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The active vitamin D metabolite 1α,25-dihydroxyvitamin D3 [1α,25(OH)2D3] has wide but not fully understood antitumor
activity. A previous transcriptomic analysis of 1α,25(OH)2D3 action on human colon cancer cells revealed cystatin D
(CST5), which encodes an inhibitor of several cysteine proteases of the cathepsin family, as a candidate target gene.
Here we report that 1α,25(OH)2D3 induced vitamin D receptor (VDR) binding to, and activation of, the CST5 promoter and
increased CST5 RNA and protein levels in human colon cancer cells. In cells lacking endogenous cystatin D, ectopic
cystatin D expression inhibited both proliferation in vitro and xenograft tumor growth in vivo. Furthermore, cystatin D
inhibited migration and anchorage-independent growth, antagonized the Wnt/β-catenin signaling pathway, and repressed
c-MYC expression. Cystatin D repressed expression of the epithelial-mesenchymal transition inducers SNAI1, SNAI2,
ZEB1, and ZEB2 and, conversely, induced E-cadherin and other adhesion proteins. CST5 knockdown using shRNA
abrogated the antiproliferative effect of 1α,25(OH)2D3, attenuated E-cadherin expression, and increased c-MYC
expression. In human colorectal tumors, expression of cystatin D correlated with expression of VDR and E-cadherin, and
loss of cystatin D correlated with poor tumor differentiation. Based on these data, we propose that CST5 has tumor
suppressor activity that may contribute to the antitumoral action of 1α,25(OH)2D3 in colon cancer.
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The	active	vitamin	D	metabolite	1α,25-dihydroxyvitamin	D3	[1α,25(OH)2D3]	has	wide	but	not	fully	understood	
antitumor	activity.	A	previous	transcriptomic	analysis	of	1α,25(OH)2D3	action	on	human	colon	cancer	cells	
revealed	cystatin	D	(CST5),	which	encodes	an	inhibitor	of	several	cysteine	proteases	of	the	cathepsin	family,	
as	a	candidate	target	gene.	Here	we	report	that	1α,25(OH)2D3	induced	vitamin	D	receptor	(VDR)	binding	to,	
and	activation	of,	the	CST5	promoter	and	increased	CST5	RNA	and	protein	levels	in	human	colon	cancer	cells.	
In	cells	lacking	endogenous	cystatin	D,	ectopic	cystatin	D	expression	inhibited	both	proliferation	in	vitro	
and	xenograft	tumor	growth	in	vivo.	Furthermore,	cystatin	D	inhibited	migration	and	anchorage-indepen-
dent	growth,	antagonized	the	Wnt/β-catenin	signaling	pathway,	and	repressed	c-MYC	expression.	Cystatin	D	
repressed	expression	of	the	epithelial-mesenchymal	transition	inducers	SNAI1,	SNAI2,	ZEB1,	and	ZEB2	and,	
conversely,	induced	E-cadherin	and	other	adhesion	proteins.	CST5	knockdown	using	shRNA	abrogated	the	
antiproliferative	effect	of	1α,25(OH)2D3,	attenuated	E-cadherin	expression,	and	increased	c-MYC	expression.	
In	human	colorectal	tumors,	expression	of	cystatin	D	correlated	with	expression	of	VDR	and	E-cadherin,	and	
loss	of	cystatin	D	correlated	with	poor	tumor	differentiation.	Based	on	these	data,	we	propose	that	CST5	has	
tumor	suppressor	activity	that	may	contribute	to	the	antitumoral	action	of	1α,25(OH)2D3	in	colon	cancer.

Introduction
There is an increasing interest in the active vitamin D metabolite 
1α,25-dihydroxyvitamin D3 [1α,25(OH)2D3] and its analogs as 
preventive and therapeutic anticancer agents, and a number of 
clinical trials are presently underway (1–4). Epidemiological and 
experimental data in cultured cells and in animal models indicate 
their beneficial effect against colon cancer through the inhibition 
of cell proliferation and invasion and the induction of pro-apop-
totic and pro-differentiation activities (5–7). Global transcrip-
tomic studies have led to the identification of a few 1α,25(OH)2D3 
target genes,  including some that encode cell-cycle regulators 
(p21WAF1/CIP1, p27KIP1, several cyclins), the gene that encodes the 
crucial intercellular adhesion and invasion suppressor E-cadherin, 
and several that encode cytoskeletal proteins (8–11). In addition, 
1α,25(OH)2D3 exerts an indirect gene-regulatory effect through 
the antagonism of the Wnt/β-catenin signaling pathway, which 
is aberrantly activated in most human colon cancers. By induc-
ing a rapid interaction of its receptor (vitamin D receptor [VDR]) 
and β-catenin and the subsequent nuclear export of β-catenin, 
1α,25(OH)2D3 opposes the regulation of β-catenin/TCF complexes  
over a large number of genes in colon carcinoma cells (12, 13).

Cystatin D is a member of the cystatin superfamily of endog-
enous  inhibitors  of  endosomal/lysosomal  cysteine  proteases. 
Cystatins have also been reported to play a role in other diverse 
biological processes, including cell proliferation, differentiation, 
survival, and migration and interleukin and nitric oxide produc-
tion (ref. 14 and refs. therein). Cystatin D has a more restricted 
pattern of tissue expression and a narrower inhibitory profile than 
other cystatins: it inhibits cathepsin S, H, and L but not cathepsin B  
(15, 16). The role of proteases in cancer has been recognized for a 
long time, while that of cysteine cathepsins in particular as major 
players in tumor progression has recently been proposed (17, 18). 
In addition to the proteolytic cleavage of matrix components, 
adhesion proteins, and other proteases in a cascade fashion (18), 
some cathepsins have been implicated in novel mechanisms of cell 
transformation such as the control of cell cycle in the nucleus and 
the resistance to chemotherapy (14, 19).

Based  on  results  of  a  transcriptomic  analysis  performed  in 
human SW480-ADH colon cancer cells that indicated an increase 
in  the  level  of  cystatin  D (CST5)  RNA  upon  treatment  with 
1α,25(OH)2D3 (9), we have investigated the regulation and biologi-
cal activity of this gene in colon cancer. In this study, we present 
evidence of the direct transcriptional regulation of the human 
CST5 gene by 1α,25(OH)2D3 in colon cancer cells. Our results 
also show that cystatin D profoundly affects the cell phenotype, 
inhibiting proliferation and migration and increasing cell adhe-
siveness. These effects are, at least partially, due to the repression 
of the c-MYC oncogene and the transcriptional activity of β-cat-
enin and to the induction of E-cadherin. Conversely, CST5 knock-
down by shRNA abolished the inhibition of cell proliferation by 
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1α,25(OH)2D3 and had the opposite effect of 1α,25(OH)2D3 on 
several target genes. Interestingly, mutant cystatin D proteins with 
reduced antiproteolytic activity preserve the antiproliferative but 
not the cell migration-inhibitory effects. Moreover, expression of 
CST5 in human colon carcinoma cells drastically reduces their 
tumorigenic potential  in immunodeficient mice. Remarkably, 
analysis of human samples revealed that cystatin D expression is 
lost in poorly differentiated colon cancers. Furthermore, a strong 
correlation exists between the expression of cystatin D and that 
of VDR and E-cadherin proteins in tumors. Together, these data 
point to a role for CST5 as a tumor suppressor gene.

