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Background: LPS-induced PDCD4 degradation leads to IL-10 induction.
Results: LPS-induced PDCD4 degradation results in release of Twist2, resulting in c-Maf induction and IL-10 production.
Conclusion: The PDCD4/Twist2 interaction has an important anti-inflammatory role in LPS signaling.
Significance: This study reports the mechanism of PDCD4/Twist2 interaction and provides a new insight of IL-10 production
via suppression of PDCD4/Twist2 interaction.

Programmed cell death protein 4 (PDCD4) is a tumor sup-
pressor and has also been shown to suppress production of the
immunomodulatory cytokine IL-10. The precise role of PDCD4
in IL-10 induction in macrophages is still not fully understood.
Incubation of macrophages with inhibitors of PI3K and mTOR
blocked LPS-stimulated PDCD4 degradation and expression of
c-Maf and IL-10 production. PDCD4 and the transcription fac-
tor Twist2 were shown to form a complex in untreated cells. LPS
disrupted the complex allowing Twist2 to bind to the c-Maf pro-
moter. PI3K and mTOR inhibitors prevented this disruption by
stabilizing PDCD4 and thereby decreased Twist2 binding to the
c-Maf promoter and induction of c-Maf mRNA. These results
indicate a regulatory role for PDCD4 and Twist2 in LPS-in-
duced IL-10 production in macrophages. LPS promotes PDCD4
degradation via a pathway involving PI3K and mTOR, releasing
Twist2, which induces IL-10 via c-Maf.

The Gram-negative bacterial product lipopolysaccharide
(LPS) is a potent inducer of the proinflammatory response. LPS
is also able to induce multiple negative feedback regulators of
inflammation, notably the immunomodulatory cytokine inter-
leukin-10 (IL-10). IL-10 limits the production of proinflamma-
tory cytokines such as TNF, IL-6, and IL-12 (1). The induction
of IL-10 by LPS requires activation of Toll-like receptor 4
(TLR4)2 signaling through p38 mitogen-activated protein
kinase (p38); however, the mammalian target of rapamycin
(mTOR) signaling pathway has also been shown to play an
important role (2). The mTOR system comprises two differ-

ent complexes, mTOR complex 1 (mTORC1) and mTORC2.
mTORC1 comprises mTOR in a complex with mLST8
(mammalian lethal with SEC13 protein 8), PRAS40 (proline-
rich AKT substrate of 40 kDa) and RAPTOR (regulatory-
associated protein of mTOR). mTORC1 is sensitive to inhibi-
tion by rapamycin. mTORC2 comprises mTOR, RICTOR
(rapamycin-insensitive companion of mTOR), mTOR-associated
proteins Sin1 and mLST8, and is rapamycin-insensitive (3).

The activation of mTORC1 by LPS results in the activation of
S6 kinase (S6K1) (4). S6K1 has multiple substrates, a notable
example in the context of IL-10 being programmed cell death
protein 4 (PDCD4). Following phosphorylation by S6K1,
PDCD4 undergoes degradation by �-TRCP ubiquitin ligases (5,
6). PDCD4 was first described as a tumor suppressor (7). It
inhibits translation, interacting via its MA3 domains with the
eukaryotic translation-initiation factors eIF4a and eIF4G, tar-
geting cap-dependent translation of mRNA, which include
those encoding IL-10 and IL-4 (8 –11). The induction of IL-10
by LPS has been shown to require degradation of PDCD4,
allowing translation to occur (6), providing one mechanism
whereby PDCD4 might suppress IL-10 production.

PDCD4 has been shown to interact with other proteins, a
notable example being Twist1 (12). It has been shown that
PDCD4 inhibits the transcriptional function of Twist1. In
mammals, there are two Twist family members: Twist1 and
Twist2 (also known as Dermo-1) (13, 14). Basic helix-loop-helix
(bHLH) transcription factors such as Twist2 act as a homo- or
heterodimer through their HLH motifs to form a DNA-binding
domain. Twist2 has been shown to regulate c-Maf, via c-Maf
IL-10 expression after LPS-induced stimulation (15).

In this study, we have addressed whether the inhibitory effect
of PDCD4 on IL-10 production involves Twist2. We have found
that PDCD4 interacts with Twist2 and that PDCD4 degrada-
tion results in the release of Twist2, allowing it to bind to the
c-Maf E-box and resulting in c-Maf induction, leading to
enhanced IL-10 production. Our study therefore provides a fur-
ther function for PDCD4 in the regulation of IL-10, whereby it
acts to limit c-Maf induction by sequestering Twist2.
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EXPERIMENTAL PROCEDURES

Plasmids and Reagents—The HA-tagged PDCD4 expression
vectors was kindly provided by Dr. Michele Pagano and sub-
cloned into pc.DNA3.1. Dr. Toschi and Dr. Kohno kindly pro-
vided the HA-tagged PDCD4 S67A and the FLAG-tagged
Twist1 expression vectors respectively. The Myc-DDK-tagged
(FLAG tag) ORF clone of Twist2 was cloned into pCMV6 and
was purchased from OriGene Technologies. LPS from Esche-
richia coli, serotype 0111:B4, was from Alexis. Rapamycin
(R-5000) was from LC Laboratory. MG132 (M7449), wortman-
nin (W1628), LY294002 (L9908), PF-4708671 (PZ0143), and
cycloheximide (C7698) were all purchased form Sigma. Oligo-
nucleotides and SYBR primers were from Eurofins, and Taq-
man probes were from Applied Biosystems. SMARTpool
siRNAs specific for mouse PDCD4 and S6K1 and negative con-
trol were from Dharmacon. Rabbit anti-Twist2 (ab66031) anti-
body was from Abcam or from Santa Cruz Biotechnology (H81
sc-15393), mouse anti-�-actin (AC-74), anti-HA (H6908), anti-
FLAG (F7425), and rabbit IgG (I5006) antibodies were from
Sigma. The antibodies PDCD4 (9535) and S6K (9202) were pur-
chased from Cell Signaling. Protein A/G-plus agarose beads
were from Santa Cruz Biotechnology. Horseradish peroxidase
(HRP)-conjugated secondary antibodies were purchased from
Jackson ImmunoResearch Laboratories. Lipofectamine 2000TM

was from Invitrogen. IL-10 (DY-417) and IL-6 (DY-406) ELISA
Duoset® kits were purchased from R&D Systems.

