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Abstract

Background: Azithromycin is a member of macrolide antibiotics, and has been reported to inhibit the proliferation
of cancer cells. However, the underlying mechanisms are not been fully elucidated. Tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) selectively targets tumor cells without damaging healthy cells. In the present study,
we examined whether azithromycin is synergistic with TRAIL, and if so, the underlying mechanisms in colon cancers.

Methods: HCT-116, SW480, SW620 and DiFi cells were treated with azithromycin, purified TRAIL, or their combina-
tion. A sulforhnoddamine B assay was used to examine cell survival. Apoptosis was examined using annexin V-FITC/P
staining, and autophagy was observed by acridine orange staining. Western blot analysis was used to detect protein
expression levels. In mechanistic experiments, siRNAs were used to knockdown death receptors (DR4, DR5) and LC-3B.
The anticancer effect of azithromycin and TRAIL was also examined in BALB/c nude mice carrying HCT-116 xenografts.

Results: Azithromycin decreased the proliferation of HCT-116 and SW480 cells in a dose-dependent manner.
Combination of azithromycin and TRAIL inhibited tumor growth in a manner that could not be explained by additive
effects. Azithromycin increased the expressions of DR4, DR5, p62 and LC-3B proteins and potentiated induction of
apoptosis by TRAIL. Knockdown of DR4 and DR5 with siRNAs increased cell survival rate and decreased the expression
of cleaved-PARP induced by the combination of azithromycin and TRAIL. LC-3B siRNA and CQ potentiated the anti-
proliferation activity of TRAIL alone, and increased the expressions of DR4 and DR5.

Conclusion: The synergistic antitumor effect of azithromycin and TRAIL mainly relies on the up-regulations of DR4
and DR5, which in turn result from LC-3B-involved autophagy inhibition.
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Background

Azithromycin is a macrolide antibiotic widely used to
treat bacterial infection. Azithromycin accumulates
and undergoes slow release in cells, especially in phago-
cytes, and thus has higher local concentration and longer
half-life than older macrolides (i.e., erythromycin and
clarithromycin) [1, 2]. Recent studies have indicated that
azithromycin could produce potent anti-proliferation

*Correspondence: bjcsz@imb.pumc.edu.cn
Institute of Medicinal Biotechnology, Chinese Academy of Medical
Sciences & Peking Union Medical College, Beijing 100050, PR. China

B BMC

effect by inducing apoptosis in HeLa cells and SGC-7901
cancer cells [3]. Clinical studies have suggested promis-
ing efficacy of azithromycin in combination with pacli-
taxel and cisplatin in stage III-IV NSCLC patients [4].
In addition, it has been reported that antibiotics could
affect tumor growth by targeting mitochondria and erad-
icating cancer stem cells [5]. Macrolide antibiotics (e.g.,
azithromycin, clarithromycin and erythromycin) sen-
sitize cancer cells to the apoptotic effect of bortezomib
and EGFR-TKI by blocking autophagy flux, but the tar-
gets of azithromycin in the apoptosis pathway remain
unknown [6, 7]. Preclinical and clinical data suggest that
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clarithromycin in combination with conventional chemo-
therapeutic agents could produce robust antitumor activ-
ities [8, 9]. However, few studies have explored potential
action of azithromycin.

Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) is a member of the tumor necrosis fac-
tor superfamily, and considered a promising tumor
therapeutic agent since it selectively targets tumor cells
without producing cytotoxicity in healthy cells. TRAIL
interacts with, and causes the clustering of death recep-
tors (DR) 4 and 5, and induces the assembly of DISC and
the activation of a series of downstream caspase cascades
[10]. This pathway is known as the extrinsic apoptosis
pathway [10]. Interestingly, past studies have produced
seemingly opposite effects: increasing the expression
of DR4/5 is related to survival in colon cancer patients
[11]. Primary human colon cancer cells and high-grade
adenomas are sensitive to TRAIL and combinational
chemotherapies (e.g., using chloroquine and shogaol with
TRAIL) could inhibit the proliferation of colon cells more
effectively [12-16].

