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Abstract

Objectives: Plant lectins, carbohydrate-binding pro-
teins of non-immune origin, have recently been
reported to induce programmed cell death (includ-
ing apoptosis and autophagy) in many types of
cancer cells. MicroRNAs (miRNAs), small, non-
coding endogenous RNAs, ~22 nucleotides (nt) in
length, have been well characterized to play essen-
tial roles in regulation of the autophagy process in
cancer; however, how these miRNAs regulate auto-
phagic pathways in plant lectin-induced cancer
cells, still remains an enigma.

Materials and methods: Identification of micro-
RNA-regulated autophagic pathways was carried
out using a series of elegant systems — biology and
bioinformatics approaches, such as network con-
struction, hub protein identification, targeted micro-
RNA prediction, microarray analyses and molecular
docking.

Results: We  computationally  constructed the
human autophagic protein—protein interaction (PPI)
network, and further modified this network into a
plant lectin-induced network. Subsequently, we
identified 9 autophagic hub proteins and 13 rele-
vant oncogenic and tumour suppressive miRNAs,
that could regulate these aforementioned targeted
autophagic hub proteins, in human breast carci-
noma MCF-7 cells. In addition, we confirmed that
plant lectins could block the sugar-containing
receptor ~EGFR-mediated survival pathways,
involved in autophagic hub proteins and relevant
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miRNAs, thereby ultimately culminating in auto-
phagic cell death.

Conclusions: These results demonstrate that net-
work-based identification of microRNAs modulate
autophagic pathways in plant lectin-treated cancer
cells, which may shed new light on the discovery
of plant lectins as potent autophagic inducers, for
cancer drug discovery.

Introduction

Plant lectins, a group of highly diverse non-immune ori-
gin proteins, contain at least one non-catalytic domain,
which enables them to selectively recognize and revers-
ibly bind to specific free sugars or glycans, present on
glycoproteins and glycolipids, without altering structure
of the carbohydrate (1,2). Hitherto, they have been
divided into twelve different families such as the GNA
family, proteins with legume lectin domains, and the
ricin-B family that are well characterized, to result in
programmed cell death (PCD), as potential anti-tumour
agents for cancer therapy (3.4).

Apoptosis, or type I PCD, is well known to be a
complex, but highly defined, program of cell demolition
(5). Distinct from apoptosis, autophagy (type II PCD)
refers to an evolutionarily conserved, multistep lyso-
somal degradation process in which a cell degrades
long-lived proteins and damaged organelles (6,7). In
cancer cells, apoptosis is often executed by caspases and
thus contributes to cell death, whereas autophagy plays
the Janus role, for regulation of death or survival signal-
ling pathways, by a limited number of autophagy-related
genes (Args) (6). Under some circumstances, apoptosis
and autophagy may participate in co-regulation of cancer
cell survival or death, thus, ultimately jointly sealing the
fate of the cancer cell (5). Recently, plant lectins such
as mistletoe lectins (ML-1, 2 and 3), concanavalin A
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(ConA) and Polygonatum cyrtonema lectin (PCL) have
been widely reported to induce apoptosis in various
types of cancer cell (8-11). Beside this, ConA and PCL
have also been found to lead to autophagic cell death in
cancers (12,13).

Of note, microRNAs (miRNAs), small, non-coding
endogenous RNAs ~22 nucleotides (nt) in length, may
play key regulatory roles in apoptotic and autophagic
pathways of human cancer cells (14,15). Accumulating
evidence has recently revealed that oncogenic miRNAs
such as miRNA-21, miRNA-17-92 cluster, miRNA-221/
222 and miRNA-272/273 can negatively regulate apop-
tosis and thus promote cancer initiation and progression
(15). On the other hand, tumour suppressive miRNAs
including miR-15a-miR-16-1 cluster, miR-29 and let-7
family can positively modulate apoptosis in final deci-
sions of cancer cell death (15). Moreover, miRNAs
(except for miR-101) can negatively regulate autophagy,
acting either as oncogenes (miR-183, miR-376b, miR-
106a, miR-221/222, miR-31 and miR-34c) or tumour
suppressors (miR-30a, miR-101 and miR-9%*) (14,15).

