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Background: T-cell acute lymphoblastic leukemia (T-ALL) is a kind of aggressive hematological cancer,
and the PI3K/Akt/mTOR signaling pathway is activated in most patients with T-ALL and responsible for
poor prognosis. 20(S)-Ginsenoside Rh2 (20(S)-GRh2) is a major active compound extracted from ginseng,
which exhibits anti-cancer effects. However, the underlying anticancer mechanisms of 20(S)-GRh2 tar-
geting the PI3K/Akt/mTOR pathway in T-ALL have not been explored.
Methods: Cell growth and cell cycle were determined to investigate the effect of 20(S)-GRh2 on ALL cells.
PI3K/Akt/mTOR pathway—related proteins were detected in 20(S)-GRh2—treated Jurkat cells by immu-
noblotting. Antitumor effect of 20(S)-GRh2 against T-ALL was investigated in xenograft mice. The
mechanisms of 20(S)-GRh2 against T-ALL were examined by cell proliferation, apoptosis, and autophagy.
Results: In the present study, the results showed that 20(S)-GRh2 decreased cell growth and arrested cell
cycle at the G1 phase in ALL cells. 20(S)-GRh2 induced apoptosis through enhancing reactive oxygen
species generation and upregulating apoptosis-related proteins. 20(S)-GRh2 significantly elevated the
levels of pEGFP-LC3 and autophagy-related proteins in Jurkat cells. Furthermore, the PI3K/Akt/mTOR
signaling pathway was effectively blocked by 20(S)-GRh2. 20(S)-GRh2 suppressed cell proliferation and
promoted apoptosis and autophagy by suppressing the PI3K/Akt/mTOR pathway in Jurkat cells. Finally,
20(S)-GRh2 alleviated symptoms of leukemia and reduced the number of white blood cells and CD3
staining in the spleen of xenograft mice, indicating antitumor effects against T-ALL in vivo.
Conclusion: These findings indicate that 20(S)-GRh2 exhibits beneficial effects against T-ALL through the
PI3K/Akt/mTOR pathway and could be a natural product of novel target for T-ALL therapy.
© 2019 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

using risk-oriented chemotherapy and supportive care, which has
significant improvements in cure rates [2]. However, children with

Acute lymphoblastic leukemia (ALL), a malignant hematologic
disease, arises from proliferation of immature B or T lymphoid cells
in the bone marrow. ALL is the most common malignancy in chil-
dren, which occupies almost 30% of the total childhood cancers [1].
The 5-year survival for precursor B-cell ALL reaches about 80%

T-cell ALL (T-ALL) exhibit poor outcomes owing to chemoresistant,
serious side effect and relapsed leukemia [3,4]. Therefore, it is
essential to develop novel natural medicines to improve the sur-
vival rates of patients with T-ALL and minimize the side effects of
conventional chemotherapy.
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Ginseng is used as a traditional medicinal plant, which can
exhibit various pharmacological effects including regulation of the
central nervous system and cardiotonic, antioxidation, and anti-
tumor effects [5—7]. Ginsenosides are derived from the roots of
diverse ginseng species, which are the main bioactive components
in ginseng [8]. Among the ginsenosides, ginsenoside Rh2 (GRh2) is
divided into 20(S) and 20(R) according to the orientation of the
hydroxyl group at the C-20 position, and 20(S)-GRh2 was found to
be more effective than 20(R)-GRh2 on cancer cells [9]. Several
studies have demonstrated that GRh2 exerted its antitumor activ-
ities by inhibiting cell growth and invasion and inducing apoptosis
and autophagy [10,11], whereas it had no influence on normal cells
[9]. However, the anticancer mechanisms of 20(S)-GRh2 against
ALL cells and its underlying targeted treatment have been rarely
explored.

Apoptosis is type I programmed cell death closely related to the
fate of tumor [12]. Apoptosis is usually triggered by caspases and B-
cell lymphoma-2 (Bcl-2) family proteins, which induces condensa-
tion and fragmentation of chromatin, formation of apoptotic bodies,
and degradation of cellular constituents [13]. Autophagy is a self-
balancing process by degrading damaged or superfluous organelles
and macromolecules in eukaryotic cells [14]. Autophagy is essential
for maintaining cellular homeostasis when cells are faced with
different stresses and regulating the development of oncogenesis
[15]. Autophagy and apoptosis are two crucial cellular progresses
associated with complicated and interconnected protein networks,
which can be regulated by some signaling pathways [16]. The PI3K/
Akt/mTOR signaling pathway has been considered as a crucial
regulator of autophagy and apoptosis [17,18]. It has been confirmed
that activation of the PI3K/Akt/mTOR pathway was detected in 85%
of patients with T-ALL, which enhanced tumorigenesis [19]. Inhibi-
tion of the PI3K/Akt/mTOR pathway has exhibited promising out-
comes in different tumors, especially hematological malignancies,
and might be a novel target for ALL therapy [20,21]. Whether the
PI3K/Akt/mTOR pathway takes part in the anticancer effect of 20(S)-
GRh2 against T-ALL is still rarely elucidated.

