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Phosphorylation of AGO2 by TBK1 Promotes the Formation
of Oncogenic miRISC in NSCLC

Xian Zhao,* Yingting Cao, Runhui Lu, Zihan Zhou, Caihu Huang, Lian Li, Jiayi Huang,
Ran Chen, Yanli Wang, Jian Huang, Jinke Cheng, Junke Zheng, Yujie Fu,* and Jianxiu Yu*

Non-small-cell lung cancer (NSCLC) is a highly lethal tumor that often
develops resistance to targeted therapy. It is shown that Tank-binding kinase 1
(TBK1) phosphorylates AGO2 at S417 (pS417-AGO2), which promotes NSCLC
progression by increasing the formation of microRNA-induced silencing
complex (miRISC). High levels of pS417-AGO2 in clinical NSCLC specimens
are positively associated with poor prognosis. Interestingly, the treatment
with EGFR inhibitor Gefitinib can significantly induce pS417-AGO2, thereby
increasing the formation and activity of oncogenic miRISC, which may
contribute to NSCLC resistance to Gefitinib. Based on these, two therapeutic
strategies is developed. One is jointly to antagonize multiple oncogenic
miRNAs highly expressed in NSCLC and use TBK1 inhibitor Amlexanox
reducing the formation of oncogenic miRISC. Another approach is to combine
Gefitinib with Amlexanox to inhibit the progression of Gefitinib-resistant
NSCLC. This findings reveal a novel mechanism of oncogenic miRISC
regulation by TBK1-mediated pS417-AGO2 and suggest potential therapeutic
approaches for NSCLC.
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1. Introduction

Lung cancer, especially non-small cell lung
cancer (NSCLC), remains the leading cause
of death worldwide.[1] Although advanced
therapies have been applied for the treat-
ment of lung cancer, there is still no effec-
tive therapeutic strategy for some NSCLC
patients. Moreover, the prolongation of
overall survival is also limited due to
drug resistance.[2] Patients with epidermal
growth factor receptor (EGFR) mutations
have seen little improvement in overall sur-
vival from tyrosine kinase inhibitors.[3–6]

The major reason for the failure of cur-
rently available therapeutic approaches is
the development of drug resistance. This re-
sistance is associated with gene mutations,
cancer stem cells, overexpression of onco-
genes, deletion or inactivation of tumor
suppressor genes,[7–10] and other mecha-
nisms that have not yet been determined.

RNA-based therapeutics is a promising field that has gained
a lot of attention recently. They can target specific genes and si-
lence them, which can enhance the effects of chemotherapy and
immunotherapy.[11–14] Compared to conventional drugs, RNA-
based therapies including antisense oligonucleotides (ASOs),
small interfering RNAs (siRNAs), and microRNAs (miRNAs),
have many advantages, such as high specificity, low toxicity,
and easy delivery.[15,16] MiRNAs are endogenous small non-
coding RNAs involved in gene expression regulation at the post-
transcriptional level through degradation of target messenger
RNAs (mRNAs) or inhibition of translation. They play diverse
roles in various physiological and pathophysiological progres-
sions, including tumorigenesis and progression,[17,18] cell-cycle
regulation,[19] cell metabolism,[20] and immune response.[21] It
is highly noteworthy that oncogenic miRNAs such as miR-21
are highly expressed in NSCLC and participate in the occur-
rence, development, and metastasis of tumors.[22–25] Therefore,
anti-oncogenic miRNA therapy is a potential and effective treat-
ment method. Moreover, recent studies have indicated that some
oncogenic miRNAs contribute to the resistance of EGFR mutated
NSCLC tumors to TK inhibitors.[26,27] Therefore, a miRNA-based
combination therapeutic strategy is promising and beneficial for
improving therapeutic response. The key challenge is to explore
effective target miRNAs and combination approaches.

In human, primary miRNA is initially processed into pre-
cursor miRNA by DROSHA/DGCR8, and the latter is further
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processed into a miRNA duplex by DICER/TARBP2.[28] Once the
miRNA duplex is recruited to AGO2, these two strands are un-
wound, thus starting a mature miRNA-induced silencing com-
plex (miRISC) formation.[29] The guide strand of miRNA loaded
into AGO2 leads to the formation of effective miRISCs, which
regulate gene expression by targeting mRNAs, while the passen-
ger strand of miRNA is degraded or recycled.[30–35] The miRISC
formation is influenced by various factors, such as the thermody-
namic stability, sequence and structure of the miRNA duplex.[36]

The miRISC loading complex (miRLC) consists of AGO2, DICER
and TARBP2 proteins and facilitates miRISC formation.[30–32]

Our previous studies have shown that SUMOylation of TARBP2
promotes AGO2 and pre-miRNA loading into miRLC, result-
ing in the formation of effective miRISC.[32] We also found that
hypoxia-induced Met1-linked linear ubiquitination of AGO2 sup-
presses miRNA-targeted mRNA recruiting to AGO2, and thereby
decreasing miRNA efficiency.[37] However, the detailed mecha-
nism of how a mature miRNA is loaded into AGO2 and whether
the unknown key modification of AGO2 is involved in miRISC
formation and miRNA activity are still unclear.

Tank-binding kinase 1 (TBK1) and its homologue IKK𝜖 are
serine/threonine kinases that activate type I IFN and antivi-
ral immunity by phosphorylating IRF3 and IRF7.[38] Upon vi-
ral infection, the stimulator of interferon genes (STING) binds
with TBK1, thus to enhance the phosphorylation of TBK1 at
S172 (pS172-TBK1), which is located within the classical ki-
nase activation loop of TBK1.[39] TBK1 is also involved in cancer
progression,[40] but its mechanism is unclear. We showed that
TBK1 phosphorylates AGO2 and regulates the formation and ac-
tivity of miRISC. The high phosphorylation level of AGO2 is as-
sociated with poor prognosis in NSCLC patients and drug re-
sistance. Targeting AGO2 phosphorylation may offer a potential
novel therapeutic strategy for NSCLS.

2. Results

2.1. TBK1 Promotes miRNA-Guided Gene Silencing by Directly
Interacting with AGO2

To easily detect miRNA activity, we generated the miR-21-GFP
Reporter System (the plasmid named as GFP-4×miR21-BS), in
which four repetitive miR21 binding site sequences were con-
structed into the 3′-untranslated region (3′-UTR) of GFP gene
(Figure S1A, Supporting Information). To investigate whether
TBK1 is involved in the regulation of miRNA activity, H1299 and
A549 cells transfected GFP-4×miR21-BS plasmid were treated
with IL-1𝛽 for indicated times, and then harvested for Western
blotting (WB) analysis on the levels of GFP protein and pS172-
TBK1. We found that both pS172-TBK1 and miR-21 activity were
in parallel increased over time in response to IL-1𝛽 stimulation
(Figure 1A,B; Figure S1B–D, Supporting Information), indicat-
ing that TBK1 is potentially involved in the regulation of miRNA
activity. Therefore, first of all, we wanted to know whether AGO2
has physical interaction with TBK1. Lysates from HeLa cells were
used for reciprocal co-immunoprecipitation (Co-IP) with either
anti-TBK1 (Figure 1C) or anti-AGO2 antibody (Figure 1D), and
followed by WB analysis to show that endogenous AGO2 in-
deed interacted with TBK1. Further to confirm the direct interac-
tion between AGO2 and TBK1, bacterially expressed glutathione

S-transferase (GST)-tagged AGO2 protein was incubated with
lysates from HeLa cells for GST pull-down assay, which showed
that TBK1 directly bound to AGO2 (Figure 1E). Considering that
AGO2 is an RNA binding protein, we further tested whether
the interaction between AGO2 and TBK1 depends on RNA. In-
deed, the result confirmed that this interaction was indepen-
dent of RNA (Figure 1F). TBK1 is activated with pS172-TBK1 by
lipopolysaccharide (LPS) and pathogen nucleic acids which trig-
ger the activation of TLR3/4 and cGAS-STING signaling axis.[39]

Interestingly, the interaction of AGO2 and the active form pS172-
TBK1 in HeLa cells was significantly enhanced after LPS treat-
ment (Figure 1G).

Next, we attempted to explore whether TBK1 influences the
function of AGO2 mediating miRNA-guided gene silencing. We
generated an inactive mutant of TBK1 with a substitution of ala-
nine for serine at position 172 (S172A),[41] which abrogates its
auto-phosphorylation and activation. We then co-transfected the
miR-21 or let-7a mimics, Myc-AGO2, and Flag-TBK1WT or Flag-
TBK1S172A into HeLa cells, and then determined the expression
level of PTEN or HMGA2 by WB analysis, because PTEN and
HMGA2 are direct target of miR-21[42] and let-7,[43] respectively.
The results showed that AGO2 enhanced the inhibitory effect
of miR-21 or let-7a on the expression of PTEN or HMGA2, re-
spectively, which was greatly augmented by TBK1WT, but not
by TBK1S172A (Figure 1H; Figure S1D, Supporting Information).
Moreover, we employed miR-21 or let-7 miRISC luciferase re-
porter assay, in which four repetitive miR21 or let-7a binding
site (BS) sequences was reconstructed into the 3′-UTR of Renilla
luciferase in the psiCHECK2 vector getting a reporter construct
psiCHECK2-4×miR21/let-7a-BS, and the miRISC luciferase ac-
tivity was normalized by Firefly luciferase. Above construct was
co-transfected together with the miR-21 or let-7a mimics, AGO2
and TBK1WT or TBK1S172A into 293T cells, and the reporter activ-
ity was measured. The luciferase assays showed that AGO2 sig-
nificantly increased the inhibition of the luciferase reporter activ-
ities, which could be significantly enhanced by TBK1WT, but not
by TBK1S172A (Figure 1I; Figure S1H, Supporting Information).
To further confirm this, we co-transfected GFP-4×miR21/let-7a-
BS, AGO2 and TBK1WT or TBK1S172A into HeLa cells, and the
GFP protein level was detected by WB analysis. As expectedly,
the similar results were obtained that the GFP expression level
was suppressed AGO2, and this effect was more pronounced by
TBK1WT, but not by TBK1S172A (Figure 1J; Figure S1F, Supporting
Information).

