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ORIGINAL RESEARCH

Smad7 is a negative regulator of immunogenic cell death in colorectal cancer
Claudia Marescaa, Eleonora Franzèa, Federica Laudisia, Marco Colellaa, Andrea Iannuccib, Rachele Frascatania, 
Ivan Monteleoneb, Carmine Stolfi a, and Giovanni Monteleone a,c

aDepartment of Systems Medicine, University of Rome Tor Vergata, Rome, Italy; bDepartment of Biomedicine and Prevention, University of Rome Tor 
Vergata, Rome, Italy; cGastroenterology Unit, Policlinico Universitario Tor Vergata, Rome, Italy

ABSTRACT
Induction of endoplasmic reticulum (ER) stress is followed by exposure of calreticulin (CRT) on the cancer 
cell plasma membrane and elicits an anticancer immune response, referred to as immunogenic cell death 
(ICD). Smad7 is highly expressed by colorectal cancer (CRC) cells, and its knockdown with a specific 
antisense oligonucleotide (AS) induces ER stress. We hypothesized that, by preventing ER stress, high 
Smad7 in CRC cells can contribute to limiting ICD. This study aimed to investigate whether targeted 
inhibition of Smad7 in CRC cells promotes an anti-cancer immune response. Downregulation of Smad7 in 
the human HCT116 and DLD1 cells and murine CT26 cells promoted calreticulin translocation to the 
plasma membrane and this phenomenon was prevented by Tauro-urso-deoxycholic acid, an inhibitor of 
ER stress. Smad7-deficient cells secreted high levels of ATP and HMGB1, thereby promoting the activation 
of co-cultured dendritic cells. Mice engrafted with Smad7-deficient CT26 cells developed fewer and 
smaller tumors than wild-type CT26 cell-engrafted mice and exhibited a marked tumor infiltration with 
CD8+ cells and to a lesser extent CD4+ cells. Depletion of CD8+ T cells abrogated the inhibitory effect of 
Smad7 knockdown on the tumor volume. Finally, we showed that, in a vaccination model, implanted 
Smad7-deficient CT26 cells protected mice from the development of tumors induced by wild-type CT26 
cells. These data show that Smad7 deficiency triggers ICD in CRC cells, thus reducing tumor development 
and growth, and suggest that Smad7 inhibitors could be developed as novel ICD inducers, providing 
a new concept for antitumor immunotherapy.
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Introduction

In colorectal carcinoma (CRC), one of the most frequent can
cers in developed countries, the carcinogenetic process follows 
an established pattern characterized by activation of WNT and 
RAS signaling, and inhibition of TGF-β function.1–3 The con
certed activity of these pathways generates and maintains 
a potent CRC cell growth-inducing stimulus.1 Most of the 
targeted therapeutics tested to treat metastatic CRC so far 
have shown little or limited sustained survival benefit.4 

Therefore, a better understanding of the mechanisms respon
sible for CRC growth and progression may help identify new 
targets for therapeutic interventions.

Exposure to selected stressors induces in cancer cells endo
plasmic reticulum (ER) stress.5–7 ER stress leads to the trans
location of calreticulin (CRT), which is usually contained in the 
lumen of the endoplasmic reticulum, to the surface of the 
plasma membrane (ecto-CRT), where it binds to CD91 on 
the surface of dendritic cells (DCs) and functions as an ‘eat 
me’ signal, to facilitate the uptake of tumor-associated antigens 
by DCs.7,8 DCs then cross-present tumor antigens to naïve 
T cells and hence initiate an adaptive anticancer immune 
response, referred to as “immunogenic cell death” (ICD).9,10 

ICD is preceded by another major premortem phenomenon, 
namely autophagy, which favors the lysosomal secretion of 

ATP in the extracellular space, thus promoting the recruitment 
of DC into the tumor bed.5,9,11 Radiotherapy and chemother
apeutic agents, such as oxaliplatin and 5-fluorouracil, two 
compounds used to treat advanced CRC, are capable of indu
cing ER stress, exposure of CRT on the CRC cell plasma 
membrane, and eliciting an anticancer immune response.12–14 

Unfortunately, however, residual cancer cells can activate sur
vival signals thus becoming unresponsive to such treatments. 
The use of additional ICD inducers, as either a supplement or 
alternative to an existing anti-cancer therapeutic approach, 
could facilitate the immune-mediated clearance of minimal 
residual disease and reduce the risk of relapse.12,15

We have previously shown that Smad7, an intracellular 
protein that has been traditionally considered as an inhibitor 
of Transforming Growth Factor (TGF)-β1, is over-expressed 
by human CRC and controls positively CRC cell growth, sur
vival, and migration in a TGF-β1-independent manner.16,17 

Further work aimed at dissecting the basic mechanisms by 
which Smad7 controls CRC cell behavior showed that reduc
tion of Smad7 expression in CRC cells with a specific Smad7 
antisense oligonucleotide (AS) upregulates the phosphoryla
tion of eukaryotic translation initiation factor 2α (eIF2α), 
a phenomenon that is indicative of ER stress.18–20 Altogether, 
these observations suggest that, by preventing ER stress, high 
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Smad7 in CRC cells can contribute to limiting immunogenic 
cell death.

