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A B S T R A C T

Drug resistance substantially limits the curative capability of chemotherapy in head and neck cancers such as
oral squamous cell carcinoma. Immunosuppression is considered a potential cause of drug resistance. A key
discovery in the past decade is that chemotherapeutics can alter tumor cell immunogenicity via inducing release
of damage-associated molecular patterns (DAMPs), including ecto-calreticulin (ecto-CALR), high mobility group
box 1 (HMGB1) and ATP, causing tumor cells to die in a manner known as bona fide immunogenic apoptosis or
immunogenic cell death (ICD). Intriguingly, JQ1 was found in this study to exhibit therapeutic potential in
tongue squamous cell carcinoma (TSCC) by inducing ICD. JQ1 induced significant release of calreticulin (CALR),
HMGB1 and ATP from Cal27 and SCC7 cells in vitro. Immature dendritic cells (Im-DCs) cocultured with JQ1-
pretreated Cal27 cells exhibited significant upregulation of mature markers on their surface and an increase in
the secretion of cytokines. In vivo experiments demonstrated that JQ1-pretreated dying SCC7 cells protected
immunocompetent mice from rechallenge of SCC7 cells. Intravenous injection of JQ1 efficiently reduced tumor
growth and increased tumor-infiltration of CD3+/CD8+ T cells in C3H mice.

1. Introduction

Immunosuppression is a major reason for tumor metastasis, drug
resistance and unfavorable prognosis. However, a number of anti-tumor
drugs such as anthracyclines and oxaliplatin [1,2], and photodynamic
therapy (PDT) [3] have been reported to induce immunogenic death of
cancer cells (ICD) that could enhance surveillance of the immune
system. These drugs or therapies are capable of activating RNA‐like
endoplasmic reticulum kinase (PERK) and subsequently phosphoryla-
tion of eukaryotic translation initiation factor 2a (P-eIF2a), a biomarker
of ICD [4,5] that is considered to correlate with calreticulin (CALR)
translocation [6,7]. CALR is among the most important danger-asso-
ciated molecular patterns (DAMPs) in ICD. Others include ATP and high
mobility group box 1 protein (HMGB1). These DAMPs regulate im-
munosurveillance by providing “eat me” signals to immunocytes, par-
ticularly DCs. When binding to pattern-recognition receptors (PRRs) on

immunocytes, the DAMPs trigger enhanced phagocytosis activity ac-
companied by a robust antitumor T-cell response and establishment of
immunological memory [8–10]. Therefore, these DAMPs are regarded
as the hallmarks of ICD [10,11]. In particular, multifunctional Ca2+

binding protein CALR is a crucial and characteristic chaperone of ICD.
Knockdown of CALR or blockade of its transfer to the cell membrane
severely compromises bona fide ICD [7,12]. In the majority of cases, the
transfer of CALR occurs together with another ER chaperone, ERp57
[13]. A number of studies have explored the mechanisms of CALR/
ERp57 complex translocation. However, due to the participation of ER
stress and apoptosis during CALR transportation, the signal pathway of
ecto-CALR conduction remains unclear. In addition, the mechanisms
vary depending on the induction agent.

JQ1 is a membrane-permeable small molecular inhibitor of bro-
modomain and extra-terminal (BET) family proteins such as bromo-
domain containing protein 4 (BRD4) that recognizes acetylated lysine
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residues on histones and regulates the expression of c-Myc [14,15].
Specifically, JQ1 selectively displaces the BET proteins BRD2, BRD3,
BRD4 and BRDT from chromatin by inhibiting the bromodomain of BET
proteins that interacts with histones, suppressing gene expression and
interfering with mRNA elongation [16,17]. In this way, JQ1 represses
tumor proliferation in a variety of neoplasia models including pan-
creatic carcinoma [18], non-small cell lung cancer [19], neuroblastoma
[20], nut mid-line carcinoma [21], etc.

Tongue squamous cell carcinoma (TSCC) is the most common ma-
lignant tumor of the oral cavity which has poor prognosis due to the
extraordinary levels of local invasiveness and early lymphatic metas-
tasis. The five-year survival rate for TSCC from 2002 to 2006 has been
estimated to be approximately 65% [22,23], remaining the same in the
current decade. It is influenced by smoking, radiation and many dif-
ferent clinical characteristics [24]. We have found that JQ1 is able to
suppress the expression levels of the bromodomain protein BRD4 in
TSCC resulting in inhibition of tumor proliferation and metastasis si-
milar to the findings of previous studies [25–27]. Interestingly, we
found that JQ1 was only capable of inducing mild apoptosis in TSCC
cells in vitro but efficiently reduced tumor growth in immunocompetent
SCC mouse models, implying that administration of JQ1 leads to some
form of immune system activation. Hence, this study was designed to
explore if BRD4 inhibitor JQ1 triggered release of DAMPs in TSCC and
whether it was able to provoke an enhanced anti-tumor immune re-
sponse both in vitro and in vivo.

