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Abstract 

Background:  Patients with tuberous sclerosis complex (TSC) develop renal cysts and/
or angiomyolipomas (AMLs) due to inactive mutations of either TSC1 or TSC2 and con-
sequential mTOR hyperactivation. The molecular events between activated mTOR 
and renal cysts/AMLs are still largely unknown.

Methods:  The mouse model of TSC-associated renal cysts were constructed by knock-
ing out Tsc2 specifically in renal tubules (Tsc2f/f; ksp-Cre). We further globally deleted 
PRAS40 in these mice to investigate the role of PRAS40. Tsc2−/− cells were used 
as mTOR activation model cells. Inhibition of DNA methylation was used to increase 
miR-142-3p expression to examine the effects of miR-142-3p on PRAS40 expression 
and TSC-associated renal cysts.

Results:  PRAS40, a component of mTOR complex 1, was overexpressed in Tsc2-
deleted cell lines and mouse kidneys (Tsc2f/f; ksp-Cre), which was decreased by mTOR 
inhibition. mTOR stimulated PRAS40 expression through suppression of miR-142-3p 
expression. Unleashed PRAS40 was critical to the proliferation of Tsc2−/− cells 
and the renal cystogenesis of Tsc2f/f; ksp-Cre mice. In contrast, inhibition of DNA meth-
ylation increased miR-142-3p expression, decreased PRAS40 expression, and hindered 
cell proliferation and renal cystogenesis.

Conclusions:  Our data suggest that mTOR activation caused by TSC2 deletion 
increases PRAS40 expression through miR-142-3p repression. PRAS40 depletion 
or the pharmacological induction of miR-142-3p expression impaired TSC2 deficiency-
associated renal cystogenesis. Therefore, harnessing mTOR/miR-142-3p/PRAS40 signal-
ing cascade may mitigate hyperactivated mTOR-related diseases.
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Introduction
Mechanistic target of rapamycin (mTOR) signaling cascade plays crucial roles in vari-
ous physiological processes including cell survival, proliferation, and differentiation. 
This pathway is frequently dysregulated in many human diseases, including tuberous 
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sclerosis complex (TSC) [1–3]. TSC is an autosomal dominant inherited multiorgan dis-
order manifesting renal angiomyolipoma (AMLs) and cysts, brain subependymal giant 
cell astrocytomas (SEGAs), malformations of the cerebral cortex (tubers), cardiac rhab-
domyomas, pulmonary lymphangioleiomyomatosis (LAM), and so on. This disease is 
caused by inactivating mutations of either TSC1 or TSC2 and subsequent activation of 
mTOR signaling [4–8]. The first generation of mTOR inhibitors, the macrolide rapamy-
cin (sirolimus) and its analogue everolimus (RAD001), have become standard therapy 
for TSC [9, 10]. However, cytostatic nature of rapalogs due to reactivation of AKT/pro-
tein kinase B (PKB) and mitogen-activated protein kinase (MAPK) warrants novel thera-
peutic strategies [11–13].

mTOR forms two distinct complexes, mTOR complex 1 (mTORC1) and mTORC2. As 
a component of mTORC1, PRAS40 (encoded by AKT1S1) is phosphorylated at Serine 
183 by mTOR [14–18]. Elucidating the role of PRAS40 in mTOR signaling pathway may 
offer novel insights into the diseases with abnormal mTOR signaling.

mTOR is capable of regulating miRNA expression to fulfill its function [19, 20]. miR-142-3p 
modulates the proliferation and differentiation of hematopoietic cells and inhibits the for-
mation and development of cancer [21–23]. Serum miRNA profiling in patients with TSC 
revealed a decline in miRNA levels, including miR-142-3p. Patients with TSC treated with 
everolimus had elevated serum miR-142-3p [24]. Whether miR-142-3p and its targets are 
involved in mTOR signaling transduction and TSC development is unknown.

In this study, we discovered the mTOR/miR-142-3p/PRAS40 signaling cascade and 
evaluated its significance in TSC2 deficiency-induced renal cyst formation. PRAS40 was 
increased while miR-142-3p was decreased in TSC2-deleted tissues and cell lines. The 
pharmacological induction of miR-142-3p expression or depletion of PRAS40 impaired 
renal cystogenesis caused by active mTOR. Therefore, targeting miR-142-3p/PRAS40 
may treat active mTOR-related diseases.

