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Abstract

We here evaluated the antiesophageal cancer cell activity by
the antifungal drug itraconazole. Our results show that mg/mL
concentrations of itraconazole potently inhibited survival and
proliferation of established (TE-1 and Eca-109) and primary
human esophageal cancer cells. Itraconazole activated AMPK
signaling, which was required for subsequent esophageal can-
cer cell death. Pharmacologic AMPK inhibition, AMPKa1
shRNA, or dominant negative mutation (T172A) almost
completely abolished itraconazole-induced cytotoxicity against
esophageal cancer cells. Significantly, itraconazole induced
AMPK-dependent autophagic cell death (but not apoptosis)
in esophageal cancer cells. Furthermore, AMPK activation by

itraconazole induced multiple receptor tyrosine kinases (RTKs:
EGFR, PDGFRa, and PDGFRb), lysosomal translocation, and
degradation to inhibit downstream Akt activation. In vivo,
itraconazole oral gavage potently inhibited Eca-109 tumor
growth in SCID mice. It was yet ineffective against AMPKa1
shRNA-expressing Eca-109 tumors. The in vivo growth of the
primary human esophageal cancer cells was also significantly
inhibited by itraconazole administration. AMPK activation,
RTK degradation, and Akt inhibition were observed in itraco-
nazole-treated tumors. Together, itraconazole inhibits esoph-
ageal cancer cell growth via activating AMPK signaling.
Mol Cancer Ther; 17(6); 1229–39. �2018 AACR.

Introduction
Esophageal cancer is an important cause of cancer-related

human mortalities (1). Treatment of this devastating disease in
the past decades has achieved significant achievements (1). The
application of conventional cytotoxic drugs and recently
developed molecular-targeted agents is however discouraging
against cancer cellswithpreexistingand/or acquired resistance (1).

Therefore, there is an urgent need to explore novel, more efficient,
but less toxic antiesophageal cancer agents (1).

Itraconazole blocks the synthesis of ergosterol in the fungal cell
membrane, and it functions as a systematic antifungal drug (2).
Studies have tested itraconazole as a novel anticancer drug (2–5).
Preclinical studies have demonstrated its superior anticancer
activity against a number of different cancer cells (3–5). It is
currently under phase II clinical trials of non–small cell lung
cancer, basal cell carcinoma, and prostate cancer (5–7). The
potential effect of this antifungal drug in human esophageal
cancer cells has not been studied. The underlying signaling
mechanism of itraconazole-mediated anticancer activity is still
largely unclear (5).

AMPK activation maintains cellular energy homeostasis under
many stress conditions (8, 9). It is also critical in controlling cell
survival and death (see review in refs. 8–10). Our group and
others have been focusing on the anticancer ability of AMPK.
AMPKactivation couldpromote cancer cell death via regulating its
downstream signaling effectors, including p53 activation, mTOR
complex 1 (mTORC1) inhibition as well as autophagy induction
and oncogenic protein degradation (11). Here, we show that
itraconazole activates AMPK signaling to promote esophageal
cancer cell death.

Materials and Methods
Ethics approval and consent to participate

The animal procedures in this studywere approvedby Soochow
University Ethics Review Board and IACUC. All studies requiring
human tissue samples were conducted according to the principles
of Declaration of Helsinki, and protocols were approved by the

1Department of Radiotherapy & Oncology, Kunshan First People's Hospital
Affiliated to Jiangsu University, Kunshan, China. 2Clinical Research and Lab
Center, Kunshan First People's Hospital Affiliated to Jiangsu University, Kun-
shan, China. 3The Department of Urology, the Third Affiliated Hospital of
Soochow University, Changzhou, China. 4Institute of Neuroscience, Soochow
University, Suzhou, China. 5The Affiliated Eye Hospital of Nanjing Medical
University, Nanjing, China. 6Department of Medical Oncology, Wuxi People's
Hospital Affiliated to Nanjing Medical University, Wuxi, China. 7The Municipal
Hospital of Suzhou, North District, Suzhou, China.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

M.-B. Chen, Y.-Y. Liu, and Z.-Y. Xing are co-first authors of this article.