In the present study, we explored underlying anticancer
mechanisms of 20(S)-GRh2 on T-ALL cells through determining cell
cycle, apoptosis, and autophagy. Then, we investigated the thera-
peutic potential of 20(S)-GRh2 as a target on T-ALL cells through
detecting the expression of PI3K/Akt/mTOR pathway—associated
proteins. We further observed whether the PI3K/Akt/mTOR
pathway was involved in 20(S)-GRh2—induced cytotoxic activity by
cell proliferation, apoptosis, and autophagy. These findings would
be helpful to elucidate the possible efficacy of 20(S)-GRh2 targeting
the PI3K/Akt/mTOR pathway against T-ALL cells and provide a
targeted agent for the precise treatment of childhood leukemia.

2. Materials and methods
2.1. Materials

20(S)-GRh2, with a purity of 99.48%, was obtained from Beijing
North Carolina Chuanglian Biological Technology Research Institute
(Beijing, China). Working stock solutions of 20(S)-GRh2 were pre-
pared by dissolving compounds in dimethyl sulfoxide (DMSO;
Sigma-Aldrich, Milan, Italy) before use. The final density of DMSO
was < 0.1%. LY294002 (PI3K inhibitor), GSK690693 (Akt inhibitor),
and Rapamycin (mTOR inhibitor) were obtained from Sigma (St.
Louis, MO, USA).

The primary antibodies against cytochrome c, cleaved caspase-
3, Beclin-1, Atg5, cyclin B1, and cyclin D1 and the secondary anti-
bodies were obtained from Cell Signaling Technology (Danvers, MA,
USA). B-Actin, Bax, Bal-2, LC3, p-P70S6K, and p-4EBP1 were pur-
chased from the Abcam company (Cambridge, MA, USA). PI3K

(p85), Akt, p-Akt (Ser473), mTOR, and p-mTOR (Ser2448) were
derived from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
primary antibody against human CD3 was purchased from eBio-
science (San Diego, CA, USA).

2.2. Cell culture

The human Reh (pre—B-cell ALL cell line) and Jurkat (T-ALL cell
line) cell lines were obtained from the Cell Bank of Chinese Acad-
emy of Science (Shanghai, China) and cultured in RPMI 1640 me-
dium (Hyclone, Logan, Utah, USA) containing 10% fetal bovine
serum (Hyclone) at 37°C with 5% CO2.

2.3. Animals

Female NOD/SCID mice (3—4 weeks of age) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing,
China). All animal protocols were performed in accordance with the
guidelines of the institutional animal ethics committee and were
permitted by the Institutional Animal Committee of Nankai University
(SYXK 2014-0003, No. 94 Weijin Road, Nankai District, Tianjin, China).
All the mice were housed in a specific pathogen-free environment
under a 12-h light/12-h dark cycle. The mice were randomly divided
into the control group and 20(S)-GRh2 group. All mice were treated
with cyclophosphamide (100 mg/kg) for two days by intraperitoneal
injection. Twenty-four hours later, Jurkat cells (5.0 x 10° cells, 200 pL
volume) were administrated into the mice via tail vein injection. Once
>1%leukemic cells were detected in the peripheral blood, 20(S)-GRh2
(40 mg/kg body weight (b.w.)) was administered once daily for three
consecutive weeks by oral gavage in the 20(S)-GRh2 group. The
control group received 0.1% DMSO. Body weights were measured
twice a week. On Day 22, the mice were sacrificed, and the blood was
collected for routine examination. The spleens were harvested for
immunohistochemistry analysis.

2.4. Cell viability assays

Reh and Jurkat cells (5 x 10° in 100 pL/well) were treated
without or with 35 uM 20(S)-GRh2 and PI3K/Akt/mTOR inhibitor
for a required time period. DMSO groups were treated with an
equal amount of DMSO (final concentration<0.1%). Then, 10 pL of
Cell Counting Kit-8 solution was added to the cells at 37 °C for 4 h.
Determination of absorbance was carried out using an enzyme-
linked immunosorbent assay reader (Tecan, Salzburg, Austria) at
450 nm.

2.5. Cell cycle analysis

Cell cycle was measured by detecting cellular DNA content,
which stained with propidium iodide (PI; BD Pharmingen, San
Diego, CA, USA). 20(S)-GRh2 (0, 35 uM) was added into cells for 24
h; then, 75% cold ethanol was incubated in the culture medium
at —20 °C for 1 h. Next, the samples were incubated in RNase (100
ug/ml) and irradiated at 37 °C for 30 min. At last, the cells were
incubated in PI (100 pg/ml) in the dark for another 30 min. The
samples were tested by flow cytometry (Becton Dickinson, CA, USA)
immediately.

