Acta Pharmacologica Sinica (2016) 37: 963-972
© 2016 CPS and SIMM  All rights reserved 1671-4083/16
www.nature.com/aps

®

Original Article

Identification of the anti-tumor activity and
mechanisms of nuciferine through a network

pharmacology approach

Quan QI*>* Rui LI***, Hui-ying LI?, Yu-bing CAO*, Ming BAI?, Xiao-jing FAN®, Shu-yan WANG*, Bo ZHANG?* *, Shao LI> *

Tianjin State Key Laboratory of Modern Chinese Medicine, Tianjin University of Traditional Chinese Medicine, Tianjin 300193,
China; °MOE Key Lab of Bioinformatics, Bioinformatics Division, TNLIST and Department of Automation, Tsinghua University, Beijing
100084, China; *The Second Hospital Affiliated to Tianjin University of Traditional Chinese Medicine, Tianjin 300150, China; “Tianjin
International Joint Academy of Biotechnology & Medicine, Tianjin 300457, China

Aim: Nuciferine is an aporphine alkaloid extracted from lotus leaves, which is a raw material in Chinese medicinal herb for weight
loss. In this study we used a network pharmacology approach to identify the anti-tumor activity of nuciferine and the underlying

mechanisms.

Methods: The pharmacological activities and mechanisms of nuciferine were identified through target profile prediction, clustering
analysis and functional enrichment analysis using our traditional Chinese medicine (TCM) network pharmacology platform. The anti-
tumor activity of nuciferine was validated by in vitro and in vivo experiments. The anti-tumor mechanisms of nuciferine were predicted

through network target analysis and verified by in vitro experiments.

Results: The nuciferine target profile was enriched with signaling pathways and biological functions, including “regulation of lipase
activity”, “response to nicotine” and “regulation of cell proliferation”. Target profile clustering results suggested that nuciferine to exert
anti-tumor effect. In experimental validation, nuciferine (0.8 mg/mL) markedly inhibited the viability of human neuroblastoma SY5Y
cells and mouse colorectal cancer CT26 cells in vitro, and nuciferine (0.05 mg/mL) significantly suppressed the invasion of 6 cancer
cell lines in vitro. Intraperitoneal injection of nuciferine (9.5 mg/mL, ip, 3 times a week for 3 weeks) significantly decreased the weight
of SYBY and CT26 tumor xenografts in nude mice. Network target analysis and experimental validation in SY5Y and CT26 cells showed
that the anti-tumor effect of nuciferine was mediated through inhibiting the PI3BK-AKT signaling pathway and IL-1 levels in SY5Y and

CT26 cells.

Conclusion: By using a TCM network pharmacology method, nuciferine is identified as an anti-tumor agent against human
neuroblastoma and mouse colorectal cancer in vitro and in vivo, through inhibiting the PI3K-AKT signaling pathways and IL-1 levels.
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Introduction

Natural small-molecule compounds in Traditional Chinese
Medicine (TCM) can serve as a continuous source for novel
anti-tumor drug discovery. Currently, some of the natural
compounds have been reported to exert anti-tumor activi-
ties, and they either have potential for development or have
already been developed as antineoplastic drugs (eg, paclitaxel
and arsenic trioxide, as well as artemisinin and its deriva-
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tives)[1'3]. However, the traditional trial-and-error methods
used to identify active compounds from numerous herbal
compounds in TCM are time-consuming and labor intensive.
Additionally, modern high-throughput screening assays
have limitations in identifying the active compounds from
TCM herbs because many herbal compounds feature weak
or moderate binding to multiple targets' *, even though
TCM formulas have been shown to inhibit tumors in clinical
settings!”. Therefore, research regarding the identification
of potentially active compounds from TCMs might require
novel approaches, such as emerging TCM network pharma-
cology!®.

TCM network pharmacology is a systematic approach that
combines target profile prediction of herbal compounds with
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various analytical methods to identify connections between
various diseases and TCM formulas on the basis of molecular
networks and to determine the active compounds and their
pharmacological mechanisms. This approach is considered
to be a promising way to unveil properties of TCMs and to
provide valuable insights into current drug discovery and
development®l. Target profile prediction is one of the criti-
cal procedures in TCM network pharmacology. A powerful
and recently developed method , drugCIPHER, has exhibited

good performance in achieving this goal.

