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Abstract

Background: Granzyme B (GrB) is a serine protease, traditionally known as expressed by cytotoxic lymphocytes to
induce target cell apoptosis. However, it is emerging that GrB, being also produced by a variety of normal and
neoplastic cells and potentially acting on multiple targets, might represent a powerful regulator of a wide range
of fundamental biological processes. We have previously shown that GrB is expressed in urothelial carcinoma
tissues and its expression is associated to both pathological tumor spreading and EMT. We have also shown that
docosahexaenoic acid (DHA), a dietary w-3 polyunsaturated fatty acid with anti-tumor activity, while inhibiting
urothelial and pancreatic carcinoma cell invasion also inhibited their GrB expression in vitro. In this study, we
characterized a panel of colorectal carcinoma (CRQ) cells, with different invasive capabilities, for GrB expression
and for the contribution of GrB to their EMT and invasive phenotype. In addition, we investigated the effect of
DHA on CRC cell-associated GrB expression, EMT and invasion.

Methods: The expression levels of GrB and EMT-related markers were evaluated by Western blotting. GrB knockdown
was performed by Stealth RNAi small interfering RNA silencing and ectopic GrB expression by transfection of human
GrB vector. Cell invasion was determined by the BioCoat Matrigel invasion chamber test.

Results: GrB was produced in 57.1 % CRC cell lines and 100 % CRC-derived Cancer Stem Cells. Although GrB
was constitutive expressed in both invasive and noninvasive CRC cells, GrB depletion in invasive CRC cells
downmodulated their invasion in vitro, suggesting a contribution of GrB to CRC invasiveness. GrB loss or gain
of function downmodulated or upmodulated EMT, respectively, according to the analysis of cancer cell expression of
three EMT biomarkers (Snail1, E-cadherin, N-cadherin). Moreover, TGF-B1-driven EMT was associated to the
enhancement of GrB expression in CRC cell lines, and GrB depletion led to downmodulation of TGF-31-driven
EMT. In addition, DHA inhibited GrB expression, EMT and invasion in CRC cells in vitro.

Conclusions: These findings present a novel role for GrB as upmodulator of EMT in CRC cells. Moreover,
these results support the use of DHA, a dietary compound without toxic effects, as adjuvant in CRC therapy.
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Background

Colorectal cancer (CRC) represents the second most
common cause of cancer-related death in the Western
world [1]. Although treatment outcomes in patients with
CRC have improved over the past two decades, 5-year
relative survival is slightly greater than 10 % in patients
with metastatic CRC, being metastasis and drug resist-
ance the primary cause of mortality and thus the most
life-treating aspects [1].

Epithelial-to-mesenchymal transition (EMT) has been
linked to the initiation of metastasis and to drug resist-
ance across multiple organs, including CRC [2, 3]. A re-
ciprocal relationship exists between EMT and Cancer
Stem Cells (CSCs), in that CSCs often exhibit EMT and
EMT can lead to the formation of CSCs [1, 2, 4]. EMT,
consisting in the transdifferentiation of epithelial cells
into mesenchymal cells, is physiological in embryonic
development, where it takes place as a coordinated and
organized process, leading epithelial cells to acquire the
motile and invasive characteristics of mesenchymal cells.
Potent initiators of EMT are some growth factors, in-
cluding transforming growth factor (TGF)-f, whose acti-
vated receptors trigger intracellular signaling cascades
ultimately resulting in the downregulation of epithelial
(E)-cadherin, a major hallmark of EMT, often balanced by
the increased expression of mesenchymal cell markers
such as neural (N)-cadherin [2]. The zinc finger molecule
SNAI1/Snail 1 is one of the critical E-cadherin transcrip-
tional repressors in EMT [2, 5]. Unlike developmental
EMT, the molecular network in tumor-associated EMT is
disregulated and EMT-activated carcinoma cells, depend-
ing on tissue, signaling and their context, may lose their
epithelial characteristics partially (incomplete EMT) or
completely (complete EMT), covering a range of changes
in their differentiation markers as well as in their invasive
migratory behavior [2, 6-8]. The molecular processes
underlying EMT and linked to cancer progression are
complex and still partially understood. Therefore, the
advancing knowledge on molecules involved in tumor-
associated EMT is essential to better understand the
mechanisms underling tumor metastasis and drug resist-
ance, as well as to improve cancer therapies.

Granzyme B (GrB) is a serine protease traditionally
known as molecule expressed by cytotoxic lymphocytes to
cause apoptosis in tumor and virally infected cells, pri-
marily by activation of caspase-driven pathways [9, 10].
However, it is now recognized that GrB is also pro-
duced by other non-cytotoxic immune and nonimmune
cells as well as neoplastic cells [11-19], and that con-
sensus sites for GrB cleavage are present in several
intra- and extra-cellular proteins [20, 21]. They in-
clude intracellular proteins involved in cell anchorage,
signaling, and cycle regulation, as well as extracellular
matrix (ECM) components, cell-surface receptors, pro-
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inflammatory cytokines and growth factors [12, 21-23].
Consequently, GrB is emerging as a multifunctional prote-
ase, acting with context dependence and potentially playing
important roles in different diseases, including inflamma-
tory and degenerative diseases [24].

We have previously demonstrated that GrB is expressed
in urothelial carcinoma tissues and its expression is associ-
ated to both pathological tumor spreading and EMT [18].
We have also shown that GrB expressed in bladder
and pancreatic carcinoma cells promotes their inva-
sion in vitro [18, 25]. Finally, we have observed that
docosahexaenoic acid (DHA; 22:6), a long-chain ®-3
polyunsaturated fatty acid primarily found in dietary
fish oil [26—29], inhibits tumor-associated GrB expres-
sion in bladder and pancreatic carcinoma cells while
simultaneously suppresses their invasion in vitro, sug-
gesting the involvement of GrB in the inhibition of
tumor cell invasion by DHA [25]. A large number of
experimental and preclinical studies have shown that
DHA exerts selective anticancer activity and inhibits
the development and the progression of some types
of cancers, including CRCs [26—31]. Currently, clinical
trials underline the potential value of DHA as an effective
adjuvant to cancer therapy [28, 32-35]. However, the
mechanisms underlying the anticancer activity of DHA re-
main unclear. Taking into account the above mentioned
data, in this study we report the characterization of a
panel of CRC cells, with different invasive capabilities, for
GrB expression and for the contribution of GrB to their
EMT and invasive phenotype. In addition, the effect of
DHA on GrB expression, EMT and invasion in CRC cells
was analyzed in vitro.

