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A B S T R A C T

The medicinal fungus Ganoderma, known in Chinese as Lingzhi or Reishi, traditionally has various medicinal
uses and has been employed in cancer treatment in Asia for centuries. This study used ethanol-extracted
Ganoderma tsugae (GT) and examined its antitumor activities on human chronic myeloid leukemia cells as well as
its molecular mechanism of action. Treatment with GT (200–400 μg/mL) significantly reduced cell viability and
caused G2/M arrest in K562 cells. In addition, GT induced mitochondrial and death receptor mediated apoptosis,
correlated with DNA fragmentation, followed by cytochrome c release, caspase-3/8/9 activation, PARP clea-
vage, Fas activation, Bid cleavage, and Bax/Bcl-2 dysregulation. Cytoprotective autophagy was found to be
induced by GT, as was revealed by increased LC3-II accumulation, Beclin-1/Bcl-2 dysregulation, acidic vesicular
organelle formation, and p62/SQSTM1 activation. Notably, pretreatment of cells with the autophagy inhibitors
3-MA and CQ enhanced GT-induced apoptosis. Interestingly, reactive oxygen species production in cells was not
triggered by GT administration; equally, the antioxidant N-acetylcysteine was found to be incapable of pre-
venting apoptosis and autophagy induced by GT treatment. Finally, this study discovered that cytoprotective
autophagy induced by GT was associated with EGFR and PI3K/AKT/mTOR signaling cascade suppression. In
summary, GT demonstrated antitumor activity against human chronic myeloid leukemia.

1. Introduction

Chronic myeloid leukemia (CML) is one of the deadliest malignant
hematological stem-cell disorders in adults and is characterized by
myeloid proliferation and Philadelphia chromosomal aberration
(Nowell, 2007). For most patients with CML, allogeneic hematopoietic
stem-cell transplantation and tyrosine kinase inhibitor (TKI) therapy
are the accepted treatment. However, a few such patients fail to re-
spond to TKIs because of their genetic mutations. Patients who undergo
TKI therapy often report cutaneous side effects (Webb et al., 2017).
Phytocomponents are receiving increasing attention in the field of
cancer biology due to their minor or nontoxicity and cost effectiveness.
Scholars are thus currently investigating whether natural products
could be invaluable for the treatment of cancer and infection.

Accumulating evidence has been obtained that a variety of phyto-
chemicals such as alkaloids, saponins, flavonoids, terpenoids, lignans,
saponins, peptides, polyketides, and plant extracts inhibit CML pro-
liferation and induce apoptosis (Khajapeer and Baskaran, 2016).
Therefore, the development of novel drugs or agents from natural re-
sources is critical to generating therapeutic regimens for patients with
CML.

Clinical trials have evaluated the anticarcinogenic property of
medicinal mushroom extracts (Lu et al., 2016). Polysaccharides derived
from medicinal mushrooms are best known for their anticancer and
immunomodulatory properties. In addition, scholars have demon-
strated that these phytocompounds and extracts from medicinal
mushrooms induce apoptosis, autophagy, and cell-cycle arrest in var-
ious types of cancerous cells and can be used as a chemotherapeutic
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agent (Hsu et al., 2008; Patel and Goyal, 2012; Wang et al., 2017; Wu
et al., 2012; Yu et al., 2012). Eukaryotic cell-cycle progression is a
fundamental mechanism determining cell proliferation; the subsequent
activation of cyclin-dependent kinases and cyclin is known to mediate
this mechanism (Pan et al., 2002). Several chemotherapeutic agents
have been derived from non-toxic natural products, and these agents
inhibit cell growth and proliferation in cancerous cells through
prompting cell-death signaling cascades (Ricci and Zong, 2006).

Apoptosis and autophagy play crucial physiological and patholo-
gical roles in numerous diseases including cancer and are part of a se-
quence of biochemical events that cause changes to cell structure and
eventually resulting in cell death. During apoptosis, chromatin is con-
densed, caspases are activated, and internucleosomal DNA is cleaved
(Taylor et al., 2008). Autophagy involves the degradation of long-
standing cytosolic proteins and organelles as well as material recycling
for maintaining cellular component quality (Maiuri et al., 2007).
However, exaggerated autophagy leads to programmed cell death of
type II; this is because mitochondria and other survival molecules are
intensely degraded (Morselli et al., 2009). Drugs and treatments against
cancer cause cellular death in cancer cells by triggering autophagy ra-
ther than apoptosis (Gozuacik and Kimchi, 2004; Kondo et al., 2005).
How apoptosis and autophagy proceed simultaneously is complex and
dependent on the cellular context. Accumulating evidence indicates
that excessive reactive oxygen species (ROS) relentlessly damage DNA
and proteins and reduce the potential of the mitochondrial membrane
potential (ΔΨm), leading to apoptosis and autophagy (Ly et al., 2003;
Park et al., 2012). Thus, the main objectives of chemoprevention are
blocking cancer-cell initiation and promotion and inducing either or
both autophagy and apoptosis (Sharma, 2012).

Used in traditional Chinese medicine for more than 4000 years in
Asian countries, Ganoderma, a popular chemopreventive medicinal
mushroom genus, has recently strongly garnered the attention of
Taiwan's cancer research (and more broadly, health care) communities
(Hsu et al., 2008; Yu et al., 2012). Of the numerous bioactive com-
pounds that are present in mushrooms of this genus, polysaccharides
and triterpenoids are the most promising for therapy against many
diseases, cancer being one (Zhou et al., 2007). Ganoderma tsugae (GT), a
medicinal fungus, has had a role within Taiwanese folk medicine for a
long time (Hsu et al., 2008; Yu et al., 2012) and has demonstrated
strong anti-inflammatory (Ko et al., 2008), antioxidant (Tseng et al.,
2008), antifibrotic (Zhou et al., 2007), and anticancer (Yu et al., 2012)
effects. The growth-inhibitory effects of GT on colorectal cancer cells
(Hsu et al., 2008), epidermoid carcinoma cells (Hsu et al., 2009), breast
cancer cells (Yue et al., 2006), hepatoma cells (Gan et al., 1998), HER2-
overexpressing cancer cells (Kuo et al., 2013), and lung adenocarci-
noma cells (Yu et al., 2012), among other cell types, have previously
been demonstrated. In our previous studies, which employed high-
performance liquid chromatography (HPLC) and thin-layer chromato-
graphy, we determined the chemical components of GT and how the
triterpenoids it contains are different from those of other Ganoderma
species (Su et al., 2001; Hsu et al., 2009).

