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Abstract

Initially reported for viral RNA, elongation of polypeptide chains beyond the stop codon
(translational readthrough (TR)) also occurs on eukaryotic transcripts. TR diversifies the
proteome and can modulate protein levels '°. Here we report that AGO1x, a conserved TR
isoform of Argonaute 1, is generated in highly proliferative breast cancer cells, where it curbs
accumulation of double stranded RNAs, the induction of the interferon response and apoptosis.
In contrast to other mammalian Argonaute protein family members with primarily cytoplasmic
functions, AGOIx localizes to the nucleus, in the vicinity of nucleoli. We identify a novel
interaction of AGO1x with the Polyribonucleotide Nucleotidyltransferase 1, depletion of either
protein leading to dSRNA accumulation and impaired cell proliferation. Our study thus uncovers
a novel function of an Argonaute protein outside of the miRNA effector pathway, in buffering
dsRNA-induced interferon responses. As AGOIx expression is tightly linked to breast cancer
cell proliferation, our study suggests a new direction for limiting tumor growth.
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Introduction

Guided by small RNAs — miRNA or siRNA — the four members of the human Argonaute

7

protein family repress translation and promote degradation of mRNA targets , with largely

overlapping target specificities ®

. Although Argonaute proteins are primarily found in the
cytoplasm, associations with organelles, as well as their presence in the nucleus have also been
reported. In particular, Argonaute 1 (AGOI1 or EIF2C1) has been found at promoters and

1011 and alternative splicing *'>. AGOI

enhancers, modulating chromatin marks °, transcription
has emerged among the best predicted substrates of heterogeneous nuclear ribonucleoprotein
A2/B1-dependent, programmed translational readthrough (TR), which also generates a particular
isoform of vascular endothelial growth factor A (VEGF-Ax) *". In contrast to VEGF-Ax, the
expression pattern and function of the AGO1 TR isoform (AGO1x) in human cells have not been

studied.

Results

Analyzing the conservation of genomic regions downstream of annotated stop codons among
vertebrates, we found a few cases where highly conserved C-terminal protein extensions could
be predicted (Fig. 1a). The proteins encoded by these transcripts have primarily RNA and
protein binding potential and are involved in the regulation of gene expression and metabolism.
Among Argonaute family members, AGO1 exhibits the strongest conservation downstream of
the annotated stop codon (Fig. 1a). Further support for the coding potential of this region comes
from the striking paucity of nonsense mutations in the 99 nts-long region extending to the next
predicted stop codon, as well as a frame-preserving, 3-nt deletion in Tarsiers (Fig. 1b). The
predicted peptide extension is also extremely conserved across vertebrates (Fig. 1c¢).

The expression level of AGOI mRNA varies relatively little across normal tissues '* (Fig. S1a).
We therefore wondered whether larger variation in 4GOI levels and possibly translational
readthrough could arise in cancers as a result of copy number variations of the AGOI locus.
Indeed, by querying the cbio Cancer Genomics portal '* we found that the AGOI locus is
amplified with high frequency in ovarian cancer and breast cancer xenografts (Fig. S1). An
important role for AGOI in breast cancer has also been reported in a previous study '°. Thus, we
investigated AGO1x expression in breast cancer and other model cell lines, by western blotting.
The commercially available AGO1 antibody consistently identified a cryptic second band of
higher molecular weight and lower intensity compared to the band corresponding to the primary
signal, in breast cancer cell lines as well as in HeLa cells (Fig. 1d and S2a). Surmising that this
band corresponds to AGO1x, we then obtained a polyclonal antibody directed to the peptide
predicted from the readthrough region (Fig. 1c, red line). To thoroughly characterize the
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specificity of this antibody, we overexpressed FLAG-tagged variants of either AGO1 or AGO1x
in the MDA-MB-231 breast cancer cell line, and in a complementary experiment, we depleted
the AGOI transcript with an siRNA pool. Analysis of these cells by western blotting and
immunofluorescence demonstrated that our polyclonal AGO1x antibody specifically detected the
AGO1x variant, while the commercial AGO1 antibody detected both isoforms (Fig. S2 b-f). As
we obtained the strongest AGO1x signal in the MDA-MB-231 cell line (Fig. 1d), derived from
the metastatic site of a human breast tumor, we used primarily this cell line to characterize
AGO1x function. HeLa cells, with lower AGO1x expression, were used for additional validation.
To further confirm that AGO1x in present in cell lysates, we carried out targeted LC-MS analysis
and identified with very high confidence the QNAVTSLDR peptide predicted from the
readthrough region (Fig. 1e). A translated BLAST !7 search against the reference human genome
using the NCBI server further showed that this peptide is unique to AGOI1x and cannot be
derived from any other region of the genome. Furthermore, analysis of RNA sequencing data
from our cell lines (see below, Fig. S5a) did not identify a single read that could indicate bypass
of the annotated stop codon of AGOI! by alternative splicing. Thus, AGO1x is generated in
human breast cancer cell lines, in all likelihood through TR. To gain insight into potential
functions of AGO1x, we then investigated its localization in cells, by co-immunofluorescence
analysis of AGO1x with several nuclear and cytoplasmic markers. This revealed a striking
enrichment of AGOI1x in the nuclear compartment of both MDA-MB-231 and HeLa cells, with
very little signal from the cytoplasm (Fig. 1f and Fig. S3a). A more detailed analysis of the
nuclear compartment indicated that AGOIx is enriched around nucleoli, as shown by its partial
co-localization with the nucleolar marker Nucleolin (Fig. 1g and Fig. S3b, ¢). Western blots
from nuclear and cytoplasmic fractions of MDA-MB-231 cells corroborated our initial
observation that AGO1x is located primarily in the nucleus while the shorter and more abundant
canonical isoform is essentially cytoplasmic (Fig. 1h).