The purpose
of drugCIPHER is to predict the target profile of any given
compound by using linear regression models to relate drug
therapeutic similarities (drugCIPHER-TS), chemical similari-
ties (drugCIPHER-CS) and their combinations to the relevance
of the targets, on the basis of a protein-protein interaction
network. In previous studies, target profiles of herbal com-
pounds predicted by drugCIPHER have been used to search
for new potential uses for known bioactive compounds. One
example is the identification of vitexicarpin from Vitex rotun-
difolia Lf (Lamiaceae) as a potential anti-angiogenesis agent"”.
Vitexicarpin has been found to specifically target AKT and
SRC in the VEGF pathway™. Another example is the iden-
tification of tetramethylpyrazine from Ligusticum wallichii
Franchat as a potent compound for alleviating oxidative organ

injury induced by methotrexate!"

. In this study, we utilized
a clustering analysis approach based on the target profiles
predicted by drugCIPHER-CS to predict several potential anti-
tumor compounds from an herbal compound database.

As a pilot study, the anti-tumor activities and molecular
mechanisms of nuciferine, an aporphine alkaloid extracted
from lotus leaves, were selected for further study and valida-
tion in our investigation, on the basis of evidence from the
literature and in vivo/in vitro experiments. For example, nucif-
erine has been reported in studies of melanoma™, non-small
cell lung cancer!” and the DU-145 cell line!™. In addition,
we predicted that nuciferine and melphalan would exhibit
similar anti-tumor profiles against the tested tumor cell lines.
Melphalan has been shown to be effective against advanced
neuroblastoma and metastatic colorectal carcinoma” >, Our
experimental results also demonstrated that nuciferine has a
remarkable effect of inhibiting the progression of colorectal
cancers and neuroblastomas, owing to its ability to reduce
their viability and invasiveness. Finally, to understand the
molecular mechanisms of nuciferine, we performed network
target analysis™* ?. According to the predicted results, we
addressed the question of whether inhibition of AKT, PI3K or
IL1B activities or expression might be associated with the anti-
tumor activities of nuciferine. These possibilities were vali-
dated by Western blotting.

Materials and methods

Computational prediction methods

Target prediction for herbal compounds

The drugCIPHER-CS method uses a regression model to pre-
dict the relationship between herbal compounds and target
proteins by correlating the closeness of the global pharmaco-
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logical network (measured by drug Chemical Similarity, CS)
and the global protein-protein interaction (PPI) network!.
Here, the drugCIPHER-CS method was used for target pre-
diction for the given herbal compounds. drugCIPHER-CS
generates these target profiles, which are composed of the
concordance scores between any target proteins and the given
compounds, as calculated from the correlation between the
compound-drug chemical similarity vectors and the drug-
protein closeness vectors within the PPI network.

Clustering of anti-tumor drug and herbal compound target
profiles

Our hypothesis was that drugs with similar target profiles
predicted by drugCIPHER-CS would exhibit similar bioactivi-
ties. To identify novel anti-tumor herbal compounds by using
TCM resources, a standard hierarchical clustering algorithm
was conducted using R statistic software (R version 3.1.3).
The clustering coefficient threshold was set as higher than 0.5.
This threshold, as an empirical value, controls the fraction of
acceptable false positives that can be generated by the cluster-
ing algorithm. We performed clustering analysis of 72 known
anti-tumor drug-target profiles with a compendium of herbal
compound-target profiles and thereby grouped several com-
pounds with those known anti-tumor drugs.

Identification of biological activities and molecular mechanisms
of nuciferine

To identify the biological functions of nuciferine, we used
the functional enrichment tool provided by the DAVID data-

base!?.

