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Introduction

Despite consistent therapeutic progresses, several advanced 
solid tumors remain difficult to treat and are associated with 
dismal prognosis. Although chemotherapy yields high success 
rates in some oncological indications, it does not always succeed 
in tumor eradication, either because malignant cells have 
developed chemoresistance, or because not all chemotherapeutics 
stimulate anticancer immune responses.1 In multiple instances, 
chemoresistance originates from the impairment of the 
oncosuppressor activity of p53. The complete lack of p53, the 
expression of mutant (mt) p53 variants as well as the deregulation 
of wild-type (wt) p53 are common in human cancers and are 
associated with increased resistance to chemo- and radiotherapy.2 

Significant efforts toward p53 reactivation are underway, because 
functional p53 is considered a key factor for the elicitation of 
efficient responses to chemotherapy and the apoptotic clearance 
of cancer cells.3 In this regard, we have previously demonstrated 
that mt or misfolded p53 can be reactivated by the administration 
of zinc (in the form of zinc dichloride, ZnCl

2
), resulting in the 

reestablishment of the apoptotic response of mtp53-expressing 
cancer cells to chemotherapy.4–7

Ideally, besides promoting apoptosis, chemotherapy should 
be immunogenic, hence igniting an immune response against 
malignant cells.1,8 Antitumor immunity can be activated 
when the death of cancer cells is accompanied by a series of 
subtle changes in the composition of their surface and their 
microenvironment that allow components of the innate immune 
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Optimal tumor eradication often results from the death of malignant cells, as induced by chemotherapeutic agents, 
coupled to the induction of antitumor immune responses. However, cancer cells frequently become resistant to the 
cytotoxic activity of chemotherapy. The aim of the present study was to evaluate whether zinc dichloride (ZnCl2), which 
was known to re-establish the chemosensitivity of cancer cells by reactivating p53, promotes immunogenic instances 
of cell death. We found that ZnCl2, in combination with chemotherapeutic agents such as cisplatin and adriamycin 
(ADR), favors the apoptotic demise of chemoresistant cells, while cisplatin and ADR alone fail to do so. The co-culture 
of immature dendritic cells (DCs) with cancer cells succumbing to the co-administration of chemotherapy and ZnCl2 
led to DC activation, as indicated by the upregulation of the activation markers CD83 and CD86. In part, such process 
depended on cell death, as it was limited (but not abrogated) by the pan-caspase inhibitor Z-VAD-fmk. Moreover, DC 
activation relied on the ZnCl2-induced exposure of calreticulin (CRT) on the surface of cancer cells, correlating with the 
phosphorylation of eukaryotic translation initiation factor 2α (eIF2α), a marker of endoplasmic reticulum stress. The 
siRNA-mediated knockdown of CRT as well as the inhibition of CRT exposure with brefeldin A strongly impaired DC 
maturation, indicating CRT translocation as induced by that ZnCl2 is a key event in this setting. Altogether, these results 
suggest that ZnCl2, has the potential to enhance the therapeutic effects of antineoplastic agents not only by improving 
their cytotoxic activity but also by promoting CRT exposure.
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system, notably dendritic cells (DCs), to sense immunogenicity.9 
Among other features, immunogenic cell death manifest with 
the translocation of the endoplasmic reticulum (ER)-resident 
chaperone calreticulin (CRT) to the plasma membrane surface, 
followed by exposure or release of heat-shock proteins including 
HSP70 and HSP90.10,11 Those molecules either provide a direct 
signal for DC activation or act as vehicles for antigenic peptides, 
facilitating their engulfment by DCs and hence promoting T-cell 
activation. CRT is translocated on the cell surface following 
various types of ER stress, resulting in the emission of a pre-
apoptotic immunogenic stimulus.12 In particular, CRT exposure 
has been reported to follow the phosphorylation of eukaryotic 
translation initiation factor 2α (eIF2α) in the course of ER 
stress responses.12 In this context, we have recently shown that 
the anticancer drugs bortezomib, an inhibitor of the proteasome, 
and Tyrphostin AG 490, targeting mitogen-activated protein 
kinase 9 (MAPK9, also known as JNK2) and signal transducer 
and activator of transcription 3 (STAT3) signaling, induce the 
immunogenic demise of primary effusion lymphoma (PEL) 
cells.13 Although bortezomib-treated PEL cells died by apoptosis, 
the broad-spectrum caspase inhibitor Z-Val-Ala-DL-Asp-
fluoromethylketone (Z-VAD-fmk) reduced the activation of 
co-cultured DCs to slight extents, suggesting that apoptosis itself 
was not the main event responsible for the immunogenicity of 
cell death. Rather, DC activation relied on the exposure of CRT, 
HSP70 and HSP90 of the surface of PEL cells.13,14