In the present study, we examined whether azithromy-
cin and TRAIL could produce synergistic effects in colon
cancers. Potential action of autophagy inhibition and
apoptosis in the interaction was also examined.

Materials and methods

Cells culture

A total of 4 human colon adenocarcinoma cell lines were
used in the current study. SW480 and SW620 cells were
obtained from the Cell Resource Center of the institute of
Basic Medical Sciences (IBMS) of the Chinese Academy
of Medical Sciences (CAMS) & Peking Union Medical
College (PUMC) (Beijing, China), respectively, and cul-
tured in Iscove’s Modified Dulbecco’s Medium and Eibo-
vitz’s L-15 Medium (ThermoFisher Scientific, Waltham,
MA, USA). HCT-116 cells were kept in our laboratory in
RPMI-1640 medium (ThermoFisher Scientific). DiFi cell
line was a gift from Professor Wang Zhen at our insti-
tute and cultured in Dulbecco’s Modified Eagle Medium:
nutrient mixture F-12 (1:1) medium (ThermoFisher Sci-
entific). For all cell lines, the culture medium was sup-
plemented with 10% fetal bovine serum (Gibco, Carlsbad,
California, USA), 100-U/mL penicillin and 100-pg/mL
streptomycin (North China Pharmaceutical Inc, Beijing,
China) at 37 °C in a 5% CO, incubator.

Reagents and antibodies

Azithromycin and N-acetylcysteine (NAC) were obtained
from National Institutes for Food and Drug Control (Bei-
jing, China). Azithromycin was dissolved in anhydrous
ethanol; NAC was dissolved in distilled water. Anti-
caspase-3, anti-Akt (pan), anti-p44/42 MAPK (Erk 1/2),
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anti-p38 MAPK, anti-PARP and p62 antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA). Anti-LC3B antibody was purchased from Sigma
(St. Louis, MO, USA). Azide-free anti-human CD261
(DR4) antibody was obtained from Diaclone (Besancon,
France). Anti-DR5 antibody was obtained from ProSci
(San Diego, California, USA). B-Actin (6G3) and GAPDH
(1C4) monoclonal antibodies were purchased from
AmeriBiopharma (Wilmington, Delaware, USA). Sec-
ondary antibodies included peroxidase-conjugated affin-
iPure goat anti-mouse IgG (H+L) and goat anti-rabbit
IgG (H+L) (ZSGB-BIO, Beijing, China). Caspase inhibi-
tor zZVAD-fmk and RIP1 inhibitor necrostatin-1 were
purchased from Selleck.cn (Houston, TX, USA). Chlo-
roquine (CQ), acridine orange hemi (zinc chloride) salt
(AO) and sulforhodamine B (SRB) were from Sigma.

Expression and purification of TRAIL protein

Recombinant TRAIL was constructed in this laboratory
and expressed in P pastoris. TRAIL expressing strains
were inoculated in 100-mL BMGY medium (100 mmol/L
potassium phosphate buffer, pH 6.0, 1% yeast extract,
2% peptone, 1% glycerol, 1.34% YNB, 0.00004% biotin)
in a shaking incubator at 30 °C for 36 h. Yeast cells were
precipitated and re-suspended in 100-mL BMMY with
added 1.5% methanol every 24 h, at 26 °C for 72 h. Super-
natant was collected by centrifugation at 7800 x g, 4 °C
for 15 min. TRAIL protein was purified with Ni*>* affin-
ity chromatography (His Trap HP, GE Healthcare, Pitts-
burgh, Pennsylvania, USA). Protein concentration was
examined using a BCA method.

