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Abstract. Renal cell carcinoma (RCC) is one of the most 
common urinary malignancies with a high rate of morbidity. 
MicroRNAs (miRNAs) have been shown to be critical 
post‑transcriptional regulators in tumorigenesis. The present 
study aimed to investigate the effect of miRNA (miR)‑539 
on the proliferation and apoptosis of RCC. The expression of 
miR‑539 and high mobility group AT‑hook 2(HMGA2) were 
examined in clinical RCC specimens. The 786‑O RCC cell 
line was also used and was transfected with miR‑539 mimics 
or inhibitors. The correlation between miR‑539 and HMGA2 
was confirmed using a luciferase reporter assay. Cell viability 
and apoptosis were detected using MTT and flow cytometry 
assays. The protein levels of HMGA2, AKT, phosphorylated 
(p)‑AKT, mammalian target of rapamycin (mTOR) and 
p‑mTOR were analyzed using western blot analysis. The 
results revealed that miR‑539 was negatively correlated with 
the expression of HMGA2 in clinical RCC specimens. Further 
experiments identified HMGA2 as a direct target of miR‑539. 
The overexpression of miR‑539 downregulated the expres-
sion of HMGA2, reduced cell proliferation and promoted 
cell apoptosis, whereas the knockdown of miR‑539 led to the 
opposite results. miR‑539 also suppressed the phosphorylation 
of AKT and mTOR, without altering the levels of total AKT 
and mTOR. Taken together, the results of the present study 
indicated that miR‑539 negatively regulated the expression of 
HMGA2 in clinical specimens and in vitro. miR539 inhibited 
cell proliferation and induced apoptosis in RCC cells. This 
regulatory effect of miR‑539 may be associated with the AKT 

signaling pathway. Therefore, miR‑539 may be used as a 
biomarker for predicting the progression of RCC.

Introduction

Renal cell carcinoma (RCC) is a common malignancy and is 
the third leading cause of cancer‑associated mortality in cancer 
of the urinary system (1). The morbidity rates of RCC continue 
to increase rapidly, whereas the overall five‑year survival rate 
has not improved significantly, resulting in unsatisfactory 
prognosis (2). Therefore, examining the molecular interactions 
occurring in the initiation and progression of RCC may assist 
in identifying more therapeutic targets and investigating novel 
approaches in prognosis.

High mobility group AT‑hook 2 (HMGA2) is a member 
of the HMGA group, which functions as a transcriptional 
enhancer in the alteration of chromatin structure via binding 
to AT‑rich regions in DNA sequences  (3). HMGA2 is an 
oncofetal protein, the expression of which is at low levels or 
absent with the differentiation of tissues, which is in contrast 
to its high level of expression with the dedifferentiation of 
several types of malignant tumor (4,5). Notably, it has been 
observed that the abnormal expression of HMGA2 shows high 
correlation with various malignancies, including cancer of the 
colon, breast, kidney, pancreas, liver and lung (3,6‑8). Previous 
studies have demonstrated that the level of HMGA2 is posi-
tively correlated with tumor size and Fuhrman grade in RCC, 
and the high expression of HMGA2 leads to poor prognosis 
of patients, which indicates that HMGA2 is important in the 
progression of RCC (7). 

MicroRNAs (miRNAs) are a series of non‑coding, 
single‑stranded RNA molecules, consisting of 20‑24 nucleo-
tides (9). They are endogenously expressed and negatively 
correlated with the transcription of genes through binding 
to their 3'‑untranslated‑region (3'UTR) (10). Previous studies 
have demonstrated that the aberrant expression of miRNAs 
contributes to tumor growth and is involved in regulating the 
physiological behavior of tumor cells through the modula-
tion of target genes at mRNA or protein levels. For example, 
miRNA‑129 (miR‑129) inhibits the metastasis of prostate 
cancer by binding to centriolar coiled‑coil protein 110 (11), 
miR‑200a regulates the proliferation and metastasis of 
pancreatic cancer through modulating the DEK gene (12), 
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and miR‑543 is downregulated in colorectal cancer samples, 
acting as tumor suppressor by targeting KRAS, MTA1 and 
HMGA2 (13).