Methods

Cells and cultures

Seven human established CRC cell lines (HT-29, SW480,
SW620, Caco-2, LoVo, HCT 116, HCT-8), two human
bladder (RT112, T24) and one pancreatic (PT45) cancer
cell lines were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) or kindly pro-
vided by collaborators. Four CRC patient-derived CSCs
were kindly provided by Prof. R. De Maria and G. Stassi
[36, 37]. YT-S human cytotoxic NK leukemia cells and
T24 human bladder cancer cells served as positive and
negative controls for GrB expression, respectively. All
cell lines were grown in RPMI-1640 (Sigma-Aldrich, St.
Louis, MO, USA), but HT-29, SW480, Caco-2 and HCT
116 in DMEM (Sigma-Aldrich), supplemented with 10 %
FCS (Hyclone, South Logan, UT, USA), 100 mg/ml
streptomycin and 100 IU/ml penicillin (EuroClone
S.p-A., MJ, Italy), 25 mM HEPES and 2 mM L-glutamine
(EuroClone S.p.A.). CSCs were grown as spheroids in
non-adherent conditions, as previously described [36].
To induce EMT, cells were incubated with 10 ng/ml
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TGF-p1 (PeproTech EC Ltd, London, UK). In some
experiments, cells were pretreated with 30 uM brefeldin A
(Sigma-Aldrich), and 4 mL of supernatants were collected
and concentrated to approximately 0.15 mL, using a Cen-
tricon Amicon® Ultra-4 centrifugal filter unit (Merck
Millipore, Darmstadt, Germany). In other experiments,
cells were treated with 100 uM DHA (Sigma-Aldrich)
dissolved in ethanol solution or with ethanol solution
alone for 24 h.

Reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated using the RNeasy mini Kit (Qia-
gen). cDNA was synthesized from using a M-MLTV
RTase and amplified with GoTaq DNA polymerase (Pro-
mega). For the detection of Primer sequences are as
follows: Lgr5-FW: CCCGAATCCCCTGCCCAGTCT;
Lgr5-REV: TCATCCAGCCACAGGTGCCTCA; Bmil-
FW: CGCGCTGGTTGCCCATTGAC; Bmil-REV: AG
CACACACATCAGGTGGGGA; CDI133-FW: GCAGCA
GTCTGACCAGCGTGA; CD133-REV: GCCGCACACG
CCACACAGTA; CD166-FW: CCCCTTGAAGGAGCGG
TGGTC; CD166-REV: CCTCTGGGGGAGGGTTGCC
AT; GAPDH-FW: AGCCTCCCGCTTCGCTCTCT; GAP
DH-REV: GCCAGCATCGCCCCACTTGA.

GrB knockdown by small interfering RNA (siRNA)

Three 25-mer Stealth RNAi duplexes targeting human
GrB and Control Stealth RNAi were obtained by the
BLOCK-iT RNAi design program (Invitrogen, Carlsbad,
CA, USA). For Stealth RNAi duplexes 1: 5'-CCU ACA
UGG CUU AUC UUA UGA UCU G-3" and 5'-CAG
AUC AUA AGA UAA GCC AUG UAG G-3’; for Stealth
RNAI duplexes 2: 5'-GCG AAU CUG ACU UAC GCC
AUU AUU A-3" and 5-UAA UAA UGG CGU AAG
UCA GAU UCG C-3’ and for Stealth RNAi duplexes 3:
5'-GCC UGC ACC AAA GUC UCA AGC UUU G-3’
and 5'-CAA AGC UUG AGA CUU UGG UGC AGG C-
3. A pool of 3 different nonsilencing, nonoverlapping
RNAi duplexes with matched GC content, served as
Control Stealth RNAi. Transfection was performed
using INTERFERin™ reagent (Polyplus transfection
SA, Illkirch, France). In addition, for siGrB#2, three
27-mer siRNA duplexes targeting human GrB
(SR302035) and Universal scrambles negative control
siRNA duplex (SR30004) were obtained by OriGene
(OriGene Technologies, Rockville, MD, USA). For
siRNA duplexes 1# (SR302035A): 5'-GGA AGA UCG
AAA GUG CGA AUC UGA C-3’; for siRNA du-
plexes 2# (SR302035 B): 5'-GCA ACU GAA UAA
AUA CCU CUU AGC T-3; for siRNA duplexes 3#
(SR302035C): 5'-ACC AUG AAA CGC UAC UAA
CUA CAG G-3".
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GrB plasmid transfection

Vector for human GrB (Homo sapiens GranzymeB
¢DNA Clone, Sino Biological Inc, Beijing, China) and
Mock were transfected into 70-80 % confluent cells in
Opti-MEM (Gibco, Invitrogen), using Lipofectamine
LTX and PLUS reagents (Invitrogen).

Western blotting

Cell lysates were prepared by a solution containing
50 mM Tris—HCI pH 7.6, 150 mM NaCl, 0.5 % TRITON
X-100, 0.5 % Sodium deoxycolate, 0.1 % SDS and the pro-
tease inhibitor mixture “Complete” (Roche Diagnostic
GmbH, Germany). Proteins (30-80 pg for CRC cells;
7.5 ug for YT-S cells) were separated by SDS-PAGE, blot-
ted onto nitrocellulose (Whatman-Protan BA85, GE
Healthcare, NJ, USA) and incubated with appropriated
primary antibodies specific for: GrB (2C5/F5; Chemicon,
Prodotti Gianni, Italy), E-cadherin (36; BD Transduction
Laboratories, CA, USA), N-cadherin (3B9; Zymed, Invi-
trogen), Snall (C15D3; Cell Signaling Technology, MA,
USA) or B-actin Ac-40 (Sigma-Aldrich). The reaction was
revealed by horseradish peroxidase (HRP)-coupled
secondary reagents (Bio-Rad, Hercules, CA, USA) and de-
veloped by enhanced chemiluminescence (Amersham
ECL Western Blotting Detection Reagent, GE Healthcare,
M], Italy). Band intensities (b.i.) =band volume/area x
mean pixel intensity, normalized for -actin, were quanti-
fied using Quantity One 1-D analysis software (Bio-Rad).