According to the biological functions or pathways
enriched within the nuciferine target profile, the “Pathway in
cancer” and chemokine signaling pathway (hsa04062) in the
KEGG pathway database™ appeared to indicate potential
targets of nuciferine. The genes or proteins involved in these
two pathways were mapped in the protein-protein interaction

t24 In this network,

network of an HPRD reference data se
genes or proteins with a high drugCIPHER-CS score or degree

of connection were selected for validation studies.

Experimental validation methods

Reagents

Nuciferine, which was obtained from Solarbio (Beijing, China),
was dissolved in anhydrous methanol and kept as a stock
solution at -20 °C. Next, a class II biohazard safety cabinet was
purchased from ESCO Micro Pte Ltd, and an annexin V-FITC/
PI apoptosis detection kit was purchased from Vazyme Bio-
tech. BD Matrigel™ invasion chamber 24-well plates (8.0
micron) were obtained from BD BioCoat. RPMI-1640, DMEM,
DMEM/F12, IMDM, and FBS were purchased from HyClone.
Trypsin-EDTA and penicillin/streptomycin were purchased
from Macgene, and MTT was purchased from Amresco. In
addition, a cell-staining solution was obtained from Nalgene.

Cell culture
All of the cell lines used in this study were purchased from the
Cell Resource Center, IBMS, CAMS/PUMC. The A549 cell line



was cultured in DMEM/F12 medium. The CT26, HT29 and
NCI-H1650 cell lines were cultured in RPMI-1640 medium,
and the HCT116 cell line was cultured in IMDM medium. The
SY5Y cell line was cultured in DMEM/ high-glucose medium.
All of the cell media contained 10% FBS (Gibco), 100 units/mL
penicillin, and 100 pg/mL streptomycin. All of the cell lines
were grown at 37°C with 5% CO,/95% air in a humidified
atmosphere.

MTT assay

The cells (approximately 1x10* cells/well) were seeded in
96-well flat-bottom plates (100 pL medium/well). Following a
24-h period, the medium was replaced with medium (100 pL/
well) containing different concentrations of nuciferine. After
48 h, 10 pL of 5 mg/mL MTT solution in 90 pL of PBS was
added to each well and incubated for 4 h. Finally, the media
were discarded, and 100 pL of DMSO was added to each well.
The absorption of the dissolved formazan crystals was mea-
sured at 570 nm using a Bio-Rad microplate reader. At least
three of the wells were tested for each condition, and the stan-
dard deviations were calculated.

Invasion assay

Corning BioCoat Matrigel invasion chambers were used to
assess the inhibitory effects of nuciferine on tumor cell inva-
sion ability. Approximately 5x10*cells were seeded in the
upper compartment, with or without nuciferine. Medium
containing 10% FBS was placed in the lower chamber. The
plates were then incubated at 37°C with 5% CO,/95% air in
a humidified atmosphere for 24 h. The cells were fixed with
100% methanol at 4°C and then stained with 2% crystal violet.
At this point, the cells on the upper surface of the membrane
were removed via scrubbing with a cotton swab, and the cells
that had penetrated through the Matrigel to the lower surface
of the membrane were counted at 200% magnification using
a light microscope. In total, three independent experiments
were conducted for this assay.

Western blotting

For the purpose of detecting the predicted targets of nucifer-
ine, IL1B, PI3K, and other potential targets were investigated
as follows: For the Western blotting experiments, SY5Y cells
and CT26 cells were plated at a density of 2x10° cells/well on
6-well tissue culture plates with DMEM or RPMI-1640 growth
medium supplemented with 10% FBS, respectively. After
24 h, the wells were incubated with various concentrations of
nuciferine at 37°C. Following an incubation period of 24 h,
proteins from the cells were harvested with RIPA lysis buffer
and then analyzed by Western blotting. The following anti-
bodies were used: anti-PI3K, anti-AKT, anti-pAKT, and anti-
IL1-beta. In addition, beta-actin was used as the loading con-
trol.

Mouse xenograft model
CT26 cells and SY5Y cells (1x107 cells/body) were subcuta-
neously implanted into the right hind paws of nude mice (8
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to 12 weeks old, 15 to 20 g) obtained from the Experimental
Animal Center of the Academy of Military Medical Sciences.
The tumor-bearing mice were randomly divided into three
groups (5 mice per group), and the mice in each group were
then injected intraperitoneally with different treatments every
other day until the end of the study period. After 21 d, the
tumors were excised and weighed, and each tumor volume
was measured. All animal procedures were performed with
the approval of the Animal Ethics Committee of Tsinghua
University.

