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Abstract: Argonaute (Ago) proteins are well known for their role as RNA effector proteins in the cytoplasm. 

However, recent studies have also shown their presence in the nucleus, leading to question about their function 
there. To uncover this role, two distinct cell lines with modified Ago loci were generated in mouse embryonic stem 
(ES) cells, incorporating a tag and a degradation signal that would allow protein depletion in few hours through the 
auxin-inducible degron (AID) system adapted from plants. This was achieved through the use of novel genome 
editing tools, namely CRISPR/Cas9 system. Two constructs were designed, for Ago1 and for Ago3, to insert AID 
and the V5 tag sequence before the 1st exon of these proteins. After generation of OsTIR cell line that allows AID 
recognition in mouse ES cells, this cell line was transfected with the two constructs together with the plasmid 
encoding Cas9 and the respective guide RNA. 

A1V5AID and A3V5AID cell lines were genotyped by PCR to select homozygous clones, to achieve full 
depletion of the modified proteins. For the A1V5AID cell line, 68 clones were genotyped, of which two homozygous 
and two heterozygous clones were obtained. Regarding A3V5AID cell line, first transfection yielded 39 clones, 
none of them carrying the construct. In second transfection, from 59 clones obtained only one heterozygous was 
identified, not expressing Ago3. No clones were generated for this cell line. Further characterization of A1V5AID 
clones will aid to get a new insight of Ago1 function in the nucleus of a stem cell. 
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Introduction 
Argonautes are highly conserved proteins found in 

most eukaryotes that participate in post-transcriptional 
processes in the cytoplasm where they interact with 
short interfering RNAs (siRNAs) and microRNAS 
(miRNAs).1 Their role in the cytoplasm is well known, 
where they integrate the RISC-loading complex and 
can also be found in P-bodies (processing bodies that 
are cellular sites of RNA metabolism)2,3 nonetheless, 
they have been observed in the nucleus as well. Ago2 
was detected by immunofluorescence in the nucleus of 
HeLa cells besides its presence in P-bodies and 
diffuse distribution in the cytoplasm.3 Weinmann et al.2, 
while studying the interaction between Argonautes and 
Importin 8, observed that upon knockdown of the latter, 
the localization of Ago2 shifted from the nucleus to the 
cytoplasm. There is also evidence that a considerable 
amount of cleavage-competent RISC complex is 
present and functional in the nucleus, or alternatively, 
actively transported there after its formation in the 
cytoplasm, where it can cleave target RNA with high 

efficiency by conjugation with siRNAs and miRNAs.4 
Janowski et al.5 report that Argonautes act in the 
nucleus, linking the pathways for transcriptional and 
post-transcriptional gene silencing, being able to inhibit 
gene expression when associated with synthetic 
antigene RNAs complementary to promoter DNA or 
mRNA. All these data lead to believe that Argonautes 
participate in nuclear processes, where their functions 
can go from gene silencing to alternative splicing, 
chromatin modification or even double-strand break 
repair.1 There is also evidence of the presence of all 
four mammalian Argonautes in the nucleus of ES cells, 
as they can be found there in different sub-cellular 
localizations, suggesting different functions for the four 
of them, even though Ago1 and Ago3 are the ones 
preferentially localized in the nucleus (T. Carvalho, 
Unpublished data). 

Observation of the Argonaute targets in the nucleus 
requires generation of specific tools that will enable 
protein knock out. Immediate and reversible depletion 
of a protein can be achieved with the auxin-dependent 
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degradation. This system is characteristic of plants, 
where the auxin hormones, such as indole-3-acetic 
acid (IAA), control gene expression during growth and 
development. Other eukaryotes lack this auxin 
response but still have the SCF (Skp, Cullin, F-box) 
degradation pathway that participates in the process of 
proteasomal degradation. To set up this system 
working in mammalian cells, one of the TIR 
orthologues must be present in the E3 ubiquitin ligase 
SCF for recognition of the degradation-inducing AID 
domain, which has to be fused with the protein of 
interest. 6  

Implementation of the auxin-inducible degron (AID) 
system in eukaryotic cells requires the use of genome 
editing tools. Many have come to light in the past 
years7, but the one that has shown to be the most 
promising technique is clustered regularly-interspaced 
short palindromic repeats (CRISPR)/Cas9 system. This 
system is based on microbial adaptive immune system 
that cleaves foreign genetic elements with the 
endonuclease Cas9. It needs a guide RNA sequence 
of 20 nt followed by a protospacer adjacent motif 
(PAM), 5’-NGG sequence (Streptococcus pyogenes 
Cas9) that allows recognition by the Cas9, inducing a 
DSB in the target DNA three nucleotides before the 
PAM. After the DSB induced by the CAS9, one of two 
major pathways for DNA repair can be recruited: 
non-homologous end joining (NHEJ) or 
homology-directed repair (HDS). The first one is 
error-prone and happens in the absence of a repair 
template, creating mutations, insertions/deletions 
(indels), in the genome. The second one is less 
frequent but is able to generate high-fidelity, precise 
edits in the target locus when an endogenous repair 
template is supplied. The latter can be a double- or 
single-stranded linear DNA with homology arms 
flanking the engineered sequence bearing desired 
modifications in the locus.8 

