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ABSTRACT

The nuclear pore complex (NPC) machinery is emerg-
ing as an important determinant in the maintenance
of genome integrity and sensitivity to DNA double-
strand break (DSB)-inducing agents, such as ion-
ising radiation (IR). In this study, using a high-
throughput siRNA screen, we identified the central
channel NPC protein Nup54, and concomitantly its
molecular partners Nup62 and Nup58, as novel fac-
tors implicated in radiosensitivity. Nup54 depletion
caused an increase in cell death by mitotic catastro-
phe after IR, and specifically enhanced both the dura-
tion of the G2 arrest and the radiosensitivity of cells
that contained replicated DNA at the time of IR expo-
sure. Nup54-depleted cells also exhibited increased
formation of chromosome aberrations arisen from
replicated DNA. Interestingly, we found that Nup54
is epistatic with the homologous recombination (HR)
factor Rad51. Moreover, using specific DNA damage
repair reporters, we observed a decreased HR repair
activity upon Nup54 knockdown. In agreement with a
role in HR repair, we also demonstrated a decreased
formation of HR-linked DNA synthesis foci and sis-
ter chromatid exchanges after IR in cells depleted of
Nup54. Our study reveals a novel role for Nup54 in the
response to IR and the maintenance of HR-mediated
genome integrity.

INTRODUCTION

Double-strand breaks (DSBs) are the most deleterious
DNA lesions and are caused by endogenous reactive oxy-
gen species derived from cell metabolism, as well as by ex-
ogenous agents such as ionising radiation (IR). If left unre-

paired or misrepaired, DSBs can give rise to mutations and
gross chromosomal rearrangements (1). In consequence,
cells can undergo cell death, typically by mitotic catastro-
phe, or can survive and transmit the genetic alterations to
their progeny, eventually leading to pathological conditions
such as cancer (2).

The lethal effect that DSBs can have on cells is exploited
in many cancer therapies, with radiotherapy being the most
representative example. It is estimated that around 40%
of all cancer patients are cured by radiotherapy alone or
in combination with other therapeutic modalities, which
stresses the importance of radiotherapy in the management
of malignant diseases (3). It is recognized that the capability
of cancer cells to repair DSBs and/or prevent mitotic catas-
trophe, i.e. intrinsic radiosensitivity, is a major limitation
for radiotherapy (4). Therefore, understanding the mecha-
nisms whereby cells deal with and survive DSBs is impor-
tant for manipulating intrinsic radiosensitivity and improv-
ing radiotherapy.

Cells respond to DSBs with the coordinated activation of
repair and cell-cycle control mechanisms that are integrated
in the so-called DNA damage response (DDR) (5,6). There
are two main DSB repair pathways in higher eukaryotes: the
canonical non-homologous end joining (c-NHEJ) and the
homologous recombination (HR) repair pathways. HR re-
pair uses a homologous template, generally the sister chro-
matid, to restore both the integrity of the DNA molecule
and the sequence in the proximity of the break. c-NHEJ re-
pair restores the integrity of the DNA molecule by ligat-
ing the broken DNA ends, which in some instances requires
prior processing of the ends and can occur between different
chromosomes, leading to deletions, insertions and translo-
cations. Whilst HR is mostly active in S and G2 phases,
c-NHEJ is considered the main repair pathway through-
out the cell cycle (6). Defects in these pathways can lead to
a chromosomal instability phenotype characterized by in-
creased levels of chromosome aberrations, in part as a con-
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sequence of the repair activity of more error-prone alter-
native pathways (alternative end joining (alt-EJ) and single
strand annealing (SSA)) (1,6).

The nuclear pore complex (NPC) is emerging as an im-
portant regulator of the response to DSBs. Around 30 dif-
ferent proteins generically termed nucleoporins constitute
this huge complex that is embedded in the nuclear envelope,
and whose primary function is to regulate nucleocytoplas-
mic trafficking (7). Most of the evidence linking NPCs and
DSB repair comes from genetic studies performed in yeast.
Mutants of some nucleoporins of the inner ring (Nup170
and Nupl88), the Nup84 sub-complex (Nup84, Nupl20
and Nupl33) and the nuclear basket (Mlpl and Mlp2)
display an enhanced sensitivity to several DNA-damaging
agents, including IR (8-10). Mutations affecting the Nup84
sub-complex are synthetically lethal with mutations in com-
ponents of the Rad52 epistasis group, which is involved in
HR repair (9). Moreover, Nup84 and Mlp1/2 (along with
another nuclear pore basket protein, Nup60) are required
for appropriate SUMOylation of proteins which include the
DNA damage repair factor Yku70 (10). The ubiquitylation-
dependent binding of Nup60 to the Nup84 sub-complex has
been shown to be required for an efficient DDR (11). The
Nup84 sub-complex has also been involved in the anchoring
of telomeres to the nuclear periphery, which allows reloca-
tion of DSBs to NPCs and efficient repair of sub-telomeric
DSBs (12,13). Further studies in yeast have demonstrated
that persistent DSBs, eroded telomeres and collapsed repli-
cation forks are actively recruited to NPCs to undergo re-
pair (14). The Nup84 sub-complex has been shown to me-
diate the interaction of NPCs with persistent DSBs and col-
lapsed replication forks, and the recruitment seems to be
mediated via SUMOylation pathways (15-18).

In mammals, however, although NPCs have been shown
to be permissive environments for both c-NHEJ and HR,
DSBs display restricted mobility and do not migrate to the
nuclear periphery (19,20). The nuclear basket—constituted
by Nupl53, Nup50 and Tpr—is the only NPC subcom-
plex with a defined role in the response to DSBs in mam-
mals. Nup153 has been demonstrated to protect cells from
DSB inducing agents by allowing the efficient nuclear im-
port of the c-NHEJ factor 53BP1 via the importin-f path-
way (21-23). Nup153 may also regulate the SUMOylation
status of 53BP1 at the NPC by the SUMO protease SENP1
(24). A role in DSB repair has also been suggested for the
other mammalian nuclear basket nucleoporins Nup50 and
Tpr (24,25). Recent work has also shown that Nup153 and
Nup50 promote the intranuclear targeting of 53BP1 to re-
pair foci (25).

In the present study, we performed a high-throughput ra-
diosensitivity screen with an siRNA library spanning about
10,000 genes and identified the NPC protein Nup54 as a
novel determinant of the response to IR. We show that de-
pletion of Nup54 and the molecular partners that consti-
tute the central channel of the NPC, Nup62 and Nup58, in-
creases the sensitivity to IR. Moreover, we demonstrate that
Nup54 depletion increases IR-induced cell death by mitotic
catastrophe, and specifically enhances both the length of the
G2 arrest and the sensitivity of cells irradiated in S and G2
phases, as well as the formation of chromosome aberrations
arising from post-replicative DNA DSBs. Furthermore, we

show that Nup54 is required for the efficient repair of DSBs
by HR.

MATERIALS AND METHODS
Cell culture

HeLa, T24, BT549, MCF7 and DUI145 cell lines were
acquired from the American Type Culture Collection
(ATCC). HeLa cells stably expressing H2B-GFP were
kindly provided by Prof. Ruth Muschel (Department of
Oncology, University of Oxford). HEK293 cells with inte-
grated EJ5-GFP and DR-GFP reporters (26) were kindly
provided by Prof. Jeremy Stark (Beckman Research Insti-
tute of the City of Hope, CA). Cells were cultured in either
DMEM (HeLa, HEK293 and DU145) or RPMI 1640 (T24,
BT549 and MCF7) medium supplemented with 10% foetal
bovine serum, at 37 °C and 5% CO,. All cell lines were rou-
tinely tested for mycoplasma using MycoAlert (Lonza). Cell
lines grown beyond four months after purchase were au-
thenticated by short tandem repeat profiling by the DNA
Diagnostics Centre.

Reagents

Rabbit polyclonal anti-Nup54 and Nup58 (NupLl) an-
tibodies and mouse monoclonal anti-B-actin antibody
were purchased from SIGMA. Rabbit polyclonal anti-
Rad51 and mouse monoclonal anti-Nup62 antibodies
were from Santa Cruz Biotechnology. Mouse monoclonal
anti-yH2AX (Ser139) and anti-53BP1 antibodies were
from Millipore. Rabbit polyclonal anti-Cyclin-B1 antibody
was from Cell Signaling Technology. Goat anti-mouse
and anti-rabbit Alexa Fluor antibodies used in fluores-
cence microscopy were from Invitrogen. DNA-PK inhibitor
NU7741 was from Stratech. Unless otherwise stated, all
other reagents were from SIGMA.

