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Abstract: Medicinal mushrooms are increasingly being recognized as an important therapeutic
modality in complementary oncology. Until now, more than 800 mushroom species have been known
to possess significant pharmacological properties, of which antitumor and immunomodulatory
properties have been the most researched. Besides a number of medicinal mushroom preparations
being used as dietary supplements and nutraceuticals, several isolates from mushrooms have been
used as official antitumor drugs in clinical settings for several decades. Various proteomic approaches
allow for the identification of a large number of differentially regulated proteins serendipitously,
thereby providing an important platform for a discovery of new potential therapeutic targets and
approaches as well as biomarkers of malignant disease. This review is focused on the current state of
proteomic research into antitumor mechanisms of some of the most researched medicinal mushroom
species, including Phellinus linteus, Ganoderma lucidum, Auricularia auricula, Agrocybe aegerita, Grifola
frondosa, and Lentinus edodes, as whole body extracts or various isolates, as well as of complex
extract mixtures.

Keywords: cancer; medicinal mushrooms; proteomics; bioinformatics

1. Introduction

Cancer ranks as the leading cause of death overall, while being the first or second
leading cause of death before the age of 70 years in 112 of 183 countries [1]. It is known
that cancer poses the highest clinical, social, and economic burden in terms of cause-
specific disability-adjusted life years (DALYs) among all human diseases, followed by
ischemic heart disease and stroke. The overall risk of developing cancer from age 0–74 is
20.2% (22.4% in men and 18.2% in women) [2]. Cancer incidence and mortality is rapidly
growing worldwide, which reflects both population aging and growth as well as changes
in prevalence and distribution of the main risk factors for cancer. In 2020 alone, 19.3 million
new cases and 10 million cancer deaths were estimated. Overall, the five most commonly
diagnosed cancers are female breast (11.7%), lung (11.4%), prostate (7.3%), nonmelanoma
of skin (6.2%), and colon (6%) cancers. Lung cancer is the leading cause of cancer death
(18% of total cancer deaths), followed by colorectal (9.4%), liver (8.3%), stomach (7.7%),
and female breast (6.9%) cancers [1].

Cancer is a generic term that designates a large group of diseases that are charac-
terized by sequential and/or simultaneous alteration of molecular pathways associated
with cell proliferation, survival, differentiation, and death. Although cancer implies a
heterogeneous group of diseases, which differ in the tissue of origin and by the cellular
and molecular processes through which they originated, the basic features of tumors were
formulated by Hanahan and Weinberg [3], where they defined six basic features common
to all tumors, and subsequently expanded them with four more properties that allow
tumor progression [4]. The basic six characteristics are the acquisition of the ability for
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autonomous and unrestricted growth (self-sufficiency in growth signals), avoidance of
growth inhibition signals, evading apoptosis, unlimited replicative potential, formation of
new blood vessels (sustained angiogenesis), and tissue invasion and metastasis. Additional
features include genomic instability and tumor-stimulating inflammation, reprogramming
of energy metabolism, and avoidance of the immune system.

Current cancer therapies include sugery, chemotherapy, and radiotherapy, depending
on the type and tumor stage [5]. Besides limited effectiveness, there are major problems
in treatment, especially with radiotherapy and chemotherapy, which can damage and
weaken the patient’s immune system and have numerous other (systemic) side effects such
as hepatotoxicity [6], mucositis [7], late gastrointestinal and urogenital side effects, skin
damage, exhaustion, and pain that cause a large decline in the quality of life of the patient
(QoL), as well as the appearance of secondary tumors [8,9]. Therefore, there is an urgent
need for supplementary agents in cancer management and treatment.

While modern scientific research on medicinal mushrooms began during the 1960s
in Japan, their traditional medicinal use has been known to exist for about 7000 years in
China, India, Japan, and Korea [10]. Mushrooms can be defined as macro-fungi hav-
ing fruiting bodies that are either hypogeous (underground) or epigeous (above the
ground) [11]. Of about 7000 edible mushroom species, around 800 are known to pos-
sess pharmacological properties [12]. Medicinal mushrooms are known as a rich source of
high- and low-molecular weight bioactive compounds (polysaccharides, polysaccharide-
proteins/peptides, peptidoglycans, alkaloids, lectins, lipids, phenolics, polyketides, pro-
teins, steroids, terpenoids, ribosomal, and non-ribosomal peptides etc.), which possess
more than 130 therapeutic effects (cytotoxic, mitogenic, immunomodulatory, antiviral,
antibacterial, hepatoprotective, hypocholesterolemic, hypoglycemic etc.) [13]. While high
molecular weight compounds such as polysaccharides and polysaccharopeptides are pri-
marily known for their immunostimulatory and immunomodulatory action, a large number
of species-specific low molecular weight compounds are implicated in direct regulation of
cancer signaling, such as nuclear factor-kappa B (NF-κB), mitogen-activated protein kinase
pathway (MAPK), Akt, Wnt, Notch, and p53 pathways [11,13]. Due to a large number
of pharmacologically active compounds present in certain medicinal mushrooms, they
are regarded as potential multi-target therapeutics. This approach is especially important
with complex diseases such as cancer, where pleiotropy of cancer pathways is one of the
important factors in unsatisfactory effects of certain targeted therapies in the clinic, such as
MMP inhibitors, as well as therapeutic resistance [14].

Medicinal mushrooms comprise a complex system of chemical components that have
the potential to regulate multiple processes through multiple targets simultaneously. Pro-
teomics is a large scale study of proteins, which is characterized by a hypothesis-free and
comprehensive approach to studying novel mechanisms of potential therapeutics. Specifi-
cally, differential proteomics, also known as comparative or functional proteomics, studies
the changes in proteome in different physiological or pathological states between two or
more samples [15]. Cancer proteomics encompasses the identification and quantitative
analysis of healthy tissue from neoplasia and can be used to identify markers for cancer
diagnosis and treatment (biomarkers), monitoring disease progression, and identifying
therapeutic targets. Despite its complexity, proteomics is necessary for accurate charac-
terization of pharmacological action. One gene can potentially produce a large number
of protein products, because of differential splicing as well as more than 200 posttransla-
tional modifications that proteins can undergo, which affect their function, stability, and
protein–protein and other interactions [16].

The first step of functional proteomics comprises protein extraction from treated cells
or animal models, followed by protein separation by two-dimensional gel electrophoresis
(2-DE) or two-dimensional difference gel electrophoresis (2DE-DIGE). After comparing
and selecting protein spots on the gel, the third step involves their identification by mass
spectrometry (MS). Lately, isobaric tags method for relative and absolute quantitation
(iTRAQ) has emerged as the most widely used high-throughput technology, which inte-
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grates identification and quantification, and makes the analysis of differential proteome
easier and more efficient [15]. Another important high-throughput method includes pro-
tein microarrays. The last step of differential proteomics is bioinformatic analysis, by
which it is possible to map the proteins by their biological and molecular function, cellular
localization, protein-protein interactions (PPI), and functional pathways through various
available databases.

The aim of this review is to provide a comprehensive overview of the current large-
scale proteomic research into antitumor properties of medicinal mushrooms. Besides tumor
models, this review also features several important articles on proteomic characterization
of the immunomodulating effects of medicinal mushrooms, as well as proteomic analyses
of their interaction with various chemotherapy drugs. As in other fields, this area has just
recently began to gain momentum. The search was performed through several available
databases by using the terms “medicinal mushrooms” and “proteomics” or by combining
the term “proteomics” with 38 well-known mushroom genera until August 2021. The
articles that consider characterization of mushroom bodies and mycelia by proteomic
methods are not included in this review, which covers antitumor effects “in situ”, i.e., from
treated cell or animal models. All primary research which fits the given criteria and is
included in this review paper is summarized in Table 1.

Table 1. Primary research included in this review and its experimental parameters.

Mushroom
Species Compound Type of Experiment

(Tumor Model)
Proteomic

Methodology Validation Reference

Ganoderma
lucidum

Characterized
Ganoderma lucidum

spores (GL-SP)

In vitro
Splenic mononuclear

cells (MNCs)

2-DE followed by
MALDI-MS/MS No Ma, C., et al.,

2008

Ganoderma
lucidum

Characterized
Ganoderma lucidum

spores (GL-SP)

In vivo
Thymus lymphoid cells

2-DE followed by
MALDI-TOF MS/MS

Western
blotting

Ma, C., et al.,
2009

Ganoderma
lucidum

Characterized
Ganoderma lucidum

polysaccharide peptide
(GlPS) from the fruiting

body

In vivo
Murine sarcoma S180

model

2-DE followed by
ESI-Q-TOF-MS/MS

Western
blotting and

RT-PCR

Li, Y.B.,
et al., 2008

Ganoderma
lucidum

Characterized
Ganoderma lucidum

polysaccharide peptide
(GL-pp)

In vivo
Murine melanoma

(B16-F10-luc-G5) model

LC-MS/MS followed
by bioinformatic

analysis
No Xian, H.,

et al., 2021

Ganoderma
lucidum,

Phellinus linteus,
Auricularia

auricula

Polysaccharides from
Ganoderma lucidum (GL),

Phellinus linteus (PL),
Auricularia auricula

(AA) studied separately

In vitro
Human HepG2
(hepatocellular

carcinoma) cell line

2-DE followed by
MALDI-TOF-MS and
bioinformatic analysis

Western
blotting and

RT-PCR

Chai, Y.,
et al., 2016

Ganoderma
lucidum

Fungal
immunomodulatory
protein Ling Zhi-8

(LZ-8)

In vivo
Murine Lewis lung
carcinoma cell line

(LLC1)

2-DE followed by
LC-MS/MS and

bioinformatic analysis

Western
blotting

Lin, T.Y.,
et al., 2021

Ganoderma
leucocontextum GL22 triterpene

Huh7.5 liver cancer cell
line in vitro and in vivo

(xenograft) mouse
model

LC-MS/MS followed
by bioinformatic

analysis

Western
blotting

Liu, G.,
et al., 2018

Ganoderma
lucidum Ganoderic acid D

In vitro
HeLa human cervical

carcinoma cells

2-DE followed by
MALDI-TOF MS/MS

Western
blotting

Yue, Q.X.,
et al., 2008
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Table 1. Cont.

Mushroom
Species Compound Type of Experiment

(Tumor Model)
Proteomic

Methodology Validation Reference

Ganoderma
lucidum

ganoderic acid F (GAF),
ganoderic acid K

(GAK), ganoderic acid
B (GAB), ganoderic
acid D (GAD) and

ganoderic acid AM1
(GAAM1)

In vitro
HeLa human cervical

carcinoma cells

2-DE followed by
MALDI-TOF MS/MS

Western
blotting

Yue, Q.X.,
et al., 2010

Ganoderma
lucidum

Characterized mixture
of Ganoderma lucidum

triterpenes (GTS)

In vitro
HeLa human cervical

carcinoma cells

2-DE followed by
MALDI-TOF MS/MS

Western
blotting

Yue, Q.X.,
et al., 2008

Lentinus edodes MPSSS polysaccharide

In vitro
Prostate CAFs (cancer
associated fibroblasts)

and PC-3 (human
prostate cell line)

Tandem mass tag
(TMT) labeling

followed by
LC-MS/MS and

bioinformatic analysis

Western
blotting

Zhang, T.,
et al., 2021

Lentinus edodes Lentinan
In vivo

Murine H22 hepatoma
cells

LC-MS/MS No Wang, Y.,
et al., 2017

Lentinus edodes Lentinan
In vivo

ascites and solid H22
liver cancer models

LC-MS/MS No Yang, X.,
et al., 2020

Lentinus edodes Lentinan
In vivo

Murine H22 hepatoma
cells

HPLC-MS/nMS ELISA Wang, W.,
et al., 2021

Lentinus edodes
Lentinan

(LNT)-functionalized
selenium nanoparticles

In vivo
Ovarian cancer

(OVCAR-3) and Erlich
ascites carcinoma (EAC)

models

LC-MS/MS followed
by bioinformatic

analysis

Western
blotting

Liu, H.J.,
et al., 2020

Cordyceps
militaris

Cordyceps militaris (CM)
fresh body or mycelia

extract

In vitro
Cisplatin-resistant A549

human lung
adenocarcinoma cells

Protein antibody
microarray

Western
blotting

Jeong, M.K.,
et al., 2019

Cordyceps
sinensis

Characterized
Cordyceps sinensis water

extract (WECS)

In vitro and in vivo 4T1
breast cancer model Protein array No Cai, H.,

et al., 2018

Cordyceps
sinensis

Characterized
Cordyceps sinensis

ethanol extract

In vivo DEN
(diethylnitrosamine)-

induced hepatocellular
carcinoma

2-DE followed by
MALDI-TOF MS and
bioinformatic analysis

Western
blotting

Wang, P.W.,
et al., 2016

Cordyceps cicadae Water extract of
Cordyceps cicadae

In vitro
Human MHCC97H

hepatocellular
carcinoma cells

2-DE followed by
MALDI-TOF/TOF MS

Western
blotting

Wang, H.,
et al., 2014

Pleurotus
sajor-caju

n-hexane, chloroform,
ethyl acetate, ethanol
and ethanol/water
Pleurotus sajor-caju

fruiting body extract

In vitro
Human colorectal
adenocarcinoma

HCT-116wt, -Bax, -p21

cells

Protein array Western
blotting

Finimundy,
T.C., et al.,

2018

Pleurotus eryngii
PEP 1b, a novel

immunoregulatory
protein

Raw 265.7 macrophage
cells

*iTRAQ labeling
followed by

LC-MS/MS and
bioinformatic analysis

Western
blotting

Ma, N.,
et al., 2020
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Table 1. Cont.

Mushroom
Species Compound Type of Experiment

(Tumor Model)
Proteomic

Methodology Validation Reference

Trametes
versicolor

Polysaccharopeptide
(PSP)

Ex vivo
Human T lymphocytes

2-DE followed by
MALDI-TOF MS

Western
blotting

Lee, C.L.,
et al., 2007

Hericium
erinaceus Erinacine A

In vitro
Human MKN28 and
TSGH9201 human
gastric carcinoma

2-DE followed by
MALDI-TOF/TOF

Western
blotting

Kuo, H.C.,
et al., 2017

Hericium
erinaceus Erinacine A

In vitro (DLD-1 and
HCT-116) and in vivo
(HCT-116 xenograft)

human colorectal
carcinoma cells

2-DE followed by
MALDI-TOF/TOF

Western
blotting

Lee, K.C.,
et al., 2017

Phellinus linteus Proteoglycan P1

In vitro and in vivo
(xenograft)

HepG2 human
hepatocellular
carcinoma cells

2-DE followed by
MALDI-TOF/TOF

RT-PCR and
Western
blotting

Li, Y.G.,
et al., 2013

Grifola frondosa Glycoprotein GFG-3a
In vitro

Human gastric cancer
cell line SGC-7901

2-DE followed by
MALDI-TOF-MS

qRT-PCR and
Western
blotting

Cui, F., et al.,
2016

Antrodia
cinnamomea

Antrodia cinnamomea
fruiting body ethanolic

extract

In vitro
Liver cancer (HepG2
and C3A) and normal

liver (Chang’s) cell lines

2D-DIGE followed by
MALDI-TOF MS and
bioinformatic analysis

Immunoblot
analysis

Chen, J.F.,
et al., 2020

Auricularia
auricula

Three types of
Auricularia auricula

isolates (FD, BS, BT)

In vitro
hepatocellular cancer

cell lines (HCT-15,
huh-7, SK-MEL-5,

SNU-213, and SNU-484)

2-DE-GE followed by
MALDI-TOF-MS

RT-PCT and
Western
blotting

Kang, M.A.,
et al., 2020

Sporisorium
reilianum

Sporisorium reilianum
polysaccharide

WM-NP-60

In vitro
Human colorectal
adenocarcinoma

HCT-116 cells

Tandem mass tag
(TMT) labeling

followed by
nano-HPLC-MS/MS

and bioinformatic
analysis

qRT-PCR and
Western
blotting

Kan, L.,
et al., 2020

Agrocybe aegerita
Fraction 2 proteins of

Agrocybe aegerita
(AA-f2-MNC-CM)

In vitro
Human leukemic U937

cells

2-DE followed by
MALDI-TOF-MS No Wang, Y.T.,

et al., 2004

Nectria
haematococca

Fungal
immunomodulatory
protein (FIP) from
Nectria hematococca

(FIP-nha)

Human lung
adenocarcinoma (A549
and NCI-H2347) calls

in vitro and A549
in vivo

iTRAQ (isobaric tag
for relative and

absolute quantitation)
followed by

quadrupole-orbitrap
MS and bioinformatic

analysis

Western
blotting

Xie, Y., et al.,
2018

Agaricus bisporus

ABL-Agaricus bisporus
lectin conjugated with
CaCO3 nanoparticles

(ABL- CaCO3NPs)

In vitro
Human breast cancer

cells (MCF-7)

2-DE followed by
LC-MS and

bioinformatic analysis
No

Mahmood,
R.I., et al.,

2021

*NA Ergosterol
In vitro

Murine macrophage cell
line RAW 264.7

2-DE followed by
MALDI-TOF/TOF-

MS

Western
blotting

Kuo, C.,
et al., 2011
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Table 1. Cont.

Mushroom
Species Compound Type of Experiment

(Tumor Model)
Proteomic

Methodology Validation Reference

Lentinus edodes,
Ganoderma

lucidum,
Agaricus

brasiliensis
(=blazei ss.
Heinem.),

Grifola frondosa,
Pleurotus

ostreatus, and
Trametes
versicolor

combined in a
commercial
medicinal
mushroom

extract blend
Agarikon.1

Various

In vivo
Murine colorectal

carcinoma CT26.WT
model

Tandem mass tag
(TMT) labeling

followed by
LC-MS/MS and

bioinformatic analysis

Western
blotting

Jakopovic,
B., et al.,

2020

*NA: not applicable; *iTRAQ: isobaric tag for relative and absolute quantitation.

2. Genus Ganoderma

Ganoderma lucidum (Curtis: Fr.) P. Karst, also called Reishi (Japanese), or Lingzhi
(Chinese) is one of the most investigated medicinal mushroom species, which has been
used in traditional Chinese medicine for promoting good health, vitality, and longevity for
at least 2400 years, when it was recognized by herbalist Shen Nong [17]. This mushroom
contains over 400 bioactive compounds, including polysaccharides, nucleotides, sterols,
steroids, fatty acids, and proteins/peptides, which have numerous pharmacological effects,
such as antitumor, antimicrobial, anti-atherosclerotic, anti-inflammatory, hypolipidemic,
anti-diabetic, antioxidative, and radical scavenging, anti-aging, anti-fungal, and anti-viral
(for example against herpes and HIV) effects [18].

Over 200 different polysaccharides have been isolated from G. lucidum fruit bodies,
spores, and mycelia [18]. Mushroom polysaccharides primarily exhibit their antitumor
effect through immunomodulation. Polysaccharides from G. lucidum can induce cytokine
production and differentiation of lymphocytes; maturation of murine bone-marrow de-
rived dendritic cells; and immune response initiated by dendritic cells, proliferation of
splenic B cells, and immunoglobulin production and activation of natural killer cells [19].
Polysaccharides isolated from its fruiting bodies contain (1→3) and/or β-(1→6)-D-glucans,
α-D-glucans, and polysaccharide-protein complexes, which enhance the cytotoxic activity
of natural killer cells and increase TNF-α from macrophages and interferon-γ from lym-
phocytes. β-D-glucans from medicinal mushrooms induce biological response by binding
to membrane complement receptor type 3 (CR3, αMβ2 integrin, or CD11b/CD18) on
immune effector cells. The ligand–receptor complex is then internalized, which induces
a series of molecular events such as the activation of the nuclear factor NF-κB [20]. A
crude extract of the polysaccharides from fruiting bodies induces cytokine expression
via Toll-like receptor-4 (TLR-4) modulated protein kinase signaling pathway [21]. Fungal
β-glucans act as pathogen-associated molecular patterns (PAMPs) on various immune
cell membrane receptors, thus triggering immune function [22]. Large molecular weight
polysaccharides have better antitumor efficacy because of their ability to simultaneously
bind several receptors. The efficacy of β-glucans also depends on the configuration (triple
helix) and the degree of branching.
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2.1. Ganoderma spp. Polysaccharides and Polysaccharopeptides

One of the sources of antitumor polysaccharides are mushroom spores. G. lucidum
spore polysaccharides induce MAPK pathway and spleen tyrosine kinase Syk-dependent
TNF-α and interleukin-6 secretion in murine peritoneal macrophages [21]. Ma et al. [19]
demonstrated that Ganoderma lucidum spores (GL-SP) could stimulate splenic mononuclear
cells (MNCs) proliferation and cytokine production. GL-SP was characterized by high-
performance liquid chromatography (HPLC) and seven monosaccharides were identified.
MNCs were obtained from inbred KM mice spleen. The proliferation of MNSc treated with
200, 400, or 800 µg/mL of GL-SP for 72 h showed a dose-dependent increase in proliferation.
GL-SP also increased the production of IL-2 and TNF-α, although the effect on TNF-α
production was more pronounced than on IL-2 production. In order to further investigate
the differential protein expression between GL-SP treated (400 µg/mL) and untreated cells,
2-DE was conducted to separate the proteins, and 10 protein spots that exhibited > 2-fold
increase or decrease in abundance were further identified by MALDI-TOF MS/MS analysis.
Based on their biological functions, these 10 proteins were classified into three categories.
Two proteins included in cell viability and proliferation included 14-3-3-tau (theta) protein
and apoptosis-associated speck-like protein containing a CARD (ASC), which were both
downregulated. Since 14-3-3 tau protein is involved in mitogenesis, cell cycle control
(G1-S and G2-M cell cycle progression), and apoptosis, its downregulation may inhibit the
apoptosis cascade and increase the number of viable mononuclear cells [23]. ASC protein
is essential in intrinsic mitochondrial apoptosis pathway, so its downregulation protects
MNCs from apoptosis [24]. Five proteins involved in cell activation and motility were
found to be differentially downregulated as a response to GL-SP treatment. Upregulated
T-cell-specific GTP-ase plays a role in the activation of lymphocytes induced by GL-SP [25].
Copine I protein, which is involved in apoptosis and TNF-α signaling pathway, was
downregulated [26]. Phosphatidylinositol transfer protein α (PITP alpha) modulates
cellular responses of lyphocytes to LPS and other mCD14 ligands, so its upregulation
may contribute to the immunomodulating activity of GL-SP [27]. Rho, GDP dissociation
inhibitor beta, has important roles in the maintenance of marginal zone B cells and retention
of mature T cells in thymic medulla, so its upregulation is clearly indicative of its role
in immunomodulating effects of GL-SP [28]. Upregulated myosin regulatory light chain
2-A mediates the effect of GL-SP on lymphocyte motility. Three proteins involved in
cytoskeleton structure, maintaining cell shape and motility (beta actin, gamma actin, and
tubulin alpha), were all downregulated, which could indicate cytoskeletal remodeling in
lymphocyte activation [29].

