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The	proprotein	convertases	(PCs)	are	implicated	in	the	activation	of	various	precursor	proteins	that	play	an	
important	role	in	tumor	cell	metastasis.	Here,	we	report	their	involvement	in	the	regulation	of	the	metastatic	
potential	of	colorectal	tumor	cells.	PC	function	in	the	human	and	murine	colon	carcinoma	cell	lines	HT-29	and	
CT-26,	respectively,	was	inhibited	using	siRNA	targeting	the	PCs	furin,	PACE4,	PC5,	and	PC7	or	by	overexpres-
sion	of	the	general	PC	inhibitor	α1-antitrypsin	Portland	(α1-PDX).	We	found	that	overexpression	of	α1-PDX	
and	knockdown	of	furin	expression	inhibited	processing	of	IGF-1	receptor	and	its	subsequent	activation	by	
IGF-1	to	induce	IRS-1	and	Akt	phosphorylation,	all	important	in	colon	carcinoma	metastasis.	These	data	sug-
gest	that	the	PC	furin	is	a	major	IGF-1	receptor	convertase.	Expression	of	α1-PDX	reduced	the	production	of	
TNF-α	and	IL-1α	by	human	colon	carcinoma	cells,	and	incubation	of	murine	liver	endothelial	cells	with	con-
ditioned	media	derived	from	these	cells	failed	to	induce	tumor	cell	adhesion	to	activated	murine	endothelial	
cells,	a	critical	step	in	metastatic	invasion.	Furthermore,	colon	carcinoma	cells	in	which	PC	activity	was	inhib-
ited	by	overexpression	of	α1-PDX	when	injected	into	the	portal	vein	of	mice	showed	a	significantly	reduced	
ability	to	form	liver	metastases.	This	suggests	that	inhibition	of	PCs	is	a	potentially	promising	strategy	for	the	
prevention	of	colorectal	liver	metastasis.

Introduction
Although the liver is a common site for metastases from various 
forms of primary tumors, isolated hepatic metastases most com-
monly occur from colorectal cancer (1, 2). The hepatic resection for 
metastatic tumors from colorectal cancer remains the only cura-
tive option, and systemic or intra-arterial hepatic chemotherapy 
constitutes an alternative in some cases for patients with unresect-
able disease (1–4). However, the significance of hepatic resection 
for gastric metastasis has been controversial (1, 3). Thereby, better 
understanding of the cell and molecular biology of liver colorectal 
metastasis will facilitate the development of new efficient drugs 
and strategies that could supplement the conventional ones.

Cancer metastasis is a complex, dynamic process involving mul-
tiple interactions between the disseminating cancer cells and their 
rapidly changing microenvironments leading to the activation 
and/or expression of various molecules that initiate the establish-
ment of metastasis. To successfully give rise to a liver metastatic 
colony, a cell or group of tumor cells must detach from the pri-
mary tumor, migrate, and invade the local host tissue. The formed 
lesion can itself become a disseminating cell source that gives rise 
to secondary and tertiary metastasis. These processes are mediated 
by molecular interactions resulting from deregulated expression 
and/or function of adhesion receptors, ECM-degrading protein-
ases, and growth-promoting factors and their receptors, thereby 
affecting cell-cell and cell-ECM communication. It is now well 

established that the liver induction of cytokines and several adhe-
sion molecules, particularly E-selectin, during interaction between 
liver cells and circulating colon cancer cells is one of the major 
early molecular events leading to liver colorectal metastasis (5–8). 
Compared with low metastatic or nonmetastatic colon cancer 
cells, only the arrest of highly metastatic ones in the hepatic cir-
culation was found to cause this cascade of events. The latter start 
with a rapid release of several cytokines such as TNF-α and IL-1 
that in turn stimulate the expression of E-selectin and other adhe-
sion molecules on hepatic endothelial cells, leading to enhanced 
tumor cell adhesion in the liver (5–8). Subsequently, the survival 
and growth of metastatic cells following their adhesion is main-
tained by the overexpression and/or increased activity of other 
molecules such as IGF-1 receptor (IGF-1R) and its ligands IGF-1 
and/or IGF-2 (9, 10). These molecules are frequently expressed in 
human colon cancers and have been implicated in the induction 
and maintenance of the malignant phenotype and in the control 
of cellular functions that impact on tumor angiogenesis, inva-
sion, and metastasis, such as preventing apoptosis and enhancing 
cell proliferation (9–12). Previously, various studies reported that 
IGF-1 signaling, particularly the Akt pathway, was involved at each 
stage of cancer progression, including malignant transformation, 
tumor growth, and angiogenesis; local invasion; distant metasta-
ses; and resistance to various treatments (13).

The majority of proteins affecting the metastatic character of 
tumor cells, including colon cancer cells such as adhesion mol-
ecules, growth factors, growth factor receptors, and metallopro-
teinases, are synthesized as inactive precursor proteins that are 
converted to their bioactive forms by one or more of the 7 known 
kexin-like proprotein convertase (PC) family members, namely 

Nonstandard	abbreviations	used: IGF-1R, IGF-1 receptor; PC, proprotein  
convertase; Rt, retention time.
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Figure 1
Inhibition of PC activity in HT-29 and CT-26 colon cancer cells. (A) RT-PCR analysis was performed on RNA extracted from the colon cancer 
cells HT-29 and CT-26 and the same cells that express the PC inhibitor α1-PDX (HT-29/PDX and CT-26/PDX) using furin, PACE4, PC5, PC7, 
and GAPDH-specific primers. All these PCs were present in HT-26 and HT-29/PDX cells, whereas CT-26 and CT-26/PDX cells lacked the 
expression of PC5 and PACE4. (B–E) PDGF-A and IGF-1R processing was analyzed in the indicated cells by Western blotting using an anti-V5 
(B and C) and anti–IGF-1R antibody (D and E), respectively. Note that α1-PDX inhibited the processing of these PC substrates, and only furin 
mediated complete rescue. Bars denote the corresponding percentages of pro-PDGF-A and pro-IGF-1R accumulation. Values are mean ± SEM 
(n = 3 per group). *P < 0.005; **P < 0.0002.
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PC1, PC2, furin, PC4, PC5, PACE4, and PC7 (14–16). Previously, 
elevated levels of various convertases were reported to be associ-
ated with several cancers, and altered liver PC1 and PC2 expression 
was directly linked to liver colorectal metastasis (17). In this study 
we demonstrate the potential use of PCs as new targets in the 
treatment of liver colorectal metastasis through inhibition of the 
expression and/or activation of several proteins involved in early 
and late events required for liver colorectal metastasis.

