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Argonaute 2 modulates EGFR-RAS signaling to promote
mutant HRAS and NRAS-driven malignancies
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Abstract

Activating mutations in RAS GTPases drive nearly 30% of all human cancers. Our prior work described an essential role for Argonaute
2 (AGO2), of the RNA-induced silencing complex, in mutant KRAS-driven cancers. Here, we identified a novel endogenous interaction
between AGO2 and RAS in both wild-type (WT) and mutant HRAS/NRAS cells. This interaction was regulated through EGFR-mediated
phosphorylation of Y393-AGO2, and utilizing molecular dynamic simulation, we identified a conformational change in pY393-AGO2
protein structure leading to disruption of the RAS binding site. Knockdown of AGO2 led to a profound decrease in proliferation of mu-
tant HRAS/NRAS-driven cell lines but not WT RAS cells. These cells demonstrated oncogene-induced senescence (OIS) as evidenced by
B-galactosidase staining and induction of multiple downstream senescence effectors. Mechanistically, we discovered that the senes-
cent phenotype was mediated via induction of reactive oxygen species. Intriguingly, we further identified that loss of AGO2 promoted
a novel feed forward pathway leading to inhibition of the PTP1B phosphatase and activation of EGFR-MAPK signaling, consequently
resulting in OIS. Taken together, our study demonstrates that the EGFR-AGO2-RAS signaling axis is essential for maintaining mutant
HRAS and NRAS-driven malignancies.
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Significance Statement:

RAS proteins (HRAS, NRAS, and KRAS) act as molecular switches to promote cell proliferation, and constitutively active mutations
act to drive oncogenesis and growth across multiple cancer lineages. Despite years of research, direct inhibitors of mutant RAS
proteins remain elusive for most mutations. In an effort to uncover potential therapeutic targets, our lab previously described an
interaction between Argonaute 2 (AGO2) and KRAS, playing an important role in regulating RAS signaling and promoting mutant
KRAS-driven cancers. Here, we describe a role for AGO2 in mutant HRAS and NRAS-driven cancers with loss of AGO2 leading to
impaired growth, senescence, and altered RAS signaling. Our results suggest that the AGO2-RAS interaction may be a potential
therapeutic target in mutant RAS-driven cancers.

Introduction

RAS GTPases act as growth factor receptor-regulated molecular
switches, modulating cellular growth, survival, and differentia-
tion. RAS proteins cycle through nucleotide loading of active GTP-
bound and inactive GDP-bound states, and regulator proteins,
such as GTPase activating proteins (GAPs) or guanine exchange
factors (GEFs), promote the nucleotide exchange at the plasma
membrane under the control of EGFR and other growth factor re-
ceptors (1-4). Activating mutations in KRAS, HRAS, and NRAS oc-
cur in over 30% of all cancers, with particular prevalence in pan-

creatic, melanoma, multiple myeloma, and colon cancers (2, 5, 6).
Oncogenic mutations in RAS inhibit intrinsic GTPase activity, lead-
ing to constitutively active RAS signaling independent of growth
factor receptor control driving cell transformation (1, 2, 7). Despite
our understanding of the signaling events triggered by oncogenic
RAS, targeting RAS clinically remains a particularly challenging
prospect (3, 8).

With the goal of targeting mutant KRAS signaling and iden-
tifying novel partners of mutant RAS-mediated oncogenesis, we
recently probed a panel of human cancer cell lines for protein

IR.FS. and S.C. contributed equally to this work.
Received: January 27, 2022. Accepted: July 26, 2022

OXFORD

UNIVERSITY PRESS

Competing Interest: The authors declare no competing interest.

© The Author(s) 2022. Published by Oxford University Press on behalf of the National Academy of Sciences. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1093/pnasnexus/pgac084
https://orcid.org/0000-0003-1583-1547
https://orcid.org/0000-0001-5890-6858
https://orcid.org/0000-0003-1125-3727
https://orcid.org/0000-0001-8743-7480
https://orcid.org/0000-0001-9282-3415
mailto:arul@umich.edu
http://www.oxfordjournals.org
https://creativecommons.org/licenses/by/4.0/

2 | PNAS Nexus, 2022, Vol. 1, No. 3

partners of RAS and identified an interaction between KRAS and
Argonaute 2 (AGO2) (9, 10), a key member of the RNA-induced si-
lencing complex (RISC). Specifically, the Switch IT domain of KRAS
was shown to bind to the N-terminus of AGO2. While this inter-
action was observed in both wild-type (WT) and mutant KRAS-
expressing cell lines, we found that AGO2 was required for onco-
genic KRAS-driven cellular transformation. AGO2’s RISC activity
and miRNA duplex unwinding were inhibited by interaction with
mutant KRAS (9), suggesting that the RAS-AGO?2 interaction plays
a dynamic role in promoting mutant KRAS-driven cancer. In addi-
tion, we recently extended these initial observations in a mutant
Kras-driven mouse model of pancreatic ductal adenocarcinoma
(PDAC) with co-knockout of Ago2 (11). Furthermore, Ago2 abla-
tion in a mutant Kras-driven nonsmall cell lung cancer (NSCLC)
mouse model significantly reduced tumor burden and altered
downstream Kras signaling (12). These combined studies demon-
strated an important role for the AGO2-RAS interaction in pro-
moting a KRAS-driven oncogenic state.