Driven by these considerations, we investigated whether ZnCl
2
, 

in combination with chemotherapeutic agents such as cisplatin 
and ADR might promote the immunogenic demise of cancer 
cells. We found that: (1) ZnCl

2
 re-establishes the sensitivity of 

chemoresistant cancer cells to antineoplastic agents, correlating 
with the reactivation of mtp53; (2) the co-administration of 
ZnCl

2
 and chemotherapy promoted an immunogenic instance 

of apoptosis, resulting in the activation of DCs; (3) cell death 
was important for the immunogenicity of chemoresistant cells 
succumbing to chemotherapy plus ZnCl

2
, although the pre-

apoptotic exposure of CRT on the cell surface (as induced by 
ZnCl

2
) also played a major role. These data suggest that ZnCl

2
 

cannot only exacerbate the cytotoxic effects of anticancer agents 
against p53-functionally deficient chemoresistant cells, but can 
also stimulate the emission of immunogenic signals.

Results

ZnCl
2
 exacerbates the cytotoxic effects of chemotherapy in 

chemoresistant p53-deficient cancer cells
We have previously reported that ZnCl

2
 restores the 

chemosensitivity of several chemoresistant p53-functionally 
deficient cancer cells including breast carcinoma SKBR3 and 
glioblastoma U373MG cells, which carry mtp53, as well as 
colorectal carcinoma RKO cells subjected to the depletion of 
homeodomain-interacting protein kinase 2 (RKO-HIPK2i cells), 
which express a misfolding variant of p53, mainly reflecting the 
ability of ZnCl

2
 to mediate p53 reactivation.4–7 Here, we first 

evaluated whether ZnCl
2
 might reactivate endogenous p53 

in glioblastoma ADF cells, as this cell line has been shown to 

carry an endogenous wt form of p53 devoid of transcriptional 
activity.15,16 To this aim, the transcription of p53 target genes was 
examined in ADF cells treated with cisplatin and ZnCl

2
, alone or 

in combination, by RT-PCR. Thus, while cisplatin alone failed to 
induce the expression of p53 target genes, the co-administration 
of cisplatin and ZnCl

2
 resulted in the transactivation of multiple 

pro-apoptotic p53 target genes, including BCL2-associated 
X protein (BAX ), BCL2 binding component 3 (BBC3, best 
known as PUMA) and phorbol-12-myristate-13-acetate-induced 
protein 1 (PMAIP1, best known as NOXA), but not of cell cycle-
regulatory genes such as cyclin-dependent kinase inhibitor 1A 
(CDKN1A, coding for p21Cip1) (Fig.  1A, compare lane 3 with 
lane 2). p53 reactivation was confirmed with pifithryn-α (PFT),17 
a p53 inhibitor that was able to block the expression of p53 target 
genes in response to cisplatin and ZnCl

2
 (Fig.  1A, compare 

lane 5 with lane 3). Long-term clonogenic assays coupled to 
densitometric analyses demonstrated that ZnCl

2
 in combination 

with cisplatin markedly reduces the clonogenic potential of ADF 
cells as compared with cisplatin alone (Fig. 1B, compare lane 3 
with lane 2). Of note, the decreased in the clonogenic potential 
of ADF cells treated with ZnCl

2
 plus cisplatin was partly (of 

about 2.1-fold) rescued by PFT (p = 0,034) (Fig. 1B, compare 
lane 5 with lane 3). These data indicate that ZnCl

2
 may reactivate 

dysfunctional wtp53 thus restoring the chemosensitivity of 
ADF cells, in line with previous results obtained with U373 
and RKO-HIPK2i cells.4,5 Although PFT efficiently inhibited 
p53 transactivation, it limited the cytotoxic effects of cisplatin 
plus ZnCl

2
 on ADF cells to a limited extent, suggesting that 

p53-independent mechanisms may contribute to cell death in 
this setting.