Results
Inhibition of PC activity in colon cancer cells. To investigate whether 
the inhibition of PC activity in the colon carcinoma cells HT-29 
and CT-26 will affect their ability to mediate PC substrate process-
ing, we used the general PC inhibitor α1-PDX, which blocks the 
activity of all the PCs found in the secretory pathway — namely 
furin, PC5, PACE4, and PC7 — and siRNAs to knock down the 
expression of these PCs.

Using specific primers for furin, PACE4, PC5 and PC7, RT-PCR 
analysis revealed that while all these convertases were expressed in 
HT-29 cells and in HT-29 cells expressing α1-PDX (HT-29/PDX cells), 
CT-26 and CT-26/PDX cells lacked the expression of PACE4 and 
PC5 (Figure 1A). To assess the inhibition of the PCs in HT-29/PDX  
and CT-26/PDX cells, we analyzed the processing of 2 PC sub-
strates, PDGF-A (Figure 1, B and C) and IGF-1R (Figure 1,  
D and E). These cells did not produce PDGF-A, whereas both cell 
lines expressed IGF-1R. PDGF-A is a good substrate that we used 
to analyze the endogenous activity of the PCs in these cells (18). 
Thereby, inhibition of proPDGF-A processing is a good indica-
tor of lack of PC activity. Indeed, immunoblotting analysis of cell 
lysates derived from HT-29/PDX (Figure 1B) and CT-26/PDX 
(Figure 1C) cells transfected with a cDNA coding for proPDGF-A 

revealed that contrary to controls, these cells were unable to pro-
cess significantly proPDGF-A, as demonstrated by the accumula-
tion of its unprocessed form (~24 kDa) and the reduction of its 
mature form (~15 kDa; Figure 1, B and C, lane 4). Expression of 
furin, PACE4, PC5, or PC7 in HT-29/PDX and CT-26/PDX (Figure 
1, B and C, lanes 5–8) cells revealed that only the furin was able 
to mediate complete rescue of PC activity in these cells. Similarly, 
using a specific IGF-1R antibody, we found that the processing 
of endogenous proIGF-1R was also blocked in HT-29/PDX and 
CT-26/PDX cells (Figure 1, D and E, lane 2), as shown by the 
accumulation of the precursor form (~200 kDa) and reduction 
of the mature form (~100 kDa) of IGF-1R. Expression of vari-
ous PCs in HT-29/PDX and CT-26/PDX (Figure 1, D and E, lanes 
3–6) revealed only furin restored the processing of proIGF-1R in 
these cells. These data demonstrate that the activity of the PCs in  
HT-29/PDX and CT-26/PDX cells is blocked.

PC blockade inhibits IGF-1–induced IGF-1R, IRS-1, and Akt phosphory-
lation. IGF-1R regulates multiple cellular functions affecting the 
metastatic phenotype of colon cancer cells. Suppression of IGF-1R 
expression or function by various strategies that affect its down-
stream effectors was previously reported to inhibit IGF-1–induced 
tumor growth and the formation of experimental liver metastases 
(19). Upon ligand binding, IGF-1R undergoes autophosphoryla-
tion on tyrosine residues of the 2 β subunits that leads to activation 
of the adaptor protein IRS-1. Activation of IRS-1 further causes a 
phosphorylation cascade, which includes downstream kinases 
such as Akt (13, 19). Previous studies revealed that Akt activation 
promotes metastasis in a mouse model, and directly targeting its 
activity on tumor cells was suggested as a potential effective ther-
apy (20, 21). To examine whether inhibition of IGF-1R processing 
affects IGF-1–mediated IGF-1R, IRS-1, and Akt phosphorylation, 
proteins were examined following 10 minutes’ incubation of tumor 
cells with IGF-1. Analysis of cells kept in serum-free media condi-
tion prior to stimulation with IGF-1 revealed a detectable level of 
phosphorylated IGF-1R and IRS-1 (Figure 2, A and B), probably due 
to the effects of autocrine action of IGF-1 and IGF-2 on IGF-1R pre-
viously described in these cells (22, 23). In cells expressing α1-PDX,  
we observed a reduction of the basal level of phosphorylated pro-
teins, and their phosphorylation was insensitive to IGF-1 (Figure 2, 
A and B). To determine whether inhibition of IGF-1R processing by 
α1-PDX was capable of preventing signals transduced from IGF-1 
through its receptor to Akt, tumor cells were incubated with IGF-1 
and analyzed for Akt phosphorylation. While IGF-1 induced phos-
phorylation of this downstream kinase in control cells, expression of 
α1-PDX reduced basal Akt phosphorylation and prevented IGF-1– 
mediated Akt phosphorylation (Figure 2C).

Effect of siRNA-mediated PC silencing on IGF-1R processing and IGF-1– 
induced Akt phosphorylation. RNA interference by siRNA is a process 
in which double-stranded RNA complexes can target specific genes 

Figure 2
PC blockade inhibits IGF-1–induced IGF-1R, IRS-1, and Akt phosphory-
lation. Serum-starved cells were stimulated for 10 minutes with 50 ng/ml  
IGF-1, and cell lysates were subjected to immunoprecipitation 
with either an anti–IGF-1R (A) or an anti–IRS-1 antibody (B). 
Immunoprecipitates were immunoblotted with anti-phosphotyrosine. 
(C) Cell lysates of IGF-1–activated cells were subjected to Western 
blotting with anti–phospho-Akt. The blots were stripped and reprobed 
with anti-actin or anti-Akt for data normalization. Results shown are 
representative of 3 experiments.
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of homology for silencing. By introducing shorter synthetic duplex 
RNAs through transfection, siRNAs allow genes in cultured cells to 
be silenced (24). To confirm the endogenous processing of IGF-1R 
by the PCs and identify the convertase(s) involved in this processes, 
we used siRNAs to knock down the expression of furin, PC5, PACE4, 
or PC7 and examined IGF-1R processing and IGF-1–induced Akt 
phosphorylation in siRNA-transfected cells. To analyze the expres-
sion of every convertase, cells were first transfected with their cor-
responding siRNAs either individually (100 nM) or as a pool of 4 
siRNA (25 nM each). The 4 siRNAs used against furin, PC5, PACE4, 
or PC7 suppressed their expression with varying degrees of efficacy 
(data not shown). In Figure 3A, only the most effective siRNAs 
against furin, PC5, PACE4, or PC7 are represented. Of these, only 
siRNA against furin caused an accumulation of the unprocessed 
form of IGF-1R (Figure 3B, lane 2). Accordingly, following trans-
fection of cells with siRNA against furin, PC5, PACE4, or PC7 and 
incubation with IGF-1, only siRNA against furin reduced IGF-1–
induced Akt phosphorylation (Figure 3C, lane 2).