In the present study, the discrepant expression between 
miR‑539 and HMGA2 was analyzed in RCC tumor tissues, 
and it was predicted and confirmed that miR‑539 binds to 
HMGA2. Subsequently, the regulatory effect of miR‑539 on 
the proliferation and apoptosis of RCC cells was confirmed. 
These findings suggest that miR‑539 may be important in 
the progression of RCC and may be used as a biomarker for 
predicting the growth of RCC. 

Materials and methods

Clinical specimens. The present study was approved by the 
Institutional Ethics Committee of Ren'min Hospital Affiliated 
to Wuhan University (Wuhan, China) and performed according 
to the guidelines on ethical management. Tissue specimens 
from a 23 cases of RCC and 19 paired normal tissues were 
collected from the Department of Urology, Ren'min Hospital 
of Wuhan University between 2015 and 2017. Written 
informed consent was signed by all participants prior to the 
study. The tumor stage and grade were classified according 
to the tumor‑node‑metastasis staging system of the American 
Joint Committee on Cancer (14). All tissues were divided into 
two sections, one of which was fixed in 4% paraformaldehyde, 
and the other was immediately frozen and stored at ‑80˚C for 
subsequent analysis. The clinical data of the participants are 
shown in Table I.

Cell lines and cell culture. The 786‑O human kidney cancer 
cell line was purchased from the American Type Culture 
Collection (Manassas, VA, USA) and cultured in minimal 
Roswell Parker Memorial Institute‑1640 medium (Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% FBS (Wuhan Biofavor Biotech Services Co., 
Ltd., Wuhan, China) at 37˚C under normoxic conditions (5% 
CO2, 95% O2).

Transfection and plasmid construction. The 786‑O cells 
were transfected with miR‑539 mimics and miR‑539 
inhibitors (Biossci Biotechnology Co., Ltd., Wuhan, China) 
using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
A total of 1.0x106 cells/ml cells were transferred to 24‑well 
plates for group  comparison experiments. The cells were 
serum‑starved for 24 h for further analyses prior to reaching a 
confluence of 90%.

The wild‑type sequence of the HMGA2 3'UTR containing 
predicted miR‑539 binding site was amplified from the 786‑O 
cells using the polymerase chain reaction (PCR) method. The 
mutant 3'UTR sequence of HMGA2 was produced using an 
overlap‑extension PCR method. Subsequently, the wild‑type 
and mutant sequences were subcloned into a psiCHECK‑2 
vector (Promega Corporation, Madison, WI, USA).

In silico prediction. The binding of miR‑539 to HMGA2 
was predicted using open access databases TargetScan 
(www.ta rget scan.org),  m i Randa (www.m icror na.
org). and miRwalk2.0 (http://zmf.umm.uni‑heidelberg.

de/apps/zmf/mirwalk2/), and a putative binding site in the 
3'UTR of HMGA2 for miR‑539 was identified (Fig. 2C).

Luciferase reporter assays. For the luciferase reporter assay, 
the 786‑O cells were seeded into a 24‑well plate (2x103 cells 
per well), and then co‑transfected with the miR‑539 mimics 
and HMGA2‑3'UTR‑luciferase plasmids. At 48 h post‑trans-
fection, the cells were collected and lysed. The luciferase 
activities were analyzed using a Dual‑Luciferase Reporter 
Assay system (Promega Corporation).

Immunohistochemistry. The expression of HMGA2 was 
examined using immunohistochemical staining. The tissues 
were sliced into 3‑µm sections and deparaffinized in xylene, 
followed by dehydration in gradient ethanol and blocking 
with 3% hydrogen peroxide for 15 min at room temperature. 
The sections were then incubated with rabbit polyclonal 
anti‑HMGA2 (cat. no. ab97276; 1:500; Abcam, Cambridge, 
UK) antibodies at 4˚C overnight. Following washing three 
times with PBS, the sections were stained using diaminoben-
zidine reagents and counterstained with hematoxylin and the 
results were observed with an Olympus BX50 light microscope 
(Olympus Corporation, Tokyo, Japan).