Transfection

siRNA transfections were performed using either
INTERFERin-HTS (Polyplus) or RNAiMax (Invit-
rogen) as transfection reagents, depending on the cell
line, in a reverse transfection procedure following man-
ufacturer instructions. Silencer Select siRNAs (Life
Technologies) were used for all assays excepting the screen.
The sense strand sequences of the siRNAs were as fol-
lows: siNUP54 #1.: CGAUUCAGGGUGAACUAAA;

SINUP54 #2: CUGCUGGUGUUGAUCCUAU;
SINUP54 #3: UUUAUGCAAUGAUUCUACC;
SINUP5S8 #1: CAAGACCAGAGGAUAGUAA;
SINUPS5S #2: GCCUUGGUGGUAUAGAUUU;
SINUP58 #3: CUCUCAACAUUGACAAAUU;
SINUPG62 #1: GGGCUUCAGCUUAAAGGCA;
SINUPG62 #2: GCAAGAUCCUCAAUGCGCA;

SINUP62 #3: GGAGAGCCUGAUCAACAAAA;
sSINUP153: CGAAAAUCUCUCUACCGAU; siRADSI:

GGUAGAAUCUAGGUAUGCA; SiPRKDC:
GCGUUGGAGUGCUACAACA; SiIBRCA2:
GGAUUAUACAUAUUUCGCA. Unless indicated

otherwise, the sequences indicated above as #1 were used
for all experimental procedures. Silencer Select Negative



Control No. 1 siRNA (Life Technologies) was used as
negative control. The seeding density was from 150,000
to 200,000 cells per 6-well plate well, depending on the
cell line. siRNAs were transfected at a concentration of
20 nM, except in the experiments where siNUP58 and
siNUP62 were used, in which a concentration of 5 nM was
used due to the considerable toxicity observed in colony
formation assays at 20 nM (data not shown). Knockdown
confirmation at the time of IR was routinely assessed by
western-blotting and treatments were initiated 72 h after
transfection.

Colony formation assay

Cells were plated as single cell suspensions and left to at-
tach for 4 h at 37°C and 5% CO, prior to irradiation.
Colonies were grown for 7-14 days, stained with crystal
violet and automatically counted using a GelCount plate
scanner (Oxford Optronix). The plating efficiency (PE =
Average Colony Number/Cells plated) and the surviving
fraction (SF = PEir pose/PEoGy) at a given IR dose was
calculated. Survival data was fitted according to a linear
quadratic equation and, for comparison between curves, the
sensitization enhancement ratio at a surviving fraction of
0.10 (SER10) was calculated, as described previously (27).
The significance of differences between curves was calcu-
lated by two-way ANOVA, with survival as the dependent
variable and irradiation doses and treatment conditions as
the two independent variables.

High-throughput colony formation assay siRNA screen

Human ON-TARGETplus siRNA Library (Dharmacon)
containing 9,962 siRNA pools (four strands per gene) tar-
geting the ‘druggable’ genome was screened using a colony
formation assay essentially as previously described (27).
The top 240 hits were selected for a secondary screening us-
ing a human custom-made siRNA Library (Qiagen; single
strand per gene) run in triplicate. For both the primary and
secondary screen targets were ranked in ascending order
based on the R-score ((Normalized SF — 1)/(mean absolute
deviation of normalized non-targeting SF)). Rank product
analysis was carried out between replicate runs for the sec-
ondary screen. The quality of the screening method deter-
mined by the dynamic range between the positive (PRKDC
siRNA) and negative control siRNAs (non-targeting pool
siRNA) was assessed by Z-factor calculation.

Irradiation

For the screen, plates were irradiated using a Varian IX lin-
ear accelerator to a total dose of 7 Gy, as previously de-
scribed (27). For the other experiments, plates were irradi-
ated with IR at a dose rate of 1.938 Gy x min~! using a
GSR DI caesium-137 irradiator (Gamma Service).

Time-lapse microscopy

Phase contrast and green fluorescence images of live HeLa
H2B-GFP cells, seeded on glass bottom plates (Ibidi) and
incubated at 37°C and 5% CO,, were acquired with an
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Eclipse Ti-E microscope (Nikon) every 4 min for 48 h. H2B-
GFP allowed for the observation of morphological changes
in chromatin. Mitosis length was defined as the time from
chromatin condensation initiation to complete karyokinesis
and cytokinesis (see exception below), the latter observed
by means of phase contrast. Each cell lineage was repre-
sented as a single bar corresponding to single cells within
a lineage (n = 100), according to the following criteria:
Cell lineages were classified as ‘surviving” when all the cells
within the linecage survived, and classified as ‘cell death’
when at least one cell within the lineage died. When the
same type of event occurred in parallel branches within a
lineage, the ones scored and represented were those initi-
ated earlier. Cell death was sub-classified as either death in
interphase or death during mitosis. Polyploidization events
in the surviving lineages—either by daughter cell fusion
or karyokinesis without cytokinesis—were also scored. In
the case of karyokinesis without cytokinesis, for mitotic
length representation, mitosis completion was defined just
by karyokinesis.

Pl-exclusion and -galactosidase assays

The propidium iodide (PI)-exclusion assay was used to as-
sess the percentage of cells with impaired membrane per-
meability as an estimate of cell death. Floating and at-
tached cells were collected together, resuspended in 50
wg/ml PI in phosphate-buffered saline (PBS) and imme-
diately analysed by flow cytometry. Cells positive for PI
staining were considered as dead cells. B-galactosidase ac-
tivity was assessed by flow cytometry essentially as previ-
ously described (28). Briefly, subconfluent cells were incu-
bated first with 100 nM bafilomycin Al for 1 h for lyso-
somal alkalinization, and then with 33 wM of the B-gal
substrate C1, FDG (5-dodecanoylaminofluorescein di-B-D-
galactopyranoside) for 1 h. Prior to data acquisition, 50
wg/ml PI was added as a vital dye for excluding dead cells
from the analysis. The percentage of cells positive for B-
galactosidase activity was calculated based on a hydrol-
ysed C;,FDG fluorescence intensity threshold set in un-
treated cells. All the flow cytometry data were acquired with
a FACSCalibur flow cytometer (BD) and analysed using the
Cyflogic software (http://www.cyflogic.com).

Detection of mitotic cells in asynchronous cultures and fol-
lowing G1 synchronization

G1/S synchronization by double thymidine (DT) block was
initiated 34 h after siRNA transfection. Cells were incu-
bated with 2 mM thymidine for 14 h, then released for 10 h
after a PBS wash and medium replacement, and incubated
again with thymidine for 14 h. Immediately after exposure
to IR, thymidine was washed off and 100 ng/ml nocoda-
zole added for mitotic arrest. For both experiments in asyn-
chronous and G1/S synchronized cultures, cells were either
left untreated or exposed to 4 Gy IR 72 h after siRNA
transfection. At different time points, floating and attached
cells were collected together and fixed with ice-cold 70%
ethanol. Fixed samples were incubated in 0.2% Triton X-
100 in PBS for 15 min at 4°C for nuclear envelope permeabi-
lization, then with a rabbit anti-human phospho-Histone
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3 (Serl0) (p-H3) antibody (Cell Signalling) in 1% bovine
serum albumin (BSA)/PBS for 2 h and, after a wash with
1% BSA/PBS, with a secondary anti-rabbit Alexa-488 an-
tibody for 1 h in the dark. Finally, after a wash with 1%
BSA/PBS, samples were incubated with 50 pwg/ml PI and
200 pg/ml RNase in PBS for 20 min, and analysed by flow
cytometry. Doublets were excluded from the analysis. p-H3-
positive cells with 4n DNA content were considered as mi-
totic cells.

BrdU label-chase experiment

Cells were incubated with 15 wM bromodeoxyuridine
(BrdU) for 30 min and then left unirradiated or exposed
to 4 Gy IR. Immediately afterwards, BrdU was removed
and cells were returned to 37°C and, at different time points,
floating and attached cells were collected together and fixed
with ice-cold 70% ethanol. Samples were incubated with 0.1
mg/ml pepsin in 2 M HCI at room temperature in the dark
for 20 min. Then, samples were incubated with mouse anti-
BrdU (BD Bioscience) in 1% BSA/PBS for 2 h and, after
a wash with 1% BSA/PBS, with a secondary anti-mouse
Alexa-488 antibody for 1 h in the dark. Finally, after a wash
with 1% BSA/PBS, samples were incubated with 50 pg/ml
PI and 200 p.g/ml RNase in PBS for 20 min, and analysed
by flow cytometry. Doublets were excluded from the analy-
sis. The fraction of cells irradiated in S and that were in late
S/G?2 at the time of fixation was determined by gating on
BrdU-positive cells with 4n DNA content.

