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Bioinformatics screening regarding herbal components
that targetedly regulate the function of
tumour-associated macrophages
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Abstract. As an important component of tumour stroma,
tumour-associated macrophages (TAMs) promote tumour
development and progression. Herbs have been increasingly
used in anticancer therapies due to their wide-ranging anti-
cancer effects and minor side-effects. However, no herb-based
treatments targeting TAMs have yet been proposed. To address
this issue, screening using modular analysis bioinformatics
techniques found 6 core functional modules for TAMs that
contain 46 total genes. Moreover, 15 potential new anticancer
drugs that regulate the genes in the 6 core modules were iden-
tified through bioinformatics techniques and Fisher's exact
test. Our results provide a new research avenue for targeting
TAMs in anticancer therapies.

Introduction

Tumour-associated macrophages (TAMs) are the most
common type of inflammatory cells in tumour stroma. In
previous years, TAMs were found to be closely associated with
tumour formation and development (1,2). Studies have shown
that TAMs not only secrete cytokines, stimulating tumour
cell proliferation and survival, but also produce a variety of
mesenchymal regulatory proteins that promote tumour metas-
tasis (3-5). Moreover, TAMs act on endothelial cells, making
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them a key factor in tumour angiogenesis and lymphangiogen-
esis (6). In vitro studies have shown that malignant cells cannot
grow after TAMs are knocked out (7) and it has also been
confirmed that TAM-mediated immunosuppression promotes
tumour immune escape (8). This evidence demonstrates that
TAMs play a role throughout tumour formation, growth and
metastasis, and that they have a powerful tumour-promoting
effect.

Tumours, particularly malignant tumours, are a leading
cause of mortality around the world. Conventional cancer
treatments include surgery, radiotherapy and chemotherapy,
but the use of these treatments is greatly limited due to poor
prognoses and severe side-effects. At present, traditional
Chinese medicine, which is an aspect of traditional Chinese
culture, is seeing increased use as a cancer treatment method.
In particular, traditional Chinese medicinal herbs are being
employed as new anticancer drugs. Statistics indicate that half
of the internationally recognized anticancer drugs in use from
the 1940 to 2006 were either natural products or their deriva-
tives, indicating that Chinese herbs have considerable potential
as antitumour treatments (9,10). However, existing studies
on the anticancer effects of herbal components have largely
focused on the effects of these components on solid tumour
cells; few studies have focused on TAMs, which have a strong
tumour-promoting effect. Given the notable anticancer effects
of herbal components and the key role TAMs play in tumour
growth and development, a cancer treatment using herbal
components to target TAMs, either alone or in combination
with traditional methods, may become a new and effective
anticancer approach.

Modular analysis bioinformatics techniques (in model
organisms) have become popular in disease and drug research
since they are capable of not only elucidating the local
features of gene regulatory networks but also conducting a
comprehensive and systematic analysis of regulatory signal-
ling pathways (11,12). In the present study, we used modular
analysis bioinformatics techniques to screen for the differ-
entially expressed genes in TAMs that play a role in their
core functional group(s). Using the connectivity map (cmap)
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Table I. Summary of 4 data series (GSE38283, GSE18804, GSE18404 and GSE36047).