Western blot analysis. Total cellular proteins were extracted 
with radioimmunoprecipitation buffer (Beyotime Institute of 
Biotechnology, Jiangsu, China). The protein concentration 
was measured using a bicinchoninic acid assay (Beyotime 
Institute of Biotechnology). Briefly, equivalent quantities of 
protein sample (40 µg/lane) were separated by 10% sodium 
dodecyl sulfate‑polyacrylamide gel electrophoresis and 
subsequently electrotransferred onto polyvinylidene fluoride 
membranes (Bio‑Rad Laboratories, Inc., Hercules, CA, USA). 
Subsequently, the membrane was blocked at 4˚C for 1 h with 
TBS containing 0.05% Tween‑20 (TBST) buffer with 5% 
non‑fat milk and then incubated with the following primary 
antibodies against HMGA2 (1:1,000; cat. no. ab97276; Abcam), 
AKT (1:1,000; cat. no. sc‑8312; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), phosphorylated (p)‑AKT (1:1,000; 
cat. no. sc‑33437; Santa Cruz Biotechnology, Inc.), mamma-
lian target of rapamycin (1:500, mTOR; cat. no.  sc‑8319; 
Santa Cruz Biotechnology, Inc.) and p‑mTOR (1:500, cat. 
no. sc‑101738; Santa Cruz Biotechnology, Inc.) at 4˚C overnight. 
Following incubation with secondary antibodies conjugated 
with horseradish peroxidase (LK2001 and LK2003; 1:100; 
Sungene Biotech, Co., Ltd., Tianjin, China) for 1 h at room 
temperature, the bands were examined using an enhanced 
chemiluminescence system (MultiSciences Biotech Co., Ltd., 
Hangzhou, China).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the clinical specimens using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. Subsequently, the RNAs were 
reversed transcribed into cDNA using a reverse transcription 
reagent kit (Takara Biotechnology Co., Ltd., Dalian China). 
Subsequently, cDNA was amplified using an SYBR Green 
mix kit and the ABI 7900 Real‑Time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) following the 
manufacturer's instructions. PCR was performed with the 
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following thermocycling conditions: Initial denaturation 
at 94˚C for 4 min, 40 cycles of 94˚C for 30  sec, 56˚C for 
30 sec and 72˚C for 25 sec, using the ABI 7900 Real‑Time 
PCR system (Applied Biosystems; Thermo Fisher Scientific 
Inc.). The primer sequences are shown in Table II. Relative 
levels of miR‑539 and mRNA expression levels of HMGA2 
were normalized to that of small nuclear RNA U6 (for 
miRNAs) or GAPDH (for mRNAs) respectively. The relative 
expression of miRNA or mRNA was calculated using the 
2‑ΔΔCt method (15).

Cell proliferation assay. The 786‑O cells were cultured in 
96‑well plates (2x103 cells per well) for 24 h. The cells were then 
stained with 10 µl of 5 mg/ml MTT per well (Sigma‑Aldrich; 
Merck Millipore; Darmstadt, Germany) for 4 h at 37˚C. The 
culture medium was then discarded and 150 µl of dimethyl 
sulfoxide was added. The absorbance was detected at 490 nm 
with an ELX‑800 spectrometer reader (Bio‑Tek Instruments, 
Inc., Winooski, VT, USA).

Cell apoptosis assay. Cell apoptosis was measured using 
Annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) staining (BD Pharmingen, San Diego, CA, USA) 
according to the manufacturer's protocol. In brief, the 786‑O 
cells were collected in 6‑well plates at a concentration of 
105 cells/ml. Annexin V‑FITC (5 µl) and PI (5 µl) were then 
distributed into each well, and the cells were incubated in the 
dark for 15 min to undergo flow cytometry (BD LSRII; BD 
Pharmingen).

Statistical analysis. All data are presented as the 
mean ±  standard deviation. Differences were assessed by 
two‑tailed Student's t‑test and χ2 test, as appropriate. P≤0.05 
was considered to indicate a statistically significant difference. 

All experiments were performed at least three times. Statistical 
analyses were performed using SPSS 19.0 (IBM SPSS, 
Armonk, NY, USA).