Results
1α,25(OH)2D3 increases cystatin D protein expression by direct activa-
tion of its gene promoter. To validate the upregulation of CST5 by 
1α,25(OH)2D3 suggested by a transcriptomic study in SW480-ADH 
cells (3.7-fold increase at 4 hours after treatment) (9), we performed 
kinetics analyses of the cellular RNA and protein content after addi-
tion of 1α,25(OH)2D3. 1α,25(OH)2D3 (10–7 M) gradually increased 
CST5 RNA and protein levels, which were about 60- and 30-fold 
greater, respectively, at 48 hours after treatment (Figure 1A). This 
effect was dose dependent (Figure 1B) and specific, as no induction 
of cystatin C was found (data not shown). The amount of secreted  
cystatin D protein  in the medium increased slightly at 24–48 
hours after treatment (2-fold; data not shown). The upregulation 
of CST5 by 1α,25(OH)2D3 was also found in other colon cancer cell 
lines, such as LS174T, Caco-2, and Colo205, and this correlated 
well with the activation of a consensus response element (Supple-
mental Figure 1, A and B; supplemental material available online 
with this article; doi:10.1172/JCI37205DS1). The increase in cys-
tatin D protein was confirmed by immunofluorescence studies, 
which also showed a predominant localization in the cytoplasm 
of SW480-ADH cells treated with 1α,25(OH)2D3 (Figure 1C). The 
relocation of β-catenin from the nucleus and cytosol toward the 
plasma membrane was used as control for 1α,25(OH)2D3 activ-
ity. No cystatin D was detected in SW480-R cells, which contain 
very low VDR levels and do not respond to 1,25(OH)2D3 (Figure 
1C). To analyze whether the regulation of cystatin D expression 
takes place in vivo, we performed immunohistochemistry analy-
ses of tumors generated by SW480-ADH cells in immunodeficient 
mice that were treated with EB1089, a less calcemic 1α,25(OH)2D3 
analog (20). In line with in vitro data, EB1089 treatment increased 
cystatin D expression (Figure 1D).

To assess the functionality of the cystatin D protein induced by 
1α,25(OH)2D3, we studied the activity of its cathepsin targets in 
SW480-ADH cells. A series of enzymatic assays showed that cathep-
sin L activity in extracts from 1α,25(OH)2D3-treated cells was lower 
than in those of vehicle-treated cells (Supplemental Figure 2A). 
Total cathepsin activity also decreased, whereas that of cathepsin B  
was  unchanged  by  1α,25(OH)2D3  (Supplemental  Figure  2A). 
Recombinant cystatin D protein was used as control. No changes in 
total extracellular cathepsin activity were found (data not shown).

We next examined the mechanism of cystatin D induction. The 
finding that the increase in CST5 RNA was abrogated by the tran-
scription inhibitor actinomycin D but not significantly by the 
translation inhibitor cycloheximide indicated a direct transcrip-
tional effect of 1α,25(OH)2D3 (Figure 2A). The in silico analysis 
of the CST5 gene promoter allowed the identification of several 
putative VDR binding hemisites (consensus RGKTCA) that could 
be grouped in 4 (A–D) regions (Figure 2B). Upon cloning of the 

–1,867/+262 region, transactivation assays in SW480-ADH cells 
using different fragments of the promoter showed that most of 
the activation depended on the cluster of sites in region B (–650/–
262) (Figure 2C). The same result was obtained in VDR-deficient 
HEK293T cells when they were cotransfected with an exogenous 
VDR (Figure 2C, right). In addition, experiments using the SW480-R  
cells transfected with either wild-type VDR or the transcription 
activation–deficient VDRΔAF2 mutant assessed the requirement 
of a functional VDR for the activation of the CST5 promoter by 
1α,25(OH)2D3 (Figure 2D). This activation was also observed in 2 
other human colon cancer cells lines (LS174T and HCT116) (Sup-
plemental Figure 1C). ChIP assays showed that 1α,25(OH)2D3 
induces binding of VDR to the –840/–571 fragment (region B) 
of the promoter in vivo (Figure 2E). No binding to region A was 
detected (data not shown). Additionally, 1α,25(OH)2D3 promoted 
the release of the SMRT corepressor from the promoter and an 
increase in histone H4 acetylation, demonstrating the direct acti-
vation of the CST5 promoter (Figure 2E). The CYP24 gene, which 
is highly responsive to 1α,25(OH)2D3, was used as control (Figure 
2E). Together, these results show that CST5 is a direct transcrip-
tional target of 1α,25(OH)2D3.

Cystatin D inhibits proliferation, migration, and anchorage-independent 
growth of cultured colon cancer cells and their tumorigenic potential in vivo. 
To examine the effects of cystatin D upregulation, we expressed 
ectopically human cystatin D cDNA in SW480-ADH, LS174T, 
and HCT116 colon cancer cell lines, which have undetectable or 
low endogenous levels of this protease inhibitor. Expression of 
the exogenous cystatin D protein in transfected clones following 
antibiotic selection was analyzed by Western blotting: in all cases, 
the level was comparable to that of 1α,25(OH)2D3-treated SW480-
ADH cells (Supplemental Figure 3). The activity of exogenous 
cystatin D was assessed in enzymatic assays (data not shown). 
Exogenous cystatin D and 1α,25(OH)2D3 decreased SW480-ADH 
cell proliferation comparably and their combination had an addi-
tive effect (Figure 3A). Ectopic cystatin D expression enhanced the 
increase in E-cadherin (CDH1) and CYP24 RNA and in E-cadherin 
protein levels by 1α,25(OH)2D3 (Figure 3, B and C). Furthermore, 
exogenous cystatin D reduced c-MYC expression in the absence or 
presence of 1α,25(OH)2D3. No significant changes were found for 
the mesenchymal marker LEF-1. Notably, exogenous cystatin D 
decreased SNAI1 RNA and protein expression (Figure 3D).

To  further  investigate  its  effects  in  SW480-ADH  cells,  we 
knocked down CST5 by stable shRNA expression. CST5 downreg-
ulation, confirmed by Western blot analysis, reduced the pheno-
typic change induced by 1α,25(OH)2D3 (Figure 4A). In addition, 
it abrogated the antiproliferative effect of 1α,25(OH)2D3 (Figure 
4B). Moreover, and in contrast to the effect of CST5 overexpres-
sion, CST5 knockdown decreased CDH1 and CYP24 RNA and  
E-cadherin protein expression and increased that of c-MYC protein 
(Figure 4, C and D). Likewise, CST5 knockdown increased LEF-1 
(Figure 4, C and D) and SNAIL1 (Figure 4E) expression.