We next used the CRISPR/CAS9 genome editing tool to investigate the consequences of losing
AGOlx expression. To identify robust on-target effects we started from two parental cell lines,
MDA-MB-231 and HeLa, and from each, we generated by means of two distinct single guide
RNAs (sgRNAs) two derived lines carrying small deletions in the predicted readthrough region
(Fig. 2a, top panel). By treating the parental cells with an sgRNA designed to target GFP, we
also generated a control line. We validated the successful targeting by western blotting, which
showed the loss of AGO1x expression, with no apparent effect on the canonical AGO1 isoform
in both mutant MDA-MB-231 cell lines (Fig. 2a, bottom panel). In culture, the mutant cell lines
exhibited a marked reduction in growth relative to the parental line. This was documented both
by microscopy at two different time points after seeding equal numbers of cells from the
different lines (Fig. 2b), as well as through a noninvasive, electrical impedance-based
quantification of real-time cell growth '® (Fig. 2¢). Mutant HeLa lines generated by
CRISPR/CAS9 genome editing with the same sgRNAs exhibited similar growth defects (Fig.
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S4a-c). Furthermore, kinetic measurements revealed that beside their slower growth, mutant cell
lines also had a reduced migration potential (Fig. 2d). This prompted us to evaluate their
anchorage-independent growth (Fig. 2e, S4d) and self-renewal/differentiation capacities (Fig. 2f,
S4e) in vitro, using soft agar colony and sphere formation assays, respectively. In comparison to
control MDA-MB-231 cells, mutant cell lines showed strong impairment in both assays, further
underscoring that AGO1x affects cell growth. To determine whether AGO1x may play a role in
pathological conditions associated with cell growth, we examined breast cancer patient-derived,
paraffin-embedded tissue sections by immunohistochemistry. We found that AGO1x was indeed
detectable in the cell nuclei in these samples as well (Fig. 2g), its expression being strongly
correlated with the proliferative index of the tumours, defined by parallel staining of Ki-67 (Fig.
2g, h).

To elucidate the mechanism that underlies the impaired cell growth associated with loss of
AGO1x expression, we profiled the transcriptomes of the control and the two MDA-MB-231
mutant cell lines. The RNA-seq reads that mapped to the region of readthrough revealed
different nucleotide deletions in the mutated cell lines, confirming the successful targeting of this
locus (Fig. S5b). Several hundred genes had significantly different expression levels
([fold-change| > 2-fold and FDR < 0.01, Fig. S5¢, d) in mutant compared to control cells.
Importantly, the changes were in very strong agreement between the mutant cell lines (R=0.92,
P<0.001, Fig. 3a), indicating that they were the result of AGOIx targeting rather than to an
off-target effect. The expression level of genes related to the interferon alpha response and
apoptosis pathways increased in mutant cell lines relative to control, whereas expression of genes
involved in cell cycle progression and encoding ribosomal proteins mostly decreased (Fig. SS5e).
Analysis of transcriptional networks underlying the observed changes in gene expression with
the ISMARA method ' revealed that the activity of STAT1 and IRF1/2 transcriptional regulators
was higher in the mutant cell lines (Fig. 3b), consistent with the upregulation of genes from the

interferon pathway 2

at both transcript (Fig. 3¢) and protein levels (Fig. 3d). Similar to the
cellular phenotypes, these findings were reproduced in HeLa cells lines in which the AGO1x
readthrough region was genetically targeted (Fig. S6). In further agreement with the molecular
findings, we documented an increased frequency of apoptosis in the mutant cell lines compared
to the control (Fig. 3e). Importantly, the growth defect was rescued by ruxolitinib, an inhibitor of
the interferon response, implying that the interferon response was the primary reason underlying

the impaired growth of mutant lines (Fig. 3f, g).

Hypothesizing that the activation of the interferon response observed upon AGO]1x inhibition is
due to the accumulation of double-stranded RNAs (dsRNAs) *'*?, we examined the levels of
intracellular dsSRNA sensors *°. We found that their expression was indeed increased, both at
mRNA and protein levels (Fig. 4a, b). In addition, we uncovered evidence for protein
phosphorylation resulting from downstream interferon signaling (Fig. 4¢). Staining by SCICONS
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J2 antibody * confirmed the accumulation of dsSRNAs in AGO1x mutant lines relative to control
(Fig. 4d), while sequencing of RNAs isolated by J2 antibody-based pulldown revealed a strong
enrichment of rRNAs (Fig. 4e). The rRNAs and mRNAs that accumulated in the mutant lines
had a higher proportion of G/C nucleotides and thus a higher propensity of forming stable
secondary structures in comparison to RNAs that were not pulled down by the J2 antibody (Fig.
4f, g). We confirmed the direct AGOIx interaction with RNAs identified in the J2
antibody-based pulldown by carrying out an additional AGO1x IP followed by quantitative PCR
(Fig. 4h). Mass spectrometry analysis identified only very few proteins that were reproducibly
co-immunoprecipitated from nuclear extracts by AGO1x-specific antibody. Consistent with our
microscopic observations of peri-nucleolar localization of AGOI1x, the prominent nucleolar
component fibrillarin was highly enriched in the AGOI1x-IP. Two other AGOIx partners
identified in this experiment were the Polyribonucleotide Nucleotidyltransferase 1 (PNPT1) and
the DExH-Box helicase 9 (DHX9) (Fig. 4i), two proteins previously linked to dsRNAs ***°. The
interaction of AGO1x with these proteins was further confirmed by western blotting (Fig. 4j).
Further indicating its participation in dsRNA processing, the siRNA-mediated depletion of
PNPT1 exacerbated the accumulation of dSRNAs in the AGO1x mutant cell line (Fig. 4k).

Thus, our study shows that, contrasting with the miRNA-dependent gene silencing function of
other Argonaute proteins %, AGO1x interacts with PNPT1 and DHX9 to prevent the inadvertent
accumulation of endogenous dsRNAs, which can impair gene expression and trigger the
interferon response (Fig. 4m). AGO1x interacts directly with rRNAs and some mRNA that are
G/C-rich and have the propensity to form stable secondary structures. Consistently, we observed
that AGO1x accumulates in peri-nucleolar regions and co-immunoprecipitates with fibrillarin.
Two other proteins specifically co-immunoprecipitating with AGO1x, PNPT1 and DHX9, have
been previously associated with processes involving dsRNA. Knockdown of the DHX9 helicase

27 while very recently, the resolution of dsRNA

was reported to impair TRNA biogenesis
structures formed by inverted A/u repeats by DHX9 was found to promote expression of host
transcripts 2*. PNPTI is best known for forming an ATP-dependent hSUV3-PNPT1 complex that
degrades dsRNA substrates in mitochondria *°, although functions of PNPTI1 beyond the
mitochondria have also been reported 2 . Similar to the latter studies, in our system, PNPT1
co-immunoprecipitated with AGO1x from nuclear extracts (Fig. 4i), while imaging revealed its

presence in close association with nuclei (Fig. 41).

