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Introduction

The devastating childhood disorder Cockayne syndrome 
(CS) is characterized by a failure to thrive, high UV sensitivity, 
and neurological degeneration with deafness and mental retarda-
tion, eventually leading to cachexia and childhood death.1,2 CS 
is a recessive polygenic disorder; functionally relevant mutations 
of 5 different genes cause the disease. These genes are crucial for 
the repair of UV-induced DNA lesions by transcription-coupled 
repair (TCR), a branch of nucleotide-excision repair (NER) and, 
if mutated, are responsible for the elevated UV sensitivity of CS 
patients. However, the failure to grow and the prevailing mani-
festation of severe neurological degeneration cannot be conclu-
sively explained by non-repaired UV-induced DNA damage in 
CS patients.

Hypersensitivity to UV light represents a key feature in CS 
patients with cells undergoing apoptosis at a relatively low dose 
of UV irradiation compared with cells from healthy donors. 
Additionally, CS cells do not recover from a block of transcrip-
tion after UV light, a feature often explained by a “road block” 
for the elongating RNA polymerases caused by UV-lesions in the 

transcribed DNA strand. Nonetheless, even undamaged DNA is 
not transcribed in UV-irradiated CS cells,3 indicating that not 
only a failure of DNA repair, but a failure of transcription regu-
lation per se might account for this cellular pathology. In addi-
tion, the assumption that these cellular pathologies contribute 
to the neuronal degeneration and premature aging symptoms of 
Cockayne syndrome patients was challenged by the observation 
that patients with the mild cutaneous disease UV-sensitive syn-
drome still reveal hypersensitivity to UV light and block of tran-
scription after UV light.4,5 These results argue that the hitherto 
described cellular abnormalities of CS cells are not involved in the 
pathophysiology of premature aging and cachexia in this disease.

Accordingly, it was previously postulated that the CS proteins, 
besides their role in TCR, may play a role as transcription fac-
tors, as the CS proteins XPB and XPD are components of the 
basal transcription factor TFIIH. There is increasing evidence 
that all CS proteins except CSA execute transcriptional functions 
in RNA polymerase II transcription;6,7 however, a gene with all 
CS proteins participating in transcription has not been identified 
yet. Moreover, microinjection of CSA antibodies did not impair 
RNA polymerase II transcription, indicating that CSA might not 
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unknown global dysregulation of ribosomal biogenesis most likely contributes to the reduced growth and premature 
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participate in gene expression of protein-coding genes.8 It is cur-
rently unresolved whether CSA together with other CS proteins 
regulates RNA polymerase I transcription, the rate-limiting step 
in ribosomal biogenesis. Four CS proteins have been identified to 
influence transcription by RNA polymerase I, which comprises 
up to 60% of total transcription in the cell.9-11 Three CS proteins, 
the TFIIH subunits XPB and XPD and CSB, have been shown 
to participate in transcription elongation of RNA polymerase I, 
whereas the fourth, XPG, exerts an epigenetic role in demethyl-
ation and activation of the rDNA promoter.11-13 Here, we describe 
a previously unreported role of CSA on rDNA transcription by 
RNA polymerase I. This observation was supported by our find-
ings that CSA was identified in nucleoli, the subcellular location 
of ribosomal biogenesis, and that cells from CSA patients showed 
a reduced RNA polymerase I transcription. Moreover, knock-
down of CSA by shRNA significantly reduced rDNA transcrip-
tion. ChIP experiments revealed that CSA binds to promoter and 
gene-internal regions of the active fraction of the rDNA gene. 
Subsequently, CSA recruits the elongation factors CSB and 
TFIIH to the rDNA promoter and stimulates re-initiation of 
RNA polymerase I transcription. Stable transfection of CSA in 
CS cells is followed by an increase in ribosome numbers, transla-
tion activity, and cellular growth. Collectively, these data suggest 
a role of CSA in ribosomal biogenesis, and that non-functional 
CSA leads to reduced ribosomal biogenesis and most likely pro-
motes premature aging in CS.

