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Econazole nitrate inhibits PI3K 
activity and promotes apoptosis in 
lung cancer cells
Chao Dong1,2, Runxiang Yang2, Hongjian Li3,4, Kunbin Ke1,5, Chunxiang Luo2, Fang Yang2, 
Xi-Nan Shi1, Ying Zhu1, Xu Liu1, Man-Hon Wong4, Guimiao Lin6, Xiaomei Wang6, Kwong-Sak 
Leung3,4, Hsiang-Fu Kung1, Ceshi Chen7 & Marie Chia-mi Lin8

The phosphatidylinositol-3-kinase (PI3K)/AKT signaling pathway plays a pivotal role in many cellular 
processes, including the proliferation, survival and differentiation of lung cancer cells. Thus, PI3K is a 
promising therapeutic target for lung cancer treatment. In this study, we applied free and open-source 
protein-ligand docking software, screened 3167 FDA-approved small molecules, and identified putative 
PI3Kα inhibitors. Among them, econazole nitrate, an antifungal agent, exhibited the highest activity in 
decreasing cell viability in pathological types of NSCLC cell lines, including H661 (large cell lung cancer) 
and A549 (adenocarcinoma). Econazole decreased the protein levels of p-AKT and Bcl-2, but had no 
effect on the phosphorylation level of ERK. It inhibited cell growth and promote apoptosis in a dose-
dependent manner. Furthermore, the combination of econazole and cisplatin exhibited additive and 
synergistic effects in the H661 and A549 lung cancer cell lines, respectively. Finally, we demonstrated 
that econazole significantly suppressed A549 tumor growth in nude mice. Our findings suggest that 
econazole is a new PI3K inhibitor and a potential drug that can be used in lung cancer treatment alone 
or in combination with cisplatin.

Lung cancer is the most common malignancy worldwide and the leading cause of cancer-related death, with 1.6 
million lives each year attributable to the disease (according to WHO 2012 estimates). Non-small-cell lung cancer 
(NSCLC) is the most common form of lung cancer, accounting for 85% of all cases1. The traditional treatments 
for NSCLC include surgery, chemotherapy and radiotherapy, but the five-year survival rate is only 15%. In recent 
decades, targeted therapies against EGFR mutations and ALK rearrangements have improved patient prognoses. 
However, new therapeutic targets and drugs are urgently needed for lung cancer treatment.

The phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway promotes carcinogenesis and the devel-
opment of a variety of human cancers, including NSCLC2,3. Genetic alterations of the PI3K pathway, such as 
PIK3CA mutation and PTEN mutation and loss, are observed in 16% of NSCLC cases4. Yamamoto et al. identified 
PIK3CA mutations in 4.7% of more than 700 lung cancer samples5. In another study, 3% (34/1117) of NSCLC 
patients harbored PIK3CA mutations, and no significant correlation between PIK3CA mutations and patho-
logical types was detected6. The PIK3CA gene encodes the p110α catalytic subunit of PI3K7,8. In one study, high 
cytoplasmic PI3K p110α expression was detected in 48.6% (69/142) of NSCLC samples regardless of the mutation 
status of PIK3CA6. As a central node in this pathway, PI3K represents an attractive therapeutic target for lung 
cancer treatment.

Currently, several PI3K inhibitors, including the pan-PI3K inhibitor buparlisib (BKM120) and the 
PI3Kα-selective inhibitor alpelisib (BYL719), are being evaluated in clinical trials9–11. The phase II BASALT-1 
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study reported that the 63 NSCLC patients who received single-agent buparlisib (100 mg/day) achieved good 
clinical outcomes12. Combinations of PI3K inhibitors with other agents, such as doxorubicin, dichloroacetate, 
docetaxel, and temozolomide, exhibit better efficacy than monotherapy10,13,14.

Computer-aided drug design has become an important method for drug development, which has greatly 
accelerated the efficiency of drug discovery and reduced costs. Molecular docking, as the core technology, is 
a computational method in which small molecule ligands are docked to the active pockets of the receptor (the 
target protein) to predict candidate drugs. Using this approach, our team has previously identified fluspirilene as 
a potential CDK2 inhibitor15.

