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ABSTRACT

The RING finger protein TRAIP protects genome in-
tegrity and its mutation causes Seckel syndrome.
TRAIP encodes a nucleolar protein that migrates to
UV-induced DNA lesions via a direct interaction with
the DNA replication clamp PCNA. Thus far, mecha-
nistically how UV mobilizes TRAIP from the nucleoli
remains unknown. We found that PCNA binding is
dispensable for the nucleolus-nucleoplasm shuttling
of TRAIP following cell exposure to UV irradiation,
and that its redistribution did not rely on the master
DNA damage kinases ATM and ATR. Interestingly, I-
PpoI-induced ribosomal DNA damage led to TRAIP
exclusion from the nucleoli, raising the possibility
that active ribosomal DNA transcription may under-
lie TRAIP retention in the nuclear sub-compartments.
Accordingly, chemical inhibition of RNA polymerase
I activity led to TRAIP diffusion into the nucleoplasm,
and was coupled with marked reduction of DNA/RNA
hybrids in the nucleoli, suggesting that TRAIP may
be sequestered via binding to nucleic acid structures
in the nucleoli. Consistently, cell pre-treatment with
DNase/RNase effectively released TRAIP from the
nucleoli. Taken together, our study defines a bipar-
tite mechanism that drives TRAIP trafficking in re-
sponse to UV damage, and highlights the nucleolus
as a stress sensor that contributes to orchestrating
DNA damage responses.

INTRODUCTION

The eukaryotic nucleus is highly compartmentalized and
houses a vast number of cytologically discernable nuclear
bodies, including the nucleolus (1). Aside serving as the
dedicated site for ribosomal RNA (rRNA) synthesis, pre-

rRNA processing and ribosome subunit assembly, the nu-
cleolus has evolved to couple ribosome biogenesis with cel-
lular stress detection and response, and is emerging as a pro-
tein hub that orchestrates diverse biological processes, in-
cluding cell cycle checkpoint control and DNA repair (2,3).
Current evidence indicates that cellular stress signals, in-
cluding those that arise from nutrient deprivation, hypoxia
and DNA damage, converge to inhibit RNA polymerase
I activity, thereby suppressing rRNA synthesis (4). Mech-
anistically how cellular stress signals reach the nucleolus
is only beginning to unfold, although nucleolus stress re-
sponse coincides with structural re-organization of the nu-
cleolus, and entails the dynamic flux of proteins in and out
of the nucleolar compartments (2,5). Importantly, genetic
mutations that perturb nucleolar integrity or function are
causally associated with human diseases (6–9), and recent
studies are also uncovering intimate relationships between
cell proliferation status with size and number of nucleoli
(10–13).

Although advanced proteomics technologies have led to
the identification of an extensive list of human proteins in
the nucleolus (14,15), the fundamental bases that dynami-
cally regulate their occupancy in the non-membrane bound
organelle have remained an area of research interest (16).
While previous studies suggested that nucleolar import can
be mediated by short stretches of basic amino acids (lysines
and arginines) (17,18), it is becoming evident that nucleo-
lar targeting can also be regulated via physical interactions
with core nucleolar proteins and rDNA (19). Moreover,
spatial confinement of nucleolus-residing factors is highly
dynamic, and is amenable to regulation via sophisticated
signal transduction events (16).

The RING finger protein TRAIP (a.k.a. RNF206) pro-
motes genome stability (20–27) and is mutated in patients
with microcephalic primordial dwarfism (Seckel syndrome)
(24). While human TRAIP encodes a nucleolus-residing
protein, recent evidence has established TRAIP as a key
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component of the mammalian replicative stress response
(22,24,25,27,28). Indeed, TRAIP enforces genome dupli-
cation by promoting the recovery of stressed replication
forks and the resumption of DNA replication following
UV damage. This is accomplished by its ability to dock
at UV-induced DNA lesions via a direct interaction with
the DNA replication clamp PCNA (22,25), although ex-
actly how TRAIP is released from the nucleolus remains un-
known. Moreover, the observations that 5′ epitope tagging
and genetic mutations that target its N-terminal RING ex-
cluded TRAIP from the nucleolus and adversely interfered
with cell proliferation and organismal development under-
score nucleolar retention as a pivotal regulatory mechanism
that contributes to its functionality as a replicative stress re-
sponse protein (22,24–26).