In miRISC silencing, AGO2 are a crucial component that
is directed to the target mRNAs through base pairing with
miRNA. Full complementarity between siRNA/miRNA and its
target mRNA results in AGO2-mediated cleavage, commonly re-
ferred to as “slicing” of the target mRNA.[44] To examine whether
TBK1 plays a role in AGO2-mediated gene slicing, we designed
a 5′-biotin-miR-21 target RNA containing native miR-21-targeted
sequences (Figure S1G, Supporting Information). Lysates from
293T cells co-transfected Flag-AGO2 with TBK1WT or TBK1S172A

were Co-IPed with anti-Flag antibody, then AGO2 complexes
were purified with 3xFlag peptide. The biotin-miR-21 target RNA,
miR-21 duplex (Figure 1K) or pre-miR-21 (Figure 1L) were in-
cubated with/without AGO2 complexes for the in vitro target
RNA slicing assay. The results showed that in the reactions with-
out AGO2 complexes, no cleavage product was observed. As
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Figure 1. TBK1 directly interacts with AGO2 and promotes miRNA-guided gene silencing. A,B) H1299 A) or A549 B) cells transfected with GFP-4×miR-
21-BS were treated with IL-1𝛽 (10 ng ml−1) for the indicated time, and then harvested for the miR-21 miRISC GFP reporter assay. C) HeLa cell lysates
were used for Co-IP with anti-TBK1 antibody, and followed by Western blotting analysis with anti-AGO2 antibody. D) HeLa cell lysates were used for
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expectedly, TBK1WT increased target RNA cleavage with miR-
21 or pre-miR-21, while TBK1S172A mutant had no effect in the
level of cleavage products, indicating that TBK1 promotes AGO2-
mediated miRNA-guided gene slicing in vitro. Taken together, all
above results reveal that TBK1 directly interacts with AGO2 and
promotes miRNA-guided gene silencing dependent on its kinase
activity.

2.2. TBK1 Promotes miRNA Loading to AGO2 to Form Effective
miRISC

Next, we investigated the mechanism by which TBK1 modulates
the efficiency of miRNA-mediated gene silencing by miRISC.
The formation of mature miRISC involves at least two steps: the
loading of the miRNA duplex (miRNA/miRNA*) onto AGO2,
followed by the unwinding of miRNA duplex and AGO2 select-
ing the guide strand within miRISC.[29,45] Therefore, we first per-
formed the in vitro miRNA loading assays to determine whether
TBK1 participates in the process of miRNA loading onto AGO2.
Lysates from TBK1-knockout (by an CRISPR-Cas9 system) HeLa
cells were immunoprecipitated (IP-ed) by anti-AGO2 antibody,
and then the protein A/G beads were co-incubated with puri-
fied biotin-miR-21 duplex. The guide strand loaded onto AGO2
detected by Northern blotting (NB) was significantly reduced in
TBK1 deficiency (Figure 2A). Similarly, by using biotin-labelled
pre-let-7a-3, the binding of mature let-7a to AGO2 was signifi-
cantly reduced by TBK1 knockdown (with shRNA) (Figure S2A,
Supporting Information) whereas greatly enhanced by overex-
pression of TBK1 (Figure S2B, Supporting Information). These
results suggest that TBK1 can promote miRNA loading to AGO2.
Further to investigate whether this effect of TBK1 is dependent
on its kinase activity, we performed the similar in vitro miRNA
loading assays by using lysates from 293T cells co-transfected
TBK1WT or inactive mutant TBK1S172A and Flag-AGO2 for IP. Pu-
rified biotin-miR-21 duplex (Figure 2B) and biotin-labelled pre-
miR-21 (Figure 2C) were added in the IP, respectively. The guide
strand /mature miR-21 loaded onto AGO2 was detected by NB,
showing that the binding of mature miR-21 to AGO2 was sig-
nificantly increased by TBK1WT but not by TBK1S172A in vitro
(Figure 2B,C). In addition, we also performed in vivo RIP-NB ex-
periments and obtained the same results, that is, TBK1 deficiency
decreased (Figure 2D) whereas TBK1 overexpression increased
endogenous miR-21 (Figure 2E) or miR-let-7a (Figure S2C, Sup-
porting Information) loading into AGO2 of miRISC, in which its
kinase activity is required (Figure 2E).

To validate TBK1 promoting miRISC formation, cell lysates
from 293T cells transiently expressing Flag-AGO2 and TBK1WT

or TBK1S172A were incubated with streptavidin-Dynabeads-
coupled-biotinylated miR-21 duplex mimics for the pull-down as-
says, showing that AGO2 (in beads) recruited to miR-21 mim-
ics was significantly increased by TBK1WT but not by TBK1S172A

(Figure 2F). We also performed a unwinding assay of miR-21
duplex mimics in vitro, and showed that single-stranded RNA
(ssRNA) molecules unwound from the double-stranded RNA
(dsRNA) of miR-21 duplex mimics were significantly increased
by TBK1WT but not by TBK1S172A (Figure 2G), indicating that
TBK1 facilitated AGO2-mediated the unwinding of miRNA du-
plex. Moreover, we performed an RISC-capture assay, in which
the biotin-tagged miR-21 target RNA was incubated with cell
lysates from 293T cells co-transfected with indicated plasmids
and miR-21 duplex mimics to pull down the activated mature
miRISC. The results showed that the AGO2:miRNA complexes
captured by biotin-tagged miR-21 targeted RNA were strongly
enhanced by TBK1WT but not by TBK1S172A, which suggested
TBK1 promoting miRISC formation (Figure 2H). To further con-
firm that the kinase activity of TBK1 is particularly required for
miRNA loading and miRISC formation, we introduced the con-
stitutive active form of myr-AKT1 featuring N-terminal attached
myristoylation signal into the experiments. Flag-AGO2 was co-
transfected with TBK1WT, TBK1S172A, or TBK1S172A/myr-AKT1
into 293T cells. Lysates were used for in vitro miRNA loading
assay (Figure S2D, Supporting Information) and a biotinylated
miRNA-Streptavidin pull down assay (Figure S2E, Supporting In-
formation). The results showed that the loading of mature miR-
21 to AGO2 was significantly increased by TBK1WT, but not by
TBK1S172A only, TBK1S172A and myr-AKT (Figure S2D,E, Support-
ing Information). Taken together, above results demonstrate that
TBK1 promotes miRNAs loading into AGO2 and miRISC forma-
tion in a kinase-dependent manner.

2.3. TBK1 Phosphorylates AGO2 at S417 to Enhance the
Formation and Activity of miRISC

Since TBK1 directly interacted with AGO2, we speculated that
AGO2 is a substrate of TBK1. To verify this, several biochemistry
experiments were conducted. 293T cells transfected with Myc-
AGO2 with or without Flag-TBK1 were lysed for IP with anti-
phospho-Ser/Thr (pS/T) antibody, and followed by WB with anti-
Myc antibody, showing that overexpression of TBK1 increased
the pS/T level of AGO2 compared with the vector (Figure 3A).
On the contrary, knockdown of TBK1 decreased the pS/T level of

Co-IP with anti-AGO2 antibody, and followed by Western blotting analysis with anti-TBK1 antibody. E) Purified GST-AGO2 was incubated with HeLa cell
lysates for pull-down assay. F) Lysates form 293T cells transfected with Myc-AGO2 were treated with RNase (100 ng ml−1) for 30 min at 37 °C, and then
used for Co-IP with anti-Myc antibody, and followed by Western blotting analysis with anti-TBK1 antibody. G) HeLa cells transfected with Myc-AGO2
were treated with LPS (1 μg ml−1) for 12 h before harvested. Lysates were used for IP with anti-Myc antibody, and followed by Western blotting analysis
with pS172-TBK1 antibody. H) Lysates form HeLa cells co-transfected miR-21 duplex, Myc-AGO2 with Flag-TBK1WT or TBK1S172A were used for Western
blotting analysis with anti-PTEN antibody. I) 293T cells co-transfected miR-21 duplex mimics, psiCHECK2-4×miR21-BS, Myc-AGO2 with Flag-TBK1WT

or TBK1S172A were harvested for the dual-luciferase activity assay. The Renilla luciferase values were normalized to the Firefly luciferase activity and
plotted as relative luciferase activity. Data were presented as mean ± SD, n = 3. Statistical analysis was performed using one-way ANOVA. ****p <

0.0001. J) HeLa cells co-transfected miR-21 duplex mimics, GFP-4×miR-21-BS, Myc-AGO2 with Flag-TBK1WT or TBK1S172A were harvested for Western
blotting analysis with anti-GFP antibody. K-L) Lysates from 293T cells co-transfected Flag-AGO2 with TBK1WT or TBK1S172A were immunoprecipitated by
Flag-AGO2, and then this purified AGO2 protein were co-incubated with miR-21 duplex K) or pre-miR-21 L) and biotin-tagged miR-21 target for in vitro
target RNA slicing assay. The cleavage products were detected on 20% urea PAGE by Northern blotting analysis.
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Figure 2. TBK1 promotes miRNAs loading and miRISC formation. A) Lysates from HeLa-Tbk1+/+ and HeLa-Tbk1−/- cells were immunoprecipitated by
AGO2, and then the beads coupled with AGO2 were co-incubated with biotin-miR-21 duplex for in vitro miRNA loading assay. The miR-21 associated with
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AGO2 in HeLa cells (Figure 3B). Moreover, bacterially expressed
GST-AGO2 protein was added to lysates from 293T cells ectopi-
cally expressing TBK1 or the vector for the incubation overnight,
subsequently pulled down by GST-beads for immunoblotting
with anti-pS/T antibody, showing that GST-AGO2 protein in in-
cubation with lysates from 293T cells overexpressing TBK1 was
phosphorylated much higher than that from cells transfected the
control vector (Figure 3C). An in vitro kinase assay was also car-
ried out, in which bacterially expressed GST-AGO2 and puri-
fied Flag-TBK1 from 293T cells were co-incubated in the kinase
buffer for reaction, subsequently pulled down by GST beads and
immunoblotted by anti-pS/T antibody. The result showed that
TBK1 was capable of catalyzing AGO2 phosphorylation in vitro
(Figure 3D). Above results demonstrated that TBK1 is a new ki-
nase for AGO2.

In order to identify TBK1-dependent phosphorylation site of
AGO2, first we used the PhosphoSitePlus program to predict that
the sequence QPPS417*ILY of AGO2 protein is a highly conserved
motif of TBK1.[46] We have confirmed that S417 was indeed phos-
phorylated by mass spectrometry analysis (Figure S3A, Support-
ing Information). 293T cells transfected with Myc-AGO2WT or
the point mutant Myc-AGO2S417A were lysed for IP with anti-
pS/T antibody, and followed by immunoblotting analysis with
anti-Myc antibody, showing that the pS/T level of AGO2S417A was
greatly reduced compared to that of AGO2WT (Figure 3E), sug-
gesting that S417 is a phosphorylation site of AGO2. The Phos-
tag SDS-PAGE analysis further confirmed the S417 is a major
phosphorylation site of AGO2 (Figure 3F).