Fluorescence microscopy

Cells grown on coverslips were fixed with 4% paraformalde-
hyde (PFA) for 10 min at room temperature. After two
washes with PBS, samples were incubated with 1% goat
serum (GS)/1% BSA/0.1% Triton X-100/PBS for 1 h at
room temperature, and later with the corresponding pri-
mary antibody diluted in 1% BSA/1% GS/PBS overnight
at 4°C. Following washes with PBS, samples were incubated
with the corresponding fluorescent secondary antibodies
and 0.5 pg/ml 4',6-diamidino-2-phenylindole (DAPI) for
1 h, washed with PBS and mounted using Vectashield
medium (Vector Laboratories). Images were randomly
acquired with an Eclipse Ni-E fluorescence microscope
(Nikon) using a 40x objective for nuclear 53BP1 levels (=5
fields per sample), and a 60x objective for yH2AX and
Rad51 foci assessment (>25 fields per sample). Nuclear
53BP1 levels and yH2AX and Rad51 foci number were de-
termined using Imagel software (29).

Assessment of BrdU foci in G2 cells

Detection of BrdU foci after DNase treatment conditions
was performed as described previously with slight modifi-
cations (30). Briefly, 1 wg/ml aphidicolin (Calbiochem) was
added immediately before IR, cells were irradiated with 4
Gy and incubated with 10 wM BrdU for 6 h. Then, cells
were fixed with methanol for 30 min at —20 °C and perme-
abilized with acetone for 1 min at —20 °C. After blocking,

cells were incubated with anti-Cyclin-B1 overnight at 4°C,
fixed with 2.5% PFA for 20 min and then incubated with
10 units/ml DNase I (Promega) and anti-BrdU antibody in
60 mM Tris/0.6 mM MgCl,/1 mM B-mercaptocthanol for
1 h at 37°C. Afterwards, samples were incubated with anti-
BrdU antibody overnight at 4°C and processed for fluores-
cence microscopy analysis as described above for foci assess-
ment. BrdU foci in G2 (pan-nuclear BrdU-negative/Cyclin-
Bl-positive) cells were scored using Imaris software (Bit-
plane).

Determination of chromosome aberrations and sister chro-
matid exchanges

After incubation with 30 ng/ml KaryoMAX colcemid so-
lution (Gibco) for 1 h at 37°C, cells were collected by
trypsinization, incubated in Optimal Hypotonic solution
(Genial Genetics) for 20 min at 37°C and fixed with ice-
cold 3:1 methanol/glacial acetic acid. The cell preparation
was dropped onto microscopy slides and left to evaporate
completely on a metal tray at 50°C. Then, the prepara-
tions were stained with 0.5 wg/ml DAPI in PBS for 10 min,
washed three times in PBS and mounted using Vectashield.
Images of metaphase spreads were randomly acquired us-
ing a fluorescence microscope, with a 100x objective, and
randomized for blind analysis using an ImageJ macro (29).
The chromosome aberrations scored included breaks, gaps
and exchanges, dichotomized into either chromatid-type or
chromosome-type chromosome aberrations, as previously
described (31,32). Data were presented as mean numbers
of chromosome aberrations per metaphase. For estimation
of the mean number of chromosome aberrations per 100
cells, the number of chromosome aberrations per metaphase
was multiplied by the proportion of p-H3-positive (mitotic)
cells. For this purpose, cells were also assessed by flow cy-
tometry for p-H3 after KaryoMAX colcemid incubation as
described above.

For the sister chromatid exchange (SCE) assay, 24 h af-
ter transfection cells were incubated with 10 uM BrdU for
two rounds of replication (about 48 h). Colcemid was added
from 8 to 12 h after 4 Gy irradiation and cells were pro-
cessed as described above for the preparation of chromo-
some spreads. Slides were incubated for 25 min with 26.7
pg/ml Hoechst in PBS and subjected to UV light for 25
min in Mcllvaine’s buffer pH 8.0 at 40°C. Then, slides were
stained with 6% KaryoMAX Giemsa (Gibco) diluted in
PBS and mounted in DPX. Images were acquired and ran-
domized for analysis as described for chromosome aberra-
tions. SCEs were scored as reciprocal discontinuities in the
staining intensity of sister chromatids.

I-Scel-based reporter assays

The I-Scel-based assays were performed according to
the method described by Gunn and Stark (26). Briefly,
HEK293 cells harbouring the DR-GFP (HR) and EJS5-
GFP (NHEJ) reporters were transfected with siRNAs using
Lipofectamine RNAIMAX (Invitrogene) as transfection
reagent. Forty-eight hours later, cells were transfected with



the I-Scel plasmid. Seventy-two hours after siRNA trans-
fection GFP-positive cells were scored by FACS analysis.

RESULTS

Identification of central channel Nucleoporins Nup54, Nup62
and Nup58 as novel radioprotecting factors

With the aim of identifying novel determinants of radiosen-
sitivity, we screened an siRNA library targeting 9,962 po-
tentially druggable genes for their ability to decrease colony
formation capability after IR in cervical carcinoma HeLa
cells (Supplementary Excel File), following the same pro-
cedure previously implemented by our group that allowed
the successful screening of the kinase subset siRNA library
(27). The top 240 genes with a potential radioprotecting role
were re-screened using different siRNAs, as a second con-
firmatory readout, and in order to increase the confidence
that the results observed in the primary screen were not due
to off-targeting. The identification of known radiosensitiv-
ity modulators among the top hits, including ATM, BRCA2
and LIG4 (Figure 1A and Supplementary Excel File), con-
firmed the validity of the screening method. Among the top
potential radioprotecting genes, we identified the NPC pro-
tein Nucleoporin 54 (Nup54) (Figure 1A and Supplemen-
tary Excel File). Several NPC proteins have been implicated
in the response to DSB, mainly in yeast (8-25,33). To the
best of our knowledge, however, nothing has been described
in this regard for Nup54 or any of its homologues either in
yeast or in higher eukaryotes. Due to the emerging role of
NPCs in the response to DNA damage and the novelty of
Nup54 in this respect, we decided to further validate this
finding.

In order to confirm that the effect seen in the screen
was not off-target, we transfected HeLa cells with three
different siRNA strands targeted against different regions
of the NUP54 transcript and assessed the colony forma-
tion capability. All three siRNAs (siNUP54 #1, #2 and #3)
caused a marked increase in the sensitivity to IR in compar-
ison to the non-targeting siRNA (siNT) used as a control,
with a concomitant strong decrease in the Nup54 protein
levels, as shown by western blotting (Figure 1B). The ra-
diosensitization induced by Nup54 knockdown (KD) was
not restricted to HelLa cells. T24 (bladder), BT549 (breast),
MCF7 (breast) and DU145 (prostate) cancer cells also dis-
played increased sensitivity to IR upon Nup54 KD (Fig-
ure 1C). Nup62 and Nup58 are the other two nucleoporins
that together with Nup54 constitute the central channel of
the NPC (34,35). In the screen, the library siRNAs target-
ing Nup62 strongly decreased colony formation in the ab-
sence of irradiation, whilst the siRNAs targeting Nup58
considerably decreased colony formation and slightly in-
creased radiosensitivity (Supplementary Excel File and data
not shown). Transfection with siRNAs from a different ven-
dor at a lower concentration (5 nM) efficiently decreased the
levels of Nup62 and Nup58 without drastically compromis-
ing viability in unirradiated cells, and caused an increase in
the sensitivity to IR (Figure 1D and E). These results sug-
gest that the central channel subcomplex of the NPC has a
role in the modulation of radiosensitivity.
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Nup54 depletion increases cell death by mitotic catastrophe
after IR exposure

The loss of clonogenic potential after exposure to IR can oc-
cur via two general processes: cell death or replicative senes-
cence (2). Impaired plasma membrane permeability is con-
sidered an unequivocal feature of any cell death modality,
which can be evidenced with the use of vital dyes such as PI
(36). As a first approach to determine whether the increased
radiosensitivity observed upon Nup54 depletion is due to
cell death, we assessed the proportion of PI-positive cells
by flow cytometry 48 h after 4 Gy IR. In unirradiated cells,
Nup54 KD resulted in a slight increased cytotoxicity, as ev-
idenced by a higher proportion of PI-positive cells. After
irradiation, siNUP54-treated cells exhibited a profoundly
higher cell death induction than siNT cells (Figure 2A and
B). In accordance with this, we also observed a potentia-
tion in the induction of caspase-3/7 activity, a marker of
apoptosis, in siNUP54-treated cells after IR (Supplemen-
tary Figure S1). Next, we explored the possible contribu-
tion of senescence to the Nup54 KD-induced radiosensiti-
zation by assessing (3-galactosidase (-gal) activity (28), 72
h after IR. Unlike siNT-treated cells, siN UP54-treated cells
remained refractory to B-gal activity induction by IR (Fig-
ure 2C and D), suggesting that senescence does not con-
tribute to Nup54 KD-induced radiosensitization. The in-
creased cell death observed in Nup54-depleted cells could
account for this apparent absence of B-gal activity induc-
tion.