Inhibition of PC activity alter E-selectin–dependent adhesion of tumor cells 
to endothelial cells. Adhesion of tumor cells on the vascular endothe-
lium is a critical step of the metastatic invasion processes, particu-
larly in the liver. Previously, various tumor cells including colon 
carcinoma cells were reported to release soluble factors capable of 
upregulating cell adhesion molecules expression on endothelial 

cells, including E-selectin, leading to tumor cells’ adhesion on 
these cells (25, 26). To investigate whether inhibition of PC in colon 
cancer cells will affect these processes, murine hepatic sinusoidal 
endothelial cells were incubated with TNF-α or media derived from 
HT-29 or HT-29/PDX cells, and E-selection expression was analyzed 
by RT-PCR. As illustrated in Figure 4A, incubation of endothelial 
cells with TNF-α or media derived from control cells for 4 hours 
significantly induced E-selectin expression compared with media 
derived from tumor cells expressing α1-PDX. Using an adhesion 
assay, we found that the expression of E-selectin correlated with 
increased adhesion of HT-29 cells to endothelial cells. After 1 hour, 
the number of tumor cells that adhered to endothelial cells express-
ing E-selectin following activation with TNF-α or media derived 
from control tumor cells was up to 3.5-fold and 2.5-fold higher, 
respectively (Figure 4B). In contrast, media derived from HT-29/
PDX cells failed to significantly induce these processes (Figure 
4B). An anti–E-selectin neutralizing antibody decreased the adhe-
sion of tumor cells to the activated endothelial cells (Figure 4B), 
confirming that colon cancer cells adhere to activated endothelial 
cells in an E-selectin–dependent manner. These results indicate the 
importance of PCs in the generation of active soluble molecules 
responsible for the induction of E-selectin expression and subse-
quent tumor cell adhesion on endothelial cells.

Decreased cytokine levels in tumor cells expressing α1-PDX. The effect of 
PC inhibition on cytokine production by tumor cells was analyzed 
by RT-PCR and ELISA. Figure 4C shows that TNF-α and IL-1α  
expressed by HT-29 cells was dramatically reduced by α1-PDX 
at the RNA level in these cells. Similarly, at the protein level, the 
amount of TNF-α and IL-1α found in media of control cells col-
lected 24 and 48 hours following incubation of cells in serum-free 
media was dramatically decreased in cells expressing α1-PDX, as 
determined by ELISA (Figure 4, D and E).

Inhibition of PCs attenuates induction of hepatic TNF-α expression in 
response to intrasplenic/portal inoculation of tumor cells. Previously, we 
have shown that only metastatic tumor cells entering the liver 
trigger a proinflammatory response that mediates the release of 
TNF-α and the upregulation of E-selectin (6, 7). To assess whether 
inhibition of PC activity in colon cancer cells affects their ability 
to induce TNF-α expression in vivo, the colon cancer cells CT-26, 
HT-29, CT-26/PDX, or HT-29/PDX were injected in the intras-
plenic/portal route of mice. Livers were removed at indicated time 
periods and analyzed for TNF-α expression. After intrasplenic/
portal injection of control HT-29 cells (Figure 5A) or CT-26 cells 
(Figure 5B), there was a rapid increase in hepatic TNF-α mRNA 
expression. This increase was already detectable at 60 minutes. 

Figure 3
siRNA-mediated PC silencing on IGF-1R processing and IGF-1–
induced Akt phosphorylation. (A) RT-PCR analysis was performed on 
RNA extracted from HT-29 cells transfected with siRNA against furin, 
PC5, PACE4, or PC7. Note the downregulation of indicated PCs by 
their corresponding siRNA. (B) Western blotting analysis of IGF-1R  
processing in HT-29 cells transfected with the indicated siRNAs revealed 
that only siRNA against furin inhibited the processing of IGF-1R.  
(C) Serum-starved cells transfected with the indicated siRNAs were 
stimulated for 10 minutes with 50 ng/ml IGF-1 and cell lysates were 
subjected to Western blotting using anti–phospho-Akt. Note that only 
silencing of furin by siRNA significantly affected Akt phosphorylation. 
The blots were stripped and re-probed with anti-Akt for data normaliza-
tion. Results shown are representative of 3 experiments.
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Expression of TNF-α mRNA remained for up to 24 hours after 
tumor inoculation. Injection of CT-26/PDX or HT-29/PDX 
revealed a delayed and/or reduced induction of TNF-α mRNA 
expression (Figure 5, A and B). To analyze changes in hepatic 
TNF-α protein synthesis in response to tumor cells, Western blot 
and immunohistochemistry analyses were performed on liver 
extracts following 19-hour tumor cell injection. In livers obtained 
from mice injected with tumor cells expressing α1-PDX, weak 
expression (Figure 5C) and staining for TNF-α (Figure 5D) were 
observed compared with the increased TNF-α expression in livers 
obtained from control tumor cell–injected mice (Figure 5, C and 
D). No staining was expressed in saline-injected mice.

Inhibition of PCs attenuates induction of E-selectin expression in response 
to intrasplenic/portal inoculation of tumor cells. After injection of CT-26  
or HT-29 cells, the increase in TNF-α expression was associated 
with an increase in E-selectin mRNA expression, which was mea-
surable at 1–2 hours, reached maximal levels at 2–6 hours, and 
declined 8–12 hours after HT-29 (Figure 6A) and CT-26 (Figure 6B)  
cell inoculation. In contrast, in CT-26/PDX– or HT-29/PDX–
injected mice, the expression levels of E-selectin were delayed and/
or lower and declined earlier compared with those observed in 
HT-29 or CT-26-injeced mice (Figure 6, A and B). Similarly, using 
an anti–E-selectin antibody, Western blot analysis (Figure 6C) and 
immunohistochemistry (Figure 6D) performed on livers obtained 
from tumor cell–injected mice revealed the inability of CT-26/PDX 
and HT-29/PDX cells to adequately induce hepatic E-selectin 
expression compared with controls (Figure 6, C and D).