Among the catalytic subunits of PI3K, PI3Kα is closely associated with tumorigenesis. Therefore, PI3Kα 
appears to be an ideal target for drug development. In this study, we utilized free and open-source protein-ligand 
docking software idock16,17, binding affinity prediction software RF-Score-v318, and molecular visualization tool 
iview19 to screen 3167 FDA-approved small molecules to identify putative PI3Kα inhibitors. Among them, econa-
zole nitrate, an antifungal agent, exhibited the highest activity in decreasing cell viability in pathological types of 
NSCLC cell lines, including H661 (large cell lung cancer), A549 (adenocarcinoma), NCI-H520 and SK-SEM-1 
(squamous cell carcinoma), but had little cytotoxicity in BEAS-2B (normal lung bronchial epithelial cell line). In 
silico, we analyzed the econazole binding conformation and recognized potential critical intermolecular interac-
tions between econazole and PI3Kα. Compared to the known PI3K inhibitors (BLY719 and BKM120), econazole 
showed the more potent cytotoxicity in H661 cells. Econazole decreased the protein levels of p-AKT and Bcl-2, 
but had no effect on the phosphorylation level of ERK. As expected, econazole inhibited cell growth and induced 
apoptosis in the H661 and A549 lung cancer cell lines in a dose-dependent manner. Furthermore, the combi-
nation of econazole and cisplatin exhibited synergistic and additive effects in H661 and A549 lung cancer cells, 
respectively. Furthermore Econazole significantly suppressed A549 tumor growth in nude mice. Our findings 
suggest that econazole is a novel PI3K inhibitor and a potential drug that can be used in lung cancer treatment 
alone or in combination with cisplatin.

Results
Ensemble docking, drug repositioning, and compound selection.  In total, 3167 FDA-approved 
drugs were docked and ranked according to their average predicted binding affinity across 8 X-ray crystal struc-
tures of PI3Kα. The drugs were individually docked to the ATP binding pocket of PI3Kα and then sorted in 
ascending order of their predicted binding free energy. The visual docking results using the 4JPS entry are avail-
able at http://istar.cse.cuhk.edu.hk/idock/iview/?4JPS-dbap+fda+npc. Eight compounds (Table 1) were selected 
for subsequent investigation.

Econazole inhibits lung cancer cell viability.  We tested the anticancer effects of the eight compounds 
using the MTT assay. Five of the eight compounds decreased cell viability in the H661 lung cancer cell line 
but exhibited discrepant cytotoxicity at different concentrations (Fig. 1A). Among them, econazole (ZINC ID 
00596881) exhibited the strongest anticancer effect in a dose-dependent manner (IC50 = 6.0 μM). Next, we 
tested the inhibitory effects of econazole in other NSCLC cell lines and BEAS-2B, an SV40 immortalized normal 
lung bronchial epithelial cell line. We observed that econazole exhibited excellent inhibitory effects in multiple 
NSCLC cell lines in a dose-dependent manner (IC50 = 13.5 μM in A549, 22.2 μM in SK-SEM-1, and 22.3 μM in 
NCI-H520) but had little cytotoxicity in BEAS-2B cells (Fig. 1B). The predicted binding free energy of econazole 
by idock was −7.3 kcal/mol, and its predicted binding affinity by RF-Score was 7.07 pKd. The 2D structure of 
econazole is presented in Fig. 1C. The predicted conformation of econazole in complex with PI3Kα protein is 
shown in Fig. 1D. Putatively, econazole binds to PI3Kα by forming a hydrogen bond with Ser854 and a halogen 
bond with Asp810 and hydrophobic contacts with Ile848 and Ile932. To test whether the anti-cancer effect of 
econazole in lung cancer is as potent as other PI3K inhibitors, we compared its cytotoxicity with two known PI3K 
inhibitors (PI3Kα-selective inhibitor alpelisib BLY719 and pan-PI3K inhibitor buparlisib BKM120) in H661 cells. 
As shown in Fig. 1E, econazole (IC50 = 6.0 μM) was more potent than BLY719 (IC50 = 45.9 μM) and BKM120 
(IC50 = 63.9 μM) in terms of cytotoxicity for 24 hours.