Intriguingly, Chinese mistletoe lectin-I (CMI) has for
the first time, been reported to induce apoptosis in colo-
rectal cancer cells, by downregulating miR-135a&b
expression and upregulating expression of their target
gene adenomatous polyposis coli (APC), thereby, reduc-
ing activity of its downstream Wnt signalling (16).
However, to our knowledge, no report has been pro-
duced that any plant lectin induces cancer cell autopha-
gic death, implicated in miRNA regulation.

In this study, we constructed the human autophagic
PPI network and modified it to a plant lectin-induced
cancer cell death context. Subsequently, we identified 9
autophagic hub proteins and 13 targeted microRNAs, in
MCE-7 cells. Subsequently, we analysed druggability of
two typical plant lectins ConA and PCL, by binding epi-
dermal growth factor receptor (EGFR) on the surface of
cancer cells, and blocking its downstream survival sig-
nalling pathways involved in core autophagic regulators
and relevant targeted miRNAs, thereby finally leading to
autophagic cell death.

Materials and methods

Data processing and network construction

To construct the global human PPI network, we col-
lected diverse PPIs from 6 human PPI databases, includ-
ing the Human Protein Reference Database (HPRD)
(17), Biomolecular Object Network Databank (BOND)
(18), IntAct (19), HomoMINT (20), BioGRID (21) and
Database of Interacting Proteins (DIP) (22). Subse-
quently, we built the autophagic PPI network according
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to the condition that there is at least one autophagic pro-
tein, by Gene Ontology (GO) consortium, in a pair of
proteins. Then, we further extracted known hub autopha-
gic proteins (Table S1) and their related pathways, based
on previous reports that these proteins are involved in
plant lectin-induced cancer cell autophagic death (4).
Accordingly, these above-mentioned hub proteins can
connect with one another to form the modified autopha-
gic subnetwork, in which at least one protein can inter-
act with the other, in the plant lectin-treated cancer
context.

Multiple analyses of hub proteins

We determined whether or not an autophagic protein is
a hub one, and followed the three gold standards, as fol-
lows. First, degree of each protein in function-related
networks, was calculated as the number of links that
one protein possessed with the other (23). Hub proteins,
identified as their levels of high degree were extracted,
based on the assumption that high-degree proteins
tended to play a crucial role in the autophagic PPI net-
work. Secondly, the hub proteins should connect known
autophagy-related proteins in lectin-induced cancer cells
(4), thereby making them worth particular focus when
developing novel autophagy-related targets. This method
was similar to a previous study that focused on identify-
ing novel cancer-related genes (24). Thirdly, the network
module of the autophagic model is crucial for identifica-
tion of hub proteins as they often enrich in the ‘dense
area’ (25). In this study, we focused on elucidating auto-
phagic hub proteins in plant lectin-induced cancer cells;
thus, combination of known autophagic hub proteins
into this context (Table S1) and the aforementioned
three gold standards, can together confirm the of auto-
phagic hub proteins.

Targeted microRNA prediction

As available prediction methods have strongly varying
degrees of sensitivity and specificity, we developed a
combinatory approach that could be predicted by the
consensus results from TargetScan (26), MiRanda (27)
and Diana-MicroH (28).

Microarray analyses of autophagic genes
and microRNAs

Proteins which can interact with one another often pos-
sess similar gene expression patterns, thereby genes that
can co-express should be more likely to interact than
those that cannot co-express. To identify whether certain
genes were co-expressed or not, we used microarray
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data (No. E-GEOD-26459), treated with 2.5 mm DTT,
to measure pair-wise co-expression genes in autophagy,
in tamoxifen treated MCF-7 cells (29).