Exogenous cystatin D also inhibited the proliferation of HCT116 
(Figure 5A) and LS174T (Supplemental Figure 4) cells. Conversely, 
neither recombinant cystatin D protein added to cultured medi-
um nor the nonpermeable E-64 pan-cathepsin inhibitor altered 
the proliferation of these 2 cell lines, suggesting that this effect 
requires intracellular mechanisms (Supplemental Figure 5). We 
studied 2 in vitro parameters of cell transformation: migration and 
anchorage-independent growth. Cystatin D expression reduced 
migration of HCT116 cells (SW480-ADH and LS174T cells lack 
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Figure 1
1α,25(OH)2D3 induces cystatin D expression. (A) Kinetics of CST5 RNA (top) and protein (bottom) induction by 1α,25(OH)2D3. SW480-ADH 
cells were incubated with 1α,25(OH)2D3 (10–7 M) or vehicle for the indicated times, and the levels of CST5 RNA and protein were measured by 
quantitative RT-PCR (top) or Western blotting (bottom) as explained in Methods. Normalized mean values and SD obtained in 3 independent 
experiments are shown. (B) Dose-curve induction of CST5 RNA (top) and protein (bottom) by 1α,25(OH)2D3. Numbers between the blots in 
A and B correspond to mean of the fold increase values obtained in 2 experiments. (C) Immunofluorescence analysis of cystatin D induction. 
Images of SW480-ADH and SW480-R cells treated with 1α,25(OH)2D3 (10–7 M) or vehicle for 48 hours. The relocalization of β-catenin was ana-
lyzed as control of 1α,25(OH)2D3 action. Scale bars: 20 μm. (D) The 1α,25(OH)2D3 analog EB1089 induces cystatin D expression in vivo. Left: 
Immunohistochemical analysis of cystatin D expression in tumors generated by SW480-ADH cells in immunodeficient mice that were treated with 
EB1089 (10–7 M) or placebo. Scale bar: 200 μm. Right: Quantification of cystatin D expression by estimation of staining intensity as described in 
Methods. The number of samples analyzed per group and the percentage corresponding to each level of cystatin D staining are shown.
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Figure 2
1α,25(OH)2D3 directly activates the CST5 promoter. (A) Quantitative RT-PCR analysis of CST5 RNA expression in SW480-ADH cells treated with 
1α,25(OH)2D3 or vehicle that were pretreated for 30 minutes with actinomycin D (2 μg/ml) or cycloheximide (8 μg/ml) as indicated. (B) Scheme 
of the human CST5 gene promoter showing putative VDR binding sites grouped in regions A–D. (C) Activation of CST5 promoter constructs by 
1α,25(OH)2D3 in SW480-ADH cells and in HEK293T cells cotransfected with an expression vector for wild-type VDR. Twenty-four hours after 
transfection, cells were treated with vehicle or 1α,25(OH)2D3 (10–7 M) for an additional 48 hours. The empty pGL3 vector was used as control. 
(D) The activation of the CST5 promoter by 1α,25(OH)2D3 requires a transcriptionally competent VDR. SW480-R cells were cotransfected with 
the promoter construct pGL3-1867 or pGL3-251 and either the wild-type VDR or the mutant ΔAF2-VDR (VDRΔAF2), or an empty vector. The cells 
were then treated with 1α,25(OH)2D3 (10–7 M) or vehicle for 48 hours. As control, the consensus 4xVDRE-DR3-Tk-Luc (VDRE) reporter construct 
was cotransfected with the wild-type or mutant VDR. Values correspond to promoter induction by 1α,25(OH)2D3 in 3 independent experiments 
done in triplicate. (E) 1α,25(OH)2D3 induces VDR binding to and an active chromatin conformation of the CST5 promoter in vivo. ChIP assay 
showing the induction by 1α,25(OH)2D3 of VDR binding, SMRT corepressor release, and increased histone H4 acetylation (AcH4) of the CST5 
gene promoter in SW480-ADH cells. The CYP24 gene was used as control. The promoter regions studied are indicated.
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basal migration capacity) in Boyden chamber assays (Figure 5B). 
Likewise, cystatin D inhibited the growth of HCT116 cells in semi-
solid agar (Figure 5C).

Next, we examined the antitumoral effects of cystatin D in vivo. 
To this end, we inoculated immunodeficient mice subcutaneously 
with HCT116 or LS174T cells expressing or not expressing ectopic 
cystatin D. In both cases, the number and size of tumors generated 
were drastically inhibited by cystatin D expression (Figure 6).

Cystatin D induces intercellular adhesion proteins and inhibits genes pro-
moting epithelial-mesenchymal transition. Cells expressing exogenous 
cystatin D exhibited a strong adhesive phenotype (Figure 7A, left). 
Accordingly, immunofluorescence and confocal microscopy analy-
sis showed that cystatin D–expressing HCT116 cells had increased 
levels of the adherens junction E-cadherin and p120-catenin and 

of the tight junction occludin proteins (Figure 7A, right). This was 
confirmed by Western blot analysis (Figure 7B). Furthermore, cysta-
tin D–expressing cells contained higher levels of CDH1 RNA than 
control cells (Figure 7C). As CDH1 and OCLD are targets of tran-
scriptional inhibition by genes promoting epithelial-mesenchymal 
transition (EMT), we studied whether cystatin D could modulate 
these genes. Indeed, cystatin D–expressing cells expressed lower lev-
els of SNAI2, ZEB1, and ZEB2 RNA than empty vector–transfected 
(mock) cells (Figure 7D). In contrast, only a weak reduction in 
SNAI1 and no change in TWIST expression were found.

Cystatin D extends the cell cycle and inhibits Wnt/β-catenin signaling 
and the c-MYC oncogene. To explore the mechanism of the inhibi-
tion of cell proliferation by cystatin D, we first performed flow 
cytometry analyses. Cystatin D–expressing cells displayed slower 

Figure 3
Ectopic cystatin D expression inhibits pro-
liferation and alters gene expression in 
SW480-ADH cells. (A) Cystatin D inhibits 
cell proliferation. (B) Quantitative RT-PCR 
analysis showing the level of CYP24, CDH1, 
and LEF1 RNA in cystatin D–expressing 
cells. (C) Western blot analysis showing 
changes in E-cadherin, c-MYC, and LEF-1  
proteins in cystatin D–expressing cells. 
(D) Cystatin D inhibits SNAI1 expression. 
Quantitative RT-PCR (left) and Western blot 
(right) analyses showing reduced SNAI1 
RNA and protein levels in cystatin D– 
expressing cells. Numbers between the 
blots in C and D correspond to mean of the 
fold increase values obtained in 2 experi-
ments. *P < 0.05, **P < 0.01, ***P < 0.001. 
The Western blot in D shows noncontigu-
ous lanes run on the same gel.
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entry into cell cycle upon synchronization than control cells, as 
shown by the smaller proportion of cells in G2/M phase at 4 hours 
after release of the cell-cycle blockade (Figure 8A). This explains 
their lower proliferation rate. Cystatin D–expressing cells showed a 
decreased level of c-MYC protein, a key cell-cycle regulator (Figure 
8B). Consistently, 2 c-MYC promoter constructs were less active in 
cystatin D–expressing cells than in control cells (Figure 8C). As 
the aberrant activation of the Wnt/β-catenin pathway that causes 
the induction of c-MYC and other proliferation and invasion genes 
is a hallmark of colon cancer (21, 22), we examined its activity in 

cystatin D–expressing cells. Analogously to 1α,25(OH)2D3 treat-
ment (12, 13), exogenous cystatin D inhibited the transcriptional 
activity of β-catenin/TCF complexes, the downstream effector of 
the Wnt pathway (Figure 8D). This did not result from a general 
inhibitory effect on transcription, as the Notch pathway (evaluated 
by using a NICD reporter construct) was not affected by cystatin D 
expression (data not shown). We conclude that the antiprolifera-
tive action of cystatin D is at least in part mediated by the repres-
sion of the c-MYC oncogene, which in turn is probably mediated by 
the inhibitory effect on the Wnt/β-catenin pathway.