Cell Culture—The human embryonic kidney 293 TLR4-
MD2-CD14 (HEK293-TLR4-MD2-CD14) cell line was ob-
tained from Invivogen and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% (v/v) heat-inacti-
vated FCS, 50 mg/ml noromycin, 100 �g/ml blasticidin, and
100 �g/ml HygroGold obtained from Invivogen. RAW264.7
cells were obtained from the European Cell Culture Collection
and cultured in DMEM containing 10% (v/v) FCS and 1% (v/v)
penicillin/streptomycin. Bone marrow from wild type and
PDCD4�/� were a kind gift from Dr. Derek Johnson and were
differentiated for 7 days in DMEM supplemented with 10%
(v/v) FCS, 1% (v/v) penicillin/streptomycin, and 20% (v/v)
M-CSF (L929 mouse fibroblast supernatant). For experiments
RAW264.7, BMDM, and HEK293-TLR4-MD2-CD14 cells
were seeded at 5 � 105 cells/ml.

RNA Isolation and Real Time PCR—Cells (primary bone
marrow derived macrophages ((BMDM) or RAW264.7) were
plated and serum-starved for 16 h prior stimulation. Cells were
stimulated with LPS, rapamycin, MG132, wortmannin, or
LY294002 as indicated in the figure legends. Total RNA was
extracted using an RNeasy kit (Qiagen), modified to obtain
small RNA species. cDNA for mRNA analysis was prepared for
5–100 ng/ml total RNA using the High Capacity cDNA archive
kit (Applied Biosystems) according to the manufacturer’s
instructions, and incorporating TaqMan primers for mouse
c-Maf, mouse IL-6, mouse IL-10, mouse GAPDH, and mouse
18S (Applied Biosystems). mRNA expression were measured
on the 7900HT RT-PCR system (Applied Biosystems), and fold
changes in expression were calculated by ��Ct method using
mouse GAPDH and mouse 18S as an endogenous control for

mRNA expression. All fold changes are expressed normalized
to the non-stimulated control for each cell type.

Enzyme-linked Immunosorbent Assay—For cytokine mea-
surements, BMDM and RAW264.7 cells were seeded at 5 � 105

cell/ml in a 12-well plate and stimulated in triplicate for each
experiment. Supernatants were removed and analyzed for
murine IL-10 and IL-6 (R&D Systems) using enzyme-linked
immunosorbent assay (ELISA) kits according to the manu-
facturer’s instructions.

Protein Expression—Differentiated BMDM or RAW264.7
cells were seeded at 5 � 105 in six-well plates and stimulated
with LPS rapamycin, MG132, wortmannin, or LY294002 as
indicated in the figure legends. Cells were lysed in low stringency
lysis buffer complete with protease inhibitors. Protein concentra-
tion was then determined using the Coomassie Bradford reagent
(Pierce). Lysates were resolved on 10% SDS-PAGE gels and trans-
ferred onto polyvinylidene difluoride membrane. Membranes
were blocked in 5% (w/v) dried milk in TBS-T (50 mM Tris/HCl,
pH 7.6, 150 mM NaCl, and 0.1% (v/v) Tween 20) before being
immunoblotted with anti-PDCD4, anti-total S6K1, anti-HA, anti-
FLAG, or anti-�-actin antibodies (1:1000 or 1:10,000 respectively)
in 5% (w/v) dried milk in TBS-T at 4 °C overnight or at room tem-
perature for at least 2 h. Membranes used for Twist2 determina-
tion were blocked in 5% (w/v) bovine serum albumin (Sigma)
before being immunoblotted with anti-Twist2 antibody. Mem-
branes were then incubated with the appropriate horseradish per-
oxidase-conjugated secondary antibody diluted 1:2000 in 5% (w/v)
dried milk in TBS-T for 1 h. Blots were developed by enhanced
chemiluminescence according to the manufacturer’s instructions
(Cell Signaling Technology, Inc.).

Co-immunoprecipitation Assay—HEK293-TLR4-MD2-CD14
were seeded at 4 � 105 cells/ml in 10-cm dishes. 24 h later, cells
were transfected with a total of 4 �g of the indicated plasmids
using GeneJuice® and serum-starved cultured for a further 24 h
before 6 h stimulation with LPS rapamycin, MG132, wortman-
nin, or LY294002 as indicated in the figures. After treatment,
cells were lysed in low stringency lysis buffer complete with prote-
ase inhibitors, and 50 �l of whole cell lysate was kept for analysis.
Co-immunoprecipitations were performed with A/G-plus aga-
rose beads and with an IgG or PDCD4 antibody. Cell lysates were
centrifuged at 2.200 � g for 15 min before incubation with the
beads and antibodies at 4 °C for 16 h. Following this, the lysate and
beads were centrifuged at 80 � g for 2 min at 4 °C, the supernatant
was removed, and the beads were washed three times in 1 ml of low
stringency lysis buffer. Immune complexes were eluted by the
addition of 50 �l of SDS-Laemmli buffer and boiling the samples.
Co-immunoprecipitations were analyzed by SDS-PAGE and
Western blotting.