2.6. Analysis of nuclear morphology

20(S)-GRh2 (0, 35 uM) was added into cells for 24 h. The cells
were washed with phosphate buffer solution (PBS) and incubated
in 1 mg/mL Hoechst 33342 (Sigma) away from light for 3 min.
Finally, the cells were measured using a fluorescence microscope
(Nikon Corp., Tokyo, Japan) after washing with PBS [22].
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Fig. 1. 20(S)-GRh2 inhibited cell growth and arrested cell cycle in ALL cells. (A) Reh and Jurkat cells were treated with different concentrations of 20(S)-GRh2 (0, 20, 30, 40, and 60 uM)
for 24 h. Cell viability was measured by Cell Counting Kit-8 assay. (B) Human normal B cells and T cells were treated with different concentrations of 20(S)-GRh2 (0, 20, 30, 40, and 60
uM) for 24 h. Cell viability was measured by CCK-8 assay. (C) Reh and Jurkat cells were treated with or without 35 pM 20(S)-GRh2 for 24 h. Cell cycle was detected by Pl staining, followed
by flow cytometry. (D) The percentages of ALL cells in each phase of the cell cycle (GO/G1, S, and G2/M) are shown. Data represent mean = SD. n = 3 for each group. “p < 0.05.,"p < 0.01,
"p < 0.001 vs. DMSO group. ALL, acute lymphoblastic leukemia; DMSO, dimethyl sulfoxide; GRh2, ginsenoside Rh2; PI, propidium iodide; SD, standard deviation.

2.7. Annexin V/PI flow cytometry assay

Jurkat cells were added without or with different ligands for 24
h and then incubated in 500 pL binding buffer, followed by 10 pL
allophycocyanin-conjugated Annexin V and PI (BD Pharmingen)
treatment away from light for 15 min. The samples were detected
by flow cytometry (FACS Caliber, BD Bioscience, San Diego, CA, USA)
immediately.

2.8. Detection of reactive oxygen species generation

The cells were incubated without or with 20(S)-GRh2 at
different doses for 24 h. 2',7’-Dichlorofluorescein diacetate

(Sigma-Aldrich, St. Louis, MO, USA) was added into the culture
medium. Next, the cells were irradiated at 37 °C away from
light for 30 min. After cleaning with PBS, the fluorescence in-
tensity of dichlorofluorescein was tested by flow cytometry
immediately.

2.9. The Click-iT® 5-ethynyl-2'-deoxyuridine assay

Jurkat cells were treated with diverse ligands for 24 h. The cells
were inoculated in 100 pL methanol away from light for 15 min.
Click-iT® 5-ethynyl-2’-deoxyuridine was obtained from Life Tech-
nologies (Life Technologies, Grand Island, NY, USA). Five hundred
microliters of the Alexa Fluor®647 fluorescence reaction mixture
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Fig. 2. 20(S)-GRh2 induced ROS-mediated apoptosis in Jurkat cells. Cells were treated with different concentrations of 20(S)-GRh2 (0, 17.5, and 35 uM) for 24 h. (A) Apoptotic cells
were examined by Hoechst staining via fluorescence microscopy (Bar = 10 uM). (B) Cells were stained with Annexin V-APC and propidium iodide (PI) and detected using a flow
cytometer. (C) The percentage of apoptotic cells was analyzed and quantified. (D) Cells were stained with DCFH-DA. The DFC fluorescence intensity was measured by flow
cytrometry. (E) The mean fluorescence intensity was analyzed and depicted. Data represent mean + SD. n = 3 for each group. “p < 0.01, *p < 0.001 vs. DMSO group. APC,
allophycocyanin; DCFH-DA, dichlorofluorescein diacetate; DMSO, dimethyl sulfoxide; GRh2, ginsenoside Rh2; ROS, reactive oxygen species; SD, standard deviation.

was added to each sample, and the resultant was incubated for 30
min away from light. The samples were finally evaluated using flow
cytometry immediately.

2.10. Detection of autophagic vacuoles by monodansylcadaverine
staining

Autophagic vacuoles in Jurkat cells were detected by mono-
dansylcadaverine (MDC) staining (Sigma). 20(S)-GRh2 (35 uM) was
added to Jurkat cells (5 x 10°/well) for 24 h, followed by inoculation
with 50 uM MDC, an autofluorescent base capable of accumulating
in autophagic vacuoles, and fixed with PBS at 37 °C for 1 h. At last,
the cells were washed three times with PBS and immediately
detected by flow cytometry. The autophagic index was determined
as the percentage of MDC-labeled cells of 100 cells from each
sample.

2.11. pEGFP-LC3 transfection

PEGFP-LC3 plasmids (Addgene plasmid 24920; Addgene, Cam-
bridge, MA, USA) were transfected into Jurkat cells using Lipofect-
amine 2000 (Invitrogen, CA, USA). After transfection for 24 h, the
cells were treated without or with diverse reagents for 24 h. A laser
scanning confocal microscope (Zeiss, Germany) was used to
observe fluorescence of GFP-LC3 in Jurkat cells. The level of auto-
phagy was determined through counting the mean number of the
punctuated pattern of green fluorescent protein (GFP) in each cell.

