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Introduction

The mammalian target of rapamycin (also known as the 
mechanistic target of rapamycin or mTOR) is a serine/threo-
nine kinase that interacts with other proteins to form 2 distinct 
complexes: mTOR complex 1 (mTORC1) and mTOR com-
plex 2 (mTORC2). These complexes differ in the mode of their 
upstream activation and in the network of downstream proteins 
they phosphorylate and regulate. mTORC1 is composed of reg-
ulatory-associated protein of mTOR (Raptor), proline-rich AKT 
substrate 40kDa (PRAS40), mLST8 and DEPTOR. mTORC1 
is activated in response to growth factors, amino acids, oxidative 
stress, energy and oxygen levels of the cell and regulates a plethora 
of biosynthetic processes in the cell, including protein, nucleotide 
and lipid synthesis, mitochondrial homeostasis, as well as control 
of cell size, proliferation, and autophagy.1

Most upstream signals are relayed to mTORC1 via the tuber-
ous sclerosis complex (TSC) proteins hamartin (TSC1) and 
tuberin (TSC2). These tumor suppressors negatively regulate 

mTORC1 signaling.2,3 Mutations in TSC1/2 cause inappropri-
ate activation of mTORC1 signaling and result in tumor forma-
tion. In this context, the tumors are generally benign, because 
mTORC1 hyperactivation causes inactivation of the oncogenic 
phosphatidylinositide-3-kinase (PI3K) pathway and Akt signal-
ing via a negative feedback loop.4

Lymphangioleiomyomatosis (LAM) and TSC are 2 disor-
ders that are caused by mutations in TSC1/2. TSC is an auto-
somal-dominant genetic disease, which occurs in about 1 in 
6000 births and has a 95% penetrance.5,6 TSC manifestations 
include benign multi-organ tumors with life-threatening con-
sequences. LAM is a rare sporadic lung disease that predomi-
nantly affects women of childbearing age, as well as some adult 
female patients with TSC,7 and is characterized by prolifera-
tion of smooth muscle-like cells in the lung, causing cystic lung 
destruction.8-10

Because TSC and LAM pathogenesis is closely linked to 
mTORC1 hyperactivation,11,12 use of rapamycin and its ana-
logs (or rapalogs) to inhibit mTORC1 has proved to be a viable 
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The mammalian/mechanistic target of rapamycin complex 1 (mTORC1) signaling pathway is hyperactivated in a vari-
ety of cancers and disorders, including lymphangioleiomyomatosis (LAM) and tuberous sclerosis complex (TSC), which 
are characterized by mutations in tumor suppressors TSC1 or TSC2. The concern with the use of mTORC1 inhibitors, such 
as rapamycin or its analogs (rapalogs), is that they cause upregulation of autophagy and suppress the negative feedback 
loop to Akt, which promotes cell survival, causing the therapy to be only partially effective, and relapse occurs upon 
cessation of treatment. In this study, we investigate the use of rapamycin in combination with resveratrol, a naturally 
occurring polyphenol, in TSC2-deficient cells. We tested whether such combination would prevent rapamycin-induced 
upregulation of autophagy and shift the cell fate toward apoptosis. We found that this combination treatment blocked 
rapamycin-induced upregulation of autophagy and restored inhibition of Akt. Interestingly, the combination of rapamy-
cin and resveratrol selectively promoted apoptosis of TSC2-deficient cells. Thus, the addition of resveratrol to rapamy-
cin treatment may be a promising option for selective and targeted therapy for diseases with TSC loss and mTORC1 
hyperactivation.
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strategy in treatment of some of the disease manifestations. 
However, some major concerns with the use of rapalogs are that 
the therapy effect is partial, rapalogs are associated with well-
described toxicity and adverse events, and the benefits are not 
maintained after therapy withdrawal.13

Data suggest that TSC-null cells are particularly dependent 
on autophagy for survival.14 Autophagy is a homeostatic process 
that is conserved in all eukaryotic cells, which enables the cell 
to degrade and recycle organelles and misfolded proteins. In 
contrast, during nutrient deprivation autophagy allows the cell 
to survive by reusing intracellular proteins until extracellular 
nutrients become available. Upon initiation of autophagy, cel-
lular components that are targeted for degradation are seques-
tered in double-membrane autophagosomes, which are, in turn, 
fused with lysosomes and degraded.15,16 The mTORC1 signaling 
pathway is a major regulator of autophagy in response to nutri-
ent levels. Under nutrient-rich conditions, mTORC1 promotes 
cell growth and blocks autophagy by inhibiting ULK1 complex 
formation.17-19 Consequently, rapalog-mediated mTORC1 inacti-
vation is a potent inducer of autophagy, which provides a survival 
advantage to TSC-deficient cells.14 Concordantly, the combina-
tion of the autophagy inhibitor chloroquine with rapalogs was 
shown to be more effective in inhibiting the growth of TSC2-
deficient tumors than either agent alone,20 and this combination 
caused cell death in melanoma cells.21

