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ABSTRACT Coilin is a nuclear phosphoprotein that concentrates within Cajal bodies (CBs)
and impacts small nuclear ribonucleoprotein (snRNP) biogenesis. Cisplatin and y-irradiation,
which cause distinct types of DNA damage, both trigger the nucleolar accumulation of coilin,
and this temporally coincides with the repression of RNA polymerase | (Pol I) activity. Knock-
down of endogenous coilin partially overrides the Pol | transcriptional arrest caused by cis-
platin, while both ectopically expressed and exogenous coilin accumulate in the nucleolus
and suppress rRNA synthesis. In support of this mechanism, we demonstrate that both cis-
platin and y-irradiation induce the colocalization of coilin with RPA-194 (the largest subunit of
Pol ), and we further show that coilin can specifically interact with RPA-194 and the key regu-
lator of Pol | activity, upstream binding factor (UBF). Using chromatin immunoprecipitation
analysis, we provide evidence that coilin modulates the association of Pol | with ribosomal
DNA. Collectively, our data suggest that coilin acts to repress Pol | activity in response to
cisplatin-induced DNA damage. Our findings identify a novel and unexpected function for
coilin, independent of its role in snRNP biogenesis, establishing a new link between the DNA
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damage response and the inhibition of rRNA synthesis.

INTRODUCTION

Cajal bodies (CBs) are dynamic nuclear bodies consisting of proteins
with diverse functions (Cioce and Lamond, 2005; Nizami et al.,
2010). The emerging consensus is that CBs provide locally high con-
centrations of factors necessary for small nuclear ribonucleoprotein
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(snRNP) biogenesis (Morris, 2008; Matera et al., 2009). In zebrafish,
for example, CBs are required for snRNP assembly and embryogen-
esis (Strzelecka et al., 2010). In the zebrafish study (Strzelecka et al.,
2010), CBs were abolished by depleting coilin, the CB marker pro-
tein that plays a crucial role in CB formation and composition
(Hebert, 2010). Sm proteins, protein components of snRNPs, and
survival of motor neurons protein (SMN), the snRNP assembly pro-
tein, have been shown to bind coilin’s C terminus, which contains an
atypical Tudor domain (Xu et al., 2005; Shanbhag et al., 2010). Ad-
ditionally, the C terminus of coilin has been shown to regulate the
availability of the N terminus for self-interaction (Hebert and Matera,
2000; Shpargel et al., 2003). Posttranslational modifications of coi-
lin, such as symmetrical arginine dimethylation (Boisvert et al., 2002;
Hebert et al., 2002) and phosphorylation (Hearst et al., 2009), play a
significant role in mammalian CB formation.

Aside from coilin’s crucial role in CB integrity, little is known about
the function of nucleoplasmic coilin, where the vast majority of the
protein is located (Lam et al., 2002). Recent evidence indicates that
nucleoplasmic coilin may play a part in stress response pathways.
For example, coilin interacts with Ku proteins, which are involved in
the nonhomologous end-joining (NHEJ) pathway of DNA repair,
and inhibits in vitro NHEJ (Velma et al., 2010). Coilin has also been
shown to respond to interphase centromere damage induced by
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herpes simplex virus type 1 infection by accumulating at centrom-
eres (Morency et al., 2007). Additionally, UV-C~induced DNA dam-
age fragments CBs and redistributes coilin to interact with the pro-
teasomal protein PA28y (Cioce et al., 2006). These findings are
significant because they suggest new functions for coilin that ap-
pear to be independent of snRNP biogenesis. Although the above-
mentioned studies indicate that coilin is responsive to DNA dam-
age, it has not yet been determined what function coilin has in
response to this cellular stress.

In this study, we have assessed the role coilin plays in the cellular
response to DNA damage induced by cisplatin treatment and
v-irradiation. We demonstrate that coilin localizes in the nucleolus in
response to these types of DNA damage. Additionally, we provide
evidence suggesting that coilin regulates the activity of Pol I.
Altogether, our data suggest that a novel function for coilin in re-
sponse to cisplatin-induced DNA damage or y-irradiation is to in-
hibit Pol | activity.

RESULTS

Cisplatin-induced DNA damage triggers the nucleolar
accumulation of coilin

The chemotherapeutic agent cisplatin damages DNA by introduc-
ing cross-links that stall the replication fork and induce apoptosis
(Bartek etal., 2004). To examine the effect of cisplatin and y-irradiation
(discussed later in this article) on CB and coilin localization, we used
four different cell lines (one primary and three transformed) with
varying p53 status: Saos2 (human osteosarcoma, p53 null), HelLa
(human cervical carcinoma, p53 wild-type; HPV Eé positive), WI-38
(human normal fetal lung fibroblast, p53 wild-type), and H1299 (hu-
man non-small cell lung carcinoma, p53 null). In untreated HelLa and
Saos?2 cells, coilin is localized in the nucleoplasm and CBs, while in
untreated WI-38 cells, coilin is distributed diffusely throughout the
nucleoplasm (Figure 1). Strikingly, after a 24-h cisplatin treatment,
we observed that coilin predominantly accumulated within and
around nucleoli in all cell lines tested (Figure 1). These accumula-
tions appear to be redistributions of coilin as coilin protein levels are
relatively unchanged in response to cisplatin treatment, despite a
twofold increase in message levels (Supplemental Figure 1). SMN, a
major coilin interacting partner found in the cytoplasm and in CBs,
was also enriched in the periphery of the nucleolus in Hela cells, but
not in the other cell lines (Figure 1). We also observed that 24-h
cisplatin treatment induced Gem (SMN foci without coilin) formation
in ~50% of Saos2 cells, which normally have one CB that contains
both SMN and coilin (Figure 1). In Hela cells, coilin predominantly
localized in nucleolar cap-like structures, whereas in Saos2 and WI-
38 cells, coilin accumulated inside the nucleolus in addition to nu-
cleolar caps. The cisplatin-induced nucleolar cap phenotype of coi-
lin in HelLa and Saos2 cells is similar to that found in response to the
transcription inhibitor actinomycin D (ActD) (Carmo-Fonseca et al.,
1992; Supplemental Figure 2). However, in cisplatin-treated WI-38
cells (Figure 1), the nucleolar accumulation of coilin was more obvi-
ous than that found in ActD-treated cells (Supplemental Figure 2),
where coilin localized more exclusively to nucleolar caps. This cispl-
atin-induced accumulation of coilin within and around the nucleolus
has not been described.

