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TAK1 kinase is required for the survival of Kras-dependent non-small-cell lung carcinoma (NSCLC) cells.

Here, we report that the inhibition of TAK1 by a small natural cyclopeptide (RA-V) can promote apoptosis

and inhibit protective autophagy in Kras-dependent NSCLC cells. Using short hairpin RNAs to deplete K-

Ras, we identified H441 and H358 cells as Kras-dependent NSCLC cells which require protective basal

autophagy for cell viability. We found that RA-V could selectively kill and induce apoptosis in H441 and

H358 cells but had little effect on A549 and H460 (Kras-independent) cells. Furthermore, RA-V could

inhibit basal autophagy in H441 and H358 cells. Mechanistic studies further showed that RA-V inhibits

the level of TAK1 phosphorylation by binding directly to TAK1, resulting in the inhibition of the

autophagy-related TAK1–AMPK–mTOR pathway. In addition, we found that RA-V could inhibit TAK1–

P70S6K interaction, which may also inhibit basal autophagy. Our study shows that RA-V acts as an

inducer of apoptosis and inhibitor of autophagy via the inhibition of TAK1 and provides the first example

of TAK1 inhibition as a potential therapeutic strategy to promote apoptosis and inhibit protective

autophagy in Kras-dependent NSCLC.
1. Introduction

Aberrant Kras activation frequently occurs in non-small-cell
lung carcinoma. However, Kras mutation usually arises in the
treatment of refractory tumors and remains a signicant chal-
lenge in terms of treatment.1 For example, drug resistance oen
develops in cases of lung cancer featuring Kras mutation and
treated with EGFR inhibitors.2 Thus, patients suffering from
lung cancer with aberrant Kras activation will not benet from
targeted-EGFR treatment. TAK1 is activated to enhance Wnt-
dependent transcription in Kras dependent cells, and is an
absolute requirement for the survival of Kras-dependent cells.
The inhibition of TAK1 is known to induce apoptosis in Kras-
dependent cells.3 Consequently, inducing apoptosis-
dependent cancer cell death in Kras-dependent cells by target-
ing TAK1 may represent an alternative option for the treatment
of Kras-activated cancer.

Autophagy is a catabolic pathway which is used by cells to
remove damaged organelles, lipids and misfolded proteins.
uan University, Collaborative Innovation

ail: chenlijuan125@163.com

ate Key Laboratory of Natural Medicines,

China. E-mail: nhtan@cpu.edu.cn

liated Hospital of Guangdong Medical

hemistry 2018
During starvation or other forms of stress, it regenerates energy
from an internal source of nutrients to maintain energy
homeostasis and thus ensure that cells survive.4 In Kras-
activated cells, the level of basal autophagy is increased by
mediating the TAK1–AMPK–mTOR pathway, which plays an
important role in maintaining cell viability and tumorigen-
esis.5–7 In addition, TAK1 can activate autophagy by inhibiting
the phosphorylation of p70S6 kinase1 (P70S6K) by blocking the
interaction between raptor and P70S6K.8 These lines of evidence
implied that the inhibition of protective autophagy must be
taken into account in Kras-activated cancer treatment, and that
targeting TAK1 may represent a reasonable treatment
consideration.

TAK1, a serine/threonine kinase, plays an important role in
the cascades of cellular responses regulated by a range of
cytokines including TGF-b, IL-1 and TLR.9,10 Many intra-
cellular kinases are activated by TAK1, including p38 MAPK,
JNK and IKK. The transcription factor, AP-1, is controlled by
p38 MAPK and JNK, while NF-kB is activated by IKK. Based on
these functions, it is clear that TAK1 is a primary regulator of
cell inammatory responses, survival and differentiation.
TAK1 also regulates the programmed cell death pathway,
apoptosis and autophagy. TAK1 has been found to regulate the
levels of apoptosis in a variety of cell lines and tissues.3,11,12

Furthermore, the activation of TAK1 can result in protective or
RSC Adv., 2018, 8, 23451–23458 | 23451
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cytotoxic autophagy in different types of cancer cells and
tissues.5,8,13

