRNA 
from bound miRNA in P bodies and thereby enhances expression 
level of the miRNA-targeted mRNA (19, 20). Our results further 
suggest that APOBEC3G may downregulate miR-29 expression 
and hamper miR-29 activity in repressing MMP2 (Figure 5). 
Though how APOBEC3G regulates miR-29 expression remains 
to be investigated, downregulation of miR-29 has been reported 
in aggressive leukemia and colon and breast cancer (42–44). This 
newly identified APOBEC3G/miR-29/MMP2 pathway may help 
open up a new avenue for understanding colorectal cancer liver 
metastasis and for the development of effective therapeutics for 
the treatment of advanced colon cancers.

Methods
Colorectal cancer hepatic metastasis animal model. The parental SW480 and 
SW620 cell lines were obtained from ATCC. Cells were grown in DMEM/
F12 medium supplemented with 10% FBS and stably transfected with 
luciferase. We used 6-week-old nude mice for the orthotopic tumor model. 
For liver metastasis formation, 5 × 105 viable cells were washed and har-
vested in PBS and then inoculated into the cecum of the nude mice after 
the laparotomy. The growth and metastasis of the tumors were monitored 
by weekly bioluminescence imaging using the IVIS imaging system (45) 
(Xenogen). Endpoint assays were conducted 12 weeks after the inoculation 
unless animal sacrifice was required because of significant morbidity.

Isolation of hepatic metastatic cells. SW620 cells were inoculated in the cecum 
of the nude mice. Eight weeks later, 2 hepatic metastatic lesions (L-1 and 
L-2) were detected in 1 mouse by ex vivo bioluminescence imaging and 
then resected under sterile conditions. Half of the tissue was fixed with 
4% paraformaldehyde for histologic analysis. The other half of the tissue 
was minced and placed in DMEM/F12-cultured medium with 0.125% col-
lagenase for 3 hours and then centrifuged for 1 minute. Next, cells were 
resuspended in 0.25% trypsin for 15 minutes at 37°C and then grown in 
DMEM/F12-cultured medium with 10% FBS for further propagation.

RNA isolation and microarray hybridization. For each cell line, total RNA 
was extracted using the RNeasy Mini Kit (QIAGEN) and eluted with 
RNase-free water plus disposable tissue grinder (VWR). We used 5 mm of 
total RNA for first- and second-strand cDNA synthesis with an oligo-dT–

Table 4
APOBEC3G overexpression–induced miRNA expression change

Upregulation	 Downregulation
miR-205 miR-29a
miR-212 
miR-126 
miR-181c 

Expression change, ≥4-fold; P < 0.05.

Table 5
APOBEC3G overexpression–induced cDNA expression change

Upregulation	 Downregulation
MMP2 Cathepsin K
MMP3 
KRAS 

Expression change, ≥4-fold; P < 0.05.
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containing T7 promoter. Synthesized double-stranded cDNA was then 
used as the template to generate biotin-labeled RNA using the One-Cycle 
Target Labeling and Control Reagents Kit (Affymetrix). Biotin-labeled 
RNA was broken into 35- to 200-base fragments in size using frag-
mentation buffer and then assessed by hybridization using the U133A 
GeneChip (Affymetrix). After hybridization, each array was stained in a 
GeneChip Fluidics Station 450 (Affymetrix) and then scanned for gene 
expression analysis using the GeneChip Operating System (Affymetrix). 
Statistical group comparison was performed to find genes with signifi-
cant differences (P < 0.05) in mean expression levels between any 2 groups 
as shown in Figure 1D. The gene expression profiles of different cells were 
confirmed by RT-PCR, real-time PCR, and Western blotting using the 
following antibodies: rabbit anti-CD133 (Abcam), rabbit anti-Apobec3G 
(Proteintech Group), mouse S100P (BD Biosciences), mouse anti-IFITM3 

(Abnova), mouse ATP1B1 (GeneTex), rabbit anti-Calb1 (Sigma-Aldrich), 
mouse anti-LipC (Santa Cruz Biotechnology Inc.), mouse anti-Lerk5 
(Abnova), and rabbit anti-IGFBP2 (Abcam).

