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Lung cancer is the deadliest malignancy in the United States.
Non-small cell lung cancer (NSCLC) accounts for 85% of cases and
is frequently driven by activating mutations in the gene encoding
the KRAS GTPase (e.g., KRASG12D). Our previous work demonstrated
that Argonaute 2 (AGO2)—a component of the RNA-induced silencing
complex (RISC)}—physically interacts with RAS and promotes its
downstream signaling. We therefore hypothesized that AGO2 could
promote KRASG12D-dependent NSCLC in vivo. To test the hypothesis,
we evaluated the impact of Ago2 knockout in the KPC (LSL-Kras
G12D/++553%:Cre) mouse model of NSCLC. In KPC mice, intratracheal
delivery of adenoviral Cre drives lung-specific expression of a stop-
floxed KRASG12D allele and biallelic ablation of p53. Simultaneous
biallelic ablation of floxed Ago2 inhibited KPC lung nodule growth
while reducing proliferative index and improving pathological grade.
We next applied the KP"*'C model, in which the Clara cell-specific
CCSP-driven Cre activates KRASG12D and ablates a single p53 allele.
In these mice, Ago2 ablation also reduced tumor size and grade. In
both models, Ago2 knockout inhibited ERK phosphorylation (pERK) in
tumor cells, indicating impaired KRAS signaling. RNA sequencing
(RNA-seq) of KPC nodules and nodule-derived organoids demon-
strated impaired canonical KRAS signaling with Ago2 ablation. Strik-
ingly, accumulation of pERK in KPC organoids depended on physical
interaction of AGO2 and KRAS. Taken together, our data demonstrate
a pathogenic role for AGO2 in KRAS-dependent NSCLC. Given the
prevalence of this malignancy and current difficulties in therapeu-
tically targeting KRAS signaling, our work may have future
translational relevance.
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Lung cancer is the deadliest malignancy in the United States,
causing more than a quarter of all annual cancer fatalities (1).
Non-small cell lung cancer (NSCLC) accounts for 85% of lung
cancer cases and is frequently driven by KRAS mutations (2).
The RAS family, which also includes HRAS and NRAS, encodes
small GTPases that transduce extracellular mitogenic signals by
cycling between an active GTP-bound state and an inactive GDP-
bound state. Intrinsic GTP hydrolysis is compromised in onco-
genic RAS variants (3, 4). Resultant constitutive elevation of
GTP-bound RAS promotes neoplastic transformation by hyper-
activating downstream signaling pathways such as RAF-MEK-ERK
(MAPK) and PI3 kinase (PI3K) (4-6). In NSCLC, activating RAS
mutants encode oncogenic KRASG12C, KRASGI2V, and
KRASG12D (7). Efforts to design viable KRAS inhibitors have
been ongoing for the last four decades, but hindered by key features
of RAS structure and biochemistry. Structurally, RAS lacks ade-
quate binding pockets for small molecule inhibitors. Biochemically,
the active site binds GTP at picomolar affinity, hampering com-
petitive inhibition (8, 9). Novel KRASG12C inhibitors have recently
overcome these obstacles, showing clinical promise in treating solid
tumors, including NSCLC (10, 11). Nonetheless, other oncogenic
KRAS variants remain refractory. As such, recent work has aimed
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to identify KRAS-interacting proteins that may be targeted to
suppress its downstream signaling in tumor cells.

Our group employed immunoprecipitation and mass spectrom-
etry to screen KRAS-interacting proteins. We identified Argonaute
2 (AGO2)—a key regulator of microRNA (miRNA)-induced gene
silencing—as a direct KRAS binding partner. AGO2-KRAS inter-
action occurred in NIH 3T3 cells ectopically overexpressing wild-
type (WT) KRAS, and in several cancer lines harboring mutant
KRAS variants. In KRASGI2C-expressing H358 NSCLC cells,
AGO?2 knockdown inhibited cell proliferation, blunted colony for-
mation, and reduced phosphorylation of RAS signaling mediators
AKT, mTOR, and RSP6. Together, these findings suggested AGO2
could promote KRAS-driven malignancies through up-regulation of
KRAS signaling (12). Indeed, a follow-up study demonstrated that
AGO?2 enables tumor progression in a mouse model of pancreatic
ductal adenocarcinoma (PDAC) harboring KRASG12D (13).