RA-V (deoxybouvardin), a cyclopeptide, which was rst iso-
lated from Rubia cordifolia, shows strong anti-inammatory and
anti-cancer activities in various types of cell.14–18 Our previous
study revealed that RA-V could bind directly to TAK1 and inhibit
its kinase activity; it could then inhibit the downstream
inammation-related pathway indicating that RA-V is potent
a TAK1 inhibitor.19 In the present study, we show that inhibition
of TAK1 by RA-V can promote apoptosis and inhibit protective
autophagy in Kras-dependent NSCLC cells.
2. Methods
2.1 Materials

RA-V (purity $ 99%) was prepared as described previously and
identied by MS and NMR spectroscopies.15 RA-V was dissolved
in DMSO to a concentration of 20mM and was then preserved at
�20 �C. RPMI1640, fetal bovine serum and lipofectamine 2000
were purchased from Life Technologies. Chloroquine (Sigma),
rapamycin (Sigma), Z-VAD-FMK (Sigma) and acridine orange
(Sigma) were dissolved in DMSO. The GFP-LC3 plasmid was
obtained as a gi from Professor Canhua Huang (Sichuan
University). Kras and P70S6K shRNA were purchased from
ORIGENE. The following antibodies were used: caspase-3, Kras,
BCL-2, BCL-XL, Beclin1 and LC3B (Cell Signaling Technology);
Atg7, Beclin1, p-P70S6K, P70S6K, p-4E-BP1, 4E-BP1, p-Akt, Akt,
p-mTOR, mTOR, p-AMPK and AMPK (ABCOM); Flag, Myc and b-
actin (Santa Cruz).
2.2 Cell lines

The NSCLC cells A549, H460, H441 and H358 were obtained
from the American Type Culture Collection (ATCC). Cells were
cultured in RPMI1640 1640 (10% fetal bovine serum (FBS), 100
U ml�1 penicillin, and 100 mg ml�1 streptomycin) at 37 �C in an
atmosphere of 5% CO2.
2.3 MTT assay, annexin V-FITC/PI apoptosis assay, western
blotting, GFP-LC3 plasmid transfection and TUNEL assay

These assays were performed in accordance with previously-
published laboratory protocols.20,21
2.4 Characterization of Kras-dependent cell lines

NSCLC cells (A549, H460, H441 and H358) were seeded onto six-
well plates for 24 h and then infected with increasing amounts
of lentivirus expressing either a control or different doses of K-
Ras shRNAs (control: NM_004985.3-570s1c1: CTCAGGACT-
TAGCAAGAAGTT; Kras: NM_033360.2-269s1c1: GACGAA-
TATGATCCAACAATA) for a further period of 24 h. Cells were
then treated with 1 mg ml�1 of puromycin and incubated for
another 48 h. Cell viability was assessed by the MTT assay and
the expression of Kras and caspase 3 were detected by western
blotting.
23452 | RSC Adv., 2018, 8, 23451–23458
2.5 mRNA silencing

P70S6K trilence-27 siRNA (SR304164) was purchased from
ORIGENE. Three specic siRNA constructs were tested for each
target and the most effective was chosen. The siRNA constructs
were transfected with Lipofectamine 2000 reagent (Invitrogen)
for 48 h in H441 and H358 cells, in accordance with the
manufacturer's instructions.

2.6 Immunoprecipitation

The Flag-tagged TAK1 construct and the Myc-tagged S6K1
construct were transfected into HEK293T cells either alone or in
combination. Twenty-four h aer transfection, RA-V was added
to cells and incubated for another 24 h. Cells were then lysed
and incubated on ice for 30 min with lysis buffer (20 mM Tris
(pH ¼ 8.0), 137 mM NaCl, 10% glycerol, 1% NP-40 and 2 mM
EDTA). Protein samples were then immunoprecipitated with
Myc antibody overnight at 4 �C. Then, the immunoprecipitated
proteins were pulled down by incubating with protein A-agarose
beads (Cell Signaling Technology) for 2 h with rotary agitation.
Finally, proteins were separated from the beads by boiling in 2�
SDS loading buffer, and then detected by western blotting.