The present study investigated the effect of GT on autophagy and/or
apoptosis in human CML (K562) cells, because this effect is considered
to have excellent effectiveness in treatment of cancer. Compelling evi-
dence has been obtained that GT extracts induce anticancer activity in
various cancer cells through cell-death signaling cascades. However, no
studies have yet investigated the effects of these extracts on autophagy
and apoptosis in the particular cell type examined in the present work.

2. Materials and methods

2.1. Reagents and antibodies

Penicillin, streptomycin, Roswell Park Memorial Institute medium
(RPMI-1640), Iscove's modified Dulbecco's medium (IMDM), gluta-
mine, and fetal bovine serum (FBS) were sourced from Gibco-BRL (NY,

USA). From Santa Cruz Biotechnology, Inc. (Heidelberg, Germany), we
obtained mouse monoclonal antibodies against Bax and β-actin and
rabbit polyclonal antibodies against cytochrome c, Bcl-2, Fas, and β-
tubulin. Mouse monoclonal antibodies against Bid were procured from
Cell Signaling Technology, Inc. (MA, USA), as were rabbit monoclonal
antibodies against caspase-3, caspase-8, caspase-9, Bax, and PARP.
Antibodies against Beclin-1, p62/SQSTM1, p-mTOR, p-PI3K, PI3K,
LC3I/II, AKT, and p-AKT came from Cell Signaling Technology, Inc.
Antibody against p-EGFR was from Life Technologies (Gaithersburg,
MD, USA). Antibody against GAPDH was procured from Cusabio
Biotechnology, Inc. (Wuhan, China). All secondary antibodies were
bought from Santa Cruz Biotechnology (CA, USA). The chemicals 3-
methyladenine (3-MA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), N-acetylcysteine (NAC), propidium iodide
(PI), acridine orange (AO), chloroquine (CQ), and 2‘, 7‘-dihydro-
fluorescein-diacetate (DCFH2-DA) were from Sigma-Aldrich (MO, USA).
We obtained Z-Val-Ala-Asp-fluoromethylketone (z-VAD-FMK) from
Calbiochem (CA, USA). The remaining chemicals used in this experi-
ment were reagent or HPLC grade and were obtained from Sigma-
Aldrich or Merck & Co., Inc. (Darmstadt, Germany).

2.2. Ganoderma tsugae extract preparation

Ganoderma tsugae was generously gifted by Luo-Gui Ying of the
Fungi Agriculture Farm in Taoyuan, Taiwan. GT extracts were derived
using a method reported earlier (Hsu et al., 2008). The extracts were
standardized as mentioned by Tseng et al. (2018) (Tseng et al., 2018).
In brief, a powder of the fruiting body of GT (30 g) was immersed in
300mL of 99.9% ethanol, with the solution then mixed and shaken
using a rotating shaker for 24 h. After being centrifuged, the filtrate
underwent filtering using filter paper (Whatman, cat. No. 1001–110)
and the residues were extracted with ethanol two times. The collected
filtrates were concentrated in a rotary evaporator under reduced pres-
sure. The yield of the GT extracts was approximately 13.8%. GT stock
solution was prepared with ethanol (200mg/mL) and, until further use,
stored at −80 °C.

2.3. Cell culture

Human leukemic cell lines were obtained (U937, HL-60, and K562)
from the American Type Culture Collection (ATCC; MD, USA). K562
cells were cultured in IMDM, whereas we cultured cells of type HL-60
and U937 were cultured in RPMI-1640. Both the IMDM and RPMI-1640
medium contained 2mM glutamine, 10% heat-inactivated FBS, and 1%
penicillin–streptomycin–neomycin. All culturing occurred at 37 °C in a
5% CO2 humidified incubator. A hemocytometer was employed to
count the number of harvested cells. Trypan blue exclusion was em-
ployed to calculate the cell viability (1×105 cells/mL) before treat-
ment with GT as well as after.

2.4. MTT assay

Briefly, human leukemia cell lines were exposed (1× 105 cells/well
in 24-well plates) to various concentrations of GT (200, 300, or 400 μg/
mL) for 24 h. To each well was added 1mL of 0.5mg/mL MTT in
phosphate-buffered saline (PBS), after which the cells were incubated
for 1 h at 37 °C. After incubation, an equal volume of DMSO (0.8mL)
was added, which dissolved the MTT formazan crystals. An enzyme-
linked immunosorbent assay microplate reader (μ-Quant, VT, USA) was
employed to measure the absorbance (570 nm). All measurements were
performed in triplicate. Cell viability (%) was calculated as (A570 of
treated cells/A570 of untreated cells) × 100.

2.5. Flow cytometric analysis

A single-ion laser–equipped (488 nm) FACScalibur flow cytometer
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(Becton Dickinson, CA, USA) was employed for flow cytometry. The PI-
labeled cells were subjected to flow cytometric analyses to determine
cellular DNA levels, as detailed in a previous study (Hseu et al., 2008).
Briefly, 1×105 cells/mL was cultured in culture dishes measuring
10 cm. After GT treatment, we harvested and then washed the cells.
Subsequently, they were suspended in PBS and underwent fixation in
ice-cold 70% ethanol; they were then kept overnight at −20 °C. The
next day, these cells were resuspended in PBS containing 4 μg/mL PI,
1% Triton X-100, and 0.5mg/mL RNase at 37 °C for 30min after in-
cubation. To analyze the cell cycle, ModFit software was used. Sub-
diploid DNA peaks identified apoptotic nuclei, and forward light scat-
tering and PI fluorescence were used to distinguish these nuclei from
cell debris.

2.6. TUNEL assay

To calculate the degree of apoptotic cell death, we employed an in
situ cell-death detection kit (Millipore, MA, USA), as per manufacturer
instructions, for terminal deoxynucleotidyl transferase-mediated dUTP-
fluorescein nick end-labeling (TUNEL), as detailed elsewhere (Yang
et al., 2013). In brief, following treatment with GT (200, 300, or
400 μg/mL), we harvested apoptotic K562 cells (1× 105 cells/mL) and
fixed them with 4% formaldehyde for 1 h followed by 1 μg/mL DAPI for
15min at 37 °C. To detect apoptosis, we labeled the 3‘OH ends of the
fragmented DNA with biotin-dNTP by using the Klenow fragment at
37 °C for 1.5 h. Nuclei fluorescence, as detected using a fluorescence
microscope, was employed to identify fragmented DNA. A square sec-
tion of the stained cells were analyzed using LS 5.0 soft image solution
(Olympus, PA, USA), and this analysis yielded the fluorescence in-
tensity. The percentage of apoptotic cell death, which is proportional to
fluorescence intensity, was determined by comparing the fluorescence
intensities of the treated cells and untreated control cells.