Next, we evaluated whether cell death as induced by ZnCl
2
 

in combination with chemotherapy in ADF, U373 and RKO-
HIPK2i cells4,5 proceeds via apoptosis. To this aim, we performed 
terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assays, finding that ZnCl

2
 in combination with 

chemotherapy (in particular, cisplatin for ADF and U373 cells, 
or ADR for RKO-HIPK2i cells) induces significant extents of 
apoptotic DNA fragmentation in all these cell lines as compared 
with the administration of either chemotherapy or ZnCl

2
 alone 

(Fig.  2, compare lanes 3 with lanes 2). Moreover, the pre-
treatment of ADF, U373 and RKO-HIPK2i cells with Z-VAD-
fmk efficiently inhibited apoptosis as induced by chemotherapy 
plus ZnCl

2
 (Fig. 2, compare lanes 5 with lanes 3). Altogether, these 

data demonstrate that ADR or cisplatin employed as standalone 
interventions do not affect the viability of chemoresistant p53-
functionally deficient cancer cells, while they efficiently induce 
apoptosis in the presence of ZnCl

2
.

Effect of cancer cells succumbing in the presence of ZnCl
2
 

on DC maturation
As we found that ZnCl

2
 exacerbates the cytotoxic effects 

of chemotherapy against chemoresistant cancer cells bearing 
dysfunctional p53, we wondered whether cancer cells dying in 
the presence of ZnCl

2
 could activate the immune system. To 

address this question, we co-cultured immature dendritic cells 
(DCs) with cancer cells exposed to cisplatin or ADR, either 
alone or in combination with ZnCl

2
 and evaluated DC activation 
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markers such as CD83 and CD86 by flow cytometry. We 
focused on DCs because their activation is stringently required 
for the elicitation of immune responses against apoptotic tumor 
cells.18,19 We found that cancer cells treated with chemotherapy 
or ZnCl

2
 alone do not activate DCs, as indicated by the reduced 

expression levels of CD83 and CD86 (Fig. 3A, compare lanes 
2 and 4 with lanes 1), in line with the limited ability of these 
interventions to trigger cell death (Fig.  2). On the contrary, 
tumor cells acquired the capacity to efficiently induce the 
maturation of DCs when they were treated with ZnCl

2
 plus 

cisplatin or ADR (Fig.  3A, compare lanes 3 with lanes 2), 
paralleling the extents of cell death induction (Fig. 2). We then 
evaluated whether the activation of DCs in this context solely 
depend on cancer cell death. Interestingly, the pre-treatment of 
cancer cells with Z-VAD-fmk consistently inhibited cell death 
(Fig. 2) yet impaired DC maturation to limited extents (Fig. 3B, 
compare lanes 4 with lanes 3). Thus, it seems that that apoptosis 
is not the sole event responsible for the immunogenicity of cancer 
cells succumbing to chemotherapy in the presence of ZnCl

2
.

Next, we evaluated whether DCs could be activated upon 
exposure to wtp53-expressing RKO cells undergoing apoptosis 
in response to ADR. The ability of ADR to promote the 
activation of p53 in RKO cells is extensively documented in 
the literature.4 ADR indeed triggered the apoptotic demise of 
RKO cells, as evidenced by TUNEL positivity as well as by the 
cleavage of the caspase substrate poly(ADP-ribose) polymerase 
(PARP), a process that was efficiently inhibited by Z-VAD-
fmk (Fig. 3C). Upon co-culture, RKO cells treated with ADR 
induced the activation of DCs, which also was (at least to some 
extent) inhibited by Z-VAD-fmk (Fig.  3D). Immunoblotting 
analyses of plasma membrane proteins purified from ADR-
treated and control RKO cells revealed a significant increase 
in local abundance of CRT upon ADR treatment (Fig.  3E). 
This increase did not reflect the upregulation of CRT, as 
demonstrated by the immunoblotting of whole-cell protein 
extracts (Fig. 3E). Altogether, these data demonstrate that p53-
proficient cancer cells killed by chemotherapy, at odds with 
their p53-functionally deficient counterparts, may expose CRT 
in response to chemotherapy (see below), hence promoting the 
maturation of DCs.