Corresponding Authors:Qin Jiang, The Affiliated Eye Hospital, Nanjing Medical
University, 138 Han-zhong Road, Nanjing 210029, China. Phone/Fax: 8602-
5866-77699; E-mail: Jqin710@vip.sina.com; Cong Cao, Soochow University,
199 Ren'ai Road, SIP, Suzhou, Jiangsu 215123, China. Phone/Fax: 8651-2658-
83602; E-mail: caocong@suda.edu.cn; and Pei-Hua Lu, Department of Medical
Oncology, Wuxi People's Hospital Affiliated to Nanjing Medical University, No.
299, Qingyang Road, Wuxi 214023, China. Phone/Fax: 8651-0853-50070;
E-mail: lphty1_1@163.com

doi: 10.1158/1535-7163.MCT-17-1094

�2018 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

www.aacrjournals.org 1229

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/6/1229/1859081/1229.pdf by guest on 19 M
ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-17-1094&domain=pdf&date_stamp=2018-5-17


Soochow University Ethics Review Board. Each of the participant
provided written informed consent.

Chemicals, reagents, and antibodies
Itraconazole, 5-aminoimidazole-4-carboxamide-1-b-d-ribofur-

anoside (AICAR, catalog no. A9978; ref. 12), ammonium chloride
(NH4Cl), and 3-methyaldenine (3-MA) were purchased from
Sigma. Cell permeable short-chain C6 ceramide was described
previously (13). The applied caspase inhibitors, Z-DEVD-fmk,
Z-LEHD-fmk, andZ-VAD-fmk,were purchased fromMerck-Sigma
(catalog nos. C0605, C1355, V116). The molecular structures can
be found from the manufacturer's website (https://www.sigmaal
drich.com/) and from https://pubchem.ncbi.nlm.nih.gov (SID:
329774802, 329774878, and 347914303). All the antibodies
were obtained fromCell Signaling Technology. Necrostatin-1 and
ferrostatin-1 were purchased from Sigma.

Culture of established cell lines
The human esophageal cancer lines, Eca-109 and TE-1, as well

as the human esophageal epithelial cell (HEEC) line (14), were
purchased from the Cell Bank of Shanghai Institute of Biological
Science (Shanghai, China, 08-2015). Cells weremaintained in the
DMEM plus 10% FBS (Sigma) medium. All cell lines were
routinely subjected tomycoplasma andmicrobial contamination
examination. STR profiling, population doubling time, colony-
forming efficiency, andmorphologywere checked every 3months
to confirm the genotype.

Primary culture of human esophageal cancer cells
One patient (47 year old, female) with primary esophageal

cancer (stage III) at Wuxi People's Hospital of Nanjing Medical
University (Wuxi, China) was enrolled in the study. Written
informed consent was obtained from the patient who received
no therapy before surgery. As described early (15), the surgery-
dissected esophageal cancer tissue specimen was washed and
minced. Cancer tissues were then mechanically dissociated and
filtered through a 70-mm strainer. Single-cell suspensions of
primary cancer cells were achieved by incubation cells in colla-
genase I (Sigma)–containing DMEM. Afterward, individual cells
were pelleted and rinsed, which were resuspended in the cell
culture medium as described previously (15).

Methyl thiazol tetrazolium assay of cell viability
Cell viability was examined by the routine methyl thiazol

tetrazolium (MTT; Sigma) assay as described previously (15–18).

BrdUrd incorporation assay of cell proliferation
Cell proliferation was tested by the incorporation of 5-bromo-

2'-deoxyuridine (BrdUrd) assay via an ELISA format, and the
detailed protocol was described previously (19).

Colony formation assay
Cells with applied treatmentwere suspended in 1mLofDMEM

with 0.5% agar (Sigma). The suspension was then added on the
presolidified cell culture dish. After 10-day incubation, the
remaining colonies were stained and counted.

Trypan blue staining assay of cell death
As described previously (15), the "dead" cell percentage was

determined via counting cells in an automatic hemocytometer
with trypan blue dye, which stains dead cells.

Apoptosis assays
Apoptosis assays, including Histone-DNA ELISA assay,

Annexin V FACS assay, and TUNEL assay, were described in detail
in our studies elsewhere (16–18).

Western blot assay
Western blot assay was described in detail in our previous

reports (15–18). Blot intensity was quantified via the ImageJ
software (NIH, Bethesda, MD). Note that the exact same set of
lysate sampleswere run in sister gels to examinedifferent proteins,
and the blot was stripped and reprobed. For each lane, the exact
amount (30 mg) of total cell/tissue lysates was loaded. The
intensity of each band was quantified via ImageJ software (NIH,
Bethesda, MD).

