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Reactivity of human AGO2
monoclonal antibody 11A9 with
the SWI/SNF complex: A case study
for rigorously defining antibody
selectivity
Roderick A. P. M. van Eijl1, Teun van den Brand

1

, Luan N. Nguyen2 & Klaas W. Mulder1

In this study, we originally aimed to characterize the potential role of Argonaute 2 (AGO2) in the
nucleus, a key protein of the miRNA machinery. We combined Chromatin Immunoprecipitation (ChIP)
with high throughput sequencing (ChIP-seq) and quantitative mass spectrometry (ChIP-MS) using the
broadly used AGO2 11A9 antibody to determine interactions with chromatin and nuclear proteins. We
found a previously described interaction between AGO2 and SWI/SNF on chromatin with ChIP-MS and
observed enrichment at enhancers and transcription start sites using ChIP-seq. However, antibody
specificity issues can produce misleading results for ChIP, RNA-seq and Mass spectrometry. Therefore,
we developed a CRISPR/Cas9 engineered AGO2−/− HEK293T cell line to validate our findings. ChIPqPCR and immunoprecipitation combined with MS (IP-MS) showed that the 11A9 antibody associates
with chromatin and SWI/SNF in the absence of AGO2. Furthermore, stoichiometry, IP-MS and co-IP
analysis suggests a direct interaction of this antibody with SMARCC1, a component of the SWI/SNF
complex. For this reason, particular care should be taken in performing and interpreting experiments in
which the 11A9 antibody is used to study a nuclear role of AGO2.
MicroRNAs (miRNAs) are known for their role in fine tuning the expression of genes through modulation of
mRNA levels and protein translation1. Classical miRNA action takes place in the cytoplasm involving sequence
specific targeting of mRNAs leading to degradation and/or inhibition of translation2. AGO2 is a key protein of the
cytoplasmic RNAi machinery and directly binds the miRNAs.
Apart from a cytoplasmic function, RNAi machinery components are also found in the nucleus of mammalian
cell3–5. It is shown that AGO2 can shuttle between the nucleus and the cytoplasm in association with small RNAs
and most proteins of the cytoplasmic RNAi machinery6–9. In addition, AGO2 has been reported to stabilize small
RNAs in the nucleus and most of these small RNAs were end-processed by DICER, which supports the idea that
miRNAs are transported back into the nucleus by the RNAi machinery10. In other species than mammalian, there
is more evidence for a nuclear RNAi mechanism11–13 and in Drosophila, AGO2 association with specific genomic
binding sites has been reported as well14. Recently, the potential role of AGO2 in the nucleus has gained more
attention and different nuclear mechanisms in mammalian cells involving AGO1 and AGO2 have been described
and reviewed15. These mechanisms include transcriptional gene silencing16–19, gene activation20–23 and alternative splicing24, 25. In particular, one report described an interaction of AGO2 with the chromatin remodelling
complex SWI/SNF26. This interaction was identified using mass spectrometry (MS) analysis of nuclear proteins
immuno-precipitated with the AGO2 11A9 antibody and co-immuno-precipitations (co-IPs) were done for confirmation. However, this interaction is somewhat controversial, as another report showed conflicting results with
a different AGO2 antibody (Abcam 57113) and with a FLAG-tagged AGO29. Here, they also performed immunoprecipitations (IP) combined with MS and Western blot on nuclear and cytoplasmic extracts. Using this approach
they identified proteins interacting with AGO2 in the nucleus as well as in the cytoplasm, but no interaction with
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Figure 1. Anti-AGO2 ChIP-MS in epidermal stem cells suggests AGO2 interaction with SWI/SNF complex
proteins. (A) ChIP-MS with SILAC labeling of AGO2 11A9 antibody and anti-FLAG control. (B) ChIP-MS with
dimethyl-labeling of AGO2 11A9 antibody and IgG isotype control. In red anti-AGO2 11A9 antigen AGO2 and
in blue SWI/SNF complex proteins.

SWI/SNF. In addition, the report that originally described the AGO2 11A9 antibody already noted that this antibody recognizes a nuclear protein with unknown identity3.
Regardless of the controversial interaction of AGO2 with SWI/SNF, it seems probable that AGO2 associates with chromatin, yet it remains unclear how and where on the genome it is bound. Our study originally
aimed to further investigate this by combining Chromatin Immunoprecipitation (ChIP) with quantitative MS
and high-throughput sequencing27 in primary human epidermal stem cells and the HEK293T cell line. Using
this approach, we chose the rat monoclonal 11A9 antibody against human AGO2 which is commonly used and
shown to be non-reactive with other Argonaute proteins3. Applications for which this antibody has been used,
include immunofluorescence3, co-immunoprecipitation (IP)3, nuclear IP combined with quantitative Mass spectrometry (MS)26, Chromatin Immunoprecipitation (ChIP) with qPCR25 and RNA-IP for AGO2 associated RNAs
(AGO2-RIP)25, 28. The suspicious interactions with unknown nuclear proteins together with the diverse uses of
this antibody, and especially the use in our strategy requires good characterization3, 29, 30. Although this may
seem obvious, no in-depth characterisation of this antibody has been described, especially for non-standard
applications such as ChIP-seq and ChIP/IP-MS. We used the AGO2 11A9 antibody in ChIP-MS and identified
the previously reported interaction between AGO2 and members of the SWI/SNF complex. Furthermore, we
performed ChIP-seq analysis in parallel that revealed genomic sites presumably enriched for AGO2 occupancy.
To rigorously validate these observations, we engineered a CRISPR/Cas9 mediated AGO2−/− HEK293T line. We
found that the 11A9 antibody strongly enriched for SWI/SNF factors with IP-MS, even in the absence of AGO2
protein. Furthermore, ChIP-qPCR analysis of loci enriched in our ChIP-seq dataset indicated that this signal was
independent of AGO2. Moreover, stoichiometry analysis in combination with IP-MS of the SWI/SNF complex,
as well as reciprocal co-IPs from WT and AGO2−/− lysates, identify a likely cross-reactivity of the 11A9 antibody
with the SWI/SNF component SMARCC1.