ZnCl
2
 promotes CRT exposure, which is required for DC 

activation by dying chemoresistant cancer cells
As the maturation of DCs elicited by cancer cells succumbing 

to chemotherapy in the presence of ZnCl
2
 dependent only in part 

on the extent of cell death, we investigated how ZnCl
2
 could affect 

the immunogenicity of this process. To this aim, we explored the 
effects of ZnCl

2
 on the exposure of CRT on the surface of cancer 

cells, since this event has previously been shown to elicit potent 
anticancer immune responses.10–12,20 Immunoblotting analyses of 
purified plasma membrane proteins revealed a significant increase 
in the amount of cell-surface CRT in cancer cells treated with 
chemotherapy plus ZnCl

2
, while cells receiving chemotherapy 

alone exhibited decreased CRT levels on their surface (Fig. 4A). 
Of note, this was not a consequence of a global upregulation 
of CRT (Fig.  4A). A similar effect could also be documented 
by flow cytometry, revealing that living cancer cells exposed 

to ZnCl
2
, alone or in the presence of chemotherapy, exhibit 

increased amounts of CRT of their surface (Fig. 4B). Brefeldin 
A (BrefA), an inhibitor of anterograde protein transport from the 
ER to the Golgi apparatus21 that has previously been shown to 
inhibit CRT exposure,12 limited the ZnCl

2
-induced translocation 

of CRT on the plasma membrane of chemoresistant cancer cells 
(Fig.  4C). Importantly, ZnCl

2
-induced CRT translocation 

correlated with the phosphorylation of eIF2α (Fig.  4D), a 
protein that is generally phosphorylated in the course of ER stress 
owing to the activity of stress-inducible kinases such as eIF2α 
kinase 3 (EIF2AK3, best known as PERK).22 This finding is 
in agreement with the results of previous studies showing that 
the ER stress-induced phosphorylation of eIF2α correlates with 
CRT exposure.23 We also found that eIF2α phosphorylation as 
promoted by ZnCl

2
 is preceded by the activation of autophagy, as 

indicated by the appearance of the lipidated form of LC3 (LC3-II) 
(Fig. 4D). This is also in line with previous reports showing that 

Figure 1. ZnCl2 reactivates p53 in chemoresistant glioblastoma cells. (A) 
Semi-quantitative RT-PCR analyses of p53 target genes in human glio-
blastoma ADF cells pre-treated with 100 μM ZnCl2 for 6 h before the 
addition of 4 μg/ml cisplatin (cisp) for 16 h. When appropriate, the p53 
inhibitor pifithryn α (PFT) (30 μM) was added to ZnCl2 before the admin-
istration of chemotherapy. β-actin levels were monitored as an internal 
standard. (B) 20000 ADF cells were plated in 60-mm dished and - 24 h 
later - treated with 100 μM ZnCl2 for 16 h, followed by the addition of 
4 μg/mL cisp for 2 h. Cells were then washed with PBS and placed in 
fresh medium. ZnCl2 was replaced in the culture medium every two days. 
Colonies were stained with crystal violet 14 d after seeding and quanti-
fied. Data are presented as means ± SD *p = 0.034, as compared with 
cells treated with cispl plus ZnCl2.
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pre-mortem autophagy is fundamental for the immunogenicity 
of cell death.24,25

To evaluate the role of CRT exposure in the activation of 
DCs as triggered by chemoresistant cancer cells succumbing 
to chemotherapy in the presence of ZnCl

2
, we co-cultured 

immature DCs with ADF cells treated with chemotherapy plus 
ZnCl

2
 in the presence of BrefA. We found that DC activation in 

this setting is significantly impaired by the pre-treatment of ADF 
cells with BrefA (Fig. 5A and B). Similar results were obtained 
with RKO-siHIPK2 (data not shown). To obtain further insights 
in this process, we depleted ADF and RKO-siHIPK2 cells of 
CRT with specific small-interfering RNAs (siRNAs) (Fig. 6A). 

This intervention efficiently inhibited the ability of ADF and 
RKO-siHIPK2 cells treated with ZnCl

2
 plus ADR and cisplatin, 

respectively, to promote DC activation, as shown by flow 
cytometry upon staining of DCs with anti-CD83 and anti-CD86 
antibodies (Fig.  6B). Altogether, these data demonstrate that 
ZnCl

2
 induces the exposure of CRT on the surface of malignant 

cells, which is a pre-requisite for DC activation in response to 
their demise.