The present study aimed to assess whether targeted inhibi
tion of Smad7 in CRC cells can promote an anti-cancer 
immune response.

Materials and methods

Cell cultures

All reagents were obtained from Sigma-Aldrich (Milan, Italy) 
unless otherwise specified. DLD1, HCT-116, and CT26 cells 
were purchased from the American Type Culture Collection 
(ATCC, Manassas, VA) and TS/A cells. Cells were maintained 
in RPMI 1640 (DLD1 and CT26), McCoy’s 5A (HCT-116), or 
Dulbecco’s modified Eagle’s high glucose medium (TS/A) sup
plemented with 10% fetal bovine serum (FBS; Lonza, Verviers, 
Belgium) and 1% Penicillin/Streptomycin (P/S) at 37°C, 5% 
CO2. All cells were used at a passage number between 10 and 
25 and were regularly checked for mycoplasma contamination. 
Cells were transfected with Smad7 sense or AS (0.5–2 µg/ml, 
GeneLink, Orlando, Florida) as previously described21 or with 
a cadherin-11 sense or AS (2 μg/ml, AS-300600, Exiqon, 
Woburn) for 36 hours. In parallel experiments, cells trans
fected with Smad7 AS (2 µg/ml) were treated with Tauro-urso- 
deoxycholic acid (TUDCA, 50 µM). To evaluate whether sup
pression of Smad7 induced apoptosis, necroptosis, or ferrop
tosis, DLD1 cells were transfected with Smad7 sense or AS for 
48 hours. Staurosporin was used as a positive inducer of apop
tosis, a combination of TNF-α (#210-TA, R&D Systems, 
Minneapolis, MN), Z-VAD-FMK and SM-164 (#HY-16658B 
and #HY-15989 respectively, both from Med Chem Express, 
Monmouth Junction, NJ) was used as a positive inducer of 
necroptosis, erastin (#S7242, Selleckchem, Cologne, Germany) 
was used as a positive inducer of ferroptosis. To investigate the 
effect of the pan-caspase inhibitor Q-VD-OPh on CRT expo
sure on the cell surface, DLD1 cells were pre-treated with 
Q-VD-OPh (10 μM, #SML0063, R&D Systems) or DMSO 
(vehicle) for 1 hour and then transfected with Smad7 sense or 
AS for 36 hours.

Monocyte-derived dendritic cell activation and 
phagocytosis

Peripheral blood mononuclear cells were isolated by Ficoll- 
Hypaque density gradient centrifugation of blood samples 
obtained from healthy donors and used to purify monocytes 
using the CD14+ monocyte isolation kit (#130-050-201, 
Miltenyi Biotec, Bergisch Gladbach, Germany). Monocytes 
were cultured in a complete medium (RPMI-1640, 10% FBS, 
1% P/S) supplemented with recombinant human GM-CSF (50  
ng/ml, #130-095-372, Miltenyi Biotec) and recombinant 
human-IL-4 (250 ng/ml, #130-093-917, Miltenyi Biotec) for 6  
days. On day 3, the cytokine-supplemented medium was 
refreshed. After 6 days, monocyte-derived dendritic cells 
(MoDCs) were collected and co-cultured with HCT-116 or 
DLD1 cells (ratio 1:1), which were previously stained with 
Cell Trace (#C34557, Thermo Fisher Scientific, Waltham, 
MA) for 30 minutes at 37°C and transfected with Smad7 

sense or AS. At the end, cells were recovered, stained with 
the antibody anti-human CD11c-PerCP/Cy5.5 (#337210, 
BioLegend, San Diego, CA), anti-human CD86-FITC 
(#555657, BD Biosciences, San Diego, CA) and anti-human 
HLA-DRII-PE (#555812, BD Biosciences), and analyzed by 
Gallios flow cytometer (Beckman Coulter, Milan, Italy).

Western blotting

Total proteins were extracted on ice using the following lysis 
buffer: 10 mm HEPES (pH 7.9), 0.1 mm EDTA, 0.2 mm ethy
lene glycol-bis (β-aminoethyl ether)-N,N,N’,N’-tetraacetic 
acid, 0.5% Nonidet P40 and 10 mm potassium chloride, sup
plemented with 10 mg/ml aprotinin, 10 mg/ml leupeptin, 
1 mm dithiothreitol, 1 mm phenylmethylsulphonyl fluoride, 
1 mm sodium vanadate, and 1 mm sodium fluoride. The lysates 
were separated on an SDS-PAGE gel and transferred using 
a Trans-Blot Turbo apparatus (Bio-Rad Laboratories, 
Hercules, CA). Membranes were then incubated with the anti
bodies anti-human/mouse Smad7 (1:1000, #MAB2029, R&D 
Systems), anti-human/mouse CRT (1:1000, # PA3–900, 
Thermo Fisher Scientific), anti-human cleaved caspase-3 
(1:1000, #9661S, Cell Signaling Technology, Danvers, MA), 
anti-human HMGB1 (1:1000, #39355, Cell Signaling), anti- 
human GPX4 (1:1000, #HY-P80692, Med Chem Express), anti- 
human p-MLKL Ser358 (1:1000, #91689S, Cell Signaling 
Technology), anti-human p-RIP3 Ser227 (1:1000, #EPR9627, 
Abcam, Cambridge, UK), or anti-human/mouse β-actin 
(1:5000) and, subsequently, with a secondary antibody conju
gated to HRP (1:20000, Dako, Santa Clara, CA). Membrane 
imaging was done using chemiluminescence with the 
ChemiDoc Imaging System (Bio-Rad Laboratories).