Cell survival assay

Cells were seeded in 96-well plates at 3 x 10% cells/well
in 100-pL culture medium. Twenty-four hour later, cells
were exposed to test drugs (azithromycin and TRAIL
of varying concentrations, and combination) for 24, 48,
or 72 h prior to survival assay using a sulforhodamine B
(SRB) method [17]. Cell survival was calculated relative
to the control group.

Western blot analysis

Cells were lysed with a lysis buffer (50 mmol/L Tris—HCI
pH 8.0; 2% NP-40; 150 mmol/L NaCl; 0.2% SDS; 0.5%
sodium deoxycholate) containing 1% protease inhibi-
tor (Beyotime, Jiangsu, China) and 100-pumol/L phenyl-
methylsulfonyl fluoride (PMSF). The supernatant was
collected after centrifugation at 13,000 x g for 15 min at
4 °C, prior to Western blotting analyses, as described pre-
viously [18].
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Apoptosis assay

Apoptosis was determined using an annexin V-FITC/
PI apoptosis detection kit from DOJINDO (Shanghai,
China). A schematic plot was used to display the results:
the lower left quadrant represents live cells; the lower
right and upper right quadrants represent early and late
apoptotic cells, respectively; the upper left quadrant rep-
resents necrotic cells. Cell death refers to the sum of early
and late apoptotic and necrotic cells.

Acridine orange (AO) staining

HCT-116 and SW480 cells were plated into 6-well plates
and treated with drugs for 24 h. Later, cells were washed
by PBS twice and stained with 700 puL/well AO (1 pg/
mL) for 15 min at 37 °C in the dark. Then, the cells were
washed by PBS twice. Watching the images under a fluo-
rescence microscope through a 490 nm band-pass excita-
tion filter and a 515 nm long-pass barrier filter. The green
color represented the nucleus, while the red represented
the acidic vesicles.

siRNA transfection

DR4 siRNA (sense: 5-AACGAGATTCTGAGCAAC
GCA-3, anti-sense: 3-TTGCTCTAAGACTCGTTG
CGT-5), DR5 siRNA (sense: 5-AAGACCCTTGTG
CTCGTTGTC-3, anti-sense: 3-TTCTGGGAACAC
GAGCAACAG-5'), LC-3B siRNA (sense: 5-GGTGTA
TGAGAGTGAGAAA-3/, anti-sense: 3’-CCACATACT
CTCACACTTT-5') and negative siRNA were purchased
from Ruibo Biotechnology (Guangzhou, China) and dis-
solved in RNase-free water as a 20 pmol/L stock. Nega-
tive siRNA was designed by Ruibo biotechnology and
belonged to scrambled control. Cells were transfected
with siRNAs using the Ruibo FECT"™ CP transfection kit,
plated in 96-well or 6-well plates and incubated at 37 °C
for 24 h. siRNAs were diluted in transfection reagent and
incubated for 15 min at room temperature to allow the
formation of transfection complexes prior to addition to
the cells (final concentration: 30 nmol/L). Experiments
with test drugs started 24 h after the transfection. Effi-
ciency of transfection was verified with Western blotting.

Colon cancer xenograft

All animal experiments were performed in accordance
with relevant guidelines and regulations. Briefly, HCT-
116 cells (1 x 107 cells in 200-pL PBS) were injected into
the right armpits of 6-week-old female BALB/c nude
mice (SPF Biotechnology Co., Ltd., Beijing, China). At
21 days after the inoculation, tumors were removed and
cut into 2 m X2 m x 2 m prisms, and transplanted into
the right flanks of other mice through a trocar. Seven
days later, mice were randomized to receive azithromycin
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(50 mg/kg/day, via oral administration, for 3 consecutive
days in a week) or TRAIL (10 mg/kg, via the tail vein,
once a week). Tumor volumes and body weights were
monitored once every 2 days. The tumor volume was
calculated by the following formula: V=ab?/2 (a repre-
sents the length of the tumor and b represents the width).
The animal experiment lasted for a total of 32 days.
At the end of experiment, the tumors were removed
and fixed with formalin to detect cell proliferation by
immunohistochemistry.