Cell growth and viability assessment

Cell growth was assessed determining, in triplicate, the
cell number with a Neubauer cell counter (Brand West
Germany). Cell viability was assessed by the trypan blue
dye exclusion assay.

Invasion assay

Cells, in serum free medium, were added in triplicate to
the upper well in BioCoat Matrigel Invasion Chambers
(Corning Inc, Corning, NY, USA), allowed to adhere for
2 h and to migrate toward 10 % FCS for 24—48 h (cell
line-dependent time) at 37 °C. Cells underside of the
membrane were fixed, stained with a solution containing
50 % isopropanol, 1 % formic acid and 0.5 % (wt/vol)
brilliant blue R 250 (Bio-Rad), and counted using a light
microscope. Results are presented by mean + standard
deviation (S.D.) of triplicates.

Statistical analysis
Student’s ¢ test was used for all analyses; p <0.05 was
considered significant.
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Results

GrB expression in CRC cells and their invasive phenotype
We investigated GrB production in CRC cells and its
role in their invasive capability. GrB expression was ana-
lyzed in a panel of 7 established CRC cell lines and in 4
CRC patient-derived CSCs [36, 37]. A band at ~ 35 kDa
corresponding to GrB was found by Western blotting
(WB) in 4 (HT-29, Caco-2, HCT 116 and HCT-8) out of
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7 (57.1 %) CRC cells (Fig. 1a, upper panel) and in 4 out
of 4 (100 %) CSCs (Fig. 1b, right panel). As previously
found for bladder carcinoma cells [18], different band in-
tensities appeared in different CRC cells and they were
always much weaker than that in YT-S cells (the NK
leukemia cell line used as positive control), indicating
that GrB levels vary among cancer cells and they are always
significantly lower than that in cytotoxic lymphocytes. We
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Fig. 1 GrB production and invasion in CRC cells. a (upper panel) GrB expression and EMT biomarkers (Snail 1, and E- and N-cadherin) were analyzed
in CRC cell lines by WB on cell lysates; -actin was used as loading control; a (lower panel) GrB secretion was investigated in the indicated cells
pretreated with (+) or without (=) brefeldin A (BrfA), their supernatants were collected and analyzed by WB; 3-actin was used as intracellular
protein control and Ponceau staining as loading control. YT-S (NK leukemia) and T24 (bladder cancer) cells were used as positive and negative controls,
respectively. b (left panel) The expression of colon stem cell markers such as Lgr5, Cd133 and CD166 and Bmil were analyzed in CSCs vs HT-29 cell lines
by RT-PCR; GAPDH was used as loading control; b (right panel) GrB expression and secretion were analyzed in the indicated CSCs as in @); ¢ Invasion of CRC
cells using the BioCoat Matrigel Invasion Chamber test; d HCT 116 cells were transfected with GrB-specific Stealth RNA (siGrB) or Control Stealth RNAI
(siCtr); GrB expression was verified by WB; 3-actin was used as loading control; numbers indicate band intensities (b.i.) = band volume/area x mean
pixel intensity, normalized for 3-actin and quantified using Quantity One 1-D analysis software; invasion assay was performed using the BioCoat
Matrigel Invasion Chambers test; bladder RT112 and pancreatic PT45 cancer cells served as positive controls; * p < 0.0001; **p < 0.001. Representative
experiments out of at least three
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also examined whether tumor-expressed GrB was released
into the extracellular milieu. Conditioned media from GrB
positive cell cultures were collected and GrB measured by
WB. As shown in Fig. 1la (lower panel) and 1b (right panel),
GrB was released by GrB positive cells. Moreover, pre-
treatment of CRC cells with 30 pM brefeldin A, an inhibi-
tor of protein transport from endoplasmic reticulum to
Golgi apparatus, prevented GrB release, indicating the se-
cretion of GrB by CRC cells (Fig. 1a, lower panel).

Next, to investigate the function of GrB in CRC cell
invasion, we first characterized CRC cell lines for both
their expression of three EMT biomarkers (i.e., Snail 1
transcription factor and E- and N-cadherin adhesion
molecules) by WB (Fig. 1a, upper panel) and their inva-
sive capability by the invasion assay (Fig. 1c). Consistent
with the literature [38—41], SW480, HCT-8 and HCT
116 cells resulted the most invasive cells, while HT-29,
Caco-2, SW620 and LoVo cells exhibited low or no inva-
siveness (Fig. 1c). Then, to investigate GrB function in
CRC cell invasion, we selected HCT 116 out of the panel
of CRC cells, because of both its GrB expression and its
high invasiveness. According to the results obtained in
RT112 bladder and PT45 pancreatic cancer cells [18, 25],
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GrB knockdown in HCT 116 cells significantly inhibited
their invasion (Fig. 1d), indicating that GrB can also pro-
mote invasion in CRC cells. In addition, as illustrated in
Fig. 1a and ¢, comparable levels of GrB constitutive ex-
pression were present in both invasive (HCT-8 and HCT
116) and very lowly invasive (HT-29 and CaCo-2) cells,
suggesting that other factors linked to the cell context
might interfere with the promotion of invasion by GrB.