The nucleolar distribution of fibrillarin and Nopp140 is
altered in response to cisplatin and y-irradiation

In addition to coilin, we also looked at the CB components fibrillarin
and Nopp140 in response to cisplatin and v-irradiation. Both of
these CB components are also normally nucleolar. In Hela cells,
fibrillarin and Nopp140 responded to cisplatin by redistributing to
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Cisplatin-induced DNA damage triggers nucleolar coilin
accumulation. Hela, WI-38, and Saos2 cells were untreated (Unt) or
treated (Cis) for 24 h with cisplatin and immunostained for coilin (red)
and SMN (green). Nuclei were stained by 4’,6-diamino-2-phenylindole
(DAPI) (blue). For Hela cells, arrows denote CBs containing both SMN
and coilin. Arrowheads mark nucleolar accumulation of coilin and
SMN. For WI-38 cells, SMN foci lacking coilin (Gems) are indicated by
arrows, and arrowheads mark nucleolar coilin. For Saos2 cells, arrows
in the untreated cell denote a CB. Arrows in the cisplatin-treated cells
mark a Gem while arrowheads show nucleolar coilin. Double arrows
represent an SMN-negative coilin focus. Scale bars = 10 pm.

the nucleolar periphery, where they colocalize with coilin (Figure 2).
These results were recapitulated in WI-38, Saos2, and H1299 cell
lines, although the extent of Nopp140 and fibrillarin nucleolar seg-
regation was less distinct in the H1299 line (Supplemental Figure 3).
Y-Irradiation, which causes double-strand breaks, produced similar
results in Hela, Saos2, and H1299 cells as observed for cisplatin
treatment in regard to coilin, fibrillarin, and Nopp 140 redistribution
(Figure 2 and Supplemental Figure 3). Interestingly, in the p53-pos-
itive WI-38 primary cell line, y-irradiation did not result in an appre-
ciable redistribution of coilin, fibrillarin, or Nopp140 (Supplemental
Figure 3). To monitor whether the localization of mature snRNPs,
which are also enriched in CBs, was altered in response to cisplatin-
induced DNA damage, we detected the trimethyl guanosine (TMG)
cap of processed small nuclear RNA. The TMG cap epitope colocal-
ized with coilin within and around nucleoli in cisplatin-treated WI-38
cells, but not in Hela or Saos2 cells (Supplemental Figure 4). These
results demonstrate that coilin and other CB components such as
fibrillarin, Nopp140, and snRNPs reorganize within and around nu-
cleoli in response to DNA damage caused by cisplatin and
v-irradiation. However, the extent of this reorganization varies among
the cell lines studied and the mechanism of DNA damage.
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Fibrillarin and Nopp140 redistribute with coilin in response
to cisplatin and y-irradiation. Hela cells were untreated (Unt) or
treated with cisplatin or y-irradiation (4 Gy) and immunostained for
coilin, fibrillarin, and Nopp140 after 24 h. DAPI staining was used to
detect the nucleus. Arrows mark CBs. Arrowheads mark coilin and
fibrillarin or Nopp 140 nucleolar redistributions. Scale bars = 10 pm.
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Nucleolar coilin is associated with Pol | suppression

Previous studies have shown that Pol | activity can be disrupted by
double-stranded DNA breaks induced by -irradiation and by DNA
adducts generated from cisplatin treatment (Jordan and Carmo-
Fonseca, 1998; Kruhlak et al., 2007). Consequently, we speculated
that the nucleolar accumulation of coilin in response to cisplatin
treatment and Y-irradiation might be partly responsible for this di-
minished rRNA synthesis. To test this possibility, we first assessed
whether there was a correlation between the accumulation of coilin
in the nucleolus and the suppression of rRNA synthesis in cisplatin-
treated cells by measuring the incorporation of bromouridine (BrU)
into nascent transcripts (Figure 3A). Untreated cells exhibited a
strong nucleolar BrU signal (i.e., detectable with a 0.5-s exposure)
that is indicative of active Pol | transcription (Figure 3A). In agree-
ment with a previous report (Jordan and Carmo-Fonseca, 1998),
cisplatin potently suppressed Pol | activity as indicated by a weak
BrU signal (detectable with a 5-s exposure). Interestingly, in cispla-
tin-treated cells, we observed an inverse relationship between the
presence of nucleolar coilin and the extent of BrU incorporation. In
nucleoli that lacked coilin staining, we could detect a BrU signal,
whereas nucleoli that were positive for coilin staining had a much
weaker BrU signal (for the cisplatin-treated cell in the bottom panel
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of Figure 3A, compare the amount of BrU signal in the nucleolus
without coilin [arrowhead] to the nucleolus that contains coilin [dou-
ble arrowhead]). These data suggest that the presence of nucleolar
coilin may inhibit Pol | activity.

It has been previously reported (Hebert and Matera, 2000) that
cells overexpressing coilin have distinct nucleolar accumulations
(Figure 3B). To test whether ectopic coilin expression alone would
be sufficient to suppress Pol | activity, we transfected Hela cells with
either green fluorescent protein (GFP) or GFP-coilin plasmids and
performed reverse transcription PCR (RT-PCR) analysis of the 5" ex-
ternal transcribed spacer (ETS) of pre-rRNA, whose levels reflect the
rate of Pol | transcription (Grandori et al., 2005; Frescas et al., 2007).
RT-PCR analysis of the 5’ETS of pre-rRNA revealed that ectopically
expressed coilin suppressed pre-rRNA levels by ~60% (Figure 3C).
These results support the notion that Pol | activity is regulated by
coilin, although the possibility exists that ectopically expressed coi-
lin is indirectly regulating rRNA synthesis.