Real-time PCR. Total RNAs were extracted from cells by using RNeasy 
Kit (QIAGEN). RNAs were reverse-transcribed by using Superscript II Kit 
(Invitrogen). Results were analyzed by the iCycler (Bio-Rad), and relative 
quantification of RNA levels was normalized to GAPDH as CT (difference 
of cycling threshold) = CT (target) – CT (control). Higher CT values indi-
cate relatively lower expression RNA levels.

cDNA expression and shRNA expression constructs for retroviral infection. cDNA 
of the specific genes was constructed in pMX-EGFP vectors. siRNAs against 
specific targets were annealed and inserted into pRsuper vectors (Orbigen). 
The indicated cell lines were infected with the supernatant of Phoenix 
Ampho cells (Orbigen) that had been transfected with the shRNAs with 

Figure 5
APOBEC3G enhances colon cancer cell migration and invasion through restoration of MMP2 from the inhibition of miR-29. (A) Sequence align-
ment for miRNA-29 and its mRNA target MMP2 using TargetScan software. Square shows miR-29 consensus target sequence (left). Luciferase 
activity of pMIR-Report construct containing 3′ UTR of MMP2 miR-29 binding site was measured in 293 cells overexpressing miR-29 (right).  
*P < 0.05. (B) miR-29 and MMP2 mRNA levels in SW620 cells expressing miR-29 antagomir (si-miR-29) and L-1 cells expressing miR-29 precur-
sor using quantitative PCR. (C) miR-29 and MMP2 mRNA levels in SW620 cells, L-1 cells expressing retroviral APOBEC-shRNA (si-APO) and 
si-miR-29 using quantitative PCR. (D) Immunoblotting was performed in L-1 cells knocking down APOBEC3G or miR-29 to examine mRNA and 
protein expression of the indicated genes. Wound healing assay was performed in (E) SW620 cells and (G) L-1 cells expressing the indicated 
constructs or oligonucleotides to measure cell migrating distance for 48 hours. The number of invasive cells was determined in (F) SW620 cells 
and (H) L-1 cells expressing the indicated constructs or oligonucleotides. Bars show the mean value of the representative results from 3 experi-
ments, each conducted in duplicate (± SD).
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pRsuper vector or cDNAs with pMX vector for 48 hours. All procedures 
were performed as described in Orbigen’s user manual. The efficiency of 
the knockdown was confirmed by Western blotting with the specific anti-
bodies. pMX-EGFP or pRsuper vectors were infected with the parental cells 
SW620 and/or L-1 as controls.

Luciferase assay and miR-29 oligonucleotides. pMIR-report firefly lucifer-
ase plasmid (Ambion) was inserted with MMP2-derived miR-29 binding 
site into 3′ UTR. Reporters were transfected to 293 cells, and transfec-
tion efficiency was corrected by Renilla luciferase cotransfection. miR-
29a precursor and miR-29a antagomir were purchased from Ambion 
and used according to the manufacturer’s instructions.

BrdU flow cytometry analysis. Cells were transfected with different retrovi-
ral RNA interference (RNAi), as indicated in Figure 4, or stained with anti-
CD133 antibody (Miltenyi Biotec), as indicated in Supplemental Figure 2. 
The cells were then fixed, permeabilized, and stained with BrdU and 7-AAD 
using the BrdU Flow Kit (BD Biosciences). Immunofluorescence was evalu-
ated using FACS Canto II (BD Biosciences) and analyzed using the FCS3 
Express Research Lite edition (De Novo Software).