LC3B immunochemistry
After applied treatment, Eca-109 cells were fixed, washed, and

blocked. The cells were then incubated with the primary antibody
(anti-LC3B-Alexa Fluor 555 Conjugate, Cell Signaling Technolo-
gy, 1:25). Afterward, LC3B fluorescence puncta was visualized
under the Leica microscope. The percentage of LC3B puncta–
positive cells (green fluorescence) was recorded. For each treat-
ment, total 100 cells (DAPI stained) in 5 random views were
counted (20).

Subcellular fractionation
Isolation of lysosomes. Following the treatment, 2 � 107 cells per
treatment were resuspended in 250 mmol/L sucrose/10 mmol/L
Tris/HCl buffer solution,whichwere thendisruptedby sonication
with two 15-second pulses (Sonics and Materials VCX 600 Watt;
ref. 21). The disrupted cells were then subjected to rotation
(1,200 � g for 15 minutes) to remove nuclei and cell debris, and
the supernatants were submitted to centrifugation at 30,000 � g
for 30 minutes to achieve the enriched lysosome fraction.
Lysosome-enriched protein LAMP1 (lysosome-associated mem-
brane protein 1)was tested in the fraction. Isolation of cell plasma
membrane was described exactly in detail in other studies (22).
Na, K-ATPase was tested as a plasma membrane marker protein.

Short hairpin RNA knockdown
As described previously (13), lentiviral AMPKa1 short hairpin

RNA (shRNA; Santa Cruz Biotechnology, sc-29673-V, 10 mL/mL
per well) was added to cultured esophageal cancer cells for 24
hours. Afterward, puromycin (2.0 mg/mL, Sigma) was added to
the culture medium for two passages. shRNA knockdown of
EGFR, platelet-derived growth factor receptor a (PDGFRa), and
PDGFRb was performed similarly.

AMPKa1 mutation
The dominant negative (dn)mutant of AMPKa1 (dn-AMPKa1,

T172A, Flag-tagged) construct, the constitutively active AMPKa1
(ca-AMPKa1, T172D, Flag-tagged), and the empty vector were
described previously (13). The construct (0.25 mg/mL per well)
was transfected to cultured esophageal cancer cells using Lipo-
fectamine 2000 reagent (13), and stable cells were selected for 8
days. Transfection efficiency was determined again by Western
blot assay.

Tumor xenograft assay
Briefly, Eca-109 cells at logarithmic growing phase (5 � 106

cells/mouse), expressing either scramble control shRNA or
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AMPKa1 shRNA, were inoculated (via subcutaneous injection)
to the female SCIDmice (4–5weeks old, 17–18 gweight). Within
3 to 4weeks, the tumors reached the average volume of 150mm3,
and themice were treated with/without itraconazole through oral
gavage. Tumor volumes were recorded weekly, calculated via the
following formula: p/6 � larger diameter � (smaller diameter)2.
Estimated daily tumor growth (in mm3/day) was also calculated
as described previously (19). The establishment of xenograft
tumors using the primary human cancer cells was performed
similarly.

Availability of data and materials
All data generated or analyzed during this study are included in

this published article (and its Supplementary Information Files).

Statistical analysis
Data were presented as mean� SD. Statistics were analyzed by

one-way ANOVA followed by the Scheffe and Tukey test using
SPSS software. Significance was chosen as P < 0.05. To determine
significance between only two treatment groups, a two-tailed
unpaired t test was used (Excel 2007 for Windows).

Results
Itraconazole is cytotoxic and antiproliferative to human
esophageal cancer cells

First, Eca-109 esophageal cancer cells were treated with grad-
ually increasing concentrations of itraconazole. TheMTT viability
assay results in Fig. 1A demonstrate that itraconazole dose depen-
dently inhibited Eca-109 cell survival. Itraconazole also displayed
a time-dependent response in inhibiting Eca-109 cells; it would
require at least 24 to 48 hours for itraconazole (0.3–3.0 mg/mL) to
exert a significant antisurvival activity (Fig. 1A). Clonogenicity
assay results in Fig. 1B show that treatment with itraconazole
(0.3–3.0 mg/mL) dramatically decreased the number of viable
Eca-109 colonies. Meanwhile, with the itraconazole (0.3–
3.0 mg/mL) treatment, the number of trypan blue–stained cells
("dead" cells) was significantly increased (Fig. 1C).

The potential effect of itraconazole on other esophageal cancer
cells was also studied. MTT assay results in Fig. 1D show that
itraconazole (0.3–3.0 mg/mL) was cytotoxic to TE-1 cells (another
established esophageal cancer cell line) and patient-derived pri-
mary esophageal cancer cells. The same itraconazole treatment
failed to inhibit survival of HEEC esophageal epithelial cells
(Fig. 1D; ref. 14). These results demonstrate that itraconazole is
only cytotoxic to human esophageal cancer cells.