Cyclophosphamide (Cy) is an alkylating agent that is used in treatment of lymphoma,
leukemia, ovarian and breast cancers, and small cell lung cancer. Its important side-
effect is immunosuppression, which is mediated by excessive free radical production and
apoptosis of immune cells of the thymus [30,31]. It has been shown that Ganoderma lucidum
polysaccharide (GL-SP) also has the potential to at least partly restore immunological
effects induced by chemotherapeutic drugs [32]. Ma et al. [33] used 2-DE combined with
mass spectrometry to check possible target-related proteins of Cy, as well as thymus
protein expression of mice treated with GL-SP or combination of Cy and GL-SP. Proteins
whose Cy-induced expression change could be prevented by combined use of GL-SP with
Cy were considered as the possible target-related proteins of GL-SP in its mechanism
against Cy-induced immunosuppression. Male KM mice were treated either with saline
by i.p. injection once daily for 7 days (control group), Cy (20 mg/kg/day, i.p.) for 7 days,
GL-SP (50 mg/kg/day, i.g.) for 7 days, or with Cy (20 mg/kg/day, i.p.) and GL-SP
(50 mg/kg/day, i.g.) for 7 days. Cy caused significant reduction in body and thymus
weight, indicating toxicity and immunosuppression, respectively. GL-SP treatment did not
cause a significant difference between body and thymus weight. GL-SP could not fully
protect thymus from Cy-induced injury and could partly prevent Cy-induced decrease
in proliferation response, but could not fully restore it. In the proteomic study, only the
effect of Cy or GL-SP at one dose (20 mg/kg Cy and 50 mg/kg GL-SP) was done, based
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on the lowest effective dose. Significantly differentially expressed protein spots (p < 0.05)
with >2-fold difference with respect to control were identified by MALDI-TOF MS/MS.
Proteomic study found 15 proteins that were significantly changed in the Cy-treated group
compared with control group. These proteins were mainly involved in the regulation
of oxidative stress, mitochondrial function, apoptosis, and immune function regulation.
The main effect of these changes is immunosuppressive and toxic effects on immune
cells mediated by free radical production and apoptosis [31]. The authors classified these
proteins into four categories according to the effect of combined use of GL-SP with Cy
on Cy-induced expression change; those whose expression change induced by Cy could
not be prevented by combined use of GL-SP and Cy: cytochrome b5 outer mitochondrial
precursor, hypoxanthine guanine phosphoribosyl transferase 1 (HPRT1), and transaldolase
1; those whose Cy-induced expression level change could only be partly prevented by
GL-SP + Cy: phosphatase 2A inhibitor I2PP2A, high mobility group protein B1 (HMGB1),
lactate dehydrogenase (LDH), and progesterone receptor membrane component; those
whose expression level change induced by Cy could be totally prevented by GL-SP + Cy:
PAF acetylhydrolase 1b alpha 1 subunit, glucosidase II subunit beta, GSH-Px, NADH-
ubiquinone oxidoreductase 42 kDa subunit, G3PDH and annexin-1. The last category
comprises proteins whose Cy-induced expression level change were further enhanced
by GL-SP + Cy: nucleolin and elongation factor 2. GSH-Px (glutathione peroxidase) is
one of the proteins whose expression level change could be totally prevented by GL-Sp
+ Cy. It is one of the primary antioxidant enzymes that scavenges hydrogen peroxide
and organic hydroperoxides [33]. It has been shown that Cy causes adaptive increase in
GSH-Px activity [34]. Platelet-activating factor (PAF) acetylhydrolase is a protein important
in immune function. Unregulated PAF signaling can cause pathological inflammation
and has been found to be a cause of sepsis, shock, and traumatic injury [35]. Glucosidase
II subunit beta is involved in N-glycan metabolism and immune function [33]. NADH-
ubiquinone oxidoreductase (complex I) is the first enzyme of the electron transport chain
in mitochondria and a main source of reactive oxygen species (ROS) in mitochondria, with
important functions in oxidative stress and cell apoptosis [33,36,37]. Glycerol-3-phosphate
dehydrogenase I (G3PDH) is a key enzyme in carbohydrate metabolism whose activity is
known to be elevated after treatment with Cy with either methotrexate or 5-fluorouracil [38].
Annexin-1 (phospholipase A2 inhibitory protein or lipocortin I) is an endogenous anti-
inflammatory protein that modulates innate (neutrophils and macrophages) and adaptive
immune response such as TCR signaling and differentiation. It is known to be highly
expressed in T cells from rheumatoid arthritis patients [39]. Furthermore, proteins whose
Cy-induced expression change could be prevented partially by the combined use of GL-SP
with Cy and could also be considered as the possible target-related proteins of GL-SP:
phosphatase 2A inhibitor I2PP2A (apoptosis), high mobility group protein B1 (immune
function/apoptosis), lactate dehydrogenase (LDH) (cell proliferation/cell death), and
progesterone receptor membrane component (apoptosis) [33].

Although previous studies proposed that Ganoderma lucidum polysaccharides exert
their anticancer effects primarily through immunomodulation, studies have demonstrated
other important mechanisms, such as anti-angiogenesis, inhibition of tumor cell motility, in-
duction of apoptosis, and antimutagenic activities [40–43]. A study performed on a murine
sarcoma 180 (S180) model revealed marked protein changes after treatment [44]. Ganoderma
lucidum polysaccharides (GlPS) were extracted by hot water from the fruiting body. GlPS
is a polysaccharide peptide with a molecular weight of 584,900, with a polysaccharide to
peptide ratio of 93.51%:6.49%. Male Balb/c mice inoculated with S180 tumor cells were
treated with 25, 50, and 100 mg/kg GlPS orally on the second day after inoculation for
10 contiguous days. The tumor growth inhibition was 32.67%, 44.80%, and 45.24% after
treatment with the aforementioned concentrations of GlPS, exhibiting a dose response.
Proteomic analysis was done from the serum of treated animals. Serum proteins were
separated by their isoelectric points and then by molecular mass using sodium dodecyl
sulfate polyacrylamide electrophoresis (SDS-PAGE). Three proteins with marked changes



Molecules 2021, 26, 6708 9 of 45

in protein profiles were discovered. Serum amyloid A (SAA) was one of the upregulated
proteins discovered, the other being haptoglobulin. Apolipoprotein A-II was the only
identified downregulated protein. SAA is one of the major acute-phase serum proteins,
whose concentration can be elevated 1000-fold in comparison to normal values as a re-
sult of inflammation or various malignancies, which suggests its beneficial role in host
defense [44–46]. SAA inhibits malignant cell attachment to extracellular matrix, (ECM);
induces the expression of enzymes, which degrade ECM and stimulates leukocyte recruit-
ment [47–49]; and is an important biomarker in several types of malignancies, including
gastric, pancreatic, and non-small cell lung cancer [46,50,51]. The hypothesis that one of
the main mechanisms of GlPS is the inhibition of tumor cell adhesion was tested by cell
adhesion assay. It was shown that the adhesion ability of PC-3M prostate cancer cells to
HUVEC endothelial cells was significantly inhibited by GlPS-treated serum. Since it is the
same group in which the concentration of SAA was much higher than in control serum,
this correlation was interpreted to be of potential functional significance [44].

Sleep disorders are known to be linked to many human body disorders, including
cancer. Some clinical studies have shown that sleep fragmentation strongly correlates with
tumor metastasis [52]. Xian et al. [53] studied the effects of Ganoderma lucidum polysaccha-
ride peptide (GL-pp) on tumor metastasis under conditions of sleep fragmentation. Balb/c
nude mice were injected with 5 × 106/mL B16-F10-luc-G5 melanoma luciferase expressing
cells through tail vein, which is a common model for studying tumor metastases. Mice
were divided into four groups, including untreated control, tumor-bearing group (T group),
tumor-bearing group subjected to sleep fragmentation (SF) burden (T + SF group), and T +
SF group treated with GL-pp (GL-pp group). GL-pp, with a molecular weight of 512,500
and the polysaccharide to peptide ratio of 94.84%:5.16% was administered i.g. (80 mg/kg)
for 15 consecutive days. The survival rate was observed to be equal in all groups (100%).
In vivo imaging using luciferase has shown significantly stronger luminescence in T +
SF group than in T and GL-pp groups, which indicates an elevated tumor burden. The
group treated with GL-pp exhibited a lower luminescence and a decreased number of lung
metastatic foci compared with both T and T + SF groups. This indicates that GL-pp has
an antitumor metastasis effect under SF conditions. GL-pp also induced M1 macrophage
polarization [53]. Label-free quantitative whole proteomics of lung tissues was conducted
in order to analyze the differences in protein expression between T + SF and GL-pp groups.
Nano-ESI-LC-MS/MS analysis detected 227 genes that were differentially expressed, of
which 137 were upregulated and 90 were downregulated. Global gene network analysis
based on the KEGG signaling pathway identified 43 key regulatory genes, of which 30
were upregulated and 13 were downregulated. GO biological process analysis of 43 key
regulatory genes showed that GL-pp significantly upregulated six biological process clus-
ters: response to hormone, inositol lipid-mediated signaling, glycolipid metabolic process,
lipid catabolic process, positive regulation of growth, and morphogenesis of a branching
epithelium. Seven upregulated KEGG pathways after GL-pp treatment were: focal ad-
hesion, glycerophospholipid metabolism, choline metabolism in cancer, metabolism of
xenobiotics by Cyt P450, purine metabolism, extracellular matrix (ECM)–receptor inter-
action, and cAMP signaling pathway, while significantly downregulated pathways were
herpes simplex infection (KEGG) and mRNA processing (GO). Cytoscape analysis showed
that “focal adhesion” clusters, which includes choline metabolism in cancer (mmu05231),
PI3K–Akt signaling pathway (mmu04151), and MAPK signaling pathway (mmu04010) as
well as “response to hormone” cluster including pathways in cancer (mmu05200), small-cell
lung cancer (mmu05222), and chemokine signaling pathway (mmu04062) had the most
tight correlations and were situated in the center of the plots. Lama2 (laminin subunit
alpha-2) had the highest degree in the global transduction network, which indicates a
strong correlation between Lama2 and other genes in the signal network. Lama2 is a tumor
suppressor gene, and its decrease in expression is accompanied by an increase in DNA
methylation near the transcription site [54]. GO and KEGG analyses revealed that “focal
adhesion” cluster had more and tighter correlations among the downregulated pathways,
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which is in accordance with previous research, which found that the recombinant protein
of G. lucidum inhibited epithelial to mesenchymal transition (EMT) in LLC1 Lewis lung
carcinoma cell line, a process of key importance in tumor metastasis [55]. The other two
genes that had tight correlations in the pathway of focal adhesion were Ptk2 (PTK2 protein
tyrosine kinase 2 (PTK2), also known as focal adhesion kinase (FAK) and Grb2 (growth
factor receptor-bound protein 2). Overexpression of Ptk2 has been shown to improve cell
migration, invasion, adhesion, proliferation, and survival in ovarian and other cancers [56].
Grb2 is involved in many oncogenic pathways as an adaptor protein. It was shown that
it regulates MAPK and Akt pathways in non-small-cell lung cancer (NSCLC) [57]. Gut
microbiota has a strong influence on oncogenesis, tumor progression, and response to ther-
apy [58]. By using 16S rRNA sequencing, Xian et al. [53] also showed that GL-pp treatment
decreased Firmicutes:Bacteroidetes (F:B) microbial taxa ratio, which was elevated in the T +
SF group. Increased F:B ratio is associated with inflammation and poor prognosis in many
diseases [59,60].

Liver cancer, of which hepatocellular carcinoma is the most common, is the third
in terms of mortality worldwide [1]. Its complex etiology includes many environmental
factors, such as hepatitis B or C viruses (HBV, or HCV), alcohol, and aflatoxin-contaminated
food [61]. Recently, a proteomic analysis was conducted to study the effects of various
mushroom polysaccharides on hepatocellular carcinoma cells (HepG2) [62]. Phellinus lin-
teus (PL), Ganoderma lucidum (GL), and Auricularia auricula (AA) powders were purified,
and single fraction polysaccharides were obtained. HepG2 cells were treated with 1 mg/mL
of PL, GL, or AA, and after 2-DE, spots were analyzed by MALDI-TOF-MS for protein iden-
tification. It was established previously that these PL, GL, and AA polysaccharides inhibit
HepG2 and Bel-7404 cells through the induction of apoptosis (through Bcl-2 activation,
increase in mitochondrial cytochrome c, and Smac release) and G1- or S-phase cell cycle
arrest (through suppression of Akt, enhancement of p27Kip or p21Cip, and suppression of
cyclin D1/CDK4 and cyclin E/CDK2) [63]. So, the goal of this subsequent research was
to study the effects of mushroom polysaccharides on HepG2 tumor markers [62]. 2-DE
analysis revealed a total of 104 differentially expressed protein spots in gels treated with
either PL, GL, or AA in comparison to control cells. Differentially expressed proteins n = 59
identified by MASCOT analysis were evaluated by MALDI-TOF-MS mass spectrometry
analysis. These proteins were subjected to Gene Ontology analysis (GO), by which 400 bio-
logical processes (BP) and 146 molecular functions (MF) were found. BP analysis showed
that 2.28% of the identified proteins were involved in gene expression process, 1.98% of
the proteins were associated with small molecule metabolic processes, and 1.67% with
negative regulation of apoptotic processes. KEGG analysis revealed 78 enriched metabolic
pathways, which are significant after this treatment, of which the top 10 were: antigen
processing and presentation, proteasome, Epstein–Barr virus infection, protein processing
in endoplasmic reticulum, glycolysis/gluconeogenesis, RNA degradation, amoebiasis,
spliceosome, legionellosis, and pathogenic Escherichia coli infection. Authors found that
14-3-3 protein was involved in many KEGG pathways and subsequently confirmed its
upregulation with respect to control after treatment with PL, GL, or AA polysaccharides
by RT-PCR and Western blot analysis. 14-3-3 was involved in several enriched pathways
important in tumor markers and cellular signal transduction, such as Epstein–Barr virus
infection pathway, Hippo signaling pathway, viral carcinogenesis pathway, cell cycle path-
way, and PI3K-AKT signaling pathway. The upregulation of 14-3-3, which are involved in
apoptosis inhibition and tumor genesis and development, was determined to be a possible
resistance mechanism of polysaccharide-treated HepG2 cells [62]. The other protein that
was key in the networks studied, DJ-1 (protein deglycase DJ-1 or PARK7), was confirmed
by RT-PCR and Western blot to be downregulated as a result of treatment in all three
groups, which was also in agreement with 2-DE results. DJ-1 has a growth-related function
and is upregulated in HCC tissues [64]. Moreover, it is implicated in various mechanisms
of inhibiting apoptosis, such as death-inducing signaling complex (DISC) [65]. Therefore,
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it was concluded that its downregulation might be an important prognostic biomarker
for HCC.

2.2. Ganoderma lucidum Immunomodulatory Proteins

Mushrooms produce a large number of biologically active proteins including lectins,
ribosome inactivating proteins (RIPs), fungal immunomodulatory proteins (FIPs), and
laccases [66]. Fungal immunomodulatory protein Ling Zhi-8 (LZ-8) is one of the most im-
portant bioactive substances of G. lucidum [67]. Lin et al. [68] studied the proteomic profile
of LLC1 lung cancer cells after treatment with LZ-8 from G. lucidum. It was previously
established that LZ-8 has antitumor roles in lung cancer [69], so this study was aimed at
revealing the mechanisms of its antitumor action by differential proteomics. C57BL/6
mice were inoculated with 2 × 105 LLC1 cells. Control group was treated with PBS i.p.,
while the second group was treated with i.p. LZ-8 (7.5 mg/kg) on days 3, 7, 11, and 15.
On day 17, tumor tissues were extracted and used for proteomic analysis. After 2-DE
separation, protein identification by ESI-MS/MS revealed 21 differentially expressed pro-
teins in comparison with control. Proteins with a value of p ≤ 0.05 and fold change ≥ 2
were deemed to be significantly differentially expressed. It was found that significantly
downregulated proteins included various heat shock proteins (HSPs), T-complex protein 1,
cytoskeleton-related proteins (tubulin, vimentin), protein disulfide-isomerase (PDIA3), and
serum albumin [68]. Bioinformatic analysis (Ingenuity Pathway Analysis) revealed that a
highly significant overlap of 15 canonical pathways was found and was connected with
aldosterone signaling, protein ubiquitination pathways, and 14-3-3-mediated signaling.
KEGG annotation revealed that 4 of the 21 proteins, GRP78 (Bip), HSP70, HSP90, and
PDI-related proteins were included in protein processing/endoplasmic reticulum stress
pathway. Heat shock proteins are a group of chaperone proteins whose expression is
often increased in various cancer cells, such as lung cancer [70]. HSP90 stabilizes various
oncoproteins, such as EGFR, HER2, ALK, and KRAS, while HSP70 inhibits apoptosis [71].
LZ-8 effectively reduces levels of various HSPs. The tested FIP also inhibited cancer cell
viability, suppressed cell migration, and induced apoptosis by HSP downregulation, as
was determined by Transwell and Western blot assays. It is known that HSP90 contributes
to EGFR stabilization. Previous research demonstrated that LZ-8 effectively downregulates
EGFR protein, which supports the finding that HSP downregulation may contribute to
cellular apoptotic response [69].

2.3. Ganoderma spp. Triterpenes

To date, more than 150 triterpenes from Ganoderma lucidum fruiting bodies, spores,
and mycelia have been identified. Ganoderic acids (GAs), a group of terpenoids from G. lu-
cidum, have anti-inflammatory, anti-tumorigenic, anti-HIV, and hypolipidemic activity [18].
Liu et al. [72] isolated a novel natural triterpene-farnesyl hydroquinone hybrid G22 from
fruiting bodies of Ganoderma leucocontextum and showed that it significantly inhibits the
growth of the liver cancer cell line Huh7.5 in vitro and Huh-7.5-derived tumor xenografts
in vivo (Figure 1). Balb/c nude mice were subcutaneously injected with 3 × 106 Huh7.5
cells and daily drug treatment (50 mg/kg/day i.p.) was started when tumor size reached
about 100 mm3 and lasted for 7 days. Huh7.5 cells were treated with 25 µM GL22 for
0, 12, and 24 h, and protein identification was done by LC-MS/MS, with a fold change
cutoff of above 1.3 or below 0.77 deemed significant. G22 and Sorafenib (positive control)
strikingly inhibited Huh7.5 xenograft tumor growth in mice, as determined by tumor vol-
umes. Proteomic analysis identified 128 and 141 proteins that were differently expressed
(1.3-fold change cutoff and p < 0.05) in Huh7.5 cells treated with GL22 for 12 and 24 h,
respectively. The authors focused on 12 differentially expressed proteins that are involved
in fatty acid metabolism, and which were downregulated after GL22 treatment. GL22
treatment significantly decreased the levels of multiple FABPs (fatty acid-binding proteins).
FABPs reversibly bind fatty acids (FA) with high affinity, and FABP content in most cells is
generally proportional to the rate of fatty acid metabolism [73]. In concordance with those
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results, the authors have shown that the levels of peroxisome proliferator-activated receptor
components PPARα and PPARγ, which play a crucial role in lipid metabolism, were also
significantly decreased after GL22 treatment in vitro. Moreover, it was confirmed that
the expression levels of PPARα, PPARγ, FABP1, FABP4, and FABP5 were downregulated
in GL22-treated xenograft tumors, which indicates that PPAR-FABPs signaling pathway
exerts a significant anticancer effect against liver cancer. Reduced expression of FABPs
in vitro and in vivo inhibits FA mobilization and cardiolipin biosynthesis [72]. Metabolic
reprogramming is considered a hallmark of cancer [4]. Altered lipid metabolism, especially
with regards to fatty acids, is important in cancer cell growth and proliferation, so its rever-
sal demonstrated by GL22 administration points to a significant anticancer effect [74]. GL22
decreased the level of cardiolipin, which is essential for mitochondrial function, which
partly explains the antitumor activity of GL22. These effects on cellular lipid homeostasis
resulted in altered mitochondrial shape and ultrastructure, which led to mitochondrial dys-
function, including reduced ATP production, decreased aerobic respiration, and increased
compensatory anaerobic respiration [72].
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Yue et al. [75] studied the effects of ganoderic acid D on the proteome of human
cervical carcinoma HeLa cells. GAD was isolated and purified from G. lucidum and further
purified by HPLC to obtain at least 99% purity. HeLa cells were incubated with 10 µM
of GAD for 48 h and separated by 2-DE. Protein spots with 2-fold or more increased or
decreased intensity with respect to control were subjected to further identification by
MALDI-TOF MS/MS. Cytotoxic effects of GAD on HeLa cells in a range of concentrations
from 1–50 µM for 24, 48, and 72 h was observed, proving to be dose- and time-dependent.
Since 10 µM was the lowest concentration at which GAD induced both G2/M arrest
and apoptosis, this concentration was chosen for protein analysis. Seven downregulated
and 14 upregulated protein spots were identified. Proteins including eIF5A (eukaryotic
translation initiation factor 5A-1) and spermidine synthase are important in cell survival
and proliferation, and their observed downregulation after GAD treatment indicates their
possible connection with cell growth inhibition [75]. Contrary to usual findings in both
cervical and endometrial carcinoma, the expression of annexin A5 was increased as a result
of GAD treatment [76]. Annexins are important in several biological processes, including
membrane trafficking, proliferation, differentiation, and apoptosis, and are important
positive or negative prognostic biomarkers, depending on the cancer type [77,78]. 26 S
proteasome subunit p40.5, which is an important subunit of proteasomes, was increased
after GAD treatment, which might contribute to possible protein degradation of HeLa
cells. Ephrin receptor EphA7, thioredoxin-dependent peroxide reductase mitochondrial
precursor, activator of heat shock 90-kDa protein ATPase homolog 1, ubiquinol-cytochrome
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c reductase core I protein, protein-disulfide isomerase, aminopeptidase B, and mitofilin are
enzymes or regulators of enzymes that play important roles in cell metabolism, and whose
change in protein expression indicated changes in metabolism of HeLa cells as a result of
treatment. A member of the peroxiredoxin family of antioxidant enzymes PRDX3, which is
an important component of antioxidant defense system and mitochondrial homeostasis,
was upregulated after GAD treatment of HeLa cells. This indicates its possible role in HeLa
cells growth inhibition, since PRDX3 overexpression has been correlated to decreased cell
growth [79]. GAD-induced apoptosis may also be induced by several cytoskeleton-related
proteins that were found to be downregulated, including microtubule-associated protein
RP/EB family member 1, cytokeratin 19, cytokeratin 1, and calumenin. Namely, these
proteins participate in cell cycle control and apoptosis, while cytokeratin 19 expression
is known to be elevated in cervical carcinoma [75,80]. The authors found that the 14-3-3
family of proteins may have an important role in the cytotoxicity mechanism of GAD, since
they were upregulated. Moreover, the identification of potential protein targets for GAD
by INVDOCK program revealed that six members of 14-3-3 protein family were predicted
to be able to bind directly to GAD.

Furthermore, Yue et al. [81] subsequently analyzed the proteomic profile of HeLa
cells treated with five purified ganoderic acids: ganoderic acid F (GAF), ganoderic acid
K (GAK), ganoderic acid B (GAB), ganoderic acid D (GAD), and ganoderic acid AM1
(GAAM1) (Figure 2). The purity of the ganoderic acids was more than 98%. Based on the
IC50 value obtained through cytotoxicity assay, which was about 15 µM for all ganoderic
acids (GA), HeLa cells were incubated with the aforementioned concentration of either GA
for 48 h. Protein spots with 2-fold or more increased intensity and statistically significant in
each ganoderic acid-treated group were chosen for identification by MALDI-TOF MS/MS.
Among the protein spots that were differentially expressed in each ganoderic acid-treated
group, 12 protein spots were found to show similar change tendency in all ganoderic acids-
treated groups compared with control. These 12 differentially expressed protein spots were
identified by MS/MS. These 12 possible target-related proteins of ganoderic acids could
be classified into four categories according to their biological function: cell proliferation
or cell death, carcinogenesis, oxidative stress, and calcium signaling and endoplasmic
reticulum (ER) stress. Tue same as was discovered in their previous research, one of the
downregulated proteins related to cell proliferation and/or cell death was eIF5A, which
functions as an elongation factor while 14-3-3 beta/alpha proteins are upregulated [82].
Ubiquilin 2, which modulates proteasome-mediated protein degradation, thus increasing
their half-life, was downregulated. PP2A subunit A RP65-alpha isoform, a subunit of
PP2A (protein phosphatase 2), which is essential for cell survival, cell cycle regulation,
and DNA damage response, was downregulated. Proteins from the second group are the
carcinogenesis-related proteins, which are differentially expressed in tumor in comparison
with normal cells or tissues. Interleukin-17E, which has a role in T-cell-mediated angio-
genesis, and heterogeneous nuclear ribonucleoprotein K (HNRPK), with roles in mRNA
splicing and processing, were downregulated as a result of GA treatment [83,84]. Proteins
that have important roles in oxidative stress, namely peroxiredoxin 2 (PRDX2) and DJ-1
protein chain A, were both downregulated. Since they both have functions in reducing
oxidative stress, it can be hypothesized that they could be involved in ROS-mediated tumor
cell death [85,86]. Cancer cells have an increased ROS level compared to normal cells due to
high metabolic rate and mitochondrial dysfunction, which render increased susceptibility
to oxidative stress [87]. Nucleobindin-1 is a protein involved in ER stress by regulating
a function of activating transcription factor 6, an ER membrane-anchored transcription
factor [88]. Reticulocalbin 1 is involved in the regulation of calcium-dependent activities in
the ER lumen [89]. The authors concluded that eIF5A, 14-3-3 protein, and peroxiredoxin
might be the most important target-related proteins of ganoderic acids [81].
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Yue et al. [90] also researched possible interactions of triterpenes from G. lucidum
(GTS) and doxorubicin (DOX). After isolation of GTS from G. lucidum fruiting bodies,
the main components of GTS were identified using MS. 2-DE separation of proteins was
done after treating HeLa cells with 15 µg/mL of GTS for 48 h, which was based on the
previously determined IC50 value. The significantly differentially expressed protein spots
(p < 0.05) with at least two-fold increase or decrease in intensity between control and
GTS-treated groups were selected and subjected to further identification by MALDI-TOF
MS/MS. Ganoderma triterpenes exhibited a weak cytotoxicity against human carcinoma
HeLa cells, with GTS being IC50 = 15.4% ± 0.6 µg/mL, while DOX IC50 to HeLa was
31 ± 4.2 µg/mL. By using a combination index method (CI), it was determined that
combinations of GTS and DOX had a synergistic effect, since CI values were all below 1.
Synergism was also noted between DOX and lucidenic acid (LCN), but LCN was excluded
from further studies due to its high IC50 value (86.1 ± 4.2 µg/mL). Proteomic analysis
revealed 14 proteins whose expression was significantly altered in the GTS-treated group
versus control (untreated) group. In accordance with previous reports [75,81], the eIF5A,
PRDX2, PP2A, and cytokeratin 19 proteins were downregulated as a result of treatment
with GTS. Triptophanyl-synthetase is one of the important constituents of the early stages
of translation, whose expression was also found to be downregulated. 14-3-3 beta/alpha
protein, however, was also downregulated, which is not in accordance with [81]. A protein
that was found to be differentially expressed, Ran-binding protein 1, can cause mistakes
in cell cycle progression [91]. The authors hypothesized that downregulation of 14-3-3
β/α expression and upregulation of Ran-binding protein 1 expression by GTS treatment
may cause cell cycle arrest in HeLa cells [90]. Protein proteasome α 1 subunit isoform 1,
an important subunit of proteasomes, was downregulated as a result of GTS treatment. It
has been shown that proteasome inhibitors have effective antitumor activity in vitro by
inducing apoptosis [92]. Along with PRDX2 and cytokeratin, chain B of the Ku heterodimer
(Ku80) has important roles in the sensitization of HeLa cells to chemotherapy [90]. Ku80 is
a subunit of a DNA-binding subunit of the DNA-PK holoenzyme that has roles in DNA
repair and was noted to be downregulated as a result of GTS treatment. It was shown that
the decrease in level of Ku can increase the response of cancer cells to DNA-damaging
agents [93]. Proteins involved in energy production and utilization, including ATP synthase
F0 subunit d, enoyl CoA hydratase chain 1, and LDH B, were found to be downregulated
as a result of GTS treatment, which may have also indirectly contributed to inhibition
of cell proliferation by GTS. This research has also shown that GTS and DOX exhibit
synergistic anticancer effects. Besides the combination index which proved synergism in
terms of cytotoxicity, flow cytometry analysis demonstrated an increase in the percentage
of apoptotic cells in DOX + GTS group, besides G2-M cell cycle arrest. Western blot analysis
showed that DOX had no effect on decreased expression of eIF5A or 14-3-3 β/α protein,
but showed a slight decreasing effect on the Ku80 level. Measuring intracellular ROS levels
showed that DOX has a synergistic effect with GTS in increasing ROS levels, featuring it as
an important anticancer mechanism.
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3. Lentinus edodes

This mushroom, widely known as Shiitake mushroom, is known for its powerful
antitumor effects via activation of the immune system [94]. The most studied polysac-
charide from Lentinus edodes is lentinan, a β-(1→3)-D-glucan having two β-(1→6)-D-
glucopyranoside branches for every five β-(1→3)-D-glucopyranoside linear linkages. Its
molecular weight is 5–15 × 105 Da [95]. An important factor in its immune-stimulating
effectiveness is its confirmation, with triple-helical lentinan exhibiting a tumor inhibition
ratio of 49.5%, close to a reference anti-cancer drug [66].