Microarray data were carried out three times
repeatedly, in control and experimental groups. The E-
GEO database provided preliminary data that were fur-
ther corrected and standardized. Thus, data pre-pro-
cessing would meet standards by significance analysis
of microarrays (SAM) (30), and the correspondingly
identified probes were by ID from Uniprot database.
As the preliminary experimental data did not make
log, processes concerned with the expression data, we
set the log, conduct and T-test in the statistics model,
and took advantage of ‘Two Class (Unpaired)’ model
in SAM for analyses of different gene expressions.

Thanks to the above analyses, we used the Delta
value favoured by SAM to locate 0.13 and listed all the
different expression (upregulation or downregulation)
genes. First, we made all data undergo log, alteration
then normalization, and used the correlation and average
linkage models to cluster the data (Prior to this analysis,
we extracted these gene expression data). When the
value of expression data was two, we used the average
value, whereas when it was three or more, we took the
median value. Finally, we evaluated the microarray data
that were delineated into the SAM plot sheet (Figure
S1). We also used Cluster (31) and TreeView (32) to
gather all the different expression genes for subsequent
analyses.

Moreover, we used a similar approach to identify
microRNAs that can co-express. We chose microarray
data (No. E-GEOD-28267) that were acquired from
MCF-7 cells, treated with 2.5 mm DTT to measure
co-expression miRNAs in cancer, treated with tamoxifen
(33).

Molecular docking

Molecular structures of EGFR were downloaded from
PDB (untethered EGFR: 1IVO, and tethered EGFR:
1YY9) and molecular structures of plant lectins Conca-
navalin A (ConA) and Polygonatum cyrtonema lectin
(PCL) are also downloaded from PDB (ConA: 3cna
and PCL: 3AO0E). All PPIs were carried out by
ZDOCK and Hex Protein Docking Server, respectively
(34,35).

Results

Construction of the human autophagic network

In this study, we computationally constructed the global
human PPI network (about 85,806 protein pairs) cover-
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ing almost all PPIs, based on IntAct, HPRD, Homo-
MINT, BOND, BioGRID and DIP (Fig. la). To
construct the set of true-positive gene pairs, physical
PPIs were derived from these human PPI databases that
include 37 710 protein pairs (8982 proteins) from Bio-
GRID, 8044 protein pairs (4073 proteins) from BOND,
14 892 protein pairs (6240 proteins) from HomoMINT,
39 044 protein pairs (9614 proteins) from HPRD,
34 935 protein pairs (8849 proteins) from IntAct and
12 809 protein pairs (4818 proteins) from DIP. These
results show that a total number of unique 2633 protein
pairs were prepared, as the autophagic PPI network
(Fig. 1b).

Identification of core autophagic pathways in lectin-
treated cancer cells

According to data from Table S1, we extracted all PPIs
including oncogenes (PI3KCI, Akt-1, k-Ras, Raf-1),
tumour suppressors (TP53, BNIP-3) and others — includ-
ing p38 (MAPK14) from the autophagic PPI network.
Subsequently, we found that PI3KCI, Akt-1, TP53,
BNIP-3 and p38 (MAPKI14) could interact with other
proteins, implicated in autophagic pathways. As reactive
oxygen species (ROS) have been known to be involved
in plant lectin-induced autophagic cell death (4), we
manually addicted ROS and their relevant autophagic
pathways (for example, k-Ras and Raf-1) into the auto-
phagic pathways. Thus, combined with three gold stan-
dards and the data from Table S1, our result
demonstrates that the autophagic pathways are com-
posed of 18 autophagic-related proteins and ROS (total
number of 21 interactions) (Fig. 1c). For instance, the
degree of AAPKI is 37; its link to autophagic proteins
from GO annotation is 7 and is located in the dense area
(network module area). Moreover, the degree of ATG9A
is 8; its link is 2 and located in the dense area (module).
Also, the degree of FA48A is 6; its link is 3 and located
in the sparse area.

