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Abstract 

In mammals, RNA interference (RNAi) was historically studied as a cytoplasmic e v ent; ho w e v er, in the last decade, a gro wing number of reports 
con vincingly sho w the nuclear localization of the Argonaute (AGO) proteins. Ne v ertheless, the e xtent of nuclear RNAi and its implication in 
biological mechanisms remain to be elucidated. We found that reduced Lamin A le v els significantly induce nuclear influx of AGO2 in SHSY5Y 

neuroblastoma and A375 melanoma cancer cell lines, which normally ha v e no nuclear AGO2. Lamin A K O manif ested a more pronounced effect 
in SHSY5Y cells compared to A375 cells, e vident b y changes in cell morphology, increased cell proliferation, and oncogenic miRNA expression. 
Moreo v er , AGO fP AR-CLIP in Lamin A KO SHSY5Y cells re v ealed significantly reduced RNAi activity. Further exploration of the nuclear AGO 

interactome by mass spectrometry identified FAM120A, an RNA-binding protein and known interactor of AGO2. Subsequent FAM120A fPAR- 
CLIP, re v ealed that FAM120A co-binds AGO t argets and that this competition reduces the RNAi activit y. T heref ore, loss of Lamin A triggers 
nuclear AGO2 translocation, FAM120A mediated RNAi impairment, and upregulation of oncogenic miRNAs, facilitating cancer cell proliferation. 
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Introduction 

RNA interference (RNAi) is an important gene regulatory
mechanism executed by miRNA-loaded Argonaute (AGO)
proteins ( 1 ,2 ). In mammals, miRNAs matured by DROSHA
and DICER enzymatic processing, are loaded into one of
four AGO proteins, comprising the core RNA induced si-
lencing complex (RISC). Based on sequence complementation
AGO:miRNA RISC target mRNAs ( 3 ). RISC induces RNAi by
recruiting key mediating factors, such as TNRC6A-C scaffold-
ing proteins, which bridge the RISC complex with the CCR4-
NOT deadenylation complex. In metazoans, the process of
RNAi is generally accepted as a cytoplasmic event ( 4 ,5 ), but
numerous reports have documented the nuclear localization
of AGO proteins ( 6–10 ). Conditions such as cell confluence,
oxidative stress, quiescence, and senescence have been found
to trigger AGO2 nuclear influx ( 11–14 ). The mechanism of
AGO2 nuclear entry is so far not completely delineated, but
there is evidence that the nuclear localization of AGO2 may
directly be regulated by its interacting partner TNRC6 ( 11 ).
Additionally, nuclear import of AGO:miRNA complexes has
also been linked to Importin 8 in HeLa cells and more recently
to FAM172A in mouse embryonic fibroblasts ( 6 ,15 ). In the
nucleus, AGO proteins have been suggested to regulate sev-
eral processes aside from RNAi, including chromatin remodel-
ing, transcriptional regulation, alternative splicing, genome in-
tegrity, and DNA repair in cancer cells ( 6–8 , 10 , 16 , 17 ). There-
fore, AGOs may promote the regulation of several biological
processes in a context-dependent manner, based on the cellu-
lar environment and RNA:protein interactors. 

Since RNAi is a pivotal process for post-transcriptional
gene silencing, its activity is tightly regulated to ensure home-
ostasis. Cancer progression is associated with the impairment
of RNAi and global miRNA downregulation ( 18 ). Apart from
inhibition of miRNA biogenesis pathway and decreased AGO
protein expression, malignant cells are characterized by the
reduced activity of AGO:miRNA ( 19–22 ). One mode for neg-
ative regulation of RNAi in cancer is the post-translational
modifications of AGO proteins catalyzed by oncogenic ki-
nases such as EGFR, Akt, and Src ( 19–22 ). Moreover, numer-
ous oncogenic RNA binding proteins (RBPs), such as HuR,
HuD, and IGF2, were shown to stabilize pro-proliferative
transcripts by competitive AGO binding ( 23–25 ). Notably, a
recent report described the nuclear influx of AGO2 in over-
confluent cancer cell cultures, as well as in malignant colon
cancer tissues ( 11 ). Interestingly, this was accompanied by
RNAi inhibition ( 11 ). The underlying molecular mechanisms
of AGOs’ nuclear translocation and putative nuclear RNAi-
mediated gene regulation in cancer cells remain to be fully ex-
plored, despite the first observation of nuclear AGO2 dating
to 2008 ( 26 ). 

The nuclear envelope (NE) is a crucial link in a chain of
dialogue between the cytoplasm and the nucleus. Therefore,
we postulated that the composition of the NE may influence
protein transportation. A and B type Lamins assemble into
higher order structures forming the nuclear lamina – a main
component of the NE and an important platform for informa-
tion exchange between the nucleus and cytoplasm ( 27 ). Ac-
cordingly, the Lamins affect gene expression and are closely
associated with Lamin-associated domains (LADs), genomic
regions characterized by densely packed chromatin and tran-
scriptional inactivation ( 28 ,29 ). Therefore, precise control of
the nuclear lamina composition is crucial for safeguarding cel-
lular identity by keeping proper chromatin organization and 

cellular morphology ( 30 ,31 ). 
Herein, we aimed to investigate the effect of nuclear lam- 

ina composition on AGO2 nuclear translocation. We identi- 
fied that loss of Lamin A expression triggers AGO nuclear 
translocation, and upregulation of pro-oncogenic miRNAs in 

cancer cells. Our analyses of AGO gene regulation in Lamin 

A KO cells revealed that the pool of AGOs which translocate 
into the nucleus does not effectively engage in gene regulation.
We discovered that FAM120A, a known interactor of AGO2,
co-binds AGO targets and that this competition significantly 
reduces the activity of RNAi upon loss of Lamin A. 

Materials and methods 

Cell culture 

HeLa ovarian adenocarcinoma cells (ATCC, CCL-2), MCF7 

breast cancer cells (ATCC, HTB-22), CUT09 and STE01 

lung cancer cells (kind gift from Ruth Palmer and Bengt 
Hallberg), Molm13 acute myeloid leukemia cells (DMSZ,
ACC 554), Granta-519 B cell lymphoma cells (DMSZ, ACC 

342), HEK293 (ATCC, CRL-1573) and HEK293T (ATCC,
ACS-4500) embryonic kidney cells, SHSY5Y neuroblastoma 
cells (ATCC, CRL-2266), HAP1 chronic myeloid leukemia 
cells (kind gift from Maria Falkenberg), U2OS osteosarcoma 
cells (ATCC, HTB-96) and A375 melanoma cells (ATCC,
CRL-1619) were cultured at 37 

◦C, with 5% CO 2 . HeLa,
MCF7, HEK293, HEK293T, U2OS and A375 cells were cul- 
tured in DMEM media (11995065, Gibco) supplemented with 

10% Fetal Bovine Serum (FBS) (10270106, Gibco) and 1% 

Penicillin-Streptomycin (P / S) solution (15140122, Gibco).
CUT09, STE01, Molm13, Granta-519 and SHSY5Y cells were 
cultured in RPMI media (61870010, Gibco) complemented 

with 10% FBS and 1% P / S solution. HAP1 cells were cultured 

in IMDM media (12440053, Gibco) supplemented with 10% 

FBS and 1% P / S solution. A375 and SHSY5Y Lamin A knock 

out cells were cultured with respective complete media com- 
plemented with 2 μg / ml puromycin (P9620, Sigma Aldrich) 
and 350 μg / ml G418 (G8168, Sigma Aldrich). 

Biochemical fractionation 

Cells were fractionated as described in ( 32 ,33 ) with minor 
modifications. Briefly, cells were resuspended in Hypotonic 
Lysis Buffer (HLB) buffer [10 mM Tris–HCl, pH 7.5; 10 

mM NaCl; 3 mM MgCl2; 0.3% NP-40 (vol / vol); and 10% 

glycerol (vol / vol)], supplemented with protease and phos- 
phatase inhibitor cocktail (78445, ThermoFisher) by gentle 
pipetting and left on ice for 5 min. The nuclei were sepa- 
rated by centrifugation at 200 g for 2 min and the super- 
natant was collected as the cytoplasmic lysate. The pellet, con- 
taining the nuclear fraction, was further washed three times 
in HLB buffer and each time collected by centrifugation at 
200 g for 2 min. The washed nuclear pellet was resuspended 

with equal volumes of Nuclear Lysis Buffer (NLB) buffer [20 

mM Tris–HCl, pH 7.5; 150 mM KCl; 3 mM MgCl 2 ; 0.3% 

NP-40 (vol / vol), and 10% glycerol (vol / vol)], supplemented 

with protease and phosphatase inhibitor cocktail. The nuclear 
lysate was sonicated twice, 10 s on and 30 s off, at 60% 

amplitude (Sonics, VCX130). Both cytoplasmic and nuclear 
lysates were further cleared by centrifugation at 21 000 g for 
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estern blot analysis 

otal protein lysates were prepared by suspending the cell pel-
ets in NP-40 lysis buffer [20 mM Tris–HCl, pH 7.5; 150
M NaCl; 2 mM EDTA; 1% (v / v) NP-40] and incubating
n ice for 20 min. Following, the samples were centrifuged
t 21 000 g for 20 min and the supernatant collected as the
otal protein lysate. Cytoplasmic and nuclear lysates were
repared as described above. Protein concentration for the
otal and cytoplasmic lysates were quantified by Bradford
eagent (B6916, Sigma Aldrich) and 10–20 μg of protein was
sed for western blot experiments. The nuclear lysates were

oaded at 1:1 volume ratio with the cytoplasmic fraction, on
o 8–12% Bis–Tris–HCl PAGE gels. Following electrophore-
is, the proteins were transferred onto Nitrocellulose mem-
rane (1060000, Cytiva) and the blots stained with Ponceau
, washed, and blocked with skimmed milk (70166, Sigma).
embranes were incubated overnight with the following anti-

odies indicated in table below. Following, blots were washed
nd incubated with HRP conjugated anti-rabbit IgG (NA934,
ytiva) or anti-mouse IgG (NA931, Cytiva). The signal was
etected by chemiluminescence using Thermo Scientific Su-
erSignal™ West Dura Extended Duration Substrate (34076,
hermoFisher). 

ntibody Company Dilution 

nti-AGO1 5053, CST 1:1000 
nti-AGO2 ab32381 or ab186733, Abcam 1:5000 
nti-AGO3 5054, CST 1:1000 
nti-Lamin B1 ab16048, Abcam 1:10 000 
nti-Histone H3 4499, CST 1:10 000 
nti-Lamin A sc-518013, Santacruz 1:1000 
nti-Lamin A / C sc-376248HRP, Santacruz 1:1000 
treptavidin-HRP S911, Molecular Probes 1:4000 
nti-V5 R960-25, Invitrogen 1:4000 
nti-FAM120A ab156695, Abcam 1:2000 
nti-FAM120A ABIN7451012, Antibodies online 1:1000 
nti-PABPC sc-32318, Santacruz 1:1000 
nti-Calreticulin sc-373863HRP, Santacruz 1:1000 
nti-TNRC6A A302-329A, Bethyl Laboratories 1:1000 

iRNA transfection 

iRNAs targeting LMNA (4392420 and 4390824, assay IDs:
530951 and s8221) and LMNB1 (4392420, assay IDs: s8224
nd s8225), as well as negative control scramble oligonu-
leotide (4390843, 4390846), without complementarity to se-
uences in the human transcriptome, were purchased from
hermoFisher. Cells were seeded one day prior to the siRNA

ransfections. siRNAs, scramble oligonucleotide and Lipofec-
amine RNAiMax (13778150, ThermoFisher) were diluted in
pti-MEM reduced media (31985047, Gibco) and added to

he cell culture at a final concentration of 7.5 nM. 24 h fol-
owing the transfection, the media was changed to fresh com-
lete media. After another 24 h of culture, cells were harvested
or downstream analysis. Silencing efficiency was assessed by
estern blotting. 