Next, we tested the potential effect of itraconazole on esoph-
ageal cancer cell proliferation. BrdUrd incorporation assay results
in Fig. 1E show that itraconazole (0.3–3.0 mg/mL, 24 hours)
significantly inhibited Eca-109 cell proliferation (BrdUrd ELISA
OD reduction). In TE-1 cells and primary esophageal cancer cells,
BrdUrd incorporation was also inhibited by itraconazole
(Fig. 1F). However, proliferation of HEEC esophageal epithelial
cells was unchanged (Fig. 1F). These results imply that itracona-
zole inhibits esophageal cancer cell proliferation.

Itraconazole fails to induce apoptosis in esophageal cancer cells
The potential effect of itraconazole on cell apoptosis was tested.

Several different apoptosis assays were performed, including the
Annexin V FACS assay (Fig. 2A), histone DNA apoptosis ELISA
assay (Fig. 2B), and TUNEL staining assay (Fig. 2C). Results from
all the assays show that itraconazole (48-hour treatment) failed to

induce significant apoptosis in Eca-109 cells (Fig. 2A–C). On the
other hand, short-chain C6 ceramide (13), tested as a positive
control, induced significant apoptosis activation in Eca-109 cells
(Fig. 2A–C).

Next, the caspase-3–specific inhibitor Z-DEVD-fmk, the cas-
pase-8–specific inhibitor Z-IETD-fmk, and the pan caspase inhib-
itor Z-VAD-fmk were applied. Results show that the caspase
inhibitors failed to inhibit itraconazole (3.0 mg/mL)-induced
Eca-109 cell viability reduction (Fig. 2D) and cell death
(Fig. 2E). Similarly, in TE-1 cells and primary esophageal cancer
cells, treatment with itraconazole (3.0 mg/mL) failed to induce
apparent cell apoptosis (TUNEL staining assay, Fig. 2F). No
apoptosis was induced in itraconazole (3.0 mg/mL)-treated HEEC
epithelial cells (Fig. 2F).

Necrostatin-1 is a specific inhibitor of necroptosis, acting by
directly blocking receptor-interacting serine/threonine-protein
kinase 1/3 (RIP1; ref. 23). Ferrostatin-1 is the known ferroptosis
inhibitor (24). We show that pretreatment with necrostatin-1 or
ferrostatin-1 failed to inhibit itraconazole-induced cytotoxicity
against Eca-109 cells (Supplementary Fig. S1A and S1B). The
results suggest that necroptosis and ferroptosis are unlikely
involved in itraconazole-induced cancer cell death.

AMPK activation mediates itraconazole-induced esophageal
cancer autophagic cell death

The tumor-suppressing function of AMPK has been well estab-
lished. AMPK signaling in itraconazole-treated cells was then
tested. Western blot results in Fig. 3A demonstrate that itracona-
zole (3.0 mg/mL) treatment in Eca-109 cells induced increased
phosphorylation ("p-") of AMPKa1 (Thr-172) and its major
downstream substrate acetyl-CoA carboxylase (ACC, Ser-79),
indicating AMPK signaling activation. AMPK activation lasted
for at least 12 hours (Fig. 3A). To study the role of AMPK
activation in itraconazole-induced activity, the AMPK inhibitor
Compound C ("CC") was applied. Compound C completely
blocked itraconazole-induced AMPK activation (AMPKa1-ACC
phosphorylation; Fig. 3B), which also largely attenuated itraco-
nazole-induced Eca-109 cell viability reduction (Fig. 3C).

Next, the lentiviral shRNA strategy was applied to stably knock-
down AMPKa1 in Eca-109 cells. AMPKa1 protein expression was
almost completely silenced in AMPKa1 shRNA-expressing stable
cells (Fig. 3B). Consequently, itraconazole-induced AMPK acti-
vationwas blocked (Fig. 3B). Itraconazole-induced cytotoxicity in
Eca-109 cells was also largely ameliorated by AMPKa1-shRNA
(Fig. 3C). In TE-1 cells, treatment with itraconazole also induced
AMPK activation (AMPKa/ACC phosphorylation, Supplementa-
ry Fig. S2A), which was completely blocked by AMPKa1 shRNA
(Supplementary Fig. S2B). Significantly, AMPKa1 shRNA almost
nullified itraconazole-induced TE-1 cell viability reduction (Sup-
plementary Fig. S2C) and cell death (Supplementary Fig. S2D).
The results further support the requirement of AMPK activation in
itraconazole-mediated esophageal cancer cell death.