Predicted microRNAs targeting autophagy in MCF-7
cells

On the basis of above-mentioned 18 autophagic-related
proteins, we used TargetScan to predict 134 targeted
miRNAs, MiRanda to predict 731 targeted miRNAs
and Diana-MicroH to predict 343 targeted miRNAs
respectively (Fig. 2a). Subsequently, we integrated
these predicted the consensus results that 13 miRNAs,
including hsa-miR-155, hsa-miR-15b, hsa-miR-15a,
hsa-miR-424, hsa-miR-16, hsa-miR-195, hsa-miR-19a,
hsa-miR-19b, hsa-miR-137, hsa-miR-96, hsa-miR-506,
hsa-miR-218 and hsa-miR-205, were shown to target
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Figure 1. Network-based identification of hub proteins in plant lectin-induced autophagy. (a) Global human autophagic PPI network: All PPIs
were acquired from Human Protein Reference Database (HPRD), Biomolecular Object Network Databank (BOND), IntAct, HomoMINT, BioGRID
and Database of Interacting Proteins (DIP); (b) Autophagic PPI network construction; (c) Core autophagy-related signalling pathways in plant lec-
tin-treated cancer cells: Hub autophagic proteins are achieved due to the following four standards: degree, link, module and known autophagic

genes, in plant lectin-induced cancer cells.
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Figure 2. Targeted microRNA prediction and microarray analyses. (a) Prediction of microRNAs targeting autophagic hub proteins by a combi-
nation method including TargetScan, MiRanda and Diana-MicroH; (b) Novel candidate oncogenic or tumour suppressive microRNAs; (c¢) Differen-
tial expression profiling of microRNAs and their relevance in human breast carcinoma MCF-7 cells.

hub proteins, (k-Ras, Raf-1, PI3KCI, AAPK1, Atg9A,
DAPKI1, FA48A and LRRK2) (Fig. 2b).

SAM was performed on data of different expression
microarrays from tamoxifen-treated human breast adeno-
carcinoma MCF-7 cells’ autophagic stress, to identify
divergent expression genes between normal and cancer
cells (Fig. 2c). We indicated that these proteins, identi-
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fied as divergent expression proteins that were extracted
as functional hub proteins, dependent on gene co-expres-
sion profiles, thus play their regulatory roles as potential
targets (Fig. 3a). Importantly, we confirmed that new
oncogenic and tumour suppressive miRNA-modulated
autophagic pathways were involved in MCF-7 cells. As a
result, one autophagic k-Ras-Raf-1-AAPK-1 pathway
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Figure 3. MicroRNA-modulated autophagic pathways in cancer. (a) Differential expression profiling of autophagic genes and their relevance in
human breast carcinoma MCEF-7 cells; (b) MicroRNA-modulated autophagic pathways in human breast carcinoma MCF-7 cells: tumour suppressive
microRNA-modulated Ras-Raf-AAPK-1 signalling pathway; oncogenic microRNA-regulated p53-p38-ATG9A/FA48A signalling pathways.

could be predicted to be regulated by hsa-miR-155 (tar-
geting k-Ras), hsa-miR-15a/b, hsa-miR-16, hsa-miR-195
and hsa-miR-424 (targeting Raf-1) and hsa-miR-137 (tar-
geting AAPK-1). The other autophagic p53-p38-ATG9A/
FA48A pathway could be predicted to be modulated by
hsa-miR-96 (targeting ATG9A) and hsa-miR-218 (target-
ing FA48A) (Fig. 3b).

Plant lectins as autophagy inducers for drug discovery

Within the context of plant lectin-induced autophagic
death, we finally predicted 9 hub proteins and 13 rele-
vant targeted miRNAs in MCF-7 cells. According to
these results, we used bibliometric methods such as
Kyoto Encyclopedia of Genes and Genomes (KEGG)
search to analyse the key sugar-containing receptors on
the surface of the cancer cells (for example, EGFR), and
subsequently analysed EGFR-mediated survival signal-
ling pathways implicated in autophagic hub proteins and
related miRNAs.