RISPR-Cas9 gene editing 

amin A knockout cells were generated in A375, SHSY5Y
nd HeLa cells using PITCH-CRISPR-Cas9-microhomology-
ediated end-joining ( 34 ). Briefly, two all-in-one CRISPR-
Cas9 vectors were generated from pX330A-1 × 2 (58766,
Addgene) and pX330S-2-PITCh (63670, Addgene), express-
ing Cas9 nuclease and two gRNAs (see below for se-
quences) together with the CRIS-PITCh vector pX330S-2-
PITCh (63670, Addgene), harboring the Lamin A microho-
mologies and GFP-Puro or GFP-Neo / Kan insertions, were
transiently transfected into A375 and SHSY5Y using JetOp-
timus transfection reagent (117-01, Polyplus) according to
the manufacturer’s instructions. Single clones undergoing re-
combination were selected by complementing culture media
with Puromycin at a concentration of 2 μg / ml and G418
at a concentration of 350 μg / ml for 10 days. Homozy-
gous Lamin A knockout was identified by PCR and west-
ern blot screening. Genomic DNA was extracted using Pure-
Link™ Genomic DNA (K182002, ThermoFisher) following
the manufacture’s protocol. PCR was performed using One-
Taq polymerase (M0480S, New England Biolabs) following
the manufacture’s protocol. The primer sequences were as fol-
lows: primer 232: GC AGATC AAGCGCC AGAATG; primer
233: GCTTCA TGTGGTCGGGGT AA; primer 235: GGGA-
C ACTGTC AAGCTCTCC; primer 281: TTACCCCGACCA-
CATGAA GC; β-Actin Fw: GTCGTCGA CAA CGGCTCCG-
GC ATGTG, Rv: C ATTGTA GAA GGTGTGGTGCCA GAT.
The gRNA sequences targeting LMNA Exon 9 locus and
a generic PITCh-gRNA were as follows: LMNA sgRNA-
Ex 9 Fw1: aaacCTA CCGA CCTGGTGTGGAA GC; LMNA
sgRNA-Ex 9 Rv1: C ACCGCTTCC AC ACC AGGTCGGTAG;
LMNA sgRNA-Ex 9 Fw2: CA CCGA GTTGATGA GA GCCG-
TACGC; LMNA sgRNA-Ex 9 Rv 2: aaacGCGTACGGCTCT-
C ATC AACTC). 

Immunofluorescence staining 

Cells were plated at a density of 60 000 cells / cm 

2 on glass
coverslips inside 12-well dishes. Next day, cells were washed
once in 1 × PBS and fixed with 4% paraformaldehyde (1267,
Solveco) for 15 min at RT. Following, cells were washed with
1 × PBS and permeabilized in 0.5% Triton X-100 for 10 min at
RT. Subsequently, cells were blocked with 5% BSA (BP9703-
100, Fisher Bioreagents) in 1x PBS for 1 h and stained with pri-
mary antibodies indicated in the table below. The cells were
washed three times in 1x PBS and stained with 1:400 Phal-
loidin (B3475, Invitrogen), to visualize F-actin, or secondary
antibodies indicated in the table below for 1 h at RT. To image
the Endoplasmic Reticulum after fixing with paraformalde-
hyde, cells were incubated with 1 μM of ER-Tracker Red dye
(E34250, Invitrogen) for 30 min at 37 

◦C. To visualize the
DNA within the nucleus, cells were stained with 300 nM 4 

′ ,6-
diamidino-2-phenylindole (DAPI; D1306, Invitrogen) for 5
min at RT. Slides were mounted using ProLong Diamond An-
tifade Mountant (P36961, Invitrogen). Confocal images were
taken on a Zeiss LSM780 and the images analyzed using Im-
ageJ software. 

Antibody Company Dilution 

anti-Lamin B1 ab16048, Abcam 1:500 
anti-Pol II sc-56767 Santa Cruz 1:200 
anti-Lamin A sc-518013, Santacruz 1:400 
anti-Histone H3 4499, CST 1:400 
anti-V5 R960-25, Invitrogen 1:400 
anti-rabbit Alexa 488 A11008, Invitrogen 1:2000 
anti-mouse Alexa 594 A11005, Invitrogen 1:2000 
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Cell proliferation assay 

For cell proliferation assays, A375 and SHSY5Y (WT and
Lamin A KO) cells were seeded in 6-well plates at density
of 3125 cells / cm 

2 and counted with LUNA-II™ Automated
Cell Counter (Logos Biosystems) every 24 h for 6 days. The
cells were grown in their respective complete media, which
was changed every 2 days. The experiment was performed in
four biological replicates and, additionally, each included two
technical replicates. Exponential (Malthusian) growth prolif-
eration assay line was fitted, and doubling time calculated us-
ing GraphPad Prism (Version 9.5.1). 

Flow cytometry for cell cycle analysis 

A375 and SHSY5Y (WT and Lamin A KO) cells were seeded
in 6-well plates at a density of 10500 cells / cm 

2 and incubated
at 37 

◦C overnight. For cell cycle analysis, 50000 cells were
collected and fixed with ice-cold 70% (v / v) ethanol at –20 

◦C
overnight. The cells were pelleted at 300 g for 5 min and the
pellet was washed once with PBS at 300 g for 5 min and sub-
sequently suspended in PI solution (50 μg / ml Propidium io-
dide (81845, Sigma Aldrich), 0.1 mg / ml RNase A (EN0531,
ThermoFisher), 0.05% Triton X-100 in 1 × PBS) for 40 min at
37 

◦C. Cells were then washed with 1 × PBS and processed for
cell cycle analysis on BD-LSRII LSRII (BD Bioscience). Data
was analyzed using FlowJo (Treestar Inc.). 

Plasmid transfection 

Cells were transfected with the following expression plas-
mids: eGFP-NLS (67652, Addgene), pCDH-CMV-hLamin_A-
IRES-copGFP-EF1-puro (132773, Addgene), using JetOpti-
mus transfection reagent (117–01, Polyplus) or Lipofectamine
2000 (11668027, Invitrogen) according to manufacturers’ in-
structions for 24–48 h. In case of transfections with pCDH-
CMV-hLamin_A-IRES-copGFP-EF1-puro plasmid cells were
selected with 2 μg / ml puromycin for 24 h prior to collection.
Transfection efficiency was assessed by immunofluorescence
staining and / or western blotting. 

RNA isolation, reverse transcription and qPCR 

Total RNA was extracted using Quick-RNA Miniprep
Kit (BioSite-R1055, Zymo Research). RNA concentration
was assessed with Implen N60 nanophotometer. Follow-
ing, 500 ng of RNA was reverse transcribed using iS-
cript™ cDNA Synthesis Kit (1708891, Biorad). For qPCR
reactions, cDNA was diluted 50 times. qPCR was per-
formed in XT96 thermocycler with iTaq™ Universal SYBR®
Green Supermix (1725124, Biorad) using thermocycling con-
ditions recommended by the manufacturer. The sequences
of the primers were as follows: 18S rRNA: Fw: CC-
CTCCAA TGGA TCCTCGTT, Rv: A GAAA CGGCTA CCA-
C ATCC A, A GO2: Fw: TGA GCTTGCA GGCGTTA CA C, Rv:
CAA GA GGGTTA GA GCA GCCTT; LMNA : Fw: A GA CC-
CTTGA CTCA GTA GCC, Rv: A GCCTCCA GGTCCTTCA. 

Generation of V5-APEX2-SENP2 expressing cells 

V5-APEX2-SENP2 expression was introduced into A375
Lamin A KO and WT cells by lentiviral transduction accord-
ing to the protocol described by Tandon and colleagues ( 35 ).
Cells were co-transfected with plasmids encoding a mixture of
viral packaging proteins VSV-G (12259, Addgene), viral back-
bone psPAX2 plasimd (12260, Addgene) and V5-APEX2-
SENP2 (129276, Addgene) at ratio 3:2:4, where the final plas- 
mid concentration in the media was 2.25 μl / ml. Cells were 
kept in selection media [complete media supplemented with 

10 μg / ml Blasticidin (A1113903, Gibco)] for 10 days, when 

control, none transduced, cells died. Following, cells were cul- 
tured in complete media for respective parental cell lines. 

P roximity-dependent biotin ylation 

Cells were grown in 15 cm cell culture dishes until they 
reached approximately 50% confluency. Following, biotiny- 
lation of proteins proximal to V5-APEX2-SENP2 was per- 
formed according to previously published protocol ( 36 ) with 

a minor modification where Biotin-Phenol (SML2135, Sigma- 
Aldrich) was added to the media at a final concentration of 1 

mM and the incubation with Biotin-Phenol was extended to 

40 min. 

Streptavidin affinity pull down assay 

Following the proximity-dependent biotinylation procedure,
cells were lysed in RIPA buffer [50 mM Tris–HCl, 150 mM 

NaCl, 0.1% (w / v) SDS, 0.5% (w / v) sodium deoxycholate and 

1% (v / v) Triton X-100] complemented with 10 nM sodium 

azide (S2002, Sigma-Aldrich), 10 mM sodium ascorbate 
(A4034, Sigma-Aldrich) and 5 nM of Trolox (238813, Sigma- 
Aldrich) and protease inhibitor (78439, ThermoFisher). Sub- 
sequently, the protein concentration was estimated using 
Pierce reagent (22660, ThermoFisher), and 250 μg of pro- 
tein were subjected to streptavidin affinity precipitation us- 
ing 20 μl streptavidin-coupled magnetic beads (88817, Ther- 
moFisher) at 4 

◦C overnight, under constant rotation, for en- 
richment of biotinylated proteins. After the incubation, beads 
were washed with a series of buffers: 2 times with RIPA 

buffer, once with 1 M KCl (10735874, ThermoFisher), once 
with 0.1 M Na 2 CO 3 (230952, Sigma-Aldrich), once with 2 

M urea (U6504, Sigma-Aldrich) in 10 mM Tris–HCl–HCl 
(15567027, Invitrogen™), freshly prepared, and twice with 

RIPA buffer. Following the washes, beads were incubated for 
10 min at 95 

◦C in 60 μl of 3 × Laemmli SDS Sample Buffer 
(J61337.AC, ThermoFisher) supplemented with 2 nM biotin 

(B4501, Sigma-Aldrich), to elute bound proteins for subse- 
quent western blot analysis. 