Despite the evidence for a functional role of mutant KRAS-
AGO2 interaction in cellular transformation and proliferation, the
role of AGO2 in mutant HRAS or NRAS cancers is unclear. Muta-
tions in HRAS and NRAS account for approximately 4% and 11%
of all RAS-driven cancers, respectively (6). Using several cellular
models of mutant HRAS and NRAS-driven cancers, this study eval-
uated the interaction of AGO2 with these RAS isoforms and elu-
cidated the functional implications of this interaction. Taken to-
gether, our results demonstrate an important EGFR-AGO2-RAS
signaling axis that plays a key role in mutant RAS-driven prolif-
eration, and both mutant HRAS and NRAS depend on AGO2 to
overcome senescence.

Materials and Methods

Cell culture, transfection, and epidermal growth
factor stimulation

All cell lines (detailed in Table S1, Supplementary Material) were
obtained from the American Type Culture Collection (ATCC) or
DSMZ-German Collection of Microorganisms and Cell Cultures
(DSMZ; Kasumi-2). Cells were cultured following ATCC culture
methods in media supplemented with the corresponding serum
and antibiotics. Additionally, cells were routinely genotyped and
tested biweekly for mycoplasma contamination. For epidermal
growth factor (EGF) stimulation, cells were grown to approxi-
mately 80% confluence and washed with PBS three times. Cells
were incubated overnight (16 hours) in serum-free media. EGF
stimulation was performed for 5 minutes with 100 ng/ul of EGF
(Gibco) at 37°C. After stimulation, cells were washed, and protein
lysates were prepared in K Buffer lysis buffer.

U20S were transfected with different AGO2 constructs using
Fugene HD (Promega) according to manufacturers’ protocols. For
EGFR stimulation with transient AGO2 construct overexpression,
cells were transfected approximately 16 hours prior to overnight
serum starvation and EGF stimulation.

Immunoprecipitation and immunoblot analysis

For Immunoprecipitation (IP) analysis, protein lysates were pre-
pared in K Buffer (20 mM Tris pH 7.0, 5 mM EDTA, 150 mM NaCl,
1% Triton X100, 1 mM DTT, phosphatase inhibitors, and protease
inhibitors). Typically,150 to 200 ug of protein lysates (RAS10 IP:
150 pg; AGO2 IP: 200 pg; and KRAS IP: 150 pg) were precleared
with 10 ul of protein A/G agarose beads (Santa Cruz) for 1 hour.
Precleared lysates were incubated with 5 to 10 pg of the indicated

primary antibodies targeting the protein of interest or with corre-
sponding isotype controls overnight at 4°C. A volume of 30 pl of
protein A/G beads were then added to immune complexes and
incubated for 1 to 3 hours at 4°C, spun, and washed in 150 to
300 mM NaCl-containing K Buffer prior to separation of immuno-
precipitates by SDS-PAGE (full antibody list detailed in Table S2,
Supplementary Material). Immunoblot quantification conducted
with Licor Image Studio software.

Plasmids

Full length FH-AGO2 constructs were obtained from Addgene
(pIRESneo-FLAG/HA-AGO? 10,822, PI: Thomas Tuschl). AGO2Y3%3F
mutant construct was generated using the QuikChange II XL
site-directed mutagenesis kit (Agilent) from the FH-AGO2 plas-
mid described above using the primers hAGO2_Y393F_Fwd
5*AAATTCACGGACGAATGGATCTGTGTTGAAACTTGCACS and
hAGO2_Y393F_Rev S’GTGCAAGTTTCAACACAGATCCATTCGTC-
CGTGAATTT3.” DNA sequences were confirmed using Sanger
sequencing at the University of Michigan Sequencing Core.

Proximity ligation assay

U208, T24, and Mel-Juso cell lines were cultured on 8-well cham-
ber slides and serum starved overnight. After indicated treat-
ment/stimulation, cells were fixed with 4% paraformaldehyde,
permeabilized using 0.1% Tween. Subsequent Proximity ligation
assay (PLA) staining was performed as per the protocol provided
by the manufacturer (DUOlink kit, Millipore/Sigma). Antibodies
were validated for use previously (11). PLA was performed using
RAS10 or AGO2 antibodies either alone or in combination and im-
aged using a Nikon A1B confocal microscope.

shRNA viral transduction and AGO2 knockdown
assays

T24, Kasumi-2, Mel-Juso, SK-MEL-2, H1299, HeLa, and A375 cells
were treated with two independent shRNAs in viral vectors (vali-
dated Mission shRNA lentiviral plasmids, Sigma) targeting AGO2
(TRCN0000011203 and TRCN0000007867). Cells were incubated at
37°Cin 5% CO, and were selected with puromycin over a period
of 5 days.