To uncover Argonautes function in the nucleus this 
work proposes the generation of mouse ES cell lines 
with modified Ago loci, incorporating a V5 tag and AID 
for inducible protein degradation. To allow for the use 
of the AID system, the auxin receptor/E3 ligase had to 
be introduced in mouse ES cells in the first place. 
These cell lines will provide observation of the 

immediate effect of Argonaute depletion on 
transcription for individual Ago1 and Ago3 cell lines, 
providing insights of the roles of both proteins in the 
RNA machinery of ES cells. 

Material and Methods 
ES Cell Culture and Media. Mouse ES cells (cell 

line E14tg2a, kind gift from Manuel Serrano, CNIO, 
Madrid) were grown on gelatin-coated cell culture 
plates at 37 ºC with 5 % CO2 using 2iLIF medium 
containing: Dulbecco's Modified Eagle Medium 
(DMEM) (Thermo Fisher) supplemented with 15% 
embryonic stem cell-qualified Fetal Bovine Serum 
(FBS) (Thermo Fisher 16141-079), 2 mM L-Glutamine 
(Thermo Fisher), 0.1 mM 2-Mercaptoethanol (Thermo 
Fisher), 3 µM CHIR99021 (Axon Medchem), 1 µM 
PD0325901 (Axon Medchem) and 1 000 U/mL 
Leukemia Inhibitory Factor (LIF) (Merck Milipore). For 
routine propagation cells were washed with PBS 1x 
and dissociated with 0.25 % trypsin-EDTA for 3 min at 
37 ºC. Reaction was stopped with 3 volumes of DMEM 
ES medium (DMEM supplemented with 15% FBS, 
2 mM L-Glutamine and 0.1 mM 2-Mercaptoethanol) for 
each volume of added trypsin, cells were manually 
dissociated and centrifuged for 3 min at 200 x g. After 
supernatant removal, cells were resuspended in the 
appropriate volume of DMEM ES medium. The desired 
quantity of cells was plated in the appropriate volume 
of 2iLIF medium. For DNA and RNA extraction, cells 
were washed with PBS 1x, then detached by action of 
0.25 % trypsin-EDTA (3 min at 37 ºC), trypsin action 
inactivated by addition of DMEM ES as above, cells 
were manually dissociated and centrifuged for 3 min at 
200 x g. Cell pellets were washed with PBS 1x and 
centrifuged (3 min at 200 x g).  

Neon® Transfection system 100 µL Kit (Thermo 
Fisher) was used to transfect Ago1 and Ago3 
constructs into OsTIR cell line according to 
manufacturer’s instructions. 2.5 µg of plasmid px459 (a 
gift from Feng Zhang, Addgene plasmid 48139), 
containing Cas9 and the guide RNA, and 2.5 µg of 
DNA corresponding to each construct were transfected 
into 2 x 106 cells for transfection of Ago3 construct into 
OsTIR 6 and 8 and latter into OsTIR 6, and into 
3 x 106 cells for Ago1 construct into OsTIR 6. Neon® 
Device conditions were 1 400 V, 10 ms and 3 pulses. 
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Transfected cells were plated in P60 dishes (TPP) in 
3 mL of 2iLIF medium. 24 h after transfection, 
puromycin (2 µg/mL) selection was carried out for 48 h. 
Clones were ready to be picked approximately one 
week later. P60 dishes were washed and kept in PBS 
1x while clones were picked manually with the P200 
pipette tip and placed in the wells of 96 V-bottom cell 
culture plates with 50 µL/well of 0.25 % trypsin-EDTA. 
Following incubation at 37 ºC for 5 min and manual 
dissociation, clones were plated into wells of 24 well 
cell culture plates containing 500 µL/well of 2iLIF 
medium. 

Guide RNA Preparation. Oligonucleotides 
corresponding to the guide RNA sequence, predicted 
by Zhang’s Lab online CRISPR Design Tool 
(http://crispr.mit.edu/), were ordered from 
Sigma-Aldrich©, annealed, phosphorylated and ligated 
between two BbsI sites of px459. The products of 
ligation were transformed into DH5α competent cells 
by heat shock at 42 ºC. Plasmid DNA was extracted 
using Gene Jet Plasmid MiniPrep Kit (Fermentas) 
according to manufacturer’s instructions, quantified on 
NanoDrop™ 2000 and Sanger sequenced at GATC 
Biotech. 

