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ABSTRACT

Cockayne Syndrome (CS) is a rare neurodegenera-
tive disease characterized by short stature, accel-
erated aging and short lifespan. Mutations in two
human genes, ERCC8/CSA and ERCC6/CSB, are
causative for CS and their protein products, CSA and
CSB, while structurally unrelated, play roles in DNA
repair and other aspects of DNA metabolism in hu-
man cells. Many clinical and molecular features of CS
remain poorly understood, and it was observed that
CSA and CSB regulate transcription of ribosomal
DNA (rDNA) genes and ribosome biogenesis. Here,
we investigate the dysregulation of rRNA synthesis
in CS. We report that Nucleolin (Ncl), a nucleolar pro-
tein that regulates rRNA synthesis and ribosome bio-
genesis, interacts with CSA and CSB. In addition,
CSA induces ubiquitination of Ncl, enhances bind-
ing of CSB to Ncl, and CSA and CSB both stimulate
the binding of Ncl to rDNA and subsequent rRNA syn-
thesis. CSB and CSA also increase RNA Polymerase
| loading to the coding region of the rDNA and this
is Ncl dependent. These findings suggest that CSA
and CSB are positive regulators of rRNA synthesis
via Ncl regulation. Most CS patients carry mutations
in CSA and CSB and present with similar clinical fea-
tures, thus our findings provide novel insights into
disease mechanism.

INTRODUCTION

Cockayne Syndrome (CS) is a rare, autosomal recessive
neurodegenerative disorder characterized by short stature,
cachexia, photosensitivity, progressive hearing and vision
loss, premature aging and short life span (1). Mutations
linked to CS are predominantly in the genes ERCCS/CSA
and ERCC6/CSB, although mutations in XPB, XPD and
XPG can cause CS-like features. CSA, CSB, XPB, XPD

and XPG participate in transcription-coupled nucleotide
excision repair (TC-NER) (2-5). CSA contains multiple
WD40 motifs and is a component of an E3 ubiquitin lig-
ase complex that also includes Cul4A, DDBI1 and RBX1.
CSB is a member of the SWI2/SNF2 family of DNA-
dependent ATPases and contains a highly conserved C-
terminal ubiquitin-binding domain (UBD) that plays roles
in promoting cell survival and recovery of transcription af-
ter DNA damage and oxidative stress (6-8). CSB is a nu-
clear protein that localizes predominantly to the nucleolus.
CSA is primarily localized to the nucleoplasm, with lim-
ited abundance in the nucleolus. However, a recent study re-
ported that CSA relocates to and becomes highly enriched
in the nucleolus in cells treated with a proteasome inhibitor
(9). This suggests that CSA may be targeted for degradation
in the nucleolus.

The nucleolus is the sub-compartment of the nucleus in
which rDNA is transcribed, pre-rRNA is processed, and ri-
bosome assembly begins (10,11). The nucleolus itself has
three sub-compartments: the fibrillar center (FC), the dense
fibrillar center (DFC) and the granular center (GC). IDNA
is transcribed at the interface between the FC and DFC,
and pre-rRNA processing and ribosome subunit assembly
largely occur in the DFC (12). Due to its role in ribosome
biogenesis, the nucleolus indirectly regulates cell prolifera-
tion and the cellular stress response (13). Dysregulation of
nucleolar functions is associated with human diseases char-
acterized by growth defects, neurodegeneration and prema-
ture aging (14,15).

Recent studies suggest that CSA and CSB regulate early
steps of TDNA transcription, the rate-limiting step of ri-
bosome biogenesis (16,17). CS proteins interact with RNA
polymerase I (Pol I) and are required for efficient synthesis
of pre-rRNA (47S in mammals), which is processed to ma-
ture 5.8S, 18S and 28S rRNA (9,18,19). Here, we provide
evidence that mutations in the CSB UBD inhibit the synthe-
sis of pre-rRNA and we demonstrate that the CSB UBD is
required for the specific interaction of CSB with Nucleolin
(Ncl). Ncl is an abundant nucleolar protein localized to the
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DFC and GC (20). We also demonstrate that CSA binds to
and promotes the ubiquitination of Ncl, enhances the inter-
action between Ncl and CSB and that CSA and CSB pro-
mote binding of Ncl to rDNA to regulate rDNA transcrip-
tion. Moreover, we show that the increase in relative Pol 1
binding to the 3’-end of I DNA coding repeat (H13) by CSB
or CSA expression is Ncl-dependent. Although CSA and
CSB have defined roles in TC-NER, the complex clinical
features of CS suggest that a DNA repair deficiency may not
be the only explanation for CS pathology. Since CSA and
CSB patient clinical features are similar, insight into where
the functions of these two proteins converge should provide
particularly important insight into CS disease mechanisms.