Especially intriguing in our data is the concept that the increased demand for ribosome
biogenesis in rapidly dividing cells engages a previously undescribed mechanism for resolving
dsRNA structures in rRNAs and other molecules. This mechanism relies on the production of the
AGOlx isoform by stop codon readthrough. The strong evolutionary conservation of AGOI 3’
untranslated region, that encodes its C-terminal extension, hints to an important physiological
role. Although we here focused on breast cancer cells, we observed AGOIx expression in
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non-malignant human tissues as well (Fig. S7). However, AGO1x expression in normal tissues
appears to be restricted to a small proportion of cells, whose nature remains to be further defined.
Suppression of the interferon response by AGO1x could be particularly important in pathological
conditions where the inhibition of this pathway has been associated with poor clinical outcomes
3031 The broad presence of AGOIx in proliferating cancers cells but not in normal human cells
may offer a therapeutic strategy to halt the uncontrolled proliferation of cancer cells.

Figures
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Figure 1 | The AGO1x TR isoform localizes to the nucleus.

a, Histogram of average PhastCons conservation scores (x-axis) for putative TR regions (purple),
located downstream of the annotated open reading frame (grey), between the annotated stop
codon (red triangle) and the next in-frame stop codon (orange triangle) of all RefSeq-annotated
transcripts. The scores of the four members of the human Argonaute protein family are
highlighted. b, ¢, Multiple sequence alignment of the region of putative TR in the AGOI
transcript (b) and of the corresponding predicted amino acid sequence (¢) across vertebrates. The
unique peptide targeted by the polyclonal antibody is indicated by the red line. d, Western blot
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showing AGO1x expression in three cell lines. For comparison, a parallel blot was probed with
an antibody directed against canonical AGO1. Tubulin staining served as control. e, Annotated
MS/MS spectrum of the top scoring endogenous peptide “QNAVTSLDR?”, specific for AGO1x.
The Mascot Ion Score as well as the annotated fragments (blue = y-ions; red = b-ions) together
with the corresponding amino acids are indicated. f, Representative immunofluorescence images
showing the subcellular distribution of AGO1x (red) relative to nuclear and cytoplasmic markers
(green). DAPI was used to mark the nucleus (blue). g, Mean (+/- s.d.) pixel intensities of AGO1x
staining in nucleolus and nucleoplasm, computed from z-stack images of MDA-MB-231 cells
(n=20). The P-value was determined using a paired two-tailed t-test. h, Representative AGO1x
blot from MDA-MB-231 cell fractions. For comparison, AGO1 was also blotted in parallel.
GAPDH and hnRNP C1/C2 served as makers of purity of the individual fractions and of relative
protein levels.
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Figure 2 | AGO1x promotes cell proliferation.

a, Scheme of sgRNAs used to generate AGOIx mutant cell lines (top). Western analysis of
lysates from mutant MDA-MB-231 cells revealed loss of AGOIx and unchanged levels of
canonical AGO1 (bottom). GAPDH was used as control. b, Phase contrast images of control and
mutant cell lines at 24 and 48 hr after plating equal numbers of cells in individual wells of a six
well plate. ¢, Impedance-derived mean (+/- s.d.) cell indices at the indicated time points after
seeding equal numbers of control (n=6), W1A (n=5) and W6A (n=5) cells. From 6 hours on,
there is a statistical significant difference between control and the two mutant cell lines (P <
0.001, two tailed t-test). d, Impedance-derived mean (+/- s.d.) cell indices as a function of time
for control (n=3), WIA (n=4) and W6A (n=3) cells grown in electronically monitored Boyden
chambers. From 12 hours on, there is a statistical significant difference between control and the
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two mutants (P < 0.005, two tailed t-test). e, Mean (+/- s.d.) number of colonies obtained from a
soft agar colony formation assay of control, WI1A and W6A mutant cell lines (n=4). P-value for
comparing mutant cell lines to control was determined using an unpaired two-tailed t-test. f,
Mean (+/- s.d.) number of spheres obtained from a spheres formation assay of control, W1A and
W6A mutant cell lines (n=8). P-values computed as in e. g, AGO1x staining of tissue sections
from low-proliferating or high-proliferating breast cancers, classified based on the Ki-67
staining. h, Mean (+/- s.d.) percentage of AGO1x positive cells in breast tumors with low (n=7)
and high (n=9) proliferation index assessed by the expression level of Ki-67. P-value was
determined using an unpaired two-tailed t-test.
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Figure 3 | Deletion of AGO1x leads to increased interferon response and apoptosis.

a, Scatter plot of mRNA fold-changes (log2) in the two mutant cell lines versus control. Shown
is also the Pearson correlation coefficient and respective P-value. The dashed line indicates equal
fold-changes in the two mutant lines. b, Mean (+/- s.d.) activity of STATI1/IRF1/IRF2
transcription factor motifs estimated by ISMARA ' (n=3). Shown is also the P-value in an
unpaired two-tailed t-test. ¢, Mean (+/- s.e.m.) mRNA expression fold-changes (log2) of genes
involved in the interferon alpha response and apoptosis in the two mutant cell lines relative to
control (n=3). d, Mean (+/- s.d.) expression fold-changes of the corresponding proteins (if
detected in the proteomics data) in the two mutant (W1A, n=2; W6A, n=1) cell lines compared
to Control (n=2). Multiple testing corrected P-values for Wald tests (transcriptomics) or unpaired
two-tailed t-tests (proteomics) comparing fold-changes with respect to control are depicted above
each bar (* P < 0.05, ** P<0.01, *** P<0.001). e, Representative result of the apoptosis assay
using AnnexinV and propidium iodide (PI) staining in the control and the two mutant cell lines
(left). The percentage of cells in each quadrant is depicted for each cell line. Quantification of the
mean (+/- s.d.) percentage of apoptotic cells (Q1+Q2, AnnexinV+) across the different cell lines
(n=4) (right). Shown is the P-value determined by the unpaired two-tailed t-test. f, g,
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Impedance-derived mean (+/- s.d.) cell index values at the indicated time points of growth after
seeding equal numbers of control, WIA and W6A cells, upon treatment with DMSO (f) or
Ruxolitinib (g). For the DMSO treatment: Control (n=4), W1A (n=3) and W6A (n=3). For the
Ruxolitinib treatment: Control (n=6), WI1A (n=3) and W6A (n=4). From 6 hours on, there is a
statistical significant difference between control and the two mutants after DMSO treatment (P <
0.05, two tailed t-test), whereas no statistically significant difference is found after Ruxolitinib
treatment.
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Figure 4 | AGOI1x interacts with PNPT1 and DHX9 to prevent dsRNA accumulation.

