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Abstract
Background/Aims: Cellular senescence, or permanent growth arrest, is known as an effective 
tumor suppressor mechanism that can be induced by different stressors, such as oncogenes, 
chemotherapeutics or cytokine cocktails. Previous studies demonstrated that the growth-
repressing state of oncogene-induced senescent cells depends on argonaute protein 2 
(Ago2)-mediated transcriptional gene silencing and Ago2/Rb corepression of E2F-dependent 
cell cycle genes. Cytokine-induced senescence (CIS) likewise depends on activation of the 
p16Ink4a/Rb pathway, and consecutive inactivation of the E2F family of transcription factors. 
In the present study, we therefore analyzed the role of Ago2 in CIS. Methods: Human cancer 
cell lines were treated with interferon-gamma (IFN-γ) and tumor necrosis factor (TNF) to 
induce senescence. Senescence was determined by growth assays and measurement of 
senescence-associated β-galactosidase (SA-β-gal) activity, Ago2 translocation by Ago2/
Ki67 immunofluorescence staining and western blot analysis, and gene transcription by 
quantitative polymerase chain reaction (qPCR). Results: IFN-γ and TNF permanently stopped 
cell proliferation and time-dependently increased SA-β-gal activity. After 24 – 48 h of cytokine 
treatment, Ago2 translocated from the cytoplasm into the nucleus of Ki67-negative cells, an 
effect which was shown to be reversible. Importantly, the proinflammatory cytokine cocktail 
suppressed Ago2-regulated cell cycle control genes, and siRNA-mediated depletion of Ago2 
interfered with cytokine-induced growth inhibition. Conclusion: IFN-γ and TNF induce a 
stable cell cycle arrest of cancer cells that is accompanied by a fast nuclear Ago2 translocation 
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and repression of Ago2-regulated cell cycle control genes. As Ago2 downregulation impairs 
cytokine-induced growth regulation, Ago2 may contribute to tissue homeostasis in human 
cancers.

Introduction

Argonaute (Ago) proteins comprise a family of evolutionary conserved proteins that 
have emerged as key molecules in the control of transcriptional and post-transcriptional 
processes by association with small RNAs [1]. In humans, the family member Ago2 is a central 
part of the RNA interference (RNAi) platform with enzymatic endoribonuclease activity [2]. 
Ago proteins are often recognized by their cytoplasmic function in which they regulate gene 
transcripts via post-transcriptional gene silencing (PTGS) mechanisms. However, nuclear 
functions have also been well characterized in fission yeast and plants in which they assist in 
mechanisms of transcriptional gene silencing (TGS). In fission yeast, Ago binds to antisense 
transcripts to form the RITS (RNA-induced transcriptional silencing) complex at centromeric 
regions to induce heterochromatin formation [3]. Thus, Ago proteins normally reside in the 
cytoplasm, e.g. as part of the RNA-induced silencing complex (RISC), but may eventually 
translocate into the nucleus and play a functional role in TGS in animal cells, too [4].

Cellular senescence is an efficient intrinsic anticancer mechanism (for reviews see [5, 
6]) that stops the growth of premalignant lesions, as in the case of benign human naevi [7] 
or lung adenomas [8]. Cellular senescence can be triggered by overexpression or activation 
of oncogenes [9], and the loss of oncogene-induced senescence effectors may lead to the 
development of malignant tumors [7, 8]. Intrinsic senescence can also be induced by 
therapeutic intervention, and it has been demonstrated that different antitumor drugs, such 
as cyclophosphamide [10] or the BRAF inhibitor vemurafenib [11], drive cancer cells into 
permanent growth arrest. Recently, we and others described cytokine-induced senescence 
(CIS) as an extrinsic form of senescence. In these studies, adoptive transfer of T helper 1 
(TH1) cells [12] or the application of TH1 cell cytokines IFN-γ and TNF [12-14] permanently 
growth-arrested different cancer cells and induced various senescence markers in vitro and 
in vivo. Thus, CIS can be considered to be a part of the bodies´ immune surveillance machinery 
[15] playing an important role in the equilibrium phase [16] of cancer development. CIS 
mainly depends on activation of the p16Ink4a/Rb pathway [12] and consecutive inactivation of 
the E2F family of transcription factors. However, the exact molecular mechanisms remained 
enigmatic. As it has been shown that Ago2 plays an active role during intrinsic senescence by 
corepressing E2F target genes [17], we therefore analyzed its role in CIS. For this, we treated 
human cancer cell lines with IFN-γ + TNF and measured senescence-associated markers, 
i.e. permanent growth arrest [12] and senescence-associated β-galactosidase (SA-β-gal) 
activity [18]. We then analyzed the expression and nuclear translocation of Ago2 protein 
after cytokine challenge using Ago2/Ki67 immunofluorescence staining. Finally, we tested 
its functional role in extrinsic, cytokine-induced growth arrest by analyzing the regulation 
of Ago2-dependent cell cycle control genes and by siRNA-mediated downregulation of Ago2.