MATERIALS AND METHODS
Cell culture and cell line construction

Cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin in a humidified chamber un-
der 5% CO, at 37°C. CS1AN cells, SV40-transformed
CS patient cells carry mutations in CSB, were stably
transfected with GFP vector control, GFP-CSBYT or
GFP-CSBUBDmut. (L1427L1428— G1427G1428) using JetPrime
reagent (Polyplus-transfection, Illkirch, France) according
to the manufacturer’s recommendations. Transfected cells
were grown under selection for resistance to 800 pg/ml
geneticin (Teknova) for 2 weeks, and then transferred to
and maintained in media containing 400 wg/ml geneticin.
The expression levels of CSBYT and CSBYBP™U yyere
similar to endogenous CSB expression levels in CS3BE
patient-derived fibroblasts (Supplementary Figure S1).
Plasmids expressing GFP-CSBY! GFP-CSBUBPmut- and
SV40-transformed CSA-deficient CS3BE cells stably ex-
pressing vector control or pcDNA-CSAWT were the gener-
ous gifts of Dr David M. Wilson, III (8).

siRNA knockdown

siRNA was diluted with DMEM to a final concentration of
20nM, mixed with INTERFERIn (Polyplus transfection),
incubated for 15 min at room temperature and transfected
into target cells according to the manufacturer’s instruc-
tions. Cells were lysed 3 days after transfection. siRNAs
sequences were as follows: SIERCC6 (5-CCACUACAAU
AGCUUCAAGACAGCC-3), siERCC8 (5-GGAGAA
CAGAUAACUAUGCUUAAGG -3'), siNcl #1 (5'-AGAC
UAUAGAGGUGGAAAGAAUAGC -3'), and siNcl #2
(5-CCGUGUUGGUUUUGACUGGAUAUTC-3).

Immunostaining

Cells were cultured in 4-well glass-bottom chamber slides
(ThermoFisher, 154526PK Nunc™ Lab-Tek™ II Chamber
Slide™), fixed with 4% paraformaldehyde in PBS at room
temperature for 15 min, and permeabilized in PBS contain-
ing 0.3% Triton X-100 for 10 min on ice. Slides were incu-
bated in 3% bovine serum albumin in PBS at RT for 1 h and
then incubated with primary antibody (e.g. anti-nucleolin
antibody; Santa Cruz, #sc-8031) diluted in PBS overnight
at 4°C. Cells were washed with PBS and incubated with

secondary antibody (ThermoFisher, Alexa Fluor@®) 594)
at room temperature for 1 h, washed three times in PBS
0.05% Tween20 and mounted for imaging using ProLong™
Diamond Antifade Mountant with DAPI (ThermoFisher,
#P36962). Cells were visualized by fluorescence microscopy
(Zeis Observer Z.1, X-cite).

Immunoprecipitation, immunoblotting, deubiquitination, and
mass spectrometry

Cells were lysed in IP lysis buffer (20 mM Tris-HCI,
pH 7.4, 150 mM NacCl, 0.2% NP-40, 0.3% Triton-X-100,
1.5 mM MgCl,) supplemented with Benzonase®) Nucle-
ase (Millipore, #70664-3) and 5 mM N-ethylmaleimide
(Sigma, #E38760) unless indicated otherwise. GFP-Trap®
A (Chromotek) was used to immunoprecipitate GFP fu-
sion proteins. Antibodies used to immunoprecipitate en-
dogenous antigens were as follows: CSB (H-300) (Santa
Cruz, #sc-25370), CSA (Abcam, #ab137033) and Ncl (Mil-
lipore, #05-565). Protein ubiquitination was quantified as
previously described (21,22). Antibodies were used accord-
ing to the manufacturer’s instructions to detect the fol-
lowing antigens: UB (Santa Cruz, #sc-8017), CSB (Santa
Cruz, #sc-25370), Ncl (Santa Cruz, #sc-8031), CSA (Ab-
cam, #ab137033), GAPDH (Abclonal, #AC027), DDBI1
(Abcam, #ab109027).

Following immunoprecipitation, GFP-Trap® A beads
were treated with 1.0 wM USP2 deubiquitinating enzyme
(R&D systems; Recombinant Human USP2 Catalytic Do-
main; #E504) for 1 h at 37°C in 30 wl of USP2 buffer (50
mM HEPES pH 7.5, 100 mM NaCl,, 2 mM DTT, 1 mM
MnCl, and 0.01% (w/v) Brij-35). For mass spectrometry,
cell extracts containing GFP-CSBYT and GFP-CSBYBPmut.
were analyzed by SDS-PAGE, stained with SilverQuest™
(ThermoFisher, #L.C6070) and a total of five bands of in-
terest were excised from gel (arrows in Figure 1F). Samples
were submitted to Harvard Taplin Mass Spectrometry Fa-
cility for analysis by mass spectrometry. Unique peptide re-
sults from each gel slice are listed in Supplementary Table
S1.