Another consequence of mTORC1 inactivation with rapalog 
treatment is reactivation of the oncogenic Akt signaling. The 
activity of mTORC1 and its downstream target the 40S ribo-
somal S6 kinase 1 (S6K1) negatively regulate the PI3K/Akt 
signaling pathway.22 One of the major concerns with the use of 
rapalogs is that negative feedback signaling from S6K1 to Akt is 
abrogated, which leads to reactivation of Akt. Akt can, in turn, 
lead to upregulation of mTORC1 signaling and tumor cell sur-
vival.23 Therefore, current efforts focus on identifying agents that 
can be used together with rapalogs to inhibit mTORC1 while 
suppressing Akt activity, impeding cell survival.

In this study, we describe the use of resveratrol in combination 
with rapamycin as a strategy for inhibition of growth of TSC-
deficient cells. Resveratrol (Trans-3,5,4’-trihydroxystilbene) 
is a naturally occurring polyphenol that is found in red wine, 
grapes, and peanuts and possesses disease-protective and anti-
aging properties.24 Resveratrol was shown to suppress prolif-
eration of human cells in vitro and mediate anti-tumor effects 
through several signaling pathways by modulating cellular 
events associated with autophagy, cell growth, and prolifera-
tion.25,26 Evidence suggests that resveratrol activates Sirt1, a 
class II histone deacetylase.27 However, the effects on autoph-
agy are proposed to be Sirt1-independent, specifically through 
modulation of the mTORC1/S6K1 activity by resveratrol.26,28-32 
We report that resveratrol reduces rapamycin-induced autoph-
agic activity, prevents rapamycin-induced Akt reactivation, 
and preferentially promotes apoptosis of TSC2-deficient cells. 
Therefore, the combination of rapamycin and resveratrol 
may be an effective strategy for treatment of diseases caused  
by TSC loss.

Figure 1. The combination of rapamycin and resveratrol inhibits PI3K/
Akt and mTOR signaling pathways. (A) WT MEFs and TSC2−/− MEFs were 
treated with 20 nM rapamycin and/or 100 µM resveratrol for 24 h. Cells 
were lysed and the indicated proteins were detected by immunoblot. 
(B) ELT3 TSC2 o/e and ELT3 cells were treated as described in (A) and pro-
tein levels were detected by immunoblot. (C) 621–101 cells were treated 
as described in (A), and protein levels were detected by immunoblot. 
(D) 621–101 and NHBE cells were treated as described in (A), and protein 
levels were detected by immunoblot.
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Results

Combination of rapamycin and resveratrol treatment restores 
inhibition of Akt, while suppressing mTORC1 signaling

We first investigated the effect of rapamycin and resveratrol, 
alone or in combination, on mTORC1 and Akt signaling path-
ways in wild-type (WT) and TSC2−/− mouse embryonic fibro-
blasts (MEFs) (Fig. 1A). As expected, basal levels of mTORC1 
signaling were higher in TSC2−/− cells, while WT MEFs had 
higher basal levels of Akt phosphorylation compared with 
TSC2−/− MEFs. We observed that rapamycin effectively sup-
pressed mTORC1 signaling in both cell types, as measured by 
markers of S6K1 activity, such as phosphorylation of S6K1 on 
Thr389, phosphorylation of S6K1 downstream targets eIF4B 
and S6, and stabilization of the protein levels of PDCD4. Due 
to inhibition of the negative feedback loop, rapamycin treatment 
increased Akt signaling, as measured by phosphorylation of Akt 
and its target PRAS40. Resveratrol treatment alone suppressed 
basal Akt signaling and slightly decreased S6K1 pathway acti-
vation. Interestingly, resveratrol was able to prevent rapamycin-
induced reactivation of Akt signaling as well as phosphorylation 
of its downstream substrate, PRAS40, while simultaneously 
effectively suppressing mTORC1/S6K1 signaling. To confirm 
our observations, we examined ELT3 cells, TSC2-null Eker rat 
uterine leiomyoma-derived smooth muscle cells, and compared 
them to ELT3 cells overexpressing (o/e) TSC2. Cells were treated 
with rapamycin and resveratrol alone or in combination, and sim-
ilarly, inhibition of Akt and mTORC1 signaling were observed 
(Fig.  1B). Additionally, the inhibition of Akt and mTORC1 
signaling occurred after rapamycin and resveratrol combina-
tion treatment in human LAM-derived TSC2-null 621–101 cells 
(Fig. 1C). Because in LAM the TSC2-deficient cells metastasize 
into healthy lung tissue, we next examined the effects of the com-
bination of rapamycin and resveratrol in normal human bronchial 
epithelial cells (NHBE). In contrast to 621–101 cells, NHBE cells 
show greater induction of Akt phosphorylation upon rapamycin 
treatment, probably owing to the presence of wild-type TSC2. 
However, similar to 621–101 cells, the combination of rapamycin 
and resveratrol treatment prevented rapamycin-induced activa-
tion of Akt signaling in NHBEs, while still maintaining inhibi-
tion of the mTORC1 signaling pathway (Fig. 1D). These data 
indicate that combination of rapamycin and resveratrol treatment 
is a powerful tool for inhibiting mTORC1 signaling while pre-
venting Akt upregulation in normal and TSC2-deficient cells.

