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Introduction

Acute myeloid leukemia (AML) is a life-threatening, 
malignant hyperplasia disease of the hematopoietic system, 
which is characterized by an unregulated proliferation and the 
survival of hematopoietic stem cells and myeloid progenitor 
cells (1,2). The overall 5-year survival rate of AML patients 
younger than 60 years is below 45%, and for those older than 
60 years, the rate is less than 10% (3). Therefore, according 
to the abnormal activation signal pathway in AML cells, 
targeted anti-leukemic drugs have been developed in recent 
years, with rapamycin (RAPA) being one of them. In AML, 

50% to 80% of all patients show constitutive activation of the 
PI3K/AKT/mammalian target of rapamycin (mTOR) (1).  
mTOR is a serine/threonine kinase with a crucial role in the 
regulation of cell growth and proliferation by translational 
control that is required for tumor development (4). The 
inhibition of the activation of the mTOR pathway is 
beneficial in prolonging the life span of AML patients.

RAPA, which is a specific inhibitor of mTOR, has attracted 
considerable attention because of its antitumor effect which 
was discovered in recent years. RAPA has achieved good 
clinical efficacy in the treatment of solid tumors (5-7). In the 
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treatment of leukemia, the effect of RAPA and its analogs on the 
progression of leukemic cells has been confirmed (8). A study 
has shown that RAPA can arrest the cell cycle progression of 
AML cells in the G1 phase and promote its apoptosis with 
the collapse of the mitochondrial potential and caspase-3 
activation, while the combination with chemotherapeutic drug 
Ara-C has yielded the most prominent proapoptosis effects (9).

Natural killer (NK) cells are cytotoxic lymphocytes that 
play a vital role in the antitumor immune response. The 
killing ability of these NK cells depends on the balance of 
activation and inhibitory signals mediated by the activated 
receptors and inhibitory receptors (inhibitory killer 
immunoglobulin-like receptors) that are expressed on the 
surface of NK cells, especially the activation signal mediated 
by activated receptor NKG2D and its ligand. The activation 
signal mediated by the NKG2D can antagonize the inhibitory 
signals produced by the binding of the killer inhibitory 
receptors to major histocompatibility complex (MHC) class 
I molecules, which leads to the activation of NK cells, thus 
killing the tumor cells. NKG2D ligands, including MHC 
class I chain-related proteins A and B (MICA/B) and UL16 
binding protein family (ULBPS), are the primary ligands for 
exerting cytotoxic activity (10). The downregulation or loss 
of NKG2D ligand expression is frequently found in tumor 
cells; thus, they cannot be easily identified and killed by NK 
cells, resulting in the immune escape of the tumor (11).

Reports have shown that RAPA is involved in the regulation 
of the NK cell activity through the mTOR signal pathway, 
and has inhibited the growth of NKbright and the secretion of 
interferon gamma (IFN-γ) (12). However, it is rarely reported 
how RAPA regulates the expression of the NKG2D ligand. 
In this study, AML cell lines HL-60 and THP-1 were used 
as research models. We found that the expression of the 
NKG2D ligand on the surface of AML cells decreased after 
using a RAPA therapy, and cytotoxic sensitivity against NK 
cells also declined. RAPA can antagonize the upregulation of 
the NKG2D ligand, which was induced by the demethylation 
drug decitabine (DAC). Our study observed that the 
downregulation of the NKG2D ligand by RAPA was achieved 
by inducing STAT3 phosphorylation in AML cells. Also, the 
phosphorylation of the ERK protein related to proliferation 
and differentiation also increased. 