MATERIALS AND METHODS

Antibodies and chemicals

The anti-TRAIP polyclonal antibodies were raised against
GST tagged TRAIP-N terminal fusion proteins and were
affinity-purified using column coated with N-terminal MBP
tagged TRAIP as previously described (29). Anti-�H2AX
antibodies were previously described (30). The anti-S9.6 an-
tibodies were from Kerafast (Boston, USA); anti-Nucleolin
(C23) antibodies were from Santa Cruz (Dallas, TX, USA);
anti-Ki67 antibodies were from Chemicon (Darmstadt,
Germany). (Z)-4-Hydroxytamoxifen (4-OHT), anti-Actin,
anti-Flag (Rabbit) and anti-Flag (Mouse; Clone M2) an-
tibodies were from Sigma (Darmstadt, Germany); anti-
pRPA32 antibodies were from Bethyl Laboratories. Shield-
1 was purchased from Takara (Kanagawa, Japan). Hy-
droxyurea, Aphidicolin, Mitomycin C, Cisplatin, Acti-
nomycin D, �-Amanitin, and DRB were from Sigma
(Darmstadt, Germany). CX5461, ATM inhibitor (ATMi;
KU55933) and ATR inhibitor (ATRi; VE821) were from
SelleckChem (Houston, TX, USA). DAPI (4′,6-diamidino-
2-phenylindole) and DNase I (EN0523) was from Thermo
Fisher Scientific. RNase A was from Qiagen.

Construction of TRAIP expression plasmids

For all the epitope-tagged TRAIP expression constructs
(wild type and mutants), cDNAs were subcloned into
pDONR201 vectors using Gateway technology (Invit-
rogen), and were subsequently transferred to Gateway-
compatible destination vectors for bacterial or mammalian
expression. Mutagenesis was performed by PCR and all
constructs were verified by sequencing. To determine the
subcellular localization of Flag epitope-tagged TRAIP
(TRAIP-Flag) proteins in U2OS cells, TRAIP was ex-
pressed from the TRAIP-SFB plasmid (Addgene Plasmid
#101769) as described previously (25). Likewise, all TRAIP
variants carrying C-terminal Flag epitopes were expressed
essentially as full-length TRAIP-Flag.

Cell culture and stable cell generation

U2OS and HeLa cells were cultured in DMEM supple-
mented with 10% FBS at 37◦C in 5% CO2. For the gen-
eration of cell lines with ectopic expression of TRAIP

alleles, BOSC23 cells were transfected with retroviral-
based expression constructs together with pCL-Ampho us-
ing polyethyleneimine (PEI; Polysciences Inc., Warrington,
USA). Viral supernatants were collected and filtered 48 and
72 h after transfection and were subsequently applied to re-
cipient cells. Stable cells were selected in the presence of 2
�g/ml puromycin-supplemented culture medium.

Immunostaining procedure

Unless otherwise stated, cells grown as monolayers on cov-
erslips were fixed in 3% paraformaldehyde at room tem-
perature for 15 min, followed by permeabilization with
0.5% Triton X-100 solution for 10 s. Nuclei were visual-
ized by staining with DAPI. Images were acquired using
an Olympus BX51 fluorescence microscope (Tokyo, Japan).
For ATM/ATR inhibition experiments, cells grown on cov-
erslips were pre-incubated with ATM inhibitor KU55933 or
ATR inhibitor VE821 for 3 h. Cell culture media were as-
pirated for UV treatment (UVC; Spectrolinker™ XL-1000
Series), but were re-applied to cells in the presence of the
respective kinase inhibitors during cell recovery. Cells were
fixed and processed for immunofluorescence staining 4 h
post UV treatment.

Photobleaching and photo-switching experiments

Point-photobleaching experiments of TRAIP-GFP ex-
pressing U2OS cells were performed on an inverted con-
focal microscope with a live cell incubator at 37◦C (Perkin
Elmer UltraView VOX, Waltham, MA, USA). Cells were
imaged with a 100 × 1.45 oil objective and a Hamamatsu
C9100-23B EMCCD Camera at 0.2-s intervals. Five images
were taken before the bleaching application. ImageJ was
used to calculate and normalize fluorescence intensity at
ROIs, and the fluorescence recovery curves were generated
using Prism (GraphPad Software) with each data point rep-
resenting mean ± SEM. Photo-switchable TRAIP-mEOS2
construct was generated by subcloning TRAIP cDNA into
the mEOS2-N1 vector, a gift from Michael Davidson and
Loren Looger (Addgene #54662) (31). Photo-switching
experiments were performed on a spinning disk micro-
scope with a 405nm (50mW) laser and a live cell incu-
bator at 37◦C (Perkin Elmer UltraView VOX, Waltham,
MA, USA). TRAIP-mEOS2 expressing U2OS cells were
imaged by 488 nm (40 mW) laser excitation and were photo-
switched by a single 405nm laser point activation. Imme-
diately, photo-switched TRAIP-mEOS2 were imaged by
561 nm (50 mW) laser excitation at 0.2-s intervals on a
Hamamatsu C9100-23B EMCCD camera. Images from the
photo-switching experiments were captured using Voloc-
ity (Perkin Elmer, Waltham, MA, USA). Raw intensities at
ROIs were calculated using ImageJ and the time-intensity
plots were generated by Prism (GraphPad Software).

In vitro DNase/RNase digestion

Epitope-tagged TRAIP-expressing U2OS cells were grown
on coverslips and were subsequently permeabilized with
0.5% Triton X-100 in PBS for 80 s as described (32). Cells
were washed briefly with solution buffer [20 mM HEPES
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(pH 7.4), 50 mM NaCl, 3 mM MgCl2 and 300 mM sucrose],
and were subsequently treated with RNase A (1 mg/ml) or
DNase I (0.5 U/�l), or buffer alone for 1 h at 37◦C. Cells
were fixed thereafter with 3% PFA for 20 min at RT and
were subjected to immunofluorescence staining experimen-
tations.