The px459 plasmid with expression cassette for 
Cas9 and the guide RNA was used to perform the T7 
Endonuclease I mutation detection assay, by 
transfecting 2 x 105 E14tg2a cells with 500 ng/µL of 
DNA using Lipofectamine® 3000 (Thermo Fisher) per 
well of a 24 well plate according to manufacturer’s 
instructions. After 24h, selection with 2 µg/mL of 
puromycin was started and after 48 h cells were 
collected and pellets were used for DNA extraction 
according to GeneArt® Genomic Cleavage Detection 
Kit (Thermo Fisher) manufacturer’s instructions and 
treated with T7 endonuclease (Gene Copoeia™), 
according to the manufacturer’s instructions for the 
IndelCheck™ CRISPR/TALEN insertion or deletion 
detection system.  

Ago1 and Ago 3 Constructs. These constructs 
were assembled through PCR ligation with six specially 
designed hybrid primers for each protein that created 
homology regions between the fragments, so they 
would be amplified as one. PCR products from PCR 
ligation were separated in an agarose gel, excised and 

purified with NZYGelpure (NZYTech) according to the 
manufacturer’s instructions. Purified DNA fragments 
were then ligated into pBluescript II KS (+/-) phagemid 
previously digested with EcoRV and cloned into DH5α 
competent cells by heat shock at 42 ºC. Plasmid DNA 
was extracted with Gene Jet Plasmid MiniPrep Kit 
according to manufacturer’s instructions. To increase 
DNA concentration for transfection, clones were grown 
in quantity to perform plasmid DNA extraction with 
Genopure Plasmid Midi Kit (Roche) according to the 
manufacturer’s instructions. Ago3 positive clones were 
selected by a restriction analysis with 5 U of HindIII 
and XhoI, PstI, EcoRI, BamHI, or SacII, quantified and 
Sanger sequenced at GATC Biotech. 

Construct Preparation for Transfection. 
Sequencing-verified constructs were grown in DH5α 
competent cells overnight in 50 mL of LB medium 
supplemented with 100 µg/mL of ampicillin, and 
plasmid DNA was then extracted with Genopure 
Plasmid Midi Kit (Roche). DNA concentration was 
quantified on NanoDrop™ 2000 and 20 µg of plasmid 
DNA obtained in the Midprep was digested in a total 
volume of 200 µL with 50 U of appropriate enzymes for 
each construct (BamHI and HindIII for Ago1, XhoI and 
HindIII for Ago3), in 1x FastDigest Buffer. The digests 
were gel-purified, precipitated with ethanol overnight, 
then spun for 30 min at 4 ºC and 13 000 rpm, washed 
with 70 % ethanol and resuspended in an appropriate 
volume of RNase/DNase free water in order to have 
2.5 µg of DNA concentrated in a small volume for 
Neon® transfection. 

RNA Extraction and cDNA Synthesis. RNA 
extraction was performed according to PureZOL™ 
RNA Isolation Reagent (Biorad) manufacturer’s 
instructions. RNA concentration was quantified on 
NanoDrop™ 2000 and then 5 µg from each sample 
were treated with 50 U of DNase I (Roche), 40 U of 
RNaseOUT, 1x Incubation Buffer and RNase/DNase 
free water to a final volume of 50 µL. Reactions took 
place for 1 h at 37 ºC after which RNA solution was 
extracted with equal volume of acid phenol/chloroform 
and precipitated overnight with ethanol. The RNA was 
then spun for 30 min at 4 ºC and 13 000 rpm, washed 
with 70 % ethanol, resuspended in an appropriate 
volume of RNase/DNase free water and quantified on 
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NanoDrop™ 2000. 0.6 µg of DNaseI-treated RNA were 
used to synthetize complementary DNA (cDNA) with 
Transcriptor First Strand cDNA Synthesis Kit (Roche) 
according to manufacturer’s instructions. 

RT-PCR. PCR reaction was carried out with 1 U 
BIOTAQ™ DNA Polymerase (Bioline BIO-21040), 1x 
NH4 Reaction Buffer, 4 mM MgCl2 Solution, 0.4 mM of 
dNTPs, 0.4 µM of each primer, forward (OSTIRrt FW) 
and reverse (OSTIRrt REV), 25 ng of cDNA and 
RNase/DNase free water to a final volume of 25 µL. 
Thermal cycler conditions for the reaction were: 
(1) Initial denaturation at 94 ºC for 2 min; (2) 30 cycles 
with denaturation at 94 ºC for 30 s, annealing at 60 ºC 
for 45 s and extension at 72 ºC for 30 s; (3) Final 
extension at 72 ºC for 5 min. Same conditions applied 
to GAPDH reaction, except the number of cycles in 
step (2), which were 25 instead of 30. 