Methods

Cell culture and reagents

The AML cell line HL-60 (human acute granulocytic 

leukemia cell line) was obtained from the Cell Resource 
Center, the Institute of Life Sciences, and the Chinese 
Academy of Sciences. THP-1 cells were purchased from 
the American Type Culture Collection. These cells were 
maintained in the RPMI1640, supplemented with a 10% fetal 
bovine serum (FBS), 100 U/mL of penicillin, and 100 μg/mL  
of streptomycin at 37 ℃ in a humidified atmosphere with 
a CO2 level of 5%. NK92 cells (human NK cell line) 
were provided by Prof. Ji from the Xinguangwuhuoshi 
Hospital, Taipei, and grown in a minimum essential Eagle 
medium-alpha modification (α-MEM) which included 
12.5% FBS, 12.5% horse bovine serum (HBS), 100 U/mL  
of IL-2, and 100 IU/mL of penicillin and doxorubicin. 
RPMI1640, α-MEM, and HBS were produced by Gibco 
Grand Island (New York, NY, USA). RAPA and decitabine 
(DAC) were purchased from Sigma (St Louis, MO, USA). 
Annexin-V/PI was purchased from Invitrogen (Carlsbad, 
CA, USA). STAT3 inhibitor VII was the product of 
Calbiochem Corporation (Darmstadt, Germany). MICA/
B-PE, ULBP1-PE, ULBP2/5/6-APC, ULBP3-PE, 
ULBP4-APC, and PE and APC-labeled isotype control 
immunoglobulin G1 (IgG1) were purchased from R&D 
System Company (Minneapolis, MN, USA). Antibodies 
against STAT3, p-STAT3 on Ser727 and Tyr705, p42/44 
MAPK, p-p42/44 MAPK, and β-actin were purchased 
from Cell Signaling Technology (Beverly, MA, USA). 
A Cell Counting Kit-8 (CCK-8) was the product of 
Shanghai Dojindo Molecular Technologies, Inc. (Shanghai, 
China). An enhanced chemiluminescence detection kit 
for the western blot assay was purchased from Santa Cruz 
Biotechnology, Inc (Dallas, TX, USA).

Measurement of cell proliferation by CCK-8

CCK-8 analyzed the cell proliferation of HL-60 and THP-
1. AML cells were collected and washed with a phosphate 
buffered saline (PBS) once, with an adjusted cell density of 
1×105/mL. HL-60 and THP-1 cells were exposed to the 
indicated concentration (0, 0.01, 0.1, 1.0 μg/mL) of RAPA. 
AML cells of different treatment methods were seeded in 
96-well plates with 100 μL per well and 4 multiple wells 
in each group for 24, 48, and 96 h. These cells were then 
incubated with a CCK-8 solution (10 μL per well) for a 
further 4 h incubation time at 37 ℃ at the 24, 48, and 72 h  
time points. The absorbance was determined at 450 nm. 
The experiments were repeated 3 times, and cell viability 
was determined with the following formula: cell viability (%) 
= [(OD450sample − OD450blank)/(ODcontrol − OD450blank)] ×100.
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Detection of apoptotic cells by annexin-V/PI double 
staining

AML cells (HL-60, THP-1) were treated with different 
concentrations of RAPA (0, 0.01, 0.1, 1.0 μg/mL) for 24, 48, 
and 72 h. AML cells were collected and washed with PBS 
once. The cells were suspended in a 100 μL of 1× annexin-V 
binding buffer at a density of 1×106/mL. The cells were 
incubated with 5 μL of annexin-V and 1 μL PI for 15 min 
and then detected using flow cytometry.

Detection of NKG2D ligands expression on NK cells by 
flow cytometry

Cells were harvested and washed with PBS once and 
resuspended in a 100 μL PBS. The 5 anti-human NKG2D 
ligand antibodies (MICA/B, ULBP1, ULBP2, ULBP3, 
ULBP4) were added and followed by an incubation in the 
dark for 30 min at 4 ℃. The cells were then washed twice 
with PBS and suspended in 500 μL PBS. The expression 
of NKG2D ligand on AML cells was detected using flow 
cytometry, and the values were expressed as the mean 
fluorescence intensity (MFI). The isotype IgG1 was used as 
a negative control. The experiment was performed at least 
3 times. 