3.1. Various Lentinus edodes Polysaccharides

Zhang et al. investigated anti-tumor activity of MPSSS, a novel polysaccharide puri-
fied from Lentinus edodes on cancer-associated fibroblasts (CAFs), which are the essential
component of the tumor immunosuppressive microenvironment [96]. A previous study
from the same group showed that MPSSS inhibits tumor growth in vivo and can prevent
the immunosuppressive function of prostate CAFs [97,98]. Prostate-CAFs were used to
prepare conditioned medium with 0, 0.2 mg/mL, 0.4 mg/mL, 0.6 mg/mL, 0.8 mg/mL,
and 1 mg/mL of MPSSS for 24 h. CAF medium, which was conditioned without MPSSS,
promoted the growth of PC-3 prostate tumor cells, which is consistent with the studies that
prostate CAF contributes to tumor development, while the proliferation was inhibited with
a rising concentration of the MPSSS-conditioned CAF medium [99]. To better understand
the functional molecules on PC-3 cells, the supernatants of prostate CAFs either untreated
or treated with MPSSS were separated into high (>100 kDa) (hmwCAFS/MT-hmwCAFS)
and low molecular weight secretome fractions (3–100 kDa) (lmwCAFS/MT-lmwCAFS).
It was established that while lmwCAFS promoted, MT-lmwCAFS significantly inhibited
the proliferation of PC-3 cells. However, no effect was found between PC-3 cells treated
with hmwCAFS and MT-hmwCAFS. Therefore, only lmwCAFS and MT-lmwCAFS were
subjected by comparative secretome/proteome analysis. lmwCAFS/MT-lmwCAFS and
lmwCAFS-treated PC-3 cells/MT-lmwCAFS-treated PC-3 cells were labeled with TMT
6-plex and analyzed by LC-MS/MS. After prediction of genuine-secreted proteins using
SignalP, SecretomeP and UniProt 724 of 2909 proteins were predicted as the genuine se-
creted. For 724 genuine-secreted proteins, 73 proteins were significantly differentially
expressed with a p value < 0.05 and a fold-change score >1.3 or <0.77. Among them, 44 pro-
teins were upregulated and 29 proteins were downregulated in MT-lmwCAFS compared
to lmwCAFS. Heatmap analysis showed that 73 differentially expressed proteins were
enriched for chaperone binding and transforming growth factor beta (TGF-β) binding.
HscB (iron-sulfur cluster co-chaperone protein HscB) is highly differentially expressed
protein (DEP) in chaperone binding, since it acts as a cochaperone of HSP70 and mediates
iron-sulfur cluster biogenesis [100]. TGF-β3 is highly DEP in transforming growth factor
beta binding. TGF-β3 was strongly upregulated in MT-lmwCAFS compared to lmwCAFS.
Highly expressed TGF-β3 has been linked with the inhibition of PC-3 proliferation [101].
DEPs (n = 188), including 71 downregulated proteins and 117 upregulated proteins (p value
< 0.05 and a fold-change score > 1.3 or <0.77), were observed between lmwCAFS-treated
PC-3 cells and MT-lmwCAFS-treated PC-3 cells. Heatmap analysis showed that biological
processes that were enriched between those groups were cell cycle, regulation of lipid
metabolism, response to stress, and response to growth factors. The cell cycle was the most
prominent biological process that was altered. KEGG analysis showed that Forkhead box O
(FoxO) was the most affected pathway. Since FoxO pathway is regulated by TGF-β, insulin,
and AMPK, and the previous results showed that TGF-β3 from MT-lmwCAFS might
inhibit cell proliferation, it was hypothesized that TGF-β3 interacts with proteins belonging
to FoxO pathway in PC-3 cells. This was confirmed through STRING analysis, where it was
found that TGF-β3 interacts with IL-6, SMAD2, and TGFBR2 (TGF beta receptor 2) directly.
The direct interaction of p21, Plk1, and cyclin B was also observed. p21 was significantly
upregulated and cyclin B and Plk1 were both downregulated in MT-lmwCAFS-treated PC-3
cells compared with lmwCAFS-treated PC-3 cells. Western blot confirmed the upregulation
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of TGF-β3. The hypothesis that TGF-β3 from MT-lmwCAFS arrests the cell cycle was
confirmed by cell cycle analysis, which confirmed that there was a significantly higher
percentage of PC-3 cells in G0/G1 phase after treatment with MT-lmwCAFS. Coimmuno-
precipitation experiments in PC-3 cells showed that smad3-smad4 complex, which is a
mediator of TGF-β pathway, was indeed activated by MT-lmwCAFS and interacted with
the FoxO3 protein. In conclusion, TGF-β induces cell cycle arrest via FoxO pathway [96].
This study was in accordance with others that confirm that upregulated TGF-β expression
is relevant in tumor cell cycle arrest [102].

3.2. Lentinan

Lentinan is a β-(1→3)-D-glucan, polysaccharide, and a potent anti-cancer drug that
has been licensed in Japan for antitumor therapy since 1985 [103,104] (Figure 3). Wang
et al. [105] studied the effects of lentinan in the liver cancer model. MTT assay showed that
increasing doses of lentinan showed a dose-response decline in the proliferation of H22
cancer cell line, while a cytotoxic effect on normal human liver cell line HL7702 was not
observed, indicating a specific effect. The research was continued in a mouse model where
KM mice were immunized with either 0.02 mg/kg lentinan i.p. (L1 group), 0.4 mg/kg
lentinan i.p. (L2 group), or 1 mg/kg lentinan (L3 group) i.p. once a week for 3 weeks. One
week after the third immunization, all of the mice except the control group were injected
with 1.5 × 106 H22 hepatocarcinoma cells i.p. Survival analysis revealed that survival rate
measured by ILS (increase in lifespan) was 20% in the L2 group while the survival rates in L1
and L3 groups were zero 20 days after establishment of the H22 model. The immunological
parameters, namely thymus index and spleen index, revealed a significant improvement
i.e., an increase in these parameter values in L2 group in comparison with H22 untreated
mice. This indicates a significant improvement in both T-cell and B-cell proliferation rate
in L2 group in comparison with control. Macrophage phagocytic indices in L1 and L3
groups were significantly lower than in the control group, while there was no significant
difference in phagocytosis rate between experimental lentinan groups and control or model
groups. For proteomics, H22 cells were incubated with 1.28 mg/mL lentinan or without it
(control group). LC-MS/MS analysis identified six potential protein targets of lentinan. 60S
acidic ribosomal protein was increased, which can increase the proliferation rate of cancer
cells [106]. Peroxiredoxin 2 has an important role in cancer cell maintenance, through
its influences on antioxidative effects on cell survival, proliferation, and apoptosis [107].
Annexin A5 is involved in membrane organization and dynamics, with a possible influence
on cell proliferation and invasion [108]. PDZ and LIM domain protein has been shown
to promote breast cancer proliferation and metastasis [109]. Both cortactin and moesin
proteins are involved in the promotion of tumor invasion and metastasis [110,111]. These
results are in accordance with the observation that the highest dose of lentinan in vivo in
L1 group promoted the proliferation of cancer cells. The authors concluded that while
certain doses of lentinan (L2 group) assist in liver cancer immunoprophylaxis, it must be
used with caution.
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Lentinan has also been studied in ascites and solid H22 liver cancer models [112]
(preprint). H22 cells suspension (1 × 107) was cocultured with 170 µL/mg of lentinan in
order to produce an immunogen (liver cancer vaccine LHA). SPF KM mice were treated
except for the control group. LHA-1 and LHA-2 groups were treated intraperitoneally
(i.p.) with antigens (0.2 mL/mouse) once per week for 3 weeks. One week after the
third immunization, all of the mice were inoculated with 1.5 × 106 of H22 cells. Model-
1 group and LHA-1 group were inoculated with H22 cells (1.5 × 106) i.p. to establish
the H22 ascitic tumor model, while model-2 group and LHA-2 group were inoculated
with H22 cells s.c. to establish a solid tumor. Unlike model-1 and model-2 mice, both
LHA-1 and LHA-2 treated groups had a similar body weight to control group, which
was significantly lower than in model-1 and -2 mice, which indicates an antitumor effect.
Antigen protein sample was analyzed by LC/MS, and 32 dysregulated proteins were
found. Out of the 32 new proteins, 6 were found to have an antitumor effect by UniProt.
Their main functions are apoptosis mediated by TNF-α-related apoptosis-inducing ligand,
inhibition of angiogenesis, and direct inhibition of invasion and metastasis. Calreticulin
(CRT) is a molecular chaperone that regulates Ca2+ homeostasis, cell adhesion, and gene
expression. Septin-7 (SEPT7) inhibits matrix metalloproteinases and upregulates their
negative regulators TIMP, and can therefore inhibit tumor growth and metastasis [113].
Brain-specific angiogenesis inhibitor 1 can inhibit angiogenesis, which is imperative for
cancer growth, progression, and metastasis. YAP1, a transcriptional coactivator, has a
tumor suppressor role in many tumors, such as head and neck tumors and tissues [114]. Src
substrate cortactin, when overexpressed, can lead to activation of invadopodia, which can
ease the spread of cancer to other tissues [115]. Furthermore, this research demonstrated
that the LHA vaccine enhances T lymphocyte cytotoxicity and promotes maturation of
dendritic cells (DCs) [112].

A similar study on lentinan as an immunogenic cell death (ICD) inducer was done by
Wang et al. [116]. It is known that some chemotherapy drugs and radiotherapy can enhance
the transformation of tumor cells in apoptosis stage from non-immunogenic to immuno-
genic cells and activate the immune system by inhibiting various immunosuppressive
tumor networks, thus strengthening the antitumor response in the body. This phenomenon
is called immunogenic cell death (ICD) [117]. Tumor cells release specific proteins that are
characteristic of ICD and feature as danger signals, or DAMPs (danger-associated molec-
ular patterns) including calreticulin (CRT), extracellular adenosine triphosphate (ATP),
heat shock protein (HSP), and high mobility group protein B1 (HMGB1) [118]. DAMP are
expressed on damaged or stressed cells and are recognized by antigen presenting cells
(APCs) in the body, which then activate the adaptive immune response [119]. 1 × 106 H22
liver cancer cells/mL were injected, and about a week later when volume increase was
visible, ascites was collected to prepare H22 suspension for ELISA. MTT assay confirmed a
dose-dependent decrease in cell viability, while flow cytometry analysis revealed a signifi-
cant and time- and dose-dependent increase in late apoptotic cells following incubation
with various concentrations of lentinan. HPLC-MS analysis revealed that lentinan induces
an increase in ICD marker proteins, which confirmed previous ELISA results. Namely,
HMGB1, CRT, various heat shock proteins (HSP 90-alpha, HSP 90-beta, HSP 70), ATP
(ADP/ATP translocase 2), annexin 1, and ER membrane protein complex subunit 1 were
discovered to be differentially expressed (upregulated) as a result of treatment. In conclu-
sion, an increase in immunogenicity and reduction of the immune tolerance mediated by
lentinan have been established, which may prove significant in future development of liver
cancer vaccines.

Liu et al. [120] studied the effects of lentinan (LNT)-functionalized selene nanoparti-
cles on malignant ascites. Ovarian malignancy is the most common cause of malignant
ascites, which is why OVCAR-3 human ovarian cancer cells were used in this study, along
with EAT, a common tumor ascites model [121]. Chemotherapy drugs can cause pyroptosis,
an inflammatory cell death type, accompanied by various cytokines that may stimulate
ascites production [122,123]. Thus, the induction of apoptosis as an immunologically silent
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process could be helpful for clearing tumor cells and ascites [124]. Selenium nanoparticles
(SeNP) are characterized by their biocompatibility and efficacy in comparison to inorganic
or organic Se compounds. Selenium itself has anticancer effects [125]. LNT-functionalized
SeNP (referred as Selene afterwards) was obtained using Na2SeO3 and LNT under reduc-
tion conditions. EAC malignant ascites model was used in Balb/c mice to study the effects
on ascites suppression. The mice were administered Selene 4 days after the EAC model was
established. It was shown that Selene could inhibit the ascites and decrease body weight,
volume of ascites, and EAC cell numbers, while the use of lentinan (LNT) or SeNP alone af-
fected these parameters only slightly. In a model where Selene was administered only after
7 days after EAC inoculation, ascites could not be suppressed. Another in vivo model used
was orthotopic OVCAR-3 model, which was established by implanting cells into athymic
nude mice. In this model, Selene could not only reduce ascites, but also induce apoptosis
in cancer cells in the ascites. Moreover, Selene-treated mice were only mildly hemorrhagic
(vascular leakage), which further confirmed that Selene could inhibit ascites production
in this model. Importantly, it was shown that Selene reduced the expression of various
inflammatory cytokines, such as IL-1β, IL-6, and TNF-α. Proteomic analysis was done in
OVCAR-3 cells after treatment with Selene, combining the SDS-PAGE and LC-MS/MS
analysis. Proteins that were significantly differentially regulated (I logFC I > 1.5) were
further analyzed. GO and KEGG enrichment analysis revealed that the main functions and
signaling pathways affected by Selene included oxidative phosphorilation, endocytosis,
apoptosis, adhesion, mitochondrion, and mitochondrion translation. Pharmacological
research confirmed that Selene specifically internalizes into mitochondria, where it leads to
apoptosis through TLR4/TRAF3/MFN1 pathway. It was shown that LNT can disperse
SeNPs and enhance the targeting of SeNPs to tumor cells. In contrast to SeNP, which
induced pyroptosis because of being taken up by lysosomes, it was shown that Selene was
mainly taken up by the mitochondria, thereby inhibiting inflammatory cytokine secretion
in ascites. The authors concluded that Selene is effective for treating malignant ascites and
may be developed as a clinical drug [120].

4. Genus Cordyceps

Species of the genus Cordyceps are entomopathogenic Ascomycete mushrooms, which
are widely used in traditional medicine. Various Cordyceps species have been identified for
their pharmacological properties, including C. sinensis, C. militaris, and C. pruinosa. Some
of the studied active ingredients include cordycepin, cordycepic acid, sterols (ergosterol),
nucleosides, and polysaccharides [126]. Cordycepin, or 3′-deoxyadenosine, has significant
antitumor activities, which include inhibition of cell proliferation, migration, and induction
of apoptosis [127,128] (Figure 4). Its effects are dose-dependent; at low doses, it interferes
with mRNA production and assembly of proteins, thus inhibiting uncontrolled cell growth
and division. At higher doses, it inhibits cell adhesion and blocks protein synthesis through
its effects on Akt and 4EBP phosphorylation [129].
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Jeong et al. [126] studied the effects of Cordyceps militaris fresh fruit bodies or mycelia on
cisplatin-resistant A549/CR lung cancer cells. Cisplatin is usually the first-line chemothera-
peutic for patients with advanced NSCLC (non-small cell lung carcinoma). Besides its high
toxicity, one of the major clinical problems is cisplatin resistance. In this research, cordy-
cepin was first quantified in the sample by HPLC. Qualitative components were further
detected by LC-MS. Cell-viability assay showed a dose-dependent inhibition of A549/CR
cell viability, with a IC50 = 0.57 ± 0.12 mg/mL. Afatinib, a tyrosine kinase inhibitor, which
was used as a positive control, had IC50 = 2.3 ± 0.23 µg/mL. Flow cytometry revealed
that time-dependent percentages of the live cells were decreased from 78.32 to 17.63, which
was shown to be the consequence of elevated initiator caspases-8 and -9, and executioner
caspase-3, and was more prominent in cordycepin (CME) vs. afatinib-treated cells. Cell-
cycle analysis demonstrated that CME increased the percentage of sub-G1 A549/CR-treated
cells to 33.2± 1.2%, compared with Afatinib (17.6± 0.6%) and vehicle-treated control group
(13.3 ± 1.6%) at 48 h. This demonstrated that CME increased accumulation in S phase in
A549/CR cells, which was followed by cancer cell apoptosis. Proteomic profiling was done
using a protein chip-based antibody array after treatment of A549/CR cells with 1.5 mg/mL
CME. Proteins having a normal median ratio in the range of 1.0 were considered as un-
changed expression. Among the cell-cycle proteins analyzed (42 of them), the only protein
that exhibited a change in expression levels was H-Ras, which was significantly downregu-
lated. It is well-known that H-Ras is a crucial protein that promotes cell proliferation by
regulating cell cycle progression in most cancers [130]. In conjunction with previous results,
it is clear that CME controls cell cycle progression by inhibiting Ras downstream signaling,
such as Raf/MEK/ERK and PI3K-Akt, which results in suppressing the proliferation of
A549/CR cells. The authors suggested that CME showed the possibility of overcoming the
cisplatin resistance in NSCLC [126].

Cai et al. [131] investigated the effects of Cordyceps sinensis extracts on 4T1 breast can-
cer cells in vitro and in vivo. It was determined that one of the major components of water
extract of Cordyceps sinensis (WECS) is polysaccharide, which constitutes 19.83% of extract
(w/w). Nucleosides were also among the main components of WECS, and their content was
analyzed by HPLC. Cytotoxicity assay showed that WECS had a significant effect on reduc-
ing 4T1 cell viability, being approximately 50% at 0.40 mg/mL. Since metastases present
one of the main problems in clinical cancer management, the anti-metastatic effect of WECS
was studied specifically. In the metastasis model, 1 × 106 4T1 cells were injected into the
tail vein of Balb/c mice. From the day of tumor inoculation, the mice were intraperitoneally
injected with 50 mg/kg/day WECS or vehicle for 15 days. Kaplan–Meier analysis, which
was followed up for 33 days post 4T1 injection, showed a significant improvement in mice
survival treated with 50 mg/kg/day of WECS. The number of metastatic lung nodules
was also significantly reduced in the same group (about 10 per mice), both in their size and
number, compared with untreated control (about 70 nodules per mouse). Further evidence
of anti-metastatic effect is the 50% reduction in MMP-9 concentration after administration
of WECS. Protein analysis of the lung tissue homogenates was done by protein array, which
compared the expression of 111 cytokines in treated and untreated 4T1 tumor-bearing mice.
It was shown that 6 cytokines were upregulated more than 2-fold in 4T1 tumor-bearing
mice compared to normal mice, namely OPN (osteopontin), CCL12 (chemokine (C-C motif)
ligand 12), IL-33, CCL17, CCL6, and MMP-9. Of these OPN, IL-33, CCL17, and MMP-9
were significantly reduced in the lung of 4T1 tumor-bearing mice treated with WECS.
It is known that various cytokines as well as growth and inflammatory factors have an
important role in migration and colonization of metastatic tumor cells [132]. It is known
that OPN can promote lung metastasis [133]. IL-33 is also known to promote breast cancer
metastasis through increasing immunosuppressive cells [134]. CCL17 is important for
homing of CCR4 positive regulatory T cells in the lungs [135]. The authors speculated
that WECS can reduce DNA damage and DNA damage response (DDR), which is strongly
correlated with immune response and promotes inflammation in late tumor stages through
cytokine recruitment, which is in line with previous research on Cordyceps sinensis [136].
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Wang et al. [137] analyzed the effects of Cordyceps sinensis treatment on the liver pro-
teome of rats in which the hepatocellular carcinoma was induced by diethylnitrosamine
(DEN). Cordyceps sinensis powder was used to prepare an extract that was analyzed with
HPLC. The qualitative analysis revealed three major compounds: uridine, adenosine, and
ergosterol. Male Lewis rats were divided into two groups. In the DEN-treated group, rats
were fed an oral aqueous solution 100 parts per million (ppm) DEN for 120 days through
their drinking water. In the DEN/C. sinensis group, animals were treated with DEN as
before and with an ethanol extract of C. sinensis (12.5 mg/kg) via oral gavage for 120 days.
It is known that DEN treatment disturbs normal redox balance and shifts hepatocytes into
a state of oxidative stress, which includes the carbonylation of proteins that are involved in
the progression of liver tumors [138]. The hypothesis of the study was that C. sinensis could
attenuate the oxidative stress induced by DEN and protect the liver from hepatoma. The
hepatoprotective effects were first established by the effect of Cordyceps on the levels of liver
enzymes, which can serve as markers of hepatic injury. The results have shown that C. sinen-
sis almost completely abolished the increase of serum ALT (alanine transaminase) and AST
(aspartate transaminase) at 17 weeks, which suggests that C. sinensis can effectively inhibit
DEN-induced liver cell damage. C. sinensis application could also restore histopathological
liver changes such as fibrosis at 2 and 8 weeks, which was evident in the vehicle group, as
well as the disappearance of B23 (nucleophosmin), which is obvious in altered hepatic foci
in the vehicle group. High-resolution 2-DE, together with MALDI-MS, was used to reveal
the global protein changes. Thirty proteins with significant changes were identified and, us-
ing Map Editor, a network of interactions was made. It was established that DEN disturbed
the redox balance and sequentially activated ubiquitin-proteasomal proteolysis cascades
responsible for cellular stress responses and promoted the expression of Akt, which elicits
strong effects on cell proliferation. The same analysis applied to C. sinensis-treated group
revealed that it attenuated DEN-induced ubiquitin and inhibited c-Myc, AKT, p53, and
NF-κ levels, while activating PPARγ. Functional network analysis by MetaCore revealed
that the most significantly enriched processes after treatment with C. sinensis were response
to hypoxia and oxidative stress, manganese transport, and unfolded protein response. This
included a significant changes in expression of several ROS-related proteins, including
catalase, DHE3 (glutamate dehydrogenase 1), PRDX1 (peroxiredoxin-1), GSTP (glutathione
S-transferase P), GSTM1, and GSTM2 (glutathione S-transferase Mu 1 and 2). From these
results, it is clear that C. sinensis eliminates ROS, resulting in a significant reduction of the
level of redox state-correlated proteins [137]. 2-DE oxyblot analysis demonstrated that
C. sinensis could reverse protein carbonylation induced by DEN. This is extremely impor-
tant since DEN carboxylated chaperone proteins and enzymes such as HSP7C (heat shock
cognate 71 kDa protein), GRP75 (75 kDa glucose regulated protein), GRP78 (78 kDa glucose
regulated protein), propionyl-CoA carboxylase, catalase, and alpha enolase result in the
promotion of hepatocellular carcinoma through oxidative stress and protein misfolding.
Further chemopreventive effects were demonstrated by upregulation of Nrf-2 (nuclear
factor erythroid-derived 2-like 2), which regulates the expression of antioxidant proteins
that protect against oxidative damage such as HO-1 (heme-oxygenase-1). Simultaneously,
it was evident that C. sinensis abolishes c-Myc overproduction caused by DEN, along with
inhibiting AKT/mTOR cascade. The PPARγ upregulation regulated lipid metabolism
and cell inflammation, which also has an antitumor effect [139]. In conclusion, C. sinen-
sis could exhibit HCC-preventive efficacy through various antioxidant pathways, which
consequently maintain the stability of various proteins and suppress the oncogenes [137].