Results

CSA localizes to the nucleolus and influences RNA poly-
merase I transcription

To investigate a possible involvement of CSA in RNA poly-
merase I transcription, we first studied whether CSA localizes 
to the nucleolus. The CSA interaction partners CSB and TFIIH 
are part of the transcription apparatus of RNA polymerase I in 
the nucleolus.9,10 HA staining of the stable HA–CSA transfected 
Cockayne syndrome cell line CS3BE revealed a uniform nuclear 
staining for CSA without omission of the nucleoli. Moreover, 
counterstaining with nucleolin depicted specific nucleolar stain-
ing for HA-CSA (Fig. 1A). The nucleolar staining of CSA was 
enriched by proteasomal inhibition with MG132, indicating that 
nucleolar CSA might be a target of ubiquitinylation and degrada-
tion. Moreover, a CSA antibody reported not to stain the nucle-
olus10 displayed a co-staining with nucleolin after proteosomal 
inhibition (Fig. 1A). Quantitative confocal analysis determined 
an overlap coefficient of 0.66 for nucleolin and nucleolar CSA 
(Supplemental Material). Thus, CSA localizes to the nucleolus.

TFIIH and CSB contribute as elongation factors to RNA 
polymerase I transcription.12,13 To assess whether CSA is involved 
in rDNA transcription, we determined the rate of rRNA synthesis 
in CSA-deficient (CS3BE) and reconstituted (HA-CSA) cells by 
qPCR against different regions of the 47S rRNA precursor. The 
precursor is post-transcriptionally processed and indicates ongo-
ing RNA polymerase I transcription at the time of harvest. The 
47S and 5.8S/internal transcribed spacer (ITS) analysis revealed 

that cells lacking CSA have markedly reduced rRNA synthesis 
(Fig. 1B). Moreover, the transcriptional reduction occurs both 
for the first ITS (47S) and for the late ITS (5.8S), suggesting 
a failure in the initiation and elongation of RNA polymerase I 
transcription. To further evaluate a possible role of CSA in RNA 
polymerase I transcription, the expression of endogenous CSA 
was silenced by shRNA in secondary fibroblasts. After antibiotic 
selection for stably transfected cells CSA expression and synthesis 
of the 47S rRNA precursor were monitored by qPCR. As shown 
in Figure  1C impaired CSA expression results in a distinctly 
reduced rRNA transcription, indicating a function for CSA in 
RNA polymerase I transcription. Collectively, our results show 
that CSA is localized in nucleoli and stimulates RNA polymerase 
I transcription.

CSA binds the rDNA and associates with RNA polymerase I
TFIIH and CSB bind to the promoter and gene-internal 

regions of the rDNA as revealed by ChIP analysis.12,13 To further 
determine whether CSA also binds to the rDNA, ChIP experi-
ments with chromatin of CSA-reconstituted CS3BE (HA-CSA) 
and the parental cells (CS3BE) were performed. QPCR analy-
sis of the precipitated chromatin identified CSA to bind to the 
rDNA promoter and gene-internal sequences of the rDNA but 
not the intergenic spacer (Fig. 2B). There is a clear enrichment 
of rDNA promoter and coding regions in the precipitate of CSA 
reconstituted cells. These results are novel, as no gene-specific 
binding of CSA has been described thus far.

Approximately half of the rDNA copies in the cell are silenced 
by promoter methylation14 and can be distinguished by differ-
ent sensitivity to digestion by the isoschizomeric restriction 
enzymes HpaII and MspI. The RNA polymerase I and CSA-
precipitated chromatin were digested by these enzymes followed 
by the amplification of the rDNA promoter. Whereas 60% of 
the input rDNA promoter was digested by the methylation-
sensitive enzyme HpaII representing the unmethylated active 
fraction of the rDNA, HpaII nearly completely digested the pro-
moter sequences precipitated by the RNA polymerase I or CSA 
antibody (Fig.  2C). This indicates that CSA binds the active 
(unmethylated) fraction of the rDNA promoter and suggests that 
CSA might play a role in transcription by RNA polymerase I.

