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Abstract

This article reviews mushrooms with anti-breast cancer activity. The mushrooms covered
which are better known include the following: button mushroom Agaricus bisporus, Brazilian
mushroom Agaricus blazei, Amauroderma rugosum, stout camphor fungus Antrodia
camphorata, Jew’s ear (black) fungus or black wood ear fungus Auricularia auricula—judae,
reishi mushroom or Lingzhi Ganoderma lucidum, Ganoderma sinense, maitake mushroom or
sheep’s head mushroom Grifola frondosa, lion’s mane mushroom or monkey head mushroom
Hericium erinaceum, brown beech mushroom Hypsizigus marmoreus, sulfur polypore
mushroom Laetiporus sulphureus, Lentinula edodes (shiitake mushroom), Phellinus linteus
(Japanese “meshimakobu,” Chinese “song gen,” Korean “sanghwang,” American “black hoof
mushroom”), abalone mushroom Pleurotus abalonus, king oyster mushroom Pleurotus eryngii,
oyster mushroom Pleurotus ostreatus, tuckahoe or Fu Ling Poria cocos, and split gill
mushroom Schizophyllum commune. Antineoplastic effectiveness in human clinical trials and
mechanism of anticancer action have been reported for Antrodia camphorata, Cordyceps
sinensis, Coriolus versicolor, Ganoderma lucidum, Grifola frondosa, and Lentinula edodes.



Introduction

Since mushrooms are nutritious and delicious, very often they form popular dietary
components. Mushrooms are abundant in protein, fiber, B vitamins, vitamin D, antioxidants,
potassium, and selenium. There are medicinal as well as culinary—medicinal mushrooms.
Some species are renowned worldwide, for instance, shiitake mushroom (Lentinula edodes),
maitake mushroom (Grifola frondosa), button mushroom (Agaricus bisporus), Brazilian
mushroom (Agaricus brasiliensis), Jew’s ear fungus (Auricularia auricularis), oyster mushroom
(Pleurotus oztreatus), turkey tail mushroom or Yunzhi (Coriolus versicolor), caterpillar fungus
(Cordyceps militaris and Cordyceps sinensis), and reishi mushroom/Lingzhi (Ganoderma
species). Mushrooms manifest an impressive array of health-promoting activities including
anticancer, immunostimulating, antihyperglycemic, antihypertensive, neuroprotective,
hepatoprotective, antifungal, antibacterial, prebiotic, and antiviral activities. Various mushroom
species including Agaricus, Albatrellus, Antrodia, Calvatia, Clitocybe, Cordyceps, Flammulina,
Fomes, Funlia, Ganoderma, Inocybe, Inonotus, Lactarius, Phellinus, Pleurotus, Russula,
Schizophyllum, Suillus, Trametes, and Xerocomus produce compounds with inhibitory activity
on cancers. These compounds exhibit their anticancer effects through their actions as
angiogenesis inhibitors, antimitotic agents, mitotic kinase inhibitors, reactive oxygen species
inducers, and topoisomerase inhibitors (Patel and Goyal 2012). Different mushroom tissues
such as fruiting body and mycelium and different constituents such as glucans and proteins
can display antitumor activity. For instance, polysaccharides derived from the fruiting body
extracts as well as mycelial extracts of Pleurotus pulmonarius inhibited proliferation and
adhesion and triggered apoptosis of colorectal cancer cells (Lavi et al. 2006, 2010). The
extracts (Lavi et al. 2012) and the derived glucans (Schwartz and Hadar 2014) suppressed
colon cancer associated with colitis in mice. Ostreolysin from Pleurotus ostreatus and its
recombinant form reduced the viability of colon cancer cells in tumor-bearing mice (Nimri et al.
2017). Mushrooms have anticancer activity toward different cancers. Besides colon cancer
referred to above, many mushrooms have a repressive effect on breast cancer which affects
innumerable women worldwide. Inclusion of mushrooms in the diet is protective against cancer
(Dunneram et al. 2019). Since breast cancer was the most commonly diagnosed cancer and
the leading cause of cancer death in females in 2018 (Bray et al. 2018), the purpose of the
present review is to review the various mushroom species with a reportedly inhibitory action
on breast cancer which is a devastating disease.

Agaricus bisporus

White button mushroom (Agaricus bisporus) extract and its ingredient conjugated linoleic acid
inhibited testosterone-induced cell proliferation in MCF-7aro breast cancer cells but were
devoid of activity toward nontumorigenic MCF-10A cells. The extract suppressed tumor growth
in nude mice bearing MCF-7aro xenografts (Chen et al. 2006). A lectin-like mannose-binding
protein (0rf239342) from A. bisporus was associated with mushroom tyrosinase and exerted
mannose-inhibitable antiproliferative activity on MCF-7 breast cancer cells (Rachmawati et al.
2019).

Agaricus blazei (also known as Agaricus brasiliensis)

Brefeldin A[(1R,2E,6S,10E,11aS,13S,14aR)-1,13-dihydroxy-6-methyl-1,6,7,8,9,11a,
12,13,14,14a-decahydro-4H-cyclopenta[floxacyclotridecin-4-one], an estrogenic Erk1/2-
activating compound devoid of growth-stimulating activity in breast cancer MCF-7 cells has
been isolated from Agaricus blazei mycelia. It may have applications as functional foods and
therapeutics (Dong et al. 2013).

Agaricus placomyces



The 68-kDa laccase from Agaricus placomyces belongs to a family of copper-containing
oxidases involved in lignin degradation and possessing anticancer activity (Mizerska-Dudka et
al. 2015). It potently expressed antiproliferative activity toward MCF-7 human breast cancer
cells with an IC50 of 1.8 uM (Sun et al. 2012).

Agaricus sylvaticus

In a randomized, double-blind, and placebo-controlled clinical trial, 46 patients with stage Il
and IIl breast cancer who received chemotherapy demonstrated an improved appetite and
fewer gastrointestinal complaints, nausea, and vomiting following dietary supplementation with
A. sylvaticus (2.1 g/day) (Valadares et al. 2013).

Amauroderma rude

Amauroderma rude had higher tumoricidal activity than Ganoderma lucidum. A. rude lowered
cell survival and triggered apoptosis in MDA-MB-231 breast cancer cells. Tumor growth in
athymic nude mice bearing MDA-MB-231-xenografts was retarded and tumor cell death was
promoted by treatment with A. rude. Expression of the c-Myc oncogene was downregulated
(Jiao et al. 2013). A. rude exhibited a higher content of ergosterol (ergosta-5,7,22-trien-3-ol)
in comparison with 12 other mushrooms examined. Under the influence of ergosterol, the
viability of MDA-MB-231 breast cancer cells was reduced, whereas expression of the tumor
suppressor Foxo3 and downstream signaling molecules including BimL, BimS, Fas, and FasL
was enhanced resulting in apoptosis of the breast cancer cells (Li et al. 2015).

Amauroderma rugosum (also known as black Lingzhi, a member of five-color Lingzhi)

Organic molecules from A. rugosum inhibited oxidant activity, tumor necrosis factor-a and nitric
oxide formation, and MCF7 cell proliferation (Zhang et al. 2017a). A single treatment with
pulverized A. rugosum (2000 mg/kg) by mouth did not impair growth, blood parameters,
histological structures of the organs examined, or survival of the rats in the study period of 2
weeks (Fung et al. 2017).

Antrodia camphorata/Antrodia cinnamomea

This mushroom exhibited inhibitory activity against a host of cancers including breast, bladder,
cervical, colorectal, glioblastoma, leukemia, liver, lung, lymphoma, melanoma, neuroblastoma,
ovarian, pancreatic, and prostate cancers (Wang et al. 2019). In response to a fermented
culture broth of A. camphorata, various parameters encompassing expression of matrix
metalloproteinase-2, matrix metalloproteinase-9, urokinase plasminogen activator, urokinase
plasminogen activator receptor and vascular endothelial growth factor; NF-kB binding and
activation; phosphorylation of ERK1/2, p38, and JNK1/2; and invasion/migration of the MDA-
MB-231 cells were downregulated. On the other hand, the expression of tissue inhibitors of
matrix metalloproteinases (TIMP-1 and TIMP-2) and plasminogen activator inhibitor (PAI)-1
was upregulated. Cell cycle arrest and apoptosis of the cells ensued (Yang et al. 2011).

A submerged fermentation culture of A. camphorata displayed toxicity toward HER-2/neu-
overexpressing MDA-MB-453 and BT-474 cells mediated by production of reactive oxygen
species. The expression of CDK4, cyclin E, cyclin D1, PI3K/Akt, and downstream effectors [3-
catenin and GSK-3[3 was attenuated. Arrest at sub-G1 phase of the cell cycle, mitochondrial
dysfunction, cytochrome c¢ release, DNA fragmentation, PARP degradation, Bcl-2/Bax
dysregulation, caspase-3/caspase-9 activation, and apoptosis were observed (Lee et al.
2012).

Reduced mortality rate and slightly prolonged mean 6-month overall survival and considerable
amelioration in sleep quality were found in patients with advanced and/or metastatic



adenocarcinoma who received standard chemotherapy and A. cinnamomea in conjunction,
compared with the control group treated with standard chemotherapy alone. However, patients
receiving the combined treatment had reduced thrombocyte counts (Tsai et al. 2016).

The steroid antrocin from A. camphorata impeded proliferation of metastatic breast cancer
MDA-MB-231 cells but did not adversely affect nontumorigenic HS-68 cells and MCF10A cells.
Antrocin brought about caspase-3 and poly (ADP-ribose) polymerase cleavage. Antrocin
downregulated expression of Bcl-2, Bcl-xL, and survivin which inhibited apoptosis and their
mMRNA, but upregulated expression of cytosolic cytochrome ¢ and Bax which promote
apoptosis. Antrocin prevented Akt and its downstream effectors NF-kB, mTOR, and GSK-3f3
from undergoing phosphorylation. Akt downregulation by small interfering RNA before
exposure to antrocin promoted apoptosis (Rao et al. 2011). Under the influence of antrocin,
breast cancer cell viability was diminished, formation of mammospheres and migration
colonies was inhibited, and expression of stemness and oncogenic markers such as -catenin,
Notchl, and Akt in breast cancer cells was downregulated. Antrocin and paclitaxel
administered sequentially demonstrated a synergistic anti-breast action in vitro and in vivo
(Chen et al. 2019a).

The ethanolic extract of A. cinnamomea exhibited antiproliferative activity toward MCF-7 cells
and tamoxifen-resistant MCF-7 cells. A. cinnamomea extract, together with tamoxifen,
displayed higher antiproliferative activity toward tamoxifen-resistant MCF-7 cells than A.
cinnamomea extract alone. The mRNA expression of skp2 (S-phase kinase-associated protein
2) was downregulated by enhancing the expression of miR-30-5p, miR-26-5p, and miR-21-5p
in MCF-7 as well as tamoxifen-resistant MCF-7 cells (Lin et al. 2018). The ethanolic extract of
A. cinnamomea exhibited antiproliferative activity toward T47D breast cancer cells in vitro as
well as in vivo by arresting the cancer cells at G1 phase of the cell cycle and also elicited
autophagy. The expression of cell cycle-related proteins and activity of histone deacetylases
were downregulated. The expression of autophagic marker LC3 Il, transcription factor
FOXO1and p62 was enhanced. Involvement of endoplasmic reticulum stress was indicated by
upregulated expression of CHOP (C/EBP homologous protein, GRP78/Bip (glucose regulating
protein 78), and IRE1 (inositol-requiring enzyme 1a). Tumor growth was suppressed (Chen et
al. 2019b).