Results

Expression of miR‑539 negatively correlates with the expres‑
sion of HMGA2 in RCC samples. To examine the expression 
of HMGA2 in RCC samples and adjacent normal control 
samples, immunohistochemistry was performed to stain tissues 
from 23 cases of RCC tissues and 19 paired normal tissues. 
As shown in Fig. 1A, HMGA2 was predominantly expressed 
in the nucleus of cells and the expression of HMGA2 was 
significantly increased in the RCC tissues, compared with that 
in the adjacent normal tissues. In addition to the progression 

Table I. Clinicopathological features of participants.

	 HMGA2 expression (n)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables	 Group	 High	 Low	 Total	 P‑value

Gender	 Male	 7	 6	 13	 0.509
	 Female	 4	 6	 10	
Age (years)	 <60	 8	 9	 17	 0.901
	 ≥60	 3	 3	 6	
Clinical stage	 Stage I‑II	 5	 10	 15	 0.056
	 Stage III‑IV	 6	 2	 8	
T classification	 T1‑2	 4	 10	 14	 0.021
	 T3‑4	 7	 2	 9	
Lymph node metastasis	 N0	 7	 11	 18	 0.103
	 N1‑2	 4	 1	 5	
M classification	 M0	 9	 11	 20	 0.483
	 M1‑2	 2	 1	 3	
Differentiation degree	 Well‑moderate	 4	 12	 16	 0.007
	 Low	 6	 1	 7	

T, tumor; M, metastasis.

Table II. Primers for reverse transcription‑quantitative poly-
merase chain reaction analysis.

Gene	 Primer sequence (5'‑3')

HMGA2	 F: CGAAAGGTGCTGGGCAGCTCCGG
	 R: CCATTTCCTAGGTCTGCCTCTTG
miR‑539	 F: GGAGAAAUUUCCUUGUGUGU
	 R: UUUCUUUAAAGGAACAUACA
U6 snRNA	 F: CTCGCTTCGGCAGCACATATACT
	 R: ACGCTTCACGAATTTGCGTGTC
GAPDH	 F: TGAAGGTCGGTGTGAACGGATTTGGTC
	 R: CATGTAGGCCATGAGGTCCACCAC

HMGA2, HMGA2, high mobility group AT‑hook 2; miR, microRNA; 
snRNA, small nuclear RNA; F, forward; R, reverse.
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of RCC, HMGA2 was expressed at a higher level in advanced 
samples. By contrast, the RT‑qPCR results revealed a lower 
expression of miR‑539 in RCC samples, compared with that in 
paired normal samples (Fig. 1B and C). Pearson's correlation 
analysis was performed, and the result showed that the expres-
sion of miR‑539 was negatively correlated with the expression 
of HMGA2 (Fig. 1D). 

miR‑539 directly regulates the expression of HMGA2. To 
further confirm the hypothesis that miR‑539 downregulates 
the expression of HMGA2, the 786‑O RCC cell line was 
used. The 786‑O cells were transfected with miR‑539 mimics 
or inhibitors to obtain cells with miR‑539 overexpression or 
knockdown. Using western blot analysis, the expression of 
HMGA2 was measured. As the data revealed, the expres-
sion of HMGA2 was significantly downregulated in the cells 
overexpressing miR‑539, but was moderately increased in the 
miR‑539‑knockdown cells (Fig.  2A and B). Subsequently, 
it was predicted that miR‑539 was an upstream regulator of 
HMGA2 using open access databases and a putative binding 
site in the 3'UTR of HMGA2 for miR‑539 was identified 
(Fig. 2C). To confirm this prediction, a luciferase reporter assay 
was performed. The result revealed that the reporter activity of 
the HMGA2 3'UTR was significantly suppressed in the cells 
overexpressing miR‑539. However, this effect was abrogated 
when the putative binding site in the 3'UTR of HMGA2 was 
mutated (Fig. 2D). Taken together, these results suggested that 
miR‑539 negatively regulated the expression of HMGA2 by 
directly targeting it. 