AGO?2 is one of four members of the mammalian Argonaute
(AGO) family (which also includes AGO1, AGO3, and AGO4) (14,
15). AGO proteins are essential components of the RNA-induced
silencing complex (RISC). Within RISC, miRNAs loaded onto AGO
engage in complementary binding with target mRNAs to repress
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their translation (16, 17). AGO2 is unique among its family
members in that it has intrinsic endonuclease activity and therein
directly catalyzes the degradation of mRNA species (18).
Moreover, AGO2 functions in DICER-independent miRNA
processing to facilitate conversion of specific pre-miRNAs to
mature miRNAs (19, 20). AGO2 also promotes miRNA stability,
as demonstrated by experiments showing reduced miRNA half-
life after AGO2 knockdown that can be restored with AGO2
reconstitution (21). Intriguingly, total miRNA levels are often
lower in cancers than in the corresponding normal tissue (22).
Moreover, reductions in specific miRNA species—including mem-
bers of the let-7 family in NSCLC—have been directly linked to
tumorigenesis (23, 24). In contrast, AGO?2 is up-regulated in mul-
tiple tumor types (25-29); and data from The Cancer Genome
Atlas (TCGA) show AGO2 gene amplification and increased
AGO?2 expression to be common in NSCLC (30). The discordance
between expression patterns of miRNAs and AGO2 in clinical
cancer samples suggests that AGO2 might promote tumorigenesis
through miRNA-independent mechanisms, such as regulation of
KRAS signaling (12). To date, however, loss-of-function studies
examining the in vivo role of AGO2 in NSCLC have not been
performed. Here, we employ multiple genetically engineered mouse
models to test the hypothesis that AGO2 promotes KRAS signaling
and drives tumorigenesis in NSCLC.

Results

Genetic Ablation of Ago2 Impairs Tumor Growth in Lung Adenocarcinoma
Driven by KrasG12D Expression and p53 Loss. In order to define the
contribution of Ago2 to NSCLC, we analyzed the impact of its genetic
ablation in the established KPC mouse model. KPC animals harbor
both a stop-floxed KrasG12D transgene and two floxed p53 alleles.
When subjected to intratracheal delivery of Cre recombinase-
expressing adenovirus (Adeno-Cre) they develop tumors con-
sistent with NSCLC (31, 32). By intercrossing KPC animals and
mice harboring floxed Ago2 alleles (33), we generated progeny
with concurrent homozygous (KPC-Ago2~'") or heterozygous
(KPC-Ago2*/™) ablation of Ago2. Sixteen weeks after adminis-
tration of Adeno-Cre we analyzed tumor burden in these groups
versus control KPC animals with wild-type Ago2 expression
(KPC-Ago2™*'*) (SI Appendix, Fig. S14). Immunohistochemistry
demonstrated robust Ago2 expression across the lung paren-
chyma and within tumor lesions of KPC-4go2*'* mice. Over
90% of lesions from lungs of KPC-Ago2™'~ animals showed no
detectable AGO2 staining, indicating good knockout efficiency
(SI Appendix, Fig. S1 B and C).

As previously reported (31) KPC-Ago2*'* animals developed
significant tumor burden at the 16-wk time point, with numerous
nodules visible on gross inspection of the lungs (Fig. 14). While
the number of grossly visible nodules was unchanged in the KPC-
Ago2™~ group, it was significantly lower in KPC-Ago2™'~ mice
versus KPC-Ago2™'* controls (Fig. 1 A and B). Analysis of his-
tological cross-sections, in which tumor inclusions are appreciable
as hematoxylin-rich densities, showed that while nodule number
per unit of cross-sectional area was unchanged among groups,
average nodule size was markedly lower in KPC-Ago™~ animals
versus both KPC-Ago2*'* and KPC-Ago2™'"~ mice (Fig. 1 C-E). As
such, the reduction in total lung area occupied by tumor tissue
seen with homozygous Ago2 ablation (Fig. 1F) was driven by
reduction in nodule size, rather than nodule number. Together,
these findings indicate that AGO2 promotes NSCLC tumor
growth.

AGO2 Facilitates Progression of KPC Lung Adenocarcinoma. Adeno-
carcinoma comprises much of the lung tumor burden in the KPC
model (31). In keeping with these findings, we observed advanced
(grades 3 and 4) adenocarcinoma lesions (SI Appendix, Fig. S24)
within lungs of KPC mice 16 wk after Cre administration. Indeed,
in KPC-Ago2™* and KPC-Ago2*'~ mice, adenocarcinoma
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occupied >10% of total lung cross-sectional area (Fig. 24). In
contrast, adenocarcinoma occupied <3% of cross-sectional area
in KPC-Ago2™'~ animals (Fig. 24). Furthermore, grade 4 ade-
nocarcinoma comprised >75% of tumor lesion cross-sectional in
KPC-Ago2™* and KPC-Ago2™'~ mice, but only 25% in KPCAgo2™~
mice (Fig. 24). Consistent with this, while grade 4 lesions, were
uniformly observable in both KPCAgo2*'* and KPCAgo2*'~ animals,
nearly half of KPCAgo2™~ mice were completely free of tumors
reaching that pathologic grade (Fig. 2B). Notably, in KPCAgo2™'~
mice, the infrequently observed AGO2(+) tumor nodules (SI Ap-
pendix, Fig. S1C) actually comprised the majority of grades 3 and 4
disease (SI Appendix, Fig. S2B). Indeed, AGO2(+) nodules within
KPCAgo2™'~ lungs had similar adenocarcinoma frequency to those in
KPC-Ago2*'* mice (SI Appendix, Fig. S2 B and C).