Materials and Methods

Reagents
Recombinant human IFN-γ and recombinant human TNF were purchased from R & D Systems (Bio-

Techne GmbH; Wiesbaden, Germany). IFN-γ and TNF were dissolved in complete RPMI 1640 medium, 
containing stable L-glutamine, 10% fetal calf serum, HEPES buffer (100 mM), non-essential amino acids, 
sodium pyruvate (1 mM) and penicillin/streptomycin (100 U/ml; all from Biochrom AG, Berlin, Germany) to 
give final concentrations of 100 ng/ml for IFN-γ or 200 pg/ml – 10 ng/ml for TNF. Doxorubicin hydrochloride 
was dissolved in dimethyl sulfoxide (DMSO; both from Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) 
and used at a concentration of 1 µM.

© 2018 The Author(s)
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Cell lines
MCF-7 control vector-transfected breast cancer cells [19] and A204 rhabdomyosarcoma cells [12] were 

a generous gift by F. Essmann (University of Tübingen, Germany) and K. Schilbach (University of Tübingen, 
Germany), respectively. Prior to treatment, cells were seeded at a density of 1 x 104 cells/cm2 and cultured 
overnight in complete medium to allow adherence and logarithmic growth. Subsequently, medium was 
removed and cells were either incubated in complete medium alone or in medium containing doxorubicin, 
IFN-γ + TNF, various siRNAs, or IFN-γ + TNF in combination with siRNAs at the indicated concentrations 
and for the indicated time periods.

Viability assay
Cell viability was determined using the colorimetric XTT (2, 3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-

2H-tetrazolium-5-carboxanilide) salt-based assay kit from Roche Diagnostics Deutschland GmbH  
(Mannheim, Germany) according to the manufacturer’s instructions.

In vitro growth assay
The growth assay was performed as described earlier [12]. Briefly, cancer cells were seeded at a 

density of 1 x 104 cells/cm2. Then, the cells were treated with control medium, doxorubicin or cytokines 
as described above for 24 h or 4 d, respectively. After treatment, medium, doxorubicin or cytokines were 
removed, the cells were trypsinized, and viable cells (trypan blue exclusion) were counted under a Zeiss 
Axiovert 25 microscope (Carl Zeiss AG, Oberkochen, Germany)  using a Neubauer chamber (Karl Hecht 
GmbH, Sondheim, Germany). The cells were reseeded at 2 x 104 cells/cm2, and grown in the absence of 
doxorubicin or cytokines in complete RPMI 1640 medium for 1 – 2 passages (p (1) – p (2)).

In Ago2 knockdown experiments, A204 cells were grown to a confluence level of 50 – 60% and then 
treated either with siRNAs, IFN-γ + TNF or a combination of siRNAs plus IFN-γ + TNF for 48 h. For the 
growth assay, the number of viable cells was counted after the treatment phase at passage 0 (p (0)), and 
after the subsequent passage (p (1)).

To exclude interference of the combined siRNA/cytokine treatment with the trypan blue exclusion 
assay, we also counted dead cells directly after the treatment phase at p (0) and after further growth at p 
(1). In the absence of cytokines, siRNA-treated cell populations showed 12.2 ± 3.5% (n=4) dead cells at p (0) 
and 6.2 ± 1.2% (n=4) dead cells at p (1), whereas the combination of siRNAs plus cytokines induced 20.2 ± 
3.2% (n=4) dead cells at p (0) and 14.1 ± 5.3% (n=4) dead cells at p (1).

Proliferation assay
For measurement of proliferation, A204 cancer cells were seeded at a density of 5 x 103 cells/well 

onto 96-well flat-bottomed plates. After 24 h, the cells were either treated with the cytokine cocktail alone, 
siRNAs alone or a combination of both for the indicated time. In other experiments, the cells were pretreated 
for 48 h with siRNAs alone or in combination with the cytokine cocktail. Then, the cells were reseeded to 
measure the cellular proliferation after removal of the treatment. [³H]-thymidine (0.25 µCi/well) was added 
24 h before the respective plates were harvested and finally measured using a FilterMate harvester and a 
MicroBeta TriLux counter (all reagents and equipment from PerkinElmer, Boston, MA, USA) as previously 
described [12].

Immunofluorescence
Cancer cells were grown on chamber slides (BD Biosciences GmbH, Heidelberg, Germany), and 

immunofluorescence analyses were performed essentially as described [12]. After treatment, the cells 
were fixed with acetone/methanol (1:1). The slides were washed with PBS/0.05% Tween 20 at room 
temperature (RT), blocked with serum-free DAKO-Block (DAKO Deutschland GmbH, Hamburg, Germany), 
washed again, and incubated with anti-Ki67 (dilution 1:100; Abcam, Cambridge, UK) and anti-Ago2, clone 
9E8.2 (dilution 1:200; EMD Millipore, Billerica, MA, USA). After washing, the slides were incubated with anti-
rabbit Alexa488 (Invitrogen; distributed via Thermo Fisher Scientific, Waltham, MA, USA) and anti-mouse 
Alexa555 (Cell Signaling Technology, Boston, MA, USA), washed again and incubated with 4′,6-diamidino-
2-phenylindole (DAPI; Invitrogen). Finally, the slides were washed, mounted with fluorescence mounting 
medium (DAKO) and analyzed using a Zeiss Axiovert 200 microscope (Zeiss) with the VisiView software 
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(Visitron Systems, Puchheim, Germany). To exclude unspecific, doxorubicin-mediated fluorescence signals, 
negative controls (in the absence of anti-Ago2 and anti-Ki67 antibodies) of medium- or doxorubicin-treated 
cells were performed. At the appropriate device settings, all negative controls were virtually free of red or 
green fluorescence signals (data not shown).