Chromatin Immunoprecipitation—RAW264.7 cells were
seeded at 4 � 105cell/ml in three 15-cm dishes per sample, 24 h
later, cells were transfected with a total of 4 �g of the indicated
plasmids using GeneJuice® and serum-starved cultured for a
further 24 h before a 6-h stimulation with LPS rapamycin,
MG132, wortmannin, or LY294002 as indicated in the figures.
After treatment, cells were fixed by adding a final concentration
of 1% formaldehyde to each culture dish and were incubated for
10 min at room temperature. A 1/20 volume of 2.5 M glycine
was then added to each dish and allowed to set at room temper-
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ature for 5 min prior to washing in PBS and resuspension in 6 ml
of ChIP lysis buffer (SDS lysis buffer with leupeptin, aprotinin,
and PMSF) and immediately snap frozen in liquid nitrogen. The
samples were thawed and resuspended in SDS:Triton buffer
and then sonicated at 22% intensity, 10 � 30 s per sample,
placing on ice in between pulses. 10 �l of whole cell lysate was
kept for analysis. Lysates were incubated overnight with pri-
mary antibodies: anti-Twist2 (H81) (Santa Cruz Biotechnology,
sc15393) and anti-IgG (Sigma, I5006). On the following day, cell
lysates were incubated for 1 h at 4 °C with preblocked A/G-plus
agarose beads. Next, the lysate and beads were centrifuged at
80 � g for 2 min at 4 °C, the supernatant was removed, and the
beads were washed three times in 1 ml of ChIP lysis buffer.
Quantitative RT-PCR was carried out using primers for either
the c-Maf promoter consensus Twist2 binding site (forward,
5�-tgacgtcaggctcaaatgggaa-3�, reverse; 5�-agtcagctgattgggctgt-
gat-3�) or a non-Twist2 binding site (forward, 5�-ttcccagttca-
cattcagccct-3�; reverse, 5�-acgcatcatcattcctggct-3�). Data are
presented as a percentage of input.

Affinity Purification with Biotinylated Oligonucleotides—
Oligonucleotides for the terminal Twist2 binding site on the
c-Maf promoter were annealed at 90 –95 °C for 3–5 min, and
then the heat block was allowed to cool to room temperature
(forward, 5�BIO-caggctcaaatgggaaattg-3�; reverse, 5�-caatttc-
ccatttgagcctg-3�). RAW264.7 cells were seeded at 4 � 105

cell/ml and transfected with a total of 4 �g of Myc-DDK-tagged
Twist2 plasmid using GeneJuice® and serum-starved and cul-
tured for a further 24 h before a 6-h stimulation with LPS rapa-
mycin. Cells were then lysed in 100 �l of oligonucleotide buffer
(25 mM Tris, 5% glycerol, 50 mM EDTA, 5 mM NaF, Nonidet
P-40 1%, 1 mM DTT, 150 mM NaCl, and protease and phospha-
tase inhibitors) and snap-frozen. Samples were then thawed on
ice and diluted with a further 900 �l of oligonucleotide buffer
containing no NaCl. A 10-�l sample of lysate was kept to which
40 �l of 5� SDS buffer was added. Remaining lysates were then
precleared with 20 �l of prewashed streptavidin-agarose beads,
rotating at 4 °C for 15 min before centrifuging at 80 � g for 5
min at 4 °C. Supernatants were removed to a fresh tube with 30
�l prewashed streptavidin-agarose beads and 30 �g of 5�-bioti-
nylated oligonucleotide. Binding was performed for 2 h at 4 °C,
and samples were rotated. Samples were centrifuged for 5 min
at 4 °C to pellet the beads, which were washed three times
before 50 �l of 5� SDS sample buffer was added to the beads.
Samples were loaded on a 15% gel and Twist2 binding detected
by Western blotting as described previously.

Site-directed Mutagenesis of Twist2—The QuikChange site-
directed mutagenesis kit (Stratagene) was use to mutate or
delete certain basis in the Twist2 gene. The manufacturer’s
instructions were followed using primers incorporating the
desired mutations and deletions. To find a mechanistic func-
tion for Twist2, the amino acids located on 79 and 81 in the
DNA binding domain were mutated. Previously, it has been
shown that PDCD4 interacts with Twist1 (12) and eIF4A (7). It
was found that the amino-terminal region of eIF4A possesses
sequence homology with the bHLH of Twist1 (12) and Twist2
(data not shown), which is evolutionarily conserved. Therefore,
amino acids located on 92, 93, 113, and 114 in the protein bind-
ing domain of Twist2 were mutated in the protein binding

domain. Primers used were as follows: for Twist2 Gln-118-stop,
5�-catagacttcctctactaggtcctgcagagcga-3� (forward) and 5�-tcgc-
tctgcaggacctagtagaggaagtctatg-3� (reverse), Twist2 Gln-66-
stop, 5�-ggagctgcagagctagcgcatcctggc-3� (forward) and 5�-gcc-
aggatgcgctagctctgcagctcc-3� (reverse); Twist2-FLAG T78A/
S81A, 5�-agcgccagcgcgcccaggcgctcaacgag-3� (forward) and
5�-ctcgttgagcgcctgggcgcgctggcgct-3� (reverse); Twist2 Ile-92-
stop, 5�-gcgctgcgcaagatctagcccacgctgccctct-3� (forward) and
5�-agagggcagcgtgggctagatcttgcgcagcgc-3� (reverse); Twist2-
FLAG I92T/I93S/Y113C/I114S (I92T/I93S), 5�-cgcggcgctgcgc-
aagaccagccccacgct-3� (forward) and 5�-agcgtggggctggtcttgcgc-
agcgccgcg-3� (reverse); and Y113C/I114S, 5�-aagctggccgccagg-
tgcagagacttcctctacc-3� (forward) and 5�-ggtagaggaagtctctgc-
acctggcggccagctt-3� (reverse).