Genotyping by PCR. Genomic DNA was extracted 
from the clones by phenol-chlorophorm extraction. 
PCR conditions were: 2.5 U of NZYlong DNA 
polymerase, 1x Reaction Buffer, 0.2 mM of dNTPs, 
0.8 µM of each primer, forward and reverse, 15 ng of 
genomic DNA and PCR grade water to a final volume 
of 25 µL were used for the PCR. The thermal cycler 
conditions were different as well: (1) Initial denaturation 
at 95 ºC for 3 min; (2) 5 Cycles with denaturation at 
95 ºC for 1 min, annealing at 61 ºC for 1.5 min and 
extension at 68 ºC for 2.5 min; (3) 30 cycles with 
denaturation at 95 ºC for 1 min, annealing at 61 ºC for 
1 min and extension at 68 ºC for 2.5 min; (4) Final 
extension at 68 ºC for 10 min. 

Results and Discussion 
Ago1 and Ago3 Construct 
Mouse ES cell lines with modified Ago loci were 

generated to achieve inducible protein depletion 
through the use of the AID system. This was achieved 
with the CRISPR/Cas9 system by promoting of HDR 
instead of NHEJ, which required the design of a 
construct for each protein following specific criteria. To 
insert V5 and AID sequences after the ATG site, in 
frame with the following exons, two HA of ca. 700 bp 
were designed to promote HDR upon Cas9 action. 
Also, two specific restriction sites were inserted for 
directional cloning and excision and the PAM site was 
mutated in both of the constructs, without changing the 
coding sequence. Those characteristics were common 
for both Ago3 and Ago1 constructs represented in 
Figure 1 a and b, respectively. The difference between 
them relies on the choice of a guide in Ago3 second 
(2nd) exon, due to the inadequacy of the guides in the 
first (1st) exon of this protein (data not shown). For that 
reason, 1st and 2nd exons were joined in Ago3 
construct, skipping the 1st intron. Both constructs were 
assembled by PCR ligation, where six hybrid primers 
were designed in order to create three PCR fragments 
with overlapping homologous sequences. After PCR 
amplification of each individual fragment, they are 
joined together in a PCR reaction where, due to the 
homology regions created, upon denaturation and re-
annealing, they will be amplified as one single DNA 
fragment. The desired fragment can be then size-
selected by gel electrophoresis and cloned into 
appropriate vector for further amplification in bacteria. 
Ago1 construct assemble was started by Patrícia Curto 
and finished by Evguenia Bekman. 

a 

 
b 

 
Figure 1 | Schematic representation of Ago3 (a) and Ago1 (b) construct. The V5 and AID sequences are inserted in frame with 
the exons, following the ATG site. This region is flanked by two HA of about 700 bp to promote HDR upon Cas9 action. Two 
flanking restriction sites were also inserted to facilitate directional cloning and excision of the cassette. a | For Ago3, the 1st and 
2nd Exon were joined together in the construct due to the choice of a guide in the 2nd Exon. Total construct size is 1 747 bp. 
b | Ago1 total construct size is 1 714 bp. 

 HindIII 
ATG AID 1st Exon 2nd 

Exon* V5 5’HA        5’HA 3’HA       3’HA 
 XhoI 

ATG AID 1st Exon V5 5’HA*          5’HA* 3’HA         3’HA 
BamHI  HindIII 
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OsTIR Cell Line 
AID recognition by the AID system only happens in 

the presence of the TIR1, so it had to be previously 
inserted in mouse ES cells, to generate a cell line 
expressing it. Oryza sativa (rice) TIR1 ortholog was 
selected due to its functionality at 37 ºC 6, which is the 
standard temperature for mammalian cell growth. TIR1 
insertion into mouse ES cells was also achieved with 
CRISPR/Cas9 system, requiring a construct for OsTIR 
insertion schematized in Figure 2 a. This construct was 
inserted into the ROSA26 locus that is widely used for 
knock-in lines, where insertions by homologous 
recombination into this locus in mouse ES cells 
frequently result in correct targeting events and stable 
expression of the inserted gene. This work was 
previously done in the lab by Joana Carmelo.  

