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ABSTRACT
Metastatic melanoma is the most deadly skin neoplasm in the United States.
Outcomes for this lethal disease have improved dramatically due to the use of both
targeted and immunostimulatory drugs. Immunogenic cell death (ICD) has emerged
as another approach for initiating antitumor immunity. ICD is triggered by tumor
cells that display damage-associated molecular patterns (DAMPs). These DAMP
molecules recruit and activate dendritic cells (DCs) that present tumor-specific
antigens to T cells which eliminate neoplastic cells. Interestingly, the expression of
DAMP molecules occurs in an endoplasmic reticulum (ER) stress-dependent manner.
We have previously shown that ER stress was required for the cytotoxic activity
of the endocannabinoid metabolite, 15-deoxy, Δ12,14 prostamide J2 (15dPMJ2). As
such, the current study investigates whether 15dPMJ2 induces DAMP signaling in
melanoma. In B16F10 cells, 15dPMJ2 caused a significant increase in the cell surface
expression of calreticulin (CRT), the release of ATP and the secretion of high-mobility
group box 1 (HMGB1), three molecules that serve as surrogate markers of ICD.
15dPMJ2 also stimulated the cell surface expression of the DAMP molecules, heat
shock protein 70 (Hsp70) and Hsp90. In addition, the display of CRT and ATP was
increased by 15dPMJ2 to a greater extent in tumorigenic compared to non-tumorigenic
melanocytes. Consistent with this finding, the activation of bone marrow-derived DCs
was upregulated in co-cultures with 15dPMJ2-treated tumor compared to non-tumor
melanocytes. Moreover, 15dPMJ2-mediated DAMP exposure and DC activation required
the electrophilic cyclopentenone double bond within the structure of 15dPMJ2 and
the ER stress pathway. These results demonstrate that 15dPMJ2 is a tumor-selective
inducer of DAMP signaling in melanoma.

INTRODUCTION

stimulation of immunosuppressive [e.g., regulatory T
cells and myeloid derived suppressor cells (MDSC)] cell
types [1]. Clinically available immunotherapeutic agents
restore the immunosurveillance capabilities of immune
cells by disrupting the immunosuppressive interaction
between cancer and T cells (e.g., PD-1 and PD-L1) [2].
Based upon the remarkable efficacy of this approach, an
intense search is underway to identify other interventions

The immune system plays a pivotal role in
preventing both the formation and survival of cancer
through surveillance and elimination of abnormal cells.
Tumor cells circumvent this process using different
strategies including the inhibition of cytotoxic [e.g.,
cytotoxic T cells and natural killer (NK)] and/or the
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that modulate immunological pathways to prevent tumor
survival. A growing body of preclinical evidence and
clinical studies indicate that the initiation of immunogenic
cell death (ICD) suppresses tumor growth and enhances
the activity of existing immunotherapeutics [3–5]. ICD
is a type of apoptotic cell death that elicits an adaptive
immune response triggered by damage-associated
molecular patterns (DAMP). These DAMP molecules
are expressed on the surface of or released from tumor
cells that are exposed to DAMP inducing agents such
as radiotherapy, photodynamic therapy, and a select
group of chemotherapeutic agents (e.g., doxorubicin,
bortezomib, and oxaliplatin) [5, 6]. It is well-established
that an efficacious ICD response requires the display of
the DAMPs, calreticulin (CRT), ATP and non-histone
chromatin protein high-mobility group box 1 (HMGB1).
Once exposed, these molecules bind to cell surface
receptors on dendritic cells (DCs) leading to tumor corpse
phagocytosis and an increase in DC maturation markers
including MHCII, CD80 and CD86. Mature DCs then
present tumor-specific antigens to T cells that elicit potent
antitumor responses and generate immunological memory
[6, 7]. Therefore, agents that induce DAMP-mediated
ICD may produce durable therapeutic responses against
melanoma and other malignancies.
The endoplasmic reticulum (ER) stress pathway
regulates different cellular processes including the
emission of DAMP molecules [8, 9]. ER stress occurs
when the protein folding load in cells exceeds its folding
capacity. To reestablish ER homeostasis, three sensors:
PERK, IRE-1, and ATF6 are activated to promote
cell survival. However, if the levels of ER stress are
insurmountable, transcriptional activation of CHOP10
leads to the initiation of programmed cell death [10]. In
numerous studies, DAMP inducing agents required the
activity of PERK to initiate DAMP emission and cell
death [9, 11]. Moreover, cytotoxic agents that are unable
to induce ER stress, such as cisplatin and mitomycin
C, were only capable of inducing ICD when coadministered with ER stress inducers such as thapsigargin
or tunicamycin [12]. Interestingly, ER stress also plays
a role in the selectivity of cytotoxic agents towards
tumor cells. ER stress levels are elevated in cancer
cells primarily due to the high demand for newly folded
proteins in hyperproliferative cells. However, proliferation
rates in non-cancerous cells are typically low and as a
consequence, these cells have minimal protein folding
loads and ER stress levels. Hence, ER stress inducing
agents cause death preferentially in cancer cells because
the death threshold is more readily reached [10, 13]. This
selective tumor targeting often results in reduced adverse
effects, a desired property for chemotherapeutic agents.
15-deoxy, ∆12,14 prostamide J2 (15dPMJ2) is a
metabolic product of the endocannabinoid, arachidonoyl
ethanolamide (AEA). 15dPMJ2 suppresses the growth
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of B16F10 melanoma tumors in C57BL/6 mice [13].
15dPMJ2 is also cytotoxic towards non-melanoma skin
cancer (NMSC) and colon cancer cell lines as well as
primary patient melanoma cells. In addition, 15dPMJ2
induced cell death is mediated by the ER stress pathway.
Hence, the goal of the current study was to determine
whether 15dPMJ2 activates DAMPs in melanoma cells.
Moreover, the role of ER stress in 15dPMJ2-induced
DAMP signaling was explored. Our data demonstrate that
15dPMJ2 causes tumor-directed DAMP exposure and DC
activation through a process that relies on the ER stress
pathway.