PTP1B inhibition and siRNA transfection

The Screen-Well Phosphatase Inhibitor Library (Enzolifesiences;
BML-2834) was tested against NIH-3T3 Ago2~/~ (9) at 10 mM con-
centrations dissolved in DMSO and treated for 2 hours. For hy-
drogen peroxide treatment, cells were treated in 4 mM H,0, for 4
minutes.

Cellular proliferation assays

Following puromycin selection, AGO2 knockdown stable cell lines
were measured for proliferation through IncuCyte. Approximately
25,000 cells were seeded in triplicate on 24-well plates and mea-
sured over a 4- to 5-day period. Confluence rate and standard de-
viation between replicates were measured on IncuCyte and cal-
culated via Incucyte Zoom software. Kasumi-2 leukemia cell lines
were manually counted via hemocytometer (13) in triplicate ex-
periments, and results were analyzed in GraphPad Prism 8 for sta-
tistical significance.

B-galactosidase senescence assay

Following puromycin selection, AGO2 knockdown stable cell
lines were seeded on a 6-well plate. g-galactosidase staining was
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performed using the Senescence pB-Galactosidase Staining
Kit #9860 (Cell Signaling) following the established protocol
(11).

Reactive oxygen species assay

Following puromycin selection, AGO2 knockdown stable cell
lines were seeded on a 96-well plate. Reactive oxygen species
(ROS) were detected with the ROS-Glo H,0, Assay Cat# G8820
(Promega) following the manufacturer’s instructions, approxi-
mately 24 hours following adherence to dish.

Molecular dynamics simulations

Coordinates were downloaded for 4W5N (AGO?2) (14) from the Pro-
tein Data Bank (15). A total of two molecular dynamics simula-
tions (MDS) were run, one with AGO2 Tyr393 phosphorylated and
one nonphosphorylated. To make the simulations more feasible,
only residues 43 to 406 were used in addition to RNA residues
C12 to U21. MOE 2016.08 (16) was used to cap the termini with
an acetyl group on the N-terminus and a N-methyl group on
the C-terminus. The phosphate was built in manually using MOE
2016.08 (16). Three additional loops were built using MOE’s struc-
ture preparation tool: residues 150 to 153, Gln246, and residues
273 to 275. Asp, Glu, and His residues were analyzed for appro-
priate hydrogen bond characteristics and flipped and renamed
when necessary. The tleap module of Amber16 (17) was then used
with the RNA.OL3 (18) parameters for the RNA and mmff14SB
(19) parameters for the protein to neutralize and solvate the sys-
tem. Parameters for phosphotyrosine were obtained from Home-
yer et al. (20). A total of two chloride ions were added to the non-
phosphorylated structure to neutralize the system. The solvate-
box command in tleap (17) was used to add a 10 A box of TIP3P
water molecules to each system with the closeness parameter set
to 0.5.

Each system was minimized using the sander module of am-
ber16 with 250 steps of steepest decent followed by 4,750 steps of
conjugate gradient, keeping the protein and RNA fixed. All atoms
were then minimized using sander for 250 steps of steepest decent
followed by 2,250 steps of conjugate gradient. The temperature
was then gradually ramped to 300 K in three steps of 20 ps and one
20 ps step at 300 K keeping the protein and RNA constrained with a
10 kcal/mol-A? weight. The restrained dynamics were run at 300 K
for an additional 250 ps. Equilibration was performed by gradually
reducing the weighting on the protein backbone and RNA in two
20 ps runs followed by one 60 ps run with a restraint weight of
0.1 kcal/mol-A?. Completely unrestrained constant pressure and
temperature dynamics were then run for 1.4 ns to allow equili-
bration. Unrestrained constant pressure and temperature molec-
ular dynamics were run for 1.755 ps for the production run us-
ing pmemd.cuda (21, 22) on GeForce GTX1080 GPUs. SHAKE was
used in all dynamics runs to constrain bonds to hydrogens. A 2-
fs timestep was used for all temperature ramping, equilibration,
and production runs.

Analysis: The “rmsd” command from the cpptraj module of
Amber16 was used to align snapshots from every 500 ps of the pro-
duction simulation to the starting structure using the Co atoms.
After alignment RMSDs were calculated using the “rmsd” com-
mand with the “nofit” option. All snapshots from the molecu-
lar dynamics production run were used to calculate correlated
motions with the “matrix” command in cpptraj. The correlations
were then plotted using the Contour graphing option in JMP13
(23).