Figure 4
CST5 silencing affects SW480-ADH cell proliferation and gene expression. (A) Phase-
contrast images of control shRNA and CST5 shRNA cells that were treated with 10–7 M 
1α,25(OH)2D3 or vehicle for 48 hours. Western blot analysis showing decreased level of 
cystatin D protein in CST5 shRNA cells. Scale bar: 20 μm. (B) CST5 knockdown abro-
gates the inhibition of cell proliferation by 1α,25(OH)2D3. Control shRNA and CST5 shRNA 
cells were treated with vehicle or 1α,25(OH)2D3 for the indicated times. Proliferation of 
cells in 1α,25(OH)2D3- versus vehicle-treated cultures is shown. (C) Quantitative RT-PCR 
analysis showing decreased CDH1 and CYP24 and increased LEF1 RNA expression in 
CST5 shRNA cells. (D) Western blot analysis showing changes in E-cadherin, c-MYC, 
and LEF-1 proteins in CST5 shRNA cells. (E) CST5 knockdown increases the expression 
of SNAI1 RNA (left) and protein (right). Numbers between the blots in A, D, and E corre-
spond to mean of the fold increase values obtained in 2 experiments.*P < 0.05, **P < 0.01,  
***P < 0.001. The Western blot in E shows noncontiguous lanes run on the same gel.
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Cystatin D proteins with reduced antiproteolytic activity maintain the 
antiproliferative but not the migration-inhibitory effect. To examine 
whether the antiproteolytic activity of cystatin D is necessary for its 
newly identified effects on cancer cells, we generated by PCR-medi-
ated mutagenesis 2 mutant forms of this protease inhibitor. One of 
these cystatin D mutants had a Gly replacing Trp at position 108 
(CystD W108G), while the other carried this mutation as well as a 
deletion of the first 12 amino acids (CystD W108G/Δ1–12). Muta-
tions were verified by sequencing, and the loss of cysteine protease 
activity was checked by transfection of the mutant CST5 constructs 

in Cos-7 cells (Supplemental Figure 2B). To evaluate the activity 
of these mutant cystatin D proteins, we first expressed them in 
HCT116 colorectal carcinoma cells (Figure 9A) and then studied 
their effects on cell proliferation. Similar to the results obtained 
with wild-type cystatin D, both mutant proteins inhibited cell pro-
liferation (Figure 9B). However, and in contrast to the above find-
ings with wild-type cystatin D, neither of the 2 mutant proteins 
decreased cell migration (Figure 9C). In addition, we studied the 
transcriptional effect of both cystatin D mutants on selected target 
genes. As can be seen in Figure 9D, and also in contrast to wild-type 

Figure 5
Ectopic cystatin D expression inhibits proliferation, migration, and anchorage-independent growth of HCT116 cells. (A) Cystatin D inhibits cell 
proliferation. (B) Cystatin D inhibits cell migration. HCT116 cells transfected with empty vector (Mock) or stably expressing CST5 were seeded 
in triplicate on Transwell filters, and 24 hours later migratory cells that had attached to the lower surface of filters were counted. Representative 
images and a quantification of data from 3 independent experiments are shown. Original magnification, ×200. (C) Cystatin D inhibits anchorage-
independent cell growth. Images of foci grown in semisolid agar and quantification are shown. Original magnification, ×63. ***P < 0.001.
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cystatin D, the 2 mutant proteins decreased E-cadherin, while they 
did not alter p120-catenin expression. However, in line with their 
antiproliferative effect and like the wild-type protein, cystatin D 
mutants decreased the level of c-MYC (Figure 9D). Consistent with 
the decrease in E-cadherin protein, and in contrast to wild-type 
cystatin D, the 2 mutant cystatin D proteins reduced the RNA level 
of CDH1 and slightly increased that of SNAI1 (Figure 9, E and F).  
Moreover, they failed to inhibit ZEB1 RNA expression and were 
less efficient than wild-type cystatin D in the case of ZEB2 (Figure 
9F). Together, these results indicate that the inhibition of cysteine 
proteases is only partially responsible for the effects of cystatin D 
in colon cancer cells.

Cystatin D expression decreases in human colorectal tumorigenesis, in 
good correlation with tumor dedifferentiation and VDR and E-cadherin 
loss. To investigate the relevance of our results in human colon can-
cer, we first studied the expression of cystatin D protein in tissue 
microarrays containing tumor and adjacent normal tissue samples. 
We found a progressive loss of cystatin D expression that corre-
lated with tumor dedifferentiation: the strong staining in normal 
tissue and polyps decreased significantly in well- and moderately 
differentiated carcinomas and was absent in a large proportion 
of poorly differentiated tumors (Figure 10, A, top, and B). In line 
with previous studies (23), VDR expression also decreased associ-
ated with tumor progression (Figure 10A, bottom). These results 
were confirmed by Western blot analysis of a series of 32 matched 
normal and tumor samples. We defined overexpression and reduc-
tion as changes of at least 2-fold in protein level (Figure 11A). In 
40.6% (13 of 32) cases, the level of cystatin D was lower in tumor 
than in normal tissue. Additionally, we found a strong direct cor-

relation between the expression of cystatin D and VDR (Spearman 
correlation coefficient, r = 0.562; P = 0.001), supporting that the 
regulation of cystatin D expression by 1α,25(OH)2D3 observed in 
cultured cells and xenografts may also take place in human colon 
cancer (Figure 11B). Moreover, the expression of cystatin D also 
correlated with that of the E-cadherin (Spearman correlation coef-
ficient, r = 0.492; P = 0.005), which, like VDR, is a marker of dif-
ferentiation of human colorectal tumors (23) (Figure 11B). Box 
plot analysis of VDR and E-cadherin expression relative to that 
of cystatin D confirmed their correlation in the colorectal cancer 
series (Kruskal-Wallis test, P = 0.001 and P = 0.006, respectively).

Discussion
Natural and synthetic vitamin D compounds are increasingly stud-
ied as anticancer agents (1–4). In colon cancer, previous data from 
us and others have shown that 1α,25(OH)2D3 regulates the prolif-
eration and phenotype of colon carcinoma cells through the tran-
scriptional control of a number of target genes and antagonism 
of the Wnt/β-catenin signaling pathway (9, 12). These results con-
tribute to explain the higher susceptibility to colon cancer caused 
by vitamin D deficiency in animal models and the results of epide-
miological and clinical studies that indicate antitumoral action of 
vitamin D in humans (2–4, 24). Here we report that 1α,25(OH)2D3 
is a strong direct inducer of CST5 in human colon cancer cells and 
that this reported inhibitor of members of the cathepsin family of 
proteases drastically inhibits the tumorigenic phenotype of colon 
carcinoma cells in vitro and in vivo.

Results obtained in human patients strongly indicate that CST5 
gene is downregulated during colon tumorigenesis associated with 
tumor dedifferentiation. The correlation between the cystatin D 
expression and VDR protein levels in colon biopsy samples sup-
ports a role for 1α,25(OH)2D3 in the regulation of CST5 in the 
organism. Remarkably, VDR expression is associated with cell dif-
ferentiation, absence of node involvement, and favorable progno-
sis in colorectal cancer (23, 25–27), which is in line with the loss of 
cystatin D in poorly differentiated tumors. Also the direct correla-
tion between the expression of cystatin D and E-cadherin, which 
is a marker and crucial regulator of the epithelial phenotype and 
invasion, further supports its relation with tumor differentiation.