2.7. Measurement of ROS generated

Fluorescence microscopy with a cell-permeable fluorogenic probe
DCFH2-DA was employed to detect the accumulation of ROS in cells.
The cells (1× 105 cells/mL) were cultured in IMDM supplemented with
10% FBS; once 80% confluency had been achieved, the medium was
replaced. To evaluate the ROS that were generated at different time
points, the cells were treated with 300 μg/mL GT for 15–120min. This
was followed by the removal of the cell culture supernatant and the
addition of fresh medium containing 10 μM DCFH2-DA; the cells were
then incubated at 37 °C for 30min. The oxidation of DCFH2 caused
accumulation of dichlorofluorescein (DCF) in cells, which in turn re-
sulted in the changes in fluorescence used to quantify ROS production.
A fluorescence microscope (200× ) (Olympus, PA, USA) was employed
to image the cells fluorescently stained with DCF. A square section of
fluorescently stained cells were analyzed using analySIS LS 5.0 soft
image solution (Olympus, PA, USA) to quantify the fluorescence in-
tensity. We compared the fluorescence intensities of the treated cells
and untreated control cells to determine the ROS generated.

2.8. Analysis of mitochondrial membrane potential

Flow cytometry was employed to assess the mitochondrial mem-
brane potential. The cells were (1×105 cells/mL in dishes of size
10 cm) and washed twice, after which resuspended them in DiOC6

(500mL; 20mM) and incubated for 30min at 37 °C, the excitations
were monitored at 530 nm (DiOC6). ModFit software was used to cal-
culate cell percentages.

2.9. Annexin V/PI staining assay

K562 cells were treated with GT (200–400 μg/mL) for a period be-
tween 0 and 24 h. Subsequently, the cells were harvested, washed twice

with PBS, and centrifuged for 5min at 800 rpm. Binding buffer (100 μL)
was employed to suspend the cells (1× 105 cells/mL). Them, the cells
were stained with both Annexin V-FITC and a PI Apoptosis Detection kit
(Biovision, CA, USA) per manufacturer protocol. The reaction of
Annexin V-FITC and PI binding was quantitatively analyzed using a
FACScalibur flow cytometer (Becton Dickinson) and CellQuest soft-
ware.

2.10. Acidic vesicular organelle observation using AO assay

K562 cells were stained with AO to observe acidic vesicular orga-
nelles (AVOs) formed in the cells. After GT treatment, the cells under-
went two PBS washings, AO staining (1 μg/mL), and 15-min dilution in
PBS containing 5% FBS. Subsequently, we washed the cells with PBS
and covered them with a solution of PBS and 5% FBS. A fluorescence
microscope at 200×magnification was used to visualize AVOs in cells,
and flow cytometry was employed for subsequent analysis. A lysoso-
motropic metachromatic fluorescent dye, AO has concentration-de-
pendent fluorescence emission; at high concentrations (in lysosomes), it
emits red light; at intermediate concentrations, yellow (under some
conditions only); at low concentrations (in the cytosol), green.

2.11. Western blotting analysis

K562 cells (1× 105 cells/mL) were incubated with or without GT
(200–400 μg/mL) for certain time periods. Postincubation, we har-
vested the cells and washed them once with PBS. Subsequently, they
were suspended in lysis buffer (100 μL; 10mM Tris-HCL, pH 8; 320mM
sucrose, 1% Triton X-100, 5mM EDTA, 2mM DTT and 1mM PMSF).
We maintained the cell lysates on ice for 20min and subjected them to
15,000-g centrifugation at 4 °C for 30min. Bio-Rad protein assay re-
agent (Bio-Rad, CA, USA) was employed to determine the total protein
level, with bovine serum albumin serving as a standard. A protein ex-
tract was mixed with sample buffer (62mM Tris-HCL, 10% glycerol, 5%
β-mercaptoethanol, and 2% sodium dodecyl sulfate (SDS)) and boiled
at 97 °C for 5min. We used 15% SDS–PAGE to separate denatured
protein samples (50 μg), and after separation, they were transferred to
polyvinylidene difluoride membranes to rest overnight at 4 °C. Next, we
blocked the membranes at room temperature for 1 h by using 5% non-
fat dried milk in PBS that contained 1% Tween-20, after which the
samples underwent overnight incubation with primary antibody at 4 °C.
Finally, the primary-antibody-stained membranes were incubated for
2 h with horseradish-peroxidase-conjugated anti-rabbit or anti-mouse
antibodies and then stained with chemiluminescent substrate
(Millipore). AlphaEase software (FL, USA) was used to perform densi-
tometric analyses, with the control representing a 1-fold increase.

2.12. RNA extraction and RT-PCR

The cells were seeded in a 6-cm dish at the density of 4×106 cells/
dish. After 90% confluency was reached, the cells were treated for 24 h
with GT (200–400 μg/mL). We utilized TRIzol reagent (Invitrogen, NY,
USA) to extract RNA from the cultured cells. For reverse tran-
scription–polymerase chain reaction (RT-PCR) (Bio-Rad), 1 μg of total
sample RNA was used, with 45 s of amplification for 30–38 cycles at
94 °C, 45 s of annealing at 65 °C, and a 1min final extension at 72 °C.
The primers used were LC3B F: 5′-TTACCTTCCCGAACATCGAC-3′ and
LC3B R: 5′-GCATAAATTCCCACTGCCAC-3’. Gel electrophoresis in a 1%
agarose gel was used to confirm the PCR products.

2.13. Statistical analysis

Standard deviation is used as the mean to present the results. All
experiments were performed in triplicate, and Student's t-test of var-
iance as well as Dunnett's test for pairwise comparisons were used for
data analysis. Significant differences in experimental values in
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comparison with control values are denoted by an asterisk (*p < 0.05;
**p < 0.01; ***p < 0.001).

3. Results

3.1. GT inhibits the growth of human leukemia cells

Previous studies have all portrayed that GT extracts had no cyto-
toxic effects on normal cell lines and mouse models (Ko et al., 2008; Lin
et al., 2006; Chen and Lin, 2007; Kuok et al., 2013). Through MTT, we
studied the cytotoxic effects of ethanol extract of GT on human leu-
kemia U937, K562, and HL-60 cell lines. These cells were treated with
200–400 μg/mL of GT for 24 h. GT had significant cytotoxic effects on
human chronic myeloid K562 cells (IC50= 320 μg/mL). Particularly,
the cytotoxic effect of GT was discovered to be profound in K562 cells in
comparison with human monocytic leukemia U937 and promyelocytic
leukemia HL-60 cells (Fig. 1A). Therefore, K562 cells were selected for
subsequent experiments. In addition, exposure of K562 cells to GT
(200–400 μg/mL) resulted in significant shrinking of cells, which was
identified using phase-contrast microscopy (Fig. 1B). This study thus
obtained evidence that treating K562 cells with GT significantly re-
duced the rate of proliferation of these cells and induced apoptosis.