To assess directly whether coilin alone was sufficient to suppress
Pol | activity, we conducted an in situ run-on transcription assay in
the presence of bacterially generated recombinant coilin, fibrillarin,
or GST. Both GST and GST-fibrillarin-treated cells had robust Pol |
transcriptional activity, as assessed by detection of BrU triphosphate
(BrUTP) within nucleoli (Figure 3D). However, cells treated with GST-
coilin had reduced Pol | activity (Figure 3D), although coilin alone
was not sufficient to abolish Pol | activity because faint BrUTP signal
could still be detected in the nucleolus. Collectively, these results
suggest that coilin may be an important factor in the suppression of
Pol | activity.

Coilin associates with RPA-194 and upstream binding

factor (UBF)

Because cisplatin-induced DNA damage triggers the accumulation
of coilin in the nucleolus, and this coincides with the inhibition of Pol
| activity, we decided to test whether coilin could interact with Pol I.
Active Pol | is a multisubunit protein complex, and thus we per-
formed a screen to determine whether coilin could interact with Pol
I-specific subunits and UBF. Myc-tagged coilin was cotransfected
with GFP-tagged versions of RPA-16, -40, -43, -194, UBF, and SmB
(as a positive control), and coimmunoprecipitation was performed
with a GFP antibody (Figure 4A). Among the different Pol | subunits
tested, we found that coilin coimmunoprecipitates only with GFP-
RPA-194 (lane 5) and GFP-UBF (lane 6). Because GFP-RPA-43 was
not sufficiently immunoprecipitated by the GFP antibody (lane 4,
bottom), it remains uncertain whether this subunit forms a complex
with coilin. Additionally, we performed two separate experiments
using a similar approach to confirm that coilin can interact with RPA-
194 and UBF. First, transfected GFP-coilin can coimmunoprecipitate
endogenous RPA-194 and UBF (Figure 4B) and, second, GST-cailin,
but not GST, can recover RPA-194 and UBF from Hela lysate
(Figure 4C). To test for a potential direct interaction between coilin
and RPA-194, a GST pull-down assay was performed with recombi-
nant His-coilin and GST-RPA-194 or GST beads. GST-RPA-194
beads specifically recovered His-coilin (Figure 4D).

The distribution of coilin within nucleoli in response to cisplatin
and y-irradiation suggested an in vivo interaction between coilin and
RPA-194 in response to these types of DNA damage. Before we
checked for colocalization between these proteins, we quantified
the redistribution of coilin for both types of DNA damage at 6 h and
24 h in Hela cells. We noted that coilin would often accumulate in
perinucleolar caps and within the same nucleolus (Figures 2 and 5C;
Supplemental Figure 5) especially after 24 h and in response to cis-
platin treatment (Figure 5A). Strictly nucleolar distributions of coilin
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Nucleolar coilin suppresses Pol | transcription.
(A) Coilin-occupied nucleoli are associated with reduced BrU
incorporation. Untreated or cisplatin-treated (24 h) HelLa cells were
incubated in 2 mM BrU for 2 h followed by detection of Pol |
transcripts with anti-BrdU antibodies (green) and coilin with anti-coilin
antibodies (red) and DAPI staining (blue). Note that the BrU signal in
the bottom panel was detected using a 5-s exposure. Arrowheads
mark BrU-positive nucleoli, while arrows denote CBs. In treated cells,
nucleoli with coilin accumulation (double arrowhead) lack BrU signal,
yet BrU signal is present in nucleoli that lack intense coilin staining
(arrowhead). Scale bars = 10 ym. (B) Transient expression of GFP-
coilin results in nucleolar coilin. The nucleolar distribution of GFP-coilin
(arrow) is typical of overexpressing cells, which represented ~20% of
transfected cells. Scale bars = 10 ym. (C) Transient expression of
GFP-coilin reduces the level of pre-rRNA. RT-PCR was performed on
RNA isolated from Hela cells transfected with GFP-coilin or empty
GFP vector. The amount of pre-rRNA was determined relative to
GAPDH message levels. Data are normalized to the relative amount
of pre-rRNA message obtained from Hela cells transfected with
empty GFP vector (error bars expressed as mean fold induction +
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Coilin interacts with RPA-194 and UBF. (A) Coilin
specifically interacts with RPA-194 and UBF. Myc-coilin and various
GFP constructs were cotransfected into H1299 cells. Lysate was
subjected to IP with a polyclonal GFP antibody, followed by SDS—
PAGE, Western transfer, and detection of myc-coilin and the various
GFP constructs using monoclonal anti-myc (top) and anti-GFP
antibodies (bottom), respectively. The IP samples are shown in lanes
1-7. (B) Ectopically expressed GFP-coilin coimmunoprecipitates
endogenous RPA-194 and UBF. Lysate from Hela cells transfected
with GFP-coilin was subjected to IP with anti-GFP antibodies or
normal mouse serum (NMS), followed by SDS-PAGE, Western
transfer, and detection of RPA-194, UBF, and GFP-coilin using the
appropriate antibodies. (C) GST-coilin recovers endogenous RPA-194
and UBF. Hela lysate was incubated with GST-coilin or GST beads,
followed by SDS-PAGE, Western transfer, and detection of RPA-194,
UBF, and B-tubulin (negative control) with the appropriate antibodies.
Ponceau S verified that approximately equivalent amounts of
GST-coilin and GST were used. (D) Coilin directly interacts with
RPA-194. Recombinant human GST-RPA-194 or GST was incubated
with recombinant human coilin followed by SDS-PAGE, Western
transfer, and detection of coilin with a coilin antibody. Coomassie stain
shows the amount of GST and GST-RPA-194 used in the assay. Input
represents 30% of total protein.

were more obvious in response to y-irradiation and at 6 h for both
types of DNA damage (Figure 5A). We also occasionally observed
coilin distributed in numerous microfoci in response to cisplatin and
Y-irradiation (Supplemental Figure 6, quantified in Figure 5A) that
appeared similar to the microfoci resulting from UV-C treatment
(Cioce et al., 2006).