Statistical analysis

For multiple group comparisons, data were subjected to
one-way ANOVA followed by Dunnett’s t-test for those that
yielded significance in the ANOVA test. For comparison
between test and control groups, Student’s t-test was per-
formed. Significance was reported starting at P < 0.05.

RESULTS

TRAIP trafficking in response to UV irradiation

TRAIP responds to UV irradiation by shuttling from the
nucleoli to �H2AX-marked DNA lesions (22,24,25) (Sup-
plementary Figure S1A). The ability of TRAIP to concen-
trate at UV-induced DNA lesions depends on its C-terminal
PIP motif, which mediates a direct interaction with the
DNA replication clamp PCNA (22,25). Because TRAIP
concentrates in the nucleoli, to understand how TRAIP is
mobilized in response to UV damage, we attempted to sep-
arate the sequence of events that regulate the nucleolus-
nucleoplasm shuttling of TRAIP from its ability to accu-
mulate at UV-induced DNA lesions. To this end, we ex-
pressed TRAIP and its PIP mutant (TRAIP-PIP*) in U2OS
cells as fusion proteins by epitope-tagging a Flag sequence
at their C-terminus in order to preserve their native nu-
cleolar localization (Figure 1A and Supplementary Figure
S1B). Consistent with previous reports, UV irradiation re-
localized TRAIP-Flag from the nucleoli and led to its ac-
cumulation at �H2AX foci, and that TRAIP-Flag accu-
mulation at �H2AX foci was strictly dependent on its PIP
motif (Figure 1B) (22,25). Although TRAIP-Flag was ex-
pressed at a higher level when compared to endogenous
TRAIP (Supplementary Figure S1C), it retained the ability
to dock at UV-induced DNA lesions, as TRAIP-Flag ex-
tensively colocalized with �H2AX foci (Figure 1B) as well
as phospho-RPA foci (Supplementary Figure S1D) follow-
ing cell exposure to UV irradiation. Importantly, although
TRAIP-PIP* did not accumulate into foci structures, we
found that the mutant TRAIP proteins were dispersed into
the nucleoplasm following UV treatment (Figure 1B). This
supported the idea that TRAIP trafficking in response to
UV damage may be regulated by a two-step mechanism,
in which UV triggers the nucleolus-nucleoplasm redistribu-
tion of TRAIP prior to its PIP-dependent accumulation at
stressed replication forks (Figure 1C). If this model were
correct, we posit that mutations that mis-localize TRAIP
from the nucleoli may still accumulate at UV-induced DNA
lesions. Indeed, although the C-terminal half of TRAIP (C-
Flag) did not localize in the nucleoli, it retained the ability
to concentrate into UV-induced foci (Figure 1D). Similar
to the requirement of the PIP motif in the context of full-
length TRAIP, mutating the PIP motif on C-Flag (C-PIP*-
Flag) compromized its ability to concentrate into �H2AX
foci (Figure 1D).

Noting that human TRAIP mutations were recently iden-
tified in patients with microcephalic primordial dwarfism
(24), we also sub-cloned the two TRAIP alleles, namely
R185X and R18C, and explored how the mutations may
affect the sub-cellular localization of TRAIP. Intriguingly,
in stark contrast to full-length TRAIP, both R18C and
R185X were excluded from the nucleoli (Figure 1E). We
also tested whether the human TRAIP mutations may dys-
regulate their responsiveness to UV irradiation. Because
R185X was expressed predominantly in the cytoplasm (Fig-
ure 1E), we fused R185X to the SV40 Large T antigen-
derived nuclear localization sequence (NLS; PKKKRKV)
to ensure that it resides in the nuclear compartment. Inter-
estingly, we found that R185X-NLS resides predominantly
in the nucleoli, was dispersed into the nucleoplasm in re-
sponse to UV, but failed to concentrate at UV-induced foci
(Figure 1F). On the other hand, although it did not prop-
erly localize in the nucleoli, TRAIP R18C docked at UV-
induced DNA lesions (Figure 1F). The observation that
R18C, which targeted the TRAIP RING domain, did not
localize in the nucleoli is in line with previous reports where
mutations of the TRAIP RING domain, either by point in-
activation of the conserved cysteine (C7A) or its deletion,
perturbed nucleolar occupancy of TRAIP (25). Together,
we concluded that the nucleolus-nucleoplasm redistribution
of TRAIP is distinctly regulated, and can be separated from
the PIP-dependent concentration of TRAIP at UV-induced
DNA lesions.