The dominant negative mutant AMPKa1 ("dn-AMPKa1,"
T172A, Flag-tagged; refs. 13, 19) was transfected to Eca-109 cells.
As shown in Fig. 3D, dn-AMPKa1 almost abolished itraconazole-
induced AMPK activation and also largely protected cells from
itraconazole (Fig. 3E). Conversely, the constitutively active
AMPKa1 ("ca-AMPKa1," T172D; ref. 25) was introduced to
Eca-109 cells. Results in Fig. 3F confirmed expression of the
exogenous ca-AMPKa1 (Flag-tagged) in Eca-109 cells.
AMPKa1-ACC phosphorylation was significantly elevated in the
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ca-AMPKa1–expressing cells (Fig. 3F). As compared with the
vector control cells, expression of ca-AMPKa1 reduced cell via-
bility in Eca-109 cells (Fig. 3G).

AMPK activation was able to trigger autophagic cell death, via
phosphorylating and activating Ulk1 (the direct mechanism;
ref. 26) or inhibiting mTORC1 (the indirect mechanism; ref. 26).
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Figure 1.

Itraconazole is cytotoxic and antiproliferative to human esophageal cancer cells. Established esophageal cancer cells (Eca-109 and TE-1 lines), primary
human esophageal cancer cells ("primary cancer cells"), or HEEC esophageal epithelial cells were treated with/without applied concentrations (0.1–3.0 mg/mL,
0.14–4.25 mmol/L) of itraconazole ("Itra"); cells were then cultured in conditional medium for designated time and were subjected to MTT assay (A and D),
clonogenicity assay (B), and trypan blue staining assay (C). Cell proliferation was evaluated by the BrdUrd ELISA assay (E and F). n ¼ 5 for each assay.
"Ctrl" stands for untreated control group (same for all figures). � , P < 0.05 versus group "Ctrl." Experiments in this and all the following figures of in vitro
experiments were repeated three times, with similar results obtained.
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Results in Fig. 3H show that itraconazole (3.0 mg/mL) induced
Ulk1 phosphorylation (at Ser-317; ref. 26), light chain 3B-I
(LC3B-I) to LC3B-II convention, Beclin-1 and ATG-5 upregula-
tion, aswell as p62downregulation in Eca-109 cells. Furthermore,
the percentage of Eca-109 cells with LC3B-GFP puncta was sig-
nificantly increased following itraconazole treatment (Fig. 3I),
indicating autophagy activation. Significantly, AMPKa1 shRNAor
dominant negative mutation almost completely blocked itraco-
nazole-induced LC3B-GFP puncta formation (Fig. 3I). The results
suggest that itraconazole-provoked autophagy is dependent on
AMPK. To study the role of autophagy in itraconazole-induced
cytotoxicity, two known autophagy inhibitors were applied:
NH4Cl and 3-MA. Both largely attenuated itraconazole-induced
Eca-109 cell death (Fig. 3J). Collectively, the results suggest that
itraconazole induces AMPK-dependent autophagic death of
esophageal cancer cells.

Itraconazole inactivates Akt-mTORC1 signaling and induces
multiple RTK degradation

mTORC1 is important for esophageal cancer cell progression
(27, 28). As shown in Fig. 4A, treatment with itraconazole
(3.0 mg/mL, 12 hours) in Eca-109 cells inhibited phosphorylation
of themTORC1 substrates 4E-binding protein 1 (4E-BP1, Ser-65)
and S6 (Ser-235/236), suggesting mTORC1 inhibition (29, 30).
Compound C or AMPKa1 shRNA (see Fig. 3) almost
reversed itraconazole-induced mTORC1 inhibition (Fig. 4A).
Conversely, AICAR or ca-AMPKa1 inhibited mTORC1 activation

(p-4E-BP1/p-S6) in Eca-109 cells (Fig. 4B). Akt activation, tested
by p-Akt at both Ser-473 and Thr-308, was also largely inhibited
by itraconazole (Fig. 4C), which was almost completely blocked
by Compound C or AMPKa1 shRNA (Fig. 4C). Furthermore,
AICAR or ca-AMPKa1 similarly inhibited Akt activation in
Eca-109 cells (Fig. 4D). The results suggest that AMPK activation
by itraconazole also inhibits Akt–mTORC1 signaling.