Econazole specifically inhibits AKT phosphorylation and Bcl-2 gene expression.  The puta-
tive PI3K signal transduction pathway is shown in Fig. 2A. The activation of PI3K downstream target AKT 

ZINC ID idock score RF score Name Clinical usage

596881 −7.30 7.07 Econazole nitrate Antifungal

3810860 −8.78 7.09 Ezetimibe Cholesterol absorption inhibitor

601275 −8.97 7.15 Talniflumate Anti-inflammatory and analgesic effect

3802417 −8.14 7.24 Alvimopan Treatment of gastrointestinal dysfunction

13831810 −8.01 7.67 Mizolastine H1 receptor antagonists

29489118 −8.52 7.11 Flupentixol dihydrochloride Antidepressants

601242 −8.16 7.30 doxazosin mesylate Treatment of hypertension

11677837 −8.11 7.57 Apixaban Thrombosis prevention

Table 1.  Characteristics of the eight high-scoring compounds tested. Compounds with a low idock score (a 
measurement of binding free energy in kcal/mol units) and a high RF score (a measurement of binding affinity 
in pKd units) may likely bind the PI3Kα protein.

http://istar.cse.cuhk.edu.hk/idock/iview/?4JPS-dbap+fda+npc
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phosphorylation plays a pivotal role in enhancing tumor angiogenesis, cell growth/apoptosis, invasion/metastasis 
in PI3K/AKT pathway. We investigated the effect of econazole on the expression of critical PI3K/AKT signaling 
pathway proteins by Western blotting (Fig. 2B). H661 and A549 cells were treated with increasing concentrations 
of econazole for 24 hours. As shown in Fig. 2B, econazole decreased the expression of PI3K p110α in H661 but 
not A549 cells and had no effect on PI3K p110δ. As expected, AKT phosphorylation (Thr308 and Ser473) levels 
were significantly decreased by econazole in a dose-dependent manner (>1.25 μM), whereas total AKT protein 
levels were not affected. Econazole did not decrease the phosphorylation levels of ERK, indicating the specificity 
of econazole to the PI3K pathway. Econazole also specifically decreased the expression levels of Bcl-2 but not 
MMP-9 or VEGF, suggesting that econazole induces apoptosis in lung cancer cells.

Econazole promotes apoptosis in lung cancer cells.  We treated H661 and A549 cells with econa-
zole (0.5, 5, 10 and 20 μM) for 24 hours and performed Annexin V staining. As shown in Fig. 3A and B, econa-
zole significantly and dose-dependently increased the percentage of Annexin V-positive H661 and A549 
cells. To test whether econazole activates apoptotic signaling in lung cancer cells, we examined the cleavage of 
poly-(ADP-ribose)-polymerase (PARP) and caspase-3, two apoptotic biomarkers. Both H661 and A549 cells 
were treated with varied concentrations of econazole (0, 0.5, 5, 10, or 20 μM) for 24 hours. Econazole induced 
PARP and caspase-3 cleavage in a dose-dependent manner (Fig. 3B). These results demonstrated that econazole 
promotes apoptosis in lung cancer cells.

Combination of econazole and cisplatin produced additive effect in lung cancer cells.  To eval-
uate the combination effect of econazole and cisplatin, we treated H661 and A549 cells with increasing con-
centrations of econazole and cisplatin either alone or in combination for 36 hours. As shown in Fig. 4A, the 
combination treatment exhibited synergistic and additive killing effects in H661 and A549 cells, respectively, 
with H661 cells more sensitive to the drug treatments. In addition, we also treated H661 and A549 cells with 
econazole and cisplatin for 12 hours and measured apoptosis by Annexin V-FITC and propidium iodide (PI) 
staining, followed by flow cytometry analysis. Results obtained indicated that combination of econazole with cis-
platin significantly increased the percentage of apoptotic cells as compared to either econazole or cisplatin alone 
(Fig. 4B). Consistently, the combination treatment also induced more PARP and caspase-3 cleavage than single 
drug treatments (Fig. 4C).