Lysosomal cysteine proteases have been implicated in multiple 
steps during tumor progression, including early steps of immor-
talization and transformation, intermediate steps of tumor inva-
sion and angiogenesis, and  late  steps of metastasis and drug 
resistance (28). Thus, cathepsins B and S seem to contribute to 
the angiogenic switching and basement membrane degradation 
in early preneoplastic lesions. Likewise, cathepsins B, C, L, and Z 
potentiate the release and activation of pro-growth factors, thus 
favoring tumor growth. On the other hand, cathepsins H and L 
contribute to invasive growth either through degradation of base-
ment membrane or extracellular matrix components or prote-

Figure 6
Cystatin D inhibits tumor growth in vivo. Immunodeficient mice were 
injected subcutaneously with (A) mock-transfected HCT116 cells or 
one of 2 clones of HCT116 cells transfected with CST5 (clone 9 or 20); 
or (B) mock-transfected LS147 T cells or one of 2 clones of LS147T 
cells transfected with CST5 (clone 9 or 11). The volume of the tumors 
generated was measured during the indicated period. Number of mice 
developing tumors at the end of the evaluation period: HCT116, mock: 
25 of 25, CST5: 5 of 26; LS174T, mock: 9 of 9, CST5: 9 of 21.
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Figure 7
Cystatin D induces an adhesive phenotype and represses genes involved in EMT. (A) Ectopic cystatin D induces intercellular adhesion. Phase-
contrast (left) and immunofluorescence and confocal microscope images (right) of control (Mock) and cystatin D–expressing HCT116 cells. Expres-
sion of E-cadherin, p120-catenin, and occludin proteins was analyzed using specific antibodies. Scale bars: 10 μm (left) and 20 μm (right). (B) 
Western blot analysis showing the induction of adhesion proteins by cystatin D in HCT116 cells. Numbers between the blots correspond to mean 
of the fold increase values obtained in 3 experiments. (C) Quantitative RT-PCR analysis showing increased levels of CDH1 RNA in cystatin D– 
expressing HCT116 cells. (D) Cystatin D represses EMT genes. Quantitative RT-PCR analysis of the expression of the EMT genes SNAI1, 
SNAI2/SLUG, TWIST, ZEB1, and ZEB2 in mock and cystatin D–expressing HCT116 cells.
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olysis of specific target proteins on the cell surface (28, 29). All 
these protumorigenic properties of cathepsins are balanced by the 
activity of the different members of the cystatin family of protease 
inhibitors. However, in recent years, cystatins have been proposed 
to play important roles in tumor progression apparently unrelated 
to their cathepsin-inhibitory action, and numerous studies involv-
ing cystatins C and E/M have described this dual function. Specifi-
cally, cystatin C has been proposed as a TGF-β receptor antagonist 
(30), whereas cystatin E/M has been widely studied because of its 

role as tumor suppressor mainly in breast cancer (14, 31). Our 
results derived from the functional analysis of mutant cystatin D 
proteins with reduced antiproteolytic activity indicate that cysta-
tin D exerts its antimigratory effects through cathepsin inhibition, 
while its antiproliferative effect on colon cancer cells seems to be 
independent of this activity.

The antiproliferative action of cystatin D in vitro and the anti-
tumor growth in vivo on colon cancer cells  is most probably 
linked to the repression of c-MYC oncogene and the interference 

Figure 8
Cystatin D extends the cell cycle and inhibits of c-MYC expression and β-catenin/TCF transcriptional activity. (A) Cystatin D decelerates cell-
cycle entry. Mock and cystatin D–expressing HCT116 cell clones were stimulated with 10% serum to enter into cell cycle following synchro-
nization in G1 phase using double block with thymidine and mimosine as described in Methods, and the proportion of cells in each phase was 
estimated by flow cytometry. Asynchronously growing cells were used for comparison (black profile). Data from a representative experiment 
of 3 performed are shown. The bottom graph represents the mean percentage of cells present in each phase of the cell cycle (G1 in black,  
S in gray, and G2/M in white) 4 hours after release of the blockade. (B) Western blot analysis showing the decrease in c-MYC protein content 
in cells expressing exogenous cystatin D following the release of cell-cycle blockade. Numbers between the blots correspond to mean of the 
fold increase values obtained in 3 experiments. (C) The human c-MYC gene promoter is less active in cystatin D–expressing cells. Mock and 
2 cystatin D–expressing HCT116 cell clones were transfected with either of 2 constructs of the c-MYC promoter, and luciferase activity was 
measured 48 hours later. (D) β-Catenin/TCF transcriptional activity is reduced in cystatin D–expressing cells. Mock and 2 cystatin D–expressing 
HCT116 cell clones were transfected with the wild-type TOP-Flash and mutant FOP-Flash reporter plasmids, and the TOP/FOP ratio of luciferase 
activity was measured 48 hours later.
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with the Wnt signaling pathway, 2 effects that mimic and puta-
tively mediate at least in part 1α,25(OH)2D3 action in these cells 
(12). Remarkably, the suppression of c-MYC overexpression is 
sufficient to cause sustained tumor regression in several model 
systems, and a threshold level of c-MYC protein is required for 
tumor maintenance (ref. 32 and refs. therein). Moreover, the 
cystatin D–mediated increase in intercellular adhesion caused 
by the induction of E-cadherin and other adhesive proteins must 
strongly contribute to the reversion of the transformed pheno-
type and the inhibition of cell proliferation by 1α,25(OH)2D3. A 
plausible explanation for these effects is the downregulation of 
the EMT genes SNAI1, SNAI2, ZEB1, and ZEB2, known repressors 
of CDH1, OCLD, and related genes (33). Alternatively, the recent 
description by Weinberg’s group (34, 35) that E-cadherin loss in 
breast cancer cells promotes cancer stem cell–like properties and 
metastasis through the induction of EMT suggests that cystatin D  
may primarily affect E-cadherin.

The  number  and  importance  of  the  actions  of  cystatin  D 
and its strong, rapid, and direct transcriptional regulation by 
1α,25(OH)2D3 indicate that cystatin D is an important mediator 
of 1α,25(OH)2D3 action in colon cancer cells in vitro and, accord-
ing to the results with tumor biopsies, also exerts putative protec-
tive effects in humans. This is further emphasized by the results 
obtained after expressing an exogenous cystatin D or by down-
regulation of the endogenous CST5 gene by means of shRNA. 
Previously, cystatin D expression had been detected only in saliva 
and tears (36). The loss of cystatin D expression during colon tum-
origenesis associated to dedifferentiation supports a role for this 
protein in the control of cell phenotype in vivo and its status as a 
candidate tumor suppressor. Analogously, cystatin M has recently 
been shown to have antitumoral effects and to be downregulated in 
breast cancer (14, 37). The finding that addition to cells of recom-
binant cystatin D protein did not reproduce the effects of endog-
enous cystatin D indicates that its antitumor effects are mostly 