IR-induced cell death can take place during interphase
or via mitotic catastrophe (2). Mitotic catastrophe is de-
fined as a cell death type that occurs either during or
shortly after aberrant mitosis (2,36). Whilst there are no
specific biochemical markers for mitotic catastrophe, this
cell death modality can be assessed using live-cell imaging
(2,36). In order to have a more detailed view of the cell
death processes underlying Nup54 KD-induced radiosensi-
tization, we tracked by time-lapse microscopy the fate of in-
dividual HeLa cells stably expressing GFP-tagged Histone
2B (H2B-GFP). H2B-GFP allows chromatin visualization
and, therefore, the discrimination between interphase and
mitosis (Figure 2E). In agreement with our flow cytome-
try data, unirradiated siN UP54-treated cells showed slightly
higher cell death rates than siNT-treated cells (Figure 2F).
IR induced an increase in cell death in both conditions, but
to a greater extent in siV UP54-treated cells, with mitotic cell
death accounting for most of this difference (Figure 2F). Al-
together, these results suggest that Nup54 KD increases cell
death after IR, mostly via mitotic catastrophe.

Nup54 depletion causes a prolonged G2 arrest specifically in
cells irradiated in S and G2 cell-cycle phases

DNA damage induced by IR triggers the activation of
checkpoint pathways that transiently delay the progression
through the G1, S and G2 cell-cycle phases, a phenomenon
thought to facilitate repair and prevent cells from enter-
ing mitosis until damage is properly repaired (5,37). First,
we explored potential alterations upon Nup54 KD in the
progression of cells from IR-induced G2 arrest to mitosis,
by assessing the proportion of cells positive for phosphory-
lated Histone 3 (p-H3), a mitotic marker (38). Both siNT-
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Figure 1. Identification of central channel Nucleoporins Nup54, Nup62 and Nup58 as novel radioprotecting factors. (A) Mean R-scores values for the
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(B-actin level was used as a loading control).

and siNUPS54-treated cells showed a dramatic decrease in
the proportion of mitotic cells shortly after IR, consistent
with the activation of the G2 checkpoint in cells irradiated
in late S/G2 (Figure 3A and B). At later time points, as cells
recovered from the IR-induced G2 arrest, the proportion
of mitotic cells increased. siNUP54-treated cells showed a
delay in release from G2, with the mitotic fraction signif-
icantly lower than in siNT-treated cells at 8 and 10 h after

IR exposure (Figure 3A and B). Next, we asked whether the
delay in the release from IR-induced G2 arrest upon Nup54
depletion occurs in cells irradiated in S phase. For this pur-
pose, S phase cells were pulse-labelled with bromodeoxyuri-
dine (BrdU) immediately prior to IR treatment and the pro-
portion of BrdU-positive cells in late S/G2 was assessed at
different time points. In both siNT- and siNUP54-treated
cells, the fraction of labelled cells in late S/G2 increased as
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they arrested in G2 (Figure 3C and D). In siNT-treated cells,
the labelled late S/G2 fraction started to decrease after 8 h,
whilst in siNUP54-treated cells a significantly higher pro-
portion of late S/G?2 cells was observed at 12 and 16 h after
IR exposure, which suggests a delay in the progression from
G2 to mitosis (Figure 3C and D).

In order to assess any differences in the cell cycle pro-
gression of cells irradiated prior to entering replication, we
synchronized cells at the G1/S boundary using a DT block.
Following IR exposure, cells were released from the DT
block, nocodazole was added to arrest cells in mitosis and
the proportion of p-H3-positive cells was estimated at dif-
ferent time points (Figure 4A and B). Consistent with the
activation of the DNA damage checkpoints, irradiated cells
accumulated in mitosis more slowly than unirradiated cells
(Figure 4A). However, no differences were observed be-

tween irradiated siNT- and siNUP54-treated cells. These re-
sults suggest that Nup54 depletion causes a more prolonged
G2 arrest specifically in cells irradiated in S or G2, whilst it

does not influence the cell-cycle progression of cells irradi-
ated in G1.

Nup54 depletion does not increase the radiation sensitivity of
cells in G1 phase

We also examined the cell-cycle dependency of the in-
creased sensitivity to IR upon Nup54 depletion, analysing
the colony formation capability of cells synchronized at G1
phase (Figure 5). In this setting, most of the cells undergo a
round of replication prior to IR, as they are seeded as sin-
gle cells, left to attach and shortly after are subjected to DT
block. Accordingly, a positive control for sensitization was



Nucleic Acids Research, 2018, Vol. 46, No. 15 7739

B Oh 4Gy IR
(Unirradiated) 12 h 18 h 24 h
I siNT
[_1siNUP54
A e
, 100- E
5 904 = siNT 0 Gy §L =
O 809 -=- SINUP540 Gy P
> 70- ; Mitoti
£ 6o = S!NT 4 Gy coll: 6108:% 0.40% 46.80 % 70.10 %
$_ 504 -¥- siNUP54 4 Gy E ) I ]
™ 401 e 3 = 5
I n = = B
Y 20_ t,#\-‘ 2 R
o
2 10-
0¥ T T 1 Mitotic
0 6 12 18 24 < cells 0.13% 112 % 49.25 %
hours after DT block release / 4 Gy IR E

) E = & E

Z E = RN E

o . r

23
“g Pl

Figure 4. Nup54 KD does not influence the cell-cycle progression of cells irradiated in G1. (A) Hela cells were synchronized in G1/S by DT block, either
left untreated or exposed to 4 Gy IR, and then released from the DT block and incubated with nocodazole for mitotic arrest. Cells were analysed by flow
cytometry for DNA content (PI) and p-H3. Graph depicts the percentage of mitotic cells as a function of time. (B) Representative overlapping histograms
(top panel) and dot-plots (bottom panel) from the experiment described in A. Values shown in graph correspond to mean =+ sd from three independent
experiments.

G1 (DT block) Asynchronous

14 1%
< c
L S
© ©
-g .g DT block Asynchronous
2 0.19sER,; = 0.98 2 0.11sER,, = 1.28 SINT SINUP54 SiNT SiINUP54
-2 =0.69 -2 =0.046
e e | “~ Nup54 W s D v
(%] o siNT (PE=49.3+57 %) 7] e siNT (PE=61.7%0.3%) \} )
= SINUP54(PE =40.2+4.4 %) m SiNUP54(PE =36.0 + 1.6 %) B-actin N W D w—
0.01 T T 1 0.01 T T 1
()} 2 4 6 0 2 4 6

Dose (Gy) Dose (Gy)
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included in parallel, in which cells were seeded 24 h prior to
irradiation and were allowed to proliferate asynchronously,
so these cells would also complete a round of replication.
In this way, most of the colonies will be formed by two cells
at the time of radiation exposure in both cases. Cell-cycle
analysis confirmed near complete synchronization after DT
block and an equivalent cell cycle distribution of the asyn-
chronous cultures in both siNT- and siNUP54-treated cells
(Supplementary Figure S2). In agreement with the cell-cycle
experiments, cells irradiated at G1 did not show enhanced
sensitivity upon Nup54 depletion, whilst a significant sen-
sitization was observed in asynchronous cells (Figure 5).

Depletion of the central channel nucleoporins Nup54, Nup62
or Nup58 does not affect the nuclear import of 53BP1

The nuclear pore basket protein Nup153 is the only nucle-
oporin in mammals with an established role in the response
to DSBs. It has been shown that depletion of Nup153 sensi-
tizes cells to DSB-inducing agents (phleomycin and IR) pri-
marily by inhibiting the nuclear import of the c-NHEJ fac-
tor 53BP1 via the B-importin pathway (21,22), which is the
canonical nuclear import pathway for proteins (7). To in-
vestigate whether a similar mechanism is responsible for the
radiosensitization seen following Nup54, Nup62 or Nup58
depletion, we tested whether knockdown of these central
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channel nucleoporins affected 53BP1 nuclear levels. As pre-
viously described, Nup153 depletion caused a decrease in
the levels of 53BP1 in the nucleus and a concomitant in-
crease in the cytoplasm, with some cells displaying perinu-
clear accumulation, presumably at nuclear pores (Figure 6A
and B). In contrast to Nup153 depletion, however, siRNA-
mediated downregulation of Nup54, Nup62 or Nup58 had
no impact on the 53BP1 nuclear levels. Therefore, this result
suggests that the downregulation of individual central chan-
nel nucleoporins does not impair the canonical pathway for
protein nuclear import and that, unlike Nup153, the radio-
protective role of these nucleoporins is not exerted through
the nuclear import of 53BP1.