To further address the question whether CSA binds the same 
rDNA molecules as RNA polymerase I, ChIP-re-ChIP experi-
ments were performed. After the first round of precipitation, 
the antibody-bound chromatin was released by incubation with 
DTT and subjected to a second round of precipitation by the 
respective other antibody. As depicted in Figure 2D RNA poly-
merase I and CSA isolated rDNA promoter fragments can be re-
ChIPed by the respective other antibody. Thus, RNA polymerase 
I and CSA occupy the same molecules of the rDNA promoter. 
These results were further corroborated by ChIP–western experi-
ments, as shown in Figure 2E. RNA polymerase I precipitated 
chromatin was decrosslinked and analyzed for the presence of 
CSA using western blot analysis. Notably, CSA was detected in 
RNA polymerase I-precipitated chromatin.

Furthermore, CSA associates with RNA polymerase I in solu-
tion in the absence of DNA as shown by co-immunoprecipitation 
of RNA polymerase I and CSA from nuclear extracts (Fig. 2F).
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We identified a previously unreported facet of the Cockayne 
syndrome protein CSA, which, in the absence of DNA dam-
age, binds to the active fraction of the rDNA promoter and, in 
fact, co-localizes with RNA polymerase I on the same rDNA 
molecule.

CSA stimulates re-initation of RNA polymerase I
To gain further insight into the molecular mechanism of 

CSA function as a transcription factor, we used the RNA poly-
merase I in vitro transcription assay. Flag-tagged CSA protein 
was overexpressed in HEK cells and purified to near homoge-
neity by isolation with flag-M2-beads under high-salt condi-
tions and was found to migrate as a single 50-kDa sized band 
when subjected to SDS-PAGE and silver staining (Fig.  3A). 
This protein was analyzed by western blot analysis to deter-
mine the purity of our preparation (Fig.  3B). The high-salt 
washed protein was not associated with DDB1 or CSB, RNA 
polymerase I, and TFIIH, indicating that our purification 
procedure either removed association partners, or that a frac-
tion of overexpressed CSA might not associate with other pro-
teins. These CSA preparations were used to reconstitute RNA 
polymerase I in vitro transcription with nuclear extracts of 
CSA-deficient cells. CSA at a concentration of 3 ng already 
stimulated in vitro transcription of CS3BE nuclear extracts 
4-fold, while preincubation with a CSA antibody (Santa Cruz) 
completely abolished this stimulation (Fig.  3C). To further 
specify this stimulation we renatured CSA-overexpressed in 
Sf9 cells after excision of a 50-kDa region of a SDS-PAGE. 
This CSA preparation stimulated RNA polymerase I in vitro 
transcription as shown in Figure  3D. These results clearly 
show that CSA activates RNA polymerase I transcription at 
the rDNA promoter.

Next we asked whether stimulation of RNA polymerase I 
transcription by CSA might be due to an increase in initiation 
complex formation and performed single-round transcription 
by adding sarkosyl to 0.025% after preincubation of nuclear 
extracts with the template. Sarkosyl at this concentration 
precludes initiation and exclusively allows one round of tran-
scription of formed initiation complexes (Fig.  3E; compare 
lane 5 and 9). The strength of the resulting signal is propor-
tional to the amount of newly formed initiation complexes. 
As depicted in Figure  3F, CSA stimulated multiple-round 
transcription (lane 3) but failed to enhance single-round tran-
scription (lane 7). This is in line with the observation that 
HA–CSA nuclear extract harboring CSA did not build up 
more initiation complexes than CS3BE extract lacking full-
length CSA (compare lane 5 with 6). Thus, CSA does not 
stimulate initiation complex formation at the rDNA promoter. 
This result was further corroborated by in vitro transcriptions 
with immobilized complexes. Nuclear extracts with or with-
out CSA were incubated with rDNA template immobilized on 
magnetic beads. The beads were collected by magnetic attrac-
tion, the nuclear extracts removed, and the immobilized com-
plexes were washed with low-salt buffer. CSA was added with 
the nucleotides at transcription start. Interestingly, CSA was 
able to stimulate in vitro transcription from preformed initia-
tion complexes when nuclear extracts were already removed 