Wang et al. [140] investigated anticancer mechanisms of Cordyceps cicadae against
hepatocellular carcinoma in vitro using a proteomic approach. A lyophilized hot water
extract of wild-type C. cicadae was used to treat MGCC97H cells in various concentrations
(0–1000 µg/mL), and dose-dependent inhibition was observed. Cell cycle analysis revealed
that treatment with C. cicadae (at 100, 250 and 500 µg/mL) induced a G2/M cell accumula-
tion and decreased the cell percentages in G0/G1 phase. The highest dose (1000 µg/mL)
induced a G2/M arrest in 64.75% of the cells. After incubation of MHCC97H cells with
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500 µg/mL for 48 h, cells were subjected to proteomic analysis. 2-DE revealed 28 proteins
with significant (p < 0.05) changes of >1.5 fold in volume intensity, which were selected
and identified by MALDI-TOF-MS/MS. The major biological functions of these proteins
are cell growth and cell cycle regulation, anti-cancer effects, and other functions (cell redox
regulation, protein folding, mRNA splicing). 14-3-3 gamma is one of the proteins that
regulates the cell cycle, and its downregulation is contrary to its usual overexpression
in HCC [141]. 14-3-3 downregulation could also account for G2/M phase arrest. BUB3
(mitotic checkpoint protein BUB3 isoform A), DCTN2 (Dynactin subunit 2), and MAPRE1
(microtubule-associated protein RP/EB family member 1) are involved in spindle check-
point and mitosis regulation, and their deregulation may also contribute to G2/M phase
arrest [140]. GLRX (thioredoxin-like protein) and CLIC1 (chloride intracellular channel
protein 1) also regulate cell growth so their dysregulation could account for G2/M phase
arrest. Among the proteins with anti-cancer effects, the upregulation of HSPB1 (heat shock
protein beta-1) could indicate some resistance of the cancer cells and the absence of apopto-
sis in the cells treated with C.cicadae. Upregulation of ENO1 (alpha-enolase isoform 1) can
result in the promotion of hepatocellular carcinoma through oxidative stress and protein
misfolding [142]. ERP29 (Protein-Disulfide Isomerase Related Chaperone Erp29) is active
in the endoplasmic reticulum, so its reduced expression can be attributed to reduced ER
stress after treatment with C. cicadae. ER stress and unfolded protein response are involved
in HCC development, aggressiveness, and response to treatment [143]. Downregulation of
STRAP (WD-40 repeat protein), which is involved in pre-mRNA splicing, has a positive
prognostic significance, because its overexpression was reported in several cancers [144].
Another protein that was downregulated as a result of treatment with C. cicadae is peroxire-
doxin 1 (PRDX1). The elevated expression of PRDX1 was found in various cancers and its
downregulation might facilitate a failure of the endogenous antioxidant systems, which
protect cancer cells from ROS [145].

5. Genus Pleurotus

Mushrooms of genus Pleurotus, or oyster mushrooms, comprise about 40 species of
lignocellulosic mushrooms. Recently, various molecules with pharmacological proper-
ties have been identified, including those with anti-neoplastic and immunomodulating
effects (including α- and β-glucans, lentanin, resveratrol, POMP-2 (Pleurotus ostreatus
mycelium polysaccharide 2), POPS-1 (polysaccharide obtained from the fruiting body of
Pleurotus ostreatus), concavalin A, cibaron blue affinity protein), and antioxidant activity
(pleuran, ergosta-7). The most studied species include P.ostreatus, P. eryngii, P. nebrodensis,
P. citronopileatus, and P. sajor-caju [146].

Finimundy et al. investigated the antitumor, specifically cell-death-inducing prop-
erties of P. sajor-caju on colorectal cancer model [147]. Pleurotus sajor-caju fruiting bodies
extracts were obtained using various solvents [n-hexane, chloroform, ethyl acetate, ethanol
and ethanol/water (1:1, v/v)]. HCT-116 colon adenocarcinoma cell line can be classified as
a consensus molecular subtype 4 (CSM4, mesenchymal). According to this classification,
which is of importance in preclinical research, CSM4 tumors are those that are diagnosed
at more advanced stages (III and IV) [148]. In this research, HCT-116wt, -Bax, -p21, and -p53

were used in order to correlate the observed anti-proliferation activity to activation of
pro-apoptotic and/or cell arrest regulation pathways. Also, MRC-5 healthy lung fibroblast
cell line was used in order to verify the cell selectivity of the treatment. n-hexane extract
of Pleurotus sajor-caju (PSC-hex) was chemically characterized by GC-MS. The viability
assay (MTT) confirmed that the most significant results were obtained with n-hexane
extract (PSC-hex) on HCT-116wt cells (IC50 = 0.05 mg/mL), followed by the PSC acetone
extract on the same wild type cell line. Meanwhile, n-hexane extract showed practically
no anti-proliferative activity on the MRC-5 cell line. The authors hypothesized that this
selectivity might be explained by inhibition of the mitochondrial complex I, which is a
target of lipophilic compounds that are extracted by n-hexane. On the other hand, no
anti-proliferative activity was observed in Bax (HCT-116-Bax), p21 (HCT-116-p21) or p53
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(HCT-116-p53) deficient cell lines, indicating that PSC-hex promotes its cytotoxicity by in-
hibiting tumor-associated signaling pathways. Flow cytometry analysis showed that, after
treatment with 0.05 mg/mL of PSC-hex, the number of HCT-116wt cells in early apoptosis
increased from 0.45% to 65.6%, while the number of viable cells decreased from 92.2%
to 25.9%. Furthermore, cell cycle analysis has shown that PSC-hex induces G2/M cell
cycle arrest, and a significant accumulation of cells in the sub-G1 fraction, which indicates
apoptosis induction. Therefore, it was assumed that PSC-hex exerts the observed cytotoxic-
ity through a pro-apoptotic pathway. PSC-hex caused a loss of mitochondrial membrane
potential (∆Ψm), which is followed by cytochrome c release and the activation of caspase-9,
which indicated an internal apoptosis pathway activation. Many chemotherapeutics are se-
lectively toxic to tumor cells because they increase oxidative stress i.e., ROS levels in tumor
cells (which are already characterized by higher ROS levels than normal cells) above the lev-
els that antioxidant cell mechanisms can resolve [149]. Flow cytometry using DCF-DA stain
showed that treatment with PSC-hex causes 3-fold (0.025 mg/mL) and 2-fold (0.05 mg/mL)
increase in H2O2 and O2

•− levels, respectively. Proteomic analysis by Proteome Profiler
Array (43 proteins studied) revealed that there was an increased expression of several
apoptosis-related proteins, including Fas, HSP60, HSP70, Xiap, HTRA, Survivin, Smac,
caspase-3, cytochrome-c, p52, Bax, Bad, Bid, and Bim. Docking simulation demonstrated
that one of the main identified compounds in the PSC-hex extract, ergosta-5,7,22-trien-3β,
fits into the Bcl-2 hydrophobic cleft, indicating a possibility of an alternative pathway for
inducing apoptosis by direct compound interaction.

Ma et al. [150] analyzed the proteome alterations in RAW 264.7 macrophages as a
result of treatment with PEP 1b, a novel immunoregulatory protein isolated from Pleurotus
eryngii. A previous study obtained and identified this protein (PEP) with a molecular
weight of 21.9 kDa and informed that it could boost cellular immune response through
cytokine and NO (nitric oxide) secretion. This study identified Toll-like receptor 4 (TLR4)
as the receptor for this protein [151]. RAW 264.7, a murine macrophage cell line, was
pretreated with medium and then treated with various concentrations of PEP 1b (0, 50, 100,
and 200 µg/mL). The overall assessment of proteomic regulation in the PEP 1 b treatment
group vs. control group was done using iTRAQ-based protein quantification approach.
Three comparison groups were established: PEP 50/CT, PEP 100/CT, and PEP 200/CT,
which represented the differences in expression of reliable proteins between 50, 100, and
200 µg/mL PEP 1b treatment groups and control group, respectively. A total of 2277 reliable
proteins from RAW 264.7 macrophage cells were identified. Differential proteins were
those with an average fold change (FC) of more than 1.2 or less than 0.83 in treated groups
compared to control. The numbers of detected differential proteins (DEP) increased with
PEP concentration; PEP 50/CT group: 116 proteins (57 upregulated and 59 downregulated),
PEP 100/CT group: 165 proteins (89 upregulated and 76 downregulated); and PEP 200/CT
group 292 proteins (191 upregulated and 101 downregulated). The expression level of some
proteins was stepwise increased with the concentration increase of the PEP 1b treatment,
which points to a dose-response relationship: macrophage migration inhibitory factor (Mif),
interferon-induced transmembrane protein 3 (Ifitm3), cyclooxygenase 2 (Cox2), Ras-related
protein 1b (Rap1b), and sequestosome 1 (Sqstm1). The further analysis of the protein
data was focused on PEP 200/CT group. On the basis of GO biological process analysis,
differential proteins were mainly attributed to small-molecule metabolic process (18%),
immune system process (15%), cellular catabolic process (14%), oxidation reduction process
(13%), and inflammatory response (5%), which were associated with the immune-boosting
activity of the macrophage. KEGG analysis via heat maps demonstrated that there were
four pathways that were upregulated with the increase of the concentration of PEP 1b
treatment: immune system, transport and catabolism, carbohydrate metabolism, and signal
transduction. KEGG analysis showed that PEP 1b could upregulate immunoregulatory
pathways, such as NF-κB, VEGF, and TNF pathways, but also the following pathways:
hedgehog signaling pathway, sphingolipid signaling pathway, Rap1 signaling pathway,
Wnt signaling pathway, phospholipase D signaling pathway, PI3K−Akt signaling pathway,
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and Ras signaling pathway. The proteins associated with the NF-κB signaling that was
upregulated was Sqstm1, which functions as an adaptor protein in concert with TNF
receptor-associated factor 6 to regulate the activation of NF-κB in response to upstream
signals [152]. Upregulated Cox2 can also positively regulate the NF-κB nuclear transfer
process to mediate the immune response of macrophages [153]. PEP 1b also upregulated
the expression of Mif (macrophage migration inhibitory factor), Rap1b (Ras-related protein
Rap-1b), transmembrane glycoprotein NMB (Gpnmb), superoxide dismutase (Cu−Zn)
(Sod1), C5a anaphylatoxin chemotactic receptor 1 (C5ar1), and peroxiredoxin 2 (Prdx2),
which modulate the MAPK pathway. Mif is important in cell-mediated immunoregulation
and inflammation as well macrophage function through suppression of anti-inflammatory
effects of glucocorticoids [154]. Rap is a protein of the Ras family that affects T cells
through integrin and modulates cell adhesion [155]. Peroxiredoxin 2 is a member of
antioxidant enzymes that reduces hydrogen peroxide and alkyl hydroperoxides, and
activates MAPK signal pathway [156]. The proteomic analysis also revealed that PEP
1b modulated the nitric oxide biosynthetic process through upregulation of Cox2, heat
shock protein (Hsp90aa1), Pyk, and Itgb2 (integrin-beta 2). Pyk2 (protein tyrosine kinase
2 beta) is involved in multiple immune signaling pathways (JNK/MAPK, Akt/MAPK,
and JNK/SAPK) [157]. This research thus demonstrated that PSP 1b protein can influence
critical proteins important in immunoregulatory activities in macrophages.

6. Trametes versicolor

Turkey-tail mushroom or cloud mushroom, Trametes versicolor (or Coriolus versicolor),
is a mushroom used as an immunomodulatory agent and as a cancer adjuvant, with
successful clinical outcomes [158]. T. versicolor contains two proteoglycan fractions with
anticancer properties: krestin polysaccharide (PSK) and polysaccharidopeptide (PSP). It
is known that polysaccharides can reach a greater level of complexity when bound to
polypeptides and proteins [66]. Various studies confirmed that they can inhibit adhesion
and invasion in cancer cells, cause cancer cell motility, suppress angiogenic factors, as well
as induce apoptosis in various types of cancer [159–162].

Lee et al. [163] analyzed the proteome of human T lymphocytes after treatment
with cyclosporine A (CsA) and polysaccharopeptide (PSP) in the context of analyzing
their specific properties in restricting the proliferation of activated human T cells. This
is of importance in regulating T lymphocyte proliferation in organ transplant recipients
and in autoimmune diseases. Cyclosporine A (CsA) isolated from fungus Tolypocaldium
inflatum is used in the prevention of graft-versus-host disease and the treatment of allograft
rejection and certain autoimmune disorders [164]. CsA acts by blockage of IL-2 expression,
which inhibits T cell clonal expression and differentiation. However, long term CsA
administration can induce cancers, nephrotoxicity, hypertension, and hyperlipidemia [165].
Polysaccharopeptide (PSP) derived from Coriolus versicolor was found to possess similar
immunosuppressive effects by suppressing IL-2, which reduces the production of IL-2
receptor, cytotoxic T cells, natural killer cells, and gamma-interferon [163]. However
PSP has also been reported as a potent immunomodulatory agent against neoplasms and
infections [166–168]. Ex vivo (healthy male donors, age 20–40) T cells were primed with
5 µg/mL phytohemagglutinin (PHA). CsA (1000 ng/mL) or PSP (500 µg/mL) were given
at the same time as PHA. Control cells were set up in the same medium. Proliferation
assay using BrdU demonstrated significant suppression of the stimulation index in T
cells after treatment with either CsA or PSP. Neither CsA or PSP were able to induce
apoptosis in T cells. Both CsA and PSP significantly reduced the production of IL-2. 2DE-
electrophoresis revealed approximately 500–550 gel spots on control, PHA, PHA + PSP, and
PHA + CsA-treated T cells. There was no significant variation between the resting and PHA-
primed cells in the presence of CsA or PSP. MALDI-TOF MS analysis identified 17 proteins
with significant expression after treatment with CsA and PSP as compared with PHA
treatment alone. Many T cell proteins whose expression was elevated by PHA returned
to their baseline level or were further reduced after CsA or PSP administration. Four
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proteins were significantly affected by both CsA and PSP. Rho GDP dissociation inhibitor β,
which functions as a metabolism inhibitor that prevents GDP/GTP exchange reaction, was
upregulated, as well as ENO1 (alpha-enolase), which is involved in glucose metabolism
and immune cell migration [169,170]. Proteasome and triosephosphate isomerase proteins
in the PHA-stimulated T cells were downregulated after CsA or PSP treatment. It is known
that proteasome mediated degradation pathway is required for IL-2 signaling [171]. TIM
(triosephosphate isomerase) has a role in glycolytic and other metabolic pathways required
for efficient energy production. The only protein that was significantly affected by CsA
was galectin-1. Galectin-1 upregulation is in line with CsA immunosuppressive functions,
since this protein is an antiinflammatory agent that triggers the homeostatic signals, which
inhibit lymphocyte effector functions [172]. Three proteins were significantly affected by
PSP only. The upregulated ferritin reduces the availability of free iron required for aerobic
metabolism, which can mediate PSP-induced effects on T cell proliferation [173]. The
downregulated 70 kDa heat shock protein (HSP70) is a molecular chaperone that ensures
correct protein folding, so it was hypothesized that PSP might exert some mitotic/meiotic
disturbance via HSP70 reduction. The downregulation of peroxiredoxin, which is an
antioxidant protein, can cause intracellular accumulation of H2O2 that eventually affects
cell cycle progression [174]. In conclusion, the proteins that were identified in this research
may be of further use for monitoring the efficacy of CsA immunotherapy, as well as
potentially include PSP to be used as well.

7. Hericium erinaceus

This edible mushroom, also known as lion’s mane mushroom, is a source of com-
pounds with antioxidant, hypolipidemic, hemagglutinating, antimicrobial, antiaging, and
anticancer activity. The main classes of compounds that have been extensively researched
include erinacines (A-I) from H. erinaceus mycelium, and hericenones (C-H) from the fruit
bodies [175]. A lot of research on this mushroom revealed that it has significant protective
and anticancer effects in gastrointestinal malignancies. H. erinaceus has a protective effect
on the chemically damaged mucus of the stomach and intestines, as well as proapoptotic
and antimetastatic effects in colorectal cancer [176–178].

Gastric cancer, which ranks as the sixth most frequent in the world, is a malignant
disease with poor prognosis [179]. Kuo et al. [180] analyzed the mechanisms of diter-
penoid derivative erinacine A inhibition of gastric cell viability and invasiveness (Figure 5).
H. erinaceus dried mycelium was extracted with 95% ethanol, and finally extraction of
5 mg/kg of H. erinaceus erinacine A with 85% ethanol was confirmed and quantified
by HPLC. The exposure of human gastric cell line TSGH9201 to erinacine A led to the
changes in cell morphology such as cell shrinking, rounding, and detachment that indi-
cated cell toxicity. Flow cytometry indicated that the percentage of annexin positive cells
was 13% (vs. 0.5% control) after 48 h. Matrigel assay revealed a significant inhibition in
invasiveness and motility. Immunoblotting confirmed the induction of apoptosis based
on the increase in TRAIL; cytochrome c; caspase-8, -9, and -3; and reduction of Bcl-2.
Proteome expression was analyzed by 2DE SDS-PAGE. Reproducible changes in intensity
of more than 2-fold were analyzed by MS/MS. Seventeen locations were subjected to
protein identification by MALDI-TOF-MS. There were 17 proteins that were found to be
differentially expressed, of which 4 were downregulated and 13 were upregulated. The
protein microtubule-associated tumor suppressor candidate 2 (MTUS2), which plays a
central role in controlling the microtubule and in cytoskeleton depolarization pathway,
was upregulated. 14-3-3 protein sigma, which seems to be directly involved in human
cancer through G2/M checkpoint control, was upregulated [181]. Based on the further
experimental results, which confirmed ROS generation, as well as significantly increased
total lysate protein with the phosphorylation (i.e., kinase induction) of FAK, AKT, p70S6K
(ribosomal protein S6 kinase beta-1), and PAK1 after 6 h of erinacine treatment, it was
concluded that erinacine exerts its inhibition on gastric cancer cell invasion and metastasis
through ROS→p-FAK→p-AKT→p-p70mTOR→p-PAK→1433S/MTUS2 pathway [180].
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Also, 14-3-3 protein zeta/delta, whose expression is elevated in multiple cancers and is cor-
related with poor prognosis based on its important roles in signal transduction, apoptosis,
and cell migration, was found to be downregulated [181]. Nucleophosmin (B23), which has
been found to be a negative prognostic marker in many types of cancer, including gastric
cancer, was also downregulated [182]. This protein has important functions in ribosome
biogenesis, genome stability and repair, and cell cycle [183].
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Lee et al. [184] investigated erinacine A effects on the proteome of HCT-116 and
DLD-1 colorectal cancer cells. It is known that levels of ROS are increased in colorectal
cancer, so it is possible that phenolic phytochemicals that have antioxidant activity can
modulate various ROS-dependent pathways and thus inhibit cancer cell proliferation [185].
Erinacine A was analyzed by HPLC. A scratch-wound assay demonstrated a significant
inhibition in migration after 12 and 24 h, whereas treatment with 30 µM of erinacine A
led to virtually complete inhibition of cell migration. Proteomic 2-DE analysis revealed
10 proteins for which the expression level was at least 3-fold greater in the erinacine
A-treated group than in the untreated group. Nucleophosmin (NPM), known to be a
negative prognostic marker in the clinic and elevated in many cancer, was downregulated.
Hepatoma-derived growth factor (HDGF), which is involved in cellular proliferation, mi-
gration, invasion, and tumorigenesis of CRC, was likewise downregulated [186]. Profilin-1
and cofilin-1, which have important roles in erinacine A-induced ROS generation, were
upregulated. Both are regarded as tumor-suppressor proteins, while cofilin-1 also has a
role in controlling actin dynamics and actin depolymerization pathway, which controls the
apoptosis and inhibition of cell migration in prostate, breast, and colon cancer cells through
ROCK1/LIMK2/cofilin cascades [187,188]. Immunoblot analyses confirmed the upreg-
ulation of various tyrosine kinases, thus confirming that erinacine A produces elevated
ROS and thereby activates ROS→p-PI3K→p-Akt→p-pmTOR→p-ROCK1/p-LIMK2→p-
cofilin/profilin pathway, which results in inhibition of CRC metastasis. These results were
also observed in a xenograft mice model, where intraperitoneal injections of erinacine A
(1–5 mg/kg/day) significantly inhibited tumor volume and increased COFL1 (cofilin-1)
and PROF1 (profilin-1) tissue protein expression. Furthermore, ROS scavenger NAC (N-
acetylcysteine), PI3K inhibitor Wortmannin, and mTOR inhibitor rapamycin, as well as
lentiviral control, shRNA COFL1, and shRNA PROF1, significantly reversed the erinacine
A-induced cell death and cell migration. Therefore, it was concluded that H. erinaceus
mycelium represent a novel chemotherapeutic agent worthy of continued investigation.

8. Phellinus linteus

Phellinus linteus (also known as mesima or black hoof mushroom) is a mushroom that
mainly grows on mulberry tree trunks in the wild. Its various compounds, such as polysac-
charides, proteoglycans, triterpenoids, phenylpropanoids, and furans, have been shown
to exhibit immunomodulatory as well as direct antitumor effect [189]. Previous research
demonstrated that novel proteoglycan P1 isolated from Phellinus linteus inhibits colorectal
carcinoma by increasing the immune response of T cells and IgA and by disrupting the Reg
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IV/EGFR/Akt signaling pathway [190]. Li et al. [191] analyzed the antitumor mechanisms
of P. linteus in hepatocellular carcinoma HepG2 cells. P1 was purified from Phellinus
linteus fresh fruiting bodies and it was determined that its average molecular weight is
approximately 18.8 kDa. Its polysaccharide composition was characterized and the protein
content was 8.45%. The treatment of HepG2 cells with rising concentrations (50, 100, and
200 µg/mL) of P1 for 24, 48, and 72 h induced a concentration and time-dependent decrease
in cell viability. IC50 in HepG2 after 48 h was about 125 µg/mL. Exposure of HepG2 cells
to P1 (200 µg/mL) for 72 h increased the number of S-phase cell significantly, but the cell
populations in G1 and G2/M phases were markedly decreased. This demonstrates that
P1 induces S phase cell arrest. Since there was no statistically significant rise in either
early or late apoptotic cells, and no evident sub-G0/G1 peak, this indicated that P1 inhibits
HepG2 cell proliferation without apoptosis. Female nude Balb/c mice were inoculated
with 0.2 mL of HepG2 (2.5 × 107 cells/mL), and P1 was administered at doses of 100 and
200 mg/kg intragastrically every day. Cisplatin was used as a positive control and was
injected at 2 mg/kg i.p. every other day. After 18 days, the volume and weight of tumors
was significantly lower after treatment with 200 mg/kg P1 in comparison with the control
group. Meanwhile, the mouse body weight did not show significant difference between P1-
treated and control mice, indicating a lack of toxicity of P1 to mammals. In contrast, while
cisplatin treatment resulted in a significant reduction in tumor volume, it also remarkably
decreased the body weight of the HepG2-bearing mice, which suggested significant toxicity.
For proteomic analysis, HepG2 cells were exposed for P1 (200 µg/mL) for 48 h, and 2-DE
combined with LC-MS/MS analysis revealed several differentially expressed proteins,
of which only one was significantly downregulated. MALDI-TOF/TOF revealed that it
was a calreticulin (CRT) precursor. Calreticulin is a calcium-binding chaperone protein
important in many cellular processes such as cell motility, cytoplasmic and mitochondrial
metabolism, protein folding, cell cycle progression, and apoptosis [192]. It has been shown
to be upregulated in breast cancer and to promote angiogenesis, proliferation, and mi-
gration in gastric cancer [193,194]. Also, this research demonstrated that the P1 inhibited
HepG2 cell growth through induction of S phase arrest by activating the p27Kip1-cyclin
A/D1/E-Cdk2 pathway.