Determination of cytotoxicity of NK cells by CFSE

The human NK92 cell line was used as the effector cells and 
HL-60 cells as the target cells. Collected HL-60 cells were 
treated with RAPA for 24 h and washed with PBS once. 
After that, the cells were resuspended with PBS. CFSE was 
added to the system at a final concentration of 5 μmol/L. 
The liquid was mixed gently and incubated for 10 min at 
37 ℃. After removal of the liquid, 5 times the volume of 
precooled FBS was added, centrifuged, washed twice with 
PBS, and the cell density was adjusted to 1×105/mL. Then, 
the effector cells were mixed with target cells at different 
ratios (5:1, 10:1, 20:1), and incubated at 37 ℃ for 24 h. 
After incubation, cells were collected and washed twice with 
PBS. Next, PI was added and incubated for 15 min at room 
temperature. NK92 cells against AML cells were assessed 
by flow cytometry. The experiment was repeated 3 times.

Detection of expressions of STAT3 by western blot assay

HL-60 and THP-1 cells were treated with RAPA for 
24 h and combined with DAC for 48 h, and cells were 

harvested and lysed in radioimmunoprecipitation assay 
lysis buffer for 30 min on ice. The lysates were cleared by 
centrifugation at 12,000 rpm for 10 min at 4 ℃, and the 
protein concentration was determined with bicinchoninic 
acid assays. Then, proteins were separated by a 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
membrane and transferred onto polyvinylidene membranes. 
After inoculation in the blocking buffer (5% nonfat milk), 
the membranes were probed overnight at 4 ℃ with the 
indicated antibodies. All the bands were visualized with 
horseradish peroxidase-conjugated secondary antibodies 
and an enhanced chemiluminescence kit. 

Statistical analysis

Statistical analysis was performed with the GraphPad Prism 
5 Software. Data are presented as the mean ± standard 
deviation (SD) of the mean of 3 experiments. The t-test was 
used to determine the significance of differences between 
the two datasets. The value of P<0.05 was considered to 
have statistical significance.

Results

RAPA inhibited the proliferation of AML cells 

The AML cell lines HL-60 and THP-1 were treated with 
different concentrations of RAPA for 24, 48, and 72 h. 
The results of CCK-8 showed that there was no significant 
inhibition of cell proliferation when AML cells were treated 
with RAPA for 24 h. The proliferation inhibitory rates of 
0.1 μg/mL RAPA on HL-60 and THP-1 were 14.1%±0.5% 
and 12.7%±2.6%, respectively. With prolongation of 
the action time of RAPA, the proliferation of HL-60 and 
THP-1 cells were significantly inhibited after treatment 
with RAPA for 48 and 72 h. For HL-60 cells treated with  
0.1 μg/mL RAPA for 48 and 72 h, the viability significantly 
declined by 36.3%±0.4% and 35.8%±1.2%, respectively, 
as compared to the control cells. THP-1 cells were more 
sensitive to RAPA, and the viability of THP-1 at 48 and 72 h  
declined by 31.9%±5.0% and 42.9%±4.5% (Figure 1A).

We further tested the apoptosis of the AML cells in 
different concentrations of RAPA. Results found that RAPA 
did not induce specific apoptosis in AML cells, even in the 
concentration of RAPA which was as high as 1.0 μg/mL 
(Figure 1B,C). Although studies have shown that RAPA 
induced early apoptosis of HL-60 cells (13), there was no 
difference in the induction of apoptosis found in our study. 
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Figure 1 Anti-leukemia effect of RAPA on AML cells. (A) Proliferation inhibition efficiency of various concentrations of RAPA (0, 0.01, 
0.1, 1.0 μg/mL) on AML cells (HL-60 and THP-1) for 24, 48, and 72 h. AML cells were incubated in 96-well plates at a density of 1×104 
cells per well for 24, 48, and 72 h, and then CCK-8 solution was added for a further 4 h incubation. Results are reported as mean ± SD of 
the 3 independent experiments. Statistical significance was reported as **, P<0.01, ***, P<0.001; (B) HL-60 and THP-1 cells treated with 
different doses of RAPA (0, 0.01, 0.1, 1.0 μg/mL) were analyzed by FACS for the percentage of apoptotic cells for 48 h. Q1, dead cells; Q2, 
advanced apoptosis cells; Q3, living cells; Q4, early apoptosis cells; (C) cell apoptosis of AML cells (HL-60 and THP-1) following RAPA 
treatment. Each column and error bar represent the mean ± SD of apoptosis level (n≥2). RAPA, rapamycin; AML, acute myeloid leukemia; 
SD, standard deviation.
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The inhibitory effect of RAPA on AML cells is mainly in 
the inhibition of cell proliferation.