Econazole suppressed A549 tumor growth in nude mice.  To evaluate the anti-tumor effect of 
Econazole on the growth of lung carcinoma in vivo, we subcutaneously injected A549 cells in BALB/C nude 

Figure 1.  Putative PI3Kα inhibitors suppress lung cancer cell line viability. (A) Eight candidate PI3Kα 
inhibitors decreased the viability of H661 lung cancer cells with discrepant cytotoxicity at different 
concentrations. (B) Econazole (2.5, 5, 10, 20, or 40 μM) inhibited the viability of four NSCLC cell lines (H661, 
A549, H520 and SK-SEM-1) in a dose-dependent manner, but has little effect on BEAS-2B cells. The cells 
were treated with econazole for 24 hours. (C) The structure of econazole. (D) The predicted conformation of 
econazole in complex with PI3Kα (PDB ID: 4JPS). PI3Kα is depicted as a molecular surface representation 
colored by atom type. Econazole is rendered as sticks colored by atom type. Intermolecular interacting 
atoms and residues are labeled. The cyan and wheat dashed lines indicate a hydrogen bond and a halogen 
bond, respectively. This figure was created using the web-based visualizer iview. (E) The 24-hour cytotoxicity 
of econazole and two known PI3K inhibitors (PI3Kα-selective inhibitor BLY719 and pan-PI3K inhibitor 
BKM120) in H661 cells.
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mice. When tumors grow to about 70–80 mm3 (day 7), econazole (50 mg/kg daily) was administrated I.P. for 21 
days. As shown in Fig. 5A, econazole significantly suppressed tumor growth compared to the vehicle control. The 
tumor weight from the econzaole treatment group was also significantly lighter than the negative control group 
while it did not affect mouse bodyweight. These results suggested that econazole is a candidate anti-cancer drug 
for human lung adenocarcinoma.

Discussion
Lung cancer is recognized as the most prevalent type of cancer and is responsible for significant patient mortality. 
Lung cancers are generally divided into two main categories: small cell lung cancer (SCLC) and non-small cell 
lung cancer (NSCLC). NSCLC is the most common form of lung cancer, representing 80–85% of all cases. NSCLC 
is further divided into squamous cell carcinoma (25–30%), adenocarcinoma (35–40%), and undifferentiated large 
cell carcinoma (10–15%). In recent years, the curative efficacy of traditional treatments, including chemotherapy 
and radiotherapy, has reached a bottleneck. The toxicity and side effects of chemotherapy and radiotherapy limit 
their clinical applications. Targeted therapy has become one of the most attractive and promising therapeutic 
approaches because of its reliable efficacy and mild side effects. The identification of therapeutic driver mutations, 
such as activating EGFR mutations and rearrangements of the ALK oncogene, has improved the outcomes of 
patients with these genetically defined NSCLCs within the last decade20,21. Thus, it is important to identify more 
therapeutic targets and their inhibitors for the treatment of lung cancer22.

The dysregulation of the PI3K signaling pathway is closely related to tumor development, metastasis, apop-
tosis and drug resistance in lung cancer23. PI3K belongs to a large family of lipid kinases that regulate numerous 
biological processes by generating lipid second messengers24. Upon activation, PI3K leads to the phosphoryla-
tion of Akt, which promotes downstream signaling proteins involved in cell proliferation/survival, angiogenesis, 
motility/invasion25. AKT is activated by phosphorylation at both Thr-308 and Ser-473 sites26, which activates 
downstream proteins to promote resistance to the EGFR inhibitor gefitinib in lung cancer patients27,28. The Bcl-2 
family member proteins are crucial PI3K/AKT downstream proteins promoting cell survival. Down-regulation 
of p-AKT decreases the expression of Bcl-2 in NSCLC29,30. Caspase-3, a major executioner caspase in apoptosis, 
is one of the most important members of the caspase protein family. Caspase-3 is responsible for the downstream 
execution steps of apoptosis by cleaving PARP31. Accumulated reports have indicated that inhibition of AKT 
phosphorylation simultaneously activates caspase-3 in lung cancer A549 cells32, and promotes caspase-3 resist-
ance to EGFR inhibitor therapy in several NSCLC cell lines28.