Ki-67

Tissue sections (5 pm) were quenched with 3% H,O, for
10 min at room temperature after dewaxing and antigen
retrieval in hot citrate buffer. After blocking with 5% BSA
for 30 min at 37 °C, tissue sections were incubated with a
monoclonal anti-Ki-67 nuclear antigen antibody (ZSGB-
BIO) at 4 °C overnight. Immunostaining was assessed
in 3 randomly selected fields under a microscope with a
200 x objective lens and photographed. Images were ana-
lyzed using a microscope-matched analytical software
(Leica QWin Standard).

Assessment of drug interaction

The mode of drug interaction was evaluated based on
the coefficient of drug interaction (CDI), calculated
as: CDI=AB/(A x B), where AB is the survival rate of
the cells exposed to both agents and A or B is the sur-
vival rate of cells exposed to either agent alone. A CDI
at<1.0 indicates synergistic effect; a CDI at <0.7 indicates
strongly synergistic effect [17].

Statistical analysis

All experiments were repeated for at least three times.
Data are expressed as the mean 4 SD, and analyzed with
Student’s ¢ test for independent samples. Statistical sig-
nificance was set at P<0.05.

Results

Azithromycin inhibited cell proliferation

In a pilot experiments with four colon cancer cell lines
(SW620, DiFi, SW480 and HCT-116), only SW480 and
HCT-116 cells were sensitive to azithromycin (Fig. 1a).
Accordingly, subsequent experiments were conducted
in SW480 and HCT-116 cells. Azithromycin inhibited
cell proliferation in a dose- and time-dependent manner
in both HCT-116 and SW480 cells (Fig. 1b). The half-
inhibitory concentration (ICs,) upon 48-h treatment was
63.194+24.60 and 140.85+32.81 pmol/L in HCT-116 and
SW480 cells, respectively. Western blot analysis failed
to showed differences of Erk and p38 MAPK expression
among the four cell lines (Fig. 1¢). In contrast, DR4/5 and
Akt proteins in DiFi cells were much lower than in other
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Fig. 1 Azithromycin inhibits cell proliferation of colon cancer cell lines. a The viability of SW620, DiFi, SW480 and HCT-116 cells after 48 h-of
treatment with azithromycin at various concentrations was assessed with the SRB assay. b The proliferative activity of HCT-116 and SW480 cells
after treatment with azithromycin (5-225 pmol/L) for 24-72 h was assessed by the SRB assay. The survival rate was calculated as a ratio to the
control group (untreated cells). Values represent the mean 4 SD of three independent samples. Each experiment was repeated three times. ¢ DR4/5
expression, Akt and MAPK pathways of colon cancer cell lines. HCT-116, SW480, SW620 and DiFi cells not receiving any treatment were used as
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cell lines, suggesting that DR4/5, MAPK and Akt signal
pathways may be not related to azithromycin sensitivity
in our experimental system.

Azithromycin and TRAIL inhibit cell proliferation
synergistically

The current study examined the potential interaction
between azithromycin and TRAIL. Expression, puri-
fication and verification of TRAIL (using anti-His Tag
and anti-TRAIL antibody) were illustrated in Fig. 2a.
Although SW480 and HCT-116 cells were chose to sub-
sequent experiments due to their sensitivity to azithro-
mycin, we also needed to identify that if they were more
sensitive to TRAIL than two other cells, so SRB assay was
used to detect the anti-proliferation effects of TRAIL in
four kinds of colon cancer cells and the results showed
that TRAIL decreased the cell viability of SW480 and
HCT-116 cells in a dose-dependent manner (Fig. 2b).