GrB upmodulates tumor-associated EMT

To investigate the functional relationship between
tumor-expressed GrB and EMT, we knocked-down GrB
in highly (HCT-8 and HCT 116) and lowly (Caco-2 and
HT-29) invasive GrB positive CRC cell lines as well as in
RT112 bladder and PT45 pancreatic cancer cells. The
transfectable CSC4 was also included in the experiment.
Then, we evaluated EMT by WB, analyzing the expres-
sion of the three EMT biomarkers (Snail 1, E-cadherin
and N-cadherin). As shown in Fig. 2a, GrB depletion
was associated to the increase of epithelial E-cadherin ex-
pression and the decrease of the mesenchymal markers
Snail 1 and N-cadherin (when present) in all tumor cells,
independently of their invasive capability, suggesting a
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Fig. 2 GrB depletion downmodulates EMT in cancer cells. The indicated GrB positive CRC cells and CSC4 were transfected with (a) GrB-specific
Stealth RNAI (siGrB) or Control Stealth (siCtr) RNAi; GrB depletion was verified by WB; EMT was investigated analyzing the expression of 3 EMT
biomarkers (Snail 1, and E- and N-cadherin) by WB; 3-actin was used as loading control; numbers indicate band intensities (b.i.) =
x mean pixel intensity, normalized for B-actin and quantified using Quantity One 1-D analysis software; and (b) another GrB siRNA (siGrB#2) than in (a),
targeting the same gene at different sequence; the experiment was performed as in (). Representative experiments out of at least three
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contribution of GrB in EMT promotion. Moreover, to ex-
clude siRNA non-specific effects, another GrB siRNA
(siGrB#2), targeting the same gene at different sequence,
was used to deplete GrB in HCT 116 cells. As shown in
Fig. 2b, GrB depletion was associated to the increase of
EMT biomarkers, confirming the result obtained in Fig. 2a.

To further investigate GrB function in EMT, we exam-
ined whether GrB transfection in CRC cells affected
their EMT phenotype. To this purpose, GrB negative
(SW480, SW620 and LoVo) and positive (HT-29) CRC
cells, with different invasive capabilities, were transfected
with the human GrB vector and EMT biomarkers were
evaluated by WB. As shown in Fig. 3a, ectopic GrB ex-
pression (compatible with the endogenous expression
levels) upmodulated EMT in all CRC cells, driving epi-
thelial tumor cells towards a mesenchymal phenotype.
However, it might also be noted that N-cadherin was
upmodulated in SW480 and HT-29 cell lines, both derived
from primary tumors, but not in metastasis-derived
SW620 and LoVo cells, which might not have the compe-
tence to undergo clear EMT since they have very likely
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passed through it before. In addition, we observed that
upmodulation of EMT biomarkers by ectopic GrB was as-
sociated to the enhancement of invasion in HT-29 and
LoVo cells, but not in SW480 and SW620 (Fig. 3b). This
finding might further support both the hypothesis that
other cell factors might interfere with the promotion of in-
vasion by GrB and the data from the literature reporting
that EMT-activated neoplastic cells may undergo incom-
plete EMT, not always coupled to the invasive cell migra-
tion behavior [2, 6-8]. Altogether, our results indicate that
GrB can modulate the tumor EMT process.

GrB contributes to the induction of EMT driven by TGF-31
in CRC cells

TGE- P1 signaling plays a key role in tumor progression
via EMT in many tumors, including CRCs [2, 3]. To fur-
ther investigate the functional relationship between GrB
and EMT, CRC cells were induced to undergo EMT by
TGEF-B1 GrB expression was analyzed by WB. Among
our CRC cell panel, it is known that HCT 116 and
HCT-8 are unresponsive to TGF- B1 because of their
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Fig. 3 Ectopic GrB upmodulates EMT in CRC cells. GrB negative (SW480, SW620, LoVo) and GrB positive (HT-29) CRC cells were transfected with
human GrB vector (pCMV-GrB); Mock-transfected cells were used as control. a GrB transfection efficacy was verified by WB; EMT was investigated
analyzing the expression of 3 EMT biomarkers (Snail 1, and E- and N-cadherin) by WB; B-actin was used as loading control; numbers indicate band
intensities (b.i) = band volume/area x mean pixel intensity, normalized for -actin and quantified using Quantity One 1-D analysis software. b Invasion
assay was performed using cells transfected with GrB (pCMV-GrB) or Mock; *p < 0.01; **p < 0.0001. Representative experiments out of at least three
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lack of the TGE-P type II receptor, whereas HT-29 and
SW480 are sensitive to TGF- 1 stimulation [42]. Thus,
GrB positive HT-29 and GrB negative SW480 cells were
chosen to be treated with TGF-P1 for different time pe-
riods and, as expected [42], at 48—72 h they underwent
morphologic changes consistent with EMT (e.g., in-
creased intercellular separation and spindle-cell shape)
(data not shown) associated with ~3 fold invasion in-
crease (p <0.0001) (Fig. 4a). Consistent with the litera-
ture [42], WB analysis revealed the transition of
carcinoma cells towards a mesenchymal phenotype, with
the upregulation of Snail 1 expression at 24 h, associated
with a time-dependent decrease of E-cadherin and in-
crease of N-cadherin (Fig. 4b). Interestingly, in addition
to the modulation EMT biomarkers, we observed a
time-dependent accumulation of GrB expression in both
cell lines (Fig. 4b). In particular, we observed a signifi-
cant increase of GrB levels in GrB positive HT-29 cells
and the induction of GrB expression in the GrB negative
SW480 cell line. These results might suggest the in-
volvement of GrB in TGF-p1-mediated EMT.

To directly assess the causative contribution of GrB to
the induction of EMT driven by TGF-f1, we first
knocked-down GrB in the GrB positive HT-29 cell line,
then we treated cells with TGF-B1 and analyzed EMT.
We choose HT-29 cells, because, unlike SW480, in HT-
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29 cells GrB can modulate both EMT biomarkers and
invasive behavior (Fig. 3). Efficient GrB silencing was
confirmed by WB (Fig. 5a). As shown in Fig. 5a, GrB
depletion downmodulated TGF-Bl-induced EMT, as
assessed by E-cadherin increase and Snail 1 and N-
cadherin decrease, as well as cell invasion inhibition
(Fig. 5b). Taken together, these results confirm the con-
tribution of GrB to the induction of EMT by TGEF-f1.