More than twenty PI3K inhibitors have demonstrated favorable anticancer effects in preclinical experiments 
and have entered clinical trials33. Currently, the methods of identifying PI3K inhibitors require advanced tech-
niques and a significant amount of time and money. In this study, we took advantage of in silico tools. With the 
availability of crystal structures of PI3Kα, we applied free and open-source protein-ligand docking software, and 
screened 3167 FDA-approved drugs in a short time. We identified new anti-cancer indications of existing drugs 
that have been previously approved for the treatment of other diseases. Among the eight candidates shortlisted 

Figure 2.  Econazole specifically inhibits the PI3K/AKT pathway in lung cancer cell lines. (A) The putative 
PI3K/AKT signaling pathway. (B) H661 and A549 cells were treated with increasing concentrations of 
econazole (1.25, 2.5, 5, or 10 μM) for 24 hours. The expression levels of p-AKT (S473 and T308) and Bcl-2 were 
decreased by econazole treatment in a dose-dependent manner. The expression of PI3K p110α in H661 but 
not A549 cells was decreased by econazole treatment, and econazole had no effect on PI3K p110δ in both cells. 
The expression levels of t-AKT, ERK, p-ERK, VEGF and MMP-9 were not changed by econazole treatment. 
Normalized band intensities were added below each band.
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from the virtual screening results, econazole exhibited the strongest anticancer activity. Econazole decreased cell 
viability in all pathological types of NSCLC cell lines, including H661 (large cell lung cancer), A549 (adenocarci-
noma), NCI-H520 and SK-SEM-1 (squamous cell carcinoma). Among the four cell lines, econazole exhibited the 
strongest inhibitory effect particularly in H661 and A549 cells. Importantly, econazole has little toxicity in normal 
lung bronchial epithelial cells. Compared to two known PI3K inhibitors, BLY791 and BKM120, econazole showed 
more potent cytotoxicity in H661.

Molecular docking indicated that econazole binds to the ATP-binding pocket of PI3K through a hydrogen 
bond and a halogen bond. Computer-aided drug design might provide new ideas for the development of PI3K 
inhibitors. However, it remains necessary to confirm the drug effects through biological experiments.

Econazole nitrate, one of the imidazole anti-fungal agents, has been used in the treatment of mycosis with a 
minimum inhibitory dose of 1 mol/m3 34. The primary pharmacological structure of econazole is an imidazole 
ring similar to the structure of PI3K inhibitors. All small molecule PI3K inhibitors competitively bind to the 
kinase catalytic domain of the ATP-binding pocket, including imidazole, pyridine, quinazoline derivatives, thi-
azole and other compounds. Therefore, these inferred that the structure of the imidazole ring of econazole may 
play an important role in the inhibition of PI3Kα. Recent studies demonstrated that econazole exhibits cytotoxic 

Figure 3.  Econazole induces apoptosis in lung cancer cell lines. (A) Econazole induced apoptosis in H661 and 
A549 lung cancer cells. H661 and A549 cells were treated with econazole at 0.5, 5, 10, or 20 μM for 24 hours. 
Apoptosis was measured by Annexin V/PI staining. (B) Econazole induced the cleavage of Caspase-3 and PARP 
in lung cancer cells, as measured by Western blotting. H661 and A549 cells were treated with econazole (1.25, 
2.5, 5, or 10 μM) for 24 hours. Normalized band intensities were added below cleaved PARP and Caspase-3.
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Figure 4.  Econazole and cisplatin additively inhibited lung cancer cell line viability. (A) Econazole and cisplatin 
additively decreased the cell viability of H661 and A549 cells. The combination of econazole and cisplatin 
exhibited stronger inhibition than did any single drug. (B) Econazole and cisplatin additively induced apoptosis 
in H661 and A549 lung cancer cells. The combinations of econazole with cisplatin at the varying concentrations 
significantly induced more apoptosis in H661 and A549 cells than any single drug did, as measured by Annexin 
V/PI staining. (C) Econazole and cisplatin additively induced greater cleavage of PARP and Caspase-3 than 
any single drug did, as measured by Western blotting analysis. Normalized band intensities were added below 
cleaved PARP and Caspase-3.
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activities in cancer cell lines, although the exact mechanism remains unclear35,36. Econazole inhibits the prolifer-
ation of the MCF-7 breast cancer cell line in vitro and in vivo35,37,38.

