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Coilin is rapidly recruited to UVA-induced
DNA lesions and y-radiation affects localized
movement of Cajal bodies
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Cajal bodies are important nuclear structures containing proteins that preferentially regulate RNA-related
metabolism. We investigated the cell-type specific nuclear distribution of Cajal bodies and the level of coilin, a protein
of Cajal bodies, in non-irradiated and irradiated human tumor cell lines and embryonic stem (ES) cells. Cajal bodies
were localized in different nuclear compartments, including DAPI-poor regions, in the proximity of chromocenters, and
adjacent to nucleoli. The number of Cajal bodies per nucleus was cell cycle-dependent, with higher numbers occurring
during G2 phase. Human ES cells contained a high coilin level in the nucleoplasm, but coilin-positive Cajal bodies were
also identified in nuclei of mouse and human ES cells. Coilin, but not SMN, recognized UVA-induced DNA lesions, which
was cell cycle-independent. Treatment with y-radiation reduced the localized movement of Cajal bodies in many cell
types and GFP-coilin fluorescence recovery after photobleaching was very fast in nucleoplasm in comparison with GFP-
coilin recovery in DNA lesions. By contrast, nucleolus-localized coilin displayed very slow fluorescence recovery after
photobleaching, which indicates very slow rates of protein diffusion, especially in nucleoli of mouse ES cells.

Introduction

Cajal bodies (CBs) were first reported by Santiago Ramdn
y Cajal in 1903. CBs are nuclear structures containing
accumulated proteins with diverse functions. Most of these
proteins play important roles in RNA processing."* Small nuclear
ribonucleoproteins  (snRNPs) accumulate in Cajal bodies,
associate with spliceosomes, and regulate splicing of pre-mRNA.?
These include five different snRNPs known as U1, U2, U3, U4,
and U5. After transcription, snRNA is immediately exported
to the cytoplasm, and each subunit is assembled with core Sm
proteins to form SMN protein complexes. The snRNDPs are
relocated back into the cell nucleus and accumulate in CBs for
final maturation. CBs then associate with transcription sites that
mostly co-localize with nuclear speckles (summarized in ref. 2).

A main component of Cajal bodies is the p80 coilin protein.
Coilin becomes increasingly phosphorylated during mitosis.
During interphase, coilin is dispersed in the nucleoplasm or
accumulates in CBs. These nuclear bodies (NBs) are non-
membrane protein aggregates with diameters of 0.5-1.0 pm.
Numerous studies characterized coilin and other CB-related
proteins, and have begun to examine CB function.®” CBs also
contain factors involved in pre-mRNA splicing, pre-rRNA
processing, histone pre-mRNA 3’ maturation, and basal

*Correspondence to: Eva Bartovd; Email: bartova@ibp.cz

transcription. CBs are present in compartments containing
polymerases I, II, and III, and telomerase RNA-positive
compartments.>®’ CBs are highly mobile, kinetically independent
structures.”'* Coilin interacts with several components of CBs.
For example, fluorescence resonance energy transfer (FRET)
analysis revealed interactions between coilin and SMN protein,
mutual coilin-coilin interactions, and SMN-SMN associations."
These data unambiguously document the dynamicand functional
properties of CBs.

CBs contain several nucleolar proteins including fibrillarin,
NOPP140, and small nucleolar RNPs (snoRNDPs).® Transient
expression of mutated p80 coilin (serine residues were replaced
with aspartate) caused CB formation within nucleolar
compartments. Expression of mutant coilin variants disrupted
both CBs and nucleolar compartments.''?
suggested that coilin, and potentially CBs, were important for

These experiments

functional properties of nucleolus.”” Because several nucleolar
proteins respond to DNA injury, including UBFs, NPM, and
fibrillarin," we postulated that coilin might respond to radiation-
induced DNA damage. For example, Boulon et al."” discussed
UV-induced disruption of CBs into nucleoplasmic microfoci,
and ionizing irradiation changed coilin-containing complexes.'®
Thus, in the current study, we investigated not only morphology

of Cajal bodies, but also biological properties of p80 coilin in
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Figure 1. Nuclear pattern of Cajal bodies in several cell types. (A) Cajal
body (green) morphology was studied in mouse embryonic fibroblasts
(MEFs), multiple myeloma cells (OPM2 and MOLP8), K562 leukemia
cells, and U20S human osteosarcoma cells. (B) Nuclear distribution of
coilin in embryonic stem cells. Coilin was homogeneously distributed
in interphase nuclei of human ESCs, or accumulated into body-like
structures (Cajal bodies) in hESCs. (C) Cajal bodies were observed in
pluripotent mouse ESCs (line D3), and in GOWT1 mESCs and in their
differentiated counterparts. (D) Morphological association between
Cajal bodies (green) and y-H2AX-positive foci (red) in non-irradiated and
y-irradiated U20S cells.

response to DNA damage, which we induced by UVA- and
y-irradiation.