KPC-Ago2~'~ mice were also partially protected from the overt
bronchial invasion seen in the vast majority of KPC-Ago2*/* and
KPC-Ago2*'~ animals (Fig. 2B). Tumor proliferation index,
assessed by Ki67 staining, was also significantly reduced with
genetic Ago2 ablation (Fig. 2 C and D). Finally, the reduced rate
of tumor progression observed in the KPC-Ago2~'~ group cor-
responded with increased survival versus animals of other gen-
otypes (SI Appendix, Fig. S3).

Ago2 Ablation Also Lowers Tumor Burden in Clara Cell-Derived,
KrasG12D-Dependent Lung Cancer. We next interrogated AGO2
function in two additional NSCLC models by employing animals
that contain a tamoxifen (Tam)-inducible Cre recombinase gene
driven by the (Clara cell-specific) CCSP (CC10) promoter (34).
In the first model, we intercrossed Tam-inducible CCSP-Cre ani-
mals with stop-floxed KrasG12D mice to enable time-dependent
activation of Kras oncogene. This is commonly referred to as the
KC model (SI Appendix, Fig. S44). As previously reported, KC
mice develop epithelial hyperplasia by 3 wk, adenoma by 6 wk, and
occasional adenocarcinoma 15 wk after Cre activation. The lungs
of these animals also contain a macrophage-predominant in-
flammatory infiltrate (35). By intercrossing Ago2 floxed animals
into the KC line, we generated KCAgo2*'*, KCAgo2*'~, and
KCAgo2™~ mice and treated with Tam (50 mg/kg, delivered by
intraperitoneal injection) at 6 wk of age to initiate tumor for-
mation (S Appendix, Fig. S4B). Sixteen weeks later, we killed the
animals and noted lung nodules in KCAgo2*/* mice, as previ-
ously described (35) (SI Appendix, Fig. S4C). Pathologic subtypes
ranged from hyperplasia to frank adenocarcinoma, while in-
flammation was broadly appreciable in lungs of most animals (S7
Appendix, Fig. S4D). Though the frequencies of hyperplasia and
adenoma were largely unchanged with Ago2 ablation, adeno-
carcinoma was absent in all KCAgo2™~'~ mice analyzed (SI Appendix,
Fig. S4D). Unfortunately, the prominent lung inflammation inher-
ent in this model complicated analysis of AGO2 function, as several
mice in all groups died prematurely from pulmonary edema.

To circumvent the interference of inflammation with tumor
analysis, we generated a more aggressive NSCLC model by
employing the inducible CCSP Cre to simultaneously ablate one
p53 allele while activating KrasG12D transcription. These mice,
here called “C, also sequentially develop alveolar adenoma
and adenocarcinoma (36). We interbred KP™C animals with
mice harboring floxed 4go2 alleles to obtain KP?CAgo2*/*,
KP™CAgo2*"~, and KPFéCAgOZ_/_ progeny (SI Appendix, Fig.
S5A4). In each group, we induced Cre activation with Tam at 6 wk
old, then evaluated tumor burden 18 wk later. Upon necropsy, gross
nodules were visible in more than 75% of KP™CAgo2*"* and
KP"*CAgo2*"~ mice. On the contrary, only 6 of 19 KP"“CAgo27/~
mice had evidence of these tumors (Fig. 34). Average number of
gross nodules per animal was also lower in KP*“CAgo2™~ mice
versus the other groups (Fig. 3B). In histological cross-sections, the
size of individual adenocarcinoma lesions was lower in a
KP"'CAgo2~'~ versus the other genotypes, while total area oc-
cupied by adenocarcinoma was lower in KP?™CAgo2™~ than
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Fig. 1. Ago2 ablation impairs tumor growth in KPC lung cancer. (A) Gross lung samples from KPC-Ago2*™* (***), KPC-Ago2*"~ (*'7), and KPC-Ago2~"~ (7~) mice.
Representative images from n =11, n = 11, and n = 8 animals per group, respectively. Arrowheads indicate grossly visible tumor nodules. (B) Quantification of
grossly visible nodules from aforementioned animals expressed as number of total nodules per pair of lungs. (C) Representative H&E-stained image series of
lung cross-sections from ++ = and =~ mice. (Scale bar, 2.5 mm.) (D) Quantification of tumor foci per mm? cross-sectional area. Average of three non-

consecutive sections from each of 11 **, 11 *'~, and 8 7~ animals. (E) Average surface area of individual nodules described in D. (F) Percentage of total lung

cross-sectional area occupied by tumor lesion in the same animals as described in C-E. *P < 0.05, **P < 0.01.

