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Abstract 

DNA damage represents a challenge for cells, as this damage must be eliminated to preserve cell viability and the transmission of genetic 
information. To reduce or eliminate unscheduled chemical modifications in genomic DNA, an e xtensiv e signaling netw ork, kno wn as the DNA 

damage response (DDR) pathw a y , ensures this repair . In this w ork, and b y means of a proteomic analysis aimed at studying the STIM1 protein 
interactome, w e ha v e f ound that S TIM1 is closely related to the protection from endogenous DNA damage, replicativ e stress, as w ell as to 
the response to interstrand crosslinks (ICLs). Here we show that STIM1 has a nuclear localization signal that mediates its translocation to the 
nucleus, and that this translocation and the association of STIM1 to chromatin increases in response to mitomycin-C (MMC), an ICL-inducing 
agent. Consequently , STIM1 -deficient cell lines show higher levels of basal DNA damage, replicative stress, and increased sensitivity to MMC. 
We show that STIM1 normalizes FANCD2 protein levels in the nucleus, which explains the increased sensitivity of STIM1-KO cells to MMC. This 
study not only un v eils a pre viously unkno wn nuclear function for the endoplasmic reticulum protein STIM1 but also expands our understanding 
of the genes in v olv ed in DNA repair. 
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Introduction 

STIM1 is an endoplasmic reticulum (ER)-resident protein
whose function is to regulate plasma membrane Ca 2+ chan-
nels ( 1 ,2 ). Mediated by a Ca 2+ -binding domain oriented to-
ward the ER lumen, STIM1 acts as an intraluminal Ca 2+

sensor. When the Ca 2+ concentration decreases below a cer-
tain threshold, STIM1 undergoes a conformational change,
resulting in clustering and relocalization toward regions of
ER and plasma membrane (PM) junctions ( 3–5 ). In these re-
gions, STIM1 regulates the opening of plasma membrane Ca 2+

channels by direct interaction of the cytoplasmic domain of
STIM1 with the Ca 2+ channels ( 6 ). This domain is known
as STIM1-ORAI1 activating domain ( 7 ), because one of the
channels regulated by STIM1 is ORAI1 ( 8 ). Consequently,
Ca 2+ influx through STIM1-regulated channels is referred to
as store-operated Ca 2+ entry (SOCE). This influx of extracellu-
lar Ca 2+ modulates numerous cellular events, such as cortical
cytoskeleton reorganization, cell migration, the cell cycle, and
the regulation of gene expression [reviewed in ( 9 )]. This exten-
sive regulation is attributed to the numerous Ca 2+ -dependent
signaling pathways that rely on STIM1 / ORAI1. 

While the human STIM1 gene (ENSG00000167323) has
multiple transcriptional variants, its gene products have
the same function as the canonical STIM1 protein (RefSeq
NP_003147), i.e. the Ca 2+ sensing and the regulation of Ca 2+

channels ( 10 ). An additional function has been described for
STIM1 in repressing the innate immune response. STIM1 has
the ability to tether STING, a major inducer of the interferon 

response, to the ER, thereby preventing STING translocation 

to the ER-Golgi intermediate compartment and its activation 

( 11 ). This novel function is mediated by the N-terminal do- 
main of STIM1 and is linked to the activity of STIM1 as a Ca 2+ 

sensor because the conformational change in STIM1 may un- 
derlie the reduced effectiveness of STIM1 as an ‘ER retention 

factor’ upon STIM1 activation due to Ca 2+ store depletion 

( 11 ,12 ). 
STIM1 has a cytoplasmic domain that is still poorly studied,

with large regions lacking defined functions. To fill this lack 

of knowledge we have carried out an analysis of the STIM1 

interactome and have found numerous proteins related to nu- 
cleocytoplasmic trafficking and DNA repair. In this work, we 
have validated some of these interactions and identified a nu- 
clear localization sequence (NLS) in STIM1 that mediates its 
transport to the inner nuclear membrane (INM). One of the 
STIM1 interactors that we have found is the Fanconi anemia 
(F A) protein F ANCD2. F A, often referred to as F A / BRCA, is
a genome instability disorder associated with developmental 
defects, bone marrow failure, and a predisposition to acute 
myeloid leukemias (AML), head-and-neck or breast cancers 
( 13–16 ). 

To date, 22 mutated genes have been identified in FA pa- 
tients, and their gene products are named from FANCA to 

FANCW ( 17 ). One of the main functions of the FA / BRCA 

pathway is to repair DNA interstrand crosslinks (ICLs), which 
Gr aphical abstr act 
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are covalent links between the two strands of the DNA that 
can distort the DNA helix and block the separation of the two 

DNA strands. This mechanical constraint blocks replication 

and transcription, and results in a slowing down of the cell 
S-phase and the accumulation of cells in G2 / M phase because 
of unreplicated DNA caused by unrepaired ICLs. According 
to the current model, which is based on in vitro data, ICL re- 
pair by the FA pathway only occurs after a collision between 

two replication forks ( 18 ). The first detectable event in this 
repair is the active unloading of the stalled CMG helicases, 
a step dependent on ubiquitin signalling and the BRCA1- 
BARD1 tumour suppressor complex ( 19 ). Then, ubiquitylated 

F ANCD2 / F ANCI localizes to the ICL and promotes dual in- 
cisions on either side of the ICL (referred to as ‘unhooking’) 
by recruiting of the SLX4 nuclease complex ( 20 ). The ICL 

unhooking generates a two-ended double strand break (DSB) 
and a DNA adduct, both of which are repaired by the cooper- 
ation of homologous recombination, translesion DNA poly- 
merases, and nucleotide excision repair (NER), reviewed in 

( 21 ). The FA repair pathway is widely considered as the main 

ICL repair pathway, though this has been challenged by some 
data obtained from cells in which fork convergence at an ICL 

comprises less than 20% of the observed events, with traverse 
and single fork collisions representing the majority of the ob- 
served events ( 22–24 ). 

To date, there is no reported relationship between STIM1 

and DNA repair pathways. However, this study proposes a 
novel non-canonical function for STIM1: the regulation of 
DNA damage repair, including the damage caused by ICLs- 
inducing agents. This newly discovered function is supported 

by the description of a set of interactors, such as FANCD2, 
FANCI, importins, as well as by the spatial regulation of 
STIM1 in response to mitomycin-C (MMC), an ICL-inducing 
agent. In addition, STIM1 has been found to accumulate at 
the nuclear envelope as well as in the chromatin-associated 

fraction of proteins, in response to MMC. Moreover, STIM1- 
KO cells showed enhanced endogenous DNA damage and 

greater sensitivity to MMC, hydroxyurea (HU), and aphidi- 
colin, when compared to wild-type cells. 

Materials and methods 

Reagents 

Chemicals 
Importazole (#401105), benzonase (#E1014), hydrox- 
yurea (#H8627), and Duolink In Situ Detection Reagents 
(#DUO92008) were purchased from Merck Life Science 
(Madrid, Spain). Mitomycin-C (sc-3514B), aphidicolin (sc- 
2201535), and rapamycin (sc-3504) were purchased from 

Santa Cruz Biotechnology (Bergheimer, Germany). Dul- 
becco’ s modified Eagle’ s medium (DMEM) was purchased 

from ThermoFisher Scientific (Waltham, MA, USA). Collagen 

type I was purchased from Corning (Corning, NY, USA). 
Clarity Max™ Western ECL substrate was from Bio-Rad 

(Hercules, CA, USA). 

Antibodies 
The full list of antibodies used in this study is provided in the 
Supplementary Table S1 . 

Secondary HRP-labelled antibodies were from Pierce 
(ThermoFisher Scientific, Waltham, MA, USA). Chromotek 

GFP-Trap agarose beads were purchased from Proteintech 

(Planegg-Martinsried, Germany). 

Biological resources 

Cell lines 
Flp-In™ HEK293 T-REx cells were purchased from Ther- 
moFisher Scientific. U2OS cells were a kind gift from Dr Gopal 
Sapkota (University of Dundee), and they were modified to 

be stably transfected with the Flp-In™ system. U2OS cells 
edited by CRISPR / Cas9 to knock-out STIM1 or ORAI1 ex- 
pression (STIM1-KO or ORAI1-KO U2OS cells) were gener- 
ated and characterized elsewhere ( 25 ). Mycoplasma contam- 
ination was monitored with the mycoplasma Gel Detection 

Kit (Ref. #4542 from BioTools (Madrid, Spain) and all cell 
stocks used in this work were tested and found negative for 
this contamination. 

DNA constructs 
The vector for the inducible expression of STIM1-GFP or 
Flag-STIM1 was generated by inserting the cDNA of the hu- 
man STIM1 isoform 2 (RefSeq accession NM_003156.4) into 

the Bam HI–Not I sites of the pcDNA5 / FRT / TO-GFP or the 
pcDNA5 / FRT / TO-Flag vector, both described in ( 26 ). Sub- 
sequent site-directed mutagenesis was performed with the 
QuikChange Multi Site-Directed Mutagenesis Kit (Agilent 
Technologies, Santa Clara, C A, US A) or by overlap extension 

PCR for large insertions or deletions. The construct for the ex- 
pression of mouse STIM1-GFP has been described and char- 
acterized elsewhere ( 26 ,27 ). The construct for the stable and 

inducible expression of GFP-RAN (#DU31985) is available 
from https:// mrcppureagents.dundee.ac.uk/ . Directed mutage- 
nesis to express GFP-RAN Q69L was performed as described 

above. 
For FKBP12-FRB dimerization assays, the coding sequence 

of the human FKBP rapamycin binding (FRB) domain of 
mTOR was cloned between STIM1 and GFP coding se- 
quences, using the Not I site, in the pcDNA5 / FRT / TO-GFP 

vector. In addition, two additional copies of the FRB domain 

of mTOR were cloned after the GFP coding sequence, using 
an Xho I site, to facilitate the rapamycin-induced dimerization. 
FK506 binding protein (FKBP12) coding sequence was cloned 

into a pCMV5 plasmid, adding a (3 ×)PAAKKKKLD sequence 
that acts as a NLS ( 28 ) at the N-terminus of FKBP12. The 
cDNA of mCherry was cloned at the C-terminus of FKBP12 

using Eco RI and Not I sites. 
All DNA constructs were verified by DNA sequencing at 

the Sequencing Facility of the Universidad de Extremadura. 
DNA constructs used for transfections were purified from Es- 
c heric hia coli DH5 α using ZR Plasmid kits (Zymo Research, 
Irvine, C A, US A). Transfection of cells with DNA constructs 
was performed with 1.5 μg plasmid DNA per 10-cm dish and 

polyethyleneimine (Polysciences Inc., Eppelheim, Germany) in 

serum-containing medium, except for the generation of stable 
cell lines with pcDNA / FRT / TO vectors, where 0.5 μg con- 
struct + 4.5 μg of the pOG44 Flp recombinase expression vec- 
tor were used. 

Generation of stable cell lines and CRISPR / Cas9 

genome editing 

Flp-In T-REx HEK293 cells, able to inducibly express tagged 

STIM1, were generated as described elsewhere ( 26 ,27 ). Briefly, 
cells were transfected with a mixture containing the cDNA in 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://mrcppureagents.dundee.ac.uk/
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the pcDNA5-FRT / TO vector and the pOG44 vector at a 1:9 

ratio using polyethyleneimine. After 48 h, the medium was 
replaced with a medium supplemented with 100 μg / ml hy- 
gromycin B + 15 μg / ml blasticidin to select stably transfected 

cells. HEK293 cells were cultured on 10-cm diameter dishes 
using Dulbecco’s modified Eagle’s medium (DMEM) with 

10% (v / v) fetal bovine serum, 2 mM l -glutamine, 100 U / ml 
penicillin, 0.1 mg / ml streptomycin, 100 μg / ml hygromycin B, 
and 15 μg / ml blasticidin. The cells were maintained in a hu- 
midified atmosphere of 95% air / 5% CO 2 at 37 

◦C. Prior to 

assays, cells were treated with 1 μg / ml doxycycline for 22–24 

h to induce expression of tagged STIM1. 
Genome editing to knock-out the expression of the hu- 

man STIM1 in Flp-In T-Rex HEK293 cells (gene RefSeq ac- 
cession NG_016277.1) was performed following established 

procedures used for other cell lines ( 25 , 29 , 30 ). Briefly, exon 

5 was selected as the CRISPR target site and the guide pair 
(sense 5 

′ -(G)A GATGA CA GA CCGGA GTCAT and antisense 
5 

′ -(G)AGTCCCTGTCATGGTGGTGT) were identified using 
the Sanger Institute CRISPR webtool ( https://wge.stemcell. 
sanger.ac.uk//find _ crisprs ). Complementary oligos with Bbs I 
compatible overhangs were designed according to the Zhang 
method ( 31 ). These dsDNA guide inserts were then lig- 
ated into Bbs I-digested target vectors. The antisense guide 
was cloned into the spCas9 D10A expressing vector pX335 

(Addgene Plasmid #42335), while the sense guide into the 
puromycin selectable plasmid pBABED P U6 (University of 
Dundee). The resulting constructs have been used in previ- 
ous studies to successfully knock-out the STIM1 locus in 

U2OS cells ( 25 ), PC3 cells ( 29 ) and SH-SY5Y cells ( 30 ). These 
constructs (#DU52282 and #DU52301) are available from 

https:// mrcppureagents.dundee.ac.uk/ . HEK293 cells were co- 
transfected with 1 μg of each plasmid using polyethyleneimine 
in a 10-cm dish. After 24 h of recovery and an additional 48 h 

of puromycin selection (2 μg / ml), the cell pool was sorted 

by FACS, and clones were subsequently analyzed for STIM1 

depletion by immunoblotting. Genomic DNA from selected 

clones was isolated, and the region surrounding the target site 
of the guide RNAs at exon 5 was amplified by PCR (for- 
ward primer: 5 

′ -CAA GA GCTA GAA GTGTTCCTGGG; re- 
verse primer: 5 

′ -CTTTGGTTTCC ATGGC AC AGC). The re- 
sulting PCR products were subcloned using the StrataClone 
Blunt PCR Cloning Kit (Agilent Technologies) and 10 colonies 
were picked and sequenced to verify the presence of indels. Se- 
quencing data revealed a 47 bp deletion, thus confirming the 
successful KO of the STIM1 locus ( Supplementary Figure S1 ). 

Mass spectrometry analysis of STIM1 interactome 

Preparation of samples and proteolytic digestion ‘on beads’ 
STIM1-GFP was pulled-down from HEK293 cells stably 
expressing STIM1-GFP (mouse STIM1, RefSeq accession 

NP_033313.2), as described elsewhere ( 26 , 27 , 32 , 33 ). Cells 
were lysed using the following buffer: 50 mM Tris–HCl (pH 

7.5), 1 mM EGTA, 1 mM EDTA, 1 mM DTT, 1% (w / v) Non- 
idet P40 (NP-40), 1 mM sodium orthovanadate, 50 mM NaF, 
5 mM sodium pyrophosphate, 0.27 M sucrose, 0.1% (v / v) 
2-mercaptoethanol, 1 mM benzamidine and 0.1 mM phenyl- 
methylsulphonyl fluoride (PMSF) (whole cell lysate buffer). 
Samples were lysed with 0.5 ml of ice-cold lysis buffer / 10- 
cm dish, sonicated with 4 × 10-sec pulses with a setting of 
40% amplitude using a Branson digital sonifier, and then 

centrifuged at 20 000 × g for 20 min (4 

◦C). Protein con- 

centration was determined using the Coomassie Protein As- 
say Reagent (ThermoFisher Scientific). Equilibrated GFP-Trap 

agarose beads (8 μl) were added to 1 mg of the clarified cell 
lysate. Lysates were incubated with the beads for 1 h at 4 

◦C 

with gentle shaking. The agarose beads were washed three 
times with 1 ml lysis buffer containing 0.15 M NaCl and twice 
with buffer A (50 mM Tris–HCl (pH 7.5) and 0.1 mM EGTA). 
Agarose beads were resuspended in 2 M urea + 100 mM am- 
monium bicarbonate buffer and stored at −20 

◦C. On-bead 

digestion was performed from the supernatants. Four biolog- 
ical replicates were digested with Lys-C (Alpha Laboratories) 
and trypsin (Promega) on beads as previously described ( 34 ) 
and desalted using StageTip ( 35 ). 