2. Materials and methods

2.1. Reagents

JQ1 (Targetmol, Boston, MA, USA) was dissolved in dimethyl sulf-
oxide (DMSO) (Sigma, St. Louis, MO, USA). Control group cells were
incubated with corresponding concentrations of DMSO.

2.2. Cells and animals

The oral squamous cancer cell line Cal27 (Procell Life Science &
Technology, Wuhan, China) was cultured in DMEM (Hyclone) supple-
mented with 10% fetal bovine serum (FBS, Gibco. Grand Island, NY,
USA) at 37 °C in a humidified incubator containing 5% CO2. SCC7
murine tongue squamous cell carcinoma cells, gifted by Dr. Li,
Shandong University Stomatology Academy, were maintained in RPMI
1640 (Hyclone) supplemented with 10% FBS. Five-week-old female
C3H/HeNcrl (C3H) mice and Nu/Nu nude mice were purchased from
Beijing Vital River Laboratory Animal Technology Co. (Beijing, China).
All animals were maintained under specific pathogen-free conditions.
All animal experiments were approved by the Research Ethics
Committee of Shandong University Dental School (GD201821).

2.3. Cell proliferation assay

The proliferation rate of Cal27 and SCC7 cells was quantified using
a Cell Counting Kit-8 (EnoGene, Nanjing, China) in accordance with the
manufacturer’s instructions. Cells (100 μL) were plated in 96-wells
plates at a density of 5000 cells/well and incubated for 24 h, then
treated with various concentrations of JQ1. After 12 h, 24 h, 36 h and
48 h, the culture medium was replaced with FBS-free DMEM and 10 μL
CCK-8 solution were added to each well. The plate was then incubated
at 37 °C for 1-3 h in the dark and the OD levels at 450 nm measured
using a microplate reader (BMG SPECTROstarnano, BMG Labtech GmbH,
Ortenberg, Germany).

2.4. Cell cycle analysis

Cal27 or SCC7 cells were seeded in 6-well plates at a density of 105

cells/well. After culture for 24 h, the cells were treated with 4 μM

(Cal27) or 2 μM (SCC7) JQ1 for 24 h then harvested and fixed with 70%
ethyl alcohol. On the following day, the cells were stained with pro-
pidium iodide (50 μg/mL) containing 0.25mg/mL RNAse (BD
Pharmingen, Franklin Lakes, NJ, USA). Cell cycle distribution was
analyzed using a BD AccuriTM C6 Plus flow cytometer (BD Biosciences,
San Jose, CA, USA).

2.5. Apoptosis

Cal27 or SCC7 cells were seeded in 6-well plates at a density of
1× 105 cells per well. After incubation for 24 h, JQ1 was added to each
well and incubated for 8 h, 24 h and 48 h. Cell apoptosis was assessed
by double staining with PE-conjugated Annexin V and 7-AAD
(Apoptosis detection kit I, BD Pharmingen, Franklin Lakes, NJ, USA) in
accordance with the manufacturer’s instructions. Apoptosis of each cell
was determined using a BD Accuri™ C6 Plus flow cytometer. Cell po-
pulations in the upper and lower right quadrants (Annexin V+/7-
AAD−, Annexin V+/7-AAD+) were quantified.

2.6. RNA isolation and quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using TRIzol™ reagent (Invitrogen,
Shanghai, China) using conventional chloroform/isopropanol-based
methods [28] and reverse transcribed to create cDNA in two steps using
PrimeScript™ RT Master Mix (Takara Bio, Shiga, Japan). qRT-PCR was
conducted using a 20 µL reaction system with a SYBR® Premix Ex Taq™
kit (Takara Bio, Shiga, Japan) in a LightCycler Roche 480 instrument
(Roche, Basel, Switzerland). β-Actin served as the endogenous reference
gene. Relative mRNA expression was calculated using the −ΔΔCT

method. Primers sequences were as follows:
BRD4: Forward: 5′-CGTCAAGCTGAACCTCCCTG-3′,
Reverse: 5′-TGTCATCTCCAGGCTTGTTGT-3′.