KP"'CAgo2*'* mice (Fig. 3 C-E and SI Appendix, Fig. S5B). We
further observed that adenocarcinoma lesions in lungs of
KP"'CAgo2*'* mice were uniformly grade 4. Less advanced
grade 3 lesions were more common with loss of 1 or both copies
of Ago2 (Fig. 3F). Reduction in tumor nodule size and patho-
logic grade corresponded with lower cell proliferation (as indi-
cated by Ki67 index) in KP?“CAgo2™'~ mice (Fig. 3G). Taken
together, these data demonstrate that AGO?2 is required for the
growth and progression of Clara cell-derived NSCLC.

Ago2 Ablation Suppresses KRAS Signaling in NSCLC. Since our pre-
vious work identified AGO?2 as a positive regulator of canonical
KRAS signaling (12), we performed immunohistochemistry for
phosphorylated ERK ngRK) and noted reduced staining in lung
nodules of KPC-Ago27~ versus KPC-Ago2™'* mice (Fig. 44). Im-
munoblot similarly demonstrated lower pERK levels in the setting of
Ago?2 ablation (Fig. 4B). In contrast, immunoblots for phosphorylated
AKT (pAKT) were similar between groups (Fig. 4B). Moreover,
immunohistochemistry showed pAKT staining to be intense in ductal
cells, but only scantly positive in tumor nodules, with no obvious in-
tergroup differences (SI Appendix, Fig. S64). To determine whether
Ago2 ablation reduced KRAS-dependent gene expression in the
same lesions, we subjected nodule isolates to RNA sequencing
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(RNA-seq), then performed gene set enrichment analysis
(GSEA) employing signatures defined in KRAS-driven mouse
lung cancer (37). Our analysis revealed KRAS-induced genes to
be down-regulated and KRAS-repressed genes to be up-regulated
in KPC-Ago2™'~ versus KPC-Ago2™'* animals (Fig. 4C). Together,
these data indicate AGO2 positively regulates MAPK signaling in
KPC lung cancer. Tumor nodules from KPC mice were too
small to be individually isolated; however, analysis of pERK dis-
tribution by immunohistochemistry also revealed reduced staining
in KP#“'CAgo2™'~ versus KP"“'CAgo2*"* nodules (Fig. 4D).

We then applied high-throughput QPCR to assess levels of
239 miRNAs in tumor nodule samples isolated from KPC-Ago2*'*
and KPC-Ago2™'~ mice. We found 11 species to be differentially
expressed between groups (Fig. 4E). Among those up-regulated
with Ago2 ablation was let-7c (Fig. 4E). This and other members
of the ler-7 family collectively decline in KRAS-driven NSCLC,
promoting tumorigenesis (23, 24). Notably, MAPK signaling itself
reduces let-7 levels by stimulating LIN28, an inhibitor of let-7 mat-
uration (24). As such, impact on miRNA dynamics—either direct,
or via canonical KRAS signaling—represents an interrelated
mechanism by which AGO?2 induces NSCLC progression in the
KPC model. miR-214—a species for which both oncogenic and
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Fig. 2. Ago2 facilitates progression of KPC lung adenocarcinoma. (A) Percentage of lung cross-sectional area occupied by adenocarcinoma (subdivided into
grade 3 and grade 4) in KPC-Ago2*'* (**) (n = 11), KPC-Ago2*~ (*7) (n = 12), and KPC-Ago2~'~ (") (n = 9) mice. Analyses based on pathological assessment of
H&E staining of whole lung cross-sections. (B) Number of mice per group (represented as a fraction of total animals) with any evidence of grade 4 adeno-
carcinoma (AC) or bronchial invasion. (C and D) Ki67 staining in adenocarcinoma lesions from ** and f/f animals with quantification (n = 3 sections/animal, 6

animals/group). (Scale bar, 50 pm.) ***P < 0.001.

tumor suppressor roles have been reported in lung NSCLC
(38-40)—was also elevated in KPC-Ago2~'~ samples.