Immunoprecipitation assays and AGO protein 

affinity purification with T6B peptide 

For identification of Lamin A and AGO-interacting protein 

partners, respective proteins were pulled down using either 
anti-Lamin A antibody or Flag-tagged T6B peptide for AGO1- 
4 isolation ( 37 ). Lamin A was immunoprecipitated from 2 mg 
of total protein lysate in A375 WT and Lamin A KO cells with 

3 μg of antibody. AGO1-4 were pulled down from nuclear or 
cytoplasmic lysates. Volumes corresponding to 3 mg of cyto- 
plasmic fraction was used together with 400 μg of T6B pep- 
tide. Dynabead Protein G beads (10004D, ThermoFisher) and 

anti-Flag M2 beads (M8823, Millipore) were conjugated with 

either anti-Lamin A antibody or T6B peptide for 4 h, washed 

and incubated with protein lysates. Next, beads were washed 

with NP-40 buffer. Lamin A and T6B bound proteins were 
eluted by incubation with 0.2 M Glycine, pH 2.5 by gentle 
shaking for 15 min followed by neutralization of the eluate 
using 1 M Tris–HCl, pH 8.0. The pull-down efficiency was 
confirmed by western blotting and, in the case of AGO1-4 

and Lamin A pull down, the eluate submitted for mass spec- 
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rometry analysis at Proteomics Core Facility (University of
othenburg, Sweden). 

ass spectrometry 

amples eluted after AGO1-4 proteins and Lamin A affinity
urification were processed using modified filter-aided sam-
le preparation (FASP) method ( 38 ). Briefly, samples were
educed in 100 mM dithiothreitol (DTT) at 60 

◦C for 30
in, transferred to Microcon-30kDa Centrifugal Filter Units

MRCF0R030, Merck) and washed several times with 8 M
rea and once with digestion buffer (DB; 50 mM TEAB,
.5% sodium deoxycholate (SDC)) prior to alkylation (10
M methyl methanethiosulfonate (MMTS) in DB for 30 min

t RT. Samples were digested with 0.3 μg Pierce MS grade
rypsin (90057, ThermoFisher) at 37 

◦C overnight and an ad-
itional portion of trypsin was added and incubated for an-
ther two h. Peptides were collected by centrifugation. 
Following, digested peptide samples were labelled using

MT 16-plex isobaric mass tagging reagents (90063, Ther-
oFisher) for relative quantification. The samples were com-
ined into one TMT-set and SDC was removed by acidifica-
ion with 10% TFA. The TMT-set was further purified using
igh Protein and Peptide Recovery Detergent Removal Spin
olumn (88305, ThermoFisher) and Pierce peptide desalting

pin columns (89852, ThermoFisher) according to the man-
facturer’s instructions, prior to basic reversed-phase chro-
atography (bRP-LC) fractionation. Peptide separation was
erformed using a Dionex Ultimate 3000 UPLC system (Ther-
oFisher) and a reversed-phase XBridge BEH C18 column

3.5 μm, 3.0 × 150 mm, 186008164, Waters Corporation)
ith a gradient from 3% to 100% acetonitrile in 10 mM am-
onium formate at pH 10.00 over 23 min at a flow of 400
l / min. The 40 fractions were concatenated into 20 fractions.
The dried samples were reconstituted in 3% acetonitrile

nd 0.2% formic acid. The TMT fractions in were analyzed
n an Orbitrap Lumos Tribrid mass spectrometer interfaced
nd an Easy-nLC1200 liquid chromatography system (Ther-
oFisher). Peptides were trapped on an Acclaim Pepmap 100
18 trap column (100 μm × 2 cm, particle size 5 μm, 164199,
hermoFisher) and separated on an in-house packed analyti-
al column i.d. 75 μm, particle size 3 μm, Reprosil-Pur C18,
r Maisch, length 35 cm using a gradient from 3% to 80%

cetonitrile in 0.2% formic acid over 85 min at a flow of
00 nL / min. Precursor ion mass spectra were acquired at
20 000 resolution and MS / MS analysis was performed in
ata-dependent mode where CID spectra of the most intense
recursor ions were recorded in the ion trap at collision en-
rgy setting of 35. Precursors were isolated in the quadrupole
ith a 0,7 m / z isolation window, charge states 2 to 7 were

elected for fragmentation, dynamic exclusion was set to 45 s
nd 10 ppm. MS3 spectra for reporter ion quantitation were
ecorded at 50 000 resolution, multi-notch isolation with 10
otches and HCD fragmentation collision energy of 55. 
Lamin A affinity purification samples were analyzed by la-

el free approach on an Orbitrap Exploris 480 mass spectrom-
ter interfaced with an Easy-nLC1200 liquid chromatogra-
hy system (ThermoFisher) in trap column configuration (see
bove). Peptides were separated using a gradient from 5% to
5% acetonitrile in 0.2% formic acid over 48 min at a flow
f 300 nL / min. Precursor ion mass spectra were acquired at
20 000 resolution and MS / MS analysis was performed in
ata-dependent mode with HCD collision energy setting of
30. Precursors were isolated in the quadrupole with a 0.7 m / z
isolation window, charge states 2–6 were selected for fragmen-
tation, dynamic exclusion was set to 30 s and 10 ppm. 

Following, the data files were merged for identification and
relative quantification using Proteome Discoverer version 2.4
(ThermoFisher). The data matching was against Homo Sapi-
ens (Swissprot) using Mascot version 2.5.1 (Matrix Science)
as a search engine. The precursor mass tolerance was set to
5 ppm and fragment mass tolerance to 0.6 Da. Tryptic pep-
tides were accepted with one missed cleavage, variable mod-
ifications of methionine oxidation and fixed cysteine alkyla-
tion, TMT pro modifications of N-terminal and lysine were se-
lected. Percolator was used for PSM validation with the strict
FDR threshold of 1%. Identified proteins were filtered at 1%
FDR at protein level. For relative quantification reporter ions
were identified in the MS3 HCD spectra with 3 mmu mass
tolerance. Only the quantitative results for the unique peptide
sequences with the minimum SPS match % of 50 and the aver-
age S / N above 10 were considered for the protein quantifica-
tion. Label free quantification was done in MaxQuant 2.1.3.0
( 39 ) by searching against Homo sapiens database (Uniprot).
The precursor mass tolerance was set to 4.5 ppm and fragment
mass tolerance to 20 ppm. Tryptic peptides were accepted with
two missed cleavages, variable modifications of methionine
oxidation and N-term protein acetylation and fixed cysteine
alkylation. FDR threshold for identification was set to 1%.
Proteins were quantified by MaxLFQ algorithm ( 40 ). 

Mass spectrometry data interpretation 

TMT reporter intensities from AGO affinity purification sam-
ples were normalized in Perseus ver. 2.0.7.0 ( 41 ) so that me-
dians of log2-ratios between Lamin KO and WT for each cell
line were 0. Obtained intensities were log 2 -transformed, tested
by Student’s T-test and proteins passing 1.5-fold change and
P < 0.075 were considered as having significantly enhanced
interaction with AGO proteins in Lamin A K O . MaxLFQ
intensities from Lamin A affinity purification samples were
log 2 -transformed and tested as stated above. Enrichment of
Gene Ontology Biological Process terms for significant hits
from each cell line was determined by DAVID web-based tool
( 42 ). The interaction network was constructed in Cytoscape
ver. 3.8.2 ( 43 ) based on protein-protein interaction data from
STRING ver. 11.5 ( 44 ) for significant proteins common for
both cell lines and adding AGO2 as IP bait. 

RNA sequencing 

Total RNA was extracted using Quick-RNA Miniprep Kit.
Following, the concentration and quality of the RNA was
analyzed using Agilent 2200 TapeStation System. RNA sam-
ples with RNA Integrity Number higher than 8 were sent to
SNP&SEQ Technology Platform (NGI Uppsala, Sweden). Li-
braries was prepared from 300 ng RNA using the Illumina
Stranded Total RNA library preparation kit, including Ribo-
Zero Plus treatment (20040525 / 20040529, Illumina Inc.) ac-
cording to manufacturer’s instructions. For indexing Unique
Dual Indexes (20040553 / 20040554, Illumina Inc.) were used.
Sequencing was carried out with NovaSeq 6000 system using
paired-end 150 bp read length, S4 flowcell and v1.5 sequenc-
ing chemistry. As a control sequencing library for the phage
PhiX was included and a 1% spike-in in the sequencing run.
RNAseq data were preprocessed using the RNAseq nf-core
pipeline ( 45 ). Differential expression analysis was done using
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Sample Illumina Index primer 3 ′ adapter 