Electroporation of OsTIR construct into mouse ES 
cells yielded 24 clones that were genotyped by PCR 
(work performed by Evguenia Bekman). 5 from 11 
heterozygous clones were selected after sequencing 
having then their expression levels of TIR1 tested to 
choose the clone for insertion of Ago1 and Ago3 
construct. The five selected clones, 2, 6, 8, 13 and 18, 
analysed by reverse transcription (RT)-PCR in Figure 
2 b, showed that all of them express TIR1. Comparing 
with GAPDH expression levels, clone 6 was selected 
for insertion of Ago1 and Ago3 constructs due to its 
higher expression of TIR1. This clone has a 2 nt 
deletion. Clone 8 also shown a good ratio between 
OsTIR1 and GAPDH expression, and considering it 
has a 1 nt deletion, it was selected for insertion of the 
constructs as well. 

a 

 

b 

 

Figure 2 | OsTIR construct and expression levels of TIR1 in OSTIR cell line. 
a | Schematic representation of the OsTIR construct. It has two HA of 800 bp 
flanking the OsTIR sequence for insertion into mouse ES cells through 
CRISPR/Cas9 system. There is also an antibiotic selection marker flanked by 
loxP sites b| RT-PCR for analysis of TIR1 expression in OsTIR clones. 
Comparing to GAPDH expression levels, all clones express TIR1. Clone 6 
showed the highest expression level and clone 8, despite its lower expression 
levels, also has a good ratio between TIR1 and GAPDH expression levels. 

A1V5AID Cell Line 
Transfection of Ago1 construct together with the 

plasmid containing Cas9 and the selected guide RNA 
into OsTIR 6 generated clonal cell lines named 
A1V5AID. After transfection, the clones were 
transiently selected with puromycin. 69 clones were 
obtained and genotyped based on two characteristics: 
homozygosity and insertion of the construct in the 
correct position. Homozygous clones are required for 
efficient protein depletion, so every Argonaute protein 
in the cell should be tagged with the AID sequence, 
recognized by the TIR1 and degraded by the 
proteasome. Clones were genotyped through four 
different PCRs. To verify if a clone was homozygous or 
heterozygous, two primers inside both HA region were 
selected. These primers amplify two different PCR 
products, one corresponding to the KI allele (664 bp) 

and the other to the WT allele (494 bp). This reaction 
allows to distinguish between homozygous KI clones, 
when there is only one PCR product corresponding to 
the KI allele, heterozygous when there are present two 
different PCR products, or negative if only the PCR 
product of the WT allele is amplified. Construct 
insertion was verified as well. PCR ligation primers for 
construct assembly were used to amplify a PCR 
fragment with the size of the construct (1 714 bp). 
Construct orientation was also tested with two primers 
in the neighbouring region outside of both HAs, both 
paired with a primer incorporating part of the V5 
sequence. This way, only the clones with the correctly 
inserted construct would amplify a PCR product with 
965 bp for the 5’HA, and with 1 140 bp for the 3’HA. 

All A1V5AID clones were genotyped through this 
strategy, being submitted to those PCR reactions 

R26 5’HA CMV OsTIR1-9Myc  
 

PolyA1 PGK Pr Kan/NeoR PolyA2  R26 3’HA LoxP LoxP 

KpnI XhoI BamHI XbaI HindIII NotI 
800 bp 2.3 kb 800 bp 2.4 kb 
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according to the number of positives found in each 
PCR (data not shown). Two homozygous, 31 and 64 
and two heterozygous clones, 9 and 55 were selected, 
together with other six clones observe under 
immunofluorescence with an antibody against V5 tag 
(data not shown, worked performed by Evguenia 
Bekman). To corroborate the primary genotyping 
results, a new PCR for the distinction of the KI and WT 
allele was designed. The forward primer is localized 
outside the 5’HA and the reverse at the end of the 
1st Exon, generating two different PCR fragments in 
accordance with the allele present, 1 121 bp and 
940 bp for KI and WT allele, respectively. Figure 3 a 
shows the results for the new KI vs. WT PCR. Only 
clone 64 had the PCR product corresponding to the KI 
allele (1 121 bp). Clones 9 and 31 results remained in 
doubt since the reaction was inconclusive. The 

orientation PCR for the 5’ end for the above mentioned 
clones as well. In Figure 3 b can be seen three positive 
clones, 9, 55 and 64, in agreement with previous 
results (data not shown). Clone 55 result was expected 
not only considering preceding PCRs but also due the 
Sanger sequencing results (data not shown). Although 
clone 55 has the construct correctly inserted, it has a 
deletion of 12 nt in the KI allele discarding it as a 
candidate for application of the AID system. For the 
same reason, sequencing of clones 31 and 64 is 
required for corroboration of the construct insertion and 
the absence of the indels, since such small deletions 
cannot be detected by PCR. Attempts to clone KI PCR 
products from clones 31 and 64 failed, because DNA 
concentration was not sufficient for excision and 
purification of the DNA fragments and their subsequent 
transformation into bacteria. 

a 

 

b 

 
c 

 

Figure 3 | Genotyping of A1V5AID clones. a | New KI vs. 
WT. Only clone 64 presented the expected result and 
clone 31 remains under question due to reaction failure. 
For the remaining clones, only WT allele was amplified. 
b | Orientation PCR for the 5’HA. Once again, clone 31 
reaction failed and it remains unclassified, but clones 9, 55 
and 64 showed the expected result, meaning the correct 
size of the 5’HA. c | Results of RT-PCR for Ago1 
expression in the A1V5AID clones. Clones 31 and 64 only 
presented the PCR product corresponding to KI, which 
was expected due their classification as homozygous. 