PC blockade prevents tumor growth and experimental colorectal liver 
metastasis. To assess the role of the PCs on tumor growth and metas-
tasis, we used the colon carcinoma cells CT-26 and HT-29. As previ-
ously observed with HT-29 cells (12), inhibition of the PCs in CT-26 

cells reduced their ability to induce tumor growth in nude mice, 
confirming the importance of the PCs in the malignant phenotype 
of tumor cells (Figure 7). We then tested the effect of PC inhibition 
on the ability of HT-29 and CT-26 cells to colonize the liver. HT-29,  
CT-26, HT-29/PDX, or CT-26/PDX cells were injected in mice 
through the intrasplenic/portal route. At 2 weeks after injection of 
CT-26 and CT-26/PDX cells and 4 weeks after injection of HT-29 
and HT-29/PDX cells, the livers were removed and the number of 
metastases was determined (Figure 8 and Table 1). In mice inoculat-
ed with tumor cells, the number of hepatic metastases was reduced 
by 50% (P < 0.001) and 75% (P < 0.001) in HT-29/PDX– and CT-26/
PDX–injected mice, respectively, relative to control animals (Mann-
Whitney test; Table 1). To analyze the effect of PC inhibition on 
vessel formation in metastatic livers, tumor sections derived from 
mice inoculated with control cells or cells expressing α1-PDX were 
stained with antibody against mouse CD-31. Results shown in Fig-
ure 8B reveal decreased formation of vessels in HT-29/PDX–induced 
hepatic metastases compared with control HT-29 tumors.

PC activity in colon cancer–derived hepatic metastases. To evaluate the 
PC activity in metastatic livers, tumor cells were injected in mice 
through the intrasplenic/portal route. After 2 or 4 weeks the livers 
were removed and lysed, and PC activity was analyzed by assessing 
the ability of liver-derived protein extracts to cleave the intramo-
lecularly quenched fluorogenic peptide Q-h-VEGF-C that contains 
the PC cleavage site of VEGF-C (HSIIRR227SL; ref. 27). In parallel, in 
these protein extracts the endogenous processing of IGF-1R was also 
examined. The results in Figure 9 revealed that the extent of cleavage 
of Q-h-VEGF-C by protein extracts of HT-29– or CT-26–derived met-
astatic livers was higher than that of HT-29/PDX– or CT-26/PDX–
derived metastases (Figure 9A), revealing the inhibition of the PC 
activity in HT-29/PDX– and CT-26/PDX–injected mouse livers. Mass 

Figure 4
Inhibition of PC activity alter E-selectin–dependent adhesion of tumor cells to endothelial cells and cytokine production. (A) RT-PCR analysis was 
performed on RNA extracted from liver sinusoidal endothelial cells activated with TNF-α (10 ng/ml, positive control) or media derived from HT-29 
or HT-29/PDX cells using E-selectin and GAPDH-specific primers. Note that media derived from HT-29/PDX cells failed to significantly induce  
E-selectin expression compared with media derived from HT-29 cells or TNF-α. (B) To test the effect of PC inhibition on tumor–endothelial 
cell adhesion, tumor cells were labeled with calcein and left to adhere to TNF-α (10 ng/ml) or tumor cell–derived, conditioned media–activated 
endothelial layer in the presence or absence of an anti–E-selectin neutralizing antibody. The attached tumor cells were quantified by measuring the 
fluorescence emission using a fluorometer. Only TNF-α and media derived from control cells significantly induced HT-29 adhesion. (C) RT-PCR  
analysis was performed on RNA extracted from HT-29 and HT-29/PDX cells using TNF-α, IL-1α, or GAPDH-specific primers. (D and E) Tumor 
cells were incubated at 37°C in serum-free media. After 24–48 hours, media were collected and analyzed for the presence of IL-1α and TNF-α 
using ELISA kit. Note the highly reduced expression and production of these cytokines in the presence of α1-PDX. Results shown are represen-
tative of 3 experiments. Data are mean ± SEM (n = 3 per group). **P < 0.001.
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spectrometry and reverse-phase HPLC (Figure 9, B and C) confirmed 
that Q-h-VEGF-C was cleaved in vitro by liver extracts at the correct 
physiological HSIIRR227SL site of VEGF-C (27). The reverse-phase 
HPLC chromatogram of the crude digest exhibited, in addition to a 
peak of undigested peptide (retention time [Rt], 30.1 minutes; Figure 
9B) identified by MALDI-ToF-MS as the Q-h-VEGF-C (m/z = 1,703;  
Figure 9C), 2 additional peaks at Rt of 23.9 and 26.1 minutes (Figure 
9C). These were identified by MALDI-ToF-MS as the highly fluoro-
genic N-terminal fragment Abz-220Q-VHSIIRR-OH (m/z = 1,127) and 
the nonfluorescent C-terminal peptide SLP230-Y(NO2)-A-CONH2  
(m/z = 594; Figure 9C). Similarly, immunoblotting analysis of protein 
extracts of CT-26–derived metastatic livers revealed that IGF-1R was 
almost completely processed, compared with those of CT-26/PDX-
derived metastases, where the processing of endogenous IGF-1R was 
blocked, as shown by the accumulation of the precursor form and 
reduction of the mature form of IGF-1R (Figure 9D).

Discussion
The complex interaction between tumor cells and the host micro-
environment can significantly influence tumor progression and 
metastatic potential (5–10). A tumor cell that has entrenched at 
a distant site to form a metastatic lesion must be able to partici-

pate and/or respond adequately to environmental stimuli, such as 
organ-specific adhesion molecules and growth factors (5–10). In 
liver, arrest of tumor cells in the hepatic circulation was previously 
reported to induce a variety of cytokines such as IL-1 and TNF-α  
that in turn upregulate the endothelial expression of various adhe-
sion molecules, particularly E-selectin (5–8, 28–31). The latter 
was described as a crucial adhesion molecule in liver metastasis 
as revealed by the metastatic spread to the liver of various tumor 
cells that was inhibited by an anti–E-selectin antibody (29). Fur-
thermore, liver metastasis of metastatic cells was inhibited by anti-
bodies to sLewa, an E-selectin ligand used by tumor cells to adhere 
on vascular endothelial cells (30). Accordingly, we previously found 
that TNF-α mRNA expression was very rapidly augmented in liver 
within 6 hours of intrasplenic tumor injection (6). The expression 
of this cytokine was reported to be also enhanced around central 
and portal veins, presumed to be the entry sites of tumor cells to 
the liver (5). Thus, rapidly migrating tumor cells that induce the 
expression of TNF-α and probably other mediators enhance the 
expression of E-selectin, thereby increasing the interaction between 
tumor and endothelium, the first step of liver tumor colonization. 