Materials and methods
Mice

Tsc2f/f and ksp-Cre mice were obtained from the Jackson Laboratory. Tsc2f/f; Cre 
mice were generated by intercrossing Tsc2f/+; Cre mice. Akt1s1+/+Tsc2f/f; Cre and 
Akt1s1−/−Tsc2f/f; Cre mice were obtained by serial intercrossing Akt1s1−/−Tsc2f/+; Cre 
with Akt1s1+/+Tsc2f/+; Cre mice.

The protocol of animal experiments was approved by the Animal Care and Ethics 
Committee of Dalian Medical University (AEE22083). All animal maintenance and pro-
cedures were carried out following the recommendations by the Animal Care and Ethics 
Committee of Dalian Medical University. All efforts were made to minimize suffering of 
mice. Mice were housed in a 12-h light-dark cycle and fed with a standard chow.

Decitabine treatment

The Tsc2f/f; Cre male mice were injected intraperitoneally with decitabine at either 0.02 
or 0.1 mg/kg/0.1 mL or Phosphate-buffered saline (PBS) at 0.1 mL/kg once every 3 days 
from postnatal day 11. All the mice were euthanized on postnatal day 20, and the kid-
neys were collected for analysis.
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Cell lines and cell culture

Tsc2−/−, Tsc2+/+, and Pten−/− mouse embryonic fibroblasts (MEFs) have been 
described previously [11]; HEK293T cells (3101HUMGNHu17) were obtained from 
National Collection of Authenticated Cell Cultures, China and they were grown in 
Dulbecco’s Modified Eagle’s medium (DMEM); HK-2, NRK, and 786-0 cells were 
obtained from American Type Culture Collection (ATCC). NRK cells were grown 
in DMEM, and 786-0 cells were grown in  Roswell Park Memorial Institute (RPM)I 
1640, containing 10% fetal bovine serum (FBS) at 37 °C with 5% CO2. The cells were 
checked free of mycoplasma contamination by polymerase chain reaction (PCR), and 
were cultured for less than 6 months after resuscitation.

Antibodies

Antibodies were purchased for detection of PRAS40, p-AKT (S473), S6, p-S6, TSC2, 
mTOR, Proliferating cell nuclear antigen (PCNA) (cell signaling), AKT, α-tubulin, 
β-actin, DNA methyltransferase 1 (DNMT1), and  poly ADP-ribose polymer-
ase (PARP) (Proteintech).

Plasmids

PRAS40 expression vector was constructed by inserting the full length of mouse 
PRAS40 cDNA at the N-terminus into Xba  I-BamH  I site of pCDH-CMV-MCS-
EF1 vector. pLKO.1-mPRAS40 (Addgene plasmid #15480) was a gift from Dr. Do-
Hyung Kim [17]; mTOR-1 shRNA (Addgene plasmid #1855), and mTOR-2 shRNA 
(Addgene plasmid #1856) were gifts from Dr. David Sabatini [25]. The construction of 
pCIneo-Luc-PRAS40 was described previously [26]. The binding site of miR-142-3p 
seed sequence in PRAS40’s 3’UTR was mutated from 5′-ACA​CTA​C-3′ to 5′-AAA​
AAA​A-3′. pCIneo-Luc-PRAS40 mutant was constructed by inserting the mutated 
PRAS40’s 3’UTR into the Mlu I-Sal I site of pCIneo-Luc.

Oligonucleotide transfection

miR-142-3p mimics (4464066), inhibitor (4464084), and negative control miRNA 
(4464058) were synthesized by Thermo fisher. Oligonucleotide transfection was per-
formed with Lipofectamine RNAiMAX reagent (Thermo fisher) following the com-
pany’s instructions.

Lentivirus production and transduction

Virus particles were harvested 48  h after the expression vector transfection with 
packaging plasmid psPAX2 (gift from Dr. Didier Trono, Addgene plasmid #12260) 
and envelope plasmid pMD2.G (gift from Dr. Didier Trono, Addgene plasmid #12259) 
into HEK293T  cells using Lipofectamine  2000 reagent (Thermo fisher). Cells were 
infected with lentivirus with the presence of 8 µg/mL polybrene (Sigma).
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Cell viability assay

Cells were seeded into 96-well plates in triplicate. Cell viability was determined by 
using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) at the indicated timepoints 
after treatment.