9. Various Mushroom Genera
9.1. Grifola frondosa

Grifola frondosa, also known as maitake or hen-of the woods mushroom, has been used
in Japan for many centuries. The best known compound from this mushroom is maitake
D-fraction, which is a mixed β-D-glucan fraction of the fruiting bodies. It was shown that
this fraction has direct antitumor (e.g., proapoptotic, antiangiogenic) as well as immunos-
timulating effects [195,196]. Unlike polysaccharides, which exhibit their antitumor effects
primarily through immunostimulaton, glycoproteins are characterized by direct antitumor
actions [197]. Cui et al. [198] analyzed the effects of Grifola frondosa glycoprotein GFG-3a in
human gastric cancer cells. GFG-3a was obtained from the fermented mycelia and subse-
quently isolated and characterized. Treatment of human gastric cancer cell line SGC-7901
with increasing concentrations (10–200 µg/mL) of GFG-3a for 24 and 48 h resulted in sig-
nificantly inhibited cell proliferation, which was dose- and time- dependent. Treatment of
SGC-7901 cells with GFG-3a for 48 h resulted in dose-dependent cell apoptosis. Cell-cycle
analysis demonstrated that GFG-3a caused cell cycle arrest at the S phase. Comparative
proteomic analysis by 2-DE revealed that 21 proteins in the GFG-3a-treated groups were
differentially regulated. Functional categorization revealed that the dysregulated proteins
included cell cycle targets (RuvB-like 1, histone-binding protein RBBP4), stress response
proteins (heat shock protein 90-beta—HSP90B, 78 kDa glucose-regulated protein—GRP78),
nucleic acid-related function (nucleophosmin, heterogeneous nuclear ribonucleoprotein F),
and cytoskeleton (tubulin, keratin). RuvBL1 protein is known to be upregulated in gastric,
colorectal, and other cancers, and is essential in cell replication, so its downregulation
by GFG-3a could induce S phase arrest and p53 activation [198–200]. Downregulation of
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nucleophosmin, which has been proposed as a tumor marker for gastric, colon, ovarian and
prostate cancers, could induce apoptosis and cell cycle arrest [201]. HSP90B and GRP78 are
molecular chaperone proteins expressed in the ER and are included in protein structural
maintenance. Stress response proteins are induced in response to many environmental
stimuli including heat, ROS, and cytotoxic drugs [202]. The downregulation of these pro-
teins by GFG-3a may contribute to p53-regulated cell apoptosis [198]. Additionally, this
study has shown that GFG-3a treatment significantly upregulated proapoptotic proteins
caspase-3 and -8, p53, and Bad, while Bcl-2, PI3K, and Akt were downregulated.

9.2. Antrodia cinnamomea

Chen et al. [203] examined the effect of Antrodia cinnamomea on the differential pro-
teomic patterns in liver cancer cell lines HepG2 and C3A, and Chang’s liver cell, a normal
liver cell line, by using a quantitative proteomic approach. Besides various antitumor
effects, this fungus has been demonstrated to have liver-protective activity, through its
inhibition in a liver injury rat model [204–206]. Fluorescently-label technique 2D-DIGE
was used, since it has a broader dynamic range of protein detection, higher detection
sensitivity, and greater reproducibility than regular 2-DE [207]. A. cinnamomea extract was
obtained from the fruiting body by 95% ethanol. The content of the main active com-
ponents, triterpenoids, was 9.4%. Cell viability assay demonstrated that A. cinnamomea
exhibited a cytotoxic effect in a concentration range of 0–1000 µg/mL, with a significant
decrease of cell viability (50%) at 400 µg/mL and further. Since non-tumorigenic Chang’s
liver cells had a higher IC50 value at this concentration than hepatocellular carcinoma C3A
and HepG2 cells, this implied that ethanolic extract of A. cinnamomea (EEAC) was less toxic
to non-tumorigenic cells, i.e., that the effect was specific. Treatment with EEAC caused a
significant induction of mostly late apoptosis, which was much more pronounced in liver
cancer cells C3A (29.7%) and HepG2 (57.6%), than in non-tumorigenic Chang’s liver cells
(5.7%). For the proteomic analysis, C3A, HepG2, and Chang’s liver cells were treated with
400 µg/mL of EEAC or vehicle. 2D-DIGE/MALDI-TOF MS-based proteomic strategy was
used. DIGE revealed more than 1500 defined protein features, and those with >1.2 fold
change (p < 0.05) were excised. Mass spectrometry identification demonstrated 82, 125, and
125 differentially expressed proteins between Antrodia cinnamomea-treated and untreated
Chang’s liver cells, C3A cells, and HepG2 cells, respectively. In general, protein abundance
comparison showed that the proteins known to modulate protein folding, redox-regulation,
glycolysis, and transcription control were downregulated in both C3A cells and HepG2
cells compared to normal Chang’s liver cells. In contrast, proteins known to regulate
cytoskeleton regulation and signal transduction were found to be upregulated in both C3A
and HepG2 cells than that in Chang’s liver cells. The identified proteins were imported into
STRING database, and protein–protein interaction analysis indicated that the dominant
functional alterations in Chang’s liver cells were apoptosis and cytoskeleton regulation and
in C3A and HepG2 cells stress response and redox regulation. Namely, dysregulation of
cellular protein folding (indicated by dysregulation of PDIA3; HSPB1; HSPA8; HSP5; Erp29;
glucose-regulated protein 78, GRP78; eIF2-alpha; IRE1-α; XBP1; ATF6; GADD153; calnexin;
and ERO1L) in ER, which leads to apoptosis, is one of the primary mechanisms that are
thought to be involved in liver cancer cell death. It was also found that dysregulation of
proteins involved in intracellular redox status resulted in ER stress. Proteomic analysis
demonstrated a downregulation of mRNA processing proteins and heterogeneous nuclear
ribonucleoproteins A2/B1 and K, which has be shown to induce TRAIL-mediated apop-
tosis [208]. Importantly, EEAC treatment induced downregulation of glycolytic enzymes
(PKM1, PGAM1, LDHA, GAPDH, G6PD, ENO1, and ALDOA), which might result from
A. cinnamomea effect on Bad upregulation (proapoptotic protein) and the elevated oxidative
stress that shunts metabolism to NADPH production [209,210].
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9.3. Auricularia auricula

This mushroom, also known as black fungus or tree ear, has mainly been studied in the
context of its hypoglycemic and hypocholesterolemic effects [211]. Kang et al. [212] investi-
gated the antitumor mechanisms of this fungus in hepatocellular carcinoma cells. Three
types of A. auricula isolates were used: polysaccharides obtained by freeze-drying (FD),
microbe (Baekdu No.1) bioconverted A. auricula extract supernatant dissolved in PBS (BS),
and BT (bioconverted A. auricula total extract solution dissolved in PBS). Among the five
hepatocellular cancer cell lines (HCT-15, huh-7, SK-MEL-5, SNU-213, and SNU-484), A. au-
ricula extracts showed the most significant viability decrease in huh-7 cells at 0–1 mg/mL,
which were therefore chosen for subsequent experiments (BS IC50 on Huh-7 cells was
0.8 mg/mL after 24 h). In Huh-7 cells, BS was most effective in increasing apoptosis. Since
BS was most effective at antiproliferation and apoptosis, it was used for proteomic analysis.
2DE-GE detected seven protein spots and they were analyzed by MALDI-TOF/MS. Six
proteins were upregulated (leucine-rich repeats and immunoglobulin-like domains 3, ATP
synthase subunit d, ubiquitin-conjugating enzyme E2 K, keratin, type I cytoskeletal 9,
human homolog of Mus musculus wizL protein, aldo-keto reductase family 1 member
C3), while peroxiredoxin-1 (PRDX1) was downregulated. Research was further focused on
PRDX1, which is an important antioxidant enzyme. It was hypothesized that the down-
regulation of PRDX1 in cancer cells reduces their ability to deal with the elevated ROS
levels, which induces cell death. PRDX1 was shown to enhance cell proliferation, protect
against ROS, and is involved in resistance against radiotherapy [213]. Using PRDX1 siRNA
in Huh-7 cells, a decrease in GSH was detected. GSH is an endogenous antioxidant that
enables antioxidant defense, so its downregulation increases ROS, which leads to apopto-
sis [214]. Also in PRDX1 siRNA and BS-treated groups, a decrease in SOD was detected,
which points to the inactivation of the antioxidant enzymes in treated cells. A. auricula
treatment (FD, BT and BS) induced an upregulation of proapototic Bak; Bid; Bik; PARP;
and cleaved caspases-3, -8, and -9, while it downregulated Akt and Bcl-xL.

9.4. Sporisorium reilianum

Sporisorium reilianum is a kind of biotrophic fungal plant pathogen that causes sorghum
head smut. Kan et al. [215] investigated the antitumor properties of S. reilianum polysac-
charide WM-NP-60 on colorectal adenocarcinoma HCT-116 cells. This polysaccharide is
water-soluble and has a molecular weight of 15.6 kDa. It was previously established that
this polysaccharide has good antitumor activity against hepatocellular carcinoma HepG2
and SCG7901 cells [216]. WM-NP-60 at a concentration of 8mg/mL could reduce cell viabil-
ity by nearly 40%. WM-NP-60 treatment increased G1 cell population, and this suggested
that it can cause G1 cell arrest. WM-NP-60 also increased the number of apoptotic HCT-116
cells compared with the control group. For proteomics, HCT116 cells were treated with
4 mg/mL for 48 h. After BCA quantification and SDS-PAGE electrophoresis, the samples
were TMT-labeled. From 7355 proteins, 369 significantly differentially expressed proteins
(FC > 2 or FC < 0.5, p < 0.05) were identified, of which 240 were upregulated and 129 were
down-regulated. GO enrichment analysis of significantly differentially expressed proteins
showed that the top differentially expressed proteins by biological process were: secretion
by cell and the exocytosis, platelet degranulation, protein activation cascade, regulation
of protein maturation, and regulation of protein processing. KEGG analysis (pathway
enrichment) revealed that significantly differentially expressed proteins could be catego-
rized into five specific pathways involved in metabolism, cellular processes, environmental
information processing, organismal systems, and human diseases. Some of the upregulated
proteins found to be differentially expressed such as TGFβR1 (transforming growth factor
beta receptor I), P107, DP1 (transcription factor Dp-1), ITGA7 (integrin alpha 7), and Rap1
(Rap1 GTPase-activating protein 1) are important in various signaling pathways and pro-
cesses, such as TGFβ, Hippo, MAPK, PI3K-Akt, Ras and chemokine signaling pathways,
cell cycle, cell adhesion etc. The downregulated THBS1 (thrombospondin 1) was associated
with p53, PI3K-Akt, Rap1, and TGF-β signaling pathways, as well as focal adhesions and
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ECM–receptor interaction. By using the STRING database, protein–protein interactions
(PPI) were confirmed between some of these proteins: between upregulated TGFβR1,
P107, and DP1, and downregulated THBS1. These proteins are in the TGF-β signaling
pathway, which is related to cell cycle and apoptosis. Proteomic results were confirmed by
Western blot and qRT-PCR analysis. It was concluded that the antitumor mechanism of
WM-NP-60 might be connected to the changed expression of TGFβR1, P107, DP1, ITGA7,
Rap1, and THBS1 in HCT116 cells. Decreased THBS1 is related to malignant progression
and reduced survival of cancer cells, so it was concluded that its downregulation might
promote apoptosis and inhibit colon cancer invasion and metastasis [216,217]. TGFβ is
a growth factor that prevents progress from G1 to S phase and inhibits cell proliferation;
therefore, the upregulation of TGFβR1 by WM-NP-60 was thought to have promoted the
arrest of HCT-116 cells at G1 phase and induced apoptosis. ITGA7, a primary laminin
receptor that is involved in maintenance of the myofibers cytoarchitecture, anchorage, and
viability, was found to be able to inhibit the proliferation and metastasis of CRC cells by
inhibiting Ras [218]. Thus, one of the mechanisms of WM-NP-60 in blocking the cell cycle
at G1 phase is by upregulating ITGA1 and Rap1 proteins in a focal adhesion pathway.

9.5. Agrocybe aegerita

Cyclocybe aegerita, also called Agrocybe aegerita and commonly known as poplar or
chestnut mushroom, is a high quality edible mushroom that is cultivated all over the
world. Wang et al. [219] studied the effects of fraction 2 proteins of Agrocybe aegerita (AA-
f2-MNC-CM) on U937 lymphoma cells. It was found previously that the proliferation of
human leukemic U937 cells was reduced by about 80% when the cells were incubated
with conditioned media (CM) of human blood mononuclear cells (MNC) stimulated with
100 mg/mL of cold water extracts (CWE) proteins from Hypsizigus marmoreus or Agrocybe
aegerita [220]. Two protein fractions (AA-f2) were obtained from the A. aegerita fruiting
bodies. Mononuclear cell-conditioned medium (MNC-CM) was prepared by incubating
the cells in the presence of 5 or 25 µg/mL of AA-f2 for 24 h. Conditioned media collected
from AA-f2-treated MNC cultures was designated as AA-f2-MNC-CM. Human myeloid
leukemic U937 cells were maintained at an initial concentration of 1 × 105 mL of AA-f2-
MNC-CM or PBS-MNC-CM for 5 days. Protein separation was conducted by 2-DE. It was
found that 87 protein spots in the 5 µg AA-f2/mL and 54 protein spots in 25 µg AA-f2/mL
were relatively different in quantity (≥50%), and these spots were identified as MALDI-
TOF MS. In both groups, all identified proteins were downregulated after AA-f2-MNC-CM
treatment. Among the 53 individual proteins that were successfully identified, 7 were
downregulated in both groups (heterogeneous nuclear ribonucleoprotein, macrophage cap-
ping protein, pyruvate dehydrogenase E1 component beta subunit mitochondrial precursor,
glutathione transferase omega 1, pyruvate kinase M1 isozyme, endoplasmic reticulum
protein Erp29 precursor, and glyceraldehyde 3-phosphate dehydrogenase). Fifty-three
proteins that were detected to be downregulated had the following biological functions:
synthesis of DNA and RNA, catabolism pathways (such as glycolysis pathway, pentose
phosphate pathway, citric acid cycle, and uric acid synthesis) and protein conformation.
So, it was concluded that the inhibition of proliferation and differentiation of U937 cells
by AA-f2-MNC-CM is associated with the inhibition of the disulfide bond formation and
proteolysis of cellular proteins, interruption of catabolism pathways, accumulation of toxic
intermediates or toxic substance, and replication inhibition of DNA or RNA that inhibits
the U937 biosynthesis [219].

9.6. Nectria haematococca

This fungus from the Ascomycota division is a common soil fungus and plant as well
as a human pathogen [221]. Xie et al. [222] investigated its properties as an antitumor
agent on human lung adenocarcinoma. Fungal immunomodulatory proteins (FIPs), which
are widely found in fungi, have strong inhibitory effects on lung carcinoma. More than
10 FIPs have been isolated and identified, of which the most well-known are FIP from
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Ganoderma lucidum (LZ-8 or FIP-glu), Ganoderma tsugae (FIP-gts), Flammulina velutipes (FIP-
fve), and Nectria hematococca (FIP-nha) [223–225]. FIP-nha, which was the subject of this
research, consists of 114 amino acid residues, and has a molecular weight of 12,837 Da.
A previous study demonstrated that FIP-nha strongly suppresses the growth of A549
lung adenocarcinoma cells, with an efficacy superior to that of FIP-fve or LZ-8 [222]. In
this research, cell viability of human lung adenocarcinoma cell lines A549 and H2347
(NCI-H2347) treated with FIP-nha in a concentration of 0–20 µg/mL for 24 h exhibited a
dose-dependent decrease in viability up to 80%. In contrast, only very slight cytotoxicity
was observed in healthy lung MRC-5 fibroblasts, indicating a selective antitumor effect.
In vivo research utilized Balb/c nude mice in which the tumor xenografts were established
by subcutaneous injection of 5 × 106 A549 cells, and treated with PBS (control), FIP-nha
(20 mg/kg), FIP-nha (40 mg/kg), or doxorubicin (4 mg/kg) every week. The average tumor
volume in the high dose (40 mg/kg) FIP-nha was significantly decreased in comparison
to the negative control group at day 33, with the efficacy in decreasing tumor volume
equivalent to that of the chemotherapy drug doxorubicin. Global proteomic analysis was
done by isobaric tags for relative and absolute quantification (iTRAQ)-based quantitative
proteomic analysis on A549 cells treated with 8µg/mL FIP-nha for 24 h. Significantly
(p ≤ 0.05) differentially regulated proteins were those with a fold change of ≥1.2 or ≤0.83.
Out of 2650 proteins identified, 334 differentially expressed proteins fit those criteria,
with 213 being upregulated and 121 downregulated. Functional analysis (enrichment
significance) confirmed that the upregulated proteins were mainly involved in extracellular
matrix organization, PI3K/Akt signaling, cell apoptosis, cell autophagy, and cell migration,
while downregulated proteins were mainly enriched in functions including G1/S and
G2/M cell cycle arrest, ubiquitination, telomere maintenance, and cell proliferation. Further
analysis (Western blot) confirmed that FIP-nha induced a dose-dependent (0–16 µg/mL)
decrease in the expression of both Akt (p-Akt) as well as mTOR (p-mTOR), thus confirming
the critical role of PI3K/Akt pathway in A549 and H2347 lung adenocarcinoma cells. The
heightened expression of LC3B-II in a dose-dependent manner indicated the induction of
autophagy. Cell cycle analysis and Western blot indicated that FIP-nha treatment results
in G1/S cycle arrest and G2/M phase transition. Flow cytometry showed a significant
apoptosis induction in A549 (from 5.70% to 52.95%) and H2347 (from 10.56% to 59.11%)
cells. Although the induction of autophagy by FIP-nh had a protective effect on tumor cells,
it was confirmed previously that some FIPs, such as FIP-gmi, induced cell death through
activating autophagy in A549 cells [226]. The in vivo results in a nude xenograft mouse
model confirmed that FIP-nha inhibits lung adenocarcinoma cell growth through regulating
cell cycle arrest, autophagy, and apoptosis. Although FIP was given intraperitoneally, it is
known that FIPs are highly resistant to acid hydrolysis, alkali decomposition, and enzyme
digestion, which means that they can be administered orally as well [227].

9.7. Agaricus bisporus

Agaricus bisporus, also known as common mushroom, button mushroom, champignon
mushroom, or portobello mushroom, is one of the most commonly and widely consumed
mushrooms in the world. Mahmood et al. [228] studied the antitumor effects of a lectin iso-
lated from A. bisporus (ABL—Agaricus bisporus lectin) conjugated with CaCO3 nanoparticles
(ABL- CaCO3NPs) on MCF-7 breast cancer cells. Fungal lectins are known to have signifi-
cant pharmacological potential, which includes antioxidant, antitumor, and immunostim-
ulating properties [229]. Nanotechnology has enabled new possibilities of drug delivery,
which can increase drug efficiency of traditional chemo- and radiotherapies by focusing on
the target site [230]. For cell cycle analysis, MCF-7 cells were treated with 75 µg/mL (IC50
concentration) of ABL-CaCO3NPs or with 4 µg/mL of doxorubicin as positive control for
24 h. ABL-CaCO3NPs treatment caused a significant increase in cells in G1 phase com-
pared with both untreated and doxorubicin-treated cells. Cell cycle arrest, which is also a
mechanism reported for many chemotherapeutic agents, leads to apoptosis [231]. After
treating MCF-7 cells with the same concentrations of either ABL-CaCO3NPs or doxorubicin
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(DOX) for 24 h, gel-based 2-DE proteomic analysis revealed 22 statistically significant
(p ≤ 0.05 and fold change ≥ 2) differentially abundant spots, which were further analyzed.
LC-MS/MS identified 13 proteins that were dysregulated. Treatment with ABL-CaCO3NPs
downregulated V-set and immunoglobulin domain, serum albumin, actin cytoplasmic 1,
triosephosphate isomerase, tropomyosin alpha-4 chain, and endoplasmic reticulum chap-
erone BiP in comparison with both negative and positive control (DOX); while hornerin,
tropomyosin alpha-1 chain, annexin A2, and protein disulfide-isomerase were upregulated
in comparison to the positive control and downregulated in comparison to the negative
control. Ingenuity pathway analysis (IPA) revealed that the upregulated proteins hornerin
(HRNR), tropomyosin alpha-1 chain (TPM1), annexin A (ANXA2), and protein-disulfide
isomerase (PDI) were associated with breast or gynecological cancer, breast carcinoma, and
inflammation of organ. Breast cancer-related protein hornerin (HRNR), part of S100 protein
family that is involved in malignant transformation, cell proliferation, differentiation, and
death, and known to be elevated in some cancers, was not significantly altered in the
ABL-CaCO3NPs group, but was increased in DOX group, which could be an indicator of
poor prognosis [228,232,233]. From the molecular chaperones/heat shock protein group,
protein disulfide isomerase (PDI) was downregulated in ABL-CaCO3NPs-treated group
with respect to negative control and upregulated in comparison with DOX. PDI is known to
be involved in the unfolded protein response (UPR) pathway and is correlated with worse
outcome in breast and other carcinomas, so its downregulation could enhance apoptosis in
MCF-7 cells [228,234,235]. Binding immunoglobulin protein (BiP), also known as glucose-
regulated protein 78 (GRP78), is a protein from the same molecular chaperone group. BiP
was found to be downregulated as a result of ABL-CaCO3NPs treatment in comparison
with both controls. Increased BiP, which regulates UPR signaling, is known to improve
cancer cell proliferation, apoptosis resistance, immune evasion, metastasis, microenviron-
mental angiogenesis, and therapy resistance [236]. From the cytoskeleton and associated
proteins group, both actin citoplasmic 1 or beta-actin (ACTB) and tropomyosin alpha 1
chain and alpha-4 chain (TPM1 and TPM4) were downregulated. Abnormal abundance of
ACTB is associated with cancer invasiveness and metastasis, and its high abundance in
DOX-treated cells and low abundance in ABL-CaCO3NPs can potentially inhibit Erk1/2
and decrease cycline A and decelerate proliferation and anti-apoptotic responses [228].
TPM1 and TPM4, which were downregulated in comparison with both controls, are known
to be differentially abundant in breast cancer epithelial vs. normal breast tissues [237].
From the metabolic enzymes group, triosephosphate isomerase (TPI), a glycolysis pathway
enzyme, was shown to be downregulated in ABL-CaCO3NPs group compared with both
controls and is thought to be related with a decrease in energy requirements in treated
cells. A group of membrane-associated proteins with multiple activities including an-
nexin A2 (ANXA2), human serum albumin (ALB), and V-set and immunoglobulin domain
(VSIG-8), were all found to be downregulated as a result of ABL-CaCO3NPs treatment.
Treatment with ABL-CaCO3NPs resulted in downregulation of ANXA2 with respect to
negative control and upregulation in comparison with DOX. ANXA2 has been reported to
be involved in breast cancer neoangiogenesis, invasiveness, and resistance [238]. ALB, the
most abundant protein in serum, has been proposed to be used by tumors as an energy
source and was shown to accumulate in solid tumors [239]. VSIG-8 was found to be a
promising immune checkpoint molecule capable of inhibiting human T cell activation [240].
Bioinformatic analysis showed that the dysregulated proteins were involved with various
pathways associated with breast cancer. Upregulated ANXA2 was associated with the
inhibited BAG2 signaling pathway, which is usually highly abundant in breast cancer and
promotes tumor progression and metastasis [241]. Low abundance of ACTB and ALB pro-
teins are associated with caveolar-mediated and clathrin-mediated endocytosis signaling.
These pathways are relevant in increased invasion and metastasis, so ABL-CaCO3NPs
treatment might impair the caveolar-mediated endocytosis, resulting in an antitumor effect.
The upregulation of PDI affected the pathways of UPR, hypoxia, and the role of tissue
factor in cancer. Low abundance in ACTB and GRP78 affected EIF2 signaling and ER
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stress. PDI upregulation and therefore UPR are correlated with elevation of hypoxic state
and triggering of ER stress in tumor cells to reestablish intracellular homeostasis and
promote cell survival [234]. Downregulated TPM1 and TPM4 were involved in the calcium
signaling pathway, which is involved in calcium-binding S100A4 protein implicated in
cancer metastasis. Therefore, the low abundance of these TPMs would most likely affect
the migration of breast cells [242].