We then explored the colocalization of coilin and RPA-194 in
Saos2, Hela, and H1299 after cisplatin treatment and y-irradiation.

coefficient of variation [CV]; *p < 0.01) and reflect two independent
experiments. (D) Exogenous coilin reduces BrUTP incorporation. In
situ transcription run-on assay was performed on Hela cells in the
presence of bacterially purified GST-coilin, GST-fibrillarin, or GST. Cells
were fixed and stained for BrUTP (green), GST (red), and DAPI (blue).
Exposure times were the same for all images. Scale bars = 10 pm.
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Coilin colocalizes and associates with RPA-194 in response to cisplatin and -irradiation. (A) Quantification of
coilin redistribution in response to cisplatin and y-irradiation. Cisplatin-treated or y-irradiated Hela cells were incubated
for the indicated time, fixed, and immunostained with coilin. Nuclei were stained with DAPI. The proportion of cells
having coilin in CBs (normal), in both perinucleolar caps and inside the nucleolus (Perinucleolar caps/Nucleolar), in the
nucleolus exclusively (Nucleolar), or in small punctate foci throughout the nucleoplasm (Microfoci) were quantified (n =
100 cells) for each condition in two separate experiments (error bars represent mean + CV). (B) Cisplatin induces coilin
and RPA-194 colocalization in Saos2 cells. Cells were untreated or treated with cisplatin for 6 h and 24 h and
immunostained with RPA-194 (green), coilin (red), and DAPI (blue). In untreated cells (top), arrowheads show normal
RPA-194 nucleolar accumulation, and the arrow points to a CB. In treated cells (middle and bottom), arrowheads mark
RPA-194 foci that colocalize with coilin after cisplatin treatment (insets). The right two panels are line profiles that
represent the RPA-194 (green) and coilin (red) channels for 6 h and 24 h cisplatin treatment using lines shown in the
enlarged insets. Scale bars = 10 pm. (Below) Histogram showing the frequency of colocalization between coilin and
RPA-194 for 6 and 24 h cisplatin treatment (n = 100). (C) y-Irradiation induces coilin and RPA-194 colocalization in Saos2
and Hela cells. Cells were treated with 10 Gy of y-irradiation, incubated for 6 h, and subsequently fixed and
immunostained with coilin (green), RPA-194 (red), and DAPI (blue). Arrowheads mark nucleolar colocalization between
coilin and RPA-194. A line profile represents coilin (green) and RPA-194 (red) channels using the line shown in the
enlarged inset in the right panel. (D) Cisplatin treatment of H1299 cells results in coilin and RPA-194 colocalization. Cells
were untreated or treated with 6 ug/ml cisplatin for 2 h and subsequently fixed and immunostained for RPA-194 (green),
coilin (red), and DAPI (blue). A line profile represents coilin and RPA-194 channels using the line shown in the boxed
inset in the right panel. (E) The interaction of endogenous coilin with RPA-194 is increased in response to cisplatin
treatment. H1299 cells were untreated or treated with 6 pg/ml cisplatin for 2 h, and coimmunoprecipitation was
performed using antibodies for coilin, RPA-194, and control rabbit IgG followed by SDS-PAGE and Western transfer.
The blot was probed with anti-coilin (top) or anti-RPA-194 (bottom) antibodies. Cisplatin-treated IP lanes are 3, 4, and 5.

Inputs represent 1% of the total cell lysate.

In Saos2 cells, cisplatin treatment induced the frequency of coilin
and RPA-194 colocalization after both 6 and 24 h (Figure 5B, insets
and histogram), although the frequency of colocalized signals was
most abundant at 24 h. Extensive colocalization between coilin and
RPA-194 was also observed within é h of y-irradiation in Saos2 and
in ~20% of Hela cells (Figure 5C, inset). Cisplatin treatment of
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H1299 cells also induced colocalization between coilin and RPA-194
within 2 h (Figure 5D). To verify an induced interaction between en-
dogenous coilin and endogenous RPA-194 in H1299 cells after
a 2-h cisplatin treatment, we performed coimmunoprecipitation. A
small amount of coilin was coimmunoprecipitated with RPA-194 in
untreated cells (Figure 5E, lane 7), and in response to cisplatin
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FIGURE 6: Coilin knockdown partially rescues Pol | transcription in the presence of cisplatin.

(A) Coilin siRNA-treated cells partially recover Pol | transcription in the presence of cisplatin.
Hela cells transfected with control or coilin siRNA for 48 h were subjected to cisplatin (Cis) for 6
h or were left untreated (Unt). At 2 h before harvest, cells were incubated in 2 mM BrU, followed
by detection of BrU (green) and coilin (red). Arrows mark a CB, and arrowheads show some of
the BrU-positive nucleoli. Note that all BrU signals were detected using a 0.5-s exposure. (B) BrU
pixel intensities from (A) were quantified. At least 49 cells were quantified for each condition,
and the values represent the mean pixel intensity + SD. All data vary from each other with a p
value < 0.001. (C) pre-rRNA levels recover in the presence of cisplatin in coilin knockdown cells.
RT-PCR using RNA from Hela cells treated as described in (A) was used to detect the relative
abundance of pre-rRNA to GAPDH. Data are normalized to the relative amount of pre-rRNA
levels from untreated control knockdown cells (error bars expressed as mean fold induction +
CV; *p < 0.01 and reflects three independent experiments). (D) Cell viability is enhanced in coilin
knockdown cells treated with cisplatin. HeLa, WI-38, or Saos2 cells were transfected with control
or coilin siRNAs. At 24 h posttransfection, equal numbers of cells were seeded into 96-well
dishes. At 48 h posttransfection, cells were untreated (Unt) or treated (Cis) with the appropriate
amount of cisplatin for 24 h, followed by cell number determination. Thus all data come from
cells 72 h after siRNA transfection. Untreated control siRNA-transfected and untreated coilin
siRNA-transfected cell numbers were normalized to 100%, and cisplatin-treated cells are
expressed as a percentage of their respective normalized controls (error bars represent the
mean + CV, n = 8; *p <0.001).