Cocurrent activation of multiple RTKs is responsible for down-
stream Akt-mTORC1 activation (31, 32). Expressions of several
RTKs in itraconazole-treated cells were then tested. As demon-
strated, treatment with itraconazole in Eca-109 cells induced
downregulation of several RTKs, including EGFR, PDGFRa, and
PDGFRb (Fig. 4E). Notably, such effect by itraconazole was also
dependent on AMPK and was abolished by Compound C or
AMPKa1 shRNA (Fig. 4E). AICAR or ca-AMPKa1 similarly
induced downregulation of RTKs (EGFR, PDGFRa, and
PDGFRb; Fig. 4F). In the patient-derived primary esophageal
cancer cells, itraconazole treatment also inducedAMPK activation
(Supplementary Fig. S2E), RTK degradation (Supplementary
Fig. S2F), and Akt inhibition (Supplementary Fig. S2G). Notably,
RTKs expression and pAkt were quite low in the noncancerous
HEEC cells (Supplementary Fig. S2F and S2G), which could
explain why the epithelial cells were not killed by itraconazole
(Fig. 1D), even though AMPK was activated in the cells (Supple-
mentary Fig. S2E). The results indicate that AMPK activation by
itraconazole induces degradation of several RTKs, causing down-
stream Akt inhibition.
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Figure 2.

Itraconazole fails to induce apoptosis in esophageal cancer cells. Listed cells were treated with/without applied concentrations (0.3–3.0 mg/mL) of
itraconazole ("Itra") or C6 ceramide ("C6 Cer"); cells were then cultured in conditional medium for designated time and were tested by designated apoptosis
assays (A–C and F, data were quantified). Eca-109 cells were pretreated for 1 hour with 50 mmol/L of Z-DEVD-fmk ("DEVD"), Z-IETD-fmk ("IETD"), or Z-VAD-fmk
("VAD"), followed by itraconazole ("Itra", 3.0 mg/mL) treatment for 72 hours; cell viability (MTT assay, D) and cell death (trypan blue staining assay, E)
were tested. � , P < 0.05 versus group "Ctrl."
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AMPK activation by itraconazole dictates RTKs lysosomal
enrichment and degradation

Next, the underlying mechanism of itraconazole-induced
RTK degradation was assessed. As shown in Fig. 5A, itraconazole
(3.0 mg/mL, 1 hour) treatment in Eca-109 cells induced RTK
(EGFR, PDGFRa and PDGFRb) translocation from plasmamem-
brane to lysosome. The plasma membrane–located RTKs were

decreased, and the lysosome-enriched RTKs were increased after
itraconazole treatment (Fig. 5A). Na-K-ATPase was tested as the
plasma membrane marker protein, and LAMP1 (lysosome-
associated membrane protein 1) is the lysosomal maker
(Fig. 5A). Such activity by itraconazole was almost abolished by
AMPKa1 shRNA (Fig. 5A). ca-AMPKa1 also promoted RTK trans-
location to lysosome (Fig. 5B). The results suggest that
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AMPK activation mediates itraconazole-induced esophageal cancer autophagic cell death. Eca-109 cells were treated with itraconazole ("Itra," 3.0 mg/mL)
for applied time; expression of listed proteins are shown (A and H). Puromycin-selected stable Eca-109 cells, with scramble control shRNA ("shRNA-Ctrl") or
AMPKa1 shRNA ("shRNA-AMPKa1"), were treated with itraconazole, or plus AMPK inhibitor Compound C ("CC," 10 mmol/L); expression of listed proteins are
shown (B); cell viability (C) was tested. Eca-109 cells with dominant negative mutant AMPKa1 (T172A, "dn-AMPKa1," Flag-tagged), constitutively active AMPKa1
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itraconazole dictates RTKs (EGFR, PDGFRa, and PDGFRb) lyso-
somal translocation in an AMPK-dependent manner.

NH4Cl increases the intralysosomal pH and prevents autop-
hagic protein degradations (33). Furthermore, 3-MA is known
to block conversion of LC3B-I to LC3B-II, and to inhibit
autophagosome formation (33). Remarkably, the autop-
hagy/lysosomal inhibitors almost completely blocked RTK
degradation in Eca-109 cells (Fig. 5C). The results suggest that
itraconazole promotes RTK translocation to lysosome for
possible degradation.