Antcin-A with potent anticancer and anti-inflammatory activities inhibited, in MCF-7 and MDA-
MB-231 cells, epithelial-to-mesenchymal transition by enhancing the epithelial markers
occludin and E-cadherin and suppressing the mesenchymal markers vimentin and N-cadherin
via downregulation of ZEB1 which suppresses their transcription. Antcin-A induced the ZEB1
repressor miR-200 and activates p53 transcription. The tendency of breast cancer cells to
migrate and invade was reduced by antcin-A (Kumar et al. 2019). A. cinnamomea at
concentrations (20-60 ug/ml) which lacked cytotoxicity prevented the transformation from the
fibroblastic to the epithelial phenotype as well as epithelial-to-mesenchymal transition by
enhancing expression of E-cadherin. The expression of Twist in human triple-negative breast
cancer MDA-MB-231 cells and in Twist-transfected cells was downregulated after exposure to
A. cinnamomea. A. camphorata suppressed Wnt/B3-catenin nuclear translocation via a pathway
involving GSK3f. A. camphorata undermined EMT by attenuating expression of mesenchymal
marker proteins like fibronectin, N-cadherin, Snail, vimentin, ZEB-1, and augmenting
expression of epithelial marker proteins like ZO-1 and occludin. The mushroom thwarted
metastasis of breast cancer to the lungs by enhancing pulmonary expression of E-cadherin
(Hseu et al. 2019a).

Antrodia salmonea



A. salmonea arrested MDA-MB-231 cancer cells at G2 phase of the cell cycle by
downregulating the levels of cyclin A, B1, E, and CDC2 proteins. Pretreatment with the
antioxidant N-acetylcysteine inhibited cell cycle arrest and reversed downregulated COX-2
expression and PARP cleavage. Tumor incidence and growth in athymic nude mice bearing
MDA-MB-231-xenografts were suppressed (Chang et al. 2017b).

A. salmonea inhibited, in MDA-MB-231 cells, the PISK/AKT/NF-kB pathways. The expression
of MMP-9, uPA, UPAR, and VEGF and invasion and migration were suppressed. A. salmonea
prevented morphological alterations and epithelial-to-mesenchymal transition by suppressing
N-cadherin, Snail, vimentin, Twist, and Slug and enhancing E-cadherin. The (3-catenin pathway
and Smad3 signaling pathway were downregulated, whereas GSK3p expression was
enhanced. Tumor metastasis was suppressed while E-cadherin expression in lung biopsy was
enhanced (Hseu et al. 2019b).

Auricularia auricula—judae

Wild A. auricula—judae displayed antiproliferative activity on MCF-7 human breast cancer cells
with 1C50 values of 333.3 pg/ml and 285.7 pg/ml for its water extract and ethanol extract,
respectively (Novakovi¢ et al. 2019).

A tumor-targeted, folic acid (FA)conjugated-Auricularia auricular polysaccharide (AAP)-cis-
diaminedichloroplatinum (CDDP) complex (FA-AAP-CDDP complex) demonstrated a more
potent antitumor action and elevated uptake compared with the AAP-CDDP complex. The
complex was as potent as free cisplatin in anticancer activity in tumor xenograft-bearing nude
mice and suppressing the circulating levels of tumor markers. The complex elicited apoptosis
by enhancing caspase-3, cytochrome ¢, and Bax and suppressing Bcl-2, indicating that the
complex may trigger the mitochondrial signaling and intrinsic apoptotic pathways. Mice treated
with the complex had larger organs and higher activities of the antioxidative enzymes catalase,
glutathione peroxidase, and superoxide dismutase and lower serum levels of malondialdehyde
than their counterparts treated with cisplatin (Qin et al., 2018a). The complex employed for
treatment of cervical carcinoma could heighten the anticancer activity and minimize the
untoward toxicity of CDDP. The treated mice had higher renal activities of the antioxidative
enzymes, glutathione peroxidase, superoxide dismutase, and catalase; higher levels of
interferon-y, interleukin-2, and interleukin-4; and reduced levels of malondialdehyde. The
expression of caspase-3 and Bax was upregulated, but Bcl-2 expression was downregulated,
ensuing in apoptotic death of the cancer cells (Qin et al., 2018b).

Clitocybe alexandri

Extracts of the Portuguese wild mushroom C. alexandri containing polysaccharides (obtained
by boiling water extraction) and phenolic extracts (obtained by methanolic and ethanolic
extraction) demonstrated suppressive activity on breast, colon, gastric, and lung cancer cells
as well as antioxidant activity (Vaz et al. 2010).

Coprinellus sp., Coprinus comatus, and Flammulina velutipes

Aqueous extracts of three mushroom species, F. velutipes, C. comatus, and Coprinellus sp.,
suppressed cell growth as well as tumor colony formation and triggered apoptosis in both
estrogen receptor+ and estrogen receptor- MCF-7, MDA-MB-231, and BT-20 breast cancer
cells. The IC50 of F. velutipes extract toward BT-20 cells and C. comatus extract toward MDA-
MB-231 cells were 30 ug/ml and 40 ug/ml, respectively. Apoptosis of breast cancer cells was
observable using annexin V-FITC within 2 h of treatment of cells with the extracts and
detectable using DNA fragment end-labeling assay (TUNEL) within 5 h of treatment (Gu and
Leonard 2006).



Coprinus comatus

Ethanolic and ethyl acetate extracts of C. comatus downregulated the levels of transcripts of
androgen and glucocorticoid receptors and androgen receptor protein in MDA-kb2 breast
cancer cells (Zaidman et al. 2008).

Both culture liquid crude extract and ethyl acetate extract of C. comatus significantly prevented
hydrogen peroxide-elicited IkappaBalpha phosphorylation. The ethyl acetate extract
suppressed NF-kappaB function. These actions of C. comatus were probably related to its
antitumor activity (Asatiani et al. 2011). A 14.4-kDa alkaline protein Y3 from C. comatus fruiting
bodies, with the unique N-terminal sequence NRDVAACARFIDDFCDTLTP, inhibited tobacco
mosaic virus by 83% at the concentration of 12.5 ug/ml, and inhibited MGC-803 human gastric
cancer cells with an IC50 of 12 pg/ml (Wu et al. 2003). Y3 is a glycan-binding protein with
GalNAcB1-4 (Fuca1-3) GIcNAc (LDNF) as its specific binding ligand. Y3 is characterized by a
single-domain apa-sandwich motif, with dimerization of two monomers to produce a ten-
stranded, antiparallel B-sheet accompanied by an a-helix on both the left and right sides. There
is a sizable glycan-binding pocket protruding into the dimeric interface. Y3 triggered apoptosis
specifically in human T cell leukemia Jurkat cells. Perturbation of amino acids implicated in
interactions between Y3 and LDNF led to a decline of binding to Jurkat T cells and fall in the
activity of Y3 (Zhang et al. 2017a).

Cordyceps militaris

A 12-kDa antifungal protease from C. militaris with a pl of 5.1 displayed a cytotoxic action on
human breast cancer cells (Park et al. 2004). Another 10.9-kDa antifungal peptide cordymin
exerted an antiproliferative action toward breast cancer MCF-7cells but it was devoid of an
effect on colon cancer HT-29 cells, murine splenocytes, and murine macrophages (Wong et
al. 2011). C. militaris immunoregulatory protein corresponding to a protein (CCM_01955) in
the transcriptional database of C. militaris possessed 18.5% a-helix, 35.5% [(-sheet, 17.0%
turn, and 29.0% random coil. The protein upregulated mRNA levels of interleukin-8 and tumor
necrosis factor-a in peritoneal macrophages prohibited metastasis and extended survival in
mice bearing 4T1 breast cancer xenografts (Yang et al. 2015).

An aqueous extract of C. militaris triggered apoptosis by upsetting mitochondrial function,
activating caspase-3 and inactivating Akt (Jin et al. 2008). The aqueous extract lowered cell
viability; exerted antiproliferative activity; prevented cell migration; released lactate
dehydrogenase; upregulated expression of caspase-3, cleaved caspase-8, cleaved poly (ADP-
ribose) polymerase, and B cell-associated X protein; and enhanced apoptotic rates in MCF-7
cells. The extract manifested anticancer action in nude mice bearing MCF-7 xenografts (Song
et al. 2016). The aqueous extract diminished the viability of cultured 4T1 breast cancer cells.
It depressed serum levels of matrix metalloproteinase-9; inhibited pulmonary metastasis;
downregulated pulmonary expression of chemokine (C-C motif) ligand 17, interleukin-33,
matrix metalloproteinase-9, and osteopontin; and extended the lifespan of tumor-bearing
animals (Cai et al. 2018).

Dietary treatment with C. militaris, especially administration of cordycepin-enriched C. militaris
JLM 0636 with 7-fold higher cordycepin concentration, led to suppression of tumor growth and
prolongation of survival in C3H/He mice bearing FM3A breast cancer xenografts. The fall in
transforming growth factor-3 and interleukin-2 secretion and a rise in interleukin-4 secretion,
which took place in the absence of an altered proliferation of concanavalin A-stimulated
lymphocytes, indicated changes in the subpopulations of tumor-derived T lymphocytes.
CD4+CD25+ cell population and FoxP3+-expressing Treg cells among the CD4+CD25+
population fell in the total splenocytes from mice exposed to JLM 0636 but there were no



changes in the CD4+ T cell population. However, the populations of CD8+ T cells and
interferon-y expressing CD8+ T cells from tumor-bearing mice escalated following JLM 0636
treatment (Jeong et al. 2013).

Cordycepin and C. militaris concentrate exerted antiproliferative activity toward MCF-7 cells
with an IC50 value of 9.58 uyM and 73.48 pg/ml, respectively. The targets of cordycepin
deduced by employing network pharmacological analysis are largely connected with the
hedgehog signaling, apoptosis, p53 signaling, and estrogen signaling pathways. Cordycepin
and C. militaris concentrate triggered apoptosis by promoting the of caspase-7, caspase-8,
and caspase-9 cleavage, heightening the ratio of Bcl-2-associated X protein/B cell ymphoma
2 (Bax/Bcl-2) protein expression, and decreasing the protein expression of X-linked inhibitor
of apoptosis protein (XIAP) in breast cancer MCF-7 cells (Lee et al. 2019c).

Cordyceps sinensis

C. sinensis is a traditional Chinese medicine which has been employed as an anticancer
adjuvant. Jinshuibao capsules (JSBC) composed of C. sinensis reinstated the cellular
immunological function and brought about amelioration in the quality of life in 36 patients
diagnosed with advanced cancer (Zhou and Lin 1995). There are products such as Vita Yin
Yang capsules composed of C. sinensis mycelia.

The dietary supplement, MycoPhyto® Complex, represents a mixture of yeast
(Saccharomyces cerevisiae) p-1, 3-glucan, and mycelial extracts from several mushrooms
comprising C. sinensis, Coriolus versicolor, Ganoderma lucidum, Grifola frondosa, A. blazei,
and Polyporus umbellatus. It exhibited an antiproliferative action on highly invasive MDA-MB-
231 human breast cancer cells and arrested the cells at the G2/M phase of the cell cycle. The
expression of genes regulating the cell cycle (ANAPC2, ANAPC2, BIRCS5, cyclin B1, cyclin H,
CDC20, CDK2, CKS1B, Cullin 1, E2F1, KPNA2, PKMYTL1, and TFDP1) was downregulated.
The metastatic behavior of the cancer cells, cell adhesion, cell migration, and cell invasion
associated with downregulation of secretion of the urokinase plasminogen activator, were all
inhibited (Jiang and Sliva 2010).

Orally administered C. sinensis did not curtail pulmonary metastasis in a surgical excision
model of metastatic mammary carcinoma but was devoid of a suppressive effect on primary
tumor growth in vivo, signifying an association of its antimetastatic action with the action of
macrophage-derived factors on the tumor cell cycle (Jordan et al. 2010).

Cordycepin (3-deoxyadenosine) from C. sinensis expressed cytotoxicity on cultured MDA-MB-
231 and MCF-7 human breast cancer cells (Choi et al. 2011; Wang et al. 2016). Under the
influence of cordycepin, the cell viability plummeted, cellular proliferation declined, cellular
liberation of lactate dehydrogenase increased and reactive oxygen species generation rose,
mitochondrial function was disrupted, and nuclear apoptosis took place in human breast
cancer cells. Expression of the antiapoptotic protein B cell lymphoma 2 (Bcl-2) was
downregulated whereas that of pro-apoptotic proteins such as Bax, caspase-3, caspase-8, and
caspase-9 was upregulated. Growth of MCF-7-xenograft in nude mice was impeded (Wang et
al. 2016).