Cell growth

Growth characteristics of CS1AN cells expressing GFP,
GFP-CSBYT, and GFP-CSBYBP™t were determined by
using a Celligo® imaging automated cytometer. Briefly,
2000 cells/well were seeded in 96-well plates and incubated
overnight. Cells were counted the next day by using cytome-
ter and then growth characteristics of the cells were moni-
tored and tracked every 24 h for the next 3 days via whole-
well imaging and label-free bright field cell counting. The
growth curve was generated by normalizing the initial cell
counts on Day 1.

Quantitative real-time PCR (qPCR)

Total RNA was extracted from cells using TRIzol® (In-
vitrogen). One microgram of total RNA was reverse-
transcribed using the iScript™ ¢cDNA Synthesis Kit (Bio-
Rad). qPCR was performed using the DyNAmo HS SYBR
Green qPCR Kit (F-410L, ThermoFisher scientific) with
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Figure 1. UBD of CSB is required for nucleolar functions of CSB. (A) Schematic of the domain structure and localization of CSBYT and CSBUBPMUL that
possesses single-site mutations of L1471 1428— G1427G1428. Representative images for GFP-tagged CSBVT and GFP-tagged CSBYBP™UL that are stably
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the CFX Connect Real-time PCR Detection System (Bio-
Rad). Experimental values were normalized to values for
GAPDH. Primer sequences used are listed in Supplemen-
tary Table S2. Quantifications were reported as an average
=+ standard error of the mean.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as described (23), with slight modifica-
tions. Briefly, CSIAN cells were incubated in 1% formalde-
hyde PBS for 10 min at room temperature. The solution
was brought to a final concentration of 0.125M glycine,
and cells were harvested by centrifugation, washed three
times in cold PBS, then incubated in buffer A (5mM
PIPES (pH 8.0), 85mM KClI, 0.5% NP-40, protease in-
hibitor cocktail (GenDEPOT, Katy, TX, U.S.A.)). Cell ex-
tracts were centrifuged, and pelleted material was resus-
pended in buffer B (100 mM Tris-Cl (pH 8.1), 1% sodium
dodecyl sulfate (SDS), I0mM EDTA, protease inhibitor
cocktail). Chromatin was sheared using an S-450 sonica-
tor (Branson, Danbury, CT, U.S.A.). An aliquot contain-
ing 500 pg DNA was diluted 10-fold in IP buffer (0.01%
SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-Cl
(pH 8.1), 167mM NaCl and protease inhibitor cocktail)
and incubated with primary antibody Nucleolin (Novus,
#NB600-241) or RPA116 (Kindly provided by Dr. Holger
Bernhard Bierhoff and Dr. Ingrid Grummt (24)) overnight
at 4°C. Samples were incubated 2—4h at 4°C with pro-
tein A - or protein G-linked agarose beads. Beads were
washed sequentially with TSE150 (0.1% SDS, 1% Triton
X-100, 2mM EDTA, 20mM Tris-Cl (pH 8.1), 150 mM
NaCl), TSE500 (0.1% SDS, 1% Triton X-100,2 mM EDTA,
20mM Tris-Cl (pH 8.1), 500 mM NaCl) and Buffer III
(0.25M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM
EDTA, 10mM Tris-Cl (pH 8.1)) and then washed twice
with TE (pH 8.0) for 10 min. Chromatin was eluted with
elution buffer (1% SDS, 0.1 M NaHCO; (pH 8.0)) and in-
cubated overnight at 65°C in 200 mM NaCl to reverse cross-
linking. Aliquots (500 pl) were incubated at 50°C after ad-
dition of 10 nl 0.5M EDTA, 20 I 1 M Tris (pH 6.5) and
4l Proteinase K (20 mgml~"), extracted sequentially with
phenol/chloroform/isoamyl alcohol. Nucleic acids were
pelleted by centrifugation for 30 min at 4°C after addition of
1 pl of 20mgml~! glycogen, 20 wl of SM NaCl and 500 pl
of isopropanol. Pellets were washed with 70% ethanol, dried
and resuspended in nuclease-free water.

qPCR of ChIP products

ChIP products were subject to qPCR using the DyNAmo
HS SYBR Green qPCR Kit (F-410L, ThermoFisher sci-
entific) with the CFX Connect Real-time PCR Detec-
tion System (Bio-Rad). Experimental values were normal-
ized to the values of 1% input chromatin. Concentra-
tions were estimated using the 2=22¢T calculation method.

The sequences of the primers are listed in Supplementary
Table S2.