Nup54 depletion increases the formation of chromatid-type
aberrations after IR

The results presented here so far suggest that Nup54 KD
causes an effect on cell cycle progression and sensitivity
of cells irradiated in S and G2 phases, which might reflect
the increased mitotic catastrophe observed by time lapse-
microscopy. Since mitotic catastrophe occurs when cells at-
tempt to divide in the presence of chromosome abnormal-
ities (2), which in turn are generated as a result of either
unrepaired or inaccurate re-joining of DSBs, we next asked
whether Nup54 somehow influences DNA repair. We as-
sessed the mean number of yH2AX foci per nucleus as
a surrogate marker of DSBs (39) at different times after
IR and found no differences between siNT and siNUP54-
treated cells (Figure 7A and B), even when the analysis was
restricted to G2 cells (Supplementary Figure S3), suggesting
that Nup54 does not influence the kinetics of DSB repair.
Next we investigated whether there were any differ-
ences in chromosome aberrations. Interestingly, the anal-
ysis of chromosomes in metaphase revealed a signifi-
cantly increased number of chromosome aberrations upon
Nup54 depletion at 8 and 12 h after IR exposure (Fig-
ure 7C). Chromosome aberrations are either of the chro-
matid type—involving one chromosome arm—or the chro-
mosome type—involving both chromosome arms. It is
widely accepted that IR-induced DSBs originated in non-
replicated DNA give rise mainly to chromosome-type aber-
rations because of the replication of the abnormality, which
will appear at the same locus on both chromatids in the
ensuing mitosis (Figure 7D and E) (40,41). In contrast, in
replicated DNA, IR mostly causes DSBs in one of the du-
plicated chromosomes, so the resulting aberration will ap-
pear in just one of the chromatids in metaphase (40,41).
Accordingly, the proportion of chromatid-type aberrations
was higher at early time points after IR exposure, whilst
chromosome-type aberrations were mostly found at late
time points (Figure 7C). Of note, siNUP54-treated cells
showed a significant increase in chromatid-type aberrations
at early time-points compared to control cells, whilst no dif-
ferences were found in chromosome-type aberrations at any
of the time points analysed (Figure 7C). As these differences
may reflect the delay in the progression of G2-arrested cells
into mitosis, we estimated the number of chromosome aber-
rations in relation to the total cell population—mean num-
ber of aberrations per 100 cells—by multiplying the percent-
age of mitotic (p-H3-positive) cells by the mean number of

chromosome aberrations per metaphase. We confirmed that
Nup54 depletion causes an increase in the absolute num-
ber of both total and chromatid-type chromosome aberra-
tions at different time points after IR (Figure 7F), whilst it
does not lead to significant differences in the absolute num-
ber of chromosome-type aberrations. These findings sug-
gest that Nup54 protects against the formation of chro-
mosome aberrations arising from DSBs generated in repli-
cated DNA, and are in agreement with the prolonged ar-
rest and increased radiosensitivity found specifically in cells
that contained replicated DNA at the time of IR exposure.

Nup54 is required for the efficient repair of DSBs by HR

Since Nup54 influences the cell cycle progression and ra-
diosensitivity specifically in cells irradiated in S and G2, and
considering that HR repair is restricted to these cell-ycle
phases (6), we asked whether the protective role of Nup54
against IR could be dependent on this pathway. Combined
siRNA-mediated downregulation of the HR factor Rad51
(6) and Nup54 did not result in a further increase in ra-
diosensitivity when compared to the individual KD of the
two proteins separately (Figure 8A). In contrast, inhibition
of DNA-PK, an essential factor in the c-NHEJ repair path-
way (6), which is active throughout all the cell cycle phases,
further increased the sensitivity of siN UP54-treated cells to
IR (Figure 8A). Therefore, a competent HR repair path-
way seems to be required for Nup54 depletion to cause
an increase in the sensitivity to radiation, suggesting that
Nup54 may have a role in HR repair. To further support this
observation, we evaluated the repair efficiency of different
repair pathways using previously described chromosome-
integrated reporters in HEK293 cells (26). Such reporters
are based on the restitution of a GFP expression cassette by
the action of a particular repair pathway on DSBs generated
by the I-Scel endonuclease, which can be scored using flow
cytometry (26). siRNAs targeted against Rad51 and DNA-
PKcs were used as positive controls for the inhibition of HR
(DR-GFP reporter) and total NHEJ (EJ5-GFP reporter)
activity, respectively (Figure 8B and C). Nup54 depletion
caused a marked reduction in the efficiency of HR repair, at
levels close to the ones achieved with siRAD51 (Figure 8B).
Conversely, Nup54 depletion caused a slight, albeit not sig-
nificant, increase in the NHEJ repair activity (Figure 8C).

In order to provide more evidence on the role of Nup54
in HR, we scored the recombinogenic events at DSBs sites
resolved with crossover using the SCE assay (42). In this
assay, chromatid exchanges are visualized as reciprocal dis-
continuities in the differential staining of sister chromatids
(Figure 8D and E). Nup54 depletion did not produce any
significant variation in the number of SCEs in unirradiated
cells, but strongly inhibited SCE formation in metaphases
accumulated between 8 and 12 h after 4 Gy IR, as with
Rad51 depletion (Figure 8D). We confirmed a simultane-
ous increase in the formation of chromatid-type aberrations
(Supplementary Figure S4), consistent with the notion that
this type of aberration occurs as a consequence of failed re-
combinogenic repair events.

Since Nup54 depletion did not seem to impair Rad51
foci formation (Figure 8F and G), we asked whether Nup54
could be involved in a more downstream step. One possibil-
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Figure 6. Depletion of the central channel nucleoporins Nup54, Nup62 or Nup58 does not affect the nuclear import of 53BP1. (A) Fluorescence microscopy
images of unirradiated HeLa cells 72 h after transfection with indicated siRNAs, showing 53BP1 (green) and DNA (DAPI, blue) staining. The arrow
indicates perinuclear 53BP1 accumulation. (B) Quantification of 53BP1 nuclear levels (mean fluorescence intensity). Values shown in graph correspond to
mean =+ sd (*P < 0.001, two-sided 7-test; n = 3 technical replicas from a representative experiment repeated three times).

ity could be the DNA synthesis across the resected DNA
strand that occurs after Rad51-mediated strand invasion
and annealing with the homologous sequence (6). This ex-
tensive DNA synthesis distinctive of the HR repair path-
way can be monitored by fluorescence microscopy combin-
ing BrdU labelling and a G2 phase marker (e.g. CENP-F,
Cyclin-B1), as previously described (Figure 8H and I) (30).
Aphidicolin is added to prevent progression from S to G2
phase and cells are incubated with BrdU during the repair
time, immediately after IR. S phase cells will appear with a
strong pan-nuclear BrdU staining, G2 cells will be positive
for the G2 marker and pan-nuclear BrdU-negative, whilst
Gl cells will be double-negative (Figure 81). After DNase
treatment, sites of DNA synthesis linked to HR repair are
evident in the nucleus of G2 cells as foci of BrdU incorpora-
tion (Figure 8I). As shown in Figure 8H, Nup54 depletion
considerably inhibited BrdU foci formation in G2 cells. A
strong decrease was also seen in the siRADS5[-treated cells
used as a positive control. Therefore, Nup54 seems to be re-
quired for efficient DNA synthesis linked to the repair of
DSBs by HR in cells irradiated in G2 phase.

Altogether, these results demonstrate that Nup54 con-
tributes to the efficient repair of DSBs mediated by HR.