Considering that the two autophagy inhibitors also largely
attenuated itraconazole-induced cytotoxicity (Fig. 3), we specu-
late that RTK degradation might be the key mechanism of itra-
conazole-induced cytotoxicity. Therefore, shRNA strategy was
applied to knock down the RTKs (EGFR, PDGFRa, and PDGFRb)
in Eca-109 cells. Western blot assay results (Fig. 5D) confirmed
knockdown of all three RTKs by the designated shRNAs, and
activation of Akt (p-Akt at Thr-308) was also largely inhibited
(Fig. 5D). Compared with the control cells, shRNA knockdown
of all three RTKs inhibited Eca-109 cell survival (Fig. 5E).
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Significantly, itraconazole was unable to further exert cytotoxicity
to the cells with depleted RTKs (Fig. 5E). The results imply that
degradation of RTKs (EGFR, PDGFRa, and PDGFRb) by itraco-
nazole could be the main cause of Akt inhibition and subsequent
Eca-109 cell death.

Itraconazole oral administration inhibits esophageal cancer
cell growth in mice

The potential in vivo antiesophageal cancer activity by itraco-
nazole was also tested. Eca-109 cells were inoculated (subcuta-
neous injection) to SCID mice, and xenograft tumors were estab-
lished. Tumor growth curve results show that daily administration
of itraconazole (50 mg/kg, gavage) efficiently inhibited Eca-109
tumor growth (Fig. 6A). Estimated daily tumor growth (in mm3/
day) was also significantly lower in itraconazole-treated mice
(Fig. 6B). The Eca-109 tumors were lighter after itraconazole
treatment (Fig. 6C). Significantly, the same itraconazole (50
mg/kg, daily, gavage) treatment was almost ineffective against
tumors of AMPKa1-shRNA–expressing Eca-109 cells (Fig. 6A–C).
Thus, itraconazole failed to inhibit Eca-109 tumor growth when
AMPKa1 was silenced. Notably, mice body weight was not

different between the groups (Fig. 6D). We also failed to observe
any apparent toxicities in the experimental mice. Thus, the mice
werewell tolerated to the itraconazole administration, as reported
by other studies (3, 4).

The signalings were also tested in itraconazole-treated tumor
tissues. Western blot assay was employed. Results show that
itraconazole administration in vivo activated AMPK signaling in
Eca-109 tumor tissues, and p-AMPKa1 and p-ACC were signif-
icantly increased at day 1 after the itraconazole administration
(Fig. 6E). Furthermore, RTKs (EGFR, PDGFRa, and PDGFRb)
were downregulated in tumor tissues with itraconazole treat-
ment (Fig. 6F). Remarkably, AMPKa1-shRNA–expressing
tumors show depleted AMPKa1 (Fig. 6E and F). Itracona-
zole-induced AMPK activation (p-AMPKa1/p-ACC) and RTK
degradation were almost completely reversed in AMPKa1-
shRNA–expressing tumors (Fig. 6E and F). The in vivo growth
of sh-AMPKa1–expresssing Eca-109 tumors was not significant-
ly different from the control tumors with shRNA-C (Supple-
mentary Fig. S3A–S3C). The mice body weight was indifferent
between the two groups as well (Supplementary Fig. S3D). One
possibility is that the basal AMPK activation (AMPK/ACC
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AMPK activation by itraconazole dictates RTK lysosomal enrichment and degradation. Eca-109 cells, expressing scramble control shRNA ("shRNA-C"),
AMPKa1 shRNA ("sh-AMPKa1"), or constitutively active AMPKa1 (T172D, "ca-AMPKa1"), were treated with/without itraconazole ("Itra," 3.0 mg/mL) for 1 hour;
cell plasma fraction and lysosomal fraction were isolated, and expressions of listed proteins are shown (A and B); Eca-109 cells, pretreated with 3-MA (2.5 mmol/L)
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the listed RTKs in Eca-109 cells infected with EGFR-shRNA plus PDGFRa/b-shRNA or scramble control shRNA ("sc-sh") were shown; p-Akt and regular Akt1
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phosphorylation) was quite low in the control Eca-109 tumors
(Supplementary Fig. S3E). The results indicate that AMPK
activation likely mediates itraconazole-induced antitumor
activity in vivo.

To further confirm the antiesophageal cancer cell activity in vivo,
we next inoculated primary human esophageal cancer cells to
SCID mice. Within 3 weeks, tumors of primary cancer cells
("primary tumors") were established. As shown in Fig. 6G and
H, growth of the primary tumors in SCID mice was largely
inhibited with the itraconazole treatment (50mg/kg, oral admin-
istration, daily). Tumor weights (at the terminal) were also
significantly lower after itraconazole administration (Fig. 6I). The
mice body weight was not affected (Fig. 6J). Therefore, itracona-
zole efficiently inhibited in vivo growth of the primary human
cancer cells.