RNA sequencing

RNA from CSIAN cells stably expressing GFP, GFP-
tagged CSBWT and GFP-tagged CSBYBP™U were isolated
using RNeasy (QIAGEN). Library construction and se-
quencing were performed by Novogene. The samples were
run on the NovaSeq 6000. The samples have >95% bases
with Q30 and above. Samples were aligned to the refer-
ence human genome and junctions using STAR (v2.5) soft-
ware. The percentage of alignment for all samples was
over 95% with multi-mapping below 1.84%. The ratio of
reads mapped to exon, intron and intergenic was in the
range of 95%, 4% and 1%, respectively. Differential expres-
sion analysis between two groups (three biological repli-
cates per group) was performed using the DESeq2 R pack-
age. The resulting P-values were adjusted using the Ben-
jamini and Hochberg’s approach for controlling the false
discovery rate (FDR). PANTHER Classification System
was used for GO analysis (http://www.geneontology.org/).
Only genes that were differentially expressed with WT CSB
expression but not with CSB UBD mutant expression were
used for analysis. Differential expression significant analy-
sis of two groups with three biological replicates was per-
formed, while the significant criterion is padj (corrected P-
value) <0.05. The following parameters were used for GO
analysis. PANTHER Analysis Type: PANTHER Overrep-
resentation Test (Released 20181003); Annotation Version
and Release Date: GO Ontology database Released 2018-
09-06; Analyzed List - Sample (Homo sapiens); Reference
List - Homo sapiens (all genes in database); Annotation
Data Set: GO biological process complete; Test Type: The
Binomial test with False Discovery Rate. The top 50 GO
Biological Processes UP or DOWN-Regulated are listed in
Supplementary Tables S3 and S4. GEO accession number
is GEO #19587936.

expressed in CSIAN cells (N = 11-14 cells). CSBWVT is localized to the nucleus but is particularly enriched at the nucleolus. CSBUBPMUL. op the other hand,
is localized to nucleoplasm but appears to be enriched at the periphery of the nucleolus. Its localization to the nucleolus is impaired. (B) GO enrichment
analysis on gene sets whose expression levels are significantly altered in CSBWT but not with CSBUBP™UL (genes that are in the blue circle but not in the red
circle were selected for further analysis.). Only Top ten GO terms are included in the figure due to lack of space. All GO terms are listed in Supplementary
Tables S3 and S4. (C) Quantitative RT-PCR results are demonstrating the relative fold change in 47S rRNA in CSIAN cells (CSB™/™) stably expressing
either vector, CSBWT or CSBUBP™U Valyes are from three independent biological repeats (mean = S.E., one-way ANOVA with Tukey’s post hoc test was
used for statistical analysis). Western blot on the right side depicts protein expression. (D) Growth rates (normalized to hour 0) in CSTAN cells (CSB™/™)
stably expressing either vector, CSBWT or CSBUBP™U Values are from three independent biological repeats (mean =+ S.E., one-way ANOVA with Tukey’s
post hoc test was used for statistical analysis). (E) Experimental design for identifying proteins that specifically bind to CSB UBD. (F) Identification of Ncl
by mass spectrometry. CSB-deficient CS1AN cells expressing GFP, GFP-tagged CSBVT or GFP-tagged CSBYBP™Ut were treated with Mgl32 (10 uM
for 2 h). Cells were lysed in IP lysis buffer. Following IP, samples were treated with USP2 (1.0 uM), separated by SDS-PAGE and visualized with silver
staining. Gel slices containing higher abundance proteins were excised (arrows), and proteins were extracted/eluted from the gel. Elutes from each sliced
gel were then analyzed by mass spectrometry. Western blot below the gel depicts protein expression.
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Statistical analysis

One-way ANOVA with Tukey’s post hoc test was used to
determine significant differences across multiple samples.
Two-way ANOVA with Tukey’s post hoc test was used to de-
termine significant differences across multiple samples with
two groups unless indicated otherwise in figure panels. 7-
tests were used to determine the differences between the two
groups. Statistical analyses were performed with GraphPad
Prism version 7 (GraphPad Software, Inc.).

RESULTS
CSB binds Ncl

CSB contains a ubiquitin-binding domain (UBD), which
plays an important role in DNA repair and in the cellu-
lar response to oxidative stress (6,7). CSB’s localization to
the nucleolus is impaired by mutations in the UBD (Fig-
ure 1A), suggesting an important role for the CSB UBD
function in the nucleolus (8). To gain better insight into this,
we used unbiased RNA sequencing (RNA-seq) in patient-
derived CSB-deficient (CSIAN (CSB™™)) cells before and
after correction with CSBWT or CSBUBP™Ut Since our pri-
mary focus is to investigate the function of the UBD in
CSBWT, we performed Gene Ontology (GO) enrichment
analysis targeting the genes that are differentially expressed
with CSBWT but not with CSBYBP™Ut expression. This ap-
proach helps us rule out other CSB functions that do not
require UBD (Figure 1B). We find that rRNA transcrip-
tion and ribosome biogenesis were among the top GO bi-
ological processes down-regulated by CSBWT correction,
suggesting that cells with a mutation in CSB UBD have
lost the ability to regulate rRNA transcription (Figure
1B). CSBWT is required for efficient synthesis of pre-rRNA
(9,19). Therefore, down-regulation of genes in rRNA tran-
scription by CSBWT expression could be due to the nor-
malization of the expression levels of the genes that are up-
regulated in CSB-deficient cells. To test whether CSB UBD
is necessary for CSB’s regulation of rRNA transcription,
we quantified the 47S rRNA levels in CSTAN cells express-
ing CSBWT or CSBUBPMu e observed that the cells ex-
pressing CSBUBP™U had significantly lower 47S rRNA lev-
els than cells expressing CSBWT (Figure 1C), suggesting a
role for CSB UBD in rRNA transcription. rRNA synthesis
is the rate-limiting step for ribosome biogenesis, which is es-
sential for cell growth. Therefore, we examined whether the
mutation in CSB UBD affects cell proliferation. Notably,
we found that stable CSBWT expression in CSB-deficient
cells improved cell proliferation, while CSBYBP™Ut expres-
sion slowed proliferation even more than in CSB-deficient
cells. These observations suggest that CSBVBP™Ut expres-
sion may cause a dominant-negative effect on cell growth
(Figure 1D). Given that CSB is required for maintaining a
normal level of 47S rRNA and ribosome biogenesis (17,18),
it suggests that CSB UBD is critical for CSB’s regulation of
pre-RNA synthesis and cell proliferation.