Ecto-calreticulin analysis

At the end of each experiment, cells were washed with 1× PBS 
(supplemented with 5% FBS and 0.1% sodium azide) and fixed 
with 0.25% formaldehyde for 5 minutes. Afterward, cells were 
washed and incubated with an antibody against CRT (1:100, # 
PA3–900, Thermo Fisher Scientific) for 30 minutes. Cells were 
then washed and incubated with a FITC-conjugated secondary 
antibody (1:500, #ab6717, Abcam) and 7-AAD (1:500, #51- 
68981E, BD Biosciences). In parallel, cells were stained with 
a control isotype primary antibody. Ecto-CRT expression in 
live cells (7-AAD-negative cells) was evaluated by flow cyto
metry. In addition, DLD1 cells were labeled for CRT and PE- 
conjugated Annexin V (1:500, #51-65875X, BD Biosciences) 
and the percent of cells expressing Annexin V and/or ecto-CRT 
was evaluated by flow cytometry.

Assessment of cell death

DLD1, HCT-116 and CT26 cells were transfected with Smad7 
sense or AS for 48–60 hours. In addition, DLD1 cells were pre- 
treated with Q-VD-OPh (10 μM) or DMSO (vehicle) for 1 hour 
and then transfected with Smad7 sense or AS for 60 hours. 
Cells were then collected, stained with FITC-Annexin V (1:100, 
#31490013, Immunotools, Friesoythe, Germany) according to 
the manufacturer’s instructions, and incubated with 

2 C. MARESCA ET AL.



propidium iodide (PI) (5 µg/ml) for 30 min at 4°C. Cell death 
was quantified using Gallios flow cytometer.

ATP and HMGB1 quantification assays

Cell-free supernatants of CRC cell lines transfected with 
Smad7 sense or AS were used to quantify extracellular 
ATP by the luciferase/luciferin-based ENLITEN ATP Assay 
(#FF2000, Promega, Madison, WI). Intracellular and extra
cellular HMGB1 were evaluated in total extracts and cell- 
free supernatants, both derived from CRC cell lines trans
fected with Smad7 sense or AS for 48–60 hours, by Western 
blotting and enzyme-linked immunosorbent assay 
(#30164033, IBL International GmbH, Hamburg, 
Germany), respectively.

Real-time PCR

Total RNA was extracted from CRC cells transfected with 
Smad7 sense or AS using PureLink mRNA mini-kit 
(#12183025, Thermo Fisher Scientific). A constant amount of 
RNA (1 μg/sample) was retrotranscribed into complementary 
DNA (cDNA). Reverse transcription was performed with 
Oligo(dT) primers and with M-MLV-reverse transcriptase 
(#28025021, Thermo Fisher Scientific). The cDNA was then 
amplified by real-time PCR using iQ SYBR Green Supermix 
(Bio-Rad Laboratories). Primers were as follows: human CRT: 
Fwd 5′- TGATCCCACAGACTCCAAGC-3′, Rev 5′- 
CGTCCATCTCTTCATCCCAG-3′; human β-actin: Fwd 5′- 
AAGATGACCCAGATCATGTTTGAGACC-3′, Rev 5′- 
AGCCAGTCCAGACGCAGGAT-3′. RNA expression was cal
culated relative to the housekeeping β-actin gene using the 
ΔΔCt algorithm.

Animal tumor models

Immunocompetent, 6-week-old female BALB/c mice (Charles 
River Laboratories, Lodi, Italy) were maintained in cages with 
filter tops and provided with sterilized food and water at the 
animal facility of the University of Rome ‘Tor Vergata’ (Rome, 
Italy). All animal experiments received approval from the local 
Institutional Animal Care and Use Committee (authorization 
794/2023-PR) and were registered with the Italian Ministry of 
Health.

CT26 cells transfected with Smad7 AS (2 µg/ml) or sense 
oligonucleotides for 48 hours were subcutaneously implanted 
into the left flank of immunocompetent BALB/c mice (7 × 105 

per mouse in 100 µl PBS) whose fur was previously shaved 
(day 0). Tumor growth was monitored until the time of sacri
fice (day 14). Tumor-infiltrating leukocytes (TILs) were iso
lated through enzymatic digestion using Liberase TM (200 μg/ 
ml, #05401127001) and DNase I (200 μg/ml, #11284932001) 
(both from Roche Diagnostics GmbH, Mannheim, Germany). 
To deplete CD8+ cells in vivo, mice were intraperitoneally 
injected with an anti-mouse CD8 antibody (100 μg per 
mouse; #100764, Biolegend) starting two days before CT26 
injection and continuing every four days until day 10. CD8+ 

cell depletion was assessed in murine splenocytes by flow 
cytometry.

