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ABSTRACT
Endometrial cancer (EC) is a gynecological malignant tumor characterized by high incidence. EC occur-
rence and development are regulated by numerous molecules and signal pathways. There is a need to 
explore key regulatory molecules to identify potential therapeutic targets to reduce the incidence of EC. 
Treatment by targeting a single molecule is characterized by poor efficacy owing to the development of 
resistance and significant side effects. The current study explored potential candidates in EC by integrat-
ing bioinformatics analysis and in vivo and in vitro experimental validation to circumvent the limitation of 
low efficacy of currently used molecules. Molecular dynamics simulations provide details at the molecular 
level of intermolecular regulation. In the current study, MLLT11 and TRIL were identified as important 
regulatory molecules in EC. The two molecules formed a heteromultimer by binding to AKT protein, which 
induced its phosphorylation of threonine at position 308. Ultimately, the complex stimulates PI3K/AKT/ 
mTOR signaling pathway, a pivotal pathway in tumors. The findings of the current study show a novel 
complex, MLLT11-TRIL, which can act as AKT protein agonist, thus inducing activity of PI3K/AKT/mTOR 
signaling pathway. Targeting MLLT11 and TRIL simultaneously, or blocking the formation of the MLLT11- 
TRIL complex, can abrogate progression of EC.
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1. Introduction

Endometrial cancer (EC) is a common gynecological malignant 
tumor and the fifth most common cause of cancer deaths in the 
United States.1, 2 It exhibits one of the most extreme tumor 
heterogeneity among human cancers.3 With the rapid develop-
ment of molecular biology tools, several molecular signal trans-
duction pathways have been shown to mediate the occurrence 
and development of EC. Thus, key pathway molecules present 
potential therapeutic targets.4 Since interventions targeting 
a single molecule have been associated with poor efficacy and 
side effects,5 most studies are evaluating molecular mechanisms 
and development of therapies against multiple targets in EC.

According to the pathogenesis of the disease, it can be divided 
into two types. Type I is estrogen dependent, accounting for the 
majority of EC. Type II is estrogen-independent and has a worse 
prognosis than type I.6 Among them, type I EC encodes genetic 
changes that are mostly associated with PI3K and Wnt pathway 
signaling abnormalities, KRAS mutations, and PTEN 
inactivation.4 In addition, PI3K/AKT/mTOR, the most impor-
tant signal pathway, plays a pivotal role in tumor activities.7

AKT (Protein kinase B, PKB) is a serine/threonine kinase, 
which regulates many biological processes, such as metabolism, 
proliferation, cell survival, growth, and angiogenesis.8 It is 
a downstream signal for phosphatidylinositide 3-kinases 

(PI3K). Besides, many of its activators such as receptor tyrosine 
kinases, integrins, B cell and T cell receptors, cytokine recep-
tors, and G protein-coupled receptors have been reported.9 In 
addition, 3-phosphoinositide-dependent protein kinase-1 
(PDK1) has been shown to phosphorylate AKT at threonine 
308, leading to its partial activation.10–12 The phosphorylation 
of threonine 308 could widely affect the downstream regulation 
of AKT, thus modulating the activity of PI3K/AKT/mTOR 
signaling pathway. It is, therefore, feasible to speculate that 
the phosphorylation of AKT protein might mediate tumori-
genesis in EC.

MLLT11, also known as af1q, is located on human chromo-
some 1 and encodes a 9 kDa protein. MLLT11 was originally 
found in leukemia patients as an oncogene.13 Although the 
biological function of MLLT11 is largely unknown, the poten-
tial cancer-promoting effect of the gene has been proposed in 
breast cancer, colorectal cancer, and osteosarcoma.14–16

TRIL is expressed in many tissues including brain, spinal 
cord, lung, kidney and ovary, which may be related to the 
functional role of TLR4 in the brain.17 However, so far, the 
role of TRIL in tumor development has not been reported.

Here, we showed that MLLT11-TRIL complex acts as an 
AKT agonist and stimulates the activity of the PI3K/AKT/ 
mTOR signaling pathway. Thus, dual targeting of MLLT11 
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and TRIL might help prevent the progression of EC. Coupled 
with our previous findings on protein complex,18 we demon-
strate that binding of MLLT11-TRIL has catalytic effect on 
phosphorylation of AKT-threonine 308, and might be 
a therapeutic target in EC.

2. Materials and methods

2.1 Transcriptome data acquisition and pre-processing

Transcriptome microarray data for 37 endometrial tissues and 
their corresponding clinical information were obtained from 
the Metabolic gEne RApid Visualizer (MERAV, http://merav. 
wi.mit.edu) database.19 To control for the potential bias caused 
by a single data set, we collected transcriptome level 3 data of 
uterine corpus endometrial carcinoma (UCEC) and corre-
sponding clinical prognostic information from the Cancer 
Genome Atlas Project (TCGA, https://www.cancer.gov/tcga) 
database.20 We conducted analysis of the obtained data against 
a standardized reference.