a, Mean (+/- s.e.m.) mRNA fold-changes (log2) of dSRNAs sensors from the interferon response
pathway in the two mutant cell lines compared to control (n=3). b, Mean (+/- s.d.) protein
fold-changes for the genes from (a) that were detected in the isobaric mass tagged based
proteomics dataset in the two mutant (W1A, n=2; W6A, n=1) lines compared to control (n=2). c,
Mean (+/- s.d.) fold-changes in phosphorylated protein levels derived from enrichment of
phosphopeptides in the two mutant lines (W1A, n=2; W6A, n=2) compared to control (n=1).
Multiple test corrected P-values for Wald tests (transcriptomics) or unpaired two-tailed t-tests
(proteomics) comparing fold-changes with respect to control are depicted above each bar (* P <
0.05, ** P <0.01, *** P <0.001). d, Representative immunofluorescence images of control and
mutant MDA-MB-231 cells stained with AGO1x (green) and J2 antibody (red). DAPI was used
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to mark the nucleus (blue). e, Relative abundance of various RNA species in J2 antibody
immunoprecipitates from control and mutant cell lines. Multiple testing corrected P-values from
unpaired two-tailed t-tests are depicted above each comparison (* P <0.05, ** P <0.01, *** P <
0.001). f, Venn diagrams showing the intersection between RNA transcripts that were
consistently enriched (top) or depleted (bottom) in the dsRNA-seq relative to total RNA-seq in
the two mutant cell lines compared to control (n=3). g, Boxplots showing the proportion of G/C
nucleotides in all genes and in genes depleted/enriched in dsRNA-seq compared to total
RNA-seq. Shown are the P-values in the non-parametric Mann-Whitney U test (* P < 0.05, ** P
< 0.01, *** P < (0.001). Boxes extend from the 25th to 75th percentiles (inter-quartile range
(IQR)), horizontal lines represent the median, whiskers indicate the lowest and highest datum
within 1.5*IQR from the lower and upper quartiles, respectively. h, Quantification of transcript
abundance by qRT-PCR in AGO1x (black, n=6 for putative targets, n=3 for negative controls) or
IgG (orange, n=2) IP from control cells. n.d., not detected. Multiple test corrected P-values for a
unpaired two-tailed t-test are depicted above each comparison (* P <0.05, ** P < (.01, *** P <
0.001). i, Summary of mass-spectrometric analysis of AGOIx (n=5) or IgG (n=2) IP from
control cells. P-values were calculated using Fisher’s exact test and corrected for multiple testing
using the Benjamini-Hochberg method. j, Western blot analysis demonstrating the interaction of
AGO1x with PNPT1 and DHX9 in control cells. k, Representative immunofluorescence images
of siPNPT1-treated control and W6A mutant MDA-MB-231 cells stained with J2 antibody (red)
(top). DAPI was used to mark the nucleus (blue). The panels on the right show a magnification
of the cells in the white boxes depicted on the left panels. Western blot analysis quantifying the
depletion of PNPT1 upon siRNA treatment (bottom). 1, IF images to show overlap of PNPT1
signal with the nucleus. DAPI-stained nuclei are marked in red m, Model of AGO1x function. A
complex of AGOlx with PNTP1 and DHXO9 interacts with nuclear RNAs to prevent the
accumulation of double stranded structures, supporting proliferation of breast cancer cells.
Depletion of AGOIl1x leads to deleterious accumulation of dsRNAs, which in turn lead to
activation of interferon (IFN) response and apoptosis.
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Methods

Cell culture, transfections, treatments and common reagents

MDA-MB-231, HEK-293, and HeLa cells were cultured as described before *? . Transfections
were performed with Lipofectamine RNAimax (Life Technologies). Western blotting was
performed as described earlier ** and the HRP-labelled secondary antibodies were developed
with SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher Scientific
#34580) or with SuperSignal™ West Femto Maximum Sensitivity Substrate (ThermoFisher
Scientific #34095) (AGOI1x blot in Fig. 1h). All western blot images were documented with
Azure c600 Gel documentation system equipped with a 8.3 MP CCD camera. Ruxolitinib
(INCB018424) was obtained from Selleckchem (# S1378) and used at a final concentration of
500 nM in DMSO (Sigma #41639). Details of the plasmids used are included in Table S1. The
strategy for guide RNA cloning and selection of mutants and control was followed from a
previously published protocol **. siRNA and sgRNAs used in the study are listed in Table S1.
Antibodies used for the study are listed in Table S2.

Genome-wide analysis of C-terminal protein extensions

Putative C-terminal extensions were predicted by taking the mRNA region between the
annotated stop codon and the next in-frame stop codon of all RefSeq-annotated (on September
2014) transcripts. PhastCons conservation scores across 45 different vertebrate species for each
nucleotide in these regions were downloaded from the UCSC genome browser ** and averaged
across the entire regions of putative translational readthrough. Multiple alignments of the 45
vertebrates genomes were also retrieved from the UCSC genome browser, and for Figure 1, the

20 sequences with highest homology to AGO1 extended region were re-aligned using ClustalW
35

Cell Fractionation

Cells were grown in 60mm dishes for 18-24 hrs and snap frozen immediately in liquid Nitrogen.
Subsequently the cells were fractionated as described before *°. Fraction lysates obtained were
loaded in volume equivalents for each fraction and western blots were developed with Pico
PLUS Chemiluminescent Substrate except for AGOIx (with Femto Maximum Sensitivity
Substrate).