Inappropriate DNA repair can lead to mutations that severely
injure the organism. A fundamental question concerns the
responses of proteins and nuclear substructures to DNA injury,
caused by genotoxic stress. Ionizing radiation can also induce local
changes in chromatin conformation. DNA lesions are recognized
by several proteins, which initiate different repair strategies based
on the severity of DNA damage. DNA lesions include double-
strand breaks (DSBs), which are recognized by specific protein
complexes such as MRE11-RAD50-NBSI that contribute to
the repair DNA using homologous recombination (HR). This
process is associated with activation of a DNA damage-related
serine/threonine protein kinase, called ataxia telangiectasia
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mutated (ATM)."”!8 ATM activation leads to phosphorylation of
histone H2AX (yH2AX) and to MRE11-RAD50-NBS1 binding
to chromatin lesions. This process also involves binding of the
mediator protein MDCI to damaged chromatin, and it leads
to recruitment of the chromatin-remodeling factors, including
53BP1, SMC1, CHK2, or BRCAL. Another well-known DNA
repair-related pathway represents non-homologous end joining
(NHE]J), which is associated with binding of KU heterodimer
to DSBs. Ku70/Ku80 attracts the catalytic sub-unit of DNA-
dependent protein kinase and activates its kinase activity
(summarized by ref. 19). This process initiates a cascade of events,
which leads to recovery of damaged DNA. Hierarchical assembly
of proteins, involved in DNA repair, occurs coordinately with
the recruitment of additional chromatin-related factors, such
as heterochromatin protein 1 (HP1) and the polycomb-group
proteins BMI1 and Mel18.20-22

Another interesting DNA repair-related event (associated
with nucleotide excision repair) is linked to inhibition of RNA
pol Il-driven transcription elongation, when ionizing radiation
induces DNA lesions, and is called transcription-coupled repair
(TCR).? Moreover, double-strand breaks present a barrier
for functioning of RNA polymerases, but inhibition of DNA
protein kinase, for example, enables RNA pol II to bypass DNA
breaks and continue in transcription elongation.? Transcription
of ribosomal genes could be also affected by exposure to
ionizing radiation. Therefore, it is important to determine how
the appearance of DNA lesions influences transcription and
transcription factors in an irradiated genome. As a consequence
of transcription-related events after DNA damage, changes in
RNA processing could appear. Thus, proteins of Cajal bodies
represent interesting candidates for such studies. Based on these
observations, we studied coilin localization in UVA-induced
DNA lesions. We determined that coilin, but not SMN (other
CB protein), is recruited to DNA lesions induced by UVA-
irradiation. Coilin recruitment to UVA-damaged chromatin
was cell cycle-independent and occurred immediately after local
UVA-induced 53BP1-positive
lesions did not mostly recruit coilin, y-irradiation-induced foci
(IRIF) did not co-localize with CBs, and exposure to y-rays did
not alter total coilin levels. However, localized CB movement was

micro-irradiation. Moreover,

significantly reduced by cell exposure to y-rays.

Results

Nuclear patterns and numbers of Cajal bodies in different
cell types

We studied the nuclear patterns of Cajal bodies in many cell
types. The multiple myeloma cell lines OPM2 and MOLP8
contained multiple Cajal bodies, MEFs contained 1-4 subtle
Cajal bodies (diameter 0.5-0.8 pm), and leukemia K562 cells
contained 3—4 robust Cajal bodies (diameter > 1 pm) (Fig. 1A).
In 50% of U20S cells, we observed high coilin levels inside
nucleoli (Fig. 1A). In hESCs, we found high coilin levels in
nucleoplasm, and approximately 50% of the cell population
contained visible Cajal bodies (Fig. 1B). Moreover, we observed
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Figure 2. western blot analysis of coilin levels in selected cell types. (A)
Levels of coilin (80 kDa) in non-irradiated and y-irradiated U20S, OPM2,
MOLP8, K562, MEFs, mESCs, hESCs, and Hela cells stably expressing
GFP-coilin. (B) Levels of coilin in non-treated and vy-irradiated U20S and
HelLa cells stably expressing GFP-coilin (irradiation by 5 Gy of y-rays). (C)
Comparison of endogenous and ectopically expressed coilin in non-
irradiated Hela cells stably expressing GFP-coilin. Coilin levels were
assessed in Hela cells irradiated with 5 Gy of y-rays at 2 and 6 h after
irradiation, and after irradiation with UVC. Coilin levels were normalized
to the total protein levels or a-tubulin.
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Figure 3. Morphology of Cajal bodies. Cajal bodies (green in panels A-D;
red in panel E) were localized in (A) DAPI-poor genomic regions; (B, C) in
proximity to nucleoli; (D) away from chromocenters; and (E) very close to
chromocenters in MEFs. Studies were performed in U20S and MEF cells.
(F) Analysis of morphology of CBs in MEFs containing well visible chromo-
centers after DAPI staining. Data represent mean percentage of events
with respect to the total number of CBs analyzed + standard error (S.E.).