2.12. Transmission electron microscopy

Jurkat cells were harvested and blended with 3% glutaraldehyde
solution (pH 7.4). The samples were postincubated with 1% OsOg,
followed by dehydration with ethanol (30—95%, 5 min for each
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Fig. 3. 20(S)-GRh2 induced autophagy in Jurkat cells. Cells were treated with different concentrations of 20(S)-GRh2 (0, 17.5, and 35 uM) for 24 h. (A) Cells were stained with MDC,
and autophagic vacuoles were detected using a flow cytometer. (B) Quantification of autophagic vacuoles in Jurkat cells. (C) The fluorescence of GFP-LC3 was observed using a laser
scanning confocal microscope (bar = 5 pM). (D) The number of GFP-LC3 puncta was quantified in each cell. Quantitation represents at least 100 cells counted and scored per
treatment. (E) The ultrastructure of Jurkat cells was visualized using a transmission electron microscope (bar = 5 uM). “p < 0.05, “'p < 0.01, “"p < 0.001 vs. DMSO group. Autophagic
vacuoles are indicated by white arrows. DMSO, dimethyl sulfoxide; GRh2, ginsenoside Rh2; MDC, monodansylcadaverine.

step). At last, the samples were incubated at 60 °C for 2 days.
Finally, lead citrate and uranyl acetate were used to deal with ul-
trathin sections. The samples were observed by an excitation
voltage of 80 kV under a Tecnai G2 Spirit Twin transmission elec-
tron microscope (FEI, Oregon, USA).

2.13. Immunoblotting analysis

The collected cells were mixed with radio immuno precipitation
assay (RIPA) buffer (Sigma) for half an hour. The BCA reagent was
used to examine the concentration of proteins. Proteins (20 pg)
were loaded per lane and separated by 12% sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis gel. The protein samples
were transferred onto a polyvinylidene fluoride membrane (Milli-
pore, Billerica, MA, USA) after electrophoresis. Then, the mem-
branes were blocked with 5% milk for 1 h using TBST (20 mM Tris-
HCl, 0.1% Tween 20). The membranes were irradiated at 4 °C with
primary antibodies overnight. The next day, the membranes were

cleaned with TBST and incubated with secondary antibodies for 1.5
h. After TBST washing, the protein membranes were washed with
TBST and scanned using the Odyssey infrared imaging system (LI-
COR, NE, USA) [23].

2.14. Immunohistochemistry

Immunohistochemistry was performed on the spleen of NOD/
SCID mice to investigate changes in CD3 expression. The spleen
tissues were incubated in 4% paraformaldehyde for 24 h. Then, the
tissues were embedded into paraffin and sliced into 5-pum sections,
followed by staining with CD3 antibody (1:500). The sections were
placed at 4 °C overnight. The next day, the stained tissues were
added with the secondary antibody (1:5000) and incubated for 2 h.
After washing with PBS, the samples were scanned using a Pan-
noramic Scan 250 Flash (3DHISTECH Kft, Budapest, Hungary), and
the images were captured using QCapture (QImaging, Burnaby,
Canada) with QImaging on a Macintosh computer.
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Fig. 5. 20(S)-GRh2 reduced cell proliferation via the PI3K/Akt/mTOR pathway. Jurkat cells were treated with 20(S)-GRh2 alone or combined with the PI3K/Akt/mTOR inhibitor for
24 h. (A) Cells were stained with EdU and analyzed using a flow cytometer. (B) Quantification of EdU-positive cells. (C) The expression levels of p-P70S6K, p-4EBP1, cyclin B1, and
cyclin D1 were detected by Western blot analysis. (D) Quantification of p-P70S6K and p-4EBP1 expression. (E) Quantification of cyclin B1 and cyclin D1 expression. Data are
expressed as mean =+ SD. n = 3 for each group. “p < 0.05, “p < 0.01, ""'p < 0.001 vs. DMSO group. DMSO, dimethyl sulfoxide; EdU, 5-ethynyl-2'-deoxyuridine; GRh2, ginsenoside

Rh2; SD, standard deviation.
2.15. Statistical analyses

Statistical analysis was performed using Prism GraphPad 6.0
(GraphPad Software Inc., CA, USA). All of the data were expressed as
the mean + standard deviation. The one-way analysis of variance
test was used to perform comparisons among all groups. Significant
differences were analyzed on the basis of the Bonferroni post hoc
test. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. 20(S)-GRh2 suppressed cell growth and arrested cell cycle in
ALL cells

Cell viability and cell cycle were detected to investigate the ef-
fect of 20(S)-GRh2 on ALL cells. The results showed that cell
viability was significantly decreased by 30—60 pM 20(S)-GRh2 and
inhibited in a concentration-dependent manner. At the same

concentration, 20(S)-GRh2 inhibited cell viability more obviously in
Jurkat cells than in Reh cells (Fig. 1A). However, the cell viability
was not significantly decreased in normal B and T cells (Fig. 1B). In
addition, the percentages of Reh and Jurkat cells in the G1 phase in
20(S)-GRh2—treated groups were 49.66 + 6.28% and 61.22 + 5.39%,
respectively (Fig. 1C and D). 20(S)-GRh2 treatment induced a cell
cycle arrest at the G1 phase compared with the DMSO treatment.
Meanwhile, 20(S)-GRh2 treatment induced the increase of the cell
population in the sub-G1/G1 phase, indicating the promotion of cell
apoptosis. Collectively, the results indicate that 20(S)-GRh2 sup-
presses cell growth and arrests cell cycle at the G1 phase in ALL
cells.