RESULTS
15dPMJ2 induces DAMP exposure in tumor cells
To verify the cytotoxicity of 15dPMJ2, B16F10
melanoma cells were treated with 15dPMJ2 and cell
survival was examined. As a positive control, the
cells were also treated with the prototype DAMPICD inducer, oxaliplatin. 15dPMJ2 and oxaliplatin
significantly reduced the viability of B16F10 cells with
similar levels of death occurring at a substantially lower
concentration of 15dPMJ2 (5 μM) than oxaliplatin (500
μM) (Figure 1A). We then examined whether 15dPMJ2
stimulated the exposure of the surrogate ICD markers;
CRT, ATP, and HMGB1 [14]. Comparable levels of cell
surface CRT and extracellular ATP were detected in cells
treated with 15dPMJ2 and oxaliplatin (Figure 1B and 1C).
However, the release of HMGB1 was substantially
greater in 15dPMJ2 compared to oxaliplatin treated cells
(Figure 1D). It has been demonstrated that agents that
trigger the exposure of a wide variety of DAMPs are
efficient inducers of ICD [15, 16]. As such, the exposure
of the DAMPs, Hsp70 and Hsp90, was also examined.
Hsp70 and Hsp90 were upregulated on the surface of
B16F10 cells that were treated with 15dPMJ2 but not
oxaliplatin (Figure 1E and 1F). The exposure of DAMPs
induced by 15dPMJ2 was investigated in other cancer cell
types. 15dPMJ2 also increased the cell surface expression
of CRT in human non-melanoma skin cancer (A431)
and colorectal cancer (HT29) cell lines (Supplementary
Figure 1A and 1B). Several studies have revealed that
the exposure of CRT and ATP occurs prior to apoptosis
rather than as a consequence of apoptosis [9]. Hence,
the sequence of 15dPMJ2-induced DAMP exposure was
investigated. Caspase 3/7 activity and phosphatidylserine
exposure, two indicators of apoptosis, were initially
detected after 8 hours of treatment with 15dPMJ2 (Figure
1G and Supplementary Figure 2), whereas the display of
CRT and ATP occurred after 2 and 4 hours, respectively.
This indicates that the exposure of CRT and ATP induced
by 15dPMJ2 were pre-apoptotic events similar to other
DAMP-ICD inducing agents [17].
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Figure 1: 15dPMJ2 increases DAMP expression and cell death in B16F10 melanoma cells. (A–F) B16F10 cells were

treated with vehicle (0.1% DMSO), 5 µM 15dPMJ2, 500 µM oxaliplatin, or the cells were left untreated. (A) Cell viability was evaluated
by performing MTS assays after 24 hours of treatment. (B) The cell surface expression of calreticulin (CRT) was measured by conducting
flow cytometric analysis after treating the cells for 2 hours with the indicated agents. (C) Extracellular ATP levels were measured using
the CellTiter-Glo 2.0 assay kit after treating the cells for 4 hours. (D) Extracellular HMGB1 was measured by using the HMGB1 ELISA
kit after cell treatment for 24 hours. (E and F) The cell surface expression of Hsp70 (E) and Hsp90 (F) was measured by conducting flow
cytometric analysis after treating the cells for 4 hours. (G) B16F10 cells were treated with 5 μM 15dPMJ2 or vehicle for 2, 4, 8, or 16 hours.
Caspase-3/7 activity was measured by using Caspase-Glo 3/7 reagent as directed in the manufacturer’s instructions. Sample values in B, C,
E and F are displayed as the percentage from untreated cells (% from untreated). The data were analyzed using one-way ANOVA followed
by Tukey’s multiple comparison test and are represented as the mean ± SEM of three independent experiments. *p < 0.05, sample compared
to vehicle-treated cells.
www.oncotarget.com
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15dPMJ2 increases DAMP display preferentially
in tumor cells

15dPMJ2 and oxaliplatin but with a substantially lower
concentration of 15dPMJ2 (Figure 3). Next, to confirm
that 15dPMJ2-induced DC maturation was driven by
DAMPs, a CRT blocking antibody was utilized. Blockade
of cell surface CRT in 15dPMJ2-treated B16F10 cells
suppressed the exposure of MHCII, CD80 and CD86 on
DCs (Figure 4). These collective results demonstrate that
15dPMJ2 is a tumor-selective DAMP and DC stimulant,
a feature that is not displayed by the prototype DAMP
inducer, oxaliplatin.