Combination of rapamycin and resveratrol downregulates 
autophagy in TSC2-null cells

Both rapamycin and resveratrol are known modulators of 
autophagy. Rapamycin potently induces autophagy,14 while res-
veratrol has pleiotropic effects on autophagy based on nutrient 
availability of the cell.26 We next tested the effect of the combina-
tion of rapamycin and resveratrol on autophagy induction in WT 
and TSC2−/− MEFs . Levels of p62/SQSTM1 protein inversely 
correlate with autophagy induction, because p62 is degraded in 
the lysosome upon rapamycin-induced increase in the autophagic 
flux. We observed that resveratrol alone did not have an effect on 
p62 levels. Interestingly, the combination treatment of rapamycin 

and resveratrol blocked autophagy induction in WT MEFs and 
TSC2−/− MEFs and restored p62 levels back to baseline (Fig. 2A).

Another way of measuring autophagy levels is by examining 
LC3 expression. Upon autophagy induction, LC3-I is cleaved 
to LC3-II. The amount of LC3-II correlates with the number 
of autophagosomes; however, LC3-II is degraded by autophagy. 
Treatment of cells with Bafilomycin A1 (BafA1) blocks lyso-
somal degradation and causes LC3-II to accumulate, allowing 
detection of increased autophagic flux. We examined whether 
autophagy responses assayed by LC3-II levels are consistent with 
the observed p62 levels after rapamycin and resveratrol treatment 
(Fig. 2B). As expected, treatment of TSC2−/− MEFs with rapamy-
cin in the presence of BafA1 upregulated autophagy induction, 
as evidenced by the increase in LC3-II expression compared with 
the untreated cells. Combination treatment of rapamycin and 
resveratrol in the presence of BafA1 blocked autophagy induc-
tion and decreased LC3-II levels, similar to the untreated con-
trols. We next compared autophagy induction in ELT3 TSC2 
o/e and ELT3 cells in response to combination of rapamycin and 
resveratrol. In ELT3 cells, resveratrol was able to prevent rapamy-
cin-induced autophagy and accumulation of LC3-II, reducing its 
levels to baseline (Fig. 2C). Interestingly, rapamycin was not able 
to upregulate LC3II levels in ELT3 cells where TSC2 is overex-
pressed, indicating that this mechanism of autophagy induction 
is dependent on TSC2.

We next investigated the effects on autophagy in human 
TSC2-deficient 621–101 cells. We observed that while rapamy-
cin caused reduction in the levels of the autophagy marker p62, 
the combination of rapamycin and resveratrol prevented p62 deg-
radation, albeit to a lesser degree, possibly due to cell type-spe-
cific differences with regard to autophagy induction and markers 
of autophagic flux (Fig. 2D).

We also tested whether resveratrol was able to prevent rapamy-
cin-induced upregulation of LC3-II in 621–101 cells and com-
pared them to 621–101 cells in which TSC2 was overexpressed 
(o/e). In the 621–101 TSC2 o/e cells, mTORC1 signaling is 
reduced compared with the parental cell line, as measured by levels 
of phosphorylated S6 (Fig. 2E). 621–101 and 621–101 TSC2 o/e 
cells were treated with rapamycin and/or resveratrol in the pres-
ence of BafA1 and analyzed for LC3 levels (Fig. 2F). As expected, 
rapamycin treatment alone strongly increased LC3-II levels com-
pared with the untreated controls. Interestingly, rapamycin treat-
ment alone did not upregulate LC3-II levels in 621–101 TSC2 
o/e cells, consistent with the fact that this mechanism of autoph-
agy induction is dependent on the TSC2 status of 621–101 cells. 
Combination treatment of 621–101 cells with both rapamycin and 
resveratrol effectively blocked rapamycin-induced upregulation of 
LC3-II and reduced LC3-II levels to below those of untreated con-
trols (Fig. 2F). Our results indicate that combination of rapamycin 
and resveratrol treatment is an effective tool in preventing autoph-
agy induction in all 3 models of TSC2-deficeints cells examined, 
TSC2−/− MEFs, human 621–101 cells, and rat ELT3 cells.