Series Array platform Samples Experiment design Group
GSE38283 GPL1261 GSM937959 Macrophages from normal brain, Rep 1 Control
Expression data Affymetrix GSM937960 Macrophages from normal brain, Rep 2 Control
from normal mouse genome GSM937961 Macrophages from normal brain, Rep 3 Control
brain/glioma 430 2.0 array GSM937962 Macrophages from GI261, Rep 1 TAM
associated GSM937963 Macrophages from G1261, Rep 2 TAM
macrophages GSM937964 Macrophages from GI261, Rep 3 TAM
GSM937965 Macrophages from GI261, Rep 4 TAM
GSE18804 GPL6246 GSM466436 Macrophage unconditioned, Rep 1 Control
Expression data from Affymetrix GSM466437 Macrophage unconditioned, Rep 2 Control
in vitro-induced mouse gene 1.0 GSM466438 Macrophage unconditoned, Rep 3 Control
non-hypoxic TAMs ST array GSM466439 TAMSs_human glioblastoma-conditioned, TAM
Rep 1
GSM466440 TAMs_human glioblastoma-conditioned, TAM
Rep 2
GSM466441 TAMs_human glioblastoma-conditioned, TAM
Rep 3
GSM466442 TAMs_human colorectal adenocarcinoma- TAM
conditioned, Rep 1
GSM466443 TAMs_human colorectal adenocarcinoma- TAM
conditioned, Rep 2
GSM466444 TAMs_human colorectal adenocarcinoma- TAM
conditioned, Rep 3
GSE18404 GPL9298 GSM458919 TAM, Rep 1 TAM
High-density gene Nimbelgen GSM458920 TAM, Rep 2 TAM
expression analysis of mouse 35K GSM458921 TAM, Rep 3 TAM
TAMs from mouse array GSM458922 TAM, Rep 4 TAM
mammary tumours GSM458923 Splenic Macrophage, Rep 1 Control
GSM458924 Splenic Macrophage, Rep 2 Control
GSM458925 Splenic Macrophage, Rep 3 Control
GSM458926 Splenic Macrophage, Rep 4 Control
GSE36047 GPL13252 GSM879917 Macrophage cultured for 6 h Control
Macrophages in Agilent-027114 GSMS879918 Macrophage cocultured with tumour cells TAM
invadopodia human 8x60 k (DU-145) for 6 h
formation microarray

TAMs, tumour-associated macrophages.

small molecule drug database, we identified herbal compo-
nents that regulate the genes in these core functional groups,
thereby establishing a regulatory network between the herbal
components and the functional gene groups. The present study
provided a more in-depth analysis of the functions of TAMs
and screened for a large number of herbal components that
regulate them, offering a new entry point for future anticancer
treatment research.

Materials and methods

Screening for differentially expressed genes in TAMs. We
searched the National Center for Biotechnology Information
(NCBI) PubMed database to retrieve the genome-wide
expression profiles of mouse and human TAMs (GSE38283,

GSE18804, GSE18404 and GSE36047). Summary of the
4 data series is shown in Table I. Of these profiles, GSE38283,
GSE18804 and GSE18404 were analyzed for the pres-
ence of differential gene expressions using the significance
analysis of microarrays (SAM) approach. A false discovery
rate (FDR) of <0.1 was considered to represent differential
expression (Fig. 1). GSE36047 was screened for differentially
expressed genes based on fold-changes. In addition, BioMart
software was used to identify the human genes that were
homologous to the differentially expressed mouse genes.

Establishing and analysing the modules of the differentially
expressed genes. The Human Protein Reference Database
(HPRD) was used to obtain a protein-protein interaction (PPI)
network that included 36,874 edges and 9,453 nodes. The
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Figure 1. Screening for differentially expressed genes in TAMs. The genome-wide expression profiles of mouse and human TAM (GSE38283, GSE18804,
GSE18404 and GSE36047) were retrieved from the National Center for Biotechnology Information (NCBI) PubMed database. Of these profiles, GSE38283,
GSE18804 and GSE18404 were analyzed for the presence of differential gene expressions using the significance analysis of microarrays (SAM) approach. A
false discovery rate (FDR) of <0.1 was considered to represent differential expression. TAMs, tumour-associated macrophages.

differentially expressed genes were mapped to the PPI network,
and pairs of interacting genes in which both genes were
differentially expressed were noted, creating sub-networks.
Subsequently, CFinder software was used to identify functional
modules in the sub-networks. Then, Database for Annotation,
Visualization and Integrated Discovery (DAVID) software
was used to screen the modules for gene ontology-biological
processes (GO_BP), and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) was used to perform a database-based
pathway enrichment analysis.