Subcellular fractionation
Cell lysis was performed using the NE-PERTM Nuclear and Cytoplasmic Extraction kit (Thermo Fisher) 

as described in the manufacturer’s protocol.

Immunoblotting
Western blot analysis was performed essentially as described [20]. After doxorubicin or cytokine 

treatment, cancer cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 
0.5% SDS, 1 mM NaF, 1 mM Na3VO4, and 0.4% β-mercaptoethanol) containing a protease inhibitor cocktail 
(cOmpleteTM from Roche). After determination of protein content using the bicinchoninic acid assay (BCA) 
from Thermo Fisher Scientific or the RotiQuant™ assay (Carl Roth GmbH + Co. KG, Karlsruhe, Germany), 
proteins were resolved by SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) membrane. 
Then, specific bands were visualized by the use of anti-Ago2, clone 9E8.2 (1:2000; EMD Millipore), anti-
lamin A/C, clone 131C3 (1:1000; EMD Millipore) or anti-β-actin monoclonal antibody MAB1501R (1:5000; 
EMD Millipore) in combination with an anti-mouse horseradish peroxidase (HRP)-conjugated antibody 
(1:3000; Cell Signaling Technology). Cell lysates from HeLa cells overexpressing Ago2 were used as positive 
controls (data not shown).

Measurement of SA-β-galactosidase activity
SA-β-gal activity was measured as previously described [12, 18]. After incubation with doxorubicin, 

IFN-γ + TNF, different siRNAs in combination with  IFN-γ + TNF, or medium, cancer cells were fixed for 
15 min at RT, and then stained for 16 h at 37 °C using the β-Galactosidase Staining kit (United States 
Biological; Swampscott, MA, USA). The staining solution was removed, the cells were washed with PBS and 
subsequently stained with DAPI to allow determination of the total cell number. SA-β-gal-positive (blue) and 
-negative (white) cells were counted using a Zeiss Axiovert 200 microscope (Zeiss), and the percentage of 
SA-β-gal-positive cells was calculated.

RNA isolation and quantitative PCR
Isolation of total RNA from cancer cells was performed using the NucleoSpin® RNA Plus kit from 

Macherey-Nagel (Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to the manufacturer´s 
protocol. Subsequently, the iScript™ cDNA synthesis kit (Bio-Rad Laboratories GmbH, Munich, Germany) 
was used for reverse transcription. Gene expression analysis by quantitative real-time PCR (qPCR) was 
then conducted essentially as described [12] with a LightCycler® 480 II system (Roche) using the following 
primer pairs in combination with a KAPA SYBR® FAST LC480 qPCR master mix (Sigma-Aldrich):

 (i) human PCNA: sense AAGAGAGTGGAGTGGCTTTTG and antisense TGTCGATAAAGAGGAGGAAGC; 
(ii) human CCNA2: sense CACTCACTGGCTTTTCATCTTC and antisense CAGAAAACCATTGGTCCCTC; 
(iii) human CCNE2: sense TCTTCACTGCAAGCACCATC and antisense ACCTCATTATTCATTGCTTCCAA; 
(iv) human CDCA8: sense CTTCGCCCTTGGAGGAAACAA and antisense GGTGTCTGAATAGCTTCTGCTG; 
(v) human CDC2: sense CATGGCTACCACTTGACCTGT and antisense AAGCCGGGATCTACCATACC; (vi) 
human AGO2: sense ACTGACAAGAACGAGCG and antisense AGAAACGATTGTCGTCCC; (vii) human 
ACTB: sense AGCCTCGCCTTTGCCGA and antisense CTGGTGCCTGGGGCG; (viii) human ALDOA: sense 
GTGTTGTGGGCATCAAGGTAGA and antisense CGAAGTCAGCTCCGTCCTTCT; (ix) human HPRT1: sense 
TGATAGATCCATTCCTATGACTGTAGA and antisense AAGACATTCTTTCCAGTTAAAGTTGAG. β-actin, aldolase 
A and hypoxanthine-guanine phosphoribosyltransferase (HPRT) served as housekeeping genes. For 
normalization the medium condition or control setting was set as 1.

Transfection and knockdown of Ago2 by siRNA
For Ago2 knockdown experiments, A204 cells were transfected with 25 nM ON-TARGETplus siRNAs 

using the DharmaFECT® 1 transfection reagent (Dharmacon Inc., Lafayette, CO, USA) according to the 
supplier’s instructions. Specific siRNA duplexes tested included 4 different single Ago2-targeting siRNAs 
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as well as an Ago2 SMARTpool siRNA. A non-targeting pool was used as control. Functionality of all listed 
siRNAs was either analyzed in combination with the cytokine cocktail or in culture medium for up to 
48 h. After incubation, cancer cells were either used for RNA isolation and immunoblotting to check for 
knockdown efficiency, or for further in vitro viability, proliferation or senescence assays.

siRNA 1 target sequence: GCACGACUGUGGACACGAA; siRNA 2 target sequence: 
CCAAGGCGGUCCAGGUUCA; siRNA 3 target sequence: GGUCUAAAGGUGGAGAUAA; siRNA 4 target 
sequence: CAAGCAGGCCUUCGCACUA; SMARTpool target sequences: GCACGACUGUGGACACGAA, 
CCAAGGCGGUCCAGGUUCA, GGUCUAAAGGUGGAGAUAA, CAAGCAGGCCUUCGCACUA; Non-targeting 
pool sequences: UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, UGGUUUACAUGUUUUCUGA, 
UGGUUUACAUGUUUUCCUA.