10. Ergosterol

Ergosterol is the principal sterol in fungi (and pro-vitamin D2 in human nutrition),
where it represents about 70% of all sterols (Figure 6). Besides in mushroom cell membranes,
it is also present in protozoa [243]. Kuo et al. [244] analyzed the proteomic response in RAW
264.7 macrophages treated with ergosterol in studying its anti-inflammatory properties. It
is known that ergosterol peroxide suppresses the LPS-induced inflammatory responses
through inhibition of NF-κB transcriptional activity and phosphorylation of MAPKs [245].
Cytotoxicity of ergosterol in concentrations of 1–100 µg/mL on LPS-stimulated mouse
RAW 264.7 macrophages were tested. Ergosterol showed a dose-dependent cytotoxic effect
with an IC50 of 24.5 µg/mL. In order to rule out cytotoxic effects of high-concentration
treatments, ergosterol was only used in a concentration range of 0–20 µg/mL in subse-
quent experiments. The flow cytometry showed that there was no apoptotic effect of
ergosterol on RAW 264.7 cells, which indicated that the inhibition of proliferation was
not due to increased apoptosis. In LPS-activated macrophages, a significant increase in
both NO and TNF-α was observed. It was shown that that the exposure of LPS stimulated
RAW 264.7 cells to rising concentrations (0–20 µg/mL) of ergosterol, which induced a
slight reduction of NO generation and a significant, dose-dependent suppression of TNF-α
production. Western blot showed that treatment of the cells with 10 µg/mL decreased
LPS-induced COX-2 expression but did not affect iNOS expression. The proteome of LPS-
induced RAW 264.7 cells treated with 10 µg/mL ergosterol was analyzed by 2-DE. Protein
spots were subjected to MALDI-TOF/TOF mass spectral measurements and PMF/MS-MS.
The proteins upregulated by ergosterol treatment included plasminogen activator inhibitor
2 (PAI2), cytoplasmic actin 1, vimentin, and tubulin α-1C chain. The proteins down-
regulated by ergosterol treatment were Rho GDP-dissociation inhibitor 1 (Rho GDIS1),
ataxin-3, T-complex protein 1 subunit theta (TCP1θ), and TRAF family member-associated
NF-κB activator (TANK). The downregulation of NF-κB-associated protein, TANK, and
Rho GDIS1 (chaperone protein) indicate that ergosterol may have inhibited NF-κB activa-
tion by regulating upstream IκB through Rho GTPase modulation of IKK. Upregulated
proteins involved in cytoskeleton structure and function included cytoplasmic actin 1,
vimentin, and tubulin α-1C chain. Chaperone proteins, including TCP1θ, HSP90, and
HSP60, are implicated in reorganization and folding of cytoskeleton proteins, but Western
blot analysis showed that HSP90 and HSP60 were not significantly altered after treatment
with ergosterol, which indicated that these proteins did not contribute to the change of
cytoskeleton-related proteins [244,246].
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11. Medicinal Mushroom Mixtures

Several studies have shown that combining multiple medicinal mushroom species
with known antitumor effects may have additive or synergistic effects in terms of immune
system activation [247–249]. It is known that various polysaccharides may activate multiple
receptors on immune cells, and mushroom mixtures may also exhibit an additive affect in
activating various direct anticancer mechanisms such as interfering with multiple path-
ways relevant in tumor growth and progression [13,250]. Jakopovic et al. [251] analyzed
the proteome profile of tumor tissues of mice treated with medicinal mushroom extract
mixture in a colorectal cancer model. Agarikon.1 preparation, a medicinal mushroom ex-
tract mixture, is a registered dietary supplement that contains a mixture of Lentinus edodes,
Ganoderma lucidum, Agaricus brasiliensis (=blazei ss. Heinem.), Grifola frondosa, Pleurotus
ostreatus, and Trametes versicolor in equal amounts i.e., 125 mg per 1000 mg tablet [249]. One
tablet therefore contains 750 of mushroom polysaccharides and excipients such as inulin,
talc, magnesium stearate, and silica. This tablet preparation is produced by water extraction
followed by ethanol precipitation and subsequent freeze-drying. Balb/c mice were injected
with 1 × 106 CT26.WT cells. The 14 day treatment with Agarikon.1 (1200 mg/kg i.g.) or
5-fluorouracil as a positive control (30 mg/kg on days 1.–4. and 15 mg/kg on 6., 8., 10., and
12. day of treatment) started only when tumors were developed in 100% of the animals and
when the tumor size was≥700 mm3 i.e., 14 days post tumor implantation, which represents
a very advanced, grade IV tumor model. The third group received both 5-fluorouracil
(5-FU) and Agarikon.1 (AG.1) in aforementioned concentrations, and the fourth, 5-FU only.
Doses were calculated by allometric scaling [252]. The survival analysis that was conducted
until day 55 demonstrated that survival rates were 50% with AG.1, 77.7% with 5-FU, and
33.3% in AG.1 + 5-FU group, which indicates that there was no additive effect in terms of
survival in the combination group. In the preventive group, where the same doses of AG.1
were administered for a week before and after tumor inoculation, 100% of mice were still
alive up to day 45 post tumor inoculation. Tumor volume was significantly reduced only
in 5-FU in comparison with control. In cancer clinical trials, overall survival is considered a
definitive end point [253]. It has been established that the volume of the primary tumor
has no prognostic significance in CRC, which is also valid for the preclinic in CT26.WT
CRC model [254,255]. AG.1 was previously shown to significantly inhibit viability and
induce apoptosis in HCT-116 and SW620 human adenocarcinoma cells in vitro, as well as
induce macrophage polarization and inhibit tumor angiogenesis in vivo [256]. Tandem
mass tag (TMT) proteomic analysis of tumor tissue revealed a total of 95 dysregulated
proteins, of which 36 were upregulated and 59 were downregulated. Bioinformatic anal-
ysis of the upregulated and downregulated proteins in each group was performed by
STRING (protein-protein interactions) and REACTOME (pathway enrichment). It was
demonstrated that for the AG.1 and AG.1 + 5-FU group, downregulated proteins were
involved in ribosome assembly, translation, and ribosome biogenesis-enriched pathways
(40S ribosomal protein SA–Rpsa, ribosome maturation protein SBDS–Sbds, 40S ribosomal
protein S3–Rps3, eukaryotic initiation factor 4A-I and II–Eif4a1 and Eif4a2 etc.). It has
been shown that global dysregulation of translation, particularly its progressive upreg-
ulation, is a key driver in cancer pathogenesis [257]. In the 5-FU only treated group, the
upregulated proteins (60S ribosomal protein L29–Rpl29) were involved in an enriched
translation pathway, which may indicate a 5-FU rapid effect on translation machinery,
activated 5-FU extraribosomal functions, or 5-FU resistance [258]. Further PPI and pathway
analysis revealed that downregulated proteins in AG.1 and AG.1 + 5-FU groups (Protein
S100-A9, Annexin A5 in AG.1 group, heterogeneous nuclear ribonucleoproteins in AG.1 +
5-FU group) participated in enriched mRNA splicing and mRNA processing pathways,
and influenza life cycle pathway, which are the three most relevant pathways that are
gradually upregulated during CRC progression [259]. Upregulated proteins in all treated
groups were involved in unfolded protein response (UPR), which was indicated by the
DnaJ homolog subfamily C member 3 (Dnajc3) and its interactors up-accumulation. It was
reported that activation of UPR causes differentiation in colon cancer stem cells, which
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enhances their responses to chemotherapy in vitro and in vivo [260]. By analyzing the
temporal dynamics of differentially upregulated proteins during CRC progression, Peng
et al. showed that the UPR was mostly downregulated during CRC progression [259].
Furthermore, enrichment analysis showed that various upregulated proteins in AG.1,
AG.1 + 5-FU, and 5-FU (apolipoprotein A-II Apoa2, cytosolic acyl coenzyme A thioester
hydrolase–Acot7) were involved in regulation of lipid metabolism and TCA cycle path-
ways (fumarate hydratase, mitochondrial, Fh). These are important in promoting fatty acid
oxidation, which has proven to be downregulated in multiple tumors, as well as in repro-
gramming cancer metabolism from pentose phosphate pathway (PPP) back to increased
tricarboxylic acid cycle (TCA), thus reversing Warburg effect, respectively [261,262]. Thus,
it was concluded that AG.1 alone, or in combination with 5-FU, evoke changes contrary to
those found during progression of colorectal carcinogenesis, which results in significantly
improved survival.

12. Conclusions

Natural products are an effective source of anti-tumor agents, and it is estimated that
more than 80% of anti-cancer drugs are either natural products or are based on them [263].
The main goal of functional proteomics and bioinformatic analysis in cancer medicine is
to detect potential pathways and protein targets that can be exploited by various pharma-
cological approaches. In this regard, it could be viewed as a complimentary approach to
network pharmacology, a new systems biology discipline. Network pharmacology has also
begun to be used in the medicinal mushroom field [264–266]. The complexity of cancer,
which includes various pathways of its ontogeny and progression, tumor microenviron-
ment, and therapeutic resistance mechanisms, poses demanding challenges that require a
systems biology approach that is now increasingly beginning to re-examine the historical
reductionist approach. In this regard, the previous research on cancer as well as on cancer
therapeutics might be regarded as preliminary or partial and in need of a more in-depth
study. However, various challenges remain. Besides the complexity and variability of
biological material, i.e., medicinal mushrooms, the variability in the results may also be
influenced by the model, either in vitro or in vivo, where the timing of the treatment (early
vs. late models of disease; immunocompetent vs. nude mice xenografts), as well as the
tumor model (orthotopic vs. heterotopic), can produce different results. The results are also
highly dependent on the proteomic methods, which also differ in their sensitivity. However,
these obstacles must be overcome in order to study complex diseases such as cancer.
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18. Cör, D.; Knez, Ž.; Knez Hrnčič, M. Antitumour, Antimicrobial, Antioxidant and Antiacetylcholinesterase Effect of Ganoderma
Lucidum Terpenoids and Polysaccharides: A Review. Molecules 2018, 23, 649. [CrossRef]

19. Ma, C.; Guan, S.H.; Yang, M.; Liu, X.; Guo, D.A. Differential protein expression in mouse splenic mononuclear cells treated with
polysaccharides from spores of Ganoderma lucidum. Phytomed. Int. J. Phytother. Phytopharm. 2008, 15, 268–276. [CrossRef]

20. Gao, Y.; Chan, E.; Zhou, S. Immunomodulating activities of Ganoderma, a mushroom with medicinal properties. Food Rev. Int.
2004, 20, 123–161. [CrossRef]

21. Guo, L.; Xie, J.; Ruan, Y.; Zhou, L.; Zhu, H.; Yun, X.; Jiang, Y.; Lü, L.; Chen, K.; Min, Z.; et al. Characterization and immunos-
timulatory activity of a polysaccharide from the spores of Ganoderma lucidum. Int. Immunopharmacol. 2009, 9, 1175–1182.
[CrossRef]

22. Brown, G.D.; Gordon, S. Immune recognition of fungal beta-glucans. Cell. Microbiol. 2005, 7, 471–479. [CrossRef]
23. Hermeking, H.; Benzinger, A. 14-3-3 proteins in cell cycle regulation. Semin. Cancer Biol. 2006, 16, 183–192. [CrossRef]
24. Ohtsuka, T.; Ryu, H.; Minamishima, Y.A.; Macip, S.; Sagara, J.; Nakayama, K.I.; Aaronson, S.A.; Lee, S.W. ASC is a Bax adaptor

and regulates the p53-Bax mitochondrial apoptosis pathway. Nat. Cell Biol. 2004, 6, 121–128. [CrossRef]
25. Lafuse, W.P.; Brown, D.; Castle, L.; Zwilling, B.S. Cloning and characterization of a novel cDNA that is IFN-gamma-induced

in mouse peritoneal macrophages and encodes a putative GTP-binding protein. J. Leukoc. Biol. 1995, 57, 477–483. [CrossRef]
[PubMed]

26. Tomsig, J.L.; Sohma, H.; Creutz, C.E. Calcium-dependent regulation of tumour necrosis factor-alpha receptor signalling by copine.
Biochem. J. 2004, 378 Pt 3, 1089–1094. [CrossRef]

27. Wang, P.Y.; Kitchens, R.L.; Munford, R.S. Phosphatidylinositides bind to plasma membrane CD14 and can prevent monocyte
activation by bacterial lipopolysaccharide. J. Biol. Chem. 1998, 273, 24309–24313. [CrossRef] [PubMed]

28. Ishizaki, H.; Togawa, A.; Tanaka-Okamoto, M.; Hori, K.; Nishimura, M.; Hamaguchi, A.; Imai, T.; Takai, Y.; Miyoshi, J. Defective
chemokine-directed lymphocyte migration and development in the absence of Rho guanosine diphosphate-dissociation inhibitors
alpha and beta. J. Immunol. 2006, 177, 8512–8521. [CrossRef]

29. Miletic, A.V.; Swat, M.; Fujikawa, K.; Swat, W. Cytoskeletal remodeling in lymphocyte activation. Curr. Opin. Immunol. 2003, 15,
261–268. [CrossRef]

30. Fraiser, L.H.; Kanekal, S.; Kehrer, J.P. Cyclophosphamide toxicity. Characterising and avoiding the problem. Drugs 1991, 42,
781–795. [CrossRef] [PubMed]

31. Bischoff, P.L.; Holl, V.; Coelho, D.; Dufour, P.; Weltin, D.; Luu, B. Apoptosis at the interface of immunosuppressive and anticancer
activities: The examples of two classes of chemical inducers, oxysterols and alkylating agents. Curr. Med. Chem. 2000, 7, 693–713.
[CrossRef]

32. Zhu, X.L.; Chen, A.F.; Lin, Z.B. Ganoderma lucidum polysaccharides enhance the function of immunological effector cells in
immunosuppressed mice. J. Ethnopharmacol. 2007, 111, 219–226. [CrossRef] [PubMed]

33. Ma, C.; Yue, Q.X.; Guan, S.H.; Wu, W.Y.; Yang, M.; Jiang, B.H.; Liu, X.; Guo, D.A. Proteomic analysis of possible target-related
proteins of cyclophosphamide in mice thymus. Food Chem. Toxicol. 2009, 47, 1841–1847. [CrossRef]

http://doi.org/10.1593/neo.04169
http://www.ncbi.nlm.nih.gov/pubmed/15548350
http://doi.org/10.3389/fphar.2018.00245
http://doi.org/10.1097/00129804-200311000-00004
http://www.ncbi.nlm.nih.gov/pubmed/14624175
http://doi.org/10.1615/IntJMedMushrooms.v1.i1.10
http://doi.org/10.1016/j.fct.2018.04.038
http://doi.org/10.1007/978-981-13-6382-5_1
http://doi.org/10.1007/s00253-004-1787-z
http://doi.org/10.1126/science.1067100
http://www.ncbi.nlm.nih.gov/pubmed/11923519
http://doi.org/10.1186/s13020-018-0223-8
http://doi.org/10.1093/clinchem/47.10.1901
http://www.ncbi.nlm.nih.gov/pubmed/11568117
http://doi.org/10.1207/s15327914nc5301_2
http://doi.org/10.3390/molecules23030649
http://doi.org/10.1016/j.phymed.2007.11.015
http://doi.org/10.1081/FRI-120037158
http://doi.org/10.1016/j.intimp.2009.06.005
http://doi.org/10.1111/j.1462-5822.2005.00505.x
http://doi.org/10.1016/j.semcancer.2006.03.002
http://doi.org/10.1038/ncb1087
http://doi.org/10.1002/jlb.57.3.477
http://www.ncbi.nlm.nih.gov/pubmed/7884320
http://doi.org/10.1042/bj20031654
http://doi.org/10.1074/jbc.273.38.24309
http://www.ncbi.nlm.nih.gov/pubmed/9733716
http://doi.org/10.4049/jimmunol.177.12.8512
http://doi.org/10.1016/S0952-7915(03)00054-2
http://doi.org/10.2165/00003495-199142050-00005
http://www.ncbi.nlm.nih.gov/pubmed/1723374
http://doi.org/10.2174/0929867003374769
http://doi.org/10.1016/j.jep.2006.11.013
http://www.ncbi.nlm.nih.gov/pubmed/17182202
http://doi.org/10.1016/j.fct.2009.04.041


Molecules 2021, 26, 6708 36 of 45

34. Zhang, J.; Ma, K.; Wang, H. Cyclophosphamide suppresses thioredoxin reductase in bladder tissue and its adaptive response via
inductions of thioredoxin reductase and glutathione peroxidase. Chem.-Biol. Interact. 2006, 162, 24–30. [CrossRef] [PubMed]

35. Prescott, S.M.; Zimmerman, G.A.; Stafforini, D.M.; McIntyre, T.M. Platelet-activating factor and related lipid mediators. Annu.
Rev. Biochem. 2000, 69, 419–445. [CrossRef]

36. Zickermann, V.; Dröse, S.; Tocilescu, M.A.; Zwicker, K.; Kerscher, S.; Brandt, U. Challenges in elucidating structure and mechanism
of proton pumping NADH:ubiquinone oxidoreductase (complex I). J. Bioenerg. Biomembr. 2008, 40, 475–483. [CrossRef]

37. Yakovlev, G.; Hirst, J. Transhydrogenation reactions catalyzed by mitochondrial NADH-ubiquinone oxidoreductase (Complex I).
Biochemistry 2007, 46, 14250–14258. [CrossRef]

38. Mitchell, I.; Deshpande, N. Drug effects on certain enzymes of carbohydrate metabolism in MCF-7 cells in culture. Clin. Oncol.
1984, 10, 253–260.

39. D’Acquisto, F.; Paschalidis, N.; Raza, K.; Buckley, C.D.; Flower, R.J.; Perretti, M. Glucocorticoid treatment inhibits annexin-1
expression in rheumatoid arthritis CD4+ T cells. Rheumatology 2008, 47, 636–639. [CrossRef] [PubMed]

40. Cao, Q.Z.; Lin, Z.B. Antitumor and anti-angiogenic activity of Ganoderma lucidum polysaccharides peptide. Acta Pharmacol. Sin.
2004, 25, 833–838.

41. Sliva, D.; Labarrere, C.; Slivova, V.; Sedlak, M.; Lloyd, F.P., Jr.; Ho, N.W. Ganoderma lucidum suppresses motility of highly
invasive breast and prostate cancer cells. Biochem. Biophys. Res. Commun. 2002, 298, 603–612. [CrossRef]

42. Müller, C.I.; Kumagai, T.; O’Kelly, J.; Seeram, N.P.; Heber, D.; Koeffler, H.P. Ganoderma lucidum causes apoptosis in leukemia,
lymphoma and multiple myeloma cells. Leuk. Res. 2006, 30, 841–848. [CrossRef] [PubMed]

43. Cheung, W.M.; Hui, W.S.; Chu, P.W.; Chiu, S.W.; Ip, N.Y. Ganoderma extract activates MAP kinases and induces the neuronal
differentiation of rat pheochromocytoma PC12 cells. FEBS Lett. 2000, 486, 291–296. [CrossRef]

44. Li, Y.B.; Wang, R.; Wu, H.L.; Li, Y.H.; Zhong, L.J.; Yu, H.M.; Li, X.J. Serum amyloid A mediates the inhibitory effect of Ganoderma
lucidum polysaccharides on tumor cell adhesion to endothelial cells. Oncol. Rep. 2008, 20, 549–556. [PubMed]

45. Gutfeld, O.; Prus, D.; Ackerman, Z.; Dishon, S.; Linke, R.P.; Levin, M.; Urieli-Shoval, S. Expression of serum amyloid A, in normal,
dysplastic, and neoplastic human colonic mucosa: Implication for a role in colonic tumorigenesis. J. Histochem. Cytochem. Off. J.
Histochem. Soc. 2006, 54, 63–73. [CrossRef]

46. Chan, D.C.; Chen, C.J.; Chu, H.C.; Chang, W.K.; Yu, J.C.; Chen, Y.J.; Wen, L.L.; Huang, S.C.; Ku, C.H.; Liu, Y.C.; et al. Evaluation
of serum amyloid A as a biomarker for gastric cancer. Ann. Surg. Oncol. 2007, 14, 84–93. [CrossRef]

47. Preciado-Patt, L.; Levartowsky, D.; Prass, M.; Hershkoviz, R.; Lider, O.; Fridkin, M. Inhibition of cell adhesion to glycoproteins
of the extracellular matrix by peptides corresponding to serum amyloid A. Toward understanding the physiological role of an
enigmatic protein. Eur. J. Biochem. 1994, 223, 35–42. [CrossRef]

48. Brinckerhoff, C.E.; Mitchell, T.I.; Karmilowicz, M.J.; Kluve-Beckerman, B.; Benson, M.D. Autocrine induction of collagenase by
serum amyloid A-like and beta 2-microglobulin-like proteins. Science 1989, 243, 655–657. [CrossRef]

49. Mullan, R.H.; Bresnihan, B.; Golden-Mason, L.; Markham, T.; O’Hara, R.; FitzGerald, O.; Veale, D.J.; Fearon, U. Acute-phase
serum amyloid A stimulation of angiogenesis, leukocyte recruitment, and matrix degradation in rheumatoid arthritis through an
NF-kappaB-dependent signal transduction pathway. Arthritis Rheum. 2006, 54, 105–114. [CrossRef]

50. Yokoi, K.; Shih, L.C.; Kobayashi, R.; Koomen, J.; Hawke, D.; Li, D.; Hamilton, S.R.; Abbruzzese, J.L.; Coombes, K.R.; Fidler, I.J.
Serum amyloid A as a tumor marker in sera of nude mice with orthotopic human pancreatic cancer and in plasma of patients
with pancreatic cancer. Int. J. Oncol. 2005, 27, 1361–1369. [CrossRef]

51. Khan, N.; Cromer, C.J.; Campa, M.; Patz, E.F., Jr. Clinical utility of serum amyloid A and macrophage migration inhibitory factor
as serum biomarkers for the detection of nonsmall cell lung carcinoma. Cancer 2004, 101, 379–384. [CrossRef]

52. Jacob, L.; Scholten, P.C.; Kostev, K.; Kalder, M. Association between sleep disorders and the presence of breast cancer metastases
in gynecological practices in Germany: A case-control study of 11,412 women. Breast Cancer Res. Treat. 2018, 171, 443–448.
[CrossRef]

53. Xian, H.; Li, J.; Zhang, Y.; Li, D.; Zhu, Y.; Li, S.; Tan, Z.; Lin, Z.; Li, X.; Pan, Y. Antimetastatic Effects of Ganoderma lucidum
Polysaccharide Peptide on B16-F10-luc-G5 Melanoma Mice With Sleep Fragmentation. Front. Pharmacol. 2021, 12, 650216.
[CrossRef]

54. Wang, R.Q.; Lan, Y.L.; Lou, J.C.; Lyu, Y.Z.; Hao, Y.C.; Su, Q.F.; Ma, B.B.; Yuan, Z.B.; Yu, Z.K.; Zhang, H.Q.; et al. Expression and
methylation status of LAMA2 are associated with the invasiveness of nonfunctioning PitNET. Ther. Adv. Endocrinol. Metab. 2019,
10, 2042018818821296. [CrossRef]

55. Lin, T.Y.; Hsu, H.Y. Ling Zhi-8 reduces lung cancer mobility and metastasis through disruption of focal adhesion and induction of
MDM2-mediated Slug degradation. Cancer Lett. 2016, 375, 340–348. [CrossRef]

56. Levy, A.; Alhazzani, K.; Dondapati, P.; Alaseem, A.; Cheema, K.; Thallapureddy, K.; Kaur, P.; Alobid, S.; Rathinavelu, A. Focal
Adhesion Kinase in Ovarian Cancer: A Potential Therapeutic Target for Platinum and Taxane-Resistant Tumors. Curr. Cancer
Drug Targets 2019, 19, 179–188. [CrossRef]

57. Ijaz, M.; Wang, F.; Shahbaz, M.; Jiang, W.; Fathy, A.H.; Nesa, E.U. The Role of Grb2 in Cancer and Peptides as Grb2 Antagonists.
Protein Pept. Lett. 2018, 24, 1084–1095. [CrossRef] [PubMed]

58. Zitvogel, L.; Galluzzi, L.; Viaud, S.; Vétizou, M.; Daillère, R.; Merad, M.; Kroemer, G. Cancer and the gut microbiota: An
unexpected link. Sci. Transl. Med. 2015, 7, 271ps1. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cbi.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/16797508
http://doi.org/10.1146/annurev.biochem.69.1.419
http://doi.org/10.1007/s10863-008-9171-9
http://doi.org/10.1021/bi7017915
http://doi.org/10.1093/rheumatology/ken062
http://www.ncbi.nlm.nih.gov/pubmed/18390587
http://doi.org/10.1016/S0006-291X(02)02496-8
http://doi.org/10.1016/j.leukres.2005.12.004
http://www.ncbi.nlm.nih.gov/pubmed/16423392
http://doi.org/10.1016/S0014-5793(00)02317-6
http://www.ncbi.nlm.nih.gov/pubmed/18695905
http://doi.org/10.1369/jhc.5A6645.2005
http://doi.org/10.1245/s10434-006-9091-z
http://doi.org/10.1111/j.1432-1033.1994.tb18963.x
http://doi.org/10.1126/science.2536953
http://doi.org/10.1002/art.21518
http://doi.org/10.3892/ijo.27.5.1361
http://doi.org/10.1002/cncr.20377
http://doi.org/10.1007/s10549-018-4831-x
http://doi.org/10.3389/fphar.2021.650216
http://doi.org/10.1177/2042018818821296
http://doi.org/10.1016/j.canlet.2016.03.018
http://doi.org/10.2174/1568009618666180706165222
http://doi.org/10.2174/0929866525666171123213148
http://www.ncbi.nlm.nih.gov/pubmed/29173143
http://doi.org/10.1126/scitranslmed.3010473
http://www.ncbi.nlm.nih.gov/pubmed/25609166


Molecules 2021, 26, 6708 37 of 45

59. Abdallah Ismail, N.; Ragab, S.H.; Abd Elbaky, A.; Shoeib, A.R.; Alhosary, Y.; Fekry, D. Frequency of Firmicutes and Bacteroidetes
in gut microbiota in obese and normal weight Egyptian children and adults. Arch. Med. Sci. AMS 2011, 7, 501–507. [CrossRef]
[PubMed]

60. Spychala, M.S.; Venna, V.R.; Jandzinski, M.; Doran, S.J.; Durgan, D.J.; Ganesh, B.P.; Ajami, N.J.; Putluri, N.; Graf, J.; Bryan, R.M.;
et al. Age-related changes in the gut microbiota influence systemic inflammation and stroke outcome. Ann. Neurol. 2018, 84,
23–36. [CrossRef]

61. Davis, G.L.; Dempster, J.; Meler, J.D.; Orr, D.W.; Walberg, M.W.; Brown, B.; Berger, B.D.; O’Connor, J.K.; Goldstein, R.M.
Hepatocellular carcinoma: Management of an increasingly common problem. Proceedings 2008, 21, 266–280. [CrossRef]

62. Chai, Y.; Wang, G.; Fan, L.; Zhao, M. A proteomic analysis of mushroom polysaccharide-treated HepG2 cells. Sci. Rep. 2016, 6,
23565. [CrossRef]

63. OuYang, F.; Wang, G.; Guo, W.; Zhang, Y.; Xiang, W.; Zhao, M. AKT signalling and mitochondrial pathways are involved in
mushroom polysaccharide-induced apoptosis and G1 or S phase arrest in human hepatoma cells. Food Chem. 2013, 138, 2130–2139.
[CrossRef]

64. Liu, S.; Yang, Z.; Wei, H.; Shen, W.; Liu, J.; Yin, Q.; Li, X.; Yi, J. Increased DJ-1 and its prognostic significance in hepatocellular
carcinoma. Hepato-Gastroenterology 2010, 57, 1247–1256.