3.2. 20(S)-GRh2 induced reactive oxygen species—mediated
apoptosis in Jurkat cells

To evaluate the effect of 20(S)-GRh2 on apoptosis, cell nuclear
morphology, apoptotic cells, and reactive oxygen species (ROS)

Fig. 4. Western blot analysis of 20(S)-GRh2—treated Jurkat cells. Cells were treated with different concentrations of 20(S)-GRh2 (0, 17.5, and 35 pM) for 24 h. (A) The expression
levels of Bax, Bcl-2, cytochrome c, and cleaved caspase-3 were detected by Western blot analysis. (B) Quantification of Bax, Bcl-2, cytochrome ¢, and cleaved caspase-3 expression.
(C) The expression levels of Beclin-1, Atg5, and LC3 were analyzed by Western blot. (D) Quantification of Beclin-1, Atg5, and LC3 expression. (E) The expression levels of p-PI3K, Akt,
p-Akt, mTOR, and p-mTOR were measured by Western blot analysis. (F) Quantification of p-PI3K, Akt, p-Akt, mTOR, and p-mTOR expression. Data are expressed as the mean =+ SD.

s

n = 3 for each group. “p < 0.05, 'p < 0.01,

p < 0.001 vs. DMSO group. DMSO, dimethyl sulfoxide; GRh2, ginsenoside Rh2; SD, standard deviation.
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levels were examined in Jurkat cells. The results showed that
condensed chromatin and fragmented nucleus of Jurkat cells were
clearly exhibited in the GRh2 group compared with those in the
DMSO-treated group, indicating cell apoptosis. The numbers of
nuclei apoptotic bodies were further increased in 35 pM 20(S)-
GRh2—treated cells (Fig. 2A). The percentage of Annexin V—positive
cells was 16.73 + 3.60% in the 17.5-uM 20(S)-GRh2—treated
group and further increased to 27.93 + 2.46% in the 35-uM 20(S)-
GRh2—treated group (Fig. 2B and C). Moreover, mean fluorescence
intensity of dichlorofluorescein was 24.23 4 1.31 in the 17.5-uM
20(S)-GRh2—treated group and increased to 38.16 + 2.77 in the 35-
uM 20(S)-GRh2—treated group (Fig. 2D). ROS levels in the 20(S)-
GRh2 group were significantly increased in a dose-dependent
manner (Fig. 2E). Taken together, the results imply that 20(S)-
GRh2 promotes apoptosis through elevating ROS generation in
Jurkat cells.

3.3. 20(S)-GRh2 induced autophagy in Jurkat cells

To explore the effect of 20(S)-GRh2 on autophagy in Jurkat cells,
we first examined autophagic vacuoles by MDC staining. In the
present study, the cells exhibited an increase in the MDC-positive
ratio in the 20(S)-GRh2 group, indicating the increasing formation
of the autophagic vacuoles compared with that in the DMSO-
treated group (Fig. 3A and B). Accumulation of modified LC3 to the
nascent autophagic vesicle is a common event in autophagosome
formation [24]. We next detected the formation of the autopha-
gosome by transmission electron microscopy. After increasing the
dose of 20(S)-GRh2 treatment, GFP-LC3 punctate dots were

p < 0.001 vs. DMSO group. APC, allophycocyanin; DMSO, dimethyl sulfoxide; GRh2, ginsenoside Rh2; SD, standard

gradually increased in Jurkat cells (Fig. 3C). In addition, 20(S)-GRh2
significantly increased the number of GFP-LC3—positive puncta per
cell in a dose-dependent manner (Fig. 3D), indicating the increase
of autophagosomes presented in Jurkat cells after 20(S)-GRh2
treatment.

To further confirm 20(S)-GRh2—induced autophagy, the ultra-
structural alterations in Jurkat cells were analyzed. As shown in
Fig. 3E, autophagic vacuoles including residual digested material or
lamellar structures and empty vacuoles were observed in the 35-
uM  20(S)-GRh2—treated group, indicating that 20(S)-GRh2
elevated the numbers of vacuoles and mature autophagosomes
formed per cell. Collectively, the results imply that autophagy can
be induced by 20(S)-GRh2 in a dose-dependent manner in Jurkat
cells.

3.4. The PI3K/Akt/mTOR signaling pathway was effectively blocked
by 20(S)-GRh2

Furthermore, to explore the mechanism of GRh2-induced cell
death, we detected the effects of 20(S)-GRh2 on the expression of
apoptosis-associated and autophagy-related proteins in Jurkat
cells. The expression of cytochrome ¢ and cleaved caspase-3 pro-
teins and the ratio of Bax/Bcl-2 were increased in a dose-dependent
manner after 20(S)-GRh2 treatment, implying 20(S)-GRh2 induced
cell apoptosis via upregulation of apoptosis-associated proteins
(Fig. 4A). In addition, 20(S)-GRh2 treatment obviously elevated the
levels of Atg5, Beclin-1, and LC3-II (Fig. 4B), further demonstrating
that 20(S)-GRh2 induced autophagy in Jurkat cells.
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It is well known that the PI3K/Akt/mTOR pathway was activated
in the development of the tumor, especially in patients with T-ALL
[19,25]. Inhibition of this pathway is thought to be a novel target for
leukemia treatment [26]. To investigate whether 20(S)-GRh2
affected this pathway, the expression of PI3K, Akt, and mTOR pro-
teins was examined. After treatment with 20(S)-GRh2, the levels of
phosphorylated PI3K, Akt, and mTOR were reduced in a dose-
dependent manner (Fig. 4C). These results suggest that 20S-GRh2
can effectively inhibit the PI3K/Akt/mTOR pathway in Jurkat cells.