Apoptosis is induced in TSC2-null cells, but not in control 
cells

Because TSC2-null cells are dependent on autophagy for sur-
vival, we next investigated whether blocking rapamycin-induced 
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upregulation of autophagy in TSC2-deficient cells would cause 
resveratrol treatment to preferentially tilt the balance toward 
apoptosis. WT MEFs and TSC2−/− MEFs were treated with 
rapamycin and/or resveratrol for 24 h and assayed for apopto-
sis induction by examining cleavage of 2 markers, PARP and 
Caspase 3 (Fig.  3A). Strikingly, resveratrol treatment alone or 

in combination with rapamycin was able to strongly increase 
cleavage of PARP and Caspase 3 specifically in TSC2−/− MEFs, 
and not in WT MEFs. Similar effect was seen in ELT3 cells, 
where an increase in cleaved PARP and Caspase 3 fragments was 
observed specifically in TSC2-deficient ELT3 cells, and not in 
TSC2-overexpressing cells (Fig. 3B). Similarly, in 621–101 cells, 

Figure 2. Resveratrol prevents rapamycin-induced induction of autophagy. (A) WT MEFs and TSC2−/− MEFs were treated with 20 nM rapamycin and/
or 100 µM resveratrol for 24 h. Cells were lysed, and protein levels of p62 and actin were analyzed by immunoblot. (B) TSC2−/− MEFs were treated with 
20 nM rapamycin and/or 100 µM resveratrol, with or without 4-h pretreatment with 100 nM BafA1. Cells were lysed and blotted for LC3 and actin. The 
histogram shows LC3-II levels (lower band) normalized to actin levels. LC3-II and actin levels were quantified using Image Studio 3.1 (LI-COR), and plot-
ted using Excel. (C) ELT3 TSC2 o/e and ELT3 cells were treated with 20 nM rapamycin and/or 100 µM resveratrol, with or without 4-h pretreatment with 
100 nM BafA1. Cells were lysed and blotted for LC3 and actin. The histogram shows LC3-II levels (lower band) normalized to actin levels. LC3-II and actin 
levels were quantified using Image Studio 3.1 (LI-COR), and plotted using Excel. (D) 621–101 cells were treated with 20 nM rapamycin and/or 100 µM 
resveratrol for 24 h. Cells were lysed and probed for p62 and α-tubulin levels. (E) 621–101 and 621–101 TSC2 o/e cells were treated with 20 nM rapamycin 
and/or 100 µM resveratrol for 24 h Cells were lysed and probed for p-S6 (T240/244) and actin levels. (F) 621–101 and 621–101 TSC2 o/e cells were treated 
as described in (B). Histograms show LC3-II levels (lower band) normalized to either actin or LC3-I levels (upper band).
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resveratrol treatment in combination with rapamycin induced 
cleaved PARP and Caspase 3 fragments (Fig. 3C). We also com-
pared apoptotic markers in 621–101 cells and wild-type NHBE 
cells (Fig. 3D). Consistent with our observations in MEFs, the 
combination of rapamycin and resveratrol treatment specifically 
upregulated cleavage of PARP and Caspase 3 in 621–101 cells, 
but not in NHBE cells. Our results indicate that rapamycin and 
resveratrol treatment preferentially induces apoptosis in TSC2-
deficient cells, TSC2−/− MEFs, ELT3 cells, and 621–101 cells, 
but not in control WT MEFs, normal human NHBE cells and 
ELT3 TSC2 o/e cells.

We next examined whether TSC2 status correlates with cel-
lular morphology and apoptotic responses during rapamycin 
and resveratrol treatment. WT and TSC2−/− MEFs were treated 
with rapamycin and/or resveratrol for 24 h. As depicted in 
Figure 4A, in response to the resveratrol, TSC2−/− MEFs dem-
onstrate rounded off morphology and cell detachment that are 
more pronounced than in WT MEFs, and this phenotype is even 
more severe in cells treated with the combination of the 2 agents, 
where clusters of detached cells are visible. To quantify the lev-
els of apoptosis on a single-cell level, we performed a cytometric 
Annexin V assay. TSC2−/− MEFs treated with rapamycin and 
resveratrol showed significant upregulation in the proportion of 
apoptotic cells compared with either untreated cells or rapamycin-
treated cells (Fig. 4B). The fraction of apoptotic TSC2−/− MEFs 
treated with rapamycin and resveratrol were much higher than 
that of WT MEFs (Fig. 4B). We further quantified the amount 
of early apoptotic cells in WT MEFs as compared with TSC2−/− 
MEFs (Fig. 4C). Similar effect on induction of apoptosis using 
the combination treatment was observed when measuring early 
apoptotic cells in ELT3 cells as compared with ELT3 TSC2 o/e 
cells (Fig. 4D). These results provide additional support for our 
finding that TSC2−/− MEFs and ELT3 cells exhibit sensitivity to 
the combination of rapamycin and resveratrol, which preferen-
tially induces apoptosis in TSC2-deficient cells, compared with 
either WT MEFs or ELT3 TSC2 o/e cells.