β -Actin: Forward: 5′-CATGTACGTTGCTATCCAGGC-3′,
Reverse: 5′-CTCCTTAATGTCACGCACGAT-3′.

2.7. Flow cytometric analysis of ecto-CALR/ERp57

Cal27 or SCC7 cells were seeded into 6-wells plates at a density of
105 cells/well. After incubating at 37 °C in an atmosphere containing
5% CO2 for 24 h, JQ1 was added to the cells then incubated for 4 h. The
samples were then fixed with 1% paraformaldehyde (PFA, Bosterbio,
Wuhan, China) for 5min prior to staining with a fluorescent antibody.
The samples were then washed with cold PBS and the supernatants
carefully aspirated. Either anti-calreticulin or anti-ERp57 antibody
(Abcam, Cambridge, MA, USA), diluted 1:50 with 1% BSA/PBS, were
added to each sample and incubated at room temperature for 40min in
the dark. After washing three times, 100 μL secondary antibody con-
jugated with Alexa Fluor® 488 (Abcam, Cambridge, MA, USA), diluted
1:2000, were added to each sample and incubated at 4 °C for 20min.
Finally, the cells were washed 3 times and resuspended in 200 μL PBS.
Five µL 7-AAD were added to each sample (0.25 µg/test) 5 min prior to
detection by flow cytometry to exclude dying cells.

2.8. DCFH assay

A DCFH assay was performed to detect ROS levels. Cal27 or SCC7
cells were incubated in a 6-well plate with JQ1 for 1–3 h. The super-
natant was then discarded and the cells were incubated in serum-free
medium containing 10 μM dichloro-dihydro-fluorescein diacetate
(DCFH-DA) probe (Sigma, St. Louis, MO, USA) at 37 °C. After 30min,
the cells were collected, washed, resuspended in 400 μL PBS and im-
mediately analyzed by flow cytometry at 488 nm.

2.9. HMGB1 release

Extracellular release of HMGB1 was measured using a high mobility
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group protein 1 ELISA kit (USCN, Wuhan, China). Culture medium was
collected after the cells had been treated with JQ1 for 24 h and 48 h.
Samples were centrifuged for 20min to eliminate debris and dead cells.
Subsequent procedures were performed according to the manu-
facturer’s instructions. OD levels were measured at 450 nm using a BMG
SPECTROstarnano scanning microplate reader. Results are expressed in
ng/mL medium.

2.10. ATP assay

Cal27 or SCC7 cells were seeded in a 96-well plate at a density of
2× 104/well. After incubation for 24 h, the medium was changed to
serum-free DMEM and then JQ1 was added after specified time inter-
vals (1 h, 2 h, 4 h and 24 h). Finally, ATP levels (extracellular and total)
were quantified using a luciferase-based ATP assay kit (Promega,
Madison, WI, USA) in accordance with the manufacturer’s instructions.
To measure total ATP production, cells were firstly lysed.
Bioluminescence was measured using a Centro XS3 LB960 microplate
reader (Berthold Technologies, Bad Wildbad, Germany).

2.11. Immunofluorescence

Cells were seeded in confocal dishes. After incubation with JQ1 for

4 h, cells were washed twice with cold PBS then fixed in 0.5% PFA for
10min. Cells were washed with 1% BSA/PBS and blocked using 5%
goat serum (Boster, Wuhan, China) for 30min. The goat serum was
then discarded and the samples incubated with fluorescence-labelled
anti-CALR primary antibody (1:100, diluted in 1% BSA) at 4 °C, over-
night. The cells were washed in cold 1% BSA/PBS three times and in-
cubated with a secondary antibody conjugated with Alexa Fluor® 488
(Abcam) for 30min at room temperature in the dark. Subsequently, the
cells were incubated with 10 μM Hoechst 33342 (BD Pharmingen) for
15min to stain the nuclei. Finally, the cells were washed several times
and immediately observed using a LSM780 confocal microscope (Carl
Zeiss AR, Oberkochen, Germany).