Given that pre-mRNA splicing is perturbed
in coilin-deficient cells (Whittom et al., 2008;
Strzelecka et al., 2010), it is likely that coilin
knockdown may itself generate a stress re-
sponse in the cell that leads to a decrease in
rRNA synthesis. However, in comparison to
control siRNA-transfected cells, cisplatin
treatment had a much less pronounced ef-
fect on Pol | activity in coilin siRNA-trans-
fected cells (Figure 6, A and B). Similarly,
coilin knockdown in Saos2 cells partially
eliminated the inhibition of Pol | activity
caused by cisplatin (Supplemental Figure
7).

To corroborate these results, we per-
formed RT-PCR on the 5’ETS of pre-rRNA
using RNA polymerase Il (Pol Il)-derived
glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) message as a normalizer
given that it has previously been shown that
cisplatin does not affect Pol Il activity (Jordan
and Carmo-Fonseca, 1998). As expected,
cisplatin treatment of control siRNA-trans-
fected cells reduced the relative levels of
pre-rRNA (Figure 6C). However, cisplatin
treatment of coilin knockdown cells did not
significantly reduce pre-rRNA levels as as-
sessed by this method. Hence, coilin is re-
quired for the decrease in pre-rRNA mes-
sage levels in response to cisplatin.

The inhibition of Pol | has previously been
suggested to be a key event in DNA dam-
age-induced apoptosis (Kalita et al., 2008;
Hetman et al., 2010). We reasoned that be-
cause coilin deficiency could override the
DNA damage inhibition of Pol I, it may also
prevent cells from undergoing apoptosis. In-
deed, in all three cell lines tested, coilin
knockdown protected cells from cisplatin-
induced cell death (Figure 6D). For example,
in Hela cells, a 24-h cisplatin exposure sig-
nificantly reduced cell number by >60% in
control siRNA-transfected cells; however, no
significant decrease was observed in coilin
knockdown cells. These findings suggest
that coilin promotes cell death in response
to cisplatin-induced DNA damage. Alterna-
tively, given coilin knockdown has been re-

treatment this association increased (compare coilin and RPA-194
signals for untreated lane 7 to cisplatin-treated lane 4). Collectively,
these experiments demonstrate that coilin associates with RPA-194
and this association increases in response to cisplatin.

Coilin depletion in cisplatin-treated cells partially rescues
Pol | transcription

Because we established that ectopically expressed coilin suppressed
Pol | activity, we next sought to assess directly whether coilin defi-
ciency impacted the rate of BrU incorporation. Unexpectedly, Hela
cells transfected with coilin small interfering RNA (siRNA) had mod-
erately reduced BrU incorporation (Figure 6A, data quantified in
Figure 6B). We suspect that this may reflect the fact that coilin has
important roles in other cellular processes such as snRNP assembly.
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ported to reduce cell proliferation in Hela cells 72 h postknockdown
(Lemm et al., 2006; Whittom et al., 2008), it was possible that a re-
duced rate of cell growth could lessen the susceptibility of these cells
to cisplatin. However, in untreated cells, we did not detect a signifi-
cant decrease in proliferation after coilin knockdown for any of the
cell lines at the time point examined (48 h postseeding). These data
suggest that the protection from cisplatin conferred by coilin knock-
down is not likely the result of reduced cell proliferation due to de-
pleted snRNP levels.

Coilin modulates Pol | association with ribosomal

DNA (rDNA)

To gain mechanistic insight into how coilin regulates Pol | activity, we
tested whether coilin had any effect on the association of Pol | with
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coilin accumulation is extensive with cispla-
tin treatment, despite a diffuse nucleoplas-
mic coilin distribution in untreated cells (Fig-
ure 1). This diffuse pan-nuclear signal in
untreated WI-38 cells is diminished in cispl-
atin-treated WI-38 cells, suggesting that coi-
lin is being recruited to the nucleolus from
* the nucleoplasm in this line. Moreover, in
Hela cells, despite elevated coilin message
levels in response to cisplatin (Supplemental
Figure 2A), coilin protein levels remained
unchanged following cisplatin treatment
(Supplemental Figure 2B). Coilin protein
levels also remained constant in response to

EmGFP
CIGFP-Coilin

H42 H1 H4 H8
rDNA Region

H13 H42

rDNA. We performed chromatin immunoprecipitation (ChIP) with an
RPA-194 antibody to assess the association of Pol | with rDNA loci in
control and coilin siRNA-transfected Saos2 cells. A schematic of an
rDNA tandem repeat with the amplicons utilized in this experiment
is shown in Figure 7A. In control siRNA-transfected cells, we ob-
served that Pol | was present throughout the rDNA transcribed re-
gions represented by amplicons H42, H1, H4, H8, and H13 (Figure
7B). Coilin knockdown resulted in an approximately two- to fourfold
increase in the association of Pol | with all of these rDNA regions. In
contrast, we did not detect RPA-194 in the intergenic sequences
represented by amplicons H18 and H27 in either the control or coilin
siRNA-transfected cells. These data indicate that coilin knockdown
increases the specific association of Pol | with the transcribed region
of the rDNA loci

To test the possibility that coilin interferes with the binding of
RPA-194 to rDNA, we transfected Hela cells with GFP alone or GFP-
coilin plasmids and performed ChIP analysis to determine the oc-
cupancy of RPA-194 on rDNA. Compared with the GFP-transfected
cells, GFP-coilin—transfected cells had a significant decrease in RPA-
194 occupancy in the H8 amplicon (Figure 7C), indicating that coilin
negatively affects the association of Pol | with rDNA. Collectively,
these results suggest that coilin can suppress Pol | activity by modu-
lating RPA-194 association with rDNA.

DISCUSSION
Why certain proteins, including coilin, segregate to the nucleolus in
some stress conditions has been a long-standing question (Shav-Tal
et al., 2005). In this report, we provide three lines of evidence sug-
gesting that coilin responds to cisplatin-induced DNA damage and
Y-irradiation by segregating to the nucleolus in order to suppress Pol
| activity.