A375 WT1 C AAGC AGAAGACGG 

CAT ACGAGA TA TCTCG 

CTGTGACTGGAGTT 

CCTTGGCACCCGAG 

AATTCCA 

5 ′ -rAppNNCAGCATTG 

GAATTCTCGGGTGC 

CAAGG-L 

A375 WT2 5 ′ -rAppNNA TAGT ATG 

GAATTCTCGGGTGC 

CAAGG-L 

A375 WT3 5 ′ -rAppNNTCATAGTG 

GAATTCTCGGGTGC 

CAAGG-L 

A375 KO1 C AAGC AGAAGACGG 

CAT ACGAGA TGGCT 

AT TGGTGACTGGAG 

TTCCTTGGCACCCG 

AGAATTCCA 

5 ′ -rAppNNCAGCATTG 

GAATTCTCGGGTGC 

CAAGG-L 

A375 KO2 5 ′ -rAppNNA TAGT ATG 

GAATTCTCGGGTGC 

CAAGG-L 

A375 KO3 5 ′ -rAppNNTCATAGTG 

GAATTCTCGGGTGC 

CAAGG-L 

SHSY5Y 

WT1 
C AAGC AGAAGACGG 

CAT ACGAGA TGCTGT 

AAGGTGACTGGAGT 

TCCTTGGCACCCGA 

GAATTCCA 

5 ′ -rAppNNCAGCATTG 

GAATTCTCGGGTGC 

CAAGG-L 

SHSY5Y 

WT2 
5 ′ -rAppNNA TAGT ATG 

GAATTCTCGGGTGC 

CAAGG-L 

SYSH5Y 

WT3 
5 ′ -rAppNNTCATAGTG 

GAATTCTCGGGTGC 

CAAGG-L 

SHSY5Y 

KO1 
C AAGC AGAAGACGG 

CAT ACGAGA TGC 

AATGGAGTGACTGG 

AGTTCCTTGGCACC 

CGAGAATTCCA 

5 ′ -rAppNNCAGCATTG 

GAATTCTCGGGTGC 

CAAGG-L 

SHSY5Y 

KO2 
5 ′ -rAppNNA TAGT ATG 

GAATTCTCGGGTGC 

CAAGG-L 

SHSY5Y 

KO3 
5 ′ -rAppNNTCATAGTG 

GAATTCTCGGGTGC 

CAAGG-L 
DEseq2 ( 46 ), on genes with at least 10 reads in at least three
samples. Genes with FDR adjusted P -value < 0.01 and abso-
lute log 2 fold change > 0.5 were considered differentially ex-
pressed. Hypergeometric test, implemented in TopGO, were
used to look for enriched Gene Ontology annotation among
the differentially expressed genes. The fraction of reads map-
ping to introns and other genomic regions was calculated us-
ing ReSQC ( 47 ). 

miRNA sequencing 

AGO proteins were immunoprecipitated from 1.5 mg of
protein using Flag-tagged T6B peptide. As a negative con-
trol immunoprecipitation with empty beads were used. Fol-
lowing, RNA was recovered from the beads using TRIzol
reagent (15596026, Invitrogen) according to the manufac-
tures instructions and small RNA libraries were produced as
previously described ( 48 ) with few modifications. Briefly, 3 

′

adapters with 5 

′ -adenylated RNA adapter (see 3 

′ adapters in
table below) were ligated to the recovered small RNAs us-
ing Rnl2(1–249)K227Q RNA ligase (M0351, New England
Biolabs) according to the manufacturer’s instructions at 4 

◦C
overnight with shaking. Ligated RNA was pooled and puri-
fied using oligo clean and concentrate kit (D4060, ZYMO Re-
search). Following, the RNA was subjected to 5 

′ adapter liga-
tion with a 5 

′ chimeric DNA-RNA adapter (5 

′ aminolinker-
GTTCA GA GTTCTA CA GTCCGA CGATCrNrNrNrN) using
RNA ligase (EL0021, Thermo Fisher Scientific) at 37 

◦C for
1 h. Next, the RNA was purified using oligo clean and
concentrate kit and reverse transcribed using SuperScript®
IV (18090010, Thermo Fisher Scientific) as per the proto-
col provided by manufacturer using RT primer (GCCTTG-
GCA CCCGA GAATTCCA). The cDNA was amplified using
Platinum Taq DNA Polymerase (10966034, Thermo Fisher
Scientific), according to the manufacturer’s instructions us-
ing 5 

′ -medium PCR primer (CTCTA CA CGTTCA GA GTTC-
TA CA GTCC) and 3 

′ medium PCR primer (CCTGGAGTTC-
CTTGGCA CCCGA GAATT) for 6 cycles. Then the PCR prod-
uct was purified using the oligo clean and concentrate kit,
eluted with 32 μl of nuclease free water, and size selected
(74–88 bp) using 3% agarose Pippin Prep (CSD3010, Sage
Science). Following size selection, a second round of (X cy-
cle) PCR was performed using the same polymerase, a 5 

′ -
long PCR primer: (AA TGA T A CGGCGA CCA CCGA GATC-
TA CA CGTTCA GA GTTCTA CA GTCCGA), and 3 

′ indexed
primer (see 3 

′ index primers in table below), Libraries were
sequenced on an Illumina NovaSeq6000. Bcl files were con-
verted to fastq files using bcl2fastq. Adapters were trimmed
using cutadapt v 2.4. and reads were mapped to the human
miRNAs using bowtie2 ( 49 ). 

Fluorescent PhotoActivatable 

ribonucleoside-enhanced CrossLinking and 

ImmunoPrecipitation (fPAR-CLIP) 

AGO or FAM120A fPAR-CLIP was carried out by isolat-
ing the proteins using T6B peptide as mentioned above or
anti-F AM120A. Following, fP AR-CLIP library preparation,
sequencing and initial data processing was performed as de-
scribed in ( 48 ) with minor modifications. Briefly, to obtain
protein RNA footprints, unprotected RNA was digested on
beads with 1 U RNase T1 (EN0541, ThermoFisher) for 15
min at RT. Next, the beads were washed three times with RIPA
buffer and three times with dephosphorylation buffer (50 mM
Tris–HCl–HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 ). Af- 
ter washing, the protein bound RNA was dephosphorylated 

with Quick CIP (M0525S, New England Biolabs) for 10 min 

at 37 

◦C. Post dephosphorylation the beads were washed three 
times with dephosphorylation buffer and three times with 

PNK / ligation buffer (50 mM Tris–HCl–HCl, pH 7.5, 10 mM 

MgCl 2 ). Following, 0.5 μM fluorescently tagged 3 

′ adapter 
(MultiplexDX) were ligated with T4 Rnl2(1–249)K227Q 

(M0351, New England Biolabs) overnight at 4 

◦C and washed 

three times with PNK / ligation buffer. Next, RNA footprints 
were phosphorylated using T4 PNK (NEB, M0201S) for 30 

min at 37 

◦C and washed three times with RIPA buffer. To 

elute the proteins, the beads were incubated at 95 

◦C for 5 min 

in 2 × SDS Laemmli buffer. Next, the eluates were separated 

on a 4–12% SDS / PAGE gels (NW04122BOX, Invitrogen) 
and AGO:RNA complexes visualized on the IR 680 channel 
(Chemidoc MP system, Bio Rad). Subsequently, appropriate 
AGO:RNA bands were excised from the gel, protein digested 

with Proteinase K (RPR OTK-R O, Sigma Aldrich) and released 

RNA isolated via phenol:chlorophorm phase separation. Fol- 
lowing, 5 

′ adapter ligation (MultiplexDX) was performed on 
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he purified RNA samples with 0.5 μM of the adapter and
nl1 T4 RNA ligase (EL0021, ThermoFisher) for 1 h at 37 

◦C.
ext, the RNA was reverse transcribed using SuperScript IV
everse Transcriptase (18090010, ThermoFisher) according

o manufacturer’s instructions. The libraries were amplified in
 series of PCR reactions performed using Platinum Taq DNA
olymerase (10966034, ThermoFisher) and size selected with
% Pippin Prep (CSD3010, Sage Science). Sequencing of the
ibraries was carried out on Illumina NovaSeq 6000 platform.
or data processing Bcl2fastq (v2.20.0), Cutadapt (cutadapt
.15 with Python 3.6.4) ( 50 ), PARpipe ( https://github.com/
hlerlab/PARpipe ) and Paralyzer ( 51 ) were used. The 3 

′ and
 

′ adapter sequences and sequencing primers used in the study
re listed below. 

ligo name Sequence 

 

′ adapter 5 ′ - 
rAppNNTGA CTGTGGAATTCTCGGGT(fl)GCCAA GG- 
(fl) (MDX-O-226–29.51–2xAF660, 
Multiplexdx) 

 

′ adapter 5 ′ (aminolinker-)GTTCA GA GTTCTA CA GTCCGA CGA 

TCrNrNrNrN (MDX-O-264, Multiplexdx) 
T Primer GCCTTGGCA CCCGA GAATTCCA 

 

′ short PCR primer CTTCA GA GTTCTA CA GTCCGA CGA 

 

′ long PCR primer AATGATA CGGCGA CC ACCGAGATCTAC ACGTTC A 

GAGTTCTACAGTCCGA 

AGO1-4 IP 
ample Illumina 3 ′ Index primer 
HSY5Y WT Cyto1 C AAGC AGAAGACGGC AT ACGAGA TGCTTAGCTGT 

GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y WT Cyto2 C AAGC AGAAGACGGC AT ACGAGA TGACATTCCGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y WT Nuc1 C AAGC AGAAGACGGC AT ACGAGA TGCAATGGAGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y WT Nuc2 C AAGC AGAAGACGGC AT ACGAGA TAGACCGT AGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y KO Cyto1 C AAGC AGAAGACGGC AT ACGAGA TGAT ACTGGGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y KO Cyto2 C AAGC AGAAGACGGC AT ACGAGA TTCGGTTACGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y KO Nuc1 C AAGC AGAAGACGGC AT ACGAGA TTGCGT AGAGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y KO Nuc2 C AAGC AGAAGACGGC AT ACGAGA TA TGACGTCGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 WT Cyto1 C AAGC AGAAGACGGC AT ACGAGA TGGAGA TGAGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 WT Cyto2 C AAGC AGAAGACGGC AT ACGAGA TGTAACGACGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 WT Nuc1 C AAGC AGAAGACGGC AT ACGAGA TGTACTCTCGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 WT Nuc2 C AAGC AGAAGACGGC AT ACGAGA TA TTCCTCCGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 KO Cyto1 C AAGC AGAAGACGGC AT ACGAGA TGTGTTCCTGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 KO Cyto2 C AAGC AGAAGACGGC AT ACGAGA TCTAGCAAGGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 KO Nuc1 C AAGC AGAAGACGGC AT ACGAGA TAAGCACTGGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 KO Nuc2 C AAGC AGAAGACGGC AT ACGAGA TTGCTTCCAGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

FAM120A IP 
ample Illumina 3 ′ Index primer 
HSY5Y KO Cyto1 C AAGC AGAAGACGGC AT ACGAGA TCATGAGGAGT 

GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y KO Cyto2 C AAGC AGAAGACGGC AT ACGAGA TCGT ATTCGGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y KO Nuc1 C AAGC AGAAGACGGC AT ACGAGA TTGACTGACGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

HSY5Y KO Nuc2 C AAGC AGAAGACGGC AT ACGAGA TCTCCT AGAGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 KO Cyto1 C AAGC AGAAGACGGC AT ACGAGA TGTCGGTAAGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 KO Cyto2 C AAGC AGAAGACGGC AT ACGAGA TGAA TCCGAGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 KO Nuc1 C AAGC AGAAGACGGC AT ACGAGA TAGGTCACTGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 

375 KO Nuc2 C AAGC AGAAGACGGC AT ACGAGA TGTACCTTGGT 
GACTGGA GTTCCTTGGCACCCGA GAATTCCA 
 

Cell viability evaluation 

For assessment of cell viability, cells were seeded in 96-well
plates and 24 h after the redox potential of the cells was mea-
sured using CyQUANT™ MTT Cell Viability Assay (V13154,
Invitrogen) according to manufacturer’s instructions. 