Results

ChIP-MS using anti-AGO2 11A9 suggests interactions between AGO2 and SWI/SNF factors.

To investigate a potential nuclear role of AGO2 in epidermal stem cells, we aimed to identify novel physical interactions within this cellular compartment. To allow identification of potential AGO2 interactors on chromatin
and to stabilize transient protein-protein interactions, we combined formaldehyde cross-linking and chromatin
immunoprecipitation (ChIP) using the anti-AGO2 11A9 antibody with quantitative mass spectrometry (MS)27.
Using stable isotope labelling by amino acids in cell culture (SILAC), we found that components of the SWI/SNF
complex, including SMARCA4, SMARCC1, SMARCD1 and SMARCE1 co-purified with AGO2 (Fig. 1A). These
results were confirmed with a second quantitative MS technique using dimethyl-labelling31 (Fig. 1B). These findings are in line with previous observations26 and suggest that AGO2 may interact with chromatin and the SWI/
SNF complex.
In parallel with the quantitative MS analysis in epidermal stem cells, AGO2 association with chromatin was
investigated with Chromatin Immunoprecipitation followed by high-throughput sequencing (ChIP-seq). We
identified 379 high confidence peaks (MACS p < 10−8), most of which were located in close proximity to known
genes. To investigate their genomic distribution, we aligned the peaks with a chromatin state track generated in
normal human epidermal keratinocytes (NHEK) from the ENCODE project32. This revealed that 42% of the
peaks overlap with active enhancer regions and 41% with active promoters, suggesting a potential role for AGO2
in transcriptional gene regulation (Fig. 2A). The HNRNPA2B1, DICER1 and GSK3β loci are examples of peaks at
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Figure 2. Chromatin immunoprecipitation with anti-AGO2 11A9 enriches promoters and enhancers in
epidermal stem cells. (A) Alignment with promoters/enhancers regions with 379 best peaks obtained with
MACS peak calling. (B–E) ChIP-seq in epidermal stem cells at the transcription start site of the indicated
loci. (F) ChIP-qPCR in epidermal stem cells at the indicated loci. Meis1 is a negative region and occupancy
represents enrichment over a heterochromatic region. A and B represent biological replicates and error bars
represent standard deviations of 3 technical replicates.

transcription start sites (TSSs) representing a range of occupancy levels (Fig. 2B–D, note the differences in scales
on Y-axes). We confirmed enrichment at these sites in independent duplicate ChIP-qPCR experiments (Fig. 2F).
Moreover, Meis1 is an active locus based on H3K4me3 enrichment (500-fold over background, data not shown),
but negative for AGO2 (Fig. 2E and F). This shows that the AGO2 11A9 antibody does not simply enrich for
active, more accessible loci. Furthermore, ChIP with non-specific IgGs did not show enrichment at any of the loci,
indicating that the enrichments are indeed specific for the AGO2 11A9 antibody.
Furthermore, the same loci were enriched in an 11A9 ChIP in HEK293T cells, showing that the AGO2 11A9
ChIP enrichments were not cell-type specific (Fig. 3A). Next, we tested two other antibodies against AGO2 (4F9
and ab57113) in ChIP-qPCR (Fig. 3B). This showed that the enrichment at the HNRNPA2B1 locus was exclusively found using the 11A9 antibody. This could mean that this antibody is the only one of the three suitable for ChIP enrichment of AGO2. Alternatively, it could be that the enrichment we observed is the result of
cross-reactivity with a chromatin-bound factor, independent of AGO2. This prompted us to generate an AGO2
genetic knock-out cell line, to discriminate between these two possibilities and to rigorously test our findings.

Generation of a CRISPR/Cas9 engineered AGO2−/− clone to validate anti-AGO2 11A9.

In the
literature, conflicting results have been reported for the interaction between AGO2 and SWI/SNF using quantitative IP-MS and co-IPs. One report identified the interaction, as did we, using the 11A9 antibody, although
another report did not observe this interaction in co-IP and IP-MS experiments using FLAG-tagged AGO2 or
using the AGO2 Abcam 57113 antibody9, 26. To validate the use of the AGO2 11A9 antibody in our experiments,
we engineered a CRISPR/Cas9 mediated AGO2 knock-out in HEK293T cells. The start of exon 2 AGO2 encodes
8 of the 15 amino acids (MYSGAGPALAPPAPP) of the AGO2 11A9 antibody epitope3. To disrupt this epitope
sequence, we designed and cloned two CRISPR/Cas9 constructs to delete the beginning of exon 2. Single-cell
derived HEK293T clones transfected with these constructs were screened for deletions using a genotyping PCR
(Fig. 4A). Two rounds of transfections were necessary to obtain a clone with a deletion in both the AGO2 alleles
(AGO2−/−). These deletions were further characterized with Sanger sequencing (Fig. 4B), which showed a 58 base
pairs (bp) frameshift mutation that were identical in both alleles. Most likely, this occurred through homologous
directed repair (HDR) induced by CRISPR/Cas9 in the second round of targeting where the first mutated allele
was used as a repair template. Western blot analysis confirmed that the AGO2 protein was no longer expressed in
the AGO2−/− clone (Fig. 4C). AGO2 plays an important role in RNA interference (RNAi) using small interfering
RNAs (siRNAs) by degrading the target mRNAs via its unique slicer activity. When AGO2 is absent, the introduction of siRNAs into the cell should not lead to degradation of target mRNA and subsequent knock-down of
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Figure 3. The anti-AGO2 11A9 ChIP enriched loci seem not cell type specific or AGO2 specific. (A) ChIPqPCR in HEK293T cells at the same loci as in Fig. 1F. Meis1 is a negative region. (B) ChIP-qPCR in epidermal
stem cells with anti-IgG and 3 different AGO2 antibodies at the HNRNPA2B1 locus. Occupancy represents
enrichment over a heterochromatic region, A and B represent biological replicates and error bars represent
standard deviations of 3 technical replicates.
the corresponding protein. To determine whether the AGO2−/− clone constitutes a full functional knock-out, we
transfected the AGO2−/− clone and wild-type (WT) HEK293T cells with control or GAPDH directed siRNAs.
Upon transfection with GAPDH siRNAs, Western blot analysis showed a decrease of GAPDH protein in WT
cells and not in AGO2−/− cells. This indicates that the AGO2−/− clone is indeed a functional AGO2 knock-out
(Fig. 4D). Taken together, we created an AGO2−/− clone that can be used to verify our findings with the AGO2
11A9 antibody.