3.2. GT caused sub-G1 accumulation and G2/M cell-cycle arrest in
K562 cells

Through flow cytometry, we measured the fluorescence of PI–DNA
complexes, which was then used to assess the DNA levels in GT-treated
K562 cells. Compared with the untreated cells, more extensive

accumulation of subdiploid cells, a higher sub-G1 peak, and more ex-
tensive apoptosis (blue peak) were observed for the cells treated with
GT (200 μg/mL) for 24 h (Fig. 2A and B). By analyzing the cellular
distribution during the various phases of post treatment, we identified
the cell-cycle stage at which growth was inhibited by GT treatment. GT
treatment of K562 cells (Fig. 2B) was discovered to result in progressive
and sustained accumulation of cells in the G2/M phase. The proportion
of cells in this phase rose from 16.0% to 23.6% over time; by contrast,
that cells in the G1 and S phases was found to decline (Fig. 2A and B).
GT treatment may thus inhibit cell growth through the induction of G2/
M cell-cycle arrest in and apoptosis of K562 cells.

3.3. GT-induced apoptotic DNA fragmentation in K562 cells

Owing to its promising ability to induce death of cancer cells, GT
may be assumed to potentially activate the crucial regulatory proteins
that participate in apoptosis or autophagy. For further definition of the
mechanism through which GT causes cell death, K562 cells underwent
GT (200–400 μg/mL) treatment for 24 h, after which TUNEL assay and
DAPI staining were performed. At the 3′-OH ends of nuclei, DNA single-
strand breaks were labeled using dUTP-fluorescein, and increased
fluorescence intensity was discovered, indicating that GT treatment
activated apoptosis in K562 cells (Fig. 3A and B). In the control cells,
green fluorescence was almost undetectable (1-fold increase), whereas
GT-treated cells exhibited significantly higher fluorescence intensity,
with the difference in intensity being dose dependent (Fig. 3A and B). A
strong DNA fragmentation effect was observed when 300 μg/mL GT
treatment was applied, except for 400 μg/mL. Interestingly, 400 μg/mL
GT treatment resulted in significantly less DNA fragmentation in

Fig. 1. Inhibition of human CML cell growth by using GT. U937, HL-60, and K562 cells were treated with various GT concentrations (200–400 μg/mL) for 24 h. (A)
Cell viability before and after GT treatment was determined through MTT assay. (B) Phase-contrast microscopy (200 × magnification) was used to examine
structural changes in GT-treated K562 cells. Data are reported as the mean ± standard deviation (SD) of three experiments. *p < 0.05; **p < 0.01; ***p < 0.001
relative to untreated (control) cells.
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K562 cells (Fig. 3A and B). These observations demonstrate that GT
treatment (200–300 μg/mL) has an effective apoptotic effect on
K562 cells.

3.4. GT provokes apoptosis by mitochondrial and death receptor cascades in
K562 cells

Because the previous experiment demonstrated that apoptosis could
be a factor of cell death, we determined whether the apoptosis was
intrinsic or extrinsic. Cytochrome c level in the cytosolic fraction was
first found. A 24 h GT treatment (0–300 μg/mL) dose-dependently in-
creased the cytochrome c level in the cytoplasm (Fig. 4A).

Subsequently, the effects exerted by GT treatment on the downstream
effector cascades of cytochrome c, including caspase-9 and caspase-3,
were investigated. Western blotting analysis demonstrated a conse-
quently higher amount of caspase-9 and caspase-3 in GT-treated cells
(Fig. 4A). Proteolytic cleavage of PARP by caspase-3 is a key feature of
apoptosis; thus, the influence of activated caspase-3 on PARP cleavage
was determined. Incubation of cells with GT led to proteolytic cleavage
of a PARP fragment from 116 to 89 kDa (Fig. 4A). Overall, these find-
ings (Fig. 4A) suggested that in GT-treated K562 cells, the apoptosis
induced by GT occurred concurrently with PARP cleavage, cytochrome
c release, and caspase-9/-3 activation.

The next step was to analyze the impact of GT on Fas and caspase-8
proteins. given that these proteins play critical roles in apoptosis
mediated by death receptors and extrinsic apoptosis. Using Western
blotting, Fas proteins discovered to be significantly and dose-depen-
dently upregulated by GT (0–400 μg/mL for 24 h; Fig. 4B). In addition,
GT treatment dose-dependently promoted caspase-8 activation in
K562 cells, as indicated by procaspase-8 being cleaved into its active
state (Fig. 4B). We also found GT treatment to significantly and dose-
dependently down regulate Bid expression (Fig. 4B). Thus, our findings
indicated that apoptotic cell death was induced by GT through the
mitochondrial pathway (intrinsic apoptosis) and also through the death
receptor pathway (extrinsic apoptosis) in human leukemia cells.

3.5. Influence of GT on mitochondrial membrane potential in K562 cells

To determine whether GT treatment reduced the mitochondrial
membrane potential, some K562 cells were pretreated for 1 h using ROS
inhibitor (NAC, 1mM), whereas others were not. To both sets of cells,
24-h GT (200–400mg/mL) treatment was applied, after which the cells
underwent DiOC6 staining. Flow cytometry was then employed to de-
termine the mitochondrial membrane potential. GT treatment was
discovered to lower the mitochondrial membrane potential (Fig. 4C and
D). This finding revealed that mitochondrial dysfunction in K562 cells
could be induced by GT.

3.6. Effect of GT on early and late apoptosis in K562 cells

Whether GT promotes necrosis or early/late apoptosis was in-
vestigated in this study. Annexin V-FITC and PI assays were performed;
in these assays, phosphatidylserine and DNA residues were stained,
respectively. As revealed using flow cytometry, 24 h GT treatment
(200–400 μg/mL) of K562 cells had a dose-dependent positive effect on
the number of early and late apoptotic cells. They were 6.5%, 21.8%,
33.7%, and 86.2% late apoptotic Annexin V/PI double-positive cells
represented in Q2 when 0, 200, 300, and 400 μg/mL, respectively, GT
treatment was applied (Fig. 5A and B); correspondingly, the percentage
of early apoptotic Annexin V/PI double-positive cells represented in Q4
was 4.6%, 21.7%, 19.3%, and 8.1 (Fig. 5A and B). Pretreating cells with
1mM ROS inhibitor (NAC) did not suppress GT-induced apoptotic
events (Fig. 5A and B). However, Z-VAD-FMK pretreatment resulted in
significantly reduced GT-induced cell death (Fig. 5C), confirming that
in K562 cells, GT induced apoptotic cell death. The presented findings
provide novel evidence that GT induces early and late apoptosis in
K562 cells, with this effect unaltered by pretreatment with ROS.