In the tumor vaccination assay, CT26 cells were transfected 
with Smad7 AS (2 µg/ml) or treated with Mitomycin C for 
48 hours. Cells were then subcutaneously implanted into the 
left flank of immunocompetent BALB/c mice (7 × 105 per 
mouse in 100 µl PBS) whose fur was previously shaved (day 
−7). After one week (day 0), mice were re-challenged with live 
CT26 cells or TS/A cells (7 × 105 per mouse in 100 µl PBS) into 
the right flank. Tumor growth was monitored until the time of 
sacrifice (day 14).

Flow cytometry

Tumor infiltrating leukocytes isolated from CT26-derived 
tumors were stimulated with phorbol myristate acetate (10 ng/ 
ml), ionomycin (1 μg/ml), and brefeldin A (10 μg/ml; #00-4506- 
51, Thermo Fisher Scientific) for 4 hours. Cells were then col
lected and stained with live/dead cell assay (#L34966A, Thermo 
Fisher Scientific) and the following antibodies: anti-mouse 
CD45-APC-H7 (#557659), CD3-Pacific Blue (#558214), CD8- 
PerCP-Cy5.5 (#551162), DX5-PE (#553858) (1:50 final dilution, 
BD Biosciences), or the corresponding isotype control antibo
dies. The fluorescence signals were then analyzed using Gallios 
flow cytometer and Kaluza software (Beckman Coulter).

Immunofluorescence

Tumor cryosections were fixed using 4% paraformaldehyde for 
10 minutes. Sections were then washed with PBS 1X and per
meabilized with 0.1% Triton-X for 10 minutes. Blocking pro
cedure (BSA 1%, Tween 0.1%, Glycine 2%) was performed for 
1 hour at room temperature and the slides were incubated with 
a rat primary antibody anti-mouse CD4 (1:100, #550278, BD 
Biosciences) or rabbit primary antibody anti-mouse CD8 
(1:100, #AB251609, Abcam) overnight at 4°C. After washing 
with PBS 1X, slides were incubated with a secondary antibody 
goat anti-Rat Alexa488 (1:2000, #A11006, Thermo Fisher 
Scientific) or goat anti-rabbit Alexa 568 (1:2000, #A11011, 
Thermo Fisher Scientific) for 2 hours at room temperature. 
Slides were then washed, mounted using Prolong gold antifade 
reagent with DAPI (#P36931, Thermo Fisher Scientific) and 
analyzed by LEICA DMI4000 B microscope using the LEICA 
application suite software (V4.6.2) (Leica, Wetzlar, Germany).

Statistical analysis

Parametric data were analyzed using the two-tailed Student’s 
t-test for comparison between two groups or one-way analysis 
of variance (ANOVA) for multiple comparisons. GraphPad 
Prism 9 (GraphPad Software, La Jolla, CA) was used for statis
tical and graphical data evaluations. p values < 0.05 were con
sidered statistically significant.

Results

Smad7 knockdown in CRC cells is accompanied by 
hallmarks of immunogenic cell death

The induction of ER stress is accompanied by enhanced trans
location of CRT on the cancer cell surface.5 Because our 
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previous work showed that Smad7 protein inhibition induces 
ER stress,18–20 we evaluated whether Smad7 down-regulation 
increased the exposure of CRT on the CRC cell surface. Flow 
cytometry analysis showed that transfection of DLD1 and 
HCT-116 with Smad7 AS for 36 and 24 hours respectively 
dose-dependently increased the percentage of ecto-CRT- 
expressing live cells as compared to control (sense-treated) 
cells (Figure 1A, Suppl. Fig. S1 and Suppl. Fig. S2A). At the 
same time point, Smad7 AS enhanced the fraction of cell death 
but this was evident only at the highest concentration (i.e. 2 μg/ 
ml) (Suppl. Fig. S1 and Suppl Fig. S2B). Gating on viable cells 
confirmed ecto-CRT induction following Smad7 down- 
regulation (Suppl. Fig.S1). In contrast, no change in the per
centage of ecto-CRT-expressing DLD1 cells was seen following 
transfection with a specific cadherin 11 AS (Suppl. Fig. S3).

To evaluate whether, in Smad7-deficient cells, the increase 
in ecto-CRT was secondary to its translocation from the ER to 

the cell membrane rather than to the upregulation of CRT 
expression, we analyzed CRT mRNA and total CRT protein 
in the cultured cells. Smad7 protein reduction did not alter the 
total amount of CRT protein (Figure 1B) and RNA (Figure 1C). 
Treatment of DLD1 cells with TUDCA, an inhibitor of ER 
stress, prevented the Smad7 AS-driven CRT translocation on 
the CRC cell surface (Figure 1D).