MS analysis 
Peptides resulting from all digestions were separated by 
nanoscale C18 reverse-phase liquid chromatography using an 

EASY-nLC II 1200 (Thermo Scientific) coupled to an Orbi- 
trap Q-Exactive HF mass spectrometer for the in-gel diges- 
tion, or to an Orbitrap Fusion Lumos for the on-beads diges- 
tion (Thermo Scientific). For both instruments a nanoelectro- 
spray ion source (Sonation) was used for ionization in posi- 
tive mode. Chromatography was carried out using a 50 cm 

(on-beads digestion) fused silica emitter (CoAnn Technolo- 
gies) packed in house with reverse phase Reprosil Pur Basic 
1.9 μm (Dr Maisch GmbH). For the full scan a resolution of 
60 000 at 250 Th was used. The top ten most intense ions in 

the full MS were isolated for fragmentation with a target of 
100 000 at a resolution of 15 000 at 250 Th. MS data were 
acquired using the XCalibur software (Thermo Fisher Scien- 
tific). An Active Background Ion Reduction Device (ABIRD, 
ESI solutions) was used to decrease air contaminants signal 
level. 

Data analysis 
The MS Raw data were processed with MaxQuant software 
( 36 ) version 1.6.3.3 and searched with Andromeda search en- 
gine ( 37 ) querying SwissProt ( 38 ) Homo sapiens (42438 en- 
tries). First and main searches were performed with precur- 
sor mass tolerances of 20 ppm and 4.5 ppm, respectively, and 

MS / MS tolerance of 20 ppm. The minimum peptide length 

was set to six amino acids and specificity for trypsin cleavage 
was required. Cysteine carbamidomethylation was set as fixed 

modification, whereas methionine oxidation, phosphorylation 

on serine-threonine-tyrosine, and N-terminal acetylation were 
specified as variable modifications. The peptide, protein, and 

site false discovery rate (FDR) was set to 1%. All MaxQuant 
outputs were analyzed with Perseus software version 1.6.2.3 

( 39 ). 
Protein abundance was measured using label-free quantifi- 

cation algorithm available in MaxQuant ( 40 ) and reported in 

the ProteinGroups.txt file. Reverse and contaminant hits were 
removed, and only protein groups identified with at least one 
unique peptide were allowed in all lists of identified proteins. 
Only proteins robustly quantified in all three replicates in at 
least one group, were allowed in the list of quantified pro- 
teins. Missing values were imputed separately for each col- 
umn, and significantly enriched proteins were selected using a 
permutation-based unpaired t-test with FDR set at 1%, com- 
paring all samples to GFP. The results are summarized in the 
Supplementary Table S2 . 

https://wge.stemcell.sanger.ac.uk//find_crisprs
https://mrcppureagents.dundee.ac.uk/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
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Immunoblot 

Clarification of lysates were performed as indicated above 
for the preparation of MS analysis. Lysates (10–40 μg) were 
subjected to electrophoresis on polyacrylamide gels and sub- 
sequent electroblotting to nitrocellulose membranes. Mem- 
branes were blocked for 1 h at room temperature (RT) in 

blocking buffer: TBS-T (Tris-buffered saline buffer, pH 7.5, 
with 0.2% Tween-20) containing 10% (w / v) non-fat milk. 
Then, the membranes were incubated overnight with the spe- 
cific antibody (see Supplementary Table S1 ), washed with 

TBS-T, and then incubated with anti-IgG horseradish peroxi- 
dase (HRP)-conjugated secondary antibodies (1:10 000 dilu- 
tion in all cases) for 1 h at RT. Clarity Max™ Western ECL 

substrate was added to the membranes and the signal recorded 

with ChemiDoc XRS+ system (BioRad, Hercules, CA, USA). 
The recorded signal was quantified by volumetric integration 

using the Image Lab software (BioRad). 
For the detection of ubiquitylated FANCD2, whole cell 

lysates were prepared with RIPA buffer (150 mM NaCl, 
1% Triton X-100, 0.5% sodium deoxycholate, and 0.1% 

SDS), supplemented with 0.1% (v / v) 2-mercaptoethanol, 1 

mM benzamidine, 0.1 mM phenylmethylsulphonyl fluoride 
(PMSF) and 10 mM iodoacetamide. Other conditions were 
as described above for whole cell lysate preparation. 

Co-immunoprecipitation analysis 

To study the interaction of proteins with STIM1-GFP, tagged 

STIM1 (human STIM1, NP_003147.2) was pulled-down with 

GFP-Trap beads, as described above for the preparation of 
STIM1 interactome by MS analysis. After the final wash- 
ing step with buffer A, proteins were eluted from the GFP- 
Trap beads by the addition of 15 μl NuPAGE-LDS sample 
buffer + 2.5% β-mercaptoethanol to the beads. Eluted pro- 
teins were heated at 90 

◦C for 4 min and analyzed by im- 
munoblot, as indicated above. 

To immunoprecipitate endogenous STIM1, 2.5 mg 
HEK293 cell lysate was clarified with 3 × 15-min incu- 
bations of the lysate with 10 μl protein A / G-agarose beads 
and gentle rotation at 4 

◦C. Clarified lysates were incubated 

with 5 μl anti-STIM1 antibody (Cell Signaling Technology, 
#5668) in binding buffer (10 mM NaPO 4 pH 7.0, 140 mM 

NaCl, 0.05% Triton X-100) overnight at 4 

◦C with gentle 
rotation. Then, 22 μl Dynabeads Protein A (Invitrogen 

#10001D) were added to the lysates and incubated for 1 

h at 4 

◦C. Dynabeads were washed with binding buffer 3 

times, precipitated with a DynaMag rack, and eluted in 20 

μl NuPAGE-LDS sample buffer + 2.5% β-mercaptoethanol. 
Eluted proteins were analyzed by immunoblot. Negative 
controls in the absence of specific antibody were carried out 
with normal rabbit IgG (Cell Signaling Technology #2729). 

Preparation of whole nuclear lysates 

The subcellular fractionation to isolate cytoplasmic and 

nuclear proteins was adapted from ( 41 ). Briefly, cells (5–
10 × 10 

6 ) were washed with PBS and lysed in 0.5 ml of 
CSK buffer A (340 mM sucrose, 10 mM KCl, 1.5 mM MgCl 2 , 
10 mM HEPES, pH 7.9, 0.1% Triton X-100, 10% glycerol, 
1 mM PMSF, 1 mM DTT, 1 mM benzamidine) for 10 min on 

ice. Cell lysate was centrifuged at 1300 × g for 5 min at 4 

◦C 

to separate cytoplasmic proteins (supernatant) and nuclei (pel- 
let). Nuclei were lysed in CSK buffer B (3 mM EDTA, 0.2 mM 

EGTA, pH 8.0, 1 mM DTT, 1 mM PMSF, 1 mM benzamidine) 

and were incubated for 10 min on ice (at a ratio of 500 μl 
buffer:100 μl pellet volume). Finally, nuclei were sonicated 

and clarified as indicated above for whole cell lysates. 

Preparation of nuclear envelope 

Nuclear envelopes were prepared by the method described by 
Dreger et al. ( 42 ). Briefly, the nuclei (5–8 mg of protein) were 
suspended in 25 ml of ice-cold TP buffer (10 mM Tris–HCl, 
pH 8.0, 10 mM Na 2 HPO 4 , 1 mM PMSF, 1 mM benzamidine) 
containing 250 μg / ml of heparin, 1 mM Na 3 VO 4 , 10 mM 

NaF and 400 units of benzonase (ThermoFisher Scientific). 
The suspension was stirred for 90 min at 4 

◦C. Nuclear en- 
velopes were then pelleted by centrifugation at 10 000 × g for 
30 min at 4 

◦C, and resuspended in STM 0.25 buffer (50 mM 

Tris–HCl, pH 7.5, 0.25 M sucrose, 5 mM MgCl 2 , 2 mM DTT, 
1 mM PMSF, 1 mM benzamidine) at ∼0.2–0.5 mg / ml. 

Preparation of endoplasmic reticulum lysates 

The process used to isolate proteins associated with the ER 

was adapted from a previously published protocol ( 43 ). In 

brief, cells were washed with ice-cold PBS and harvested in 2 

ml of PBS. After a 5-min centrifugation at 500 × g, the cell pel- 
lets were resuspended in 2 ml of ice-cold PBS and centrifuged 

at 1800 × g at 4ºC for 10 min. Cells were then resuspended in 

2 ml of MTE buffer (containing 10 mM Tris–HCl, pH 7.4, 270 

mM d -mannitol, 0.1 mM EDTA, 0.1 mM PMSF, 1 mM ben- 
zamidine) and the cell suspension was sonicated with 3 × 10- 
s pulses at 40% amplitude. Then, the lysates were centrifuged 

for 10 min at 15 000 × g at 4ºC. The resulting supernatant 
was layered over a discontinuous sucrose gradient (2, 1.5, 1.3 

M sucrose) in MTE buffer and centrifuged at 152 000 × g for 
70 min. A small volume (0.4–0.6 ml) of the large white band 

at the 1.3 M sucrose layer was extracted and mixed with 7 

volumes of MTE buffer to dilute sucrose. Finally, the samples 
were ultracentrifuged at 126 000 × g for 45 min, and the pel- 
let containing the ER extracts was resuspended in ∼100 μl of 
PBS. 

Isolation of chromatin-associated protein fraction 

The isolation of proteins bound to chromatin was carried out 
following a previously described protocol ( 44 ) with minor 
modifications. Cells were washed with PBS at RT, scrapped 

in 1 ml of ice-cold PBS, and then centrifuged at 300 × g for 
5 min. The resulting cell pellets were lysed in 5 volumes of 
lysis buffer (50 mM HEPES–KOH, pH 7.5, 140 mM NaCl, 
1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X- 
100, 1 mM DTT, 0.1 mM PMSF, 1 mM benzamidine) by gen- 
tle pipetting. Lysates were then centrifuged at 1100 × g for 5 

min, and the supernatant was collected as the non-nuclear (cy- 
toplasmic) fraction. The pellets were resuspended in an equal 
volume of the same lysis buffer, followed by another centrifu- 
gation at 1100 × g for 5 min. The new pellets were resus- 
pended in the lysis buffer and incubated on ice for 10 min. Af- 
ter an additional centrifugation, the pellets were resuspended 

in 2 volumes of ice-cold washing buffer (10 mM Tris–HCl, 
pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1 

mM PMSF, 1 mM benzamidine), and centrifuged at 1100 × g 
for 5 min. This washing step was repeated twice before nu- 
clei were incubated on ice for 10 min. After a final centrifu- 
gation at 1100 × g for 5 min, the nuclei were resuspended 

in resuspension buffer (500 mM Tris–HCl, pH 6.8, 500 mM 

NaCl, 0.1 mM PMSF, 1 mM benzamidine). The nuclei were 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
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then sonicated with 4 × 10-s pulses at 40% amplitude using 
a Branson digital sonifier, and the samples were centrifuged at 
20 000 × g for 20 min. The resulting supernatants, represent- 
ing the chromatin-bound protein fraction, were saved and the 
protein concentration was measured as indicated above. All 
centrifugations were carried out at 4 

◦C. 
As an alternative method to validate the results, the proteins 

associated to the chromatin were isolated with the Subcellu- 
lar Protein Fractionation kit for cultured cells (#78840 from 

ThermoFisher Scientific). 

FKBP12-FRB dimerization assay 

STIM1-KO HEK293 cells were transfected for the inducible 
and stable expression of STIM1-FRB-GFP-(2x)-FRB. Stable 
cell lines were transfected for the transient expression of 
3xNLS-FKBP12-mCherry. At this point, the expression of 
STIM1-FRB-GFP-(2x)-FRB was induced by addition of 1 μM 

doxycycline. Twenty-four hours later, cells were treated with 

500 nM rapamycin for 10 min, and then whole nuclei lysates 
were prepared as described above. 

In parallel, sibling plates were fixed with 4% paraformalde- 
hyde in PBS for 10 min at RT. Coverslips were mounted onto 

glass slides using Hydromount (National Diagnostics). GFP 

and mCherry imaging was performed on a Nikon Ti-E in- 
verted epifluorescence microscope with a Plan Apochromat 
100 × (NA 1.45) oil immersion objective. Cells were subjected 

to z-scanning (0.2 μm-step sections), and image deconvolution 

was carried out with 20 iterations and the 3D Landweber de- 
convolution method with NIS-Elements AR software (Nikon, 
Tokyo, Japan). 

Immunolocalization experiments 

γH2AX, 53BP1, pBRCA1, F ANCI and F ANCD2 foci analysis 
Cells were grown on collagen-coated coverslips for a mini- 
mum of 24 h and then treated with 40 ng / ml MMC for 18 

h, 2 mM hydroxyurea (HU) for 6 h, or 0.2 μM aphidicolin 

for 48 h. U2OS cells were then permeabilized with a 2-min 

incubation with 0.5% Triton X-100 in PBS and then fixed 

with 4% paraformaldehyde for 10 min at RT. For HEK293, 
a 30-s incubation with 0.1% Triton X-100 in PBS at 4 

◦C pre- 
ceded fixation with 4% paraformaldehyde (also for 10 min at 
RT). In all cases, cells were blocked with 3% fish skin gelatin 

in PBS + 0.2% Tween-20 for 30 min at RT. Fixed cells were 
incubated overnight at 4 

◦C with 1:1000 dilution of the fol- 
lowing antibodies: rabbit anti- γH2AX (Cell Signaling Tech- 
nology #9718), rabbit anti-FANCD2 (AbCam #ab108928), 
rabbit anti-53BP1 (Novus Biologicals #NB100-304SS), rabbit 
anti-pBRCA1 (Cell Signaling Technology #9009), and mouse 
anti-FANCI (Santa Cruz Biotechnology sc-271316). Cover- 
slips were then incubated with secondary antibodies labeled 

with Alexa Fluor 488 or 594 at 1:1000 dilution for 20 min 

at RT. Finally, cells were incubated with 0.5 μg / ml Hoechst 
33258 (#B-1155, Sigma-Aldrich) for 5 min, and coverslips 
were mounted onto glass slides using Hydromount (National 
Diagnostics). Images of fixed cells were taken on a Nikon Ti-E 

inverted epifluorescence microscope with a Plan Apochromat 
100 × (NA 1.45) oil immersion objective. 

For co-localization experiments involving 53BP1, 
pBRCA1 and FANCD2 with γH2AX, the primary anti- 
body was mouse anti- γH2AX (Merck #05-636) at a 1:1000 

dilution. Anti-mouse IgG labeled with Alexa Fluor 594 and 

anti-rabbit IgG labeled with Alexa Fluor 488 were used 

as secondary antibodies (diluted 1:1000, 20 min at RT in 

the dark). All other conditions were consistent with those 
described above. 

53BP1 foci analysis in cyclin A2-negative cells 
U2OS cells were cultured for 24 h and then 0.2 μM aphidi- 
colin was added for 48 h. Cells were fixed with paraformalde- 
hyde, permeabilized with 0.2% Triton X-100 in PBS for 10 

min and blocked with 3% fish skin gelatin in PBS + 0.2% 

Tween-20 for 30 min at RT. Cells were incubated with anti- 
53BP1 (Novus Biologicals, NB100-304, diluted 1:1000 in 

blocking buffer), and anti-cyclin A2 (Proteintech 66391-1- 
Ig, 1:500 dilution in blocking buffer). Anti-mouse or rabbit 
IgG labeled with Alexa Fluor 488 or 594 were used as a sec- 
ondary antibody (diluted 1:1000, 20 min at RT in the dark). 
Coverslips were mounted onto glass slides with Hydromount 
(National Diagnostics). Images of fixed cells were taken on a 
Nikon Ti-E inverted epifluorescence microscope with a Plan 

Apochromat 100 × (NA 1.45) oil immersion objective. The 
number of 53BP1 foci / nucleus was evaluated in cyclin A2- 
negative cells only. 