Immunofluorescence

For immunofluorescence analysis, cells were fixed with 4% paraformaldehyde for 30 min.
Subsequently they were permeabilized and blocked for 30 min with 0.1% Triton X-100 (#T8787,
Sigma-Aldrich), 10% goat serum (#16210072, Gibco®, Life Technologies), and 1% BSA
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(#A9647, Sigma-Aldrich) in PBS (#20012-019, Gibco®, Life Technologies). When AGOI
antibodies were used for staining, the blocking buffer was modified to use donkey serum
(D9663-10ML) instead of goat serum. Thereafter, the cells were incubated with primary
antibodies (1:100 dilution) in the same buffer at desired dilution overnight at 4°C. Secondary
anti-rabbit, anti-goat or anti-mouse antibodies labelled either with Alexa Fluor® 488 dye (green),
Alexa Fluor® 568 dye (orange), Alexa Fluor® 594 dye (red) or Alexa Fluor® 647 dye (far red)
fluorochromes (Molecular Probes) were used at 1:500 dilutions. The cells were mounted on a
glass slide with Vectashield DAPI (Vector Laboratories) and cells were mostly observed and
documented with a ZEISS point scanning confocal LSM 700 / LSM 800 Inverted microscopes
with a PLAN APO 40X (NA=1.3) and 63X (NA=1.4) oil immersion objectives. Z-stack images
were captured wherever mentioned in text.

Quantification of AGOIx subcellular localization from IF images

Quantitative  analysis of confocal z-stacks was performed in Matlab/r2016a

37 38

(http://www.mathworks.com) with the Image Processing Toolbox ° and Imagel v1.51n

(http://imagej.nih.gov/ij/). The processing of every z-stack was executed in three steps. First, we
detected the location of every nucleus at each layer of the z-stack. For this we created the nuclei
projection mask by applying the maximum function to all blue channel (DAPI) images from the
z-stack and subsequently segmenting the resulting image. The mask was further applied to each
blue channel image of the z-stack, thus defining the area where nuclei are located. Then, if the
nucleus was present in this area, it was segmented. Second, we detected the location of every
nucleolus at each layer of the z-stack. We applied the nuclei projection mask to all red channel
(Nucleolin) images, to remove the noise outside of nuclei. Then for resulting red channel images
we applied the same procedure as for nuclei detection. For assigning nucleoli to corresponding
nuclei we considered the overlap projection masks of nuclei and nucleoli. Finally, for green
(AGOI1x) channel images, we collected the intensity of pixels belonging to nucleoli and
nucleoplasm, respectively.

Transcriptome profiling with total RNA-seq

Total RNA was quality-checked on the Bioanalyzer instrument (Agilent Technologies, Santa
Clara, CA, USA) using the RNA 6000 Nano Chip (Agilent, Cat# 5067-1511) and quantified by
Spectrophotometry using the NanoDrop ND-1000 Instrument (NanoDrop Technologies,
Wilmington, DE, USA). 1ug total RNA was used for library preparation with the TruSeq
Stranded mRNA Library Prep Kit High Throughput (Cat# RS-122-2103, Illumina, San Diego,
CA, USA). Libraries were quality-checked on the Fragment Analyzer (Advanced Analytical,
Ames, [A, USA) using the Standard Sensitivity NGS Fragment Analysis Kit (Cat# DNF-473,
Advanced Analytical). The average concentration was 128+12 nmol/L. Samples were pooled to
equal molarity. Each pool was quantified by PicoGreen Fluorometric measurement to be
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adjusted to 1.8pM and used for clustering on the NextSeq 500 instrument (Illumina). Samples
were sequenced using the NextSeq 500 High Output Kit 75-cycles (Illumina, Cat#
FC-404-1005). Primary data analysis was performed with the [llumina RTA version 2.4.11 and
base calling software version bcl2fastq-2.20.0.422.

Total RNA-seq analysis

Total RNA-seq reads were subjected to 3 adapter trimming
(5’-TGGAATTCTCGGGTGCCAAGG-3’) and quality control (reads shorter than 20 nucleotides
or for which over 10% of the nucleotides had a PHRED quality score <20, were discarded).
Filtered reads were then mapped to the human transcriptome based on genome assembly hgl9
and transcript annotations from RefSeq with the segemehl software *°, v0.1.7-411, allowing a
minimum mapping accuracy of 90%. Transcript counts were calculated based on uniquely
mapped reads and used for differential expression analysis with DESeq2 *.

For the splicing analysis, filtered reads were mapped to the human genome (hg19) with STAR *!,
v2.6.0c, using default parameters. Read alignments to the transcriptome were visualized using
IGV #, v2.4.16.

dsRNA pulldown and library preparation

dsRNAs were enriched using J2 antibody (Scicons # 10010200) from cell lysates as performed
earlier # . The library preparation started from 5ng of RNA based on Fluorometric assessment
for each sample. No other selection (poly(A)+ or ribo-depletion) was performed to allow
unbiased detection of rRNAs as well as mRNAs. Standard fragmentation / priming step were
done as before (for total RNA-seq) to obtain cDNA libraries.

dsRNA-seq differential expression analysis

RNA-seq reads were subjected to 3 adapter trimming
(5’-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3’) and quality control (reads
shorter than 20 nucleotides or for which over 10% of the nucleotides had a PHRED quality score
<20, were discarded). Filtered reads were then mapped to the human transcriptome based on
genome assembly hg19 and transcript annotations from RefSeq with the segemehl software *,
v0.1.7-411, allowing a minimum mapping accuracy of 90%. Unmapped reads were additionally
mapped to an “artificial transcriptome” composed of consensus sequences for more than 1,000
different repeat elements present in the human genome (including ancestral shared) as defined by
the Genetic Information Research Institute Repbase v23.09 (https://www.girinst.org/repbase/).

Transcript counts were calculated based on uniquely mapped reads (for mRNAs, rRNAs and
repetitive elements) and multi-mapped reads (for repetitive elements), and used for differential
expression analysis with DESeq2 *°.
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Comparison between dsRNA-seq and total RNA-seq

To identify RNA transcripts enriched or depleted in the dSRNA pulldown sample, we compare
the fold-changes in transcript abundances between the mutant and control cell lines in the
dsRNA-seq samples to that observed for total RNA-seq samples. Since fold-changes computed
from the different datasets were well correlated, we defined RNA transcripts as being enriched or
depleted in dsRNA structures as those that deviated significantly from the linear regression of
dsRNA-seq as a function of total RNA-seq fold-changes (|standardized residuals| > 2.5 s.d.).
Only RNA transcripts consistently enriched/depleted in the comparisons between the two
different mutant cell lines and the control were considered for further analysis.

qRT-PCR to estimate the abundance of messenger and ribosomal RNAs

50ng of AGOI1x-IPed RNA was used for reverse transcription following the manufacturer's
protocol and cycling conditions (High-Capacity cDNA Reverse Transcription Kit, Thermo
Fisher Scientific). Subsequently, the RT reaction was diluted 4 fold with water and subjected to
q-PCR in a 96 well format, using primers specific to individual genes and GoTaq® qPCR Master
Mix (Promega). The incubation and cycling conditions were set as described in the kit and the
plates were analysed in a StepOnePlus Real-Time PCR System (Thermo Scientific).