miR‑539 suppresses proliferation and promotes apoptosis of 
RCC cells. To investigate the effect of miR‑539 on the prolif-
eration of RCC cells, an MTT assay was performed and the 
data showed that the viability of 786‑O cells transfected with 
miR‑539 mimics was markedly suppressed, compared with 
that in the control group, whereas transfection with miR‑539 
inhibitors increased cell viability (Fig. 3A). Subsequently, the 
effect of miR‑539 on the apoptosis of RCC cells was observed. 
The results of the flow cytometry revealed that the overexpres-
sion of miR‑539 led to a significant increase in apoptotic rate, 
compared with that in the control group, and this promotion 
of cell apoptosis was reversed following the use of miR‑539 
inhibitor (Fig. 3B and C). Collectively, these results indi-
cated that miR‑539 regulated the proliferation and apoptosis 
of RCC cells.

Effects of miR‑539 on the AKT signaling pathway. To 
investigate whether the AKT signaling pathway was involved 
in the potential mechanism of miR‑539, the present study 
detected the phosphorylation levels of AKT and mTOR. 
The results of the western blot analysis showed that the 
overexpression of miR‑539 suppressed the expression of 
p‑AKT and p‑mTOR, compared with the expression in the 
control group, whereas the knockdown of miR‑539 led to the 
opposite results. The total levels of AKT and mTOR were not 
affected by miR‑539 (Fig. 4A and B). These data indicated 
that miR‑539 is involved in regulation of the AKT signaling 
pathway, which may be an important factor to the growth of 
786‑O cells.

Figure 1. Expression of miR‑539 is negatively correlated with the expression of HMGA2 in RCC samples. (A) Immunohistochemical staining of HMGA2 in 
normal renal tissues, low clinical stage RCC tissues and high clinical stage RCC tissues. Box plots represent relative expression of (B) miR‑539 and (C) HMGA2 
in clinical samples, detected using reverse transcription‑quantitative polymerase chain reaction analysis. (D) Clinical specimens analysis suggested that 
miR‑539 was inversely correlated with the expression of HMGA2. Data are presented as the mean ± standard deviation of three independent experiments. RCC, 
renal cell carcinoma; HMGA2, high mobility group AT‑hook 2; miR, microRNA.
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Figure 3. miR‑539 suppresses the proliferation and promotes the apoptosis of renal cell carcinoma cells. (A) An MTT assay was performed to analyze cell 
viability among the miR‑539‑overexpression, miR‑539‑knockdown and control groups. The absorbance value was examined at 24, 48, 72 and 96 h following 
transfection. Flow cytometry was performed 48 h post‑transfection. (B) Apoptotic cell rates are shown in histograms determined from (C) flow cytometry 
data. Data are presented as the mean ± standard deviation of three independent experiments (*P<0.05, compared with the control). miR, microRNA; FITC, 
fluorescein isothiocyanate.

Figure 2. Expression of miR‑539 is negatively correlated with the expression of HMGA2 in renal cell carcinoma samples. (A) Western blot analysis and (B) quan-
tification revealed that the protein level of HMGA2 increased significantly in the cells overexpressing miR‑539, compared with that in the miR‑539‑knockdown 
cells. (C) Sequence alignment of the predicted miR‑539 binding sites with the HMGA2 3'UTR and the mutated sequence of miR‑539. (D) Luciferase reporter 
assay was performed in 786‑O cells co‑transefected with miR‑539 mimics and reporter vectors containing the HMGA2 3'UTR or mutated HMGA2 3'UTR. 
Relative luciferase activities are shown. Data are presented as the means ± standard deviation of three independent experiments (*P<0.05, compared with the 
control). miR, microRNA; HMGA2, high mobility group AT‑hook 2; wt, wild‑type; mut, mutant; 3'UTR, 3'untranslated region.
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Discussion

RCC is not sensitive to radiotherapy or chemotherapy; there-
fore, partial or radical nephrectomy is the preferred treatment 
for localized RCC in patients  (16,17). Unfortunately, RCC 
usually occurs without typical symptoms, therefore, it is diffi-
cult to diagnose prior to its development into advanced stages 
or distant metastasis (18). According to previous studies, up to 
one‑third of patients with RCC exhibit metastatsis at the time 
of diagnosis, whereas almost 40% of patients with a localized 
lesion have been shown to experience recurrence following 
surgical therapies (19,20). Therefore, it is important to elucidate 
the mechanism underlying the progression of RCC and examine 
novel molecular interactive targets to develop more effective 
therapeutic approaches. Previous studies have indicated that 
miRNA can regulate tumor proliferation and apoptosis in 
cancer cells by targeting specific genetic markers (21). Based 
on these results, the present study aimed to identify miRNAs 
involved in regulating the progression of RCC.