P roximity lig ation assay (PLA) 

Proximity ligation assay (PLA) was carried out by using the 
Duolink In Situ Detection Reagents (#DUO92008). HEK293 

cells, grown on collagen-coated coverslips, were fixed in 

100% methanol for 15 min at −20ºC and washed 3 times 
with PBS. Following this, a 2-h blocking step was performed 

at 37 

◦C using a blocking solution (3% fish skin gelatin in 

PBS + 0.2% Tween-20). Subsequently, cells were incubated 

overnight in a humidified chamber at 4 

◦C with specific pairs of 
antibodies. The antibodies used for PLA assays were anti-GFP 

(sheep polyclonal antibody generated at University of Dundee, 
MRC-PPU Reagents and Services, fourth bleed, #S268B) at 
1:100 dilution, mouse anti-FANCD2 (sc-20022 from Santa 
Cruz Biotechnology, 1:100 dilution), rabbit anti-FANCD2 

(ab108928 from AbCam, 1:100 dilution), rabbit anti-STIM1 

(#5668 from Cell Signaling Technology, 1:75 dilution), mouse 
anti-IPO8 (1:75 dilution), mouse anti-NUP205 (1:100 dilu- 
tion), and mouse anti-FANCI (1:100 dilution). Following an- 
tibody incubation, the coverslips were washed three times 
with PBS + 0.2% Tween-20. Each coverslip was then in- 
cubated with 0.625 μl of each PLA probe (PLUS and MI- 
NUS) in a final volume of 50 μl of blocking solution for 1 

h at 37 

◦C. For the PLA probes, we used PLA probe anti- 
rabbit PLUS (#DUO92002), PLA probe anti-mouse MINUS 
(#D UO92004), PLA probe anti-goat MINUS (#D UO92006). 
After 3 washing steps with PBS + 0.2% Tween-20, 1.25 μl lig- 
ase in 1 × ligation buffer (diluted in Milli-Q water, final vol- 
ume of 50 μl) was added to each coverslip and incubated for 
30 min at 37ºC. The ligation mix was removed with 3 washing 
steps, and each coverslip was incubated with 0.625 μl poly- 
merase in 1 × amplification red solution (diluted in Milli-Q 

water, final volume 50 μl) for 100 min at 37ºC. All subse- 
quent steps were performed in the dark to avoid losing the 
fluorescent signal. To remove the amplification solution, cov- 
erslips were washed twice with 1 × SSC buffer (#S6639 from 

Sigma-Aldrich) for 10 min each and once with 0.01 × SSC 

buffer for 1 min. Finally, cells were incubated with 0.5 μg / ml 
Hoechst 33258 (#B-1155, Sigma-Aldrich) for 5 min, and cov- 
erslips were mounted onto glass slides using Hydromount. 
Imaging was performed on a Nikon Ti-E inverted epifluores- 
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cence microscope with a Plan Apochromat 100 × (NA 1.45) 
oil immersion objective. 

Super-resolution microscopy 

Super-resolution images were acquired with Elyra 7 system 

(lattice SIM2) from Zeiss, equipped with two cameras sC- 
MOS. The objective used was 63 × (NA 1.4) oil immersion 

and Z step was set between 0.094 and 0.110 μm. Image pro- 
cessing was based in SIM algorithm from ZEN 3.0 SR FP2 

software from Zeiss. 3D processing was made using Arivis 
Vision4D also from Zeiss. 

Colony formation assay 

Two hundred cells were plated onto 60 mm-diameter dishes, 
and 24 h after plating, 5–20 ng / ml of MMC was added to 

the culture medium. Cells were cultured for 7–8 days, and the 
formation of colonies was visualized by fixing the cells with 

4% paraformaldehyde (10 min at RT) and subsequently stain- 
ing them with 0.1% crystal violet in 10% ethanol + PBS for 
1 h, at RT. Excess of dye was washed out with water, and the 
plates were air-dried. The quantification of colony formation 

was performed by imaging the plates and analyzing the num- 
ber of colonies with > 50 cells per colony. Colony count and 

size analysis were performed with the NIS-Elements AR soft- 
ware. 

Cell cycle distribution 

Cells were plated and 7 h later 40 ng / ml MMC was added 

to the culture medium for an additional 18 h. The culture 
medium was then replaced with fresh medium, and the cul- 
ture was extended for 48 h in the case of U2OS cells or 24 h 

for HEK293 cells. The cells were then trypsinized, centrifuged 

at 270 × g for 5 min, and the pellet was resuspended in PBS. 
After an additional washing step, cells were fixed by addition 

of ice-cold 70% ethanol for 5 min. Following a washing step 

in PBS + 1% BSA, cells were resuspended in PBS + 1% BSA 

with 0.5% propidium iodide and 50 μg / ml RNAse and incu- 
bated in the dark for 20 min with gentle agitation. Cell cycle 
analysis was performed by flow cytometry, with doublets dis- 
crimination and 20 000 cells per sample were acquired using 
a MACSQuant VYB flow cytometer (Miltenyi Biotech) at the 
Cytometry Facility of the Universidad de Extremadura. Flow- 
logic software (Inivai Technologies, Mentone, Australia) was 
used for quantitation of cell cycle phases. 

Comet assay 

The analysis of DNA breaks was also monitored with the 
comet assay, as described in ( 45 ) with modifications. Cells 
were cultured in 10-cm dishes, and after 24 h, they were 
treated with 40 ng / ml MMC for 18 h. Thereafter, cells were 
harvested by trypsinization, and 50 000 cells were transferred 

to wells of a 24-well plate in 0.5 ml culture medium. Immedi- 
ately, 1 ml of 1% low melting point agarose was mixed with 

the culture medium containing cells, and 1 ml of this mix- 
ture was placed onto a microscope slide pre-coated with 1% 

low EEO agarose. A rectangular coverslip was placed on top, 
and after 3–4 min, the coverslip was removed, and cells were 
lysed by dipping the slides in ice-cold lysis buffer (30 mM 

NaOH, 1 M NaCl, 0.1% N-lauryl sarcosine), followed by 2 

washes with alkali buffer (30 mM NaOH, 2 mM EDTA) in 

the dark. Cells were subjected to electrophoresis for 15 min 

at 1V / cm / min in alkali buffer as a running electrophoresis 
buffer. Slides were washed once with neutralization buffer (1 

M Tris–HCl, pH 7.5), and then washed twice with water. Cells 
were stained with 2.5 μg / ml propidium iodide for 5 min in 

the dark, followed with 3 × 10-min washes in water with gen- 
tly shaking. After air drying, slides were observed under the 
microscope using an S Fluor 20 × objective (NA 0.75). Tail 
moment was quantified with the following calculation: DS3 

× (((DS1 – DS2) / 2) + (DS2 / 2)), where DS1 is the total comet 
length, DS2 is the comet head length, and DS3 is the fraction 

of DNA in the tail (measured using fluorescence intensities in 

the tail and head). 

Cytosolic free calcium concentration 

Cytosolic free calcium concentration ([Ca 2+ ] i ) was measured 

in fura-2-AM-loaded cells as described elsewhere ( 25 ,46 ). 
Briefly, 170000 cells were plated on collagen-coated round 

coverslips and cultured for 36–48 h. Thereafter, cells were 
loaded with 1 μM fura-2-AM for 45 min in culture medium, 
washed with Hank’s balanced salt solution (HBSS, #14025 

from ThermoFisher Scientific), and placed on the DH-40i 
micro-incubation platform (Warner Instruments) of an in- 
verted microscope Nikon Ti-E. All measurements were per- 
formed at 36 

◦C. Excitation fluorescence wavelengths were 
selected with 340 / 26 and 387 / 11 nm filters (Semrock, 
Rochester, NY, USA), and emission fluorescence with a 510 / 10 

nm filter. Cells were treated with 1 μM thapsigargin in Ca 2+ - 
free HBSS with the following composition: 138 mM NaCl, 
5.3 mM KCl, 0.34 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 4.17 

mM NaHCO 3 , 4 mM Mg 2+ and EGTA 0.1 mM (pH 7.4). 
After triggering Ca 2+ store depletion with thapsigargin, store- 
operated Ca 2+ entry (SOCE) was monitored with the addition 

of 2 mM CaCl 2 to the assay medium, as described elsewhere 
( 26 ,27 ). Data acquisition and analysis were performed with 

the NIS-Elements AR software. 

Statistical analysis of data 

Statistical analyses between pairs of data groups were done us- 
ing parametric or non-parametric unpaired t -test. Parametric 
t -tests were used when mean was calculated (immunoblots), 
whereas non-parametric unpaired t -tests (Mann–Whitney) 
were carried out when the distribution of data and the me- 
dian were assessed (number of foci and tail moment). In all 
bar graphics, mean ± SEM is represented, in addition to the 
scattered data. Analyses were performed with the GraphPad 

software. Differences between groups of data were taken sta- 
tistically significant for P < 0.05. The P -values are represented 

as follows: (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, 
(****) P < 0.0001. 

Results 

STIM1 interacts with importins and is constitutively 

transported to the nucleus 

To uncover possible undescribed functions of STIM1, we con- 
ducted a study of the STIM1 interactome using HEK293 

cells expressing STIM1-GFP. We used genomic editing with 

CRISPR-Cas9(D10A) to generate a Flp-In T-REx STIM1-KO 

HEK293 cell line (characterized in Supplementary Figure S1 a–
c). We then transfected cells to achieve stable and inducible ex- 
pression of STIM1 (full-length)-GFP ( Supplementary Figure 
S1 d) or -GFP only, as a negative control. After a GFP pull- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data


2396 Nucleic Acids Research , 2024, Vol. 52, No. 5 

down, the proteomic analysis of the hits revealed the presence 
of proteins that could potentially be novel STIM1 interactors 
( Supplementary Table S2 ). Among the potential interactors, a 
detailed analysis of the results indicated that STIM1 signifi- 
cantly interacted with numerous importins, including IPO4, 
IPO7, IPO8, IPO9, IPO11, as well as nuclear export proteins 
such as XPO1, XPO5 or XPOT. Additionally, STIM1 showed 

interactions with the nuclear pore complex protein NUP205 

and the inner nuclear membrane protein emerin (Figure 1 A, B 

and Supplementary Table S2 ). 
To validate these results, we analyzed the co-precipitation 

of some of these proteins with STIM1 by immunoblotting. Us- 
ing STIM1-deficient HEK293 cells (STIM1-KO) stably trans- 
fected for the inducible expression of STIM1-GFP, or GFP 

only as a negative control, we observed that STIM1 specifi- 
cally co-precipitated with IPO9, IPO8, IPO7, IPO4, XPO1 and 

NUP205 (Figure 1 C) in resting cells. We also assessed KPNB1, 
and while we found specific co-precipitation with STIM1- 
GFP, in this latter case, the co-precipitation was weaker than 

what was observed for other importins. Furthermore, interac- 
tions between STIM1 and IPO4 and NUP205 were corrob- 
orated through immunoprecipitation of endogenous STIM1 

(Figure 1 D), whereas the interaction of STIM1 with IPO8 

and NUP205 was confirmed using a proximity ligation as- 
say (PLA) (Figure 1 E, F). These results suggest the possibil- 
ity that STIM1 is transported to the nucleus via an importin- 
dependent mechanism. 

STIM1 is an ER-resident protein, so it would require the 
interaction with importins for transport to the inner nuclear 
membrane (INM), similar to other proteins larger than ap- 
proximately 40 kDa. To test this hypothesis, we performed 

fractionation of HEK293 cells to isolate nuclei and non- 
nuclear (cytoplasmic hereafter) fractions ( Supplementary 
Figure S2 a). This fractionation revealed the presence of a pool 
of endogenous nuclear STIM1 in resting cells (Figure 2 A). To 

assess the active transport of STIM1 between the cytoplasm 

and nucleus, cells were treated with importazole, an inhibitor 
of importin recycling that disrupts the interaction between 

importin and the small nuclear GTPase RAN ( 47 ). Because 
the binding of RAN ·GTP to importin is essential for disas- 
sembling the importin / cargo complex, the treatment with im- 
portazole leads to the accumulation of cargos within the nu- 
cleus. Importazole caused a significant increase in STIM1 lev- 
els at the nuclear envelope (Figure 2 B, C), indicating active 
and constitutive transport of STIM1 into the nucleus in the 
absence of additional external stimuli. The quality of the nu- 
clear envelope isolation was assessed by immunoblotting us- 
ing markers of nuclear envelope, such as lamin B2, emerin, 
and NUP205, as well as markers of the chromatin fraction 

(histone H3), which is absent in the nuclear envelope fraction. 
Additionally, SERCA2 and VAPB served as markers for the 
ER ( Supplementary Figure S2 b), and P38 MAPK as a cytoso- 
lic marker. 

It is crucial to emphasize that the accumulation of STIM1 in 

the nucleus is closely linked to its nature as a membrane pro- 
tein and, therefore, it is not freely present in the nucleoplasm. 
However, super-resolution microscopy images of U2OS cells 
expressing STIM1-GFP (Figure 2 D and supplementary Video 

1 ), or immunolocalization of endogenous STIM1 (Figure 2 E) 
demonstrate that a fraction of STIM1 is localized in the nu- 
clear envelope, i.e. the fraction of endoplasmic reticulum (ER) 
that invaginates into the deeper regions of the nucleus, sug- 

gesting that in this manner, STIM1 may gain access to chro- 
matin. 

To further corroborate these findings, we treated cells with 

the importin pathway inhibitor, ivermectin, and observed a 
significant inhibition of STIM1 translocation to the nucleus 
(Figure 2 F, G). This observation confirms the involvement of 
the classical importin pathway in this transport mechanism. 
Additionally, we expressed GFP-RAN and the dominant neg- 
ative mutant RAN 

Q69L to investigate the impact of RAN in- 
hibition on STIM1 mobilization. Firstly, the microscopy im- 
ages presented in Figure 2 H reveal the presence of STIM1 

within the nucleus, with a more pronounced presence at the 
periphery, where it overlaps with chromatin staining (see flu- 
orescence profiles of three examples in Figure 2 I) when wild- 
type RAN is expressed. The nuclear localization of GFP- 
RAN is further illustrated in the Supplementary Figure S2 c, 
d. RAN 

Q69L , a mutant locked in the GTP-bound state, is 
known to associate with nuclear pore complexes ( 48 ). Conse- 
quently, it exhibits a distinct accumulation at the nuclear en- 
velope, a localization which is also documented in this study 
( Supplementary Figure S2 c, d). This accumulation of RAN at 
nuclear envelope leads to the build-up of RAN-dependent car- 
gos, and we also observed an increase in STIM1 levels in nuclei 
when RAN 

Q69L is expressed (Figure 2 J, K). In addition, upon 

closer examination of the STIM1-mCherry fluorescence pro- 
files (Figure 2 H, I), it becomes evident that RAN 

Q69L induces 
a separation between STIM1 and chromatin fluorescence sig- 
nals, a result that supports that STIM1 accumulates at the 
outer nuclear envelope in these experimental conditions. 

To further investigate the nuclear localization of STIM1, 
we used a strategy based on the rapamycin-induced dimer- 
ization of the 12-kDa FK506 binding protein (FKBP12) and 

the FKBP rapamycin binding (FRB) domain of mTOR. We in- 
duced the expression of the recombinant protein STIM1-FRB- 
GFP-2xFRB by adding doxycycline to a STIM1-KO HEK293 

cell line that had been stably transfected for this purpose. Ad- 
ditionally, these cells were transfected for the transient ex- 
pression of 3x NLS-FKBP12-mCherry, a variant of the protein 

with three copies of the SV40 nuclear localization signal (NLS) 
cloned at the N-terminus (see Methods), which localized in the 
nucleoplasm ( Supplementary Figure S2 e). STIM1-FRB-GFP- 
2x FRB showed the expected subcellular distribution through- 
out the ER ( Supplementary Figure S2 e). The treatment of cells 
with rapamycin (500 nM for 10 min) triggered the accumu- 
lation of STIM1-FRB-GFP- 2x FRB in the nucleus of those cells 
that co-expressed 

3x NLS-FKBP12-mCherry, but not in the ab- 
sence of the bait (FKBP12) (Figure 2 L, M). Together, all these 
findings demonstrate that STIM1 is transported to the nu- 
cleus, and that a fraction of STIM1 is localized at the inner 
nuclear membrane (INM). 