Similarly, econazole (1–30 μM) inhibits the proliferation of the PC3 prostate cancer cell line by stimulating 
Ca2+ influx into cells39. Additionally, econazole (5–20 μM) arrests human colon cancer cells at the G0/G1 phase 
of the cell cycle40. Here, we demonstrated that in lung cancer cell lines, econazole promote apoptosis through 
inhibiting the activity of PI3Kα via AKT and Bcl2.

Activation of AKT phosphorylation has been implicated as an important signaling pathway for cell survival 
and apoptosis. Itraconazole, another traditional antifungal drug, has been identified as a novel potential anti-
cancer agent in glioblastoma41. Itraconazole induced autophagy and inhibited cell proliferation by repression of 
PI3K-AKT-mTOR signaling41–43.

Bcl-2 is a critical anti-apoptotic protein44. Econazole decreased AKT phosphorylation and Bcl-2 protein 
expression in both H661 and A549 cell lines. Consequently, econazole induces apoptosis, as evidenced by the 
cleavage of caspase-3 and PARP. The anti-cancer effect of econazole in lung cancer cells may be attributable to the 
induction of apoptosis via the down-regulation of p-AKT and Bcl-2.

In general, combination therapy is superior to monotherapy in cancer treatment12. Early clinical trial 
results demonstrated that the efficacy of single PI3K inhibitors is limited45. Buparlisib, a pan-class PI3K inhib-
itor, was combined with carboplatin and paclitaxel for patients with advanced solid tumors in a phase I study 
(ClinicalTrials NCT01297452). The preliminary results indicated that the combination of buparlisib and car-
boplatin or paclitaxel was well tolerated and exhibited notable effects against tumors46. Therefore, we tested the 
inhibitory effect of econazole in combination with cisplatin in lung cancer cells. We found that the combinations 
of econazole with cisplatin exhibited additive or synergistic therapeutic efficacy and induced more apoptosis than 
the single drug. It will be worthwhile to study combinations of econazole with other chemotherapeutic drugs or 
targeted therapeutic drugs in lung and other cancers.

Conclusion
Using the structure-based virtual screening tool idock, econazole was identified among a group of FDA-approved 
drugs as a promising PI3K inhibitor. Econazole exhibited anticancer effects in H661 and A549 lung cancer cells. 
Furthermore, econazole significantly inhibited downstream target of the PI3K/AKT signaling pathway, the AKT 
phosphorylation, the expression of Bcl-2, ans induced apoptosis, in H661 and A549 cell lines. The combination of 
econazole and cisplatin exhibited a stronger effect with respect to the induction of apoptosis than either econazole 
or cisplatin did alone. More importantly, econazole (50 mg/kg) significantly suppresses A549 tumor growth in 

Figure 5.  Econazole suppressed A549 tumor growth in nude mice. (A) Econazole (50 mg/kg daily) significantly 
inhibited A549 tumor growth in nude mice. A549 cells were subcutaneously injected in BALB/C nude mice 
to allow tumors grow to about 70–80 mm3. Econazole was administrated I.P. for 21 days. (B) The tumor mass 
harvest at the end of the experiment. (C) The tumor weight from the econzaole treatment group and the 
negative control group. (D) The mouse bodyweights at the different time points from the econzaole treatment 
group and the negative control group.
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nude mice. These results suggest for the first time that econazole is a promising PI3K inhibitor and a candidate 
anticancer drug for the treatment of lung cancer.