2.7 Tumor xenogra model

All animal studies were approved by the Institutional Animal
Care and Treatment Committee of Sichuan University. Female
nude mice (BALB/c, 6–8 weeks of age, non-fertile and 18–20 g in
weight) were obtained from Hufukang Biotech. Animals were
kept on a cycle of 12 h light/darkness at 22 � 1 �C and accli-
mated for at least one week prior to use. All experiments were
carried out under controlled conditions and animals received
appropriate humane care according to the National Institutes of
Health Guidelines before and during experiments. Mice were
injected subcutaneously with H460 or H441 cells (2 � 106 cells
per mouse). Mice were then randomized into two groups until
their tumors reached a size of approximately 100 mm3. Mice
were then treated with or without 2.5 mg kg�1 RA-V via an
injection into the tail vein every two days for two weeks. Tumor
volumes were recorded every two days and measured using the
following formula: tumor volume (mm3) ¼ (length � width2) �
0.52.

2.8 Statistical analysis

Data were analyzed using analysis of variance (ANOVA) and the
unpaired Student's t-test. Values are expressed as mean �
standard deviation and P < 0.05 was considered to be statisti-
cally signicant.

3. Results
3.1 Identication of Kras-dependent NSCLC cells with high
levels of basal protective autophagy

Lung cancers commonly harbor Kras mutations, but only
a subset of lung cancers with Kras mutations rely upon Kras for
survival (Kras-dependent cancer cells). In order to preferentially
select Kras-dependent NSCLC cells, lentivirus shRNA was used
This journal is © The Royal Society of Chemistry 2018
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to inhibit Kras, thereby allowing us to test the Kras dependency
of four NSCLC cell lines: A549, H460, H441 and H358. As shown
in Fig. 1A and B, the inhibition of Kras resulted in a reduction of
cell viability and induced apoptosis in H441 and H358 cells, but
not in A549 and H460 cells. These results implied that H441 and
H358 were Kras-dependent cells while A549 and H460 were
Kras-independent cells; these ndings were in accordance with
previously published research.3 To detect the level of basal
autophagy in Kras-dependent cells, the GFP-LC3 plasmid was
transfected into A549, H460, H441 and H358 cells; we then
observed the clear aggregation of GFP-LC3 dots, a general
marker of autophagy,22 in H441 and H358 cells but only
a diffuse pattern of GFP-LC3 dots in A549 and H460 cells
(Fig. 1C). This indicated that H441 and H358 cells showed high
levels of basal autophagy. Furthermore, the strong LC3-II
conversion, and relatively high expression of beclin1 in H441
and H358 cells detected by western blotting, was also indicative
of high levels of basal autophagy in these cells (Fig. 1D). Then,
blocking of autophagy by chloroquine (CQ) induced evident
growth inhibition in H441 and H358 cells, but had no effect
upon A549 andH460 cells (Fig. 1E). This implied that autophagy
Fig. 1 Identification of Kras-dependent NSCLC cells with high levels of ba
amounts of lentivirus expressing control or different doses of K-Ras shR
incubated for another 48 h. Cell viability was assessed by MTT assay.
expressing control or different doses of K-Ras shRNAs for 24 h, then cel
48 h. The expression of Kras and cleaved-caspase 3 were detected by we
and after 24 h transfection, RA-V was added to the cells. After incubatio
a fluorescence microscope. (D) Beclin1 and LC3B expression levels in NS
of NSCLC cells treated with or without 25 mMof chloroquine (CQ). Data is
0.01, as compared to controls or the appointed group.

This journal is © The Royal Society of Chemistry 2018
plays a protective role in Kras-dependent cells, which was in
accordance with previous research.5,13

3.2 RA-V selectively induces apoptosis-dependent cell death
in Kras-dependent NSCLC cells

As RA-V (Fig. 2A) is a potential TAK1 inhibitor,19 we rst inves-
tigated whether it also showed anticancer activity and induced
apoptosis in Kras-dependent NSCLC cells. As shown in Fig. 2B,
Kras-dependent cells (H441 and H358) were more sensitive to
RA-V than Kras-independent cells (A549 and H460). Further-
more, we found that RA-V induced obvious apoptosis in Kras-
dependent cells (H441 and H358) but had no effect on Kras-
independent cells (A549 and H460) (Fig. 2C). Similar results
were obtained by the detection of caspase 3, anti-apoptosis
protein BCL-2 and BCL-XL by western blotting (Fig. 2D). To
investigate whether RA-V induced cell death was apoptosis
dependent, Z-VAD-FMK(zVAD), an apoptosis inhibitor was
employed. As shown in Fig. 2E, zVAD clearly inhibited RA-V
induced cell death in H441 and H358 cells, providing strong
evidence that RA-V induced apoptosis-dependent cell death in
Kras-dependent cells. Finally, we investigated the in vivo
sal protective autophagy. (A) NSCLC cells were infectedwith increasing
NAs for 24 h, then cells were treated with 1 mg ml�1 of puromycin and
(B) NSCLC cells were infected with increasing amounts of lentivirus
ls were treated with 1 mg ml�1 of puromycin and incubated for another
stern blotting. (C) NSCLC cells were transfected with GFP-LC3 plasmid
n for 24 h, GFP-LC3-positive cells were detected and imaged under
CLC cells were detected by western blotting. (E) Cell growth detection
presented as means� standard deviation. *P < 0.05, **P < 0.01, ***P <