Correct construct insertion implies that Ago1 gene 
incorporating the V5 tag and the AID sequences 

should be normally expressed. Thence, gene 
expression of Ago1 was tested by RT-PCR in A1V5AID 
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clones. Reaction was designed with a forward primer in 
the cDNA 5’UTR and a reverse primer at the end of the 
1st exon. Two bands could be observed, if WT Ago1 
was expressed a PCR product of 93 bp would be 
amplified, and if the Ago1 corresponding to the KI is 
expressed, the expected PCR product would have 
276 bp. RT-PCR results in Figure 3 c show that clones 
31 and 64 express Ago1 corresponding to the KI, since 
they only display the 276 bp PCR product. This was 
expected considering these clones were previously 
classified as homozygous. Clone 55 expressed Ago1 
corresponding to the KI, but it was already discarded 
due to Sanger sequencing results. Clone 9 reaction 
failed, but it had already shown positive in previous 
PCR (data not shown) and if clone 31 and 64 proven to 
be unfit, the failed PCR reactions could be repeated for 
clone 9, for further clarification. The heterozygous 
clones could be of interest, considering that a mutation 
in the WT allele could knock it out, leading to 
expression of only the KI allele, these were promising 
clones. This way, if the KI was successful, only the 
construct would be expressed.  

For A1V5AID cell line, two clones were selected as 
homozygous (clones 31 and 64), and two as 
heterozygous (clones 9 and 55). Genotyping through 
PCR narrowed considerably the number of the clones 
that need to be sequenced, speeding up the process, 
but it cannot be disregarded. Clone 55 was already 
discarded due to the Sanger sequencing results, but 
the clones 31 and 64 still need to be sequenced to 
verify if the Cas9 acted on the construct. Even with the 
mutated PAM, Cas9 could have cut a second time, 
NHEJ took place and the construct was damaged. It 
has been reported that in some cases all heterozygous 
clones obtained with S. pyogenes Cas9 have indels in 
both targeted and untargeted alleles caused by NHEJ9.  

A3V5AID Cell Line 
First transfection of Ago3 construct together with 

the plasmid incorporating Cas9 and the guide RNA 
was first executed into clones OsTIR 6 and OsTIR 8. 
After transient selection with puromycin, 21 clones for 
OsTIR 6 and 18 for OsTIR 8 were genotyped. Similar 
to A1V5AID cell line, the goal was to obtain 
homozygous clones so future protein depletion with the 
AID system could be achieved. Considering that the 

1st intron of Ago3 has around 12 kb, the homozygous 
clones were detected indirectly, detecting clones with 
the WT allele present. The forward primer was chosen 
in the beginning of the construct sequence and a 
reverse primer inside the 1st intron. If WT allele was 
present, a PCR product would be observed, indicating 
that the clone could be either heterozygous or had no 
insertion at all. On the contrary, the absence of PCR 
products could indicate, besides a failed reaction, that 
KI occurred in both alleles because the 1st intron was 
not present, therefore no product could be amplified. 
Correct insertion of the construct was tested with the 
use of flanking primers from PCR ligation for construct 
synthesis (PCR product of 1 747 bp). Orientation of the 
insertion was also tested. The 5’HA insertion was 
tested with a forward primer outside the 5’HA region 
and a reverse primer in the V5 tag sequence (948 bp 
PCR product). As for the 3’ end, the forward primer 
was complementary to the sequence of the V5 tag and 
the reverse to a region outside the 3’HA (1 227 bp 
PCR product). 

Genotyping of the A3V5AID clones revealed that 
only 2 in 21 clones transfected into OsTIR 6, and 2 in 
18 clones transfected into OsTIR 8 had the construct 
inserted. None of them was homozygous (data not 
shown). Considering the size of the 1st intron of Ago3 
(ca. 12 kbp), HDR could be spatially conditioned and 
that only one guide was used to induce the DSB, the 
intron was not excised. To overcome this problem, a 
new transfection was carried out with a second guide 
in the 1st exon of Ago3, to remove the 1st intron and to 
improve the HDR efficiency. This time, Ago3 construct 
was only transfected into OsTIR 6. Considering the low 
number of clones obtained in the first transfection 
incorporating the construct, it would be preferable to 
invest in a higher number of clones in only one OsTIR 
cell line, increasing the chances to find a homozygous 
clone. 