Identification of AGOIx by targeted LC-MS

For each sample, 5x10° cells were lysed and AGOlx-affinity purified using the specific
antibody. After washing, the beads and the associated proteins were reduced with 5 mM TCEP
for 30 min at 60°C and alkylated with 10 mM chloroacetamide for 30 min at 37 °C.
Subsequently, the protein sample was digested by incubation with sequencing-grade modified
trypsin (1/50, w/w; Promega, Madison, Wisconsin) overnight at 37°C. Finally, peptides were
desalted on C18 reversed phase spin columns according to the manufacturer’s instructions
(Microspin, Harvard Apparatus), dried under vacuum and stored at -80°C until further
processing. Next, 0.1 pg of peptides of each sample were subjected to targeted MS analysis.
Therefore, 6 peptide sequences specific for AGO1 and AGO1x were selected and imported into
the Skyline software V2.1,
https://brendanx-uw1.gs.washington.edu/labkey/project/home/software/Skyline/begin.view).

Then, a mass isolation list comprising the precursor ion masses with charge 2 and 3+ of all
peptides was exported and used for parallel reaction monitoring (PRM) *, quantification on a
Q-Exactive HF platform. In brief, peptide separation was carried out using an EASY nLC-1000
system (Thermo Fisher Scientific) equipped with a RP-HPLC column (75pum x 30cm) packed
in-house with C18 resin (ReproSil-Pur C18-AQ, 1.9um resin; Dr. Maisch GmbH,
Ammerbuch-Entringen, Germany) using a linear gradient from 95% solvent A (0.1% formic
acid, 2% acetonitrile) and 5% solvent B (98% acetonitrile, 0.1% formic acid) to 45% solvent B
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over 60 min at a flow rate of 0.2ul/min. 3x10° ions were accumulated for MS1 and MS2 and
scanned at a resolution of 60,000 FWHM (at 200 m/z). Fill time was set to 150 ms for both scan
types. For MS2, a normalized collision energy of 28% was employed, the ion isolation window
was set to 0.4 Th and the first mass was fixed to 100 Th. All raw-files were imported into
Skyline for protein/peptide quantification. To control for variation in injected sample amounts,
samples were normalized using the total ion current from the MSI scans. Finally, all generated
raw files were subjected to standard database searching to validate the peptide identity.
Therefore, the acquired raw-files were converted to the Mascot generic file (mgf) format using
the msconvert tool (part of ProteoWizard, version 3.0.4624 (2013-6-3)). Using the Mascot
algorithm (Matrix Science, Version 2.4.0), the mgf files were searched against a decoy database
containing normal and reverse sequences of the predicted SwissProt entries of Homo sapiens
(www.uniprot.org, release date 29/06/2015), the C-terminal extension in AGO1x and commonly
observed contaminants (in total 41,159 protein sequences) generated using the SequenceReverser
tool from the MaxQuant software (Version 1.0.13.13). The precursor ion tolerance was set to 10
ppm and fragment ion tolerance was set to 0.02 Da. The search criteria were set as follows: full
tryptic specificity was required (cleavage after arginine residues unless followed by proline), 1
missed cleavage was allowed, carbamidomethylation (C), was set as fixed modification and
oxidation (M) was set as variable modifications. Next, the database search results were imported
to the Scaffold Q+ software (version 4.3.3, Proteome Software Inc., Portland, OR) and the
peptide and protein false identification rate was set to 1% based on the number of decoy hits.

Global proteome and phosphoproteome analysis by shotgun LC-MS

For each sample, 5x10° cells were washed twice with ice-cold 1x phosphate-buffered saline
(PBS) and lysed in 100 pl urea lysis buffer (8 M urea (AppliChem), 0.1 M Ammonium
Bicarbonate (Sigma), 1x PhosSTOP (Roche)). Samples were vortexed, sonicated at 4°C
(Hielscher), shaked for 5 min on a thermomixer (Eppendorf) at room temperature and
centrifuged for 20 min at 4°C full speed. Supernatants were collected and protein concentration
was measured with BCA Protein Assay kit (Invitrogen). Per sample, a total of 300 pg of protein
mass were reduced with tris(2-carboxyethyl)phosphine (TCEP) at a final concentration of 10
mM at 37°C for 1 hour, alkylated with 20 mM chloroacetamide (CAM, Sigma) at 37°C for 30
minutes and incubated for 4 h with Lys-C endopeptidase (1:200 w/w). After diluting samples
with 0.1 M Ammonium Bicarbonate to a final urea concentration of 1.6 M, proteins were further
digested overnight at 37°C with sequencing-grade modified trypsin (Promega) at a
protein-to-enzyme ratio of 50:1. Subsequently, peptides were desalted on a C18 Sep-Pak
cartridge (VAC 3cc, 500 mg, Waters) according to the manufacturer’s instructions, split in
peptide aliquots of 200 and 25 pg, dried under vacuum and stored at -80°C until further use.
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For proteome profiling, sample aliquots containing 25 pg of dried peptides were subsequently
labeled with isobaric tag (TMT 6-plex, Thermo Fisher Scientific) following a recently
established protocol **. To control for ratio distortion during quantification, a peptide calibration
mixture consisting of six digested standard proteins mixed in different amounts were added to
each sample before TMT labeling. After pooling the TMT labeled peptide samples, peptides
were again desalted on C18 reversed-phase spin columns according to the manufacturer’s
instructions (Macrospin, Harvard Apparatus) and dried under vacuum. TMT-labeled peptides
were fractionated by high-pH reversed phase separation using a XBridge Peptide BEH C18
column (3,5 um, 130 A, 1 mm x 150 mm, Waters) on an Agilent 1260 Infinity HPLC system.
Peptides were loaded on column in buffer A (ammonium formate (20 mM, pH 10) in water) and
eluted using a two-step linear gradient starting from 2% to 10% in 5 minutes and then to 50%
(v/v) buffer B (90% acetonitrile / 10% ammonium formate (20 mM, pH 10) over 55 minutes at a
flow rate of 42 pl/min. Elution of peptides was monitored with a UV detector (215 nm, 254 nm).
A total of 36 fractions were collected, pooled into 12 fractions using a post-concatenation
strategy as previously described *, dried under vacuum and subjected to LC-MS/MS analysis.

