
Identification of novel caspase/autophagy-related gene switch to cell fate
decisions in breast cancers
L.-L. Fu*,†, Y. Yang‡, H.-L. Xu†, Y. Cheng§, X. Wen*,†, L. Ouyang*, J.-K. Bao†, Y.-Q. Wei* and B. Liu*

*State Key Laboratory of Biotherapy and Cancer Center, West China Hospital, Sichuan University, Chengdu, 610041, China, †School of Life
Sciences, Sichuan University, Chengdu, 610064, China, ‡School of Life Science and Biopharmaceutics, Shenyang Pharmaceutical University,
Shenyang, 110016, China and §Department of Pharmacology and The Penn State Cancer Institute, The Pennsylvania State University College of
Medicine, and Milton S. Hershey Medical Center, Hershey, PA, USA

Received 20 June 2012; Revised 24 August 2012; revision accepted 24 August 2012

Abstract
Objectives: Caspases, a family of cysteine prote-
ases with unique substrate specificities, contribute
to apoptosis, whereas autophagy-related genes
(ATGs) regulate cytoprotective autophagy or auto-
phagic cell death in cancer. Accumulating evidence
has recently revealed underlying mechanisms of
apoptosis and autophagy; however, their intricate
relationships still remain to be clarified. Identifica-
tion of caspase/ATG switches between apoptosis
and autophagy may address this problem.
Materials and methods: Identification of caspase/
ATG switches was carried out using a series of ele-
gant systems biology & bioinformatics approaches,
such as network construction, hub protein identifi-
cation, microarray analyses, targeted microRNA
prediction and molecular docking.
Results: We computationally constructed the global
human network from several online databases and
further modified it into the basic caspase/ATG net-
work. On the basis of apoptotic or autophagic gene
differential expressions, we identified three molecular
switches [including androgen receptor, serine/
threonine-protein kinase PAK-1 (PAK-1) and mito-
gen-activated protein kinase-3 (MAPK-3)] between
certain caspases and ATGs in human breast carci-
noma MCF-7 cells. Subsequently, we identified
microRNAs (miRNAs) able to target androgen recep-
tor, PAK-1 and MAPK-3, respectively. Ultimately,
we screened a range of small molecule compounds

from DrugBank, able to target the three above-men-
tioned molecular switches in breast cancer cells.
Conclusions: We have systematically identified
novel caspase/ATG switches involved in miRNA
regulation, and predicted targeted anti-cancer drugs.
These findings may uncover intricate relationships
between apoptosis and autophagy and thus provide
further new clues towards possible cancer drug dis-
covery.

Introduction

Cancer, a complex genetic disease resulting from muta-
tions of oncogenes or tumour suppressors that can
develop into alteration of signalling pathways, has been
well known to have astonishingly numerous links to
programmed cell death (PCD), including to apoptosis,
autophagy and programmed necrosis (1,2). Apoptosis, or
type I PCD, leads to morphological characteristics of
dying cells including cell shrinkage, membrane blebbing
and formation of apoptotic bodies (with or without
nuclear debris) that are phagocytosed by surrounding
cells or by phagocytes (3). Autophagy, or type II PCD,
is independent of phagocytes and differs from apoptosis
by presence of autophagosomes, autolysosomes, and the
cell nucleus remaining intact (4). Programmed necrosis,
or type III PCD, involves cell swelling, organelle dys-
function and cell lysis (2). In contrast with apoptosis
and programmed necrosis, autophagy is not only a
molecular mechanism for cell suicide but also a survival
response to either growth factor or nutrient deprivation
(5). Importantly, co-regulation of apoptosis and auto-
phagy has been well characterized as participating in
cancer cell death (6,7).

Of note, the processes of PCD, particularly referring
to apoptosis, are orchestrated by caspases, a family of
cysteine proteases with unique substrate specificities (8).
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Apoptotic pathways are finely tuned by multiple signal-
ling events, including direct phosphorylation of caspas-
es, whereas kinases are often the substrates of active
caspases. Caspase-mediated cleavage of kinases can ter-
minate pro-survival signalling or generate pro-death pep-
tide fragments that may help execute the death program
(9). Autophagy is highly regulated by a limited number
of autophagy-related genes (ATGs), playing key roles in
autophagosome formation and autophagy regulation
(10–12).