Discussion
The results of this study suggest that AMPK activation is

the key signaling mechanism responsible for itraconazole-
mediated antiesophageal cancer cell activity. Pharmacologic
AMPK inhibition, AMPKa1 shRNA, or dominant negative
mutation (T172A) almost completely nullified itraconazole-
induced cytotoxicity in esophageal cancer cells. Conversely,
AMPK activator AICAR or exogenous expression of ca-AMPKa1
mimicked itraconazole actions. Further mechanistic studies
show that itraconazole provoked AMPK-dependent autophagic
cell death (but not apoptosis) in esophageal cancer cells. In vivo,
itraconazole gavage potently inhibited esophageal cancer cell
growth in SCID mice. It was however ineffective against
AMPKa1-shRNA tumors.
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Itraconazole-induced the antiesophageal cancer cell activity in vivo. The exact same amount of stable Eca-109 cells, expressing scramble control shRNA ("shRNA-C")
orAMPKa1 shRNA ("sh-AMPKa1";A–F), aswell as the primary humanesophageal cancer cells (G–J), were inoculated to theSCIDmice.When the tumor volumeswere
around 150mm3,micewere randomly assigned to the listed groups, with 10mice per group. Itraconazole (50mg/kg, gavage, daily) or vehicle ("Veh") administration
was performed; the tumor volume (A andG) and themice bodyweight (D and J)were recordedevery 7 days; daily tumor growth (inmm3/day)was also calculated (B
and H); at day 42, all animals were subjected to surgery, and tumors were separated and weighted (C and I). At experimental day 1, 16 hours after the itraconazole
administration, one Eca-109 tumor per group was isolated; expressions of listed proteins in tumor lysates are shown (E and F). � , P < 0.05 versus group "Veh" (A and
G). #, P < 0.05 versus group "Itra þ shRNA-C" (A). � , P < 0.05 (B and C).
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There are several mechanisms responsible for AMPK-mediated
cancer-suppressing actions. For example, activated AMPK directly
(by phosphorylating Raptor; ref. 34) or indirectly (by phosphor-
ylating TSC2; ref. 35) inhibits mTORC1 signaling (26). Mean-
while, AMPKactivation couldprovoke proapoptotic p53 (36) and
JNK (37) cascades. AMPK could also induce autophagic cancer cell
death, directly (vs. phosphorylating Ulk1; ref. 38) or indirectly
(via inhibiting mTORC1; ref. 26). In this study, mTORC1 inhi-
bition and autophagy induction were observed in itraconazole-
treated cancer cells. Remarkably, we here propose another AMPK-
dependent mechanism to inhibit cancer cells, by inducing deg-
radation of multiple RTKs (EGFR, PDGFRa, and PDGFRb).

Concurrent activation of multiple RTKs in human esophageal
cancer cells leads to sustained activation of oncogenic signaling
cascades (i.e., PI3K-Akt-mTOR) to promote cancer progression
(39). Tyrosine kinase inhibitor against single RTKs could only
result in part or even no inhibition of the downstream cascades; it
is therefore less effective against human cancer cells. The novel
finding of this study is that AMPK activation by itraconazole
induces lysosomal enrichment and subsequent degradation of
multiple RTKs (EGFR, PDGFRa, and PDGFRb), causing down-
stream Akt inhibition and esophageal cancer cell autophagic
death. Such activity by itraconazole was almost reversed with
AMPK blockage, silence, or mutation. Notably, the anticancer cell
activity by itraconazole was compromised in Eca-109 cells with
depleted-RTKs (EGFR, PDGFRa, and PDGFRb). In addition,
expressions of RTKs as well as downstream Akt activation were
quite low in the HEEC epithelial cells (Supplementary Fig. S2);
this might explain why these cells were not killed by itraconazole
(Fig. 1D). Therefore, itraconazole-induced AMPK-dependent
lysosomal degradation of RTKs (EGFR, PDGFRa, and PDGFRb)
could be the primary reason of its superior and specific anticancer
cell activity.

The clinical studies have demonstrated that patients with
prostate cancer, lung cancer, and basal cell carcinoma shall benefit
from the itraconazole treatment (5–7). Further studies also pro-
posed the superior anticancer activity of itraconazole again leu-
kemia, ovarian, breast, and pancreatic cancers (5–7). Itraconazole

has safe pharmacokinetics as well as a defined toxicity profile
(5–7). Given this information, it would be certainly interesting to
further test itraconazole as a promising antiesophageal cancer
agent in clinical settings.
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