For phosphoproteome profiling, sample aliquots containing 200 pg of dried peptides were
subjected to phosphopeptide enrichment using IMAC cartridges and a BRAVO AssayMAP
liquid handling platform (Agilent) as recently described *'.

The setup of the uRPLC-MS system was as described previously **. Chromatographic separation
of peptides was carried out using an EASY nano-LC 1000 system (Thermo Fisher Scientific),
equipped with a heated RP-HPLC column (75 um x 30 cm) packed in-house with 1.9 um C18
resin (Reprosil-AQ Pur, Dr. Maisch). Aliquots of 1 pg total peptides were analyzed per
LC-MS/MS run using a linear gradient ranging from 95% solvent A (0.15% formic acid, 2%
acetonitrile) and 5% solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 30% solvent
B over 90 minutes at a flow rate of 200 nl/min. Mass spectrometry analysis was performed on a
Q-Exactive HF mass spectrometer equipped with a nanoelectrospray ion source (both Thermo
Fisher Scientific) and a custom made column heater set to 60°C. 3E6 ions were collected for
MSI1 scans for no more than 100 ms and analyzed at a resolution of 120,000 FWHM (at 200
m/z). MS2 scans were acquired of the 10 most intense precursor ions at a target setting of
100,000 ions, accumulation time of 50 ms, isolation window of 1.1 Th and at resolution of
30,000 FWHM (at 200 m/z) using a normalized collision energy of 35%. For phosphopeptide
enriched samples, the isolation window was set to 1.4 Th and a normalized collision energy of
28% was applied. Total cycle time was approximately 1-2 seconds.

For proteome profiling, the raw data files were processed as described above using the Mascot
and Scaffold software and TMT reporter ion intensities were extracted. Phosphopeptide enriched
samples were analyzed by label-free quantification. Therefore, the acquired raw-files were
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imported into the Progenesis QI software (v2.0, Nonlinear Dynamics Limited), which was used
to extract peptide precursor ion intensities across all samples applying the default parameters.

Quantitative analysis results from label-free and TMT quantification were further processed
using the SafeQuant R package v.2.3.2. (https://github.com/eahrne/SafeQuant/) to obtain protein
relative abundances. This analysis included global data normalization by equalizing the total
peak/reporter areas across all LC-MS runs, summation of peak areas per protein and LC-MS/MS
run, followed by calculation of protein abundance ratios. Only isoform specific peptide ion
signals were considered for quantification. The summarized protein expression values were used
for statistical testing of between condition differentially abundant proteins. Here, empirical
Bayes moderated t-tests were applied, as implemented in the R/Bioconductor limma package
(http://bioconductor.org/packages/release/bioc/html/limma.html). The resulting per protein and
condition comparison P-values were adjusted for multiple testing using the Benjamini-Hochberg
method.

Identification of AGOIx interacting proteins by IP

For identification of the interactors of AGOIx in the cell, MDA-MB-231 cells were lysed in a
two step reaction. In a pre-clearing step, the cells were washed to deplete free cytosolic proteins
which would enrich for AGO1x in the pulldown while depleting background noise. This was
achieved by incubating the cells in a buffer containing 25mM Tris/HCI, 150 mM KCI, 2mM
EDTA, 0.05% NP40, 1 mM NaF, 1 mM DTT supplemented with protease inhibitor cocktail for 5
mins and removing the supernatant after centrifugation. Subsequently the pellets were lysed in a
buffer containing 50 mM Tris/HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 10%
glycerol, 1 mM NaF, 0.5 mM DTT supplemented with Protease Inhibitor Cocktail-EDTA Free
(Roche). The lysates were clarified by spinning at 2000 g and then incubated overnight with
10ug of AGOIx or control IgG antibody. Subsequently, 100 pl of Dynabeads® Protein G
(Thermo Scientific) were added to each sample for 4 hrs to facilitate the binding of beads to the
antibody. Finally, beads were washed thrice with 50 mM Tris/HCI, pH 7.5, 300 mM NaCl, 5 mM
MgCl2, 0.05% (v/v) NP-40 and 1 mM NaF and once with PBS. Proteins were eluted with 50 pl
100 mM glycine pH 2.6 with incubation at room temperature for 5 mins. The eluate was
neutralized with 1M NaOH (1:20) and followed up with either Western blotting or LC-MS
analysis.

ldentification of AGOIx protein-interactions by shotgun LC-MS

The setup of the uRPLC-MS system was as described above using an EASY nano-LC 1000
system coupled to a LTQ-Orbitrap Elite (both Thermo Fisher Scientific). Peptide separation was
performed as described above. Mass spectrometry analysis was performed on a dual pressure
LTQ-Orbitrap Elite mass spectrometer equipped with a nanoelectrospray ion source and a


https://doi.org/10.1101/603506

bioRxiv preprint doi: https://doi.org/10.1101/603506; this version posted April 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

custom made column heater set to 60°C. Each MS1 scan (acquired in the Orbitrap) was followed
by collision-induced-dissociation (CID, acquired in the linear ion trap) of the 20 most abundant
precursor ions with dynamic exclusion for 60 seconds. Total cycle time was approximately 2 s.
For MSI1, 1E6 ions were accumulated in the Orbitrap cell over a maximum time of 300 ms and
scanned at a resolution of 240,000 FWHM (at 400 m/z). MS2 scans were acquired at a target
setting of 10,000 ions, accumulation time of 25 ms and rapid scan rate using a normalized
collision energy of 35%. The preview mode was activated and the mass selection window was
set to 2 Da.