Discussion

The 2 ideal goals of anticancer therapy are the induction 
of a strong cytotoxic responses among malignant cells and the 
stimulation of host tumor-specific response, cooperating in the 
achievement of clinically relevant effects. Here we show that both 
these goals can be obtained in chemoresistant, p53-functionally 
deficient cell lines by combining ZnCl

2
 with chemotherapeutic 

agents such as cisplatin and ADR. Indeed, such a combinatorial 
regimen turned out to reactivate p53 and promote the exposure 
of CRT on the cell surface in the course of cell death, resulting in 
the activation of DCs.

ZnCl
2
 is an essential microelement that participates in 

the activity of approximately 300 enzymes and is involved in 
the regulation of over 2000 transcription factors.26 We have 
previously demonstrated that ZnCl

2
 can reactivate mutant or 

misfolded p53 in cancer cells,4–7 in line with previous findings 
on the importance of ZnCl

2
 for p53 folding and stability.27,28 

Thus, the co-administration of ZnCl
2
 and chemotherapeutic 

agents such as cisplatin and ADR promotes the reestablishment 
of wt p53 conformation, in turn rescuing p53 oncosuppressor 
activity and mediating prominent antineoplastic effects, in 
vivo.4–7 In agreement with these findings, here we report that 
ZnCl

2
 reactivates non-functional wtp53 in glioblastoma ADF 

cells, thereby restoring their chemosensitivity. Although the 
molecular mechanisms of p53 reactivation in ADF cells remain 
to be elucidated, we and others have demonstrated that ZnCl

2
 

supplementation may be useful, at in some circumstances, to 
improve the therapeutic efficacy of anticancer drugs.

The apoptotic response of cancer cells to chemotherapy 
leads to tumor eradication if it is accompanied by an efficient 
immune response. According to some authors, this may represent 
the sole successful approach to anticancer therapy.5,20 DCs not 
only play a pivotal role in the eradication of apoptotic cancer 
cells, but also are capable of cross-presenting tumor-associated 
antigens to cytotoxic T  cells, hence promoting the initiation 
of tumor-specific immune responses.9 For these reasons, the 
activation of DCs by dying tumor cells can counteract cancer-
driven immunosuppression and eventually improve disease 
outcome.29 Here we found that chemoresistant p53-functionally 
deficient cancer cells undergo apoptosis only when chemotherapy 
is combined with ZnCl

2
, and that such an apoptotic response 

is able to trigger DC maturation. The pre-treatment of cancer 
cells with the pan-caspase inhibitor Z-VAD-fmk inhibited their 
demise in response to chemotherapy and ZnCl

2
, yet impaired 

DC maturation only to partial extents. This indicates that the 
degree of cell death is not sufficient the major determinant of 

Figure 2. ZnCl2 exacerbates the cytotoxic potential of chemotherapy in 
chemoresistant cancer cells. Percentage of TUNEL+ human glioblastoma 
ADF cells, human glioblastoma U373 cells and colorectal carcinoma 
RKO-HIPK2i cells treated with 100 μM ZnCl2 for 6 h before the addition 
of 4 μg/mL cisplatin (cispl) (in U373 and ADF cells) or 2 μM adriamycin 
(ADR) (in RKO-HIPK2i cells) for 24 h. When appropriate, the pan-caspase 
inhibitor Z-VAD-fmk (40 μM) was added to ZnCl2 before the administra-
tion of chemotherapy. Data are reported as means ± SD *p = 0.001, as 
compared with untreated cells.
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Figure 3. Chemoresistant cancer cells succumbing to chemotherapy in the presence of ZnCl2 promote dendritic cell (DC) maturation. (A) Human glioblas-
toma ADF cells, human glioblastoma U373 cells and colorectal carcinoma RKO-HIPK2i cells were treated with 100 μM ZnCl2 for 6 h, followed by the addition 
of 4 μg/mL cisplatin (cispl) (in U373 and ADF cells) or 2 μM adriamycin (ADR) (in RKO-HIPK2i cells) for 16 h. Thereafter, tumor cells were co-cultured with 
immature dendritic cells (DCs) for 24 h, followed by the cytofluorometric assessment of the DC maturation markers CD83 and CD86. Data from one repre-
sentative experiment are reported as the mean percentage of CD83+ and CD86+ DCs ± SD *p = 0.001, as compared with untreated cells. (B) ADF cells were 
treated with 100 μM ZnCl2 alone or in combination with 40 μM Z-VAD-fmk for 6 h, followed by the administration of 4 μg/mL cisp for 16 h. Thereafter, cells 
were co-cultured with DCs and DC maturation markers assessed as in Panel A. Results from one representative experiment are shown as means ± SD (C) 
Upper panel: percentage of TUNEL+ wild-type (wt) RKO cells treated with 2 μM ADR for 24 h. When appropriate, 40 μM Z-VAD-fmk was added for 1 h before 
ADR administration. Data are reported as means ± SD. Lower panel: immunoblotting assessment of PARP cleavage in RKO cells treated with ADR alone 
or in combination with Z-VAD-fmk. l.c., loading control. (D) RKO cells treated as in Panel C were co-cultured with immature DCs for 24 h, followed by the 
cytofluorometric assessment of CD86. Data for one representative experiment are reported as the percentage of CD86+ DCs ± SD (E) Total and membrane 
proteins were extracted from equal amounts of RKO cells exposed to 2 μM ADR for 24 h and immunoblotted with a calreticulin (CRT)-specific antibody.
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the immunogenicity of the process. Moreover, both cancer cells 
expressing mt variants of p53 (upon exposure to chemotherapy 
plus ZnCl