Results

Identification of the endogenous interaction of
AGO2 with HRAS and NRAS

Our previous work identified a novel interaction between KRAS
and AGO2 in both WT and mutant KRAS cell lines across multi-
ple cell lineages and cancers via coimmunoprecipitation (Co-IP)
followed by mass spectrometry (co-IP MS) (9). Importantly, AGO2
was found to directly interact with the Switch II domain of KRAS
through the Y64 residue (9, 10). While nearly 85% of RAS-driven
cancers are KRAS mutants (6), HRAS and NRAS share approxi-
mately 82% to 90% of the amino acid (aa) sequence with KRAS (24),
with the majority of variance occurring within the C-terminal re-
gion (Fig. 1A). This hyperviarable region within the C-terminus of
RAS accounts for differences in post-translational modifications
between the isoforms (25), ultimately leading to varying mem-
brane trafficking and signaling between them (26).

Considering the sequence homology between RAS isoforms is
100% identical within the Switch II region, we asked whether the
interaction between AGO2 and HRAS or NRAS could be detected
endogenously in human cancer cell lines. Using a pan-RAS anti-
body specific to the Switch I domain of RAS (RAS10 (27)), we per-
formed co-IPs across multiple cell lines from diverse cancer types.
Interaction with AGO2 was detected in all cell lines expressing
either HRAS or NRAS, regardless of mutation status or cell lin-
eage (Fig. 1B and C). Together, these results demonstrate that the
AGO2-RAS interaction is consistent across all RAS isoforms and
is independent of RAS mutation status.

EGFR activation disrupts WT RAS-AGO2 but not
mutant RAS-AGO2 interaction

Following our demonstration of AGO2’s interaction with both
HRAS and NRAS proteins, we next investigated endogenous reg-
ulators of this interaction. Upon receptor tyrosine kinase activa-
tion, canonical regulators of RAS, such as the GEF and GAP pro-
teins, preferentially bind and determine the GDP/GTP-bound sta-
tus of WT RAS proteins. These regulators have reduced affini-
ties to oncogenic forms of RAS (28), thereby resulting in a con-
stitutively active, GTP-bound form of mutant RAS. Recent stud-
les demonstrated that EGFR directly binds and phosphorylates
AGO2Y%%% under hypoxic conditions (29). Furthermore, our prior
work studying AGO2-KRAS demonstrated regulation of this in-
teraction via EGF stimulation in WT KRAS but not mutant KRAS-
expressing cells (11). These findings prompted us to investigate
the effect of EGFR activation on the AGO2-HRAS and NRAS in-
teractions. Using an AGO2-specific antibody (30), we carried out
RAS-AGO?2 co-IP assays upon stimulation with EGF across a panel
of cell lines expressing either HRAS or NRAS. While basal RAS and
AGO2 binding was observed in all of the cell lines, short-term EGF
stimulation abolished the WT HRAS-AGO?2 interaction in HelLa
(Fig. 2A) and LNCaP (Figure S1A, Supplementary Material) cells.
Furthermore, short-term EGF stimulation also disrupted the inter-
action of NRAS-AGO? in MCF7 (Fig. 2C) and HEK293 (Figure S1C,
Supplementary Material) cells expressing WT NRAS.

EGFR signaling and cellular trafficking is known to be dysregu-
lated in the presence of mutant RAS (31). Considering the connec-
tion between EGFR and RAS signaling, we next asked if mutations
in HRAS could alter growth factor control of the AGO2-HRAS in-
teraction. Interestingly, EGF stimulation in cells harboring onco-
genic HRAS, including T24 (HRASC12V/G12V: Fig 2B) (32) and Hs578t
(HRASC1?D/WT: Figure S1B, Supplementary Material) (33), retained
binding of endogenous HRAS and AGO?2, despite activation of the
EGFR/MAPK pathway (Fig. 2B). This was further corroborated in a
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Fig. 1. AGO2 interacts with all major isoforms of RAS through their Switch II domains. (A) RAS isoform protein structures and aa homology
demonstrate 100% aa conservation at the Switch I domain (highlighted yellow) and Switch II domain (highlighted gray). Commonly mutated aas (G12,
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panel of mutant NRAS cell lines, including Mel-Juso (NRAS/WT;
Fig. 2D) (34) and H1299 (NRAS®K/WT: Figure S1D, Supplementary
Material) (35), which also showed resistance to EGFR regulation
of AGO2-NRAS interaction. This suggests that the mutant HRAS-
AGO2 and mutant NRAS-AGO?2 associations are unaffected by
EGF ligand-mediated signaling. Together, these observations rep-
resent an intriguing difference in the regulation of the RAS-AGO2
interaction between WT and mutant HRAS and NRAS that may

indicate an important mechanistic difference between the regu-
lation of WT and oncogenic forms of RAS.