Our previous study showed that 15dPMJ2 exhibited
greater cytotoxicity towards tumorigenic than nontumorigenic melanocytes [13]. We found that this tumorselective death was regulated by the ER stress pathway.
Since it has been reported that ER stress is necessary
for CRT and ATP exposure [9, 18], we investigated
whether 15dPMJ2-induced DAMP expression occurred
preferentially in tumors. To examine tumor-selective
DAMP induction, we utilized the B16F10 (tumorigenic)
and Melan-A (non-tumorigenic) cell lines that were
derived from C57BL/6 mice. In the presence of 15dPMJ2,
the display of CRT and ATP was significantly elevated in
tumorigenic compared to non-tumorigenic melanocytes
(Figure 2A and 2B). In oxaliplatin-treated cells ATP,
instead of CRT, was preferentially induced in tumor cells
(Figure 2A and 2B). We also investigated the selectivity
of 15dPMJ2 in keratinocytes. Similar to our observation
in melanocytes, 15dPMJ2 stimulated cell surface CRT
expression in tumorigenic (A431 cells) as opposed to nontumorigenic (HaCaT cells) keratinocytes (Supplementary
Figure 1C). Hence, 15dPMJ2 causes the exposure of key
DAMPs selectively in tumor cells.

ER stress is required for 15dPMJ2-induced
DAMP signaling in B16F10 cells
The display of CRT and the release of ATP are
regulated by the ER stress pathway [9, 18]. In different
model systems, PERK was the predominant regulator
of DAMP induction and cell death [9, 11]. Therefore,
to gain insight into mechanisms underlying 15dPMJ2induced DAMP exposure, the ER stress pathway was
probed utilizing the small-molecule PERK inhibitor,
GSK2606414 [10]. 15dPMJ2-mediated cell surface
expression of CRT was abrogated by GSK2606414 in
B16F10 cells (Figure 5A). In addition, blockade of PERK
with the inhibitor prevented the release of ATP (Figure
5B). To determine whether CRT and ATP were exposed
via the classical secretory pathway as demonstrated in
other studies, anterograde protein transport from the ER
to the Golgi apparatus was blocked by using Brefeldin A
[9]. Obstructing the secretory pathway inhibited 15dPMJ2induced CRT display and ATP release (Figure 5C and 5D).
Furthermore, the cytotoxicity of 15dPMJ2 was suppressed
by GSK2606414 demonstrating the need for ER stress
in DAMP expression and death (Figure 5E; [13]).
Next, to examine the impact of the ER stress pathway
on DC activation, B16F10 cells were pretreated with
GSK2606414, treated with 15dPMJ2 and then co-cultured
with DCs (Figure 6). The engulfment of 15dPMJ2-treated
B16F10 cells by DCs was prevented by inhibiting ER
stress (Figure 6A). Similarly, the upregulation of MHCII,
CD80, CD86 on DCs was abrogated when the ER stress
response was blunted (Figure 6B–6D). Hence, both the
ER stress and classical secretory pathways are employed
by 15dPMJ2 to elicit DAMP expression and DC activation.

15dPMJ2-induced DAMP exposure activates
dendritic cells
Tumor-generated DAMPs bind to cell surface
receptors on DCs to increase its phagocytotic activity.
DCs then increase the expression of maturation markers
including, MHCII, CD80 and CD86 [15, 19]. Therefore,
we investigated whether 15dPMJ2-induced DAMP
exposure leads to DC activation. To evaluate DC
phagocytic activity, B16F10 and Melan-A cells were
labeled with the tracking dye, CMFDA, and the cells
were treated with 15dPMJ2, oxaliplatin or vehicle. The
labeled melanocytes were then co-incubated with naïve,
bone marrow-derived DCs that were extracted from
C57BL/6 mice. Treatment of B16F10 cells with 15dPMJ2
or oxaliplatin stimulated its phagocytosis by DCs (Figure
3A). Also, a substantially greater percentage of DCs
engulfed 15dPMJ2-treated B16F10 than Melan-A cells
(Figure 3A). However, comparable levels of phagocytotic
activity were observed in the presence of oxaliplatintreated B16F10 and Melan-A cells, indicating an absence
of selectivity (Figure 3A). Next, we examined the effect
of DAMP expression on the elaboration of DC maturation
markers. 15dPMJ2-treated B16F10 but not Melan-A cells
increased the expression of MHCII, CD80, and CD86 on
the surface of DCs (Figure 3B–3D). In contrast to this
observation, oxaliplatin-treated B16F10 and Melan-A cells
caused comparable levels of DC maturation, consistent
with the DC phagocytotic activity (Figure 3A–3D). Of
note, similar levels of DC activity were stimulated by
www.oncotarget.com

The electrophilic α,β-unsaturated carbonyl
group in 15dPMJ2 regulates the exposure of
DAMPs
The current study demonstrates that ER stress is
required for 15dPMJ2-induced DAMP expression, DC
activation and tumor death. Previous studies by our
group showed that ER stress and cell death were mediated
by the reactive α,β-unsaturated carbonyl group in the
cyclopentenone ring of 15dPMJ2 [13]. Therefore, the
impact of this reactive moiety on DAMP signaling was
4791

Oncotarget

explored utilizing neutral-15dPMJ2, a structural analog
of 15dPMJ2 which lacks its cyclopentenone double bond
(Figure 7A). In B16F10 cells, 15dPMJ2 but not neutral15dPMJ2 increased the expression of the cytotoxic ER
stress marker, CHOP10 (Figure 7B). Also, 15dPMJ2,
instead of neutral-15dPMJ2 was capable of inducing
cell death (Figure 7C). Furthermore, the cell surface
expression of CRT, the release of ATP and the secretion of
HMGB1 occurred in the presence of 15dPMJ2 but not the
neutral analog (Figure 7D–7F). Moreover, the phagocytic
activity and maturation of DCs were induced by 15dPMJ2
but not neutral-15dPMJ2 (Figure 8). These data establish
that the reactive double bond in 15dPMJ2 is required for
the expression of DAMPs and the subsequent activation
of DCs.