1-4 Cajal bodies in mouse ESCs (D3 line). Localization pattern
of CBs was not changed by retinoic acid-induced differentiation
(Fig. 1C). Treatment with vy-radiation did not affect the degree
of association between coilin and y-H2AX foci that appear
spontaneously in non-irradiated cells or as irradiation-induced
foci (IRIF) after <y-irradiation (Fig. 1D). In non-irradiated
and irradiated cells, we observed either Cajal bodies associated
with y-H2AX foci or Cajal bodies located away from these
foci (Fig. 1D, number 1 or 2). Western blot analyses of coilin
levels supported the fact that Cajal bodies did not change after
-radiation, because after irradiation the levels of endogenous
and ectopically expressed coilin were not changed (Fig. 2A-C).
Additionally, no changes in coilin levels were observed after
UVCe-irradiation (Fig. 2C).The level of coilin was cell type-
specific, low in OPM2 cells, and subtle 80-kDa coilin fragments
were found in MEFs and mESCs (Fig. 2A).

In terms of morphology, Cajal bodies were observed in DAPI-
poor nuclear regions (Fig. 3A), in proximity to nucleoli (Fig. 3B
and C), distant from clusters of centromeric heterochromatin
called chromocenters, and in proximity to chromocenters
(Fig. 3D-F).

Cell cycle-dependent nuclear distribution and pattern of
Cajal bodies

We analyzed the nuclear pattern of Cajal body localization
during the cell cycle (Fig. 4A-D), with a focus on G1 and G2
phases. We used HelLa-Fucci cells expressing RFP-cdtl for
analysis of the GI phase, and GFP-geminin for analysis of the
G2 phase. In HeLa-Fucci cells, we observed different numbers of
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Cajal bodies in G1 and G2 phases. We found an increased number
of Cajal bodies in G2 compared with those in G1 cell cycle phase
(Fig. 4B; Fig. S1). We also studied the association of Cajal bodies
with fibrillarin (Fig. 4A and C). The number of Cajal bodies
containing both coilin and fibrillarin and the positivity of both
proteins in Cajal bodies increased in G2 phase (Fig. 4C). The G2
phase of the cell cycle also was characterized by the appearance of
Cajal bodies with larger diameters (Fig. 4D).

Coilin recruitment to UVA-induced DNA lesions and coilin
recovery after photobleaching

We observed high levels of coilin in nucleolar compartments
of U20S cells, which could be a consequence of ectopically
expressed GFP-coilin. This interpretation is consistent with
the previous report of reference 25. However, HeLa cells stably
expressing GFP-coilin were not characterized by high coilin levels
in nucleoli (Fig. 5A). Therefore, we used these cells for additional
analyses. In both U20S and HeLa cells, genomic regions that
were locally micro-irradiated using a UVA-laser displayed
pronounced recruitment of GFP-coilin. Coilin was recruited to
DNA lesions within 15-20 s after micro-irradiation (Fig. 5A).
Increased coilin levels in DNA lesions were maintained up to
5 min after irradiation. This was observed in experiments with
and without BrdU pre-sensitization, and in cells lacking CBs
(Fig. 5A-C). We also observed that endogenous coilin is recruited
to DNA lesions (Fig. 5C parta, b, and c). These results contribute
to those of reference 16, which reports focal patterns of coilin
accumulation after UVC-irradiation of entire cell population.
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Figure 4. Cell-cycle-dependent nuclear pattern of Cajal bodies. (A) Cajal
bodies in G1 phase (red) and G2 phase (green) of the cell cycle. Studies
were performed in Hela-Fucci cells. Fibrillarin (red) and CBs (blue) were
visualized by primary antibodies and stained by secondary antibodies
[conjugated with Alexa 594 (red) and Alexa 405 (blue)]. (B) Number
of Cajal bodies in G1 and G2 phases of the cell cycle. (C) Cajal bodies
positive for both coilin and fibrillarin in G1 and G2 phases. (D) Diameter
of Cajal bodies in G1 and G2 phases. The following numbers of cell were
analyzed: for number of Cajal bodies in G1 = 193; number of Cajal bodies
in G2 = 268; Cajal bodies associated with fibrillarin in G1 = 118; Cajal
bodies associated with fibrillarin in G2 = 189; diameter of Cajal bodies
in G1 = 70; diameter of Cajal bodies in G2 = 94. Data in panels B and C
represent mean percentage of events with respect to the total number
(set as 100%) of CBs analyzed + standard error (S.E.). Asterisks in panels
Cand D show statistical significance at P < 0.05. Analysis was performed
by Student’s t test.