RESULTS

LPS-induced PDCD4 Degradation Requires mTOR Sig-
naling—We first studied the effect of rapamycin on LPS
induced PDCD4 degradation. As shown in Fig. 1A, in mouse
primary BMDMs and in Fig. 1B in RAW264.7cells, LPS stimu-
lation resulted in higher expression of PDCD4 protein after 1 h,
followed by a gradual decrease after 6 and 20 h. In both BMDM
and RAW264.7 cells, PDCD4 was almost completely degraded
at 20 h (lane 6 in both Fig. 1, A and B). Pretreatment of cells with
rapamycin inhibited LPS-induced PDCD4 protein degradation
(compare lanes 4 – 6 and lanes 10 –12 shown in Fig. 1, A and Fig.
B). The residual degradation of PDCD4 occurring at 6 h and
20 h in BMDM in the presence of rapamycin is likely to be due
to miR-21, as shown previously (6). The inhibitory effect of
rapamycin was evident at 1 nM (Fig. 1C, lane 3 compared with
lane 2) with higher doses increasing PDCD4 levels above basal
level (Fig. 1C, lanes 4 –7). These results confirmed those seen
previously (16). We observed that pretreatment with rapamy-
cin followed by 6 h of LPS stimulation almost completely pre-
vented PDCD4 degradation in a dose-dependent manner (Fig.
1C). To verify that the increase in PDCD4 protein in response to
inhibitors of the PI3K-mTOR pathway was a result of increased
protein stability, we next determined the effect of cyclohexi-
mide on the rapamycin effect. We observed again a decrease in
PDCD4 protein levels in RAW264.7 cells in the absence of rapa-
mycin but stimulated with LPS (Fig. 1D, compare lane 2 with
lane 1). The decrease in PDCD4 was still evident in cells pre-
treated with cycloheximide for various times followed by LPS
(Fig. 1D, lanes 6 – 8). Rapamycin was still able to stabilize
PDCD4 in LPS-treated cells that had been pretreated with
cycloheximide (Fig. 1D, lanes 9 –11). Although cycloheximide
does cause a slight decrease in overall PDCD4 levels, as can be
seen in Fig. 1D (lane 4). This result indicates that the increase in
PDCD4 after rapamycin pretreatment was a result of protein
stability. This has also been shown in MCF7 cells treated with
conditioned medium and rapamycin pretreatment (17). The
PI3K inhibitors LY294002 (Fig. 1E) and wortmannin (Fig. 1F)
also inhibited the effect of LPS on PDCD4 (compare lanes 3 and
4 and 7 and 8 in Fig. 1, E and F). The 26S proteasome inhibitor
MG132 also inhibited the degradation of PDCD4 (Fig. 1G, com-
pare lanes 3 and 6), indicating that the degradation is mediated
by the proteasome. It has previously been shown that phosphor-
ylation by S6K1 is critical for the proteasomal degradation of
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PDCD4 (5, 18). Knockdown of S6K1 using small interfering
RNA (siRNA) resulted in a significant decrease in endogenous
S6K1 expression (Fig. 1H, top panel, lanes 4 – 6). This led to an
inhibition of LPS-induced degradation of PDCD4 protein (Fig.
1H, middle panel, compare lanes 3 and 6). Another method to
implicate whether S6K1 is involved in this response was to pre-
treat RAW264.7 cells with S6K1 inhibitor PF-4708671. The
cells pretreated with PF-478671 followed by 6 h of LPS stimu-
lation, also led to an inhibition of LPS-induced PDCD4 protein

degradation (Fig. 1I, compare lanes 3 and 4 with 7 and 8). These
results show again that S6K1 is critical for PDCD4 degradation.
It is therefore likely that the pathway stimulated by LPS here
involves PI3K, mTORC1, and S6K1, leading to phosphorylation
and degradation of PDCD4.

Rapamycin Inhibits the Induction of IL-10 by LPS through
PDCD4 —We next examined the effect of rapamycin on the
induction of IL-10. As shown in Fig. 2A, pretreatment of
RAW264.7 cells with rapamycin followed by 6-h stimulation

FIGURE 1. LPS induces PDCD4 degradation requires mTOR signaling. BMDM (A–F) or RAW264.7 (B) cells were serum-starved for 16 h, followed by pretreatment for
30 min with DMSO or 500 nM rapamycin (RAPA) followed by 100 ng/ml LPS for the indicated times. C, cells were pretreated with various concentrations of rapamycin
for 30 min (indicated above each lane) D, cells were pretreated with for 30 min with DMSO or 500 nM rapamycin followed by for 20 h, followed by post treatment of
cycloheximide for the indicated times. E, cells were pretreated with 10 �M LY294002 followed by 100 ng/ml LPS for the indicated times (F), or 5 �M wortmannin (G), or
5 �M MG132 and then stimulated with 100 ng/ml LPS for 6 h. Protein expression was measured by Western blot with antibodies specific for PDCD4 or �-actin. Data are
representative of three separate experiments. H, RAW264.7 cells were transfected with siRNA encoding for S6K1 or control (Ctr) and serum-starved for 24 h. The cells
were stimulated with (100 ng/ml) LPS for indicated times. I, cells were serum-starved for 16 h followed by pretreatment for 30 min with DMSO or 10 �M PF-4708671
followed by 100 ng/ml LPS for the indicated times. Protein expression of S6K1 (70 kDa), PDCD4 (52 kDa), or �-actin (45 kDa) were measured by Western blot with
specific antibodies. Results are representative of three independent experiments. IB, immunoblot.
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with LPS-inhibited IL-10 production with inhibition occurring
from 1 nM and being optimal at 500 nM rapamycin (Fig. 2A). A
similar decrease in Il10 mRNA was observed at the 500 nM dose
of rapamycin (Fig. 2B). This effect on IL-10 was specific as IL-6
(both at the protein and mRNA level) was not affected by pre-
treatment with rapamycin followed by a 6-h stimulation of LPS
(Fig. 2, C and D, respectively). Pretreatment with LY294002,