was preferentially upregulated in tumorigenic compared
to non-tumorigenic cells that were treated with 15dPMJ2.
Melanoma cells that were treated with 15dPMJ2 also
caused DC activation and maturation. Moreover, ER stress
and the cyclopentenone double bond in 15dPMJ2 were
identified as critical determinants of 15dPMJ2-mediated
DAMP signaling. These collective findings suggest that
15dPMJ2 may possess immunotherapeutic efficacy against
cancer.
A goal of the current investigation was to determine
if 15dPMJ2 was a genuine DAMP-ICD inducer.
Therefore, we examined well-established properties of
DAMP signaling including the exposure of the surrogate
ICD markers: CRT, ATP, and HMGB1 [14]. The display of
these three markers along with the induction of cell death
is essential for generating an immune response. Our data
showed that 15dPMJ2 caused the cell surface expression
of CRT, the release of ATP, the secretion of HMGB1 and
apoptotic cell death (Figure 1). Furthermore, 15dPMJ2mediated exposure of CRT and ATP required ER stress and
the classical secretory pathway, two well-known properties
of DAMP induction [9, 18]. Also, 15dPMJ2-induced
CRT and ATP exposure occurred prior to the cell surface
display of phosphatidylserine, while HMGB1 was released
passively from the apoptotic cells [5, 9]. Collectively, this
suggests that the small molecule prostamide, 15dPMJ2, is
a bona-fide DAMP inducer.
Numerous studies, conducted primarily by the
Kroemer and Zitvogel groups, have determined that
DAMPs activate DCs which then initiate a cascade of
events that culminate in cytotoxic T cell activation,
memory T cell expansion and tumor resolution

DISCUSSION
DAMP inducers have emerged as agents that
can enhance antigen presenting cell function, stimulate
T cell responses, and promote tumor death [3, 20].
These inducers depend on ER stress to increase the
exposure/release of DAMP molecules which transform
immunologically silent tumor cells into entities that
provoke an immune response [8, 21]. According to our
previous studies, the in vitro and in vivo cytotoxicity of
the endocannabinoid metabolite, 15dPMJ2 is driven by
the ER stress pathway [13]. Hence, the current study
investigated the ability of 15dPMJ2 to stimulate DAMPmediated immunogenicity in melanoma. We determined
that 15dPMJ2 significantly increased DAMP expression in
different tumor cell types. In addition, DAMP expression

Figure 2: 15dPMJ2 increases DAMP expression selectively in melanoma cells. (A and B) Tumorigenic (B16F10) and non-

tumorigenic (Melan-A) melanocytes were treated with vehicle (0.1% DMSO), 5 µM 15dPMJ2, 500 μM oxaliplatin or the cells remained
untreated. (A) The cell surface expression of calreticulin (CRT) was measured by conducting flow cytometric analysis after cell treatment
for 2 hours. (B) The extracellular levels of ATP were detected after 4 hours of treatment by using CellTiter-Glo® kit. Sample values are
displayed as the percentage from untreated cells (% from untreated). The data were analyzed using one-way ANOVA followed by Tukey’s
multiple comparison test and are represented as the mean ± SEM of three independent experiments. *p < 0.05, sample compared to vehicle
treated cells; #p < 0.05, sample compared to Melan-A cells; NS, not statistically different.
www.oncotarget.com
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[17, 22–25]. Hence, DAMP molecules play a decisive
role in stimulating DCs which, in turn, trigger the ICD
response. However, the manner in which DAMPs are
exposed dictates whether these molecules stimulate or
inhibit DC activation. For instance, cell surface CRT
serves as an “eat me” signal that promotes phagocytosis
of the cell by DCs however, secreted CRT inhibits
DC-mediated tumor phagocytosis and promotes
immunosuppression [5, 26]. Extracellular ATP recruits
myeloid precursors that differentiate into mature DCs
with antigen presenting activity but adenosine, the

metabolic product of ATP, is a potent immunosuppressant
that inhibits the antitumor activity of DCs and increases
the activity of pro-tumorigenic MDSCs [27–29]. In
addition, the reduced form of secreted HMGB1 promotes
the processing and presentation of tumor-associated
antigens by DCs, however, the fully oxidized HMGB1
is inactive and unable to promote DC activation [30–32].
Since DAMP molecules can either stimulate or inhibit
DCs, we tested the consequences of 15dPMJ2-mediated
DAMP expression on DC function. According to our
data, 15dPMJ2-treated B16F10 cells were engulfed by

Figure 3: 15dPMJ2-treated tumorigenic melanocytes increased the phagocytotic activity and maturation of DCs. (A)