Apoptosis and autophagy bear their distinct morpho-
logical characteristics and physiological processes; how-
ever, there still exist some interrelationships between
them. Under certain circumstances, apoptosis and auto-
phagy can exert synergetic effects, whilst sometimes
autophagy can be triggered only when apoptosis is
suppressed (13). A comprehensive knowledge of apopto-
tic and/or autophagic signalling networks may provide a
framework for better understanding relationships
between them as an integrated system (2,6). With
increasing genome-wide data on genetic, regulatory,
functional and physical interactions, exploration of
‘molecular switches’ between apoptosis and autophagy
is imperative for inferring their complex connections, in
cancer (7,13). Intriguingly, recent studies have reported
that caspases are involved in some autophagic signalling
pathways, indicating relationships between caspases and
ATGs in cancer initiation and progression (14). Based
on these aforementioned studies, identification of novel
caspase/ATG switches may be a promising avenue for
shedding light on exploration of the complicated con-
nections between apoptosis and autophagy in cancer.

In the study described here, we systematically identi-
fied several caspase/ATG switches and their pathways,
involved in miRNA regulation and targeted drug predic-
tion, which may not only uncover intricate relationships
between apoptosis and autophagy, but provide more
potential information towards novel drugs for cancer
therapy.

Materials and methods

Retrieving functional genomic data

To build the global human PPI network, we collected
diverse sets of biological evidence from five online data-
bases. To predict pair-wise PPIs, all data were pre-pro-
cessed into pair-wise scores, reflecting similarity
between protein pairs. We took advantage of several
online databases including protein interaction data from
Human Protein Reference Database (HPRD) (15),
Biomolecular Object Network Databank (BOND) (16),
IntAct (17), HomoMINT (18) and BioGRID (19).

Protein interaction network construction

In combination with caspases (Table S1) and ATGs
(Table S2), we constructed the basic caspase/ATG net-
work in which at least one non-capsase or ATG member
could interact with a caspase or ATG member. Subse-
quently, hub proteins could be based on the three follow-
ing gold standards. First, degree of each protein in the
function-related network was calculated as number of
links that one protein possessed to the other (20). Hub
proteins, identified by their high degrees, were extracted
based on the assumption that high-degree proteins tended
to play a key role in this network. Secondly, we indicated
that hub proteins should connect caspases/ATGs, thereby
making them worth particular attention when developing
novel drug targets. This method was similar to previous
studies that focussed on identifying novel cancer-related
genes (21). Thirdly, the network module could identify
hub proteins at some level, as hubs often enrich within
dense areas rather than in sparse areas (22).

Identifying molecular switches between apoptosis and
autophagy

Proteins that interact with one another often possess
similar gene expression patterns, thus genes that co-
express are more likely to interact than those genes that
cannot co-express. To identify genes that are co-
expressed, we used microarray data from human breast
adenocarcinoma MCF-7 cells, treated with 2.5 mM DTT
to measure pair-wise co-expression of caspases in apop-
tosis (No. GSE22368) (23) and ATGs in autophagy
(No. GSE26459) (24), treated with tamoxifen; co-
expression level was calculated as Pearson Correlation
Coefficient q

X;Y ¼
Pn

i¼1

ðXi � �XÞðYi � �Y Þ
ðn� 1ÞXY

where X and Y are expression level data vectors of
length n for two genes, �X and �Y are means, and rX

and rY are the standard deviations.

Targeted microRNA prediction

As available prediction methods have strongly varying
degrees of sensitivity and specificity, a combination of
methods was assumed to profoundly mitigate the prob-
lem of presentation of false positives and negatives, and
only accounted for interactions that were predicted by
three algorithmically different methods. We assembled
interactions between microRNAs and mRNAs, utilizing
human-specific data from TargetScan (stringent seed
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pairing, site number, site type, site context; option of
ranking by likelihood of preferential conservation rather
than site context) (25), MiRanda (moderately stringent
seed pairing, site number, pairing to most of the
miRNA) (26) and Diana-MicroT (Hybridization energy
threshold rules) (27).