65. Fu, K.; Ren, H.; Wang, Y.; Fei, E.; Wang, H.; Wang, G. DJ-1 inhibits TRAIL-induced apoptosis by blocking pro-caspase-8
recruitment to FADD. Oncogene 2012, 31, 1311–1322. [CrossRef]

66. De Silva, D.D.; Rapior, S.; Fons, F.; Bahkali, A.H.; Hyde, K.D. Medicinal mushrooms in supportive cancer therapies: An approach
to anti-cancer effects and putative mechanisms of action. Fungal. Divers. 2012, 55, 1–35. [CrossRef]

67. Kino, K.; Yamashita, A.; Yamaoka, K.; Watanabe, J.; Tanaka, S.; Ko, K.; Shimizu, K.; Tsunoo, H. Isolation and characterization of a
new immunomodulatory protein, ling zhi-8 (LZ-8), from Ganoderma lucidium. J. Biol. Chem. 1989, 264, 472–478. [CrossRef]

68. Lin, T.Y.; Hua, W.J.; Yeh, H.; Tseng, A.J. Functional proteomic analysis reveals that fungal immunomodulatory protein reduced
expressions of heat shock proteins correlates to apoptosis in lung cancer cells. Phytomed. Int. J. Phytother. Phytopharm. 2021, 80,
153384. [CrossRef] [PubMed]

69. Lin, T.Y.; Hsu, H.Y.; Sun, W.H.; Wu, T.H.; Tsao, S.M. Induction of Cbl-dependent epidermal growth factor receptor degradation in
Ling Zhi-8 suppressed lung cancer: LZ-8 induces EGFR degradation. Int. J. Cancer 2017, 140, 2596–2607. [CrossRef] [PubMed]

70. Rong, B.; Yang, S. Molecular mechanism and targeted therapy of Hsp90 involved in lung cancer: New discoveries and develop-
ments (Review). Int. J. Oncol. 2018, 52, 321–336. [CrossRef]

71. Vasaikar, S.V.; Ghosh, S.; Narain, P.; Basu, A.; Gomes, J. HSP70 mediates survival in apoptotic cells-Boolean network prediction
and experimental validation. Front. Cell. Neurosci. 2015, 9, 319. [CrossRef]

72. Liu, G.; Wang, K.; Kuang, S.; Cao, R.; Bao, L.; Liu, R.; Liu, H.; Sun, C. The natural compound GL22, isolated from Ganoderma
mushrooms, suppresses tumor growth by altering lipid metabolism and triggering cell death. Cell Death Dis. 2018, 9, 689.
[CrossRef] [PubMed]

73. Veerkamp, J.H.; van Moerkerk, H.T. Fatty acid-binding protein and its relation to fatty acid oxidation. Mol. Cell. Biochem. 1993,
123, 101–106. [CrossRef]

74. DeBerardinis, R.J.; Lum, J.J.; Hatzivassiliou, G.; Thompson, C.B. The biology of cancer: Metabolic reprogramming fuels cell
growth and proliferation. Cell Metab. 2008, 7, 11–20. [CrossRef] [PubMed]

75. Yue, Q.X.; Cao, Z.W.; Guan, S.H.; Liu, X.H.; Tao, L.; Wu, W.Y.; Li, Y.X.; Yang, P.Y.; Liu, X.; Guo, D.A. Proteomics characterization of
the cytotoxicity mechanism of ganoderic acid D and computer-automated estimation of the possible drug target network. Mol.
Cell. Proteom. MCP 2008, 7, 949–961. [CrossRef] [PubMed]

76. Karube, A.; Shidara, Y.; Hayasaka, K.; Maki, M.; Tanaka, T. Suppression of calphobindin I (CPB I) production in carcinoma of
uterine cervix and endometrium. Gynecol. Oncol. 1995, 58, 295–300. [CrossRef] [PubMed]

77. Hayes, M.J.; Moss, S.E. Annexins and disease. Biochem. Biophys. Res. Commun. 2004, 322, 1166–1170. [CrossRef] [PubMed]
78. Mulla, A.; Christian, H.C.; Solito, E.; Mendoza, N.; Morris, J.F.; Buckingham, J.C. Expression, subcellular localization and

phosphorylation status of annexins 1 and 5 in human pituitary adenomas and a growth hormone-secreting carcinoma. Clin.
Endocrinol. 2004, 60, 107–119. [CrossRef] [PubMed]

79. Nonn, L.; Berggren, M.; Powis, G. Increased expression of mitochondrial peroxiredoxin-3 (thioredoxin peroxidase-2) protects
cancer cells against hypoxia and drug-induced hydrogen peroxide-dependent apoptosis. Mol. Cancer Res. MCR 2003, 1, 682–689.
[PubMed]

80. Yuan, C.C.; Huang, T.S.; Ng, H.T.; Liu, R.S.; Hung, M.W.; Tsai, L.C. Elevated cytokeratin-19 expression associated with apoptotic
resistance and malignant progression of human cervical carcinoma. Apoptosis Int. J. Program. Cell Death 1998, 3, 161–169.
[CrossRef] [PubMed]

81. Yue, Q.X.; Song, X.Y.; Ma, C.; Feng, L.X.; Guan, S.H.; Wu, W.Y.; Yang, M.; Jiang, B.H.; Liu, X.; Cui, Y.J.; et al. Effects of triterpenes
from Ganoderma lucidum on protein expression profile of HeLa cells. Phytomed. Int. J. Phytother. Phytopharm. 2010, 17, 606–613.
[CrossRef] [PubMed]

82. Rossi, D.; Kuroshu, R.; Zanelli, C.F.; Valentini, S.R. eIF5A and EF-P: Two unique translation factors are now traveling the same
road. Wiley interdisciplinary reviews. RNA 2014, 5, 209–222. [CrossRef]

83. Wägsäter, D.; Löfgren, S.; Hugander, A.; Dimberg, J. Expression of interleukin-17 in human colorectal cancer. Anticancer Res. 2006,
26, 4213–4216. [PubMed]

http://doi.org/10.5114/aoms.2011.23418
http://www.ncbi.nlm.nih.gov/pubmed/22295035
http://doi.org/10.1002/ana.25250
http://doi.org/10.1080/08998280.2008.11928410
http://doi.org/10.1038/srep23565
http://doi.org/10.1016/j.foodchem.2012.10.047
http://doi.org/10.1038/onc.2011.315
http://doi.org/10.1007/s13225-012-0151-3
http://doi.org/10.1016/S0021-9258(17)31282-6
http://doi.org/10.1016/j.phymed.2020.153384
http://www.ncbi.nlm.nih.gov/pubmed/33113507
http://doi.org/10.1002/ijc.30649
http://www.ncbi.nlm.nih.gov/pubmed/28198003
http://doi.org/10.3892/ijo.2017.4214
http://doi.org/10.3389/fncel.2015.00319
http://doi.org/10.1038/s41419-018-0731-6
http://www.ncbi.nlm.nih.gov/pubmed/29880886
http://doi.org/10.1007/BF01076480
http://doi.org/10.1016/j.cmet.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18177721
http://doi.org/10.1074/mcp.M700259-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18166740
http://doi.org/10.1006/gyno.1995.1233
http://www.ncbi.nlm.nih.gov/pubmed/7672695
http://doi.org/10.1016/j.bbrc.2004.07.124
http://www.ncbi.nlm.nih.gov/pubmed/15336964
http://doi.org/10.1111/j.1365-2265.2004.01936.x
http://www.ncbi.nlm.nih.gov/pubmed/14678296
http://www.ncbi.nlm.nih.gov/pubmed/12861054
http://doi.org/10.1023/A:1009646705467
http://www.ncbi.nlm.nih.gov/pubmed/14646497
http://doi.org/10.1016/j.phymed.2009.12.013
http://www.ncbi.nlm.nih.gov/pubmed/20092987
http://doi.org/10.1002/wrna.1211
http://www.ncbi.nlm.nih.gov/pubmed/17201135


Molecules 2021, 26, 6708 38 of 45

84. Bomsztyk, K.; Denisenko, O.; Ostrowski, J. hnRNP K: One protein multiple processes. BioEssays News Rev. Mol. Cell. Dev. Biol.
2004, 26, 629–638. [CrossRef] [PubMed]

85. Chevallet, M.; Wagner, E.; Luche, S.; van Dorsselaer, A.; Leize-Wagner, E.; Rabilloud, T. Regeneration of peroxiredoxins during
recovery after oxidative stress: Only some overoxidized peroxiredoxins can be reduced during recovery after oxidative stress.
J. Biol. Chem. 2003, 278, 37146–37153. [CrossRef]

86. Andres-Mateos, E.; Perier, C.; Zhang, L.; Blanchard-Fillion, B.; Greco, T.M.; Thomas, B.; Ko, H.S.; Sasaki, M.; Ischiropoulos, H.;
Przedborski, S.; et al. DJ-1 gene deletion reveals that DJ-1 is an atypical peroxiredoxin-like peroxidase. Proc. Natl. Acad. Sci. USA
2007, 104, 14807–14812. [CrossRef] [PubMed]

87. Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?.
Nature reviews. Drug Discov. 2009, 8, 579–591. [CrossRef]

88. Tsukumo, Y.; Tomida, A.; Kitahara, O.; Nakamura, Y.; Asada, S.; Mori, K.; Tsuruo, T. Nucleobindin 1 controls the unfolded protein
response by inhibiting ATF6 activation. J. Biol. Chem. 2007, 282, 29264–29272. [CrossRef]

89. Ozawa, M.; Muramatsu, T. Reticulocalbin, a novel endoplasmic reticulum resident Ca(2+)-binding protein with multiple EF-hand
motifs and a carboxyl-terminal HDEL sequence. J. Biol. Chem. 1993, 268, 699–705. [CrossRef]

90. Yue, Q.X.; Xie, F.B.; Guan, S.H.; Ma, C.; Yang, M.; Jiang, B.H.; Liu, X.; Guo, D.A. Interaction of Ganoderma triterpenes with
doxorubicin and proteomic characterization of the possible molecular targets of Ganoderma triterpenes. Cancer Sci. 2008, 99,
1461–1470. [CrossRef] [PubMed]

91. Guarguaglini, G.; Renzi, L.; D’Ottavio, F.; Di Fiore, B.; Casenghi, M.; Cundari, E.; Lavia, P. Regulated Ran-binding protein 1
activity is required for organization and function of the mitotic spindle in mammalian cells in vivo. Cell Growth Differ. Mol. Biol. J.
Am. Assoc. Cancer Res. 2000, 11, 455–465.

92. Adams, J.; Palombella, V.J.; Sausville, E.A.; Johnson, J.; Destree, A.; Lazarus, D.D.; Maas, J.; Pien, C.S.; Prakash, S.; Elliott, P.J.
Proteasome inhibitors: A novel class of potent and effective antitumor agents. Cancer Res. 1999, 59, 2615–2622. [PubMed]

93. Ayene, I.S.; Ford, L.P.; Koch, C.J. Ku protein targeting by Ku70 small interfering RNA enhances human cancer cell response to
topoisomerase II inhibitor and gamma radiation. Mol. Cancer Ther. 2005, 4, 529–536. [CrossRef] [PubMed]

94. Zhang, Y.; Li, S.; Wang, X.; Zhang, L.; Cheung, P.C.K. Advances in lentinan: Isolation, structure, chain conformation and
bioactivities. Food Hydrocolloid 2011, 25, 196–206. [CrossRef]

95. Zhang, P.; Zhang, L.; Cheng, S. Chemical Structure and Molecular Weights of α-(1→3)-D-Glucan from Lentinus edodes. Biosci.
Biotechnol. Biochem. 1999, 63, 1197–1202. [CrossRef]

96. Zhang, T.; Chen, X.; Sun, L.; Guo, X.; Cai, T.; Wang, J.; Zeng, Y.; Ma, J.; Ding, X.; Xie, Z.; et al. Proteomics reveals the function
reverse of MPSSS-treated prostate cancer-associated fibroblasts to suppress PC-3 cell viability via the FoxO pathway. Cancer Med.
2021, 10, 2509–2522. [CrossRef] [PubMed]

97. Wu, H.; Tao, N.; Liu, X.; Li, X.; Tang, J.; Ma, C.; Xu, X.; Shao, H.; Hou, B.; Wang, H.; et al. Polysaccharide from Lentinus edodes
inhibits the immunosuppressive function of myeloid-derived suppressor cells. PLoS ONE 2012, 7, e51751. [CrossRef] [PubMed]

98. Xu, Y.; Ma, J.; Zheng, Q.; Wang, Y.; Hu, M.; Ma, F.; Qin, Z.; Lei, N.; Tao, N. MPSSS impairs the immunosuppressive function of
cancer-associated fibroblasts via the TLR4-NF-κB pathway. Biosci. Rep. 2019, 39, BSR20182171. [CrossRef] [PubMed]

99. Erdogan, B.; Webb, D.J. Cancer-associated fibroblasts modulate growth factor signaling and extracellular matrix remodeling to
regulate tumor metastasis. Biochem. Soc. Trans. 2017, 45, 229–236. [CrossRef]

100. Puglisi, R.; Pastore, A. The role of chaperones in iron-sulfur cluster biogenesis. FEBS Lett. 2018, 592, 4011–4019. [CrossRef]
101. Laverty, H.G.; Wakefield, L.M.; Occleston, N.L.; O’Kane, S.; Ferguson, M.W. TGF-beta3 and cancer: A review. Cytokine Growth

Factor Rev. 2009, 20, 305–317. [CrossRef]
102. Chung, K.S.; Cho, S.H.; Shin, J.S.; Kim, D.H.; Choi, J.H.; Choi, S.Y.; Rhee, Y.K.; Hong, H.D.; Lee, K.T. Ginsenoside Rh2 induces

cell cycle arrest and differentiation in human leukemia cells by upregulating TGF-β expression. Carcinogenesis 2013, 34, 331–340.
[CrossRef] [PubMed]

103. Chihara, G.; Hamuro, J.; Maeda, Y.Y.; Shiio, T.; Suga, T.; Takasuka, N.; Sasaki, T. Antitumor and metastasis-inhibitory activities of
lentinan as an immunomodulator: An overview. Cancer detection and prevention. Suppl. Off. Publ. Int. Soc. Prev. Oncol. 1987, 1,
423–443.

104. Chen, Y.W.; Hu, D.J.; Cheong, K.L.; Li, J.; Xie, J.; Zhao, J.; Li, S.P. Quality evaluation of lentinan injection produced in China.
J. Pharm. Biomed. Anal. 2013, 78–79, 176–182. [CrossRef]

105. Wang, Y.; Han, X.; Li, Y.D.; Wang, Y.; Zhao, S.Y.; Zhang, D.J.; Lu, Y. Lentinan dose dependence between immunoprophylaxis and
promotion of the murine liver cancer. Oncotarget 2017, 8, 95152–95162. [CrossRef]

106. Takai, E.; Tsukimoto, M.; Harada, H.; Sawada, K.; Moriyama, Y.; Kojima, S. Autocrine regulation of TGF-β1-induced cell migration
by exocytosis of ATP and activation of P2 receptors in human lung cancer cells. J. Cell Sci. 2012, 125 Pt 21, 5051–5060. [CrossRef]
[PubMed]

107. Lu, W.; Fu, Z.; Wang, H.; Feng, J.; Wei, J.; Guo, J. Peroxiredoxin 2 is upregulated in colorectal cancer and contributes to colorectal
cancer cells’ survival by protecting cells from oxidative stress. Mol. Cell. Biochem. 2014, 387, 261–270. [CrossRef]

108. Xue, G.; Hao, L.Q.; Ding, F.X.; Mei, Q.; Huang, J.J.; Fu, C.G.; Yan, H.L.; Sun, S.H. Expression of annexin a5 is associated with
higher tumor stage and poor prognosis in colorectal adenocarcinomas. J. Clin. Gastroenterol. 2009, 43, 831–837. [CrossRef]

109. Liu, Z.; Zhan, Y.; Tu, Y.; Chen, K.; Liu, Z.; Wu, C. PDZ and LIM domain protein 1(PDLIM1)/CLP36 promotes breast cancer cell
migration, invasion and metastasis through interaction with α-actinin. Oncogene 2015, 34, 1300–1311. [CrossRef]

http://doi.org/10.1002/bies.20048
http://www.ncbi.nlm.nih.gov/pubmed/15170860
http://doi.org/10.1074/jbc.M305161200
http://doi.org/10.1073/pnas.0703219104
http://www.ncbi.nlm.nih.gov/pubmed/17766438
http://doi.org/10.1038/nrd2803
http://doi.org/10.1074/jbc.M705038200
http://doi.org/10.1016/S0021-9258(18)54208-3
http://doi.org/10.1111/j.1349-7006.2008.00824.x
http://www.ncbi.nlm.nih.gov/pubmed/18422750
http://www.ncbi.nlm.nih.gov/pubmed/10363983
http://doi.org/10.1158/1535-7163.MCT-04-0130
http://www.ncbi.nlm.nih.gov/pubmed/15827325
http://doi.org/10.1016/j.foodhyd.2010.02.001
http://doi.org/10.1271/bbb.63.1197
http://doi.org/10.1002/cam4.3825
http://www.ncbi.nlm.nih.gov/pubmed/33704935
http://doi.org/10.1371/journal.pone.0051751
http://www.ncbi.nlm.nih.gov/pubmed/23272159
http://doi.org/10.1042/BSR20182171
http://www.ncbi.nlm.nih.gov/pubmed/30992392
http://doi.org/10.1042/BST20160387
http://doi.org/10.1002/1873-3468.13245
http://doi.org/10.1016/j.cytogfr.2009.07.002
http://doi.org/10.1093/carcin/bgs341
http://www.ncbi.nlm.nih.gov/pubmed/23125221
http://doi.org/10.1016/j.jpba.2013.02.012
http://doi.org/10.18632/oncotarget.19808
http://doi.org/10.1242/jcs.104976
http://www.ncbi.nlm.nih.gov/pubmed/22946048
http://doi.org/10.1007/s11010-013-1891-4
http://doi.org/10.1097/MCG.0b013e31819cc731
http://doi.org/10.1038/onc.2014.64


Molecules 2021, 26, 6708 39 of 45

110. Wu, H.; Reynolds, A.B.; Kanner, S.B.; Vines, R.R.; Parsons, J.T. Identification and characterization of a novel cytoskeleton-
associated pp60src substrate. Mol. Cell. Biol. 1991, 11, 5113–5124. [CrossRef]

111. Wu, M.; Liu, D.Y.; Yuan, X.R.; Liu, Q.; Jiang, X.J.; Yuan, D.; Huang, J.; Li, X.J.; Yang, Z.Q. The expression of moesin in astrocytoma:
Correlation with pathologic grade and poor clinical outcome. Med. Oncol. 2013, 30, 372. [CrossRef]

112. Yang, X.; Li, Y.; Wang, W.; Li, C.; Zhao, D.; Hu, G.; Rao, H.; Hao, J.; Han, X. Antigens from H22 Cell Mutation Induced by
Lentinan Are Correlated with HCC Immunoprophylaxis. Available online: https://www.researchsquare.com/article/rs-43542/
v1 (accessed on 16 October 2021).

113. Zhang, G.; Feng, W.; Wu, J. Down-regulation of SEPT9 inhibits glioma progression through suppressing TGF-β-induced
epithelial-mesenchymal transition (EMT). Biomed. Pharmacother. Biomed. Pharmacother. 2020, 125, 109768. [CrossRef]

114. Zhou, Q.; Bauden, M.; Andersson, R.; Hu, D.; Marko-Varga, G.; Xu, J.; Sasor, A.; Dai, H.; Pawłowski, K.; Said Hilmersson, K.; et al.
YAP1 is an independent prognostic marker in pancreatic cancer and associated with extracellular matrix remodeling. J. Transl.
Med. 2020, 18, 77. [CrossRef]

115. Weaver, A.M. Invadopodia: Specialized cell structures for cancer invasion. Clin. Exp. Metastasis 2006, 23, 97–105. [CrossRef]
116. Wang, W.; Yang, X.; Li, C.; Li, Y.; Wang, H.; Han, X. Immunogenic Cell Death (ICD) of Murine H22 Cells Induced by Lentinan.

Nutr. Cancer 2021, 1–10. [CrossRef]
117. Krysko, D.V.; Garg, A.D.; Kaczmarek, A.; Krysko, O.; Agostinis, P.; Vandenabeele, P. Immunogenic cell death and DAMPs in

cancer therapy. Nature reviews. Cancer 2012, 12, 860–875. [CrossRef] [PubMed]
118. Garg, A.D.; Martin, S.; Golab, J.; Agostinis, P. Danger signalling during cancer cell death: Origins, plasticity and regulation. Cell

Death Differ. 2014, 21, 26–38. [CrossRef] [PubMed]
119. Casares, N.; Pequignot, M.O.; Tesniere, A.; Ghiringhelli, F.; Roux, S.; Chaput, N.; Schmitt, E.; Hamai, A.; Hervas-Stubbs, S.;

Obeid, M.; et al. Caspase-dependent immunogenicity of doxorubicin-induced tumor cell death. J. Exp. Med. 2005, 202, 1691–1701.
[CrossRef] [PubMed]

120. Liu, H.J.; Qin, Y.; Zhao, Z.H.; Zhang, Y.; Yang, J.H.; Zhai, D.H.; Cui, F.; Luo, C.; Lu, M.X.; Liu, P.P.; et al. Lentinan-functionalized
Selenium Nanoparticles target Tumor Cell Mitochondria via TLR4/TRAF3/MFN1 pathway. Theranostics 2020, 10, 9083–9099.
[CrossRef]

121. Barni, S.; Cabiddu, M.; Ghilardi, M.; Petrelli, F. A novel perspective for an orphan problem: Old and new drugs for the medical
management of malignant ascites. Crit. Rev. Oncol./Hematol. 2011, 79, 144–153. [CrossRef]

122. Kampan, N.C.; Madondo, M.T.; McNally, O.M.; Stephens, A.N.; Quinn, M.A.; Plebanski, M. Interleukin 6 Present in Inflammatory
Ascites from Advanced Epithelial Ovarian Cancer Patients Promotes Tumor Necrosis Factor Receptor 2-Expressing Regulatory T
Cells. Front. Immunol. 2017, 8, 1482. [CrossRef]

123. Zhang, X.; Zhang, H. Chemotherapy drugs induce pyroptosis through caspase-3-dependent cleavage of GSDME. Science China.
Life Sci. 2018, 61, 739–740. [CrossRef]

124. Davidovich, P.; Kearney, C.J.; Martin, S.J. Inflammatory outcomes of apoptosis, necrosis and necroptosis. Biol. Chem. 2014, 395,
1163–1171. [CrossRef]

125. Fernandes, A.P.; Gandin, V. Selenium compounds as therapeutic agents in cancer. Biochim. Biophys. Acta 2015, 1850, 1642–1660.
[CrossRef]

126. Jeong, M.K.; Yoo, H.S.; Kang, I.C. The Extract of Cordyceps Militaris Inhibited the Proliferation of Cisplatin-Resistant A549 Lung
Cancer Cells by Downregulation of H-Ras. J. Med. Food 2019, 22, 823–832. [CrossRef] [PubMed]

127. Nakamura, K.; Konoha, K.; Yoshikawa, N.; Yamaguchi, Y.; Kagota, S.; Shinozuka, K.; Kunitomo, M. Effect of cordycepin
(3′-deoxyadenosine) on hematogenic lung metastatic model mice. In Vivo 2005, 19, 137–141. [PubMed]

128. Tian, X.; Li, Y.; Shen, Y.; Li, Q.; Wang, Q.; Feng, L. Apoptosis and inhibition of proliferation of cancer cells induced by cordycepin.
Oncol. Lett. 2015, 10, 595–599. [CrossRef] [PubMed]

129. Wong, J.H.; Ng, T.B.; Cheung, R.C.; Ye, X.J.; Wang, H.X.; Lam, S.K.; Lin, P.; Chan, Y.S.; Fang, E.F.; Ngai, P.H.; et al. Proteins
with antifungal properties and other medicinal applications from plants and mushrooms. Appl. Microbiol. Biotechnol. 2010, 87,
1221–1235. [CrossRef]