B16F10 and Melan-A cells were prelabeled with CellTracker Green-CMFDA and then treated for 24 hours with vehicle (0.1% DMSO),
5 µM 15dPMJ2 or 500 µM oxaliplatin. Bone marrow-derived DCs were differentiated for 8 days and then co-incubated with the labeled
melanocytes for 2 hours. The phagocytic activity of the DCs was measured by conducting flow cytometric analysis to identify CD11c+/
CMFDA+ cells. (B–D) Differentiated DCs were cultured without melanocytes or co-cultured for 24 hours with B16F10 or Melan-A
cells that were treated with vehicle (0.1% DMSO), 5 µM 15dPMJ2, or 500 µM oxaliplatin. The expression of (B) MHCII, (C) CD80 and
(D) CD86 on the surface of DCs was measured by conducting flow cytometry analysis. The data were analyzed using one-way ANOVA
followed by Tukey’s multiple comparison test and are represented as the mean fluorescence intensity (MFI) ± SEM of three independent
experiments. *p < 0.05, sample compared to DCs co-cultured with vehicle-treated melanocytes; #p < 0.05, B16F10 sample compared to
treatment-matched Melan-A cells; $p < 0.05, sample compared to DCs cells cultured without melanocytes; NS, not statistically different.
www.oncotarget.com
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DCs that were derived from C57BL/6 mice. Furthermore,
the co-culture of DCs with 15dPMJ2-treated B16F10
cells increased DC maturation. In addition, blockade
of cell surface CRT inhibited the activation of DCs by
15dPMJ2-treated B16F10 cells. Since our previous data
demonstrated that 15dPMJ2 also inhibited subcutaneous
B16F10 tumor growth in immunocompetent C57BL/6
mice [13], 15dPMJ2 likely activates DCs and this immune
cell type may drive the antitumor activity of 15dPMJ2.
As such, studies are being conducted by our group to
investigate 15dPMJ2-mediated DAMP-ICD in vivo.
Melanoma survival has been dramatically improved
due to the use of immune checkpoint inhibitors (ICIs),
however, in numerous patients, the associated immunerelated adverse effects (irAE) limit their utility [33].
ICIs disturb the immunosuppressive interaction between
checkpoint proteins on T cells (e.g., PD-1) and their
ligands on tumor cells (e.g., PD-L1) thereby unleashing
T cell-mediated cytotoxicity towards the tumor [34].
Because non-tumorigenic cells also express checkpoint

ligands, ICIs release cytotoxic activity towards non-tumor
tissues and can cause life-threatening irAE. Therefore,
an important goal of this study was to determine whether
15dPMJ2-stimulated DAMP signaling was selectively
initiated in tumor cells. The current study shows that
15dPMJ2 preferentially increased both CRT and ATP
exposure in tumorigenic compared to non-tumorigenic
cells (Figure 2). Moreover, the phagocytotic activity
and maturation of DCs was seen in the presence of
tumorigenic instead of non-tumorigenic cells treated
with 15dPMJ2. On the other hand, oxaliplatin failed to
cause tumor-selective CRT display or DC activity. The
absence of tumor-directed action by oxaliplatin and other
non-selective DAMP inducers may generate immunerelated adverse effects similar to the immunotherapeutic
checkpoint inhibitors. Hence, our finding that 15dPMJ2
induces tumor-selective immunogenicity is significant
because it implies that the ensuing T cell response will
be directed towards the tumor, thereby producing limited
irAE.

Figure 4: Cell surface calreticulin expression is required for 15dPMJ2-mediated DC activation. (A–C) B16F10 cells

were pretreated with or without calreticulin blocking antibody (anti-CRT) and then treated with vehicle (0.1% DMSO) or 5 µM 15dPMJ2.
Differentiated DCs were then cultured with or without the B16F10 cells for 24 hours. The expression of (A) MHCII, (B) CD80, and (C)
CD86 on the surface of the DCs was measured by conducting flow cytometry analysis. The data were analyzed using one-way ANOVA
followed by Tukey’s multiple comparison test and are represented as the mean fluorescence intensity (MFI) ± SEM of three independent
experiments. $p < 0.05, sample compared to DCs cells cultured without melanocytes. #p < 0.05, sample compared to 15dPMJ2-treated cocultures without anti-CRT.
www.oncotarget.com
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According to the literature, ER stress plays a crucial
role in DAMP-ICD [8, 9]. A report from Panaretakis et
al., showed that the downregulation of PERK prevented
anthracycline-induced CRT exposure and diminished ICD
in vivo [11]. Garg and colleagues found that the depletion
of PERK decreased hypericin-photodynamic therapy
(Hyp-PDT)-mediated CRT display and ATP secretion
[9]. In alignment with these results, we determined that

the blockade of PERK with GSK2606414, suppressed
15dPMJ2-induced CRT exposure, ATP secretion, and
DC function. In addition, the neutral analog of 15dPMJ2,
which is devoid of ER stress inducing activity [13], was
unable to elicit CRT or ATP exposure. We also found that
the suppression of PERK (Figure 5E) or the enhancement
of protein chaperone activity abolished the cytotoxicity of
15dPMJ2 [13]. These results demonstrate that ER stress

Figure 5: ER stress is required for 15dPMJ2-induced DAMP expression. (A and B) B16F10 cells were pre-treated for 1 hour

with 4 μM GSK2606414 (GSK) or vehicle (0.1% DMSO) and then treated with 5 µM 15dPMJ2 or vehicle. (A) Cell surface calreticulin
(CRT) was measured by conducting flow cytometry analysis on cells that were treated for 2 hours. (B) Extracellular ATP levels were
measured after 4 hours using the CellTiter-Glo 2.0 assay kit. (C and D) B16F10 cells were pre-treated with 20 µM Brefeldin A or vehicle
(0.1% DMSO) for 1 hour and then treated with 5 µM 15dPMJ2 or vehicle. (C) Cell surface CRT expression was measured by performing
flow cytometric analysis after 2 hours of treatment. (D) Extracellular ATP was measured in cells that were treated for 4 hours. (E) B16F10
cells were pre-treated for 1 hour with 4 mM GSK or vehicle and then treated with 5 µM 15dPMJ2 or vehicle. Cell viability was evaluated
by conducting MTS assays after 24 hours of treatment. Sample values are displayed as the percentage viability from untreated cells (%
viability from untreated). The data represent the mean ± SEM of three independent experiments. *p < 0.05, sample compared to vehicletreated cells; #p < 0.05, sample compared to 15dPMJ2.
www.oncotarget.com
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regulates both 15dPMJ2-induced DAMP exposure and
death and thus, its immunogenicity. Interestingly, the
requirement for ER stress in DAMP display and death
also dictates whether an agent is classified as a type I or
type II ICD inducer [15]. Agents that trigger type I ICD,
such as doxorubicin and oxaliplatin, require ER stress for
DAMP induction but not for cell death which is mediated
by ER stress-independent mechanisms. In contrast, type
II agents, including Hyp-PDT, depend on ER stress for
both DAMP exposure and cell death [15]. Moreover, for
type II ICD inducers including Hyp-PDT, a greater variety
and intensity of DAMPs were exposed [9, 16]. Hence, it
has been postulated that type II ICD inducers are more
efficacious than type I agents [9, 15]. Consistent with