wortmannin, or MG132 also decreased induction of IL-10 in
response to LPS (Fig. 2E), as did knockdown of S6K1 and
PF-408671 S6K1 inhibitor (Fig. 2, F and G).

It has been shown previously that there is more IL-10 pro-
duced in response to LPS in cells lacking PDCD4 (6). We pre-
dicted that pretreatment with rapamycin in cells lacking
PDCD4 would not affect IL-10 production if rapamycin medi-
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ates its effect through PDCD4 stabilization. Therefore, we
tested the effect of rapamycin on cells in which we knocked
down PDCD4 (Fig. 2H). As can be seen in Fig. 2I, there was a
3-fold increase in IL-10 production in PDCD4 knockdown cells
after LPS stimulation in comparison with the cells with control
siRNA (Fig. 2I, 6-h LPS-treated samples, compare gray and
white bars). Rapamycin had no effect on the induction of IL-10
by LPS in the cells in which PDCD4 was knocked down (Fig. 2I,
6-h LPS-treated samples, compare gray hatched bar with gray
bar). In cells treated with control siRNA, rapamycin inhibited
this IL-10 response (Fig. 2I, 6-h treated sample, compare black
bar with white bar). Similar results were observed when

PDCD4-deficient BMDM and wild-type BMDM were used as
shown in Fig. 2J. IL-10 production in the PDCD4-deficient
BMDM was increased compared with the wild-type BMDM
(Fig. 2J, 6-h LPS treated samples, compare gray bar to white
bar), but its induction was insensitive to rapamycin (Fig. 2J, 6-h
LPS-treated samples, compare gray hatched bar with gray bar),
unlike wild-type cells that showed inhibition by rapamycin (Fig.
2J, 6-h LPS-treated samples, compare black bar with white bar).
These data confirm the importance of limiting PDCD4 via
mTOR to induce IL-10 in response to LPS.

PDCD4 and Twist-2 Form a Complex—Next, we tested
whether Twist2 and PDCD4 can interact. As shown in Fig. 3A,

FIGURE 3. PDCD4 interacts with Twist2. A and B, HEK293/TLR4-MD2-CD14 cells were transfected with plasmids encoding Twist2-FLAG, HA-PDCD4, or empty vector
(EV) as indicated. A, following 24-h post transfection and serum starvation, cells were left untreated or pretreated with DMSO (L) or 500 nM rapamycin (R/L) for 30 min
followed with 6-h of LPS (100 ng/ml) stimulation. B, cells were pretreated with DMSO or 500 nM rapamycin (R) or 5 �M wortmannin (W) for 30 min, followed by 6 h LPS
(100 ng/ml). C and D, HEK293/TLR4-MD2-CD14 cells were transfected with plasmids encoding Twist2-FLAG, HA-PDCD4, HA-PDCD4 S67A (C), FLAG-Twist1 (D), or
empty vector (EV) as indicated. C and D, following 24 h post transfection and serum starvation, cells were left untreated stimulated 6 h with 100 ng/ml LPS. After
treatment, cells were lysed, and 50 �l of whole cell lysate was kept for analysis. The remainder was immunoprecipitated (IP) with IgG or PDCD4 for 16 h at 4 °C. Whole
cell lysates and immunoprecipitated samples were analyzed by Western blotting for Twist2-FLAG (18 kDa) or HA-PDCD4 (52 kDa) were measured with antibodies
specific for FLAG and HA. Results are representative of three independent experiments.