Cystic index analysis

Hematoxylin and eosin (HE)-stained kidney sections were scanned in Panno-
ramic  MIDI  (3DHISTECH), and Image J software was used to quantify the area of 
cysts and kidney sections. Cystic indexes were obtained by calculating the percent-
ages of the cystic areas in the areas of the entire kidney sections.

Blood urea nitrogen (BUN) analysis

Mouse serum was applied to the BUN analysis using urea assay kit following the 
manufacturer’s instructions (C013-2–1, Nanjing Jiancheng Bioengineering Institute), 
absorbance was measured at 640  nm, and BUN concentration was calculated as: 
(

testOD - blankOD
)

/
(

standardOD - blankOD
)

× standard sample’s concentration (10mM)

Real‑time PCR analysis

Total RNA was isolated using Trizol reagent (Invitrogen), and cDNA was syn-
thesized with the 5X All-In-One  MasterMix  (ABM). Quantitative real-time PCR 
analysis was performed in triplicate on LightCycler 480 Instrument (Roche) using 
TranStart Top Green qPCR SuperMix (Transgen Biotech). Threshold cycle (Ct) val-
ues of genes were normalized to those of β-actin. The following primers were used: 
PRAS40 FW: GAT​CGT​CAG​ATG​ AGG​AGA​ATGGC; PRAS40 RV: TGG​AAG​TCGCT 
GGT​ATT​GAGCC; β-actin FW: CAT​TGC​TGA​CAG​GAT​GCA​GAAGG; β-actin RV: 
TGC​TGG​AAG​GTG​GAC​AGT​GAGG.

For miR-142-3p, cDNA was synthesized with TaqMan MicroRNA reverse tran-
scription kit (Thermo). Quantitative real-time PCR analysis was performed in tripli-
cate using TaqMan MicroRNA assays for miR-142-3p and TaqMan Universal Master 
Mix (Thermo).

Immunoblotting analysis

Cells or tissues were lysed in lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 20 mM 
Na2HPO4/NaH2PO4, 10% glycerol, 1% Triton X-100, complete protease inhibitors and 
phosphatase inhibitors (Thermo)]. Total lysates were next applied to SDS-PAGE and 
then transferred onto PVDF membranes (Millipore). The membranes were blocked 
in 5% milk or 3% Bovine Serum Albumin (BSA)/ Tris Buffered Saline with Tween-20 
(TBST). All the primary antibodies for western blot analysis were diluted in 3% BSA/
TBST. HRP-conjugated secondary antibodies were diluted 1:10,000 in 5% milk/TBST, 
and the signals were detected with enhanced chemiluminescence (ECL) (Thermo).

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded kidney sections were deparaffinized, dehydrated, 
and incubated with 0.3% hydrogen peroxide. Sections were incubated with anti-
PCNA antibody overnight at 4 °C followed by incubation with biotinylated secondary 
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antibodies (ZSGB-BIO, China) for 1  h at room temperature. Signals were detected 
with a diaminobenzidine substrate kit (ZSGB-BIO, China), followed by the counter-
staining with hematoxylin.

Quantification of PCNA positive cells: calculate the percentages of PCNA-positive 
cells among the epithelial cells of the renal cysts. The average of three fields from each 
section, three sections for each group totally was calculated.

Luciferase assay

HeLa cells were inoculated in 96-well plates, and transfected in triplicate with or 
without 10  nM of nonspecific control miRNA, miR-142-3p mimics, or miR-142-3p 
inhibitor, together with 200 ng/mL of pCIneo-Luc or pCIneo-Luc-PRAS40 or pCIneo-
Luc-PRAS40 mutant using Lipofectamine 2000 (Invitrogen). Co-transfection with 
20 ng/mLof phRL-SV40 (Promega) was used as the internal control. Luciferase activities 
were measured 48 h later.

Statistical analyses

Data were presented as mean ± standard deviation (SD). Differences between groups 
were assessed by Student’s t-test or one-way analysis of variance (ANOVA). All experi-
ments were repeated thrice. GraphPad Prism 7.04 software was used for all statistical 
analyses. P < 0.05 was considered statistically significant.