Recently, using various colon cancer cells, we found that intra-
splenic administration of metastatic tumor cells was able to 

Figure 5
Induction of hepatic TNF-α mRNA by tumor 
cells. (A and B) Mice were injected though the 
intrasplenic/portal route with 106 HT-29, HT-26/
PDX (A), CT-26, or CT-26/PDX cells (B), and 
their livers were removed at the indicated times. 
Total RNA was extracted and analyzed by  
RT-PCR using specific primers for murine TNF-α  
or GAPDH. Results of laser densitometry are 
shown in the graph and are expressed as the 
ratio of TNF-α/GAPDH mRNA to that of control 
(liver of saline-injected mice at 1 hour), which 
was assigned a value of 1. In Panel A and B 
the time zero data is from a different RT-PCR  
experiment done at the same time. (C) West-
ern blotting analysis of TNF-α expression in 
response to tumor cells 19 hours after injection. 
(D) Immunohistochemistry analysis of liver sec-
tions derived from the animals 19 hours follow-
ing injection of tumor cells. The sections were 
stained with an anti-murine TNF-α antibody 
(green stain, denoted by white arrows). Yellow 
arrows indicate the lumen of liver vessels. Note 
that cells expressing α1-PDX failed to induce 
adequately hepatic TNF-α expression com-
pared with control cells. No significant staining 
was observed in uninjected or saline-injected 
mice. Original magnification, ×40. Results 
shown are representative of 2 experiments. 
Values are mean ± SEM (n = 4 per group).  
*P < 0.05, **P < 0.001 versus respective  
α1-PDX–expressing group.
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induce TNF-α production by Kupffer cells (7). Colocalization 
studies revealed that these cells constitute the major source of 
TNF-α in tumor cell–inoculated livers (7). The factors that regu-
late this host inflammatory response to tumor cells are not pres-
ently known. However, the previously observed proximity of the 
TNF-α–positive Kupffer cells to tumor-infiltrated vessels (7) sug-
gests that tumor cells may produce soluble mediators that can 
directly activate endothelial cells or indirectly through activated 
Kupffer cells that release cytokines to express E-selectin. This is 
in agreement with previous reports based on in vitro studies that 
showed the ability of medium conditioned by metastatic colon 
cancer cells to trigger TNF-α production by macrophages (7), sug-
gesting that the ability of these tumors to induce a host inflam-
matory response in vivo is due, at least in part, to tumor-derived 
soluble factors. Similarly, using C-raf antisense oligonucleotides, 
we were previously able to abrogate in vitro and in vivo the abil-

ity of tumor cells to mediate cytokine-dependent induction of 
E-selectin expression and liver metastasis (8), suggesting that  
E-selectin expression on endothelial cells is induced by tumor 
cell–derived molecules that activate the Ras/Raf/mitogen-acti-
vated protein kinase pathway (8). Indeed, various colon carci-
noma cells were reported to release soluble factors capable of 
upregulating cell adhesion molecules expression on endothelial 
cells, including E-selectin leading to tumor cell adhesion on these 
cells. These include cytokines such as IL-1, IL-6, and TNF-α. The 
latter were found to be produced by tumor cells metastasizing 
to the liver, such as breast cancer and colon carcinoma (25, 26, 
31–33). Accordingly, previous studies revealed that the levels of 
these cytokines were significantly higher in colon carcinoma cell 
supernatants as compared to normal colon tissue (33). In addi-
tion to cytokines, other mediators produced by tumor cells were 
also found to be involved in the induction of E-selectin expression 

Figure 6
Hepatic E-selectin mRNA expression in response to tumor cells. After the injections of 106 of CT-26, CT-26/PDX, HT-29, or HT-29/PDX cells, 
total RNA was extracted from mouse livers at different times and RT-PCR analysis was performed using E-selectin or GAPDH primers. Results 
of laser densitometry are shown in the bar graph and are expressed as the ratio of E-selectin/GAPDH mRNA to that of control (liver of saline-
injected mice at 1 hour), which was assigned a value of 1. In Panel A and B the time zero data is from a different RT-PCR experiment done at the 
same time. (C) Western blotting analysis of E-selectin expression in response to tumor cells 19 hours after injection. (D) Immunohistochemistry 
analysis of liver sections derived from the animals 19 hours following injection of tumor cells. Sections were stained with an anti–E-selectin 
antibody (red stain, denoted by white arrows). Note that cells expressing α1-PDX failed to adequately induce hepatic E-selectin expression 
compared with control cells. Original magnification, ×40. Results shown are representative of 2 experiments. Values are mean ± SEM (n = 4 per 
group). *P < 0.05; **P < 0.001.
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such as VEGF (34), IGF-1 (35), PDGF (36), and endothelin (37). 
Many of these proteins directly or indirectly require PC activity to 
exhibit their secretion or full biological activity (15). Thereby inhi-
bition of their maturation or expression may affect their ability 
to induce E-selectin expression and adhesion on endothelial cells. 
Indeed, we found that suppression of PC activity following the 
expression of the general PC inhibitor α1-PDX in the metastatic 
colon carcinoma cells attenuated significantly the ability of their 
conditioned media to induce E-selectin expression and colon 
cancer cell adhesion on endothelial cells (Figure 4). These data 
suggest the importance of PCs in the generation of active soluble 
molecules responsible for the induction of E-selectin expression 
and subsequent tumor cell adhesion on endothelial cells. Indeed, 
analysis of TNF-α and IL-1α secretion in conditioned media 
derived from tumor cells expressing α1-PDX revealed their highly 
reduced levels (Figure 4D). Likewise, inoculation of CT-26/PDX 
or HT-29/PDX into hepatic circulation failed to induce signifi-
cantly hepatic TNF-α (Figure 5) and E-selectin expression (Figure 
6) as well as metastases formation in liver (Table 1). These results 
indicate that the PCs contribute to metastasis by enhancing the 
levels of active molecules involved in the first step of liver coloni-
zation by tumor cells as revealed by the low PC activity in HT-29/
PDX– and CT-26/PDX–derived hepatic metastases (Figure 9).