CSB UBD was initially named for its ability to bind ubiq-
uitinated proteins (7). Here, we used immunoprecipitation
(IP) assays followed by mass spectroscopy to identify pro-
teins that specifically bind to GFP-tagged CSBWT, but not
to GFP-tagged CSBYBP™t- Polyubiquitination of proteins
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causes the shifting of molecular weight that makes it harder
to identify precipitated proteins during silver staining on the
gel. Thus, immunoprecipitated proteins were treated with
USP2 (1.0 M), a deubiquitinating enzyme, prior to gel-
running (Figure 1E and Supplementary Figure S2). This
experiment identified a 100 kDa protein in the CSBYT im-
munoprecipitate that was less prominent in the CSBYBP™ut:
immunoprecipitate (Figure 1F, band #4). This protein was
identified as Nucleolin (Ncl) through its peptide signature
by mass spectrometry. Ncl is a ubiquitous nucleolar pro-
tein that plays an important role in rDNA transcription
and ribosome biogenesis (Supplementary Table S1). The re-
sults were confirmed by performing the co-IP assay in the
presence of benzonase, an enzyme that degrades DNA and
RNA and prevents co-precipitation of nucleic acid-bound
proteins (Figure 2A). To further validate these findings, we
performed the reciprocal experiment using antibodies to
CSB or Ncl to pull-down endogenous CSB or Ncl in human
osteosarcoma U20S cells (Figure 2B). We also observed
that the co-localization of Ncl with CSB at the periphery
of the nucleolus was impaired with the CSB UBD mutation
(Figure 2C).

CSA also binds Ncl

CS patients with defects in CSA and CSB share many clin-
ical features, suggesting that CSA and CSB play roles in
similar biological pathways. However, these common path-
ways affected by both CSA and CSB are not well charac-
terized. We, therefore, investigated whether CSA also in-
teracts with Ncl. To address this, CSA-deficient CS3BE
cells (CSA~/7) or their CSAYT-complemented version were
transfected with plasmids expressing GFP or GFP-Ncl and
the cell extracts were analyzed by GFP-IP. We found that
GFP-Ncl immunoprecipitates contain a significant amount
of CSAWT, demonstrating that CSA binds to Ncl (Fig-
ure 3A). To ensure that this was not an artifact of CSA
overexpression, we performed an endogenous CSA IP in
U20S cells and obtained similar results (Figure 3B). This
is an interesting finding given that an earlier study observed
that CSA localizes to the nucleoplasm and re-localizes to
the nucleolus in cells treated with MG132, a proteasome
inhibitor (9). As expected, treating cells with MG132 en-
hanced the colocalization of GFP-CSAWYT and endogenous
Ncl in the nucleolus (Figure 3C). Further, reciprocal co-
immunoprecipitation of CSA and Ncl also increased in the
presence of MG132 (Figure 3D-F). These results suggest
the intriguing possibility that CSA and CSB may form a
functional complex with Ncl.

Interaction between CSBUBP™ut- Nc] and CSA

Because Ncl binds to CSA and CSB, all three proteins may
be in the complex. We investigated this possibility and the
role of CSB UBD in this complex. GFP-tagged CSBWT or
GFP-tagged CSBYBP™Ut were expressed in CSIAN cells,
cell extracts were prepared and immunoprecipitated using
an antibody to GFP and then analyzed by immunoblot
(Figure 4A). In cells expressing CSBYBP™UL ' the interac-
tion between CSB and endogenous Ncl appeared weaker
and less protein was co-immunoprecipitated than in cells
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Figure 2. Ncl binds to CSB. (A) CSB immunoprecipitates with Ncl. CSIAN cells stably expressing GFP or GFP-CSBWT were lysed and cell extracts were
treated with Benzonase (1 U/ml). Samples were analyzed by western blot as described in ‘Materials and Methods’ section. (B) Endogenous interaction
between Ncl and CSB in U20S cells. U20S cell extracts were immunoprecipitated with anti-Ncl or anti-CSB. Western blot is the representation of three
independent biological repeats for CSB IP and two independent biological repeats for Ncl IP. (C) Co-localization of Ncl, CSBVT and CSBUBPmut CS1AN
cells stably expressing GFP-CSBYT or GFP CSBUBP™MUt were stained with anti-Ncl (N = 11-14 cells).

expressing CSBWT (Figure 4A and B); in contrast, CSA
appears to interact similarly with CSBVT and CSBYBP™ut:
(Figure 4A). This suggests that CSB binds to CSA indepen-
dently of Ncl, but that CSB UBD is required for CSB’s in-
teraction with Ncl.