Dynamic nucleolus-nucleoplasm shuttling of TRAIP

Previous studies have documented that residence of nucle-
olar proteins is highly dynamic (14,15,33), and that their
nucleolar residence time is determined by their affinities
for nucleolar elements, including ribosomal DNA/RNA
and core nucleolar proteins (34). To examine the nucleolus-
nucleoplasm shuttling of TRAIP, we expressed TRAIP
in frame with the cDNA that encodes the photo-
convertible fluorescent protein mEOS2. mEOS2 can be
photo-converted using a 405 nm laser, and can be mon-
itored by excitation with a 561 nm laser (35). Consis-
tent with its native localization, TRAIP-mEOS2 predom-
inantly resides in the nucleoli in U2OS cells (Figure 2A-B).
Accordingly, photo-conversion of nucleoplasmic TRAIP-
mEOS2 with a 405nm laser led to a swift increase of photo-
converted TRAIP-mEOS2 in the nucleoli (Figure 2B and C;
Zone 1). By contrast, photo-converted TRAIP-mEOS2 was
below detection limit in the nucleoplasm throughout our ex-
perimentations (Figure 2B and C; Zone 2). The fact that sig-
nals from photo-converted TRAIP-mEOS2 inside the nu-
cleolus (Zone 1) gradually declined in between laser pulses
suggests that TRAIP is dynamically mobilized (Figure 2C),
and highlights that TRAIP, in reminiscence to many nucle-
olar factors, shuttles bi-directionally between the nucleoli
and the nucleoplasm (33).

Mapping of nucleolar retention signals on the TRAIP
polypeptide

To understand how TRAIP is retained in the nucleoli,
we attempted to experimentally map the nucleolar reten-
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Figure 1. UV triggers a global redistribution of TRAIP in the cell nuclei. (A) Schematic illustration of TRAIP protein and its domain organization.
TRAIP bears a C-terminal PCNA-Interacting Protein (PIP) motif. NLS; nuclear localization sequence. (B) Redistribution of TRAIP in response to UV
irradiation. Cells expressing TRAIP-Flag or its PCNA binding-defective PIP mutant (TRAIP-PIP*-Flag) were subjected to increasing doses of UV. Cells
were subsequently processed for immunostaining experiments. �H2AX was used as a DNA damage marker. Nuclear DNA was visualized using DAPI.
Percentage of cells with UV-induced TRAIP foci are shown. (C) Proposed model depicting TRAIP redistribution following cell exposure to UV irradiation
(see text). (D) Schematic illustration of TRAIP C terminus (top panel). Cells expressing TRAIP C terminus (C-Flag) or its PCNA binding-defective
counterpart (C-�PIP-Flag) were treated with UV before they were processed for immunostaining experiments as described for (B). Percentage of cells with
UV-induced TRAIP foci are shown. ( E) Patient-derived TRAIP mutations, namely R18C and R185X, were expressed in U2OS cells. Cells were processed
as in (B) to visualize the subcellular localization of mutant TRAIP proteins. (F) Schematic illustration of Seckel syndrome-derived TRAIP mutations (top
panel). Cells expressing TRAIP mutant proteins were processed for immunostaining experiments as in (B). Percentage of cells with UV-induced TRAIP
foci are shown. All quantifications are derived from at least 3 independent experiments and more than 100 cells were scored.
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Figure 2. Rapid exchange of nucleolar TRAIP proteins. (A) The star marked the 405nm laser applying region. Zone 1 and Zone 2 were selected based on
their equal distance from the activation site (i.e. photo-converted spot). (B and C) Time-lapse images were taken of Zone 1 and Zone 2 at 0.2-s intervals.
After five times of activation, predominant TRAIP-mEOS2 accumulated in Zone 1, whereas negligible amount of TRAIP-mEOS2 can be observed in
Zone 2. Quantification of the fluorescence intensity in Zone 1 and Zone 2 is displayed (C). Orange colored arrows indicate each activation event.

tion signal(s) on TRAIP. To this end, we ectopically ex-
pressed a panel of TRAIP alleles (Supplementary Figure
S2), and examined their sub-cellular localization by indi-
rect immunofluorescence staining experiments (Figure 3A).
These experiments were performed in both PFA fixed cells
as well as in cells pre-extracted with a 0.5% triton solution,
a standard procedural step that removes the ‘soluble’ pro-
tein pool to better reveal protein sub-cellular localization.
Because the putative NLS resides on the C terminal half
of the TRAIP polypeptide (residues 395–405; GQKQPK
RPRSE), the SV40 Large T-antigen-derived NLS sequence
was fused to TRAIP alleles that lacked this region (Figure
3A). Consistent with the predicted location of the TRAIP
NLS, the C terminal half of TRAIP (C-Flag) resided in the
nucleus, despite its inability to concentrate in the nucleoli
(Figure 3B and C). Moreover, C-Flag was readily extracted
by 0.5% Triton solution, suggesting that it was not tethered
to any nuclear compartments. By contrast, not only did we
find that the TRAIP N terminal fragment (N-NLS-Flag)
concentrated in the nucleoli, but its ability to do so appeared
to be more efficient than full-length TRAIP proteins (Fig-
ure 3B and C). In addition, we found that deleting either the
Coiled-coil domain (�CC-Flag) or the Zipper (�Zip-Flag)
domain resulted in modest reduction of TRAIP accumula-

tion in the nucleoli, and that the compound mutant lacking
both the Coiled-coil and Zipper domains (�CC-Zip-Flag)
was excluded from the nucleoli (Figure 3B and C). Simi-
lar to C-Flag, �CC-Zip-Flag proteins were also readily ex-
tracted by Triton solution. Together, these data suggest that
the Coiled-coil and Zipper domains may act in concert to
target TRAIP into the nucleoli.