FIGURE 2. Rapamycin inhibits the induction of IL-10 by LPS through PDCD4. A, RAW264.7 cells were serum-starved for 16 h followed by pretreatment for 30 min
with DMSO or various concentrations of rapamycin for 30 min (as indicated) and stimulated 6 h with 100 ng/ml LPS. B–D, RAW264.7 cells were serum-starved for 16 h,
followed by pretreatment with DMSO (LPS) or 500 nM rapamycin (RAPA�LPS) for 30 min followed by 6 h of 100 ng/ml LPS stimulation. E, RAW2647 cells were
serum-starved for 16 h, followed by pretreatment with DMSO or 500 nM rapamycin, 10 �M LY294002, 5 �M wortmannin, or 5 �M MG132 for 30 min, followed by 6 h of
LPS (100 ng/ml). F, RAW264.7 cells were transfected with siRNA encoding for S6K1 or control (Ctr) and serum-starved for 24 h, followed by treatment with 100 ng/ml
LPS for indicated times. G, RAW264.7 cells were serum-starved for 16 h, followed by pretreatment with DMSO (LPS) or 10 �M PF-4708671 (RPF-4708671�LPS) for 30
min followed by 6 and 20 h of 100 ng/ml LPS stimulation. H and I, RAW264.7 cells were transfected with siRNA specific for PDCD4 or control (Ctr) and serum-starved for
24 h. The cells were pretreated with DMSO or (500 nM) rapamycin for 30 min followed by 6 h of LPS stimulation. H, protein expression were measured by Western blot
with antibodies specific for PDCD4 (52 kDa) or �-actin (45 kDa). Data are representative of three separate experiments. J, BMDMs from wild-type (WT) and PDCD4
deficient (PDCD4�/�) BMDMs were serum-starved for 16 h and pretreated with DMSO or 500 nM rapamycin, followed by 6 h LPS (100 ng/ml). After the indicated
treatments, supernatants were analyzed by ELISA for IL-10 (A, E, F, G, I, and J) or IL-6 (C). RNA was extracted and the mouse IL-10 mRNA (B) and mouse IL-6 mRNA (D) were
analyzed using TaqMan RT-PCR probes specific for murine IL-10 and IL-6. Data were normalized to GAPDH and 18S mRNA expression, and fold induction was
calculated relative to untreated cells at 0 h. Data shown are representative of three separate experiments, with each point assayed in triplicate.*, p � 0.05; **, p � 0.01;
***, p � 0.001. IB, immunoblot.
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FIGURE 4. Defining the domains responsible for the interaction of Twist2 with PDCD4. A, schematic representation of Twist2-FLAG deletion mutants and
Twist2-FLAG with mutations in the DNA binding domain (DBD) and protein binding domain (PBD) in the bHLH. B, HEK293T cells were transfected with equal
amounts of various encoding plasmids Twist2-FLAG construct as described in A and HA-PDCD4 or empty vector (EV) plasmids as indicated. 24-h post
transfection and serum starvation, cells were lysed, and 50 �l of whole cell lysate was kept for analysis. The remainder was immunoprecipitated (IP) with IgG or
PDCD4 for 16 h at 4 °C. Whole lysates and immunoprecipitated samples were analyzed by Western blotting Twist2 (18 kDa). Results are representative of three
independent experiments. C and D, RAW264.7 cells were transfected with equal amounts of various plasmids encoding Twist2-FLAG constructs and empty
vector as described in A and HA-PDCD4. After 24 h, cells were left untreated or stimulated for 6 h with LPS (100 ng/ml). The supernatants were analyzed by ELISA
for IL-10 (C) or IL-6 (D). Data shown are the mean � S.D. from three separate experiments all carried out in triplicate *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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overexpressed HA-tagged PDCD4 interacted with overex-
pressed FLAG-tagged Twist2 (top panel, lane 4). Stimulation
with LPS reduced this interaction (Fig. 3A, top panel, lane 5).
Only a fraction of the overexpressed PDCD4 interacted with
Twist2 because LPS did not cause a detectable decrease in the
levels of total PDCD4 in the transfected cells (Fig. 3A, middle
panel, lane 5). When cells were pretreated with rapamycin, the
dissociation between PDCD4 and Twist2 following LPS stimu-

lation was prevented (Fig. 3A, lane 7). Pretreatment of cells with
wortmannin also inhibited the dissociation (Fig. 3B, compare
lane 7 with lane 5). We next tested whether deficiency of S6K-
mediated phosphorylation of PDCD4 stabilized its interaction
with Twist2. As shown in Fig. 3C, overexpressed HA-tagged
PDCD4 interacted with overexpressed FLAG-tagged Twist2
(top panel, lane 6). Stimulation with LPS reduced this interac-
tion (Fig. 3C, top panel, lane 8). The interaction can also be
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determined in cells with overexpressed HA-tagged PDCD4
with a S6K phosphorylation site-deficient Ser-to-Ala mutant
(Fig. 3C, lane 7) (5). However, after stimulation with LPS the
decrease in the interaction between this mutant and the wild-
type PDCD4 was attenuated (Fig. 3C compare lane 9 with lane
8). A previous study has shown PDCD4 can interact with
Twist1; therefore, we also tested Twist1 as a control (12). As
shown in Fig. 3D, overexpressed HA-tagged PDCD4 interacted
with overexpressed and overexpressed FLAG-tagged Twist1
(top panel, lane 7). Stimulation with LPS also reduced the inter-
action with Twist1 (Fig. 3D, top panel, lane 9). These results
show that PDCD4 and Twist2 can form a complex, which can
be disrupted by LPS in a rapamycin-sensitive manner.

Defining the Domains Responsible for the Interaction—Hav-
ing confirmed an interaction between PDCD4 and Twist2, we
next investigated which domains of Twist2 mediated the inter-
action. Five Twist2 constructs in addition to full-length Twist2
were generated and are depicted in Fig. 4A. Fig. 4B illustrates
the results from the interaction analysis with the constructs.
Lane 4 (top panel) shows the interaction between PDCD4 and
Twist2 as demonstrated previously in Fig. 3A. The higher per-
centage gel (18%) revealed a nonspecific band running faster
than Twist2. Our results suggest that both the Twist Box and
the bHLH domain are required for the interaction as removal of
either domains abolished the interaction (Fig. 4B, lanes 5, 6, and
8). The mutations generated in the DNA binding domain (Fig.
4B, lane 7) did not affect the interaction between PDCD4 and
Twist2; however, mutations in the protein binding domain
appeared to reduce the interaction (Fig. 4B, lane 9). These
results led us to investigate the importance of the different
domains for IL-10 production. As shown in Fig. 4C, in RAW264.7
cells transfected with constructs lacking a functional Twist-Box
and protein-binding domain (Twist2 Ile-92-stop) or mutated pro-
tein-binding domain (Twist2-FLAG I92T/I93S/T113C/I114S),
there was an induction of IL-10 production (white bars). LPS was
able to induce IL-10 in cells transfected with a plasmid encoding
Twist2-FLAG WT (black bar, Twist2-FLAG WT). Transfection
with a plasmid encoding Twist2 with the mutated DNA binding
domain (black bar, Twist2-FLAG T78A/S81A) decreased its
response, whereas transfection with a plasmid encoding the con-
struct lacking the Twist-Box and protein binding domain (Twist2
Ile-92-stop) or mutated protein-binding domain (Black bar,
Twist2-FLAG I92T/I93S/T113C/I114S) both showed a potenti-