To further confirm the disruption of AGO2-RAS interaction
and track the localization of these proteins following growth fac-
tor activation, we performed PLA on a subset of the cells tested
above expressing WT RAS (U20S) (36), mutant HRAS (T24), or
mutant NRAS (Mel-Juso). Our prior studies established that WT
AGO2-KRAS was disrupted upon EGF ligand stimulation via IP
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immunoblot and PLA (11). This was confirmed here via PLA in the
U20S (WT RAS) cell line that demonstrated a remarkable loss of
AGO2-RAS colocalization following EGF stimulation (Fig. 2E). Con-
versely, both mutant HRAS (T24) and mutant NRAS (Mel-Juso) cells
demonstrated continued interaction via PLA of AGO2-RAS despite
EGFR activation (Fig. 2E). These results corroborate our co-IP anal-
ysis and confirm that the mutant HRAS and NRAS-AGO?2 interac-
tions are resistant to EGF stimulation.

Phosphorylation of AGO2 at Y393 leads to
conformational change within the RAS binding
site

Previous studies have identified multiple phosphorylation sites in
AGO?2, including Y529, S387, and Y393 (37), that have been mech-
anistically associated with AGO2 miRNA binding (38), localiza-
tion (39), and interactions with RISC members (40), respectively.
Phosphorylation at tyrosine 393 downstream of EGFR activation
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has been described (29), and our prior work demonstrated a role
for EGFR phosphorylation at Y393 for disruption of the AGO2-
KRAS interaction under multiple conditions (11). To further this
observation, we tested the ability of a phosphorylation-deficient
AGO273%%F mutant to bind all three isoforms of RAS under differ-
ent conditions. In U20S cells (RASWT) (36), EGF stimulation led to
dissociation of ectopically overexpressed Flag-AGO2WT from RAS,
but the Flag-AGO2Y3%*F mutant was recalcitrant to EGFR activa-
tion, remaining bound to RAS (Fig. 3A). These data confirm that
the WT RAS-AGO?2 interaction is sensitive to disruption via EGFR-
mediated phosphorylation of AGO2Y3%3. Prior studies have sug-
gested that EGFR directly interacts with and phosphorylates AGO2
under multiple conditions including EGF ligand activation and hy-
poxia; however, EGFR-AGO? interaction is heavily favored under
hypoxic conditions (29). Recently, other intermediate kinases such
as c-Src have been identified to phosphorylate AGO2 at multi-
ple tyrosine residues, including Y393 (41). It is, therefore, possi-
ble that AGO2 is phosphorylated by multiple kinases downstream
of EGFR activation in addition to direct EGFR-AGO2 mediated
phosphorylation.

To further probe the effect of AGO2Y*%3 phosphorylation on the
AGO2 N-terminal domain, we performed MDS of nonphosphory-
lated and phosphorylated AGO2 at Y393. Our prior characteriza-
tion of the AGO2-KRAS interaction identified the K112 and E114
residues of AGO2 as critical for RAS binding at the N-terminus
of AGO2. Root mean square deviation (RMSD) overlay plots (42)
showed rapid and significant movement in the RAS binding g-
sheet stretch spanning aas 109 to 119 (Fig. 3B) when compared
to a stretch spanning aas 76 to 86 and the region spanning Y393.
In particular,K112 and E114 residues, which are predicted to make
contacts (9) in the Switch II domain of RAS, showed significantly
greater movement compared to R110 and Y393 (Figure S2, Sup-
plementary Material). In addition, anticorrelated movement of
the RAS binding site upon Y393 phosphorylation was observed
(Fig. 3C and D). These architectural changes in the N-terminal
domain were evident in the structure at the end of simulation
(Fig. 3E), and these results suggest that AGO2Y*%* phosphorylation
leads to a conformational sift in the overall protein structure of
AGO2’s N-terminus leading to disruption of the RAS binding site
at K112 and E114. We propose that the changes observed in this
simulation study lead to decreased compatibility of phospho-
AGO273%% with all three RAS isoforms, in addition to the previously
described disruption of AGO2-DICER (29). The specific molecular
basis of this interaction awaits high resolution structural deter-
mination of AGO2 and its complexes with RAS variants.

AGO2 interaction is essential for mutant HRAS
and NRAS-driven cell proliferation

After assessing the endogenous regulators of the AGO2-RAS in-
teraction, we next asked if AGO2 played a functional role in pro-
moting mutant HRAS and NRAS cancers. Using two indepen-
dent shRNAs targeting AGO2, we generated stable transduced
cell lines in a variety of mutant HRAS and NRAS-driven cell
lines. As expected, knockdown of AGO2 led to a profound reduc-
tion in cell proliferation in a mutant HRASS?Y/¢1?V_driven uri-
nary bladder carcinoma cell line (T24) (32) and a HRASC!ZV/WT.
driven acute lymphocytic leukemia cell line (Kasumi-2) (43) com-
pared to a matched nontargeting control shRNA (Fig. 4A; Fig-
ure S3, Supplementary Material). Additionally, two mutant NRAS-
driven melanoma cell lines (Mel-Juso; NRAS®I/WT ‘and SK-MEL-
2; NRASQOIH/Q01HY (34 44) demonstrated marked growth reduction
following loss of AGO2 (Fig. 4B; Figure S3, Supplementary Mate-

rial). This reduced proliferation potential suggests that AGO?2 acts
to promote and maintain oncogenic HRAS and NRAS proliferation
in mutant RAS- driven cells.