3.5. 20(S)-GRh2 reduced cell proliferation via inhibition of the PI3K/
Akt/mTOR pathway

We used PI3K/Akt/mTOR inhibitors, LY294002, GSK690693, and
rapamycin to investigate the effect of the PI3K/Akt/mTOR pathway
on 20(S)-GRh2—treated Jurkat cells. As shown in Fig. 5A and B, the
PI3K/Akt/mTOR inhibitor alone had no effect on cell proliferation.
20(S)-GRh2 significantly reduced the proliferation rate of Jurkat
cells compared with that in the DMSO-treated group, whereas
combined treatment with 20(S)-GRh2 and LY294002/GSK690693
further significantly decreased the cell proliferation rate to
35.41 + 2.37% and 36.14 + 2.45%, respectively. The 20(S)-GRh2 and
rapamycin combination had no significant decline compared with
the 20(S)-GRh2 group.

We next examined the expression of proliferation-related pro-
teins by immunoblotting. P70S6K and 4EBP1 are two key factors for
cell survival and proliferation, which are the downstream targets of
PI3K/Akt/mTOR [27]. As shown in Fig. 5C, 20(S)-GRh2 significantly
decreased the levels of p-P70S6K and p-4EBP1 compared with the
DMSO group. However, these levels were further decreased by
20(S)-GRh2 combined with the PI3K/Akt/mTOR inhibitor. Mean-
while, 20(S)-GRh2 treatment significantly decreased the level of
cyclin D1, which was further reduced by combination with the
PI3K/Akt/mTOR inhibitor together. However, the level of cyclin B1
was slightly affected by the combined treatment. Collectively, these
findings indicate that 20(S)-GRh2 targets the PI3K/Akt/mTOR
pathway, which subsequently suppresses cell proliferation and
causes G1 arrest in Jurkat cells.

3.6. 20(S)-GRh2 accelerated cell apoptosis through preventing the
PI3K/Akt/mTOR pathway

Then, we examined cell viability and apoptotic cells treated by
20(S)-GRh2 to investigate the effect of PI3K/Akt/mTOR pathway on
apoptosis. These results showed that cell viability was significantly
reduced by 20(S)-GRh2, which was further decreased after the
combined treatment with 20(S)-GRh2 and PI3K/Akt/mTOR inhibi-
tor (Fig. 6A). In addition, the percentage of apoptotic cells in the
20(S)-GRh2 group was significantly elevated compared with that in
the DMSO group and was further increased in the combination
group of 20(S)-GRh2 and PI3K/Akt/mTOR inhibitor (Fig. 6B and C).
The PI3K/Akt/mTOR inhibitor, LY294002, GSK690693, or rapamycin
alone had no obvious effect on cell viability and the apoptosis
percentage of Jurkat cells.

Furthermore, we detected the expression of apoptosis-
associated proteins by immunoblotting to confirm the effect of
the PI3K/Akt/mTOR pathway. As shown in Fig. 6D, 20(S)-GRh2
enhanced the levels of cytochrome c, cleaved caspase-3, and the
ratio of Bax/Bcl-2. However, these protein levels were further
increased after combined treatment with 20(S)-GRh2 and PI3K/
Akt/mTOR inhibitor, indicating that cell apoptosis was further
aggravated. Taken together, these results imply that 20(S)-GRh2
accelerates apoptosis by preventing the PI3K/Akt/mTOR pathway in
Jurkat cells.

3.7. 20(S)-GRh2 promotes autophagy by suppressing the PI3K/Akt/
mTOR pathway

We also evaluated the effect of the PI3K/Akt/mTOR pathway on
20(S)-GRh2—induced autophagy in Jurkat cells. The results showed
that the expression of pEGFP-LC3 in 20(S)-GRh2 and PI3K/Akt/
mTOR inhibitor combination groups was further increased
compared with that in the 20(S)-GRh2 group by fluorescence mi-
croscopy (Fig. 7A). Meanwhile, combination with 20(S)-GRh2 and
PI3K/Akt/mTOR inhibitor further increased the number of GFP-
LC3—positive puncta and autophagic grade per cell compared with
20(S)-GRh2 treatment alone (Fig. 7B and C). In addition, the levels
of Beclin-1, Atg5, and LC3-I conversion to LC3-II were elevated in
the 20(S)-GRh2 group compared with those in the DMSO-treated
group, which were further promoted by combination with 20(S)-
GRh2 and PI3K/Akt/mTOR inhibitor (Fig. 7D). The results indicate
that 20(S)-GRh2 induces autophagy in Jurkat cells through blocking
the PI3K/Akt/mTOR pathway.