Statistics
Data are expressed as arithmetic means ± s.e.m. (technical replicates), and statistical analyses were 

made by unpaired t-test, or ANOVA using Dunnett´s or Tukey´s test as post hoc test, where appropriate. 
P<0.05 was considered statistically different. Experiments were performed in two human cancer cell lines 
(MCF-7 and A204; biological replicates).

Results

Nuclear translocation of Ago2 during doxorubicin-induced senescence
First, we established the methods to analyze the role of Ago2 in cellular senescence. MCF-

7 breast cancer cells were treated with 1 µM doxorubicin for 24 h followed by removal of the 
drug for 96 h essentially as described previously [17]. As expected, doxorubicin treatment of 
the apoptosis-refractory MCF-7 cell line [19] inhibited the proliferation of the cancer cells. 
Most importantly, doxorubicin also stopped MCF-7 cell growth for 2 passages after removal 
of the drug (Fig. 1A). In addition, doxorubicin induced a flat, senescence-like cell morphology 
(Fig. 1B), increased senescence-associated β-galactosidase (SA-β-gal)-positive cells to 
approximately 80% (Fig. 1C), and blunted BrdU incorporation into the DNA of proliferating 
cells by >95% (Fig. 1D). Next, we analyzed Ago2 translocation into the nucleus during drug-
induced senescence. Immunofluorescence analysis indeed showed translocation of Ago2 
into the nucleus of non-proliferating, Ki67-negative MCF-7 cells after doxorubicin treatment 
(Fig. 1E, F). Importantly, Ago2 translocation could also be demonstrated by western blot 
analysis of nuclear extracts of doxorubicin-treated MCF-7 cells. As compared with medium-
treated control cells, the ratio of nuclear to cytoplasmic Ago2 was clearly increased after 
doxorubicin treatment (Fig. 1G). Thus, the methods described above are well suited to 
analyze Ago2 translocation during cytokine-induced senescence (CIS).

Nuclear translocation of Ago2 during cytokine-induced senescence
The combined action of interferon-γ (IFN-γ) and tumor necrosis factor (TNF) drives 

various cancer cells into senescence [12-14]. We therefore treated MCF-7 cells with the 
established cytokine cocktail for 96 h, and then analyzed different senescence-associated 
markers. Indeed, IFN-γ + TNF permanently stopped the proliferation of MCF-7 cells, also 
after cytokine removal (Fig. 2A), and induced the typical egg-shaped, senescence-like 
morphology and SA-β-gal activity (Fig. 2B). As in the case of drug-induced senescence, Ago2 
translocated into the nucleus of IFN-γ + TNF-treated MCF-7 cells (Fig. 2C) thereby increasing 
Ago2+/Ki67- cells from 10% to 77% (Fig. 2D). Cytokine-induced translocation of Ago2 into 
the nucleus of MCF-7 cells was verified by western blot analysis of nuclear extracts (Fig. 2E). 
Further experiments using the cytokine-sensitive rhabdomyosarcoma cell line A204 [12, 
13] demonstrated that IFN-γ + TNF also induced the flat senescence-associated morphology 
(Fig. 2F), increased SA-β-gal activity (Fig. 2F), and enhanced nuclear translocation of Ago2 
in those cells (Fig. 2G, H). These data clearly demonstrate that nuclear Ago2 translocation 
occurs during CIS in two different cancer cell lines.

http://dx.doi.org/10.1159%2F000495490
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Kinetics of Ago2 translocation after cytokine treatment
IFN-γ + TNF-induced senescence is an extrinsic senescence pathway that has been shown 

to be TNF receptor 1 (TNFR1)- and signal transducer and activator of transcription 1 (STAT1)-
dependent [12]. After simultaneous stimulation of the cytokine receptors, senescence 
signaling via two converging signaling pathways takes place [21]. In this setting, complete 
senescence induction takes about 4 to 5 days [12]. To disclose the kinetics of senescence 
induction and Ago2 translocation in more detail, we treated A204 or MCF-7 cells with IFN-γ + 
TNF for 24 – 72 h, and measured SA-β-gal activity and Ago2 translocation in parallel (Fig. 3A-
D). In A204 cells (Fig. 3A) as well as in MCF-7 cells (Fig. 3C), the percentage of SA-β-gal+ cells 
steadily increased as compared with medium-treated controls during the whole incubation 