To explore whether the Coiled-coil and Zipper domains
may be sufficient to target TRAIP into the nucleoli, we ex-
pressed these otherwise cytoplasmic proteins in frame to the
NLS peptide (Figure 3A). Interestingly, upon Triton pre-
extraction, we found that the Zipper domain (Zip-NLS-
Flag) alone or in combination with the Coiled-coil sequence
(CC-Zip-NLS-Flag) supported nucleolar residence at com-
parable levels to full-length TRAIP proteins (Figure 3D and
E). On the other hand, the majority of the Coiled-coil frag-
ment (CC-NLS-Flag) did not properly concentrate in the
nucleoli (Figure 3D). Moreover, unlike the nucleolar marker
Nucleolin and TRAIP protein fragments that resided pre-
dominantly in the nucleoli, we noted that CC-NLS-Flag
proteins were not resistant to 0.5% Triton pre-extraction,
suggesting that the Coiled-coil domain did not stably asso-
ciate with nucleoli structures. Together, these data suggest
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Figure 3. Nucleolar targeting of TRAIP requires its N terminus. (A) Schematic illustration of TRAIP and its alleles. NLS; nuclear localization signal.
(B–E) Representative images showing the subcellular localization of TRAIP and its alleles in U2OS cells. Cells were transfected with TRAIP expression
plasmids and were incubated with or without Triton pre-extraction (0.5% Triton) prior to processing for immunostaining experiments using indicated
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that the Zipper domain may play an important role in me-
diating TRAIP retention in the nucleoli.

TRAIP harbours a RING domain at its N-terminus (Fig-
ure 1A), and mutations that target its RING domain, in-
cluding the C7A and RING-deletion mutations, have been
shown to perturb its nucleolar residence (25) (Figure 3F).
Moreover, the Seckel syndrome-derived TRAIP R18C mu-
tation also impaired the ability of TRAIP to reside in the
nucleoli (Figures 1E–F and 3F). It is noteworthy to men-
tion that TRAIP RING mutants display a tendency to ag-
gregate and form speckle-like structures in the nuclei when
they are expressed at high levels (Figure 3F), as in the case
in transiently transfected cells or in cells pre-treated with
the proteasome inhibitor MG132 (25). While RING-NLS-
Flag also enriched in the nucleoli (Figure 3D and E), to
further study the contribution of TRAIP RING in mediat-
ing its nucleolar residence, we replaced the TRAIP RING
with the RNF168 RING, and examined the sub-cellular lo-
calization of the RNF168 RING-TRAIP�RING chimeric
proteins (Figure 3G). We posit that if the TRAIP RING do-
main were important in mediating its concentration in the
nucleoli, its replacement with RNF168 RING should not
support nucleolar localization, as RNF168 does not reside
in the nucleoli (36). Accordingly, we found that a substan-
tial fraction of the RNF168 RING-TRAIP chimeric fusion
proteins were mis-localized, which was further exacerbated
by the RING-inactivating C19S mutation (Figure 3H-I).
These observations suggest that TRAIP RING may also be
important in mediating its nucleolar retention, and that the
E3 ubiquitin ligase signature motif on TRAIP may be en-
dowed with specialized function in regulating its intracellu-
lar compartmentalization.

Nucleolar dynamics of TRAIP proteins

To examine the dynamic nucleolus-nucleoplasm shuttling
of TRAIP, we conducted photo-bleaching experiments on
TRAIP-GFP proteins in live U2OS cells. Consistent with
its native subcellular distribution, TRAIP-GFP resided pre-
dominantly in the nucleoli, with a small fraction diffusely
localized in the nucleoplasm (Figure 4A). We irreversibly
quenched GFP signals in either the nucleoplasm (Zone 1)
or the nucleolus (Zone 2), and monitored cells by time-lapse
confocal microscopy. Accordingly, we found that recovery
of GFP signals in both photobleached areas was rapid (Fig-
ure 4B and C), suggesting that TRAIP is dynamically ex-
changed between the nucleoplasmic and nucleolar compart-
ments. The fact that nucleolar TRAIP-GFP proteins did
not fully recover within the time frame of our analysis sug-
gests that a fraction of TRAIP-GFP may be relatively im-
mobile.