Figure 9
Cystatin D mutant proteins with reduced anti-
proteolytic activity distinctly affect cell prolifera-
tion, migration, and gene expression. (A) West-
ern blot analysis showing the expression of 
CystD W108G and CystD W108G/Δ1–12 pro-
teins in SW480-ADH cells. (B) CystD W108G 
and CystD W108G/Δ1–12 have the same 
antiproliferative effect as wild-type cystatin D. 
(C) CystD W108G and CystD W108G/Δ1–12 
lack migration-inhibitory activity. (D) Effects of 
CystD W108G and CystD W108G/Δ1–12 on 
target genes. Western blot analysis showing 
E-cadherin, p120-catenin, and c-MYC protein 
expression in cells expressing mutant cystatin D  
proteins. Numbers between the blots in A and 
D correspond to mean of the fold increase val-
ues obtained in 3 experiments. (E and F) Quan-
titative RT-PCR analysis showing the RNA lev-
els of CDH1 and of SNAI1, ZEB1, and ZEB2 
in cells expressing either wild-type or mutant 
cystatin D proteins. ***P < 0.001.
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exerted intracellularly. The exact molecular mechanism by which 
cystatin D exerts its actions is unclear. One possibility is based on 
its antiproteolytic activity. Thus, cystatin D may regulate E-cad-
herin integrity or the processing of one or more transcription fac-
tors controlling cell proliferation and/or E-cadherin expression. In 
line with this, the cystatin D target cathepsin L has been reported 
to cleave E-cadherin in vitro and possibly in RT2 mice (17). In addi-
tion, cathepsin L controls mouse 3T3 and human breast cancer 
cell proliferation within the nucleus by modulating the proteolytic 
processing of the CCAAT-displacement protein/cut homeobox 
(CDP/Cux) transcription factor (19). In human colon cancer cells, 
however, we did not detect any of the E-cadherin cleaved fragments 
(64 and 30–35 kDa) that are generated by cathepsin L. Likewise, 
we found no changes in the expression of CDP/Cux polypeptides 
associated with cystatin D expression (data not shown). These dif-
ferences may be due to species- and/or cell type–specific activity 
of cathepsin L. Together with the observed increase in the level 
of CDH1 RNA in cystatin D–expressing cells, these results favor 
a role for cystatin D in the regulation of CDH1 RNA transcrip-
tion or stability. A second possibility is that cystatin D has effects 
unrelated to the inhibition of cathepsins by interacting with other 
noncharacterized proteins and so modulating distinct processes. 
One illustrative example in this regard is that of the tissue inhibi-
tor of metalloproteinases–2 (TIMP2), which inhibits mitogenesis 
and angiogenesis at least in part by metalloproteinase-independ-
ent mechanisms (38). The finding that mutant cystatin D proteins 
with reduced antiproteolytic activity inhibit cell proliferation but 

not cell migration makes plausible that both cathepsin inhibi-
tion–dependent and –independent mechanisms are responsible 
for cystatin D antitumoral activity. Notably, 2 other cystatins, A 
and E, have been shown to be regulated by 1α,25(OH)2D3 in kerati-
nocytes and squamous cell carcinoma cells, respectively, although 
no related functional studies have been reported yet (39, 40).

Together, our findings reveal an unpredicted activity of CST5 as 
a tumor suppressor. Furthermore, our results illustrate what we 
believe to be a novel mechanism of the anticancer action of the 
most active vitamin D metabolite and provide a rationale for its 
preventive and therapeutic use against colon cancer.

Methods
Cell culture, constructs, and transfections. SW480-ADH  and  SW480-R  cells 
(derived from the SW480 human colon cancer cell line by limit dilution anal-
ysis; ref. 12), HCT116 and LS174T cells were cultured in DMEM plus 10% 
FBS (Invitrogen). Treatment with 1α,25(OH)2D3 was performed in DMEM 
supplemented with charcoal-treated serum to remove liposoluble hormones. 
The cells were treated with 10–7 M 1α,25(OH)2D3 or the corresponding vehi-
cle/ethanol for the times indicated. Several fragments of the CST5 promoter  
(–1,867/+262, –1,128/+262, –650/+262, and –251/+262) were amplified by PCR 
using genomic DNA from SW480-ADH cells as template and the following 
primers: 5′-ACGCGTCCGCAGGATCACCTTCAG-3′, 5′-ACGCGTCACAG-
GTGTGGACAAAGTGG-3′, 5′-ACGCGTTCCAGGAGCTTCCTCTTCCT-3′,  
5′-ACGCGTGAATCCAGAGTGAGCCAAGC-3′,  and  5′-AGATCTTG-
TACTCGCTGATGGCAAAG-3′. The resulting products were cloned into 
the pCRII-TOPO vector (Invitrogen) and sequenced. Subsequently, they were 

Figure 10
Cystatin D expression is downregulated during human colon cancer progression. (A) Immunohistochemical analysis of cystatin D and VDR expres-
sion in tissue microarrays. Counterstaining was with hematoxylin. Representative slices of nontumoral tissue and of well-, moderately, and poorly 
differentiated (differ.) carcinomas. Scale bar: 200 μm. (B) Quantification of cystatin D expression by estimation of staining intensity as described 
in Methods. The number of samples analyzed per group and the percentage corresponding to each level of cystatin D staining are shown.
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subcloned as MluI/BglII fragments into the promotorless pGL3basic Firefly 
luciferase expression vector (Promega). The 4xVDRE-DR3-Tk-Luc construct 
was provided by C. Carlberg (University of Kuopio, Kuopio, Finland). The 
CDH1 promoter activity was studied using the -987-TK-Luc construct (12). 
To study β-catenin/TCF transcriptional activity, we used the TOP-Flash and 
FOP-Flash plasmids containing multimerized wild-type (CCTTTGATC) or 
mutated (CCTTTGGCC) TCF/LEF-1 binding sites upstream of a minimal 
c-fos promoter driving luciferase gene expression (41) (a gift from H. Clevers, 
Hubrecht Institute and University Medical Center, Utrecht, The Netherlands). 
The expression vector for the truncated VDR lacking the 11 carboxytermi-
nal amino acids (ΔAF2) was donated by Ana Aranda of Insituto de Investi-
gaciones Biomédicas, Madrid. The P1P2myc-Luc and P2myc-Luc plasmids 
containing fragments of the human c-MYC promoter (42) were provided by 
J. León (Universidad de Cantabria, Santander, Spain). For transient transac-
tivation assays, cells cultured in 24-well dishes were transfected in triplicate 
using the jetPEI reagent (PolyPlus Transfection). Reporter assays were carried 
out 48 hours after transfection by measuring Firefly (Luc) and Renilla renifor-
mis luciferase (Rluc) activities separately using the Dual Luciferase reagent 
kit (Promega) and a Lumat LB 9507 luminometer (Berthold Technologies). 
Luc activity was normalized to the Rluc activity. SW480-ADH, HCT116, and 
LS174T cells stably expressing cystatin D were generated by transfection with 

either pcDNA3.1-CST5 or pcDNA3.1 plasmids (control, mock), followed by 
selection with 0.5 mg/ml (SW480-ADH and LS174T) or 2 mg/ml (HCT116) 
G418 (Sigma-Aldrich) for 2 weeks. pcDNA3.1-CST5 plasmid was obtained by 
subcloning the full-length human CST5 cDNA from the pEMBL19 plasmid 
(36) by digestion with EcoRI and XbaI.

Gene silencing. To knock down CST5, we infected cells with lentiviral par-
ticles containing a U6 promoter driving an shRNA targeting the respective 
RNA. MISSION shRNA lentiviral particles against human CST5 or scram-
ble negative control (Sigma-Aldrich) were used. Control cells were infected 
with lentivirus bearing a nontargeting shRNA that activates the RISC com-
plex and the RNAi pathway but that contains at least 5 mismatched nucle-
otides compared with any human gene (clone SHC002; Sigma-Aldrich).

Generation of CST5 mutants. Point mutation and deletion of CST5 was car-
ried out using QuickChange Site-Directed Mutagenesis Kit (Stratagene) 
according to the manufacturer’s guidelines. For the single CST5 W108G 
mutant, we used the pcDNA3.1-CST5 plasmid as template and the sense 
oligonucleotide  5′-CCAGATCAATGAAGTTCCCGGGGGAGGATA-
AAATTTCCATTC-3′. For the double CST5 W108G/Δ1–12, mutant, we 
used the CST5 W108G mutant as template and the sense oligonucleotide 
5′-CCTTGATGGTGGCCGTGGCCGGCATCCATGCCACAGACCCTC-3′. 
Mutations were verified by sequencing.