Statistical analysis

Student’s t-tests were used to analyze the significance of the
differences between the treated and control groups. All of the
data are presented as the mean values with standard deviation
(SD), where P<0.05 was considered a significant difference
when compared with controls.

Results
In silico screening of herbal compounds with anti-tumor activities
In this study, a computational workflow based on TCM net-
work pharmacology methods was applied to screen for anti-
tumor compounds from herbs. As shown in Figure 1, the tar-
get profiles of herbal compounds and 72 FDA-approved anti-
tumor drugs were first predicted. After determining the target
profiles, we performed target profile clustering analysis of the
herbal compounds and anti-tumor drugs. The herbal com-
pounds classified within the same cluster as the 72 anti-tumor
drugs were selected as the candidate active compounds. Dis-
rupting the obesity-cancer link may represent key prevention
and therapeutic targets™. Here, we focused our investigation
on the anti-tumor activities of nuciferine, which is isolated
from Nelumbo nucifera Gaertn and is an important raw mate-
rial in food products intended for weight loss. Therefore, this
study was primarily intended as a pilot study to evaluate the
applicability of TCM network pharmacology for future discov-
eries.

Target profiling of small molecules by experimental methods
can be used to unravel promiscuous properties with regard

to their biological targets and effects?®

. Previously, we have
suggested that target profiles predicted using computational
approaches (eg, drugCIPHER-CS) might also help to solve this

14151 To com-

problem, as has been demonstrated elsewhere
putationally determine the target-specific effects derived from
nuciferine treatment, we mapped the target profile of nucif-
erine on signaling pathways from the KEGG database and

1 and diseases

biological processes from gene ontology tools
in OMIM™!.  As shown in Table 1, certain signaling pathways,
biological processes or diseases enriched in the nuciferine
target profile were supported by data in the literature. For
example, an enriched GO term “GO:0060191~regulation of
lipase activity” in the nuciferine target profile corresponded
to obesity, hyperlipidemia and lipid metabolism-related pro-
cesses, consistently with the lipid-lowering and weight-loss
effects of nuciferine™. Before the study that demonstrated the

nuciferine-mediated inhibition of nicotine-induced tumors™,
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Figure 1. A network pharmacology workflow for screening active
compounds from TCM herbs.

the nuciferine target profile had independently predicted
“G0:0035094~response to nicotine”, thus suggesting that
nuciferine might interact with nicotine. Moreover, CFTR (rank
246) in 3840 previously reported druggable target genes has
been shown to be activated by nuciferine™.

To further investigate the anti-tumor activities of nuciferine,
we examined the target profile clustering results of nuciferine
and 72 anti-tumor drugs (Figure 2). The therapeutic effects
of characterized drugs within a given cluster might suggest
hypothetical effects for the previously uncharacterized nucif-
erine within the same cluster (eg, anti-tumor profiles). There-
fore, our results reveal that the anti-tumor effects of nuciferine
treatment might be similar to those observed with melphalan.
As previously reported”, the alkylating drug melphalan is
routinely used in high-dose standard treatments for children
with advanced neuroblastoma and colorectal cancer. There
was a possibility that nuciferine might elicit stronger anti-
tumor effects against neuroblastomas and colorectal cancers
compared with various other cancer types. The results of the
following experimental study supported this hypothesis.