Results
PRAS40 expression is upregulated by mTOR activation

To delineate the molecular events between loss of TSC2 and the development of renal 
cysts of TSC, we first generated TSC cystic kidney model mice by crossing Tsc2flox/flox 
mice (Tsc2f/f) with the mice that express Cre recombinase under the control of mouse 
cadherin 16 (Cdh16) promoter (also known as ksp-cre), whose expression is limited to 
the renal tubules. As previously reported, the mice with deletion of Tsc2 (Tsc2f/f; Cre) 
exhibited enlarged kidneys with poly-cysts and increased ratios of kidney weight to body 
weight (Supplementary Fig.  1A–D) [27–30]. These mice died between 35 and 60  days 
after birth. PRAS40 expression in renal tubules, but not the other organs of Tsc2f/f; Cre 
mice, was much higher than that in the kidneys of Tsc2f/+; Cre mice. Elevated PRAS40 
was reduced by mTOR inhibitor rapamycin (Fig. 1A, B, Supplementary Fig. 1E, F). These 
data suggest an induction of PRAS40 expression by active mTOR.

Loss of TSC1, TSC2, or PTEN induces mTOR hyperactivation. Paired immortalized 
mouse embryonic fibroblast (MEF) cell lines deficient of these tumor suppressors have 
been widely used as mTOR activation model cell lines [4, 31–42]. To further clarify the 
relationship between PRAS40 and mTOR, we compared the levels of PRAS40 in Tsc2+/+ 
and Tsc2−/− MEFs. Both mRNA and protein of PRAS40 were increased in Tsc2−/− MEFs 
(Fig. 1C, D). A similar tendency was observed in Pten−/− MEFs (Fig. 1E). Furthermore, 
rapamycin decreased both mRNA and protein of PRAS40 in Tsc2−/− MEFs (Fig.  1F, 
G). Rapamycin also reduced PRAS40 in kidney cells HK2 and NRK, and renal cancer 
cell 786–0 (Fig.  1H–J). Similarly, mTOR shRNA decreased PRAS40 in Tsc2−/− MEFs 
(Fig. 1K). Thus, mTOR activation leads to PRAS40 hyperexpression.
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Fig. 1  Association of PRAS40 expression with mTOR activation. Immunoblotting (A–C, E, F, H–K) or real-time 
PCR analysis (D, G). Tissue lysates were extracted from kidneys of Tsc2f/+; ksp-cre and Tsc2f/f; ksp-cre mice (A) or 
kidneys of Tsc2f/f; ksp-cre mice treated with or without rapamycin (B). Tsc2+/+ or Tsc2−/− MEFs were cultured in 
the media with (+) or without serum (−) (C, D). Pten−/− MEFs were cultured in the media with (+) or without 
serum (−) (E). Tsc2−/− MEFs (F, G), HK2 (H), NRK (I), and 786–0 (J) cells were treated with or without rapamycin 
(5 nM) for 24 h. Tsc2−/− MEFs were transfected with control shRNA, mTOR shRNA1, or mTOR shRNA2 (K). The 
quantification values of the band density were labeled above the bands. Bars, SD. ***, P < 0.001 from Student’s 
t-test
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Fig. 2  Akt1s1 deletion impairs renal manifestations of Tsc2-deleted male mice. A. Mating strategy of the 
mice. B. Genotyping results. C. Images of male mice and their kidneys. D. Ratios of kidney weight to body 
weight. n = 3 for Akt1s1+/+Tsc2f/+; Cre mice; n = 10 for Akt1s1+/+Tsc2f/f; Cre mice; n = 5 for Akt1s1−/−Tsc2f/+; 
Cre mice; n = 12 for Akt1s1−/−Tsc2f/f; Cre mice. E. Hematoxylin and eosin (HE) staining of the kidneys. Scale 
bars, 1000 µm. F. Cystic indexes. n = 3 for Akt1s1+/+Tsc2f/f; Cre mice; n = 4 for Akt1s1−/−Tsc2f/f; Cre mice. G. 
BUN values. n = 3 for Akt1s1+/+Tsc2f/+; Cre and Akt1s1−/−Tsc2f/+; Cre mice; n = 5 for Akt1s1+/+Tsc2f/f; Cre and 
Akt1s1−/−Tsc2f/f; Cre mice. H. IHC staining with anti-PCNA antibody. Scale bars, 50 µm. I. Percentages of the 
PCNA positive cells in the epithelial cells of the cysts. J. Immunoblotting analysis for the kidneys. K. IHC 
staining with the indicated antibodies. Scale bars, 50 µm. The quantification values of the band density were 
labeled above the bands. Bars, SD. *P < 0.05, **P < 0.01, ***P < 0.001 from Student’s t-test or one-way ANOVA