Our observations that both TRAIP RING and Zipper
domains may play important roles in mediating nucleolar
residence of TRAIP proteins (Figure 3D and E) prompted
us to further study the dynamics of TRAIP RING and
Zipper domains in the nucleoli. To this end, we expressed
RING-NLS-GFP or Zip-NLS-GFP in U2OS cells (Fig-
ure 4D), and performed photo-bleaching experiments es-
sentially as described for TRAIP-GFP (Figure 4A–C). We
also included R185X-NLS-GFP, as this Seckel syndrome-
derived TRAIP mutant allele was proficient in mediating

its nucleolar enrichment (Figures 1F and 4D). Intriguingly,
we found that recovery of GFP signals was robust, and
that RING-NLS-GFP, Zip-NLS-GFP and R185X-NLS-
GFP recovered with much faster kinetics when compared
to full-length TRAIP-GFP proteins (Figure 4E-F). These
data support the idea that TRAIP RING and Zipper do-
mains may, in concerted effort, mediate TRAIP enrichment
in the nucleoli.

UV-induced TRAIP mobilization is independent of the DDR
kinase ATM / ATR

Given the established roles of the DNA Damage Response
kinases ATM and ATR in mounting UV-induced DNA
damage responses (37,38), we next explored whether the
ATM/ATR kinases may regulate TRAIP release from the
nucleoli. To this end, we took advantage of commercially
available small molecules, namely KU55933 and VE821,
that have been extensively characterized in their specificity
for inhibiting ATM and ATR activities, respectively (39).
Importantly, pre-treatment of KU55933 (ATMi) or VE821
(ATRi) alone or in combination did not noticeably affect
TRAIP residence in the nucleoli in unperturbed cells, nor
did it impair its ability to mobilize to UV-induced foci (Fig-
ure 5A–C), although chemical inhibition of ATM/ATR re-
sulted in significant reduction of cells positively stained by
anti-�H2AX antibodies (Figure 5A and B).

UV irradiation inhibits ribosomal RNA (rRNA) synthe-
sis. To document the effect of UV irradiation on rDNA
transcription, we immunostained control and UV-treated
cells with S9.6 antibodies, which specifically recognize
DNA–RNA hybrids (R-loops). In line with previous re-
ports, S9.6 signals are enriched in the nucleoli (40,41) (Sup-
plementary Figure S3A), but can also be observed in the cy-
toplasm in unperturbed cells (41,42). Strikingly, UV treat-
ment led to substantial reduction of nucleolar S9.6 sig-
nals in a manner that did not correlate with �H2AX sta-
tus (Supplementary Figure S3A and B). In support of the
dispensable role of the DDR kinases, nucleolar S9.6 stain-
ing pattern and intensity were indistinguishable among cells
pre-treated with the ATM/ATR-specific inhibitors in com-
parison to control (Figure 5D and E). These data argue
that UV triggers TRAIP redistribution in an ATM/ATR-
independent manner, and highlight the possibility that
TRAIP retention in the nucleoli may be coupled to rDNA
transcriptional processes.

Inhibition of ribosomal RNA synthesis releases TRAIP from
the nucleoli

To evaluate how genotoxic stress may couple TRAIP redis-
tribution and R-loop dynamics, we determined the subcel-
lular localization of epitope-tagged TRAIP in U2OS cells
following treatment of a panel of DNA damaging agents
(Figure 6A). Intriguingly, although DNA damage-induced
�H2AX foci were evident, in contrast to other DNA dam-
aging agents, we found that UV irradiation was most effec-
tive in fueling robust TRAIP-Flag accumulation at �H2AX
foci (Figure 6A) and in suppressing nucleolar S9.6 signals
(Figure 6B), suggesting that nucleolar release of TRAIP
may be coupled to R-loop dissolution following UV irradia-
tion. Importantly, although UV irradiation triggered robust
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Figure 4. TRAIP dynamically associates with the nucleoli. (A) TRAIP-GFP resides predominantly in the nucleoli in U2OS cells. The 488nm laser was
applied to Zone 1 in the nucleoplasm and Zone 2 in the nucleolus of TRAIP-GFP-expressing U2OS cells. (B and C) Live cell time-lapse images pre and
post photo-bleaching were taken by a Perkin Elmer UltraView VOX spinning disk microscope. The recovery lines were generated from quantification of
20 cells (C); (D) TRAIP-GFP and its alleles colocalized with the nucleolar marker Ki-67; (E–F) TRAIP-GFP and its alleles were expressed and monitored
in live U2OS cells as in (A). Note that cells exhibiting nucleolar enrichment of each of the TRAIP-GFP proteins were selected for experimentations. Live
cell time-lapse images pre and post photo-bleaching were taken at indicated time points (E). The recovery lines were generated from quantification of five
cells (F).
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Figure 5. ATM/ATR-independent nucleolar release of TRAIP in response to UV. (A–C) Chemical inhibition of ATM and ATR did not suppress UV-
induced TRAIP accumulation at �H2AX sites. Cells engineered to stably express TRAIP-Flag were pre-treated with ATM- or/and ATR-specific inhibitors
for 3 h prior to their exposure to UV irradiation (100 J/m2). Cells were fixed and processed for immunostaining experiments using indicated antibodies 4
h post UV treatment. �H2AX was used as a DNA damage marker. Nuclear DNA was visualized using DAPI. Both ATMi (KU55933) and ATRi (VE821)
were used at a final concentration of 10 �M. Quantification of cells with more than 10 �H2AX foci (B) and with prominent nucleolar TRAIP-Flag signals
(C) are shown. Results (mean±SEM) were derived from 3 independent experiments and at least 100 cells were scored. **P < 0.01 versus Mock; (D and E)
UV exposure dissolved nucleolar R-loops in an ATM/ATR-independent manner. TRAIP-Flag-expressing U2OS cells subjected to UV treatment were
fixed 4 h after, and were processed for immunostaining experiments using indicated antibodies. S9.6 antibodies stain DNA/RNA hybrids (i.e. R-loops).
Quantification of cells (mean ± SEM) with nucleolar S9.6 signals is shown (E) and were derived from 3 independent experiments, n > 100. **P < 0.01
versus no UV.
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Figure 6. R-loop dissolution is coupled to TRAIP redistribution. (A and B) U2OS cells that stably express TRAIP-Flag were subjected to a panel of DNA
damaging agents. Cells were subsequently fixed and processed for immunostaining experiments using indicated antibodies. Dose and duration of treat-
ment were empirically determined to yield similar number and intensity of �H2AX foci: Hydroxyurea (5 mM, 4 h); Aphidicolin (5 �M, 4 h); Mitomycin
C (1 �M, 4 h); UV (100 J/m2, 4 h); Cisplatin (33 �M, 4 h). Quantification of cells with >10 TRAIP/�H2AX overlapping foci (A; right panel) or relative
nucleolar/cytoplasmic S9.6 signal intensity (B; right panel) are shown. Results (mean ± SEM) were calculated from three independent experiments. *P <