New transfection of Ago3 construct with the two 
guides into the OsTIR 6 cell line yielded 60 clones. 
After combined genotyping by immunofluorescence 
and PCR (data not shown), 13 clones were selected, 
with clones 11, 46 and 51 identified as possible 
homozygous, and the remaining 10 as heterozygous. 
Analogous to A1V5AID clones, to corroborate the 
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results from initial screening, the 13 A3V5AID clones 
were submitted to a new KI vs. WT PCR. The forward 
primer was chosen outside the 5’HA and the reverse 
primer at the end of the 1st exon of Ago3. Two distinct 
PCR products are generated, one of 1 120 bp 
corresponding to the KI allele and the other of 939 bp 
corresponding to the WT allele. Surprisingly, results 
shown in Figure 4 a were positive only for clone 24, 
without any other clone showing the PCR product 
corresponding to the KI. The reverse primer 
overlapped with the sequence of the guide in the 
1st exon, used to excise the 1st intron in combined 
action with the guide from the 2nd exon. Regarding this 
guide in the 1st exon, neither the PAM site was mutated 
nor the guide sequence was damaged after insertion of 
the construct and it could have lead Cas9 to induce a 
new DSB after insertion of the construct35. The repair 
of DSB by NHEJ would induce indels in that region, 
precluding the reverse primer hybridization. NHEJ can 
create a wide range of indels, including deletions 
clustered between 0 and 10 bp 49. If this happened, the 
hybridization site for the reverse primer would be 
compromised and so would be the construct.  

The orientation PCR for the 5’HA was repeated for 
the 13 A3V5AID clones. Equally to KI vs. WT PCR, 
only clone 24 was positive, showing the expected PCR 
product of 946 bp (Figure 4 b). Since the reverse 
primer was homologous to the V5 sequence, it would 
be expectable that all clones would present a specific 
band, even if not the expected size, due to the 
previous selection by immunofluorescence with an 
anti-V5 antibody. Contrary to what was expected, no 
specific band was observed. One explanation could be 
the lack of specificity of anti-V5 antibody used for the 
screening that may have mislead the selection of 
clones. The only way to be certain of what really 
happened would be by sequencing this insertion site in 
the clones. 

To fully characterize all A3V5AID clones, new KI vs. 
WT PCR and the orientation PCR for the 5’HA were 
repeated for the clones 6.2, 6.3, 8.7 and 8.7, to confirm 
their previous classification as heterozygous clones. 
Using clone 24 as a positive control, results in Figure 
4 d show that none of the four clones were positive for 
either of the reactions. Amplification of the correct PCR 

product happened for clone 24, but for none of the 
other clones. This result was not unexpected, since the 
guide in the 2nd exon alone would not excise 1st intron 
of Ago3 that, due to its size, could hinder the HDR 
efficiency. In conclusion, there were no homozygous 
clones and only one heterozygous among all 
genotyped A3V5AID clones. 

Ago3 expression level in A3V5AID clones was 
tested by RT-PCR, to ensure that Ago3 expression 
was maintained after the construct insertion. The 
selected forward primer is homologous to the 5’UTR 
region, and the reverse primer to the middle of the 3rd 
exon, to ensure that only cDNA was being amplified, 
since 1st and 2nd exon were already merged in the 
construct. Two bands were expected, one 
corresponding to the KI allele (533 bp) and the other to 
the WT allele (350 bp). Results for the RT-PCR of the 
selected 13 A3V5AID clones in Figure 4 c show that, 
contrary to what was expected, clone 24 did not show 
any of the expected DNA products, not expressing 
Ago3 at all. Possibly, both alleles have indels that 
compromised Ago3 transcription. Clones 2, 11, 23, 37, 
46, 51, and 55 did not express Ago3 as well, possibly 
being in the same conditions. Only clones 1, 36, 43, 44 
and 56 express Ago3, and even so, clones 1, 36, 43 
and 44 may have indels due to the observed PCR 
products of unexpected size. This situation was not 
completely unforeseen, taking into account the last 
PCR results for A3V5AID clones. Also, the guide in the 
1st exon was used without altering its sequence in the 
construct or without mutating its PAM sequence, so 
there was a great possibility of Cas9 inducing a second 
DSB. Regarding these results, this guide appears to 
have a good efficiency due to the number of clones 
with indels, and was most certainly the main cause for 
the negative results.  