3.8. 20(S)-GRh2 inhibits growth of Jurkat cells in xenograft mice

Antitumor effect of 20(S)-GRh2 against T-ALL was further
investigated in xenograft mice. As shown in Fig. 8A, listless inac-
tivity, dull hair, and weight loss were observed in SCID/NOD mice
after inoculation with Jurkat cells. However, these symptoms were
relieved by 20(S)-GRh2 treatment. In addition, body weight of
xenograft mice was gradually decreased in a time-dependent
manner, whereas that was reversed by 20(S)-GRh2 treatment
(Fig. 8B). Furthermore, the blood routine test results showed that
the number of white blood cells in the 20(S)-GRh2—treated group
was significantly decreased compared with that in xenograft mice
(Fig. 8C). Finally, we investigated the antitumor effect of 20(S)-
GRh2 by immunohistochemical analysis. As shown in Fig. 8D, large
amount of CD3 (yellow staining) was observed in xenograft mice,
indicating massive accumulation of Jurkat cells in spleen tissues.
However, those were markedly reduced by 20(S)-GRh2 treatment.
Taken together, our results imply that 20(S)-GRh2 exhibits anti-
tumor effects against T-ALL in vivo.

4. Discussion

ALL is the most common type of cancers in children, which re-
mains the leading cause of childhood cancer death [28]. T-ALL is an
aggressive hematological cancer, and the outcome of patients with
T-ALL still remains a major clinical challenge [21]. Therefore,
innovative strategies should be developed to further improve sur-
vival rates and reduce adverse effects of chemotherapy. Several
studies reported that the PI3K/Akt/mTOR pathway plays a crucial
role in T-ALL pathogenesis because the most common mutations in
patients with T-ALL often lead to constitutive activation of this
pathway [21,29]. GRh2 is a major active compound extracted from
ginseng, which displays efficient bioactivities against several hu-
man tumors [30—32]. In this study, we explored the antileukemia
effect of 20(S)-GRh2 in vitro and in vivo. Furthermore, the under-
lying molecular mechanisms of 20(S)-GRh2 against T-ALL were
investigated. The results showed that the PI3K/Akt/mTOR signaling
pathway could be effectively blocked by 20(S)-GRh2 in Jurkat cells.
Our results suggest that the therapeutic potential of 20(S)-GRh2 act
as a targeted drug against T-ALL.

Previous studies have found that GRh2 displayed an evident
anticancer activity through suppressing cell proliferation and
inducing apoptosis in tumor cells [23,33,34]. In the present study,
the results showed that 20(S)-GRh2 decreased cell viability in a
concentration-dependent manner in ALL cell lines and inhibited
proliferation of Jurkat cells more potently than that of Reh cells.
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Fig. 7. 20(S)-GRh2 promoted autophagy by the PI3K/Akt/mTOR pathway. Jurkat cells were treated with 20(S)-GRh2 alone or combined with the PI3K/Akt/mTOR inhibitor for 24 h.
(A) Detection of pEGFP-LC3 using a laser scanning confocal microscope (bar = 5 uM). (B) Quantification of GFP-LC3 puncta per cell. Quantitation represents at least 100 cells counted
and scored per treatment. (C) The expression levels of Beclin-1, Atg5, and LC3 were analyzed by Western blot. (D) Quantification of Beclin-1 expression. (E) Quantification of Atg5
expression. (F) Quantification of LC3 expression. Data are expressed as mean + SD. n = 3 for each group. “p < 0.05, ““p < 0.01, “p < 0.001 vs. DMSO group. **#p < 0.001 vs. 20(S)-
GRh2 and PI3K/Akt/mTOR inhibitor combination group. DMSO, dimethyl sulfoxide; GRh2, ginsenoside Rh2; SD, standard deviation.
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Meanwhile, 20(S)-GRh2 arrested cell cycle at the G1 phase in ALL
cells. Furthermore, 20(S)-GRh2 inhibited growth of Jurkat cells and
CD3 infiltration in xenograft mice, indicating its antitumor effect
against T-ALL in vivo.

It is well known that excess ROS generation in mitochondria
leads to mitochondrial damage, which subsequently causes the
release of proapoptotic substances from mitochondria, ultimately
inducing cell apoptosis [35]. Our results found that 20(S)-GRh2
induced ROS generation, increased the numbers of nuclei
apoptotic bodies and the percentage of apoptotic cells. Meanwhile,
Western blot analysis showed that 20(S)-GRh2 increased the
expression of cytochrome c and cleaved caspase-3 and the Bax/
Bcl-2 ratio, which caused apoptosis in T-ALL cells. Taken together,
our findings suggest that 20(S)-GRh2 can induce ROS-mediated
apoptosis in Jurkat cells.