0.05, **P < 0.01 versus Mock; (C) I-PpoI-induced rDNA damage triggers nucleolus-nucleoplasm shuttling of TRAIP. Cells stably expressing TRAIP-Flag
or its PCNA binding-defective mutant (TRAIP-PIP*-Flag) were induced with Shield-1 (0.5 �M) and 4-OHT (2 �M) to express the I-PpoI endonuclease.
Cells were subsequently fixed after 4 h and were processed for immunostaining experiments as in (A). Percentage of cells (mean ± SEM) with nucleolar
TRAIP-Flag signal is calculated from three independent experiments, n > 100; (D) TRAIP-Flag expressing cells were subjected to pre-treatment of RNA
polymerase inhibitors, including Actinomycin D (ActD; 0.05 �g/ml), �-Amanitin (50 �g/ml), DRB (100 �M) and CX5461 (1.42 �M), and were pro-
cessed for immunostaining experiments as in (A). Quantification of cells with nucleolar TRAIP signal or S9.6 signal are shown (bottom panel). Results
(mean ± SEM) were derived from three independent experiments, n > 100. *P < 0.05, **P < 0.01 versus Mock; (E) TRAIP-Flag expressing cells perme-
abilized using 0.5% Triton X-100 solution were treated with DNase I (0.5 U/�l), RNase A (1 mg/ml) or mock before they were fixed and processed for
immunostaining experiments using indicated antibodies. Percentage of cells showing either Nucleolin or TRAIP localization in the nucleoli are shown.
Experiments were repeated three times and >100 cells were analyzed.
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TRAIP-Flag enrichment at �H2AX foci (Figure 6A), it did
not noticeably affect the sub-cellular localization of other
nucleolar proteins, including Ki-67 and Nucleolin (Supple-
mentary Figure S4A–C).

We also specifically targeted the nucleoli chromatin using
the I-PpoI endonuclease, which cuts a rare sequence at the
45S rDNA loci (43). We reasoned that DNA double-strand
breaks at the rDNA loci should impair rDNA transcription
and compromise R-loop structures, which may in turn lead
to TRAIP release from the nucleoli. Accordingly, induction
of I-PpoI led to the accumulation of �H2AX at the nucleoli
periphery, an observation consistent with the idea that dam-
aged rDNA relocalizes for repair processes (Figure 6C) (3).
In support of the idea that TRAIP retention in the nucleoli
is coupled to ongoing rDNA transcription, TRAIP became
excluded from the nucleoli in I-PpoI-expressing cells in a
manner that did not require its PIP motif (Figure 6C).

To further examine if R-loops may be important in se-
questering TRAIP in the nucleoli, we pre-treated cells with a
panel of rDNA transcription inhibitors, including the DNA
intercalating agent Actinomycin D (ActD), the RNA poly-
merase II inhibitors �-Amanitin and DRB, and the RNA
polymerase I inhibitor CX5461. Importantly, we found that
Actinomycin D and CX5461 efficiently suppressed nucleo-
lar S9.6 signals, and were coupled with TRAIP exclusion
from the nucleolar compartments (Figure 6D). On the other
hand, �-Amanitin and DRB treatments had modest effects
on R-loop dissolution in the nucleoli, which correlated with
more subtle effects on TRAIP migration out from the nu-
cleoli (Figure 6D). These data suggest that TRAIP may an-
chor, either directly or indirectly, to R-loops in the nucle-
oli. Consistently, we found that nuclease treatment prior to
cell fixation not only attenuated nucleolar S9.6 signals (Sup-
plementary Figure S5), but also released TRAIP from the
nucleoli (Figure 6E), supporting the idea that TRAIP re-
tention in the nucleoli may be coupled to ongoing rRNA
synthesis and R-loop structures (Figure 7).