ated response. None of the constructs affected the induction of
IL-6 by LPS (Fig. 4D, black bars). These results suggest that the
Twist box and protein-binding domain in the bHLH domain are
involved in the interaction with PDCD4, their absence allowing
Twist2 to increase IL-10 production most likely due to an inability
to be sequestered by PDCD4. The DNA-binding domain in Twist2
is needed for induction of IL-10.

Twist2 Binds to a Highly Conserved Site on the c-Maf Pro-
moter after LPS Stimulation—Our data suggested that Twist2
might be released from PDCD4 to bind to the c-Maf promoter
in response to LPS. We next examined the binding of Twist2 to
the c-Maf promoter using a number of approaches. First, oligo-
nucleotide pulldown assays were employed to investigate bind-
ing of Twist2 to the E-Box on the c-Maf promoter. As shown in
Fig. 5A, lane 2, increased Twist2 binding to this specific and
highly conserved site on the c-Maf promoter was induced by
LPS. Pretreatment with 500 nM rapamycin inhibited this
response (Fig. 5A, lane 4). To investigate this finding further,
and in an endogenous context, ChIP at the Twist2 binding site
in the c-Maf promoter was carried out. As shown in Fig. 5B,
black bars, Twist2 bound to the c-Maf promoter basally, with
binding being increased after 6 h LPS treatment. Pretreatment
with rapamycin, wortmannin, LY294002, and MG132 inhibited
the binding of Twist2, decreasing it below basal level. Twist2
did not bind to a non-Twist2 binding site in the c-Maf promoter
(Fig. 5C, black bars) or the �-actin promoter (data not shown).
These findings confirmed that LPS induces Twist2 binding to
the Twist2 binding site at the E-Box on the c-Maf promoter.
Rapamycin, wortmannin, LY294002, and MG132 all inhibited
the induction of c-Maf mRNA by LPS (Fig. 5D). Induction of
c-Maf mRNA by LPS was enhanced in PDCD4-deficient
BMDM (Fig. 5E, 6-h LPS-treated samples, compare gray bar
with white bar) but unlike in wild-type BMDM, this induction
was not inhibited by rapamycin (Fig. 5E, 6-h LPS-treated sam-
ples, compare gray hatched bar with gray bar). These data indi-
cate that PDCD4 targeting is more important for c-Maf induc-
tion by LPS.

DISCUSSION

Here, we demonstrate a previously undescribed aspect of
IL-10 regulation by LPS. The stimulation of macrophages with
LPS leads to the dissociation of PDCD4 from Twist2 with
PDCD4 being degraded. Twist2 is thereby released and binds to

FIGURE 5. Twist2 binds to a highly conserved site on the c-Maf promoter after LPS stimulation. A and B, RAW264.7 cells were serum-starved for 16 h.
Cells were then left untreated or pretreatment for 30 min with DMSO or 500 nM rapamycin and stimulated with 100 ng/ml LPS (L) for 6 h. Cells were also
treated with 500 nM rapamycin alone for 6.5 h (R) (A, left panel). Cells were then lysed and an oligonucleotide (oligo) pulldown (OPD) assay was carried
out with the E-Box Twist2-binding site oligonucleotide sequence on the c-Maf promoter. Samples were probed for Twist2 (18 kDa) by Western blot (A,
right panel). Densitometry was carried are relative to non-treated controls. Bar graph represents the mean of two independent experiments. B and C,
RAW264.7 cells were transfected with plasmids encoding Twist2-FLAG or HA-PDCD4. 24-h post transfection and serum starvation, cells were left
untreated, or cells were pretreated for 30 min with DMSO or 500 nM rapamycin (R/L), 5 �M wortmannin (W/L), 10 �M LY294002 (LY/L), or 5 �M MG132
(M/L), and stimulated with 100 ng/ml LPS (L) for 6 h. After stimulation a ChIP assay was performed. Primers specific for the Twist2-binding site (	1141
base pairs upstream the c-Maf promoter of the genomic DNA) (B) and, additionally, the non-Twist2- binding site (	20 kb upstream the c-Maf promoter
(C)) were designed, and binding events were measured as percent of input by real time PCR using antibodies against IgG (control antibody, white bars)
or Twist2 (black bars). D, RAW264.7 cells were serum-starved for 16 h followed by pretreatment for 30 min with DMSO or 500 nM rapamycin, 5 �M

