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Proprotein convertases (PCs) formagroupof serine endoproteases that are essential for the activationof proproteins
into their active form. Some PCs have been proposed to be potential therapeutic targets for cancer intervention be-
cause elevated PC activity has been observed inmany different cancer types and becausemany of the PC substrates,
such as pro-IGF-1R, pro-TGF-beta, pro-VEGF, are involved in signaling pathways related to tumor development.
Curcumin, reported to possess anticancer activity, also affects many of these pathways. We therefore investigated
the effect of curcumin on PC activity. Our results show that curcumin inhibits PC activity in a cell lysate-based
assay but not in vitro. PC zymogen maturation in the endoplasmic reticulum appears to be inhibited by curcumin.
Treating cells with thapsigargin or cyclopiazonic acid, two structurally unrelated inhibitors of the sarco- and endo-
plasmic reticulum Ca2+ATPase (SERCA), also hampered both the PC zymogen maturation and the PC activity. Im-
portantly, curcumin, like the SERCA inhibitors, impaired ATP-driven 45Ca2+ uptake in the endoplasmic reticulum.
These results indicate that curcumin likely restrains PC activity by inhibiting SERCA-mediated Ca2+-uptake activity.
Experiments in three colon cancer cell lines confirm that curcumin inhibits both the 45Ca2+ uptake and PC activity,
notably the processing of pro-IGF-1R. Both curcumin and thapsigargin inhibit the anchorage-independent growth of
these three colon carcinoma cell lines. In conclusion, our findings indicate that curcumin inhibits PC zymogen mat-
uration and consequently PC activity and that its inhibitory effect on Ca2+ uptake into the ER allows and is sufficient
to explain this phenomenon.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Proprotein convertases (PCs) form a family of seven closely related
subtilisin-like serine endoproteases. The family members include furin,
PC1/3, PC2, PC4, PC5/6, PACE4 and PC7 [1]. The proprotein convertases,

depending of their compartments of action, have different optima for
pH and calcium (Ca2+) concentration. The post-translational pro-
cessing of their inactive precursor molecules – zymogens – through
endoproteolytic cleavage, is a prerequisite for the formation of bio-
logically active proprotein convertases. There are also differences in
pH optima and Ca2+ requirements for these maturation processes [2,3].
PCs cleave and thereby activate a large variety of proproteins, such as
growth factors, receptors, enzymes and cell adhesionmolecules. As a con-
sequence these enzymesplay important roles inmaintaining homeostasis
[4].

Furin and its family members have similar substrate specificities and
preferentially cleave C-terminally of paired basic amino acids. Knockout
mousemodels have been generated to investigate the roles of PCs in var-
ious pathologies [5] and the possible redundancies of various PCs [6].
Embryos lacking furin die in the second week of pregnancy. They show
multiple tissue abnormalities including severe ventral closure defects
and the failure of the heart tube to fuse and undergo loopingmorphogen-
esis [7]. In contrast to the indispensable role of furin during embryogene-
sis, its function in adult life appears to be partially redundant, as shownby
conditional furin inactivation in mice in specific organs [8–12].
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PCs have also been implicated in several pathological processes.
Firstly, the expression of some PCs is increased in several cancer types,
such as breast, non-small-cell lung cancers and head and neck cancers
[13]. Moreover, for some PCs, for instance furin, expression and tumor
aggressiveness are highly correlated [13,14]. A number of PC substrates,
once processed, are involved in various signaling pathways which play
very essential roles in tumor development. Examples are: transforming
growth factor beta (TGF-beta) [15], vascular endothelial growth factor
(VEGF) [16], glypicans (GPCs) [17], insulin-like growth factor 1 and its
receptor (IGF-1 and IGF-1R) [18,19].

Curcumin, a polyphenol and a main component of the Indian spice
turmeric, has been reported to possess anti-cancer effect in several cancer
types [20]. Curcumin affects several signaling pathways in which PC sub-
strates are playing an important role. In fact the signaling by most of the
matured forms of the PC substrates mentioned above, as e.g. TGF-beta
[21,22], VEGF [23,24] and IGF-1R [25], is also influenced by curcumin.
For this reason it seemed opportune to investigate whether curcumin
had impact on PC activity and therefore on downstream targets in differ-
ent signaling pathways.

While fully aware that such potential PC modulating activity would
have impact on many pathways, we focused our study on the impact of
curcumin on IGF-1R processing in the context of a potential anti-cancer
effect in the intestine.

Curcumin has been shown to inhibit the IGF-1 signaling pathway in
breast carcinoma cells [26]. In colon cancer cells both pro-IGF-1 and
pro-IGF-1R are processed by PCs [18,19]. It has been shown to have
chemopreventive activity in a mouse model of familial adenomatous
polyposis (FAP) [27]. Moreover, curcumin showed some efficacy in a
small clinical trial of FAP chemoprevention [28]. Aberrant crypt foci
(ACF), clusters of abnormal tube-like glands in the lining of the colon
and rectum have been claimed to represent the earliest histologically
identifiable changes in the colon of patients with FAP [29]. A recent
Phase IIa clinical trial of curcumin for the prevention of colorectal neopla-
sia showed a significant reduction in the number of ACF at a daily dose of
4 g of curcumin [30]. With respect to the neoplastic progression of colo-
rectal polyps towards cancer, a significant correlation between the ex-
pression of the IGF-1R and neoplastic progression from normal mucosa
to adenomatous polyps and finally to colorectal cancer has been demon-
strated [31]. In light of the latter, IGF-1R is being considered as a promis-
ing therapeutic target in colorectal cancer [32].