The 11A9 antibody enriches SWI/SNF factors and chromatin in the absence of AGO2. To verify
the interaction of AGO2 with SWI/SNF factors we performed label-free quantitative (LFQ) IP-MS on WT and
AGO2−/− HEK293T lysates using 11A9 and IgG antibodies. These experiments were performed in triplicate to
allow outlier identification via statistical analysis. In accordance with the ChIP-MS experiments in epidermal
stem cells, we enriched AGO2 and eight SWI/SNF factors from WT lysates using the 11A9 antibody. We also
enriched three known interactors of AGO2: TNRC6A, B and C (Fig. 5A). As expected, AGO2, TNRC6A, B
and C were not identified with IP-MS on AGO2−/− lysates, confirming the specificity of these common interactors and the known affinity of the 11A9 antibody for AGO2 (Fig. 5B). Surprisingly, SWI/SNF factors were still
enriched in the IP-MS on AGO2−/− lysates (Fig. 5B), suggesting cross-reactivity of the 11A9 antibody with one
or more of the SWI/SNF factors. The raw LFQ signals of AGO2−/− lysates compared to WT lysates show a strong
decrease of signal for AGO2 and its common interactors and no decrease for the SWI/SNF factors (Fig. 5C and
Supplementary Dataset 1). Please note that the low LFQ signal for AGO2, TNRC6A, B and C in AGO2−/− lysates
are a result of an imputation step included in the data analysis procedure. To verify whether the 11A9 antibody
specifically enriches AGO2 on chromatin, we performed ChIP-qPCR using WT and AGO2−/− HEK293T cells
to assess the association with the HNRNPA2B1 and GSK3β loci, representing different occupancy levels in our
original ChIP-seq dataset. Enrichment at these sites was observed in WT as well as AGO2−/− cells compared to
the negative control, indicating that the 11A9 antibody binds chromatin at these loci in the absence of AGO2
(Fig. 5D). We have also performed ChIP-seq with the AGO2 Abcam 57113 antibody in the WT and AGO2−/−
cells. However, we did not identify any enriched regions using this antibody (data not shown). Altogether, these
results suggest that the 11A9 antibody specifically binds other proteins than AGO2 on chromatin.
The AGO2 11A9 antibody cross-reacts with SWI/SNF component SMARCC1/BAF155. After
observing that the 11A9 antibody associated with SWI/SNF factors in the absence of AGO2, we mined the IP-MS
data to further investigate this cross-reactivity. We applied a previously described algorithm33 to determine the
stoichiometry of the interactors of the 11A9 antibody, including the bait AGO2 and the SWI/SNF factors that we
quantified in our IP-MS experiment. This allowed us to estimate the relative number of interactor protein molecules associated with the 11A9 antibody for each AGO2 protein molecule (Fig. 6A). The known AGO2 interactors
TRNC6A, B and C associated with a stoichiometry of 0.1–0.2 per AGO2 molecule, in line with their presumed
mutually exclusive interaction with AGO2. In contrast, 15 to 16 copies of the SWI/SNF component SMARCC1
were identified for each AGO2 protein, suggesting that SMARCC1 might be interacting with the 11A9 antibody
directly. This high recovery of SMARCC1 with the 11A9 antibody compared to AGO2 itself could potentially also
be partially explained by a high abundance of SMARCC1 protein in the lysate. For this reason we looked into the
PaxDB protein abundance database for the abundance of AGO2 and SMARCC1 in HEK293T cells34, 35. Both proteins had a similarly high abundance based on their number of proteins per million (145 and 169, respectively).
According to our stoichiometry analysis and the minor difference in total abundance of both proteins, SMARCC1
seems to bind the AGO2 11A9 antibody more efficiently than AGO2 itself, either directly or indirectly. This is in
line with the proposed cross-reaction interaction between SWI/SNF factors and the 11A9 antibody, rather than a
bona fide protein-protein interaction.
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Figure 4. AGO2 11A9 antibody validation with CRISPR/Cas9 introduced AGO2 knock-out. (A) Agarose gel
showing the genotyping PCR products amplified from the CRISPR/Cas9 targeted region. (B) Overview figure
displaying the deletion by CRISPR/Cas9 determined with Sanger sequencing. The AGO2 exon2 bar corresponds
with the underlying sequence and in red the sequence encoding the epitope of anti-AGO2 11A9. (C) AGO2
11A9 stained Western blot loaded with whole cell lysates from wild type and AGO2 knock-out HEK293T
cells. GAPDH was stained as loading control. (D) Western blot of siRNA treated wild-type and AGO2 knockout HEK293T extracts. ATP synthase-β was used as a loading control. Uncropped images are shown in the
supplementary.
To get an overview of the proteins that are immuno-precipitated by the SMARCC1 antibody, we performed an
IP-MS experiment in HEK293T cells. Multiple SWI/SNF factors and other proteins were enriched as interactors
(Fig. 6B). Notably, AGO2 was not enriched in these samples. Also note that the number of interacting proteins is
rather high due to the use of low stringency buffer conditions in the SMARCC1 IP-MS experiment. Nonetheless,
the highest LFQ value was measured for SMARCC1 (Fig. 6C). Ultimately, to see how the SMARCC1 IP-MS
relates to the AGO2 11A9 IP, we compared the quantified interactors and the stoichiometry of SMARCC1. These
experiments had 30 quantified interactors in common, suggesting that these proteins are identified through an
interaction with SMARCC1, rather than with AGO2 (Fig. 6D). In the SMARCC1 IP, the SWI/SNF factors associated with a stoichiometry of 0.2–0.7 per SMARCC1 protein (Fig. 6E), indicating that we purified an intact SWI/
SNF complex and that the majority of cellular SMARCC1 resides in this complex and not as a free monomer.
In contrast, SMARCC1 was substantially more over-represented in the 11A9 IP-MS experiments (15–16 fold,
Fig. 6A). This may be due to the more stringent buffer conditions in the 11A9 IP resulting in lower amounts
of co-purified proteins that bind the antibody through protein-protein interactions. This explanation also supports the possibility that SMARCC1 directly interacts with the 11A9 antibody. Finally, we performed reciprocal
co-IPs for AGO2 and SMARCC1 in WT and AGO2−/− HEK293T cells (Fig. 6F). In accordance with our previous
findings (Figs 5B,C and 6A), SMARCC1 was detected in 11A9 WT and AGO2 KO immuno-precipitates. This
provides further proof that the enrichment of SMARCC1 by the 11A9 antibody does not require the presence
of AGO2. In line with this, we could not find AGO2 in the reciprocal IPs with a SMARCC1 antibody (Fig. 6F).
Together, the results presented here show that SMARCC1 cross-reacts directly, or indirectly, with the 11A9
antibody, which may lead to erroneous conclusions when using this antibody for nuclear IP-MS or ChIP experiments to investigate AGO2.