RAPA downregulates the cytotoxic sensitivity of AML to 
NK cells by decreasing NKG2DL expression on AML cells

To further investigate whether RAPA was able to regulate 
the expression of NKG2D ligand on AML cells, the 
expression of 5 NKG2D ligands (MICA/B and ULBP1-4)  
on AML cells was detected using flow cytometry. In this 
study, HL-60 and THP-1 cells were treated with different 
concentrations of RAPA (0.01, 0.1 and 1.0 μg/mL) for 24 
and 48 h. The results showed that HL-60 cells were more 
sensitive to the inhibitory effect of RAPA. After treatment 
with RAPA for 24 h, the expression of MICA/B, ULBP-1, 
ULBP-2, and ULBP-3 were decreased significantly, whereas 
the expression of ULBP-4 was not affected (Figure 2). 

We also observed that the expression of MICA/B and 
ULBP-3 on THP-1 cells was inhibited by a significant 
amount when cells were treated with RAPA for 24 h. For 
ULBP-1, the downregulation at 48 h was much higher than 
that at 24 h (Figure 2C). There were no significant differences 
among the different concentrations. In conclusion, RAPA 
could inhibit the expressions of the NKG2D ligands on both 
AML cells; however, there were differences in the regulation 
of expression of different ligands. 

To investigate further whether the low expression of 
NKG2D ligand used after treatment with RAPA could 
reduce the recognition and lysis mediated by the NK cells, 
we used a well-known model that enabled the NKG2D-
NKG2DL interaction to be accurately analyzed. The NK92 
cell line was used as a source of effector cells for its high 
expression level of NKG2D. AML cells were previously 
incubated with 0.1 μg/mL RAPA for 24 h and then co-
cultured at a different effector-target ratio (E:T ratio). The 
results showed that the percentage of specific lysis in the 
RAPA treatment group was significantly lower than the 
control group with a measured E:T ratio (Figure 2D,E).  
Although the killing efficiency of the two treatment groups 
increased with the increase of the E:T ratio, the killing 
efficiency of the RAPA group was significantly lower 
than that of the control group (Figure 2E). We examined 
further the effect of RAPA on the expression of NKG2D, 
an activated receptor on NK92 cells. The results showed 
that the measured concentration of RAPA did not affect the 
expression of NKG2D on the surface of NK cells (data not 
shown) for 24 h. The decrease in the sensitivity of AML 
cells to NK cells after the treatment of RAPA is due to 

the decrease of NKG2D ligand expression in AML cells. 
In summary, we found that RAPA can downregulate the 
expression of NKG2D ligand on the surface of AML cells, 
reduce the killing effect of NK cells, and result in immune 
escape of the tumor.

RAPA inhibits the expression of NKG2D ligand by a 
STAT3 signaling pathway

The STAT3 protein was evaluated by western blot analysis 
to investigate whether STAT3 participates in the regulation 
of RAPA for the expression of NKG2D ligand in the 
membrane of AML cells. Western blot analysis revealed 
that RAPA treatment resulted in strong upregulation of the 
STAT3 phosphorylation at Ser727 and a moderate increase 
at Tyr705 in both of the AML cells. We also found that 
there was an increase in phosphorylation of ERK protein, 
which can also modulate the expression of NKG2D ligand 
(Figure 3A,B).