As a consequence, it is plausible that curcumin could act on the level of
the IGF-1Rwhich is synthesized as a proprotein that needs PC activity for
its activation.We therefore investigatedwhether curcumin acted as an in-
hibitor of pro-IGF-1R processing because such an inhibitory activity could
also explain its action on several other signaling pathways. Furthermore,
we have investigated the molecular basis of curcumin-induced PC
inhibition.

2. Materials and methods

2.1. Materials and cell lines

A purified, biologically active, soluble, recombinant human furin frag-
ment prepared as previously described [33] was used for in vitro enzyme
assays. This human furin fragment was isolated from CHO-K1 cells stably
transfectedwith aDNAconstruct expressing a truncatedhumanpro-furin
fragment consisting of amino acids 1–573. This pro-furin fragment is
processed into a soluble, enzymatically active furin fragment, which con-
sists of amino acids 108–573 and has been designated hfurin573 in this
manuscript.

Curcumin was obtained from Sigma-Aldrich and a 10 mM stock so-
lution for use in experiments was made in ethanol. Thapsigargin (TG)
and cyclopiazonic acid (CPA) were purchased from Sigma-Aldrich and
1 mM stock solutions were prepared in ethanol and dimethylsulfoxide
(DMSO), respectively. As fluorogenic peptide substrate Pyr-RTKR-AMC
(Pyr = pyroglutamic acid, AMC = 7-Amino-4-methylcoumarin) was

used (Bachem). Uncleaved pro-diphtheria toxin was obtained from
Merck and the proprotein convertase inhibitor nona-D-arginine (D9R)
from Pepscan, Prestio.

Cell lines included CHO (ATCC CCL-61), RPE.40 [34], HT-29 (ATCC
CCL-218), SW480 (ATCC CCL-228) and Caco-2 (ATCC HTB-37).

2.2. Cell culture and incubation of cells with curcumin, TG or CPA

RPE.40, CHO, HT-29, SW480 and Caco-2 cells were grown in DMEM/
F12 (1:1) (Invitrogen™) supplemented with 10% fetal calf serum
(Hyclone) and cultured at 37 °C in a humidified 5% CO2 atmosphere.
For in vitro experiments, a stock solution of 10 mMcurcumin (prepared
in ethanol) was diluted with cell culture medium to obtain concentra-
tions of 2–20 μM curcumin for cell treatments. Cells were treated with
curcumin for 24 h. In experiments with transfected cells, cells were
after transfection first grown in culturemediumwithout curcumin dur-
ing 24 h and, subsequently, the cells were cultured for 24 h in medium
containing various concentrations of curcumin. During curcumin appli-
cation, light exposure was reduced as much as possible. In control exper-
iments, the effect of 0.2% ethanol was monitored which is the highest
concentration of the solvent used. In experiments with the SERCA inhibi-
tors TGor CPA, cellswere treated according to a similar protocol as used in
experiments with curcumin.

2.3. DNA constructs and transfection

To test the effect of curcumin on the processing of pro-protein sub-
strates by endogenous PCs in cells, full length cDNA encoding pro-IGF-
1R, HA-tagged pro-GPC3, or HA-tagged pro-GPC4, which constitute
established PC substrates, were transfected into CHO cells or cells of the
furin-deficient cell line RPE.40. Full length human IGF-IR cDNA (hIGF-IR)
(kind gift of Dr. Kooijman, VUB, Belgium; [35]), full length human GPC3
cDNA (kind gift of Dr. G. David; [36]) or full length human GPC4 cDNA
(kind gift of Dr. G. David; [36]) in the pcDNA3 expression vector were
used. In similar cotransfection experiments, the effect of curcumin onpro-
cessing of the afore-mentioned proproteins by exogenously expressed
human furin, PC5/6 or PC7 was studied in RPE.40 cells. Furthermore, to
test the effect of curcuminon thematuration of PCs, expression constructs
encoding human furin, PC1/3 or PC7 were transfected into CHO cells. For
all constructs expressing one of thesemembers of themammalian family
of PCs, expression vector pcDNA3 was used. For expression of wild-type
human furin, the 4.1 EcoR1 FUR cDNA [37] was used. Human PC1/3 was
expressed as a FLAG-tagged PC1/3 fusionprotein [38] andexpression con-
structs for human PC5/6 [39] and PC7 [40] have been described before.
Expression of a human PC1/3 mutant construct encoding pro-PC1/3mut,
which contains an inactivating mutation in the middle domain (G593R)
causing ER retention of its pro-form [38], was used in control experi-
ments. Transfections were performed using FugeneTM 6 Transfection
Reagent (Roche) according to the manufacturer's protocol. About 24 h
after transfection, the PC zymogens, the proprotein substrates and their
corresponding processing products were studied by Western blotting
analysis using specific antibodies. Similar experimental conditions as
used to study the effects of curcumin on pro-furin maturation were se-
lected to evaluate the effects of TG or CPA on the maturation of pro-
furin as well as the effects of curcumin and TG on the maturation of
pro-PC1/3 and pro-PC7.

2.4. Western blotting analysis

Cells were lysed about 24 h after transfection in SDS-PAGE sam-
ple buffer (50 mM Tris–HCl, pH 6.8, 10% glycerol, 2% SDS, and 4%
β-mercaptoethanol) and after boiling of the solution for 10 min,
samples were loaded on a 10% SDS-polyacrylamide gel. After separa-
tion on the basis of molecular weight, proteins were transferred elec-
trophoretically onto Protran® nitrocellulose transfer membranes
(Whatmann GmbH) and subjected to Western blotting analysis.
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