As previously mentioned, CSA is a component of the E3
ligase complex, and thus recruits target proteins for ubiq-
uitination and proteasomal degradation (25,26). There-
fore, we determined the effect of CSA on the ubiquitina-
tion of Ncl. CSA-deficient CS3BE cells or their CSAWT-
complemented version were transfected with plasmids ex-
pressing GFP or GFP-Ncl. Cells were lysed and harvested
under conditions that prevent deubiquitination (Figure
4C), and the GFP immunoprecipitates were analyzed for
ubiquitination. Indeed, the results clearly indicate that CSA
promotes the ubiquitination of Ncl (Figure 4C and D). It
is generally thought that polyubiquitination target proteins
for proteasomal degradation. However, we did not observe
any stability change in Ncl with CSA expression during
8 h of proteasome inhibition (Supplementary Figure S3).
We wondered whether the ubiquitination of Ncl by CSA
was important for the previously identified interactions be-
tween CSB, CSA and Ncl. We, therefore, tested the poten-
tial role of CSA in maintaining or promoting the interac-
tion between CSB and Ncl. Interestingly, we observed that
CSA stimulates the interaction between CSB and Ncl (Fig-
ure 4E and F). We further determined that this was not
simply due to an interaction between CSA and CSB, be-
cause CSA, compared to Ncl, pulls down very little CSB
under these conditions (Supplementary Figure S4). Indeed,
the interaction between CSA and CSB has been reported
to be somewhat weak and perhaps transient (25,27). Thus,
our results suggest that CSA enhances the interaction be-
tween CSB and Ncl. Finally, we tested whether CSA’s in-
teraction with Ncl is CSB dependent. Immunoprecipitation

of endogenous Ncl with CSA in CSB deficient cells demon-
strated that Ncl co-IP’ed with CSA even in the absence of
functional CSBWT suggesting that the interaction between
CSA and Ncl is CSB independent (Figure 4G).

CSA and CSB promote binding of Ncl to rDNA and regulate
pre-rRNA expression levels

We next examined the abundance of 47S rRNA in U20S
cells depleted for CSA, CSB or Ncl (Figure 5A). The de-
pletion of CSA, CSB or Ncl caused a dramatic decrease in
the abundance of 47S rRNA (Figure 5A). However, we did
not observe a further reduction of 47S rRNA abundance in
CSA or CSB depleted cells with additional Ncl depletion,
suggesting that Ncl and CSA /CSB proteins are functioning
in the same pathway in the context of 47S rRNA synthesis
(Figure 5A). We also quantified 47S rRNA in CSB™™ cells
expressing CSBVT or CSBUBPMUL with or without depletion
of Ncl (Figure 5B and Supplementary Figure S5). The re-
sults show that the depletion of Ncl severely decreases 47S
rRNA in CSTAN cells stably expressing CSBVT, suggesting
that Ncl is required for CSB to enhance 47S rRNA tran-
scription. Notably, the expression of CSBUYBP™U did not
affect the abundance of 47S rRNA, and Ncl depletion in
those cells did not cause any significant reduction in 47S
rRNA levels (Figure 5B). These results suggest that the Ncl
and CSB association is important for the regulation of pre-
rRNA synthesis.

It has been reported that Ncl binds to the promoter and
coding regions of TDNA and stimulates rDNA transcrip-
tion (28). Therefore, we used ChIP assays to examine the
distribution of Ncl on rDNA in CSB-deficient CS1AN cells
and in CSA-deficient CS3BE cells with primers specific for
the rDNA promoter, the coding region, as well as for a non-
coding intergenic spacer (IGS) (Figure 6A). Strikingly, defi-
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with Ncl in cells treated with proteasome inhibitor, MG132. CS3BE cells, with or without complementation with CSAWT, were transfected with plasmids
expressing GFP or GFP-tagged Ncl. Cells were treated with MG132 (0.25 wM, 24 h), harvested and analyzed by IP, as described in ‘Materials and
Methods’ section. (E) The graph shows the average signal for relative precipitated CSA/Ncl in Figure 3D (mean =+ S.E., two-tailed unpaired ¢-test for
comparison between groups). Quantification was done using the NIH ImageJ program. The values are the average of three independent biological repeats.
(F) Endogenous Ncl co-immunoprecipitates with CSA in cells treated with proteasome inhibitor, MG132. CS3BE cells were transfected with plasmids
expressing GFP or GFP-tagged CSA. Cells were treated with MG132 (0.25 wM, 24 h), harvested and analyzed by IP, as described in ‘Materials and
Methods’ section. Western blot is the representation of two independent biological repeats.
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the efficiency of the siRNA depletion of Ncl.