2.12. Western blot analysis

Cells were lysed using RIPA buffer (Solarbio, Beijing, China) to
extract proteins then broad spectrum protease (Boster) and phosphatase
inhibitors (Boster) were added to prevent protein degradation.
Membrane proteins were extracted using a specific Mem-PER™ Plus
membrane protein extraction kit (Pierce, Bronze Way, Dallas, USA) in
accordance with the manufacturer’s instructions. Protein concentration
was quantified using a BCA protein assay kit (Pierce). Proteins (30 µg)
were electrophoresed through precast bis-Tris polyacrylamide gels (8%,

Fig. 1. Cell proliferation and cell cycling were significantly inhibited by JQ1. (A) Cell proliferation rate was measured using a CCK8 assay after treatment with
various concentrations of JQ1. (B and C) Western blot analysis and qPCR data indicate that BRD4 was significantly inhibited by JQ1. Data represent means ± SEM of
3 replicate experiments. (***P < 0.005) (D) After incubation with JQ1 for 24 h, cells were collected to determine which stage of the cell cycle JQ1 targeted. Data
represent means ± SEM of 3 replicate experiments (*P < 0.05, **P < 0.01, ***P < 0.001).
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10% or 12% for different molecular weight ranges) then transferred to
PVDF membranes. Non-specific binding to the membranes was blocked
by 5% non-fat milk which were then probed with the following panel of
antibodies: anti-β-actin (Easybio, Beijing, China), anti-Na+/K+-ATPase
α (CST, Danvers, MA, USA), anti-human BRD4 (CST), anti-mouse BRD4
(Abcam), anti-calreticulin (CST), anti-ERp57 (CST), anti-HMGB1 (CST),
anti-PERK (CST), anti-P-PERK (Biolegend, San Diego, CA , USA), anti-
mouse P-PERK (CST), anti-eIF2α (CST) and anti-P-eIF2α (CST). After
incubation at 4 °C overnight, PVDF membranes were washed three
times for a total of 30min and incubated with secondary goat anti-
rabbit (Boster, Wuhan, China) or goat anti–mouse (Boster) antibodies
conjugated with HRP for 1 h. The membranes were then washed and
imaged using an ImageQuant LAS4000 imager (GE Healthcare, USA)
using a chemiluminescent HRP substrate (Millipore, WBKLS0500).

2.13. Dendritic cell culture

Immature DCs were generated from PBMCs using plastic adherence,
as described previously [29–32] for subsequent maturation analysis.
Briefly, human PBMCs were isolated from 50mL whole blood from
healthy donors by centrifugation through a Ficoll-Hypaque density
gradient (TBD, Tianjin, China). Isolated cells were resuspended in
RPMI-1640 supplemented with 1% human AB serum (Genenode,
Beijing, China), seeded in a 6-well plate at a density of 1×106 cells/
well and cultured in an incubator for 2 h. The cells were then washed
several times to remove unattached cells. Finally, PBMCs were induced

using 50 ng/mL GM-CSF and 20 ng/mL IL-4 (Peprotech, Rocky Hill, NJ,
USA) for 7 days and analyzed by flow cytometry. The medium was
partially replaced every other day, the correct quantity of supplemen-
tary cytokines also added. This experiment was approved by the Re-
search Ethic Committee of Shandong University Dental School
(GR201818). Informed consent was signed from each volunteer before
the experiments.

2.14. Cell coculture

After induction for 6 days, immature DCs were added to Cal27 cells
and cocultured for 36 h. Cal27 cells in the experimental group were
pretreated with JQ1 for 4 h. The cells were then washed several times to
completely remove JQ1. LPS (Sigma, USA) was added at a concentra-
tion of 1 µg/mL as the positive control group. DCs were treated with
0.25 μM JQ1 for 4 h, as a control, to ascertain whether JQ1 could di-
rectly promote maturation of DCs. The cells were collected and stained
with CD86-APC and HLA-DR-FITC (BD Pharmingen, USA) then in-
cubated at 4 °C for 30min in the dark. Finally, the cells were washed
three times, resuspended in 400 µL PBS and immediately assayed by
flow cytometry. Culture media were collected from cell cultures to
measure the human IL-6, human IL-12p70 and human IL-23 secreted by
DCs using ELISA kits purchased from Dakewe Bio-engineering Co.,
Shenzhen Province, China.