2
) and p53-proficient malignant cells (succumbing to 

chemotherapy alone) were able to induce the maturation of DCs, 
underscoring a functional role for p53 in immunogenic apoptosis 
that warrant further investigation.

The immunogenicity of cell death requires the translocation 
to the cell surface of proteins that are normally found in the ER 
lumen, which belong to so-called “damage-associated molecular 
patterns” (DAMPs).30 One of the most important DAMPs 
is calreticulin, which translocates from the ER to the plasma 
membrane in response to ER stress. This process stimulates 
the activation of DCs, resulting in enhanced antigen uptake, 
processing and presentation.10 CRT exposure usually ensues 
the ER stress-associated phosphorylation of eIF2α, which is 
also linked to the induction of autophagy.12,23,31 Interestingly, 
pre-mortem autophagy is an important determinant of the 
immunogenicity of chemotherapy-induced cell death.24,25 We have 
previously reported that the immunogenicity of dying PEL cells 
is not completely dependent on the degree of cell death. Rather, 
in this context DC activation appeared to critically rely on the 

exposure of CRT, HSP70 and HSP90 on the cell surface.13,14 In 
line with these findings, here we reported that ZnCl

2
 induces the 

exposure of CRT on chemoresistant cancer cells, correlating with 
eIF2α phosphorylation and autophagy induction. The siRNA-
mediated knockdown of CRT as well as the inhibition of CRT 
exposure by BrefA strongly impaired the activation of DC in 
response to dying cancer cells, indicating that the translocation 
of CRT on the outer leaflet of the plasma membrane is the key 
event for immunogenic cell death as triggered by chemotherapy 
plus ZnCl

2
.

In conclusion, our data suggest that ZnCl
2
 may exacerbate 

the cytotoxic effects of chemotherapy in chemoresistant p53-
functionally deficient cells and promote the exposure of CRT in 
the course of cell death, hence rendering it immunogenic. ZnCl

2
 

might therefore have a heavy impact on the crosstalk between 
malignant cells and the immune system, both as it increases the 
immunogenic potential of cell death (as shown in this report) 
and as it counteracts mechanisms of immunosuppression that are 
set in place by tumor cells (as we have previously reported).31–33 
Future studies will generate additional insights into the potential 
application of ZnCl

2
 in anticancer therapy.

Figure 4. ZnCl2 induces calreticulin exposure on the membrane of chemoresistant cancer cells. (A) Human glioblastoma ADF cells and colorectal carci-
noma RKO-HIPK2i cells were treated with 100 μM ZnCl2, 4 μg/mL cisplatin (cispl) or 2 μM adriamycin (ADR), as indicated, for 16 h. Thereafter, total and 
membrane proteins were extracted from equal amounts of RKO cells and immunoblotted with a calreticulin (CRT)-specific antibody. (B) CRT exposure 
by living human glioblastoma U373 cells exposed to 100 μM ZnCl2 and 4 μg/mL cisp, alone or in combination, was verified by flow cytometry. Data, 
which are representative of two independent experiments, are reported as means ± SD (C) ADF, U373 and RKO-HIPK2i cells were treated with 100 μM 
ZnCl2 alone or in the presence of 10 μM brefeldin A (Bref A), for 16 h. Membrane proteins extracted from equal amounts of cells were assayed by immu-
noblotting with an anti-CRT antibody. (D) ADF cells were treated with 100 μM ZnCl2 for the indicated time (h), followed by the extraction of total proteins 
from equal amounts of cells and immunoblotting with antibodies specific for the indicated proteins. β actin levels were monitored as a loading control.
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Materials and Methods