RSC Adv., 2018, 8, 23451–23458 | 23453
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Fig. 2 RA-V-induced apoptosis-dependent cell death in Kras-dependent NSCLCs. (A) The chemical structure of RA-V. (B) NSCLC cells were
treatedwith 0, 50, 100 and 200 nMof RA-V for 48 h and cell viability was detected byMTT assay. (C) NSCLC cells were treatedwith 100 nMof RA-
V for 48 h and then subjected to AnnexinV/PI double staining for apoptosis detection (D) NSCLC cells were treated with 0, 50, 100 and 200 nM of
RA-V for 48 h and then subjected to western blotting to investigate the expression of cleaved-Caspase3, BCL-2 and BCL-XL. (E) H441 and H358
cells were treated with RA-V alone or in combination with Z-VAD-FMK (zVAD) for 48 h, and cell viability was assessed by MTT assay. (F) When
tumors reached approximately 100mm3, mice were treatedwith or without 2.5mg kg�1 of RA-V via an injection to the tail vein every two days for
twoweeks. Tumor volumeswere recorded every two days. Data are presents as means� standard deviation. *P < 0.05, **P < 0.01, ***P < 0.01, as
compared to controls or the appointed group.
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anticancer activity of RA-V in H460 (Kras-independent) and
H441 (Kras-dependent) tumor models. Our results showed that
treatment with 2.5 mg kg�1 of RA-V via the tail vein injection
every other day caused tumor growth inhibition in the H441
model, but not the H460 model (Fig. 2F). This in vivo study
showed that RA-V was more sensitive to the Kras-dependent
tumor model, which was in accordance with results arising
from our in vitro study.
3.3 RA-V inhibits basal autophagy in Kras-dependent NSCLC
cells by mediating the TAK1/AMPK/mTOR pathway

Next, we investigated whether RA-V could inhibit basal auto-
phagy in Kras-dependent NSCLC cells by different methods. The
aggregation of GFP-LC3 dots in H441 and H358 cells were
clearly inhibited by RA-V (Fig. 3A), suggesting that RA-V can
inhibit basal autophagy in Kras-dependent NSCLC cells.
Numerous autophagy-related proteins will be up-regulated once
autophagy is activated, such as LC3-II, beclin1 and ATG7.22,23 So,
we next investigated whether RA-V inhibited the expression
level of beclin1 and ATG7 in H441 and H358 cells. As shown in
Fig. 3B, RA-V inhibited the expression levels of LC3-II, beclin1
and ATG7 in both H441 and H358 cells. Collectively, these
results strongly suggested that RA-V inhibited basal autophagy
in Kras-dependent NSCLC cells. In our attempt to study the
mechanism of RA-V, we found that RA-V had no effect on the
activity of AKT, but surprisingly that RA-V could inhibit the
23454 | RSC Adv., 2018, 8, 23451–23458
phosphorylation levels of both AMPK and TAK1 in a dose-
dependent manner in both H441 and H358 cells (Fig. 3C).
These observations suggested that RA-V inhibits the TAK1/
AMPK/mTOR pathway in both H441 and H358 cells.