wortmannin, 10 �M LY294002, or 5 �M MG132. E, BMDMs from wild-type (WT) and PDCD4-deficient (PDCD4�/�) BMDMs were serum-starved for 16 h and
pretreated with DMSO or 500 nM rapamycin, followed by 6 h LPS (100 ng/ml). D and E, after the indicated treatments, RNA was extracted, and the mouse
c-Maf mRNA was analyzed using TaqMan RT-PCR probes specific for murine c-Maf. Data were normalized to GAPDH and 18S mRNA expression, and fold
induction was calculated relative to untreated cells (E) or relative to untreated WT BMDM. Data shown are the mean � S.D. from three separate
experiments all carried out in triplicate. *, p � 0.05; **, p � 0.01. F, LPS activates PI3K/mTOR signaling inducing the expression of c-Maf and IL-10 by
degradation of PDCD4. The degradation of PDCD4 allows Twist2 protein to bind on the c-Maf promoter, inducing c-Maf expression, which then induces
IL-10 gene expression. The inhibitors shown maintain PDCD4-Twist2 complex inhibiting IL-10 induction.
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the c-Maf promoter. The increase in c-Maf would lead to
induction of IL-10. PI3K, mTOR, and S6K are all required for
PDCD4 degradation, indicating another aspect of mTOR
involvement in IL-10 induction (Fig. 5F). It has been shown
previously that PDCD4 is a negative regulator of IL-10 produc-
tion. PDCD4 is known to be degraded following LPS stimula-
tion, resulting in increased IL-10 production (6). Our results are
in agreement with these previous studies; however, we have
also shown that pretreatment with rapamycin inhibits LPS-in-
duced PDCD4 degradation. We have also shown that the
increase of PDCD4 after rapamycin pretreatment was a result
of protein stability, as has been shown in a previous study in
MCF7 cells treated with conditioned medium and rapamycin
pretreatment (17). It has also previously been shown that rapa-
mycin, LY294002, or MG132 prevented the loss of PDCD4 pro-
tein after 8 and 24 h in macrophages exposed to conditioned
medium (17). When the mTOR pathway is activated, mTOR
can phosphorylate S6K1. S6K1 has previously been shown to be
critical for the phosphorylation and proteasomal degradation
of PDCD4 in T98G glioblastoma cells after serum activation
and in HEK293 cells activated with TPA (5, 18). We have also
shown that S6K1 is involved in PDCD4 degradation in response
to LPS using RAW264.7 cells transfected with S6K1-specific
siRNA and the S6K1 inhibitor PF-4708671. However, S6K1
depletion with siRNA appears to only partially block LPS-in-
duced PDCD4 degradation. This is most likely due to the
incomplete knockdown of S6K1 as demonstrated by Western
blot in Fig. 1H. The residual S6K1 present could still lead to
partial PDCD4 degradation. In total, our data add to our
understanding of processes whereby LPS promotes PDCD4
degradation.

Our findings that PI3K inhibitors and rapamycin reduce LPS
induction of IL-10 in macrophages are in agreement with pre-
vious studies (19, 20). It has previously been demonstrated that
rapamycin has the ability to decrease IL-10 mRNA and protein
in monocytes and dendritic cells treated with LPS (16, 20 –22).
However, a mechanism behind this was not completely
understood.

PDCD4 has been described as an inhibitor of cap-dependent
translation of mRNA, including IL-10 mRNA, through the
interaction via MA3 domains with eukaryotic initiation factors
eIF4a and eIF4G (8, 9). We have identified Twist2 as another
binding partner of PDCD4. The interaction was shown to occur
via the bHLH and Twist box. LPS caused a decrease in this
interaction most likely through PDCD4 degradation. We also
demonstrated that the DNA-binding domain in Twist2 was
required for IL-10 induction.

Sharabi et al. (15) demonstrated that in Twist2-deficient
mice, there was a decrease in IL-10 cytokine secretion and
c-Maf mRNA after LPS stimulation (15). Furthermore, a study
with c-Maf-deficient cells showed that c-Maf is an essential
transcription factor for IL-10 gene expression in macrophages
activated with LPS (23). Sharabi et al. (15) demonstrated that
Twist2 could bind to the c-Maf promoter, suggesting that
Twist2 is able to promote the expression of IL-10 via direct
activation of c-Maf transcription (15). We confirmed these
findings, demonstrating in addition that LPS increases Twist2

binding to the E-box of the c-Maf promoter in a PI3K and rapa-
mycin-sensitive manner.

The mechanism for IL-10 production through the PDCD4-
Twist2 complex as demonstrated in this study might be com-
mon to more TLR pathways and not only found in TLR4 path-
way signaling, as it has been shown in innate immune cells that
TLRs can recruit and activate PI3K (24 –26). Activation of the
PI3K pathway by TLR2 increases the production of IL-10, and
inhibition of the PI3K pathway leads to a decrease of IL-10
production (19). This may imply that PDCD4/Twist2 could be
involved.

Given the influence of IL-10 as a potent anti-inflammatory
cytokine, these findings may have important therapeutic impli-
cations. IL-10 plays a critical role in preventing excessive
inflammation and autoimmune diseases as it has been shown
that IL-10 deficiency can lead to the development of inflamma-
tory bowel disease and other auto-immune diseases (27).
Therefore, the mechanisms that regulate IL-10 expression are
critical to developing therapeutic strategies. In our study, we
have shown that IL-10 expression can be regulated with the
PDCD4-Twist2 complex through the PI3K-mTOR pathway,
uncovering an important mechanism of IL-10 regulation.

Dysregulation of this process might lead to increased inflam-
mation, or the specific activation of the pathways might have
anti-inflammatory effects. Therefore, it will be important to
define in further studies the role of the PDCD4-Twist2 complex
in disease.

Taken together, the data indicate that rapamycin, by inhibit-
ing mTORC1 activity, can prevent LPS-induced PDCD4 degra-
dation. Rapamycin allows the PDCD4-Twist2 complex to
remain stable, thereby preventing Twist2 from binding to the
c-Maf promoter, limiting c-Maf expression. This in turn will
limit IL-10 induction by LPS. Overall, we provide a novel
insight into the important anti-inflammatory role of the
mTOR/PDCD4/Twist2/c-Maf pathway in LPS-induced signal-
ing, with this signaling process leading to IL-10 induction.
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