Next, we exposed these four kinds of cells to TRAIL
alone, azithromycin alone, or the drug combination for
48 h. The results showed that there was no synergism
between TRAIL alone, azithromycin in SW620 and
DiFi cells (data not shown). However, the combination
of azithromycin at 25-150 pmol/L with TRAIL (7.8125
and 16.625 nmol/L) was much more effective in reducing
HCT-116 and SW480 cell proliferation than either sin-
gle agent alone (Fig. 2c). The CDI was 0.5-1 in HCT-116
cells and 0.3—0.7 in SW480 cells.

Azithromycin enhanced TRAIL-induced cell death

in HCT-116 and SW480 cells

Annexin V-FITC/PI staining was detected by flow
cytometry analysis. Cell death rate in HCT-116 cells was
(12.73+1.76)% in the control group, (30.78+8.31)%
in the TRAIL group (15.625 nmol/L), (15.73 +5.07)%
in the azithromycin (50 pmol/L) group, (33.08 £7.9)%
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Fig. 2 The anti-survival effect of TRAIL alone and the combination of azithromycin and TRAIL in colon cancer cells. a The purification of TRAIL
protein. M represents marker; 1 represents TRAIL protein; 2 represents Western blot by His-tag antibody; 3 represents Western blot by anti-TRAIL
antibody. b The proliferation of four types of colon cancer cells (SW620, DiFi, SW480 and HCT-116) treated with various concentrations of TRAIL

for 24 h, as detected by a SRB assay. ¢ The synergistic inhibitory effect of azithromycin and TRAIL on the proliferation of SW480 and HCT-116 cells.
HCT-116 cells were treated with azithromycin (25-150 pmol/L) and TRAIL (7.8125 and 15.625 nmol/L) for 48 h; SW480 cells were treated with TRAIL
at 50 and 100 nmol/L. The survival rate was calculated as a ratio to the control group (untreated cells). CDI value < 1 represents a synergistic effect
and CDI< 0.7 indicates a robust synergistic effect. Values represent the mean £ SD of three independent samples. Each experiment was repeated
three times. AZM represents azithromycin

in the TRAIL+ azithromycin (50 pmol/L) group,
(24.06 £6.16)% in the azithromycin (100 pmol/L)
group, and (66.88+11.19)% in the TRAIL + azithro-
mycin (100 pmol/L) group, respectively (Fig. 3a).
At 100 pmol/L, azithromycin enhanced the anti-
tumor activity of TRAIL more than at 50 pmol/L in
HCT-116 cells. Cell death rate in SW480 cells was
(13.494+4.63)% in the control group, (56.17 £18.51)%

in the TRAIL (100 nmol/L) group, (14.20+4.22)% in
the azithromycin (50 umol/L) group, (74.85+7.53)%
in the TRAIL+ azithromycin (50 pmol/L) group,
(21.24+2.76)% in the AZM (100 pmol/L) group,
and (89.37+5.07)% in the TRAIL+ azithromycin
(100 pmol/L) group, respectively. At the concentrations
used in the current study, azithromycin induced lit-
tle cell apoptosis or necrosis, whereas combinations of
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Fig. 3 Azithromycin enhances TRAIL-induced cell death in HCT-116 and SW480 cells. a HCT-116 and SW480 cells were treated with azithromycin
(50 and 100 pmol/L) and TRAIL (15.625 or 100 nmol/L, respectively) for 24 h. Apoptosis was detected by annexin V-FITC/PI staining and flow
cytometry analysis. The cell death rate is the sum of the percentages of early, late apoptotic and necrotic cells. P<0.05 and “P<0.01 vs. control.
#P<0.05 and P <0.01 vs. TRAIL alone. b Cell lines were exposed to azithromycin (50 or 100 pmol/L) and/or TRAIL (10, 15.625 or 100 nmol/L) for

10 h. The expression levels of proteins were detected by Western blot analysis. ¢ ZVAD.fmk reversed the synergistic inhibitory effect of azithromycin
and TRAIL. Both cell lines were treated with azithromycin (50 umol/L), TRAIL (100 nmol/L) and ZVAD.fmk (40 umol/L) (zVAD.fmk pretreatment for