2.2 Bioinformatics analysis

We established a weighted gene co-expression network analysis 
(WGCNA) of the 37 endometrial tissue data in MERAV, 
following our previously described protocol.21 Based on the 
characteristics of the data, we characterized the phenotypes 
according to clinical stage, pathological grade, and their can-
cerous status. Since there were correlations between the differ-
ent modules and phenotypes, we extracted the modules with 
the strongest correlation with the phenotypes. Besides, we 
conducted signal pathway enrichment analysis using g: 
Profiler (https://biit.cs.ut.ee/gprofiler/gconvert.cgi).22

To screen out the pivotal gene pairs, we profiled the gene 
expression correlation in candidate modules using the Pearson 
correlation coefficient (r) at a significance level of p < .05. In 
addition, we analyzed and extracted genes that had significant 
effect on the prognosis of UCEC in the TCGA dataset. 
Similarly, we established an expression correlation network to 
sieve important gene pairs. Gene pairs shared by the two sets of 
data were selected as candidate genes for subsequent studies.

2.3 Cell lines and collection of clinical specimen

Immortalized human endometrium cell lines, CRL-4003 and 
T-HESC were purchased from the Shanghai Institute for 
Biological Science, Chinese Academy of Sciences (Shanghai, 
China). On the other hand, human endometrial carcinoma 
lines, AN3, ECC-1, RL95-2, KLE, Ishikawa and Hec1A lines 
were obtained from our laboratory.

In addition, we collected endometrial tissues from 50 
patients who had been diagnosed with EC at the Zhuzhou 
Central Hospital, Xiangya Medical College, Central South 
University from January 1, 2020 to January 1, 2021. The EC 
was pathologically determined and the patients gave informed 
and signed consent (clinicopathologic characteristics were 
shown in the supplementary Table S3). The study was 
approved by the Ethics Committee of Zhuzhou Central 
Hospital, Central South University (Zhuzhou, China).

2.4 Reagents and antibodies

We purchased multiple PI3K/AKT signaling inhibitors and 
activators from Selleck (Selleck Chemicals, Shanghai, China). 
They include LY294002 (Cata No. S1105), a small molecule 
inhibitor of PI3K; MK-2206 (Cata No. S1078), a highly selec-
tive AKT inhibitor; Rapamycin (Cata No. S1039), a specific 
mTOR inhibitor and a cell permeable PI3K phosphopeptides 
activator 740 Y-P (Cata No. S7865). R3 IGF-1 (Cata No. I1146), 
a recombinant analog of IGF-1, was purchased from Sigma- 
Aldrich (St. Louis, MO, USA). DMSO was used as a vehicle for 
all the negative control assays. All reagents were used at the 
manufacturers’ recommended concentration.

We used PI3K-p110δ (ab109006, Abcam), PTEN 
(ab267787, Abcam), p-AKTThr308 (ab38449, Abcam), pan- 
AKT (ab18785, Abcam), p-mTORSer2448 (ab109268, 
Abcam), mTOR (ab134903, Abcam), GAPDH (ab8245, 
Abcam), MLLT11 (PA5-81879, Invitrogen), TRIL (PA5- 
23454, Invitrogen) and IgG antibody (Cat#2729, Cell 
Signaling) as primary antibodies. Goat anti-rabbit IgG 
(ab150077, Abcam) was used as the secondary antibody.

2.5 Cell culture and transfection

The cells in logarithmic growth phase were seeded in 6 wells 
(1 × 105 cells per well) and cultured overnight in a 5% CO2 
incubator at 37°C. At 65%˜85% confluence, lipofectamine 3000 
reagent was used for the transfection of siRNA control (si-Con) 
, MLLT11 siRNA (si-MLLT11) and TRIL siRNA (si-TRIL) into 
the cells. After 48 hours, we analyzed the transfection efficiency 
using qRT-PCR and Western blot assays.

2.6 Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the cells in the logarithmic 
growth phase using Trizol. The quality of the RNA was 
evaluated by ultraviolet spectrophotometry, and then cDNA 
was synthesized using reverse transcription kit (Takara, 
Japan). The expression of MLLT11 and TRIL mRNA in the 
cells was evaluated by qRT-PCR using the following primers: 
MLLT11, forward 5’-GGACCCTGTGAGTAGCCAGTA-3’ 
and reverse 5’-CAGCTCCGACAGATCCAGT-3’; TRIL, for-
ward 5’-GTACCTGGGGAACAACCTCTT-3’ and reverse 5’- 
GCAGCTTGACTAGACTCTCCA-3’; GAPDH, forward 5’- 
CCAGCAAGAGCACAAGAGGAAGAG-3’ and reverse 5’- 
GGTCTACATGGCAACTGTGAGGAG-3’. GAPDH as inter-
nal reference. The relative expression of the MLLT11 and 
TRIL mRNA was calculated by 2-ΔΔCT method.