Materials and Methods
Molecular docking and compound selection.  From the Protein Data Bank (PDB), a total of 14 X-ray 
crystallographic structures of PI3Kα were identified. Among them, 8 crystal structures of PI3Kα in complex with 
a large ligand bound at the ATP binding site were selected to use as ensemble docking targets according to the 
protein conformer selection protocol concluded in a recent study47. The PDB codes of the 8 selected structures 
were as follows: 3HHM, 3ZIM, 4JPS, 4L23, 4L2Y, 4TV3, 4WAF and 4YKN. The PI3Kα structures and the co-crys-
tallized ligands were manually extracted from their corresponding complexes with water molecules removed and 
then converted from PDB format to PDBQT format with Auto Dock Tools48. The cubic search space was placed at 
the geometrical center of the bound ligand, with the length, width and height set to 30% greater than those of the 
bound ligand, based on the observation that the geometry of the binding site is often proportional to that of the 
bound ligand. The search space was then further expanded by 4 Å in all three dimensions to spare sufficient room 
for the ligand to translate and rotate within the space.

The structures of approved drugs worldwide were obtained from three catalogs of the ZINC database49, which 
are Drug Bank-50 and FDA-approved drugs (via DSSTOX), and the NCGC Pharmaceutical Collection (NPC)51. 
These constituted a non-redundant set of 3167 drugs that have been approved for clinical use by the US (FDA), 
UK (NHS), EU (EMA), Japanese (NHI), and Canadian (HC) authorities. Similarly, these compounds in Mol2 
format were also converted to PDBQT format.

The free and open source docking software idock v2.2.117 was used to predict the binding conformations and 
binding affinities of the 3167 compounds upon docking against the 8 PI3Kα structures. Program settings were 
tuned to make the conformational searching procedure more exhaustive than the default settings. Specifically, for 
each protein structure, grid maps of free energy with a fine granularity of 0.08 Å were constructed in parallel. For 
each compound, 256 Monte Carlo conformational optimization tasks were run in parallel across multiple CPU 
cores to find the most likely binding conformations.

After docking, up to nine putative conformations were output for each input compound. The docked confor-
mation with the best idock score was selected because it had been previously shown to most closely represent the 
crystal conformation with a redocking success rate of over 50% on three different benchmarks16. The compounds 
were sorted in ascending order of their predicted binding free energy averaged across the 8 PI3Kα structures. 
Moreover, the more accurate scoring function RF-Score v318 was used to re-score all of the compounds and thus 
provide an additional and more reliable estimation of intermolecular binding strength, given the assumption 
that the compounds were bioactive and correctly docked. Therefore, the top-scoring compounds would be those 
with both a low idock score (in terms of binding free energy) and a high RF score (in terms of binding affinity). 
Then, the top-scoring compounds were visually examined using the convenient web-based visualizer iview19 in 
the context of PI3Kα using the X-ray crystal structure of the highest resolution, i.e., PDB code 4JPS. Finally, com-
mercially available compounds were purchased and subsequently validated in vitro.

Chemicals, antibodies, cell lines and cell culture.  The selected chemicals (ezetimibe, talniflumate, alvi-
mopan, mizolastine, fupentixol dihydrochloride, doxazosin mesylate, and apixaban), the leading cancer drug 
econazole and two known PI3K inhibitors (BLY719 and BKM120) were purchased from Copyright J&K Scientific 
Ltd (Beijing, China).

The lung cancer cell lines NCI-H661 (large cell), A549 (adenocarcinoma), NCI-H520 (squamous) and 
SK-SEM-1 (squamous) were obtained from the Cell Bank of Kunming Institute of Zoology, Chinese Academy 
of Sciences. The normal lung bronchial epithelial cell lines BEAS-2B were obtained from Key Laboratory of lung 
cancer research in Yunnan Province.