To further confirm pS417 of AGO2 truly occurs in vivo, we
generated a homemade antibody specifically against pS417 (anti-
pS417). To characterize the specificity of the antibody, we per-
formed the dot-blot assay to find that the anti-pS417 antibody
preferentially detected the phosphorylated peptide other than
the unmodified peptide (Figure S3B, Supporting Information).
The same in vitro kinase assay as Figure 3D was performed
showing that TBK1 catalyzed pS417-AGO2 (Figure 3G). By us-
ing this homemade AGO2 specific anti-pS417 antibody, lysates
from H358 cells were used for IP with anti-AGO2 antibody and
then immunoblotted by anti-pS417 antibody, showing that en-
dogenous pS417-AGO2 could be detected (Figure 3H). We also
verified that the level of pS417-AGO2 was significantly decreased
by stable knockdown of TBK1 in H1299 (H1299-shTBK1) cells
(Figure 3I) whereas it was increased by ectopically expressing
TBK1 in H1299 (H1299-TBK1) cells (Figure 3J). Further, we de-
tected the levels of pS417-AGO2 in different cell types treated

with Lipopolysaccharides (LPS) for indicated time and found that
the levels of pS417-AGO2 were induced in various cell types after
LPS stimulation (Figure 3K; Figure S3C–F, Supporting Informa-
tion). On the contrary, the levels of pS417-AGO2 were reduced in
A549 (Figure 3L), H1975 (Figure S3G, Supporting Information)
and H1299 cells (Figure S3H, Supporting Information) by Am-
lexanox, which is a specific inhibitor of TBK1[47] and used to treat
recurrent aphthous ulcers.[48] Taken together, we proved TBK1
specifically phosphorylated AGO2 at S417 in vitro and in vivo.

To identify whether pS417-AGO2 takes participate in the for-
mation and activity of miRISC, we performed four similar exper-
iments as in Figure 2. The in vitro miRNA loading assay showed
that the guide strand of miR-21 loading to AGO2S417A was atten-
uated compared to that of AGO2WT (Figure 3M). The dsRNA un-
winding assay displayed that the formation of miR21-guide (ss-
RNA) molecules from miR-21-duplex (dsRNA) was attenuated
with AGO2S417A, compared to that of AGO2WT (Figure 3N). The
biotinylated miRNA-Streptavidin pull-down assay showed that
AGO2S417A (in beads) recruited to miR-21 mimics was signifi-
cantly decreased compared with AGO2WT (Figure 3O). Finally,
the in vitro target RNA slicing proved that more cleavage products
were observed in AGO2WT group than that in AGO2S417Agroup
(Figure 3P). Collectively, above results demonstrated that TBK1
phosphorylates AGO2 at S417 to enhance the formation and ac-
tivity of miRISC.

2.4. pS417-AGO2 Promotes NSCLC Progression

To explore the biological function of pS417-AGO2, we first exam-
ined the level of pS417-AGO2 in various lung cancer cell lines
with the specific anti-pS417 antibody. Among them, WI38/VA13
is a normal human lung fibroblast cell line, 16HBE is a normal
human bronchial epithelial cell line, and the rest are NSCLC
cell lines. The results showed that the level of pS417-AGO2 in
NSCLC cell lines was much higher than that in normal cell
lines (Figure 4A). We generated stably re-expressing AGO2WT or
AGO2S417A in H358-shAGO2 and H1299-shAGO2, in which en-
dogenous AGO2 was silenced by using the lentiviral shRNA sys-
tem (Figure S4A,B, Supporting Information). To explore whether
pS417-AGO2 affects cell transforming potential, we performed a
soft agar colony-forming assay of stable H358 cell lines. The re-
sults showed that silencing of endogenous AGO2 in H358 cells
decreased anchorage-independent colony formation and growth,
which was rescued by re-expression of AGO2WT but not mutant

AGO2 was detected by Northern blotting analysis. B-C) Lysates from 293T cells co-transfected Flag-AGO2 with TBK1WT or TBK1S172A were immunopre-
cipitated by Flag-AGO2, then the beads were co-incubated with purified biotin-miR-21 duplex B) or pre-miR-21 C) for in vitro miRNA loading assay. The
miR-21 associated with AGO2 was detected by Northern blotting analysis. D) HeLa-Tbk1+/+ and HeLa-Tbk1−/− cells were lysed by for the RIP-NB assay
with anti-AGO2 antibody, and then endogenous miR-21 associated with AGO2 was detected by Northern blotting analysis with biotin-miR-21 probe. E)
293T cells co-transfected Myc-AGO2 with Flag-TBK1WT or TBK1S172A were lysed by for the RIP-NB assay with anti-Myc antibody, and then endogenous
miR-21 associated with AGO2 was detected by Northern blotting analysis with biotin-miR-21 probe. F) Lysates from 293T cells co-transfected Flag-AGO2
with TBK1WT or TBK1S172A were incubated with streptavidin-Dynabeads-coupled-biotinylated miR-21 duplex for biotinylated RNA-streptavidin pull down
assay. AGO2 pulled down by miR-21 on the beads and not pulled down by miR-21 in the supernatant were examined by Western blotting analysis with
anti-Flag antibody. G) Flag-AGO2 purified from 293T cells co-transfected Flag-AGO2 with TBK1WT or TBK1S172A using 3×Flag peptide was incubated with
miR-21 duplex mimics for miR-21 unwinding assays. The single-stranded (ss) RNA molecules unwinding from double-stranded (ds) miR-21 substrates
was detected on native polyacrylamide gels. H) Lysates from 293T cells co-transfected Flag-AGO2 with TBK1WT or TBK1S172A were co-incubated with
miR-21 duplex and biotin-tagged miR-21 target RNA. Complex of AGO2, miR-21, and miR-21 target RNA was pulled down by streptavidin beads, and
then detected by Western blotting analysis with anti-Flag antibody.
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Figure 3. TBK1 phosphorylates AGO2 at S417 to enhance the formation and activity of miRISC. A) 293T cells transfected with Myc-AGO2 with or without
Flag-TBK1 were lysed for IP with anti-phospho-Ser/Thr antibody, and followed by Western blotting analysis with anti-Myc antibody. B) Lysates from HeLa-
shTBK1 or -pLKO.1 stable cells were used for IP with anti-phospho-Ser/Thr antibody, and followed by Western blotting analysis with anti-Myc antibody.
C) Purified GST-AGO2 protein was incubated in lysates from 293T cells expressing Flag-TBK1 or the control vector. The phosphorylation of GST-AGO2
was analyzed by GST pull-down and followed by Western blotting analysis with anti-phospho-Ser/Thr antibody. D) Purified GST-AGO2 and Flag-TBK1
were co-incubated in the kinase reaction buffer containing ATP, subsequently the phosphorylation of GST-AGO2 was analyzed by GST pull-down and
followed by Western blotting analysis with anti-phospho-S/T antibody. E) 293T cells transfected with Myc-AGO2WT or Myc-AGO2S417A were lysed for IP

Adv. Sci. 2024, 11, 2305541 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2305541 (7 of 20)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

AGO2S417A (Figure 4B). The 3D culture assay showed that knock-
down of AGO2 in H1299 cells abolished cell penetrating into the
matrigel, but instead, growing into tight colonies. Re-expressed
AGO2WT cells proliferated diffusely and exhibited dispersed mor-
phology, reflecting the great ability to invade the extracellular ma-
trix. In contrast, AGO2S417A cells grew into compact and round
colonies (Figure 4C). Consistent with these results, the forma-
tion of vasculogenic mimicry (VM) was enhanced by ectopic ex-
pression of AGO2WT but not AGO2S417A (Figure 4D). To further
investigate whether pS417-AGO2 also influences tumor growth
in vivo, above stable H1299 cell lines were subcutaneously inocu-
lated into the backs of nude mice for the xenograft tumor growth
assay. The photographs (Figure 4E) were taken and weight of tu-
mors (Figure 4F) was measured, showing that the size and av-
erage weights of tumors in the AGO2S417A group were reduced
compared to those of in the AGO2WT. We have validated that the
level of pS417-AGO2 in AGO2WT xenograft tumors was much
higher than that of in AGO2S417A xenograft tumors (Figure S4C,
Supporting Information).

Next, we investigated the levels of pS417-AGO2 in NSCLC
specimens and their paired adjacent normal tissues by WB,
showing that the levels of pS417-AGO2 were significantly higher
in tumors than those in adjacent normal tissues (Figure 4G and
Table S1, Supporting Information). To further support this, we
performed immumo-histochemical staining (IHC) with pS417-
AGO2 antibody to detect the levels of pS417-AGO2 in NSCLC
tissue arrays (Table S2, Supporting Information) and Lung can-
cer tissue arrays (Table S3, Supporting Information), showing
that the levels of pS417-AGO2 were significantly higher in tu-
mors than those in normal tissues (Figure 4H–J; Figure S4D,
Supporting Information). We also found that the levels of
pS417-AGO2 were different in the pathological sub-stage-groups
(Figure S4E,F, Supporting Information). Importantly, the ratio of
pS417-AGO2/AGO2 was significantly elevated in NSCLC sam-
ples (Figure 4K) and was positively correlated with tumor grade
(Figure 4L). In contrast to the observed alterations in pS417-
AGO2 levels, the overall level of AGO2 protein remained rela-
tively stable, indicating no significant changes between NSCLC
and normal tissues (Figure S4G, Supporting Information). Of the
samples analyzed, 83.33% of NSCLC specimens exhibited an in-
crease in pS417-AGO2 levels, with a decrease observed in 5% of
the cases. On the contrary, at the levels of AGO2 protein, 33.33%
of NSCLC samples showed an increase while 53.33% of sam-
ples showed a decrease (Figure S4H, Supporting Information).

Moreover, analyses of AGO2 protein levels in the public database
of Clinical Proteomic Tumor Analysis Consortium (CPTAC) re-
vealed a decrease in both lung adenocarcinoma (n = 111) and
lung squamous cell carcinoma samples (n = 110) (Figure S4I–K,
Supporting Information). So, we concluded that the increase in
pS417-AGO2 levels in NSCLC was not attributed to the increase
in AGO2 protein itself. Taken together, above findings demon-
strate that pS417-AGO2 promotes NSCLC development and the
high pS417-AGO2 levels are positively correlated with NSCLC
progression, indicating that high pS417-AGO2 level is a risk fac-
tor of NSCLC, and it may be a potential therapeutic target.