2.7 MTT and wound scratch healing assay

Cell proliferation was detected by 3-(4,5-dimethyl-2-thiazyl)-2, 
5-diphenyl-2 H-tetrazolium bromide (MTT) assay and was 
measured by optical density D (λ) at a wavelength of 490 nm 
using a BioTek Gen5 system (BioTek, USA).

Cell migration was assessed using a wound scratch healing 
assay using the previously described protocol.23,24 First, mono-
layer cells were prepared. The cell density was 5 ~ 10 × 105 

cells/ml were placed in 24 well plates (500 UL per well), and 
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10% fetal bovine serum was added to RMPI 1640 medium, 
cultured for 16 ~ 24 h to form monolayer cells. The cells were 
grouped according to different needs. Scratched the monolayer 
cells with a 10 UL pipette head, washed it with PBS 3 times, and 
replaced it with RMPI 1640 culture medium. Sucked the cul-
ture medium, washed it with PBS 3 times, observed, and took 
photos under an inverted fluorescence microscope.

2.8 Protein preparation and Western blot

Cells were harvested, and then total protein lysate was prepared 
using a prechilled RIPA buffer with proteinase and phosphatase 
inhibitor. The protein concentration was determined using BCA 
assay (Sigma-Aldrich, USA) for the separation of nuclear and 
cytoplasmic proteins in cells. We extracted nuclear and cytoplas-
mic proteins from the cells according to the instructions of the 
nucleocytoplasmic separation kit. Briefly, cytoplasmic protein 
extraction reagents A and B were added to the collected cell 
pellet successively, the system was mixed evenly, and the super-
natant liquid obtained by ultracentrifugation was the cell cyto-
plasmic protein. Nuclear protein extraction reagent was added to 
the precipitate, and the supernatant liquid obtained after ultra-
centrifugation was nuclear protein. We used Western blotting to 
detect the subcellular localization of the protein of interest.

The protein samples were resolved in sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), then 
transferred onto polyvinylidene difluoride (PVDF) mem-
branes. The blots were blocked in skimmed milk for 2 h and 
then incubated with primary antibodies overnight at 4°C. The 
blots were washed in PBS before incubation with secondary 
antibody. The optical density of the target protein band was 
analyzed by the Bio-Rad imager.

2.9 Immunohistochemistry (IHC)

For IHC, tissue sections were dewaxed, hydrated, and then 
placed in PBS buffer. The sections were soaked in hydrogen 
peroxide at room temperature and then incubated with pri-
mary antibody overnight at 4°C. The sections were then incu-
bated with secondary antibody and restained with 
hematoxylin. Thereafter, the slices were dehydrated with etha-
nol at different concentration gradients and then sealed with 
neutral gum. We then examined the tissue morphology and 
photographed under a microscope. Add up all the optical 
density values of each Brown point on the picture and divide 
the obtained value by the area of the effective target distribu-
tion area. Use ImageJ software to detect the percentage of 
positive cells and total cells in one field of vision, and then 
take 10 same fields to calculate the average index.

2.10 Cell apoptosis assay

The cells at a concentration of 1 × 105 cells/well were inocu-
lated into 6-well plates and then digested with trypsin. After 
washing in PBS, 10 μL Annexin V-FITC was added and incu-
bated at room temperature for 15 min in darkness. The cells 
were stained with 5 μL PI solutions, and then they were evenly 
mixed and incubated for 5 min in darkness. The percentage 
apoptosis was analyzed by flow cytometry.

2.11 Co-immunoprecipitation (Co-IP)

We extracted proteins from each group of cells and then used 
Protein A + G Agarose to remove nonspecific binding. We 
incubated the extracted protein samples with primary antibody 
overnight and then resolved them in an SDS-PAGE, before 
performing Western blot analysis.

2.12 Animal studies and lentivirus infection

Female 4-week-old athymic BALB/C nude mice were ran-
domly divided into groups. The cultured cells were digested 
with trypsin and resuspended in PBS buffer. 100 μL of 2 × 106/ 
100 μL cell suspension was subcutaneously injected into the left 
armpit of each nude mouse. The tumor volume was measured 
after every 3 days. On the 30th day, the mice were sacrificed 
and then tumors were removed.