Figure  1. CSA localizes to nucleoli and CSA mutation impairs rDNA tran-
scription. (A) Immunofluorescence stainings with anti-HA and CSA anti-
body showing CSA in green and nucleolin in red in HA-CSA reconstituted 
CS3BE cells before and after proteasomal inhibition by MG-132. (B) QPCR 
analysis of the 47S precursor rRNA and the gene internal 5.8S/ internal 
transcribed spacer expression in CS3BE cells and CS3BE cells reconstituted 
with HA-tagged CSA. (C) Inhibition of CSA expression reduces rRNA tran-
scription. QPCR detection of CSA expression and the 47S precursor rRNA 
expression after anti-CSA shRNA transfection and antibiotic selection in 
secondary fibroblasts. Values are normalized against RPL13 expression 
and the respective IgG controls. Values are mean ± s.e.m. of 3 independent 
experiments. (*P > 0.05; **P > 0.01; ***P > 0.001)
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(Fig.  3G). No additional initiation complexes can be formed 
under these conditions, while the preformed complexes can be 
forced to perform better in multiple-round transcription. This 
demonstrates that CSA stimulates the re-initiation step of RNA 
polymerase I transcription.

Figure  2. CSA associates with the active rDNA 
promoter and RNA polymerase I. (A) Schematic 
representation of a rDNA gene and the primers 
used in this study (IGS, intergenic spacer). (B) 
QPCR analysis of a representative ChIP experi-
ment precipitated with the RNA polymerase I or 
HA-tag antibodies from chromatin of reconsti-
tuted (HA-CSA) or parental CS3BE cells. Values 
are normalized against input and IgG controls. 
(C) Methylation sensitive restriction analysis of 
ChIPed DNA reveals that CSA associates with 
the active, HpaII-digestable rDNA fraction like 
RNA polymerase I. (D) ChIP-re-ChIP experiment 
showing that CSA occupies the same molecules 
of rDNA as RNA polymerase I. Values are normal-
ized against input and IgG controls. (E) ChIP–
western experiment with the above indicated 
antibodies demonstrate that RNA polymerase 
I and CSA occupy the same rDNA molecules. (F) 
Co-immunoprecipitation with the above indi-
cated antibodies and subsequent western blot 
analysis of 2 experiments with RNA polymerase 
I- and HA–CSA-specific antibodies. Pictures are 
representative of at least 3 independent experi-
ments. Values are mean ± s.d. (*P > 0.05; **P > 
0.01; ***P > 0.001; ****P > 0.0001)

CSA recruits the elongation factors CSB 
and TFIIH and stimulates ribosomal bio-
genesis and growth

Template immunoprecipitation assays13 
were used to further analyze CSA at the 
rDNA promoter. The combination of in vitro 
transcription and chromatin immunopre-
cipitation allows further study of the bind-
ing dynamics of a given protein at a defined 
gene. Kinetics of CSA binding to the rDNA 
promoter after transcription start revealed 
that CSA stayed bound to the promoter 
when the polymerase starts to migrate from 
the promoter in this single-round transcrip-
tion (Fig.  4A). Moreover, when CSA was 
titrated to CS3BE extract lacking full-length 
CSA, the CSB protein shows an increased 
binding to the rDNA. This was also the case 
for TFIIH (Fig. 4B). Consistent with a CSA-
dependent re-initiation of RNA polymerase 
I transcription, CSA might stimulate the 
recruitment of the elongation factors CSB 
and TFIIH to the rDNA promoter.