Here we showed that UVA-induced DNA lesions that recruited
coilin contained cyclobutane pyrimidine dimers (CPDs) (Fig. 5C
part ¢), 53BP1 (Fig. 6A part a), and phosphorylated histone
H2AX (Fig. 6A part b). This was observed even without BrdU
pre-sensitization. However, vy-irradiation did not potentiate
co-localization of CBs and 53BP1, or CBs and yYH2AX (Fig. 1D
and 6B part a, b). This result was confirmed at different time
points after y-irradiation (0.5, 2, 6, and 24 h after irradiation).
Simultaneous irradiation with UVA and vy-rays caused both
locally induced DNA lesions and IRIF (Fig. 6C).

Locally induced DNA lesions accumulated higher levels of
coilin, asalso evidenced by the observed localization of endogenous
coilin in irradiated HeLa cells expressing GFP-H2B (Fig. 7A part
a), but did not accumulate higher levels of Cajal body-associated
SMN protein (Fig. 7A partb). In addition, in BrdU pre-sensitized
cells, UVA-induced DNA lesions that were positive for yYH2AX
(Fig. 7A part ¢) contained high levels of phosphorylated HPla
protein (phosphor-Ser92) (Fig. 7A part d). However, after
-irradiation, no changes in nuclear localization patterns of CBs
and HPla or CBs and SMN were observed (Fig. 7B parts a, b).
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Figure 5. Recruitment of coilin to UVA-induced DNA lesions. (A) In
live U20S cells transiently expressing GFP-coilin and Hela cells stably
expressing GFP-coilin. Coilin was recruited to micro-irradiated genomic
regions. This was also observed in transiently transfected D3 mESCs.
These experiments were performed with BrdU pre-sensitization. (B)
Recruitment of coilin to UVA-induced DNA lesions in Hela cells stably
expressing GFP-coilin, but lacking CBs. (C) Cells were locally irradiated
using a UVA-laser in defined regions of interest (ROI) and endogenous
coilin was analyzed under conditions of (a) BrdU pre-sensitization or (b)
without BrdU pre-sensitization. (c) CPDs were analyzed without BrdU
pre-sensitization. CPDs were visualized by red fluorescence and CBs
as green. Experiments were performed in Hela cells stably expressing
GFP-coilin (green). The cell nuclei were clearly visible before local micro-
irradiation, and GFP fluorescence was maintained after formaldehyde
fixation and immunostaining. To assess endogenous coilin levels, HeLa
cells were micro-irradiated and endogenous coilin and CPDs were visual-
ized using antibodies (panel Cc).

We also performed FRAP analysis to investigate coilin
diffusion properties. The slowest recovery of GFP-coilin after
photobleaching occurred in nucleoli in D3 mESCs, whereas the
most rapid recovery of fluorescence occurred in nucleoplasm of
D3 mESCs and U20S cells (Fig. 8A and B). The kinetics of coilin
recovery in Cajal bodies after photobleaching was approximately
the same as the kinetics of coilin recruitment to UVA-induced
DNA lesions (Fig. 8A-C). In HeLa cells, the observed differences
in coilin recovery after photobleaching in different nuclear
regions were not statistically significant (Fig. 8C).