For gene therapy, five mice in each group were injected with 
lentivirus. We performed multi-point injection, once every 
three days. The treatment groups included: MLLT11 shRNA 
lentivirus 0.1 ml/(5 × 108 PFU/ml); TRIL shRNA lentivirus 
0.1 ml/(5 × 108 PFU/ml); and MLLT11 shRNA 0.05 ml/(5 × 108 

PFU/ml) or TRIL shRNA 0.05 ml/(5 × 108 PFU/ml) while the 
negative control group was used scramble shRNA lentivirus 
0.1 ml/(5 × 108 PFU/ml). The treatments were given on the 
15th day after tumor inoculation. All the lentiviruses were 
constructed by Genechem (Shanghai, China). The animal 
study was approved by the Animal Ethics Committee of 
Central South University (Changsha, China).

2.13 Protein modeling and molecular docking

The MLLT11 protein model was constructed by Robetta Server 
(http://robetta.bakerlab.org)25 while TRIL or AKT1 proteins 
were modeled by “Modeler 9.20” software using 2id5 and 
3o96, respectively, as PDB templates (supplementary Table S1).

Protein docking is a protein–protein interaction docking 
program based on fast Fourier transform, which is provided 
and maintained by Zhiping Weng Laboratory of Massachusetts 
Medical School. The program is mainly used to search for all 
possible binding patterns in the space obtained by translation 
and rotation between proteins, and to evaluate each binding 
model using an energy-based scoring function.

2.14 Molecular dynamics simulations

Molecular dynamic (MD) simulations were performed with 
GROMACS 2018.4 software. The protein complex system 
was placed at the center of a cube box with a side length of 
12 nm, and the distance between each atom of the protein and 
the box was greater than 1.0 nm. We then randomly filled the 
box with water molecules. A 1000-step energy minimization 
simulation was used to optimize the system. In this study, we 
used the Verlet leapfrog algorithm to solve Newton’s equation 
of motion while the Lennard Jones function was used to calcu-
late the van der Waals force. In addition, the LinCS algorithm 
was used to constrain the bond length of all atoms while 
Particle mesh ewald (PME) was used to calculate the long- 
range electrostatic interaction. The MD simulations were 
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carried out under isothermal isobaric ensemble. The time of 
MD simulation for the wild type (WT; no mutation) and 
phosphorylated mut (AKT1 protein Thr308 phosphorylation) 
was 50 ns.

2.15 Statistical analysis

Data were shown as a mean ± standard deviation (x± SD). The 
difference between the two groups was analyzed by a t-test, 
while the Pearson’s correlation coefficient was used for the 
correlation analyses. In addition, survival analysis was per-
formed using Kaplan–Meier survival curves. * p < .05, ** 
p < .01 and *** p < .001 were considered statistically significant 
differences. Statistical analyses were performed on R software 
and GraphPad Prism software (GraphPad Software, USA).

3. Results

3.1 In silico screening of valuable genes

For the WGCNA, we performed cluster tree analysis on all the 
samples and showed no presence of obvious outliers (Figure 1 
(a)). The analysis showed that a soft threshold β = 9 (R2 > 0.85) 
yields the lowest adjacency coefficient, which was the best soft 
threshold for scale-free network (Figure 1(b)). Genes were 
clustered into 11 modules with each module distinguished by 
different colors (Figure 1(c)). Our analysis on the correlation of 
each module with clinical stage, pathological grade or status of 
EC. We showed that the black module had the highest correla-
tion with EC clinical stage (rp = .78, P = 1 × 10−8, Figure 1(d)). 
On the other hand, the red and blue modules had the strongest 
correlation with cancer (positive and negative correlations; 
Red: rp = .8, P = 2 × 10−9; Blue: rp = −0.92, P = 2 × 10−15, 
Figure 1(d)). We further showed the location of genes on 
chromosome as well as the network of significant expression 
correlation between two genes (P < .05, Figure 1(e)). To narrow 
the screening, the transcriptome EC data from the TCGA data 
were incorporated and then survival analyses were performed. 
We then extracted genes with significant differences (P < .05) in 
the survival analysis. In addition, we defined positions of indi-
vidual genes on chromosomes and then generated a network 
with significant correlation between genes (P < .05, Figure 1(f)).

3.2 MLLT11-TRIL with PI3K/AKT/mTOR signaling pathway 
defines the development of EC

Our gene pair analysis showed a total of 9 pairs of genes in the 
intersection (Figure 2(a)). We then selected MLLT11-TRIL as 
the candidate regulatory factor for subsequent studies (Figure 2 
(b)). This is because the survival analyses demonstrated that 
the higher expression of MLLT11 and TRIL was correlated 
with poorer disease prognosis (Figure 2(c,d)).