Double-labeling for CRT and Annexin V showed that 
Smad7 AS enhanced the fractions of cells co-expressing ecto- 
CRT and Annexin V (Figure 2A), as well as cleavage of caspase- 
3 (Figure 2B) thus suggesting a link between apoptosis and 
induction of ICD. Consistently, treatment of cells with Q-VD- 
OPh, a pan-caspase inhibitor, reverted the induction of cell 
death and ecto-CRT seen following Smad7 inhibition 
(Figure 2C–D). As other cell death mechanisms, such as 
necroptosis and ferroptosis, are also immunogenic,22 we inves
tigated whether Smad7 suppression leads to the induction of 

Figure 1. Downregulation of Smad7 protein expression enhances calreticulin exposure on the cancer cell surface (ecto-calreticulin). (A) Representative histograms 
showing the percentage of ecto-calreticulin-expressing DLD1 cells as assessed by flow cytometry. Cells were transfected with either Smad7 as or sense for 36 hours. 
Mean fluorescence intensity (MFI) values for calreticulin staining in both ecto-calreticulin-negative cells (red bars) and ecto-calreticulin-positive cells (blue bars) are also 
indicated. Staining with an isotype control antibody for calreticulin is also shown. Right inset: histograms showing the percentage of ecto-calreticulin-expressing DLD1 
cells transfected with either Smad7 as or sense for 36 hours. Data are mean ± SD of six separate experiments. Data were analyzed using one-way analysis of variance 
(ANOVA) followed by Dunnett’s post hoc test. *p < 0.05; ***p < 0.001. (B) Representative western blots for Smad7, calreticulin, and β-actin in total extracts of DLD1 cells 
transfected with Smad7 as or sense for 24 hours. β-actin was used as a loading control. The right panels show the mean ± SEM of all experiments; the differences were 
evaluated using a two-tailed Student’s t-test. * p < 0.05. (C) DLD1 cells were either transfected with Smad7 as or sense for 24 hours. Calreticulin RNA transcripts were 
evaluated by the real-time polymerase chain reaction. Levels were normalized to β-actin. Values indicate the mean ± SD of three separate experiments. Differences were 
analyzed using a two-tailed Student’s t-test. (D) DLD1 cells were pre-treated or not with TUDCA (50 μM) and then transfected with Smad7 as or sense (both used at 2 µg/ 
ml) for 36 hours. Representative histograms showing the percentage of ecto-calreticulin-expressing DLD1 cells. Results indicate the percentage of ecto-calreticulin- 
expressing cells as assessed by flow cytometry. Right inset: data indicate mean ± SD of all experiments. Data were analyzed using one-way analysis of variance (ANOVA) 
followed by Dunnett’s post hoc test. *p < 0.05.
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Figure 2. Involvement of apoptotic cell death in the Smad7 suppression-driven induction of ecto-calreticulin (A) Representative density plots showing the percentage of 
DLD1 cells expressing calreticulin exposed on the cell surface (ecto-calreticulin) and Annexin V. Cells were transfected with either Smad7 as or sense for 36 hours. Results 
indicate the percentage of annexin V and/or ecto-calreticulin expressing cells as assessed by flow cytometry. Staining with an isotype control antibody for calreticulin is 
also shown. Upper right inset: histograms showing the percentage of annexin V and/or ecto-calreticulin expressing DLD1 cells transfected with either Smad7 as or sense 
for 36 hours. Data are mean ± SD of three separate experiments. Data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. 
Smad7 as-transfected cells vs sense-transfected cells: **p < 0.01; ***p < 0.001. (B) Representative Western blots for cleaved caspase-3 and β-actin in total extracts of 
DLD1 cells transfected with Smad7 sense or as for 48 hours. Protein lysates derived from DLD1 cells treated with 1 µg/ml staurosporin for 18 hours (ST) were used as 
a positive control of caspase 3 cleavage. β-actin was used as a loading control. (C) Histograms showing the percentage of cell death in DLD1 cells pre-treated with either 
Q-VD-OPh or DMSO (vehicle) for 1 hour and then transfected with Smad7 sense or as for 60 hours. Data indicate mean ± SD of three separate experiments. Annexin 
V (AV) and/or propidium iodide (pi)-positive cells were evaluated by flow cytometry. Data were analyzed using one-way analysis of variance (ANOVA) followed by 
Dunnett’s post hoc test. ***p < 0.001. Right inset: Representative density plots showing the percentages of AV- and/or pi-positive cells treated as indicated. 
(D) Histograms showing the percentage of ecto-calreticulin expressing DLD1 cells. Cells were pre-treated with either Q-VD-OPh or DMSO (vehicle) for 1 hour and 
then transfected with Smad7 sense or as for 36 hours. Data indicate mean ± SD of three separate experiments. Data were analyzed using one-way analysis of variance 
(ANOVA) followed by Dunnett’s post hoc test. ***p < 0.001. Right inset: representative histograms showing the percentage of ecto-calreticulin-expressing DLD1 cells 
treated as indicated as assessed by flow cytometry.
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necroptosis and/or ferroptosis. However, our findings do not 
support a significant involvement of these pathways of cell 
death in Smad7 suppression-driven ICD. (Suppl. Fig. S4 A-B).