In sum, neither homozygous nor heterozygous 
clones were generated for A3V5AID cell line. Clone 24, 
despite being classified as heterozygous, did not 
express Ago3. In the absence of a homozygous clone, 
a heterozygous clone with indels in the WT allele that 
would inhibit its expression could be used for the AID 
system, if the KI allele had the correct construct. Or, in 
the possibility of the WT allele having the guide and 
PAM sequence still intact, a second transfection could 
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promote insertion of the construct into de WT allele, 
creating a homozygous clone. Also, a strategy to be 
considered next would be to attempt transfection with 
different guides inside the 1st intron, surrounding the 

two exons, to excise it. These guides sequence would 
be disrupted upon insertion of the construct, protecting 
it from Cas9 action. 

a 

 

b 

 

c 

 

d 

 
Figure 4 | A3V5AID clones genotyping. a | New KI vs. WT PCR results. Only clone 24 showed the expected band for the KI, 
concurrently with the WT band, meaning it was heterozygous. b | New KI vs. WT PCR results. From the 13 A3V5AID clones, 
only clone 24 showed the expected PCR product for the KI, being also positive for the WT allele. Clone 24 is, for these reasons, 
heterozygous. The other clones were all negative, none of them showing the PCR product expected for the KI. c | Orientation 
PCR for the 5’ HA of the 13 selected clones. As in the new KI vs. WT PCR, only clone 24 was positive, showing the expected 
PCR product. d | New KI vs. WT PCR and orientation PCR for the 5’HA for the first A3V5AID clones 6.2, 6.3, 8.7 and 8.8. Clone 
24 was used as a positive control. In both reactions, none of the expected PCR products were amplified for any of the clones 
besides clone 24. The four clones were negatives. 

Final Remarks 
The main goal of this study was to generate two 

distinct cell lines for proteins Ago1 and Ago3 with 
modified loci to achieve immediate and reversible 
protein depletion through the use of the AID system. 
This required that the transfected clones with the 
construct incorporating the V5 and the AID were 
homozygous, so that only tagged Argonautes would be 
synthetized and could be degraded when auxin was 
added to the medium. Two distinct cell lines were 
generated, A1V5AID for Ago1 and A3V5AID for Ago3, 
both genotyped by PCR. 

Concerning A1V5AID clones, two homozygous 
(clones 31 and 64) and two heterozygous (clones 9 

and 55) were generated. The two homozygous clones 
ought to be sequenced, to verify if they have indels. If 
their sequences are correct, a Western blot should be 
done as well, to confirm the presence of KI Ago1 
protein. Before observation of the effects of Ago1 
depletion in mouse ES cells, the AID system must be 
tested in the clones by culturing them in the presence 
of auxin. After auxin addition, the Ago1 protein levels 
should be tested by Western blot. If no Ago1 is 
detected, depletion did happen and the clone could be 
used for observation of the immediate effect of Ago1 
depletion in the mouse ES cells.  

Regarding A3V5AID cell line, despite the two 
attempts to transfect the Ago3 construct into OsTIR 
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clones, neither homozygous nor heterozygous clones 
were generated.  Only one heterozygous clone was 
obtained (clone 24) and since it did not expressed 
Ago3, it was discarded. A good approach to try and 
overcome the difficulties encountered for the 
generation of this cell line would be the analysis and 
the choice of two guides in the 1st intron so it could be 
excised. These guides would be disrupted upon 
insertion of the construct, so it would not be damaged.  

CRISPR/Cas9 is a powerful and easy tool for gene 
editing. Nevertheless, some of its disadvantages were 
faced in this work. It was difficult to choose adequate 
guides that would allow PAM sequence mutation 
without compromising the original template since, 
when HDR is desired, the selected guide should be the 
closest to the region to be edited24. These 
requirements may have compromised the process for 
generation of A3V5AID cell line.  

For A1V5AID cell line, only 6% of the obtained 
clones had the construct correctly inserted, and NHEJ 
events were observed in at least one of them, while the 
others were yet to be analysed by Sanger sequencing. 
In order to overcome problems like these and to 
increase the numbers of correctly edited clones, some 
other alternatives have been developed. A modified S. 
pyogenes Cas9 was fused with geminin-derived 
peptide, increasing the number of indel-free 
homozygous clones9. Other example was the 
conversion of Cas9 into a nickase to achieve precise 
editing, since nickases induce single-strand breaks 
(SSBs) instead of DSB and SSBs cannot be repaired 
by NHEJ but they can by homologous recombination. 
These reports support the fact that despite being a 
powerful technique, CRISPR/Cas9 system is still new 
and open to improvements in its efficiency.  

The present work was a step closer to the final goal. 
If A1V5AID clones incorporated the construct correctly 
and show a fully functional AID system, the effects of 
immediate depletion of Ago1 in the nucleus of mouse 
ES cells can be studied. This is a great advance, as 

most of the systems of protein KO are not as fast as 
the AID system and, by taking more time to achieve 
depletion, they give the cells possibility to adapt to the 
induced conditions. This strategy will provide insight 
upon mechanisms of RNA regulation in the stem cells, 
helping to characterize them, as there is still a lot to 
learn before mastering their full potential and 
harvesting their scientific and therapeutic uses. 
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