In our first line of evidence, we show that cisplatin causes coilin
to translocate within and around nucleoli (Figure 1). It is interesting
to note that in the p53-wild-type WI-38 primary cell line, nucleolar
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rDNA Region

FIGURE 7: Coilin affects Pol | occupancy of rDNA. (A) Schematic of rDNA tandem repeat
showing amplicons from the transcribed region (H1, H4, H8, H13) as well as amplicons found in
the intergenic sequence (IGS) (H18 and H27) used for ChIP analysis. (B) Pol | occupancy of rDNA
increases with coilin knockdown. ChIP was performed (Saos2 cells) using either a control or
RPA-194 antibody, and real-time PCR was performed using primers for the indicated amplicons.
The baseline for Pol | occupancy (obtained from control siRNA-transfected cells) was set as 1,
and the fold change in coilin siRNA-transfected cells was calculated relative to that baseline
(error bars represent the mean fold change + CV; *p < 0.05). (C) Ectopic coilin expression
displaces Pol | from rDNA. GFP-coilin or GFP was transfected into Hela cells, and ChIP was
performed as in (A) except the baseline for Pol | occupancy was obtained from GFP-transfected
cells and set to 1 (error bars represent the mean fold change + CV; *p < 0.05).

cisplatin treatment in Saos2 and WI-38 cell
lines (our unpublished data). Also, it appears
that the nucleolar accumulation of coilin is a
generalized response to DNA damage,
given that cisplatin and fy-irradiation pro-
duce a similar phenotype (Figures 1, 2, and
5A).

Our second line of evidence is that ecto-
pic expression of coilin and recombinant
coilin both suppress Pol | activity. Ectopically
overexpressed GFP-coilin accumulates in
the nucleolus (Figure 3B), reduces pre-rRNA
levels (Figure 3C), immunoprecipitates en-
dogenous RPA-194 (Figure 4B), and de-
creases RPA-194 occupancy at specific sites on rDNA (Figure 7C).
Recombinant GST-coilin can also localize to the nucleolus and re-
duce BrUTP incorporation (Figure 3D) as well as bind to endogenous
RPA-194 in a GST pull-down assay (Figure 4C). And recombinant
RPA-194 associates with recombinant coilin in vitro (Figure 4D),
which suggests a direct interaction between these proteins. Cispla-
tin treatment and y-irradiation both induce the colocalization of coi-
lin with RPA-194 (Figure 5 and Supplemental Figure 5). Therefore it
is reasonable to suggest that coilin’s role within the cellular response
to DNA damage is to mediate the repression of rRNA synthesis.

For our third line of evidence, we show that coilin knockdown in
cisplatin-treated cells abrogates the inhibition of Pol | activity as as-
sessed by BrU incorporation (Figure 6A) and RT-PCR analysis of the
5’ETS of pre-rRNA (Figure 6C). Furthermore, coilin knockdown
slightly increased pre-rRNA levels by 1.2-fold in Hela cells (Figure
6C), and this correlated with an increased association of RPA-194
with rDNA (Figure 7B). Moreover, we found that this increased
association of RPA-194 was specific and not a generalized increase
in DNA binding activity because we detected RPA-194 only on tran-
scribed ribosomal regions and not on the intergenic spacer region.
Therefore we speculate that coilin may be involved in the homeo-
static regulation of Pol | activity. It is important to note, however,
that coilin knockdown alone led to a decrease in BrU incorporation
in Hela cells (Figure 6A), which may reflect a stress response in-
duced by impaired snRNP assembly that leads to reduced rRNA
synthesis (Whittom et al., 2008; Strzelecka et al., 2010). Further
studies are required to determine whether pre-mRNA splicing de-
fects due to the absence of nucleoplasmic coilin can lead to inhibi-
tion of Pol | activity. Importantly, knockdown of coilin in untreated
cells appears to slightly increase pre-rRNA levels 1.2-fold in Hela
and 2-fold in Saos2 (Figure 6C and our unpublished data), which we
interpret to indicate that coilin may also modulate Pol | activity in
unstressed cells. In any case, both methods used to monitor Pol |
activity (BrU incorporation and pre-rRNA detection) clearly show

H4 H8 H13
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that the effect of cisplatin to reduce Pol | is attenuated in the
absence of coilin.

Interestingly, the coilin-interacting protein Nopp140 (Isaac et al.,
1998), which is found in the nucleolus and the CB, has been shown
to associate with RPA-194 (Chen et al., 1999). Full-length and trans-
fected truncations of Nopp140 were shown to reduce Pol | activity
(Chen etal., 1999). Likewise, a fragment of coilin consisting of amino
acids 94-291 forms aggregates around the nucleolus and reduces
Pol I activity (Bohmann et al., 1995). Our data suggest that coilin can
directly suppress Pol | activity in response to cisplatin and y-irradiation.
However, given that coilin knockdown failed to completely restore
Pol | activity, we acknowledge it is possible that coilin acts indirectly
to suppress Pol | activity as well, especially if coilin nucleates the ac-
cumulation of other proteins that can suppress Pol | activity, such as
Nopp140. We favor this possibility because coilin can effectively
nucleate a CB (Kaiser et al., 2008). Indeed, if multiple proteins act to
directly suppress Pol | activity, this effect can be cumulative. Future
work will be aimed at determining whether Nopp140 and coilin act
in either cooperative or antagonistic manners to regulate Pol I, es-
pecially during conditions of DNA damage-induced cellular stress.

Cellular stress is not the only impetus for rDNA transcriptional
silencing, however. For example, rDNA transcriptional silencing can
occur during development (e.g., nucleologenesis) and during the
disassembly of the nucleolus during mitosis. It is intriguing to note
that CBs have been implicated in nucleologenesis (Zatsepina et al.,
2003). Remarkably, a recent electron microscopy study has revealed
that coilin itself colocalizes with Pol | on the nucleolar surface at the
onset of oocyte nucleologenesis (Pochukalina and Parfenov, 2008).
The presence of Pol | components at the surface of the nucleolus
have even been shown to correlate with diminished Pol | activity
(Pochukalina and Parfenov, 2006). Thus coilin’s role in modulating
Pol | activity likely extends beyond the response to cellular stress. In
fact, it has been previously proposed that Pol | transcription and
processing components undergo preassembly within the CB before
shuttling to the nucleolus (Gall et al., 1999).