Identification of a nuclear localization signal (NLS) 
in STIM1 

Importins interact with cargos either through a NLS in the 
cargo sequence or via other mediators that harbor one or more 
NLSs. To determine whether STIM1 has a functional NLS, we 
studied the steady-state levels of STIM1 with deletions in its C- 
terminal domain (non-ER domain) (Figure 3 A). The results re- 
vealed that the deletion of the fragment spanning amino acids 
235–442 led to significant lower levels of nuclear STIM1 with 

the consequent accumulation of non-nuclear STIM1 in the cy- 
tosolic fraction (Figure 3 B, C). Conversely, deleting sequences 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
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Figure 1. Identification of new STIM1 interactors. STIM1-KO HEK293 cells were stably transfected for the inducible overexpression of STIM1-GFP, or 
GFP as a negative control. GFP-tagged protein was pulled-down, the pellet was digested, and peptides were analyzed as described in the Methods 
section ( n = 3 biological replicates). The results are shown in Supplementary Table S2 . ( A ) Left : Volcano plot of the MS data. A significance threshold of 
P < 0.05 on y-axis was set to highlight potential interactors (–log 10 Student’s t -test P -value for GFP and STIM1-GFP values > 1.3, shown as red symbols). 
Right: Re-scaled volcano plot to show interactors that bind STIM1-GFP with statistical significance when compared with GFP. ( B ) Statistical significance 
in the data from Supplementary Table S2 is summariz ed f or some interactors with functions related to nucleocytoplasmic transport, interactors from the 
nuclear en v elope, and DNA damage repair proteins. ( C ) L eft: Co-immunoprecipitation assa y s w ere perf ormed to v alidate interactions. S TIM1-GFP or GFP 
e xpression w as induced with 1 μM do xy cy cline f or 22 h. P ull-do wn of GFP-tagged proteins w as perf ormed from whole cell ly sates (WCL, 1 mg total 
protein in all cases, e x cept f or XPO1, where 0.25 mg of nuclear ly sate w as used), and co-precipitated proteins w ere analyz ed b y immunoblot. A fraction 
of WCL (3–5 μg) was loaded as a positive control. In all cases, blots are representative of three biological replicates. Levels of co-precipitated GFP were 
analyzed as a loading control, albeit only one blot for GFP is shown. Right: Total levels of potential interactors from whole cell lysates were evaluated by 
immunoblotting (30 μg protein / lane). ( D ) Endogenous STIM1 immunoprecipitation was performed from HEK293 WCL (2.5 mg protein), and a fraction of 
WCL (2.5 μg) was loaded as a positive control. Co-precipitated endogenous IPO4 and NUP205 were assessed as indicated above. Blots are 
representative of three biological replicates. ( E ) Interaction between STIM1 and IPO8 or NUP205 was assessed by proximity ligation assay (PLA) in 
HEK293 cells. Methanol-fixed cells were incubated with the specified antibodies (rabbit polyclonal anti-STIM1 antibody and mouse anti-IPO8 or mouse 
anti-NUP205). Negative controls were performed with single antibodies in independent assays. The number of red dots was assessed under 
fluorescence microscopy, with the number of cells evaluated indicated in parentheses. ( F ) Representative images for all conditions described in panel E. 
Scale bar = 10 μm. 
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Figure 2. Assessment of nuclear le v els of STIM1. ( A ) Total levels of endogenous STIM1 were analyzed in nuclear fractions (20 μg protein / lane) and 
non-nuclear fractions (10 μg protein / lane, labeled as cytoplasm in the figure) by immunoblotting. Histone H3 was used as a nuclear marker for control. 
( B ) HEK293 cells were treated with 100 μM importazole for 4 h, and nuclear envelopes were then purified. Endogenous STIM1 levels were analyzed by 
immunoblotting (6 μg protein / lane), and emerin was assessed as a loading control. ( C ) Data from blots in panel B were quantified ( n = 5 from two 
biological replicates) by calculating the volume of the STIM1 band relative to the volume of the emerin band. ( D ) An equatorial section of 0.094 μm 
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443–550 or 551–685 increased steady-state nuclear STIM1 

levels, a result that will be discussed in more detail later (see 
first paragraph of the Discussion section). Since NLSs typically 
consist of short sequences enriched in basic residues ( 49 ), we 
focused on the fragment 235–442, where we found that the 
sequence 382 -KIKKKR- 387 fits well to a canonical monopar- 
tite NLS. We next evaluated the role of this sequence as a NLS 
for STIM1 by generating the mutation 

382 -KIKKKR- 387 to 

382 - 
AIAAAA- 387 . This modification significantly reduced STIM1 

levels in the nucleus (Figure 3 D, E), assessed by immunoblot- 
ting, suggesting that this sequence plays a critical role in the 
cytoplasm-to-nucleus transport of STIM1. To rule out any po- 
tential influence of GFP-mediated transport to the nucleus, we 
performed a parallel experiment, labeling proteins with Flag 
(Figure 3 F, G). This experiment confirmed the requirement of 
the NLS described for the translocation of STIM1 to the nu- 
cleus. 

In support of this, we also observed that the mutation of the 
sequence 382 -KIKKKR- 387 to 

382 -AIAAAA- 387 (K > A in Fig- 
ure 4 A) significantly reduced the co-precipitation of STIM1 

with importins IPO4 and IPO8, while the co-precipitation 

with IPO7 and IPO9 remained unaltered (Figure 4 A, B). This 
result not only confirmed the role of this sequence as a bona 
fide NLS but also indicated that only IPO4 and IPO8 were 
dependent on this sequence for their interaction with STIM1. 
Because the mutation 

382 -KIKKKR- 387 > 

382 -AIAAAA- 387 re- 
duced the levels of nuclear STIM1, these findings underscore 
to IPO4 and IPO8 as major regulators of this transport. 

STIM1 is a chromatin binding protein 

The location of STIM1 at the INM, together with the ob- 
servation that a subset of proteins closely related to DNA 

damage response (DDR) pathways, such as FANCD2 and 

FANCI, were identified as potential interactors of STIM1 

( Supplementary Table S2 and Figure 1 A), led us to hypothesize 
that STIM1 might function as a chromatin-associated protein 

with a role in DNA repair. Subcellular fractionation exper- 
iments confirmed that STIM1 is a chromatin-associated pro- 
tein, a result observed for both the endogenous protein (Figure 
5 A) and overexpressed STIM1-GFP (Figure 5 B). 

Next, we searched for a DNA-interacting motif using the 
constructs described in Figure 3 A. This strategy allowed us to 

determine that this domain is distal within the C-terminus of 
the protein (amino acids 551–685). The deletion of this seg- 

ment resulted in a reduced level of STIM1 at the chromatin 

fraction (Figure 5 C, D), while it had no impact on its nuclear 
transport (Figure 3 B, C). This suggests that this specific frag- 
ment of STIM1 contains key residues or motifs that mediate 
the interaction with chromatin. In addition, we verified that 
the expression of this variant ( �551–685) exhibited no alter- 
ations in total expression levels ( Figure 5 E), and its levels in 

the bulk ER and NE were similar to those observed for other 
variants ( Supplementary Figure S3 ). 

In addition, the deletion of the amino acids 235–442 yielded 

lower levels of STIM1 at the chromatin (Figure 5 C, D). How- 
ever, this result can be explained by a decreased amount of 
nuclear STIM1 resulting from the loss of the previously de- 
scribed NLS in the earlier experiments (see Figure 3 ). 

STIM1 interacts with proteins of the FA / BRCA 

pathway 

The potential interaction of STIM1 with members of the 
FA / BRCA pathway, as suggested by our proteomics analy- 
sis ( Supplementary Table S2 ), was assessed by classical co- 
immunoprecipitation with STIM1-GFP. The results confirmed 

a robust interaction between STIM1 and F ANCD2, F ANCI, 
and TELO2 (Figure 6 A). The interaction between STIM1 

and FANCD2 or FANCI at endogenous levels was observed 

through classical immunoprecipitation of endogenous STIM1 

(Figure 6 B) and by PLA (Figure 6 C, D), thus confirming the 
findings from the STIM1 interactome analysis (Figure 1 A, B 

and Supplementary Table S2 ). 
Remarkably, STIM1 co-precipitated with both FANCD2 

and FANCI, as both proteins form a heterodimer that binds 
to chromatin in response to DNA damage. Therefore, we hy- 
pothesized that STIM1 might exhibit a dynamic response to 

DNA damage induced with MMC, an agent known to induce 
the formation of ICLs in DNA, a modification that leads to the 
formation of DNA breaks ( 50 ). We observed that the treat- 
ment of cells with 40 ng / ml MMC for 18 h triggered an in- 
crease in STIM1 levels at the nuclear envelope (Figure 6 E) and 

the chromatin fraction ( Figure 6 F), indicating that DNA dam- 
age is a stimulus that enhances the translocation of STIM1 to 

the nucleus. Based on these observations we hypothesized that 
STIM1 may play a role in the repair of DNA lesions within 

the FA / BRCA pathway. 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
z-section was acquired from U2OS cell stably expressing STIM1-GFP. A stack of sections with 3.4 μm in z-axis is shown in the Supplementary Video 1 . 
( E ) U2OS cells were fixed and endogenous STIM1 was immunolocalized using a rabbit anti-STIM1 antibody and a secondary antibody labeled with 
AlexaFluor 488. A stack of 0.094 μm z-sections is shown together with the orthogonal views of z-axis (x–z and y–z). ( F ) HEK293 cells were treated with 
10 0 μM import az ole f or 4 h or with 50 μM iv ermectin f or 2.5 h. Cytosolic and nuclear fractions w ere assessed f or endogenous S TIM1 b y 
immunoblotting (20 μg protein / lane in the cytosolic fraction and 40 μg for nuclei). P38 MAPK and histone H3 were analyzed as cytosolic and nuclear 
mark ers, respectiv ely, and loading controls. ( G ) Quantification of dat a from panel F ( n = 6, from t w o biological replicates) w as carried out b y calculating 
the volume of the cytosolic and nuclear STIM1 bands, and the ratio nuclear / total STIM1 as a percentage. ( H ) U2OS cells constitutively expressing 
S TIM1-mCherry w ere transfected f or the transient e xpression of GFP -RAN or GFP -RAN 

Q69L . Fix ed cells w ere counterstained with Hoechst 33258 and 
observed under wide-field fluorescence microscopy. Only red and blue channels are shown. The distribution of RAN-GFP protein is shown in the 
Supplementary Figure S2 c. ( I ) The intensity of fluorescence along the arrow in panel H (intensity profile) is shown for STIM1-mCherry and chromatin in 
an equatorial section of the nuclei. ( J ) L e v els of RAN and endogenous STIM1 were assessed by immunoblotting in cytosolic and nuclear fractions from 

HEK293 cells stably expressing GFP-RAN or GFP-RAN 

Q69L (20 μg protein / lane in cytosolic fraction and 40 μg for nuclei). ( K ) Quantification of data from 

panel J was calculated as described for panel G ( n = 6, from three biological replicates). ( L ) HEK293 cells stably and inducibly expressing 
S TIM1-FRB-GFP- 2x FRB w ere transfected f or the transient e xpression of 3x NLS-FKBP12-Cher ry, or mCher ry as a negativ e control. After 24 h, cells w ere 
treated with 500 nM rapam y cin f or 10 min. T he localization of mCherry - and GFP-tagged proteins w as assessed b y epifluorescence microscop y (see 
Supplementary Figure S2 e).Thereafter, nuclear fractions were isolated and assessed for the level of GFP-tagged STIM1, and the level of mCherry to 
assess transient transfection. Histone H3 was used as a loading control. ( M ) Quantification of data from panel L ( n = 6 from three biological replicates) 
w as perf ormed b y calculating the v olume of the nuclear S TIM1 band and e xpressing the result as relativ e to the amount of S TIM1 in the absence of 
rapam y cin. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
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Figure 3. Identification of a nuclear localization signal in STIM1. ( A ) Functional domains identified in STIM1: Ca 2+ -sensitive EF-hand domain, sterile alpha 
motif (SAM), transmembrane domain (TM), coiled-coil domains (CC1-3), C-terminal inhibitory domain (CTID), and lysine-rich domain (K). Deleted 
sequences and domains in the C-terminal are indicated. This panel was created with BioRender.com. ( B ) STIM1-KO cells inducibly expressing truncated 
forms of STIM1 tagged with GFP, were used to prepare nuclear and non-nuclear fractions. Levels of STIM1 in both fractions were studied by 
immunoblotting (20 μg protein / lane in non-nuclear fractions, and 30 μg protein / lane in nuclear fractions). L e v els of P38 MAPK (cytosolic marker) and 
histone H3 were assessed as loading controls and to evaluate the purification of fractions. Blots are representative of n = 2 biological samples ( n > 6 
total replicates). ( C ) The percentage of STIM1 in the nuclear fraction relative to the total STIM1 (nuclear + non-nuclear) is shown. ( D ) Levels of STIM1 
w ere e v aluated from non-nuclear (20 μg protein / lane) and nuclear fractions (30 μg protein / lane) isolated from cells e xpressing S TIM1-GFP (labeled as 
WT) or a mutated version of the protein with the sequence 382 AIAAAA 

387 replacing the wild-type 382 KIKKKR 

387 . P38 and histone H3 were assessed as a 
loading controls. ( E ) Quantification of data from blots shown in panel D was calculated as described for panel C ( n = 3 biological replicates, and n = 6 
total replicates). ( F ) STIM1 levels were assessed in non-nuclear (15 μg protein / lane) and nuclear fractions (30 μg protein / lane) from cells expressing 
Flag-STIM1 (WT) or Flag-STIM1( 382 KIKKKR 

387 > 

382 AIAAAA 

387 ). P38 MAPK and histone H3 were used as cytosolic and nuclear mark ers, respectiv ely. ( G ) 
Quantification of data from the blots in panel F was calculated as described for panels C and E ( n = 2 biological replicates, and n = 5 total replicates). 
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Figure 4. Mutation 382 AIAAAA 

387 reduces co-precipitation with importins. ( A ) One milligram of whole cell lysates from STIM1-KO HEK293 cells inducibly 
e xpressing S TIM1-GFP (labeled as WT), S TIM1( 382 AIAAAA 

387 )-GFP (labeled as K > A) or GFP only (labeled as empty) was used to pull-down GFP-tagged 
proteins and to assess co-precipitated IPO4, IPO7, IPO8 and IPO9 (left panels). Total pulled-down GFP was assessed as a control. A fraction of the 
lysates (30 μg protein) served as a loading control (inputs, right panels). ( B ) Quantification of data from panel A was performed by calculating the volume 
of the importin band relative to the volume of the STIM1-GFP band. Technical replicates: n = 7 for IPO4, n = 4 for IPO7, n = 3 for IPO8 and n = 4 for 
IPO9, from a minimum of three biological replicates in all cases. 

STIM1-deficient cells exhibit the three hallmarks of 
FA / BRCA-deficient cells 

To test our hypothesis, we investigated whether STIM1- 
deficient cells displayed the three cellular hallmarks of 
FA / BRCA-deficient cells, i.e. DNA breaks, stress-induced 

G2 / M cell cycle arrest, and sensitivity to ICLs. DNA breaks in 

STIM1-deficient cells were monitored by measuring the lev- 
els of γH2AX, a widely used marker of DNA breaks ( 51 ). 
Consistent with the potential role of STIM1 in the FA / BRCA 

pathway, the basal level of γH2AX was increased in STIM1- 
KO cells compared to the parental (wild-type) cell line. Addi- 
tionally, a greater level of γH2AX was observed after a treat- 
ment with MMC (Figure 7 A, B). The DNA damage observed 

in STIM1-KO cells was prevented by the ectopic overexpres- 
sion of STIM1-GFP (Figure 7 A, B), ruling out the possibility 
that the observed results were due to off-targets of the genome 
editing method. Importantly, the increased levels of γH2AX 

found in STIM1-KO cells could not be replicated in ORAI1- 
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Figure 5. STIM1 is a chromatin-binding protein. Chromatin fractions were purified from HEK293 cells (panel A ) or from STIM1-KO HEK293 cells inducibly 
e xpressing S TIM1-GFP (panel B ). After fractionation, 30 μg protein / lane w ere assessed b y immunoblot. Histone H3 is sho wn as a loading control. Blots 
are representative of three biological samples and six total replicates. ( C ) STIM1-GFP constructs described in the Figure 3 A were used to purify 
chromatin-bound proteins (right), or total membrane proteins (left), loading 40 and 20 μg protein / lane respectively. Full-length and truncated STIM1 were 
e v aluated b y immunoblotting. Emerin and histone H3 w ere used as membrane and chromatin mark ers, as w ell as loading controls. ( D ) Quantification of 
data from blots in panel C ( n = 2 biological samples and n = 4 total replicates) was performed by calculating the chromatin-bound / total STIM1-GFP ratio, 
normalized to levels of total STIM1-GFP in whole cell lysates shown in panel E. ( E ) Total lysates (30 μg) were prepared from STIM1-KO HEK293 cells 
inducibly expressing full-length STIM1 tagged with GFP (STIM1-GFP), or versions of STIM1-GFP with the following deletions: 235–442, 443–550 or 
551–685. Protein expression was analyzed by immunoblotting using an anti-GFP antibody ( α-GFP) as primary antibody. As a loading control, levels of 
G APDH w ere assessed. 
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Figure 6. Validating interactions with DDR proteins. ( A ) Top : STIM1-GFP or GFP expression was induced with 1 μM doxycycline for 22 h. Pull-down of 
GFP-tagged proteins was performed from 1 mg of whole cell lysates (WCL), and co-precipitated proteins were analyzed by immunoblot. A fraction of 
WCL (3–5 μg) was loaded as a positive control. In all cases, blots are representative of three biological replicates. Co-precipitated GFP was assessed as 
a loading control. Bottom: Total levels of FANCD2, FANCI and TELO2 in WCL were evaluated by immunoblotting (input, 30 μg protein / lane). ( B ) 
Endogenous STIM1 immunoprecipitation was performed from WCL (2.5 mg total protein), and a fraction of this lysate (2.5 μg) was loaded as a positive 
control (labeled as WCL). Co-precipitated endogenous FANCD2 and FANCI were assessed as indicated above. Blots are representative of three 
biological replicates. ( C ) Interaction between endogenous STIM1 and FANCD2 or FANCI was assessed by PLA. Methanol-fixed HEK293 cells were 
incubated with the specified antibodies (rabbit polyclonal anti-STIM1 antibody and mouse anti-FANCD2 or mouse anti-FANCI). Red dots were examined 
under fluorescence microscopy, and representative images for all conditions are provided. ( D ) Quantification of data from panel C. The number of 
e v aluated cells is indicated in parentheses. ( E ) Left : HEK293 cells were treated with 40 ng / ml MMC for 18 h, and then nuclear envelopes were isolated. 
Endogenous STIM1 was analyzed by immunoblotting (6 μg protein / lane). Emerin was assessed as nuclear envelope loading control. Right : 
Quantification of data from blots ( n = 4 from two biological replicates). The quantification was carried out by calculating the volume of the STIM1 band 
relative to the volume of the emerin band, and normalizing values to untreated samples. ( F ) Left : HEK293 and STIM1-KO HEK293 cells were treated with 
40 ng / ml MMC for 18 h, and then chromatin-associated proteins were extracted. Endogenous STIM1 level was analyzed by immunoblotting. Histone H3 
was assessed as loading control. Right : Quantification of data from blots ( n = 4 from three biological replicates). 
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Figure 7. STIM1-deficient cells show enhanced basal DNA damage and higher sensitivity to mitomycin-C. ( A ) γH2AX levels in chromatin fractions from 

HEK293 cells, STIM1-KO cells, or STIM1-KO cells inducibly expressing STIM1-GFP for 22–23 h (20 μg protein / lane), treated with 40 ng / ml MMC for 18 
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deficient cells (Figure 7 C, D). This latter result excludes a role 
for Ca 2+ entry through ORAI1 in response to DNA damage 
and suggests that STIM1 may have a non-canonical function 

that is independent of its role as an activator of the plasma 
membrane Ca 2+ channel ORAI1. 