Discussion

In this study, we aimed to address the nuclear role of AGO2 in epidermal stem cells through ChIP-sequencing
and MS using the 11A9 antibody. This antibody showed enrichment at enhancer/promoter regions with ChIP-seq
and enriched AGO2, SMARCC1 and other SWI/SNF factors with ChIP-MS. The observed interaction between
AGO2 and SMARCC1 is in accordance with a previous report in which the interaction was shown using the
same antibody26. We confirmed these results in HEK293T cells as well. However, by using a CRISPR/Cas9 engineered AGO2−/− HEK293T line, we demonstrated that this interaction does not depend on the presence of
AGO2. Indeed, we still observed a strong enrichment for SWI/SNF factors using IP-MS in AGO2 knock-out
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Figure 5. The 11A9 antibody enriches SWI/SNF factors in the absence of AGO2. (A,B) Label-free
quantification of 11A9 antibody associated proteins compared to IgG isotype control. IP-MS experiments were
performed in triplicate in wild type and AGO2 knock-out HEK293T cells. For the analysis a two-sample t-test
was applied. (C) Table with mean Maxquant derived label free quantification (LFQ) intensities (x10) of 3 IP-MS
experiments for 11A9 and IgG with HEK293T wild-type and AGO2 knock-out lysates. AGO2 TRNC6A, B and
C signals in AGO2 knock-out extracts are the result form imputation. CV represents coefficient of variation. (D)
ChIP-qPCR in wild type and knock-out HEK293T cells. The control region (heterochromatic site) and Meis1
locus represent negative sites.
cells. In addition, ChIP-qPCR enrichment at two representative promoter regions was essentially unaffected after
knocking-out AGO2. Previously, the AGO2 interactors have also been addressed with a FLAG-tagged AGO2
and the AGO2 Abcam 57113 antibody. With this antibody and via the FLAG-tagged AGO2, no interaction was
observed between AGO2 and SMARCC1 or other SWI/SNF components supporting the idea that SMARCC1
represents an unintended binder of the AGO2 11A9 antibody9.
Our stoichiometry analysis for 11A9 antibody interacting proteins showed that SWI/SNF factor SMARCC1
associated 15.5 times more frequent than AGO2. This suggests that SMARCC1 is a likely candidate as direct
interactor of the 11A9 antibody. In line with this, we noted that the peptide epitope used to generate the 11A9
antibody is proline rich and that the C-terminus of SMARCC1 contains a very similar, and proline-rich,
sequence (QPPPPPPADGVPPPPAPGP). In addition, Rüdel et al. (2008), who originally reported the 11A9 antibody, showed an unidentified band on an 11A9 probed Western blot loaded with nuclear extract3. Although
cross-reactivity on a Western blot is not necessarily representative of cross-reactivity in an immunoprecipitation
approach, our data strongly argue that this reported band represents SMARCC1. To determine if SMARCC1
indeed directly binds the 11A9 antibody allowing re-interpretation of our ChIP data, we applied CRISPR/Cas9
on the SMARCC1 locus as well. However, we were not able to engineer a SMARCC1 knock-out line despite
repeated attempts and only obtained cell lines with in-frame deletions (data not shown). This might suggest
that SMARCC1 knock-out has a negative effect on cell survival or proliferation in HEK293T cells. Therefore, we
cannot formally exclude that the SWI/SNF and ChIP-qPCR enrichments we observed in our experiments can be
explained by other proteins than SMARCC1 associating with the AGO2 11A9 antibody.
Taken together, our data indicate that the AGO2 11A9 antibody associates with SMARCC1 in IP-MS
aproaches using whole lysates or nuclear extracts. This may warrant a careful reevaluation of the published literature making use of this particular antibody. Antibodies in general should be validated properly as they all have
their own artefacts. Here, we strongly recommend verifying nuclear AGO2 interactions identified with the 11A9
antibody using an AGO2 knock-out line, tagged-AGO2 proteins or alternative antibodies.