Fig. 1. Doxorubicin induces growth arrest, SA-β-galactosidase activity, inhibition of BrdU incorporation and 
nuclear Ago2 translocation in MCF-7 cells. A) MCF-7 breast cancer cells were treated for 24 h with medium 
(Ctrl.) or with medium containing 1 μM doxorubicin (Doxo). The cytostatic drug was removed, cells were 
trypsinized, counted, and seeded at 2 x 104 cells/well. The cells were grown for 96 h in medium alone, 
trypsinized and reseeded for two further passages (p (1) – p (2)). Cell counts are represented as mean ± 
s.e.m. (n=4). B-D) Alternatively, SA-β-gal staining (B, C) or a BrdU incorporation assay (D) was performed 96 
h after drug removal, and the percentage of SA-β-gal+ cells (C; mean ± s.e.m., n=5) or BrdU incorporation (D; 
mean ± s.e.m., n=12) is given. E, F) In addition, nuclear Ago2 translocation after 24 h drug treatment and 96 
h drug removal is shown by immunofluorescence staining for Ago2 (red) and Ki67 (green), nuclei appear in 
blue (E), and the percentage of nuclear Ago2+/Ki67- cells is given (F; mean ± s.e.m., n=12 for Ctrl., n=20 for 
Doxo). (G) Ago2, lamin A/C, or β-actin in cytosolic (C) or nuclear (N) extracts as detected by western blotting 
in MCF-7 cells treated with medium (Ctrl.) or doxorubicin (Doxo) are shown 96 h after removal of the drug. 
Bar = 25 μm (B) or 10 μm (E). *P<0.05 from medium-treated control (C, D, F).
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Fig. 2. IFN-γ and TNF induce senescence and nuclear Ago2 translocation in human cancer cells. A) MCF-7 
breast cancer cells were treated for 96 h with medium (Ctrl.) or with medium containing 100 ng/ml IFN-γ 
and 10 ng/ml TNF (IFN-γ + TNF). The cytokines were removed, cells were trypsinized, reseeded at 1.5 x 104 
cells/well and grown for one additional passage (p (1)) in medium alone. After 96 h of cytokine removal, 
cells were trypsinized and counted. Cell counts are represented as mean ± s.e.m. (n=4). B) SA-β-gal staining 
of MCF-7 cells after 72 h of IFN-γ + TNF treatment. Note the flat senescence-associated morphology of 
cytokine-treated cells. C, D) Immunofluorescence staining for Ago2 (red), Ki67 (green) or DAPI (blue) (C) 
and percentage of nuclear Ago2+/Ki67- cells (D; mean ± s.e.m., n=7) after 48 h of IFN-γ + TNF treatment. 
E) Ago2, lamin A/C, or β-actin in cytosolic (C) or nuclear (N) extracts as detected by western blotting in 
MCF-7 cells treated with medium (Ctrl.) or IFN-γ + TNF are shown after 72 h of treatment. F) SA-β-gal 
activity staining of A204 rhabdomyosarcoma cells after 72 h of treatment with 100 ng/ml IFN-γ + 400 pg/ml 
TNF. Note the flat senescence-associated morphology of cytokine-treated cells. G, H) Immunofluorescence 
staining for Ago2 (red), Ki67 (green) or DAPI (blue) (G) and percentage of nuclear Ago2+/Ki67- cells (H; 
mean ± s.e.m., n=6 for Ctrl. or n=8 for IFN-γ + TNF) after 72 h of IFN-γ + TNF treatment. Bar = 25 µm (B, F), 
or 10 µm (C, G). *P<0.05 from medium-treated control (D, H).
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time of 72 h thereby 
indicating that senescence 
induction continuously 
proceeds after start of the 
cytokine treatment. On the 
other hand, 20% or 50% 
of the total cell population 
already showed nuclear 
Ago2 translocation after 24 h 
of treatment in A204 or MCF-
7 cells, respectively (Fig. 3B, 
D). In these experiments, 
Ago2 translocation reached 
a peak of 65% (A204) or 
74% (MCF-7) after 48 h of 
treatment with the cytokine 
cocktail (Fig. 3B, D). Thus, 
Ago2 translocation into 
the nucleus appears as an 
early event in the signaling 
pathway of CIS and does 
not simply represent 
another senescence marker 
of permanently arrested 
cancer cells.

Ago2 translocation after 
cytokine challenge is 
reversible
Higher magnification of 

the immunofluorescence 
pictures revealed that Ago2 
is present in three cellular compartments. Besides its cytoplasmic and nuclear localization, 
we also detected Ago2 in the perinuclear region of cytokine-treated A204 cells (Fig. 4A). We 
therefore reasoned that Ago2 might shuttle between the cytosol and the nucleus of the cells. 
To study this in more detail, we treated cells for 72 h with IFN-γ + TNF, then removed the 
cytokines, and incubated the cells for another 48 h or 120 h in the absence of the stressors. 
Again, Ago2 accumulated in the nucleus of Ki67-negative A204 cells after 72 h of cytokine 
treatment (Fig. 4B). 48 h after cytokine removal, the percentage of Ago2+/Ki67- cells already 
declined, and nearly reached control levels another 72 h later (Fig. 4B). Taken together, Ago2 
rapidly translocates into the nucleus after stimulation of the cytokine receptors, and the 
protein reenters the cytosol when cytokine signaling is terminated.