Localized movement of Cajal bodies and cell-cycle dependent
coilin status in DNA lesions

We used HeLa cells, mouse ESCs (line D3), and U20S

cells to study the localized movement of Cajal bodies in
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Figure 6. Recruitment of coilin, 53BP1 and yH2AX to UVA-induced DNA
lesions. (A) (a) Recruitment of coilin (green) and 53BP1 (red) to locally
induced DNA lesions without BrdU pre-sensitization. (b) Increased levels
of coilin (green) and yH2AX (red) were observed in UVA-induced DNA
lesions without BrdU pre-sensitization. (B) Nuclear localization patterns
of coilin (green) and 53BP1 (red), or coilin (green) and yH2AX (red) in
Hela cells irradiated with 5 Gy of y-rays and in control non-irradiated
cells; cells were analyzed 0.5, 2, 6, and 24 h after y-irradiation. (C) HelLa
cells were irradiated with 5 Gy of y-rays and then with UVA in selected
regions of interest denoted by the white box. Coilin (green) and 53BP1
(red) were recruited to DNA lesions and v-irradiation-induced foci
appeared (white arrow).
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non-irradiated and irradiated cells by 5 Gy of y-rays. In all cases
tested, we observed that irradiation influenced the movement of
Cajal bodies. In all cell types studied, y-irradiation reduced the
average size of the enclosing ellipse around Cajal body trajectories
(Fig. 9A and B). This conclusion was supported by normalization
of the average enclosing ellipse area with respect to the area of
CBs. This parameter also was reduced after cell irradiation with
5 Gy of y-rays (Fig. 9C). These results indicate that y-radiation
substantially restricts Cajal body localized movement.

To further clarify coilin function during the DNA damage
response (DDR), westudied the possible coilin-coilin dimerization
in DNA lesions using FRET analysis. We observed very low FRET
efficiencies, with 5.4% + 3.3% in DNA lesions and 7.8% + 4.9%
in non-irradiated nucleoplasm. For closely interacting partners
such as p53 and 53BP1, the FRET efficiency in our microscope
system is usually ~30—-40%. So, by this experimental approach
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Figure 7. Visualization of selected proteins localized to DNA lesions.
(A) (@) Recruitment of endogenous coilin (red) to DNA lesions was studied
in HeLa cells stably expressing histone H2B (green). (b) GFP-coilin (green),
but not other CB-related protein, called SMN, was recruited to UVA-
damaged chromatin. (c) High levels of GFP-coilin (green) and y-H2AX
(red) co-localized with DNA lesions in BrdU pre-sensitized cells. (d) GFP-
coilin (green) and phosphorylated HP1a at serine 92 (red) were recruited
to DNA lesions in BrdU pre-sensitized cells. (B) Nuclear localization
patterns of (a) phosphorylated HP1«a at serine 92 and (b) SMN were
identical in non-irradiated cells and cells irradiated with 5 Gy of y-rays.

Transmission
d GFP.Coilin  light

HelLa

b Overlay

we can exclude the potential significance of coilin dimerization
in DNA lesions. FRET analysis of coilin/53BP1 (2.8 + 2.1%),
coilin/yH2AX (3.0 + 2.6%), and coilin/CPDs (0.0 + 0.0) also
showed no interaction.

We assessed whether the recruitment of coilin to DNA lesions is
dependent on the cell cycle. In HeLa cells expressing RFP-cdtl in
Gl1 phase and GFP-geminin in G2 phase, we analyzed endogenous
coilin in DNA lesions. We observed coilin recruitment to UVA-
induced lesions in both G1 and G2 phase (Fig. 10A parts a, b).
Simultaneous detection of GFP-coilin and RFP-PCNA in S-phase
cells indicated that both proteins localized to UVA-induced DNA
lesions (Fig. 10B partashowing S phase; Fig. 10B partb shows non-
irradiated control non-S phase cell). This can be explained by the fact
that UVA-irradiation by 355-nm UVA-laser induces both yH2AX-
positive DSBs and CPDs. Interestingly, simultaneous detection of
coilin and CPDs indicated that coilin was not present in irradiated
regions containing CPDs (Fig. 5C). Moreover, many DNA lesions
contained 53BP1 but lacked coilin, and vice versa (Fig. 6A part a).
Only yH2AX co-localized with GFP-coilin in UVA-induced DNA

Nucleus 273

Do not distribute.

I0Science.