To investigate the consequences of a 
reduced 47S pre-rRNA transcription on the 
steady state of ribosomes in CSA-deficient vs. 
CSA-competent cells, we used qPCR to quan-
tify the most abundant RNA species, the 18S 

and 28S rRNA. As demonstrated in Figure 4C, the loss of CSA 
is accompanied by a significant reduction in mature 18S and 28S 
rRNA. As a reduced ribosomal biogenesis is postulated to reduce 
growth of Cockayne syndrome cells, we compared the growth 
properties of CSA-deficient with CSA-competent cells. Growth 
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kinetics of CSA-deficient CS3BE cells in comparison to 
HA–CSA cells clearly revealed a reduced growth capa-
bility of CS3BE cells when CSA competent cells entered 
the exponential growth phase (Fig. 4D). To investigate 
if this growth deficit could be caused by a reduced trans-
lation capacity of the CS cells we performed metabolic 
labeling experiments. After withdrawal of the amino 
acids methionine and cysteine for 20 min, 35S-labeled 
methionine and cysteine were added and incorporated 
radioactivity measured after the indicated timepoints 
(Fig.  4E). The data demonstrate the significantly 
reduced protein synthesis in parental CSA-deficient cells 
compared with CSA-competent cells. This indicates 
that the translation capacity and thus protein synthesis 
is significantly reduced by loss of CSA.

These results show a previously unreported func-
tion of CSA in RNA polymerase I transcription and 
ribosomal biogenesis. Most interestingly, Cockayne 
syndrome mutations in CSA substantially impair ribo-
somal biogenesis and cellular growth.

Discussion

In this study the DNA repair factor CSA was iden-
tified to serve a previously unreported function as a 
transcription factor of RNA polymerase I essentially 
required for normal ribosomal biogenesis and cellu-
lar growth. This important finding predicts that CSA 
mutations causal for Cockayne syndrome, a premature 
aging condition, lead to key features of severe cachexia 
and growth retardation, and this is exactly the case for 
CS patients. Our finding that CSA is critical for RNA 
polymerase I transcription and ribosomal biogenesis 
occurring in the nucleolus is supported by several lines 
of evidence. First, as shown by immunostaining, CSA 
locates to the nucleolus. This result, while confirmed 
by Saijo et al.,15 is in contrast to a former report which 
did not detect any nucleolar staining for CSA.10 This 
apparent discrepancy is most likely due to differences 
in the sensitivity of the antibodies used. To further sup-
port this view and to exclude that the observed nucleo-
lar CSA staining might be an artifact of overexpressed 
CSA, we stained HA–CSA cells overexpressing CSA 
with the CSA antibody previously used in the study by 
Bradsher et al.10 In contrast to a clear nucleolar CSA 
staining with the herein used HA antibody, the CSA 
antibody used by Bradsher and coworkers did not stain 
CSA in the nucleoli of comparable cells. These data 
support the notion that different sensitivities of the 
reported antibodies explain the controversial results. 
Interestingly, proteasomal inhibition with MG-132 
for 15 h led to positive nucleolar CSA staining by the 
“Bradsher” CSA antibody. These data may indicate that 
this antibody recognizes exclusively CSA accumulated 
in the nucleoli following inhibition of its proteosomal 

Figure 3. CSA stimulates re-initiation of RNA polymerase I transcription. (A) Silver 
staining of purified CSA protein after SDS-PAGE. (B) Western blot analysis of puri-
fied CSA demonstrating that high-salt washed CSA is free of CSB, RNA polymerase 
I, DDB1, and TFIIH (cdk7). (C) In vitro RNA polymerase I transcription with the indi-
cated nuclear extracts and addition of purified CSA and CSA-specific antibodies 
that specifically block stimulation. (D) Sf9-expressed CSA stimulates RNA poly-
merase I transcription. Coomassie staining of the Sf9 expressed DDB1/CSA complex 
and the renatured CSA. In vitro transcription reaction with renatured CSA protein. 
(E) Sarkosyl titration before (a) and after (b) initiation complex formation reveals 
the critical sarkosyl concentration for single-round transcription (compare lane 
5 to 9). (F) Single-round transcription is not stimulated by CSA. Multiple but not 
single-round transcription is enhanced by addition of CSA. (G) Transcription with 
immobilized template showing that CSA enhances transcription after initiation 
complex formation. Bead-bound template was incubated with nuclear extract in 
the absence of CSA. After removal of the nuclear extract and washing of the pre-
formed initiation complexes CSA was added and in vitro transcription performed. 
Pictures are representative of at least 3 independent experiments.
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degradation. The even nuclear and nucleolar staining of CSA 
was not resistant to transcription inhibition by actinomycin D, 
indicating that the localization depends on ongoing transcrip-
tion by RNA polymerase I. Pre-treatment of cells with triton 
X100 resulted in a loss of CSA staining. As repair-engaged CSA 
shows triton resistance,15 the nucleolar CSA might not be in a 
repair mode. Moreover, co-staining with TFIIH or CSB revealed 
nucleolar co-localization (Supplemental Material).