Cordycepin suppresses tumor growth via upregulating tumor apoptosis and autophagy,
eliciting cell cycle arrest, producing DNA damage, and targeting cancer stem cells in cancer
cells. Cordycepin exerts its antimetastatic action by suppressing cancer metastasis-associated
pathways through impeding cancer cell-induced platelet aggregation and attenuating cancer
cell invasiveness by inactivating matrix metalloproteinase-2 and metalloproteinase-9 and
upregulating cancer cell secretion of tissue inhibitor of metalloproteinase-1 and
metalloproteinase-2. Cordycepin produces its anticancer action through inhibition of cyclin D1



and activation of adenosine A3 receptor as well as glycogen synthase kinase. The associated
molecular pathways entail the enzymes caspases, glycogen synthase kinase 3 beta and
mitogen-activated protein kinases, and receptors comprising death receptors, adenosine
receptors, and epidermal growth factor receptors (Nakamura et al. 2015; Jin et al. 2018; Khan
and Tania 2018; Qin et al. 2019).

Coriolus versicolor (also known as Yunzhi and green Lingzhi, a member of five-color Lingzhi)

Yunzhi has been used as a traditional mushroom in China for over two millennia. Yunzhi has
been in routine clinical practice in Japan since 1977 and in China since 1987. Coriolus
versicolor PSK (polysaccharide-K from the CM-101 strain) and PSP (polysaccharide from the
COV-1 strain) possess a high molecular weight close to 100 kDa and are chemically similar
except for the presence of fucose in PSK and rhamnose and arabinose in PSP (Ng and Chan,
1997). PSP contributes to prolonging survival and bettering the quality of life, not only in cancer
patients but also in patients afflicted with hepatitis, hyperlipidemia, and other chronic diseases.
The results of an analysis of over 40 independent PSP-related preclinical and clinical studies
conducted in China during the last four decades based on searches of the Chinese VIP, CNKI,
and Wanfang databases lend credence to the utilization of Yunzhi as an immunotherapeutic
adjuvant (Chang et al. 2017a).

Coriolus versicolor PSK

C. versicolor extract antiproliferative activity toward MCF-7, MDA-MB-231, and T-47D cells
and stimulated nucleosome formation in the apoptotic breast cancer cells (Ho et al. 2005). An
aqueous extract of C. versicolor prohibited migration and invasion of 4T1 breast cancer cells.
It also downregulated the activities and tumor necrosis factor-a, interferon-y, interleukin-2,
interleukin-6, and interleukin-12) inducing roles in xenograft-bearing mice (Luo et al. 2014).

Dietary PSK reduced cancer incidence and increased survival rates in C3H/OuJ mice
developing spontaneous tumors (Fujii et al. 1988). PSK improved the survival of operable
breast cancer patients demonstrating vascular invasion who received oral adjuvant
combination chemotherapy of 5-fluorouracil, cyclophosphamide, mitomycin C, and
prednisolone following surgery (lino et al. 1995).

PSK (5%solution) when administered by local injection was useful for managing nodular or
scattered-type locally recurrent breast cancers with the exception of cancers of the infiltrating
type (Asaishi et al. 1988). PSK at a high dose but not at a low-dose downregulated estrogen
receptors and progesterone receptors in MCF-7 cells (Aoyagi et al. 1997). PSK downregulated
HSP47 and HSP60 but not HSP72/73 expression in human tumor cell lines (Morino et al.
1997). PSK exhibited an antiproliferative effect on breast cancer cells, arrested cells in GO/G1
phase of the cell cycle, upregulated caspase-3 expression, and triggered apoptosis. PSK
potentiated the proliferative activity of interleukin-2 toward peripheral blood lymphocytes
(Jiménez-Medina et al. 2008). PSK is a potent Toll-like receptor 2 (TLR2) agonist. Under the
influence of PSK, interferon-y is produced by human NK cells through direct and indirect
interleukin-12-dependent actions. PSK augmented antibody-dependent cell-mediated
cytotoxicity of the monoclonal antibody trastuzumab against MDA-MB-231 and SKBR3 breast
cancer cells. PSK potentiated the antitumor effect of anti-HER2/monoclonal antibody therapy
in neu transgenic mice (Lu et al. 2011). PSK inhibited tumor growth in mice implanted with
cells devoid of Rae-1 and H60 expression but not in animals with Rae-1 and H60 expression.
The expression of natural killer group 2, member D ligands (NKG2DLs) correlated with the
anticancer activity of PSK (Konagai et al. 2017). PSK prolonged 5-year survival in patients with
colorectal, esophageal, gastric, nasopharyngeal, and non-small cell lung cancers.

Coriolus versicolor PSP



Upregulated formation of tumor necrosis factor, reactive oxygen intermediates (superoxide
anions), and reactive nitrogen intermediates by peritoneal macrophages was observed in
inbred C57 mice in response to PSP (Liu et al. 1993). Extramycelial and intramycelial materials
obtained from mycelial culture of C. versicolor displayed stimulatory effects on macrophages
as well as splenocytes (Wang et al. 1996). PSP had analgesic activity but was without
deleterious effects on ovarian steroidogenesis, ovulation, midterm gestation, and embryo
development in mice (Ng and Chan 1997).

PSP prolonged 5-year survival in esophageal cancer patients and exerted immunostimulatory
effects on patients with cervical, esophageal, gastric, lung, and ovarian cancers. PSK and PSP
attenuated symptoms caused by cancer chemotherapy (Kidd 2000). Additional treatment in
the form of 3 g of oral PSK daily for 2 years displayed a benefit in patients with node-negative,
estrogen receptor-negative, and stage IIA T2N1 cancer receiving mitomycin C and Ftorafur
chemotherapy when examined at 5-year follow-up (Toi et al. 1992).

PSP augmented the apoptotic effect of etoposide and doxorubicin by forming an S-phase trap
in ZR-75-30 human breast cancer cells (Wan et al. 2008). The stimulatory action of C.
versicolor extract, enriched in protein-bound polysaccharides, on blood lymphocyte
proliferation as well as interlekin-1f and interlekin-6 mRNA expression was mitigated in fever-
range hyperthermia (Pawlikowska et al. 2016). A combination of C. versicolor in conjunction
with metronomic zoledronate exerted an antitumor action in an intratibial breast tumor model
and prevented osteoclastic activity. The incidence of hepatic and pulmonary metastasis
remained unchanged (Ko et al. 2017). Zoledronate exerted an antitumor action in intratibial
breast tumor model and prevented osteoclast activity. The incidence of hepatic and pulmonary
metastasis remained unchanged (Ko et al. 2017).

PSP upregulated genes of interleukin-12, interleukin-6, and tumor necrosis factor-a via control
of the TLR4-TIRAP/MAL-MyD88 signaling pathway in peripheral blood mononuclear cells
collected from breast cancer patients (Wang et al., 2013). C. versicolor protein-bound
polysaccharides exhibited tumor necrosis factor-a-dependent antiproliferative activity toward
MCF-7 cells and augmented the proliferative response of blood lymphocytes which was
associated with interleukin-6 and interleukin-18 mRNA upregulation (Kowalczewska et al.
2016).

Ergosta-7,22-dien-3 beta-ol is a patented C. versicolor ingredient with anticancer and anti-
herpes simplex virus activities (Chan 2009). The C. versicolor product GE Yunzhi Essence
(Vita Green) is composed of an array of anticancer and immunostimulatory ingredients
comprising PSP, polysaccharides, beta-glucans, lignins, and ergosta-7, 22-dien-3 beta-ol.
MycoPhyto® Complex, a mixture of C. versicolor, Cordyceps sinensis, Grifola frondosa, G.
lucidum, Polyporus umbellatus, and A. blazei mushrooms and Saccharomyces cerevisiae [3-
1,3-glucan displayed antiproliferative activity and arrested MDA-MB-231 cells at the G2/M
phase of the cell cycle. Expression of genes regulating the cell cycle (ANAPC2, BIRCS5,
CDC20, CDK2, CKS1B, cyclin B1, cyclin H, Cullin 1, E2F1, PKMYT1, KPNA2, and TFDP1 was
downregulated. Cell adhesion, cell migration, cell invasion, and urokinase plasminogen
activator secretion of the cells were suppressed (Jiang and Sliva 2010). Another dietary
supplement BreastDefend, composed of mushroom (C. versicolor, Phellinus linteus, and G.
lucidum) extracts, medicinal herbs (Curcuma longa, Astragalus membranaceus, and
Scutellaria barbata), and quercetin and diindolylmethane, manifested antiproliferative and
antimetastatic activity toward MDA-MB-231 cells in vitro. Oral administration of BreastDefend
(100 mg/kg for 4 weeks) did not produce organ damage in tumor-bearing mice. BreastDefend
exhibited antitumor and antimetastatic actions in tumor-bearing mice. This was associated with
attenuated expression of C-X-C chemokine receptor-4 and urokinase and plasminogen
activator gene expression in breast tumors (Jiang et al. 2012).



Systematic review and meta-analysis of the effect of C. versicolor on survival in cancer patients
from 13 clinical trials disclosed a 9% reduction in 5-year mortality of cancer patients caused by
treatment with C. versicolor, resulting in one additional patient alive for every 11 patients
treated. The action was more pronounced in breast cancer, colorectal cancer, and gastric
cancer patients undergoing chemotherapy (Eliza et al. 2012).

Yunzhi (PSP) greatly uplifts the quality of life of cancer patients undergoing chemotherapy or
radiotherapy (Eng 2010). It alleviates chemotherapy-induced side effects including weakness,
inappetence, vomiting, dryness of throat, spontaneous sweating, and pain symptoms (Ng
1998).

Flammulina velutipes

Aqueous extract of the golden needle mushroom F. velutipes virtually eliminated MCF-7 tumor
colony formation rate, whereas its counterparts from Coprinus comatus and Coprinellus sp.
decreased colony formation by 60% (Gu and Leonard 2006). Lower cancer death rates were
found in Japanese farmers engaged in F. velutipes farming than people not involved in the
same activity (Monro 2003).

There are other constituents that have been shown to inhibit other cancer cells. F. velutipes
polysaccharides inhibited murine melanoma B16F10 cells (Chen et al. 2018) and myelogenous
leukemia K562 cells (Jia et al. 2017) in vitro and murine lymphocytic leukemia P 388 in vivo
(Krasnopolskaya et al. 2016). Fungal immunomodulatory protein inhibited A549 lung cancer
cells (Chang et al. 2013). F. velutipes sterol liposomes inhibited HepG2 hepatoma cells (Yi et
al. 2013a) F. velutipes sterol nanomicelles inhibited neuroblastoma U251 cells and HelLa cells
(Yietal. 2013b).

Fomes fomentarius

The ethanolic extract of F. fomentarius arrested MDA-MB-231 cells in the sub-G1 phase in the
cell cycle; upregulated expression of E-cadherin, cleaved poly diphosphate (ADP-ribose)
polymerase, and cleaved caspase-9 and caspase-3; and triggered apoptosis in MDA-MB-231
cells. The extract reduced viability and migration of MDA-MB-231 breast cancer cells. It
downregulated Akt phosphorylation and expression of cyclin A/E, cyclin-dependent kinase 2,
and S-phase kinase-associated protein, B cell lymphoma 2, and matrix metalloproteinase-9.
Betulin in the extract inhibited p-AKT in MDA-MB-231 cells. Thus, the phosphoinositide 3-
kinase/AKT pathway was suppressed (Lee et al., 2019b).

Fomitopsis officinalis (also known as white Lingzhi, a member of five-color Lingzhi)

Water and ethanolic extracts of white Lingzhi exhibited antiproliferative activity against breast
cancer cells (Zhang et al. 2017a). F. officinalis has been used for the treatment of gastric
cancer (Feng et al. 2010).

Fuscoporia torulosa

Fractionation of the methanolic extract of F. torulosa revealed the presence of 5a,8a-
epidioxyergosta-6,22-dien-3B-il-palmitate and ten compounds (compounds 2 to 11). The
methanolic extract and one of the compounds, compound 8, exhibited indicated high inhibitory
potency against MCF-7 cells and butyrylcholinesterase (Deveci et al. 2019).

Ganoderma atrum

rFIP-gat, the recombinant form of the fungal immunomodulatory protein FIP-gat from
Ganoderma atrum, brought about agglutination and decreased viability of MDA-MB-231 breast
cancer cells with an IC50 of 5 yg/ml and 9.96 ug/ml, respectively. At 10 ug/ml, rFIP-gat arrested



the cancer cells in the G1/S phase of the cell cycle, inhibited cell proliferation, and elicited
apoptosis (Xu et al. 2016a).