2.5. pS417-AGO2 Promotes the Loadings of High-Abundance
Oncogenic miRNAs into AGO2 in NSCLC

In order to explore the global impact of pS417-AGO2 on the
miRNA pathway, we performed three high-through sequences
including miRNA-Seq, AGO2-RIP-Seq, and mRNA-Seq on above
stable cells H1299-shAGO2-Flag-AGO2WT and H1299-shAGO2-
Flag-AGO2S417A. Based on the miRNA-Seq, the miRNA profiles
were analyzed to display that a few of miRNAs were changed
between AGO2WT and AGO2S417A (Figure S5A, Supporting In-
formation). The AGO2-RIP-Seq results showed that miRNAs as-
sociated with AGO2S417A were significantly decreased compared
to those with AGO2WT by analyses of cumulative distribution
curve (Figure 5A) and density distribution diagram (Figure 5B).
We divided miRNAs into the low affinity group (RIP down-
enrichment, log2 [ fold change] < 0.5, RIP/input≥1) and the high
affinity group (RIP up-enrichment, log2 [ fold change] ≥ 0.5,
RIP/input≥1) according to the binding capability with AGO2S417A

versus AGO2WT. Distribution plot analysis showed that miR-
NAs in the low affinity group were more than that in the high
affinity group (Figure 5C). pS417-AGO2 may be required for
the loading of critical miRNAs involved in the regulation of cell
proliferation, drug-resistance, immune response and autophagy,
such as miRNA-21,[49] miR-155,[50,51] miR-17[52] and miR-221[53]

(Figure 5C). By combination analysis of above AGO2-RIP-Seq
and miRNA-Seq data, we found that the proportion of top 10
abundant miRNAs in H1299 cells was ≈92% (Figure S5B, Sup-
porting Information). The five most abundant miRNAs, includ-
ing miR-100-5p, miR-148-3p, miR-10a-5p, miR-24-3p, and miR-
21-5p, belong to the low affinity group (Figure 5D), and most
importantly, they are oncogenic miRNAs. Moreover, the binding

with anti-phospho-S/T antibody, and followed by Western blotting analysis with anti-Myc antibody. F) Phos-tag SDS-PAGE showing the phosphorylation
level of Myc-AGO2WT or Myc-AGO2S417A in 293T cells co-transfected with TBK1. G) Purified GST-AGO2 and Flag-TBK1 were co-incubated in the kinase
reaction buffer containing ATP, subsequently the phosphorylation of GST-AGO2 was analyzed by GST pull-down and followed by Western blotting
analysis with specific pS417-AGO2 antibody. H–J) Lysates from H358 cells (H), stable cells H1299-shTBK1 or -pLKO.1 I), and H1299-TBK1 or -Ctrl ()
were used for IP with anti-AGO2 antibody, and then immunoblotted by specific pS417-AGO2 antibody. K) HeLa cells treated with LPS (1 μg ml−1) for the
indicated times were lysed for Western blotting analysis by using the specific pS417-AGO2 antibody. L) A549 cells treated with Amlexanox for 12 h before
harvested. Lysates were used for Western blotting analysis with the indicated antibodies. M) Lysates from 293T cells transfected with Flag-AGO2WT

or Flag-AGO2S417A were immunoprecipitated by Flag-AGO2, then the beads were co-incubated with biotin-tagged miR-21 duplex for in vitro miRNA
loading assay. The miR-21 recruited to AGO2 was detected by Northern blotting analysis. N) Flag-AGO2 or Flag-AGO2S417A purified from 293T cells
using 3×Flag peptide was incubated with miR-21 duplex mimics for miR-21 unwinding assays. The single-stranded (ss) RNA molecules unwinding from
double-stranded (ds) miR-21 substrates was detected on native polyacrylamide gels. O) Lysates from 293T cells transfected with Flag-AGO2WT or Flag-
AGO2S417A were incubated with streptavidin-Dynabeads-coupled-biotinylated miR-21 duplex for biotinylated RNA-streptavidin pull down assay. AGO2
pulled down by miR-21 on the beads and not pulled down by miR-21 were examined by Western blotting analysis with anti-Flag antibody. P) Lysates from
293T cells transfected with Flag-AGO2WT or Flag-AGO2S417A were immunoprecipitated by Flag-AGO2, and then were co-incubated with miR-21 duplex
and biotin-tagged miR-21 target for in vitro target RNA slicing assay. The cleavage products were detected by Northern blotting analysis.
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Figure 4. Phosphorylation of AGO2 at S417 promotes NSCLC progression. A) The phosphorylation levels of AGO2 in normal human bronchial epithelial
cell line 16HBE, normal human lung fibroblasts cell line WI38, and NSCLC cell lines H1975, H1972, H460, H1299, H358 and A549 were analyzed by
Western blotting analysis with specific anti-pS417-AGO2 and anti-AGO2 antibodies. B) Soft agar colony formation assay for H358 stable cell lines was
performed according to Methods. Data were presented as mean ± SD, n = 3. Statistical analysis was performed using one-way ANOVA. ****p < 0.0001.

Adv. Sci. 2024, 11, 2305541 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2305541 (9 of 20)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

affinity of the top 10 most abundant miRNAs to AGO2S417A was
significantly decreased compared to that of AGO2WT (Figure 5E).
To further confirm this, RIP-qRT-PCR was performed to show
that the most abundant endogenous miRNAs, including miR-
100-5p, miR-148-3p, miR-10a-5p, miR-24-3p, miR-21-5p, and
miR-9-5p, had significantly lower binding levels with AGO2S417A

than with AGO2WT (Figure 5F).
To define gene expression post-transcriptionally regulated by

pS417-AGO2, differentially expressed genes (DEGs) of mRNA-
Seq were screened out according to the criteria of log2 [ fold
change] ≥ 0.5 (up-regulated) or log2 [ fold change] < 0.5 (down-
regulated). We identified 2210 up-regulated and 1743 down-
regulated transcripts in AGO2S417A group compared to that in
AGO2WT group (Figure 5G; Figure S5C, Supporting Informa-
tion). We further explored the effect of pS417-AGO2 on target
mRNA levels. miRNA targets simultaneously predicted by three
bioinformatic tools TargetScan, miRTarBase and miRDB were se-
lected for the cumulative fraction analysis, showing that targets
of down-enrichment miRNAs in the AGO2S417A group were more
abundant than in the AGO2WT group (Figure 5H). Similarly,
the target mRNA levels of top 10 abundant miRNAs were also
much higher in AGO2S417A group than those in AGO2WT group
(Figure 5I). Above results reveal that pS417-AGO2 promotes the
loading of high-abundance oncogenic miRNA into AGO2, facili-
tating target mRNA degradation and translational repression in
NSCLC cells.

To further reveal the biological roles of miRNA targets, we
performed functional enrichment analysis of KEGG/Canonical
Pathways and Hallmark/Reactome Gene Sets to display that tar-
gets of top 10 miRNAs were enriched in cancer-associated path-
way such as pathway in cancer, cell cycle, cell apoptosis and so on
(Figure 5J,K). Comprehensive enrichment analysis showed that
targets of top 10 miRNAs were mainly involved in the regulation
of tumorigenesis and development (Figure 5L). Furthermore,
DEGs between AGO2S417A and AGO2WT group were also subject
to the functional enrichment analysis of KEGG/Canonical Path-
ways and Hallmark/Reactome Gene Sets, showing that DEGs
were also enriched in cancer-associated pathway such as pathway
in cancer, cell-extracellular matrix (ECM) interaction, cell cycle
(Figure S5D,E, Supporting Information). Moreover, Gene Ontol-
ogy (GO) analysis showed that DEGs were enriched in the dis-
tinct gene clusters such as extracellular matrix binding, regula-
tion of cell adhesion and so on (Figure S5F,G, Supporting Infor-
mation). Comprehensive enrichment analysis showed that DEGs
regulated by pS417-AGO2 were also involved in the pathway in

cancer (Figure S5H, Supporting Information), which was highly
consistent with the functional properties of top 10 miRNA targets
(Figure 5L).

To evaluate the crossover between top 10 miRNA targets and
DEGs regulated by pS417-AGO2, we performed an integrative
analysis of miRNA targets and DEGs. The circos plot showed
a partial overlap between top 10 miRNA targets and DEGs
(Figure S5I, Supporting Information), suggesting a convergence
of pathways in the two datasets. For a comprehensive compari-
son of significant pathways, we performed pathway enrichment
analysis of miRNA targets and DEGs for meta-analysis using
Metascape. The results indicated a substantial overlap in the en-
riched pathways between miRNA targets and DEGs (Figure 5M).
Taken together, these results demonstrate that p417-AGO2 regu-
lates gene expression profiles mainly by increasing miRISC for-
mation.

2.6. Combining Antagonism of Oncogenic miRNAs and
Reduction of Oncogenic miRISC Formation for the Treatment of
NSCLC

We found that the loading of highly abundant oncogenic miRNAs
into AGO2 to form miRISC was increased in NSCLC, suggesting
that intervening or reducing these oncogenic miRISC formation
could be a promising antitumor therapeutic strategy. Identifying
the optimal miRNA candidates or targets for each disease type
remains a significant challenge in the development of miRNA-
based therapeutics. By combining with our RIP-Seq data, we fur-
ther analyzed the miRNA-Seq data of 30 tumor types in the TCGA
(The Cancer Genome Atlas) database to find the high-abundance
miRNAs (Figure S6A, Supporting Information). To develop a
novel miRNA-based therapeutic strategy for NSCLC patients, we
screened the optimal miRNA combination through univariate
cox analysis. Many studies have shown that miR-21 has onco-
genic effects and is significantly upregulated in tumors compared
to normal tissues. Therefore, we conducted multi-target com-
bination analysis using a set of high-abundance miRNAs cen-
tered around miR-21. The univariate cox analysis revealed that
the combined treatment of miR-21, miR-9, and miR-10b was the
most effective therapeutic strategy (Figure 6A; Figure S6B, Sup-
porting Information). By analyzing public clinical data, we found
that the expression levels of miR-21, miR-9, and miR-10b in a
clinical large sample of NSCLC cases were significantly higher
than those in paired normal tissues (GEO database GSE137140)