DHA inhibits GrB expression, EMT and invasion in CRC
cells

Finally, we investigated whether DHA, a dietary natural
compound known for its selective anticancer properties
[26-28], inhibited GrB expression as well as EMT and
invasion in CRC cells. GrB positive HT-29, HCT-8, HT
116 cell lines and CSC4 were treated with 100 uM DHA
for 24 h, and the expression of GrB and EMT bio-
markers was analyzed by WB. This DHA concentration
had no effects on cell proliferation, as verified by cell
count and by the viability assay (data not shown). As
shown in Fig. 6a, 100 uM DHA significantly inhibited
GrB and modulated EMT biomarkers in all CRC cells
tested. In addition, the same DHA dose inhibited inva-
sion through Matrigel of the invasive HCT 116 and
HCT-8 cell lines as well as of CSC4 (Fig. 6b).
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Fig. 5 GrB depletion downmodulates TGF-B1-driven EMT in CRC cells. First, we knocked-down GrB in GrB positive HT-29 cells, then, we incubated
cells with TGF-31 and analyzed EMT and invasion. a GrB depletion was verified by WB in CRC cells treated or not, as indicated; EMT biomarkers
(Snail 1, and E- and N-cadherin) were analyzed by WB; 3-actin was used as loading control; numbers indicate band intensities (b.i.) = band volume/
area x mean pixel intensity, normalized for 3-actin and quantified using Quantity One 1-D analysis software. b HT-29 cell invasion through Matrigel
was performed using cells transfected with GrB-specific (siGrB) or Control (siCtr) Stealth RNAi and then treated or not with TGF-31; *p < 0.0001.
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Discussion

It is emerging that the serine protease GrB, being pro-
duced by a variety of normal and neoplastic cells and
potentially acting on multiple targets, might represent a
powerful regulator of a wide range of fundamental bio-
logical processes [21-24, 43, 44]. Currently, GrB is
widely used as activation marker for cytotoxic lympho-
cytes, and lymphocyte-derived GrB positive tumor im-
munostaining is associated with a favorable clinical
outcome in a large spectrum of cancers [45]. However,
the relative importance of GrB in in vivo cytotoxicity by
CTLs has been questioned [46], and, in some cases, GrB
expression at the tumor site correlates to the severity of
the disease, poor prognosis and resistance to therapy
[45, 47-51]. We have previously documented that GrB
is expressed by urothelial carcinoma tissues and its ex-
pression is associated to increasing pathological tumor
spreading as well as to EMT [18]. Significantly, GrB ex-
pression was concentrated in urothelial neoplastic cells
undergoing EMT at the cancer invasion front [18].

Here, we showed the production and secretion of GrB
in a panel of CRC cells and we presented a novel role
for GrB as upmodulator of tumor-associated EMT. We
documented the expression of GrB not only by 57.1 % of
established CRC cell lines, but also, interestingly, by 4
out of 4 CRC patient-derived CSCs, which are known to
play a pivotal role in tumor metastasis, tumor regener-
ation and drug resistance. We showed that GrB knock-
down in CRC cells as well as in bladder and pancreatic

carcinoma cells was sufficient to increase E-cadherin
and decrease Snail and N-cadherin (when present) ex-
pression. Conversely, ectopic GrB expression led to the
decrease of E-cadherin and the increase of Snail 1 ex-
pression, associated to the enhancement of N-cadherin
in primary CRC cells. Altogether, these data indicate that
GrB contributes to the activation of EMT in tumor cells.

GrB function in EMT was further supported by the re-
sults derived from TGF-Bl-driven EMT in CRC cell
lines. We found that TGF-B1 enhanced GrB expression
while inducing EMT in CRC cells. Then, of interest, GrB
depletion in TGF-B1-driven EMT resulted in the inhib-
ition of EMT induced by TGE-B1 in HT-29 cells. These
data indicate a contribution of GrB in the induction of
TGEF-B1-driven EMT. Moreover, our finding, showing
the enhancement of GrB expression by TGF-B1 in neo-
plastic cells, is a new and interesting data. In fact, TGE-
B1 is known to suppress tumor immune surveillance by
different ways, including the inhibition of anti-tumor
lymphocytes-mediated cytotoxicity by the suppression of
the expression of several cytotoxic effector molecules
among which GrB [52]. The fact that TGF-B1 inhibits
GrB expression in normal cells [52] whereas enhances
GrB expression in neoplastic cells (Fig. 4b) might fit with
the phenomenon denominated “TGF-f3 paradox”, which
consists in the bi-functional effects of TGF-f3 in normal
vs tumor cells [53-55]. Although the mechanism under-
lying this paradox still remains unknown, Zhang et al.
[55] have recently proposed a deregulation of TGF-f
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Fig. 6 DHA inhibits GrB expression, EMT and invasion in CRC cells. GrB positive CRC cells were treated with 100 uM DHA dissolved in ethanol
solution or with ethanol solution alone (EtOH) for 24 h, and (a) GrB expression and 3 EMT biomarkers (Snail 1, and E- and N-cadherin) were analyzed
by WB; -actin was used as loading control; numbers indicate band intensities (b.i) = band volume/area x mean pixel intensity, normalized for B-actin
and quantified using Quantity One 1-D analysis software; (b) invasion was assessed in the invasive HCT 116, HCT-8 cell lines and in CSC4; p < 0.0001.

signaling in tumor vs normal cells, caused by the high
extracellular TGF-f level, which might be regulated by a
positive feedback loop in cancer cells vs a negative feed-
back loop in normal cells. In line with this hypothesis,
we can propose a reciprocal positive feedback loop be-
tween GrB and TGEF-B1 in CRC cells, leading to high
TGE-B1 levels in the tumor microenvironment. We as-
sume that cancer cells not only display autocrine TGF-
production but also express and secrete GrB, which, as
recently shown [56], induces the release of active TGF-
B1 sequestrated by proteoglycans in ECM, leading to in-
crease extracellular TGF-B1 levels. Thus, high TGF-p1
levels upmodulate tumor production of GrB, which
further increases TGF-P1 levels in the tumor micro-
environment (Fig. 7).