Molecular docking

Initial three-dimensional geometric co-ordinates of the
X-ray crystal structures of androgen receptor (AR)
(2am9), PAK-1 (3fxz) and MAPK-3 (2zoq) were down-
loaded from the Protein Data Bank (PDB) (http://www.
pdb.org/pdb/home/home.do). We then constructed screen-
ing libraries for AR, PAK-1 and MAPK-3 containing all
Food and Drug Administration (FDA)-approved small
molecule compounds, from the latest version of Drug-
Bank (http://www.drugbank.ca/). To predict novel FDA-
approved small molecule drugs targeting AR, PAK-1 and
MAPK-3, already established FDA-approved drugs tar-
geting the three proteins were removed from the original
screening library. Then, the remaining drugs included in
the screening library were subjected to OpenBabel tool-
box to generate their 3D geometric co-ordinates. Subse-
quently, 3D geometric co-ordinates of the drugs were
uploaded to the ZINC database to launch structure editing.

In addition, we used UCSF DOCK6.3 program with
AMBER force field parameters to dock pre-generated
conformations of drugs into AR, PAK-1 and MAPK-3,
for virtually screening their inhibitors (28). We per-
formed flexible-ligand docking to a rigid receptor with
grid-based scoring, in which the ligands (drugs) were
allowed to be flexible and structurally rearranged in
response to the receptor (AR, PAK-1 and MAPK-3). In
docking processes, maximum number of orientations
was set to 500. Subsequently, amber scoring function in
DOCK6.3 was used to re-rank the top 100 drugs (small

molecule compounds) from the previous grid-based
scoring. During amber score calculation, the PDB2PQR
server (29) was utilized to automate PDB file prepara-
tion and protonation state assignments of AR, PAK-1
and MAPK-3 with AMBER force-field.

Results and discussion

Caspase/ATG network

In this study, we computationally constructed the global
human PPI network covering almost all PPIs (about
200 000 protein pairs), based on five online databases
including IntAct, HPRD, HomoMINT, BOND and
BioGRID. To construct the set of true-positive gene
pairs, we achieved physical protein–protein interactions
derived from manually curated PPI databases that
include 58 976 protein pairs (8982 proteins) from Bio-
GRID, 12 272 protein pairs (4073 proteins) from
BOND, 25 256 protein pairs (7998 proteins) from
HomoMINT, 39 240 protein pairs (9619 proteins)
from HPRD, 49 235 protein pairs (8849 proteins) from
IntAct and 12 975 protein pairs (4818 proteins) from
DIP. Thus, we achieved a total number of 85 806
unique protein pairs (13 128 proteins) prepared as the
global human PPI network (Fig. 1). It is well known
that the PPI network is typically complex for its nature,
with multiple connections amongst numerous signalling
pathways; thus, it was necessary to represent the net-
work by further integrating and analysing these high-
throughput data in a specific biological context, such as
cancer. Subsequently, we extracted 12 caspase members
(Table S1) and 23 ATG members (Table S2) and further
modified the PPI network into the caspase/ATG net-
work, composed of 42 proteins (76 protein pairs)
(Fig. 1). Then, we analysed the three main aspects
including differential gene expressions, their clustering

Figure 1. Construction of caspase/autophagy-related gene network.
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and enrichment in a number of biological processes, and
thus further identifying potential molecular switches
between caspases and ATGs.