0.5 h) for 48 h. "P<0.05. d ZVAD.fmk also significantly reduced the expression level of cleaved-PARP. Cell lines were exposed to azithromycin (50 or
100 umol/L), TRAIL (15.625 or 50 nmol/L) and ZVAD.fmk (40 umol/L) (2VAD.fmk pretreatment for 0.5 h) for 10 h. Each experiment was repeated three
times. The data represent the mean =+ SD of three independent experiments. AZM represents azithromycin

azithromycin and TRAIL enhanced cell death in both
HCT-116 and SW480 cell lines.

The expression of cleaved-PARP was increased in
the combination treatment group relative to TRAIL
or azithromycin alone (Fig. 3b), which was consist-
ent with the results of flow cytometry analysis. SRB
assay showed that zVAD.fmk, a broad-range caspase
inhibitor, attenuated the synergistic inhibitory effect of
azithromycin and TRAIL on cell proliferation (Fig. 3c).

In addition, zVAD.fmk significantly reduced the expres-
sion levels of cleaved-PARP (Fig. 3d).

Synergism between azithromycin and TRAIL in mouse
xenograft

No death or significant body weight change was
observed in any treatment group (Fig. 4a). Combined
treatment with azithromycin and TRAIL significantly
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inhibited the growth of HCT-116 xenografts (Fig. 4b,
c for tumor volume and weight, respectively). The CDI
was 0.87. The anti-tumor rate of the combined group
was 45.88%. The synergistic effects were also apparent
by inspecting the size and morphology of the xeno-
grafts (Fig. 4d). Ki-67 was significantly lower in the
combination group than either azithromycin or TRAIL
alone (Fig. 4e).

Azithromycin increased the expression of death receptors
Western blotting was used to examine the changes in
DR4 and DR5 protein levels. Azithromycin at the con-
centration of 100 or 200 umol/L increased the expression
of DR4 and DR5 in 4-16 h in HCT-116 or SW480 cells,
respectively (Fig. 5a). Doses of azithromycin at 50150 or
150-250 pmol/L also elevated the levels of DR4 and DR5
in HCT-116 or SW480 cells, respectively (Fig. 5b).
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indicated times. b Cells were treated with various concentrations of azithromycin for 10 h. The expression levels of proteins were determined using
Western blot analysis. The data are shown as the mean & SD of three independent samples. AZM represents azithromycin

Azithromycin blocked autophagy flux

In our experiments, HCT-116 and SW480 cells were
treated with azithromycin (100 or 200 pmol/L) or vari-
ous doses of azithromycin before determination of the
expression levels of p62 and LC-3B using Western blot.
Briefly, azithromycin increased p62 and LC-3B in both
cell lines (Fig. 6a, b). Consistently, AO staining showed
increased red fluorescence intensity in both cell lines
after treatment with azithromycin for 24 h (Fig. 6c).

LC-3B-involved autophagy inhibition targeted death
receptor 4 and 5 for increment to strengthen TRAIL activity
Knocking down of DR4 and DR5 with siRNAs increased
survival rates and a decreased cleaved-PARP levels in the
cells exposed to azithromycin (50 umol/L) plus TRAIL
(15.625 or 100 nmol/L) (Fig. 7a).

The RIPK1 allosteric inhibitor necrostatin-1 and ROS
scavenger N-acetylcysteine did not affect the anti-pro-
liferation activity of the combination of azithromycin
and TRAIL (Additional file 1: Figure S1A, B), so we next
examined whether LC-3B-involved autophagy inhibition
is involved in the synergistic antitumor activity between
azithromycin and TRAIL. LC-3B siRNA (30 nmol/L) or

CQ (20 pmol/L) potentiated the anti-proliferation activ-
ity of TRAIL (Fig. 7b). Also, LC-3B level elevated by
azithromycin (50 pmol/L) did not change upon knock-
ing down of DR4 or DR5 (Fig. 7c). In contrast, LC-3B
siRNA (30 nmol/L) alone or combined with azithromycin
(50 umol/L) increased the expression of DR4 and DR5
(Fig. 7d). Similarly, CQ (20 and 30 pmol/L) elevated DR4
and DR5 levels in a dose-dependent manner (Fig. 7e).