On the one hand, we found that plant lectins such as
ConA and PCL could bind most (about 95%) of the
unliganded EGFR, that may exist in a compact auto-
inhibited or tethered conformation, in which domains II
and IV form an intramolecular interaction or tether in
cancer cells (Fig. 4A). Also, we demonstrated that plant
lectins could possess stronger affinity than the ligands of
EGFR (EGF, TGF-o, HB-EGF and more), or have simi-
lar binding capabilities with them by ZDOCK in Table
S2 (higher score means better binding capability) and
Hex Protein Docking Server in Table S3 (lower energy
value means better binding capability) respectively.
Thus, it is suggested that plant lectins may block
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EGFR-mediated survival signalling pathways involving
BCR-ABL, PI3K-Akt-mTOR and Ras-Raf signalling, in
advance, thereby affecting binding of the inherent
ligands of EGFR.

Yet, in the remaining 5% of unliganded molecules,
some of these ligands bind preferentially to untethered
molecules (Fig. 4B). Within this context, we found that
plant lectins could competitively bind EGFR compared
to EGF, TGF-o, HB-EGF, and more, afterwards.
Therefore, this result indicates that plant lectins bear
stronger affinity to EGFR than to its inherent ligands,
suggesting that plant lectins (ConA and PCL) may
block the EGFR-mediated survival pathways, thereby,
ultimately resulting in autophagic cell death.

Discussion

Hitherto, accumulating evidence has revealed that plant
lectins such as ConA and PCL can lead to cancer cell
death for regulation of apoptotic and autophagic path-
ways (3,4). CM-I has first been reported to induce can-
cer cell apoptosis by downregulating miR-135a&b
expression and thus upregulating their target gene APC
(16). Interestingly, microRNAs, as autophagic modula-
tors, have not been found to be involved in plant lectin-
induced autophagic death of human cancers.

In our study, we constructed the autophagic PPI
network, on the basis of 6 online human PPI databas-
es. A recent study has demonstrated that proteomic
analysis of the autophagy interaction network in human
cells, under conditions of basal autophagy, revealed
a network of 751 interactions among 409 candidate
interacting proteins with extensive connectivity among

Cell Proliferation, 45, 477-485
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(a) EGFR (Tethered)

(b) EGFR (Untethered)

Figure 4. Plant lectins may bind epidermal growth factor receptor (EGFR) thus blocking its downstream survival pathways. The typical
legume lectin ConA and GNA family lectin PCL may bind the sugar-containing receptor EGFR on the surface of cancer cells. (A) Tethered mono-
mers: (a) EGF, (b) TGF-a, (c) HB-EGF, (d) ConA and (e) PCL; (B) Untethered monomers: (a) EGF, (b) TGF-a, (c) HB-EGF, (d) ConA and (e)

PCL.

subnetworks. New autophagy interaction network com-
ponents have their roles in vesicle trafficking, protein
or lipid phosphorylation and protein ubiquitination, and
affect autophagosome number or flux (36). Different
from the above-mentioned study, we reported herein
that our human autophagic PPI network composed
of 2633 protein interactions, thus indicating more
complicated relationships among these autophagy-
related proteins, in the context of basic autophagic
networks.

It is well known that the PPI network is typically
complex for its nature, with multiple connections
amongst numerous signalling pathways; therefore, it is
necessary to represent the networks by further integrat-
ing and analyzing these high-throughput data in a spe-
cific biological context, such as in cancer (37,38). Plant
lectins, as potential anti-tumour agents, have recently
been reported to induce autophagic cell death towards
various types of cancer cells (3,4). From the autophagic
PPI network, we extracted all the PPIs including
PI3KCI, Akt-1, k-Ras, Raf-1, TP53, BNIP-3 and p38
(MAPK14) in lectin-induced cancer cells, and further
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integrated their relevant interactions into the core auto-
phagic subnetwork in cancer.