It remains unresolved how coilin and other proteins are able to
translocate to nucleoli upon cisplatin-induced DNA damage and
Y-irradiation. Prolonged exposure to cisplatin (48 h) resulted in a
clear disruption of the interaction between coilin and SMN in Hela
cells (Supplemental Figure 8). Given that the interaction between
SMN and coilin is dependent on the modification of arginines within
coilin by symmetrical dimethylation, and disruptions in this coilin
modification can induce Gems (Hebert et al., 2001; Hebert et al.,
2002; Boisvert et al., 2002), it is tempting to speculate that the in-
duction of Gems upon cisplatin treatment is indicative of alterations
in the symmetrical dimethylation of coilin. Recent work shows that
hypomethylation of coilin can target coilin to the nucleolus (Tapia
et al., 2010). Therefore DNA damage may regulate the methylation
status of coilin and thereby impact its cellular distribution.

To date, there are few mechanistic examples of Pol | suppression
by a protein. JHDM1B, a histone demethylase, binds rDNA and
demethylates lysine 4 on histone H3 in the nucleolus, resulting in
the inhibition of Pol | transcription (Frescas et al., 2007). Also, the
protein phosphatase cdc14 inhibits Pol | transcription by displacing
Pol | subunits from the nucleolus (Clemente-Blanco et al., 2009).
Further studies are required to determine whether coilin’s Pol | in-
hibitory activity involves cross-talk with these pathways.

MATERIALS AND METHODS

Cell lines, cell culture, DNA constructs, and transfection
Saos2 (human osteosarcoma), HeLa (human cervical carcinoma), WI-
38 (human normal fetal lung fibroblast), and H1299 (human non-
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small cell lung carcinoma) were obtained from the American Type
Culture Collection (Manassas, VA). All cells were cultured and trans-
fected with siRNA or DNA constructs as previously described
(Hebert and Matera, 2000; Sun et al., 2005; Hearst et al., 2009;
Toyota et al., 2010). For the Pol | subunit cotransfection experiment,
H1299 cells were cotransfected with equivalent amounts of
myc-coilin and each respective GFP construct using Lipofectamine
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol.
GFP-UBF and GFP-RPA-16, -40, -43, and -194 constructs were used
as previously described (Dundr et al., 2002) and obtained from Ad-
dgene (Cambridge, MA). His-coilin and GST-coilin constructs were
used as previously described (Toyota et al., 2010). Myc-coilin con-
struct was used as previously described (Hebert and Matera, 2000).
His-coilin and GST-coilin constructs were used as previously de-
scribed (Toyota et al., 2010). BL21(DE3)pLysS cells (Invitrogen) were
transformed with His or GST fusion constructs. For all recombinant
proteins except GST-RPA-194, BL21(DE3)pLysS bearing the respec-
tive expression vectors was grown in LB media (Thermo Fisher,
Waltham, MA) at 37°C, 250 rpm, until optical density (OD) at
600 nm reached 0.7. The cultures were then induced with 0.5 mM
isopropyl B-p-1-thiogalactopyranoside (IPTG), and incubation was
continued at 30°C for an additional 4 h. For GST-RPA-194, when
OD at 600 nm reached 1, 0.06 mM IPTG was used for induction at
27°C for an additional 12 h. Cells were harvested and lysed by soni-
cation. Proteins were purified using either Ni-NTA Superflow beads
(Qiagen, Hilden, Germany) or glutathione-Sepharose beads (GE
Healthcare, Uppsala, Sweden) according to manufacture specifica-
tion. For all cisplatin treatment studies, unless otherwise indicated,
Hela and H1299 cells were treated with 3 pg/ml cisplatin; WI-38
and Saos2 cells were treated with 7.5 pg/ml cisplatin for 2, 6, 24, or
48 h where indicated. For y-irradiation, cells were irradiated at the
indicated doses with a Cs-137 source (model 143 irradiator, J.L.S.
Shepherd, San Fernando, CA).

Construction of recombinant RPA-194 and fibrillarin
expression vectors

Human RPA-194 (NM_015425.3) and fibrillarin (NM_001436.3) were
cloned into a modified pGEX-2T vector (GE Healthcare). pGEX-2T
was used as a template for PCR amplification using Phusion
Master Mix with GC (Finnzymes, Espoo, Finland) with
primers 5-GCAATACTCGAGGGATCCACGCGGAACCAGAT-3" and
5-GCAATAAAGCTTTGACTGACGATCTGCCTCGC-3"  amplifying
the entire vector with the addition of Xhol and Hindlll endonuclease
recognition sites (underlined sequences), respectively, for the clon-
ing of RPA-194 and FBL. RPA-194 and fibrillarin cDNAs were gener-
ated from mRNA isolated from mammalian cells. RPA-194 was am-
pliﬁed with 5-CAATACTCGAGATGTTGATCTCCAAGAACAT-3" and
5-GCAATAAAGCTTCTATCTCAGAGGCTGCTTGA-3’. Fibrillarin
was amplified with 5-GCAATACTCGAGATGAAGCCAGGAT-
TCAGTCC-3’ and 5-CAATAAAGCTTTCAGTTCTTCACCTTG-
GGGG-3". The resulting PCR products were digested with Xhol and
Hindlll and cloned into the amplified, modified pGEX-2T vector di-
gested with the same endonucleases.