©2014 Landes B



A D3 mESCs C HelLa
. GFP-Coilin ; GFP-Coilin
0.9/ 0_9"z
§ 08 T —— § 08
307 80.7
206 g06
§05 $05
% 0.4 =04
203 203
802 02
& 0.1 g 0.(;
% “5 10 15 20 25 30 35 40 45 0 5 1015 20 25 30 35 40 45
Time (s) Time (s)
B u20s
1. GFP-Coilin -& Cajal bodies
8 g'g =+ Nucleoplasm
£ 0.
g ol -i- DNA lesions
S$05 Nucleolus
= 0.4
203
§o02
3 0-3
0 5 10 15 20 25 30 35 40 45

Time (s)

Figure 8. FRAP analysis of coilin diffusion in various nuclear regions.
Kinetics of GFP-coilin were studied in nucleoli, DNA lesions, nucleoplasm,
and non-irradiated Cajal bodies in (A) D3 mESCs; (B) U20S cells; and
(C) HelLa cells. FRAP data were normalized to 1, and data represent
means + standard error (S.E.).

lesions (Fig. 6A part b). Therefore, at this time any conclusions
drawn from these results are speculative because we cannot rule
out competitive effects in the visualization of proteins by GFP
technology and antibodies.

Discussion

Proteomic studies are useful to identify precise functions of
proteins in DDR. The majority of studies have investigated DDR
in non-nucleolar regions of the genome (summarized by ref. 17,
18). However, the DDR-related function of proteins such as coilin,
which canappearin nucleoli of tumor cells, is less understood.'**>%’
Recently, it was observed that nucleolar accumulation of coilin
was influenced by both cisplatin and vy-radiation, which induced
co-localization of coilin and the RNA Pol I subunit RPA194.
Radiation also enhances the interaction between coilin and UBF
factors that modulate the association of RNA Pol I with rDNA.*
Association between coilin and fibrillarin-positive regions of
nucleoli appeared after cisplatin treatment and irradiation with 4
Gy of y-rays.” These studies unambiguously demonstrate nuclear
re-arrangement of CBs after exposure to genotoxic stress. In the
current study, we report that local micro-irradiation with UVA
induces pronounced accumulation of coilin in non-nucleolar
genomic regions (Fig. 5A and 7A).

These data suggest a novel function for coilin, which generally
regulates snRNP biogenesis and histone mRNA processing. It is
likely that the rapid recruitment of coilin to DNA lesions reflects
chromatin conformational changes caused by genotoxic stress
(ref. 25; Fig. 5A and B and 7A). The function of coilin in DDR

mightalso be ascribed to its asymmetric arginine methylation and
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Figure 9. Localized movement of Cajal bodies. (A) Average enclosing
ellipses (yellow) calculated for Cajal bodies in HelLa cells, D3 mESCs, and
U20S cells. Non-treated cells were used as control cell population, and
data were compared with average enclosing ellipse of Cajal bodies in
cells irradiated by 5 Gy of y-rays. Tracking of ellipse centroids is shown
in blue. Selected ellipses are enlarged in individual frames. Small red
dots represent the starting points of tracking analysis. (B) Data represent
average enclosing ellipse areas in non-irradiated and y-irradiated Hela
cells, D3 mESCs, and U20S cells. (C) Average enclosing ellipse area per
Cajal body area in HelLa cells, D3 mESCs, and U20S cells. Data in panels
B and C represent mean + standard error (S.E.). Asterisks in panels (B)
and (C) show statistically significant differences from control values at

P < 0.05. Analysis was performed by Student'’s t test.

arginine methyltransferase functions. For example, PRMT1
methyltransferase is known to be responsible for methylation
of other DDR-related proteins such as 53BP1.2%% These results
suggest the importance of post-translational modification of
proteins involved in DNA repair and imply that coilin could be
involved in DNA repair-related processes. This is supported by
the fact that the morphology of Cajal bodies is also affected by
UVC-irradiation,'® and a reduced level of coilin correlated with
an increased level of YH2AX. This phenomenon was observed
after etoposide treatment, which is a powerful pro-apoptosis
agent that induces apoptotic DNA fragmentation.!

It is well known that Cajal bodies undergo pronounced
localized movement.!®!® We observe that y-irradiation affects CB
motility (Fig. 9). In non-irradiated cells, other authors showed
that Cajal bodies move toward and away from the periphery of
nucleoli. Thus, two classes of Cajal bodies were found. FRAP
analysis shows that coilin is dynamically exchanged with Cajal
bodies, but this depends on coilin interactions with other
proteins.!”® Our study showed that y-radiation reduced the
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average area of enclosing ellipses; these parameters were used
to measure Cajal body movement in three different cell lines,
including mouse ESCs (Fig. 9). These experiments documented
that the morphology and movement of Cajal bodies were affected
by y-radiation-induced cell stress. Thus, our results suggest that
the coilin recruitment to DNA lesions is relevant, because other
CB-related proteins such as SMN were not recruited to UVA-
damaged chromatin (Fig. 7A).