Fig. 2. JQ1 induced CALR/ERp57 translocation within 4 h. (A) Representative peaks of ecto-CALR/ERp57 and values of mean FITC fluorescence of CALR at different
time points. Percentages of positive cells are shown. Light gray histograms represent negative controls while dark histograms represent DMSO controls. Mean FITC
values of CALR at different time points are means ± SEM of 3 replicate experiments (*P < 0.05, **P < 0.01, ***P < 0.001). (B) Cell membrane proteins were
extracted and analyzed by Western blotting; Na+/K+-ATPase was used as a loading control; β-actin was used to exclude intracellular proteins. Quantitative data of
ecto-CALR/ERp57 expression are shown as means ± SEM of 3 independent experiments. (C) The immunofluorescence study indicated significant upregulation of
CALR on cell membranes after treatment with JQ1. (D) Apoptosis assay by flow cytometry indicated that there was no significant phosphatidylserine exposure until
24 h and that apoptosis was mainly at an early stage; data represent means ± SEM of 3 replicate experiments (***P < 0.001).
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2.15. Antitumor vaccination assay

To determine if JQ1-treated SCC7 cells could protect the mice
against rechallenge from the same tumor cells, C3H mice and Nu/Nu
nude mice were inoculated with JQ1-treated SCC7 cells, as previously
reported [11,12,33]. The SCC7 cells were pretreated with JQ1 (2 μM)
for 24 h. Treated dying SCC7 cells (3× 106 in 150 µL PBS) were in-
oculated subcutaneously into the lower right flank of 10 five-week-old
female C3H mice and 10 five-week-old female Nu/Nu nude mice. An
additional 10 C3H mice and 10 Nu/Nu nude mice were s.c. injected
with 150 µL PBS as controls. A second inoculation was performed after
1 week to the same site. Finally, approximately 5×105 SCC7 cells were
s.c. inoculated into the left side 7 days after the second immunization.
Tumor-free mice were examined every 5 days. After 50 days, the mice
were sacrificed and tumors on the left side dissected to observe size
differences among the four groups described above. All experiments
were approved by the Research Ethic Committee of Shandong Uni-
versity Dental School (GD201821).

2.16. Chemotherapeutic effect of JQ1 compared with established cancer
models

SCC7 cells (5× 105) were s.c. injected into the right flank of C3H or
Nu/Nu nude mice which were randomly allocated into control or
treatment groups, each group comprising 5 mice. When the volume of
tumors had reached 80mm3 (calculated as V= a×b2/2, where a re-
presented the maximum dimension and b was the minimum dimen-
sion), mice were administrated 50mg/kg JQ1 or an equal volume of
DMSO (150 μL), as appropriate, by caudal vein injection every other
day over a 3-week period. Tumor size was monitored with a caliper
every 2–3 days until day 30. All mice were then euthanized and tumors
harvested, weighed and sectioned. All experiments were approved by
the Research Ethic Committee of Shandong University Dental School
(GD201821).

2.17. Immunohistochemistry

Tumors from C3H mice were fixed in formaldehyde, paraffin-em-
bedded then sliced into 4 μm sections. Samples were processed using
routine staining procedures, utilizing an HRP/DAB IHC detection kit
(Abcam). After antigen retrieval in sodium citrate buffer (pH 6.0) for

Fig. 3. JQ1 induced release of ATP and HMGB1 in addition to eIF2a phosphorylation. (A) Cell lysis buffer was used to measure total ATP production. All data were
normalized against the luminescence of the DMSO control group (set to a value of 1). Data represent means ± SEM of 3 replicate experiments (**P < 0.01;
***P < 0.001). (B) HMGB1 release measured by ELISA and intracellular protein expression levels of HMGB1 by Western blot analysis. Data represent means ± SEM
of 3 replicate experiments (**P < 0.01). (C) Levels of phosphorylated PERK and eIF2a increased significantly after incubation with JQ1 for 4 h. (D) DCF assay by
cytometry indicates immediate increase in ROS levels in Cal27 cells. Data represent means ± SEM of 3 replicate experiments (*P < 0.05).
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10min at 100 °C, sections were stained with anti CD8 (Servicebio,
Wuhan, China) and anti CD3 antibodies (Servicebio, Wuhan, China) at
4 °C overnight, incubated in biotinylated anti-rabbit secondary anti-
body and then in HRP-labeled-streptavidin using standard methods.
Finally, CD3 and CD8 were visualized using DAB. Sections were briefly
counterstained with hematoxylin for 1min. Sections were observed
using a light microscope (Olympus CX23, Japan). Numbers of CD3 or
CD8 positive cells were counted.

2.18. Statistical analysis

Statistics were analyzed using GraphPad Prism 7. All data are re-
presented using means ± SEM of triplicate experiments. The statistical
significance between two groups was calculated using an unpaired
Student's t-test. Multiple groups were compared using a one-way
ANOVA followed by a Tukey’s multiple comparison test. Specific soft-
ware (Curve export 1.4) was used for to curve fit ELISA standards.
Specific P values are denoted in this study as follows: *P < 0.05;
**P < 0.01; ***P < 0.001. P < 0.05 was considered statistically
significant.