this proposal, 15dPMJ2 caused a substantial increase in
the exposure of different DAMPs including CRT, ATP,
HMGB1, Hsp70 and Hsp90. In addition, notably lower
concentrations of 15dPMJ2 were needed to elicit ICD than
the type I inducer, oxaliplatin. This suggests that 15dPMJ2
is a tumor-selective, type II ICD inducer.

MATERIALS AND METHODS
Antibodies and reagents
15dPMJ2 and neutral-15dPMJ2 were synthesized as
described previously [13]. GSK2606414 was purchased
from Millipore Sigma (Burlington, MA, USA). The

Figure 6: ER stress is essential for DC activation by 15dPMJ2-treated tumorigenic melanocytes. (A) B16F10 cells were

labeled with CellTracker Green-CMFDA, pretreated with 4 μM GSK2606414 (GSK) or vehicle (0.1%DMSO) for 1 hour, and then treated
with vehicle or 5 µM 15dPMJ2 for 24 hours. Differentiated DCs were co-incubated with the B16F10 cells for 2 hours. Phagocytic DCs were
detected as CD11c+CMFDA+ cells. (B–D) Differentiated DCs were cultured without melanocytes or co-cultured with B16F10 cells. The
B16F10 cells were pretreated with 4 μM GSK for 1 hour and then treated with vehicle or 5 µM 15dPMJ2 for 24 hours. The expression of
(B) MHCII, (C) CD80 and (D) CD86 on the surface of DCs was detected by conducting flow cytometric analysis. The data were analyzed
using one-way ANOVA followed by Tukey’s multiple comparison test and values are represented as the mean fluorescence intensity (MFI)
± SEM of three independent experiments. *p < 0.05, sample compared to DCs co-cultured with vehicle-treated B16F10 cells; #p < 0.05,
sample compared to 15dPMJ2-treated co-cultures; $p < 0.05, sample compared to DCs cells cultured without melanocytes.
www.oncotarget.com
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reagents, 2-mercapthoethanol, propidium iodide and
tetradecanoylphorbol acetate (TPA), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). GAPDH antibody
was obtained from Cell Signaling Technologies (Beverley,
MA, USA). Anti-CHOP10 was acquired from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Caspase-Glo® 3/7
assay kit, CellTiter-Glo 2.0 assay kit, and MTS reagent
were purchased from Promega Life Sciences (Madison,
WI, USA). Anti-calreticulin (Alexa Fluor 647) was from

Abcam (Cambridge, MA, USA). HMGB1 ELISA kit was
purchased from Novatein Biosciences (Woburn, MA,
USA). Recombinant mouse GM-CSF, 7-AAD, PE-Cy7anti-CD80, APC-Cy7-anti-CD86, PE-Anti-Hsp90 and
FITC-Anti-Hsp70 were obtained from BioLegend (San
Diego, CA, USA). APC-anti-CD11c and mouse Fc block
were purchased from BD Biosciences (San Jose, CA,
USA). FITC-anti-MHC class II, anti-CRT and CellTracker
Green CMFDA were purchased from Thermo Fisher

Figure 7: The α,β-unsaturated carbonyl moiety in 15dPMJ2 regulates DAMP activation. (A) Chemical structures of

15dPMJ2 and neutral-15dPMJ2 (N-PMJ2). (B) B16F10 cells were treated with 5 µM N-PMJ2, 5 µM 15dPMJ2, or vehicle (0.1% DMSO) for
6 hours. The levels of CHOP10 protein expression were examined by conducting Western blot analysis. Band intensities were quantified
using ImageJ software. The fold increase in protein levels was determined by comparing the band intensity of samples to vehicle-treated
cells after normalizing the values to GAPDH levels. (C–F) B16F10 cells were treated with 5 µM N-PMJ2, 5 µM 15dPMJ2, or vehicle. (C)
Cell viability was examined by conducting MTS experiments after 24 hours of treatment. (D) The cell surface expression of CRT was
measured by performing flow cytometric analysis after 2 hours of treatment. (E) Extracellular ATP levels were measured by using the
CellTiter-Glo 2.0 kit after 4 hours of treatment. (F) Extracellular HMGB1 was measured by using HMGB1 ELISA kits after 24 hours of
treatment. (C–E) Sample values are displayed as the percentage from untreated cells (% from untreated). Data represent the mean ± SEM
of three independent experiments. *p < 0.05, sample compared to vehicle-treated cells; #p < 0.05, sample compared to 15dPMJ2.
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Scientific (Waltham, MA, USA). IRDye 800CW anti-rabbit
and IRDye 680RD anti-mouse secondary antibodies were
from LI-COR Biosciences (Lincoln, NE, USA).