Suppression of Ago2-regulated cell cycle control genes during cytokine-induced senescence
Ago2 has been described as a corepressor of several cell cycle genes thereby interfering 

with enhanced cell proliferation [17]. We thus measured the time-dependent influence of 
IFN-γ + TNF on the expression of known Ago2-regulated cell cycle control genes in A204 
cells. 24 h of cytokine treatment, a time point where Ago2 is already present in the nucleus, 
reduced the expression of proliferating cell nuclear antigen (PCNA), cyclin A2 (CCNA2), 
cyclin E2 (CCNE2), cell division cycle associated 8 (CDCA8), and cell division control protein 
2 (CDC2; also known as cyclin-dependent kinase 1 (CDK1)) by 25 – 50% (Fig. 5A). With the 
exception of PCNA, suppression of the cell cycle control genes was continuing for the whole 
period of 96 h of sustained cytokine treatment and did not resume the starting levels at time 
point 0 (Fig. 5A). Further experiments with A204 rhabdomyosarcoma (blue dots) or MCF-7 

Fig. 3. Kinetics of cytokine-induced Ago2 translocation. A, B) Time 
dependency of cytokine-induced SA-β-gal activity (A; mean ± s.e.m., 
n=6-9), and cytokine-induced nuclear Ago2 translocation in % of the 
total population (B; mean ± s.e.m., n=4-6) of A204 rhabdomyosarcoma 
cells. Medium-treated A204 cells displayed 10.6 ± 0.7% (n=6) SA-β-gal+ 
cells after 72 h of incubation (A). C, D) Time dependency of cytokine-
induced SA-β-gal activity (C; mean ± s.e.m., n=6), and cytokine-induced 
nuclear Ago2 translocation in % of the total population (D; mean ± 
s.e.m., n=7) of MCF-7 breast cancer cells. Medium-treated MCF-7 cells 
displayed 7.4 ± 0.9% (n=6) SA-β-gal+ cells after 72 h of incubation (C).
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breast cancer cells (red dots) confirmed 
the downregulation of all five cell cycle 
genes after 24 h and 48 h (Fig. 5B). Thus, 
CIS proceeds through rapid suppression 
of 5 important cell cycle control genes 
which are known to be regulated by Ago2.

Transient downregulation of Ago2 by 
siRNA impairs cytokine-induced cell 
growth inhibition
To examine the functional role of Ago2 

in cell cycle regulation in more detail, 
we downregulated Ago2 in A204 cells 
using siRNAs. Combined treatment of 
siRNAs with cytokines for 72 h strongly 
impacted the viability of cells in an Ago2-
independent manner. The number of 
viable cells was 14.9 ± 1.9% (n=6) for 
Ago2 siRNA plus cytokine-treated cells 
and 17.0 ± 1.2% (n=6) for non-targeting 
control siRNA plus cytokine-treated cells 
as compared with transfection reagent-
treated cells. We therefore reduced the 
siRNA treatment cycles to 24 h – 48 h in 
the absence (Fig. 6A) or presence of IFN-γ 
+ TNF (Fig. 6B). We could demonstrate 
that a mixture of four different Ago2 
siRNAs (SMARTpool) as well as single 
Ago2-specific siRNAs reduced Ago2 
mRNA levels by 70% – 80% as compared 
with control siRNAs (non-targeting pool) 
(Fig. 6C), while the viability of Ago2 siRNA-treated cells was only slightly reduced (82.4 ± 
1.2% (n=6) as compared with siCtrl.). Additionally, specific siRNAs also downregulated Ago2 
expression in the presence of the cytokine cocktail (Fig. 6C) without significantly influencing 
the viability (105.3 ± 9.7% (n=6) as compared with siCtrl.). Transient knockdown of Ago2 
was also confirmed on the protein level (Fig. 6D). Next, we tested the functional effects 
of Ago2 downregulation, and measured the proliferation of A204 cells by [3H]-thymidine 
incorporation. IFN-γ + TNF blunted proliferation of A204 cells already after 24 h. The 
inhibition lasted at least 96 h (Fig. 7A). Then, we asked whether Ago2- siRNAs could antagonize 
the cytokine-induced inhibition of proliferation. However, we realized that siRNA treatment 
in the absence of cytokines strongly reduced [3H]-thymidine incorporation to a similar level 
(Fig. 7B). Thus, analysis of cell proliferation by this method did not show consistent effects 
of Ago2 knockdown on cytokine-induced inhibition of DNA synthesis, neither during the 48 
h treatment phase (Fig. 7B) nor after removal of the stressors (Fig. 7C). Subsequently, we 
measured SA-β-gal activity after a total incubation time of 120 h (48 h treatment cycle and 
72 h removal phase). After this long incubation time, the medium-treated, siAgo2- or siCtrl.-
transfected cells already showed high levels of SA-β-gal+ cells (Fig. 7D). Nevertheless, siCtrl.-
treated A204 cells still responded to IFN-γ + TNF, and the cytokine cocktail significantly 
increased the percentage of SA-β-gal+ cells up to approximately 86%. In contrast, the cytokine 
cocktail failed to further enhance SA-β-gal activity in siAgo2-treated A204 cells (Fig. 7D). To 
functionally test for another feature of senescent cells, i.e. cell cycle arrest, we performed 
established growth assays [12] with some modifications (see also Material and Methods). In 
the absence of cytokines, siAgo treatment did not change the proliferative behavior of A204 
cells after one 48 h treatment cycle (Fig. 7E, F). In contrast, Ago2-specific siRNAs changed 