To further dissect the mechanistic link between AGO2 and
canonical KRAS signaling in this system, we dissociated KPC
tumor nodules and cultured cells ex vivo as organoids (41, 42).
Consistent with our in vivo findings, organoids derived from
KPC-Ago2™'~ nodules were smaller (Fig. 5 4 and B) and had
lower proliferation indices (Fig. 5B) than KPC-Ago2*'* orga-
noids. RNA-seq with GSEA recapitulated findings from fresh
nodule isolates, showing Ago2 ablation to confer significant re-
duction in KRAS-induced genes and increase in KRAS-repressed
genes (Fig. 5C). We previously defined direct protein—protein
interaction as required for AGO2 regulation of KRAS signaling
(12). In cells derived from organoids and grown in 2D culture,
immunoprecipitation confirmed AGO2-RAS binding (SI Appen-
dix, Fig. S6B). Organoid-derived cells lacking Ago2 had lower
proliferative rates (SI Appendix, Fig. S6 C and D) and pERK levels
(Fig. 5 D) than those with intact Ago2. In order to determine
whether direct interaction with KRAS was required for MAPK
signaling in these cells, we transfected KPC-Ago2~'~ cells with
constructs encoding 1) wild-type AGO2, 2) AGO2K112A/E114A
[deficient KRAS binding (12)], and 3) AGO2K98A [able to bind
to KRAS (12)]. While add-back of WT AGO2 and AGOK98A
both induced higher pERK levels, addition of AGO2K112A/
E114A did not (Fig. 5 D). These findings demonstrate that in KPC
tumor cells AGO2 promotes canonical MAPK signaling through
direct interaction with AGO2.

Discussion

In Western countries, activating KRAS mutations underlie 30%
of NSCLC and predict negative outcomes in early- and late-stage
disease (43). The clinical relevance of aberrant RAS signaling in
this and other cancer types has prompted a long-standing search
for effective RAS inhibitors that has been hampered by struc-
tural and biochemical features of the RAS molecule (8, 9). At-
tempts to block downstream effectors, disrupt RAS subcellular
localization, and identify synthetic lethal partners have also met
with only limited clinical success (44). In this setting, the search
for KRAS interaction partners represents an alternate approach
for identifying new drug targets. We recently defined AGO2 as a
binding partner of both native KRAS and its mutant variants.
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Interaction with AGO2 promotes KRAS downstream signaling,
and AGO2 knockdown inhibits proliferation and colony forma-
tion in KRASGI2C-expressing H358 NSCLC cells (12). In the
current study, we establish AGO2 as an in vivo mediator of
NSCLC progression and positive regulator of MAPK signaling
through direct KRAS binding.

KRAS mutant tumors are relatively unique among oncogene-
driven NSCLC:s in that they often harbor additional genetic al-
terations, including mutations in STK11, CDKN2A/B, and p53
(45). Genetically engineered NSCLC mouse models recapitulate
this aspect of human disease through conditional expression of
one KrasG12D allele and ablation of one or both p53 alleles (32).
In KPC mice, intratracheal Adeno-Cre administration yields
KrasG12D expression and biallelic p53 knockout predominantly in
alveolar type II cells (with lesser contribution from Clara cells).
Early hyperplastic and adenomatous lesions precede the devel-
opment of frank adenocarcinoma (46). Biallelic Ago2 ablation in
KPC mice yielded smaller tumor nodules with reduced prolifera-
tive index and pathologic grade. In the KP™C model, the Clara
cell-specific CCSP Cre drives expression of KrasG12D allele and
knockout of a single p53 allele. Our observation of inhibited tumor
progression, reduced proliferative index, and down-regulated
MAPK signaling in KP"“CAgo2™'~ mice demonstrates that the
effects of Ago2 ablation are consistent across mouse NSCLC
models with different primary cells of origin and p53 loss status.

In both KPC and KP™C models, inhibition of tumor pro-
gression corresponded with lower pERK levels in tumor nodules
and/or nodule-derived organoids. Conversely, PI3K signaling was
not obviously impacted. Our findings parallel those of several
groups who demonstrated amplification of canonical MAPK sig-
naling corresponds with progression of KRASG12D-driven murine
adenocarcinoma (47-49). Clinical data demonstrating partial effi-
cacy of the Mek1/2 inhibitor selumetinib in prolonging progression-
free survival in KRAS-mutant NSCLC suggests a direct causative
role for MAPK signaling in progression of analogous human tumors
(50). Furthermore, Cicchini et al. directly tested this premise
through forced amplification of MAPK signaling in nascent and
established murine lung adenocarcinoma. In KRASG12D-expressing
tumors derived from both alveolar type 2 cells and Clara cells, MAPK
signaling was necessary for progression—particularly in p53-mutant
disease (51). As such, our observation of reduced pERK in Ago27/~
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Fig. 3. Ago2 ablation impairs tumor growth in KPHet-C lung cancer. (A and B) Quantification of grossly visible nodules from lungs of KP7€tC-Ago2** (*/*),
KPtC-Ago2*~ (*7), and KP"®'C-Ago2~'~ (77) mice. (C) Representative H&E-stained image series of lung cross-sections from *'*, f/+, and f/f mice. (Scale bar, 2.5
mm.) (D) Quantification of adenocarcinoma (AC) foci per mm? cross-sectional area. (E) Average lung cross-sectional surface area (CSA) occupied by adeno-
carcinoma. (F) Percent grade 3 and grade 4 tissue within adenocarcinoma lesions of mice of each genotype. (G) Ki67 staining (Left images) and proliferative
index (Right) in ** and =~ mice. (Scale bar, 50 um.) n = 16 to 19 mice/group. *P < 0.05, **P < 0.01.