Page 8 of 17Zhao et al. Cellular & Molecular Biology Letters          (2024) 29:125 

PRAS40 is crucial to TSC‑associated renal cystogenesis in mice

Renal PRAS40 expression was increased in Tsc2f/f; Cre mice but not in heterozygous 
mice (Fig.  1A, B). Tsc2f/f; Cre mice developed renal cysts (Supplementary Fig.  1). To 
investigate the role of PRAS40 in TSC-associated renal cysts, we crossed Tsc2f/f; Cre 
mice with Akt1s1 globally deleted mice and obtained Akt1s1−/−Tsc2f/f; Cre mice (Fig. 2A, 
B). Compared with Akt1s1+/+Tsc2f/f; Cre mice, Akt1s1−/−Tsc2f/f; Cre mice exhibited 
smaller kidneys, lower ratios of kidney weight to body weight, fewer and smaller renal 
cysts, and lower cyst index (Fig. 2C–F, Supplementary Fig. 2). Moreover, Akt1s1 deletion 
improved the kidney function manifested as reduction of blood urea nitrogen (BUN) in 
Tsc2f/f; Cre mice (Fig. 2G). As enhanced proliferation of cyst epithelial cells contributes 
to cyst formation [28], we stained kidney specimens with the antibody of PCNA, a pro-
liferative marker. Akt1s1 deletion reduced the number of PCNA-positive cells in renal 
cyst epithelial cells (Fig.  2H, I). Simultaneously, Akt1s1 deletion suppressed the phos-
phorylation of AKT in Tsc2-deleted kidneys (Fig. 2J, K). These data suggest that PRAS40 
is not only a downstream effector of mTOR signaling pathway, but also a promoter of 
AKT signaling.

PRAS40 contributes to the cell proliferation induced by mTOR activation

We and others reported that PRAS40 promotes tumor cell proliferation [26, 43–45]. 
Given that PRAS40 depletion decreased PCNA expression in Tsc2-depleted renal cysts 
(Fig.  2), we checked the significance of PRAS40 in the proliferation of Tsc2−/− MEFs. 
PRAS40 depletion with shRNA exerted greater suppression on the viability of Tsc2−/− 
MEFs than on that of Tsc2+/+ MEFs. Furthermore, PCNA was decreased in shPRAS40-
treated cells, whereas apoptosis marker cleaved-PARP was not detected in any of the 
samples (Fig.  3A, B). In addition, mTOR depletion inhibited PRAS40 expression and 
cell viability, which were reversed by PRAS40 overexpression (Fig.  3C, D). Moreover, 
combination of rapamycin and PRAS40 shRNA was superior in suppression of cell pro-
liferation to rapamycin or PRAS40 shRNA alone. AKT phosphorylation induced by 
rapamycin was also suppressed by PRAS40 depletion (Fig. 3E, F). Therefore, PRAS40 is 
critical for mTOR-potentiated cell proliferation. Targeting PRAS40 may alleviate rapam-
ycin-induced reactivation of AKT and enhance the efficacy of rapamycin.