Ganoderma lipsiense

G. lipsiense extract administered to BALB/c nude mice reduced the microvessel density and
cyclin D1-positive cell count but raised the thrombospondin 1-positive cell count and thereby
inhibited growth of MDA-MB-231-HM in mice (Qi et al. 2016).

Ganoderma lucidum (also known as red Lingzhi, a member of five-color Lingzhi)

Ethanolic and ethyl acetate extracts of G. lucidum downregulated levels of transcripts of
androgen and glucocorticoid receptors and androgen receptor protein in breast cancer MDA-
kb2 cells (Zaidman et al. 2008).

G. lucidum is a highly popular nutraceutical worldwide and has been used to clinical trials for
breast cancer and non-small cell lung cancer (Hsu and Cheng 2018). G. lucidum may reduce
cancer-related fatigue and improve quality of life in breast cancer patients receiving hormonal
therapy (Zhao et al., 2012). Following oral administration of G. lucidum extract for 1 month, the
growth of large mammary tumors from MDA-MB-231 cells was reduced, expression of genes
implicated in invasive behavior (FN1, HRAS, MCAM, [2PP2A, S100A4, and VIL2,) was
inhibited, and MDA-MB-231 cell migration was prohibited after gene silencing by siRNA
(Loganathan et al. 2014). Sixty patients who failed two or more courses of chemotherapy for
their gynecologic cancer were randomly assigned to three groups. Twenty daily consumed 6
g of Ganoderma lucidum in form of water extract for 12 weeks; 20 others 6 g of Ganoderma
lucidum spores and the rest took placebo. Stable disease was observed in 0%, 50%, and
38.1%, and 1-year overall survival was 44%, 60%, and 63.6% in the groups receiving placebo,
G. lucidum spore, and G. lucidum water extract, respectively (Suprasert et al. 2015).

An alcohol extract of G. lucidum exhibited antiproliferative and apoptosis-inducing activity
toward MCF-7 cells via enhancement of p21/Wafl and pro-apoptotic Bax and suppression of
cyclin D1 (Hu et al. 2002). G. lucidum downregulated urokinase-type plasminogen activator
receptor expression and urokinase-type plasminogen activator secretion. This brought about
suppression of the migration of MDA-MB-231 cells (Sliva et al. 2002). G. lucidum extracts
impeded the production of interleukin-6, interleukin-8, matrix metalloprotease-2, and matrix
metalloprotease-9 in cancer cells exposed to lipopolysaccharide. The viability and cell
migration of MDA-MB 231 cells was impaired (Barbieri et al. 2017). G. lucidum extract inhibited
the growth of tumors arising from MDA-MB-231 cells implanted into mammary fat pads of nude
mice, reduced pulmonary metastases, and attenuated expression of invasiveness-associated
genes (FN1, HRAS, 12PP2A, MCAM, S100A4, and VIL2) in MDA-MB-231 cells (Loganathan
et al. 2014). G. lucidum reduced estrogen receptor alpha expression in MCF-7 cells but not
estrogen receptor beta expression in either MCF-7 or MDA-MB-231 cells. G. lucidum
suppressed estrogen-dependent and constitutive transactivation activity of estrogen receptor
through estrogen response element (Jiang et al. 2006). G. lucidum reduced the telomerase
activity and downregulated hsa-miR-27a and upregulated miR-1207-5p, hsa-miR-1285, and
miR-3687 (Gonul et al. 2015). G. lucidum extract suppressed AKT and ERK signaling
pathways and rendered SUM-149 cells more sensitive to erlotinib (epidermal growth factor
receptor tyrosine kinase inhibitor used in the treatment of non-small cell lung cancer)
erlotinib/G. lucidum extract undermined SUM-149 cell viability, exerted antiproliferative activity,
and repressed cell migration and invasiveness (Suarez-Arroyo et al. 2016). G. lucidum
reduced the phosphorylation of Wnt co-receptor LRP6 and expression of Wnt3a-activated Wnt
target gene Axin2. The Wnt/B-catenin signaling was suppressed. Wnt-induced hyper-
proliferation of breast cancer cells was impaired and MDA-MB-231 cell migration was impeded



(Zhang 2017). G. lucidum extract downregulated the transducer and activator of transcription
3 (STAT3) pathway and NANOG, OCT4, and SOX2 expression in breast cancer stem cells
(Rios-Fuller et al. 2018). Exposure of MDA-MB-231 cells to G. lucidum extract brought about
diminution of cell viability, cell migration, and invasiveness Rac activity, expression of Cdc42,
c-Myc, ENA/VASP, p-FAK (Tyr925), and lamellipodin, and lamellipodia formation (Acevedo-
Diaz et al. 2019). There was a decline in incidence of mammary cancer in mice caused by
administration of dimethylbenz[alanthracene after treatment with G. lucidum (Smina et al.
2017).

Khz (formed from the fusion of G. lucidum and Polyporus umbellatus) elevated intracellular
levels of calcium and reactive oxygen species and activities of caspase-7, caspase-8, and
caspase-9 leading to reduced proliferation and apoptosis in MCF-7 cells (Kim et al. 2016). The
fungal immunomodulatory protein Ling Zhi-8 (LZ-8) from G. lucidum stimulates dendritic cells
and can serve as the adjuvant of a cancer DNA vaccine (Chu et al. 2011).

A fucose-containing fraction of G. lucidum (FFLZ) worked via the caveolin-1/Smad7/Smurf2-
dependent ubiquitin-mediated degradation of transforming growth factor-3 receptor to prevent
breast cancer cell migration and the epithelial-to-mesenchymal transition phenotype,
decreased tumor growth, and prohibited metastatic spread. FFLZ synergized with trastuzumab
to lower the viability of human breast cancer cells resistant to trastuzumab (Tsao and Hsu
2016).

G. lucidum polysaccharide has been used for treating atrophic myotonia, dermatomyositis,
muscular dystrophy, neurosis, and polymyositis in China in the last four decades (Zhang et al.
2019a). SeGLP-2B-1, a selenium-containing polysaccharide from selenium-enriched G.
lucidum mycelia possessed a 150-fold higher level of selenium compared with regular
polysaccharide GLP-2B-1 exhibited and a 10-fold higher potency in suppressing proliferation
of six types of human tumor cells indicating the pivotal part played by selenium in the
antiproliferative activity of SeGLP-2B-1 (Shang et al. 2009). SeGLP-2B-1 inhibited the growth
of MCF-7 cells; disrupted the mitochondrial membrane potential; triggered cytochrome c
release into the cytoplasm; increased the activities of enhanced activities of caspase-3,
caspase-9, and poly (ADP-ribose) polymerase; elicited DNA ladder formation; arrested the
cells in sub-G1 phase of the cell cycle; and triggered apoptosis (Shang et al. 2011).

Oil prepared from G. lucidum spores with broken sporoderm upregulated caspase-3 and Bax
and the mitochondrial apoptotic pathway but not caspase-8 expression in MDA-MB-231 cells.
The spore oil inhibited proliferation of the breast cancer cells in vitro and tumor growth in tumor-
bearing animals (Jiao et al. 2020). There are products such as Vita Green cracked Lingzhi
spores.Spoderm-broken spores have higher activity than uncracked spores.

G. lucidum spore polysaccharide in conjunction with paclitaxel rectified paclitaxel-induced
abnormalities in microbiota in such a way that Ruminococcus, Bacteroides, and five other
genera were increased, whereas Odoribacter and Desulfovibrio carrying cancer risk were
reduced (Su et al. 2018). In response to administration of an extract of sporoderm-broken G.
lucidum spores, 4T1-breast cancer xenograft growth in mice was retarded, cytotoxic T cell
population and the ratio of cytotoxic T cell to helper T cell in peripheral blood were elevated,
and splenic programmed cell death protein-1 and cytotoxic T lymphocyte antigen-4 in the
xenograft underwent a decline (Su et al. 2018).

Ergosterol, ergosterol peroxide (5a,8a-epidioxy-22E-ergosta-6,22-dien-33-ol), and 5,6-
dehydroergosterol (ergosta-7,22-dien-3beta-ol) from G. lucidum demonstrated antiproliferative
activities in vitro. In triple-negative/inflammatory breast cancer cells, ergosterol peroxide
arrested cells in G1 phase of the cell cycle, exhibited antiproliferative activity, activated



caspase-3/7 and PARP cleavage, and diminished migration and invasiveness of cancer cells.
Ergosterol peroxide attenuated the expression of total AKT1, AKT2, BCL-XL, cyclin D1, and c-
Myc in inflammatory breast cancer cells. Its derivative ergosterol peroxide sulfonamide
displayed high potency in inflammatory breast cancer cells and therapeutic index in
comparison with normal cells (Martinez-Montemayor et al. 2019).

Ganodermanontriol [24S, 25R)-24,25,26-trihydroxylanosta-7,9(11)-dien-3-one] inhibited
colony formation (anchorage-independent growth) and proliferation (anchorage-dependent
growth) of MDA-MB-231 human breast cancer cells. Expression of the cell cycle regulatory
protein CDC20 overexpressed in precancerous and breast tissues was attenuated. Urokinase
plasminogen activator secretion, urokinase plasminogen activator receptor MDA-MB-231
expression, and invasive behavior (cell adhesion, cell migration, and cell invasion) were
inhibited (Jiang et al. 2011).

Ganoderic acid DM [(Z,6R)-2-methyl-6-[(5R,10S,13R,14R,17R)-4,4,10,13,14-pentamethyl-
3,7-dioxo-2,5,6,11,12,15,16,17-octahydro-1H-cyclopenta[a]phenanthren-17-yllhept-2-enoic
acid] arrested MCF-7 cells in G1 phase of the cell cycle; decreased c-Myc, cyclin D1, CDK2,
CDK®, and p-Rb; disrupted mitochondrial membrane potential; and elicited DNA fragmentation
and PARP cleavage in MCF-7 cells (Wu et al. 2012b).

Ganoderic acid Me [(E)-6-(3,15-diacetyloxy-4,4,10,13,14-pentamethyl-2,3,5,6,12,15,16,17-
octahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-methylhept-2-enoic  acid] downregulated
expression of NF-kB-regulated genes including cell proliferation genes (cyclin D1 and c-Myc),
genes inhibiting apoptosis (Bcl-2), angiogenesis (interleukin-6, interleukin-8, and vascular
endothelial growth factor) and invasiveness gene (matrix metalloproteinase-9) in MDA-MB-
231 cells. Tumor growth of MDA-MB-231 cells in xenograft-bearing mice was inhibited (Li et
al. 2012). Ganoderic acid A [(2R,6R)-6-[(5R,7S,10S,13R,14R,15S,17R)-7,15-dihydroxy-
4,4,10,13,14-pentamethyl-3,11-dioxo-2,5,6,7,12,15,16,17-octahydro-1H-
cyclopentaa]phenanthren-17-yl]-2-methyl-4-oxoheptanoic acid] increased generation of
reactive oxygen species, downregulated phosphorylation of JAK2 and impeded STAT3
downstream activation, and inhibited STAT3 target gene expression, such as B cell ymphoma-
extra-large and myeloid cell leukemia 1, leading to high concentrations of proteins implicated
in mitochondrial apoptosis and cyclin-dependent kinase inhibitors in MDA-MB-231 cells (Yang
et al. 2018).

Ganoderiol A-enriched extract acted on MDA-MB-231 cells by downregulating active forms of
focal adhesion kinase (FAK) and impairing FAK-SRC interaction; inactivating paxillin;
attenuating expression of Cdc42, Racl, and RhoA; and interrupting interaction between neural
Wiskott—Aldrich syndrome protein (N-WASP) and Cdc42. The FAK-SRC-paxillin signaling
pathway was repressed followed by suppressive effects on cell migration and adhesion (Wu
et al. 2013).

Ganoderma resinaceum

The phytosterol a-spinasterol from G. resinaceum mycelial extract inhibited MDA-MB-231 and
MCF-7 breast cancer cells. It downregulated cyclin-dependent kinases cdk4/6 and produced
cell cycle arrest in GO—G1 phase. In contrast, it upregulated expression of apoptotic marker
Bax and tumor suppressor p53 (Sedky et al. 2018).