To confirm the increased level of DNA breaks in STIM1- 
KO cells that we observed by immunoblotting, we moni- 
tored the formation of γH2AX foci by immunofluorescence 
in wild-type and STIM1-KO cells. We thus corroborated the 
existence of more extensive basal or endogenous DNA dam- 
age in STIM1-deficient cells (Figure 7 E–H), whether U2OS 
or HEK293 cells. Furthermore, although the difference in le- 
sion levels was statistically non-significant when exposed to 

MMC, there was a slight increase in STIM1-KO U2OS and 

HEK293 cells compared to the parental cell line. Although 

γH2AX is probably the main marker for DNA lesions, it is ac- 
cepted that other mechanisms, such as apoptosis, can influence 
H2AX phosphorylation levels ( 52 ). Therefore, we also mon- 
itored DNA breaks using the comet assay, which confirmed 

the presence of an increased level of DNA breaks in STIM1- 
deficient cells, both with and without exposure to MMC (Fig- 
ure 7 I, and Supplementary Figure S4 ). These results are con- 
sistent with a role for STIM1 in the repair of DNA lesions. 

We then monitored G2 / M arrest following exposure to 

MMC. Treating U2OS cells and HEK293 cells with MMC to 

induce the formation of ICLs resulted in an increased number 
of cells at the G2 / M phase of the cell cycle (Figure 7 J, K). No- 
tably, this arrest was more prominent in STIM1-deficient cells 
than in the parental cell line, for both cell types. 

Finally, using the clonogenic survival assay to assess cell sen- 
sitivity to ICLs, we found that STIM1-deficient cells were sig- 
nificantly more sensitive to ICLs induced by MMC (Figure 7 L, 
M) in both cell types, U2OS and HEK293 cells. In summary, 
our findings demonstrate that STIM1-KO cells exhibit three 
hallmarks of FA / BRCA-deficient cells, indicating that STIM1 

may be a novel candidate gene in the FA / BRCA pathway. 

Impaired DDR in STIM1-deficient cells 

To clarify the role of STIM1 in DDR pathways, we monitored 

the levels of pBRCA1 (phospho-Ser1524) and γH2AX (Figure 
8 A-F). In addition to the elevated levels of γH2AX previously 
shown in Figure 7 , we observed that STIM1-deficient cells ex- 
hibited increased levels of pBRCA1 compared to wild-type 
cells in the absence of genotoxic stress. Since BRCA1 plays 
a crucial role in DNA repair by homologous recombination 

(HR), these findings suggested a close relationship between 

the basal DNA damage in STIM1-KO cells and this pathway, 
which is predominant in the S / G2 / M phase. 

We also monitored these two markers in cells treated with 

MMC (Figure 8 A, B), hydroxyurea (HU, Figure 8 C, D), an 

inducer of DSBs, or aphidicolin (Figure 8 E, F), a DNA poly- 
merase inhibitor and therefore an indirect inducer of DNA 

damage. In all cases, cells showed increased levels of DNA 

damage markers, γH2AX and pBRCA1. However, the in- 
crease in γH2AX and pBRCA1 levels were only slightly higher 
in KO cells upon treatment with MMC, HU or aphidicolin, 
when compared with the parental cell line, and these differ- 
ences did not reach statistical significance as assessed by im- 
munoblotting. 

Due to the differences in the basal level of pBRCA1 in 

wild-type and STIM1-KO cells, we carried out an immunolo- 
calization study to detect pBRCA1 and γH2AX foci (Figure 
8 G–J). Interestingly, we observed two significant findings: (i) 
the baseline levels of pBRCA1 foci were higher in STIM1- 
KO cells, both in U2OS (Figure 8 G, H) and HEK293 (Fig- 
ure 8 I, J), corroborating our observations from immunoblot- 
ting; (ii) the levels of pBRCA1 foci significantly increased fol- 
lowing treatment with MMC, HU or aphidicolin in both cell 
types. However, in STIM1-KO cells, the number of pBRCA1 

foci formed was significantly lower under all experimental 
conditions. For this reason, we assessed the number of nu- 
clear γH2AX foci in cells treated with HU or aphidicolin 

( Supplementary Figure S5 ). The results demonstrated that 
STIM1-deficient cells exhibited increased levels of DNA dam- 
age markers. Notably, the degree of colocalization between 

pBRCA1 and γH2AX decreased in the absence of STIM1 for 
both cell types and under all conditions (MMC, HU, aphidi- 
colin) (Figure 8 K, L). These data suggest that STIM1 may be 
necessary for the homologous recombination (HR)-dependent 
response to replication stress. 

After a replication stress, the two major restart fork path- 
ways are governed by 53BP1 and BRCA1, which are known to 

control the pathway choice to repair DSBs. In the absence of 
BRCA1, an activation of the 53BP1 pathway can be observed. 
Moreover, the instability of genome in BRCA1-deficient cells 
can be corrected by disrupting 53BP1 ( 53–55 ). We analyzed 

53BP1 and γH2AX foci under the same experimental condi- 
tions as described above, for both cell types (Figure 9 A–D). 
The results indicated that, similar to what was observed for 
pBRCA1, the basal levels of 53BP1 foci were higher in the ab- 
sence of STIM1, reinforcing the conclusion that there is more 
endogenous DNA damage in the absence of STIM1. Further- 
more, treatment with MMC, HU and aphidicolin increased 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
h, or with the vehicle. ( B ) Quantification of data from blots shown in panel A was carried out by calculating the volume of the STIM1 band relative to the 
volume of the histone H3 band. Data are normalized to levels found in HEK293 cells non-treated with MMC ( n = 3 biological samples and n = 6 technical 
replicates for WT and KO cells; n = 2 biological samples and n = 6 technical replicates for STIM1-GFP expressing cells). ( C ) γH2AX levels from nuclear 
fractions in the parental U2OS cell line (WT), STIM1-KO cells, and ORAI1-KO cells (20 μg protein / lane). ( D ) Quantification of data from blots shown in 
panel C. Data are normalized to levels found in U2OS WT cells ( n = 3 biological samples and n = 6 total replicates). ( E ) Immunolocalization of γH2AX foci 
in permeabilized nuclei from U2OS and STIM1-KO U2OS cells treated with 40 ng / ml MMC for 18 h, or with the vehicle (bar = 10 μm). ( F ) Quantification 
of γH2AX foci in panel E ( n = 2 biological samples and n = 4 total replicates. Cells analyzed: n = 437 (WT-MMC); n = 150 (WT + MMC); n = 483 
(KO-MMC); n = 141 (KO + MMC). ( G ) Immunolocalization of γH2AX foci from HEK293 cells, treated as in panel E (bar = 5 μm). ( H ) Quantification of 
γH2AX foci in panel G ( n = 2 biological replicates). Cells analyzed: n = 254 (WT-MMC); n = 172 (WT + MMC); n = 212 (KO-MMC); n = 223 (KO + MMC). 
( I ) Alkaline comet assay was carried out using HEK293 and STIM1-KO HEK293 cells treated with 40 ng / ml MMC for 18 h, or with the vehicle (see 
Supplementary Figure S4 with representative images from this assay). Tail moment was quantified from n = 126 (WT); n = 112 (WT + MMC); n = 137 
(KO); n = 107 (KO + MMC) ( n = 2 independent experiments). ( J , K ) U2OS cells (panel J) or HEK293 cells (panel K) were treated with 40 ng / ml for 18 h 
and then cell culture was extended for 48 h (U2OS) or 24 h (HEK293) before cell sorting to analyze cell cycle distribution. Quantification of cell cycle 
distribution was performed from n = 6 biological replicates. ( L , M ) U2OS (panel L) and HEK293 cells (panel M) were plated and 24 h later 5–20 ng / ml 
MMC was added to the culture medium. After 7–8 days, colonies were stained with crystal violet. Colonies with > 50 cells were considered for this 
calculation ( n = 3 biological samples and n = 8 total replicates for U2OS, and n = 4 biological samples and n = 12 total replicates for HEK293 cells). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
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Figure 8. DNA damage response in the absence of S TIM1. (A-F) L e v els of pBR CA1 (phospho-Ser1524) and γH2AX w ere analyz ed in nuclear ly sates from 

HEK293 cells (wild-type and STIM1-KO). Cells were subjected to different treatments: 40 ng / ml MMC for 18 h (panels A , B ), 0.2 mM HU for 24 h (panels 
C , D ), or 0.2 μM aphidicolin for 24 h (panels E , F ). Quantification of data from immunoblots is shown in panels B, D and F (from a minimum of n = 3 
technical replicates and n = 2 biological samples in all cases). Quantification was carried out by calculating the volume of the pBRCA1 or the γH2AX 
band relative to the volume of the histone H3 band. Data were normalized to untreated wild-type cells. ( G–J ) Immunolocalization of pBRCA1 (green) and 
γH2AX (red) in both U2OS (panel G) and HEK293 cells (panel I), untreated or treated with MMC, HU, or aphidicolin as indicated in Materials and methods 
section for immunolocalization experiments. Quantification of pBRCA1 foci in U2OS cells (panel H) and HEK293 cells (panel J) from immunostaining 
assa y s sho wn in panels G-I. ( K , L ) Colocalization of pBR CA1 and γH2AX from immunostaining assa y s in U2OS (panel K) and HEK293 cells (panel L). 
U2OS cells analyzed: n = 121 (WT); n = 102 (WT + MMC); n = 59 (WT + HU); n = 59 (WT + aphi); n = 120 (KO); n = 94 (KO + MMC); n = 65 (KO + HU); 
n = 95 (KO + aphi), from n = 2 biological replicates in all cases. HEK293 cells analyzed: n = 254 (WT); n = 175 (WT + MMC); n = 259 (WT + HU); 
n = 153 (WT + aphi), n = 212 (KO); n = 223 (KO + MMC); n = 201 (KO + HU); n = 201 (KO + aphi), from n = 2 biological replicates in all cases. 
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Figure 9. Assessment of γH2AX and 53BP1 foci. ( A–D ) Immunolocalization of 53BP1 (green) and γH2AX (red) in U2OS (panel A) and HEK293 cells 
(panel C), untreated or treated with MMC, HU, or aphidicolin, as indicated in Materials and methods section for immunolocalization experiments. 
Quantification of 53BP1 and γH2AX foci in U2OS cells (panel B) and HEK293 cells (panel D) from immunostaining assays shown in panels A, C. ( E , F ) 
Colocalization of 53BP1 and γH2AX from immunostaining assa y s in U2OS (panel E) and HEK293 cells (panel F). U2OS cells analyzed: n = 393 (WT); 
n = 118 (WT + MMC); n = 56 (WT + HU); n = 214 (WT + aphi), n = 309 (KO); n = 84 (KO + MMC); n = 53 (KO + HU); n = 218 (KO + aphi), from n = 2 
biological replicates in all cases. HEK293 cells analyzed: n = 273 (WT); n = 330 (WT + MMC); n = 294 (WT + HU); n = 247 (WT + aphi), n = 232 (KO); 
n = 242 (KO + MMC); n = 304 (KO + HU); n = 154 (KO + aphi), from n = 2 biological replicates in all cases. ( G ) U2OS cells (WT and STIM1-KO) were 
treated with 0.2 μM aphidicolin for 48 h, and then stained for the immunolocalization of 53BP1 foci (red) and cyclin A2 (green). ( H ) The number of 53BP1 
foci per cell in cyclin A2-negative cells is plotted from n = 2 biological replicates ( n = 4 total replicates). Number of cells analyzed: WT = 606; 
WT + aphi = 238; KO = 393; KO + aphi = 270. 
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the number of 53BP1 foci, with a more significant increase in 

STIM1-KO cells, whether U2OS or HEK293 (Figure 9 B, D). 
Additionally, the colocalization between 53BP1 and γH2AX 

foci increased upon exposure to MMC, HU, and aphidicolin, 
but colocalization was not affected by the absence of STIM1, 
except in the case of HEK293 cells treated with HU, where 
the decrease of Pearson’s correlation was statistically signifi- 
cant but minimal (from 0.79 to 0.74) (Figure 9 E, F). 

While monitoring 53BP1 foci, we noticed the presence of 
53BP1 nuclear bodies (NBs). Following replication stress, an 

increase in the number of 53BP1 NBs has been observed in 

the subsequent G1 phase when HR is deficient ( 56 ). For this 
reason we exposed U2OS cells to 0.2 μM aphidicolin for 48 h, 
stained them for cyclin A2 to discriminate cells in G1 (negative 
for cyclin A2), and assessed for 53BP1 NBs formation (Figure 
9 G, H), as described in ( 57 ). Consistent with our analysis of 
γH2AX levels (Figure 7 A–H) and the DNA breaks shown by 
the comet assay (Figure 7 I), STIM1-deficient cells showed sig- 
nificantly higher levels of 53BP1 NBs, not only after the treat- 
ment with aphidicolin, but also in its absence (Figure 9 H). This 
confirms the presence of replication stress associated with the 
endogenous DNA damage in the absence of STIM1. 

STIM1 nuclear translocation is essential for DNA 

protection 

In previous experiments, it was demonstrated that the associ- 
ation of STIM1 with chromatin relies on a distal region of the 
C-terminal, specifically covering amino acids 551–685 (Fig- 
ure 5 C, D). Consequently, following the confirmation that the 
absence of STIM1 leads to increased DNA damage, we moni- 
tored this damage by analyzing γH2AX levels by immunoblot 
in cells expressing STIM1- �551–685, in comparison to cells 
expressing the full-length version of the protein (Figure 10 A, 
B). The results revealed a significant increase in γH2AX levels 
in the absence of this domain. 

The translocation of STIM1 to the nucleus and its sub- 
sequent enrichment in the nuclear envelope and chromatin 

fraction occurs in response to MMC as a model to trigger 
DNA damage (Figure 6 E, F). Therefore, we subjected cells 
to MMC, HU and aphidicolin treatments in the presence of 
the truncated version of STIM1, STIM1- �551–685 (Figure 
10 C–F). The results showed that all DNA damage inducers in- 
creased γH2AX levels compared to the basal level. However, 
no significant differences were observed between wild-type 
and STIM1- �551–685 cells. Consequently, we also assessed 

γH2AX levels in the presence of the protein variant with a mu- 
tated NLS sequence ( 382 KIKKKR 

387 > 

382 AIAAAA 

387 ) (Fig- 
ure 10 G–J). In this case, a significant increase in damage in 

basal conditions (measured as γH2AX levels) was also ob- 
served in association with reduced nuclear translocation of 
STIM1 (see Figure 3 D-G). Additionally, we exposed these cells 
to the DNA damage inducers MMC, HU and aphidicolin, 
but none of them increased damage in cells expressing the 
KIKKKR > AIAAAA variant above what was observed in cells 
expressing the wild-type protein. 