miR‑142‑3p reduces PRAS40 abundance through targeting its 3’UTR​

To investigate the mechanism underlying mTOR activation of PRAS40 expression, we 
explored the potential role of miRNAs. Using both miRTarBase and DIANA-TarBase, 
we predicted the miRNAs which might bind PRAS40 3’UTR and then focused on 
those that are downregulated in the plasma of patients with TSC but are reversed by 
everolimus treatment [24]. In the end, miR-142-3p was selected as the most promis-
ing candidate (Fig. 4A). miR-142-3p binding site within the PRAS40’s 3’UTR is con-
served between human and mouse (Fig. 4B). Compared with negative control miRNA, 
miR-142-3p mimic but not miR-142-3p inhibitor reduced the luciferase activity of the 
reporter containing PRAS40’s 3’UTR (wild type). The luciferase activity of the control 
reporter without PRAS40’s 3’UTR (−) was not altered by miR-142-3p (Fig. 4C). Fur-
thermore, neither miR-142-3p mimic nor the inhibitor affected the luciferase activity 
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Fig. 3  Influence of PRAS40 on the cell viability activated by mTOR. Immunoblotting (A, C, E) or cell viability 
assay (B, D, F). Tsc2+/+ or Tsc2−/− MEFs transfected with control shRNA or PRAS40 shRNA (A, B). Tsc2−/− MEFs 
were transfected with control shRNA, mTOR shRNA2, or mTOR shRNA2 together with empty vector or PRAS40 
expression vector (C, D). Tsc2−/− MEFs transfected with control shRNA or PRAS40 shRNA were treated with or 
without rapamycin (rapa, 5 nM) (E, F). The quantification values of the band density were labeled above the 
bands. Bars, SD. *P < 0.05, **P < 0.01, ***P < 0.001 from one-way ANOVA
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of the reporter including PRAS40’s 3’UTR with the mutation of miR-142-3p binding 
site (mutant type) (Fig. 4D). To confirm the effects of miR-142-3p on PRAS40 expres-
sion, we introduced miR-142-3p into Tsc2−/− MEFs. Compared with negative control 
miRNA, miR-142-3p mimic but not the inhibitor decreased both the mRNA and pro-
tein levels of PRAS40 (Fig. 4E, F). Therefore, miR-142-3p inhibits PRAS40 expression 
by targeting its 3’UTR.

mTOR activation promotes cell proliferation through suppression of miR‑142‑3p

Plasma levels of miR-142-3p are downregulated in patients with TSC but are reversed 
by everolimus treatment [24]. The expression of miR-142-3p was indeed much lower in 
Tsc2−/− MEFs than in Tsc2+/+ MEFs (Fig. 4G). In addition, miR-142-3p level in the kid-
neys of Tsc2f/f; Cre mice was also much lower than in that of Tsc2f/+; Cre mice (Fig. 4H). 
Moreover, rapamycin or mTOR shRNA increased miR-142-3p in Tsc2−/− MEFs (Fig. 4I, 
J). Rapamycin also augmented miR-142-3p level in the kidneys of Tsc2f/f; Cre mice 
(Fig. 4K). Thus, mTOR activation leads to the downregulation of miR-142-3p.

To investigate the biological effect of miR-142-3p in mTOR activated cells, we 
transfected a miR-142-3p mimic into Tsc2−/− MEFs. The cells transfected with the 
miR-142-3p mimic showed a notable decline in cell viability compared with the cells 
transfected with negative control miRNA, whereas the miR-142-3p inhibitor did not 
show any remarkable change (Fig. 4L). These data suggest that mTOR activation pro-
motes cell proliferation by downregulating the expression of miR-142-3p.

To verify the relationship between miR-142-3p and PRAS40, we cotransfected miR-
142-3p mimic together with PRAS40 into Tsc2−/− MEFs. Since the expression plasmid 
contained PRAS40 coding DNA without the 3’UTR region of PRAS40, endogenous but 
not exogenous PRAS40 expression was suppressed by miR-142-3p (Fig.  4M). Further, 
miR-142-3p downregulated cell viability compared with the negative control miRNA, 
while PRAS40 overexpression revived the cells inhibited by miR-142-3p (Fig. 4N). Thus, 
miR-142-3p suppresses cell proliferation through downregulating PRAS40 expression.

Fig. 4  Association of miR-142-3p expression with mTOR activation and PRAS40 expression. A. Prediction 
of the miRNAs binding to PRAS40 3’UTR in those decreased in patients with TSC. B. Alignment of 
miR-142-3p to PRAS40’s 3’UTR. C, D. Luciferase assays. pCIneo-Luc (−), pCIneo-Luc-PRAS40 (wild type), or 
pCIneo-Luc-PRAS40 mutant (mutant type) reporter vector and nonspecific control miRNA (nc), miR-142-3p 
mimic (miR-142-3p) or miR-142-3p inhibitor (miR-142-3p I) together with Renilla luciferase expression vector 
phRL-SV40 were cotransfected into cells. The experiments were performed in triplicate. E, F. Tsc2−/− MEFs 
were transfected with nonspecific control miRNA (−), miR-142-3p mimic (miR-142-3p) or miR-142-3p 
inhibitor (miR-142-3p I). Immunoblotting (E) and real-time PCR analysis (F) were performed. G–K. Real-time 
PCR analysis. Tsc2+/+ or Tsc2−/− MEFs were cultured in serum free media for 24 h (G). Kidney tissues from Tsc2f/f; 
ksp-cre or Tsc2f/+; ksp-cre mice (H). Tsc2−/− MEFs were treated with or without rapamycin (5 nM) for 24 h (I). 
Tsc2−/− MEFs were transfected with control shRNA, mTOR shRNA1, or mTOR shRNA2 (J). Kidney tissues from 
Tsc2f/f; ksp-cre treated with or without rapamycin (K). L. Cell viability assay of Tsc2−/− MEFs transfected without 
(−, null) or with nonspecific control miRNA (nc), miR-142-3p mimic (miR-142-3p) or miR-142-3p inhibitor 
(miR-142-3p I). M–N. Tsc2−/− MEFs were cotransfected with negative control (−) or miR-142-3pmimic 
(miR-142-3p) together with empty vector or PRAS40 expression vector. PRAS40 protein level was analyzed 
by Immunoblotting analysis (M), and cell viability assays were performed (N). The quantification values of the 
band density were labeled above the bands. Bars, SD. *P < 0.05, **P < 0.01, ***P < 0.001 from Student’s t-test or 
one-way ANOVA