Recent reports have demonstrated that ConA induces
autophagic death in hepatoma cells through a mitochon-
dria-mediated pathway. After associating with the man-
nose moiety residing on the cell membrane glycoprotein,
ConA was preferentially internalized to mitochondria via
clathrin-mediated endocytosis, and then autophagic cell
death was initiated (11). A further study has reported that
PCL induces cancer cell autophagy by promoting the
ROS-p38-p53 signalling pathway, as well as blocking
Ras-Raf-1 and PI3KCI-Akt signalling pathways (39,40).
On the basis of these signalling molecules, we con-
structed the autophagic subnetwork in plant lectin-
induced autophagic death. These predicted autophagic
signalling pathways may provide a new clue for further
elucidating the complicated autophagic mechanisms in
plant lectin-treated cancer cells.

In the current study, we predicted 13 miRNAs
that could target 9 autophagic hub proteins and fur-
ther refined a few oncogenic and tumour suppressive
miRNAs, by microarray analyses, in MCF-7 cells.

Cell Proliferation, 45, 477-485
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According to miRNA differential expressions between
tumour tissues and normal ones, miRNAs are aberrantly
expressed that are recognized as oncogenic ones, while
others are down-expressed — namely, tumour suppres-
sors (41). Accumulating data have revealed that miR-
NAs can regulate the autophagy process, and are
involved in cancer initiation and progression, which
could provide new perspectives for exploring more miR-
NAs in autophagy regulation (41,42).

So far, numerous studies have reported that the
TP53-MDMX negative feedback loop constitutes the
core module of network of regulatory interactions in
cancer cell death (41). The TP53-MDMX negative
feedback loop — the putative cause of oscillations — is
embedded in a network involving a positive feedback
loop between TP53 and Akt (43-45). Herein, we found
that oncogenic pathways such as k-Ras-Raf-1-AAPK-1
could be inhibited by tumour suppressive miRNAs such
as hsa-miR-155, hsa-miR-15a/b, hsa-miR-195, hsa-miR-
424 and hsa-miR-137, which may indicate the dynamic
oscillations of tumour suppressive miRNA-oncogene
feedback loops. On the other hand, we found that other
oncogenic miRNAs (hsa-miR-96 and hsa-miR-218)
could negatively regulate tumour suppressive pathways
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such as p53-p38-ATG9A/FA48A pathway. Thus, the
miRNA-gene oscillation may predict all-or-none switch-
ing behaviour between pro-survival and pro-death states
in cancer cells.

Of note, EGFR is a receptor tyrosine kinase of the
ErbB family that is abnormally activated in many types
of human cancers (46,47). Molecular mechanisms lead
to the receptor’s aberrant activation that is often
observed in cancer, including receptor overexpression,
ligand-dependent receptor dimerization and overexpres-
sion of receptor ligands (48). In our study, we found
that plant lectins could bind EGFR, which could modu-
late most of our autophagic hub proteins and relevant
microRNAs, and subsequently impeded the sugar-con-
taining receptor-mediated survival pathways, thereby,
leading to autophagic cell death (Fig. 5). To sum up,
plant lectin could be utilized as a potent autophagic
inducer via targeting EGFR-mediated survival pathways
for drug discovery.

In summary, we constructed the autophagic PPI net-
work, in silico, modified this network into a plant lectin-
induced context, and further identified autophagic hub
proteins and relevant microRNAs in MCF-7 cells. Sub-
sequently, we confirmed that plant lectins could bind the

Cell Proliferation, 45, 477-485



484 L.-L. Fu et al.

sugar-containing receptor EGFR, thus modulating the
EGFR-mediated autophagic pathways. Accordingly,
these findings may provide a new perspective of micr-
oRNA-regulated autophagic pathways in plant lectin-
induced cancer cell death, which would uncover multi-
faceted roles of plant lectins as potent autophagic induc-
ers for future cancer therapeutics.
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