Second, our data show that increased CSA expression signifi-
cantly enhanced the level of RNA polymerase I transcription. 
A former study investigated the effect of CSA antisera on tran-
scription after microinjection and did not observe any inhibi-
tory effect.8 A reduction of transcription via antibodies might be 
dependent on the epitope specifically recognized by the antibody. 
Therefore, this study does not necessarily contradict our finding 
that CSA induces RNA polymerase I transcription. Our results 
indicate that CSA is an important factor for enhanced RNA 
polymerase I transcription required under conditions of growth, 
while in the absence of wtCSA there is still enough rRNA synthe-
sis to ensure at least viability.

Third, using ChIP experiments, we show that CSA is endowed 
with the capacity to bind to specific genes like the rDNA. As 
CSA occupies the complete coding region, is associated with the 
active fraction of the rDNA-like RNA polymerase I, and is able 
to form a complex with the Pol I enzyme, it is possible that CSA 
is a part of the initiating and elongating enzyme complex. The 
kinetic data shown in the template immunoprecipitation assays, 
however, argue against this hypothesis, as CSA under single-
round transcription conditions does not leave the template but 
stays associated with the rDNA throughout transcription. The 
finding that CSA only covers active rDNA suggests that CSA 
has an affinity to open chromatin structures as represented by 
active rDNA copies.16 Alternatively, CSA might be recruited to 
the rDNA by the elongation and chromatin remodeling factor 
CSB.12,17 While binding of CSA to the initiating form of RNA 
polymerase II was previously reported,18 the question whether 
CSA, in a CSB-dependent fashion, also binds to RNA poly-
merase II and III genes in the absence of DNA damage, so far 
has not been addressed. Fourth, following CSA overexpression 
and purification under high-salt conditions or renaturation from 
SDS-PAGE after expression in Sf9 cells, we purified CSA free of 
known interaction partners, which stimulate RNA polymerase 
I in vitro transcription. Western blot analysis demonstrates that 
the CSA preparation contains neither DDB1 or the RNA poly-
merase I elongation factors CSB and TFIIH nor RNA polymerase 
I itself. ChIP analysis with a DDB1 antibody did not reveal any 
rDNA sequences (see Supplemental Materials). Together, these 
data support the view that CSA does not bind as part of the 
DDB1–CSA complex to the rDNA. The findings that essentially 
pure CSA and Sf9-expressed CSA markedly stimulated RNA 
polymerase I in vitro transcription with extracts from CSA-
mutant cells and that CSA antibodies abrogated this stimulation 
further confirm that CSA plays a crucial, so-far-unknown role in 
ribosomal biogenesis. Based on the observation that CSA did not 
influence single-round transcription, but enhanced transcription 
after initiation complex formation, we conclude that re-initiation, 

Figure  4. CSA recruits CSB and TFIIH to the rDNA promoter and 
loss of CSA retards ribosomal biogenesis and growth. (A) Template-
immunoprecipitation experiment (13) showing the kinetics of CSA at the 
rDNA promoter after start of transcription. (B) Template immunoprecipi-
tation experiments demonstrating CSB and TFIIH binding to the rDNA 
promoter after addition of CSA. (C) QPCR analysis of 18S and 28S rRNA 
amounts in cells lacking CSA (CS3BE) and CSA reconstituted cells. Values 
are normalized against RPL13 expression and the respective IgG controls 
and then normalized to HA-CSA cells. (D) Growth kinetics of CS3BE cells 
with or without CSA expression. (E) Metabolic labeling and translation 
kinetics of the indicated cells show that CSA stimulates protein biosyn-
thesis. Pictures are representative of at least 3 independent experiments 
(A, B, D, and E) and values are mean ± s.e.m. of 3 independent experi-
ments (C). (*P > 0.05; **P > 0.01; ***P > 0.001; ****P > 0.0001)
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possibly by contact with TFIIH and CSB does account for the 
stimulation of RNA polymerase I transcription. In fact, TFIIH 
migrates with the polymerase from the promoter,13 while CSA 
remains bound throughout transcription, suggesting that CSA 
enhances transcription by recruiting TFIIH and CSB-bound 
polymerase to the intiation site.