was purchased from the Bennett-Sviderskaya laboratory
(Molecular Cell Sciences Research Centre, St. George's,
University of London, UK) and cultured in RPMI1640
medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal calf serum, penicillin (100
units/ml), streptomycin (100 μg/ml), glutamine (200
μM), and tetradecanoylphorbol acetate (200 nmol/L). The
human colon cancer cell line HT29 was purchased from
ATCC (Manassas, VA, USA) and cultured in McCoy's 5A
medium (Sigma Aldrich, St. Louis, MO, USA) containing
10% heat-inactivated FBS, penicillin (100 units/ml), and
streptomycin (100 μg/ml). The non-tumorigenic human

Cell culture
The murine melanoma cell line, B16F10, was
purchased from ATCC (Manassas, VA) and cultured in
Dulbecco’s minimal essential media (Invitrogen, Carlsbad,
CA, USA) containing 10% heat-inactivated fetal bovine
serum (FBS), penicillin (100 units/ml) and streptomycin
(100 μg/ml). The murine melanocyte cell line, Melan-A,

Figure 8: The α,β-unsaturated carbonyl moiety in 15dPMJ2 is required for DC activation by 15dPMJ2-treated
tumorigenic melanocytes. (A) B16F10 cells were prelabeled with CellTracker Green-CMFDA and then treated with vehicle
(0.1%DMSO), 5 µM 15dPMJ2 or 5 µM neutral-15dPMJ2 (N-PMJ2) for 24 hours. Differentiated DCs were co-incubated with the B16F10
cells for 2 hours. Phagocytic DCs were detected as CD11c+CMFDA+ cells. (B–D) DCs were co-cultured for 24 hours with B16F10 cells
that were treated with vehicle, 5 µM 15dPMJ2 or 5 µM N-PMJ2 or the DCs were cultured without B16F10 cells. The expression of (B)
MHCII, (C) CD80 and (D) CD86 on the surface of DCs was detected by conducting flow cytometric analysis. The data were analyzed using
one-way ANOVA followed by Tukey’s multiple comparison test and values are represented as the mean fluorescence intensity (MFI) ± SEM
of three independent experiments. *p < 0.05, sample compared to DCs co-cultured with vehicle-treated B16F10 cells; #p < 0.05, sample
compared to 15dPMJ2-treated co-cultures; $p < 0.05, sample compared to DCs cells cultured without melanocytes.
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keratinocyte cell line, HaCaT, was purchased from
Cell Line Service (Eppelheim, Germany). The human
squamous carcinoma cell line, A431, was obtained from
ATCC (Manassas, VA, USA). Both HaCaT and A431
cells were cultured in Dulbecco's minimal essential
media (Invitrogen, Carlsbad, CA, USA) containing
10% heat-inactivated FBS, penicillin (100 units/ml) and
streptomycin (100 μg/ml).

the CellTiter-Glo 2.0 kit measures the generation of
luminescent substrate. The intensity of the luminescent
signal is proportional to the amount of ATP that is released
into the culture medium by the cells. Luminescence was
measured using the Infinite 200 Pro plate reader (Tecan
Trading AG, Switzerland).

MTS cell viability assay

Cells were cultured for 48 hours and then treated
with the appropriate agents for the indicated period of
time. The quantity of HMGB1 in the culture media was
measured by utilizing the Mouse HMGB1 Sensitive
ELISA Kit (Novatein Biosciences, Woburn, MA, USA)
according to the manufacturer’s instructions. Absorbance
readings were acquired using the Infinite 200 Pro plate
reader (Tecan Trading AG, Switzerland).

Extracellular HMGB1 detection

B16F10 or Melan-A cells were plated in 96-well
plates and cultured for 48 hours. Serum-free media
containing the listed concentration of different agents was
added to the cells for the indicated period of time. MTS
reagent (Promega, Madison, WI, USA) was then added
to each well and the absorbance at 495 nm was measured
according to the manufacturer’s instructions. Absorbance
readings were acquired using the Infinite 200 Pro plate
reader (Tecan Trading AG, Switzerland).

Western blot analysis
Western blot analysis was conducted as described
previously [35]. Briefly, cells were grown in 100 mm
tissue culture dishes for 48 hours and treated with the
reagents shown in the text. For vehicle-treated samples,
dimethyl sulfoxide (DMSO) was added to serum-free
culture medium at a maximum concentration of 0.1%
(v/v). After experimentation, the cells were washed
twice with ice-cold phosphate buffer saline (PBS). The
cells were then lysed by scraping the dishes with 100
μl triton lysis buffer (TLB; 25 mM HEPES, 100 mM
NaCl, 1 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton
X-100) containing protease and phosphatase inhibitors.
Protein concentrations were determined by using BCA
reagents (Thermo Fisher Scientific, Waltham, MA, USA).
Equal concentrations of each sample were loaded onto
SDS-PAGE gels and protein bands were transferred to
nitrocellulose membranes using semi-dry transfer cells
(TRANS-BLOTSD; Bio-Rad Laboratories, Hercules,
CA, USA). The membranes were then incubated at room
temperature with Odyssey blocking buffer (LI-COR
Biosciences, Lincoln, NE, USA) for two hours. Next, the
membranes were incubated overnight with anti-CHOP10
(1:500) or anti-GAPDH (1:10,000) primary antibodies
and then they were exposed to the appropriate secondary
antibody for one hour. All secondary antibodies were used
at a dilution of 1:15,000. Protein bands were visualized
using Odyssey® CLx digital fluorescence imaging system
(LI-COR Biosciences, Lincoln, NE, USA). The band
intensities were quantified by using ImageJ software [36].