Discussion

The current study showed that azithromycin could
reduce the proliferation of SW480 and HCT-116 colon
cancer cells. Varying sensitivity of different colon cancer
cells to azithromycin could not be attributed to expres-
sion of DR4/5, MAPK and Akt signal pathways-related
proteins. TRAIL decreased the viability of SW480 and
HCT-116 cells. Most importantly, we showed synergis-
tic inhibitory action between azithromycin and TRAIL
on the proliferation in these two cell lines. Our results
also suggested that azithromycin could enhance TRAIL-
induced apoptosis via a caspase-dependent pathway in
SW480 and HCT-116 cells. Experiments in nude mice
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Fig. 6 Azithromycin blocks autophagy flux. a, b HCT-116 and SW480 cells were treated with azithromycin for the indicated times or treated with
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Fig. 7 LC-3B-involved autophagy inhibition targets death receptor 4/5 to increase to strengthen TRAIL activity. a The viability of SW480

and HCT-116 cells after 24 h pretreatment with 30 nmol/L siRNA (DR4/5) and 48 h-treatment with azithromycin and TRAIL at the indicated
concentrations was assessed with the SRB assay. The expression of correlative proteins was assessed by Western blot after 36 h pretreatment with
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carrying xenograft confirmed the synergistic action the current study. Such a difference could reflect differ-
between azithromycin and TRAIL. ent sensitivity of the cells to azithromycin. Also, the con-

Azithromycin has been shown to induce apoptosis and  centration of azithromycin used in our system was lower
necrosis in HeLa cells [4]. At 50 and 100 umol/L, azithro-  than needed to induce apoptosis in the previous study.
mycin alone did not induce cell apoptosis or necrosis in ~ We found increased expression of death receptors DR4
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and DR5 upon azithromycin treatment. TRAIL induces
apoptosis via specific binding to DR4 and DR5. Moreo-
ver, several drugs (i.e., celecoxib, quinacrian, and bleo-
mycin) sensitize certain types of cancer cells to apoptosis
induced by TRAIL through increasing the protein levels
of DR4 or DR5 [19-22]. We therefore suspect that the
death receptor protein levels are implicated in the syner-
gistic action between azithromycin and TRAIL.

Recent studies have shown that azithromycin is an
autophagy inhibitor in myeloma and pancreatic cancer
cells [6, 7], but whether azithromycin inhibits autophagy
in colon cancer cells remains unknown. Autophagy is a
lysosomal degradation process that involves two stages:
the formation of autophagosomes (the early stage) and
sequential fusion with lysosomes to form autolysosomes
(the later stage) [23]. Autophagy could be inhibited by
disrupting autophagosome formation, for example with
3-MA and ATG 5 siRNA, or by suppressing lysosomal
activity, such as with chloroquine (CQ) and bafilomycin
A1 [24]. The transformation of LC3 protein, from LC-3A
in the cytoplasm to LC-3B that in turn binds the outer
membranes, is essential to complete autophagosomes
[10]. The p62 protein is a substrate of autophagy, and is
widely used together with LC-3B to detect autophagy
induction or inhibition. In our study, azithromycin
increased the expression of LC-3B and p62 proteins,
suggesting that azithromycin produces the anti-tumor
effects by blocking autophagy flux.