Ganoderma sinense (also known as purple Lingzhi, a member of five-color Lingzhi)

Ethanolic extracts from both G. lucidum and G. sinense disrupted mitochondrial membrane
potential and brought about cell cycle arrest in breast cancer cells (Liu et al. 2009). Water and



ethanolic extracts exhibited antiproliferative activity against breast cancer cells (Zhang et al.
2017a).

Ganoderma sinense, also known as purple “Lingzhi,” has been employed for twenty century
years in China. Tablets composed of G. sinense polysaccharide were approved by Chinese
State Food and Drug Administration in 2010 as an adjunct therapeutic in China for
hematopoietic damage and leukopenia brought about by radiotherapy or chemotherapy of
cancer. G. sinense polysaccharide has anticytopenia, antioxidant, antitumor, and detoxifying
activities distinct from those of its G. lucidum counterpart (Zhang et al. 2019b).

Five-color Lingzhi is a mixture of the medicinal mushrooms green Lingzhi Coriolus versicolor,
red Lingzhi G. lucidum, purple Lingzhi G. sinense, black Lingzhi A. rugosa, yellow Lingzhi L.
sulphureus, and white Lingzhi F. officinalis. It is well-known and available in the Orient.

Ganoderma tsugae var. jannieae

The ethyl acetate extract of G. tsugae mycelia downregulated more than 70% of the reporter
activity in MCF7 cells and suppressed IkBa phosphorylation (Chan et al. 2015).

Grifola frondosa (maitake mushroom)

The Clinical Practice Committee of The Society of Integrative Oncology has listed dietary
supplements including maitake mushrooms which cancer patients may consume without
informing their physicians. The purpose of the information was to alert physicians of the
possible use of these dietary supplements by their cancer patients and allow them to discuss
the advantages and disadvantages of taking these dietary supplements with cancer patients
(Frenkel et al. 2013).

Thirty-four postmenopausal breast cancer patients, free of disease after initial treatment, were
recruited for a phase I/l trial. The most prominent functional alterations in response to oral G.
frondosa polysaccharide extract (5—7 mg/kg daily) with elevations exceeding 50% were
observed in response of granulocytes to phorbol myristate acetate stimulation, including TNF-
a production from lipopolysaccharide-stimulated CD3+ cells, IL-2 production from unstimulated
CD56+ CD3+ cells, and IL-10 production from phorbol myristate acetate stimulated CD3+ cells
and CD14+ cells. The most pronounced phenotypic modifications were noted in CD3+ CD56+
NK T cells and CD4+ CD25+ T cells (50% rise above baseline values) in response to G.
frondosa extract (10 mg/kg daily). In contrast, IFN-y production by phorbol myristate acetate-
stimulated CD45RA+ CD4+ cells was reduced by approximately one fifth in response to G.
frondosa extract (10 mg/kg daily) (Deng et al. 2009).

Maitake D-Fraction produced its anticancer effects in mice harboring cancer xenografts via
immunostimulatory effects on macrophages, natural Killer cells, and T cells. D-Fraction
reduced the size of mammary, hepatic, and pulmonary cancers in cancer patients receiving
chemotherapy and simultaneous immunotherapy with D-Fraction. D-Fraction alone, without
concurrent therapy using anticancer drugs, inhibited metastasis, downregulated tumor marker
expression, and augmented natural killer cell activity in all cancer patients (Kodama et al.
2003).

Maitake D-Fraction triggered release of cytochrome c¢ from mitochondria and thus
mitochondrial dysfunction and apoptosis in MCF7 cells (Soares et al. 2011). Maitake D-
Fraction activated macrophages, natural killer cells, and T cells. It altered the expression of
genes such as BCL2-antagonist/killer 1 (BAK1), CAV-1, Cul-3, cyclin E, ICAM3, IGFBP-7,
ITGA2, NRF2, ST7, SOD2, and SPARC implicated in induction of multidrug sensitivity, cell
cycle arrest, inhibition of cell growth and proliferation, induction of apoptosis, and suppression
of migration and metastasis (Alonso et al. 2013). Maitake D-Fraction Pro4X inhibited



carcinogenesis, angiogenesis, and cancer invasiveness and prolonged survival in BALB/c
mice bearing breast tumor xenograft (Roldan-Deamicis et al. 2016).

Maitake D-Fraction enhanced cell-cell adhesion by upregulating E-cadherin protein levels, 3-
catenin membrane localization, and cell-substrate adhesion. It downregulated cell motility by
modifying actin  cytoskeleton rearrangements, suppressed activities of matrix
metalloproteinase-2 and matrix metalloproteinase-9 implicated in metastasis, repressed
invasiveness, and diminished viability of MDA-MB-231 cells. D-Fraction impeded tumor growth
and curtailed pulmonary metastases in a murine model bearing tumor xenograft (Alonso et al.
2017, 2018).

G. frondosa polysaccharides enhanced lactate dehydrogenase release and reactive oxygen
species accumulation; triggered mitochondrial dysfunction; upregulated expression of Bax,
cleaved caspase-3, and caspase-8; and downregulated expression of B cell ymphoma 2 (Bcl-
2) and Bcl-extra large (Bcl-xL) in MCF-7 and MDA-MB-231 breast cancer cells and cancer
tissues of mice treated with the polysaccharides. The polysaccharides suppressed
phosphorylation of extracellular signal-regulated kinases and AKT/glycogen synthase kinase-
3B leading to inhibition of tumor xenograft growth (Zhang et al. 2017b).

Hericium erinaceum

The 51-kDa Hericium erinaceum agglutinin demonstrated antiproliferative activity toward
MCF7 cells with an IC50 of 76.5 uM (Li et al. 2010a).

Hypsizigus marmoreus

Marmorin, a 9.5-kDa ribosome inactivating protein from H. marmoreus displayed
antiproliferative activity toward breast cancer MCF-7 cells with an IC50 of 5 yM. Compared to
ribosome inactivating proteins from bitter gourd, garden pea, ridge hairy gourd, gourd, and the
mushroom F. velutipes, marmorin exhibited higher antiproliferative activity toward MCF-7 cells
and lower translation-inhibitory activity (Wong et al. 2008). Estrogen receptor-positive MCF7
cells were more susceptible to the toxicity of marmorin than estrogen receptor-negative MDA-
MB-231 cells as reflected in arrest in G2/M-phase of the cell cycle, mitochondrial membrane
potential depolarization, and caspase-9 activation. The activity on estrogen receptor-positive
MCF7 cells dwindled following receptor knockdown. The endoplasmic reticulum stress
pathway (involving IRE1a and PERK phosphorylation, caspase-12 cleavage, and CHOP
expression upregulation) and death receptor apoptotic pathway (involving caspase-8
activation) were upregulated in response to marmorin in both MDA-MB-231 and MCF7 cells
(Pan et al. 2013).

Inonotus obliquus

Lanosterol, 3beta-hydroxy-lanosta-8,24-dien-21-al, and inotodiol [(3B,22R)-lanosta-8,24-
diene-3,22-diol] from I. obliquus suppressed growth in MCF-7 cells. Subfraction 1 of the ethyl
acetate fraction was more active than subfractions 2 and 3 (Chung et al. 2010). Trametenolic
acid and ergosterol peroxide from ethyl acetate and petroleum ether extracts of I. obliquus
exhibited pronounced toxicity toward breast carcinoma MDA-MB-231 cells (Ma et al. 2013).
Silver nanoparticles produced from silver nitrate solution at room temperature using |. obliquus
extract demonstrated antiproliferative activity toward MCF-7 human breast cancer cells and
A549 human lung cancer cells besides ABT radical scavenging activity and activity against
both gram-positive and gram-negative bacteria (Nagajyothi et al. 2014).

Laetiporus sulphureus (also known as yellow Lingzhi, a member of five-color Lingzhi)



Both the mycophenolic acid derivative from cultured L. sulphureus, 6-((2E, 6E)-3,7,11-
trimethyldedoca-2,6,10-trienyl)-5,7-dihydroxy-4-methylphtanlan-1-one and another compound
inhibited proliferation of MCF-7 cells with IC50 value of 36 uM (Fan et al. 2014; He et al. 2015).

Lentinus crinitus

Panepoxydone  [(1S,5R,6S)-5-hydroxy-3-[(1S)-1-hydroxy-3-methylbut-2-enyl]-7-oxabicyclo
[4.1.0]hept-3-en-2-one] from fermentation of L. crinitus inhibited | kappa B a 9 (inhibitor of NF-
kKB) phosphorylation and kept the NF-kappa B complex inactive (Erkel et al. 1996).
Panepoxydone exerted antiproliferative activity on MCF-7, MDA-MB-231, MDA-MB-468, and
MDA-MB-453 breast cancer cells. Invasion and migration were attenuated and apoptosis was
triggered in the cell lines. Expression of cleaved Bax and PARP was augmented, whereas
expression of Bcl-2, caspase-3, cyclin D1, and survivin was undermined. FOXM1 was
downregulated leading to a reversal of EMT (Arora et al. 2014).

Lentinula edodes/Lentinus edodes

Ten breast cancer patients treated with cyclophosphamide, epirubicin, and 5-fluorouracil every
21 days for two cycles and then with L. edodes mycelial extract during the second cycle.
Lentinus edodes mycelial extract prohibited the reduction in natural killer cell activity and
leukocyte count (Nagashima et al. 2005). Three patients undergoing postoperative adjuvant
chemotherapy for breast cancer underwent the first course of treatment (chemotherapy only)
and the second course of treatment (chemotherapy plus concomitant administration of L.
edodes mycelial extract). Enhancements in immunosuppressive acidic protein levels, activity
of natural killer cells, and quality of life of patients were discernible only after the second course
of combined therapy. No undesirable side effects were caused by administration of L. edodes
mycelial extract (Yamaguchi et al. 2011). Twenty breast cancer patients received only
estrogen-targeted hormone therapy during the first 4 weeks with no detectable alterations in
the quality of life or cytokines. However, improvements were produced by combination
treatment with hormone therapy and L. edodes mycelial extract in the subsequent 8 weeks
(Suzuki et al. 2013). Aqueous extracts of L. edodes mycelial and fruit body extracts exerted
antiproliferative and apoptotic actions on MCF-7 cells and proliferative actions on rat
thymocytes in vitro and potentiated the proliferative actions of T mitogens on rat thymocytes in
vitro (Israilides et al. 2008). The ethyl acetate fraction of L. edodes induced apoptosis in MCF-
7 and MDA-MB-453cancer cells via upregulating Bax and cdk inhibitor p21, downregulating
cdk4 and cyclin D1, and bringing about cell cycle arrest (Fang et al. 2006).

L. edodes B-glucan suppressed tumor growth in nude mice bearing estrogen receptor-positive
(ER+) MCF-7 xenografts. The B-glucan exerted antiproliferative and apoptotic effects in MCF-
7 tumor tissues via pathways including caspase-, ERa-, ERK-, NF-kB-, PI3K/Akt/mTOR-, and
p53-dependent pathways. Cleaved caspase-3, phosphorylated extracellular signal-regulated
kinasel/2 (p-ERK1/2), and poly [ADP (ribose)] polymerase 1 (PARP 1) tumor suppressor p53
protein levels were upregulated. In contrast, the expression of B cell lymphoma-2 (Bcl-2),
estrogen receptor a (ERa), nuclear factor-kappa B (NF-kB) p65, mouse double minute 2
(MDM2), telomerase reverse transcriptase (TERT), phosphorylated protein kinase B (p-Akt),
phosphatidylinositol 3-kinase (PI3K), and mammalian target of rapamycin (mTOR) protein
levels in tumor tissues was downregulated. Cell cycle was arrested at G2/M phase (Xu et al.
2017).

L. edodes polysaccharide lentinan had no effect on the growth, survival, and histamine
sensitivity of adrenalectomized animals. Lentinan was also safe to advanced or recurrent
breast cancer patients receiving bilateral oophorectomy and adrenalectomy, and prognosis of
the patients was better after treatment (Kosaka et al. 1982). In patients with advanced or



recurrent breast cancer as an agent receiving lentinan for supportive therapy, prolongation of
life span was observed (Taguchi 1983).