We next investigated the cellular morphology of 621–101 
cells treated with rapamycin and/or resveratrol. As depicted in 
Figure 5A, consistent with our observations in TSC2−/− MEFs, 
621–101 cells treated with rapamycin and resveratrol were more 
rounded off, detaching in clusters. We examined the prolif-
eration rates of 621–101 cells treated with rapamycin and/or 
resveratrol (Fig. 5B). We observed that while both rapamycin 
and resveratrol reduced cell numbers, the combination of the 
2 agents was more effective than each drug alone. In contrast, 
TSC2-overexpressing 621–101 cells were less sensitive to the 
resveratrol’s inhibitory effects, alone or in combination with 
rapamycin, further supporting the role of TSC2 in mediating 
the balance of autophagy and apoptosis in these cells. To quan-
tify the extent of apoptosis on a single-cell basis in 621–101 
cells, Annexin V assay was performed after 24 h treatment with 
rapamycin and/or resveratrol (Fig.  5C). Our results indicate 
that the proportion of apoptotic 621–101 cells following treat-
ment with the combination of rapamycin and resveratrol was 
higher compared with either untreated cells or cells treated with 
either rapamycin or resveratrol alone (Fig. 5C and D). While 

the increase in the fraction of apoptotic cells treated with both 
rapamycin and resveratrol was smaller in 621–101 cells com-
pared with TSC2−/− MEFs, it was still significant and consistent 
with the presence of apoptotic markers detected by immunob-
lotting (Fig. 3).

Finally, we examined the survival and metastatic capacity of 
TSC2-null ELT3 cells in vivo by testing whether the combina-
tion of rapamycin and resveratrol is effective in reducing lung 
metastases following tail vein injection in mice, using a previ-
ously established model33 (Fig. 6). Our results indicate that after 
24 h treatment, mice treated with the combination therapy had 

Figure  3. Resveratrol and rapamycin combination selectively induces 
markers of apoptosis in TSC2-null cells. (A) WT MEFs and TSC2−/− MEFs 
were treated with 20 nM rapamycin and/or 100 µM resveratrol for 24 h. 
Cells were lysed and probed for PARP, cleaved-Caspase 3, and actin. 
The arrow indicates cleaved PARP isoform. (B) ELT3 TSC2 o/e and ELT3 
cells were treated as described in (A). (C) 621–101 cells were treated as 
described in (A). (D) NHBE and 621–101 cells were treated with 20 nM 
rapamycin and/or 100 µM resveratrol for 24 h. Cells were lysed and 
probed for PARP and actin.
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Figure 4. Analysis of apoptosis induction in WT and TSC2−/− MEFs. (A) WT MEFs and TSC2−/− MEFs were treated with 20 nM rapamycin and/or 50 µM resve-
ratrol for 24 h. Cells were photographed using Zeiss light microscope under 20× magnification. (B) WT MEFs and TSC2−/− MEFs were treated as described 
in (A). Cells were pelleted and single cell suspension was incubated with the Guava Nexin Reagent for 20 min at room temperature, and analyzed for 
Annexin V staining by flow cytometry. (C) WT MEFs and TSC2−/− MEFs were treated as described in (A). Histogram represents quantification of early 
apoptotic cells from 3 experiments. (D) Histogram represents quantification of early apoptotic ELT3 TSC2 o/e and ELT3 cells as described in (C). Student 
t test was performed on treated samples relative to untreated controls. **P < 0.01.

significantly fewer lung metastases as assayed by photon flux 
compared with control mice or mice treated with either rapamy-
cin or resveratrol alone. This provides further support for the 
clinical potential of the combination rapamycin and resveratrol 
therapy in treatment of lung manifestations in TSC and LAM.

Discussion

Loss of TSC1/2 and the subsequent hyperactivation of 
mTORC1 signaling in TSC and LAM provide the basis for use 
of rapalogs in treatment of these diseases. The effectiveness of 
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rapalogs in a monotherapy setting is limited by the fact that they 
cause reactivation of oncogenic PI3K/Akt signaling and potently 
induce autophagy, which allows for cell survival. Therefore, we 
set out to determine whether the addition of resveratrol, a com-
pound with inhibitory effects on the PI3K/Akt/mTORC1 sig-
naling would maintain inhibition of Akt and prevent autophagy 
induction in TSC2-deficient cells, causing these cells to undergo 
apoptosis. Because rapamycin and resveratrol have non-overlap-
ping biological activities, the combination of the 2 agents has the 
potential to prevent the side effects associated with each agent 
alone and to provide additional beneficial effects.34

In wild-type cells, the TSC1/TSC2 complex moderates 
mTORC1 signaling, which limits the cell’s anabolic capac-
ity, growth, and proliferation. In TSC2-null cells, unchecked 
mTORC1 and S6K1 signaling leads to uncontrolled cell growth. 