We have previously proposed that GrB expressed in
bladder and pancreatic cancer cells promotes their inva-
sion [18, 25]. Here, we showed that GrB depletion in HCT
116 cells significantly inhibited cell invasion through
Matrigel, indicating that GrB also promotes CRC cell
invasion, contributing to the CRC invasive phenotype.
Consistent with these results, we found that GrB depletion
in TGF-B1-driven EMT inhibited the invasion of HT-29

cells, indicating a contribution of GrB also in the promo-
tion of invasion induced by EMT-driven TGE-f1. On the
other hand, we found that constitutive expression of GrB
in CRC cells was not always associated with their invasive
capability, in that GrB was expressed at comparable levels
in both invasive and lowly invasive CRC cells. Compatible
with these results, we also found that ectopic GrB expres-
sion in CRC cells was not always associated with the
enhancement of their invasion, in that invasion was
upmodulated in LoVo and HT-29 cells, but not in SW480
and SW620. These results suggest that the promotion of
invasion by GrB might depend on the cellular context and
that a CRC subtype might exist in which additional factors
might interfere with the upmodulation of invasion by
GrB. To date, not much is known about the intracellular
and the extracellular pathways, other than the apoptotic
pathways, activated by GrB in normal and neoplastic cells.
Research is needed to identify GrB targets involved in the
mechanisms underlying the modulation of EMT and inva-
sion by tumor-expressed GrB.

Lastly, here we observed that DHA, at a concentration
achievable in vivo and that does not affect cell prolifera-
tion [25], is capable of inhibiting GrB expression and cell
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invasion in CRC cells. In addition, we showed that DHA
inhibited EMT in CRC cells. These findings suggest that
the inhibition of tumor-expressed GrB, EMT and inva-
sion by DHA might represent at least some of the mech-
anisms underlying the anticancer activity of DHA.

Conclusions

We reported that tumor-associated GrB contributes to
tumor cell EMT and invasion, uncovering a novel poten-
tial noncytotoxic role for GrB as upmodulator of EMT.
This finding might open the door for a new research
on GrB function in tumors, contributing to a better
understanding of the mechanisms underlying tumor
metastasis and drug resistance, as well as enabling the
emergence of new therapeutic opportunities. To this
regard, this study showed that DHA has the capability
of inhibiting CRC cell-associated GrB expression,
EMT and invasion, supporting the use of DHA, a
cheap dietary compound without toxic effects, as ad-
juvant treatment in cancer therapies.

Page 10 of 11

Abbreviations

CRC: colorectal cancer; CSCs: cancer stem cells; DHA: docosahexaenoic acid;
ECM: extracellular matrix; EMT: epithelial-to-mesenchymal transition;

GrB: granzyme B; TGF-B: transforming growth factor-3; WB: western blotting.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

DDE performed the experiments and collected the data. GDR and RL
participated in the experiments. FV, SS, AS, DDE and GDR participated in the
data analysis and interpretation. FV conceived of the study and drafted the
manuscript. SS participated to the study designed. FV, SS and AS supervised
the whole experimental work and revised the manuscript. All authors read
and approved the final manuscript.

Acknowledgments

This work was supported by grants from the Italian Association for Cancer
Research (AIRC) (a "5 per mille” grant #9979 to SS; an Investigator grant and
Special Program Molecular and Clinical Oncology-5 per Mille to AS). We
thank Maria Pia Gentileschi for technical assistance.

Author details

1Departmer\t of Molecular Medicine, Istituto Pasteur-Fondazione Cenci
Bolognetti, Sapienza University of Rome, 00161 Rome, ltaly. “Department of
Ecological and Biological Sciences (DEB), La Tuscia University, Largo
dell'Universita, 01100 Viterbo, Italy. *Department of Research, Advanced
Diagnostics, and Technological Innovation, Regina Elena National Cancer
Institute, 00144 Rome, Italy.

Received: 4 September 2015 Accepted: 27 January 2016
Published online: 02 February 2016

References

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A, et al. Global
cancer statistics, 2012. CA Cancer J Clin. 2015;65:87-108.

2. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-
mesenchymal transition. Nat Rev Mol Cell Biol. 2014;151:78-196.

3. Busch EL, McGraw KA, Sandler RS. The potential for markers of epithelial
mesenchymal transition to improve colorectal cancer outcomes: a systematic
review. Cancer Epidemiol Biomarkers Prev. 2014;23:1164-75.

4. Findlay VJ, Wang C, Watson DK, Camp ER. Epithelial-to-mesenchymal transition
and the cancer stem cell phenotype: insights from cancer biology with
therapeutic implications for colorectal cancer. Cancer Gene Ther. 2014;21:181-7.

5. Baulida J, Garcia de Herreros A. Snail1-driven plasticity of epithelial and
mesenchymal cells sustains cancer malignancy. Biochim Biophys Acta. 2015;
1856:55-61.

6. Friedl P, Alexander S. Cancer invasion and the microenvironment: plasticity
and reciprocity. Cell. 2011;147:992-1009.

7. Chen D, Sun Y, Yuan Y, Han Z, Zhang P, Zhang J, et al. MiR-100 induces
epithelial mesenchymal transition but suppresses tumorigenesis, migration
and invasion. PLoS Genet. 2014;10:e1004177.

8. Schaeffer D, Somarelli JA, Hanna G, Palmer GM, Garcia-Blanco MA. Cellular
migration and invasion uncoupled: increased migration is not an inexorable
consequence of epithelial-to-mesenchymal transition. Mol Cell Biol. 2014;34:
3486-99.