C,D) 3D culture growth and vasculogenic mimicry (VM) for H1299 stable cell lines. Representative images of cell morphology C) and vasculogenic
networks D) in extracellular matrix were taken. E,F) H1299 stable cell lines were subcutaneously injected into 6-week-old BALB/c nude mice individually.
Mice were killed after 5 weeks of injection. Tumors were dissected E), and weight was assessed F). Data were presented as mean ± SD, n = 10.
Statistical analysis was performed using one-way ANOVA. **p< 0.01 and ***p< 0.001. (G) The phosphorylation levels of AGO2 in lung adenocarcinoma
specimens and paired adjacent normal tissues were analyzed by Western blotting analysis with the specific pS417-AGO2 antibody. Quantitative analysis
for the ratio of pS417-AGO2/AGO2 (left panel) (n = 17) and representative Western blotting analysis for pS417-AGO2 levels (right panel). H-J) IHC
detection for pS417-AGO2 in lung cancer tissue arrays. (H-I) IHC staining scores for pS417-AGO2 levels in paired normal tissues (n = 60) and NSCLC
tissues (n = 60) were analyzed. Statistical analysis was performed using paired two-tailed t-test. ****p < 0.0001. J) Representative images of IHC staining
for pS417-AGO2 levels in normal tissues and pathological sub-stages of NSCLC tissues. K) pS417-AGO2/AGO2 ratio in normal tissues (n = 60) and
NSCLC tissues (n = 60) were analyzed. Statistical analysis was performed using paired two-tailed t-test. ***p < 0.001. (L) pS417-AGO2/AGO2 ratio in
normal tissues (n = 60) and pathological sub-stages of NSCLC tissues (Grade1-2, n = 35; Grade2-3/Grade2, n = 25) were analyzed. In box plots, the
lines represent the median, first and third quartiles, the whiskers denote the minima and maxima. Statistical analysis was performed using one-way
ANOVA. **p < 0.01 and ****p < 0.0001.
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Figure 5. pS417-AGO2 promotes the loadings of high-abundance oncogenic miRNAs into AGO2 in NSCLC. A–C) Cumulative fraction analysis A), density
distribution map B) and scatter plot C) of RIP-Seq for miRNAs bound to AGO2 in stable cells H1299-shAGO2-Flag-AGO2WT and H1299-shAGO2-Flag-
AGO2S417A. P-value was calculated using a two-sided Mann-Whitney U test for cumulative fraction analysis, n = 172; In box plots, the lines represent
the median, first and third quartiles, the whiskers denote the minima and maxima. D) Scatterplot showing the fold change enrichment and abundance
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(Figure S6C, Supporting Information), and the Kaplan-Meier sur-
vival analysis revealed that patients with the high levels of miR-
21, miR-9, or miR-10b had a lower survival rate in a variety of tu-
mors (Figure 6B; Figure S6D, Supporting Information). We also
detected miR-21, miR-9, and miR-10b loading in xenografted tu-
mors (Figure 4E) by RIP-Northern blotting analysis, showing that
the loadings of these three miRNAs in xenografted tumors of
AGO2WT group were all higher than that of in AGO2S417A group
(Figure 6C), suggesting that their functions were regulated by
pS417-AGO2.

To explore the role of selected miRNAs in NSCLC, antagomiRs
that are synthetic antagonists of miRNAs[54] were utilized for the
colony formation assay. By using three types of antagomiRs to in-
hibit miR-21, miR-9 and miR-10b, respectively, the colony num-
ber was significantly reduced, while the addition of the TBK1 in-
hibitor Amlexanox further enhanced the inhibitory in H1299 and
A549 cells (Figure 6D,E). This result suggests that, in addition to
the three antagomiRs, Amlexanox also interferes with oncogenic
miRISC formation by inhibiting pS417-AGO2 levels, thereby ex-
erting an enhanced synergistic inhibitory effect.

To further access the in vivo therapeutic effect of above strat-
egy, H1299 cells were subcutaneously injected into nude mice.
Once tumors reached an average of 5 mm × 5 mm in size, 5 nmol
of antagomiR(NC), antagomiR(21), or antagomiRs(21+9+10b)
in 50 μl saline buffer were locally injected into the tumors for
twice per week. To avoid the influence of dose effect, the dosage
of each component in the antagomiRs(21+9+10b) mixture was
1.67 nmol, and the total dosage of the antagomiRs(21+9+10b)
mixture was the same as that of antagomiR(21) or an-
tagomiR(NC). Compared with antagomiR(NC), the treatment of
antagomiR(21) greatly reduced tumor sizes (Figure 6F,G) and
weights (Figure 6H). More importantly, the inhibition of tumor
growth by antagomiRs(21+9+10b) was more obvious than that
of antagomiR (21), suggesting that multi-target strategy against
oncogenic miRNAs is superior to the single target strategy.
Moreover, to investigate the combined therapeutic effect of
antagomiRs and Amlexanox in vivo, mice were treated with
Amlexanox (25 mg k−1 g) by intraperitoneal injection for twice
per week. In contrast to only Amlexanox treatment, the com-
bination treatment of Amlexanox and antagomiRs(21+9+10b)
showed the maximum inhibitory effect on tumor growth
(Figure 6F–H). These results reveal that the therapeutic strategy
combining antagonism of oncogenic miRNAs and Amlexanox
reduction of oncogenic miRISC formation provides an effective
approach for the development of miRNA-based therapy for
NSCLC.

2.7. Gefitinib Combined with Amlexanox for the Treatment of
Drug-Resistant NSCLC

Although EGFR tyrosine kinase inhibitors (TKIs) offer an ef-
fective treatment for patients with advanced NSCLC, therapeu-
tic strategies to overcome acquired resistance to EGFR-TKIs in
NSCLC patients remains to be determined. Interestingly, we
found that Gefitinib, the first selective TKI of EGFR, signifi-
cantly increased (Figure 7A) and the loadings of miR-21 and
miR-10b (Figure 7B) to AGO2 in H1299-shAGO2-AGO2WT but
not in H1299-shAGO2-AGO2S417A cells. More importantly, the
Gefitinib-induced pS417-AGO2 was inhibited by the addition
of Amlexanox in H1299-Flag-AGO2 cells (Figure 7C). Accord-
ingly, the treatment of Gefitinib increased loadings of three onco-
genic miRNAs miR-21, miR-10b and miR-9 into AGO2, which
were significantly decreased by the co-treatment with Amlex-
anox (Figure 7D). The levels of pS417-AGO2 varied significantly
among different NSCLC cells (Figure S7A, Supporting Infor-
mation). Notably, the result showed that the levels of pS417-
AGO2 in PC9 and HCC827 were significantly lower than those in
PC9/GR (Gefitinib-acquired Resistant), HCC827/GR (Gefitinib-
acquired Resistant) and other cells examined (Figure S7A, Sup-
porting Information). PC9 and HCC827 cells are distinguished
by the presence of the EGFR exon 19 deletion mutation, ren-
dering them notably responsive to EGFR-TKIs.[55] PC9/GR and
HCC827/GR cells were established from its parental sensi-
tive cell lines PC9 and HCC827 after long time exposure to
Gefitinib. H1299 and H1975 cells also were relatively insen-
sitive to Gefitinib.[56] Amlexanox treatment reduced the lev-
els of pS417-AGO2 in PC9/GR (Figure S7B, Supporting Infor-
mation) and HCC827/GR cells (Figure S7C, Supporting Infor-
mation). Compared with the parental PC9 and HCC827 cells,
PC9/GR (Figure S7C Supporting Information) and HCC827/GR
(Figure S7D Supporting Information) cells showed significantly
stronger resistance to Gefitinib. Since Gefitinib enhanced the
formation and activity of oncogenic miRISCs through TBK1-
mediated pS417-AGO2, which might contribute to acquired re-
sistance to Gefitinib, we speculated that the co-treatment with
Amlexanox may overcome the resistance to Gefitinib. Therefore,
we compared the inhibitory effects of a single Amlexanox or
Gefitinib, and a dual combination on the growth of PC9/GR,
HCC827/GR, H1299 and H1975 cells. The combination of Am-
lexanox and Gefitinib significantly enhanced the inhibitory ef-
fect on the growth of PC9/GR (Figure 7E), H1975 (Figure 7F),
HCC827/GR (Figure S7F, Supporting Information), and H1299
cells (Figure S7G, Supporting Information).

of miRNAs bound to AGO2. Significantly up-enrichment (red), significantly down-enrichment (blue) and top 5 most abundant (purple) miRNAs were
indicated. E) Histograms showing the log2 fold change in the enrichment of top 10 most abundant miRNAs. F) Most abundant miRNAs including miR-
100-5p, miR-148-3p, miR-10a-5p, miR-24-3p, miR-21-5p, miR-9-5p bound to AGO2 were examined by RIP-qPCR. The enrichment of miRNAs associated
with AGO2 was normalized by Input abundance of miRNAs. Data were presented as mean ± SD, n = 3. Statistical analysis was performed using unpaired
two-sided t-test. **p < 0.01, ***p < 0.001 and ****p < 0.0001. G) Scatter plot showing the differentially expressed genes (DEGs) with log2 [fold change]
≥ 0.5 (up-regulated) or log2 [fold change] < 0.5 (down-regulated). H-I) Cumulative fraction analyses for the abundance of targets of down-enrichment
miRNAs in RNA-Seq, n = 2719 H), and the abundance of targets(of top 10 most abundant miRNAs in RNA-Seq, n = 332 I). P-values were calculated
using a two-sided Mann–Whitney U test; In box plots, the lines represent the median, first and third quartiles, the whiskers denote the minima and
maxima. J) KEGG/Canonical Pathways enrichment analysis for targets of the top 10 most abundant miRNAs. K) Hallmark/Reactome Gene sets analysis
for targets of the top 10 most abundant miRNAs. L) Representation of the most enriched pathways within targets of the top 10 most abundant miRNAs.
M) Heatmap showing the top enrichment pathways by targets of the top 10 most abundant miRNAs and DEGs together, one row per cluster, using a
discrete color scale to represent statistical significance.
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Figure 6. Combining antagonism of oncogenic miRNAs and reduction of oncogenic miRISC formation for the treatment of NSCLC. A) The optimal
miRNA combination of miRNA-based therapeutic strategies for NSCLC patients was developed by univariate cox analysis. B) The correlations between
the expression levels of miRNAs (miR-21, miR-10b, miR-9) and the survival of lung adenocarcinoma(LUAD) patients were analyzed by the Kaplan-Meier
analysis and and compared by the log-rank test. C) The miR-21, miR-9, and miR-10b loading in xenografted tumors were detected by RIP-Northern
blotting analysis. D,E) Colony formation assays of H1299 D) and A549 E) cells. Cells were grown in the absence or presence of the indicated only
antagomiRs, Amlexanox, or combinations for 10–12 days, stained and the number of colonies was scored. Data were presented as mean ± SD, n = 3.
Statistical analysis was performed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. F–H) Mice were subcutaneously
injected with 1 × 106 H1299 cells. Once tumors reached an average of 5 mm × 5 mm (14 days), the mice were treated with antagomiRs (5 nmol) by
intratumoral injection and TBK1 inhibitor Amlexanox (25 mg k−1g) by intraperitoneal injection for twice per week. 28 days after inoculation, xenograft
tumors were dissected F), tumor volume G) and weight H) were assessed. Data were presented as mean ± SD, n = 5 in G) and H). Statistical analysis
was performed using unpaired two-sided t-test. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Figure 7. Gefitinib combined with Amlexanox for the treatment of drug-resistant NSCLC. A) H1299-shAGO2-Flag-AGO2WT or
S417A cells were treated

with Gefitinib (5 μM) and together with or without Amlexanox (4 μM) simultaneously for 12 h before harvested. Cells were lysed for IP with anti-Flag
antibody, and then immunoblotted by specific anti-pS417-AGO2 antibody. B) H1299-shAGO2-Flag-AGO2WT or