However, mTORC1/S6K1 hyperactivation inhibits PI3K/Akt 
signaling via a negative feedback loop, preventing neoplastic 
transformation of TSC2-null cells (Fig.  7A). When mTORC1 
signaling is inhibited by rapamycin in TSC2-deficient cells, 
growth and proliferation are reduced, but several consequences 
emerge. Inhibition of mTORC1 removes the negative regula-
tion of autophagy, increasing the cell’s ability to survive via this 
mechanism. Additionally, inhibition of mTORC1/S6K1 signal-
ing removes the negative feedback loop to Akt, upregulating its 
activity, allowing it to further promote cell survival by inhibiting 
apoptosis (Fig. 7B). We found that resveratrol alone moderately 
inhibited mTORC1/S6K1 signaling, which is consistent with 
published data describing inhibitory activity toward mTORC1 
either directly, or by positive regulation of AMPK.26,28,29 Data 
presented hereby demonstrate that the addition of resveratrol 

Figure 5. 621–101 cells show induction of apoptosis and decrease in proliferation upon combination rapamycin and resveratrol treatment. (A) 621–101 
cells were treated with either 20 nM rapamycin and/or 100 µM resveratrol for 24 h. Cells were photographed using Zeiss light microscope under 10× 
magnification. (B) 621–101 and 621–101 TSC2 o/e cells were treated with 20 nM rapamycin and/or 100 µM resveratrol for 48 h, proliferation assay was 
performed as described in “Materials and Methods”. (C) 621–101 cells were treated as described in (A). Cells were subsequently scraped, pelleted and 
incubated with the Guava Nexin Reagent for 20 min at room temperature, and analyzed for Annexin V staining by flow cytometry. (D) 621–101 cells were 
treated as described in (A). Histogram represents quantification of early apoptotic cells from 3 experiments. Student’s t test was performed on treated 
samples relative to untreated controls. *P < 0.05, **P < 0.01.
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Figure 6. Combination of rapamycin and resveratrol strongly reduces the survival of Tsc2-null cells in vivo. Mice were treated with vehicle, rapamycin, 
resveratrol, or rapamycin plus resveratrol. ELT3-luciferase-expressing cells were inoculated intravenously. (A) Representative bioluminescent images of 
cells after each drug treatment were shown. The total flux (photons/second) of cells was illustrated. (B) Representative bioluminescent images of lung 
colonization at 1, 6, and 24 h post-cell injection. Total photon flux/second present in the chest regions were quantified and compared among treatment 
groups. *P < 0.05, **P < 0.01, Student t test.
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Figure 7. Attenuation of the PI3K/Akt/mTORC1 signaling pathway upon combination therapy. (A) Schematic representation of the PI3K/mTORC1 signal-
ing pathway in WT and TSC2 null cells. Loss of TSC2 results in hyperactivation of mTORC1 signaling promoting cell growth and proliferation and causing 
feedback inhibition of PI3K/Akt. (B) Schematic representation of the PI3K/mTORC1 signaling pathway in TSC2-null cells upon rapamycin treatment. 
Inhibition of mTORC1 induces autophagy, Akt signaling and cell survival. (C) Schematic representation of the PI3K/mTORC1 signaling in TSC2-null cells 
upon combination of rapamycin and resveratrol treatment. Addition of resveratrol treatment prevents rapamycin-induced Akt activation and autoph-
agy induction, promoting the progession to apoptosis.

to rapamycin prevents reactivation of Akt. We hypothesize that 
in this setting Akt may be affected by inhibition of PI3K,35 and 
not by upregulation of expression of the inhibitory phosphatase 
PTEN,36 as we did not observe changes in PTEN expression 
(data not shown).

Here we report the exciting finding that resveratrol in com-
bination with rapamycin prevents induction of autophagy, and 
promotes the transition to apoptosis (Fig.  7C). Moreover, we 
found that TSC2-null cells are exquisitely sensitive to resvera-
trol-mediated induction of apoptosis, underscoring the potential 
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of the combination of rapamycin and resveratrol as an effective 
and selective treatment strategy. Previous studies in breast can-
cer and neuroblastoma cell lines found that resveratrol caused 
cytotoxic effects resulting in upregulation of apoptosis.37,38 In the 
present study, we discover a novel finding that resveratrol treat-
ment together with rapamycin specifically induces apoptosis in 
TSC2−/− cells, and not in wild-type cells.