3.7. GT activates autophagy by increasing LC3 accumulation in K562 cells

To ascertain whether GT induces autophagy in K562 cells, we stu-
died these cells’ distribution of a potentially effective autophagy
marker: LC3 I/II (Kabeya et al., 2000). The dose-dependent (0–400 μg/
mL) effects of 24 h GT treatment on the LC3-I and LC3-II distributions
were identified through Western blotting. The amount of these markers
was discovered to be dose-dependently higher after GT treatment. A
high GT dose (400 μg/mL) resulted in considerably higher LC3-II ac-
cumulation (Fig. 6A). The p62/SQSTM1 expression level was found to

Fig. 2. GT induced G2 cell-cycle arrest in K562 cells. Fluorescence-activated cell
sorting analysis of K562 cells (A) not treated and (B) treated for 24 h with
200 μg/mL of GT. The post-GT-treatment cellular distributions (percentage) for
the sub-G1, G1, S, and G2/M cell-cycle phases were obtained. The presented
flow cytometry graph is of a representative experiment from among the tri-
plicate.
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be dose-dependently significantly increased after GT incubation
(200–400 μg/mL, for 24 h), evidence that autophagy in K562 cells was
induced by GT (Fig. 6A). Increased p62/SQSTM1 expression level was
correlated with higher accumulation of LC3 (Fig. 6A). RT-PCR showed
that GT treatment significantly and dose-dependently increased mRNA
expression of LC3, except for when 400 μg/mL of GT was employed
(Fig. 6B). The findings strongly suggest that intracellular LC3-I was
converted into LC3-II (lipidation) following GT treatment, with the
degree of conversion being GT dose dependent; this study thus provides
indisputable evidence of autophagy induction in K562 cells by GT.

AVO formation is one of the principal characteristics of autophagy
and detected through an increase in the lipidated LC3B level. Because a
striking increase in LC3 accumulation was detected in GT-treated
K562 cells, GT treatment's further impact on AVO formation was de-
termined by performing AO-staining fluorescence microscopy (Fig. 6C
and D). Red fluorescence, corresponding to the presence of AVOs, was
GT-dose-dependently stronger in GT-treated K562 cells, except when
400 μg/mL GT was used. This observation revealed a GT-induced

autophagic flux in leukemia K562 cells by increasing the amount of LC3
accumulation.

3.8. Activation of autophagy signaling cascade as a survival mechanism in
GT-treated K562 cells

The role of GT-induced autophagy in K562 cells was investigated
through preventing autophagy by using 3-MA and CQ, which are
pharmacological inhibitors that disrupt lysosomal function and prevent
autophagy completion. To achieve this goal, cells were treated with GT
alone, 3-MA/CQ alone, or both. Cell pretreatment with 3-MA (1mM)
and CQ (20 μM) was found to effectively enhance GT-induced cell death
(Fig. 7A and B). These results suggested that autophagy triggered by GT
treatment is a mechanism of survival within K562 cells.

3.9. Exclusion of ROS in GT-induced apoptosis and autophagy in K562 cells

We investigated the role of GT in ROS generation within K562 cells.

Fig. 3. GT induced cellular apoptosis of K562 cells. (A) Cells that underwent 24-h GT treatment (200–400 μg/mL) were subjected to TUNEL assay. Green fluorescence
indicates the number of TUNEL-positive cells in the examined field (400× ). (B) The fold/percentage increase in apoptotic cells was estimated using the fluorescence
intensity of treated cells, which was measured using commercial software. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Incubating K562 cells with GT (300 μg/mL) for 15–120min had no ef-
fect on DCF fluorescence (Fig. 8A). To identify whether apoptosis and
autophagy induced by GT treatment was ROS-dependent, we incubated
K562 cells with 1mM of an ROS inhibitor (NAC) for 1 h before sub-
jecting them to 400-μg/mL GT treatment. The levels of autophagy
markers in the cells were then discovered. Cell viability assay showed
that pretreatment of cells with NAC exerted no influence on the degree

of GT-induced cell death in K562 cells (Fig. 8B). As shown in Fig. 8C,
Western blotting showed cell preincubation with NAC to also have no
effects on GT-induced LC3-I/II expression. These findings revealed that
ROS may not be involved in GT-induced apoptosis and cytoprotective
autophagy in K562 cells.

Fig. 4. GT-induced apoptosis in K562 cells was mediated through activating mitochondrial and death receptor pathways, and GT affected the mitochondrial po-
tential. Several concentrations of GT (200–400 μg/mL) were used to treat cells for 24 h (A–B) Protein levels of cytochrome c, caspase-9, caspase-3 and PARP
(mitochondrial pathway), Fas, caspase-8, and Bid were assessed in K562 cells by using Western blotting. (C–D) Cells, some undergoing pretreatment with ROS
inhibitor (NAC, 1 mM) for 1 h, were treated for 24 h with GT (200–400mg/mL). (C) Representative flow cytometry patterns obtained after cells were stained with
DiOC6 and the staining was evaluated using flow cytometry. (D) The post-GT-treatment mitochondrial membrane potential (% of control), calculated using the
degree of DiOC6 fluorescence, is displayed. Data are reported as the mean ± SD of three experiments. *p < 0.05; **p < 0.01 relative to untreated cells.
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Fig. 5. Cell apoptosis of K562 cells treated with GT. (A) Cells, some undergoing pretreatment with NAC, were treated for 24 h with GT (200–400 μg/mL), stained
with Annexin V-FITC and PI-A, and their staining evaluated through flow cytometry. (B) Percentage of cells in which GT-induced apoptosis occurred. (C) K562 cells
underwent 1-h pretreatment with pan-caspase inhibitor (Z-VAD-FMK, 20 μM) before being treated with GT (200–400 μg/mL) for 24 h. Cell viability was evaluated
through MTT assay. Data are reported as the mean ± SD of three experiments. **p < 0.01; ***p < 0.001 compared with untreated cells.
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Fig. 6. GT induces autophagy in K562 cells. Cells were treated for 24 h with various GT concentrations (200–400 μg/mL). (A) Protein expression of LC3-I, LC3-II and
SQSTM1/p62 assessed using Western blotting. (B) RT-PCR was employed to quantify LC3B mRNA expression levels, which were normalized to that of β-actin. (C) GT
induced the formation of AVOs in cells, which was observed using a red filter fluorescence microscope (100 × magnification). Intensity of red fluorescence is
proportional to the AVO count in cells. (D) Histogram displaying the number of AO-stained cells following GT treatment subsequent to inhibitor use and nonuse, with
the control represented as a 1-fold increase. Data are reported as the mean ± SD of three experiments. **p < 0.01; ***p < 0.001 relative to untreated cells. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. CQ and 3-MA inhibited GT-induced autop-
hagy in K562 cells. (A–B) Cells were pretreated with
1 mM 3-MA or 20 μM CQ for 1 h, after which they
underwent 24-h GT treatment (200–400 μg/mL).
Cell viability was evaluated through MTT assay. Data
are reported as the mean ± SD of three experi-
ments. **p < 0.01; ***p < 0.001 relative to un-
treated cells.
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3.10. GT dysregulates the Bax/Bcl-2 and Beclin-1/Bcl-2 ratio