Next, we investigated whether the inhibition of the 
expression of STAT3, ERK affected the expression of 
NKG2D ligands. RAPA and chemical inhibitors were 
combined on HL-60 cells to detect the change of the 
expression of NKG2D ligands. Results revealed that 
inhibition of STAT3 by STAT3 inhibitor VIIincreased 
cell surface expression of ULBP-3 (Figure 3C), whereas 
inhibition of ERK by LY3214996 did not affect the 
expression of NKG2D ligand (data not shown). These 
findings suggested that RAPA down-regulated the 
expression of NKG2D ligand on AML cells by upregulation 
of the phosphorylation of STAT3.

RAPA antagonizes the anti-leukemia effect of DAC by 
upregulating phosphorylation of STAT3 protein

Previous data have shown that it is safe to combine DAC 
with RAPA in the treatment of AML (14). However, 
in our study, we found that RAPA can induce low 
expression of NKG2D ligands on the surface of AML 
cells. We further found that RAPA could inhibit the 
upregulation of the NKG2D ligand which is induced by 
different concentrations of DAC (Figure 4A). RAPA can 
downregulate the expression of 4 NKG2D ligands (MICA/
B, ULBP1-3) expressed on HL-60 cells (Figure 4B). 
The results of western blot analysis showed that RAPA 
antagonized the inhibitory effect of DAC on STAT3 and 
induced the increase in the phosphorylation of Ser727 
and Tyr705 (Figure 4C). Consistent with these data, the 
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Figure 2 RAPA downregulates the cytotoxic sensitivity of AML to NK cells by decreasing NKG2DL expression on AML cells. (A) Flow 
cytometry results of the expression of 5 NKG2D ligands expressed on both AML cells (HL-60 and THP-1) after various concentrations of RAPA 
(0, 0.01, 0.1, 1.0 μg/mL) treatment for 24 h. Black line, IgG; grey line, Con; red line, 0.01 μg/mL; green line, 0.1 μg/mL; blue line, 1.0 μg/mL; 
(B,C) the downregulation of rMFI levels of 5 NKG2D ligands (MICA/B, ULBP1-4) in HL-60 cells and THP-1 cells after RAPA treatment; (D) 
flow cytometry of cytotoxic sensitivity of HL-60 cells to NK cells. After RAPA treatment for 24 h, the cytotoxic sensitivity of HL-60 cells to NK 
cells significantly declined; (E) RAPA downregulated the cytotoxic sensitivity of HL-60 cells to NK cells at different E:T ratios. HL-60 cells were 
previously incubated with 0.1 μg/mL RAPA for 24 h and then co-cultured at a different effector-target ratio (E:T ratio). Results are reported as 
mean ± SD of the 3 independent experiments (B,C,E). *, P<0.05 vs. control group; **, P<0.01 vs. control group. RAPA, rapamycin; AML, acute 
myeloid leukemia; NK, natural killer; IgG, immunoglobulin G; rMFI, relative mean fluorescence intensity; SD, standard deviation.
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downregulation of the expression of NKG2D ligand when 
combining RAPA with DAC in the treatment of AML cells 
may be one of the reasons for the recurrence of leukemia.

Discussion

RAPA, an antineoplastic drug, has seen recent clinical use. 
A large number of reports have confirmed that RAPA has an 
anti-leukemia effect (15-17). Our research also confirmed 
that RAPA inhibited the proliferation of leukemia cells. In 
this study, 2 AML cell lines were chosen as the study object, 
in which HL-60 was the MLL-wild-type AML cell line, and 
THP-1 was the MLL-mutant-type cell line (18). Studies 
have shown that AML cells with MLL-rearranged subgroup 
were more sensitive to mTOR inhibitors (18). Therefore, 
the two cell lines that had different sensitivity to RAPA 
were selected as research subjects. Our research found 
that RAPA as an anti-leukemia drug cannot induce early 
apoptosis in AML cells, but it can inhibit the proliferation 
of AML cells.