Cell culture and reagents
Human ADF and U373MG glioblastoma cells, wt human 

colon carcinoma RKO cells and RKO cells stably depleted of 
HIPK2 (RKO-HIPK2i cells)34 were routinely maintained in 
RPMI-1640 medium (Life-Technology-Invitrogen) containing 
10% heat-inactivated fetal calf serum (FCS), 100 units/mL 
penicillin/streptomycin, and 2 mM l-glutamine, in 5% CO

2
 

humidified incubators at 37°C. The following reagents were used 
in this study at the indicated concentrations: ZnCl

2
 (Sigma), 

dissolved in dH
2
O

2
, 100 μM; cisplatin (Pharmachemie B.V.), 

4 μg/mL; ADR (EBEWE Pharma, S.r.l.), 2 μg/mL; BrefA (Cell 
Signaling) 10 μM; PFT (ENZO Life Sciences), 30 μM; Z-VAD-
fmk (R&D Systems), 40 μM. Appropriate volumes of PBS or 
DMSO were used to generate negative control conditions.

Clonogenic assays and assessment of apoptosis
For long-term clonogenic assays, cells were pre-treated with 

ZnCl
2
 for 16 h and then subjected to a 2 h pulse of cisplatin. 

Upon treatment, cells were washed, trypsinized, and counted, 
and equal cell numbers were seeded in drug-free medium in 
60-mm petri dishes. Colonies were stained with crystal violet 14 
d later and quantified. For TUNEL assays, 4 × 104 cells were 
cytospun on a slide and fixed in 4% paraformaldheyde for 30 
min at room temperature, as previously reported.35 After rinsing 
with PBS, samples were permeabilized in 0.01% Triton X-100 in 
sodium citrate for 2 min. Samples were then washed with PBS 
and incubated in the TUNEL reaction mix for 1 h at 37°C, 
according to the manufacturer’s instructions (Roche). Cells 
were counterstained with Hoechst 33342 before assessment of 
TUNEL positivity on a fluorescence microscope (Zeiss).

RNA isolation and RT-PCR
Total RNA was isolated by using the TRizol reagent 

(Invitrogen). cDNA was syntesized from 2 μg of total RNA with 
a MuLV reverse transcriptase-based kit (Applied Biosystems). 
Semi-quantitative RT-PCR was performed by means of the Hot-
Master Taq polymerase (Eppendorf) with 2 μL cDNA template 
and gene-specific oligonucleotides under conditions of linear 
amplification. The housekeeping gene coding for β actin was 
monitored as an internal standard. mRNA expression levels were 
quantified by densitometric procedures.

Immunoblotting
Whole-cell lysates were prepared for immunoblotting analyses 

by means of a lysis buffer containing 50 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 150 mM KCl, 1 mM dithiothreitol, 5 mM EDTA, 
pH 8.0, 1% Nonidet P-40 plus a commercial mix of protease and 
phosphatase inhibitors (Sigma Chemical Company). Membrane 
proteins were extracted from 5 × 106 cells by using the Mem-
PER Eukaryotic Membrane Protein Extraction Reagent (Thermo 
Scientific, Pierce Biotechnology). Samples were denatured in SDS-
based sample buffer and proteins were separated on SDS-PAGE 
precast gels (BioRad), followed by transfer to polyvinylidene 
difluoride (PVDF) membranes (Millipore). Membranes were 
blocked with 5% nonfat dry milk in PBS and incubated with primary 
antibodies specific for CRT (PA3–900, Thermo Scientific), LC3B 
(L7543, Sigma), phosphorylated eIF2α (Ser15) (Cell Signaling), 

total eIF2α (Cell Signaling), PARP (Millipore) and β actin 
(Calbiochem). Secondary antibodies conjugated to horseradish 
peroxidase (BioRad) were used to detect primary antibodies by 
chemoluminescence (ECL kit, Amersham Corporation).