Caspase 3/7 activity assay
Cultured cells were plated in white-walled 96-well
plates and incubated for 48 hours. Serum-free media
containing different concentrations of agents was added
to the cells for the indicated time. Caspase-Glo 3/7 reagent
(Promega, Madison, WI, USA) was added to each well
as directed by the manufacturer. The Caspase-Glo 3/7 kit
measures the activity of the executioner caspases 3 and 7
using the luminogenic substrate, Z-DEVD-aminoluciferin.
Luminescence was measured using the Infinite 200 Pro
plate reader (Tecan Trading AG, Switzerland).

Detection of apoptosis
Apoptotic cells were detected using Annexin V
Alexa Fluor 488 (Thermo Fisher Scientific, Waltham,
MA) and the viability dye 7-AAD (BioLegend, San Diego,
CA). Briefly, agent-treated B16F10 cells were resuspended
in annexin binding buffer (10 mM HEPES, 140 mM NaCl,
2.5 mM CaCl2, pH 7.4) containing Annexin V and 7-AAD
and then incubated at room temperature for 15 minutes.
The samples were analyzed using LSRII flow cytometer
(Becton Dickinson, San Jose, CA, USA) and FCS Express
V6 software (De Novo Software, Pasadena, CA, USA).

Extracellular ATP measurement
Cells were cultured for 48 hours and then treated
with different agents for the indicated amount of time. ATP
levels in the culture medium were quantified using the
CellTiter-Glo 2.0 assay kit (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. Luciferin
is mono-oxygenated by the luciferase enzyme in the
presence of ATP producing luminescent signal. Therefore,
www.oncotarget.com

Flow cytometric analysis of cell surface CRT,
Hsp70, and Hsp90
B16F10 and Melan-A cells were treated with
15dPMJ2, oxaliplatin, vehicle (0.1% DMSO) or the
cells were left untreated for 2 or 4 hours. The cells
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were collected, washed twice with FACS Buffer (PBS,
0.5% bovine serum albumin and 0.1% sodium azide)
and incubated for 1 hour with Alexa Fluor 647-Anticalreticulin, PE-Anti-Hsp90, or FITC-Anti-Hsp70
antibodies diluted (1:100) in FACS buffer. The cells were
washed twice with FACS buffer before conducting the
analysis with the LSR II flow cytometer (BD Biosciences,
San Jose, CA, USA). The cell surface expression of CRT,
Hsp70 or Hsp90 was quantified using FCS Express V6
software (De Novo Software, Pasadena, CA, USA).

Statistical analysis

Extraction of mouse bone marrow-derived
dendritic cells (BMDCs)

15dPMJ2: 15deoxy, Δ12,14 prostamide J2; BMDCs:
bone marrow-derived dendrtitic cells; CRT: calreticulin;
DAMPs: damage-associated molecular patterns; DCs:
dendritic cells; ER: endoplasmic reticulum; Hsp: heat
shock protein; HMGB1: high-mobility group box 1; ICD:
immunogenic cell death.

All data are representative of at least three
independent experiments. The data are presented as the
mean ± standard error of the mean (SEM). One-way
analysis of variance (ANOVA) followed by Tukey’s posthoc analysis was carried out using GraphPad Prism 5
software (GraphPad Software, San Diego, California).

Abbreviations

BMDCs were obtained from the femurs and
tibias of 7–9 week-old C57BL/6 mice. The DCs were
differentiated for 8 days using RPMI 1640 medium
(Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 5% heat-inactivated FBS, L-glutamine
(0.03%), sodium pyruvate (0.4 mM), 2-mercapthoethanol
(50 μM), mGM-CSF (20 ng/ml), penicillin (100 units/ml)
and streptomycin (100 μg/ml).
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Phagocytosis assay
B16F10 and Melan-A cells were labeled with 1 μM
CellTracker Green CMFDA (Thermo Fisher Scientific,
Waltham, MA, USA) for 30 min. The cells were then
treated with 15dPMJ2, oxaliplatin or vehicle (0.1%
DMSO) for 24 hours. The cells were collected and then cocultured with BMDCs (generated as described above) in a
1:1 ratio for 2 hours. The co-cultured cells were harvested,
incubated with a mouse Fc block, immunostained with
APC-anti-CD11c (1:100), and the data was acquired by
using the LSR II flow cytometer (BD Biosciences, San
Jose, CA, USA). Data analysis was performed using FCS
Express V6 software (De Novo Software, Pasadena, CA,
USA). BMDCs that phagocytosed CMFDA-labeled dead
cell material were identified as CD11c+CMFDA+ doublepositive cells.
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B16F10 and Melan-A cells were treated with
15dPMJ2, oxaliplatin or vehicle (0.1% DMSO) for 24
hours. The cells were collected and co-cultured in a 10:1
ratio with BMDCs (generated as described above) for
24 hours at 37°C. The co-cultured cells were then collected,
washed once in FACS buffer and incubated with mouse Fc
block for 10 minutes. The cells were then immunostained
with APC-anti-CD11c (1:100), FITC-anti-MHC class II
(1:500), PE-Cy7-anti-CD80 (1:100) and APC-Cy7-antiCD86 (1:100) for 30 minutes. The expression of maturation
markers; MHCII, CD86 and CD80 on the surface of
CD11c+ BMDCs was analyzed using the BD LSR II flow
cytometer and FCS Express 6 software.
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