Several studies have confirmed that miRNA is important 
in tumorigenesis and metastasis. It has been elucidated that 
miRNA regulates gene expression post‑transcriptionally and 
acts as an oncogene or tumor suppressor in different types of 
cancer (22,23). miR‑539 has been reported to be downregulated 
in osteosarcoma and suppresses tumor metastasis by targeting 
MMP‑8 (24). It has also been shown that miR‑539 functions 
as a tumor suppressor in prostate cancer through binding to 
sperm‑associated antigen 5 (25). A previous study revealed 
that miR‑539 can be used as a prognostic biomarker for colon 
cancer (26). However, the effect of miR‑539 on RCC and its 
underlying mechanisms had not been elucidated. In the present 
study, a negative correlation was found between miR‑539 
and HMGA2 in RCC specimens. Compared with adjacent 
normal tissues, miR‑539 was significantly downregulated, 
whereas HMGA2 was upregulated in tumors. Subsequently, 
the binding correlation between miR‑539 and HMGA2 was 
predicted using open access databases, and HMGA2 was 
confirmed as a direct downstream target of miR‑539 using a 
luciferase reporter assay.

HMGA2 has been reported to be abnormally expressed in 
various types of cancer, and to regulate the proliferation and 
apoptosis of tumor cells through multiple pathways (27,28). 
For example, HMGA2 promotes the proliferation and metas-
tasis of nasopharyngeal cancer cells through activation by 
the transforming growth factor‑β/small mothers against 
decapentaplegic 3 signaling pathway (29). In addition, the 
downregulation of HMGA2 effectively inhibits the prolifera-
tion process and promotes apoptosis in prostate cancer (30). 
In the present study, in vitro experiments were performed 
using the 786‑O renal carcinoma cell line to simulate the 
progression of RCC. As expected, the overexpression of 
miR‑539 suppressed the expression of HMGA2, whereas 
the inhibition of miR‑539 caused a significant upregulation 
in the expression of HMGA2. These data demonstrated that 
miR‑539 negatively regulated the expression of HMGA2 in 
RCC cells, which was in agreement with the observations 
from clinical samples.

A previous study showed that the phosphoinositide‑
3‑kinase/‑Akt signaling pathway is involved in the regulation 
of cell proliferation and apoptosis (31,32). It has also been 
reported that HMGA2 promotes cell proliferation by acti-
vating the AKT pathway (33). Accordingly, the present study 
aimed to investigate whether the AKT signaling pathway 
mediated the tumor suppression induced by miR‑539. The 
data revealed that the overexpression of miR‑539 inhibited 
the phosphorylation of AKT and mTOR, rather than altering 
the expression of total AKT and mTOR. Taken together, the 
above results suggested that miR‑539 may be important in 
regulating the AKT pathway. This regulatory effect may be 
initiated via the modulation of the expression of HMGA2 by 
miR‑539.

In conclusion, the present study indicated that miR‑539 
acted as a tumor suppressor in RCC cells by suppressing cell 
proliferation and inducing cell apoptosis, and this suppression 
may be due, at least in part, to the modulation of HMGA2 
through the AKT signaling pathway. These results suggested 
that miR‑539 may be used as a diagnostic biomarker for RCC 
treatment.

Figure 4. (A) Effects of miR‑539 on the AKT signaling pathway. (B) The protein levels of AKT, p‑AKT, mTOR and p‑mTOR were examined using western blot 
analysis. GAPDH was used as an internal control. Data are presented as the mean ± standard deviation of three independent experiments (*P<0.05, compared 
with the control). miR, microRNA; mTOR, mammalian target of rapamycin; p‑, phosphorylated.
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