Figure  5. The inhibition of calreticulin exposure by brefeldin A impairs 
dendritic cell activation by chemoresistant cancer cells succumbing to 
chemotherapy in the presence of ZnCl2. (A and B) Human glioblastoma 
ADF cells were treated with 100 μM ZnCl2 alone or together with 10 μM 
brefeldin A (BrefA) for 6 h, followed by the administration of 4 μg/mL cis-
platin (cispl) for additional 16 h. Thereafter, cancer cells were co-cultured 
with immature dendritic cells (DCs) for 24 h and the DC maturation markers 
CD83 and CD86 were monitored by flow cytometry. Data from one repre-
sentative experiment are reported as staining profiles (A), isotype controls 
in black) or mean percentage of CD83+ and CD86+ DCs ± SD; *p = 0.001 (B).
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RNA interference
siRNAs specific for human CRT (Santa Cruz Biotechnology) 

were transfected by using the proprietary siRNA transfection 
kit, according to the manufacturer’s instructions. 36 h 
after transfection, CRT downregulation was monitored by 
immunoblotting.

Generation of monocyte-derived DCs and DC maturation
To generate monocyte-derived DCs, human peripheral blood 

mononuclear cells obtained from healthy donors (under informed 
consent) were isolated by Fycoll-Paque gradient centrifugation 
(Pharmacia). CD14+ monocytes were positively selected using 
anti-CD14 antibody-conjugated magnetic microbeads (Miltenyi 
Biotec). To generate immature DCs, purified monocytes 
were then cultured in 12-well plates for 6 d, at a density of 
106 cells/3 mL RPMI 1640 containing 10% FCS, 2 mM 
l-glutamine, 100 U/mL penicillin G, 100 mg/mL streptomycin, 
50 ng/mL recombinant human granulocyte macrophage colony-
stimulating factor (GM-CSF) and 20 ng/mL interleukin-4 
(IL-4) (Miltenyi Biotec). Cytokines were replenished every other 
day along with 20% fresh medium.

Cytofluorometric analyses of DC phenotypes
Tumor cells were treated with ZnCl

2
 for 6 h prior to the 

administration of cisplatin or ADR for additional 16 h. Thereafter, 
tumor cells were washed and co-cultured with immature DCs for 
24 h. The phenotype of DCs was monitored by flow cytometry 
upon staining with phycoerytrin (PE)-conjugated anti-CD83 
and fluorescein isothiocianate (FITC)-conjugated anti-CD86 
antibodies (Becton Dickinson) for 30 min at 4°C and two washes 
in PBS. DCs were gated according to FSC and SSC parameters. 
Appropriate isotype-matched control antibodies were included 
in the assessments and 5000 viable DCs were acquired in each 
experiment. Acquisition was performed on a EPICS XL flow 
cytometer (Coulter).

Statistical analyses
Unless otherwise specified, ach experiment was performed at 

least 3 times, and data are presented as means ± SD. Statistical 
significance was determined using the Student’s t-test. 
p values ≤ 0.05 were considered as statistically significant.
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Figure  6. Calreticulin depletion in cancer cells impairs their capac-
ity to activate dendritic cells in the course of immunogenic cell death. 
(A) Human glioblastoma ADF cells and colorectal carcinoma RKO-HIPK2i 
cells were transfected with a control siRNA (-) or a siRNA specific for cal-
reticulin (siCRT; +). 36 h after transfection, cells were assayed by immu-
noblotting for calreticulin (CRT) expression levels. β actin was monitored 
as a loading control. (B) Control ADF and RKO-HIPK2i cells (empty gray 
histograms) or ADF and RKO-HIPK2i subjected to CRT depletion as in 
Panel A (black-filled hystograms) were treated with 100 μM ZnCl2 for 6 h, 
followed by the administration of 4 μg/mL cisplatin (cispl; in ADF cells) or 
2 μM adriamycin (ADR; in RKO-HIPK2i cells) for 16 h cancer cells were co-
cultured with immature dendritic cells (DCs) for 24 h and the DC matura-
tion markers CD83 and CD86 were monitored by flow cytometry. Data 
from one representative experiment are reported as staining profiles.
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