S417A cells treated with or without Gefitinib
(5 μM) were lysed for the RIP assay with anti-Flag antibody, and then miR-21, miR-10b associated with AGO2 were detected by Northern blotting analysis.
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Next, we explored the combination of Gefitinib and Amlexanox
as a therapy strategy to drug-resistant NSCLC in vivo. We em-
ployed PC9/GR cells for in vivo experiments. We compared the
treatment effects using a lower dose of Gefitinib (20 mg k−1 g)
with/without Amlexanox (20 mg k−1 g) in established tumors
from PC9/GR cells. PC9/GR cells were subcutaneously injected
into nude mice. After two weeks, mice were treated with Gefit-
inb by oral gavage, with/without Amlexanox by intraperitoneal
injection. The results showed that compared to single drug treat-
ment with Gefitinib or Amlexanox, the dual combination ther-
apy resulted in significant tumor regression (Figure 7G–K). Tu-
mor growth arrest proved this (Figure 7G,H). Notably, the average
sizes (Figure 7I,J) and weights (Figure 7K) of tumors in the com-
bination treatment group exhibited a significant reduction com-
pared to those in the vehicle group and the single drug groups.
The combination treatment with Gefitinib and Amlexanox dra-
matically suppressed tumor growth without significant loss of
body weight (Figure 7L). To further verify the results of in vivo
experiments on PC9/GR cells, H1975luc cells were also used for
in vivo experiments. Consistent with in vivo results of PC9/GR
cells, the treatment with the dual combination therapy inhibited
tumor growth more effectively compared with the treatment of
Gefitinb (Figure S7H–L, Supporting Information) without a no-
table loss of body weight (Figure S7M, Supporting Information).
Taken together, these results suggest that oncogenic miRNA load-
ing partially contributes to EGFR-TKI resistance, and the combi-
nation therapy with Amlexanox represents a particularly potent
approach to overcome EGFR-TKI resistance of NSCLC.

3. Discussion

AGO2 plays a central effector role in the miRNA pathway, under-
going post-translational modifications (PTMs) at different loca-
tions, each of which has a specific impact on its function. Multi-
ple evidences have shown that the ubiquitin-proteasome system
controls the stability and turnover of AGO protein.[57–60] Hydrox-
ylation at proline 700 of AGO2 is important for AGO2 stability
and programmed RISC activity.[61] AGO proteins are modified by
poly (ADP-ribose) upon stress, which alleviates miRNA-mediated
translational repression and miRNA-directed mRNA cleavage.[62]

Our previous study showed that acetylation of AGO2 occurring at
three sites K720, K493, and K355 specifically promotes oncogenic
miR-19b biogenesis[63] and Met1-linked linear ubiquitination of
of AGO2 impedes its recruitment of miRNA-targeted mRNAs.[37]

Phosphorylation is the most common PTMs occurring at differ-
ent residues of AGO2. Y529, located in the small RNA 5′-end-
binding pocket of AGO2 protein can be phosphorylated (pY529-
AGO2), which prevents the effective binding of small RNA to

AGO2.[64] pY393-AGO2 mediated by EGFR or c-SRC reduces the
binding of DICER to AGO2 and thereby inhibits miRNA pro-
cessing from long-loop precursor miRNAs to mature miRNAs
in response to hypoxia stress.[65,66] Akt3-mediated pS387-AGO2
facilitates its interaction with GW182 and localization to cytoplas-
mic processing bodies (P bodies), which is a molecular switch
between target mRNA cleavage and translational repression ac-
tivities of AGO2.[67] Phosphorylation of AGO2 at S824-S834, lo-
cated at a structurally unresolved loop of PIWI domain, impairs
its interaction with target mRNA and subsequently suppresses
miRNA-mediated gene silencing.[68,69] TBK1 is known to play im-
portant roles in innate immune signaling[70] and AKT/mTORC1
pathway activation for cancer cell survival.[71] In this study, we
identified that TBK1 catalyzed the phosphorylation of AGO2 at
S417 with Gefitinib, which enhanced miRNA loading to AGO2
to form effective miRISC.

One of the biggest challenges in developing miRNA-based
therapeutics is to identify the best miRNA candidates. Numer-
ous cancer studies have shown that miR-21 has an oncogenic
role and is significantly upregulated in tumors compared with
normal tissues. A recent report analyzing lung adenocarcinoma
sequencing data from TCGA demonstrates that the locus con-
taining the miR-21 gene is amplified, and that amplification in
this genomic region acts as a prognostic marker.[72] However, tar-
geting miR-21 alone is not effective in suppressing tumor cells
in vivo.[73] We used the univariate cox analysis to perform com-
bined calculations on a series of high-abundance miRNAs, and
found the most effective therapeutic strategy that was the com-
bination targeting of miR-21, miR-9, and miR-10b. Indeed, com-
pared with only targeting miR-21 treatment, the combination tar-
geting of miR-21, miR-9, and miR-10b was more effective. More
importantly, we found the antimiRs(21+9+10b) treatment com-
bined with the TBK1 inhibitor Amlexanox, which suppressed the
formation and activity of oncogenic miRISCs, had the best anti-
tumor effect (Figure 6).

Lung cancer is a malignant tumor with one of the highest
morbidity and mortality rates.[1] Active mutations in driver genes
such as EGFR and KRAS are commonly present in patients and
are key targets for anti-tumor therapy. EGFR-TKIs provide an
effective treatment for NSCLC patients, however the treatment
strategy for overcoming acquired resistance to EGFR-TKIs in
NSCLC patients remains to be determined. We found that Gefi-
tinib induced pS417-AGO2, thereby promoting the loadings of
oncogenic miRNAs into AGO2 to form effective miRISCs, which
was a potential mechanism for Gefitinib resistance in NSCLC
cancer cells. The oncogenic miRNAs contribute to acquired re-
sistance to Gefitinib, such as miR-21,[49] miR221[53] and so on.
Based on this, we developed a strategy of combining Gefitinib

C) H1299-shAGO2-Flag-AGO2WT cells were treated with Gefitinib (5 μM) together with or without Amlexanox (4 μM) simultaneously for 12 h before
harvested. Cells were lysed for IP with anti-Flag antibody, and then immunoblotted by specific anti-pS417-AGO2 antibody. D) H1299-shAGO2-Flag-
AGO2WT cells treated with Gefitinib (5 μM) together with or without Amlexanox (4 μM) simultaneously for 12 h before harvested. Cells were lysed for the
RIP assay with anti-Flag antibody, and then miR-21, miR-9, and miR-10b associated with AGO2 were detected by Northern blotting analysis. E,F) PC9/GR
E) and H1975 F) cells were treated with Gefitinib, Amlexanox or their combination at the indicated concentrations. Cells were fixed and stained after
10–12 days. Representative data from three independent experiments. G–L) Mice were subcutaneously injected with 4 × 106 PC9/GR cells. Once tumors
reached an average of 5 mm × 5 mm, the mice were treated with Gefitinb (20 mg k−1 g) by oral gavage, Amlexanox (20 mg k−1 g) by intraperitoneal
injection, or combination therapy for every 2 days. The tumor growth curve during treatment period G) and fold change in tumor volume pre or post-
treatment was analysed H). Xenograft tumors were dissected I). Tumor mass J) and Tumor volume K) after treatment were assessed. L) The change
of body weight during treatment period were assessed. Data were presented as mean ± SD, n = 5. Statistical analysis was performed using one-way
ANOVA. ***p < 0.001 and ****p < 0.0001.
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Figure 8. A model summarizing that TBK1-mediated pS417-AGO2 promotes NSCLC progression and resistance to Gefitinib by increasing the formation
and activity of oncogenic miRISCs.

with Amlexanox to intervene the formation and activity of onco-
genic miRISCs, which significantly increased the sensitivity of
Gefitinib to NSCLC cells (Figure 7).

Although some studies have reported that AGO2 overexpres-
sion may be correlated with lung cancer progression, there was
no significant difference in overall levels of AGO2 protein be-
tween NSCLC and normal tissues according to our clinical data
(Figure S4G,H, Supporting Information). Analyses on large-
scale NSCLC samples from the public database CPTAC also
showed the levels of AGO2 protein were even downregulated
(Figure S4I–K, Supporting Information). However, the levels of
pS417-AGO2 and the ratios of pS417-AGO2/AGO2 in NSCLC
samples were significantly higher than those in normal tissues.
Thus, we concluded that the increase in pS417-AGO2 levels in
NSCLC was not attributed to the increase in AGO2 protein itself.

In summary, our study demonstrated that TBK1 is a novel
kinase that phosphorylates AGO2 at S417 and can be induced
by EGFR-TKI Gefitinib. High level of pS417-AGO2 promotes
NSCLC progression and resistance to Gefitinib by increasing the
formation and activity of oncogenic miRISCs (Figure 8). The high
level of pS417-AGO2 in clinical specimens is positively correlated
with poor prognosis in lung cancer patients and is one of the
high-risk factors for NSCLC, suggesting that the measurement
of pS417-AGO2 levels may become a new clinical diagnostic in-
dicator. Most importantly, using the TBK1 inhibitor Amlexanox
to reduce pS417-AGO2 is a good strategy for treating NSCLC.

4. Experimental Section
Cell Cultures: The human lung cancer cell lines NCI-H1299, NCI-

H1975, NCI-H1650, A549, HCC827 and HCC827/GR cells were cultured
in RPMI 1640 (Hyclone, Logan, UT, USA) containing 10% fetal bovine
serum (Biowest, Kansas, MO, USA), 1% penicillin and streptomycin (Invit-
rogen, CA, USA) at 37 °C with 5% CO2. The normal human lung fibroblasts
cells WI38/VA13 were cultured in MEM medium supplemented with 10%
FBS, 1% penicillin and streptomycin, 1% non-essential amino acids, 1 mM
sodium pyruvate at 37 °C with 5% CO2. HEK293T, HeLa, PC9, and PC9/GR
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Hy-
clone) containing 10% FBS, 1% penicillin and streptomycin at 37 °C with
5% CO2. HCC827/GR and PC9/GR cells were from Professor Xiao’s re-
search group.[74] Other cell lines are purchased from National Collection
of Authenticated Cell Cultures.