Fig. 4. Ago2 shuttling between the nucleus and 
cytosol. A) Localization of Ago2 (red) in the cytosol of 
medium-treated A204 cells (left), in the perinuclear 
region (middle) or in the nucleus (right) of IFN-γ 
+ TNF-treated A204 cells. Nuclei appear in blue. B) 
Retranslocation of Ago2 into the cytosol after cytokine 
removal in A204 cells (mean ± s.e.m., n=3-6). Bar = 10 
µm (A). *P<0.05 from medium-treated control (B).
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the growth characteristics of cytokine-treated A204 cells when compared with Ctrl. siRNAs 
(Fig. 7G). Ago2 downregulation repeatedly led to an increase of the relative growth rate as 
in comparison with the Ctrl. siRNAs (Fig. 7H). Taken together, these data support the notion 
that Ago2 interferes with IFN-γ + TNF-induced growth inhibition during the first 48 h of 
cytokine treatment.

Fig. 5. Repression 
of Ago2-regulated 
cell cycle control 
genes after cytokine 
treatment of cancer 
cells. A) Expression of 
cell cycle control genes 
in A204 cells after 24 
h, 48 h or 96 h of IFN-γ 
+ TNF. Relative gene 
expression of A204 
cells was assayed in 
duplicates and time 
point 0 h was set as 
1. The experiment 
was repeated with 
similar results. B) Gene 
expression of A204 cells 
(blue dots) or MCF-7 
cells (red dots) after 
treatment with IFN-γ + 
TNF for 24 h (left) or 48 
h (right) was assayed 
in duplicates. Data are 
given as % difference 
from medium-treated 
controls. The black 
bars indicate the 
mean value of gene 
downregulation of the 
respective cell cycle 
control genes. CCNA2, 
cyclin A2; CCNE2, cyclin 
E2; CDCA8, cell division 
cycle associated 8; 
CDC2, cell division 
control protein 2; 
PCNA, proliferating cell 
nuclear antigen.
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Fig. 6. Knockdown of Ago2 in A204 cells by the use of siRNA. A, B) Experimental set up for transient, siRNA-
mediated downregulation of Ago2 either in the absence (A) or presence of IFN-γ + TNF (B). C) Knockdown 
of Ago2 expression by SMARTpool Ago2-siRNA or by single Ago2-specific siRNAs as measured by qPCR 
after 24 h or 48 h of incubation. Ago2 expression of non-targeting siRNA controls was set as 1. Data are 
presented as relative expression (mean of two determinations, each). D) Downregulation of Ago2 protein 
levels by SMARTpool Ago2-siRNA or by single Ago2-specific siRNAs as determined by western blot after 48 
h of incubation.
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Fig. 7. Influence of 
Ago2 knockdown 
on INF-γ and 
TNF mediated 
growth behavior 
of A204 cells. A) 
Proliferation of 
cytokine-treated 
(blue bars) or 
m e d i u m - t re a te d 
(black bars) A204 
cells as measured 
by [³H]-thymidine 
i n c o r p o r a t i o n 
(mean ± s.e.m., 
n=6). B) A204 
cells were treated 
with Ago2- or 
Ctrl.-siRNAs either 
in the absence 
(closed black 
bars) or presence 
(closed blue bars) 
of IFN-γ + TNF. 
S i m u l t a n e o u s ly, 
A204 cells were 
also incubated 
without siRNAs 
in medium alone 
(open black bar) or 
with the cytokine 
cocktail (open blue 
bar). After 48 h of 
incubation, cellular 
proliferation was 
assessed by the 
uptake of [³H]-
thymidine (mean ± s.e.m., n=6). C) After 48 h treatment with Ago2- or Ctrl.-siRNAs, either in the absence 
(closed black bars) or presence (closed blue bars) of IFN-γ + TNF, A204 cells were reseeded without the 
stressors to analyze their proliferative capacity during the following 72 h using [³H]-thymidine. Additionally, 
the growth behavior of A204 cells preincubated for 48 h without siRNAs in medium alone (open black bar) 
or with the cytokine cocktail (open blue bar) was also measured 72 h after reseeding (mean ± s.e.m., n=6). 
D) A204 cells were treated with Crtl.-siRNA (left) or SMARTpool Ago2-siRNA (right) for 48 h, either in the 
absence (medium) or presence of IFN-γ + TNF. 72 h after removal of the siRNAs and cytokines, SA-β-gal 
activity was measured (mean ± s.e.m., n=6). *P<0.05 from medium-treated control. E, F) Growth curves 
of Ctrl.-siRNA- (open diamonds) or Ago2-siRNA-treated A204 cells (closed dots) in the absence of IFN-γ 
+ TNF for 48 h (E), and relative growth of siAgo2-treated cells at p (1) after removal of the siRNAs (n=7). 
Cellular growth of non-targeting siRNA controls were set as 1 (F). G, H) Growth curves of Ctrl.-siRNA- (open 
diamonds) or Ago2-siRNA-treated A204 cells (closed dots) in the presence of IFN-γ + TNF for 48 h (G), and 
relative growth of siAgo2-treated cells at p (1) after removal of the stressors (n=7). Cellular growth of non-
targeting siRNA controls was set as 1 (H). CPM = counts per minute (A-C). siCtrl.=non-targeting pool siRNA; 
siAgo2=Ago2 SMARTpool siRNA (A-H).
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Discussion