Table 1. The enriched function analysis of nuciferine based on target profiles

Assessment of the effects of nuciferine in tumor cell proliferation
and invasion assays and an in vivo tumor model

According to the anti-tumor drug screening in vitro model, the
effects of nuciferine were assessed by cancer cell proliferation
and invasion assays. We successfully validated our predicted
results, which were consistent with the above hypothesis. Our
results suggested that nuciferine, at 0.8 mg/mL, elicited a
more significant inhibitory effect on the proliferation of CT26
and SY5Y cells than on other cancer cells (Figure 3). We also
found that cell viability decreased significantly with a higher
dose (1 mg/mL) of nuciferine in SY5Y, NCI-H1650 and CT26
cells. In addition, we further investigated the effects of nucif-
erine on tumor cell invasion. As shown in Figure 4, the treat-
ment of all different cancer cells with nuciferine efficiently
inhibited tumor cell invasion at a specific concentration. We
next used a tumor xenograft model in nude mice. CT26 and
SY5Y cells were subcutaneously implanted into the right hind
paws of nude mice. The tumor-bearing mice were exposed to
nuciferine in the following two ways: nuciferine (1) and nucif-
erine (2), as shown in Figure 5. Compared with those in the
control group, the tumor weights in the nuciferine (2) group
were significantly reduced (P<0.01). In addition, the tumor
weights in the nuciferine (1) group were relatively smaller
than in those in the nuciferine (2) group. Together, the results
of a 6 cell-line examination panel consisting of A549, NCI-
H1650, CT26, HT29, HCT116 and SY5Y, as well as a tumor
xenograft model, were consistent with the hypothesis that
nuciferine has an anti-tumor profile similar to that of melpha-
lan.

Network analysis and experimental validation of the anti-tumor
mechanisms of nuciferine

The potent anti-tumor activity (CT26 and SY5Y) of nucifer-
ine prompted us to investigate how it modulates cancer cell
proliferation and invasion. According to the target profile of
nuciferine, we sought to use network pharmacology analysis!!
to address the following two questions arising from the list of
the nuciferine target profile: what are the functional relation-
ships among these target molecules, and what are the relation-
ships between the target molecules and disease genes? One
approach has been used to create the target network of nucif-
erine that is associated with colorectal cancer and neuroblas-
toma. This approach starts with a large network of all known
interactions in the human species, which is then limited by
using the genes associated with the diseases (eg, colorectal

and supporting literature evidence.

Enriched functional annotation in target profile Activities of nuciferine in the literature References
Regulation of lipase activity Lowering blood lipids and inhibiting weight gain [35]
Response to nicotine Inhibiting tumor-promoting effect of nicotine [17]
Chloride channel Impacting chloride ion channel via CFTR [36]
Cardiovascular diseases Regulating cardiovascular system [37]
Oxidative damage Antioxidant effect [38]
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Nuciferine
Molecular formula: CigH21NO;
Molar mass: 295.376

Source: Nymphaea caerulea
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Figure 2. (A) Structure information of nuciferine from lotus leaves. (B) Hierarchical clustering tree of nuciferine and 72 anti-tumor drugs.

cancer and neuroblastoma) and the nuciferine target profile
as “seed nodes” to identify the largest connected subnetworks
within the global network that are preferentially located near
the seed nodes. Thus, we hypothesized that analysis of the
target network would reveal the molecular underpinnings of
nuciferine’s mechanisms. As shown in Figure 6, IL1B (ranked
79 in the target profile) and PIK3CA (ranked 131) as key dis-
ease genes are highly connected nodes within the nuciferine
network target. The experimental observations suggested
that nuciferine reduced the expression of PI3K and IL1B and
decreased the phosphorylation of AKT at a concentration
of 200 pg/mL (Figure 7). Therefore, the nuciferine network
target independently predicted the experimentally relevant
observations.

Discussion
TCM network pharmacology provides a new perspective on
the identification of active herbal compounds against specific

diseases or pathological processes, as well as broader insights
into the molecular mechanisms of the compounds. In this
study, this approach provided some clues to the functional
diversity of nuciferine that has previously been reported in
the literature. Furthermore, our examination of in vitro cell
proliferation and invasion assays might explain the sensitivity
of different cancer cell lines to nuciferine, thus confirming that
the anti-tumor activity of nuciferine is selective for SY5Y and
CT26. The PI3K/AKT pathway is one of the most prominent
pro-tumorigenesis signaling cascades that are aberrantly acti-
vated in a variety of human cancers. Recent data have dem-
onstrated that aberrant activation of the PI3K/AKT pathway
is also frequently implicated in the development of neuroblas-
toma and correlates with poor prognosis®™. TL-1f is a pleio-
tropic pro-inflammatory cytokine, and its levels are increased
in many cancers, including colon cancers®™ and hepatocarcino-
mas™. Interestingly, PI3K and IL1B are located within a hub
region in the connected subnetwork that is targeted by nucif-
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Figure 3. Cells (A549, NCI-H1650, HT29, CT26, HCT116 and SY5Y) were treated with nuciferine (O, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 mg/mL) for 24 h;

then, viable cells were determined using an MTT assay. All data are presented as the mean£SD.