Collectively, these results highlight the importance of 
STIM1 translocation to the nucleus and its association with 

chromatin to prevent endogenous DNA damage. However, 
the additional damage induced by MMC, HU or aphidicolin 

did not show significant alteration in the absence of STIM1 

translocation, as assessed by γH2AX immunoblotting. To val- 
idate our observations, we performed a comet assay and we 

found that cells expressing the KIKKKR > AIAAAA vari- 
ant (K > A in the figure) or the 551–685 deletion exhib- 
ited higher levels DNA breaks (Figure 10 K) in the absence 
of DNA damage inducers. Furthermore, the analysis of nu- 
clear foci of 53BP1 (Figure 10 L) and γH2AX (Figure 10 M) 
indicated increased levels of endogenous DNA damage when 

mutated STIM1 was expressed. Finally, when treated with 

MMC, HEK293 cells expressing the KIKKKR > AIAAAA 

variant or the 551–685 deletion, displayed increased lev- 
els of 53BP1 and γH2AX foci formation in response to 

the damage inducer when compared to parental cells (Fig- 
ure 10 L, M). As a control, total levels of Flag-STIM1, Flag- 
STIM1(KIKKKR > AIAAAA) and Flag-STIM1( �551–685) 
are shown in the Supplementary Figure S6 . 

STIM1 regulates FANCD2 localization in the nucleus 

Monoubiquitylation of FANCD2 is essential for DNA binding 
and the subsequent monoubiquitylation of FANCI, forming 
the di-monoubiquitylated F ANCD2 / F ANCI complex, which 

acts as a DNA clamp ( 58 ). Therefore, we monitored the lev- 
els of Ub-FANCD2 in response to MMC treatment (Figure 
11 A, B) and observed that the Ub-FANCD2 / total FANCD2 

ratio in wild-type and KO cells remained unchanged after 
MMC treatment. However, basal levels of Ub-FANCD2 / total 
FANCD2 ratio (i.e. without MMC) were lower in STIM1- 
KO cells when compared to wild-type cells. Given the co- 
precipitation of STIM1 with FANCD2 shown in previous 
experiments, we investigated whether STIM1 might regulate 
the transport or access of FANCD2 to chromatin. We ana- 
lyzed the nuclear / total FANCD2 ratio by immunoblot, which 

was significantly lower in STIM1-KO cells (Figure 11 C, D). 
Subsequently, we assessed this ratio after MMC treatment 
and observed an increase in nuclear FANCD2 in both WT 

and STIM1-KO cells. Nevertheless, the quantity of nuclear 
FANCD2 remained lower in STIM1-deficient cells compared 

to WT cells, even after MMC treatment (Figure 11 C, D). 
Moreover, the overexpression of STIM1-GFP in STIM1-KO 

cells efficiently rescued this phenotype, normalizing cytosolic 
and nuclear FANCD2 levels, both under basal conditions and 

after MMC treatment. We also examined the cytosolic and 

nuclear levels of FANCI (Figure 11 C, E) and observed a simi- 
lar pattern to that seen for FANCD2, albeit to a lesser extent. 
There were no significant changes in FANCI levels between the 
experimental samples with MMC treatment, although there 
was a significant decrease in nuclear FANCI levels in STIM1- 
KO cells in the absence of MMC. 

The function of F ANCD2 / F ANCI in replication stress is 
mediated by their recruitment to DNA lesions, which can 

be monitored by the analysis of F ANCD2 / F ANCI foci. We 
performed immunofluorescence analysis in U2OS cells un- 
der MMC treatment (Figure 11 F–I) and observed reduced re- 
cruitment of FANCD2 and FANCI into foci in response to 

MMC in STIM1-deficient cells, as well as a decreased to- 
tal area of F ANCD2 / F ANCI colocalization, indicating de- 
ficient F ANCD2 / F ANCI complex formation. The decrease 
in the formation of FANCD2 foci in STIM1-deficient cells 
in response to MMC was also observed in HEK293 cells 
( Supplementary Figure S7 ). These observations collectively 
demonstrate the necessity of STIM1 for FANCD2 nuclear lo- 
calization and foci formation during the repair of genotoxic- 
induced damage, which could account for the increased repli- 
cation stress observed in STIM1-deficient cells (Figure 9 G, H). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
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Figure 10. STIM1 protects cells from DNA damage. ( A ) γH2AX levels were assessed in the chromatin fraction of cells expressing full-length STIM1-GFP 
or STIM1( �551–685)-GFP. Total H2AX was assessed in parallel as a loading control. ( B ) Quantification of blots shown in panel A. Data are normalized to 
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This requirement is further supported by the co-localization 

data of γH2AX and FANCD2 in the nuclei of MMC-treated 

U2OS cells (Figure 11 J–L). This colocalization reveals an in- 
creased level of γH2AX areas without overlapping FANCD2 

in STIM1-deficient cells, indicative of more intense damage 
due to reduced DNA repair capacity in the absence of STIM1. 

Finally, the quantification of the interaction between 

STIM1-GFP and FANCD2 was analyzed by PLA (Figure 
11 M), revealing that this interaction decreases when a vari- 
ant of STIM1 with a mutated NLS (KIKKKR > AIAAAA) is 
expressed or when a variant lacking the chromatin interaction 

domain is expressed, although in the latter case, the reduction 

does not reach statistical significance. 
In summary, the data suggest that the translocation of 

STIM1 into the nucleus is crucial for the optimal function of 
the F ANCD2 / F ANCI-dependent signaling pathway, while the 
binding of STIM1 to chromatin has a more marginal effect on 

this specific role. 

Discussion 

Our data from the STIM1 interactome analysis reveal numer- 
ous proteins related to cytoplasm-to-nucleus transport and 

DNA damage repair. The data shown here serve as evidence 
confirming these interactions and point out to a new func- 
tion for STIM1 in the control of endogenous DNA damage 
and the repair of DNA damage caused by ICLs. Of relevance 
is the presence of a pool of STIM1 protein in the INM, and 

the fact that nuclear STIM1 levels increase in response to the 
generation of DNA damage by ICLs. This increase in STIM1 

levels in the nucleus is mediated by a canonical NLS found 

in the coiled-coil domain 2 (CC2) of STIM1. This CC2, to- 
gether with the CC3 domain, constitutes a domain of ∼110 

amino acids responsible for the binding to the plasma mem- 
brane Ca 2+ channel ORAI1 in response to the partial emptying 
of intracellular calcium stores ( 6 ,7 ). These two domains form 

a homodimeric hairpin motif ( 59 ), which is folded over the 
CC1 domain when the protein is in a resting state, whereas 
they dissociate from CC1 due to a conformational change 
in which the cytosolic domain of STIM1 adopts a more ex- 
tended conformation upon store depletion ( 60 ). This confor- 
mational change allows the 382 KIKKKR 

387 sequence to be- 
come more accessible to other interactors when STIM1 be- 
comes activated. Furthermore, this lysine-rich sequence does 
not play a role in maintaining the closed conformation, as 

mutation of 382 KIKKK 

386 to 

382 QIQQQ 

386 does not cause 
extension of the cytosolic domain ( 60 ). Therefore, the role 
for the sequence 382 KIKKKR 

387 as NLS shown here, does 
not compete with other functions already described for the 
CC1–CC2–CC3 domains of STIM1. This conclusion aligns 
with the capacity of the 382 AIAAAA 

387 mutant to rescue 
SOCE when overexpressed in STIM1-KO HEK293 cells (see 
Supplementary Figure S8 ). Additionally, we observed that the 
deletion of sequences 443–550 or 551–685 led to an increase 
in the nuclear steady-state STIM1 (see Figure 3 B-C). Although 

the lack of reliable structural information for this part of the 
protein does not facilitate the generation of an explanation for 
this result, two possibilities are plausible: the necessary occur- 
rence of nuclear export sequences that could be mapped to 

these sequences, or a conformational change triggered by the 
deletion of these sequences that exposes the 382 KIKKKR 

387 

motif, two hypothesis that are beyond the scope of this work. 
The interaction with importins, determined by tandem 

affinity purification and mass spectrometry (MS) experiments 
designed to identify interactors, was already known from an 

initial work with STIM1 ( 61 ). However, no additional infor- 
mation on these interactions exists in the literature, nor has 
further confirmation beyond the initial MS-based description 

been carried out. As a result, no nuclear function has been at- 
tributed to STIM1 to date. Being part of the ER, it is logical to 

consider that STIM1 may be located at the outer nuclear mem- 
brane (ONM), but our experiments demonstrate that there is 
translocation to the INM in response to DNA damage. Fur- 
thermore, STIM1 interacts with chromatin, similar to what is 
observed for other proteins that cooperate with members of 
the DDR pathway. 

Our data reveal an association between STIM1 deficiency 
and increased basal DNA damage in both HEK293 and U2OS 
cells. It is well known that such DNA damage leads to different 
cellular phenotypes including senescence (reviewed in ( 62 )). In 

this sense, it was reported that STIM1-defective SH-SY5Y cells 
exhibit senescence markers, such as an upregulation of cyclin- 
dependent kinase inhibitor 1 (also known as p21CIP1 or p21), 
and increased senescence-associated beta-galactosidase activ- 
ity ( 30 ). The collective evidence from this previous research 

together with the data shown in this work, suggests a direct or 
indirect link between STIM1 and physiological processes that 
protect cells against senescence, possibly through involvement 
in the DNA damage response (DDR) pathway. 

A definitive strengthening for the hypothesis that STIM1 

has a role on DNA repair is the finding that STIM1 co- 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
le v els observ ed in HEK293 cells e xpressing S TIM1-GFP ( n = 3 biological samples and n = 6 total replicates). ( C–F ) γH2AX le v els w ere assessed in the 
nuclear fraction of cells expressing full-length STIM1-GFP or STIM1( �551–685)-GFP treated with 40 ng / ml MMC for 18 h (panel C), 0.2 mM HU for 24 h 
(panel D), 0.2 μM aphidicolin for 24 h (panel E), or with the vehicle. Histone H3 was assessed as a loading control. ( F ) Quantification of blots shown in 
panels C–E. Data are normalized to the levels found in HEK293 cells expressing STIM1-GFP ( n = 3 biological samples and a minimum of n = 4 total 
replicates). ( G–J ) γH2AX le v els w ere assessed in the nuclear fraction of cells e xpressing Flag-S TIM1 or Flag-S TIM1( 382 KIKKKR 

387 > 

382 AIAAAA 

387 ) 
treated with 40 ng / ml MMC for 18 h (or with the vehicle) (panel G), 0.2 mM HU for 24 h (panel H), or 0.2 μM aphidicolin for 24 h (panel I). Histone H3 
was assessed as a loading control. ( J ) Quantification of blots shown in panels G–I. Data are normalized to the levels found in HEK293 cells expressing 
Flag-STIM1 ( n = 3 biological samples and a minimum of n = 4 total replicates). ( K ) An alkaline comet assay was carried out using STIM1-KO HEK293 
cells expressing Flag-STIM1(labeled as FL), Flag-STIM1( 382 KIKKKR 

387 > 

382 AIAAAA 

387 , labeled as K > A) or Flag-STIM1( �551–685), with or without 
MMC. The tail moment was quantified from the following number of cells, n = 130 (FL); n = 110 (FL + MMC); n = 169 (KIKKKR > AIAAAA mutant); 
n = 116 (KIKKKR > AIAAAA mutant + MMC); n = 131 ( �551–685); n = 122 ( �551–685 mutant + MMC), from n = 2 independent experiments. ( L , M ) 
Quantification of 53BP1 foci (panel L) and γH2AX foci (panel M) in STIM1-KO HEK293 cells stably and inducibly expressing Flag-STIM1 (labeled as FL), 
Flag-STIM1( 382 KIKKKR 

387 > 

382 AIAAAA 

387 , labeled as K > A), or Flag-STIM1( �551–685). Number of cells analyzed for γH2AX foci assessment: n = 354 
(FL); n = 357 (FL + MMC); n = 390 (KIKKKR > AIAAAA mutant); n = 288 (KIKKKR > AIAAAA mutant + MMC); n = 283 ( �551–685); n = 344 ( �551–685 
mutant + MMC), from n = 2 independent experiments. Number of cells analyzed for 53BP1 foci assessment: n = 354 (FL); n = 323 (FL + MMC); 
n = 390 (KIKKKR > AIAAAA mutant); n = 288 (KIKKKR > AIAAAA mutant + MMC); n = 566 ( �551–685); n = 714 ( �551–685 mutant + MMC), from 

n = 2 independent experiments. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data
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Figure 11. STIM1 has a role in FANCD2 association to DNA damage sites. ( A ) The levels of FANCD2 and monoubiquitylated FANCD2 were assessed by 
immunoblotting. Whole cell lysates (30 μg protein / lane) from HEK293 cells (WT and STIM1-KO) treated with 40 ng / ml MMC for 18 h (or with the 
v ehicle) w ere prepared using RIPA ly sis buffer supplemented with iodoacet amide. ( B ) Quantification of the ratio ubiquit ylated FANCD2 o v er total 
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precipitates with F ANCD2-F ANCI (also called ID2 complex). 
These two proteins form a heterodimer in response to DNA 

damage and associate to chromatin to activate downstream 

DNA repair signaling ( 63 ). There are several alternative mod- 
els that account for the repair of ICLs, but all of them in- 
volve the recruitment of F ANCD2-F ANCI to the DNA lesion 

( 64 ,65 ). This complex becomes ubiquitylated by a still not 
fully defined mechanism, although it is known that FANCD2 

and FANCI monoubiquitylation are interdependent ( 58 ). Im- 
portantly, ubiquitylation of the ID2 complex enhances its 
binding to DNA, and specifically to ICLs [reviewed in ( 66 )]. 
This monoubiquitylation is a critical step in the FA path- 
way as it is required for the recruitment of FAN1 ( 67 ,68 ) 
and XPF-ERCC1 ( 69 ) nucleases to the ICL. In this regard, 
the transport of FA proteins to the nucleus becomes critical. 
This transport has been proposed to be mediated by the tran- 
scription factor CEBPD and IPO4 in the case of FANCD2 

( 70 ) or in a coordinated manner for the F ANCD2-F ANCI 
complex ( 71 ). Here, we show that STIM1-defective cells ex- 
hibited reduced lower levels of nuclear FANCD2 and weak- 
ened FANCD2-dependent response to ICL, as indicated by the 
reduced chromatin-associated FANCD2 foci. However, this 
result does not necessarily imply a direct role of STIM1 in 

FANCD2 translocation to the nucleus, and other possibili- 
ties could explain these results. For instance, the absence of 
STIM1 could have an impact on the redirection of FANCD2 

to DNA lesions, potentially leading to faster nuclear export 
and lower steady-state FACD2 levels. In support of this, lamin 

A / C-deficient cells have a normal response to ionizing radia- 
tion but are sensitive to agents that cause interstrand cross- 
links (ICLs) or replication stress because they show decreased 

recruitment of FANCD2 and other repair factors ( 72 ). Thus, 
the relocalization of DNA lesions to the nuclear envelope, and 

more precisely to the INM and the nuclear pore complex is 
supported by increasing body of evidence ( 73–75 ). Given the 
specific localization of nuclear STIM1 at the INM, where it 
accumulates in response to MMC, it is plausible to suggest a 
role for STIM1 in the relocalization of chromatin to the nu- 
clear envelope. In support of this idea, the deletion of a large 
fragment of STIM1 that mediates association to chromatin 

disrupts the protective role of STIM1, as shown in this work. 
However, it is important to note that MMC induces not only 
the formation of ICLs but also monoadducts and intrastrand 

crosslinks ( 76 ), making necessary additional studies to set the 
specific type of lesions in which STIM1 is involved. 

The generation of damage induced by MMC is primar- 
ily due to the replication fork stalling induced by interstrand 

crosslinks (ICLs). In our study, not only MMC but also HU 

or aphidicolin, inhibitors of DNA replication ( 77 ,78 ), caused 

increased damage in STIM1-deficient cells. These findings sug- 
gest increased replicative stress in the absence of STIM1, as ev- 
idenced by the quantification of 53BP1 NBs in G1-phase cells. 
Damage associated with replicative stress is predominantly re- 
paired through homologous recombination (HR) ( 79 ). It is 
well established that FANCD2 forms foci with BRCA1 during 
the S-phase, highlighting the role of the FA / BRCA pathway in 

HR repair of double-strand breaks (DSBs) during this phase. 
Therefore, the observation that STIM1-deficient cells exhibit 
defects in generating pBRCA1 and FANCD2 foci points to- 
ward a deficiency in HR repair signaling. While the detailed 

mechanism of this defect falls outside the scope of this ar- 
ticle and deserves further in-depth investigation, a potential 
possibility for future study is that this signaling is dependent 
on interactions with nuclear envelope scaffolding proteins, al- 
though, at present, this suggestion remains speculative. 