The genes in red, blue, and black modules were enriched in 
KEGG and Wikipathways. The data showed significant enrich-
ment of the PI3K/AKT signaling pathway (Figure 2(e)). Thus, 
the PI3K/AKT signaling pathway might be a key molecular 
pathway in the pathogenesis of EC.

3.3 Validated in vivo, in vitro and in clinical tissues

We tested the expression of representative proteins in the 
PI3K/AKT/mTOR signaling pathway in eight endometrial 
cell lines. Three of the cell lines were normal endometrial 
cells while five cell lines were EC cells of different origins. 
The results showed upregulation of p110δ (a subunit of 
PI3K), p-AKT/AKT and p-mTOR/mTOR in EC cell lines 
compared to those in normal endometrial cell lines. On the 
other hand, the expression of PTEN was suppressed in EC cell 
lines (Figure 3(a)). These data demonstrated that the overall 
activity of the PI3K/AKT/mTOR signaling pathway in the EC 
cells was higher compared to the normal endometrial cells.

We then selected the EC cell line, Ishikawa, and used che-
mical inhibitors to evaluate the biological function of PI3K/ 
Akt/mTOR signaling pathway. Cell viability and wound 
scratch healing assays demonstrated that LY294002, MK- 
2206, and Rapamycin could significantly inhibit the prolifera-
tion and migration of the Ishikawa cells, respectively (Figure 3 
(b,c)). These results indicated that the activation of PI3K/AKT/ 
mTOR signaling pathway could significantly promote the pro-
liferation and migration of Ishikawa cells.

Furthermore, we used immunohistochemistry to assess the 
expression of the tissue specimens from EC patients. We 
showed that MLLT11, TRIL, and p-AKTThr308 were signifi-
cantly expressed in tumor tissues compared with the normal 
endometrial tissues (Figure 3(d)).

To further evaluate the biological functions of MLLT11 and 
TRIL, we used two independent siRNAs to suppress their 
expression in the cell, respectively. The data showed that si- 
MLLT11 and si-TRIL inhibited the expression of MLLT11 and 
TRIL proteins in the Ishikawa cell lines, respectively (Figure 4 
(a,b)). In addition, the qPCR results showed that si-MLLT11 
and si-TRIL could, respectively, inhibit their mRNA expression 
levels. Moreover, si-MLLT11 did not show obvious effect on 
the TRIL mRNA level, and vice versa (Figure 4(c)). These 
illustrated the specificity of the si-RNA.

We selected two types of cells, ECC-1 and Ishikawa, and 
performed a wound scratch healing assay. The data showed 
that si-MLLT11 and si-TRIL could inhibit the migration of the 
two cells (Figure 4(d,e)). In addition, apoptosis assay showed 
that si-MLLT11 and si-TRIL could enhance the apoptosis of the 
ECC-1 and Ishikawa cells. Suppression of the expression of both 
MLLT11 and TRIL led to a significant increase in the apoptosis 
rate of the two cells (Figure 4(f), supplementary Figure S1).

We then performed tumorigenesis assays in nude mouse. In 
the first 15 days before gene intervention, there was no sig-
nificant difference in tumor growth among the mice in the 
study groups. After administration of the lentivirus into each 
group for genetic manipulation, the data showed that suppres-
sion of MLLT11 and TRIL expression inhibited tumor growth 
relative to the wild-type control group (LV/sh-MLLT11 and 
LV/sh-TRIL, Figure 4(g,h)). As expected, simultaneous knock-
down of both MLLT11 and TRIL led to significant inhibition 
of tumor growth compared with either the control group or 
the single knockdown group (LV/sh-M + T, *** p < .001, 
Figure 4(g,h)). These data demonstrated that that MLLT11- 
TRIL plays an important role in the growth of EC.
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3.4 Interaction between the MLLT11-TRIL and PI3K/AKT/ 
mTOR signaling pathway
Next, we explored whether the activity of the PI3K/AKT/ 
mTOR signaling pathway could affect the expression of 
both MLLT11 and TRIL. We applied inhibitors and acti-
vators of the PI3K/AKT/mTOR signaling pathway in 
Ishikawa cells. Western blot analysis showed that 
LY294002, MK-2206, and Rapamycin had no effect on 
the total expression of MLLT11 and TRIL protein 

(Figure 5(a)). Similarly, the agonists 740Y-P and IGF-1 
did not change the total protein expression of both 
MLLT11 and TRIL (Figure 5(b)). We detected nuclear 
and cytoplasmic proteins separately and found that 
MLLT11 tended to be expressed in the nucleus after 
LY294002 treatment, while MLLT11 protein tended to be 
expressed in the cytoplasm after IGF-1 stimulation. The 
expression of TRIL protein was mainly in the cytoplasm, 
and LY294002 and IGF-1 could not change its subcellular 