KPC and KP"“C mice strongly suggests Ago2 ablation limits
tumor progression by down-regulating MAPK signaling. The
coincident increase of let-7c-5p observed in KPC-Ago2™~ versus
KPC-Ago2*'* nodules may also occur downstream of MAPK
signaling and represents a parallel mechanism by which 4go2 loss
impairs tumor progression in this model.

While our findings can be well integrated into the existing
literature on KRASG12D-driven mouse models of lung cancer,
comparison with other cell types in which AGO?2 is genetically
manipulated or inhibited reveals interesting differences that sug-
gest context-specific consequences of KRAS-AGO2 interaction.
For instance, in KRASG12C-expressing H358 cells AGO2 princi-
pally promotes RAS signaling through the PI3K pathway, as
AGO?2 knockdown causes a reduction in pAKT (12). In contrast,
the KC mouse model of PDAC—in which the p48 Cre drives
KrasG12D expression in the exocrine pancreas—undergoes bona
fide oncogene-induced senescence upon genetic 4go2 ablation—
blocking progression of early lesions to advanced adenocarcinoma
(13). Interestingly, in that model, Ago2 ablation had no effect on
PDAC progression in the setting of p53 loss (13). Taken together,
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these findings suggest AGO2 inhibition might be applied to target
multiple forms of KRAS-driven cancer with different downstream
effector pathways (44). Based on this potential pharmacologic
flexibility, the AGO2-KRAS interaction warrants further study in
NSCLC and other KRAS-driven malignancies.

Methods

Animals. Mice of the following strains were obtained from The Jackson Labo-
ratory: Ago2™ [B6.129P2(12954)-Ago2™""72"?/), 016520] (33), Kras-S-¢'2P
(B6.12954-krastmdTyi/), 08179) (46), p53™ (B6.129P2-Trp53™78/), 008462) (52),
and CCSP-Cre [B6N.12956(Cq)-Scgb1a1t™!(e/ERDEIR/)] (34)  Jackson breeds each
on a C57BL/6J background. At our institution, animals were maintained in
pathogen-free housing with a 12-h light/dark cycle and ad libitum access to
food and water. Equal numbers of male and female mice were used for all
experiments. The University of Michigan Institutional Animal Care and Use
Committee approved all animal work.

Intratracheal Adenovirus Administration. Cre-expressing adenovirus (Adeno-Cre)
was obtained from the Viral Vector Core Facility at the University of lowa. The
virus was delivered by intratracheal administration as described (31). Briefly,
mice aged 6 to 8 wk were anesthetized with isoflurane and then infected with
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Fig.4. Ago2 ablation reduces Kras signaling in vivo. (A) pERK immunohistochemistry of lung cross-sections from KPC-Ago2** versus KPC-Ago2™"~ mice. (Scale
bar, 50 pm.) (B) Immunoblot analysis of protein lysates from isolated lung nodules of KPC—AgoZ‘”’+ and KPC—AgoZ”’ mice. Phosphorylated ERK (pERK), total
ERK (tERK), phosphorylated AKT (Ser-473) (pAKT), total AKT (tAKT), and histone H3 (H3). (C) GSEA assessing genes associated with increased KRAS signaling
(SWEET_LUNG_CANCER_KRAS_UP and SWEET_LUNG_CANCER_KRAS_DOWN). Comparison of genes differentially expressed in KPC-Ago2*"* versus KPC-
AgoZ”’ (isolated nodules). NES, normalized enrichment score. (D) pERK immunohistochemistry of lung cross-sections from KP"’e’C—Agoz*’* and
KP"€'C-Ago2~"~ mice. (Scale bar, 100 pm.) (E) Heat map of differentially expressed (false discovery rate [FDR] < 0.05) species from miRNA QPCR performed on
nodules from KPC mice with normal Ago2 (***) or with biallelic Ago2 knockout ).