Figure 11
Cystatin D expression directly correlates with 
that of VDR and E-cadherin in colon carcino-
mas. (A) Representative Western blot showing 
the expression of cystatin D, VDR, and E-cad-
herin proteins in a series of matched normal 
(N) and tumoral (T) human colon tissues. (B) 
Top: Relationship between the log2 tumor ver-
sus normal (T/N) ratio of normalized protein 
levels of cystatin D and VDR or E-cadherin. 
Among the 32 sample pairs, the T/N ratio of 
cystatin D expression was less than 0.5 in 13 
samples; between 0.5 and 2 in 14 samples; 
and greater than 2 in 5 samples. Bottom: Box 
plot of the log2 T/N ratio of normalized VDR or 
E-cadherin expression in samples with high or 
low cystatin D levels in the colorectal cancer 
series. Boxes include values in the 25%–75% 
interval; internal lines represent the median; 
the outliers (circles) of the VDR and E-cad-
herin expression are indicated.
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Cell proliferation and migration assays. To measured proliferation, the cells 
(8 × 103) were seeded in 24-well plates and treated for up to 6 days with 
10–7 M of 1α,25(OH)2D3 or vehicle. Living cells were counted after trypsin-
ization. Alternatively, we used [3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl] 
tetrazolium bromide (MTT) assays, which were performed according to 
the manufacturer’s instructions (Roche Diagnostics). All experiments were 
performed in quadruplicate.

For migration assays, the cells were seeded on 8.0-μm-pore Transwells 
(Corning). After 24 hours incubation, cells attached to the lower surface 
of the filter were stained using Diff-Quik reagents (Dade Behring) and 
counted (10 fields/Transwell). Recombinant human cystatin D protein 
was from R&D Systems.

Anchorage-independent growth assays. HCT116 cells (5 × 103) transfected 
with an empty vector or pcDNA3-CST5 were trypsinized and suspended 
in 1.5 ml of 0.35% Difco Noble agar (BD) in DMEM containing 10% FBS. 
The agar-cell mixture was plated on top of a bottom layer of 0.5% agar (1.5 
ml). The experiment was performed in triplicate for each cell line. After  
2 weeks, viable colonies larger than 50 μm were scored.

Cathepsin L activity assays. Cathepsin L activity was assessed using fluo-
rogenic substrate Z-Phe-Arg-AMC (benzyloxycarbonyl-Phe-Arg-7-amino-
4-methylcoumarin) (Bachem) in the presence of E-64 (Sigma-Aldrich),  
a broad spectrum inhibitor of cysteine proteases, and CA-074 (Bachem),  
a specific inhibitor of cathepsin B, by using the Inubushi method (43) 
with some modifications. Briefly, whole-cell extracts were prepared by 
lysis in cathepsin L lysis buffer (400 mM sodium phosphate buffer pH 6,  
75 mM NaCl, 4 mM EDTA, 0.25% Triton X-100), incubated 1 hour on 
ice, and homogenized by sonication. Twenty micromoles of substrate was 
incubated with the whole-cell extracts in the cathepsin assay buffer (100 
mM sodium acetate buffer pH 5.5, 1 mM EDTA, 2 mM DTT) in the pres-
ence of 50 μmol E-64 or CA-074 at 37°C for 10 minutes. The amount of  
7-amino-4-methylcoumarin liberated from the substrate was monitored 
fluorometrically with excitation at 370 nm and emission at 480 nm. Total 
cysteine peptidase activity was determined as the difference between the 
total activity and the background activity of the non-cysteine peptidases 
determined by using E-64. Cathepsin L–like activity was measured by 
inhibiting cathepsin B activity with CA-074.

Western blotting. Whole-cell  extracts  were  prepared  by  washing  the 
monolayers  twice  in PBS and subjected  to cell  lysis by  incubation  in 
RIPA buffer (150 mM NaCl, 1.5 mM MgCl2, 10 mM NaF, 10% glycerol, 
4  mM  EDTA,  1%  Triton  X-100,  0.1%  SDS,  1%  sodium  deoxycholate,  
50 mM HEPES pH 7.4) plus phosphatase- and protease-inhibitor mixture 
(25 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM PMSF, 10 μg/ml leu-
peptin, 10 μg/ml aprotinin) for 15 minutes on ice, followed by centrifuga-
tion at 15,700 g for 10 minutes at 4°C. Protein concentration was mea-
sured using the Bio-Rad DC protein assay kit. Analysis of cell lysates or 
immunoprecipitates was performed by electrophoresis in SDS gels and 
protein transfer to Immobilon P membranes (Millipore). The membranes 
were incubated with the appropriate primary and secondary HRP-conju-
gated antibodies, and the antibody binding was visualized using the ECL 
detection system (Amersham, GE Healthcare). We used rabbit polyclonal 
antibodies generated against cystatin D (36), occludin (Zymed, Invitro-
gen), and cyclophilin A (Upstate, Millipore); mouse monoclonal antibod-
ies against E-cadherin, p120-catenin (BD Biosciences), and c-MYC (Santa 
Cruz Biotechnology Inc.); rat monoclonal antibody against VDR (Chemi-
con); and goat polyclonal antibody against β-actin and lamin B (Santa 
Cruz Biotechnology Inc.). The anti-Snail1 antibody was provided by K.-F. 
Becker (Technische Universität München, Munich, Germany). Secondary 
antibodies used were HPR-conjugated anti-rabbit IgG (H+L) (MP Biomedi-
cals), anti-mouse IgG (H+L) (Promega), and anti-rat IgG and anti-goat IgG 
(Santa Cruz Biotechnology Inc.).

Immunofluorescence and confocal microscopy. Cells were rinsed once in PBS 
and fixed in 3.7% formaldehyde for 10 minutes at room temperature. The 
cells were permeabilized in 0.2% Triton X-100 for 10 minutes at room 
temperature. Nonspecific sites were blocked by incubation with PBS con-
taining 1% Difco Skim Milk (BD) for 10 minutes at room temperature 
before cells were incubated with the primary antibodies against cystatin D,  
E-cadherin, p120-catenin, and occludin, diluted (1:100) in PBS for 1 hour 
at 37°C. After 4 washes in PBS, the cells were incubated with the second-
ary antibodies Alexa Fluor 488 donkey anti-mouse or Alexa Fluor 488 goat 
anti-rabbit (Molecular Probes, Invitrogen) for 45 minutes at room tem-
perature, washed 3 times in PBS, and mounted in VECTASHIELD (Vector 
Laboratories). Propidium iodide staining was done for 10 minutes at room 
temperature and followed by 4 washes in PBS. Images were acquired with 
an Olympus DP70 digital camera mounted on a Zeiss Axiophot micro-
scope equipped with epifluorescence (Figure 1), and confocal images were 
captured with a Leica TCS SP2 confocal microscope (Figure 7). For dou-
ble labeling experiments, images of the same confocal plane were gener-
ated and superimposed. Phase-contrast images were captured with a Leica 
DC300 digital camera mounted on an inverted Leitz Labovert FS Micro-
scope. All images were processed using Adobe Photoshop CS2 software.