Apoptosis and prolonged autophagy are two processes involved in
cell death. Proteins Bcl-2 and Beclin-1 indicate the occurrence of
apoptosis and autophagy, respectively (Marquez and Xu, 2012). The
influence of GT on Bcl-2 (antiapoptotic) protein was investigated, and
the role of Bcl-2 protein in Bax (proapoptotic) and Beclin-1

(proautophagic) protein expression within K562 cells was determined.
Western blotting revealed time-dependent downregulation of Bcl-2
expression when GT treatment was applied (300 μg/mL, for 2–24 h;
Fig. 9A). No simultaneous changes in the expression of Bax protein
were observed (Fig. 9A). Furthermore, when GT was applied, Beclin-1
protein expression was found to dramatically increase with time
(Fig. 9A). The lack of Bcl-2 when GT was present may have promoted

Fig. 8. ROS was not involved in GT-triggered apoptosis and autophagy in K562 cells. (A) Cells underwent 120-min GT treatment (200–400 μg/mL), and the in-
tracellular ROS generated were measured every 15min during the treatment. DCFH2-DA, a nonfluorescent probe, reacted with cellular ROS, metabolizing into
fluorescent DCF, the intensity of which was linearly related to the number of ROS produced. (B–C) Cells, some undergoing 1-h pretreatment with ROS inhibitor (NAC,
1 mM), were subject to 24-h GT treatment (300 μg/mL). (B) Cell viability was evaluated through the MTT assay. (C) Western blotting was used to identify the extent
of LC3-I to LC3-II conversion. Relative protein band intensity changes were calculated using commercially available software (control; 1-fold increase). Data are
reported as the mean ± SD of three experiments. *p < 0.05; **p < 0.01; ***p < 0.001 relative to untreated cells.
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autophagy and apoptosis in K562 cells. The Bax/Bcl-2 and Beclin-1/Bcl-
2 ratios exponentially increased over time with GT treatment (Fig. 9B
and C), which suggested the favoring of both apoptosis and autophagy.

3.11. Inhibition of cytoprotective autophagy enhances GT-induced apoptosis
in K562 cells

To examine the interference of GT in the interaction between
apoptosis and autophagy, we evaluated apoptosis by treating the cells
with 1mM 3-MA or 20 μM CQ, which are inhibitors of early and late
autophagy, respectively. Pretreatment with 3-MA suppressed LC3-II
accumulation (Fig. 10A and B), whereas that with CQ promoted LC3-II
accumulation (Fig. 10C and D). both autophagy inhibitors enhanced
caspase-3 activation in K562 cells (Fig. 10A–D). These findings fully
explain the inhibitors’ effect on GT-induced cytoprotective autophagy,
which is to enhance GT-induced caspase-3 activation, leading to en-
hanced cell death.

3.12. Inhibition of apoptosis did not affect GT-induced autophagy in
K562 cells

Caspases are usually in inactive form, and activating caspases is
crucial to apoptosis execution. To demonstrate the interference of GT in
the apoptosis–autophagy interaction, we treated cells with an inhibitor
of apoptosis (Z-VAD-FMK) and identified the consequent changes in
LC3-I/LC3-II colocalization and caspase-3 activation by using Western
blotting. Intriguingly, the inhibiting effect of Z-VAD-FMK on caspase-3
activation did not affect the degree of LC3-II accumulation against GT-
induced apoptosis in K562 cells (Fig. 10E and F). This finding revealed
that Z-VAD-FMK inhibited apoptosis but did not affect GT-induced
autophagy.

3.13. EGFR and PI3K/AKT/mTOR inhibition and cytoprotective autophagy
activation in GT-treated K562 cells

PI3K/AKT/mTOR signaling cascades have been demonstrated to be
strongly promoted by overexpression of EGFR, and such promotion is
responsible for regulating different types of tumors (Komoto et al.,
2009). A dynamic and self-catabolic process in cells, autophagy is

Fig. 9. The Bax/Bcl-2 and Beclin-1/Bcl-2 ratios in K562 cells were increased by GT treatment. (A) Western blotting was used to determine the time-dependent effects
of GT on Bax, Beclin-1 and Bcl-2 protein levels. (B–C) Relative changes in the Bax/Bcl-2 and Beclin-1/Bcl-2 ratios were evaluated using commercial quantitative
software (control; 1-fold increase). Data are reported as the mean ± SD of three experiments. *p < 0.05; **p < 0.01; ***p < 0.001 relative to untreated cells.
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subject to strict regulation by upstream modulators; that is, by the
PI3K/AKT/mTOR signaling pathway (Jain et al., 2013). GT treatment
significantly inhibited phosphorylated EGFR levels in K562 cells
(Fig. 11A). We sought to discover the effects of GT treatment on the

downstream proteins PI3K, AKT, and mTOR. GT treatment was de-
monstrated using Western blotting to significantly and dose-depen-
dently attenuate the phosphorylation of these three proteins in
K562 cells (Fig. 11B). Interestingly, we discovered that LY294002

Fig. 10. Interplay in K562 cells between GT-induced autophagy and apoptosis. (A) Cells, some undergoing 1-h pretreatment with 3-MA, were subject to 24-h
incubation with GT (300 μg/mL). Western blotting was employed to determine the degree of conversion of LC3-I to LC3-II and caspase-3 cleavage. (B) Protein band
intensity changes were determined on commercial quantitative software (control; 1-fold increase). (C) Cells, some undergoing 1-h pretreatment with CQ, were
subject to 24-h incubation with GT (300 μg/mL). Western blotting was employed to determine the degree of conversion of LC3-I to LC3-II and caspase-3 cleavage. (D)
Relative protein band intensity changes were determined on commercial available quantitative software (control; 1-fold). (E) Cells, some undergoing 1-h pre-
treatment with Z-VAD-FMK, were subjected to 24-h incubation with GT (300 μg/mL). Western blotting was employed to determine the degree of conversion of LC3-I
to LC3-II and caspase-3 cleavage. (F) Relative protein band intensity changes were determined on commercial available quantitative software (control; 1-fold
increase). Data are reported as the mean ± SD of three experiments. *p < 0.05; **p < 0.01; ***p < 0.001 relative to untreated cells.