Materials and Methods

Cell culture, transfection, clonal selection and knock-down. Primary pooled human epidermal stem
cells derived from foreskin were obtained from Lonza. Cells were cultured and expanded as previously reported36.
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Figure 6. The 11A9 antibody may cross-react with SWI/SNF component SMARCC1/BAF155. (A)
Stoichiometry analysis in HEK293T with iBAQ values generated with Maxquant normalized with the IgG
isotype control. AGO2 is the bait and set at 1 as we used anti-AGO2 (11A9) for the IP. Error bars represent
standard deviations of 3 individual IPs. (B) Label-free quantification of BAF155 A301-019A associated proteins
compared to IgG control. Experiment was performed in triplicate in HEK293T cells. For the analysis a two
sample T-test was applied. (C) Table with average Maxquant derived label free quantification intensities of
3 IP-MS experiments for BAF155 A301-019A and IgG with HEK293T wild type lysates. Mean LFQ values
are times 10 billion and signals from AGO2 knock-out come from imputation. CV represents coefficient of
variation. (D) Venn diagram representing the number of quantified and significant proteins in the SMARCC1
IP-MS and the AGO2 11A9 IP-MS and proteins that were quantified and significant in both experiments. (E)
Stoichiometry analysis as in A with SMARCC1 as bait. SMARCC1 was set at 1 as we used anti-BAF155 (A301019A) for the IP. Error bars represent standard deviations of 3 individual IPs. (F) Reciprocal co-IPs with AGO2
11A9 and BAF155 antibodies with anti-IgG as negative control in Wildtype and AGO2 knock-out HEK293T
cells. All samples were loaded on the same gel and transferred to the same blot on which both the staining’s were
performed with different detection methods. Uncropped images are shown in the supplementary.
Briefly, cells were seeded on a feeder layer of J2-3T3 cells in FAD medium (Ham’s F12 medium/Dulbecco’s modified Eagle medium (DMEM) (1:3) supplemented with 10% batch tested fetal calf serum (FCS) and a cocktail of
0.5 µg/ml of hydrocortisone, 5 µg/ml of insulin, 0.1 nM cholera enterotoxin, and 10 ng/ml of epidermal growth
factor. J2-3T3 cells were cultured in DMEM containing 10% bovine serum. HEK293T cells were cultured in
DMEM supplied with 10% fetal bovine serum. All media were supplemented with 1% penicillin/streptomycin
antibiotics.
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For transfections HEK293T cells were incubated 4 hours in 6 well-plates with Lipofectamine2000 from Life
Technologies and 2 µg CRISPR/Cas9 plasmids (expressing gRNA 1 and 2) or 2 µl siRNA (20 µM stock) [negative
control (#4390844) and GAPDH (#4390849) from Ambion] in DMEM.
CRIPSR/Cas9 transfected cells were harvested after 72 hours and seeded in low numbers for clonal growth.
Clones were picked and scaled-up to 6 well-plate size for subsequent genotyping. A genotyping PCR was performed with primers (5′-GACACTTTTGGGCTCTTTGC-3′, 5′-AACTCTCCTCGGGCACTTCT-3′) flanking the region in which both gRNAs target on genomic DNA which was extracted using the QIAquick PCR
Purification Kit. A smaller amplicon due to an introduced deletion was distinguished from wild type alleles with
electrophoresis using a 2% agarose gel. Clones with heterozygous deletions were retargeted by repeating the transfection and cloning procedure to increase the chance for clones with homozygous deletions. Sanger sequencing
was applied to determine the exact deletions on sequence level.
For transfections with siRNAs, cells were lysed after 48 hours for Western blot analysis with RIPA buffer (Tris
HCl pH 8.0 10 mM, EDTA 1 mM, EGTA 0.5 mM, SDS 0.1%, deoxycholic acid 0.1%, NaCl 140 mM, Triton X-100
1%, 1x PIC).

Stable isotope labelling by amino acids in cell culture (SILAC).

For SILAC experiments, epidermal stem cells were cultured for 6 days in R/K-deficient SILAC FAD medium (DMEM:F12 for SILAC, Thermo
Scientific #88215 mixed 1:1 with R/K-deficient DMEM, Gibco A14431-01) supplemented with 10% dialyzed
serum (Sigma-Aldrich, F0392) and 800 mM L-Lysine 13C6 15N2Hydrochloride and 482 mM L-Arginine 13C6 15N4
hydrochloride (Sigma-Aldrich) for “heavy”-labeled media or 800 mM L-Lysine 12C6 14N2-Hydrochloride and 482
mM L-Arginine 12C6 14N4 hydrochloride for “light”-labeled media27.