Figure 1. Preliminary screening of valuable genes. (a) Cluster dendrogram of EC samples in MERAV. (b) Left: Analysis of the scale-free fit index for various soft- 
thresholding powers (β). Right: Analysis of the mean connectivity for various soft-thresholding powers (β). (c) Dendrogram of genes cluster. Each module was 
distinguished by different colors. (d) Heat map of the correlation between modules and phenotypic traits of EC. (e) Circos plot of the genes in black, red and blue 
modules and their co-expression network. (f) Circos plot of the genes with significant differences in survival analysis in TCGA.
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distribution (Figure 5(c)). These findings indicated that 
the activation of the PI3K/AKT/mTOR signaling pathway 
might lead to changes in the subcellular distribution of the 
MLLT11 proteins.

Co-IP assays demonstrated that MLLT11 and TRIL 
interacted with each other in the cell. Stimulation of the 
cells by IGF-1 led to increased binding of the two pro-
teins. As expected, application of the LY294002 inhibitor 
inhibited the interaction of the two proteins (Figure 5(d, 
e)). Thus, the interaction between MLLT11 and TRIL in 
cells was modulated by the activity of PI3K/AKT/mTOR 

signaling pathway. Together with the previous results, we 
speculated that the PI3K/AKT/mTOR signaling pathway 
might be affecting the binding of MLLT11 and TRIL but 
not the expression of the proteins.

3.5 MLLT11-TRIL binds to AKT and promotes its 
phosphorylation
Our further analyses showed that the TRIL protein and 
AKT proteins bind to each other in Ishikawa cells. At the 
same time, MLLT11 protein was shown to bind and inter-

Figure 2. Bioinformatics analysis targets MLLT11-TRIL and PI3K/AKT/mTOR signaling pathway. (a)The Venn diagram of the gene pairs involved in Figure 1e and F. (b) 
Scatter plot of MLLT11 and TRIL expression in TCGA database. (c) Overall survival of MLLT11 based on Kaplan–Meier plotter with a 95% confidence interval. (d) Overall 
survival of TRIL based on Kaplan–Meier plotter with a 95% confidence interval. (e) The genes in the black, red and blue modules were enriched in two aspects: “KEGG” 
and “WikiPathways”, and displayed on the Radar charts.
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act with AKT protein (Figure 6(a,b)). Whereas there was 
weak binding with the total AKT, use of IGF-1 to activate 
the PI3K/AKT/mTOR signaling pathway significantly 
enhanced the interaction between TRIL protein and AKT 
protein (Figure 6(c)). Similarly, there was significant 
enhancement of the interaction between MLLT11 protein 
and AKT protein (Figure 6(d)). Therefore, we speculated 
that the activation of PI3K/AKT/mTOR signaling pathway 
can promote the binding of MLLT11-TRIL complex to 
AKT protein.

3.6 In silico analysis of the MLLT11/TRIL/p-AKT complex 
formation
We used in silico protein analyses to study the interaction of 
the proteins. Our protein modeling results showed that the 
MLLT11 protein was mainly composed of α helixes and 
loops, while the overall structure was a globular protein 
(Figure 7(a)). The TRIL protein structure was an arc-shaped 
rod-like protein, which was mainly composed of 11 β sheets, 
loops, and short helixes (Figure 7(b)). AKT protein is 
a globular protein, mainly composed of 13 β sheets, 14 α 

Figure 3. Cell line screening and tissue validation. Western blot was used to detect the expression levels of representative molecules in the PI3K/AKT/mTOR signaling pathway in 
8 endometrial cell lines from different sources. (b) MTT assay was used to detect the cell viability of Ishikawa cells at different time points after LY294002, MK-2206 and 
Rapamycin treatment. *** p < .001. (c) The wound scratch healing assay detected the migration ability of Ishikawa cells at different time points after LY294002, MK-2206 and 
Rapamycin treatment. ** p < .01 and *** p < .001. (d) The expressions of MLLT11, TRIL and p-AKTThr308 in normal endometrium and endometrial carcinoma were compared by 
IHC. *** p < .001.
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helixes, and loops (Figure 7(c)). Evaluation by Procheck Server 
showed that MLLT11, TRIL, and AKT amino acid residues 
account for more than 95% within a reasonable range, and 
their structures favored molecular simulation experiments 
(supplementary Figure S2).