Fifth, CSA influences the steady state of mature rRNA, transla-
tion capacity, and growth of fibroblasts. Cockayne syndrome cells 
mutant in CSA show a reduced content of 28S/18S rRNA accom-
panied by markedly reduced overall protein biosynthesis and 
reduced growth. As growth retardation is a hallmark of Cockayne 
syndrome patients,1,2 impaired ribosomal biogenesis and reduced 
protein synthesis might be responsible for this key symptom in CS 
patients. Our data may even suggest that Cockayne syndrome, 
at least in part, can be interpreted as a consequence of a ribo-
somopathy. Other ribosomopathies like the Treacher–Collins 
syndrome and Diamond–Blackfan anemia that exhibit congenital 
cranial malformation and bone marrow failure, respectively, are 
not classified as premature aging diseases. Treacher–Collins syn-
drome (TCS) can be caused by mutations in a RNA polymerase 
I/III subunit19 or in the RNA polymerase I transcription/process-
ing factor treacle.20 Severe clinical features may include hearing 
loss21 and mental retardation, symptoms that are also found in 
Cockayne syndrome. Treacle plays a tissue-specific essential role 
in ribosome biogenesis as demonstrated in vivo.22 Mice haploin-
sufficient for Tcof1 (treacle) exhibited diminished levels of 28S 
rRNA in neural ectoderm and neural crest, leading to apoptosis 
and craniofacial abnormalities. This phenotype can be rescued 
by blocking neuroepithelial apoptosis through inhibition of p53.23 
This indicates that a tissue-specific inhibition of RNA polymerase 
I transcription is followed by craniofacial malformation that can 
be overcome by inhibition of p53. As p53 might also play a role in 
the pathogenesis of Cockayne syndrome and aging in general,24,25 
elevated p53 levels caused by systemically impaired ribosomal 
biogenesis might, in fact, contribute to degeneration and prema-
ture aging in Cockayne syndrome. As CSA and CSB also directly 
regulate p53 turnover by physical interaction,24,26 and the CSB 
protein is critically involved in the hypoxic response modulating 
p53,27 Cockayne syndrome cells seem to be in a constant state 
of p53 hyperactivation and stress.25 CSB on the other side is also 
involved in regulating stability of triplet repeats.28 However, inac-
tivating mutations in CSA affect re-initiation of RNA polymerase 
I transcription and might be sensed by the cell as nucleolar stress 
that is followed by an imbalance between rRNA and ribosomal 
proteins. An excess of ribosomal proteins stabilize p53 and medi-
ates cell cycle arrest and apoptosis.29 Reduced ribosomal biogen-
esis, nucleolar stress, and consecutive apoptosis instead of growth 
and proliferation might contribute to retarded growth and prema-
ture aging in Cockayne syndrome.