Antibodies. AGO2 was detected with anti-AGO2 clone 11A9 (#SAB4200085, Sigma-Aldrich), anti-AGO2
(#Abcam571130), anti-AGO2 (4FG, sc-53521) and as negative control antibodies were used anti-FLAG (f1804,
Sigma-aldrich) and rat IgG isotype 2a (#54447, Novus biologicals). For loading controls, GAPDH and ATP synthase β were used with anti-GAPDH (Abcam8245) and anti-ATP synthase β in the same dilution as described37.
H3K4me3 on chromatin was detected with anti-H3K4me3 (Abcam8580). SMARCC1/BAF155 detection
occurred with anti-BAF155 from Bethyl laboratories (#A301-019A). Purified Rabbit IgG antibody (#P120-101,
Bethyl laboratories) was used as negative control. For detection on Western blot, secondary antibodies were
used from Licor (IRDye 800CW Goat-anti-Rat Antibody, IRDye 800CW Goat-anti-Rabbit Antibody and IRDye
680RD Goat-anti-Mouse Antibody) and from Dako (rabbit anti-rat immunoglobulins/HRP, #P0450).
ChIP-qPCR and ChIP-MS. Cells (7.5 × 107) were cross-linked in suspension with 1% formaldehyde in
PBS for 10 minutes, quenched for 5 minutes with 1.25 M glycine in PBS and washed in PBS. Cross-linked cells
were incubated 4 hours in lysis buffer (5 mM Tris-HCl pH 8.0, 85 mM NaCl, 0.5% NP40, 1X PIC) on ice, following 50 strokes with a dounce homogenizer to enrich for nuclei. Nuclei were sonicated in sonication buffer
(50 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.1% SDS, 150 mM NaCl and 0.5% deoxycholic acid) to get an average chromatin fragment length of 500 bp. Overnight, 15 µg antibody was incubated following a bead capture step of 4 hours with 100 µl protein G-coated magnetic beads (life Technology). Subsequently, beads were
washed 5X in RIPA buffer. From this point, the sample was prepared for qPCR and next-generation-sequencing
or quantitative mass spectrometry (described below). For sequencing and qPCR, chromatin was reverse
cross-linked overnight at 65 °C followed by a 1 hour incubation step with proteinase K (1 µg/µl) and RNAse
A (1 µg/µl) at 37 °C with. The DNA was purified with the Qiaguick PCR purification kit upon. Quantitative
PCR was performed with Sybr green (Bio-Rad) and custom primers around the negative control region
(5′-ATATCAAGGGCTCAGTGTTGGT-3′, 5′-GTGGAGGGATGGAGGTTATACA-3′) and the transcription
start sites of HNRNPA2B1 (5′-CGCAAGGCAGGTGAGAAAC-3′, 5′-CGGAAAACAAAAAGGGAAGG-3′),
DICER1 (5′-GCCTCCAT TGT TGCTCCT T-3′, 5′-GCGGAAGTGGGTGT T TGT T-3’), GSK3β1
( 5 ′ - G C T G G C T G G A G G A G A C AT T- 3 ′ , 5 ′ - T T C A C C A AT C A C C G A A G G A- 3 ′ ) a n d M e i s 1
(5′-GCCTCCTGAACCTTCTTTCTCT-3′, 5′-AATGGGGTAGATCGTCGTACTG-3′).
Next-generation-sequencing and analysis. Using the KAPA Biosystems kit (#KK8504), between 0.5
and 5 ng ChIP-derived DNA was trimmed, A-tailed, provided with Nextflex adaptors and amplified with 10 PCR
cycles. Subsequently, DNA was size-selected with the E-Gel iBase Power System (Invitrogen) to purify for
fragments between 300 and 400 bp. The libraries were quantified on the Agilent 2100 Bioanalyzer and evaluated
by qPCR to confirm representation of enrichments at specific loci. The libraries were sequenced with the Nextseq.
500 to generate 25–45 million reads which were aligned to the human hg19 genome with the Burrows-Wheeler
Alignment tool (BWA)38 and processed with SAMtools39 to generate BAM files. Peaks were called from BAM files
using “Model-based analysis of ChIP-Seq version 1.4” (MACS14)40 with a P-value cut-off of 1 × 10−8. The called
peaks were manually checked with BigWig tracks in IGV from Broad institute and visualized with UCSC genome
browser. Overlaps with specific chromatin states of the normal human epidermal keratinocyte (NHEK) genome
were analyzed with BEDtools41 using the wgEncodeBroadHmmNhekHMM.bed file from ENCODE32.

®

™

Immunoprecipitation, sample preparation and quantitative mass spectrometry.

Cells were
washed with PBS and lysed on 15 cm plates with 1.5 ml RIPA buffer. When indicated in the results section a less
stringent lysis buffer was used (Tris HCl pH 7.5 50 mM, Triton X-100 0.25%, glycerol 10%, NaCl 150 mM, 1x PIC).
Lysate was centrifuged 10′ at 17,000 g to remove precipitates. Overnight, 1 ml lysate was immuno-precipitated
with either 6 µg anti-AGO2 11A9, 1 µg anti-BAF155 A301-019A, 6 µ anti-IgG (rat) or 1 µg anti- IgG (rabbit).
Antibody precipitates were captured with 50 µl protein G-coated magnetic beads (life Technology) for 4 hours and
subsequently washed 5X in RIPA buffer or the less stringent lysis buffer when indicated.
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Beads loaded with immuno-precipitates from (Ch)IP experiments were washed 2X with 100 mM NH4HCO3.
Heavy and light labeled SILAC samples of different ChIP experiments were combined after the first wash step.
Proteins were on bead digested with 15ul trypsin (10 µg/ml in 100 mM NH4HCO3) overnight. Supernatant was
taken and the digestion was stopped by adding up to 100 µl with triethylammonium bicarbonate (100 mM)
including 5% formic acid. For quantification with dimethyl-labeling, light- or intermediate dimethyl labels
were added at this point31. Briefly, 4 µl of 4% label and 4 µl of 0.6 M NaBH2CN were added and incubated for
1 hour. Before merging heavy and light labelled samples, 16 µl 1% ammonia was added and after merging 10ul of
100% trifluoric acid. Before sending the samples for Mass spectrometry analysis, a purification was applied on
StageTips42. Peptides were loaded onto a pulled fused silica column (New Objectives) packed in house with 1.8
μm Reprosil-Pur C18-AQ (Dr. Maisch, 9852). Using the Easy-nLC 1000 (Thermo Fisher Scientific), peptides were
separated in a 120 minutes gradient and directly injected into a QExactive mass spectrometer (Thermo Fisher
Scientific). The mass spectrometer was operated in TOP10 data dependent acquisition. Full MS were recorded at
a resolution of 70,000 at m/z = 400 and a scan range of 300–1,650 m/z. MS/MS spectra were recorded at a resolution of 17,500.