To evaluate whether Smad7-deficient cells exhibit other 
markers of ICD, we measured the extracellular levels of ATP, 
an endogenous adjuvant signal secreted by dying neoplastic 
cells and able to stimulate recruitment of DCs into the tumor 
bed and facilitate DC.5,9 Smad7 protein reduction enhanced 
the extracellular levels of ATP (Figure 3A and Suppl. Fig. S5A), 
as well as the release in the culture supernatants of HMGB1 
(Figure 3B and Suppl. Fig. S5B), a nonhistone chromatin- 

binding protein, the binding of which to DC receptors is 
essential for activating DCs.5,9 Consistently, analysis of total 
cellular HMGB1 showed that Smad7 protein downregulation 
decreased the intracellular content of HMGB1 (Figure 3C). 
Time-course studies showed that ecto-CRT expression was 
maximally induced at 36 hours in DLD-1 and at 24 hours in 
HCT-116 following treatment with 1 μg/ml Smad7 AS as com
pared to control cells (Suppl. Fig. S6). The reduction of Smad7 
protein expression was accompanied by enhanced secretion of 
ATP at 48 and 36 hours in DLD1 and HCT-116 cells respec
tively (Suppl. Fig S6). Finally, HMGB1 secretion was evident 

Figure 3. Downregulation of Smad7 protein expression in DLD1 cells enhances the secretion of ATP and HMGB1 and the activation of co-cultured dendritic cells. 
(A) Histograms showing the concentrations of ATP secreted in the culture medium of DLD1 cells transfected with Smad7 as or sense for 48 hours and measured by 
a luciferase assay. Data are expressed as mean ± SD of all experiments. Data were analyzed using one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc 
test. **p < 0.01, ***p < 0.001. (B) Histograms showing the concentration of HMGB1 secreted in the culture medium of DLD1 cells transfected with Smad7 as or sense for 
60 hours and measured by ELISA. Data are expressed as mean ± SD of all experiments. Data were analyzed using one-way analysis of variance (ANOVA) followed by 
Dunnett’s post hoc test. *p < 0.05. (C) Representative western blots for Smad7, HMGB1, and β-actin in DLD1 cells transfected with either Smad7 as or sense. β-actin was 
used as a loading control. (D) Representative density plots showing the percentage of CD11c+ that have phagocytized cell-trace labeled DLD1 cells transfected with 
Smad7 as or sense. Staining with an isotype control antibody for CD11c is also shown. The right panel indicates the mean ± SD of all experiments. Data were analyzed 
using a two-tailed Student’s t-test. * p < 0.05. (E) Representative density plots showing the percentage of HLA-DRII+ cells gated as indicated. Staining with an isotype 
control antibody for HLA-DRII is also shown. The right panel indicates the mean ± SD of all experiments. Data were analyzed using a two-tailed Student’s t-test. 
**p < 0.01.
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only at 60 and 48 hours in DLD1 and HCT-116 cells respec
tively, consistent with the induction of cell death at these later 
time points (Suppl. Fig S6).

Since efficient engulfment of dying cancer cells by DCs and by 
tissue macrophages is interrelated with the antitumor response,8 we 
analyzed if Smad7-deficient cells could be swallowed up by in vitro 
differentiated human blood monocyte-derived DCs. For this pur
pose, CRC cells were labeled with the cell trace-violet dye, and 
phagocytosis was assessed by co-culturing these cells with DCs. 
Flow cytometry showed that the co-culture of DCs with Smad7- 
deficient cells enhanced significantly the percentage of CD11c+ DCs 
engulfing CRC cells as well as the fraction of CD11c+ DCs expres
sing HLA-DRII (Figure 3D–E and Suppl. Fig. S5C-D).

Taken together, these results suggest that Smad7 knock
down could promote ICD in CRC cells.

Smad7 sustains the in vivo CRC growth

To examine whether cancer cell-derived Smad7 controls the 
in vivo anti-cancer immune response, we compared the growth 
of tumors induced by grafting BALB/c mice with the murine CT26 
cells transfected either with control or Smad7 AS. In initial experi
ments, we confirmed that, in line with the human data, CT26 cells 
transfected with graded doses of Smad7 AS exhibited a dose- 
dependent induction of ecto-CTR and enhanced release of ATP 
and HMGB1, while induction of cell death at 36 hours occurred 
only after transfection with the highest dose of Smad7 AS (Suppl. 
Fig S7A-E). Time-course studies revealed that Smad7 AS- 
transfected CT26 cells exhibited a time-dependent induction of 
cell death with nearly 60% of cell death seen at 48 hours (Suppl. 
Fig. S7F). Therefore, we selected this time point for the subsequent 
in vivo studies.23

On day 14, the tumors were excised and photographed, and 
their volume was calculated. CT26-derived tumors knocked out 
for Smad7 grew significantly less than tumors expressing endo
genous Smad7 (Figure 4A–B). Flow cytometry analysis of the 
tumor-infiltrating CD45-positive cells showed that the microen
vironment of Smad7-knocked CT26-derived tumors had higher 
fractions of both CD3+CD8+ T cells and CD3+CD8− T cells 
(Figure 4C and Suppl. Fig. S8A), while the fractions of DX5+ 

cells were not significantly changed by Smad7 knockdown 
(Suppl. Fig. S8A-B). These data were confirmed by immunofluor
escence staining of tumor sections, which showed that tumors 
developed from Smad7-deficient CT26 cells contained more 
CD8+ cells and to a lesser extent CD4+ cells than those developed 
from Smad7-containing CT26 cells (Figure 4D–E).