130. Meng, F.; Cao, B.; Feng, Z.; Ma, S.; Wang, H.; Li, Y.; Li, H. Knockdown of mutated H-Ras V12 expression induces chemosensitivity
of hepatocellular carcinoma cells to cisplatin treatment in vitro and in nude mouse xenografts. Oncol. Rep. 2014, 32, 2023–2030.
[CrossRef] [PubMed]

131. Cai, H.; Li, J.; Gu, B.; Xiao, Y.; Chen, R.; Liu, X.; Xie, X.; Cao, L. Extracts of Cordyceps sinensis inhibit breast cancer cell metastasis
via down-regulation of metastasis-related cytokines expression. J. Ethnopharmacol. 2018, 214, 106–112. [CrossRef]

132. Joyce, J.A.; Pollard, J.W. Microenvironmental regulation of metastasis. Nat. Rev. Cancer 2009, 9, 239–252. [CrossRef]
133. Colombo, M.P.; Chiodoni, C. Abstract A102: Osteopontin produced by myeloid cells determines the outcome of breast cancer

metastases. Mol. Cancer Res. 2013, 11. [CrossRef]
134. Liu, J.; Shen, J.X.; Hu, J.L.; Huang, W.H.; Zhang, G.J. Significance of interleukin-33 and its related cytokines in patients with breast

cancers. Front. Immunol. 2014, 5, 141. [CrossRef] [PubMed]
135. Iellem, A.; Mariani, M.; Lang, R.; Recalde, H.; Panina-Bordignon, P.; Sinigaglia, F.; D’Ambrosio, D. Unique chemotactic response

profile and specific expression of chemokine receptors CCR4 and CCR8 by CD4(+)CD25(+) regulatory T cells. J. Exp. Med. 2001,
194, 847–853. [CrossRef] [PubMed]

http://doi.org/10.1128/MCB.11.10.5113
http://doi.org/10.1007/s12032-012-0372-z
https://www.researchsquare.com/article/rs-43542/v1
https://www.researchsquare.com/article/rs-43542/v1
http://doi.org/10.1016/j.biopha.2019.109768
http://doi.org/10.1186/s12967-020-02254-7
http://doi.org/10.1007/s10585-006-9014-1
http://doi.org/10.1080/01635581.2021.1897632
http://doi.org/10.1038/nrc3380
http://www.ncbi.nlm.nih.gov/pubmed/23151605
http://doi.org/10.1038/cdd.2013.48
http://www.ncbi.nlm.nih.gov/pubmed/23686135
http://doi.org/10.1084/jem.20050915
http://www.ncbi.nlm.nih.gov/pubmed/16365148
http://doi.org/10.7150/thno.46467
http://doi.org/10.1016/j.critrevonc.2010.07.016
http://doi.org/10.3389/fimmu.2017.01482
http://doi.org/10.1007/s11427-017-9158-x
http://doi.org/10.1515/hsz-2014-0164
http://doi.org/10.1016/j.bbagen.2014.10.008
http://doi.org/10.1089/jmf.2018.4232
http://www.ncbi.nlm.nih.gov/pubmed/31313945
http://www.ncbi.nlm.nih.gov/pubmed/15796166
http://doi.org/10.3892/ol.2015.3273
http://www.ncbi.nlm.nih.gov/pubmed/26622539
http://doi.org/10.1007/s00253-010-2690-4
http://doi.org/10.3892/or.2014.3466
http://www.ncbi.nlm.nih.gov/pubmed/25189269
http://doi.org/10.1016/j.jep.2017.12.012
http://doi.org/10.1038/nrc2618
http://doi.org/10.1158/1557-3125.ADVBC-A102
http://doi.org/10.3389/fimmu.2014.00141
http://www.ncbi.nlm.nih.gov/pubmed/24778632
http://doi.org/10.1084/jem.194.6.847
http://www.ncbi.nlm.nih.gov/pubmed/11560999


Molecules 2021, 26, 6708 40 of 45

136. Vasiljevic, J.D.; Zivkovic, L.P.; Cabarkapa, A.M.; Bajic, V.P.; Djelic, N.J.; Spremo-Potparevic, B.M. Cordyceps sinensis: Genotoxic
Potential in Human Peripheral Blood Cells and Antigenotoxic Properties Against Hydrogen Peroxide by Comet Assay. Altern.
Ther. Health Med. 2016, 22 (Suppl. 2), 24–31. [PubMed]

137. Wang, P.W.; Hung, Y.C.; Li, W.T.; Yeh, C.T.; Pan, T.L. Systematic revelation of the protective effect and mechanism of Cordycep
sinensis on diethylnitrosamine-induced rat hepatocellular carcinoma with proteomics. Oncotarget 2016, 7, 60270–60289. [CrossRef]

138. Paula Santos, N.; Colaço, A.; Gil da Costa, R.M.; Manuel Oliveira, M.; Peixoto, F.; Alexandra Oliveira, P. N-diethylnitrosamine
mouse hepatotoxicity: Time-related effects on histology and oxidative stress. Exp. Toxicol. Pathol. Off. J. Ges. Fur Toxikol. Pathol.
2014, 66, 429–436. [CrossRef] [PubMed]

139. Kim, K.R.; Choi, H.N.; Lee, H.J.; Baek, H.A.; Park, H.S.; Jang, K.Y.; Chung, M.J.; Moon, W.S. A peroxisome proliferator-activated
receptor gamma antagonist induces vimentin cleavage and inhibits invasion in high-grade hepatocellular carcinoma. Oncol. Rep.
2007, 18, 825–832.

140. Wang, H.; Zhang, J.; Sit, W.H.; Lee, C.Y.; Wan, J.M. Cordyceps cicadae induces G2/M cell cycle arrest in MHCC97H human
hepatocellular carcinoma cells: A proteomic study. Chin. Med. 2014, 9, 15. [CrossRef]

141. Lee, I.N.; Chen, C.H.; Sheu, J.C.; Lee, H.S.; Huang, G.T.; Yu, C.Y.; Lu, F.J.; Chow, L.P. Identification of human hepatocellular
carcinoma-related biomarkers by two-dimensional difference gel electrophoresis and mass spectrometry. J. Proteome Res. 2005, 4,
2062–2069. [CrossRef]

142. Hamaguchi, T.; Iizuka, N.; Tsunedomi, R.; Hamamoto, Y.; Miyamoto, T.; Iida, M.; Tokuhisa, Y.; Sakamoto, K.; Takashima, M.;
Tamesa, T.; et al. Glycolysis module activated by hypoxia-inducible factor 1alpha is related to the aggressive phenotype of
hepatocellular carcinoma. Int. J. Oncol. 2008, 33, 725–731.

143. Wei, J.; Fang, D. Endoplasmic Reticulum Stress Signaling and the Pathogenesis of Hepatocarcinoma. Int. J. Mol. Sci. 2021, 22,
1799. [CrossRef] [PubMed]

144. Halder, S.K.; Anumanthan, G.; Maddula, R.; Mann, J.; Chytil, A.; Gonzalez, A.L.; Washington, M.K.; Moses, H.L.; Beauchamp,
R.D.; Datta, P.K. Oncogenic function of a novel WD-domain protein, STRAP, in human carcinogenesis. Cancer Res. 2006, 66,
6156–6166. [CrossRef]

145. Noh, D.Y.; Ahn, S.J.; Lee, R.A.; Kim, S.W.; Park, I.A.; Chae, H.Z. Overexpression of peroxiredoxin in human breast cancer.
Anticancer Res. 2001, 21, 2085–2090.

146. Mishra, V.; Tomar, S.; Yadav, P.; Singh, M.P. Promising anticancer activity of polysaccharides and other macromolecules derived
from oyster mushroom (Pleurotus sp.): An updated review. Int. J. Biol. Macromol. 2021, 182, 1628–1637. [CrossRef]

147. Finimundy, T.C.; Abreu, R.; Bonetto, N.; Scariot, F.J.; Dillon, A.; Echeverrigaray, S.; Barros, L.; Ferreira, I.; Henriques, J.; Roesch-Ely,
M. Apoptosis induction by Pleurotus sajorcaju (Fr.) Singer extracts on colorectal cancer cell lines. Food Chem. Toxicol. Int. J. Publ. Br.
Ind. Biol. Res. Assoc. 2018, 112, 383–392. [CrossRef] [PubMed]

148. Berg, K.; Eide, P.W.; Eilertsen, I.A.; Johannessen, B.; Bruun, J.; Danielsen, S.A.; Bjørnslett, M.; Meza-Zepeda, L.A.; Eknæs, M.; Lind,
G.E.; et al. Multi-omics of 34 colorectal cancer cell lines—A resource for biomedical studies. Mol. Cancer 2017, 16, 116. [CrossRef]
[PubMed]

149. Lee, M.H.; Hong, S.H.; Park, C.; Kim, G.Y.; Leem, S.H.; Choi, S.H.; Keum, Y.S.; Hyun, J.W.; Kwon, T.K.; Hong, S.H.; et al.
Hwang-Heuk-San induces apoptosis in HCT116 human colorectal cancer cells through the ROS-mediated activation of caspases
and the inactivation of the PI3K/Akt signaling pathway. Oncol. Rep. 2016, 36, 205–214. [CrossRef]

150. Ma, N.; Du, H.; Ma, G.; Yang, W.; Han, Y.; Hu, Q.; Xiao, H. Characterization of the Immunomodulatory Mechanism of a Pleurotus
eryngii Protein by Isobaric Tags for Relative and Absolute Quantitation Proteomics. J. Agric. Food Chem. 2020, 68, 13189–13199.
[CrossRef]

151. Hu, Q.; Du, H.; Ma, G.; Pei, F.; Ma, N.; Yuan, B.; Nakata, P.A.; Yang, W. Purification, identification and functional characterization
of an immunomodulatory protein from Pleurotus eryngii. Food Funct. 2018, 9, 3764–3775. [CrossRef]

152. Zotti, T.; Scudiero, I.; Settembre, P.; Ferravante, A.; Mazzone, P.; D’Andrea, L.; Reale, C.; Vito, P.; Stilo, R. TRAF6-mediated
ubiquitination of NEMO requires p62/sequestosome-1. Mol. Immunol. 2014, 58, 27–31. [CrossRef]

153. Poligone, B.; Baldwin, A.S. Positive and negative regulation of NF-kappaB by COX-2: Roles of different prostaglandins. J. Biol.
Chem. 2001, 276, 38658–38664. [CrossRef]

154. Nobre, C.C.; de Araújo, J.M.; Fernandes, T.A.; Cobucci, R.N.; Lanza, D.C.; Andrade, V.S.; Fernandes, J.V. Macrophage Migration
Inhibitory Factor (MIF): Biological Activities and Relation with Cancer. Pathol. Oncol. Res. POR 2017, 23, 235–244. [CrossRef]

155. Zinatizadeh, M.R.; Momeni, S.A.; Zarandi, P.K.; Chalbatani, G.M.; Dana, H.; Mirzaei, H.R.; Akbari, M.E.; Miri, S.R. The Role and
Function of Ras-association domain family in Cancer: A Review. Genes Dis. 2019, 6, 378–384. [CrossRef]

156. Yang, C.S.; Lee, D.S.; Song, C.H.; An, S.J.; Li, S.; Kim, J.M.; Kim, C.S.; Yoo, D.G.; Jeon, B.H.; Yang, H.Y.; et al. Roles of peroxiredoxin
II in the regulation of proinflammatory responses to LPS and protection against endotoxin-induced lethal shock. J. Exp. Med.
2007, 204, 583–594. [CrossRef] [PubMed]

157. Miyake, T.; Shirakawa, H.; Kusano, A.; Sakimoto, S.; Konno, M.; Nakagawa, T.; Mori, Y.; Kaneko, S. TRPM2 contributes to
LPS/IFNγ-induced production of nitric oxide via the p38/JNK pathway in microglia. Biochem. Biophys. Res. Commun. 2014, 444,
212–217. [CrossRef]

158. Katano, M.; Yamamoto, H.; Torisu, M. Gan to kagaku ryoho. Cancer Chemother. 1987, 14, 2321–2326.

http://www.ncbi.nlm.nih.gov/pubmed/27433838
http://doi.org/10.18632/oncotarget.11201
http://doi.org/10.1016/j.etp.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25097018
http://doi.org/10.1186/1749-8546-9-15
http://doi.org/10.1021/pr0502018
http://doi.org/10.3390/ijms22041799
http://www.ncbi.nlm.nih.gov/pubmed/33670323
http://doi.org/10.1158/0008-5472.CAN-05-3261
http://doi.org/10.1016/j.ijbiomac.2021.05.102
http://doi.org/10.1016/j.fct.2018.01.015
http://www.ncbi.nlm.nih.gov/pubmed/29337231
http://doi.org/10.1186/s12943-017-0691-y
http://www.ncbi.nlm.nih.gov/pubmed/28683746
http://doi.org/10.3892/or.2016.4812
http://doi.org/10.1021/acs.jafc.0c00219
http://doi.org/10.1039/C8FO00604K
http://doi.org/10.1016/j.molimm.2013.10.015
http://doi.org/10.1074/jbc.M106599200
http://doi.org/10.1007/s12253-016-0138-6
http://doi.org/10.1016/j.gendis.2019.07.008
http://doi.org/10.1084/jem.20061849
http://www.ncbi.nlm.nih.gov/pubmed/17325201
http://doi.org/10.1016/j.bbrc.2014.01.022


Molecules 2021, 26, 6708 41 of 45

159. Kobayashi, H.; Matsunaga, K.; Oguchi, Y. Antimetastatic effects of PSK (Krestin), a protein-bound polysaccharide obtained from
basidiomycetes: An overview. Cancer Epidemiol. Biomark. Prev. Publ. Am. Assoc. Cancer Res. Cosponsored Am. Soc. Prev. Oncol.
1995, 4, 275–281.

160. Tanaka, K.; Wakasugi, J.; Seki, F.; Koizumi, Y.; Tsuchiya, S. Effect of PSK on cell growth, chemotaxis and platelet aggregating
activity of colon 26 cell line. In Proceedings of the 50th Annual Japanese Cancer Association Meeting, Tokyo, Japan, 10–12
September 1991; p. 263.

161. Hattori, T.S.; Komatsu, N.; Shichijo, S.; Itoh, K. Protein-bound polysaccharide K induced apoptosis of the human Burkitt
lymphoma cell line, Namalwa. Biomed. Pharmacother. Biomed. Pharmacother. 2004, 58, 226–230. [CrossRef]

162. Jiménez-Medina, E.; Berruguilla, E.; Romero, I.; Algarra, I.; Collado, A.; Garrido, F.; Garcia-Lora, A. The immunomodulator PSK
induces in vitro cytotoxic activity in tumour cell lines via arrest of cell cycle and induction of apoptosis. BMC Cancer 2008, 8, 78.
[CrossRef] [PubMed]

163. Lee, C.L.; Jiang, P.P.; Sit, W.H.; Wan, J.M. Proteome of human T lymphocytes with treatment of cyclosporine and polysaccha-
ropeptide: Analysis of significant proteins that manipulate T cells proliferation and immunosuppression. Int. Immunopharmacol.
2007, 7, 1311–1324. [CrossRef]

164. Morris, P.J. Cyclosporine, FK-506 and other drugs in organ transplantation. Curr. Opin. Immunol. 1991, 3, 748–751. [CrossRef]
165. Sheil, A.G. Cancer in immune-suppressed organ transplant recipients: Aetiology and evolution. Transplant. Proc. 1998, 30,

2055–2057. [CrossRef]
166. Cui, J.; Chisti, Y. Polysaccharopeptides of Coriolus versicolor: Physiological activity, uses, and production. Biotechnol. Adv. 2003,

21, 109–122. [CrossRef]
167. Ng, T.B. A review of research on the protein-bound polysaccharide (polysaccharopeptide, PSP) from the mushroom Coriolus

versicolor (Basidiomycetes: Polyporaceae). Gen. Pharmacol. 1998, 30, 1–4. [CrossRef]
168. Ooi, V.E.; Liu, F. Immunomodulation and anti-cancer activity of polysaccharide-protein complexes. Curr. Med. Chem. 2000, 7,

715–729. [CrossRef]
169. Olofsson, B. Rho guanine dissociation inhibitors: Pivotal molecules in cellular signalling. Cell. Signal. 1999, 11, 545–554. [CrossRef]
170. Plow, E.F.; Herren, T.; Redlitz, A.; Miles, L.A.; Hoover-Plow, J.L. The cell biology of the plasminogen system. FASEB J. Off. Publ.

Fed. Am. Soc. Exp. Biol. 1995, 9, 939–945. [CrossRef]
171. Yu, C.L.; Burakoff, S.J. Involvement of proteasomes in regulating Jak-STAT pathways upon interleukin-2 stimulation. J. Biol.

Chem. 1997, 272, 14017–14020. [CrossRef]
172. Rabinovich, G.A.; Alonso, C.R.; Sotomayor, C.E.; Durand, S.; Bocco, J.L.; Riera, C.M. Molecular mechanisms implicated in

galectin-1-induced apoptosis: Activation of the AP-1 transcription factor and downregulation of Bcl-2. Cell Death Differ. 2000, 7,
747–753. [CrossRef]

173. Theil, E.C. Ferritin: At the crossroads of iron and oxygen metabolism. J. Nutr. 2003, 133 (Suppl. 1), 1549S–1553S. [CrossRef]
174. Chang, T.S.; Jeong, W.; Choi, S.Y.; Yu, S.; Kang, S.W.; Rhee, S.G. Regulation of peroxiredoxin I activity by Cdc2-mediated

phosphorylation. J. Biol. Chem. 2002, 277, 25370–25376. [CrossRef]
175. Friedman, M. Chemistry, Nutrition, and Health-Promoting Properties of Hericium erinaceus (Lion’s Mane) Mushroom Fruiting

Bodies and Mycelia and Their Bioactive Compounds. J. Agric. Food Chem. 2015, 63, 7108–7123. [CrossRef] [PubMed]
176. Wang, M.; Konishi, T.; Gao, Y.; Xu, D.; Gao, Q. Anti-Gastric Ulcer Activity of Polysaccharide Fraction Isolated from Mycelium

Culture of Lion’s Mane Medicinal Mushroom, Hericium erinaceus (Higher Basidiomycetes). Int. J. Med. Mushrooms 2015, 17,
1055–1060. [CrossRef]

177. Liu, J.Y.; Hou, X.X.; Li, Z.Y.; Shan, S.H.; Chang, M.C.; Feng, C.P.; Wei, Y. Isolation and structural characterization of a novel
polysaccharide from Hericium erinaceus fruiting bodies and its arrest of cell cycle at S-phage in colon cancer cells. Int. J. Biol.
Macromol. 2020, 157, 288–295. [CrossRef]

178. Kim, S.P.; Nam, S.H.; Friedman, M. Hericium erinaceus (Lion’s Mane) mushroom extracts inhibit metastasis of cancer cells to the
lung in CT-26 colon cancer-tansplanted mice. J. Agric. Food Chem. 2013, 61, 4898–4904. [CrossRef]

179. Orditura, M.; Galizia, G.; Sforza, V.; Gambardella, V.; Fabozzi, A.; Laterza, M.M.; Andreozzi, F.; Ventriglia, J.; Savastano, B.;
Mabilia, A.; et al. Treatment of gastric cancer. World J. Gastroenterol. 2014, 20, 1635–1649. [CrossRef]

180. Kuo, H.C.; Kuo, Y.R.; Lee, K.F.; Hsieh, M.C.; Huang, C.Y.; Hsieh, Y.Y.; Lee, K.C.; Kuo, H.L.; Lee, L.Y.; Chen, W.P.; et al. A
Comparative Proteomic Analysis of Erinacine A’s Inhibition of Gastric Cancer Cell Viability and Invasiveness. Cell. Physiol.
Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2017, 43, 195–208. [CrossRef]

181. Mhawech, P. 14-3-3 proteins—An update. Cell Res. 2005, 15, 228–236. [CrossRef]
182. Zhou, F.; Chen, E.; You, D.; Song, Y.; Sun, Z.; Yue, L. Both high expression of nucleophosmin/B23 and CRM1 predicts poorer

prognosis in human gastric cancer. APMIS Acta Pathol. Microbiol. Immunol. Scand. 2016, 124, 1046–1053. [CrossRef] [PubMed]
183. Lindström, M.S. NPM1/B23: A Multifunctional Chaperone in Ribosome Biogenesis and Chromatin Remodeling. Biochem. Res.

Int. 2011, 2011, 195209. [CrossRef] [PubMed]
184. Lee, K.C.; Kuo, H.C.; Shen, C.H.; Lu, C.C.; Huang, W.S.; Hsieh, M.C.; Huang, C.Y.; Kuo, Y.H.; Hsieh, Y.Y.; Teng, C.C.; et al. A

proteomics approach to identifying novel protein targets involved in erinacine A-mediated inhibition of colorectal cancer cells’
aggressiveness. J. Cell. Mol. Med. 2017, 21, 588–599. [CrossRef]

http://doi.org/10.1016/j.biopha.2004.02.004
http://doi.org/10.1186/1471-2407-8-78
http://www.ncbi.nlm.nih.gov/pubmed/18366723
http://doi.org/10.1016/j.intimp.2007.05.013
http://doi.org/10.1016/0952-7915(91)90107-C
http://doi.org/10.1016/S0041-1345(98)00539-9
http://doi.org/10.1016/S0734-9750(03)00002-8
http://doi.org/10.1016/S0306-3623(97)00076-1
http://doi.org/10.2174/0929867003374705
http://doi.org/10.1016/S0898-6568(98)00063-1
http://doi.org/10.1096/fasebj.9.10.7615163
http://doi.org/10.1074/jbc.272.22.14017
http://doi.org/10.1038/sj.cdd.4400708
http://doi.org/10.1093/jn/133.5.1549S
http://doi.org/10.1074/jbc.M110432200
http://doi.org/10.1021/acs.jafc.5b02914
http://www.ncbi.nlm.nih.gov/pubmed/26244378
http://doi.org/10.1615/IntJMedMushrooms.v17.i11.50
http://doi.org/10.1016/j.ijbiomac.2020.04.162
http://doi.org/10.1021/jf400916c
http://doi.org/10.3748/wjg.v20.i7.1635
http://doi.org/10.1159/000480338
http://doi.org/10.1038/sj.cr.7290291
http://doi.org/10.1111/apm.12604
http://www.ncbi.nlm.nih.gov/pubmed/27714846
http://doi.org/10.1155/2011/195209
http://www.ncbi.nlm.nih.gov/pubmed/21152184
http://doi.org/10.1111/jcmm.13004


Molecules 2021, 26, 6708 42 of 45

185. Kallergi, G.; Agelaki, S.; Markomanolaki, H.; Georgoulias, V.; Stournaras, C. Activation of FAK/PI3K/Rac1 signaling controls
actin reorganization and inhibits cell motility in human cancer cells. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem.
Pharmacol. 2007, 20, 977–986. [CrossRef] [PubMed]

186. Lian, J.; Tang, J.; Shi, H.; Li, H.; Zhen, T.; Xie, W.; Zhang, F.; Yang, Y.; Han, A. Positive feedback loop of hepatoma-derived growth
factor and β-catenin promotes carcinogenesis of colorectal cancer. Oncotarget 2015, 6, 29357–29374. [CrossRef]

187. Maekawa, M.; Ishizaki, T.; Boku, S.; Watanabe, N.; Fujita, A.; Iwamatsu, A.; Obinata, T.; Ohashi, K.; Mizuno, K.; Narumiya,
S. Signaling from Rho to the actin cytoskeleton through protein kinases ROCK and LIM-kinase. Science 1999, 285, 895–898.
[CrossRef] [PubMed]

188. Zou, L.; Jaramillo, M.; Whaley, D.; Wells, A.; Panchapakesa, V.; Das, T.; Roy, P. Profilin-1 is a negative regulator of mammary
carcinoma aggressiveness. Br. J. Cancer 2007, 97, 1361–1371. [CrossRef]

189. Zong, A.; Cao, H.; Wang, F. Anticancer polysaccharides from natural resources: A review of recent research. Carbohydr. Polym.
2012, 90, 1395–1410. [CrossRef]

190. Li, Y.G.; Ji, D.F.; Zhong, S.; Zhu, J.X.; Chen, S.; Hu, G.Y. Anti-tumor effects of proteoglycan from Phellinus linteus by immunomod-
ulating and inhibiting Reg IV/EGFR/Akt signaling pathway in colorectal carcinoma. Int. J. Biol. Macromol. 2011, 48, 511–517.
[CrossRef]

191. Li, Y.G.; Ji, D.F.; Zhong, S.; Liu, P.G.; Lv, Z.Q.; Zhu, J.X.; Chen, J.E.; Chen, H.P. Polysaccharide from Phellinus linteus induces
S-phase arrest in HepG2 cells by decreasing calreticulin expression and activating the P27kip1-cyclin A/D1/E-CDK2 pathway.
J. Ethnopharmacol. 2013, 150, 187–195. [CrossRef]

192. Michalak, M.; Groenendyk, J.; Szabo, E.; Gold, L.I.; Opas, M. Calreticulin, a multi-process calcium-buffering chaperone of the
endoplasmic reticulum. Biochem. J. 2009, 417, 651–666. [CrossRef] [PubMed]
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