ciencies of either CSA or CSB led to a reduced occupancy of
Ncl on the coding region of rDNA (HS8 primers) (Figure 6B
and C). This suggests that CSA and CSB promote Ncl bind-
ing to the coding region of rDNA to enhance transcription.
The gene-internal binding of CSB and Ncl on rDNA sug-
gests that they play a role in Pol I regulation (18,28). Thus,
we next assessed Pol I binding to rDNA in Ncl depleted cells
in the presence or absence of CSBWT. We observed a signif-
icant increase in Pol I loading to the 3’ end of the r DNA
coding region (H13) with CSBWT expression (Figure 6D).
Interestingly, the depletion of Nclin CSBVT expressing cells
did not alter Pol I loading significantly (Figure 6D, compare
CSBWT and CSBWT & siNcl at the H13 region). However,
Ncl has been shown to induce Pol I binding to the begin-
ning of the coding region (28), so we assessed the relative
Pol I distribution on rDNA. CSBWT expression led to a sig-
nificant Pol I enrichment on the coding region (H13), which
was reversed with Ncl depletion (Figure 6E). We observed a
similar phenomenon in CS3BE cells as CSAWT expression
significantly increased Pol I binding to the coding region,
while depletion of Ncl failed to reduce this loading (Figure
6F, compare CSAYT and CSAWT & siNcl at H13 region).
Further, like in CSBWT-deficient CS1AN cells, relative Pol
I distribution on rDNA at the end of the coding region in-
creased with CSA expression, which was also Ncl depen-
dent (Figure 6G). The increase in Pol I binding on the H13

region may be due to enhanced elongation or Pol I stalling.
To address this, we examined rDNA transcription at H13.1,
which is immediately downstream of H13. We found that
both CSBWYT or CSAWT expression increased the transcript
levels from the H13.1 region and that this increase was re-
versed after Ncl depletion (Figure 6H and I). This suggests
that CSA and CSB together with Ncl induce Pol I elonga-
tion, leading to increased transcription of rDNA.

DISCUSSION

Recent reports indicate that CSA and CSB promote rDNA
transcription, which is the first and rate-limiting step in ri-
bosome biogenesis (29). However, whether there is a com-
mon mechanism involving CSA and CSB together in the
regulation of rDNA transcription has not been explored.
Here, we present novel evidence demonstrating the converg-
ing roles of CSA and CSB proteins in the regulation of
Ncl, a key protein for rDNA transcription and pre-rRNA
synthesis (Figure 7). A recent report shows that CSA re-
localizes from the nucleoplasm to the nucleolus when the
proteasome is inhibited with MG132 (9). We have con-
firmed these previous findings and we also found that CSA
and Ncl interaction is present in the absence of proteasome
inhibition (Figure 3D-F), suggesting that this interaction is
not dependent upon MG132 treatment. This present study
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also demonstrated that CSB UBD is required for its inter-
action with Ncl. The polyubiquitination of proteins usu-
ally leads to degradation through the proteasome pathway.
However, in the case of Ncl, its stability does not appear
to be influenced by the expression of CSA (Supplementary
Figure S3). Instead, CSA enhances the binding of Ncl to
CSB. This leads us to speculate that the CSA ubiquitina-
tion of Ncl increases Ncl binding to the CSB UBD. Further,
our results showed that transient depletion of CSA, CSB or
Ncl reduces the abundance of 47S precursor rRNA levels
by up to 80% (Figure 5A). However, simultaneous deple-
tion of Ncl and CSA or CSB in U20S cells did not cause a
further reduction in 47 rRNA levels, suggesting that these
proteins function in the same biogenesis pathway. In accord
with this, Ncl depletion also did not cause any significant
reduction in 47S rRNA levels in CSB-deficient stable cell
lines (CS1AN) or in cells stably expressing CSBUBP™Ut (Fig-
ure 5SB). However, a significant reduction in the abundance
of 47S pre-rRNA was observed when Ncl was depleted in
CSBWT corrected cells, suggesting that Ncl is required for
CSB to increase 47S rRNA levels and that CSA participates
via ubiquitination.