3. Results

3.1. JQ1 induces cell cycle arrest

The BRD4 expression levels in Cal27 and SCC7 cells were quantified
at various time intervals after treatment with JQ1. A CCK8 assay was
performed in advance to determine appropriate working concentrations
for JQ1. Concentrations of 4 μM and 2 μM were optimum for Cal27 and
SCC7 cells, respectively (Fig. 1A). mRNA and protein expression levels
of BRD4 were significantly suppressed by JQ1 after 4 h (Fig. 1B and C).
To analyze the effect of JQ1 on the cell cycle, cells were treated with
JQ1 for 24–48 h. Flow cytometry results displayed a dramatic decrease
in the percentage of cells in the S phase and a corresponding decrease of
those in the G2/M phase (Fig. 1D). A significant increase in the per-
centage of cells in the G0/G1 phase was also observed. These data in-
dicate that JQ1 strongly blocked the cell cycle at the G1 phase.

3.2. JQ1 induces CALR/ERp57 translocation prior to apoptosis

Flow cytometry indicated that JQ1 induced exposure of CALR/
ERp57 within 4 h or less (Fig. 2A). Additional analysis of cell membrane
proteins by Western blot analysis and immunofluorescence demon-
strated similar results (Fig. 2B and C). However, JQ1 at the same
concentration did not induce significant apoptosis in Cal27 or SCC7
cells until 24 h and principally triggered the early stages of apoptosis

Fig. 4. Co-culture of Cal27 cells and im-DCs demonstrated that JQ1 altered the immunogenicity of Cal27 cells. (A and B) Flow cytometry results indicated significant
upregulation of HLA-DR and CD86 on DCs after im-DCs were co-cultured with JQ1-pretreated Cal27 cells. Data represent means ± SEM of 3 independent ex-
periments (**P < 0.01, ***P < 0.001). (C-E) ELISA of IL-6, IL-23 and IL-12 in the culture medium of im-DCs, im-DCs with untreated Cal27cells, im-DCs with JQ1-
pretreated Cal27cells, JQ1-treated DCs and LPS-treated DCs. Data represent means ± SEM of 3 independent experiments (*P < 0.05, ***P < 0.001).
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(Fig. 2D). Significant cell shrinkage was observed by microscopy after
36 h, implying the induction of ecto-CALR/ERp57 was independent of
exposure of phosphatidylserine.

3.3. JQ1 induces release of ATP and HMGB1

A luciferase-based ATP assay indicated that JQ1 induced ATP re-
lease in both cell lines within 2 h. Extracellular ATP accumulated to a
quantity of approximately 7 and 5 folds greater than that of the DMSO
control groups after 24 h in Cal27 and SCC7 cells, respectively.
Interestingly, intracellular ATP production displayed no significant
decline but a slight increase (Fig. 3A). The increase in ATP generation
can be credited to a reprogramming of cellular metabolism [34], a
common phenomenon in invasive neoplasia with high malignancy
which helps tumor cells survive under critical conditions. A specific
ELISA kit was used to measure HMGB1 within the culture medium. The
results demonstrated significantly increased HMGB1 release after 24 h
(Fig. 3B). However, the levels of intracellular HMGB1 protein measured
by Western blot analysis declined significantly (Fig. 3B), indicating that
JQ1 induced release but not expression of HMGB1.

3.4. JQ1 induces phosphorylation of PERK/eIF2a

As a hallmark of ICD, P-eIF2a is required for CALR translocation [5].
Here, we detected significant activation of PERK and subsequent
phosphorylation of eIF2a within 4 h (Fig. 3C), further confirming that
JQ1 was able to induce ICD in Cal27 and SCC7 cells. More significantly,
JQ1 led to immediate ROS generation in Cal27 cells (Fig. 3D) within
2 h. ROS-induced ICD usually manifests more efficient ecto-CALR

induction [35], but JQ1 did not increase levels of ROS in the SCC7
murine cell line.