Results 

The subcellular localization of AGO2 is affected by the nu-
clear lamina composition Although most studied in the cy-
toplasm ( 5 , 8 , 14 , 52 ), nuclear A GO2 has also been charac-
terized ( 6–17 , 26 , 52 , 53 ), raising questions regarding nuclear
RNAi and additional putative functions of AGO2 in the nu-
cleus. To probe AGO2 nuclear localization in cancer cells, we
performed biochemical fractionation experiments in twelve
different human cell lines and detected fluctuating levels of
AGO2 between the cytoplasmic and nuclear fractions (Fig-
ure 1 A-C). In seven cell lines, nuclear AGO2 reflected between
30% and 60% of the total AGO2 protein (Figure 1 B, C). In-
terestingly, neither cell origin nor cancer stage correlated with
observation of nuclear AGO2. 

Nucleocytoplasmic translocation of proteins exceeding 40
kDa is regulated by the nuclear pore complexes (NPC), which
are large multiprotein complexes, embedded in the nuclear
envelope (NE) ( 54 ). We hypothesized that the NE restricts
nuclear AGO2 translocation, therefore, the nuclear entry of
AGO2 may be promoted by reduced rigidity of the nu-
clear lamina meshwork. To test the effect of Lamin levels
on AGO2 subcellular localization we depleted Lamin A / C
and Lamin B1 by LMNA and LMNB1 targeting siRNAs
( Supplemental Figure S1 A) in A375 and SHSY5Y cell lines
which lack detectable levels of nuclear AGO2 (Figure 1 A,C).
Proliferation rate and tumorigenicity differs significantly in
these cells, with SHSY5Y characterized by slower prolifera-
tion (Figure 1 D) and less tumor formation in mice ( 55 ,56 ).
Biochemical fractionation revealed that siRNA-mediated re-
duction of either Lamin A / C or Lamin B1 levels triggered
AGO2 nuclear translocation in both A375 melanoma and
SHSY5Y neuroblastoma cells (Figure 1 E,F). AGO2 translo-
cation into the nucleus in response to Lamin A / C deple-
tion was confirmed in two additional cell lines, HEK293 and
U2OS, which did not express nuclear AGO2 (Figure 1 A, C,
Supplemental Figure S1 B, C). 

Taken together, our results indicate that an intact nuclear
lamina is required to maintain cytoplasmic localization of
AGO2 in certain cancer cells. 

Knockout of Lamin A affects the subcellular 
localization of RISC components in A375 and 

SHSY5Y cells 

The striking nuclear translocation of AGO2 in LMNA de-
pleted A375, SHSY5Y, HEK293 and U2OS cells (Figure 1 E, F,
Supplemental Figure S1 B, C), prompted us to further ex-
plore the correlation between LMNA expression and AGO2
subcellular localization. Therefore, we performed CRISPR-
Cas9 KO of Lamin A in A375 and SHSY5Y, two cancer
cell lines negative for nuclear AGO2, and in HeLa cervi-
cal cancer cells, which are positive for nuclear AGO2 (Fig-
ure 1 A–C). We targeted the CRISPR-Cas9 to the constitu-
tive exon 9 of the gene, which is common between Lamin A
and Lamin C and indispensable to produce all A-type Lamins
( 57 ) ( Supplemental Figure S2 A). Loss of Lamin A was verified

https://github.com/ohlerlab/PARpipe
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
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Figure 1. Silencing LMNA or LMNB1 expression triggers AGO2 nuclear translocation. Representative images of AGO2 immunoblots from cytoplasmic 
and nuclear fractions in a panel of ( A ) nuclear AGO2 negative and ( B ) nuclear AGO2 positive human cell lines. ( C ) Relative ratio of nuclear and 
cytoplasmic AGO2 fractions in the studied cell lines. ( D ) Cellular proliferation assay for A375 and SHSY5Y cells. Exponential (Malthusian) growth line for 
proliferation assay was fitted for the data sets. Results were calculated from four independent experiments performed in technical duplicates and 
presented as the mean ± standard deviation. Representative images of AGO2 immunoblots from cytoplasmic and nuclear fractions in cells transfected 
with the siRNAs for LMNA and LMNB1 in ( E ) A375 and ( F ) SHSY5Y cells. For biochemical fractionation experiments CALR served as cytoplasmic marker 
while LMNA and LMNB1 as nuclear markers. C, cytoplasmic fraction; N, nuclear fraction; CALR, Calreticulin; LMNA, Lamin A / C; Scr, cells transfected 
with scrambled oligonucleotide; si LMNA , cells transfected with siRNAs against LMNA ; si LMNB1, cells transfected with siRNAs against LMNB1. Graphs 
presented in the figure represent results calculated from three independent experiments and presented as the mean ± standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by PCR ( Supplemental Figure S2 B–D) and by western blot-
ting, confirming KO of Lamin A (Figure 2 A, B). Immunoflu-
orescence in the WT and Lamin A KO A375 and SHSY5Y
cells further confirmed Lamin A protein KO (Figure 2 C, D).
No obvious changes in A375 cell morphology was observed
upon Lamin A KO ( Supplemental Figure S2 E). In contrast,
loss of Lamin A resulted in complete atrophy of neurites
in SHSY5Y cells ( Supplemental Figure S2 E). We also noted
aberrant nuclear morphology in Lamin A KO cells, which
was more visible in SHSY5Y Lamin A KO cells (Figure 2 D,
Supplemental Figure S2 E). Additionally, we showed that RNA
Polymerase II, Histone H3 and Lamin B1 nuclear localiza-
tion, as well as cytoplasmic-localized Actin, was not affected
by Lamin A KO (Figure 2 C, D, Supplemental Figure S2 F, G),
which indicates that the NE is at least partially functional in
the Lamin A KO cells. To further exclude a general nuclear
rupture and nonspecific nuclear translocation defect in Lamin
A KO cells, we transfected A375 and SHSY5Y WT and Lamin
A KO cells with NLS-GFP constructs. NLS-GFP signal was
equally confined to the nucleus in both WT and Lamin A KO 

cells, with minimal GFP signal observed in the cytoplasm, fur- 
ther pointing to the stability of the NE (Figure 2 E, F upper 
panel). Furthermore, since AGO2 is associated with the En- 
doplasmic Reticulum (ER) and to exclude the possibility that 
AGO2 nuclear translocation in Lamin A KO conditions is due 
to ER leakage into the nucleus, we stained the ER using ER 

tracker (Figure 2 E, F, lower panel). Our results indicate that 
the integrity of the ER is not affected upon loss of Lamin A,
with no observed penetrance of ER components into the nu- 
cleus (Figure 2 E, F, lower panel). 

As mentioned above, siRNA-mediated silencing of Lamin 

A / C expression resulted in AGO2 translocation into the nu- 
cleus in several cell lines (Figure 1 E, F, Supplemental Figure 
S2 B, C). We therefore confirmed that loss of Lamin A / C 

leads to AGO2 nuclear translocation in fractionated A375 

and SHSY5Y Lamin A KO cells (Figure 2 G, H). Fractiona- 
tion experiments showed predominantly cytoplasmic localiza- 
tion of AGO2 protein in A375 and SHSY5Y WT cells, while 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
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Figure 2. Lamin A KO causes nuclear translocation of RISC components. R epresentativ e images of Lamin A, Lamin A / C and Calreticulin immunoblots 
from ( A ) A375 and ( B ) SHSY5Y WT and Lamin A KO cells. Immunofluorescence staining of Lamin A and LMNB1 in ( C ) A375 and ( D ) SHSY5Y WT and 
Lamin A KO cells. R epresentativ e images of NLS-GFP fluorescent signal (upper panel) and ER tracker (lower panel) in ( E ) A375 and ( F ) SHSY5Y WT and 
Lamin A KO cells. R epresentativ e images of AGO2 immunoblots from cytoplasmic and nuclear fractions in ( G ) A375 and ( H ) SHSY5Y WT and Lamin A 

KO cells. R epresentativ e images of TNRC6, PABPC, CNOT1 and CNOT7 immunoblots from cytoplasmic and nuclear fractions in ( I ) A375 and ( J ) SHSY5Y 
WT and Lamin A KO cells. Immunofluorescence staining of Lamin A, GFP and DAPI in ( K ) A375 and ( L ) SHSY5Y Lamin A KO cells and Lamin A KO Lamin 
A / C o v ere xpressing cells. R epresentativ e images of AGO2 and Lamin A immunoblots from ( M ) A375 and ( N ) SHSY5Y Lamin A K O and Lamin A K O 

Lamin A / C o v ere xpressing cells. CALR was used as a loading control. Representative images of AGO2 and Lamin A immunoblots from cytoplasmic and 
nuclear fractions in Lamin A KO and Lamin A KO Lamin A / C o v ere xpressing ( O ) A375 and ( P ) SHSY5Y cells. For biochemical fractionation experiments 
the endoplasmic reticulum protein Calreticulin served as cytoplasmic marker while H3 and LMNB1 served as nuclear markers. WT, wild-type cells; 
Lamin A KO, Lamin A knock out cells; LMNA, Lamin A / C; CALR, Calreticulin; H3, Histone H3; LMNB1, Lamin B1. 
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both A375 and SHSY5Y Lamin A KO cells displayed sig-
nificant nuclear AGO2 (Figure 2 G, H). A similar trend was
observed for AGO1 and AGO3 proteins in both A375 and
SHSY5Y Lamin A KO cells ( Supplemental Figure S2 H, I).
In HeLa cells that are characterized by ubiquitous distribu-
tion of AGO2 between the nucleus and the cytoplasm (Fig-
ure 1 B, C), Lamin A KO minimally affected AGO2 localiza-
tion ( Supplemental Figure S2 J). Additionally, we examined
AGO2 protein and RNA levels after Lamin A K O . While A375
cells showed no significant change in AGO2 mRNA levels
( Supplemental Figure S2 K), SHSY5Y Lamin A KO cells exhib-
ited a notable increase ( Supplemental Figure S2 L). This pat-
tern extended to AGO2 protein levels, with a marked rise ob-
served in SHSY5Y Lamin A KO cells but not in A375 Lamin
A KO cells ( Supplemental Figure S2 M,N). 

The shift towards nuclear localization of the AGOs
prompted us to evaluate the proximitome of the nuclear pore
complex using proximity labeling procedures ( 58 ). Proximity
labeling and subsequent purification allows for stringent pu-
rification of proteins from specific subcellular localizations,
without biochemically fractionating cells. Therefore, we es-
tablished SENP2-APEX2 expressing A375 WT and Lamin
A KO cells. The correct localization of SENP2-APEX2 to
the NPC was confirmed ( Supplemental Figure S2 O). Further,
we verified that V5-tagged SENP2-APEX2 protein was ex-
pressed and active ( Supplemental Figure S2 P). By perform-
ing co-immunoprecipitation assay between biotin and AGO2
we observed an enriched proximal localization of AGO2 to
the NPC in the Lamin A KO cells, compared to WT cells
( Supplemental Figure S2 Q). 