Following their adhesion on liver endothelial cells, the survival and 
growth of metastatic tumor cells in the liver required the availabil-
ity of various autocrine/paracrine growth-promoting factors and 
their receptors. Of these molecules, IGF-1 and its receptor IGF-1R  

were reported to affect tumor metastasis through mediation of 
antiapoptotic and proangiogenic activity as well the regulation of 
tumor cell proliferation (9–13). The liver is the major endocrine 
source of IGF-1 production. Under normal conditions, activation of 
IGF-1R by its ligand IGF-1 results in its phosphorylation, followed 
by the phosphorylation of several substrates including IRS-1 (12, 
13, 19). In turn, this triggers other signal transduction pathways 
including the Akt-dependent pathway implicated in cell surviv-
al, angiogenesis, and metastasis (13, 20, 21). Previously, IGF-1R  
blockade by various strategies, including the use of antisense oligo-
nucleotides (38, 39), IGF-1 peptide analogs (40), triple-helix form-
ing oligodeoxynucleotides (41), single chain antibodies (42), and 
siRNA (43), suggest the importance of fully functional receptor in 
tumorigenesis and metastasis. Thereby it is possible that the IGF-1R  
neutralizing strategy can enhance the effects of chemotherapy (44) 
and radiation therapy (45) by potentiating the apoptosis induced 
by these treatments. In the present study, we found that inhibition 
of PC activity in colon carcinoma cells by the general PC inhibitor 
α1-PDX revealed that these cells were unable to convert IGF-1R 
into its mature form (Figure 1, D and E).

To date, although several PC crystal structures are available, it is 
still not possible to predict which PC cleaves which substrate. The 
in vitro cleavage assays are also of restricted use, since they tend to 
generate false positives due to the absence of the cellular context 

Figure 7
In vivo tumorigenicity assay. HT-29, HT-29/PDX, CT-26, or CT-26/PDX 
cells (1 × 106) were injected subcutaneously into 4-week-old female 
nude mice. The animals were monitored for tumor formation every 3 
days. Results are representative of 4 experiments. Values are mean ± 
SEM (n = 6 per group). *P < 0.05; **P < 0.01.

Figure 8
PC inhibition prevents experimental liver metastasis and tumor vessel 
formation. (A) Experimental liver metastases were generated by intra-
splenic/portal injection of tumor cells, as described previously (6–8). 
HT-29, HT-29/PDX, CT-26, or CT-26/PDX cells (1 × 106) were injected 
into mice through intrasplenic/portal route, and liver metastases were 
enumerated 2 weeks after injection of CT-26 or CT-26/PDX cells and 
4 weeks after injection of HT-29 or HT-29/PDX cells. (B) Developed 
liver tumors derived from HT-29– and HT-29/PDX–inoculated mice 
were analyzed for angiogenesis using an anti-mouse CD31 antibody. 
Original magnification, ×200.
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and nonphysiological stoichiometries. Recently only the knock-
down of a specific PC using gene-silencing methods revealed the 
existence of specific substrate(s) for specific PC(s) (46–49). Previ-
ously, overexpression of various PCs in the PC activity–deficient 
cells LoVo revealed that only furin mediates almost complete pro-
cessing of IGF-1R (12). Similarly, overexpression of furin, PC5, 
PACE4, or PC7 in tumor cells expressing α1−PDX and the use of 
siRNA against these PCs revealed that furin was the IGF-1R con-
vertase (Figure 3B). The unprocessed receptor failed to mediate 
IGF-1 intracellular signaling, as revealed by reduced IGF-1R, IRS-1,  
and Akt phosphorylation (Figure 2 and Figure 3C). The ability of 
α1-PDX and siRNA against furin to abrogate IGF-1–mediated Akt 
pathway activation seems to be responsible for the reported find-
ing of the failure of IGF-1 to stimulate [3H]thymidine incorpora-
tion and mediate cell protection from apoptosis in HT-29/PDX 
cells (12). Additionally, α1-PDX inhibits also the processing of 
proIGF-1 (50) and proIGF-2 (51), known to be synthesized and 
secreted by these cells (22, 23). Since overexpression of α1-PDX 
in tumor cells inhibited the processing of IGF-1R and its furin-
processed ligands, IGF-1 and IGF-2, it is liable to abrogate their 
autocrine/paracrine antiapoptotic and proliferative actions, 2 
processes required for tumor and metastasis progression. Previ-
ously, immunohistochemical analysis of CD31 antigen expression 
revealed reduced vascularization of subcutaneous HT-29/PDX 
tumors (12). Similar analysis performed on HT-29/PDX–derived 
liver metastases revealed also their low vascularization (Figure 8B). 
Accordingly, using an in vitro angiogenesis assay we found that 
incubation of endothelial cells with synthetic α1-PDX block tube 
formation (data not shown). These observations suggest the impor-
tance of the PCs in tumor vessel formation through activation of 
various PC substrates including IGF-1R and VEGF-C. Indeed, the 
processing of the latter by the PCs was previously reported to be 
required for tumor angiogenesis (27). In the same way, hypoxia-
inducible factor–1, an inducer of various genes involved in angio-
genesis is positively regulated by IGF systems (52). Thus inacti-
vation of IGF-1R by α1-PDX may also inhibit tumor growth and 
vascularization via its abrogation. Indeed, analysis of metastatic 
livers obtained after tumor cell injection in the hepatic circula-
tion revealed significantly reduced activity of PCs in tumor cells 
expressing α1-PDX derived from metastatic livers, as assessed by 
the processing of the synthetic fluorogenic peptide mimicking the 
cleavage site of PC found in proVEGF-C (Figure 9). In these livers 
IGF-1R processing was found to be inhibited (Figure 9). Accord-
ingly, previous analysis of tumors and lung metastases induced in 
HT-29/PDX–injected immunosuppressed newborn rats revealed 
that these tumors still express α1-PDX that coincides with their 
inability to cleave the PC substrate integrin αv subunits (53). 

Recently, in addition to its role as a growth-promoting factor that 
enhances the growth of metastatic colon cancer cells in the liver, 
IGF-1 was reported to regulate the tumor-induced inflammatory 
response by suppressing the production of the secretory leukocyte 
protease inhibitor, an antiinflammatory modulator (54). This was 
identified as an inhibitor of liver metastasis due to its ability to sup-
press the tumor cell–induced host proinflammatory response dur-
ing the early stages of liver colonization. Inhibition of its produc-
tion by IGF-1 was found to allow TNF-α production that initiates 
the molecular cascade required for metastases formation (54). In 
our model the inhibition of IGF-1R processing in tumor cells may 
also affect this new function of IGF-1, leading to the reduced ability 
of tumor cells expressing α1-PDX to induce TNF-α and E-selectin 
in vivo. However, further investigations are required to elucidate 
the role of the PCs in these processes. The present study demon-
strates the importance of PCs in early and late liver colonization by 
metastatic colon cancer cells and suggests the potential use of PC 
inhibitors as new therapeutic agents for liver colorectal metastasis 
prevention. In certain situations specific inhibition of a single PC 
may be sufficient and more appropriate, as previously reported for 
furin, the specific inhibition of which was revealed to abolish the 
malignant phenotype of various malignancies (55). Evidently, more 
understanding of the molecular mechanisms of the PC inhibitors 
by using various in vitro and in vivo models is required before test-
ing their efficacy in human cancers.