Our previous work on the interaction of AGO2 and KRAS
demonstrated that KRAS-independent cell lines were resistant to
loss of AGO2 (9). Knockdown of AGO2 expression in the WT RAS
cell line, Hela, did not alter cell proliferation (Fig. 4C; Figure S3,
Supplementary Material). Interestingly, this was also seen in the
melanoma cell line, A375 (45), that harbors the BRAFV000E/V600E
mutation exhibiting a constitutively activated ERK/MAPK path-
way, independent of RAS mutation (Fig. 4C; Figure S3, Supple-
mentary Material). Furthermore, mutant Nras®?P-driven cellular
transformation of NIH-3T3 cells was potentiated by overexpres-
sion of Ago2, leading to additional foci formation (Figure S4, Sup-
plementary Material); however, similar to our observations in mu-
tant BRAF cell lines, BRAFV®%E_driven transformation was unaf-
fected by overexpression of AGO2 (9). These results demonstrate
that AGO2’s role in mutant RAS cells is not recapitulated in con-
stitutive MAPK-driven cancers, further supporting a requirement
for the AGO2-RAS interaction in these cells.

Loss of AGO2 promotes senescence in mutant
HRAS and NRAS-driven cells through induction
of senescence effectors

RAS genes play a central role in the regulation of the cell cycle
through mitogenic MAPK signaling, promoting cell proliferation,
and survival (46). In order to better understand the effects of AGO2
loss on mutant RAS cells, we next asked if decreased cell prolifera-
tion was due to an induction of cellular senescence, as observed in
our prior work in mutant KRAS PDAC (11). Following stable AGO2
knockdown, we performed g-galactosidase staining (47) in the cell
line panel described above. B-galactosidase staining is considered
a strong biomarker for cellular senescence associated with the
build-up in lysosomes (48). Both mutant HRAS (T24) and mutant
NRAS (Mel-Juso)-driven cell lines displayed a significant increase
in the number of B-galactosidase-positive cells (Fig. 5A). Further-
more, cells displayed morphologic changes consistent with cellu-
lar senescence such as increased size, flat appearance, and en-
larged nuclei (49) (Figure S5, Supplementary Material). These re-
sults suggest that the loss of AGO2 led to the induction of senes-
cence in these cells. Additionally, loss of AGO2 in cell lines express-
ing WT RAS (HeLa and A375) did not lead to an increased level of
B-galactosidase staining (Fig. 5B), consistent with continued pro-
liferation following AGO2 knockdown.

Senescence is regulated via multiple pathways within cells,
converging, in part, on activation of tumor suppressor pathways
p53/p21 and p16 (50). Cellular senescence has been connected to
multiple forms of stress including DNA damage (51), oncogene-
induced senescence (OIS) (52), replicative senescence (53), and
others. While senescence is controlled by a complex set of sig-
naling events and pathways, induction of p21 and p16 proteins
work to inhibit progression through the cell cycle via inhibition of
cyclin-dependent kinase phosphorylation of Retinoblastoma (Rb)
proteins (50). Activation of Rb via hypophosphorylation leads to
cell cycle arrest in G1 phase, inducing cellular senescence (54).
Mutations in RAS genes are well-known to drive cell cycle arrest
in a process known as OIS when introduced to primary fibroblast
cells (52). Considering the observed increase in B-galactosidase
staining following AGO2 loss, we asked whether these known
senescence pathways were activated in mutant HRAS and NRAS-
driven cell lines. Immunoblot analysis displayed increased ex-
pression of p53, p21, and p16 proteins in AGO2 knockdown cells
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compared to their nontargeting controls (Fig. 5C; Figure S6, Sup-
plementary Material). The p53/21 and p16 pathways are known to
be upregulated following HRASC!?V overexpression in primary ro-
dent fibroblast cells (52), suggesting that AGO2 may play a role
in suppressing OIS in transformed cells. Together, our results
demonstrate that loss of AGO2 is sufficient to induce senescence

and arrest cell proliferation via an induction of p53/p21 and p16
senescence effector pathways.

Since mutations or loss of the TP53 gene leads to evasion of
senescence and other tumor suppressor functions in the pro-
gression of multiple tumor types (55-57), we asked if TP53 loss
could overcome the observed necessity for AGO2 in mutant
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NRAS-driven cancers. We selected a NSCLC mutant NRAS cell line,
H1299 (58), that is TP53 null. Whereas knockdown of AGO2 was
sufficient to decrease proliferation and induce senescence in our
previously tested cell lines, H1299 cells did not demonstrate a
sensitivity to AGO2 loss, maintaining normal growth and nega-
tive B-galactosidase staining (Figure S7, Supplementary Material)
despite expression of mutant NRAS. These findings suggest that
AGO2 is a requirement for mutant HRAS and NRAS-driven tumor
growth that can be circumvented through the loss of TP53 expres-
sion in these cells.