9. Ewen CL, Kane KP, Bleackley RC. A quarter century of granzymes. Cell Death
Differ. 2012;19:28-35.

10. Voskobom|k I, Whisstock JC, Trapani JA. Perforin and granzymes: function,
dysfunction and human pathology. Nat Rev Immunol. 2015; doi:10.1038/nri3839.

11. Garcia-Sanz JA, Plaetinck G, Velotti F, Masson D, Tschopp J, MacDonald HR,
et al. Perforin is present only in normal activated Lyt2+ T lymphocytes and
not in L3T4+ cells, but the serine protease granzyme A is made by both
subsets. EMBO J. 1987,6:933-8.

12. Afonina IS, Cullen SP, Martin SJ. Cytotoxic and non-cytotoxic roles of the
CTL/NK protease granzyme B. Immunol Rev. 2010;235:105-16.

13. Prakash MD, Munoz MA, Jain R, Tong PL, Koskinen A, Regner M, et al.
Granzyme B promotes cytotoxic lymphocyte transmigration via basement
membrane remodeling. Immunity. 2014;41:960-72.


http://dx.doi.org/10.1038/nri3839

D’Eliseo et al. Journal of Experimental & Clinical Cancer Research (2016) 35:24

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Bruno AP, Lautier D, d'Orgeix AT, Laurent G, Quillet-Mary A. Acute myeloblastic
leukemic cells acquire cellular cytotoxicity under genotoxic stress: implication
of granzyme B and perforin. Blood. 2000,96:1914-20.

Jahrsdorfer B, Blackwell SE, Wooldridge JE, Huang J, Andreski MW, Jacobus
LS, et al. B-chronic lymphocytic leukemia cells and other B cells can
produce granzyme B and gain cytotoxic potential after interleukin-21-based
activation. Blood. 2006;108:2712-9.

Kontani K, Sawai S, Hanaoka J, Tezuka N, Inoue S, Fujino S. Involvement of
granzyme B and perforin in suppressing nodal metastasis of cancer cells in
breast and lung cancers. Eur J Surg Oncol. 2001,27:180-6.

Hu SX, Wang S, Wang JP, Millis GB, Zhou Y, Xu HJ. Expression of endogenous
granzyme B in a subset of human primary breast carcinomas. Br J Cancer.
2003;89:135-9.

D'Eliseo D, Pisu P, Romano C, Tubaro A, De Nunzio C, Morrone S, et al.
Granzyme B is expressed in urothelial carcinoma and promotes cancer cell
invasion. Int J Cancer. 2010;127:1283-94.

Fang Y, Herrick EJ, Nicholl MB. A possible role for perforin and granzyme
B in resveratrol-enhanced radiosensitivity of prostate cancer. J Androl.
2012;33:752-60.

Van Damme P, Maurer-Stroh S, Plasman K, Van Durme J, Colaert N, Timmerman
E, et al. Analysis of protein processing by N-terminal proteomics reveals novel
species-specific substrate determinants of granzyme B orthologs. Mol Cell
Proteomics. 2009,8:258-72.

Joeckel LT, Bird PI. Are all granzymes cytotoxic in vivo? Biol Chem. 2014;395:
181-202.

Froelich CJ, Pardo J, Simon MM. Granule-associated serine proteases: granzymes
might not just be killer proteases. Trends Immunol. 2009;30:117-23.

Martin P, Pardo J, Schill N, Jockel L, Berg M, Froelich CJ, et al. Granzyme B-
induced and caspase 3-dependent cleavage of gelsolin by mouse cytotoxic
T cells modifies cytoskeleton dynamics. J Biol Chem. 2010;285:18918-27.
Boivin WA, Cooper DM, Hiebert PR, Granville DJ. Intracellular versus
extracellular granzyme B in immunity and disease: challenging the dogma.
Lab Invest. 2009;89:1195-220.

D'Eliseo D, Manzi L, Merendino N, Velotti F. Docosahexaenoic acid inhibits
invasion of human RT112 urinary bladder and PT45 pancreatic carcinoma
cells via down-modulation of granzyme B expression. J Nutr Biochem. 2012;
23:452-7.

Stephenson JA, Al-Taan O, Arshad A, Morgan B, Metcalfe MS, Dennison AR.
The multifaceted effects of omega-3 polyunsaturated Fatty acids on the
hallmarks of cancer. J Lipids. 2013;2013:261247.

Vaughan VC, Hassing MR, Lewandowski PA. Marine polyunsaturated fatty
acids and cancer therapy. Br J Cancer. 2013;108:486-92.

Merendino N, Costantini L, Manzi L, Molinari R, D'Eliseo D, Velotti F. Dietary
w -3 polyunsaturated fatty acid DHA: a potential adjuvant in the treatment
of cancer. Biomed Res Int. 2013;2013:310186.

Calder PC. Marine omega-3 fatty acids and inflammatory processes: effects,
mechanisms and clinical relevance. Biochim Biophys Acta. 1851,2015:469-84.
Rao CV, Hirose Y, Indranie C, Reddy BS. Modulation of experimental colon
tumorigenesis by types and amounts of dietary fatty acids. Cancer Res.
2001;61:1927-33.

Mocellin MC, Camargo CQ, Nunes EA, Fiates GM, Trindade EB. A systematic
review and meta-analysis of the n-3 polyunsaturated fatty acids effects on
inflammatory markers in colorectal cancer. Clin Nutr. 2015;doi:10.1016/j.cInu.
2015.04.013.

Hajjaji N, Bougnoux P. Selective sensitization of tumors to chemotherapy by
marine derived lipids: a review. Cancer Treat Rev. 2013;39:473-88.
Bougnoux P, Hajjaji N, Ferrasson MN, Giraudeau B, Couet C, Le Floch O.
Improving outcome of chemotherapy of metastatic breast cancer by
docosahexaenoic acid: a phase I trial. Br J Cancer. 2009;101:1978-85.
Cockbain AJ, Volpato M, Race AD, Munarini A, Fazio C, Belluzzi A, et al.
Anticolorectal cancer activity of the omega-3 polyunsaturated fatty acid
eicosapentaenoic acid. Gut. 2014;63:1760-8.