DISCUSSION

The Seckel syndrome protein TRAIP has emerged as a
pivotal component of the mammalian replicative stress re-

sponse. TRAIP responds to UV irradiation, and accumu-
lates at stressed replication forks via its ability to interact
with the DNA replication factor PCNA (22,25). Notably,
because TRAIP concentrates in the nucleoli, delineating
how UV triggers its release from the nucleoli is key to un-
derstanding its regulation in the protection of genome in-
tegrity, especially as this may represent a rate-limiting step
that underlies its responsiveness to replicative stress. In this
study, we provide several lines of evidence to support a two-
step mechanism that orchestrates TRAIP trafficking across
the nuclear sub-compartments in response to UV irradia-
tion (Figure 7). Our data suggest that TRAIP associates
with R-loops in the nucleoli, and that its release is coupled
to dampened rDNA synthesis and R-loop dissolution.

Although an early study reported that ectopically-
expressed TRAIP forms nuclear puncta (26), it is now es-
tablished that TRAIP resides predominantly in the nucle-
oli, and that epitope-tagging TRAIP at its N terminus, but
not its C-terminus, precluded ectopically-expressed TRAIP
proteins to properly localisze in the nuclear subcompart-
ment (23,25,27,44). These pieces of circumstantial evidence
suggested that TRAIP may target the nucleoli via its N-
terminal domain(s). In support of this idea, not only do
mutations that inactivate its RING domain (i.e. C7A, R18C
and RING deletion) mis-localized TRAIP from the nucle-
oli (Figure 3F), deleting the Coiled-coil and Zipper domains
also impaired its ability to concentrate in the nucleoli (Fig-
ure 3B-C). While TRAIP Zipper was sufficient to localize in
the nucleoli (Figure 3D and E), the idea that the E3 ligase
signature motif on the TRAIP polypeptide may also serve a
specialized role to mediate its concentration in the nucleoli
is supported not only by our indirect immunofluorescence
experiments (Figure 3D and E), but also by our RING do-
main swapping experiment where we found that the RING
derived from a non-nucleolar protein (i.e. RNF168) did
not fully support its nucleolar localization (Figure 3G–I).
The idea that TRAIP RING and Zipper domains syner-
gize to mediate nucleolar enrichment of TRAIP is further
supported by our photo-bleaching experiments, which re-
vealed substantially shorter residence of TRAIP RING and
Zipper domains in the nucleoli as compared to full-length
TRAIP-GFP proteins (Figure 4). Together, these data raise
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the exciting possibility that TRAIP may engage in multiva-
lent interactions with various nucleolar components. While
the identities of these nucleolar components remain to be
identified, they likely encompass both DNA–RNA struc-
tures and core nucleolar proteins, the latter of which is sup-
ported by previous analyses of TRAIP protein complexes
(25).

Our observations that R-loop dissolution closely cor-
related with redistribution of TRAIP into the nucleo-
plasm prompted us to formulate a working model in
which DNA/RNA hybrid structures may represent one
of the key nucleolar determinants that anchor TRAIP in
the membrane-less organelle (Figure 7). Indeed, cell pre-
treatment with both DNase and RNase effectively released
TRAIP from the nucleoli (Figure 6E), as were nucleolar
S9.6 signals (Supplementary Figure S5). Interestingly, UV-
induced release of TRAIP from the nucleoli is effected in-
dependently of the master DNA damage response kinases
ATM and ATR (Figure 5). Given that chemical inhibition
of ATM and ATR did not noticeably affect the UV-induced
dissolution of R-loops (Figure 5D and E), it is tempting to
speculate that R-loop dissolution in the nucleoli may be reg-
ulated by a distinct, yet unidentified, mechanism(s). While
it remains to be seen how R-loop processing is coupled to
UV responses, and whether TRAIP enrichment in the nu-
cleoli may have additional function that directly contributes
to cell proliferation, our data support the idea that the nu-
cleoli serve as stress sensors, and by regulating protein flux
in and out of the nuclear sub-compartments, play key roles
in cell proliferation.

Human TRAIP mutations are associated with micro-
cephalic primordial dwarfism (24 ). Interestingly, we found
that both clinically-derived TRAIP mutations (i.e. R18C
and R185X) perturbed its subcellular localization (Figure
1E), highlighting the importance of protein compartmen-
talization in supporting cell and organismal development.
While a more detailed understanding of how TRAIP pro-
tects genome integrity awaits further work, our study has
uncovered a bipartite strategy that governs the swift intra-
cellular trafficking of a DNA damage response protein in
the mammalian UV response.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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