Fig. 11. Inhibitory effects of GT on phosphorylation
of EGFR, PI3K, AKT and mTOR signaling pathways in
K562 cells. (A) Cells underwent 24-h GT treatment
(300 μg/mL). Immunoblotting was employed to
measure p-EGFR levels. (B) Cells underwent 24-h
incubation with GT (200–400 μg/mL).
Immunoblotting was performed to measure p-PI3K,
PI3K, p-AKT, AKT, and p-mTOR levels. (C) Cells,
some undergoing 1-h pretreatment with LY294002
(20 μM), were subject to 24-h GT treatment
(200–400 μg/mL). Cell viability was assayed using
MTT assay. Data are reported as the mean ± SD of
three experiments. *p < 0.05; **p < 0.01;
***p < 0.001 relative to untreated cells.
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pretreatment reversed GT-induced cell death in K562 cells (Fig. 11C).
GT was thus found to suppress EGFR expression and the PI3K/AKT/
mTOR signaling cascade, activating cytoprotective autophagy in
K562 cells.

4. Discussion

The search for anticancer therapy employing phytocompounds has
attracted considerable interest in the field of cancer biology. Medicinal
mushroom extracts have been shown both in vitro and in vivo to have
potential antitumor properties in various types of cancer cells. GT can
arrest apoptosis and S-phase cell-cycle progression in adenocarcinoma
cells of the lung (Yu et al., 2012). Few researchers have studied the
anticancer effects of GT against human CML. In this study, we showed
that ethanol extracts of GT could suppress the growth of K562 cells
through G2/M phase cell-cycle arrest; additionally, we discovered GT to
induce apoptosis and autophagy in K562 cells by downregulating
EGFR/PI3K/AKT/MTOR signaling molecules.

The cell cycle is a principal regulator of growth and division of cells.
A helpful strategy for halting tumor growth is to perturb cell-cycle
progression (Williams and Stoeber, 2011). Arrest of the cycle during the
G2/M phase can be triggered by various cellular stresses. Cell-cycle
arrest in tumor cells leads to either repair or apoptosis. Strong in-
hibitory effects on cancer cells, achieved through disrupting cell-cycle
progression or inducing cell apoptosis, are exhibited only by a few
medicinal mushrooms (Patel and Goyal, 2012). Studies have demon-
strated that GT hinders the proliferation of cells by arresting the G2/M
phase cell cycle in Hep3B hepatoma and COLO205 colorectal cancer
cells (Gan et al., 1998; Hsu et al., 2008), the S phase in H23/0.3 lung
adenocarcinoma cells (Yu et al., 2012), and the G1 phase in BT-474
breast cancer cells and HER-2-overexpressing SKOV-3 ovarian cancer
(Kuo et al., 2013). Consistent with previous studies, we observed that
GT treatment caused K562 cells to accumulate in the G2/M phase
(Fig. 2B).

Apoptosis is the primary form of cell death and serves as a potential
target for preventing the proliferation of malignant tumor cells
(Guicciardi and Gores, 2009). Medicinal-mushroom-triggered apoptosis
has gained considerable attention in comparison with well-established
mammalian apoptosis; however, the signaling pathways linked to
apoptosis in GT-treated cells remain to be elucidated. Our results sug-
gest that K562 cells treated with varying concentrations of GT had a
significantly higher rate of apoptosis than similarly treated U937 and
HL-60 cells (Figs. 1 and 3). Experimental evidence is mounting that
either mitochondrial (intrinsic) or death receptor (extrinsic) pathways
trigger apoptosis. The mitochondrial/caspase-mediated signaling cas-
cade is a principal pathway of apoptosis, and mitochondrial outer-
membrane permeabilization (MOMP) has a strong role in this pathway.
The collapse of MOMP leads to cytochrome c release into cytoplasm,
which triggers the caspase cascade and subsequent apoptosis (Earnshaw
et al., 1999; Xiong et al., 2014). We found that GT treatment upregu-
lated cytochrome c and procaspase-9/-3 and proteolytically cleaved
PARP, which led to apoptotic cell death in K562 cells (Fig. 4A). Reg-
ulation of the death-receptor-mediated extrinsic pathway is activated
through the expression of FasL, Fas and caspase-8, and such expression
sequentially promotes apoptosis. Caspase-8 activation triggers the
proteolytic cleavage of mitochondrial-associated Bid to induce apop-
totic cell death following death receptor (FasL) activation (Kaufmann
et al., 2012). Mitochondrial membrane permeabilization is targeted by
Bid, a proapoptotic protein that is a substrate for caspase-8 (Kantari and
Walczak, 2011). Bid thus connects the extrinsic and intrinsic pathways
of apoptosis (Schug et al., 2011). GT-treatment-induced apoptosis was
discovered in the present study to be involved in the activation of Fas,
cleavage of caspase-8 into an active form, and cleavage of Bid in
K562 cells, with the effects of GT treatment found to be concentration
dependent (Fig. 4B). Overall, the findings presented herein suggest that
GT-induced apoptosis is mediated through extrinsic and intrinsic

pathways. Although the mitochondria potential was lower when GT
treatment was applied (Fig. 4C and D), when cells were treated with the
antioxidant NAC, an apoptosis blocker, no significant differences were
noted compared with the GT-treated sample, suggesting an independent
ROS pathway.

The relationship between ROS and apoptosis has been well docu-
mented (Circu and Aw, 2010). Apoptosis can be induced by ROS ac-
cumulation in live cells, and this accumulation has been implicated in
the activation of various transcriptional factors eventually resulting in
apoptosis (Wiseman and Halliwell, 1996; Simon et al., 2000). Pre-
treating K562 cells with NAC (1mM), an ROS inhibitor, and GT extract
(400 μg/mL) resulted in non-significant different rates of early/late
apoptosis (Fig. 5A and B). This finding suggests that early/late apop-
tosis is ROS independent, corroborating our other findings (Fig. 4C and
D).

Autophagy, or self-eating, is a process associated with the destruc-
tion and recycling of macromolecules and organelles, which serve
various functions in myeloid leukemia and solid tumors (Zhang et al.,
2013). During autophagy, LC3-II is formed by the conjoining of a cy-
tosolic form of LC3 (LC3-I) to phosphatidylethanolamine, which is
achieved through Atg7 and Atg3, which are activating enzymes (Jiang
and Mizushima, 2015). Sequestosome 1 (SQSTM1), which is another
crucial protein and is also known as p62, directly binds to LC3-II
through a specific sequence motif and in the process forming autop-
hagosomes then undergoes self-degradation during autophagy (Moscat
and Diaz-Meco, 2009). p62/SQSTM1 is an autophagy adaptor protein
that functions as a signaling hub; this is possible because it can interact
with signaling proteins (Moscat and Diaz-Meco, 2009). The upregula-
tion of p62/SQSTM1 constitutes a survival mechanism in mature acute
myeloid leukemia cells (Trocoli et al., 2014). Puissant et al. (2010)
reported that p62 accumulation is required in myelogenous leukemia
cells if resveratrol is to induce autophagy. Consistent with those de-
tailed in previous reports, the data obtained from the current study
demonstrated that GT treatment of K562 cells triggered autophagy by
increasing the amount of LC3-II accumulated, the amount of AVOs
formed, and P62/SQSTM1 expression (Fig. 6A, C, and D). Con-
comitantly, the RT-PCR results showed upregulation of LC3 mRNA
expression levels (Fig. 6B). These findings suggest that GT treatment
promotes autophagy in K562 leukemia cells.