RAPA was isolated from a species of bacteria collected 
from Rapa Nui, commonly known as Eastern Island, and 
was first used as a low-toxicity antifungal drug (19). Later, it 
was discovered that it has an immunosuppressive effect and 
was used as an immunosuppressive agent for the treatment 
of organ transplantation rejection (20,21). mTOR, a key 
regulator of cellular metabolism, has a fundamental role in 
controlling immune responses and its activity is required 
for the production of IFN-γ and granzyme B of NK 

cells (12), whereas it can be inhibited by the specific 
inhibitor RAPA (22). However, the immune-modulatory 
effect of RAPA on tumor cells is rarely reported. Our 
study found that RAPA can downregulate the expression of 
NKG2D ligands on the membrane of AML cells, whether 
sensitive or insensitive to mTOR inhibitors, even in a low 
concentration.

Further research found that RAPA combined with 
the new antileukemia drug DAC can also inhibit the 
expression of the NKG2D ligand, and our previous study 
had shown that the demethylation drug DAC inhibited 
the proliferation of AML cells, induced its early apoptosis, 
upregulated the expression of NKG2D ligand, and 
enhanced its sensitivity to the killing effect on NK cells (23). 
Although a clinical trial has confirmed that RAPA combined 
with DAC is safe and effective in the treatment of relapse 
and refractory leukemia (14), our study found that RAPA 
can antagonize the effect of DAC on the upregulation of 
the expression of NKG2D ligands. We also found that the 
cytotoxicity of NK cells to HL-60 cells was decreased. To 
investigate the downregulated effect due to the decreased 
expression of NKG2D ligands or the inhibitory effect of 
RAPA on NK cells, we stimulated the NK92 cell with 
RAPA. The data showed that a low concentration of RAPA 
did not affect the expression of NKG2D on NK92 cells. 
The expression of NKG2D on NK cell surface can only be 
affected by long-term treatment of RAPA (12). 

Moreover, RAPA had little effect on the rest of the 
activated receptors that expressed on the surface of NK 

Figure 3 RAPA inhibited the expression of NKG2D ligand on the STAT3 signaling pathway. (A,B) RAPA upregulated the activity of STAT3 
and ERK in HL-60 and THP-1 cells. AML cells were exposed to 0.1 μg/mL RAPA for 24 h. Cell lysates were prepared and subjected to 
western blot assay for p-STAT3 (Tyr705 and Ser727), total STAT3 protein, p-ERK, and total ERK. The phosphorylated STAT3 and ERK 
in HL-60 cells (A) and THP-1 cells (B) were increased after the treatment of RAPA; (C) without changing the basic expression of NKG2D 
ligand, STAT3 specific inhibitor upregulated the expression of ULBP3. HL-60 cells were treated with 0.1 μg/mL RAPA, 0.25 μmol/L 
STAT3 VII inhibitor or 0.1 μg/mL RAPA +0.25 μmol/L STAT3 VII inhibitor for 24 h. The expression of NKG2D ligands was analyzed 
using flow cytometry. Results are reported as mean ± SD of the 3 independent experiments. *, P<0.05 vs. RAPA group. RAPA, rapamycin; 
AML, acute myeloid leukemia; SD, standard deviation.
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cells, such as NKP30 and NKP46 (12). The NKG2D 
ligands on the surface of tumor cells are the key to the 
activation of NK cells. The downregulation of NKG2D 
ligands leading to the tumor cannot be easily identified, 
and NK cells cannot be activated, and thus NK cells fail 
to recognize and kill tumor cells (11). Therefore, the 
downregulation of NKG2D ligands expression is the reason 
for the decrease of cytotoxicity of NK cells to HL-60 cells. 
Consequently, we speculated that although RAPA can 
inhibit the proliferation of AML cells, its downregulation 

of the expression of NKG2D ligands on the surface of 
AML cells may lead to the emergence of tumor escape and 
become one of the reasons for leukemia relapse.