Since AGO2 is central for RNAi processes, we next asked
if key components of the RNA induced silencing complex
(RISC) follow the AGO2 trend of nuclear translocation
upon loss of Lamin A. Therefore, we fractionated A375 and
SHSY5Y WT and Lamin A KO cells and examined the sub-
cellular localization of TNRC6A, PABPC and members of the
CCR4-NOT deadenylation complex (CNOT1 and CNOT7).
All tested RNAi factors co-translocated into the nucleus with
AGO2 upon loss of Lamin A (Figure 2 I, J). 

Finally, to test if rescuing Lamin A / C expression is suf-
ficient to restore the cytoplasmic localization of AGO2, we
performed LMNA overexpression experiments in Lamin A
KO A375 and SHSY5Y cells. Localization of ectopically
expressed Lamin A / C at the nuclear envelope was con-
firmed by immunofluorescent staining using anti-Lamin A
antibodies, and transfection efficiency was assessed by GFP
expression (Figure 2 K, L). Moreover, the levels of Lamin
A ectopic expression were confirmed by western blotting
(Figure 2 M,N). Biochemical fractionation revealed a signif-
icant decrease in nuclear AGO2 on Lamin A / C overex-
pression in both A375 and SHSY5Y Lamin A KO cells
(Figure 2 O, P). These results indicate that nuclear im-
port of AGO2 is directly linked with diminished levels of
Lamin A. 

Loss of Lamin A enhanced cell growth and 

oncogenic miRNA expression in SHSY5Y cells, 
while the effect was less pronounced in A375 cells 

We proceeded to characterize Lamin A KO cell pheno-
types and identified significantly increased cell proliferation
in SHSY5Y Lamin A KO cells, while A375 cell growth rate
changed minimally in response to loss of Lamin A (Figure 
3 A, B). Furthermore, both SHSY5Y and A375 Lamin A KO 

cells displayed increased cell viability ( Supplemental Figure 
S3 A, B) and G2 / M cell cycle enrichment ( Supplemental 
Figure S3 C, D). 

To assess the changes in gene expression between A375 

and SHSY5Y Lamin A KO cells compared to their WT coun- 
terparts, we performed RNA sequencing experiments. Princi- 
pal Component Analysis (PCA) revealed significant differen- 
tial gene expression changes between the Lamin A KO and 

WT cells ( Supplemental Figure S3 E, F). In A375 we observed 

1020 upregulated genes and 1582 downregulated genes (Fig- 
ure 3 C, D). In SHSY5Y we found 1479 upregulated genes and 

4067 downregulated genes (Figure 3 C, D). The differences in 

gene expression between Lamin A KO and WT cells, were de- 
picted in a volcano plot (Figure 3 E, F, Supplemental Table S1 ) 
and a GO pathway analysis was performed for the top 100 

differentially expressed genes ( Supplemental Figure S3 G). Our 
overall results reveal a global downregulation of gene expres- 
sion on loss of Lamin A, which is more prominent in SHSY5Y 

cancer cells. 
Since the loss of Lamin A results in AGO2 nuclear translo- 

cation, we next asked whether the relocalization affected the 
miRNA expression. Therefore, we profiled miRNA popu- 
lations bound to AGO1–4 in both WT and Lamin A KO 

cells. AGO1-4 was immunoprecipitated using the T6B peptide 
and bound small RNAs isolated and deep sequenced. Simi- 
lar miRNA profiles were observed in both WT and Lamin A 

KO A375 cells (Figure 3 G; Supplemental Table S2 ), however,
miRNAs were strikingly differentially expressed in SHSY5Y 

cells upon Lamin A KO (Figure 3 H; Supplemental Table S2 ).
Of note, in SHSY5Y cells, we observed potent upregulation 

of several miRNAs encoded by the miR-17 / 92 cluster, such 

as miR -19b, miR -19a, miRNA-18a, miRNA-92a miR-17 and 

miR-20a, upon Lamin A KO (Figure 3 H). The increase in 

miRNA expression in Lamin A KO conditions, was also ac- 
companied by increased AGO2 protein levels and cell prolifer- 
ation in SHSY5Y cells (Figure 3 B; Supplemental Figure S2 N).

Our transcriptomics analyses suggest different mechanisms 
of gene regulation in A375 and SHSY5Y cells to cope for the 
loss of Lamin A, however, both mechanisms lead to a potent 
accumulation of AGO2 in the nucleus. 

RNAi activity is significantly diminished in lamin A 

KO cells 

Having determined that there is substantial translocation of 
AGO2 into the nucleus in cancer cells when Lamin A lev- 
els are diminished and that loss of Lamin A affects gene 
expression and miRNA profiles, we next aimed to further 
understand AGO2 function in the nucleus. AGO2, guided 

by miRNAs, mediates gene regulation by targeting RNAs 
predominantly within coding regions and 3 

′ untranslated 

(3 

′ UTR) regions ( 3 ). Previous studies provided evidence that 
viral infection ( 59 ,60 ) or early differentiation ( 8 ), involve 
AGO2 nuclear function and that AGO2 preferentially binds 
3 

′ UTRs and introns within pre-mRNAs ( 8 ,60 ). To address 
AGO-dependent regulation of gene expression in Lamin A 

KO cells we performed fPAR-CLIP in both WT and Lamin 

A KO A375 and SHSY5Y cells. Cell fractionation and ef- 
ficiency of AGO immunoprecipitation was confirmed (Fig- 
ure 4 A, Supplemental Figure S4 A), as well as purification of 
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Figure 3. Lamin A KO triggers pronounced changes in gene expression and miRNA profile in SHSY5Y and but less in A375 cells. Cellular proliferation 
assa y f or gro wing Lamin A KO and WT ( A ) A375 and ( B ) SHSY5Y cells. Exponential (Malthusian) gro wth line f or proliferation assa y w as fitted f or the data 
sets. Results were calculated from four independent experiments performed in technical duplicates and presented as the mean ± standard deviation. 
Venn diagram of the o v erlap of genes ( C ) upregulated and ( D ) downregulated in SHSY5Y and A375 cells upon Lamin A KO. Volcano plot depicting the 
differential gene expression between WT and Lamin A KO transcripts in ( E ) A375 and ( F ) SHSY5Y cells. miRNA profile bound to AGO1-4 in WT and 
Lamin A KO cells in ( G ) A375 and ( H ) SHSY5Y. WT, wild-type cells; Lamin A KO, Lamin A knock out cells. 
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Figure 4. Nuclear RNAi is diminished upon Lamin A KO. ( A ) R epresentativ e images of AGO2 and GAPDH immunoblots from SHSY5Y WT and Lamin A 

KO cells after immunoprecipitation of AGO1-4 using the T6B peptide. ( B ) Fluorescence SDS-PAGE of 3 ′ labeled AGO1-4 RNP in WT and Lamin A KO 

SHSY5Y cells . Distribution of AGO fPAR-CLIP sequence reads across target RNAs in SHSY5Y ( C ) WT cytoplasmic and nuclear lysate and ( D ) Lamin A KO 

cytoplasmic and nuclear lysate. Cumulative distribution of abundance changes in RNA in SHSY5Y ( E ) WT cytoplasmic fraction ( F ) Lamin A KO 

cytoplasmic fraction and ( G ) Lamin A KO nuclear fraction. For cumulative distribution assays the targets were ranked by number of binding sites from 

top 5–20% and 25–100% and compared to non-targets. WT, wild-type cells, Lamin A KO, Lamin A knock out cells; C and Cyto, cytoplasmic fraction; N 

and Nuc, nuclear fraction; IP, immunoprecipitation; fPAR-CLIP, fluorescent photoactivatable ribonucleoside-enhanced crosslinking and 
immunoprecipitation; RNP, ribonucleoprotein complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ribonucleoprotein (RNP) complexes ( ∼130 kDa corresponds
to AGO1–4 RNP) (Figure 4 B, Supplemental Figure S4 B). 

In the cytoplasmic fraction of WT cells, AGO occupied
predominantly the 3 

′ UTR region of mRNAs (Figure 4 C,
Supplemental Figure S4 C, Supplemental Table S3 ). As ex-
pected, due to the cytoplasmic localization of AGO2 in WT
A375 and SHSY5Y cells, we observed minimal transcript oc-
cupancy of AGO in the nuclear fraction of both SHSY5Y (Fig-
ure 4 C, Supplemental Table S3 ) and A375 cells ( Supplemental 
Figure S4 C, Supplemental Table S3 ). On the other hand, upon
Lamin A KO we observed less specific occupancy, with AGO
binding more evenly distributed between 3 

′ UTR, introns,
and coding regions (Figure 4 D, Supplemental Figure S4 D,
Supplemental Table S3 ), reflecting the shift in AGO subcellular
localization. However, to our surprise, nuclear and cytoplas-
mic AGOs were not distinct in their target RNAs occupancy,
both targeting introns in the Lamin A KO cells (Figure 4 D,
Supplemental Figure S4 D). 

To estimate the RNAi potential of nuclear AGOs we in-
tegrated RNAseq and miRNAseq results from A375 and
SHSY5Y Lamin A KO and WT cells with the AGO fPAR-CLIP
data. Firstly, we ranked genes by their AGO occupancy in WT 

cells and used cumulative distribution analysis to test the ef- 
fect of Lamin A knockout on their expression level (Figure 
4 E, Supplemental Figure S4 E). Only AGO targets containing a 
6mer seed sequence for the top 200 highest expressed miRNAs 
(accounting for < 95% of miRNA expression) were consid- 
ered. The analysis revealed that AGO targets in the cytoplas- 
mic fraction of WT SHSY5Y cells are specifically downregu- 
lated in response to Lamin A K O , where the top AGO targets 
were most downregulated (Figure 4 E). Unlike AGO targets 
in WT cells, the cytoplasmic and nuclear targets of AGO in 

Lamin A KO cells were less downregulated (Figure 4 F,G). In 

contrast to the robust RNAi activity observed in WT SHSY5Y 

cells, AGO-mediated RNAi was negligible in both WT and 

Lamin A KO cells of A375 cells ( Supplemental Figure S4 E–G),
suggesting reduced activity of miRNA pathways in the highly 
proliferative A375 cells. 