Autophagy and apoptosis-associated cell-death mechanisms play a
pivotal role in tumor suppression. Programmed cell death is classified
as Type I or II, apoptosis and autophagy, respectively and these two
types are present in the same cell and share some common key signaling
cascades in promoting cell survival or death. The two cellular processes
can mutually regulate the other in an inhibitory manner (Mariño et al.,
2014). Autophagy inhibitors such as 3-MA and CQ have been used to
delineate the antitumor properties of compounds derived from nature
and traditional Chinese medicine extracts (Wang et al., 2014; Iqbal
et al., 2017). Our results revealed autophagy inhibition through the
pharmacological inhibitor 3-MA or CQ to enhance caspase-3 cleavage,
indicating that GT-mediated cytoprotective autophagy impeded GT-
induced apoptosis in K562 cells (Fig. 7A and B).

Overproduction of ROS in cancer cells lead to the initiation and
promotion of cell death through apoptosis or autophagy (Bazhin et al.,
2016). Studies have reported that medicinal mushroom extracts trigger
the formation of ROS in breast cancer cells (Wang et al., 2017) and
human promyelocytic leukemia cells (Hseu et al., 2014). By contrast,
our study demonstrated that GT incubation did not generate ROS in
K562 cells (Fig. 8A and B). In addition, pretreatment with the ROS in-
hibitor NAC did not affect the degree of apoptosis and LC3-II accu-
mulation that was induced by GT treatment (Fig. 8C). These findings
confirm that ROS were not involved in GT-induced apoptosis or cyto-
protective autophagy in K562 cells.

A major apoptotic pathway of the signal transduction cascade that is
involved in programmed cell death contains members of the family of
Bcl-2 proteins, and these proteins regulate apoptosis through their
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mutual interaction (Tsujimoto, 2003). The role of the Bax/Bcl-2 ratio in
apoptotic cell-death mechanisms has been evaluated in several studies
and found to be crucial to whether apoptosis is triggered. Proportional
to the resistance (or relative sensitivity) to diverse apoptotic stimuli
(Huang et al., 2008), the Bax/Bcl-2 ratio appears to be a critical cellular
threshold factor determining whether apoptosis proceeds through the
mitochondrial pathway. Our results showed that GT treatment ex-
ponentially increased the Bax/Bcl-2 ratio, which triggered progression
of apoptotic cell death in K562 cells (Fig. 9B). Beclin-1 is considered a
crucial protein in the pathway governing autophagy, and its expression
level might be cytoprotective or promoting apoptosis cell death. Bcl-2, a
critical autophagy inhibitor, is known to inhibit Beclin-1 under normal
conditions. In response to stress, Beclin-1 dissociates from Bcl-2,
leading to the triggering of autophagy (Pattingre et al., 2005). We ob-
served that incubation with GT markedly increased Beclin-1/Bcl-2 ex-
pression levels in a time-dependent experiment (2, 4, 6, 8, 12, and
24 h), demonstrating the triggering of autophagy in K562 cells
(Fig. 9A–C). Collectively, our findings demonstrated that in K562 cells,
GT induced autophagy and apoptosis.

EGFR and PI3K/AKT/mTOR, pathway, is considered as an attractive
target for the development of anti-cancer drugs. Overexpression of
EGFR activates the aforementioned signaling pathway, resulting in
uncontrolled cell growth and survival. In such circumstances, cancer
cells have a competitive growth advantage and exhibit therapy re-
sistance, angiogenesis, and metastatic competence (Porta et al., 2014).
Inhibition of the PI3K/AKT/mTOR signaling pathway has been re-
vealed to promote autophagy in cancer cells (Shao et al., 2016; Chang
et al., 2017). A dynamic and self-catabolic process, autophagy is subject
to strict regulation by upstream modulators; that is, principally by the
PI3K/AKT/mTOR signaling pathway. In cancer cells, natural bioactive
compounds induce autophagy through this pathway (Sun et al., 2013).
Therefore, inhibition of EFGR and the PI3K/AKT/mTOR signaling
cascade could promote autophagy in cancer cells. GT incubation was
discovered in this study to effectively decrease the protein expression of
EFGR, phosphorylated EGFR, PI3K, phosphorylated PI3K, AKT, and
phosphorylated AKT (Fig. 11 A and B). However, LY294002 pretreat-
ment reversed GT-induced cell death in K562 cells (Fig. 11C). These
findings may suggest that GT inhibits EGFR and PI3K/AKT/mTOR to
activate cytoprotective autophagy in K562 cells. Similarly, a recent
study found that deoxypodophyllotoxin downregulated the PI3K/AKT/
mTOR pathway to induce cytoprotective autophagy against apoptosis
in osteosarcoma U2OS cells (Kim et al., 2017). In summary, findings
show that GT can activate cytoprotective autophagy against apoptosis
in human leukemia K562 cancer cells.

Ganoderma tsugae is known to have multifaceted properties like anti-
cancer (Kuo et al., 2013; Hsu et al., 2008; Yu et al., 2012), anti-in-
flammatory (Ko et al., 2008) and anti-fibrotic properties (Zhou et al.,
2007) with low toxicity or no side effects. For instance grape seed ex-
tract a well known anti-cancer agent (Sahpazidou et al., 2014) could
induce side effects like nausea, headache, and risky for people with high
blood pressure as well as they interfere with certain drugs taken by
patients (National Institutes of Health, September 2016). For these
reason GT was determined to be a suitable candidate as an anti-cancer
agent.

5. Conclusion

This study is the first to demonstrate that both apoptosis and au-
tophagy can be induced in human CML K562 cells using GT and that
GT-induced autophagy mediates the cytoprotective role. Cancer re-
searchers are continually searching for new therapeutic targets, of
which cell-cycle arrest and apoptosis have become among them. Our
findings, therefore, offer novel insight into the molecular mechanisms
behind cytoprotective autophagy and apoptosis in K562 cells. Our re-
search suggests GT combined with autophagy inhibition as a potential
new therapeutic strategy for improving treatment of human CML.
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