NCI-H661 and NCI-H520 cell lines were cultured in RPMI 1640 containing 10% fetal bovine serum (FBS) 
(Invitrogen, Rockville, Maryland, USA). A549 and SK-SEM-1 cell lines were cultured in DMEM containing 10% 
FBS (Invitrogen). BEAS-2B cell lines were cultured in F-12 containing 10% FBS (Invitrogen). All media was 
supplemented with 100 U/ml penicillin and 0.1 mg/ml streptomycin. All cells were cultured at 37 °C in 5% CO2.

Antibodies against PI3Kp110α, PI3Kp110δ, total-AKT, phospho-AKT(S473), phospho-AKT(T308), ERK, 
phospho-ERK, Bcl-2, VEGF, MMP-9, PARP, pro-caspase3, cleaved-caspase3 and β-actin were purchased from 
Cell Signaling Technology (Massachusetts, USA) and Abcam (San Francisco, USA).

MTT assays.  H661 and A549 cells were seeded in 96-well plates at a density of 1 × 105 cells per well and 
treated with increasing concentrations of econazole for 24, 36, 48, or 72 hours. The growth inhibitory effect of 
econazole on lung cancer cells was assessed by the MTT assay. The absorbance was measured at 570 nm with a 
Synergy 2 microplate reader according to the standard protocol. The IC50 values were calculated using SPSS 20.0.

Western blotting.  H661 and A549 cells were seeded in 6-well plates, allowed to attach for 24 hours and 
treated with media containing econazole at increasing concentrations of 1.25, 2.5, 5, or 10 μM. The cells were 
harvested 24 hours after incubation. The cells were lysed with RIPA buffer containing 1 mM PMSF and protease 
inhibitor cocktail at 4 °C for 30 minutes. After centrifugation at 13,000 rpm for 15 minutes, the supernatants were 
recovered, and the protein concentration was measured using the BCA Protein Assay Kit (Thermo Scientific, 
Massachusetts, USA). Equal amounts of cell lysates were resolved by 10% SDS-PAGE and transferred onto nitro-
cellulose membranes (Sigma, Shanghai, China). After blocking with skim milk, the membranes were incubated 
sequentially with the appropriate diluted primary and secondary antibodies. Proteins were detected using the 
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enhanced chemiluminescence detection system (Amersham, Piscataway, New Jersey, USA). To ensure equal load-
ing of the samples, the membranes were re-probed with an anti-β-actin antibody.

Flow cytometric analysis of apoptosis.  H661 and A549 cells were cultured in 6-well plates. The cells 
were exposed to econazole, cisplatin, or the combination of econazole and cisplatin for 12 hours. The cells were 
collected and stained with Annexin V-FITC/propidium iodide (PI) according to the manufacturer’s instruc-
tions (Beijing 4 A Biotech Co., Ltd, Beijing, China). The apoptotic cells were analyzed by flow cytometry (BD 
LSRFortessa™, USA).

Tumorigenesis assays.  Male 5–6 weeks old BALB/C nude mice were purchased from Department of 
Animal Experiment, Kunming Medical University and were cultured under specific pathogen free conditions. For 
the xenografted tumor growth assay, A549 cells (1 × 106/0.2 ml PBS) were injected subcutaneously into the right 
flank of the mice. Seven days after inoculation, the tumors grew to a volume of 70–80 m3. The mice were ran-
domly divided into two groups (five mice per group) and injected with Econazole (50 mg/kg in 10%DMSO + 15% 
castor oil + 75% PBS) by I.P. for 21 days. Tumor volumes were measured every 3–4 days after tumor appearance. 
Tumor volume was calculated by the equation V = ab2/2, where a is the longest axis and b is the shortest axis. The 
mice were then sacrificed and the tumors were isolated and weighted. This study was approved by the laboratory 
animal ethics committee of Kunming Medical University.

All methods were performed in accordance with relevant guidelines and regulations.

Statistical analysis.  Data were obtained from at least three different experiments and are expressed as the 
mean ± SEM (standard error of the mean). Statistical analysis was performed by one-way ANOVA (Analysis Of 
Variance), and differences were considered statistically significant for p < 0.05. Statistically significant results are 
marked with an asterisk symbol in the figures.
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