In Vitro Target RNA Slicing Assay: For the in vitro target RNA slicing
assay, 293T cells transiently expressing Flag-AGO2 were lysed in cell lysis
buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 1% NP-40, and Complete
Protease Inhibitor Cocktail) for 1 h on ice. Lysates were centrifuged for
30 min at 4 °C after sonication, and then supernatants were transferred
into new tubes and incubated with anti-Flag M2 affinity beads overnight at
4 °C. The beads were washed three times with high-salt lysis buffer contain-
ing 500 mM NaCl and Flag-AGO2 were purified using the 3×Flag peptide
according to the manufacturer’s specifications (Sigma). miR-21 mimic
and linearized 5′end-biotinylated miR-21 target RNA were incubated with
the purified Flag-AGO2 protein at 37 °C for 4 h in a 10-ml reaction volume.
The reaction contained yeast tRNAs, 25 mM HEPES-KOH pH 7.5, 50 mM
potassium acetate, 5 mM magnesium acetate, 5 mM dithiothreitol (DTT),
1 μl of 293T cell lysates. The RNA was purified from the reaction mixture
and analyzed on 20% urea polyacrylamide gel.
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In Vitro miRNA Loading Assay: For the in vitro miRNA duplex loading
assay, 293T cells transfected with indicated plasmids were lysed with RIP-
lysis buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 10 mM EDTA, 5 mM
MgCl2, 1% NP-40, 1 mM DTT, 100 units ml−1 RNase inhibitor, 400 μM VRC
and Protease inhibitor cocktail). Lysates were performed by IP with anti-
Myc or Flag (AGO2) antibody on proteinA/G agarose beads. The beads
with AGO2 complex were incubated with 100 nM biotin tagged miR-21/let-
7a duplex (biotin labeled at the guide strand) in a 20-μl reaction buffer
(20 mM Tris-HCl pH 7.5, 200 mM KCl, 2 mM MgCl2, 5% glycerol, 1 mM
DTT, 40 U RNase inhibitor) for 1 h at 37 °C, followed by washing of the
beads five times with RIP-lysis buffer. The RNA was purified from beads
and analyzed on 20% urea polyacrylamide gel.

For the pre-miRNA cleavage-coupled miRISC loading assay, the biotin-
pre-miR-21 or pre-let-7s were transcribed and labeled using the Script-
MAXTM Thermo T7 Transcription Kit (TSK-101; TOYOBO) and Biotin-16-
UTP (#11 388 908 910; Roche, Indianapolis, IN, USA) according to the
manufacturer’s guidelines. The reaction mixture in 20 mM HEPES (pH
6.5), 1.5 mM MgCl2, 100 mM KCl, 80 mM NaCl, 1 mM DTT, 40 U RNase
inhibitor, and 10% glycerol containing AGO2 complex-coupled proteinA/G
agarose beads. Subsequently, 0.5–1 μM pre-miR-21 or pre-let-7a-3 with bi-
otin labeling was added to the reactions and further incubated for dic-
ing and loading of pre-miR-21 or pre-let-7a-3 to AGO2/RISC at 37 °C for
30 min. The beads were washed five times with RIP-lysis buffer, and the
RNA was purified from the reaction mixture and analyzed on 20% urea
polyacrylamide gel.

Biotinylated miRNA-Streptavidin Pull Down Assay: 293T cells trans-
fected with indicated plasmids were lysed with RIP-lysis buffer (25 mM
Tris/HCl pH 8.0, 150 mM NaCl, 2 mM MgCl2, 1% NP-40, 1 mM DTT,
Protease Inhibitor Cocktail, and 40U RNase inhibitor). 100 pmol of biotin-
miR-21 duplex mimics were incubated with 50 μl of Dynabeads MyOne
Streptavidin C1 (#65 001; Invitrogen) for 30 min, and then beads were
washed with washing buffer (5 mM Tris/HCl pH 7.5, 0.5 mM EDTA, 1 M
NaCl) for three times. The biotin-miR-21 duplex coupled Dynabeads were
mixed with cell lysates, and then incubated overnight at 4 °C. Fractions
unbound to the beads were obtained from supernatant. The Dynabeads
were washed with RIP-lysis buffer for three times. AGO2 on the beads or
in the supernatant were examined by Western blotting analysis with indi-
cated antibodies.

miRISC Capture Assay: This protocol is very similar to the biotinylated
miRNA-streptavidin pull down assay. 293T cells transfected with indicated
plasmids were lysed with RIP-lysis buffer (25 mM Tris/HCl pH 8.0, 150 mM
NaCl, 2 mM MgCl2, 0.5% NP-40, 1 mM DTT, Protease Inhibitor Cocktail,
and 40 U RNase inhibitor). 100 pmol of biotin-miR-21 target RNA were
incubated with 50 μl of Dynabeads for 30 min, and then the beads were
washed with washing buffer (5 mM Tris/HCl pH 7.5, 0.5 mM EDTA, 1 M
NaCl) for three times. The biotin-miR-21 target RNA coupled Dynabeads
were mixed with cell lysates and 10 pmol of miR-21 duplex, and then in-
cubated overnight at 4 °C. Fractions unbound to the beads were obtained
from supernatant. The Dynabeads were washed with RIP-lysis buffer for
three times. miRISCs on the beads or in the supernatant were examined
by Western blotting analysis with indicated antibodies.

In Vitro miRNA Unwinding Assay: Cell extracts were prepared as the
following protocol. Briefly, cells were washed 2 times with cold PBS and re-
suspended in hypotonic lysis buffer (10 mM HEPES-KOH, pH 7.5, 10 mM
potassium acetate, 0.5 mM magnesium acetate, 0.1% Tween-20, EDTA-
free protease inhibitor cocktail). Collected cells were incubated at 4 °C for
30 min and centrifuged at 16 000 g for 10 min at 4 °C, and then the su-
pernatant were quickly frozen and stored at 80 °C until use. For in vitro
miRNA unwinding assay, 10 μl of reaction containing purified Flag-AGO2,
250 fmol of miR-21 duplex (biotin labeled at the guide strand), 1 μl of cell
extracts (10 mg ml−1), 30 mM HEPES pH 7.4, 100 mM potassium ac-
etate, 2 mM magnesium acetate, 5 mM DTT, protease inhibitor cocktail
(Roche), 25 mM creatine phosphate, 1 mM ATP, and 0.5 U μl−1 creatine
kinase incubated for 10 min at 25 °C. Then, proteinase K (2 mg mL−1) was
added into the reaction and incubated at 25 °C for an additional 10 min.
Samples were rapidly transferred to ice, mixed with gel loading buffer. The
formation of single-stranded (ss) RNA molecules from double-stranded
(ds) miR-21 substrates were detected by native polyacrylamide gels.

MiR-21/let-7a Luciferase Activity Reporter: Four-repeated miR-
21binding site (BS) sequences of 4×miR-21-BS were inserted into the
3′-UTR of Renilla luciferase of the vector psiCHECK2 to constitute
psiCHECK2- 4×miR-21-BS. Accordingly, Renilla luciferase is expectedly
attenuated when let-7a binds to binding sites. AGO2, psiCHECK2-4×miR-
21-BS and indicated plasmids or miR-21 were co-transfected into 293T
cells, 48 h after transfection cells were subjected to the dual-luciferase
reporter assay according to the manufacturer’s instruction. The miRSIC
activity with Renilla luciferase was normalized by Firefly luciferase

RNA Immunoprecipitation-Northern Blotting Assay (RIP-NB Assay):
RNA immunoprecipitation assay (RIP) was performed as previously
described.[63,75] Cells transfected with indicated plasmids were lysed with
RIP lysis buffer [50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM MgCl2,
1% NP40, 1 mM dithiothreitol, 100 U ml−1 RNase inhibitor (Fermen-
tas), 400 μM VRC (New England BioLabs) and Protease inhibitor cocktail
(Roche)] for 30 min on ice, then centrifuged at 16 000 g for 20 min to clear
the lysate. One-tenth of lysates was used as input, and other of lysates
were incubated with protein A/G agarose beads and antibodies at 4 °C
overnight. The beads were washed five times with RIP lysis buffer contain-
ing 300 mM NaCl and the bound RNAs was isolated using Trizol (Sigma)
following instructions. The following step was performed according to the
protocol of Northern blotting analysis.

Northern Blotting Analysis: The Northern blotting analysis of RNA was
conducted as described before.[63,75] Briefly, total RNAs were isolated with
TRIzol reagent (Invitrogen) and denatured at 95 °C for 5 min. Then, RNAs
were separated by electrophoresis on the 20% polyacrylamide 8 M urea
gel and transferred to the nylon membrane (Roche). After cross-linking,
RNAs were incubated with the specified biotin probes and detected by us-
ing Chemiluminescent Nucleic Acid Detection Module kit (Thermo Scien-
tific) following instructions.

Quantitation of AGO2-Bound miRNAs: AGO2-bound miRNAs were
quantitated by qRT-PCR. Briefly, RNAs from immunoprecipitated AGO2
and lysates were extracted using Trizol, treated with DNase, and cDNAs
were generated. The cDNA library was then used as a template for qRT-
PCR using a SYBR Green master mix(Applied Biosystems). The enrich-
ment of miRNAs associated with AGO2 was normalized by input abun-
dance of miRNAs.

Soft-Agar Colony Formation Assay: The ability of anchorage-
independent growth was evaluated by a soft agar assay as described.[76]

Briefly, 2 × 103 cells of each clone were suspended in culture medium
containing 10% FBS and 0.35% Bacto agar (Amresco, OH, USA). The agar
cell mixture was plated on top of a bottom layer with 0.6% agar-medium
mixture in six-well plates. After 14–21 days, cell colonies were fixed and
stained with 0.005% Crystal Violet for 1 h. The photographs of the cells
growing in the plate and the colonies developed in soft agar were taken,
the number of colonies larger than 0.5 mm was scored by ImageJ V1.45
(NIH, USA).

Colony Formation Assay: H1299, A549 and H1975 were trypsinized
into single-cell status and plated in 6-well plates at a density of 300 cells
per well. After 14 days, cell colonies were fixed with methanol and stained
with 0.5% Crystal Violet. The photographs of colonies were taken, and the
number of colonies larger than 200 μm was scored by ImageJ V1.8.0 (NIH,
USA). Each experiment was performed in triplicate.

3D Culture Growth Assays: The 3D culture growth assays was per-
formed as previously described.[77] Briefly, 5 μl of cells (1 × 105 cells ml−1)
mixed with 5 μl of 3D culture matrix (#3445-005-01, Trevigen, Gaithers-
burg, MD, USA) were added into the inner well of μ-slides (ibidi Gmbh,
Martinsried, Germany) and incubated for at least 60 min at 37 °C. After
polymerization, cell-free medium were added to fill the upper well. Mi-
croscopy images were taken after three days or longer time.