Screening for traditional Chinese medicine components that
regulate the functional modules. The cmap database stores
the genome-wide transcription and expression profiles of
human cells that have been treated with various active small
molecules. The cmap includes 6,100 small molecule interfer-
ence experiments, which use both a test group treated with
the small molecule and a control group, for a total of 7,056
different expression profiles. The small molecule interference
experiments tested 1,309 different small molecules. Using
these interference experiment results, we analyzed the expres-
sion profile of each drug to identify the differentially expressed
genes by comparing drug administration to no drug adminis-
tration. The genes that were differentially expressed by each
drug were regarded as the gene cluster affected by the drug in
question. We then mapped the genes in each screened module
described above with the differentially expressed genes deter-
mined via cmap to obtain the relationships between the genes
in each module and the tested small molecules. Fisher's exact
test was used to statistically evaluate these relationships, and
the 10 small molecules with the highest p-values were consid-
ered to have the most potential.

Literature review and the generation of a regulatory network
connecting herbal components and modules. To obtain new,
possibly valuable anticancer herbal components, we conducted
a literature review focused on the studies of the anticancer
effects of the 10 herbal components that most regulated
the genes in the screened modules. First, the Perl software
language was used to write a literature review program. Next,
ActivePerl 5.16.2 software was used to retrieve literature data
from the NCBI PubMed database. The search locations were
the titles and abstracts of publications, and the search keywords
were the names of the screened herbal components and the

Table II. Fisher's exact test.

Module No module
gene gene Total
Interm m (a) y-m (b) y
Notin M-m() Y-M-y+m(d) Y-y
term
Total M Y-M Y(n=a+b+c+d)

Y, the total number of genes; M, the number of module genes; y, the
number of genes that are regulated by molecule X; m, the number of
module genes that are regulated by molecule X.

word ‘cancer’. Finally, we retrieved the number of publications
related to each herbal component and cancer. The results of
the herbal component screening and the findings from the
literature review were integrated with the gene modules, and
Cytoscape software was used to generate a regulatory network
connecting the herbal components to the target genes.

Statistical analysis. T-tests were used to screen the differen-
tially expressed genes and to evaluate the results of the genes'
GO_BP and KEGG-based enrichment analyses. T-tests were
also conducted on the gene chips that were repeated three times
or more (GSE38283, GSE18804 and GSE18404). Genes with
an FDR of <0.1 were considered to be differentially expressed.
For gene chips that were repeated <3 times (GSE36047),
the fold-change was used as the criterion, and genes with a
fold-change >2 or <0.5 were considered to be differentially
expressed. To evaluate the results of the GO_BP and KEGG-
based enrichment analyses, p<0.01 was considered statistically
significant. Fisher's exact test was used to evaluate the genes
in the modules with respect to each herbal component. The
principle for this choice is shown in Table II. A p-value for
each component was then calculated based on the above data,
using the following equation:

(a:b)(ctd) _ (@a+b)! (c+a)! (a+c)! (b+d)!
n al bl ¢ d n!
a+c

=
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Figure 2. Sub-networks of interacting genes with differential expressions. Among the four groups of TAM expression profiles, a total of 4,753 differentially
expressed genes were identified. These differentially expressed genes were mapped to the PPI network, and pairs of interacting genes in which both genes were
differentially expressed were used to generate sub-networks, which had 2,407 edges and 1,501 nodes. TAMs, tumour-associated macrophages.

Results

Screening the gene modules. Among the four groups of TAM
expression profiles, a total of 4,753 differentially expressed
genes were identified. These differentially expressed genes
were mapped to the PPI network, and pairs of interacting
genes in which both genes were differentially expressed were
used to generate sub-networks, which had 2,407 edges and
1,501 nodes (Fig. 2). Next, CFinder software was used to iden-
tify modules within the sub-networks. When k=4, 6 modules
were identified that had a total of 46 genes. We named them
modules 1-6 (Fig. 3A).