1.25 x 107 plaque-forming units (PFUs) of Adeno-Cre in 67.5 pL vehicle through
a micropipette tip inserted into the pharynx. After mice regained consciousness,
the same procedure was repeated, such that each mouse received a total of
2.5 x 107 PFUs in 125 pL vehicle. Viral administration was performed in a bio-
safety level 2+ room, in accordance with the guidelines of the University of
Michigan Institutional Biosafety Committee.

Tamoxifen Administration. Tamoxifen (Sigma) was dissolved in corn oil to a
concentration of 20 mg/mL and administered to 6-wk-old mice by intraperito-
neal injection at a dose of 0.25 mg/kg body weight once every other day for
four doses.

Tissue Collection and Immunohistochemistry. At time points indicated for
tissue harvest, mice were killed by isoflurane overdose. Lungs were inflated
with phosphate-buffered saline (PBS) administered through the trachea.
Left, superior, and postcaval lobes were isolated, fixed overnight in formalin
at 4 °C, then transferred to 70% ethanol. After processing and paraffin
embedding, tissue sections were cut to a thickness of 5 pm. Hematoxylin and
eosin (H&E) staining was performed according to standard protocol. For
immunohistochemical (IHC) staining, slides were deparaffinized and treated
with Antigen Unmasking Solution (Vector Laboratories, H-3300); then, en-
dogenous peroxidases were inactivated by incubation in 3% hydrogen
peroxide (Sigma). Primary antibodies used (with dilutions) are as follows:
AGO2 (Sino Biologicals, 50683-R0O-36) 1:100; Ki67 (BD Biosciences, 550609)
1:500; Phospho-Erk1/2 (Cell Signaling, 4376S) 1:100; and Phospho-Akt (Cell
Signaling, 4060S) 1:100 were diluted in 10% normal goat serum (NGS) (in
PBS). Antibody detection was achieved with species-specific VECTSTAIN Elite
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ABC kits (Vector Labs) and a DAB Peroxidase Substrate kit (Vector Labs). All
slides were analyzed by a board-certified pathologist.

Mouse Lung Nodule Isolation and Ex Vivo Culture. Lung dissociation and
organoid culture were performed as previously described (41, 42) with scis-
sors. Samples were then digested for 1 h at 37 °C in a mixture of dispase
(1 mg/mL) (BD Biosciences), trypsin/2 mM ethylenediaminetetraacetic acid
(EDTA) (0.25% by volume) (Cellgro), and elastase (10 U/mL) (Worthington).
Dissociated cells were passed through a 70-um cell strainer and resuspended
in organoid culture medium (OCM) containing the following: Dulbecco’s
Modified Eagle Medium (DMEM)/F12 supplemented with 1xITS (insulin,
transferrin, and selenium; Invitrogen), 0.5% BPE (bovine pituitary extract;
Fisher), 25 ng/mL mEGF (epidermal growth factor; PeproTech), 0.1 pg/mL
CTX (cholera toxin; Sigma), 10 pM Y-27632 (ROCK inhibitor; Sigma), 100 nM
retinoic acid (Cayman), and 100 units /mL penicillin-streptomycin (Gibco,
Cat. No. 10378016). Aliquots of 1 x 10* cells, in 50 L OCM, were mixed with
50 pL Growth Factor Reduced Matrigel (Corning) and plated into the center
of single wells in Poly-D-Lysine Cellware 12-well plates (Corning). After
30 min in a 37 °C cell culture incubator supplemented with 5% CO,, OCM
was added to each well and changed every 2 d for the duration of the ex-
periment. Two-dimensional culture of organoid cells for in vitro transfection
experiments was performed as follows: Trypsinized organoid pellets were
transferred to six-well collagen-coated plates (Corning) containing OCM.
Cells were allowed to adhere overnight after which they were transfected
with indicated AGO2 constructs (12, 13) using Lipofectamine 3000 (Thermo
Fisher Scientific). Proliferation of cultured cells was analyzed using the

Tien et al.

AGO2 promotes tumor progression in KRAS-driven mouse models of non-small cell lung

cancer


https://doi.org/10.1073/pnas.2026104118

C

SWEET_LUNG_CANCER_KRAS_UP

04 _

0.0

Enrichment score

93 NES=-18
o, Padj=0028
________________________ R e N -
00 0 3000 6000 9000 1200 0 3000 8000

SWEET_LUNG_CANCER_KRAS_DN

= =

| ++ Rank

Rank___ ool

+/+

/-
3
D N =
O W
- (O] 2
S < § <«
[T} [ - -]
e o - 2 2 % @
AGO2 |t - ——
PERK | .
Total ERK |0 s s | | S S_-—
9000 12000
Total H3 |