3.5. JQ1-treated Cal27 cells promote maturation of im-DCs

To ascertain whether JQ1 was able to more directly improve the
immunogenicity of tumor cells, we cocultured immature human
dendric cells (im-DCs) with JQ1-pretreated Cal27 cells. im-DCs were
derived from 5 healthy donors. After incubation for 36 h, mature DC
cell surface markers (CD86 and HLA-DR) were measured by flow cy-
tometry, the results demonstrating a significant increase in CD86 and
HLA-DR expression on the surface of DCs (Fig. 4A and B). LPS was used
as a positive control. The expression of CD86 and HLA-DR on DCs
cultured with JQ1-pretreated Cal27 cells was significantly higher than
on DCs cultured with untreated Cal27 cells. Since there were no sig-
nificant differences in CD86 and HLA-DR expression on the surface of
DCs in the groups comprising DCs only and those co-cultured with
untreated Cal27 cells, it is reasonable to conclude that Cal27 cells
themselves exhibited poor immunogenicity and were not able to acti-
vate DCs. To ascertain whether JQ1 could directly promote the ma-
turation of im-DCs, JQ1 (0.25 μM) was added to im-DCs for 4 h. It was
confirmed that CD86 expression reduced significantly and HLA-DR
expression of im-DCs and im-DCs treated with JQ1 were not statistically
different, confirming the conclusion that the change in Cal27 im-
munogenicity promoted DC maturation.

In addition, the presence of IL-6, IL-12 and IL-23 in the culture
medium was quantified. Secretion levels of these cytokines increased
significantly (Fig. 4C–E) after coculture of im-DCs with JQ1-pretreated
Cal27 cells, compared with those of DCs cultured with untreated Cal27

Fig. 5. JQ1-induced immunogenic cell death of tumor cells in vivo. (A) Anti-tumor inoculation experiments indicated that immunocompetent mice developed
immunity to SCC7 cells after two inoculations of JQ1-treated dying SCC7 cells. Each group comprised 10 five-week-old female mice. (B) Tumor volumes measured
every 2–3 days in nude mouse models or immunocompetent mouse models. Each group consisted of 5 five-week-old female mice. Data represent means ± SEM of
tumors in 5 five-week-old female mice. (C) Tumor weight in control and JQ1 groups in nude and C3H mice (*P < 0.05, ***P < 0.001). (D) Anti-CD3 and anti-CD8
staining in immunohistochemistry indicated greater CD3+/CD8+ T cell infiltration after treatment with JQ1. (E) Quantitative analysis of CD3+ and CD8+T cells
per high-power field (HPF). Data represent the median of 20 HPFs with 95% CI (**P < 0.01, ***P < 0.001).
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or the DC only groups. However, JQ1 significantly reduced secretion of
these cytokines when directly incubated with DCs at a concentration of
0.25 μM for 4 h, similar to observations of a previous study [30].
However, it should be noted that plastic adherence methods used here
to enrich the precursor cell of DCs is not so efficient with an estimated
purity about 72% [31].

3.6. In vivo studies

Inoculation experiments were conducted, as previously performed,
to ascertain whether JQ1 treated-SCC7 cells could protect im-
munocompetent C3H/HeNcrl (C3H) mice from rechallenge by SCC7
cells. Two weeks after the second inoculation with dying SCC7 cells
(incubated with JQ1 for 24 h), C3H mice developed immunity to SCC7
cells while the tumor cells were still able to grow in nude mice. After
50 days, 8 out of 10 immunocompetent C3H mice in the PBS control
group had tumors, while only 3 out of 10 of the C3H mice in the in-
oculation group exhibited tumor formation (Fig. 5A).

To ascertain the chemotherapeutic effect of JQ1 in vivo, SCC mouse
models were established via s.c. inoculation of SCC7 cells. As expected,
tumor volume, as measured every 2–3 d was significantly reduced after
intravenous injection of JQ1 both in nude and C3H mice (Fig. 5B). After
30 days, all mice were euthanized and tumors harvested. Those in the
C3H mice were considerably smaller than those in the nude mice (vo-
lume: 127.91 cm3 ± 14.99, weight: 0.176 g ± 0.028 and volume:
237.91 cm3 ± 13.17, weight: 0.394 g ± 0.031, respectively;
means ± SEM) after injection of JQ1 (Fig. 5C). Moreover, im-
munohistology (Fig. 5D and E) indicated that the number of tumor-
infiltrating CD3+ and CD8+ T cells in the C3H mice injected with JQ1
(CD3: 134.50 ± 15.64; CD8: 95.50 ± 14.49, means ± SEM) was
significantly higher than those in the DMSO controls (CD3:
64.45 ± 7.60; CD8: 38.90 ± 5.67, means ± SEM).