Cell motility assay and invasion assay. A cell motility assay using time-
lapse microscopy was performed using the Axiovert 200 with a cell 
observer (Zeiss), AxioCam (Zeiss), with a cell observer (Zeiss) and 
AxioCam (Zeiss) at the incubator/heating stage. Cells infected with dif-
ferent retroviral RNAi against specific targeted genes were cultured on 
12-well plates to about 80% confluence, and then the confluent cell 
monolayer was wounded using a vitreous pin that delivered a precise 
scratch. Cells were washed once with normal growth medium and then 
kept at a constant temperature of 37°C in 5% 
CO2 under microscopy. Images of the extent 
of wound healing were captured at inter-
vals ranging from 30 minutes to 48 hours. 
Each assay was repeated at least twice. Cell 
invasion was examined as described before, 
with some modifications. Briefly, cells were 
infected with different retroviral shRNA 
against specific targeted genes, placed in 
the precoated upper chamber of the 24-well 
Transwell permeable plates (Corning), with 
a cell concentration of 1 × 105/well, and cul-
tured with serum-free DMEM at 37°C in 5% 
CO2 for 48 or 72 hours. The lower chamber 
contained normal DMEM with 10% FBS. 

After incubation, the filters were fixed with 3% glutaraldehyde in PBS 
and stained with Giemsa (Fisher Scientific). The cells on the upper sur-
face of the filter were removed by wiping with a cotton swab, and che-
moinvasive activity was determined by counting the number of cells per 
3 high-power fields (HPFs) (magnification, ×200) that had migrated to 
the lower side of the filter. Each sample was assayed in duplicate, and 
assays were repeated at least twice.

Immunohistochemical staining. Surgically resected human colorectal cancer 
samples with paired hepatic metastasis samples were collected from Union 
Hospital, the Affiliated Hospital of Medical College, National Cheng Kung 
University Hospital, China Medical University and Hospital, and the Uni-
versity of Texas MD Anderson Cancer Center. Colorectal cancer tissue 
microarray slides (COC1502 and A203) were purchased from Pantomics 
and AccuMAX. For immunohistochemical staining of the human colorectal 
and hepatic tumor tissues, each sample was stained with specific antibodies 
and scored using the H-score method, which combines the immunoreac-
tions intensity values and the percentage of tumor cell staining (46).

Accession number. Microarray data are deposited in the GEO archive 
(GSE30687).

Statistics. We used the χ2 test to analyze the relationship between hepat-
ic metastasis and the expression levels of APOBEC3G, CD133, LIPC, and 
S100P in 146 primary colorectal cancer and hepatic metastasis samples. 
ANOVA was employed to compare the differences among multiple cell 
lines treated as indicated for metastasis analysis. Statistical analysis and 
graphs were performed using SPSS software, and the level of significance 
was set at P < 0.05.

Figure 6
APOBEC3G expression is correlated with MMP2 expression and tumor 
stage in primary colorectal cancer samples. Representative staining of 
APOBEC3G and MMP2 in colorectal cancer samples. Case 1 is a rep-
resentative specimen with a low level or no expression of APOBEC3G 
and MMP2; case 2 is a representative specimen with a high level of 
APOBEC3G and MMP2. Scale bar: 50 μm.

Table 6
APOBEC3G expression is correlated with MMP2 expression and tumor stage in primary 
colorectal cancer samples

Colon	cancer	 APOBEC3G	 APOBEC3G	 MMP2	 MMP2	 Total
stage	 Positive	(+)	 Negative	(–)	 Positive	(+)	 Negative	(–)
I 6 19 5 20 25
II 10 13 11 12 23
III 12 8 12 8 20
IV 16 4 15 5 20

APOBEC3G and MMP2 expression were detected in 88 human colorectal cancer specimens by 
immunohistochemistry staining. Summary of APOBEC3G and MMP2 levels in total examined human 
tumor samples and their relationship with tumor stage are demonstrated.
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Study approval. All animal procedures were approved by the Institutional 
Animal Care and Use Committee (IACUC) at MD Anderson Cancer Center. 
Resected human colorectal cancer samples with paired hepatic metastasis 
were obtained under the guidelines of the respective institutional review 
boards of Union Hospital, the Affiliated Hospital of Medical College, 
National Cheng Kung University Hospital, the China Medical University 
Hospital, and the University of Texas MD Anderson Cancer Center. Tumor 
samples were acquired from cancer patients with informed consent (IRB 
protocol LAB02-631, MD Anderson Cancer Center).
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