Functional analyses of the gene modules. GO_BP and KEGG-
based enrichment analyses were conducted on the 6 modules.
The resulting GO terms and pathways found for each module
were ranked according to their enrichment scores [-log (t-test
p-values)]. The top 10 GO_BP terms and KEGG pathways,
which each had p-values of <0.01, were considered to be the
most valuable and were used for subsequent analyses. The
GO analysis demonstrated that the main function of module 1
was positive regulation of transcription, positive regulation of
biosynthetic process and so on; the function of module 2 was
angiogenesis, vasculature development and tube development;
the function of module 3 was peptidyl-tyrosine phosphoryla-
tion, cell surface receptor linked signal transduction and
protein kinase cascade, and the main function of modules 4,
5 and 6 was regulation of cell cycle (Fig. 3B). Expression

results from the pathway analysis showed that for modules 1
and 2, cancer-related pathways were the most significant. For
module 3, the Janus kinase-signal transducers and activators
of transcription (JAK-STAT) signalling pathway and the
chemokine pathways were the most significant. For modules
4,5 and 6, the cell cycle pathways were the most signifi-
cant (Fig. 3C).

Herbal components that regulate the gene modules. Based on
the cmap database, we calculated that genes were differentially
expressed in 1,309 small molecule interference experiments,
and the final results showed that 1,221 small molecules caused
differential expressions. We then mapped each of the 46 genes
identified in the 6 modules with the differentially expressed
genes obtained from the cmap; this mapping allowed us to
describe the relationships between the genes in each module
and the small molecules. Specifically, we looked at the small
molecules that are components of the traditional Chinese
medicine herbs. Fisher's exact test and the original data were
used to calculate the p-value of each herbal component for
each module; the p-values were ranked in descending order,
and the herbal components with the 10 smallest p-values were
considered to have the most value and were used for subsequent
analyses (Fig. 4). The result showed that a total of 44 herbal
components were identified as regulators of the 6 modules.

Potential new anticancer drugs. To obtain novel anticancer
drugs, we conducted a literature review of the cancer-related
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Figure 3. Screening and bioinformatics analysis of modules. (A) Sub-networks of interacting genes with differential expressions were generated, as shown in
Fig. 2, and CFinder software was used to identify modules within the sub-networks. When k=4, 6 modules were identified that contained 48 genes. The mod-
ules were defined as modules 1-6. (B) DAVID software was used to conduct a GO_BP analysis of each module. GO term enrichment scores were calculated
as the -log (p-value from T test) and were arranged in descending order. The top 10 scores were plotted as a bar chart. (C) DAVID software was also used to
perform a pathway analysis of each module. The same method described for (B) was used to graph a bar chart.

research on the 44 determined herbal small molecules. The
number of publications was an indicator of the extent of
research on the herbal component's use in cancer treatment.
In particular, fewer publications were associated with a higher
likelihood that the herbal component could become a new
anticancer drug. The results revealed that multiple herbal
components have been studied extensively and have already
been proven to be effective anticancer drugs, such as campto-

thecin, staurosporine and resveratrol (the number of relevant
publications was >100). Herbal components, however, have not
been extensively studied with respect to their anticancer value,
such as lobeline, proscillaridin and cephaeline (the number of
relevant publications was <10), and herbal components, such
as helveticoside, hydrastinine, napelline, picrotoxinin and
tubocurarine chloride, have never been studied with respect
to cancer (Fig. 5).
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Figure 4. Herbal components that regulate the genes in the 6 core modules were identified through Bioinformatics techniques. Using the cmap database, we
calculated that genes were differentially expressed in 1,309 of the small molecule interference experiments examined. The final results showed that 1,221 small
molecules caused these differential expressions. Subsequently, the genes from each module were mapped with the differentially expressed genes found from
the cmap database, allowing us to determine the relationships between the genes in each module and the tested small molecules. Fisher's exact test was used
to calculate the p-value of each herbal component's regulation of each module, and the p-values were converted into statistical scores [statistical score = -log
(Fisher p-value)]. The herbal components with the 10 most significant p-values were plotted.
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Figure 5. Potential new anticancer drugs that regulate the genes in the 6 core modules were identified through literature review. To obtain novel anticancer drugs,
we conducted a literature review of the cancer-related research on the 44 determined herbal small molecules. The number of publications was an indicator of
the extent of research on the herbal component's use in cancer treatment. In particular, fewer publications were associated with a higher likelihood that the
herbal component could become a new anticancer drug. Fifteen potential new anticancer drugs were identified (the number of relevant publications was <10).