Loss of AGO2 promotes inactivation of PTP1B and
EGFR activation in a feed forward loop

Since EGFR phosphorylates AGO2 and limits its association with
WT RAS (Figs 2 and 3), we next explored whether the EGFR and

MAPK pathways could be activated following AGO2 knockdown
in our mutant HRAS (T24) and NRAS (Mel-Juso) cell line models.
Following immunoblotting, we observed not only an increase in
PEGFR-Y1068 but also increased levels of pERK (Fig. 6A; Figure S8,
Supplementary Material). Activation of the EGFR-Y1068 residue
is known to recruit RAS activators like GRB2 and SOS1 in hu-
man cells (59), accounting for the observed MAPK signaling. We
next assessed whether EGFR levels/activity were altered following
Ago2 loss in mouse embryonic fibroblasts (MEFs) expressing WT
Ras. We observed increased levels of phosphorylated EGFR residue
pY1068 in Ago2~/~ MEF cells (Fig. 6B; Figure S8, Supplementary
Material). Importantly, this residue has previously been shown
to activate RAS through the MAPK pathway (60) and is corrobo-
rated by our prior observation of MAPK activation in Ago2~/~ MEF
cells (11).
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Interestingly, we did not initially observe an increase in pEGFR
in our NIH-3T3 Ago2 knockout cells (Fig. 6C; Figure S9, Supplemen-
tary Material). Previous studies have observed a deactivation of
the protein phosphatase PTP1B via oxidation by ROS in senescent
fibroblasts following the overexpression of mutant HRASS1?V (61).
Additionally, loss of PTP1B activity leads to the phosphorylation
of AGO2Y*%? increasing p21 expression in part through inhibition

of AGO2 RNAIi function, ultimately progressing to senescence. ROS
are well-known products of mutant RAS protein mitogenic signal-
ing (62, 63). As EGFR phosphorylation is a known target of PTP1B
(64) and other AGO2 null fibroblasts show activation of pEGFR (Fig.
6B; Figure S8, Supplementary Material), we treated our NIH-3T3
Ago2 knockout cell lines with H,0,. Following hydrogen peroxide
treatment, there was a strong induction of pEGFR-Y1068 (Fig. 6C;
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Figure S8, Supplementary Material) in Ago2 null cells but not in
the parental cells expressing Ago2. Considering PTP1B is deacti-
vated by ROS, we next asked if targeted inhibition of this phos-
phatase could induce similar activation of Y1068-EGFR in vitro.
Using a phosphatase inhibitor panel, we saw a large induction
of pEGFR-Y1068 in NIH-3T3 Ago2 ~/~ cells treated with inhibitors

known to target PTP1B (Fig. 6D and E; Figure S8, Supplementary
Material) including MSI-1436 (65) and orthovanadate (66).

Given the potential connection between PTP1B inactivation
and EGFR activation in cells deficient in AGO2, we next asked if
AGO2 loss was associated with production of ROS in our mutant
HRAS and mutant NRAS models. Importantly, prior studies have
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implicated ROS in the promotion of senescence through multi-
ple pathways including mutant RAS activation (62). We observed
a strong increase in production of ROS following AGO2 knock-
down in both HRAS (Fig. 6F) and NRAS (Figure S10, Supplementary
Material) mutant cell lines. Along with our earlier observations
that AGO2 knockdown induced OIS in mutant HRAS and NRAS
cell lines (Fig. 5), these results suggest an important new feed for-
ward loop in mutant RAS-driven cells following the loss of AGO2
through inhibition of PTP1B regulation of EGFR-mediated signal-
ing.

Discussion

Despite years of research, prior attempts to clinically target RAS
mutations have been largely unsuccessful (67), and efforts to tar-
get downstream RAS signaling or subcellular localization have
demonstrated limited efficacy (68). Recently, small molecule in-
hibitors of KRASS'?C point mutations have shown promise in hu-
man trials (69, 70); however, no specific inhibitors of mutant NRAS
or HRAS have been successfully developed to date (71). With the
goal of identifying potentially druggable interactors with mutant

RAS proteins, our group recently identified the novel KRAS-AGO2
interaction (9) and described its role in promoting both pancreatic
(11) and NSCLC (12). Importantly, this interaction was specific to
AGO2 and not the other Argonaute isoforms (9). In parallel to our
studies with mutant KRAS, we set out to identify a role for AGO2
in mutant HRAS and NRAS-driven cancers. In this manuscript, we
describe the endogenous interaction of AGO2 with both HRAS and
NRAS. Furthermore, we describe two novel mechanistic insights
into the role of the EGFR-AGO2-RAS signaling axis in promoting
mutant RAS-driven oncogenesis (Fig. 7).