DISCUSSION

In the present study, using a high-throughput colony for-
mation screen, we identified the NPC protein Nup54 as a
novel factor involved in the protection against IR. A sim-
ilar role was found for Nup62 and Nup58, the other nu-
cleoporins which along with Nup54 constitute the central
channel of the NPC (34,35). Interestingly, Nup54 deple-
tion only appeared to affect cells that contained replicated
DNA at the point of irradiation, where it increased the
duration of the subsequent IR-induced G2 arrest and the
sensitivity to IR. In agreement with this cell cycle selectiv-
ity, we found that Nup54 depletion increases the formation
of chromatid-type aberrations, which are known to arise
mostly from DSBs originated in replicated DNA (40,41).
Conversely, we found that Nup54 depletion does not influ-
ence the formation of chromosome-type aberrations, which

arise mostly from DSBs originated in non-replicated DNA
(40,41). Moreover, we demonstrated that Nup54 depletion
increases cell death by mitotic catastrophe following IR ex-
posure, which occurs when a cell containing lethal chromo-
some alterations attempts to go through mitosis (2). Alto-
gether, these results suggest that Nup54 contributes to the
protection from cell death caused by DSBs and to the main-
tenance of the structural integrity of chromosomes.

Despite the increased presence of chromatid-type chro-
mosome aberrations in irradiated cells depleted of Nup54,
we found no differences in the dynamics of DSB repair,
as shown by yH2AX foci analysis. Although this might
seem surprising particularly in the case of chromatid ter-
minal deletions—where there is a visible discontinuity in
the chromatin—there is compelling experimental evidence
demonstrating that the presence of chromatid breaks in
metaphase does not depend on the DSB re-joining rate
(41,43). Whilst the mechanism of chromatid break forma-
tion is still a subject of debate (40,41,43,44), it is broadly ac-
cepted that exchange-type aberrations form when two break
ends from different chromosomes are erroneously ligated
(1,45,46). Both c-NHEJ and HR are known to prevent the
formation of chromatid-type aberrations in cells irradiated
in S and G2 phases (40,47). Interestingly, we provide evi-
dence demonstrating that Nup54 is required for the efficient
repair of DSBs specifically through the HR pathway. We
found that Nup54 depletion does not affect the radiosensi-
tivity of cells with impaired HR repair (upon Rad51 deple-
tion) but it does increase the radiosensitivity of cells with
impaired c-NHEJ repair (in the presence of DNA-PKi).
Furthermore, in our reporter experiments, we observed that
Nup54 KD decreases the HR repair activity but does not
affect NHEJ. Finally, we demonstrated that Nup54 deple-
tion decreases the formation of SCEs and DNA synthesis
foci in G2 cells after IR, both processes linked to the repair
of DSBs by HR (30,42). In view of these results and since
Nup54 depletion did not affect Rad51 foci formation, we
hypothesize that Nup54 is involved downstream of Rad51
binding to DNA.

A role of Nup54 in HR repair is also consistent with
our finding that Nup54 depletion increased the formation
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of chromatid-type aberrations, as well as the sensitivity and
the duration of the G2 arrest in cells irradiated in S and G2,
the cell-cycle phases where HR takes place (6). Moreover,
considering that c-NHEJ is the main DSB repair pathway
throughout the cell cycle (6), these findings also agree with
our observation that Nup54 KD did not affect the cell cy-
cle and the sensitivity of cells irradiated in G1, or the for-
mation of chromosome-type aberrations. A defect in post-
replicative DNA/HR repair upon Nup54 depletion could
also account for the different extent of the delay in the pro-
gression of cells irradiated in G2 into mitosis compared to
that of cells irradiated in S phase. The observation that the
latter was less pronounced agrees with the lower quantity of
replicated DNA in S phase compared to G2 phase cells.

¢c-NHE]J is thought to efficiently avoid formation of ex-
changes between chromosomes through its capability to
rapidly stabilize and repair DSBs (1,46). On the other hand,
the ability of HR to prevent chromatid exchanges between
different chromosomes lies on its high preference for sister
chromatids as homologous templates (1,46). Inhibition of
HR repair, as upon Rad51 depletion, determines the acti-
vation of the DNA-PK-independent alt-EJ or the SSA re-
pair pathways (6,46—50). SSA and alt-EJ are more prone
to repair errors and the formation of chromosome aber-
rations than HR and ¢c-NHEJ (46,47,51). It could there-
fore be speculated that an increase in the repair activity of
the alt-EJ and SSA pathways may be behind the increase
in chromatid-type aberration formation in Nup54-depleted
cells after radiation. The extreme radiation sensitivity ob-
served in Nup54-depleted cells upon DNA-PK inhibition
could also indicate that Nup54 contributes to the repair ac-
tivity that may act as a backup for c-NHEJ, as might be
expected from a HR repair factor (48).

Although several NPC sub-complexes have been impli-
cated in the response to DSBs in yeast, the nuclear basket is
the only one to have been previously linked to DSB repair
in mammals (21-25). Whilst yeast NPCs seem to actively
recruit DSBs (10-18), this mechanism is unlikely to happen
in mammalian cells, in which DSBs do not migrate to the
nuclear periphery (19,20). In fact, mammalian nuclear bas-
ket nucleoporins seem to promote DSB repair by allowing
the import of 53BP1 via the importin- pathway (through
Nupl53) (21-23), as well as its recruitment to DNA damage
foci (mediated by both Nup153 and Nup50) (25). Therefore,
although NPCs seem to have an evolutionary conserved
role in the protection against DSBs, the mechanisms of ac-
tion may substantially differ. Nup54, Nup62 and Nup58
contain phenyl-glycine (FG) repeat motifs that are thought
to restrict the transit of large macromolecules throughout
the NPC, thus constituting a selectively permeable bar-
rier (34,35,52). Although not all reports are in agreement,
the current literature suggests that individual central chan-
nel nucleoporins are required for efficient functioning of
mRNA export and protein import/export pathways, in-
cluding the importin-B pathway (52-56). In the present
work, however, Nup54, Nup62 or Nup58 depletion was not
associated with impaired 53BP1 import, demonstrating that
the radioprotective role of central channel nucleoporins is
not due to major import defects and, in agreement with a
specific role of Nup54 in HR repair, that it is not exerted
through the Nup153/importin-g/53BP1 pathway. It is pos-

sible, however, that the KD of central channel nucleoporins
selectively affects the import of certain proteins and not oth-
ers (22,57).

It would therefore be interesting to explore whether the
role uncovered here for Nup54 is mediated through a spe-
cific nucleocytoplasmic transport pathway, presumably af-
fecting the location of a HR-related factor. Alternatively,
the role of Nup54 in the response to DSBs could be exerted
through mechanisms other than the regulation of nucleo-
cytoplasmic trafficking (58,59). Particular attention should
be paid to HR-related processes that may avoid illegiti-
mate joining of breaks and the emergence of chromatid-
type aberrations. In this regard, mammalian nucleoporins
are known to contribute to the spatial organization of chro-
matin (58) and, in turn, it is known that chromatin orga-
nization can influence repair pathway choice (60) and the
formation of chromosome aberrations (40,45). Moreover,
given the emerging role of nucleoporins as transcriptional
regulators (59), expression regulation of factors involved in
HR should also be considered as a potential mechanism ex-
plaining the radioprotective role of Nup54.

The role revealed here for Nup54 could be relevant
from a translational perspective. Mutations in HR genes
(e.g. BRCAI and BRCA?2) and their epigenetic status (e.g.
BRCAI silencing) have been linked to an increased risk
of developing a variety of cancers (61,62). Deficiencies in
HR repair factors are associated with a high sensitivity not
only to IR, but also to several other DNA damaging agents
and drugs, and are currently exploited in the clinic to guide
treatment decisions (61-63). Specifically, poly (ADP-ribose)
polymerase (PARP) inhibitors are an established and effec-
tive treatment for patients with tumours harbouring BRCA
mutations (63). A major limitation for the use of known HR
deficiencies as biomarkers is the low frequency with which
they are found in cancer patients (62). In this regard, the
discovery of new factors involved in HR could help to bet-
ter define the DNA repair capability of tumours and tailor
targeted therapies more appropriately. Moreover, at the mo-
ment there are no specific HR inhibitors, with the exception
of few Rad51 inhibitors which have not been tested in a clin-
ical setting yet (63). It could therefore be very interesting to
evaluate the suitability of Nup54 as a biomarker and a ther-
apeutic target in cancer.

CONCLUSION

In summary, our study adds Nup54, Nup62 and Nup58 to
the list of NPC proteins with a role in the DNA damage re-
sponse. Our results suggest that Nup54 contributes to the
protection of cells from DSB-induced cell death and safe-
guards the integrity of the genome. Nup54 seems to modu-
late the DNA damage response in cells irradiated in S and
G2 and, accordingly, is required for efficient repair of DSBs
specifically through the HR repair pathway.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky569#supplementary-data

ACKNOWLEDGEMENTS

We are grateful to Dr Graham Brown of the Microscopy
Core for his assistance with microscopy, to Dr Bruno Vaz
for his help with the reporter experiments and to Prof.
Jeremy Stark for providing the reporter cell lines.