Mass spectrometry data analysis. Raw mass spectrometry data analysis was analysed with the MaxQuant
software package, version 1.3.5.7, using standard settings with the additional option “match between runs”43. For
label free quantification, LFQ and iBAQ were selected. The output proteingroupst.txt table was filtered for contaminants, reverse hits, number of unique peptides (>0) and number of peptides (>1) in Perseus (MaxQuant
package) and R as described. For Label dependent quantification, the ‘ratio H(eavy)/L(ight) normalized’ was
taken from two replicate experiments (reverse and forward labelled) and plotted in Excel to visualize fold enrichments. For label free interactor identification, IPs were applied in triplicate to allow t-test based statistics on LFQ
values and stoichiometry analysis on iBAQ as described earlier33. In Perseus, the option imputation of missing
values was applied by normal distribution with default settings. Statistical outliers for the pull down of AGO2
11A9 or BAF155 A301-019A were determined with a two-tailed t-test and multiple testing correction was done
with a permutation based false discovery rate method in Perseus. Stoichiometry analysis of AGO2 and SMARCC1
was determined by comparing the relative abundance of the identified interactors as measured by the iBAQ values. The iBAQ values of the proteins in the IgG IP (control) samples were used as background binding level and
were subtracted from iBAQ values from the bait IP samples. The relative abundance value of each interactor was
scaled to the bait protein which was set at 1.
Western blot. Beads loaded with immuno-precipitates from IP experiments were incubated 10 minutes at
95 °C in 100 µl 1X Sample buffer (1% SDS, 40 mM Tris HCl pH 6.8, 5% glycerol, 0,25% β-ME, BPB) to release and
denature the proteins. Whole cell lysates were incubated with 4X Sample buffer. Proteins were separated on standard 4–15% gradient gels (Bio-Rad) and blotted on a PVDF membrane using the Bio-Rad Trans-Blot TurboTM
RTA Transfer Kit. Blots were blocked 30 minutes. with 3.5% milk in PBS (w/v) and stained with primary antibody
in blocking buffer overnight at 4 °C (AGO2 11A9 1:500, BAF155 A301-019A 1:500, GAPDH Abcam8245 1:2500
and ATP synthase β 1: 10,000). After primary antibody incubation, blots were washed 3X with TBST, stained with
secondary antibodies for 1 hour at room temperature and washed again 3X with TBST. Detection occurred using
the Odyssey CLx (near-infrared fluorescence) or the LAS4000 (chemiluminescence).

®

Cloning CRISPR/Cas9 constructs. PX330 based constructs were generated as described44. Briefly,
guide RNAs (gRNAs) were designed to target the anti-AGO2 11A9 epitope-encoding region of AGO2 with
the online Zhang lab CRISPR design tool (http://tools.genome-engineering.org). Oligo’s encoding the gRNAs
were obtained from Biolegio (Nijmegen, The Netherlands), representing the forward and reverse sequences
5′-CACCGGCGCCGCCGCCCCCCATCCA-3′ and 5′-AAACTGGATGGGGGGCGGCGGCGCC-3′ for
gRNA1 and 5′-CACCGAGAGAGAACACCCATTAACG-3′ and 5′-AAACCGTTAATGGGTGTTCTCTCTC-3′
for gRNA2. Top and bottom oligo’s were annealed and ligated into BbsI digested pX330-U6-Chimeric_
BB-CBh-hSpCas9 (Addgene #42230) upon poly nucleotide kinase and Antarctic phosphatase treatment of the
annealed oligo’s and backbone respectively. Identification of the correct constructs was achieved with a colony
PCR in which the U6 primer (5′-GAGGGCCTATTTCCCATG-3′) acted as forward primer and the reverse gRNA
oligo as reverse primer. Constructs were subsequently amplified in E. coli strain DH5α.
Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References

1. Meister, G. & Tuschi, T. Mechanisms of gene silencing by double-stranded RNA. Nature 431, 343–349 (2004).
2. Winter, J., Jung, S., Keller, S., Gregory, R. I. & Diederichs, S. Many roads to maturity: microRNA biogenesis pathways and their
regulation. Nat. Cell Biol. 11, 228–34 (2009).
3. Rüdel, S., Flatley, A., Weinmann, L., Kremmer, E. & Meister, G. A multifunctional human Argonaute2-specific monoclonal antibody
A multifunctional human Argonaute2-specific monoclonal antibody. RNA 14, 1244–53 (2008).
4. Chu, Y., Yue, X., Younger, S. T., Janowski, Ba & Corey, D. R. Involvement of argonaute proteins in gene silencing and activation by
RNAs complementary to a non-coding transcript at the progesterone receptor promoter. Nucleic Acids Res. 38, 7736–48 (2010).
5. Tan, G. S. et al. Expanded RNA-binding activities of mammalian Argonaute 2. Nucleic Acids Res. 37, 7533–45 (2009).
6. Nishi, K., Nishi, A., Nagasawa, T. & Ui-Tei, K. Human TNRC6A is an Argonaute-navigator protein for microRNA-mediated gene
silencing in the nucleus. RNA 19, 17–35 (2013).
7. Ahlenstiel, C. L. et al. Direct evidence of nuclear Argonaute distribution during transcriptional silencing links the actin cytoskeleton
to nuclear RNAi machinery in human cells. Nucleic Acids Res. 40, 1579–95 (2012).
8. Gagnon, K., Li, L., Chu, Y., Janowski, B. & Corey, D. RNAi factors are present and active in human cell nuclei. Cell Rep. 6, 211–221
(2014).