Microarray analyses of possible molecular switches

Significance analysis of microarray (SAM) analysis was
performed on data of different expression microarrays,
from tamoxifen-treated human breast adenocarcinoma

MCF-7 cells, in apoptotic or autophagic stress, to identify
divergent expression genes between normal and malig-
nant cells (Fig. 2a). We indicate that proteins identified as
divergent expression functional hub proteins, depend on
gene co-expression profiles, playing key roles as potential
switches between apoptosis and autophagy in cancer
(Fig. 2b). Due to these microarray data, we identified
some potential molecular switches such as (AR), serine/
threonine-protein kinase PAK 1 (PAK-1) and mitogen-

(a) (b)

Figure 2. Microarray analyses of possible apoptosis/autophagy switches in MCF-7 cells. (a) Microarray-based differential expression analyses
of potential switches in apoptosis and autophagy. (b) Microarray-based correlation analyses of potential switches in apoptosis and autophagy.

(a) (b)

Figure 3. Molecular switches between apoptosis and autophagy involved in microRNA regulation. (a) Prediction of some microRNAs target-
ing autophagic hub proteins by TargetScan, MiRanda and Diana-MicroT. (b) Switches and relevant microRNAs: (i) MAPK-3-mediated pathways
and relevant miRNAs, (ii) PAK-1-mediated pathways and relevant miRNAs, (iii) AR-mediated pathways and relevant miRNAs.
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Table 1. Small molecule compounds targeting novel apoptosis/autophagy switches

Target symbol ZINC Popular name DrugBank ID Structure

AR ZINC00002279 Ketorolac tromethamine DB00465

ZINC00119344 Aminohippuric acid DB00345

ZINC00001982 Probenecid DB01032

ZINC00001427 Fenbufen

MAPK-3 ZINC00599734 Lansoprazole DB00448

ZINC03830847 Flubendazole

ZINC00607971 Miconazole nitrate DB01110

ZINC00897408 Bicalutamide DB01128

(continued)
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activated protein kinase 3 (MAPK-3), between apoptosis
and autophagy. Caspases are well known to possess many
links to the Bcl-2 family, which is also a key regulator of
apoptosis and overexpressed in cancer (30).

Interestingly, a new emerging caspase substrate is
Beclin-1, a component of PI3KCIII complex required in
autophagy. Beclin-1 has lately been demonstrated to be a
substrate of caspases�3,�7 and�8, suggesting a key role
in cross-talk between apoptotic and autophagic pathways
(13,14). Thus, our results demonstrate that some Bcl-2 fam-
ily members (for example, Bcl-2, Mcl-1 and BCL-2L1)
may link caspases to ATGs in apoptosis and autophagy and
seems to be more highly dependable as a basic framework
for apoptosis and autophagy in cancer. Protein kinases can
orchestrate activation of signalling cascades in response to
extracellular and intracellular stimuli to control cell prolif-
eration, survival and apoptosis.

Targeted microRNA prediction of molecular switches

In this study, we took advantage of TargetScan, MiR-
anda and Diana-MicroT to predict targeted miRNAs,

respectively (Fig. 3a). Then, we integrated these
predicted miRNAs into a combinatory result that some
miRNAs were shown to target the above-mentioned
switches, respectively, in the context of PCD (Fig. 3b).
Subsequently, ULK2-MAPK-3-caspase-8/-9 pathway
was predicted to be regulated by miR-132, miR-212 and
miR-613 (targeting MAPK-3); and ATG5-PAK-1-cas-
pase-1 pathway was predicted to be modulated by the
let-7 family, miR-26a/b, miR-96 and miR-1271 (target-
ing PAK-1). Additionally, WIPI1-AR-caspase-1/-3/-7/-8
pathway was predicted to be modulated by miR-124,
miR-454 and miR-506 (targeting AR) (Fig. 3b).

Of note, miRNAs, highly conserved, non-coding
endogenous RNAs �22 nucleotides (nt) in length, have
been well known to regulate apoptotic and autophagic
pathways in cancer, indicating miRNAs’ function as
oncogenes or tumour suppressors (31–33). In our study,
we found that some predicted miRNAs could target
caspase/ATG switches such as AR, PAK-1 and MAPK-3
in breast cancer cells, suggesting that miRNAs play
important roles in cancer cell apoptosis and/or auto-
phagy. Our previous studies have reported that a na€õve

Table 1 (continued)