Methods
Cell transfection and culture. The characteristics and the origin of the con-
trol and stably α1-PDX–transfected HT-29 (HT-29/PDX) human colon 
adenocarcinoma cell lines were described previously (12). The CT-26 
murine colon adenocarcinoma cells were stably transfected with the empty 
pIRES2-EGFP vector or with the same vector containing the full-length α1-
PDX cDNA (CT-26/PDX). As described previously for the generation of a 
single mixture of HT-29 cells expressing α1-PDX cDNA (HT-29/PDX) (12), 
a mixture of G418-CT-26/PDX–resistant cells were selected and screened 
for α1-PDX expression by Western blotting. To generate single-mixture 
cells expressing the α1-PDX inhibitor, the CT-26/PDX cells were cultured 
in the presence of 1 μg/ml Pseudomonas exotoxin A (12). This toxin medi-
ates cells death only after its cleavage by the PCs (56). Cells were grown in 
Dulbecco modified Eagle medium supplemented with 10% FCS, 100 U/ml 
penicillin, 100 mg/ml streptomycin, and 200 μg/ml G418. In some experi-
ments, HT-29 and CT-26 cells and the same cells expressing α1-PDX were 
transiently transfected with the pIRES2-EGFP-V5 empty vector or contain-
ing PDGF-A cDNA and/or vector containing full-length furin, PACE4, 
PC5, or PC7 cDNA to assess the activity of the PCs in these cells. All the 
transfections were carried out using Lipofectamine reagent (Invitrogen) as 
recommended by the manufacturer.

RNA interference. Tumor cells were plated in a 6-well plate. When the cells 
were 60% confluent, medium was replaced with serum-free media and cells 
were transfected with siRNA. Predesigned siRNAs were obtained from 
Dharmacon to interfere with the expression of furin, PCAC4, PC5, or PC7 
according to the manufacturer’s instructions. Briefly, Lipofectamine (10 μl) 
and siRNAs were transfected either individually (100 nM) or as a pool of 4 
siRNAs (25 nM each). After 24–48 hours, cells were subjected to RT-PCR 
or Western blot analysis. In some experiments, following siRNA transfec-
tion, cells were stimulated for 10 minutes with 50 ng/ml IGF-1 and cell 
lysates were subjected to Western blotting. The sense and antisense strands 
of the most effective PCs siRNAs tested were as follows: furin siRNA sense, 
CAGCUGCGCUCUGGCUUUAUU (sense) and UAAAGCCAGAGCG-
CAGCUGUU (antisense); PACE4, CGUCAGCGCUGUACCGAUGUU 

Table 1
Metastasis incidence and prevalence and liver weight

Cell line Metastasis No. metastases Liver weight  
 incidence per liver (range) (g)A

HT-29 100% 22–250 3.5 ± 1.4
HT-29/PDX 50% 6–15 1.4 ± 0.15
CT-26 100% 80–450 4.1 ± 1.2
CT-26/PDX 25% 0–30 1.5 ± 0.4

Shown are results of 1 representative experiment of 3 performed (n = 6 
per group, Mann-Whitney test). AData are mean ± SD.
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(sense) and CAUCGGUACAGCGCUGACGUU (antisense); PC5, GAUA-
CUCCCUCUCAGCUAAUU (sense) and UUAGCUGAGAGGGAGUAUCUU 
(antisense); PC7, CUACGUCAGUCCCGUGUUAUU (sense) and UAACAC-
GGGACUGACGUAGUU (antisense). Negative control siRNA (D-001810-
01-20) obtained from Dharmacon was used for nonspecific interference.

RT-PCR analysis. Total RNA was extracted using Trizol reagent (Invitrogen) 
according to the manufacturer’s instructions and reverse transcribed in a 
20-μl reaction mixture containing 50 mM Tris-HCl (pH 8.3), 30 mM KCl, 
8 mM MgCl2, 1 mM dNTPs, and 0.2 U Superscript reverse transcriptase 
(Invitrogen). The mixture was sequentially incubated for 10 minutes at 
25°C, 60 minutes at 37°C, and 5 minutes at 95°C. cDNAs were amplified by 
PCR using specific primers for the indicated genes, as described previously 
(6, 27). The PCRs were performed in a buffer supplied by the manufacturer 
in which the cDNA sample, 5 μM each primer, 200 μM dNTPs, and 0.2 U 
Taq polymerase were added. The conditions for the reaction were as follows: 
30 seconds at 94°C, 30 seconds at 56°C, and 30 seconds at 72°C for 25 
cycles. The amplified PCR products were analyzed on a 1.5% agarose gel.

Immunoblotting. After transfection, conditioned media were collected and 
cells were lysed in PBS containing 2% NP-40. Cell lysates were subjected 
to SDS-PAGE on 8%–10% gels, and proteins were blotted onto nitrocel-

lulose membranes. The primary antibodies used were anti–IGF-1R  
(Santa Cruz Biotechnology Inc.), anti–TNF-α (Abcam), anti– 
E-selectin (Abcam), and anti-V5 (Invitrogen). Primary antibodies 
were revealed by horseradish peroxidase–conjugated secondary 
antibodies (Amersham Pharmacia Biotech) and enhanced chemilu-
minescence (ECL+Plus; Amersham Pharmacia Biotech) according 
to the manufacturer’s instructions.

IGF-1R, IRS-1, and Akt tyrosine phosphorylation. Colon cancer cells were 
maintained in serum-free media condition for 24–48 h and incubated 
with or without IGF-1 (50 ng/ml) for 2 minutes at 37°C. After this 
period, cells were lysed with lysis buffer (50 mM HEPES, 150 mM 
NaCl, 1% Triton X-100, 2 mM vanadate, 100 mM NaF, and 0.40 mg/ml  
phenylmethylsulfonyl fluoride). Equal amounts of proteins were 
immunoprecipitated overnight with anti–IGF-1R or IRS-1 polyclonal 
antibody (Santa Cruz Biotechnology Inc.), and the whole pellets were 
analyzed by Western blotting using anti-phosphotyrosine (Sigma-
Aldrich) as previously described (12). In other experiments, cell lysates 

were analyzed by Western blotting for tyrosine phosphorylation and Akt 
phosphorylation using anti-phosphotyrosine and anti–phospho-Akt, respec-
tively (Cell Signaling). The blots were stripped and reprobed with anti-actin 
(Sigma-Aldrich) or anti-Akt (Cell Signaling) for data normalization.