To evaluate whether the reduced tumor growth in mice 
engrafted with Smad7-deficient CT26 cells was dependent on 
cytotoxic CD8+ T cells, Smad7-deficient CT26 cells were 
implanted in wild-type BALB/c treated with a control or 
CD8+ T depleting antibody (Suppl. Fig. S9A). Flow-cytometry 
analysis of splenic CD45+ cells showed that injection of anti- 
CD8 antibody depleted CD8+ T cells (Suppl. Fig. S9B). 
Notably, the depletion of CD8+ T cells abrogated the inhibitory 
effect of Smad7 deficiency on the tumor volume (Figure 4F).

These data indicate that the downregulation of Smad7 pro
tein expression is sufficient to trigger a CD8+ T cell-dependent 
immune response that restrains the in vivo growth of CRC 
cells.

Smad7 knockdown in cancer cells induces immunogenic 
cell death

Having shown that a decrease of Smad7 expression in CRC 
cells is followed by markers of ICD and stimulates in vivo the 
function of cytotoxic CD8+ T cells, we explored the possibility 
that mice engrafted with Smad7-deficient CT26 cells may 
exhibit an activated ICD. The gold standard criterion of ICD 
is protection from secondary tumor challenges after vaccina
tion with tumor cells undergoing ICD.23 For this purpose, mice 
were vaccinated with either mitomycin C-treated CT26 cells or 
Smad7-knocked CT26 cells subcutaneously injected in the left 
flank and challenged on the right flank one week later with 
wild-type CT26 cells (Suppl. Fig S9C). Following re-challenge 
with wild-type CT26 cells, tumors developed in 15/15 mice 
vaccinated with mitomycin C-treated cells and 3 out of 15 mice 
vaccinated with Smad7-knocked cells (Figure 5A–C). To ascer
tain whether the Smad7 knocked-CT26 cell-mediated tumor 
vaccination effects were specific, we compared the effect of 
Smad7 AS-transfected cells on tumors induced by injection of 
either CT26 or TS/A cells (Suppl. Fig. S9D), a murine mam
mary adenocarcinoma cell line that expresses a repertoire of 
antigens different from those of CT26 cells. To this end, two 
groups of mice were vaccinated with CT26 cells transfected 
with Smad7 AS for 48 hours. One week later, one group of mice 
was challenged with wild-type CT26 cells and the other one 
with TS/A cells. At the site of vaccination, there was no differ
ence in terms of tumor volume between the two groups of mice 
receiving Smad7-deficient CT26 cells and subsequently 
injected with either CT26 or TS/A cells. The vaccination of 
mice with Smad7-deficient CT26 cells prevented the develop
ment of tumors induced by a secondary challenge with CT26 
cells but not that of tumors induced by injection of TS/A cells 
(Figure 5D).

Overall, these data indicate that Smad7-deficient CT26 cells 
induce in vivo a specific anti-cancer immunity.

Discussion

This study was a follow-up of our previous work showing that 
Smad7 is up-regulated in human sporadic CRC cells and 
downregulation of Smad7 protein content in CRC cell lines is 
followed by an arrest of the cell cycle, and eventually 
apoptosis.24 Analysis of molecular events underlying the effect 
of Smad7 deficiency on CRC cell behavior showed that reduc
tion of Smad7 protein expression in CRC cells was accompa
nied by enhanced phosphorylation of eIF2 α and induction of 
Activating Transcription Factor (ATF) 4 and CCAAT/enhan
cer binding protein Homology Protein (CHOP), two down
stream targets of eIF2α.18 Among the upstream kinases that 
control eIF2α phosphorylation, only the serine-threonine 
Protein Kinase RNA (PKR) was activated by Smad7 AS, and 
silencing of PKR inhibited the Smad7 AS-induced eIF2α phos
phorylation and ATF4/CHOP induction.18 Tumor-specific 
immune responses induced by several therapeutics (e.g. 
anthracyclines and oxaliplatin) are supposed to rely on ICD, 
and ER stress response occurs in all scenarios of ICD.5,12 In the 
present study, in vitro and in vivo experiments were performed 
to investigate whether Smad7 knockdown increases the 
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Figure 4. SMAD7-deficient CT26 cells engrafted in mice induce an anti-cancer CD8+ T cell-dependent immune response. (A-B) Representative images and relative 
graphs showing the volume of CT26-derived tumors in BALB/c mice. CT26 cells were transfected with either Smad7 as or sense for 48 hours and subcutaneously injected 
into the left flank of mice (day 0). Tumor growth was monitored until sacrifice (day 14). Each point in the graph indicates the tumor volume in each mouse. **p < 0.01. 
(C) Representative density plots and histograms (right panels) showing the frequency of CD3+CD8+ and CD3+CD8- cells isolated from tumors taken from mice injected 
with CT26 cells as indicated in A. Data were analyzed using a two-tailed Student’s t-test. **p < 0.01. (D-E) immunofluorescence images of CD8 (red, D) or CD4 (green, E) 
expression in sections derived from tumors extracted from mice injected with CT26 cells as indicated in A. Nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI, 
blue). (F) Representative images and the relative graph (right panel) showing the volume of CT26-derived tumors. CT26 were transfected with either Smad7 as or sense 
for 48 hours and subcutaneously injected into the left flank of BALB/c mice (day 0). CD8+ cell depletion was obtained upon intraperitoneal injections of anti-mouse CD8 
antibody (every 4 days starting from day − 2 until day 10). Tumor growth was monitored until sacrifice (day 14). Each point in the graph represents the value of tumor 
volume in each mouse.
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immunogenicity of tumor cells. For the in vitro studies we 
selected DLD1 and HCT-116 cells, as these cell lines express 
elevated levels of Smad7.16 Antisense oligonucleotide-mediated 
inhibition of Smad7 protein expression was accompanied by 
enhanced exposure of CRT on the cell surface and increased 
secretion of HMGB1 and ATP. No significant increase in the 
percentage of ecto-CRT-expressing cells was seen following 
transfection with a non-relevant, cadherin-11 AS, thus exclud
ing the possibility that the translocation of CRT on the surface 
of cells transfected with Smad7 AS was due to a nonspecific- 
effect of AS. We surmise that induction of ER stress in Smad7- 
deficient CRC cells is functionally relevant to the exposure of 
CRT on the cell surface because pre-treatment of cells with 
TUDCA, a chemical chaperone that inhibits ER stress,25 pre
vented the Smad7 AS-mediated translocation of CRT on the 
CRC cell surface. Our findings are consistent with data from 
a previously published study documenting the ability of 
TUDCA to prevent doxorubicin-induced CRT cellular distri
bution in ovarian cancer cells.6