On the other hand, our results do not support a direct role 
of Ca 2+ entry through the plasma membrane Ca 2+ channel 
ORAI1 on DNA repair, given that the absence of ORAI1 did 

not increase levels of DNA damage markers. However, STIM1 

has a Ca 2+ -sensitive EF-hand domain that senses intraluminal 
Ca 2+ concentration in the endoplasmic reticulum, and a drop 

in Ca 2+ concentration is expected to account in the response 
to DNA damage, according to recent findings described by Li 
et al. ( 80 ). These authors proposed that replication stress leads 
to the generation of ssDNA and dsDNA that trigger the release 
of Ca 2+ from the ER. Upon translocation of ssDNA / dsDNA 

to the cytosol, STING dissociates from the ER Ca 2+ chan- 
nel TRPV2, allowing the Ca 2+ release from the ER and the 
subsequent increase of cytosolic free Ca 2+ concentration ( 80 ). 
This free Ca 2+ concentration rise stimulates AMPK-dependent 
phosphorylation of the nuclease EXO1, promoting its bind- 
ing to 14–3–3 and inhibiting the unscheduled recruitment of 
the nuclease EXO1 to the replication fork ( 81 ). Although this 
proposal is restricted to the molecular regulation of the ac- 
cessibility of EXO1 to replication forks, the initial part of the 
model has an unexplored consequence: the partial depletion 

of intraluminal Ca 2+ concentration within the ER. It is well 
known that the drop of this Ca 2+ concentration triggers an in- 
tramolecular transition of STIM1 into an open conformation, 
as discussed previously, leading to the exposure of coiled-coil 
domains CC2 and CC3 ( 82 ). This opening makes the sequence 
382 -KIKKKR- 387 , proposed here as a functional NLS, more ac- 
cessible to other interactors. In this context, the translocation 

of ssDNA / dsDNA to the cytosol and the release of Ca 2+ from 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
F ANCD2 (Ub-F ANCD2 + non-Ub-F ANCD2) w as calculated from n = 6 blots ( n = 3 biological replicates). ( C ) HEK293 cells (WT, S TIM1-KO and 
S TIM1-KO + S TIM1-GFP) w ere treated with 40 ng / ml MMC for 18 h (or with the vehicle). Nuclear and cytoplasmic fractions were isolated, and the le v els 
of FANCD2 and FANCI were assessed by immunoblotting (20 μg protein / lane in cytoplasm and 30 μg protein / lane in nuclear fractions). P38 MAPK and 
histone H3 were evaluated as cytoplasmic / nuclear marker and loading controls. ( D , E ) Quantification of the nuclear / total ratio (i.e., nuclear / (nuclear + 

cytoplasmic)) of FANCD2 (panel D) and FANCI (panel E) from blots shown in panel C ( n ≥ 3 biological replicates and n ≥ 3 technical replicates in all 
cases). ( F ) FANCD2 (green) and FANCI (red) foci were evaluated by immunolocalization in U2OS cells treated as in panel A. Scale bar = 5 μm. ( G , H ) The 
individual number of foci per nucleus was counted in WT cells ( n = 81) and STIM1-KO ( n = 81) U2OS cells from two biological replicates. ( I ) The area of 
o v erlapping FANCD2 and FANCI foci was calculated from the immunolocalization experiments shown in panels F–H. ( J ) Co-localization between γH2AX 
foci (red) and FANCD2 foci (green) in U2OS cells treated with MMC, as indicated in panel A. Bar = 10 μm. Merged red and green channels are shown to 
indicate o v erlapping of f oci. ( K ) Cells w ere individually analyz ed to record the fraction of γH2AX without o v erlapping FANCD2. As an e xample, tw o cells 
from panel J ha v e been selected, magnified, and binary masks created to delineate areas of FANCD2-free γH2AX foci. In this panel, the subtraction 
γH2AX minus FANCD2 is shown as a yellow mask. Bar = 5 μm. ( L ) Areas of the resulting subtractions from panel J are shown for WT cells ( n = 93) and 
STIM1-KO U2OS cells ( n = 95). ( M ) Proximity ligation assay to assess the interaction between FANCD2 and STIM1-GFP, STIM1(KIKKKR > AIAAAA)-GFP 
or STIM1( �551–685)-GFP. Methanol-fixed cells were incubated with the specified antibodies (rabbit anti-FANCD2 and sheep anti-GFP). The background 
signal with the anti-GFP antibody is shown in the first bar. Other negative controls are shown in Figure 6 D. The number of red dots per nucleus is 
shown, and the number of analyzed cells is indicated in parentheses. 
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the ER would favor the translocation of STIM1 to the nucleus, 
an event that is critical for an efficient repair. 

The distal region of the C-terminal domain has a role in 

the association to chromatin, and the deletion of this do- 
main is linked to increased DNA damage, strengthening the 
hypothesis that STIM1 association with chromatin is essen- 
tial for efficient DNA damage repair . However , characteriz- 
ing a chromatin-binding domain is hampered by the absence 
of structural information for this part of the protein. No- 
tably, structural prediction with AlphaFold offers very limited 

confidence in predicting secondary structure elements beyond 

amino acid 460 (see prediction AF-Q13586-F1). Therefore, 
further studies are needed to uncover motifs or residues re- 
sponsible for chromatin binding / association as well as their 
regulation by post-translational modifications, given the high 

number of modified sites in this part of the protein. 
In conclusion, the increased level of DNA breaks in STIM1- 

KO cells, together with the results showing the transloca- 
tion of STIM1 to the nucleus, and the fact that it regulates 
FANCD2 localization in the nucleus, strongly support the role 
of STIM1 in DNA damage repair. As a result, these findings, 
suggest that the potential impact of STIM1 polymorphisms 
should be investigated in cancer patients to learn whether 
these mutations play a role in this novel function. This con- 
sideration may be important in evaluating the administration 

of systemic agents to cancer patients with a susceptibility to 

DNA damage, as well as in patients with FA. 

Data availability 

The data underlying this article are available in the article and 

in its online supplementary material. The raw files and the 
MaxQuant search results files have been deposited as ‘par- 
tial submission’ to the ProteomeXchange Consortium ( 83 ) via 
the PRIDE partner repository ( 84 ) with the dataset identifier 
PXD041181. 

Supplementary data 

Supplementary Data are available at NAR Online. 

A c kno wledg ements 

We thank Dr Thomas Macartney (MRC Protein Phosphory- 
lation and Ubiquitylation Unit, University of Dundee) for de- 
signing the strategy for the generation of the knockout cell 
lines described in this work. We also thank the support of 
the Bioscience Applied Techniques Facility at the Universi- 
dad de Extremadura. The graphical abstract was created with 

BioRender.com. 

Funding 

MCIN / AEI / 10.13039 / 501100011033 [PID2020-112997- 
GBI00 to F.J.M.-R.]; Stand Up to Cancer campaign for 
Cancer Research UK (CRUK) [A29800 to S.Z.]; CRUK 

Beatson Institute Advanced Technology Facilities [A17196]; 
ATIP AVENIR, plan cancer [C17004AS to C.L.]; I.S.-L. 
was recipient of a predoctoral contract funded by the 
Universidad de Extremadura; Y.O-A. was recipient of 
a predoctoral contract funded by the Spanish Ministe- 
rio de Universidades [FPU2019 / 000694]. Funding for 
open access charge: Ministerio de Ciencia e Innovación 

(MCIN / AEI / 10.13039 / 501100011033, Grant PID2020- 
112997-GBI00). None of these funding agencies participated 

in the study’s design, execution of the research or preparation 

of the manuscript. 

Conflict of interest statement 

None declared. 

References 

1. Roos, J. , DiGregorio, P.J. , Yeromin, A.V. , Ohlsen, K. , Lioudyno, M. , 
Zhang, S. , Safrina, O. , Kozak, J.A. , Wagner, S.L. , Cahalan, M.D. , et al. 
(2005) STIM1, an essential and conserved component of 
store-operated Ca 2+ channel function. J. Cell Biol., 169 , 435–445.

2. Zhang, S.L. , Yu, Y. , Roos, J. , Kozak, J.A. , Deerinck, T.J. , 
Ellisman, M.H. , Stauderman, K.A. and Cahalan, M.D. (2005) 
STIM1 is a Ca(2+) sensor that activates CRAC channels and 
migrates from the Ca(2+) store to the plasma membrane. Nature , 
437 , 902–905.

3. Luik, R.M. , Wang, B. , Prakriya, M. , Wu, M.M. and Lewis, R.S. 
(2008) Oligomerization of STIM1 couples ER calcium depletion 
to CRAC channel activation. Nature , 454 , 538–542.

4. Stathopulos, P.B. , Li, G.Y. , Plevin, M.J. , Ames, J.B. and Ikura, M. 
(2006) Stored Ca2+ depletion-induced oligomerization of stromal 
interaction molecule 1 (STIM1) via the EF-SAM region: an 
initiation mechanism for capacitive Ca 2+ entry. J. Biol. Chem., 
281 , 35855–35862.

5. Wu, M.M. , Buchanan, J. , Luik, R.M. and Lewis, R.S. (2006) Ca(2+) 
store depletion causes STIM1 to accumulate in ER regions closely 
associated with the plasma membrane. J. Cell Biol., 174 , 803–813.

6. Park, C.Y. , Hoover, P.J. , Mullins, F.M. , Bachhawat, P. , 
Covington, E.D. , Raunser, S. , Walz, T. , Garcia, K.C. , Dolmetsch, R.E. 
and Lewis,R.S. (2009) STIM1 clusters and activates CRAC 

channels via direct binding of a cytosolic domain to Orai1. Cell , 
136 , 876–890.

7. Yuan, J.P. , Zeng, W. , Dorwart, M.R. , Choi, Y.J. , Worley, P .F . and 
Muallem,S. (2009) SOAR and the polybasic STIM1 domains gate 
and regulate Orai channels. Nat. Cell Biol., 11 , 337–343.

8. Feske, S. , Gwack, Y. , Prakriya, M. , Srikanth, S. , Puppel, S.H. , 
Tanasa, B. , Hogan, P.G. , Lewis, R.S. , Daly, M. and Rao, A. (2006) A 

mutation in Orai1 causes immune deficiency by abrogating CRAC 

channel function. Nature , 441 , 179–185.
9. Martin-Romero, F.J. , Pascual-Caro, C. , Lopez-Guerrero, A. , 

Espinosa-Bermejo, N. and Pozo-Guisado, E. (2018) Regulation of 
Calcium Signaling by STIM1 and ORAI1. In: Buchholz,J.N. and 
Behringer,E.J. (eds.) Calcium and Signal Transduction . 
IntechOpen, pp. 3–22.

10. Grabmayr, H. , Romanin, C. and Fahrner, M. (2021) STIM proteins: 
an ever-expanding family. Int. J. Mol. Sci., 22 , 378.

11. Srikanth, S. , Woo, J.S. , Wu, B. , El-Sherbiny, Y.M. , Leung, J. , 
Chupradit, K. , Rice, L. , Seo, G.J. , Calmettes, G. , Ramakrishna, C. , 
et al. (2019) The Ca2+ sensor STIM1 regulates the type I 
interferon response by retaining the signaling adaptor STING at 
the endoplasmic reticulum. Nat. Immunol., 20 , 152–162.

12. Son, A. , de Jesus, A.A. and Schwartz, D.M. (2019) STIM1 holds a 
STING in its (N-terminal) tail. Cell Calcium , 80 , 192–193.

13. Shimamura, A. and Alter, B.P. (2010) Pathophysiology and 
management of inherited bone marrow failure syndromes. Blood 
Rev., 24 , 101–122.

14. Quentin, S. , Cuccuini, W. , Ceccaldi, R. , Nibourel, O. , Pondarre, C. , 
Pagès, M.-P. , Vasquez, N. , Dubois d’Enghien, C. , Larghero, J. , 
Peffault de Latour, R. , et al. (2011) Myelodysplasia and leukemia 
of Fanconi anemia are associated with a specific pattern of 
genomic abnormalities that includes cryptic RUNX1 / AML1 
lesions. Blood , 117 , e161–e170.

15. Kutler, D.I. , Singh, B. , Satagopan, J. , Batish, S.D. , Berwick, M. , 
Giampietro,P .F ., Hanenberg,H. and Auerbach,A.D. (2003) A 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae001#supplementary-data


2414 Nucleic Acids Research , 2024, Vol. 52, No. 5 

20-year perspective on the International Fanconi Anemia Registry 
(IFAR). Blood , 101 , 1249–1256.

16. Alter, B.P. , Giri, N. , Savage, S.A. , Peters, J.A. , Loud, J.T. , 
Leathwood, L. , Carr, A.G. , Greene, M.H. and Rosenberg, P.S. (2010) 
Malignancies and survival patterns in the National Cancer 
Institute inherited bone marrow failure syndromes cohort study. 
Br. J. Haematol., 150 , 179–188.

17. Niraj, J. , Färkkilä, A. and D’Andrea, A.D. (2019) The Fanconi 
anemia pathway in cancer. Annu. Rev. Cancer Biol., 3 , 457–478.

18. Räschle, M. , Knipscheer, P. , Enoiu, M. , Angelov, T. , Sun, J. , 
Griffith, J.D. , Ellenberger, T.E. , Schärer, O .D . and Walter,J.C. (2008) 
Mechanism of replication-coupled DNA interstrand crosslink 
repair. Cell , 134 , 969–980.

19. Long, D.T. , Joukov, V. , Budzowska, M. and Walter, J.C. (2014) 
BRCA1 promotes unloading of the CMG helicase from a stalled 
DNA replication fork. Mol. Cell , 56 , 174–185.

20. Knipscheer, P. , Räschle, M. , Smogorzewska, A. , Enoiu, M. , Ho, T.V. , 
Schärer,O .D ., Elledge,S.J. and Walter,J.C. (2009) The Fanconi 
anemia pathway promotes replication-dependent DNA interstrand 
cross-link repair. Science , 326 , 1698–1701.

21. Ceccaldi, R. , Sarangi, P. and D’Andrea, A.D. (2016) The Fanconi 
anaemia pathway: new players and new functions. Nat. Rev. Mol. 
Cell Biol., 17 , 337–349.

22. Huang, J. , Liu, S. , Bellani, M.A. , Thazhathveetil, A.K. , Ling, C. , de 
Winter, J.P. , Wang, Y. , Wang, W. and Seidman, M.M. (2013) The 
DNA translocase FANCM / MHF promotes replication traverse of 
DNA interstrand crosslinks. Mol. Cell , 52 , 434–446.

23. Zhang, J. and Walter, J.C. (2014) Mechanism and regulation of 
incisions during DNA interstrand cross-link repair. DNA Repair 
(Amst.) , 19 , 135–142.

24. Renaudin, X. and Rosselli, F. (2020) The FANC / BRCA pathway 
releases replication blockades by eliminating DNA interstrand 
cross-links. Genes (Basel) , 11 , 585.

25. Lopez-Guerrero, A.M. , Tomas-Martin, P. , Pascual-Caro, C. , 
Macartney, T. , Rojas-Fernandez, A. , Ball, G. , Alessi, D.R. , 
Pozo-Guisado, E. and Martin-Romero, F.J. (2017) Regulation of 
membrane ruffling by polarized STIM1 and ORAI1 in 
cortactin-rich domains. Sci. Rep., 7 , 383.

26. Pozo-Guisado, E. , Campbell, D.G. , Deak, M. , Alvarez-Barrientos, A. , 
Morrice, N.A. , Alvarez, I.S. , Alessi, D.R. and Martin-Romero, F.J. 
(2010) Phosphorylation of STIM1 at ERK1 / 2 target sites 
modulates store-operated calcium entry. J. Cell Sci., 123 , 
3084–3093.

27. Pozo-Guisado, E. , Casas-Rua, V. , Tomas-Martin, P. , 
Lopez-Guerrero, A.M. , Alvarez-Barrientos, A. and 
Martin-Romero,F.J. (2013) Phosphorylation of STIM1 at ERK1 / 2 
target sites regulates interaction with the microtubule plus-end 
binding protein EB1. J. Cell Sci., 126 , 3170–3180.

28. Makkerh, J.P. , Dingwall, C. and Laskey, R.A. (1996) Comparative 
mutagenesis of nuclear localization signals reveals the importance 
of neutral and acidic amino acids. Curr. Biol., 6 , 1025–1027.

29. Lopez-Guerrero, A.M. , Pascual-Caro, C. , Martin-Romero, F.J. and 
Pozo-Guisado,E. (2017) Store-operated calcium entry is 
dispensable for the activation of ERK1 / 2 pathway in prostate 
cancer cells. Cell Signal. , 40 , 44–52. 