SCIeNTIfIC REPOrTS | 7: 7278 | DOI:10.1038/s41598-017-07539-4

9

www.nature.com/scientificreports/
9. Kalantari, R. et al. Stable association of RNAi machinery is conserved between the cytoplasm and nucleus of human cells. 1–14,
doi:10.1261/rna.056499.116 (2016).
10. Zamudio, J. R., Kelly, T. J. & Sharp, P. A. Argonaute-Bound Small RNAs from Promoter-Proximal RNA Polymerase II. Cell 156,
920–934 (2014).
11. Malone, C. D. & Hannon, G. J. Small RNAs as guardians of the genome. Cell 136, 656–68 (2009).
12. Moazed, D. Small RNAs in transcriptional gene silencing and genome defence. Nature 457, 413–420 (2009).
13. Zhang, X. & Rossi, J. J. Phylogenetic comparison of small RNA-triggered transcriptional gene silencing. J. Biol. Chem. 286, 29443–8
(2011).
14. Moshkovich, N. et al. RNAi-independent role for Argonaute2 in CTCF/CP190 chromatin insulator function. Genes Dev. 25,
1686–701 (2011).
15. Kalantari, R., Chiang, C.-M. & Corey, D. R. Regulation of mammalian transcription and splicing by Nuclear RNAi. Nucleic Acids
Res. 44, 524–537 (2016).
16. Hawkins, P. G., Santoso, S., Adams, C., Anest, V. & Morris, K. V. Promoter targeted small RNAs induce long-term transcriptional
gene silencing in human cells. Nucleic Acids Res. 37, 2984–2995 (2009).
17. Kim, D., Villeneuve, L., Morris, K. & Rossi, J. Argonaute-1 directs siRNA-mediated transcriptional gene silencing in human cells.
Nat. Struct. Mol. Biol. 13, 793–797 (2006).
18. Kim, D. H., Saetrom, P., Snøve, O. & Rossi, J. J. MicroRNA-directed transcriptional gene silencing in mammalian cells. Proc. Natl.
Acad. Sci. US 105, 16230–5 (2008).
19. Cho, S., Park, J. S. & Kang, Y. K. AGO2 and SETDB1 cooperate in promoter-targeted transcriptional silencing of the androgen
receptor gene. Nucleic Acids Res. 42, 13545–13556 (2014).
20. Matsui, M. et al. Promoter RNA links transcriptional regulation of inflammatory pathway genes. Nucleic Acids Res. 41, 10086–10109
(2013).
21. Matsui, M. et al. Activation of LDL receptor expression by small RNAs complementary to a noncoding transcript that overlaps the
LDLR promoter. Chem. Biol. 17, 1344–1355 (2010).
22. Morris, K. V., Santoso, S., Turner, A. M., Pastori, C. & Hawkins, P. G. Bidirectional transcription directs both transcriptional gene
activation and suppression in human cells. PLoS Genet. 4, 3–11 (2008).
23. Schwartz, J. C. et al. Antisense transcripts are targets for activating small RNAs. Nat. Struct. Mol. Biol. 15, 842–848 (2008).
24. Allo, M. et al. Argonaute-1 binds transcriptional enhancers and controls constitutive and alternative splicing in human cells. Proc.
Natl. Acad. Sci. 1–8, doi:10.1073/pnas.1416858111 (2014).
25. Ameyar-Zazoua, M. et al. Argonaute proteins couple chromatin silencing to alternative splicing. Nat. Struct. Mol. Biol. 19, 998–1004
(2012).
26. Carissimi, C. et al. ARGONAUTE2 cooperates with SWI/SNF complex to determine nucleosome occupancy at human Transcription
Start Sites. Nucleic Acids Res. 1–15, doi:10.1093/nar/gku1387 (2015).
27. Mohammed, H. et al. Endogenous purification reveals GREB1 as a key estrogen receptor regulatory factor. Cell Rep. 3, 342–9 (2013).
28. Ender, C. et al. A human snoRNA with microRNA-like functions. Mol. Cell 32, 519–28 (2008).
29. Uhlen, M. et al. A proposal for validation of antibodies. Nat. Methods 13, 823–827 (2016).
30. Egelhofer, Ta et al. An assessment of histone-modification antibody quality. Nat. Struct. Mol. Biol. 18, 91–93 (2011).
31. Boersema, P. J., Raijmakers, R., Lemeer, S., Mohammed, S. & Heck, A. J. R. Multiplex peptide stable isotope dimethyl labeling for
quantitative proteomics. Nat. Protoc. 4, 484–494 (2009).
32. Ernst, J. et al. Mapping and analysis of chromatin state dynamics in nine human cell types. Nature 473, 43–49 (2011).
33. Smits, A. H., Jansen, P. W. T. C., Poser, I., Hyman, Aa & Vermeulen, M. Stoichiometry of chromatin-associated protein complexes
revealed by label-free quantitative mass spectrometry-based proteomics. Nucleic Acids Res. 41, e28 (2013).
34. Wang, M. et al. PaxDb, a Database of Protein Abundance Averages Across All Three Domains of Life. Mol. Cell. Proteomics 11,
492–500 (2012).
35. Geiger, T., Wehner, A., Schaab, C., Cox, J. & Mann, M. Comparative Proteomic Analysis of Eleven Common Cell Lines Reveals
Ubiquitous but Varying Expression of Most Proteins. Mol. Cell. Proteomics 11, M111.014050–M111.014050 (2012).
36. Gandarillas, A. & Watt, F. M. c-Myc promotes differentiation of human epidermal stem cells. Genes Dev 11, 2869–2882 (1997).
37. Simonnet, H. et al. Low mitochondrial respiratory chain content correlates with tumor aggressiveness in renal cell carcinoma.
Carcinogenesis 23, 759–68 (2002).
38. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754–60 (2009).
39. Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078–9 (2009).
40. Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9, R137 (2008).
41. Afgan, E. et al. The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2016 update. Nucleic Acids
Res. gkw343, doi:10.1093/nar/gkw343 (2016).
42. Rappsilber, J., Mann, M. & Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for
proteomics using StageTips. Nat. Protoc. 2, 1896–1906 (2007).
43. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteomewide protein quantification. Nat. Biotechnol. 26, 1367–1372 (2008).
44. Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8, 2281–308 (2013).

Acknowledgements

We acknowledge the funding support from the Radboud University, the Dutch Organization for Scientific
Research (NWO-VIDI) and the European Union (Marie-Curie Career Integration Grant).

Author Contributions

R.v.E. designed, performed and analysed most of the experiments. T.v.d.B. performed and analysed experiments.
L.N. performed Mass Spectrometry. K.M. designed and analysed experiments and oversaw the study.

Additional Information

Supplementary information accompanies this paper at doi:10.1038/s41598-017-07539-4
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIeNTIfIC REPOrTS | 7: 7278 | DOI:10.1038/s41598-017-07539-4

10

www.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

SCIeNTIfIC REPOrTS | 7: 7278 | DOI:10.1038/s41598-017-07539-4

11