In summary, our analysis suggests that the nuclear pool 
of AGO does not effectively regulate genes in Lamin A KO 

cells, despite the co-translocation of RISC components, such 

as TNRC6A (Figure 2 I,J). 
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oss of Lamin A promotes nuclear AGO2 

nteraction with FAM120A, nucleoporins and 

hromatin regulators 

o gain further insights into the nuclear functions of AGO1-
, we investigated the interactome of nuclear AGO proteins
y mass spectrometry using the T6B peptide, which unbi-
sedly binds all four AGO proteins ( 37 ). We identified 184
GO interactors enriched in A375 Lamin A KO nuclei, com-
ared to WT nuclei, which do not express nuclear AGO
nd therefore are treated as a negative control (Figure 5 A,
upplemental Table S4 ). Respectively, in the SHSY5Y Lamin
 KO nuclei, compared to WT nuclei, we identified 141 AGO

nteracting partners (Figure 5 B, Supplemental Table S4 ). Gene
ntology (GO) analysis of the nuclear interacting proteins re-
ealed that they are predominantly involved in splicing, trans-
ation and RNA transport ( Supplemental Figure S5 A,B). 

Further examination of the enriched interacting partners of
uclear AGO revealed 20 overlapping protein interactors be-
ween A375 and SHSY5Y cells (Figure 5 C). Functional an-
otation analysis of this subset of interacting partners fur-
her confirmed that they are involved in regulation of var-
ous aspects of RNA processing, RNA silencing and trans-
ort (Figure 5 D). The list also included nuclear pore complex
NPC) components Nup85, Nup88 and four DNA associ-
ted regulators, including Histone H2B, H2A.V, and the tran-
cription initiation factor TFIID. Interestingly we also iden-
ified the Constitutive coactivator of PPAR-gamma-like pro-
ein 1, FAM120A, as an interacting partner of AGO in the
ucleus (Figure 5 D, Supplemental Table S4 ). FAM120A is an
NA binding protein involved in oxidative stress response

 61 ). FAM120A has previously been suggested to interact with
GO2 and act as a competitor for RNA binding ( 62 ,63 ).
e further validated this hit by co-immunoprecipitation ob-

erving an AGO2:FAM120A interaction in both A375 and
HSY5Y Lamin A KO cells, but not in WT cells (Figure 5 E, F).
AM120A protein levels were significantly increased upon
amin A KO in SHSY5Y cells, but not in A375 cells (Figure
 G, H). Moreover, subcellular fractionation of Lamin A KO
nd WT A375 and SHSY5Y cells revealed that FAM120A sub-
ellular localization follows the trend previously observed for
GO2 (Figure 2 G, H), being exclusively cytoplasmic in WT
ells, but exhibiting both nuclear and cytoplasmic localization
n Lamin A KO (Figure 5 I, J). Further, the AGO2:FAM120A
nteraction in Lamin A KO cells specifically occurs in the nu-
lear fraction (Figure 5 K, L) 

Finally, we speculated that AGO2 may interact with Lamin
 in Hela cells, which are normally positive for nuclear AGO2

Figure 1 B, C). Indeed, we found that AGO2 is in complex
ith Lamin A ( Supplemental Figure S5 C). Moreover, we an-

lyzed Lamin A interactome by mass spectrometry in A375
ells to find possible indications of pathways that may be al-
ered upon loss of Lamin A ( Supplemental Table S4 ). The
O analysis of Lamin A interacting partners revealed in-

olvement in DNA replication and cell division processes
 Supplemental Figure S5 D), which is in line with the observed
henotype of Lamin A KO cells. 
Decrease in Lamin A levels is evident in cancer progression

nd cellular migration, contributing to cancer aggressiveness
 64 ). In this condition, the sum of our findings indicates that
 portion of AGO2 redistributes to the nucleus, where it in-
eracts with RNA processing factors, possibly facilitating the
ancer phenotype. 
FAM120A competes for AGO2 target binding and 

diminishes RNAi in Lamin A KO cells. 

In Lamin A KO cells we observed potent nuclear influx of
AGO2, yet to our surprise, the effect of RNAi was signif-
icantly diminished as compared to WT cells. Therefore, we
next aimed to investigate if FAM120A is involved in compro-
mising RNAi upon Lamin A K O . A study by Kelly, Suzuki
and colleagues in 2019 identified FAM120A as a novel inter-
actor of Ago2 in mouse embryonic stem cells (mESC) ( 63 ).
They found that FAM120A predominantly occupies 3 

′ UTRs
of mRNAs and interestingly, they revealed that a third of all
Ago2 targets in mESC were also co-bound by FAM120A ( 63 ).
These Ago2:FAM120A shared targets were stabilized and not
subjected to Ago2 mediated target suppression ( 63 ). 

In order to investigate the potential link between AGO2
and FAM120A in Lamin A KO cells, we performed FAM120A
fPAR-CLIP from cytoplasmic and nuclear fraction of Lamin A
KO cells in both A375 and SHSY5Y cells. Cell fractionation
and efficiency of FAM120A immunoprecipitation was con-
firmed (Figure 6 A, Supplemental Figure S6 A), as well as pu-
rification of ribonucleoprotein (RNP) complexes ( ∼160kDa
corresponds to FAM120A RNP) (Figure 6 B, Supplemental 
Figure S6 B). 

F AM120A, similarly to AGO , occupies predominantly
3 

′ UTR of target RNAs in the cytoplasm but revealed a more
evenly distributed gene occupancy in the nucleus (Figure
6 C, Supplemental Figure S6 C, Supplemental Table S3 ). We
estimated the overlap of binding sites between AGO and
F AM120A fP AR-CLIPs and observed between 60 and 70%
overlap in both the cytoplasmic and nuclear fraction of
SHSY5Y and A375 cells (Figure 6 D, E, Supplemental Figure 
S6 D, E). Finally, we evaluated the stability of the gene tar-
gets bound only to AGO, only to FAM120A or bound by
both. The common targets were binned according to AGO
binding preference and in SHSY5Y cells we found that co-
bound genes were increasingly stabilized, directly proportion-
ate to the binding strength of AGO (Figure 6 F, G). However,
in A375, the effect of AGO:FAM120A competition could not
be established, even though more than 60% of all genes were
co-bound ( Supplemental Figure S6 F, G), the data again reit-
erating the overall decreased RNAi potential in A375 cells
( Supplemental Figure S4 E–G). 

Taken together, our data indicates that loss of Lamin A
leads to translocation of AGO2 and FAM120A to the nucleus,
where FAM120A binds AGO2 target transcripts and stabilizes
them, effectively shutting down RNAi. 

Discussion 

Since the discovery of RNAi, the prevalent view has been
that RNAi processes are executed in the cytoplasm. RNAi-
mediated silencing of nuclear transcripts was described as
significantly harder to achieve as compared to cytoplasmic
RNAs ( 4 ,5 ). Moreover, immunofluorescent-based imaging as-
says repeatedly showed cytoplasmic AGO2 localization, with
enrichment in P-bodies and endoplasmic reticulum ( 65 ,66 ).
However, improved biochemical fractionation techniques and
imaging assays convincingly showed the nuclear presence of
both AGO proteins, small RNAs and other RNAi factors
( 6 , 8 , 11 , 13 , 26 , 67 ). A GO2:miRNA complexes were found to
actively shuttle to the nucleus ( 6 , 9 , 13 , 60 ) and the nuclear
localization of AGO2 has been shown in several cell lines,
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Figure 5. AGO2 interacts with proteins in v olv ed in RNA processing and transport in the nucleus of Lamin A KO cells, including FAM120A. Volcano plots 
of mass spectrometry hits in Lamin A KO vs WT ( A ) A375 and ( B ) SHSY5Y nuclear lysates. Proteins significantly upregulated in Lamin A KO nucleus are 
indicated in red, blue and black. ( C ) Venn diagram of significantly upregulated mass spec hits in the nucleus of Lamin A KO vs WT A375 (indicated in 
grey) and SHSY5Y (indicated in yellow) cells. ( D ) String analysis of significantly upregulated mass spec hits in the nucleus of Lamin A KO versus WT 
o v erlap betw een A375 and SHSY5Y cells. R epresentativ e images of AGO2 and FAM120A immunoblots from co-immunoprecipitation assa y in ( E ) A375 
and ( F ) SHSY5Y cells. R epresentativ e images of FAM120A immunoblots from whole cell lysates in ( G ) A375 and ( H ) SHSY5Y cells. R epresentativ e 
images of FAM120A immunoblots after biochemical fractionation into cytoplasmic and nuclear fractions in ( I ) A375 and ( J ) SHSY5Y cells. Calreticulin was 
used as a cytoplasmic marker while Lamin B1 served as a nuclear marker. Representative images of AGO2 and FAM120A immunoblots from AGO1-4 
immunoprecipitation assay from cytoplasmic and nuclear lysates in ( K ) A375 and ( L ) SHSY5Y Lamin A KO cells. WT, wild-type cells; Lamin A KO, Lamin 
A knock out cells; C, cytoplasmic fraction; N, nuclear fraction; CALR, calreticulin; LMNB1, Lamin B1; T6B IP, immunoprecipitation using T6B peptide. 
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Figure 6. FAM120A displa y s competitiv e binding of AGO targets. ( A ) R epresentativ e images of FAM102A and PCNA immunoblots from SHSY5Y WT and 
Lamin A KO cells before and after immunoprecipitation of FAM120A. The line visible in the PCNA blot is a scanning artefact. ( B ) Fluorescence SDS-PAGE 
of 3 ′ labeled FAM120A RNP in WT and Lamin A KO SHSY5Y cells. ( C ) Distribution of FAM120A fPAR-CLIP sequence reads across target RNAs in 
SHSY5Y Lamin A KO cytoplasmic and nuclear lysate. Overlap between AGO and FAM120A fPAR-CLIP targets in SHSY5Y cells from ( D ) cytoplasmic 
fraction and ( E ) nuclear fraction. Cumulative distribution of abundance changes in RNA of AGO:FAM120A o v erlapping targets in SHSY5Y Lamin A KO ( F ) 
cytoplasmic fraction and ( G ) nuclear fraction. For cumulative distribution assay the targets were ranked by 25 th percentile and compared to non-targets. 
WT, wild-type cells, Lamin A KO, Lamin A knock out cells; C and Cyto, cytoplasmic fraction; N and Nuc, nuclear fraction; IP, immunoprecipitation; 
fPAR-CLIP, fluorescent photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation; RNP, ribonucleoprotein complex.*** P < 0.001, 
**** P < 0.0 0 01. 
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ncluding HeLa and MCF7 used in our study (Figure 1 B,C)
 6 , 11 , 13 , 14 , 53 , 68 ) and embryonic stem cells ( 8 ). However, the
uclear localization of AGO2 is highly dynamic and in can-
er cells, such as U2OS and HEK293, AGO2 localization is
redominantly cytoplasmic (Figure 1 A,C) ( 8 , 14 , 52 ), suggest-
ng that the fluctuations of nuclear AGO2 are tightly regu-
ated. The discussed results were obtained via biochemical
ractionation and have not been confirmed by immunofluores-
ence imaging. Although our previous work showed nuclear
GO2 localization in stem cells using immunofluorescence-
ased imaging ( 8 ), in cancer cells, the nuclear pool of AGO2
bserved through biochemical fractionation is not reflected in
he immunofluorescent imaging of AGO2. This discrepancy
ould indicate a modification of the AGO2 protein that is not
ecognized by the available antibodies. Despite the large num-
er of reports on nuclear AGO2 functions, the mechanisms
egulating the nuclear localization of AGO2, or its mode of en-
ry, remains largely unknown. Furthermore, little connection
as been made between the subcellular localization of AGO
nd its effect on cancer cell growth. Recently, a report showed
 shift from exclusively cytoplasmic to ubiquitous localization
f AGO2 in normal vs. malignant colon tissues ( 11 ), suggest-
ng possible tumor-promoting functions of nuclear localized
GO2. 
Nucleocytoplasmic translocation requires passing through