Creating a regulatory network connecting the herbal
components and the modules. Combined with the 44 herbal
components and the 6 modules and the results of the literature
review, Cytoscape 2.8 was used to generate aregulatory network
connecting the herbal components to the modules (Fig. 6).

Discussion

Normal macrophages exhibit direct anticancer effects, imple-
ment innate anticancer immunity and induce the anticancer
effects of natural killer (NK) cells and T cells. TAMs, however,
are an important part of the tumour microenvironment but
exhibit different phenotypes and functions than normal macro-
phages. Their ability to present antigens is decreased and they

can inhibit T cell proliferation and activity (13). In most solid
tumours, macrophages cannot remove the tumour. TAMs
even promote tumour development and progression (14,15).
Therefore, when developing anticancer therapies, it is essential
to obtain an in-depth understanding of the tumour-promoting
functions of TAMs and to search for drugs that target and
regulate TAM functions, particularly herbs with powerful and
wide-ranging anticancer effects.

TAMs have been isolated from a variety of tumour tissues
for genome-wide gene chip assays (16,17). In this experiment,
we integrated the genome-wide gene chip information already
developed for TAMs from different cancer tissue sources,
using modular analysis bioinformatics techniques to conduct
in-depth analyses of the integrated information. Modular
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represent the herbal components that regulate the genes in a module.

analysis is a well-established and invaluable bioinformatics
technique; it can be used for functional studies of both
single proteins and large-scale protein and gene interactions.
Moreover, this approach has been used to study the develop-
ment and treatment of various diseases.

Among the 6 functional modules that underwent
modular analysis, module 1 contained the largest number of
genes and the most complex interactions among its genes.
Module 1 was primarily involved in the positive regulation
of gene transcription, expression, biosynthesis and other
processes; the expression levels of cancer pathways were
also significantly elevated. Among the module 1 genes, the
highly expressed gene hypoxia-inducible factor 1A (HIF1A)
is a DNA-binding protein that plays an important role in
TAM migration. Rapid tumour proliferation can result in
a lack of oxygen to tumour cells. This hypoxia may induce
the expression of HIF1A-dependent cytokines, which in turn
induces the migration of TAMs through the avascular area
to the necrotic tissue. Once at the site of necrosis, TAMs
play tumour-promoting roles (18). This evidence suggests
that module 1 plays an important role in increasing the
biological activity of TAMs and regulating their migration.
Strong angiogenic ability is a key aspect of tumour cell
survival and development, and anti-angiogenic therapy is a
popular but difficult objective of anticancer therapies. Studies
have demonstrated that TAMs can secrete vascular endo-
thelial growth factor A (VEGFA) and other cytokines into
the tumour microenvironment, thereby promoting tumour
angiogenesis and development (19). This finding is consistent
with the results for module 2, further demonstrating that the

modules screened by modular analysis are responsible for
the core functions of TAMs. In module 3, the expression of
the JAK-STAT and chemokine signalling pathways, which
are closely associated with the development of a variety of
tumours, were significantly elevated. Studies have shown that
certain tumour-secreted chemokines and interleukins such as
chemokine (C-C motif) ligand 2 (CCL2) and interleukin 10
(IL10) can recruit TAMs, increasing the TAM density in the
tissue surrounding the tumour and inducing the differentia-
tion of monocytes into TAMs (2,20). These interleukins and
chemokines cause this recruitment through the JAK-STAT
and chemokine signalling pathways, suggesting that module 3
is involved in mediating the recruitment and migration of
TAMSs (21,22). Modules 4, 5 and 6 were all associated with
cell cycle regulation in TAMs. Many experiments and clinical
studies have demonstrated that disordered cell cycle regula-
tion is a characteristic of tumours, suggesting that tumour
development may result from abnormal cell cycles (23-25).
Among the genes in modules 4, 5 and 6, cyclin-dependent
kinase 1 (CDK1) and retinoblastoma 1 (RB1) are regarded as
the most critical genes for the promotion and inhibition of the
cell cycle, respectively (26,27). High CDK1 expression and
low RBI expression are likely critical for the abnormal cell
cycles observed in TAMs. The HIF1A, VEGFA, JAK/STAT
and CDK1 genes, among others in the last 3 modules, have
been shown to be closely associated with cancer development
and progression, suggesting that these screened modules
contained clusters of key tumour-promoting genes. In each
gene group, there were likely synergistic interactions among
multiple genes that caused TAMs to play a more powerful
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tumour-promoting role. Thus, in an anticancer therapy, treat-
ment with agents targeting these gene clusters may have better
results than treatments targeting only the individual genes.