Vasculogenic Mimicry (VM) Formation: For vasculogenic mimicry as-
say, matrigel matrix pre-thawed at 4 °C were added into the inner well of
μ-slides and incubated for at least 30 min at 37 °C until polymerization.
50 μl of cells (1 × 105 cells ml−1) were added onto the polymerizd matrix.
Microscopy images were taken after 24 h.

In Vitro Kinase Reaction Assay: Purified TBK1 protein were prepared as
following. Briefly, cells expressing Flag-TBK1 were lysed in cell lysis buffer
[20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
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Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate,
1 mM Na3VO4, 1 mM PMSF and Complete Protease Inhibitor Cocktail)
for 1 h on ice. Lysates were centrifuged for 30 min at 4 °C after sonication,
and then, the supernatants were transferred into new tubes and incubated
with anti-Flag M2 affinity beads overnight at 4 °C. The beads were washed
three times and Flag-TBK1 were purified using the 3×Flag peptide accord-
ing to the manufacturer’s specifications (Sigma).

Kinase reactions were performed by incubation of Flag-TBK1 in the ki-
nase buffer [25 mM Tris-HCl (pH 7.5), 5 mM beta-glycerophosphate, 2 mM
dithiothreitol (DTT), 0.1 mM Na3VO4, 10 mM MgCl2] with 1 mM ATP
and 1.0 μg purified GST-fused AGO2 protein as the substrate at 30 °C for
90 min in 50-μl reaction mixture. Samples were separated by SDS-PAGE,
and analyzed by immunoblotting with AGO2 specific phospho-antibody
(pS417-AGO2) or anti-pan-specific phospho-Ser/Thr antibody.

Animal Experiments: For xenografted tumor models, each of H1299
stable cell lines in 100 μL Opti-MEM medium containing 2.5 × 106 cells
were injected subcutaneously into 6-week-old BALB/c nude mice individ-
ually. Mice were killed after 4 weeks and tumors were weighted and pho-
tographed.

To investigate the therapeutic role of oncogenic miRNAs, H1299 cells in
100 μL Opti-MEM medium containing 2.5× 106 cells were subcutaneously
injected into nude mice. After 7 days, mice were randomly divided into
four groups (5 mice/group). Once tumors reached an average of 5 mm ×
5 mm, the mice were treated with 5 nmol antagomiR-NC, antagomiR-21 or
antagomiRs-21+9+10b by intratumoral injection and TBK1 inhibitor Am-
lexanox (25 mg k−1 g) by intraperitoneal injection for twice per week. Mice
were sacrificed on day 14 after treatment, tumors were photographed, size
measured and weighted.

To explore the potential of combination therapy as a strategy to drug-
resistant lung cancer cells in vivo, PC9/GR cells in 100 μL Opti-MEM
medium containing 4 × 106 cells were subcutaneously injected into nude
mice. Mice were randomly divided into four groups (5 mice/group). Once
tumors reached an average of 5 mm × 5 mm, the mice were treated
with Gefitinb (20 mg k−1g) by oral gavage, Amlexanox (20 mg k−1 g)
by intraperitoneal injection, and combination therapy for every 2 days.
Luciferase-expressing H1975luc cells in 100 μL Opti-MEM medium con-
taining 2.5 × 106 cells were subcutaneously injected into nude mice. Af-
ter 7 days, mice were randomly divided into four groups (5 mice/group).
Once tumors reached an average of 5 mm × 5 mm, the mice were treated
with Gefitinb (20 mg k−1 g) by oral gavage, Amlexanox (25 mg k−1 g) by
intraperitoneal injection, and combination therapy for every 3 days. The lu-
ciferase signal intensity was monitored in vivo by bio-luminescence imag-
ing (BLI) before and after treatment. Mice were sacrificed on day 14 after
treatment, tumors were photographed, size measured and weighted.

All animal studies were conducted with the approval and guidance of
Shanghai Jiao Tong University Medical Animal Ethics Committees, and the
assigned approval number for the ethical clearance to conduct animal ex-
periments is #A-2022-067.

Mass Spectrometry: To identify phosphorylation sites of AGO2, Flag-
AGO2 precipitated from 293T cells co-transfected with TBK1 was ana-
lyzed by Coomassie Blue staining. The protein band corresponding to
AGO2 was excised and subjected to in-gel digestion with tryspin. Samples
were analyzed by Ultimate Capillary LC system (Dionex) directly coupled
to LTQ Orbitrap Mass Analyzer using the TopTenTM method. The data
was searched on MASCOT (MassMatrix) against the human Swiss-Prot
database. All the identified phospho-peptides were further confirmed by
manually checking the results.

Phos-Tag SDS–PAGE Electrophoresis: SDS–PAGE gels (8%) were sup-
plemented with 50 μM Phos-tag AAL solution (Wako) according to the
manufacturer’s recommendations. Gels were run at 100 V until the dye
front completely exited the gel. Gels were incubated in transfer buffer sup-
plemented with 10 mM EDTA for 10 min. Gels were then soaked in normal
transfer buffer for 10 min. Proteins were transferred to a PVDF membrane
and standard Western blotting procedures were subsequently followed.

RIP-Seq/miRNA-Seq/RNA-Seq: RIP-Seq/miRNA-Seq and subsequent
bioinformatics analysis were all done by Cloud-Seq Biotech (Shanghai,
China). Cells were lysed in an ice-cold lysis buffer. Then, RNA immuno-
precipitation (RIP) was performed with the GenSeqTM RIP Kit (GenSeq,

China). miRNAs bound to AGO2, and total miRNAs (as an input) were
extracted using Trizol by following manufacturer’s instruction (Thermo
Fisher Scientific), and then used for the preparation of the miRNA se-
quencing library, which including 3′-adaptor ligation, 5′-adaptor ligation,
cDNA synthesis and PCR amplifification, ≈150 bp PCR amplicons (corre-
sponding to ≈22 nt miRNAs) size of products were selected and purified.
miRNA-Seq libraries sequencing were denatured as single-stranded DNA
molecules, captured on Illumina flow cells, amplified in situ as clusters
and finally sequenced for 50 cycles on Illumina HiSeq Sequencer accord-
ing to the manufacturer’s instructions.

For RNA-Seq, total RNAs were extracted by using TRIZOL reagent as
following manufacturer’s instruction (Invitrogen), then the rRNAs were
removed from the immunoprecipitated RNA and input RNA samples by
using RNAs with NEBNext rRNA Depletion Kit (New England Biolabs, Inc.,
Massachusetts, USA). The rRNA-depleted RNAs were constructed RNA
sequencing libraries by using NEBNext Ultra II Directional RNA Library
Prep Kit (New England Biolabs, Inc.,

Massachusetts, USA) according to the manufacturer’s instructions.
RNA-Seq libraries were controlled for quality and quantified using the Bio-
Analyzer 2100 system (Agilent Technologies, Inc., USA), and the libraries
sequencing were performed on an Illumina Hiseq instrument with 150 bp
paired-end reads.

Analyses for High-Throughput Sequencing Data: For RIP-Seq/miRNA-
Seq, raw data were generated after sequencing, image analysis, base call-
ing and quality filtering on Illumina sequencer and finally quality controlled
by Q30. The adaptor sequences were trimmed and the adaptor-trimmed-
reads (> = 15 nt) were left by cut adapt software (version 1.9.2). Then
the trimmed reads from all samples were pooled, and miRDeep2 software
(version 2.0.0.5) was used to predict novel miRNAs. The trimmed reads
were aligned to the merged human miRNA databases using Novoalign
software (version 3.02.12) with at most one mismatch. The numbers of
mature miRNA mapped tags were defined as the raw expression levels of
that miRNA. The read counts were normalized by TPM (tag counts per mil-
lion aligned miRNAs) approach. Differentially expressed miRNAs between
two samples were filtered through Fold change.

For RNA-Seq, paired-end reads were harvested from Illumina HiSeq
4000 sequencer, and were quality controlled by Q30. After 3′ adaptor-
trimming and low quality reads removing by cutadapt software (v1.9.3).
The high quality reads were aligned to the human reference genome
(UCSC hg19) with hisat2 software (v2.0.4). Then, guided by the Ensembl
gtf gene annotation file, cuffdiff software (v2.2.1, part of cufflinks) was
used to get the FPKM as the expression profiles of mRNA, and fold change
were calculated based on FPKM, differentially expressed mRNA were iden-
tified.

Clinical Lung Cancer Specimens: Clinical lung cancer tissue arrays were
purchased from bioaitech (Catalog # R121Lu01) and ALenabio (Catalog
#DC-Lun01032 and DC-Lun01053, Xi’an, China). The utilization of clinical
NSCLC specimens from Ren Ji Hospital (School of Medicine, Shanghai
Jiao Tong University, Shanghai, China) for the study was approved by the
ethics committee of Ren Ji Hospital. The testing of clinical samples strictly
followed the protocol approved by the Renji Hospital Ethics Committees.
The assigned approval number of the ethical approval is #RA-2022-159.

Immunohistochemical Staining: IHC staining was performed by us-
ing antibodies against pS417-AGO2 (1:50) and AGO2 (1:50, ab-
cam,#ab57113). Staining index score was determined by multiplying the
intensity score (no staining: 0; weak staining: 1, moderate staining: 2 and
strong staining: 3) and the score for the extent (0%–5%: 0; 5%–25%: 1;
26%–50%: 2; 51%–75%: 3 and 76%–100%: 4) of stained cells, generating a
score that ranged from 0 (the minimum score) to 12 (the maximum score).
Histochemistry score (H score) was calculated basing on the percentage
and intensity of positivelystained cells, following equation: H-Score=∑(pi
× i) = (percentage of weak intensity cells × 1) + (percentage of moderate
intensity cells × 2) + (per centage of strong intensity cells × 3), where i
is the intensity of the stained cells (0 to 3), and Pi is the percentage of
stained cells.

Statistical Analysis: All statistical analyses were performed with the
GraphPad Prism 8.0 software package. Data in this work were presented as
the mean± standard deviation (n ≥ 3). Statistical evaluations between two
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groups were performed by Student’s t-test. Experiments with more than
three groups were evaluated by one-way ANOVA. The cumulative fraction
analysis was performed by a two sided Mann–Whitney U test. The sur-
vival curve was established by the Kaplan–Meier method and compared
by the log-rank test. p < 0.05(*), p < 0.01(**), p < 0.001(***) and p <

0.0001(****) were considered statistically significant in all cases.
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