FUNDING

Medical

Research  Council [MC_UU_00001 to

W.G.M]; Cancer Research UK; Cancer Research UK Clin-
ician Scientist Awards [C34326/A 13092, C34326/A1959 to
G.S.H]. Funding for open access charge: Cancer Research
UK; Medical Research Council.

Conflict of interest statement. None declared.

REFERENCES

1.

10.

11.

12.

13.

14.

15

16.

Pfeifter,P., Goedecke, W., Kuhfittig-Kulle,S. and Obe,G. (2004)
Pathways of DNA double-strand break repair and their impact on
the prevention and formation of chromosomal aberrations.
Cytogenet. Genome Res., 104, 7-13.

. Surova,O. and Zhivotovsky,B. (2013) Various modes of cell death

induced by DNA damage. Oncogene, 32, 3789-3797.

. Bentzen,S.M., Heeren,G., Cottier,B., Slotman,B., Glimelius,B.,

Lievens, Y. and van den Bogaert,W. (2005) Towards evidence-based
guidelines for radiotherapy infrastructure and staffing needs in
Europe: the ESTRO QUARTS project. Radiother. Oncol., 75,
355-365.

. Higgins,G.S., O’Cathail,S.M., Muschel,R.J. and McKenna,W.G.

(2015) Drug radiotherapy combinations: review of previous failures
and reasons for future optimism. Cancer Treat. Rev., 41, 105-113.

. Branzei,D. and Foiani,M. (2008) Regulation of DNA repair

throughout the cell cycle. Nat. Rev. Mol. Cell Biol., 9, 297-308.

. Mladenov,E., Magin,S., Soni,A. and Iliakis,G. (2016) DNA

double-strand-break repair in higher eukaryotes and its role in
genomic instability and cancer: Cell cycle and proliferation-dependent
regulation. Semin. Cancer Biol., 37-38, 51-64.

. Wente,S.R. and Rout,M.P. (2010) The nuclear pore complex and

nuclear transport. Cold Spring Harb. Perspect. Biol., 2, 1-19.

. Bennett,C.B., Lewis,L.K., Karthikeyan,G., Lobachev,K.S., Jin,Y.H.,

Sterling,J.F., Snipe,J.R. and Resnick,M.A. (2001) Genes required for
ionizing radiation resistance in yeast. Nat. Genet., 29, 426-434.

. Loeillet,S., Palancade,B., Cartron,M., Thierry,A., Richard, G.F.,

Dujon,B., Doye,V. and Nicolas,A. (2005) Genetic network
interactions among replication, repair and nuclear pore deficiencies in
yeast. DNA Repair ( Amst. ), 4, 459-468.

Palancade,B., Liu,X., Garcia-Rubio,M., Aguilera,A., Zhao,X. and
Doye,V. (2007) Nucleoporins prevent DNA damage accumulation by
modulating Ulpl-dependent sumoylation processes. Mol. Biol. Cell,
18, 2912-2923.

Nino,C.A., Guet,D., Gay,A., Brutus,S., Jourquin,F., Mendiratta,S.,
Salamero,J., Geli,V. and Dargemont,C. (2016) Posttranslational
marks control architectural and functional plasticity of the nuclear
pore complex basket. J. Cell Biol., 212, 167-180.

Therizols,P., Fairhead,C., Cabal,G.G., Genovesio,A.,
Olivo-Marin,J.C., Dujon,B. and Fabre,E. (2006) Telomere tethering
at the nuclear periphery is essential for efficient DNA double strand
break repair in subtelomeric region. J. Cell Biol., 172, 189-199.
Chung,D.K., Chan,J.N., Strecker,J., Zhang,W., Ebrahimi-Ardebili,S.,
Lu,T., Abraham,K.J., Durocher,D. and Mekhail K. (2015)
Perinuclear tethers license telomeric DSBs for a broad kinesin- and
NPC-dependent DNA repair process. Nat. Commun., 6, 1-13.
Freudenreich,C.H. and Su,X.A. (2016) Relocalization of DNA
lesions to the nuclear pore complex. FEMS Yeast Res., 16, 1-9.

. Horigome,C., Bustard,D.E., Marcomini,l., Delgoshaie,N.,

Tsai-Pflugfelder,M., Cobb,J.A. and Gasser,S.M. (2016)
PolySUMOylation by Siz2 and Mms?21 triggers relocation of DNA
breaks to nuclear pores through the SIx5/SIx8 STUbL. Genes Dev.,
30, 931-945.

Nagai,S., Dubrana,K., Tsai-Pflugfelder,M., Davidson,M.B.,
Roberts, T.M., Brown,G.W., Varela,E., Hediger,F., Gasser,S.M. and

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32

33.

34.

35

Nucleic Acids Research, 2018, Vol. 46, No. 15 7745

Krogan,N.J. (2008) Functional targeting of DNA damage to a
nuclear pore-associated SUMO-dependent ubiquitin ligase. Science,
322, 597-602.

Su,X.A., Dion,V., Gasser,S.M. and Freudenreich,C.H. (2015)
Regulation of recombination at yeast nuclear pores controls repair
and triplet repeat stability. Genes Dev., 29, 1006-1017.

Churikov,D., Charifi,F., Eckert-Boulet,N., Silva,S., Simon,M.N.,
Lisby,M. and Geli,V. (2016) SUMO-Dependent relocalization of
eroded telomeres to nuclear pore complexes controls telomere
recombination. Cell Rep., 15, 1242-1253.

Soutoglou,E., Dorn,J.F., Sengupta,K., Jasin,M., Nussenzweig,A.,
Ried,T., Danuser,G. and Misteli,T. (2007) Positional stability of single
double-strand breaks in mammalian cells. Nat. Cell Biol., 9, 675-682.
Lemaitre,C., Grabarz,A., Tsouroula,K., Andronov,L., Furst,A.,
Pankotai, T., Heyer,V., Rogier,M., Attwood,K.M., Kessler,P. et al.
(2014) Nuclear position dictates DNA repair pathway choice. Genes
Dev., 28, 2450-2463.

Lemaitre,C., Fischer,B., Kalousi,A., Hoffbeck,A.S.,
Guirouilh-Barbat,J., Shahar,0.D., Genet,D., Goldberg,M.,
Betrand,P., Lopez,B. et al. (2012) The nucleoporin 153, a novel factor
in double-strand break repair and DNA damage response. Oncogene,
31, 4803-4809.

Moudry,P., Lukas,C., Macurek,L., Neumann,B., Heriche,J.K.,
Pepperkok,R., Ellenberg,J., Hodny,Z., Lukas,J. and Bartek,J. (2012)
Nucleoporin NUP153 guards genome integrity by promoting nuclear
import of 53BP1. Cell Death Differ., 19, 798-807.

Cobb,A.M., Larrieu,D., Warren,D.T., Liu,Y., Srivastava,S.,
Smith,A.J., Bowater,R.P., Jackson,S.P. and Shanahan,C.M. (2016)
Prelamin A impairs 53BP1 nuclear entry by mislocalizing NUP153
and disrupting the Ran gradient. Aging Cell, 15, 1039-1050.
Dubheron, V., Nilles,N., Pecenko,S., Martinelli,V. and Fahrenkrog,B.
(2017) Localisation of Nup153 and SENP1 to nuclear pore complexes
is required for 53BP1 mediated DNA double-strand break repair. J.
Cell Sci., 130, 2306-2316.

Mackay,D.R., Howa,A.C., Werner,T.L. and Ullman,K.S. (2017)
Nup153 and Nup50 promote recruitment of 53BP1 to DNA repair
foci by antagonizing BRCA1-dependent events. J. Cell Sci., 130,
3347-3359.

Gunn,A. and Stark,J.M. (2012) I-Scel-based assays to examine
distinct repair outcomes of mammalian chromosomal double strand
breaks. Methods Mol. Biol., 920, 379-391.

Tiwana,G.S., Prevo,R., Buffa, EFM., Yu,S., Ebner,D.V., Howarth,A.,
Folkes,L.K., Budwal,B., Chu,K.Y., Durrant,L. ez al. (2015)
Identification of vitamin Bl metabolism as a tumor-specific
radiosensitizing pathway using a high-throughput colony formation
screen. Oncotarget, 6, 5978-5989.

Debacq-Chainiaux,F., Erusalimsky,J.D., Campisi,J. and Toussaint,O.
(2009) Protocols to detect senescence-associated beta-galactosidase
(SA-betagal) activity, a biomarker of senescent cells in culture and in
vivo. Nat. Protoc., 4, 1798-1806.