(See figure on next page.)
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Inhibition of DNA methylation represses renal cystogenesis

Since DNA methylation is essential for miR-142-3p hypoexpression in proliferative cells 
[46–48], we treated Tsc2−/− MEFs with DNA methylation inhibitor decitabine, which 
downregulated DNMT1 expression. As a consequence, an increase in miR-142-3p 
level and a decrease in PRAS40 level were observed. Meanwhile, the cell viability was 
repressed (Fig. 5A–C).

Next, we treated Tsc2f/f; Cre mice with various doses of decitabine. No significant tox-
icity was observed in the treated mice on the basis of changes in body weight. Compared 

Fig. 4  (See legend on previous page.)
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Fig. 5  Effects of methylation inhibition in mice and MEFs. A–C. MEFs were treated with or without decitabine 
at indicated concentrations for 48 h. Real-time PCR (A), immunoblotting (B), and relative cell viability assay 
(C) were performed. D–N. Tsc2f/f; Cre mice were treated with decitabine or PBS (control). Images of the mice 
and the kidneys (D). Body weights of the mice from postnatal days 11–20. n = 5 for PBS-treated mice; n = 6 
for decitabine (0.02 mg/kg)-treated mice; n = 10 for decitabine (0.1 mg/kg)-treated mice (E). Ratios of kidney 
weight to body weight (F). HE staining of the kidneys. Scale bars, 1000 µm (G). Cystic indexes. n = 3 for 
PBS-treated mice and decitabine (0.02 mg/kg)-treated mice; n = 4 for decitabine (0.1 mg/kg)-treated mice 
(H). BUN values. n = 5 for PBS-treated mice; n = 6 for decitabine (0.1 mg/kg)-treated mice (I). IHC staining with 
anti-PCNA antibody. Scale bars, 50 µm (J). Percentages of the PCNA-positive cells in the epithelial cells of the 
cysts (K). Real-time PCR analysis for the kidney tissues (n = 3) (L). Immunoblotting analysis for the kidneys 
(M). IHC staining with the indicated antibodies. Scale bars, 50 µm (N). The quantification values of the band 
density were labeled above the bands. Bars, SD. *P < 0.05, **P < 0.01, ***P < 0.001 from Student’s t-test or 
one-way ANOVA
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with PBS treatment, decitabine caused smaller kidneys, lower ratios of kidney weight 
to body weight, reduced cyst indexes, and declined BUN levels in Tsc2f/f; Cre mice in a 
dose-dependent manner (Fig.  5D–I). The percentage of PCNA-positive cyst epithelial 
cells was also downregulated by decitabine (Fig.  5J, K). Accordingly, miR-142-3p level 
was upregulated and PRAS40 level was downregulated (Fig. 5L, M). AKT phosphoryla-
tion was decreased (Fig. 5N). Therefore, inhibition of DNA methylation blocks renal cys-
togenesis induced by mTOR activation.

Discussion
Abnormal mTOR signaling triggers numerous diseases including TSC. TSC-associated 
renal AMLs and cysts are the most common causes of death in patients with TSC [49, 
50]. Here, we presented that mTOR activation led to renal cystogenesis by increasing 
PRAS40 expression through repression of miR-142-3p expression. Depletion of PRAS40 
or increasing miR-142-3p expression via inhibition of DNA methylation could be poten-
tial therapeutic strategies for TSC-associated renal cysts (Fig. 6).