It is thought that TSC2-deficient cells have lower basal levels 
of autophagy, and inhibition of mTORC1 by rapamycin treat-
ment affects the induction of autophagy in TSC2-null LAM 
cells, promoting their survival.14 We observed that the combina-
tion treatment restores autophagy to basal levels in TSC2-null 
cells, as evidenced by p62 and LC3 markers. It is interesting to 
note that there were cell-specific differences in response to treat-
ment among different cell lines. Resveratrol restored p62 levels 
upon combination treatment more potently in TSC2−/− MEFs 
than in 621–101 cells, although LC3-II levels were depressed 
more robustly upon combination treatment in 621–101 cells 
compared with TSC2−/− MEFs. It is also of note that rapamycin 
upregulated LC3-II levels in 621–101 and ELT3 cells that lack 
TSC2 but not in TSC2-overexpressing 621–101 and ELT3 cells, 
suggesting that this mechanism is dependent on TSC2. Recent 
evidence suggests that the mTORC1/S6K1 pathway is an impor-
tant regulator of autophagy. mTORC1 regulates autophagy in at 
least 2 ways. First, mTORC1 is a negative regulator of the Atg1, a 
complex essential for autophagy induction, by direct phosphory-
lation of several component proteins.39 Second, mTORC1 is a 
central node in the signaling pathway that includes autophagy 
regulating factors, such as AMPK (positive regulator), Akt (nega-
tive regulator), and S6K1 (positive regulator in mammals).26,40,41 
Data also show that mTORC1/S6K1 may positively regulate 
autophagy via negative feedback inhibition of Akt.23 Because of 
the role of autophagy in the pathogenesis of diseases with TSC 
inactivation, autophagy inhibitors such as chloroquine may have 
therapeutic potential, possibly in combination with rapalogs. The 
advantage of resveratrol is that in addition to modulating autoph-
agy, it has the compounding benefit of preventing the potentially 
harmful rapamycin-induced Akt reactivation.

We were also excited to find that the combination of rapamy-
cin and resveratrol treatment specifically upregulated apoptosis in 
TSC2-null cells, but not in WT cells. In TSC2−/− MEFs, 621–101 
and ELT3 cells, resveratrol, as well as the combination treatment 
potently induced apoptotic markers, which is in stark contrast 
to WT MEFs, normal bronchial cells, and TSC2-overexpressing 
ELT3 cells, where very low levels of cleaved PARP and Caspase 3 
were observed. The implication of such finding is tremendous as 
it indicates that combination of rapamycin and resveratrol selec-
tively causes induction of apoptosis in TSC2-deficient cells.

The effect of rapamycin and resveratrol is also seen upon 
closer examination of cellular morphology. It is clear that TSC2-
deficient cells are much more sensitive to resveratrol in combi-
nation with rapamycin than TSC2-expressing cells. In addition, 
flow cytometry-based analysis of early apoptosis confirmed 
that compared with wild-type cells, TSC2-deficient cells were 
preferentially undergoing early apoptosis after treatment with 
the combination of rapamycin and resveratrol. This supports 

immunoblot data indicating that such combination of agents spe-
cifically caused upregulation of apoptosis in cells lacking TSC2. 
Finally, we demonstrated the clinical potential of the combina-
tion of rapamycin and resveratrol in preventing survival and lung 
metastasis of TSC2-deficient ELT3 cells following injection into 
mice.

Taken together, our results show that the addition of res-
veratrol to rapamycin treatment in TSC2-null and LAM cells 
maintains inhibition of the mTORC1/S6K1 signaling, which 
reduces cell growth and proliferation and prevents induction 
of autophagy, while at the same time restores inhibition of Akt, 
which allows for progression to apoptosis. Importantly, upregula-
tion of apoptosis is selective to TSC2-null cells and may serve as 
a basis for treatment of diseases with TSC2 inactivation, such as 
LAM. Because rapamycin is an FDA-approved drug and resve-
ratrol is a widely available nutritional supplement, future steps 
may be taken to determine the efficacy of this combination in 
pre-clinical and clinical trials.

Materials and Methods

Cell culture
Cells were cultured in Dulbecco modified Eagle medium 

(DMEM) containing 10% fetal bovine serum (FBS) in a humidi-
fied incubator with 5% CO

2
 at 37 °C. Lymphangioleiomyomatosis-

derived cells (LAM 621–101 TSC2−/− cells) were obtained from 
Elizabeth P Henske (Harvard Medical School). 621–101 cells 
stably overexpressing TSC2 (621–101 TSC2 o/e) were obtained 
from Hayley McDaid (Albert Einstein College of Medicine). 
Wild-type mouse embryonic fibroblasts (WT MEFs) and 
TSC2−/− MEFs were obtained from David Kwiatkowski (Harvard 
Medical School). Normal human bronchial/tracheal epithelial 
(NHBE) cells were from Lonza and cultured in bronchial epithe-
lial cell growth medium (BEGM).

Cell treatment
Cells were treated with 20 nM Rapamycin, 100 µM 

Resveratrol (Sigma-Aldrich), or combination of the 2 agents for 
24 h. For detection of LC3-I/II, cells were treated with 100 nM 
Bafilomycin A1 (BafA1; Sigma-Aldrich) for 4 h, following treat-
ment with 20 nM Rapamycin and/or 100 µM Resveratrol.