Ten breast cancer patients were treated with cyclophosphamide, epirubicin, and 5-fluorouracil
every 21 days for two cycles and then with L. edodes mycelial extract during the second cycle.
L. edodes mycelial extract prohibited the reduction in natural killer cell activity and leukocyte
count (Nagashima et al. 2005). Three patients undergoing postoperative adjuvant
chemotherapy for breast cancer underwent the first course of treatment (chemotherapy only)
and the second course of treatment (chemotherapy plus concomitant administration of L.
edodes mycelial extract). Enhancements in immunosuppressive acidic protein levels, activity
of natural killer cells, and quality of life of patients were discernible only after the second course
of combined therapy. No undesirable side effects were caused by administration of L. edodes
mycelial extract (Yamaguchi et al. 2011). Twenty breast cancer patients received only
estrogen-targeted hormone therapy during the first 4 weeks with no detectable alterations in
the quality of life or cytokines. However, improvements were produced by combination
treatment with hormone therapy and L. edodes mycelial extract in the subsequent 8 weeks
(Suzuki et al. 2013). Aqueous extracts of L. edodes mycelial and fruit body extracts exerted
antiproliferative and apoptotic actions on MCF-7 cells and proliferative actions on rat
thymocytes in vitro and potentiated the proliferative actions of T mitogens on rat thymocytes in
vitro (Israilides et al. 2008). The ethyl acetate fraction of L. edodes induced apoptosis in MCF-
7 and MDA-MB-453cancer cells via upregulating Bax and cdk inhibitor p21, downregulating
cdk4 and cyclin D1, and bringing about cell cycle arrest (Fang et al. 2006).

L. edodes B-glucan suppressed tumor growth in nude mice bearing estrogen receptor-positive
(ER+) MCF-7 xenografts. The B-glucan exerted antiproliferative and apoptotic effects in MCF-
7 tumor tissues via pathways including caspase-, ERa-, ERK-, NF-kB-, PI3K/Akt/mTOR-, and
p53-dependent pathways. Cleaved caspase-3, phosphorylated extracellular signal-regulated
kinasel/2 (p-ERK1/2), and poly [ADP (ribose)] polymerase 1 (PARP 1) tumor suppressor
p53protein levels were upregulated. The expression of B cell ymphoma-2 (Bcl-2), estrogen
receptor a (ERa), nuclear factor-kappa B (NF-kB) p65, mouse double minute 2 (MDM2),
telomerase reverse transcriptase (TERT), phosphorylated protein kinase B (p-Akt),
phosphatidylinositol 3-kinase (PI3K), and mammalian target of rapamycin (mTOR) protein
levels in tumor tissues was downregulated. Cell cycle was arrested at G2/M phase (Xu et al.
2017).

Lentinan had no effect on the growth, survival, and histamine sensitivity of adrenalectomized
animals. Lentinan was also safe to advanced or recurrent breast cancer patients receiving
bilateral oophorectomy and adrenalectomy, and prognosis of the patients was better after
treatment (Kosaka et al. 1982). In patients with advanced or recurrent breast cancer as an
agent receiving lentinan for supportive therapy, prolongation of life span was observed
(Taguchi 1983).

Investigations on the action of lentinan in bettering the quality of life and augmenting the
therapeutic efficacy of radiotherapy and chemotherapy performed in China from 2004 to 2016
included 183 cases of ovarian cancer, 15 cases of cardiac cancer, 130 cases of cervical
cancer, 1646 cases of colorectal cancer, 1 case of duodenal cancer, 3039 cases of gastric
cancer, 3469 cases of lung cancer, 14 cases of nasopharyngeal cancer, 70 cases of non-
Hodgkin lymphoma, and 15 cases of pancreatic cancer as searched from various databases.
The studies revealed the efficacy of lentinan (Zhang et al. 2019b).

Lentinus polychrous



Compounds isolated from the mycelia of the Thai mushroom L. polychrous, including 6-
methylheptane-1,2,3,4,5-pentaol and five ergostanoids, namely (22E,24R)-ergosta-7,22-dien-
3B,5a,6B-triol  3B,5a-dihydroxy-(22E,24R)-ergosta-7,22-dien-6-one, ergosta-4,6,8(14),22-
tetraen-3-one,  (3B,50,8a,22E)-5,8-diepoxy-ergosta-6,22-dien-3-ol, and  5,8-epidioxy-
(3B,5a,8a,22E)-ergosta-6,9(11),22-trien-3-ol, exhibited a repressive effect on proliferation of
T47D breast cancer cells stimulated by estradiol. Among the various compounds, only ergosta-
4,6,8(14),22-tetraen-3-one demonstrated binding to estrogen receptors, with higher selectivity
to estrogen receptor a than estrogen receptor-B. The other compounds expressed
antiproliferative activity via mechanisms other than binding to estrogen receptors (Fangkrathok
et al. 2013).

Lepista inversa

Extract of the Portuguese wild mushrooms Lepista inversa containing polysaccharides
(obtained by boiling water extraction) and phenolic extracts (obtained by methanol and ethanol
extraction) demonstrated suppressive activity on breast, colon, gastric, and lung cancer cells
as well as antioxidant activity (Vaz et al. 2010).

Lignosus rhinocerotis

Alpha-cadinol[(1R,4S,4aR,8aR)-1,6-dimethyl-4-propan-2-yI-3,4,4a,7,8,8a-hexahydro-2H-
naphthalen-1-ol] and (+)-torreyol[(1S,4R,4aS,8aR)-1,6-dimethyl-4-propan-2-ylI-3,4,4a,7,8,8a-
hexahydro-2H-naphthalen-1-ol] from Lignosus rhinocerotis demonstrated cytotoxicity to MCF7
cells with IC50=18.0+£3.27 pg/ml IC50 value of 3.5+0.58 ug/ml, while a-cadinol was less
active (Yap et al. 2017).

A cytotoxic a serine protease-like protein (F5) from sclerotia of the tiger milk mushroom
Lignosus rhinocerotis (tiger milk mushroom), composed of 31-kDa and 36-kDa bands in
reducing SDS-PAGE, was cytotoxic toward MCF7 cells with an IC50 value of 3.00 ug/ml. The
cytotoxicity was inhibitable by phenylmethylsulfonyl fluoride, a specific serine protease inhibitor
(Yap et al. 2015). F5 increased the activities of caspase-8, caspase-9, Bax, BID, and cleaved
BID and levels of Bcl-2 (Yap et al. 2018).

Rhinocelectin, 22.8-kDa recombinant homotetrameric lectin with a single alpha-helix and
eleven beta-sheets, displayed IC50 values of 53.11, 36.52, and 142.19 ug/ml, respectively,
against MCF-7 and MDA-MB-231 triple-negative human breast cancer cells and 184B5 human
nontumorigenic breast cells. Rhinocelectin treatment caused the breast cancer cells to stay in
GO0/G1 phase of the cell cycle and undergo apoptosis (Cheong et al. 2019).

Lyophyllum shimeji

The 14.5-kDa Lyophyllum shimeji ribonuclease suppressed proliferation of MCF7 cells with an
IC50 of 6.2 uM (Zhang et al. 2010a). An inhibitory action of the protein extract from Lyophyllum
shimeji toward human oral squamous cell carcinoma (Jung et al. 2014) and ethyl acetate
extract toward colorectal HCT-116 cells (Rossiana et al. 2018) has been reported.

Marasmius oreades

Two of the four chromatographic fractions in the culture liquid extract of Marasmius oreades
repressed the phosphorylation of IkappaBalpha and NF-kappaB reporter activity in MCF7 cells.
The two fractions impaired p65 nuclear translocation and inhibited the lkappaB kinase (IKK)
activation pathway leading to NF-kappaB activation and apoptosis of MCF7 cells (Petrova et
al. 2009).



The ethanolic extract of M. oreades from Turkey exhibited a diversity of phenolics such as
vanillic acid, gallic acid, ferulic acid, and catechin showed a moderate anticancer activity on
MDA-MB-231 and MCF-7 cells (Shomali et al. 2019).

Paecilomyces japonica

Paecilomyces japonica agglutinin is an acidic sialic acid-specific 16-kDa protein which
expresses cytotoxicity toward MDA-MB-231 cells (Park et al. 2004).

Phellinus linteus

P. linteus extracts triggered, in triple-negative breast cancer cells, the appearance of
autophagy hallmarks comprising autophagic vacuoles, acidic vesicular organelles, and
autophagosome membrane association of microtubule-associated protein light chain 3 (LC3)
indicating cleavage of LC3 and its punctuate redistribution. Synergism in suppressing growth
of the breast cancer cells between the extracts and 5-fluorouracil has been demonstrated (Li
et al. 2015). Hispolon [6-(3,4-dihydroxyphenyl)-4-hydroxyhexa-3,5-dien-2-one] from P. linteus
suppressed ERa expression at both mRNA and protein levels, transcriptional activity of ERa,
expression of ERa target gene pS2, and cell growth in T47D and MCF7 human breast cancer
cells (Jang et al. 2015). The P. linteus fraction PL-ES exerted antiproliferative activity on ten
types of cancer cells including breast cancer cells resulting in apoptosis (Konno et al. 2015).

Pholiota adiposa

The homodimeric 32-kDa Pholiota adiposa lectin showed antiproliferative activity toward MCF7
cells with an IC50 in the vicinity of 3.2 uM (Zhang et al. 2009b).

Pholiota nameko

A 18.5-kDa antitumor protein from Pholiota nameko with the N-terminal sequence
AGRTFIGYNG demonstrated antiproliferative activity against a variety of cancer cell lines such
as MCF7 cells. Cells exposed to the protein exhibited a plethora of hallmarks of apoptosis such
as condensation of chromatin, arrest of cells in the sub-G1 phase of the cell cycle,
mitochondrial membrane permeabilization, membrane potential disruption, and liberation of
cytochrome c into the cytoplasm, caspase-3 and caspase-9 activation, culminating in the
triggering of apoptosis (Zhang et al. 2014). Another protein from Pholiota nhameko, with a
molecular weight of 43 kDa, disrupted mitochondrial transmembrane potential, altered
distribution of cells in different phases of the cell cycle, and exhibited antiproliferative and
apoptosis-inducing activities toward MCF7 cells (Qian et al. 2016).

Pleurotus abalonus

Pleurotus abalonus polysaccharide was composed of arabinose, galactose, glucose,
glucuronic acid, rhamnose, and xylose, in the molar ratio of 1.2:1.8:26.3:1:2.7:1.4. The
polysaccharide with antioxidant and radical scavenging activities manifested antiproliferative
activity toward breast cancer MCF7 cells with an IC50 of 3.7 yM (Wang et al. 2011). PAP-3,
the 368-kDa P. abalonus acidic polysaccharide, exhibited antiproliferative activity toward MCF-
7 cells with an IC50 of 193 pg/ml. Disruption of mitochondrial membrane potential, degradation
of poly (ADP-ribose) polymerase, arrest of cells in the S phase of the cell cycle, rise in Bax/Bcl-
2 ratio, activation of caspase-3/9 and p53, and increase in intracellular reactive oxygen species
production occurred in MCF-7 cells after exposure to the polysaccharide. N-acetylcysteine and
superoxide dismutase impaired reactive oxygen species formation and apoptosis in MCF-7
cells caused by PAP-3, signifying that intracellular reactive oxygen species is implicated in
apoptosis (Shi et al. 2013).



PAP-3, the368-kDa P. abalonus acidic polysaccharide, exhibited antiproliferative activity
toward MCF-7 cells with an IC50 of 193 ug/ml. Disruption of mitochondrial membrane potential,
degradation of poly (ADP-ribose) polymerase, arrest of cells in the S phase of the cell cycle,
rise in Bax/Bcl-2 ratio, activation of caspase-3/9 and p53, and increase in intracellular reactive
oxygen species production occurred in MCF-7 cells after exposure to the polysaccharide. N-
acetylcysteine and superoxide dismutase impaired reactive oxygen species formation and
apoptosis in MCF-7 cells caused by PAP-3, signifying that intracellular reactive oxygen species
is implicated in apoptosis (Shi et al. 2013).