Our results showed that azithromycin increased the
expression of death receptors and blocked autophagy
flux in colon cancer cells. The relationship between
autophagy inhibition and death receptors-mediated cell
death requires further investigation. Knockdown of DR4
and DR5 with siRNA increased survival rate of colon
cancer cells and decreased cleaved-PARP. All together,
these findings suggest that azithromycin treatment
enhanced TRAIL-induced apoptosis via the up-regula-
tion of DR4 and DR5 in colon cancer cells. A previous
study showed that DR4 and DR5 co-localize with LC-3B
on the surface of autophagosomes, which result in the
decrease of the surface expression of DR4/5 and eventu-
ally induce TRAIL resistance in breast cancer cells [10].
Interestingly, in our experimental system, azithromycin
and CQ simultaneously increased the expression of DR4,
DR5 and LC-3B in colon cancer cells, despite of enhanc-
ing the anti-proliferation effects of TRAIL. In addition,
the knockdown of DR4 or DR5 did not affect the expres-
sion of LC-3B. In contrast, the reduction in the LC-3B
protein level increased the expression of DR4 and DR5 to
some extent, and LC-3B siRNA also raised the anti-sur-
vival effect of TRAIL. Notably, not all autophagy inhibi-
tors could increase the expression of DR4/5 protein.
For instance, it has been reported that 3-MA decreased
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DR4/5 proteins levels in colon cancer cells [25]. Thus we
speculate that autophagy inhibition in early vs. late stages
could lead to opposite results. Accordingly, azithromy-
cin, CQ and LC-3B cooperate with TRAIL to produce
antitumor effects via the induction of LC-3B-involved
autophagy inhibition to up-regulate DR4/5 proteins.

In addition to apoptosis induction, TRAIL causes
RIP1-dependent necroptosis [26-28]. By the RIPK1
allosteric inhibitor necrostatin-1 did not affect the anti-
proliferation activity of the combination of azithromycin
and TRAIL in our experimental system. Several previ-
ous studies have noted that the up-regulation of death
receptors is associated with the activation of reactive
oxygen species (ROS) [20, 29, 30]. The results obtained
with the ROS scavenger N-acetylcysteine in the current
study suggest that the ROS pathway is not involved in the
mechanism of the synergistic antitumor effect between
azithromycin and TRAIL.

There are some limitations in the current study. For
example, in animal experiments, the standard devia-
tion in tumor size was quite large. Also, participation of
signaling pathways other than autophagy flux was not
examined. Regardless of these limitations, the synergis-
tic action between azithromycin and TRAIL is appar-
ent. A schematic diagram of the working hypothesis is
shown in Fig. 8.

_|_

DR5 +
* Autophagy inhibiting

‘

DR4

Cell death

Fig. 8 Schematic presentation of the synergistic inhibitory
mechanism. In colon cancer cells, azithromycin inhibits autophagy
via up-regulation of p62 and LC-3B, resulting in an increase in DR4/5,
which enhances the antitumor activity of TRAIL, and ultimately
augment colon cancer cell death
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Conclusions

Azithromycin could enhance the anticancer activity
of TRAIL via LC-3B-involved autophagy inhibition to
up-regulate DR4/5 in colon cancer cells both in vitro
and in vivo. These results encourage further studies to
explore using azithromycin in the treatment of colon
cancer.

Additional file

Additional file 1: Figure S1. The ROS pathway and necroptosis are not
involved in the combined antitumor effect of azithromycin and TRAIL. (A)
NAC did not affect the synergistic inhibitory effect of azithromycin and
TRAIL. The viability of HCT-116 and SW480 cells after 0.5 h-pretreatment
with NAC (5 mmol/L) followed by a 48 h treatment with azithromycin

(50 umol/L) and TRAIL (15.625 or 100 nmol/L, respectively) was assessed
using the SRB assay. (B) Necrostatin-1 did not affect the combined anti-
tumor effect of azithromycin and TRAIL in the colon cells. Both cells were
treated with azithromycin (100 pumol/L), TRAIL (100 nmol/L) and necrosta-
tin-1 (25, 50, 75 and 100 umol/L) for 48 h. Values represent the mean + SD
of three independent experiments. AZM represents azithromycin.
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