PRAS40 is a component of mTORC1 and is phosphorylated by mTOR [14–18]. It 
either negatively or positively regulates mTOR pathway signaling in a context-depend-
ent manner [14, 16–18, 43, 51]. In this study, we found that mTOR activation increased 
mRNA and protein levels of PRAS40. Therefore, the regulation of PRAS40 by mTOR 
is multidimensional, including direct phosphorylation and indirect upregulation of 
PRAS40 expression. In addition, PRAS40 contributed to the proliferation of Tsc2−/− 
MEFs and the renal cyst epithelial cells, and cystogenesis of Tsc2-deleted mouse kidneys. 
Therefore, PRAS40 is essential for fulfilling the function of mTOR signaling pathway in 
cell proliferation and renal cystogenesis. However, the phosphorylation of mTOR down-
stream factor S6 was not changed by PRAS40 deletion in Tsc2-deleted cells and kidneys, 

Fig. 6  Schematic graph representing the pathogenesis of TSC-associated renal cystogenesis. Me, methyl. →, 
promotion; ┤, suppression
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indicating that PRAS40 works either downstream of S6 or in parallel with S6. Neverthe-
less, these data suggest that PRAS40 can be targeted for TSC-associated cystogenesis.

Consistent with the effects of PRAS40 in tumor cells [17, 43, 44], PRAS40 promoted 
AKT phosphorylation in Tsc2-depleted MEFs and mouse kidneys. Since PRAS40 over-
expression increased AKT phosphorylation caused by mTOR knockdown, PRAS40 
stimulation of AKT phosphorylation should not be related to mTORC2 activation. 
Therefore, PRAS40 deletion inhibits cell proliferation and renal cystogenesis not only by 
hindering mTOR signaling, but also by suppressing AKT activation. Moreover, PRAS40 
shRNA enhanced rapamycin inhibition of cell proliferation, likely by abolishing rapamy-
cin-induced AKT phosphorylation. Thus, targeting PRAS40 could combine with mTOR 
inhibition for the treatment of mTOR hyperactivated diseases such as TSC.

The next question is how PRAS40 expression is upregulated by mTOR activation. 
mTOR signaling alters miRNA expression [19, 20]. miR-142-3p was decreased in serum 
of patients with TSC but restored to baseline level in control serum by treatment of 
mTOR inhibitor [24]. Our data showed that miR-142-3p was suppressed by mTOR acti-
vation. miR-142-3p suppresses cell proliferation by binding to PRAS40’s 3’UTR and 
reducing PRAS40 expression. Thus, mTOR activation upregulates PRAS40 through 
inhibiting miR-142-3p. On the basis of the previous serum data and our MEF results, 
this mTOR/miR-142-3p/PRAS40 regulatory axis may extend beyond the kidney to other 
organs. Further investigation using additional TSC models including AML is warranted 
to confirm this hypothesis.

DNA methylation decreases miR-142-3p expression [46, 47]. Here, decitabine 
increased miR-142-3p expression and decreased PRAS40 expression in Tsc2−/− MEFs 
and Tsc2-depleted kidneys. Consequently, decitabine inhibited renal cell proliferation 
and cystogenesis in Tsc2-deleted mice. These data not only confirmed the upregulation 
of PRAS40 by mTOR through suppression of miR-142-3p, but also provided a proof-of-
concept of restoring miR-142-3p for treating TSC-associated renal cysts. Additionally, 
more specific strategies targeting the DNA methylation of miR-142-3p may offer more 
precise therapeutic intervention.

The mechanism underlying TSC-associated renal cystogenesis remains complex. Vari-
ous research has revealed that downstream effectors of mTOR, such as TFEB and TFE3, 
play crucial roles in this disease [30, 52, 53]. PRAS40 is a novel one; future therapeutic 
strategies could consider targeting these factors in combination.

Conclusions
In this study, we find that PRAS40 is a novel downstream effector of mTOR signal-
ing pathway. Targeting PRAS40 directly or suppressing PRAS40 expression indirectly 
through enhancement of miR-142-3p impairs the formation of TSC-associated renal 
cysts, which may provide promising therapeutic approaches for diseases with hyperacti-
vated mTOR signaling.
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