Ago2 is a prominent member of the argonaute protein family. The protein combines 
RNA binding properties with an intrinsic enzyme activity and is thus a central part of the 
RNA silencing machinery [2]. Besides its role as the enzymatic component of the cytosolic 
RISC, translocation of Ago2 into the nucleus has been described [17, 22]. In addition, 
detailed analysis of the subcellular localization of Ago2 revealed that the protein also 
associates physically with the rough endoplasmic reticulum [23]. This fits well with our high 
resolution immunofluorescence pictures showing a perinuclear localization of Ago2, and 
with our observation that Ago2 may shuttle between the cytosol and the nucleus. Whereas 
the molecular regulation of Ago2 as part of the RISC or as part of the nuclear gene silencing 
machinery has been extensively studied, not that much is known about the roles of Ago2 
in superordinated cellular processes, such as apoptosis, differentiation, proliferation or 
permanent growth arrest. For example, it has been demonstrated that the activity of Ago2 is 
regulated by phosphorylation/dephosphorylation [24-26]. These data clearly show that (i) 
an Ago2 phosphorylation cycle regulates the interactions of miRNAs with their targets [26], 
(ii) the epidermal growth factor receptor (EGFR) enhances Ago2 phosphorylation which in 
turn inhibits miRNA processing [24] and (iii) phosphorylation of Ago2 at the amino acid 
residue Tyr 393 inhibits loading with miRNAs and miRNA-mediated gene silencing [25]. 
According to these data, phosphorylation of Ago2 correlates with a disturbed function as a 
gene silencer. In this line, preliminary data from our laboratory show that cytokine treatment 
of cancer cells leads to a rapid dephosphorylation of Ago2 thereby pointing to activation of 
its gene silencing function (data not shown).

As far as the role of Ago proteins in essential cellular pathways is concerned, several 
reports point to Ago-dependent regulation of programmed cell death or apoptosis [27-29]. 
For example, evidence has been provided that Ago2/miR-21 targets large tumor suppressor 
kinase 1 (LATS1) thereby inhibiting apoptosis in T cells [29]. This miRNA-mediated 
mechanism might explain the involvement of Ago2 in this process, as apoptosis is a rapidly 
proceeding cellular pathway with activation of the executioner enzymes, i.e. caspases, as 
early as 10 h to 48 h after challenge with the death-inducing substances [30, 31]. In addition, 
Ago2 downregulation has been associated with apoptosis induction in prostate cancer cells 
[28]. Thus, Ago2 seems to counteract apoptosis. On the other hand, as demonstrated in the 
present study for extrinsic, cytokine-induced growth inhibition, and by others for intrinsic, 
oncogene-induced senescence [17, 25], Ago2 nuclear translocation favors growth arrest. 
This is an interesting aspect as it is known that senescent cells are resistant to stimulus-
specific apoptosis induction [32], but can be specifically cleared by targeted apoptosis 
induction using proapoptotic FOXO4-derived peptides [33].

Senescence induction in tumors is an intrinsic cellular response to oncogenic 
signaling that may have evolved alongside apoptosis to suppress tumorigenesis [34]. 
However, in contrast to apoptosis, senescent cells are viable over a long period of time. In 
addition, they have the potential to influence neighboring tumor cells or cells of the tumor 
microenvironment through secreted soluble molecules, known as the senescence-associated 
secretory phenotype (SASP) [35-37]. Interestingly, the transcellular regulation of senescence 
by soluble factors is also true vice versa: our findings that specific immune cells control 
cancer cells by cytokine secretion and CIS [12] demonstrate that immune surveillance of 
tumors [16, 38] takes advantage of extrinsic, receptor-mediated senescence pathways. 
CIS is now accepted as a non-cell-autonomous inducer of cellular senescence that limits 
tumorigenesis [15], and several different cytokines or cytokine mixtures, e.g. interleukin-6 
(IL-6) [39], transforming growth factor beta (TGF-β) [40], or IFN-γ and TNF [12-14], have 
been implicated in senescence induction.
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Conclusion

In conclusion, we show here that the small RNA-binding protein Ago2 rapidly translocates 
into the nucleus of senescence-prone cancer cells after stimulation with the TH1 cell cytokines 
IFN-γ and TNF. Ago2 translocation in cancer cells is already observed after 24 h and reached 
a maximum after 48 h of treatment thereby preceding the induction of permanent growth 
arrest which takes at least 96 h continuous presence of IFN-γ and TNF [12]. We also show 
the suppression of important Ago2-regulated cell cycle control genes as early as 24 h after 
cytokine challenge thereby pointing to a functional role of Ago2 in the signal transduction of 
CIS. In addition, the role of Ago2 during the first 48 h of cytokine treatment was supported by 
transient Ago2 downregulation, and subsequent measurement of the senescence marker SA-
β-gal [18] and the growth characteristics of the cells. Future studies will aim to decipher (i) 
the signals that mediate Ago2 translocation in CIS, e.g. phosphorylation/dephosphorylation 
and binding to nuclear import proteins, (ii) the binding partners of Ago2 which build up the 
repressor complex that leads to transcriptional silencing of the important cell cycle control 
genes in CIS and (iii) the role of Ago2 in the later phases of CIS, i.e. in the phase of permanent 
growth arrest which, at least in vitro, may last several weeks.
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