4. Discussion

Manipulating immunogenic response is an appealing method of
treating tumors. In head and neck carcinomas such as TSCC, che-
motherapy is often not as effective as expected due to drug resistance
and impairment of the immune system. Surgery is generally regarded as
the first choice to treat these cancers, leading to severe malfunction and
facial deformity. Hence, restoration of the immunosurveillance system
and alteration of the tumor microenvironment is a prospective way to
improve multidisciplinary therapy of these cancers. In recent decades, a
new pattern of cell death known as immunogenic apoptosis or ICD has
been introduced. It is a procedure in which tumor cells undergo a
change in immunogenicity with subsequent modification of the tumor
microenvironment into one that is immune-active, allowing tumor cells
to be killed by immunocytes and anti-tumor cytokines. In general, the
majority of agent-induced apoptosis is nonimmunogenic whereas in-
ducers of ICD are capable of eliciting the release of DAMPs, such as
CALR, ATP and HMGB1, resulting in immunogenic apoptosis.
Specifically, CALR, which is associated with the accumulation of un-
folded proteins and functions as a signal of “eat me” [36,37], is capable
of maturation of im-DCs and enhancing their phagocytic capability by
binding to their toll-like receptors [38]. ATP is a “find me” signal which
can recognize P2Y purinergic G protein-coupled receptor 2 (P2RY2) on
phagocytes and DCs, enabling migration of these cells to the sites of
inflammation [39–41]. HMGB1 is a postmortem DAMP of ICD, the re-
duced form of which can stimulate proinflammatory cytokines via TLR4
and advanced glycosylation end product-specific receptor (RAGE) on
antigen-presenting cells (APCs) [42]. The central role of APCs, in par-
ticular DCs, is quite clear in immunogenic cell death, providing the
ability to recognize CALR, engulf tumor cells, secret anti-tumor cyto-
kines and activate T cells [43].

In this study, we demonstrated that the BRD4 inhibitor JQ1 was
capable of inducing the release of CALR, ATP and HMGB1 in TSCC cells.

In addition, two common markers of mature human DCs, CD86 and
HLA-DR [44], were significantly upregulated after the coculture of im-
DCs with JQ1-pretreated Cal27 cells, implying that JQ1 altered the
immunogenicity of Cal27 cells via trigger of the release of DAMPs
which promote the maturation of DCs, thus leading to an enhanced
secretion activity. For example, secretion of the anti-tumor cytokines IL-
6, IL-12 and IL-23 from DCs was significantly increased after co-culture
with JQ1-pretreated Cal27 cells. These cytokines facilitate activation
and migration of T cells, enhancing cytocidal activity of CD8+ T cells
(CTLs) [45]. Hence, in vivo studies were performed to ascertain whether
JQ1 was able to induce an anti-tumor immune response in C3H mice.
As expected, JQ1 effectively reduced tumor proliferation in vivo. Im-
munohistochemistry indicated that the C3H mice that received JQ1
treatment exhibited greater T cell infiltration in the tumor beds com-
pared with the DMSO control. In addition, inoculation with JQ1 pre-
treated-SCC7 cells protected C3H mice from rechallenge by the same
tumor cells, confirming that JQ1 could facilitate activation of the im-
mune system via modulation of tumor immunogenicity. However, DCs
acquired in the co-culture experiment were only monocyte-derived
[46], neglecting other types of DCs with different phenotypes and
biological behavior [43,47]. Hence, additional exploration of the in-
dividual roles of DC subtypes in ICD will assist in the production of
more efficient DC vaccines and more accurate methods such as mag-
netic microbeads or cytometric selection should be used to improve
purity of DCs instead of plastic adherence method used here.

An additional important finding is that phosphorylation of PERK/
eIF2a, which is necessary for exposure of CALR [4,5,48,49], is sig-
nificantly upregulated during JQ1-induced CALR traffic, demonstrating
our supposition that JQ1 can induce ICD in TSCC through a molecular
signal conduction mechanism. In addition, the immediate upregulation
of ROS induced by JQ1 in Cal27 cells may have helped CALR transport
because it is considered that ROS-induced ICD exhibits more efficient
exposure of CALR [35]. By targeting the chromatin-binding protein
BRD4, JQ1 triggers ICD through secondary ER stress instead of direct
action at the ER (as occurs with photodynamic therapy). Therefore,
JQ1-induced ICD can be classified as type I which usually involves
convergence of ER stress and apoptosis [35]. In fact, an earlier study
has confirmed that JQ1 is able to induce immunogenic cell death in
malignant pleural mesothelioma [50], but no specific mechanism or
influencing factors of JQ1-triggered CALR translocation or ATP release
have been proposed. Therefore, a considerable degree of investigation
is required to establish the mechanism of JQ1-induced ICD.
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