For data analysis, the acquired raw-files were converted to the Mascot generic file (mgf) format
using the msconvert tool (part of ProteoWizard, version 3.0.4624 (2013-6-3)). Using the Mascot
algorithm (Matrix Science, Version 2.4.0), the mgf files were searched against a decoy database
containing normal and reverse sequences of the predicted SwissProt entries of Homo sapiens
(www.uniprot.org, release date 29/06/2015), the C-terminal extension in AGO1x and commonly
observed contaminants (in total 41,159 protein sequences) generated using the SequenceReverser
tool from the MaxQuant software (Version 1.0.13.13). The precursor ion tolerance was set to 10
ppm and fragment ion tolerance was set to 0.02 Da. The search criteria were set as follows: full
tryptic specificity was required (cleavage after arginine residues unless followed by proline), 1
missed cleavage was allowed, carbamidomethylation (C), was set as fixed modification and
oxidation (M) was set as variable modifications. Next, the database search results were imported
to the Scaffold Q+ software (version 4.3.3, Proteome Software Inc., Portland, OR) and the
peptide and protein false identification rate was set to 1% based on the number of decoy hits.
Peptide spectrum counts were used for differential protein analysis.

Patient samples

Sixteen consecutive breast cancers tissues and tumor free tissues from six organs (breast, lung,
kidney, prostate, stomach and colon) were retrieved from the archive of the Institute of
Pathology at the University Hospital Basel (Basel). Samples were anonymized prior to analysis
and the approval for the use of these samples has been granted by the local ethics committee
(Number: 2016-01748).

Immunohistochemistry

Immunohistochemical (IHC) staining for AGO1x and Ki-67 was performed on 4 um sections of
FFPE tissue using primary antibodies against anti-AGO1x (Luzerna-Chem; clone RBP 1510,
dilution 1:100, citrate buffer pH 6.0 antigen retrieval) and anti-Ki-67 (Dako; clone IR626,
dilution 1:200, citrate buffer pH 6.0 antigen retrieval). Staining procedures were performed on
Leica Bond III autostainer using Bond ancillary reagents and a Refine Polymer Detection system
according to the manufacturer guidelines. Immunoreactivity for AGOIx and Ki-67 was
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performed semi-quantitatively as the number of positive tumor cells over the total number of
tumor as previously described *. All slides were evaluated by a trained pathologist (LMT).
Tumors were classified into lowly- or highly-proliferative based on Ki-67 positive cells in
accordance to the St. Gallen’s guidelines as previously described *.

Soft agar colony formation assay

Soft agar assays were carried out in 6-well plates previously coated with a 5 ml layer of medium
containing 40% Dulbecco’s modified Eagle’s medium 2X (Thermo Fisher Scientific), 10% FBS
(Gibco, Thermo Fisher Scientific), 10% TPB Buffer (Thermo Fisher Scientific) and 0.5% of
Noble Agar (Difco). 5x10* cells were diluted in 1.5 ml of 0.16% agar containing medium,
layered onto the bed of 0.5% agar in duplicate and left growing for 2 weeks in the incubator.
Multiple fields were imaged using an inverted microscope and cell colonies were counted using
the ImagelJ software.

Proliferation assay

Cell growth was assayed using the xCELLigence system (RTCA, ACEA Biosciences, San
Diego, CA). Background impedance of the XCELLigence system was measured for 12 sec using
50 pL of room temperature cell culture media in each well of E-plate 16. After reaching 75%
confluence, the cells were washed with PBS and detached from the flasks using a short treatment
with trypsin/EDTA. 10,000 cells were dispensed into each well of an E-plate 16. Growth and
proliferation of the cells were monitored every 15 min up to 48 hrs via the incorporated sensor
electrode arrays of the xCELLigence system, using the RTCA-integrated software according to
the manufacturer’s parameters.

Migration assay

Migration assay was performed with CIM plates using the XCELLigence system (RTCA, ACEA
Biosciences). 3x10* cells were plated in each well according to manufacturer’s instruction and
migration was monitored up to 48 hrs after seeding using the RTCA-integrated software,
according to the manufacturer’s protocols *.

Sphere formation assay

10* cells were resuspended in 4 ml of STEM medium containing DMEM/F12 (Thermo Fisher
Scientific), B27 supplement (Thermo Fisher Scientific, 1X), EGF (Sigma-Aldrich, 20 ng/ml) and
FGF (Sigma-Aldrich, 10 ng/ml). The cells were then plated in in T25 flasks pre-coated with 1%
Noble Agar (Difco). Fresh aliquots of medium were added every 3 days and after 10 days the
spheres were observed and counted on a Olympus CKX41 inverted microscope equipped with a
SC 30 digital camera (Olympus) and counted using the ImageJ software.


https://doi.org/10.1101/603506

bioRxiv preprint doi: https://doi.org/10.1101/603506; this version posted April 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Apoptosis Assay

Steady state apoptosis assays were performed with the Dead Cell Apoptosis Kit with Annexin V
Alexa Fluor™ 488 & Propidium lodide (PI) obtained from ThermoFisher Scientific (#V13241)
and assays were performed according to manufacturer’s protocol. Briefly, approx. 10° cells were
seeded in a 60 mm cell culture plate and incubated at 37°C in an incubator as normal.
Subsequently the cells were harvested with Trypsin EDTA after overnight growth (between
16-18 hrs) and stained with Annexin V conjugated with Alexa 488. For detection of
dead/necrotic cells, PI counter staining was also performed. Negative staining controls and single
dye staining controls were also made for each cell type for offline gating analyses with FlowJo®.
All samples were processed in a BD FACSCanto II analyzer.

Motif activity analysis

The webserver ISMARA (https://ismara.unibas.ch/) was used to estimate the activities of
different transcription factor binding motifs in the different mRNA-seq samples.

Gene set enrichment analysis

The tool GSEA v2.2.3 (http://software.broadinstitute.org/gsea/index.jsp) was used to calculate
the enrichment of gene sets derived from the KEGG pathway database and the Hallmark

collection. To estimate significance of the enrichments, the number of permutations was set to
1000 and the permutation type was set to gene sets.

Statistical analysis

Statistical analysis was performed with Prism 7.0c (GraphPad). P-values were calculated with
unpaired two-tailed Student’s t test unless otherwise noted. P < 0.05 was considered significant.

Code availability
Any custom code developed for this study will be made available upon request.
Data Availability

Sequencing data from this study have been submitted to the Sequence Read Archive under the
accession number SRP136692. The MS proteomics data have been deposited to
ProteomeXchange with the identifier PXD009401.
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