30. Pascual-Caro, C. , Berrocal, M. , Lopez-Guerrero, A.M. , 
Alvarez-Barrientos, A. , Pozo-Guisado, E. , Gutierrez-Merino, C. , 
Mata, A.M. and Martin-Romero, F.J. (2018) STIM1 deficiency is 
linked to Alzheimer’s disease and triggers cell death in SH-SY5Y 

cells by upregulation of L-type voltage-operated Ca2+ entry. J. 
Mol. Med. (Berl.) , 96 , 1061–1079.

31. Cong, L. , Ran, F.A. , Cox, D. , Lin, S. , Barretto, R. , Habib, N. , Hsu, P.D. , 
Wu, X. , Jiang, W. , Marraffini, L.A. , et al. (2013) Multiplex genome 
engineering using CRISPR / Cas systems. Science , 339 , 819–823.

32. Casas-Rua, V. , Alvarez, I.S. , Pozo-Guisado, E. and 
Martin-Romero,F.J. (2013) Inhibition of STIM1 phosphorylation 
underlies resveratrol-induced inhibition of store-operated calcium 

entry. Biochem. Pharmacol., 86 , 1555–1563.

33. Tomas-Martin, P. , Lopez-Guerrero, A.M. , Casas-Rua, V. , 
Pozo-Guisado, E. and Martin-Romero, F.J. (2015) Phospho-STIM1 
is a downstream effector that mediates the signaling triggered by 
IGF-1 in HEK293 cells. Cell Signal. , 27 , 545–554. 

34. Hubner, N.C. , Bird, A.W. , Cox, J. , Splettstoesser, B. , Bandilla, P. , 
Poser, I. , Hyman, A. and Mann, M. (2010) Quantitative proteomics 
combined with BAC TransgeneOmics reveals in vivo protein 
interactions. J. Cell Biol., 189 , 739–754.

35. Rappsilber, J. , Mann, M. and Ishihama, Y. (2007) Protocol for 
micro-purification, enrichment, pre-fractionation and storage of 
peptides for proteomics using StageTips. Nat. Protoc., 2 , 
1896–1906.

36. Cox, J. and Mann, M. (2008) MaxQuant enables high peptide 
identification rates, individualized p.p.b.-range mass accuracies 
and proteome-wide protein quantification. Nat. Biotechnol., 26 , 
1367–1372.

37. Cox, J. , Neuhauser, N. , Michalski, A. , Scheltema, R.A. , Olsen, J.V. 
and Mann,M. (2011) Andromeda: a Peptide Search Engine 
Integrated into the MaxQuant Environment. J. Proteome Res., 10 , 
1794–1805.

38. Consortium,U.P. (2019) UniProt: a worldwide hub of protein 
knowledge. Nucleic Acids Res. , 47 , D506–D515. 

39. Tyanova, S. , Temu, T. , Sinitcyn, P. , Carlson, A. , Hein, M.Y. , Geiger, T. , 
Mann, M. and Cox, J. (2016) The Perseus computational platform 

for comprehensive analysis of (prote)omics data. Nat. Methods , 
13 , 731–740.

40. Cox, J. , Hein, M.Y. , Luber, C.A. , Paron, I. , Nagaraj, N. and Mann, M. 
(2014) Accurate proteome-wide label-free quantification by 
delayed normalization and maximal peptide ratio extraction, 
termed MaxLFQ. Mol. Cell. Proteomics , 13 , 2513–2526.

41. Kadota, S. , Ou, J. , Shi, Y. , Lee, J.T. , Sun, J. and Y ildirim, E. (2020) 
Nucleoporin 153 links nuclear pore complex to chromatin 
architecture by mediating CTCF and cohesin binding. Nat. 
Commun., 11 , 2606.

42. Dreger, M. , Otto, H. , Neubauer, G. , Mann, M. and Hucho, F. (1999) 
Identification of phosphorylation sites in native lamina-associated 
polypeptide 2 β. Biochemistry , 38 , 9426–9434.

43. Williamson, C.D. , Wong, D.S. , Bozidis, P. , Zhang, A. and 
Colberg-Poley,A.M. (2015) Isolation of endoplasmic reticulum, 
mitochondria, and mitochondria-associated membrane and 
detergent resistant membrane fractions from transfected cells and 
from human cytomegalovirus-infected primary fibroblasts. Curr. 
Protoc. Cell Biol., 68 , 3.27.1–3.27.33.

44. Gillotin,S. (2018) Isolation of chromatin-bound proteins from 

subcellular fractions for biochemical analysis. Bio. Protoc., 8 , 
e3035.

45. Swift, L.P. , Castle, L. and McHugh, P.J. (2020) Analysis of DNA 

interstrand cross-links and their repair by modified comet assay. 
Methods Mol. Biol., 2119 , 79–88.

46. Pascual-Caro, C. , Orantos-Aguilera, Y. , Sanchez-Lopez, I. , de 
Juan-Sanz, J. , Parys, J.B. , Area-Gomez, E. , Pozo-Guisado, E. and 
Martin-Romero,F.J. (2020) STIM1 deficiency leads to specific 
down-regulation of ITPR3 in SH-SY5Y cells. Int. J. Mol. Sci., 21 , 
6598.

47. Soderholm, J.F. , Bird, S.L. , Kalab, P. , Sampathkumar, Y. , 
Hasegawa, K. , Uehara-Bingen, M. , Weis, K. and Heald, R. (2011) 
Importazole, a small molecule inhibitor of the transport receptor 
importin- β. ACS Chem. Biol., 6 , 700–708.

48. Hutchins, J.R.A. , Moore, W.J. and Clarke, P.R. (2009) Dynamic 
localisation of Ran GTPase during the cell cycle. BMC Cell Biol., 
10 , 66.

49. Kosugi, S. , Hasebe, M. , Matsumura, N. , Takashima, H. , 
Miyamoto-Sato, E. , Tomita, M. and Yanagawa, H. (2009) Six classes 
of nuclear localization signals specific to different binding grooves 
of importin α. J. Biol. Chem., 284 , 478–485.

50. Sognier, M.A. and Hittelman, W.N. (1986) Mitomycin-induced 
chromatid breaks in HeLa cells: a consequence of incomplete 
DNA replication. Cancer Res. , 46 , 4032–4040. 



Nucleic Acids Research , 2024, Vol. 52, No. 5 2415 

51. Fernandez-Capetillo, O. , Lee, A. , Nussenzweig, M. and 
Nussenzweig,A. (2004) H2AX: the histone guardian of the 
genome. DNA Repair (Amst.) , 3 , 959–967.

52. Lu, C. , Zhu, F. , Cho, Y .-Y . , Tang, F. , Zykova, T. , Ma, W. , Bode, A.M. 
and Dong,Z. (2006) Cell apoptosis: requirement of H2AX in 
DNA ladder formation, but not for the activation of caspase-3. 
Mol. Cell , 23 , 121–132.

53. Xu, Y. , Ning, S. , Wei, Z. , Xu, R. , Xu, X. , Xing, M. , Guo, R. and Xu, D. 
(2017) 53BP1 and BRCA1 control pathway choice for stalled 
replication restart. eLife , 6 , e30523.

54. Chen, J. , Li, P. , Song, L. , Bai, L. , Huen, M.S.Y. , Liu, Y. and Lu, L.-Y. 
(2020) 53BP1 loss rescues embryonic lethality but not genomic 
instability of BRCA1 total knockout mice. Cell Death Differ., 27 , 
2552–2567.

55. Kass, E.M. , Moynahan, M.E. and Jasin, M. (2010) Loss of 53BP1 is 
a gain for BRCA1 mutant cells. Cancer Cell , 17 , 423–425.

56. Feng, W. and Jasin, M. (2017) BRCA2 suppresses replication 
stress-induced mitotic and G1 abnormalities through homologous 
recombination. Nat. Commun., 8 , 525.

57. Kosar, M. , Giannattasio, M. , Piccini, D. , Maya-Mendoza, A. , 
García-Benítez, F. , Bartkova, J. , Barroso, S.I. , Gaillard, H. , Martini, E. , 
Restuccia, U. , et al. (2021) The human nucleoporin Tpr protects 
cells from RNA-mediated replication stress. Nat. Commun., 12 , 
3937.

58. Lemonidis, K. , Rennie, M.L. , Arkinson, C. , Chaugule, V.K. , 
Clarke, M. , Streetley, J. and Walden, H. (2023) Structural and 
biochemical basis of interdependent F ANCI-F ANCD2 
ubiquitination. EMBO J., 42 , e111898.

59. Yang, X. , Jin, H. , Cai, X. , Li, S. and Shen, Y. (2012) Structural and 
mechanistic insights into the activation of Stromal interaction 
molecule 1 (STIM1). Proc. Natl. Acad. Sci. U.S.A., 109 , 
5657–5662.

60. Zhou, Y. , Srinivasan, P. , Razavi, S. , Seymour, S. , Meraner, P. , 
Gudlur, A. , Stathopulos, P.B. , Ikura, M. , Rao, A. and Hogan, P.G. 
(2013) Initial activation of STIM1, the regulator of store-operated 
calcium entry. Nat. Struct. Mol. Biol., 20 , 973–981.

61. Krapivinsky, G. , Krapivinsky, L. , Stotz, S.C. , Manasian, Y. and 
Clapham,D.E. (2011) POST, partner of stromal interaction 
molecule 1 (STIM1), targets STIM1 to multiple transporters. Proc. 
Natl. Acad. Sci. U.S.A., 108 , 19234–19239.

62. Schumacher, B. , Pothof, J. , V ijg, J. and Hoeijmakers, J .H.J . (2021) 
The central role of DNA damage in the ageing process.Nature , 
592 , 695–703.

63. Lopez-Martinez, D. , Liang, C.-C. and Cohn, M.A. (2016) Cellular 
response to DNA interstrand crosslinks: the Fanconi anemia 
pathway. Cell. Mol. Life Sci., 73 , 3097–3114.

64. Kim, J.M. , Kee, Y. , Gurtan, A. and D’Andrea, A.D. (2008) Cell 
cycle-dependent chromatin loading of the Fanconi anemia core 
complex by F ANCM / F AAP24. Blood , 111 , 5215–5222.

65. Castella, M. , Jacquemont, C. , Thompson, E.L. , Yeo, J.E. , 
Cheung, R.S. , Huang, J.-W. , Sobeck, A. , Hendrickson, E.A. and 
Taniguchi,T. (2015) FANCI regulates recruitment of the FA core 
complex at sites of DNA damage independently of FANCD2. 
PLoS Genet., 11 , e1005563.

66. Lemonidis, K. , Arkinson, C. , Rennie, M.L. and Walden, H. (2022) 
Mechanism, specificity, and function of F ANCD2-F ANCI 
ubiquitination and deubiquitination. FEBS J. , 289 , 4811–4829. 

67. Kratz, K. , Schöpf, B. , Kaden, S. , Sendoel, A. , Eberhard, R. , 
Lademann, C. , Cannavó, E. , Sartori, A.A. , Hengartner, M.O. and 
Jiricny,J. (2010) Deficiency of FANCD2-associated nuclease 
KIAA1018 / FAN1 sensitizes cells to interstrand crosslinking 
agents. Cell , 142 , 77–88.

68. Lachaud, C. , Moreno, A. , Marchesi, F. , Toth, R. , Blow, J .J . and 
Rouse,J. (2016) Ubiquitinated Fancd2 recruits Fan1 to stalled 

replication forks to prevent genome instability. Science , 351 , 
846–849.

69. Klein Douwel, D. , Boonen, R.A.C.M. , Long, D.T. , Szypowska, A.A. , 
Räschle, M. , Walter, J.C. and Knipscheer, P. (2014) XPF-ERCC1 acts 
in Unhooking DNA interstrand crosslinks in cooperation with 
FANCD2 and FANCP / SLX4. Mol. Cell , 54 , 460–471.

70. Wang, J. , Sarkar, T.R. , Zhou, M. , Sharan, S. , Ritt, D.A. , Veenstra, T.D. , 
Morrison, D.K. , Huang, A.-M. and Sterneck, E. (2010) 
CCAAT / enhancer binding protein delta (C / EBPdelta, 
CEBPD)-mediated nuclear import of FANCD2 by IPO4 augments 
cellular response to DNA damage. Proc. Natl. Acad. Sci. U.S.A., 
107 , 16131–16136.

71. Boisvert, R.A. , Rego, M.A. , Azzinaro, P.A. , Mauro, M. and 
Howlett,N.G. (2013) Coordinate nuclear targeting of the 
FANCD2 and FANCI proteins via a FANCD2 nuclear localization 
signal. PLoS One , 8 , e81387.

72. Singh, M. , Hunt, C.R. , Pandita, R.K. , Kumar, R. , Yang, C.-R. , 
Horikoshi, N. , Bachoo, R. , Serag, S. , Story, M.D. , Shay, J.W. , et al. 
(2013) Lamin A / C depletion enhances DNA damage-induced 
stalled replication fork arrest. Mol. Cell. Biol., 33 , 1210–1222.

73. Aguilera, P. , Whalen, J. , Minguet, C. , Churikov, D. , Freudenreich, C. , 
Simon, M.-N. and Géli, V. (2020) The nuclear pore complex 
prevents sister chromatid recombination during replicative 
senescence. Nat. Commun., 11 , 160.

74. Whalen, J.M. , Dhingra, N. , Wei, L. , Zhao, X. and Freudenreich, C.H. 
(2020) Relocation of collapsed forks to the nuclear pore complex 
depends on sumoylation of DNA repair proteins and permits 
Rad51 association. Cell Rep. , 31 , 107635. 

75. Whalen, J.M. and Freudenreich, C.H. (2020) Location, location, 
location: the role of nuclear positioning in the repair of collapsed 
forks and protection of genome stability. Genes , 11 , 635.

76. Warren, A.J. , Maccubbin, A.E. and Hamilton, J.W. (1998) Detection 
of mitomycin C-DNA adducts in vivo by 32P-postlabeling: time 
course for formation and removal of adducts and biochemical 
modulation. Cancer Res., 58 , 453–461.

77. Koç, A. , Wheeler, L.J. , Mathews, C.K. and Merrill, G.F. (2004) 
Hydroxyurea arrests DNA replication by a mechanism that 
preserves basal dNTP pools. J. Biol. Chem., 279 , 223–230.

78. Ikegami, S. , Taguchi, T. , Ohashi, M. , Oguro, M. , Nagano, H. and 
Mano,Y. (1978) Aphidicolin prevents mitotic cell division by 
interfering with the activity of DNA polymerase-alpha. Nature , 
275 , 458–460.

79. Duxin, J.P. and Walter, J.C. (2015) What is the DNA repair defect 
underlying Fanconi anemia? Curr. Opin. Cell Biol., 37 , 49–60.

80. Li, S. , Kong, L. , Meng, Y. , Cheng, C. , Lemacon, D.S. , Yang, Z. , Tan, K. , 
Cheruiyot, A. , Lu, Z. and You, Z. (2023) Cytosolic DNA sensing by 
cGAS / STING promotes TRPV2-mediated Ca2+ release to protect 
stressed replication forks. Mol. Cell , 83 , 556–573.

81. Li, S. , Lavagnino, Z. , Lemacon, D. , Kong, L. , Ustione, A. , Ng, X. , 
Zhang, Y. , Wang, Y. , Zheng, B. , Piwnica-Worms, H. , et al. (2019) 
Ca2+-stimulated AMPK-dependent phosphorylation of Exo1 
protects stressed replication forks from aberrant resection. Mol. 
Cell , 74 , 1123–1137.

82. Korzeniowski, M.K. , Manjarres, I.M. , Varnai, P. and Balla, T. (2010) 
Activation of STIM1-Orai1 involves an intramolecular switching 
mechanism. Sci. Signal , 3 , ra82.

83. Deutsch, E.W. , Bandeira, N. , Sharma, V. , Perez-Riverol, Y. , 
Carver,J .J ., Kundu,D.J ., García-Seisdedos,D., Jarnuczak,A.F., 
Hewapathirana, S. , Pullman, B.S. , et al. (2020) The 
ProteomeXchange consortium in 2020: enabling ‘big data’ 
approaches in proteomics. Nucleic Acids Res. , 48 , D1145–D1152. 

84. Perez-Riverol, Y. , Bai, J. , Bandla, C. , García-Seisdedos, D. , 
Hewapathirana, S. , Kamatchinathan, S. , Kundu, D.J. , Prakash, A. , 
Frericks-Zipper, A. , Eisenacher, M. , et al. (2022) The PRIDE 

database resources in 2022: a hub for mass spectrometry-based 
proteomics evidences. Nucleic Acids Res. , 50 , D543–D552. 

Received: March 31, 2023. Revised: October 30, 2023. Editorial Decision: December 21, 2023. Accepted: January 1, 2024 
© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited. 


	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