Fig. 5. AGO2 promotes MAPK signaling through direct interaction. (A) Organoids isolated from lung nodules of KPC-Ago2*"* versus KPC-Ago2™"~ mice.
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AGO2 and Ki67. (Scale bar, 150 pm.) (C) GSEA assessing genes associated with increased KRAS signaling (SWEET_LUNG_CANCER_KRAS_UP and SWEET_-
LUNG_CANCER_KRAS_DOWN). Comparison of genes differentially expressed in KPC-Ago2** versus KPC-Ago2~"~ organoids. NES, normalized enrichment
score. (D, Left) Immunoblot analysis of protein lysates from KPC-Ago2*/* versus KPC-Ago2~'~ organoid-derived cells. Phosphorylated ERK (pERK), total ERK
(tERK), and histone H3 (H3). (D, Right) Immunoblot analysis of KPC-Ago2~'~ organoid-derived cells transfected with constructs encoding wild-type AGO2 (WT

AGO2), AGO2K112A/E114A (K112A/E114A), and AGO2K98A (K98A).

Incucyte live cell imaging system (Sartorius). Lysis and immunoblotting (de-
scribed below) were performed 72 h after transfection.

Immunoblotting and Immunoprecipitation. Cells were lysed in ice-cold radio-
immunoprecipitation assay (RIPA) buffer (Pierce) supplemented with phos-
phatase inhibitor mixture. Protein concentration was the quantified using
the Bio-Rad Protein Assay. Between 10 and 30 pg of total protein was sep-
arated on 4-12% Bis-Tri gradient gels (Life Technoloigies) by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred
to nitrocellulose membranes. Antibodies are indicated as follows: Ago2 (Sino
Biologicals, 50683-RO-36) 1:1,000; GAPDH(14C10) (Cell Signaling, 3683S)
1:1,000; H3 (Cell Signaling, 9715) 1:1,000; Phospho-Erk1/2 (Cell Signaling,
4376S) 1:1,000; Erk1/2 (Cell Signaling, 9102S) 1:1,000; Phospho-Akt (Cell
Signaling, 4060S) 1:1,000; and Akt (Cell Signaling, 2920S) 1:1,000. Immuno-
precipitation experiments were carried out using 300 pg cell lysate. This was
precleared with Protein A/G agarose beads for 1 h at 4 °C. Following incu-
bation, lysates were treated with 5 pg of Ras antibody (Ras10 monoclonal
antibody, Millipore) or 5 pg IgG isotype control overnight at 4 °C. Subse-
quently, Protein A/G agarose beads were used to precipitate immune com-
plexes (2-h incubation at 4 °C). Immunoprecipitates were then washed,
resuspended in loading buffer, and analyzed by immunoblot.

Transcriptome Analysis. mRNA isolated as indicated above was quantitated on
the Illumina platform using RiboErase methodology. Transcripts were
quantified by pseudoalignment algorithm Kallisto (53) with mm10 as the
reference genome. Estimated counts were used to create DEGList and nor-
malized by trimmed mean of M values (TMM) (54) using the calcNormFactors
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of edgeR (55). Lowly expressed genes with mean transcript per million (TPM)
of less than 1 were removed from downstream analysis. Differential analysis
between biallelic knockout and wild type was performed on voom-
transformed count data (56) using the limma (57) package. Finally, the
fgsea package was used to perform gene set analysis using estimated log-
fold change from differential analysis as input. Mouse genes were converted
to human homologs using biomaRT (58) before evaluating enrichment of
gene sets. Enrichment plots and heat maps were generated in R Studio.

MicroRNA Expression Profiles Using Quantitative PCR of Mouse miRnome
Panels. Total RNA was isolated from lung nodules using the AllPrep DNA/
RNA/miRNA Universal Kit (Qiagen). Five nanograms of RNA from each sample
was converted into cDNA using the miRCURY LNA Universal RT microRNA PCR
Universal cDNA Synthesis Kit Il. Quantitative micro RT-PCR was performed
using exiLENT SYBR Green master mix with microRNA ready-to-use PCR mix,
Mouse&Rat panel I, V4.M (Exigon) on an ABI 7900HT Fast Real Time PCR
system (Applied Biosystems). Data were analyzed using GenEX version
6 software.

Statistical Analysis. Intergroup comparisons were made with Student’s t test
(two-group comparisons) or one-way ANOVA (three-group comparisons).
For RNA-seq, a moderated t test implemented with limma was used for
group comparison and P value adjustment for multitest was made with the
Benjamini-Hochberg (BH) method. For microRNA, significance was tested
with a Wilcoxon signed-rank test. Statistical significance was defined as a P
value <0.05 (BH adjusted P value for RNA-seq).
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