Immunoblots
Following treatment, cells were lysed in ice-cold lysis buf-

fer (10 mM KPO4, 1 mM EDTA, 10 mM MgCl2, 50 mM 
β-glycerophosphate, 5 mM EGTA, 0.5% nonidet P-40 [NP-40], 
0.1% Brij 35, 1 mM sodium orthovanadate, 40 µg/ml phenyl-
methylsulfonyl fluoride, 10 µg/ml leupeptin, 5 µg/ml pepstatin, 
pH 7.28). Lysates were cleared of insoluble material by centrifu-
gation at 15 000 g for 10 min at 4 °C.

Protein concentrations in cell extracts were measured by 
Bradford assay (BioRAD) according to the manufacturer’s pro-
tocol using Eppendorf BioPhotometer. Samples were equalized 
for protein concentration and denatured using 4× NuPAGE® 
LDS Sample buffer and 10× reducing agent (Invitrogen) at 
70  °C for 10 min. Samples were resolved using Bis-Tris Plus 
gels (Invitrogen) and transferred onto nitrocellulose membrane 
(GE Healthcare). Membranes were probed with the following 
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primary antibodies: p-Akt (Ser473), p-S6K1 (Thr389), p-eIF4B 
(Ser422), p-S6 (240/244), p-PRAS40 (Thr246), p62, LC3, 
and Caspase 3; all from Cell Signaling Technologies; PDCD4 
(Proteintech), actin (Santa Cruz Biotechnology), α-tubulin, and 
PARP (Abcam). Blots were incubated with IRDye-conjugated 
anti-rabbit, anti-mouse or anti-goat secondary antibodies 
(LI-COR), and imaged using Odyssey infrared detection instru-
ment (LI-COR). All immunoblots were performed at least 3× to 
ensure reproducibility.

Apoptosis assay
Annexin V detection was performed using Guava Nexin Assay 

with the Guava EasyCyte Mini System flow cytometer (EMD-
Millipore), according to the manufacturer’s protocol. 621–101 
cells were treated with 20 nM Rapamycin and/or 100  µM 
Resveratrol for 24 h. MEFs and ELT3 cells were treated with 
20 nM Rapamycin and/or 50 µM Resveratrol for 24 h. Cells were 
collected by trypsinization and resuspended in growth media at 
approximate concentration of 2 × 104-1 × 105 cells/ml. 100 μL of 
cells was mixed with 100 μL of Guava Nexin Reagent and incu-
bated for 20 min at room temperature in the dark. Quantification 
of the early apoptotic cells was performed using Guava Cell Cycle 
protocol according to the manufacturer’s instructions. The apop-
tosis assays were performed trice to ensure reproducibility and 
data was analyzed using WinMDI 2.9 software.

Microscopy
Cells were treated as indicated and visualized using Zeiss 

invertoscope under 10× or 20× magnification.
Proliferation assay
Cells were seeded at a concentration of 2500 cells/well in a 

96-well plate, and allowed to attach. Cells were treated in quadru-
plicate with 20 nM Rapamycin and/or 100 µM Resveratrol for 
48 h. To detect viable cells, cells were incubated with 100 μg/ mL 
solution of neutral red dye in growth media for 30 min at 37 
°C. Cells were washed and fixed in a 0.5% formalin-1% CaCl

2
 

solution and permeabilized in 1% acetic acid-50% ethanol solu-
tion to release the incorporated neutral red. Absorbance was 
measured at 540 nm using a microtiter plate spectrophotometer, 
quantified and plotted using Excel.

Animal studies
All animal work was performed in accordance with protocols 

approved by the Institutional Animal Care and Use Committee, 
Children Hospital Boston. Female CB17 scid mice (Taconic) 
were supplemented with 17-β-estradiol (500 nM in drinking 
water) for 2 d, and then treated with rapamycin (6 mg/kg, p.o.), 
resveratrol (200 mg/kg, p.o.), rapamycin plus resveratrol (6 mg/
kg, p.o. + 200 mg/kg, p.o.), or vehicle (100 μL PBS, p.o.) for 
24 h before and 2 h after cell inoculation. Tsc2-null rat uterine 
leiomyoma-derived ELT3-luciferase cells were pre-treated with 
rapamycin (2 nM), resveratrol (20 μM), rapamycin plus resve-
ratrol, or vehicle for 12 h. Cells were harvested, suspended in 
100 μL PBS, and then injected intravenously into mice (n = 5/
group). Lung colonization was monitored using bioluminescent 
live imaging at 1, 6, and 24 h post-cell injection. Ten minutes 
prior to imaging, animals were injected with D-luciferin (Perkin 
Elmer, 120 mg/ kg, i.p.). Bioluminescent signals were recorded 
using the Xenogen IVIS System. Total photon flux of chest area 
was analyzed.
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