In situ run-on transcription assay

In situ run-on transcription assays were conducted as previously de-
scribed (Chen et al., 1999), with a few modifications. Briefly, cells
were washed in ice-cold phosphate-buffered saline (PBS) and incu-
bated with ice-cold transcription buffer supplemented with Super
RNaselN RNase inhibitor (Ambion, Foster City, CA) and permeabi-
lized with 250 pg/ml digitonin. Cells were then incubated with ~5 pg
each of bacterially prepared recombinant human GST-coilin, GST, or
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GST-fibrillarin in transcription buffer for 15 min at 4°C. Following in-
cubation, cells were washed again with transcription buffer and
incubated at 34°C for 20 min with transcription buffer supplemented
with ribonucleotide triphosphates, including BrUTP (Invitrogen). The
reaction was stopped with ice-cold PBS, and cells were subsequently
fixed with 4% paraformaldehyde for 10 min and permeabilized with
0.5% Triton for 10 min. BrUTP was detected with a bromodeoxyuri-
dine (BrdU) antibody; GST, GST-coilin, and GST-fibrillarin were
detected with a GST antibody.

Cell lysis, immunoprecipitation, GST pull-down,

and Western blot

For coimmunoprecipitation, a protocol (Toyota et al., 2010) was
used, except that cells were harvested and lysed with ice-cold IP buf-
fer (50 mM Tris [pH = 8], 150 mM NaCl, 0.5% NP-40, 10% glycerol,
and protease inhibitor cocktail; Roche, Penzberg, Germany). For
GST pull-down of Hela lysate, cells were lysed in ice-cold modified
radioimmunoprecipitation assay (mRIPA) buffer (50 mM Tris [pH =
7.6], 150 mM NaCl, 1% NP-40, 1 mM EDTA). Lysate was cleared by
syringing with a 25-gauge needle and precleared with 30 pl glutathi-
one-Sepharose beads for 1 h at 4°C. After preclearing, lysate was
incubated with GST or GST-coilin beads for 2 h at 4°C, followed by
three washes with mRIPA. Recovered protein was suspended in
SDS-PAGE loading buffer and subjected to SDS-PAGE and Western
transfer. For in vitro GST pull-down of recombinant coilin, GST or
GST-RPA-194 beads were incubated with Ni-NTA—purified coilin
(Toyota et al., 2010) in mRIPA buffer supplemented with 0.25% so-
dium deoxycholate and 2 mM dithiothreitol for 1 h at 4°C, followed
by four washes with the same buffer. Recovered protein was sus-
pended in SDS-PAGE loading buffer and subjected to SDS-PAGE
and Western transfer.

Detection of Pol | transcription

For detection of nascent Pol | transcripts, a protocol modified from a
previous study (Pellizzoni et al., 2001) was used. Briefly, cells were
cultured for 2 h in 2 mM BrU (Sigma-Aldrich, St. Louis, MO), followed
by fixation and extraction by incubation in methanol for 20 min at
—-20°C and a 30-s room temperature incubation in acetone. The
slides were then air-dried and subjected to immunofluorescence (IF).
BrU pixel intensities were quantified using MetaVue image software
(Molecular Devices, Sunnyvale, CA). For comparative RT-PCR, RNA
was isolated using the Ambion RNAqueous kit according to the
manufacturer’s protocol. Message levels were quantified using
Brilliant Il SYBR Green QRT-PCR (Stratagene, Santa Clara, CA)
according to the manufacturer’s protocol, and GAPDH was used
as a normalizer, as previously described (Hearst et al., 2009). For two-
step RT-PCR, cDNA was made using the iScript cDNA kit (Bio-Rad,
Hercules, CA). Coilin, GAPDH, and 5’ETS of pre-rRNA primers were
as described (Grandori et al., 2005; Hearst et al., 2009).

Antibodies and immunofluorescence

The following antibodies were utilized in this study: rabbit poly-
clonal RPA-194 (1:500 Western, 1:200 IF) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), rabbit polyclonal UBF (1:1000) (Santa Cruz),
mouse monoclonal B-tubulin (1:2000) (Sigma), mouse monoclonal
GFP (1:1000) (Roche), rabbit polyclonal GFP (1:1000) (Santa Cruz),
mouse monoclonal c-myc (1:500) (Santa Cruz), mouse monoclonal
BrdU (1:200) (Sigma), rabbit polyclonal coilin H300 (1:1000 West-
ern, 1:200 IF) (Santa Cruz), mouse monoclonal coilin clone pdelta
(1:500) (Abcam, Cambridge, UK), mouse monoclonal SMN (1:1000
Western, 1:200 IF) (BD Transduction Laboratories, San Jose, CA),
rabbit polyclonal GST (1:200 IF) (Abcam), mouse monoclonal actin
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AC-15 (1:2000) (Sigma), rabbit immunoglobulin G (IgG) (Santa Cruz),
Nopp 140 rabbit serum RE10 (1:1000) (Meier and Blobel, 1992), and
fibrillarin monoclonal antibody 72B9 (1:2000) (gift from E. Chan).
Immunofluorescence and image acquisition were performed as pre-
viously described (Sun et al., 2005).

Proliferation

For proliferation studies, cells were seeded at a density of
1200 cells/well into 96-well plates 24 h postknockdown. At 48 h
postknockdown, cells were untreated or treated with 3 pg/ml cispla-
tin for Hela and 7.5 pg/ml cisplatin for WI-38 and Saos2. At 72 h
postknockdown, cell titer blue (Promega, Fitchburg, WI) was added
according to the manufacturer’s protocol and fluorescence output
was read on an FLx800 Spectrophotometer (BioTek, Winooski, VT)
using the 490/540 filter set.

Chip

For the coilin siRNA ChIP experiment, Saos2 cells transfected with
either control or coilin siRNA were harvested and processed follow-
ing the Upstate ChIP (EZCHIP) protocol, but with protein G agarose
from KPL Laboratories (Gaithersburg, MD). The antibodies used
were control rabbit IgG (Santa Cruz) and RPA-194 (H300; Santa
Cruz). For the ectopic coilin ChIP experiment, Hela cells were trans-
fected with GFP-coilin or GFP and subjected to the same processing
as described above. Real-time PCR was performed using primers
specific to the ribosomal loci, as has been previously described
(Grandori et al., 2005). Similar results were obtained in two indepen-
dent experiments.
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