Revealing the mechanism of RAPA that can downregulate 
the expression of the NKG2D ligand could provide a 
better therapeutic target for AML clinical treatments. It 
has been reported that the NKG2D ligand MICA was 
the downstream target gene of STAT3, and STAT3 can 
specifically bind to the promoter region of MICA and 
regulate the transcription and expression of the MICA (24). 

Figure 4 RAPA antagonized the anti-leukemia effect of DAC by upregulating phosphorylation of STAT3 protein. (A) Flow cytometry results 
of the expression of NKG2D ligand expressed on HL-60 cells after treatment with DAC or cotreatment with DAC and RAPA for 48 h. Red, 
IgG; blue, Con; orange, 0.2 μmol/L DAC; green, 0.1 μg/mL RAPA +0.2 μmol/L DAC; (B) the downregulation of rMFI levels of 5 NKG2D 
ligands (MICA/B, ULBP1-3) in HL-60 cells after treated with DAC or DAC combined with RAPA. After HL-60 cells were treated with a 
different concentration of DAC+0.1 μg/mL RAPA, the expression of NKG2D ligands on HL-60 cells were downregulated. Even at a high 
concentration of DAC, it cannot further increase the NKG2D ligands expression; (C) RAPA upregulated the phosphorylated STAT3 in 
DAC-treated HL-60 cells. Results are reported as mean ± SD of the 3 independent experiments. *, P<0.05 vs. DAC group; **, P<0.01 vs. DAC 
group. RAPA, rapamycin; DAC, demethylation drug decitabine; rMFI, relative mean fluorescence intensity; SD, standard deviation.
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Western blot assay showed that phosphorylated STAT3 
was increased in these two AML cells after the treatment of 
different concentrations of RAPA. The downregulation of 
the expression of ULBP3 induced by RAPA can be recovered 
after the treatment of specific STAT3 phosphorylation 
inhibitor. Also, the phosphorylation of STAT3 protein was 
increased after RAPA was combined with DAC treatment in 
AML cells, and our previous study has confirmed that DAC 
upregulated the expression of NKG2D ligand by inhibiting 
phosphorylated STAT3 (23).

RAPA is a specific inhibitor of mTOR (25) whose 
series of effects in the body are almost related to mTOR. 
Research has proven that mTOR can upregulate the 
phosphorylation of STAT3 at Ser727 and Tyr705 and 
induce the activation of STAT3 (26). The further use of 
mTOR-specific inhibitors of RAPA can downregulate 
the phosphorylation level of STAT3 in some disease  
models (27), which is inconsistent with our current results 
which point to RAPA upregulating the activation of 
STAT3. It is indicated that RAPA does not downregulate 
NKG2D ligand through the mTOR pathway. Studies 
have shown that the phosphorylation level of STAT3 is 
upregulated in cardiac cells treated with RAPA, which is a 
central component of cardioprotection (28). We speculated 
that the activated STAT3 might also be one of the factors 
contributing to RAPA’s inability to induce the apoptosis 
of AML cells. However, the reason for these contradictory 
data of RAPA is not apparent. RAPA may have different 
ways to trigger the STAT3 signaling pathway in different 
organs. In this work, we found that the activation of STAT3 
induced the phosphorylated ERK.

The results of further detection of Western blot analysis 
showed that the phosphorylation level of ERK in AML 
cells that were treated by RAPA increased. However, 
LY3214996, and ERK-specific inhibitor, did not alter the 
downregulation of RAPA on the expression of NKG2D 
ligand, which indicates that the ERK signaling pathway 
did not participate in the regulation of RAPA on NKG2D 
ligand. In the current study, we found that RAPA regulated 
the expression of partial NKG2D ligands by activating the 
STAT3 signaling pathway, and decreased the cytotoxicity 
of AML cells to NK cells. The discovery of this mechanism 
may further improve the clinical use of RAPA for the 
treatment of AML.
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