Materials and Methods

Cell lines and extracts
CS3BESV cells and CS3BESV cells stably transfected with 

HA-tagged CSA as well as HeLa, HEK cells, and secondary 

fibroblasts 1306 were maintained in DMEM, supplemented with 
10% FCS, penicillin, and streptomycin. HA–CSA cells were cul-
tivated with 400 µg/ml G418. Nuclear extracts preparation fol-
lowed the protocol of Dignam.30

Antibodies
Anti-HA high-affinity (Roche), anti-CSA, anti-CSB, anti-

flag, and anti-cdk7 from Santa Cruz, nucleolin antibody from 
Abcam, anti-DDB1 from Cell Signaling, anti-CSA antibody 
from Genetex, and anti-CSA antibody from F. Coin were used. 
Production of the RPA-135 is described in Assfalg et al.13

Immunofluorescence
Cells seeded on slides were fixed with 4% PFA for 15 min at 4 

°C and subsequently permeabilized with 0.5% Triton X100 for 7 
min at RT. After blocking with 5% BSA, the first antibody was 
incubated over night at 4 °C. After subsequent washing, the sec-
ondary antibody was added for 1 h at room temperature.

RNA preparation, primer
RNA from growing cells was prepared by using RNeasy 

kit (Qiagen, Hilden). Primer used were: 47S: h47S 
F:TGTCAGGCGT TCTCGTCTC

R:AGCACGACGT CACCACATC; 5.8S F: 
TCGTGCGTCG ATGAAGAACG CAG

5.8S R:ATTGATCGGC AAGCGACGCT CAG; CSA-F: 
CTAGAGGACC CAAAGTACAA

CSA-R: TGACTTTTTC CCATTATGTT. The other prim-
ers were published by O`Sullivan et al.31

shRNA
shRNA was from Sigma (TRCN0000342530) with the 

following sequence: CCGGGCGCTA ATGCTTGAAC 
TCTTTCTCGA GAAAGAGTTC AAGCATTAGC 
GCTTTTTG

ChIP
Chromatin immunoprecipitations were performed as 

described by Assfalg et al.13

For ChIP-re-ChIP, samples were released after the first round 
of precipitation and washed by incubation in 10 mM DTT. Then 
the samples were diluted and incubated with the respective other 
antibody. For ChIP–western analysis, the precipitated chroma-
tin was heated in Laemmli buffer for 45 min at 99 °C prior to 
SDS-PAGE.

Immunoprecipitation
Co-immunoprecipitation experiments were performed with 

the indicated antibodies by incubation of nuclear extracts for 2 h 
at 4 °C and subsequent addition of protein-A/G agarose (Roche) 
and additional overhead rotation for 60 min. Beads were har-
vested by centrifugation, transferred to columns, and washed 
with buffer AM100. Bound proteins were released by addition 
of Laemmli buffer and analyzed by SDS-PAGE and western 
blotting.

In vitro transcription, template immunoprecipitation
In vitro analysis followed the protocol in reference 13 and ref-

erences therein.
CSA purification
CSA protein was expressed after transient transfection of 

HEK cells with plasmid p3xFlag-CSA. Cells were harvested 
in buffer AM600 and sonicated 3 × 15 s. NP40 was added to 
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0.5%, and lysate was clarified by centrifugation. Flag-M2 beads 
(Sigma) were used to isolate 3xflag CSA by incubation over-
night. The resin was sequentially washed with buffers AM con-
taining 1000/400 mM KCl and 0.5%NP40 and flag-CSA was 
eluted in buffer AM300 0.1% NP40 with 0.2 µg/µl flag-peptide. 
Sf9-expressed CSA protein was excised from a SDS gel, minced 
and eluted 3 h in renaturation buffer (20 mM Tris, pH8, 1 mM 
EDTA, 100 mM NaCl, 5 mg/ml BSA, 1 µM DTT, 1% Triton 
X100, protease inhibitor mix [Roche]) at 37 °C. After centrifu-
gation glycerol was added to 10% and the protein snap frozen. 
For SDS-gel analysis, BSA was omitted from the renaturation 
buffer.

Metabolic labeling
Cells were harvested by trypsination and counted. 200 000 

cells per sample were starved for 20 min by incubation with 
DMEM/dialyzed FCS devoid of methionine/cysteine and sub-
sequently labeled by the addition of 35S methionine/cysteine (10 
µCi/ml). At the indicated time points the reaction was stopped 
by washing with ice-cold PBS and subsequent TCA precipita-
tion for 90 min. Precipitates were spotted on glass filters, washed, 

and incorporated radioactivity was quantified in a szintillation 
counter.
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