Further investigations showed that the inhibition of mTOR
by rapamycin (Rapa) could increase autophagy levels and
reduce cell death in H441 and H358 cells treated with RA-V
(Fig. 3D), indicating that inhibition of the TAK1/AMPK/mTOR
pathway contributes to the inhibition of autophagy by RA-V.
We also used the TUNEL assay to monitor cell apoptosis
levels and found that Rapa could reduce the level of apoptosis
induced by RA-V in both H441 and H358 cells (Fig. 3E).
Collectively, these data indicated that the inhibition of mTOR
by Rapa could markedly increase basal protective autophagy
and reduce apoptosis-dependent cell death in H441 and H358
cells treated with RA-V.
3.4 The TAK1/P70S6K pathway also contributes to the
inhibition of protective basal autophagy by RA-V

TAK1 can activate autophagy by inhibiting the phosphorylation
of p70S6 kinase1 (P70S6K) by blocking the interaction between
raptor and P70S6K.8 We also found that RA-V could increase the
phosphorylation level of both P70S6K and 4E-BP1 (Fig. 3C). This
indicated that the TAK1/P70S6K pathway was also mediated by
RA-V. Inhibition of P70S6K by P70S6K RNA interference (Fig. 4A)
increased autophagy level and reduced cell death in H441 and
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 RA-V inhibits basal autophagy in Kras-dependent NSCLC cells by mediating the TAK1/AMPK/mTOR pathway. (A) Cells were transfected
with GFP-LC3 plasmid for 24 h and then RA-V was added to the cells for another 24 h. GFP-LC3-positive cells were then detected and imaged
under a fluorescence microscope. (B) Cells were treated with 0, 50, 100 and 200 nM RA-V for 48 h and then subjected to western blotting to
determine the expression of Atg7, Beclin1 and LC3. (C) Cells were treated with 0, 50, 100 and 200 nM RA-V for 48 h and then subjected to
western blotting to determine the expression of p-AKT, AKT, p-mTOR, mTOR, p-AMPK, AMPK, p-TAK1, TAK1, p-P70S6K, P70S6K, p-4E-BP1, 4E-
BP1 and b-Actin. (D) Cells were treated with rapamycin (Rapa) or RA-V alone or in combination for 48 h, cell viability was assessed by MTT, and
the expression of mTOR, p-mTOR and LC3 was detected by western blotting. (E) Cells were treated with Rapa or RA-V alone or in combination
for 48 h, then cells were subjected to the TUNEL assay to monitor apoptosis. *P < 0.05, **P < 0.01, ***P < 0.01, as compared to controls or the
appointed group.
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H358 cells treated with RA-V (Fig. 4B), which indicated that the
TAK1/P70S6K pathway contributes to the inhibition of auto-
phagy by RA-V. Furthermore, the inhibition of P70S6K can
reduce the level of apoptosis in RA-V treated H441 and H358
cells (Fig. 4C).

Given TAK1 can activate autophagy by inhibiting p70S6
kinase1 (P70S6K) phosphorylation by binding directly to
P70S6K,8 we next investigated whether the binding of RA-V to
TAK1 could affect the interaction between TAK1 and P70S6K.
H293T cells, transfected with myc-P70S6K or/and ag-TAK1
constructs, were treated with or without RA-V; we then carried
out myc immunoprecipitation and assayed for the binding of
TAK1 to P70S6K using a ag antibody. As indicated in Fig. 4D,
TAK1 could bind to P70S6K, inhibit the phosphorylation level of
P70S6K and promote autophagy; furthermore, all of these
observations could be inhibited by RA-V. These results revealed
that the directly binding of RA-V to TAK1 could inhibit the
This journal is © The Royal Society of Chemistry 2018
interaction between TAK1 and P70S6K, and that mediation of
the TAK1/P70S6K pathway contributes to the inhibition of
autophagy by RA-V.

4. Discussion

Non-small-cell lung carcinoma accounts for 85% of lung
cancers, which is the leading cause of death by cancer.24