Co-cultures of CRC cells transfected with Smad7 sense or 
AS with human DCs showed that Smad7 deficiency increased 
DC activation as evidenced by the enhanced DC-mediated 
uptake of CRC cells and increased expression of HLA-DRII 
on DCs. Altogether these results raise the possibility that 
decreased Smad7 protein expression may directly mediate 
ICD in CRC cells. To further verify this hypothesis, we per
formed in vivo experiments and initially showed that mice 
engrafted with Smad7-deficient CT26 cells developed fewer 
and smaller tumors than animals engrafted with wild-type 
CT26 cells. Moreover, Smad7-deficient CT26-derived tumors 
contained more CD8+ T cells and to a lesser extent CD4+ 

T cells than wild-type CT26-derived tumors, and depletion of 
CD8+ T cells abrogated the protective effect of Smad7 defi
ciency on the tumor development. Implanted Smad7-deficient 
CT26 cells protected mice from challenge with wild-type CT26. 
Notably, such protection by vaccination, the gold standard for 
ICD, was restricted to CRC cells as we were able to show no 
protection when mice were re-challenged with TS/A, 
a mammary cancer cell line that expresses a different repertoire 
of antigens.23,26

We are aware of the limitations of the present study. For 
instance, all the in vitro studies were performed using the same 
cancer cell lines (namely, DLD1, HCT-116, and CT26) in which 
we previously showed that reduction of Smad7 expression was 
accompanied by ER stress induction.18 Therefore, these cell lines 
allowed us to further verify the link between Smad7 deficiency 
and induction of ER stress-driven ICD. We decided to inhibit 
Smad7 protein expression rather than using stable knockout cell 
lines because Smad7 is a positive regulator of CRC cell survival 
and stable Smad7-deficient cells would die rapidly in the cul
tures. For the in vivo studies, we used the mouse graft model. 
Although this model does not mimic the in vivo heterogeneity 
of human CRC, it was very useful in proving that the cell death 
induced by Smad7 deficiency is immunogenic, because the gold 
standard method to confirm the in vivo ICD induction is the 
vaccination rechallenge in mice engrafted with cancer cells.23

Altogether data of the present findings support the view that 
Smad7 plays a key role in sustaining CRC.27 Single nucleotide 
polymorphisms (SNPs) in Smad7 gene have been documented 
in CRC patients and associated with an increased risk of such 
neoplasia as a result of their effect on Smad7 content in CRC 
cells.28–30 Consistently, down-regulation of Smad7 in both 

Figure 5. Smad7 protein downregulation induces immunogenic cell death. (A-B) Representative image and the relative graph (right panel) showing the volume of CT26- 
derived tumors in immunocompetent BALB/c mice vaccinated with mitomycin C-treated CT26 cells or Smad7 as transfected CT26 cells. Each point in the graph 
represents the tumor volume in each mouse. ***p < 0.001. (C-D) Percentage of tumor-free mice vaccinated with mitomycin C-treated CT26 cells or SMAD7 as transfected 
CT26 cells and challenged after 7 days with CT26 (C) or TS/A (D) cells. Tumor growth was monitored until sacrifice (day 14).
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primary CRC cells and CRC cell lines alters the expression of 
molecules involved in the activation of pathways sustaining 
cancer cell growth and survival,16,27 and functional studies 
showed that systemic administration of Smad7 inhibitors 
reduces the growth of CRC cell-derived grafts in mice.16

In conclusion, our results indicate that the reduction of 
Smad7 expression in CRC cells promotes cellular events that 
enhance antigenicity, activate cytotoxic T lymphocytes, and 
induce ICD. Further studies are, however, needed to validate 
the clinical significance of our findings and ascertain whether 
Smad7 inhibitors can be developed as novel ICD inducers, 
providing a new concept for antitumor immunotherapy.
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