Schneider,C.A., Rasband,W.S. and Eliceiri, K.W. (2012) NIH Image
to Imagel: 25 years of image analysis. Nat. Methods, 9, 671-675.
Beucher,A., Birraux,J., Tchouandong,L., Barton,O., Shibata,A.,
Conrad,S., Goodarzi,A.A., Krempler,A., Jeggo,P.A. and Lobrich,M.
(2009) ATM and Artemis promote homologous recombination of
radiation-induced DNA double-strand breaks in G2. EMBO J., 28,
3413-3427.

Savage,J.R. (1976) Classification and relationships of induced
chromosomal structual changes. J. Med. Genet., 13, 103-122.

Hsu, T.C., Wu,X. and Trizna,Z. (1996) Mutagen sensitivity in
humans. A comparison between two nomenclature systems for
recording chromatid breaks. Cancer Genet. Cytogenet., 87, 127-132.
Ryu,T., Spatola,B., Delabaere,L., Bowlin,K., Hopp,H., Kunitake,R.,
Karpen,G.H. and Chiolo,I. (2015) Heterochromatic breaks move to
the nuclear periphery to continue recombinational repair. Nat. Cell
Biol., 17, 1401-1411.

Chug,H., Trakhanov,S., Hulsmann,B.B., Pleiner,T. and Gorlich,D.
(2015) Crystal structure of the metazoan Nup62*Nup58*Nup54
nucleoporin complex. Science, 350, 106-110.

. Solmaz,S.R., Chauhan,R., Blobel,G. and Melcak,I. (2011) Molecular

architecture of the transport channel of the nuclear pore complex.
Cell, 147, 590-602.



7746 Nucleic Acids Research, 2018, Vol. 46, No. 15

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Kepp,O., Galluzzi,L., Lipinski,M., Yuan,J. and Kroemer,G. (2011)
Cell death assays for drug discovery. Nat. Rev. Drug Discov., 10,
221-237.

Tliakis,G., Wang,Y., Guan,J. and Wang,H. (2003) DNA damage
checkpoint control in cells exposed to ionizing radiation. Oncogene,
22, 5834-5847.

Xu,B., Kim,S. and Kastan,M.B. (2001) Involvement of Brcal in
S-phase and G(2)-phase checkpoints after ionizing irradiation. Mol.
Cell. Biol., 21, 3445-3450.

Lobrich,M., Shibata,A., Beucher,A., Fisher,A., Ensminger,M.,
Goodarzi,A.A., Barton,O. and Jeggo,P.A. (2010) gammaH2AX foci
analysis for monitoring DNA double-strand break repair: strengths,
limitations and optimization. Cell Cycle, 9, 662-669.

Nagasawa,H., Brogan,J.R., Peng,Y., Little,J.B. and Bedford,J.S.
(2010) Some unsolved problems and unresolved issues in radiation
cytogenetics: a review and new data on roles of homologous
recombination and non-homologous end joining. Mutat. Res., 701,
12-22.

Terzoudi,G.1., Hatzi,V.I., Donta-Bakoyianni,C. and Pantelias,G.E.
(2011) Chromatin dynamics during cell cycle mediate conversion of
DNA damage into chromatid breaks and affect formation of
chromosomal aberrations: biological and clinical significance. Mutat.
Res., 711, 174-186.

Wilson,D.M. 3rd and Thompson,L.H. (2007) Molecular mechanisms
of sister-chromatid exchange. Mutat. Res., 616, 11-23.

Bryant,P.E., Riches,A.C. and Terry,S.Y. (2010) Mechanisms of the
formation of radiation-induced chromosomal aberrations. Mutat.
Res., 701, 23-26.

Terry,S.Y., Riches,A.C. and Bryant,P.E. (2008) A role for
topoisomerase II alpha in the formation of radiation-induced
chromatid breaks. Br. J. Cancer, 99, 670-674.

Roukos,V. and Misteli,T. (2014) The biogenesis of chromosome
translocations. Nat. Cell Biol., 16, 293-300.

Iliakis,G., Murmann,T. and Soni,A. (2015) Alternative end-joining
repair pathways are the ultimate backup for abrogated classical
non-homologous end-joining and homologous recombination repair:
Implications for the formation of chromosome translocations. Mutat.
Res. Genet. Toxicol. Environ. Mutagen., 793, 166-175.

Soni,A., Siemann,M., Grabos,M., Murmann,T., Pantelias,G.E. and
Iliakis,G. (2014) Requirement for Parp-1 and DNA ligases 1 or 3 but
not of Xrccl in chromosomal translocation formation by backup end
joining. Nucleic Acids Res., 42, 6380-6392.

Mansour,W.Y., Schumacher,S., Rosskopf,R., Rhein,T.,
Schmidt-Petersen,F., Gatzemeier,F., Haag,F., Borgmann,K.,
Willers,H. and Dahm-Daphi,J. (2008) Hierarchy of nonhomologous
end-joining, single-strand annealing and gene conversion at
site-directed DNA double-strand breaks. Nucleic Acids Res., 36,
4088-4098.

Shibata,A., Conrad,S., Birraux,J., Geuting,V., Barton,O., Ismail,A.,
Kakarougkas,A., Meek,K., Taucher-Scholz,G., Lobrich,M. et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2011) Factors determining DNA double-strand break repair
pathway choice in G2 phase. EMBO J., 30, 1079-1092.

Ahrabi,S., Sarkar,S., Pfister,S.X., Pirovano,G., Higgins,G.S.,
Porter,A.C. and Humphrey, T.C. (2016) A role for human
homologous recombination factors in suppressing
microhomology-mediated end joining. Nucleic Acids Res., 44,
5743-5757.

Griffin,C.S. and Thacker,J. (2004) The role of homologous
recombination repair in the formation of chromosome aberrations.
Cytogenet. Genome Res., 104, 21-27.

Yoshimura,S.H., Otsuka,S., Kumeta,M., Taga,M. and Takeyasu,K.
(2013) Intermolecular disulfide bonds between nucleoporins regulate
karyopherin-dependent nuclear transport. J. Cell Sci., 126,
3141-3150.

Sabri,N., Roth,P., Xylourgidis,N., Sadeghifar,F., Adler,J. and
Samakovlis,C. (2007) Distinct functions of the Drosophila Nup153
and Nup214 FG domains in nuclear protein transport. J. Cell Biol.,
178, 557-565.

Terry,L.J. and Wente,S.R. (2007) Nuclear mRNA export requires
specific FG nucleoporins for translocation through the nuclear pore
complex. J. Cell Biol., 178, 1121-1132.

Khosravi,B., Hartmann,H., May,S., Mohl,C., Ederle.H.,
Michaelsen,M., Schludi,M.H., Dormann,D. and Edbauer,D. (2017)
Cytoplasmic poly-GA aggregates impair nuclear import of TDP-43 in
C9orf72 ALS/FTLD. Hum. Mol. Genet., 26, 790-800.

Finlay,D.R., Meier,E., Bradley,P., Horecka,J. and Forbes,D.J. (1991)
A complex of nuclear pore proteins required for pore function. J Cell
Biol., 114, 169-183.

Walther,T.C., Fornerod,M., Pickersgill, H., Goldberg,M., Allen,T.D.
and Mattaj,I.W. (2001) The nucleoporin Nup153 is required for
nuclear pore basket formation, nuclear pore complex anchoring and
import of a subset of nuclear proteins. EMBO J., 20, 5703-5714.
Lemaitre,C. and Bickmore,W.A. (2015) Chromatin at the nuclear
periphery and the regulation of genome functions. Histochem. Cell
Biol., 144, 111-122.

Raices,M. and D’Angelo,M.A. (2017) Nuclear pore complexes and
regulation of gene expression. Curr. Opin. Cell Biol., 46, 26-32.
Clouaire, T. and Legube,G. (2015) DNA double strand break repair
pathway choice: a chromatin based decision? Nucleus, 6, 107-113.
Curtin,N.J. (2013) Inhibiting the DNA damage response as a
therapeutic manoeuvre in cancer. Br. J. Pharmacol., 169, 1745-1765.
Gachechiladze,M., Skarda,J., Soltermann,A. and Joerger,M. (2017)
RADSI as a potential surrogate marker for DNA repair capacity in
solid malignancies. Int. J. Cancer, 141, 1286-1294.

Gavande,N.S., VanderVere-Carozza,P.S., Hinshaw,H.D., Jalal,S.I.,
Sears,C.R., Pawelczak,K.S. and Turchi,J.J. (2016) DNA repair
targeted therapy: the past or future of cancer treatment? Pharmacol.
Ther., 160, 65-83.