Pleurotus eryngii

A polypeptide from Pleurotus eryngii mycelia manifested free radical scavenging activity and
antiproliferative activity toward breast cancer cells, but proliferative activity toward
macrophages. It enhanced secretion of interleukin-6 and tumor necrosis factor-a, Toll-like
receptor 2, and Toll-like receptor 4 expression and stimulated phagocytosis of macrophages
(Sun et al. 2017).

Pleurotus geesteranus

PG-2 from Pleurotus geesteranus, a homopolysaccharide essentially consisting of glucose,
expressed cytotoxicity to human breast cancer cells (Zhang et al. 2011).

Pleurotus highking

Fraction-1ll PEF-III derived from Pleurotus highking extract triggered apoptosis of MCF-7 cells
as evidenced by DNA laddering, annexin V phycoerythrin, and propidium iodide staining,
downregulation of the antiapoptotic gene Bcl2, and upregulation of the pro-apoptotic genes
p53 and Bax and the enzymes caspase-3 and caspase-7 (Haque and Islam 2019).

Pleurotus nebrodensis

The fungal sterol ergosterol, among nine compounds isolated from the acetic ether extract of
Pleurotus nebrodensis, manifested an 1IC50 concentration of 112.65 ymol/l toward MCF-7
cells. Ergosterol arrested MCF-7 cells in S phase of the cell cycle and triggered apoptosis (Hao
et al. 2017).

Pleurotus ostreatus

P. ostreatus extracts exerted antiproliferative activity toward MCF-7 and MDA-MB-231 cells
but not epithelial mammary MCF-10A cells. The cells were arrested at GO/G1 phase of the cell
cycle. Expression of the cyclin-dependent kinase inhibitor p21 and tumor suppressor p53 was
upregulated. In contrast, phosphorylation of retinoblastoma Rb protein was undermined
(Jedinak and Sliva 2008). The ethanolic extract of Pleurotus ostreatus containing ergosterol,
at a dose of 600 mg/kg, reversed the attenuated levels of enzymatic and non-enzymatic
antioxidants and heightened levels of TBARS in hepatic tissues, mammary glands, and blood
of rats treated with the carcinogen 7,12-dimethylbenz(a)antheracene which produced
mammary cancer (Krishnamoorthy and Sankaran 2016).

The 6-linked glucans in P. ostreatus extracts potentiated the cytotoxic activity of natural killer
cells against breast and lung cancer cells, which was associated with NKG2D gene
upregulation, via regulation of induction of nitric oxide and interferon-y which was associated
with KIR2DL gene upregulation. The cytotoxicity was augmented by interleukin-2 (El-Deeb et
al. 2019).

Podostroma cornu-damae



Compounds 4, 6, and 8 isolated from the methanolic extract of the toxic mushroom P. cornu-
damae demonstrated IC50 values (0.02—-80 nM) against MDA-MB-468, MDA-MB-231, HCC70,
and Bt549 human breast cancer cells (Lee et al., 2019a).

Poria cocos

A water-soluble beta-glucan PCM3-1l from Poria cocos demonstrated antiproliferative activity
and diminished viability of MCF-7 cells, attenuated expression of cyclin D1 and cyclin E;
arrested the cells at G1 phase of the cell cycle, raised the Bax/Bcl-2 ratio, and triggered
apoptosis by downregulating Bcl-2 without affecting Bax (Zhang et al. 2006). Oral solution of
Poria cocos polysaccharide has been available as a health supplement for more than three
decades. The Chinese Food and Drug Administration gave approval in 2015 to oral solution of
Poria cocos polysaccharide as an anticancer drug. The various investigations on Poria cocos
polysaccharide from 1970 to 2016 recorded in the different databases were reviewed by Li et
al. (2019).

Russula delica

The dimeric 60-kDa Russula delica lectin demonstrated antiproliferative activity toward MCF-
7 cells, with an IC50 value of 0.52 uM (Zhao et al. 2010).

Russula lepida

The 32-kDa Russula lepida lectin exhibited antiproliferative activity toward MCF-7 cells with an
IC50 of 0.9 uM (Zhang et al. 2010b).

Sarcodon imbricatus

Inflammation plays a critical part in tumorigenesis and metastatic spread. Cytokines have
inductive as well as protective roles in mammary carcinogenesis (Esquivel-Velazquez et al.
2015). A water extract of S. imbricatus exerted a suppressive action on the in vitro proliferation,
migration, and invasiveness of breast cancer cells and in vivo tumor enlargement. The
circulating levels of tumor necrosis factor-q, interleukin-6, and interleukin-2, activity of natural
killer cells, and splenocyte viability were upregulated. In contrast, programmed cell death-
ligand 1 (PD-L1) expression in 4T1 tumor-bearing mice was downregulated (Tan X, et al.,
2019).

Schizophyllum commune

Schizophyllan and tamoxifen curtailed the incidence of mammary tumors induced by
dimethylbenz(a)anthracene by 85% and 75 %, respectively, and depressed the proliferating
cell nuclear antigen labeling index relative to dimethylbenz(a)anthracene (Mansour et al.
2012). Following exposure to ultrasound, the immunopotentiating action of schizophyllan
toward splenic lymphocytes and RAW264.7 macrophages and antiproliferative action of
schizophyllan toward human breast carcinoma T-47D cells was escalated (Zhong et al. 2015).

Trametes robiniophila

Huaier polysaccharide from the mushroom T. robiniophila has been extensively utilized
clinically in cancer therapy in China. It acted against breast cancer stem cells which account
for the aggressiveness in triple-negative breast cancer cells, inhibiting production of
mammaospheres, stem-related gene expression in vitro and xenograft tumorigenesis in vivo,
estrogen receptor a-36 (ERa-36) expression, and upregulation of the AKT/B-catenin signaling
mediated by the receptor in ERa-36high triple-negative breast cancer cells (Hu et al. 2019).

Tricholoma mongolicum



A 66-kDa laccase from T. mongolicum with the N-terminal amino acid sequence
GIGPVADLYVGNRIL exhibited antiproliferative activity toward breast cancer MCF7 cells with
an IC50 of 4.2 uM (Li et al., 2010a). The fourth fraction purified from T. mongolicum crude
polysaccharides exhibited the highest antiproliferative and antioxidant activities (Li et al. 2015).

Xylaria psidii

5-Methylmellein [3R)-8-hydroxy-3, 5-dimethyl-3, 4-dihydroisochromen-1-one] (from X. psidii)-
loaded bovine serum albumin nanoparticles showed higher cytotoxicity and apoptosis-inducing
activity against MCF-7 cells than 5-methylmellein (Arora et al. 2017).

Xylaria schweinitzii

Schweinitzins A and (S)-torosachrysone-8-O-methyl ether from methanolic extract of X.
schweinitzii fruiting bodies demonstrated potent cytotoxic action against several types of
human cancer cells including MCF7 (breast cancer), HepG2 (liver cancer), SK-LU-I (lung
cancer), and KB (epidermal cancer) cells (Linh et al. 2014).

Xylaria sp. RO06

Fraction E derived from the ethyl acetate extract of fruiting bodies of Xylaria sp. RO06 was
active against MCF-7 and MDA-MB-231 cells (Ramesh et al. 2015).

Conclusion

HER2-positive breast cancer which is highly malignant makes up one fifth to one quarter of all
breast cancers. Trastuzumab therapy for 1 year is a standard treatment since prolonging the
duration only raises the incidence of cardiotoxicity, whereas reducing the duration is not
beneficial trastuzumab and pertuzumab plus chemotherapy represents the present standard
of first-line treatment for HER2-positive malignant breast cancer. Trastuzumab emtansine (T-
DM1) and small-molecule TKI are used for the second-line and third-line treatments,
respectively. Nevertheless, there may be a total lack of response or drug resistance to
lapatinib, neratinib, pertuzumab, and trastuzumab. Future investigations should be
encouraged to explore new clinical trial approaches using new drugs, in particular research at
the gene level. The HERZ2 detection techniques should be improved to enhance the accuracy
of results. The genes regulating breast cancer cell proliferation and metastasis as well as the
prognostic factors should be identified (Wang and Xu 2019). Monoclonal antibodies, like
pertuzumab and trastuzumab, demonstrate efficacy against human epidermal growth factor
receptor 2-positive cancer. Nevertheless, they are expensive and there are side effects
(Zurrida and Veronesi 2015). There are no specific standard therapeutic rules to follow for
elderly breast cancer patients. Surgery did not have a predictive value for survival in invasive
breast cancer patients with an age beyond 80 (Ferrigni et al. 2019). Although preliminary
results are available, more work is necessitated before mobile apps can be employed for
primary prevention of breast cancer (Houghton et al. 2019).

Precision medicine for metastatic breast cancer sounds attractive but practicing it clinically is
difficult. Bioinformatic tools may facilitate identification of driver mutations which lead to breast
cancer. Ultra-deep sequencing and circulating tumor DNA measurements may facilitate
detection of the genetic causes of resistance early. In view of the low incidence of the majority
of candidate mutations which impedes randomized trials, screening of many more patients,
clustering of gene mutations into pathways, and personalized medicine trials will be required
(Arnedos et al. 2015).

Over 100 renowned scientific investigators and physicians reached a consensus several years
ago regarding the existence of ten gaps in breast cancer research as follows: (1)



comprehending the functions and interactions of genetic and epigenetic modifications in
normal breast development and carcinogenesis; (2) bringing about modifications in lifestyle
(diet, exercise, and body weight) and anticancer approaches; (3) requirement for tailored
screening methodology; (4) upgrading understanding of molecular mechanisms behind various
subtypes, progression and metastatic spread of breast cancer; (5) understanding the
molecular mechanisms of tumor heterogeneity, dormancy, de novo or acquired resistance, and
how to target key nodes in these dynamic processes; (6) developing markers for sensitivity to
chemotherapy and radiotherapy; (7) ascertaining the most appropriate time length, order, and
combinations of therapy for ameliorated personalized treatment; (8) validating imaging
biomarkers with diverse modalities for minimally invasive diagnosis and ascertaining efficacy
of treatment in primary and metastatic breast cancer; (9) providing assistance and support to
the survivors experience; and (10) requirement for normal breast samples and samples from
patients at different disease stages for translational research with assistance from
bioinformatics (Eccles et al. 2013). Cutress et al. (2018) authored a review which added to the
2013 Breast Cancer Campaign gap analysis. The main research gaps in breast surgery
comprised issues regarding overdiagnosis and therapy; optimizing therapeutic measures such
as chemotherapy, radiation therapy, and hormone therapy to reduce tumor size prior to
surgery; minimizing need of operations again for breast-conserving surgery; producing proof
for clinical efficacy and cost-effectiveness of breast plastic surgery and mechanisms for
evaluating new procedures; and devising the best axillary management, in particular following
chemotherapy, radiation therapy, and hormone therapy to reduce tumor size. Surgeons should
promote an atmosphere of involvement in research for the benefit of patients as well as
healthcare organizations. A strong research capability and adequate funding to support
research are necessary.

Cardoso et al. (2017) gave an account of the 12 most urgently needed research areas for
clinical research in breast cancer proposed in 2016 by experts (i) reduce breast cancer
treatments in early breast cancer patients without adversely affecting the results; (ii) ascertain
the most appropriate time length for adjuvant therapy; (iii) design improved devices and
approaches to distinguish genetically predisposed patients; (iv) upgrade care in young breast
cancer patients; (v) design devices to accelerate drug development in populations which are
biomarker-defined; (vi) ascertain and validate targets implicated in recalcitrance to
chemotherapy, hormonal treatment, and anti-HER2 treatment; (vii) assess the effectiveness of
local-regional therapy for metastatic breast cancer; (viii) better define the most appropriate
therapeutic sequence in metastatic breast cancer; (ix) assess the importance of intratumor,
intertumor, and interlesion heterogeneity in a patient; (x) better comprehend the biology and
ascertain novel targets in triple-negative breast cancer; (xi) better comprehend immunological
surveillance in breast cancer and exploit the immune system for cancer therapy; and (xii)
intensify investigations on survivors regarding supportive care and quality of life.