First, we describe the role of EGFR-mediated phosphorylation of
residue Y393 on AGO?2, leading to a novel conformational change
in the N-terminal domain of AGO2 (Fig. 3). This proposed struc-
tural change accounts for the disruption of AGO2-RAS interac-
tion and promotion of RAS activation through increased inter-
action with RAS effectors like SOS1 (11). Oncogenic HRAS and
NRAS, however, are resistant to this disruption downstream of
EGF ligand. Our data also show that EGFR-mediated phosphory-
lation of AGO273%% disrupts binding of all three isoforms of WT
RAS. This event both regulates WT-RAS interaction with AGO2
and inhibits microRNA processing via disruption of AGO2-DICER
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interaction. While phosphorylation of AGO273%® itself has not
been associated with changes in miRNA binding, increased Y393
phosphorylation was linked to inhibited processing of long-loop
miRNA transcripts into mature miRNA (29). Interestingly, our prior
work demonstrated that mutant KRAS inhibited AGO2 unwinding
of miRNA duplexes (9). These findings suggest that while mutant
RAS bound AGO? is still loaded with miRNA transcripts, this in-
teraction may be resistant to RISC formation and awaits further
investigation.

Our MDS analyses suggest that AGO2 phosphorylation at Y393
leads to conformational changes within the RAS binding re-
gion (K112 and E114), likely destabilizing the WT RAS binding.
While the mutant RAS-AGO?2 binding may be recalcitrant to such
changes in 3D structure, our prior work has not demonstrated any
increased affinity of mutant KRAS-AGO2 complexes compared to
WT RAS (10). It is also possible that EGFR is unable to access
and phosphorylate AGO2 in mutant RAS-expressing cells under
normal EGF ligand-driven activation, which may exist in spatially
distinct complexes. Furthermore, our observation of resistance to
EGFR phosphorylation of AGO2 in the setting of mutant HRAS
or NRAS may be the result of additional dysregulation of protein
phosphatases such as PTP1B, leading to promotion of RAS-AGO2
binding. Recent work by other groups has also found that mutant
KRAS promotes phosphorylation of AGO25%/ through MAPK sig-
naling, leading to alteration of miRNA maturation and exosome
sorting (39).

Second, we characterized a novel feed forward pathway in
which EGFR-MAPK signaling is activated downstream of AGO2
knockdown in mutant HRAS and NRAS cell lines, ultimately lead-
ing to the observed OIS phenotype. Activation of MAPK signaling
downstream of AGO2 loss was observed previously in our mutant
KRAS-driven model of PDAC through an induction of WT RAS-GTP
signaling (11). In this study, we observed that increased mitogenic
signaling results in elevated ROS production following AGO2 loss,
leading to inactivation of PTP1B and subsequent accumulation
of active pEGFR-Y1068. This increased pEGFR feeds forward, ac-
tivating RAS and downstream MAPK signaling, further promoting
QIS in these cells (Fig. 7). Interestingly, AGO2 has previously been
linked to OIS driven by HRAS®'? in fibroblasts. Phosphorylation of
AGO27%% led to increased p21 expression and senescence follow-
ing the inactivation of protein phosphatase PTP1B (61). Our model
suggests that phosphorylation of Y393-AGO2 leads to the dis-
ruption of HRAS-AGO2 and NRAS-AGO? interaction. Additionally,
the loss of AGO2 inhibits mutant HRAS and NRAS growth in part
through induction of senescent pathways like p53 and p16 (Fig. 5).
Finally, the loss of AGO2 leads to the production of ROS causing the
inactivation of PTP1B and the induction of a pEGFR-RAS-ERK feed
forward loop (Fig. 6). Our previous work in a genetically engineered
mouse model of KRAS-driven PDAC demonstrated that AGO2 can
partially inhibit KRAS interaction with SOS1. GEFs, like SOS1, play
an important role in the activation of WT RAS by promoting the
release of GDP, ultimately leading to the loading of GTP into RAS
(72). Ourin vitro data demonstrating this inhibition of KRAS-SOS1
activity was confirmed in vivo where Ago2 loss led to an increase
in RAS-GTP loading in both WT RAS MEF cells and PDAC PanIN
organoid cell culture (11). This observed EGFR-AGO2-RAS signal-
ing axis suggests that the continued binding of RAS and AGO?2 is,
in part, required to prevent OIS and can be overcome through loss
of AGO2 expression.

Despite recent progress in targeting KRAS®'2¢ mutations (69),
few treatment options remain available to target RAS clinically.
Taken together, our study finds a novel role for AGO?2 as a regula-
tor of cellular proliferation and senescence in mutant HRAS and

NRAS-driven cancers through an EGFR-AGO2-RAS signaling axis.
While further efforts to target this interaction await cocrystal-
ization and structural determination of AGO2 with RAS variants,
a greater understanding of the AGO2-RAS interaction in human
cancer may inform future clinical targeting of mutant RAS.
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