Protein docking showed high affinity between MLLT11- 
TRIL and AKT. We chose the lowest energy conformation 
and simulated the three-dimensional (3D) structure of the 
protein complex (Figure 7(d,e)). The main interaction 
forces between the AKT protein and MLLT11/TRIL com-
plex were hydrophobic, van der Waals, hydrogen bonding, 
and electrostatic forces. The AKT protein PHE236 (C) 

forms a hydrogen bond with the N-terminal MET1 residue 
of MLLT11 (A); GLU149, LEU153, LYS158, LYS168, 
TYR175, THR219. In addition, the ARG222 residues of 
AKT (C) protein form hydrogen bonds with ARG288, 
ASN311, ASP355, ARG288, ASN239, TYR352, and 
ARG353 of TRIL (B) protein, respectively (Figure 7(f)). 
These hydrogen bonds increased the interaction between 
the three proteins.

Through 50 ns dynamics analysis, the wild-type AKT and 
p-AKTThr308 protein complexes were almost approaching 
equilibrium after 30 ns. Thus, the protein conformation gra-
dually stabilized after 30 ns (Figure 7(g)). In addition, between 

Figure 4. Effects of MLLT11 and TRIL on tumor phenotype. Western blot was performed to verify the effect of siRNA inhibition on the intracellular expression of (a) 
MLLT11 and (b) TRIL. (c) Suppression of MLLT11 and TRIL at the RNA level by siRNA was determined by qPCR. *** p < .001. Wound scratch healing assay was performed 
to detect the alteration of migration ability of (d) ECC-1 and (e) Ishikawa cells after MLLT11 and TRIL inhibition by siRNA. *** p < .001. (f) Flow cytometry was used to 
detect the effect of apoptosis rate after inhibition of MLLT11, TRIL, and combined inhibition of MLLT11 and TRIL by siRNA, respectively, in ECC-1 and Ishikawa cells. (g) 
The photo of nude mice tumor tissues in the lentivirus knockdown MLLT11, TRIL and MLLT11-TRIL co-knockdown groups (Lv/sh-MLLT11, Lv/sh-TRIL and Lv/sh-M + T) 
and its control group (Lv/sh-scramble). (h) Line graphs of tumor size of nude mice in the MLLT11, TRIL, MLLT11-TRIL co-knockdown and Lv/sh-scramble groups at 
different time points.
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0 and 30 ns, the root mean square deviation (RMSD) fluctua-
tion of the wild-type protein complex was greater than that of 
the phosphorylated type, indicating that the MLLT11/TRIL/ 
p-AKTThr308 complex was more stable compared to the 
MLLT11/TRIL/AKT complex during molecular dynamics.

We then extracted the conformation of 50 ns molecular 
dynamics as the model analysis and showed that the compact-
ness of the structure of protein complex was enhanced after 
phosphorylation, which was conducive for the stability of the 
three proteins (Figure 7(h)).

In addition, a comparative analysis of root mean square 
fluctuation (RMSF) results indicated that 100–150 residues  

and 300 residues in the AKT protein modeling structure fluc-
tuated more than other regions. Thus, we speculated that the 
amino acids in this region defined the functions of the protein 
(Figure 7(i)). Compared with the wild-type AKT, the 300 
amino acid region of the phosphorylated protein had signifi-
cant fluctuation. We speculated that the structural changes of 
Thr308 amino acids in this region would enhance the stability 
of the protein complex.

Furthermore, compared with the wild-type AKT, the 
phosphorylated AKT had a smaller gyration radius and 
a small fluctuation range in the molecular dynamics pro-
cess (Figure 7(j)). The difference in the radius of gyration 

Figure 5. Interaction between the MLLT11-TRIL and PI3K/AKT/mTOR signaling pathway. Western blot was used to detect the effects of LY294002, MK-2206 and 
Rapamycin on the protein expression of MLLT11 and TRIL in cells. (b) Western blot was used to detect the effects of 740Y-P and IGF-1 on the protein expression of 
MLLT11 and TRIL in cells. (c) Isolation of nuclear and cytoplasmic proteins to examine the effects of LY294002 and IGF-1 on the subcellular distribution of MLLT11 and 
TRIL. Co-IP detected the interaction between cell endogenous protein MLLT11 and TRIL. The immunoprecipitates were immunoblotted (IB) with TRIL (d) or MLLT11 (e) 
antibody.
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represents the difference in the stability of the protein 
complex. The data showed that phosphorylation could 
stabilize the protein complex.

Through the analysis of the binding free energy of the protein 
complex, we showed that the total binding free energy of the 
wild-type protein complex was stable at about −743.6915 kJ/mol, 
and the total binding free energy of the phosphorylated protein 
complex was stable at −793.515 kJ/mol (supplementary Table 
S2). Thus, the interaction of the phosphorylated AKT protein 
and the MLLT11/TRIL protein was more stable.