Measurement of TNF-α and IL-1α production by tumor cells. Tumor cells 
were plated in 6-well plates and incubated at 37°C in serum-free media. 
After 24–48 hours, media were collected and analyzed for the presence 
of IL-1α and TNF-α using the cytokine ELISA kit according to the man-
ufacturer’s instructions (R&D Systems). Cytokine concentrations were 
calculated from a standard curve.

Tumor–endothelial cell adhesion assay. Liver sinusoidal endothelial cells were 
obtained from normal C57BL/6 mice by liver perfusion as we described 
previously (8). To test the effect of PC inhibition on tumor–endothelial 
cell adhesion, tumor cells were labeled with calcein and left to adhere to 
TNF-α (10 ng/ml) or tumor cell–derived, conditioned media–activated 
endothelial layer for 120 minutes at 37°C in the presence or absence of 
an anti–E-selectin neutralizing antibody during the last 60 minutes. The 
endothelial layer was washed twice with phosphate-buffered saline, and 
the attached cells were quantified by measuring the fluorescence emission 
using a fluorometer.

Figure 9
PC activity in tumor cell–derived liver metastases. (A) Indicated 
tumor cells were injected in mice through the intrasplenic/por-
tal route. After 2 or 4 weeks, livers were removed and lysed 
in phosphate-buffered saline. Protein extracts were incu-
bated with the intramolecularly quenched fluorogenic peptide  
Q-h-VEGF-C containing the PC processing site of VEGF-C, 
and the digestion of the QVEGF-C was evaluated as raw fluo-
rescence units. (B) Aliquots of the enzymatic reaction reverse-
phase HPLC chromatogram of the crude digest following incu-
bation at 37°C of 20 μg QVEGF-C with liver protein extract. The 
elution of the peaks was monitored online by UV absorbance at 
214 nm as well as by fluorescence detectors. (C) MALDI-ToF  
mass spectra of the crude digests following incubation of 
QVEGF-C with liver protein extract. The peak at m/z 1,703 is 
attributed to QVEGF-C. The peaks at m/z 1,127 and 594 were 
attributed to the highly fluorescent N-terminal [NT; Abz-Q-VHSI-
IRR-OH] and the nonfluorescent C-terminal [CT; SLP(NO2)-A-
CONH2] fragments, respectively. (D) Immunoblotting analysis 
of IGF-1R processing in protein extracts derived from indi-
cated tumor cell–derived metastases revealed the inhibition of  
IGF-1R processing in CT-26/PDX–derived metastases. Results 
are representative of 3 experiments. Values are mean ± SEM 
(n = 3 per group). **P < 0.001.
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Tumorigenicity assay. All experiments performed in this study were approved 
by the Clinical Research Institute of Montreal Animal Ethics Committee. 
Female 4- to 6-week-old nu/nu mice from Charles River Laboratories, housed 
in a pathogen-free facility, were used for all of the experiments. To assess the 
effect of PC inhibition on tumor growth, 1 × 106 HT-29, CT-26, HT-29/PDX, 
or CT-26/PDX cells were injected subcutaneously into nude mice, tumor for-
mation was monitored every 3 days, and mice were sacrificed 30–34 days 
after injection. Tumor volume was calculated as previously described (12).

Intrasplenic/portal injections. 4- to 6-week-old female nu/nu mice were anes-
thetized by methoxyflurane and the spleens were exposed through a small 
abdominal incision; 1 × 106 tumor cells in 0.1 ml saline were inoculated as 
previously described (6–8). The livers were removed at various time periods, 
snap-frozen in liquid N2, and stored until analysis by RT-PCR.

Liver metastasis assay. Experimental liver metastases were generated by 
intrasplenic/portal injection of 1 × 106 of HT-29, CT-26, HT-29/PDX, or 
CT-26/PDX cells (6–8). CT-26 cells were very aggressive cells following their 
intrasplenic/portal route inoculation; the livers were completely full of 
metastases within 2 weeks. Similar results were obtained with HT-29 cells 
only 4–5 weeks following their inoculation. Because of the high aggressive-
ness of the CT-26 colon cancer cells, the CT-26 and CT-26/PDX–injected 
nude mice were killed 2 weeks after the injection, whereas HT-29– and  
HT-29/PDX–injected nude mice were killed 4 weeks later. Livers were 
removed and the metastases were enumerated, without prior fixation (8).

Immunohistochemical analyses. Following tumor injection, 20-μm 
paraformaldehyde-fixed liver sections were incubated with antibodies to 
murine TNF-α (Abcam) and E-selectin (R&D Systems) as described previ-
ously with modification (6). Briefly, blocking serum was applied to the 
tissue for 30 minutes to reduce nonspecific binding, and then the tissue 
sections were incubated with the primary antibody for 2 hours. The sec-
tions were washed and incubated for 1 hour at room temperature either 
with a Texas Red–conjugated secondary antibody (Abcam) for detection of  
E-selectin or with a FITC-conjugated secondary antibody (Abcam) for 

detection of factor TNF-α. After washing, the sections were mounted in 
10% glycerol and examined using a Zeiss Axiophot epifluorescence micro-
scope. In parallel, angiogenesis was quantitated in tumor sections by 
counting the number of CD31-positive vascular vessels using an anti-CD31 
as primary antibody and a horseradish peroxidase–conjugated secondary 
antibody following incubation of sections in citrate buffer solution.

Peptide synthesis and in vitro digestions. To analyze the PC enzymatic activity 
in tumor cell–derived metastases 2–4 weeks after tumor cell intrasplenic 
injection, metastatic livers were removed and lysed in phosphate-buff-
ered saline. Equal amount of liver protein were incubated with 10 mM 
intramolecularly quenched fluorogenic peptide Q-h-VEGF-C [Abz-220Q-
VHSIIRRSLP230-Y(NO2)-A-CONH2] containing the PC processing site of 
VEGF-C (27). Aliquots of the enzymatic reaction were collected, and the 
processing of the VEGF-C–derived peptide was determined as previously 
described using HPLC and mass spectral analysis of isolated peaks (27).

Statistics. Unless otherwise indicated, results were compared using Stu-
dent’s t test. A P value less than 0.05 was considered significant.
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