he nuclear envelop (NE). The NE composition was found
o be highly dynamic in cellular differentiation. While B-type
amins are steadily expressed, Lamin A / C is expressed at very

ow levels in stem cells but increases during differentiation
( 69 ,70 ). High levels of nuclear AGO2 have been shown in
mouse and human stem cells ( 8 ), pointing to a possible cor-
relation between nuclear AGO2 localization and Lamin A / C
expression. However, the involvement of the nuclear lamina
in the regulation of human AGO protein localization and
function has not been demonstrated before. In this study, we
found a relationship between Lamin A levels and AGO2 sub-
cellular localization in cancer cells. Different experimental ap-
proaches pointed to a potent translocation of AGO2 into the
nucleus in SHSY5Y neuroblastoma, A375 melanoma cells,
HEK293 kidney cells, and U2OS bone cancer cells upon si-
lencing of LMNA expression (Figure 1 E, F, Figure 2 G, H,
Supplemental Figure S1 B, C). The nuclear translocation was
completely reversed when Lamin A expression was transiently
rescued (Figure 2 O, P). Thus, nuclear AGO2 expression, in the
studied cell lines, seems to be directly dependent on low A-type
Lamin levels. 

Moreover, Lamins are speculated to play a role in can-
cer progression and to be altered in response to it ( 31 ,70 ).
LMNA is either mutated or significantly decreased in breast
cancer , ovarian cancer , primary gastric carcinoma, and colon
cancer ( 69 ,71 ). Consistent with reports pointing to tumor-
promoting functions of decreased A-type Lamins, our experi-
ments showed increased viability of A375 and SHSY5Y cancer
cells in response to Lamin A KO ( Supplemental Figure S3 A, B).
Furthermore, we observed a significant increase in cell pro-
liferation of SHSY5Y cells (Figure 3 B), while little change in
cell proliferation was observed in A375 cells (Figure 3 A), in-
dicating that A375 cells have reached a plateau in prolifera-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
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tion, which cannot further be affected by decreased Lamin A
levels. 

The activity of AGO proteins in the nucleus of cancer
cells remain to be fully defined. In the nucleus AGO pro-
teins have been implicated in the regulation of RNA stability,
but also in chromatin remodeling, transcriptional gene reg-
ulation, alternative splicing, DNA repair, transposon silenc-
ing, apoptosis inhibition, and regulation of telomerase activ-
ity ( 6–11 , 16 , 17 ). Of note, several studies convincingly showed
efficient RNAi in the cell nuclei of embryonic stem cells, as
well as human and murine cancer cells, with various meth-
ods, including CLIP and RIP techniques, proteomic and tran-
scriptomic studies, and immunofluorescence ( 8 , 13 , 60 , 72 , 73 ).
Despite these findings, other report suggested inhibition of
the canonical RNAi pathway in the nucleus ( 11 ). To under-
stand nuclear RNAi activity upon Lamin A K O , we performed
fPAR-CLIP (Figure 4 , Supplemental Figure S4 ). In the case of
SHSY5Y cells, we observed significant RNAi impairment in
Lamin A KO cells as compared to control cells (Figure 4 E–
G). Interestingly, the inhibition was found both in the cy-
toplasm and nucleus, suggesting an overall RNAi suppres-
sion upon Lamin A knockout, not directly connected to the
cellular localization of AGO proteins (Figure 4 F, G). Since
SHSY5Y Lamin A KO cells were characterized by a more tu-
morigenic phenotype ( Supplemental Figure S2 E, Figure 3 B,
Supplemental Figure S3 B, D), the observed RNAi inhibition
might mimic the downregulated miRNA pathways found in
aggressive cancer tissues and cell lines ( 18–22 ), rather than
reflect nuclear AGO activity. This is suggestive of the RNAi ef-
fect we observed in A375, which was minimal and indicative
of the fact that the miRNA pathway is not highly regulated in
A375 melanoma cancer cells, as in SHSY5Y neuroblastoma
cells. 

The execution of RNAi dependent gene regulation is di-
rectly linked to AGO proteins and their miRNA co-factors
( 2 ,3 ). Although cancer cells are characterized by the global
downregulation of miRNA expression and inhibition of
miRNA biogenesis, several miRNA species have been de-
scribed as oncogenes and are upregulated in malignant tis-
sues ( 1 ). To understand the RNAi deregulation we observed
upon Lamin A loss in more detail, we sequenced the miRNA
species in WT and Lamin A KO cells. Like fPAR-CLIP, we
observed a high degree of overlap in the miRNA profiles in
A375 Lamin A KO and WT cells (Figure 3 G). This once again
stressed the lack of a strong phenotypic and genotypic ef-
fect of Lamin A loss on highly proliferative cancer cells. On
the contrary, in the case of SHSY5Y cells, we found signifi-
cant alteration in miRNA expression in Lamin A KO cells as
compared to control cells (Figure 3 H). The top upregulated
miRNA species are members of the miRNA-17 / 92 cluster,
one of the best-described oncogenic miRNA families ( 1 ,74 ).
In neuroblastoma, miRNA-17 / 92 expression is positively cor-
related with higher malignancy and poor overall outcome
( 24 ,25 ). Moreover, high expression of the cluster is triggered
by the primary neuroblastoma-associated oncogene, MYCN,
and directly linked to enhanced cellular proliferation and im-
paired differentiation ( 24 ,25 ). Hence, the miRNA deregula-
tion found upon Lamin A KO in SHSY5Y contributes to the
observed phenotypical changes, underlying the importance of
precise regulation of RNAi activity in cancer progression. 

Since RNAi is an essential cellular process, its activity is
fine-tuned by various molecular mechanisms. RBPs are im-
portant factors that regulate the activity of RNAi predomi-
nately by acting as competitors, either against RISC compo- 
nents or competitors for target mRNA binding ( 23–25 ). Most 
RBPs were shown to enhance RNAi activity by rearranging 
the secondary structure of target transcripts and thus improv- 
ing miRNA binding site accessibility ( 75 ). Yet, a few RBPs 
were found to selectively inhibit miRNA-dependent destabi- 
lization of certain transcripts ( 23–25 ,76 ). For instance, the 
ELAVL gene family encodes several RBPs responsible for sta- 
bilizing transcripts promoting cell proliferation by masking 
miRNA binding sites ( 23 ,24 ). In our study, proteomics of 
AGO interactome from the nuclear fraction unveiled an in- 
teraction between AGO and FAM120A in both A375 and 

SHSY5Y cells (Figure 5 A,B). This interaction was previously 
shown in stem cells and T47D breast cancer cells ( 61 ,63 ). Of 
note, both studies used Flag-AGO2 overexpression systems 
( 61 ,63 ), while we detected an interaction between endogenous 
AGO2 and FAM120A proteins of Lamin A KO cells (Figure 
5 E,F, Figure 5 K,L). iCLIP of Flag-FAM120A and Flag-AGO2 

in stem cells revealed a fraction of mRNAs that was bound 

by AGO2 and FAM120A simultaneously ( 63 ). On those sub- 
sets of genes, AGO2 did not mediate target degradation ( 63 ).
Similarly, we found a profound overlap between transcripts 
bound by AGO proteins and FAM120A in the Lamin A KO 

cells (Figure 6 D, E, Supplemental Figure S6 D, E). Moreover,
our data confirm that those targets common between AGO 

and FAM120A were stabilized (Figure 6 F, G). The protec- 
tive effect of FAM120A was found in both the cytoplasmic 
and nuclear fraction, suggesting that the direct interaction be- 
tween AGO and FAM120A is dispensable for transcript bind- 
ing and stabilization. Our data suggest that the interaction 

between AGO and FAM120A is RNA-dependent, directed by 
binding to a common set of transcripts via different binding 
sites. It would be interesting to study this interaction in de- 
tail by examining AGO and FAM120A binding to a specific 
common RNA target using EMSA. Alternatively, the common 

RNA binding by FAM120A and AGO could be explored fur- 
ther by performing tandem immunoprecipitation of the pro- 
teins, followed by PAR-CLIP. 

In this study, we revealed a new layer of regulation of RNAi.
We uncovered that the downregulation of Lamin A in cancer 
cells, an alteration promoting cancer aggressiveness, is suffi- 
cient to trigger AGO2 nuclear influx accompanied by pro- 
found impairment of RNAi in both the cytoplasm and nu- 
cleus of Lamin A KO cells. In contrast, potent nuclear RNAi 
was observed in mESC, where nuclear AGO2 is expressed at 
high levels in steady-state conditions ( 8 ). Lamin A loss trig- 
gered significant phenotypical alterations, including enhanced 

proliferation and dedifferentiation. Notably, we found that 
FAM120A protein co-binds AGO targets, rendering them sta- 
bilized, in Lamin A KO conditions. Corresponding observa- 
tions were previously made in embryonic stem cells, albite to a 
lesser degree. Together, our data gives insights into the molec- 
ular mechanisms of fine-tuning RNAi activity in cancer cells. 

Data availability 

The mass spectrometry proteomics data have been de- 
posited to the ProteomeXchange Consortium ( http: 
//proteomecentral.proteomexchange.org ) via the PRIDE part- 
ner repository ( 77 ). with the dataset identifier PXD042899.
fPAR-CLIP sequencing data are available on the NCBI 
Short-Read Archive (SRA) under the accession number 
GSE261593. RNA sequencing data are available on the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae589#supplementary-data
http://proteomecentral.proteomexchange.org
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CBI Short-Read Archive (SRA) under the accession number
SE235156. miRNA sequencing data are available on the
CBI Short-Read Archive (SRA) under the accession number
SE261422. 

upplementary data 

upplementary Data are available at NAR Online. 
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