Together, we described, through a schematic diagram, 
the involvement of MLLT11-TRIL in PI3K/AKT/mTOR 
signaling pathway (Figure 8). Briefly, MLLT11 forms 
a complex with TRIL, which then associated with AKT 
to form a heteromultimer. The latter changes the molecu-
lar conformation of AKT, leading to easy phosphorylation 
of its threonine at position 308, which is more conducive 
to the transmission of downstream signals.

4. Discussion

The PI3K/AKT/mTOR signaling pathway has been extensively 
studied and has been shown to regulate several biological activities 
in cells. The processes include cell proliferation, apoptosis, inva-
sion, migration, and autophagy.26 Previous data have shown that 
the pathway is abnormally activated in 80% of ECs.27 In addition, 
available data has shown that inhibition of PI3K/AKT/mTOR 
signaling pathway is beneficial in the treatment of EC.28–30

Insulin-like growth factor 1 (IGF-1) is a cytokine that pro-
motes cell proliferation and resistance to apoptosis. Studies have 
shown that the IGF-1 mediates many biological processes, and it 
is closely associated with the occurrence and development of EC 
in cells.31–33 Besides, IGF-1 enhances the proliferation and 
metastasis of various cancers.34–38 In addition, IGF-1 has been 
shown to exert its biological effects through activation of the 
PI3K/AKT signaling pathway.39–41 This study evaluated the role 
of IGF-1, an agonist of the PI3K/AKT/mTOR signaling pathway, 
and showed that IGF-1 could effectively promote the phosphor-
ylation of molecules in the PI3K/AKT/mTOR pathway.

As the central molecule of the PI3K/AKT/mTOR pathway, 
AKT activates and regulates multiple downstream targets. It 
promotes protein synthesis and cell growth by activating 
mTOR and regulate cell proliferation by inactivating cell cycle 
inhibitors.42 In addition, AKT is activated by phosphorylation 
which then promotes cell cycle progression by regulating glyco-
gen synthesis kinase 3β (GSK3β) and cyclin D1.43,44 In vitro, it 
was shown that Sunitinib could inhibit AKT and sensitize EC 
cells to ionizing radiation.45 Here, we employed MK2206, an 
inhibitor of AKT, which has been shown to enhance sensitivity 
to chemotherapy and antitumor activity in EC.46 In agreement, 
we showed that the MK2206 exerts its antitumor activity by 
inhibiting AKT. However, how the AKT protein is modified 
and the specific regulation mechanisms remain unknown.

MLLT11 is highly expressed in a variety of tumors, and acts 
as an oncogene in the activation of a variety of signaling path-
ways leading to tumor progression.47 MLLT11 participates in 

Figure 6. Co-IP detected the interaction between MLLT11-TRIL and AKT. The cell lysate was immunoprecipitated with IgG, MLLT11 (a) or TRIL (b) antibody. And 
immunoprecipitates were immunoblotted (IB) with pan-AKT antibody. After IGF-1 treated the cells, the above experiment was repeated. The immunoprecipitates were 
immunoblotted with pan-AKT antibody. The control group was treated with DMSO.
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the WNT and STAT signaling and mediates the occurrence of 
tumors.14,48 Jingwei Hu et al. showed that MLLT11 could 
regulate the progression of colorectal cancer through AKT.15 

On the other hand, as a component of the TLR4 signaling 
complex, TRIL plays a vital role in the inflammatory 
response.17,49 To date, data on the roles of TRIL in tumor 
development and the specific molecular mechanisms of 
MLLT11 in regulating AKT remain scant.

Surprisingly, our data show an interaction between MLLT11 
and TRIL. This is a previously unreported protein interaction 
mode. Although MLLT11 and TRIL are known genes, and their 
functions have also been reported to some extent. Our knowledge 
of many known molecules is still far from enough. Interactions 
between different molecules may inspire additional functions, 
which we hope to explore.

In this study, we found that MLLT11-TRIL can bind to AKT 
and facilitate the phosphorylation of AKT, thereby indirectly 
activating the PI3K/AKT downstream signaling pathway. 
These data suggest that there may be a complex molecular 
regulatory mechanism for the modification of AKT protein. 
Digging deep into the molecular role is conducive to the pre-
cise development of targeted therapy solutions.

5. Conclusions

Taken together, our data show that the MLLT11-TRIL protein 
complex acts as an AKT agonist and stimulates the activity of the 
PI3K/AKT/mTOR signaling pathway. This complex binds to and 
promotes the phosphorylation of AKT protein and may be 
a potential target for the treatment of EC.

Figure 8. The schematic diagram of MLLT11-TRIL’s involvement in PI3K/AKT/mTOR signaling pathway.
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