with the control.

erine. Our results also suggested that nuciferine can directly
target the neuroblastoma- or colorectal cancer-associated pro-
teins. Therefore, nuciferine may potentially affect the activi-
ties or expression of these gene products directly or indirectly,
leading to tumor regression.

The biological significance of the results obtained through
clustering analyses of “profile data” generated by compu-
tational predictions and high-throughput experiments have
been demonstrated in many studies™. Because the predicted
target profiles used in our study lacked signal (ie, activation or
inhibition) and interaction strength (ie, strong or weak bind-
ing), these profiles may suggest the likelihood and importance
of any target proteins affected by a given herbal compound
but cannot predict whether a compound would have an active
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“P<0.01 represent a significant difference compared

or inhibitory response against a target protein. Such informa-
tion is likely to be valuable for improving the predictions.
Despite this limitation, we obtained interesting evidence for
the anti-tumor activity (tumor sensitivity) and mechanisms of
nuciferine by using a clustering analysis of target profiles in
this study. This analysis has also been used to reveal novel
biological functions and mechanisms of action of tetramethyl-
pyrazine and vitexicarpin in our previous studies. Therefore,
these results suggest that an integrative method through tar-
get profile prediction and clustering analysis can be used in
several ways, such as in the identification of potential active
compounds in herbal compound databases and in screening
for new potential uses of known herbal medicine bioactive
compounds.
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Figure 4. A Matrigel invasion chamber was used to analyze the effect of nuciferine on the invasion of A549, NCI-H1650, HT29, CT26, HCT116 and SY5Y
cells. Cells that penetrated through the Matrigel to the lower surface of the filter were stained with crystal violet and imaged using a light microscope
at 200x magnification. Quantification of invasion was performed by counting cells at 200x. The data are presented as the mean of three independent
experiments. “"P<0.01 represent a significant difference between the nuciferine treatment and the control.
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Molecular formula: C1gH21NO;
Molar mass: 295.376
Source: Nymphaea caerulea

Target network of nuciferine

Figure 6. Predicted network target of nuciferine. Green nodes (IL1B, PIK3CA) are directly predicted targets, and other nodes are in the PPl network
(STRING, edge value cutoff of 0.8) and CRC pathway (KEGG). The highlighted core targets were used for experimentation.

Nelumbo nucifera leaf extract has been demonstrated to
possess anti-obesity and antioxidant properties® *! and is
commonly used for clearing heat, alleviating heatstroke and
cooling and stanching blood. Nuciferine is one of the main
active components of lotus leaves. Consistently with these
observations, the findings obtained from our enrichment anal-
ysis based on the nuciferine target profile have implications
for putative biological functions such as weight loss. Through
both computational and experimental studies, we further
revealed the therapeutic effects of nuciferine on cancers such
as neuroblastoma and colorectal cancer, and these results
might allow the traditional applications of Nelumbo nucifera
to be extended. This inhibitory effect of nuciferine on neuro-
blastoma should be further explored to elucidate potentially
uncharacterized mechanisms of neuroblastoma progression.

Conclusion

In summary, the data in this study support the feasibility of
TCM network pharmacology for high-throughput activity
screening. Although the anti-tumor activity of nuciferine was
not strong compared with the activity of other anti-tumor
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drugs, our results suggest that neuroblastoma and colorectal
cancer are two nuciferine-sensitive cancer types. Considering
the clinical status of neuroblastoma treatment, new therapeu-
tic agents are urgently needed, and nuciferine deserves further
assessment.
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