Target symbol ZINC Popular name DrugBank ID Structure

ZINC01530580 Carvedilol DB01136

ZINC00000061 Baclofen DB00181

ZINC00005895 Rizatriptan benzoate DB00953

PAK-1 ZINC01530579 Carvedilol DB01136
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Bayesian model-based apoptotic network could identify
some microRNAs that may target apoptotic hub proteins
such as TP53, SRC, M3K3/5/8, cyclin-dependent
kinase2/6, TNFR16/19 and TGF-b receptor 1/2 (31).
Additionally, our recent studies have demonstrated that
the autophagic PPI network could confirm 9 autophagic
hub proteins and 13 relevant oncogenic and tumour sup-
pressive miRNAs in human breast carcinoma MCF-7
cells (32,33). In comparison to these previous studies in
cancer cell apoptosis or autophagy, we report first that
some predicted miRNAs can target three possible apop-
tosis/autophagy switches, AR, MAPK-3 and PAK-1 in
breast cancer cells.

Candidate compounds targeting apoptosis/autophagy
switches

In our study, we screened structure-based candidate drugs
that could target AR, MAPK-3 and PAK-1, respectively,
based on FDA-approved and ongoing experimental drugs
from DrugBank. Also, we found some drugs that could
target AR, MAPK-3 and PAK-1 very well (see in
Table 1). Subsequently, we found some candidate small

molecule compounds that can target MAPK-3, such as
Lansoprazole, Flubendazole, Miconazole, Bicalutamide,
Carvedilol, Baclofen and Rizatriptan (Fig. 4a).

We report for the first time that, to the best of our
knowledge, MAPK-3 can be regarded as a new drug tar-
get for cancer treatment. Moreover, we found that fur-
ther selective candidate small molecule compounds such
as Ketorolac, Aminohippuric, Fenbufen and Probenecid
could target AR, which is well known as a key point for
anti-cancer therapy (Fig. 4b). In addition, we found that
Carvedilol could target PAK-1 in malignant cell apopto-
sis and autophagy (Fig. 4c). Recent anti-cancer drug dis-
covery has significantly benefited from rapid progress in
understanding how to target protein kinases with small
molecules (34). Thus, we identified other protein kinases
such as PAK-1 and MAPK-3 that may be more promis-
ing for utilization as potential therapeutic targets in net-
work-driven anti-cancer drug discovery (35,36).

Conclusion

In summary, we computationally constructed the global
human protein–protein interaction (PPI) network based

(a)

(b) (c)

Figure 4. Small molecule compounds targeting MAPK-3, PAK-1 and AR in breast cancer cells. (a) lansoprazole, flubendazole, miconazole, bicalu-
tamide, carvedilol, baclofen and rizatriptan targetMAPK-3. (b) ketorolac, aminohippuric, fenbufen and probenecid target AR; (c) carvedilol targets PAK-1.
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on several online databases, and identified the caspase/
ATG network. In combination with gene ontology (GO)
annotation and microarray analyses, we identified three
possible caspase/ATG switches including AR, PAK-1
and MAPK-3, and their relative signalling pathways, in
apoptosis and autophagy. In addition, we found targeted
miRNAs on the three switches (that is, miR-132,
miR-212 and miR-613 targeting MAPK-3, let-7 family,
miR-26a/b, miR-96 and miR-1271 targeting PAK-1,
and miR-124, miR-454 and miR-506 targeting AR) and
further screened a variety of candidate small molecule
compounds targeting them in breast cancer (Lansopraz-
ole, Flubendazole, Miconazole, Bicalutamide, Carvedi-
lol, Baclofen and Rizatriptan targeting MAPK-3,
Ketorolac, Aminohippuric, Fenbufen and Probenecid tar-
geting AR, and Carvedilol targeting PAK-1). Therefore,
these findings demonstrate that caspase/ATG switches
may lead to distinctive modes of PCD: apoptosis, auto-
phagy or both, in breast cancer cells, which shed new
light on elucidating the complicated mechanisms of
apoptosis and autophagy in cancer pathogenesis, thereby
exploring more new candidate drugs for cancer thera-
peutics.
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