Traditional Chinese medicine has been used for the treat-
ment of cancer for thousands of years. Chinese herbs have
been found to have anticancer effects in both clinical practice
and experimental studies. However, few studies have exam-
ined the anticancer effects of TAM-targeting herbs. The aim
of the present study was to screen for potential anticancer
herbal components and provide new theories for targeted
cancer treatment research. To that end, we used the cmap
small molecule database to screen for herbal components
that regulate the core functional modules of TAMs. Among
the 44 herbal components found through screening, several
components have been extensively studied and already found
to have anticancer effects. For instance, the HIF-1 blocker
digoxin strongly inhibits tumour growth and metastasis and
has been used to treat breast cancer with positive results (28).
Camptothecin, however, may disrupt DNA replication and has
been shown to repair and treat a variety of cancers, such as
breast, uterine and prostate cancer (29). These results indicate
that the herbal components we screened do have anticancer
effects, confirming the accuracy of the screening.

In addition to the herbal components with proven
anticancer effects, our literature review found 15 herbal
components upon which few cancer-related studies had been
performed. Highly notable are herbal components which
have never been addressed in cancer-related studies, such
as helveticoside, hydrastinine, napelline, picrotoxinin and
tubocurarine chloride. Multiple cardiac glycoside drugs were
identified in the 15 herbal components, including lanatosid_c,
proscillaridin and helveticoside. There have been reports on
cancer treatments using cardiac glycosides from as early as
the 1960s; however, due to the toxicity of these compounds to
humans, research on these substances was discontinued (10).
Studies have noted that the concentration required for cardiac
glycosides to induce tumour cell apoptosis does not produce
toxicity in humans. Compared with normal tissues, many
cancer tissues have altered levels of Na*/K*-ATPase subunits,
and Na*/K*-ATPase is the target for the inhibitory effect of
cardiac glycoside drugs (30-32). The present study found that
these molecules could regulate many genes across multiple
modules (shown in Fig. 6); for instance, proscillaridin regu-
lated 8 genes in 3 modules, and lanatoside_ regulated 9 genes
in 3 modules. This evidence suggests that the cardiac glyco-
side herbal components that have not yet been studied for their
anticancer effects have the potential to become new anticancer
drugs. As shown in Fig. 6, each module was regulated by
at least one of the 15 herbal components, and Fisher's exact
test demonstrated that the components' effects were statisti-
cally significant. Specifically, strophanthidin was the most
significant component regulating module 1. Rescinnamine
and kawain were, respectively, the second and fourth most
statistically significant components that regulated module 2.
For module 3, vincamine was the most statistically significant
component and picrotoxinin was the second. Fisher's exact test
results indicated that the 15 herbal components not studied
for cancer treatment play a major role in regulating TAM
modules, suggesting that these herbs are likely to have strong
anticancer effects.

GAO et al: HERBAL COMPONENTS REGULATE TUMOUR-ASSOCIATED MACROPHAGES

In conclusion, this study integrated TAM experimental
results from a variety of cancer tissues and used modular
analysis techniques to define 6 modules containing 46 genes
associated with TAM's core functions. In addition, based
on the cmap database, we found 44 herbal components that
can regulate the 6 modules. Fisher's exact test was used to
precisely screen for the herbal components that had the most
statistically significant module regulation. A literature review
was conducted that selected 15 herbal components with
considerable potential to become new anticancer drugs, all
of which had high statistical significance. Our in-depth and
specific analyses of the core functions of TAMs, combined
with the screening for herbal components that regulate these
TAM modules, provide a new research avenue for future
TAM-targeted anticancer therapy. More follow-up studies are
required to prove the anticancer effects of the selected herbal
components.
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