Immunohistochemistry. Human tissues were obtained as formalin-fixed, 
paraffin-embedded tissue sections from the archives of the tumor bank 
of Hospital Universitario Central de Asturias. They remained anonymous 
according to guidelines approved by the hospital’s Research Ethics Board. 
Tissue arrays containing a total of 51 samples including 3 replicates rep-
resenting different locations were used to evaluate cystatin D and VDR 
expression according to the differentiation status. After dewaxing and rehy-
drating, samples were blocked in 15% goat serum and then incubated over-
night at 4°C with anti–cystatin D (1:1,000) or anti-VDR antibody (1:150). 
Visualization of specific interactions was monitored by using the EnVision 
HRP System (Dako) according to the manufacturer’s instructions, and the 
staining was completed by incubation with diaminobenzidine colorimet-
ric reagent (Dako), followed by counterstaining with hematoxylin. Finally, 
the slides were dehydrated and mounted. Controls included samples that 
were incubated with a preimmune serum. Normal parotid tissue was used 
as positive control for cystatin D. Protein expression was graded indepen-
dently by 2 observers as very high (+++), high (++), moderate (+), low (+/–), 
or negative (–), depending on the level of epithelial staining.

Flow cytometry. Cells were synchronized by 17 hours incubation with  
2.5 mM thymidine (Sigma-Aldrich) in McCoy’s 5A medium. Later, they 
were washed twice in PBS and incubated in normal medium for an addi-
tional 6 hours at 37°C to release them from the cell-cycle blockade. To 
increase the proportion of G1-arrested cells, we then treated cultures with 
0.5 mM l-mimosine (Sigma-Aldrich) for 20 hours. At various time points, 
cells were washed in PBS containing 50 mM EDTA, trypsinized, resuspend-
ed in 1 ml PBS/EDTA, and fixed by addition of 3 ml ice-cold 100% ethanol 
and left overnight at 4°C. Fixed cells were then pelleted and washed in  
1 ml PBS/EDTA, and DNA was stained with 0.025 mg/ml propidium 
iodide (Sigma-Aldrich) in PBS/EDTA containing 0.05% NP40 and 5 ng/μl 
RNase A. The fraction of the population in each phase of the cell cycle was 
determined as a function of DNA content using the FACScan flow cytom-
eter FC 500 MPL (Beckman Coulter) equipped with MXP software.

ChIP assays. ChIP assays were carried out as reported previously (44) 
using specific CST5 or CYP24 primers: CST5 (–840/–571), 5′-CCACAGT-
GACGCTTGGTCTA-3′ (forward) and 5′-GTCTGGGCAATAGAGCCG-
TA-3′  (reverse); negative control, 5′-ATCTCCCAGAGAGCAAAGCA-3′ 
(forward)  and  5′-GAATCCAGAGTGAGCCAAGC-3′  (reverse);  CYP24, 
5′-CGTTTCCTCCTGTCCCTCTC-3′  (forward)  and  5′-TGCCTTCCT-
GGGGGTTATCTC-3′ (reverse). Antibodies against VDR, SMRT (Santa 
Cruz Biotechnology Inc.), and histone H4 (acetyl K12) (Upstate), and rab-



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 119      Number 8      August 2009  2357

bit IgG (Santa Cruz Biotechnology Inc.) were used. The sensitivity of PCR 
amplification was evaluated on serial dilutions of total DNA collected after 
sonication (input fraction).

Real-time RT-PCR. Cellular RNA levels of CST5, SNAI1, SNAI2/SLUG, 
TWIST, ZEB1, ZEB2, CDH1, and LEF1 were quantified by real-time RT-
PCR using the primers listed in Supplemental Table 1. The level of CYP24 
RNA was measured in relation to that of 18S rRNA using the comparative 
Ct method and RNA TaqMan probes (Applied Biosystems). Values were 
normalized versus the geometric average of 3 control housekeeping genes 
(TATA-binding protein, TBP; succinate dehydrogenase complex subunit A, 
SDHA; and ubiquitin C, UBC) as described previously (45). For the synthe-
sis of the first strand of cDNA, 400 ng of total RNA was retrotranscribed 
using the Gold RNA PCR Core Kit (Applied Biosystems) according to the 
manufacturer’s instructions. Random hexamers were used for cDNA syn-
thesis. The relative concentration of the target and the reference genes was 
calculated by interpolation on a standard curve for each gene generated 
with a serial dilution of cDNA obtained from SW480-ADH cells. The reac-
tion was performed in a LightCycler apparatus using the LightCycler-Fast-
Start DNA MasterPLUS SYBR Green I Kit (Roche). Thermal cycling for 
all genes was initiated with a denaturation step of 95°C for 10 minutes 
and consisted of 40 cycles (denaturation at 95°C for 10 seconds, specific 
annealing temperatures shown in Supplemental Table 1 for 5 seconds, and 
elongation at 72°C for 5 seconds). At the end of the PCR cycles, melting 
curve analyses were performed, as well as electrophoresis of the products 
on nondenaturing 8% polyacrylamide gels, followed by sequencing, in 
order to validate the generation of the specific PCR product expected.

Xenograft tumor growth. We used severely immunodeficient female scid 
mice obtained from The Jackson Laboratory. The maintenance and han-
dling of animals were as recommended by the European Union (ECC direc-
tive 86/609/EEC, November 24, 1986), and all experiments were approved 
by the Animal Experimentation Committee at the Instituto de Investiga-
ciones Biomédicas, Madrid. Every effort was made to minimize animal 
suffering and to reduce the number of animals used. Mice were subcuta-
neously injected with 3 × 106 HCT116 or LS174T cells expressing empty 
vector (mock) or pcDNA3-CST5 in the left and right flank, respectively. 
Tumor size was measured 3 times per week by using the ellipsoid volume 
formula (0.5 × L × W × H), where L, W, and H are the tumor length, width, 
and height (in cm). Animals were euthanized when their external tumor 
diameter reached 1.5 cm.

Quantification of cystatin D, VDR, and E-cadherin protein expression in human 
samples. All patients gave written informed consent, and the protocol was 
approved by the Research Ethics Board of the Hospital Universitario Puerta 
de Hierro, Madrid. Normal and tumor tissue samples were obtained imme-
diately after surgery, snap-frozen in liquid nitrogen, and stored at –80°C 
until processing. Tissue protein was extracted by pulverizing the samples in 
liquid nitrogen using a mortar and homogenization using a Potter-Elvehjem 
apparatus in lysis buffer (50 mM Tris-HCl pH 7.5, 1% NP-40, 0.25% sodium 

deoxycholate, 150 mM NaCl, 2 mM MgCl2, 1 mM EDTA, 10% glycerol, 
0.5 mM DTT, and protease and phosphatase inhibitor mix) on ice. After 
20 minutes centrifugation at 15,700 g, the expression level of cystatin D,  
VDR, and E-cadherin proteins was analyzed by Western blotting.

Statistics. The data are expressed as mean ± SD unless otherwise speci-
fied. Statistical significance was assessed by 2-tailed unpaired Student’s 
t test. When P was greater than 0.05, the data were considered not sig-
nificant. All statistical analyses were performed using SPSS 13.0 statistical 
software. As the tumor/normal tissue (T/N) ratios of VDR and cystatin 
D expression were not normally distributed (Kolmogorov-Smirnov test, 
Lilliefors correction), we normalized the data distribution by using log2 
for statistical analysis (20). The geometric (rather than the arithmetic) 
average of the T/N ratio was used. Correlations between protein expres-
sion levels were analyzed using the Spearman correlation coefficient. In 
addition, cystatin D protein expression was divided into 2 groups, low and 
high expression, according to the median value of this variable, and the 
expression of VDR and E-cadherin in these 2 groups was represented in a 
box plot graphic. The comparison between the 2 groups of data was done 
using the Kruskal-Wallis test.
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