Conclusions

This study showed cell-type-specific CB morphology and
determined that coilin recognized UVA-induced DNA lesions
in human tumor cells and mESCs. The morphological changes
of CBs after DNA damage were described previously.”!® We
additionally observed that coilin, but not SMN, was recruited
to and accumulated at UVA-induced DNA lesions immediately
after irradiation. These observations raise questions about coilin
dimerization in locally induced DNA lesions, and suggest that
other proteins could potentially interact with coilin in UVA-
damaged chromatin. In summary, coilin is rapidly recruited to
UVA-induced DNA lesions within 15-20 s after irradiation. This
event could be a primary stress response, which might attract
other proteins involved in DDR-related pathways. Radiation can
induce multiple DNA-damage-response pathways,*® which could
explain the fact that we observed cell cycle-independent coilin
recruitment at DNA lesions.

Materials and Methods

Cell lines and cell cultures

We used the following cell lines for these experiments:
MOLP8 and OPM-2 multiple myeloma cells (DSMZ); K562
leukemia cells (ATCC, USA); U20S human osteosarcoma
cells (ATCC); and immortalized mouse embryonic wild-type
fibroblasts (iMEFs; a generous gift from the laboratory of Prof
Thomas Jenuwein [Max Planck Institute of Immunobiology and
Epigenetics]). We analyzed the nuclear pattern of Cajal bodies
in mouse embryonic stem cells (mESCs) (line D3, ATCC), in
GOWTT cells (gift from Dr Hitoshi Niwa), and in human ESCs
(hESC:s).*" Differentiation of mouse ESCs was induced by all-
trans retinoic acid according to previously published protocols.?

We also used HeLa cells stably expressing GFP-colin (a
generous gift from the laboratory of Prof Angus Lamond,
University of Dundee'®). For detection of endogenous proteins
in DNA lesions, we used HelLa cells stably expressing GFP-H2B
to visualize nuclei. This was essential in order to see cell nuclei
before local micro-irradiation by UVA-laser in selected regions
of interest (ROIs) (see below). Hela cells stably expressing
GFP-H2B were a generous gift from Dr Marion Cremer
(Ludwig-Maximilians-University).

For cell cycle studies, we used commercially available Fucci
system-related cells expressing RFP-cdtl in Gl phase and
GFP-geminin in S/G2/M phases, which have previously been
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Figure 10. Coilin localization in DNA lesions in individual cell cycle
phases. (A) (@) G1 phase was characterized by expression of RFP-ctd1
(red); (b) G2 phase was characterized by expression of GFP-tagged gemi-
nin in HelLa-Fucci cells. Cell-cycle-independent accumulation of coilin
(blue) at DNA lesions was observed. (B) (a) Recruitment of GFP-coilin
(green) and RFP-PCNA (red) to UVA-induced DNA lesions at S phase. (b)
Nuclear localization patterns of GFP-coilin (green) and RFP-PCNA (red) in
non-irradiated non-S phase cells.
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described in detail (ref. 33) (Life Technologies; http://www.
lifetechnologies.com).

Adherent cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal calf serum at 37 °C in a
humidified atmosphere containing 5% CO,. Cells growing in
suspension were cultivated in RPMI-1640 medium supplemented
with 10% fetal calf serum. Hela cells stably expressing GFP-
coilin were cultivated in DMEM containing 0.4 g/l geneticin
G418 (Gibco Life Technologies). Human and mouse ESCs were
cultivated according to references 32 and 34.

Western blot analysis

Western blots were performed according to reference 32.
For analysis of coilin levels by western blots, we used antibody
against coilin (#sc-32860; Santa Cruz) at a dilution of 1:1000.
Colin levels were analyzed in the following cell types: MOLPS,
OPM-2, K562, U20S, MEFs, mESCs, hESCs, and HelLa. We
tested the effect of 5 Gy of +y-radiation on coilin levels. For
secondary antibody, we used the peroxidase-conjugated anti-
rabbit IgG (#A-4914; Sigma Aldrich) at a dilution of 1:2000.
Equal protein was loaded in each gel lane. Protein levels were
normalized to the total protein levels, measured by pQuant
spectrophotometer and KCjunior software (Bio-Tek Instruments,
Inc), or a-tubulin (#LF-PA0146, Fisher Scientific).
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Immunofluorescence analysis

Immunofluorescence methods were published previously in
references 31 and 34. For the current experiments, we used the
following antibodies: fibrillarin (#ab5821 and #ab4566; Abcam,
UK); coilin (#sc-32860; Santa Cruz); phospho-HPla (serin-92)
(#MBS 852359, My Biosource); SMN (#ab124438, Abcam);
v-H2AX (#ab2893, Abcam); 53BP1 (#ab21083, Abcam); and
CPDs (#1NMDNDO001, Cosmo Bio Co, Ltd).