Autophagy is a process of physiological cell death that is char-
acterized by the accumulation of autophagic vacuoles [36]. Auto-
phagy also plays an essential role in tumor development and
advancement including both tumor cell survival and death [37]. In
the present study, we found that 20(S)-GRh2 significantly increased
the number of autophagic vacuoles and autophagosome formation
in T-ALL cells. The increased levels of autophagy-related proteins
including Beclin-1, Atg5, and LC3-II are commonly used as markers
for evaluating autophagy [38]. In the present study, the results

showed that the levels of Beclin-1, Atg5, and LC3-II were upregu-
lated after 20(S)-GRh2 treatment, further demonstrating that
autophagic flux was enhanced in the 20(S)-GRh2—treated group.

The PI3K/Akt/mTOR signaling pathway plays an essential role in
regulating cell survival and death, especially in the progression of
cancer [39]. Much evidence has demonstrated that the PI3K/Akt/
mTOR pathway is constitutively activated in diverse types of cancer,
targeting the effectors of this pathway is a potential therapeutic
approach [40,41]. Lonetti et al. [42] reported that the PI3K/Akt/
mTOR pathway was activated in patients with T-ALL, and inhibitors
targeting this pathway can improve efficacy of chemotherapy in T-
ALL. In the present study, the levels of phosphorylated PI3K, Akt,
and mTOR were downregulated by 20(S)-GRh2 in dose-dependent
manners. The results first demonstrate that the PI3K/Akt/mTOR
signaling pathway takes part in the anticancer effect of 20(S)-GRh2
against T-ALL cells.

The PI3K/Akt/mTOR signaling pathway is essential in regulating
cell growth and survival of physiological and pathological
conditions [43]. This pathway plays a key role in cell proliferation
through affecting the activity of downstream effector
molecules and is closely related to the development and progres-
sion of cancer [44]. However, the roles of the PI3K/Akt/mTOR
pathway and its downstream components have not been explored
in the 20(S)-GRh2 group. In the present study, 20(S)-GRh2
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significantly decreased the proliferation rate of Jurkat cells, and
combined treatment with 20(S)-GRh2 and PI3K/Akt/mTOR inhibi-
tor further decreased cell proliferation. 4EBP1 and p70S6K, as PI3K/
Akt/mTOR downstream targets, are crucial factors for proliferation
in cancer cells [45]. We found that 20(S)-GRh2 combined with the
PI3K/Akt/mTOR inhibitor further downregulated the levels of p-
4EBP1 and p-p70S6K compared with 20(S)-GRh2 alone, which
subsequently inhibited cell proliferation. The previous study has
demonstrated that the PI3K/Akt/mTOR signaling pathway dis-
played a crucial effect in the progression of cell cycle in human
prostate cancer cells [46]. G1 phase arrest resulted from the inhi-
bition of cyclin D1 function, while G2/M phase regulation princi-
pally relied on cyclin B protein [47]. The results displayed that
20(S)-GRh2 significantly downregulated the expression of cyclin
D1 protein, and the combination with the PI3K/Akt/mTOR inhibitor
further reduced this level, indicating 20(S)-GRh2 arrested cell cycle
at the G1 phase via the PI3K/Akt/mTOR pathway. Taken together,
the results indicate that 20(S)-GRh2 suppresses cell cycle and
proliferation by blocking the PI3K/Akt/mTOR pathway in Jurkat
cells.

Apoptosis and autophagy, as catabolic pathways in various
physiopathological processes, decide the fate of cancer cells [48].
mTOR is a key kinase downstream of PI3K/Akt, which regulates
apoptosis and autophagy of tumor cells [49]. The PI3K/Akt/mTOR
signaling pathway plays a vital role in the development of T-ALL,
and inhibition of this pathway can promote cell apoptosis and
autophagy [50]. It was reported that suppression of PI3K/Akt/mTOR
signaling involved in releasing cytochrome c and activating
caspase-dependent apoptosis [51]. In the present study, we found
that 20(S)-GRh2 combined with the PI3K/Akt/mTOR inhibitor
further decreased cell viability and elevated the number of
apoptotic cells and the levels of apoptosis-associated proteins. In
addition, inhibition of mTOR was also induced the elevation of the
Beclin-1 level and LC3-II/LC3-I ratio in cancer cells [52]. The results
displayed that the expression of pEGFP-LC3 and autophagy-related
proteins were activated by 20(S)-GRh2, and those were further
enhanced by the combination of 20(S)-GRh2 and PI3K/Akt/mTOR
inhibitor. The results demonstrate that 20(S)-GRh2 induces
apoptosis and autophagy through blocking the PI3K/Akt/mTOR
pathway in Jurkat cells.

In conclusion, this study revealed that 20(S)-GRh2 displayed
conspicuous anticancer effect against T-ALL cells by arresting cell
cycle, inhibiting cell growth, and enhancing apoptosis and auto-
phagy. In addition, 20(S)-GRh2 exhibited antitumor effect against T-
ALL in xenograft mice. Furthermore, the anticancer mechanism of
20(S)-GRh2 was associated with targeting the PI3K/Akt/mTOR
pathway to inhibit proliferation and promote apoptosis and auto-
phagy in human T-ALL cells. These findings suggest that 20(S)-GRh2
is a natural resource of anticancer drug targeting the PI3K/Akt/mTOR
pathway, and this should be evaluated in clinical trials in future.
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