Compared with small cell lung carcinoma (SCLC), NSCLC is
relatively insensitive to chemotherapy. However, 10–35% of
NSCLC patients (50% of Asians) harbor EGFR mutations and it
is these patients who can specically benet from tyrosine
kinase inhibitors (TKIs), such as erlotinib, getinib or afati-
nib.25–27 However, patients with EGFR mutations may also have
Kras mutations, and these patients are insensitive to treatment
with TKIs.27,28 In addition, other NSCLC patients with aberrant
Kras activation also rely on Kras for survival. To overcome these
Kras-dependent NSCLCs, specic Kras inhibitors are being
RSC Adv., 2018, 8, 23451–23458 | 23455
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Fig. 4 Inhibition of the TAK1/P70S6K pathways helps to protective basal autophagy inhibition by RA-V. (A) Detection of SiRNA effects: detection
of P70S6K expression by western blotting in P70S6K-knocked-down cells. (B) RA-V were treated with or without control or P70S6K-silenced
H358 or H441 cells for 48 h, cell viability was detected by MTT, and the expression of p-P70S6K and LC3 were detected by western blotting. (C)
RA-V were treated with or without control or P70S6K-silenced H358 or H441 cells for 48 h, and apoptosis was detected by TUNEL assay. (D)
H293T cells transfected with Flag-tagged TAK1 construct and Myc-tagged S6K1 construct alone or in combination, then treated with or without
100 nM of RA-V. Cell lysates were collected and immunoblotted with an anti-myc-antibody, followed by immunoblotting with flag or myc. The
blots in the lower four panels were obtained from the same cell lysates using the indicated antibodies. Data are presented as means � standard
deviation. *P < 0.05, **P < 0.01, ***P < 0.01, as compared to controls or the appointed group.
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investigated and developed.28,29 However, the direct inhibition
of Kras has not yet led to the development of clinically-useful
drugs. TAK1 is activated to enhance Wnt-dependent transcrip-
tion in Kras-dependent cells, which is required for the survival
of Kras-dependent cells. Inhibition of TAK1 will induce
apoptosis in Kras-dependent cells.3 Consequently, inducing
apoptosis-dependent cancer cell death in Kras-dependent cells
by targeting TAK1 may represent an alternative option for the
treatment of Kras-activated cancer.

TAK1, transforming growth factor beta-activated kinase 1, is
a Kras dependency-associated kinase.3 In Kras-dependent cells,
the Wnt signal pathway is activated for cell survival; this occurs
via the activation of TAK1.3,30,31 Thus, the inhibition of TAK1
may promote cell death in Kras-dependent cells. In our previous
study, we found RA-V, a natural cyclopeptide, could inhibit the
NF-kB signaling pathway by targeting TAK1.19 In the present
study, we showed that RA-V could induce apoptosis in Kras-
dependent NSCLCs. We identied that NSCLCs H441 and
H358as as Kras-dependent cells and H460 and A549 as Kras-
independent cells. RA-V was more sensitive to Kras-dependent
23456 | RSC Adv., 2018, 8, 23451–23458
cells and induced apoptosis in Kras-dependent cells. Also, we
established a Kras-dependent tumor model (H441) and a Kras-
independent tumor model (H460), and found that RA-V showed
better anticancer activity in the H441 model but had no effect
on the H460 model. Collectively, these results proved that
inhibition of TAK1 by RA-V represents an effective treatment for
Kras-dependent NSCLCs.

Autophagy is a process in which cells engulf their own
cytoplasmic proteins or organelles and encapsulate them into
vesicles that fuse with lysosomes to form autophagosomes. This
leads the degradation of the contents of the packaged vesicles,
thereby achieving the metabolic needs of the cells and allowing
certain organelles to be renewed.4,22 In normal physiological
circumstances, autophagy functions in a protective role to
protect the cell from damage arising from starvation.23,32 In
Kras-dependent cells, basal protective autophagy was increased
by mediating the TAK1–AMPK–mTOR pathway, and thus plays
an important role in maintaining cell viability and tumorigen-
esis. As expected, the inhibition of TAK1 by RA-V could inhibit
the basal autophagy of H441 and H358 cells (Kras-dependent).
This journal is © The Royal Society of Chemistry 2018
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Furthermore, our mechanistic investigations showed that RA-V
inhibits the TAK1/AMPK/mTOR and TAK1/P70S6K pathways in
H441 and H358 cells, and that the activation of TAK1/AMPK/
mTOR pathway by rapamycin could inhibit cell death by RA-V.
Furthermore, the knock down of P70S6K by P70S6K shRNA
could also reduce RA-V-induced cell death. Importantly, RA-V
could inhibit the interaction of TAK1 with P70S6K to inhibit
autophagy in H358 cells. Collectively, these data show that the
inhibition of TAK1 by RA-V can inhibit protective autophagy in
Kras-dependent NSCLCs by inhibiting the TAK1/AMPK/mTOR
and TAK1/P70S6K pathways.
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