Confocal microscopy live-cell studies and analysis of Cajal
body movement

Cells were seeded on uncoated, y-irradiated, 50-mm glass-
bottomed dishes used for inverted microscopy (No. 0; MatTek
Corporation, #P50G-0-30-F). Cells were transfected with
plasmid DNA encoding GFP-colin (generous gift from Dr Petr
Kaldb, National Cancer Institute, NIH, Bethesda, USA). Cell
transfection was performed using METAFECTAN transfection
reagent (Biontex Laboratories GmbH). D3 mESCs were
transfected using Effectene transfection reagent (Qiagen, Bio-
Consult). For confocal microscopy analyses, we used a Leica
SP5 X confocal microscope and a white-light laser (wavelengths
460-670 nm). For image acquisition, we used the following
settings: resolution 1024 x 1024 pixels, 400 Hz, bidirectional
mode, zoom 8-12. Analysis of CB localized movement was
performed after compensation of cell global motion. The detailed
methodological approach was described previously.? For Cajal
body analysis, we analyzed the average areas enclosed by ellipses
determined by the area occupied by CBs. The average enclosing
ellipse is the ellipse with minimal area that enclosed all the
positions of the CB centroids that appeared in time. A detailed
description of this approach is given by reference 32. The current
analyses were performed in non-irradiated and v-irradiated
HeLa, D3 mESCs, and U20S cells.

Induction of double-strand breaks by UVA-irradiation in
live cells

For local micro-irradiation using a UVA-laser (wavelength
355 nm), cells were seeded on uncoated, y-irradiated, 50-mm
glass-bottomed dishes used for inverted microscopy (No. 0;
MatTek Corporation, #P50G-0-30-F). At 70% confluence,
the cells were sensitized with BrdU according to reference 22,
and irradiated using a UVA-laser connected to the Leica SP5 X
confocal microscope. Defined regions of interest (ROIs) were
irradiated. We selected individual CBs and also regions distant
from CBs (for comparison). ROIs were irradiated by 100% laser
output for 4-5 s. Laser intensity was not reduced at the acousto-
optic tunable filter. UVA-laser irradiation was performed
according to reference 34. After fixation of irradiated cells in 4%
formaldehyde, phosphorylated histone H2A.X (yH2AX) and
endogenous coilin were detected with rabbit polyclonal antibody
against YH2AX (phospho S139; #ab2893; Abcam); 53BP1
(#ab21083, Abcam) and coilin (#sc-32860, Santa Cruz). Also,
we analyzed endogenous phospho-HPla (serine-92) (#MBS
852359, My Biosource) and SMN (#ab124438, Abcam). After
immunodetection, locally irradiated cells were found according
to known coordinates marked on the microscope dishes, or
by the use of tissue culture dishes with microscope slide grids.
For experiments on irradiation of the whole cell population,
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cells were irradiated by 5 Gy of y-rays delivered by cobalt-60.
Immunofluorescence analyses were performed 2 h after
y-irradiation.

Fluorescence recovery after photobleaching (FRAP)

FRAP was performed according to reference 35. We used
HeLa, D3 mESCs, and HeLla cells stably expressing GFP-
coilin. FRAP was performed in the following regions: (1) in a
genomic region containing dispersed coilin (but without UVA-
irradiation); (2) in non-irradiated Cajal bodies with accumulated
coilin; and (3) in genomic regions without Cajal bodies, but
containing accumulated coilin after UVA-irradiation. FRAP was
performed using an argon laser (wavelength 488 nm). FRAP data
were normalized to 1, and average values + standard error (S.E.)
were calculated by the use of Excel software. Statistical analysis
was performed in Sigma Plot software 8.0, and Student’s # test
was used for statistical analysis.

Fluorescence resonance energy transfer (FRET)

For FRET, we used a Leica SP5 X confocal microscope and
the FRET mode of LEICA LAS AF software (version 2.1.2).
To determine interactions between proteins, we used the FRET
acceptor photobleaching technique.’® Proteins were labeled by
mCherry and GFP, or by Alexa 594 and Alexa 488. In this study,
we investigated potential coilin-coilin dimerization (coilin-GFP
and coilin-Alexa 594) in DNA lesions induced by irradiation
with a UVA-laser.
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