Applications of cancer stem cells in breast cancer therapy encompass targeting surface-
specific markers and activated signaling pathways in the microenvironment, such as BMP,
Hedgehog, NF-kB, Notch, PI3K/AktTGF-[3, and Wnt/b-catenin, and their maintenance and drug
resistance, by employing miRNAs, triggering apoptotic death of cancer stem cells,
differentiation treatment, and preventing epithelial-to-mesenchymal transition (Ghasemi et al.
2019). The relationship between occupation and breast cancer can be ascertained by
collecting data on age at diagnosis of breast cancer, characteristics of breast cancer,
demographic characteristics, status of menopause, risk factors, history of occupations, work
environment, and exposures. It would help to involve workers in the research on their own
occupational risks and exposures (Engel et al. 2018).



Interdisciplinary cooperation among scientific researchers, clinical investigators, healthcare
organizations, and government will hopefully decrease the death rate caused by breast cancer
(Partridge and Carey 2017).

In view of the aforementioned limitations regarding breast cancer therapy, the intent of this
review was to examine the value of mushroom extracts and compounds as dietary
supplements and alternative therapeutics for breast cancer. The anticancer constituents from
different mushrooms are structurally diverse and differ considerably in molecular weight. There
are compounds such as brefeldin A from A. blazei (Dong et al. 2013); panepoxydone from L.
critinus (Arora et al. 2014); ergosterol, ergosterol peroxide, and 5, 6-dehydroergosterol from
G. lucidum (Martinez-Montemayor et al. 2019). Besides these compounds, there are proteins
such as a 68-kDa laccase from A. placomyces (Sun et al. 2012), a 12-kDa antifungal protease
(Park et al. 2004), a 10.9-kDa antifungal peptide cordymin (Wong et al. 2011) from C. militaris
and a 9.5-kDa ribosome inactivating protein marmorin from H. marmoreus (Wong et al. 2008),
a 14.5-kDa ribonuclease from L. shimeji (Zhang et al. 2010a), a 66-kDa laccase from T.
mongolicum (Li et al. 2010b), and a dimeric 60-kDa lectin from R. delica (Zhao et al. 2010).
There are polysaccharides such as 368-kDa P. abalonus acidic polysaccharide (Shi et al.
2013) and schizophyllan with a molecular weight of 450 kDa and C. versicolor PSP with a
molecular weight exceeding 100 kDa (Ng 1998). There may be a multiplicity of anticancer
substances in a mushroom species: in addition to ergosterol and ergosterol derivatives, there
are ganoderic acids (Jiang et al. 2011; Wu et al. 2012a; Yang et al. 2018). Some mushroom
proteins are protease-resistant and/or pH-stable (Huang et al. 2011; Hu et al. 2017). Some
lectins are protease-stable (Gabor et al. 1997; Zhu-Salzman et al. 2002; Clement and
Venkatesh 2010) and it is likely that some of the mushroom lectins have a similar attribute. It
has already been noted that a diet rich in mushrooms is good for preventing breast cancer
(Hong et al. 2008; Zhang et al. 2009a; Shin et al. 2010). The anticancer activity may be
attributed to nonproteinaceous as well as protease-stable and/or proteinaceous constituents.

Medicinal mushrooms most commonly used for breast cancer patients include C. sinensis,
Ganoderma lucidum, and C. versicolor. Of all aforementioned mushrooms, it appears that C.
versicolor yields the best results and can be used not only in the therapy of breast cancer but
also for other cancers because of the following reasons: C. versicolor has been used as a
traditional mushroom in China for over two millennia. C. versicolor PSK and PSP have been
in routine clinical practice in Japan since 1977 and in China since 1987, respectively. PSP
contributes to prolonging survival and bettering the quality of life, not only in cancer patients
but also in patients afflicted with hepatitis, hyperlipidemia, and other chronic diseases. The
results of an analysis of over 40 independent PSP-related preclinical and clinical studies
conducted in China during the last four decades based on searches of the Chinese VIP, CNKI,
and Wanfang databases lend credence to the utilization of Yunzhi as an immunotherapeutic
adjuvant (Chang et al. 2017b). PSP produces direct tumor suppressing effects. It has been
proven to trigger apoptosis of cancer cells through a diversity of mechanisms (Lau et al. 2004;
Ho et al. 2004a, 2005, 2006) especially via its an anti-telomerase effect (Kenyon). PSP
undermines induction of growth of peripheral blood vessels (angiogenesis) by tumor cells.
Such repression will diminish blood supply to tumor cells, thus significantly thwarting the
otherwise rapid growth of tumor cells (Ho et al. 2004b). PSP prolongs the duration required for
cancer cell multiplication thus attenuating growth of cancer cells. PSP exerts a direct
antiproliferative action on a broad spectrum of tumor cell lines, including leukemia cells, liver
cancer cells, and cervical cancer cells, etc. (Lau et al. 2004; Ho et al. 2004a, 2005, 2006;
Chang et al. 2017a).

PSP elicits immunotherapeutic effects to battle against tumors and infections of cancer
patients by heightening production of chemokines and cytokines (Saleh et al. 2017) by



stimulating production of white blood cells such as B cells and accelerates transformation of T
cells (Saleh et al. 2017), by raising levels of interferon-gamma and tumor necrosis factor-alpha,
as well as enhances activity of natural killer cells, macrophages, and the complement system
(Saleh et al. 2017), and by upregulating the expression of surface antigen of cancer cells hence
facilitating the immune system to recognize and annihilate the cancer cells (Chang et al. 2017b;
Saleh etal. 2017). PSP exerts protective effects on the brain and liver, allowing cancer patients
to lead a longer and better life (Fang et al. 2015; Trovato Salinaro et al. 2018; Wang et al.,
2019). PSP mitigates pain sensation enabling patients to enjoy a better quality of life (Ng and
Chan 1997; Gong et al. 1998). PSP exerts direct bacteriostatic and virustatic effects: it directly
suppresses growth of many bacteria and viruses (Palacios et al. 2017; Rodriguez-Valentin et
al. 2018). PSP augments the effects of anticancer drugs. It has been proven to potentiate
efficacy of some drugs, e.g., doxorubicin (Saleh et al. 2017). PSP manifests antioxidant effect:
it reinforces antioxidant defense of cancer patients and better equips them to combat cancer
(Sun et al. 2014). PSP prolongs and elevates survival rate of cancer patients (Saleh et al.
2017). PSP prevents primary tumor from forming and forestalls secondary metastasis of tumor
cells. It curbs the growth of xenografts derived from tumor cells (gastric cancer, liver cancer,
prostatic cancer, nasopharyngeal carcinoma, and lung adenocarcinoma, etc.) inoculated into
nude mice (Ho et al. 2004b; Chang et al. 2017a). It directly inhibits aflatoxin B induction of liver
cancer in animals (Scarpari et al. 2016). PSP prevents aggressive metastatic cancer cells from
invading other tissues and organs (Luo et al. 2014). PSP reduces deleterious side effects of
cancer therapy. Addition of PSP to radiotherapeutic or chemotherapeutic protocols can greatly
uplift the quality of life of cancer patients. PSP alleviates chemotherapy-induced side effects
including weakness, inappetence, vomiting, dryness of throat, spontaneous sweating, and pain
symptoms (Kidd 2000). PSP elicits minimal herb—drug interaction. The relatively high Ki
(inhibitor constant) values of PSP toward three different human cytochrome P450 enzymes
(CYP2C9, CYP1A2, and CYP3A4), which are drug-metabolizing enzymes, signify only a low
potential of PSP to elicit herb—drug interaction (Yeung and Or 2011, 2012).

This article reviews mushrooms with anti-breast cancer activity. The mushrooms include the
following: button mushroom Agaricus bisporus, Brazilian mushroom A. blazei, A. placomyces,
wood mouse mushroom A. sylvaticus, Amauroderma rude, Amauroderma rugosum, stout
camphor fungus Antrodia camphorata, Antrodia salmonea, Jew’s ear (black) fungus or black
woodear fungus Auricularia auricula—judae, Clitocybe alexandri, Coprinellus sp., shaggy ink
cap Coprinus comatus, hoof fungus Fomes fomentarius, agarikon Fomitopsis officinalis, reishi
mushroom or Lingzhi Ganoderma atrum, G. lipsiense, G. lipsiense, G. lucidum (reishi
mushroom, Lingzhi), G. resinaceumn, G. sinense, Hemlock varnish shelf G. tsugae, maitake
mushroom or sheep’s head mushroom Grifola frondosa, lion’s mane mushroom or monkey
head mushroom Hericium erinaceum, brown beech mushroom Hypsizigus marmoreus, chaga
mushroom Inonotus obliquus, sulfur polypore mushroom Laetiporus sulphureus, Lentinus
crinitus, Lentinula edodes(shiitake mushroom), Lentinus polychrous, tawny funnel cap Lepista
inversa, tiger milk mushroom Lignosus rhinocerotis, Marasmius oreades, Lyophyllum shimeji,
Paecilomyces japonica, Phellinus linteus (Japanese “meshimakobu,” Chinese “song gen,”
Korean “sanghwang,” English “Meshima,” American English “black hoof mushroom”) Pholiota
adiposa, butterscotch mushroom Pholiota nameko, abalone mushroom Pleurotus abalonus,
king oyster mushroom Pleurotus eryngii, Pleurotus geesteranus, Pleurotus nebrodensis,
oyster mushroom Pleurotus ostreatus, tuckahoe or Fu Ling Poria cocos, Russula delica,
Russula lepida, split gill mushroom Schizophyllum commune, Tricholoma mongolicum, Xylaria
psidii, Xylaria schweinitzii, and Xylaria sp. RO06 (Table 1).

Table 1 Mushroom extracts and purified constituents with inhibitory activity on cultured breast
cancer cells (CC), tumor-bearing animals (A), or human trials (HT)



Full size table

This review disclosed that among the many investigations showing a suppressive action of
various mushrooms on breast cancer, in vivo demonstrations of the anticancer efficacy using
tumor-bearing mice are available only for the following mushroom species. They comprise
Agaricus bisporus, Amaurodema rude, Antrodia salmonea, Cordyceps sinensis, C. militaris,
Coriolus versicolor, Ganoderma lucidum, G. sinense, Grifola frondosa, Hypsizygus
marmoreus, and Lentinula edodes. Demonstrations of the antineoplastic effectiveness in
human clinical trials have been reported only for Agaricus sylvaticus, Antrodia camphorata,
Cordyceps sinensis, Coriolus versicolor, Ganoderma lucidum, Grifola frondosa, and Lentinula
edodes which are the better-known mushrooms. Mechanistic studies on the anticancer action
of various mushrooms on breast cancer were only conducted on the following mushroom
species. The list of mushrooms includes Amaurodema rude, Antrodia camphorata, Cordyceps
sinensis, C. militaris, Coriolus versicolor, Ganoderma lucidum, Grifola frondosa, Hypsizygus
marmoreus, Lentinus critinus, Lentinula edodes, Pholiota nameko, Pleurotus abalonus,
Pleurotus eryngii, Pleurotus nebrodensis, Pleurotus ostreatus, and Poria cocos. It was
revealed that dissimilar mechanistic results might be obtained for the same mushroom extract
or constituent since molecules on different signaling pathways were examined by different
investigators (Table 2). It would be desirable to conduct in vivo experiments using purified
mushroom constituents in order to corroborate in vitro results on inhibition of breast cancer
cells by mushroom extracts. Mechanistic investigations should also be undertaken. In this way,
mushroom constituents with high anticancer potency may be discovered. Compounds from
medicinal mushrooms and culinary—medicinal mushrooms have the potential of development
into anticancer drugs (Wong et al. 2018).

Table 2 The range of signaling molecules associated with various pathways employed by
selected mushroom species examined in different studies

Full size table

Dietary consumption of mushrooms is associated with a diminished risk of breast cancer (Hong
et al. 2008; Zhang et al. 2009b; Shin et al. 2010). The use of mushroom extracts or compounds
as adjunct therapeutics may enhance the efficacy of the main therapy. There are different
mushroom products. For instance, the medicinal product five-color Lingzhi (Vita Green) is
composed of Amauroderma rugosum (black Lingzhi), Coriolus versicolor (green Lingzhi),
Fomitopsis officinalis (white Lingzhi), Ganoderma lucidum (red Lingzhi), Ganoderma sinense
(purple Lingzhi), and Laetiporus sulphureus (yellow Lingzhi). It is worthwhile to consume
mushrooms to protect ourselves from breast cancer, other cancers, and other diseases (Dubey
et al. 2019).
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