Sorensen LS, Thorlacius-Ussing O, Schmidt EB, Rasmussen HH, Lundbye-
Christensen S, Calder PC, et al. Randomized clinical trial of perioperative
omega-3 fatty acid supplements in elective colorectal cancer surgery.

BrJ Surg. 2014;101:33-42.

Ricci-Vitiani L, Lombardi DG, Pilozz E, Biffoni M, Todaro M, Peschle C, et al.
Identification and expansion of human colon-cancer-initiating cells. Nature.
2007;445:111-5.

Ricci-Vitiani L, Fabrizi E, Palio E, De Maria R. Colon cancer stem cells.

J Mol Med (Berl). 2009;87:1097-104.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 11 of 11

Liu Y, Zhang F, Zhang XF, Qi LS, Yang L, Guo H, et al. Expression of
nucleophosmin/NPM1 correlates with migration and invasiveness of
colon cancer cells. J Biomed Sci. 2012;19:53.

Han HB, Gu J, Ji DB, Li ZW, Zhang Y, Zhao W, et al. PBX3 promotes migration
and invasion of colorectal cancer cells via activation of MAPK/ERK signaling
pathway. World J Gastroenterol. 2014;20:18260-70.

Frewer KA, Sanders AJ, Owen S, Frewer NC, Hargest R, Jiang WG. A role for
WISP2 in colorectal cancer cell invasion and motility. Cancer Genomics
Proteomics. 2013;10:187-96.

Shen X, Mula RV, Evers BM, Falzon M. Increased cell survival, migration,
invasion, and Akt expression in PTHrP-overexpressing LoVo colon cancer
cell lines. Regul Pept. 2007;141:61-72.

Pino MS, Kikuchi H, Zeng M, Herraiz MT, Sperduti |, Berger D, et al. Epithelial
to mesenchymal transition is impaired in colon cancer cells with microsatellite
instability. Gastroenterology. 2010;138:1406-17.

Hiebert PR, Granville DJ. Granzyme B in injury, inflammation, and repair.
Trends Mol Med. 2012;18:732-41.

Wensink AC, Hack CE, Bovenschen N. Granzymes regulate proinflammatory
cytokine responses. J Immunol. 2015;194:491-7.

Fridman WH, Pageés F, Sautés-Fridman C, Galon J. The immune contexture in
human tumours: impact on clinical outcome. Nat Rev Cancer. 2012;12:298-306.
Regner M, Pavlinovic L, Koskinen A, Young N, Trapani JA, Mullbacher A.
Cutting edge: rapid and efficient in vivo cytotoxicity by cytotoxic T cells

is independent of granzymes A and B. J Immunol. 2009;183:37-40.

ten Berge RL, Oudejans JJ, Dukers DF, Meijer JW, Ossenkoppele GJ, Meijer
CJ. Percentage of activated cytotoxic T-lymphocytes in anaplastic large cell
lymphoma and Hodgkin's disease: an independent biological prognostic
marker. Leukemia. 2001;15:458-64.

Oudejans JJ, Harijadi H, Kummer JA, Tan IB, Bloemena E, Middeldorp JM, et
al. High numbers of granzyme B/CD8-positive tumour-infiltrating
lymphocytes in nasopharyngeal carcinoma biopsies predict rapid fatal
outcome in patients treated with curative intent. J Pathol. 2002;198:468-75.
Asano N, Oshiro A, Matsuo K, Kagami Y, Ishida F, Suzuki R, et al. Prognostic
significance of T-cell or cytotoxic molecules phenotype in classical Hodgkin's
lymphoma: a clinicopathologic study. J Clin Oncol. 2006;24:4626-33.

Guzman VB, Silva ID, Brenna SM, Carvalho CR, Ribalta JC, Gerbase-Delima M.
High levels of granzyme B expression in invasive cervical carcinoma
correlates to poor response to treatment. Cancer Invest. 2008,26:499-503.
Belfort-Mattos PN, Focchi GR, Speck NM, Taha NS, Carvalho CR, Ribalta JC.
Immunohistochemical expression of granzyme B and vascular endothelial
growth factor (VEGF) in normal uterine cervices and low and high grade
squamous intraepithelial lesions. Eur J Gynaecol Oncol. 2010;31:459-61.
Thomas DA, Massagué J. TGF-beta directly targets cytotoxic T cell functions
during tumor evasion of immune surveillance. Cancer Cell. 2005;8:369-80.
Ranganathan P, Agrawal A, Bhushan R, Chavalmane AK, Kalathur RK, Takahashi
T, et al. Expression profiling of genes regulated by TGF-betadifferential
regulation in normal and tumour cells. BMC Genomics. 2007;8:98.

Principe DR, Doll JA, Bauer J, Jung B, Munshi HG, Bartholin L, et al. TGF-3:
duality of function between tumor prevention and carcinogenesis. J Natl
Cancer Inst. 2014;106:djt369.

Zhang Q, Yu N, Lee C. Mysteries of TGF-3 paradox in benign and malignant
cells. Front Oncol. 2014;4:94.

Boivin WA, Shackleford M, Vanden Hoek A, Zhao H, Hackett TL, Knight DA,
et al. Granzyme B cleaves decorin, biglycan and soluble betaglycan,
releasing active transforming growth factor-B1. PLoS One. 2012;7:€33163.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit ( BioMed Central



http://dx.doi.org/10.1016/j.clnu.2015.04.013
http://dx.doi.org/10.1016/j.clnu.2015.04.013

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cells and cultures
	Reverse transcription polymerase chain reaction (RT-PCR)
	GrB knockdown by small interfering RNA (siRNA)
	GrB plasmid transfection
	Western blotting
	Cell growth and viability assessment
	Invasion assay
	Statistical analysis

	Results
	GrB expression in CRC cells and their invasive phenotype
	GrB upmodulates tumor-associated EMT
	GrB contributes to the induction of EMT driven by TGF-β1 in CRC cells
	DHA inhibits GrB expression, EMT and invasion in CRC cells

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References