Ncl is a major nucleolar protein that plays roles in mul-
tiple steps of ribosome biogenesis (30,31). A recent study
reported that Ncl is strongly enriched at the promoter and
coding regions of rDNA (28). Therefore, we tested whether
CSA or CSB promotes the binding of Ncl to rDNA. Con-
sistent with previous publications, we observed enrichment
of Ncl at coding regions of rDNA, while binding to non-
coding regions of rDNA was negligible in CSBWT corrected
CS1AN cells (Figure 6A) (28). Similar results were also ob-
served in CSAWT-corrected CS3BE cells except that there
was a considerable amount of enrichment of Ncl in non-
coding regions of rDNA such as H18 and H27 (Figure 6B).
Strikingly, deficiency of CSA or CSB strongly suppressed
the binding of Ncl to the H8 coding region of rDNA,
suggesting that CSA and CSB together with Ncl partici-
pate in the process of transcription elongation (Figure 6B
and C). Notably, Ncl was also enriched in the H42 region,
which is upstream of the transcription start site (Figure
6B and C). This region also encompasses the binding se-
quence for CTCEF, which is a binding partner of CSB and
Necl, and it regulates the epigenectic state of rDNA repeats
(32-34). Further, CTCF, CSB and Ncl are ADP-ribosylated
by PARP1, which alters their binding dynamics or function
(33,35). Perhaps, a complex containing CSB, Ncl, Parpl
and CTCF function together to regulate gene expression
including rDNA. We observed a trend of increase in Ncl
binding to H42, a binding site for CTCF, with CSAWT ex-
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pression although it was not significant (32) (Figure 6B and
C). However, CTCF has multiple binding sites on rDNA
such as H37.9 or H41.1 that remain to be explored for Ncl
binding to rDNA in the context of CSA and CSB (36).

Previous reports showed that Ncl depletion had a mod-
est impact on 45S rRNA maturation (decreased by ~10%),
suggesting that CSA and CSB modulate Ncl’s role in rDNA
transcription to a greater extent than its role in rRNA pro-
cessing (19,28). Intriguingly, CSA, CSB and Ncl were re-
ported to regulate Pol I loading to rDNA that can be modu-
lated by events, including (i) an increase in promoter activity
that boosts overall Pol I loading into the transcribed region
of rDNA; (ii) prevention of Pol I falling off from rDNA
prematurely during elongation; or (iii) defects in transcrip-
tion elongation due to Pol I stalling or alterations in enzyme
processivity along the ribosomal DNA. Interestingly, unlike
CSA or CSB, Ncl depletion enhances Pol I loading at the
promoter of IDNA, indicating that it has distinct functions
on modulating the rDNA promoter, different from those
of CSA or CSB (9,28,37). Further, in spite of higher Pol
I binding at the promoter region, Ncl depletion leads to a
dramatic decrease in the transcript levels of rDNA right af-
ter the promoter region, which was also observed with CSA
or CSB depletion, suggesting elongation defects as a com-
mon phenotype seen with CSA, CSB and Ncl deficiency.
We observed a similar phenomenon with Ncl depletion at
the coding region of rDNA (H13) in CS3BE cells. Ncl de-
pletion had no significant impact on transcript levels at the
end of the coding region despite Pol I enrichment (Figure 6F
and I), suggesting the presence of impaired elongation ac-
tivity causing Pol I accumulation. Our results showed that
CSBYT or CSAWT expression led to Ncl-dependent relative
Pol T enrichment at the 3’ end of the coding region (Fig-
ure 6E and G) and that this caused increased transcript lev-
els from the H13.1 rRNA region (Figure 6H-I), suggesting
that CSBWYT and CSAWT together with Ncl promote Pol I
elongation rather than cause Pol I stalling.

The chromatin state plays an important role in tran-
scription regulation. While euchromatin markers are linked
to actively transcribed genes, heterochromatin markers are
generally associated with silent regions. Interestingly, Ncl
and CSB draw a distinct pattern of histone modification
on rDNA. For instance, Ncl depletion leads to an increase
in the heterochromatin marker H3K9me?2 on the promoter
and coding region of IDNA, while CSB depletion results in
a decrease in H3K9me?2 levels on the coding region but no
effect on the promoter region (28,37). Given that pre-RNA
levels are reduced with either Ncl or CSB depletion, their
opposite roles in histone modifications on rDNA suggest
addition levels of regulation in chromatin dynamics.

Ribosome biogenesis is one of the most energy-
consuming processes in the cell. Therefore, it is impor-
tant that it is tightly regulated. We recently reported in-
creased metabolic activity and mitochondrial content de-
spite a slower growth rate in CSB-deficient cells (38). The
mTOR pathway is one of the main pathways regulating mi-
tochondrial energy production and metabolic homeostasis
(39,40). Interestingly, impaired rRNA synthesis activates
the mTOR pathway (41). Further, we reported that ra-
pamycin treatment, which inhibits mTOR, corrects mito-
chondrial abnormalities and rescues the bioenergetic pro-
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file in CSB-deficient cells (38). Perhaps, persistent mTOR
activation due to impaired rRNA might be a contributing
factor to the mitochondrial phenotype observed in CS cells.
Further experiments will be necessary to address this.

Dysregulation of Pol I and reduced efficiency of rRNA
synthesis are implicated in the etiology of several human
diseases. Importantly, less efficient rRNA synthesis is as-
sociated with neurodegeneration and premature aging in
Alzheimer’s disease, Amyotrophic Lateral Sclerosis, Werner
and Bloom syndrome, while rDNA transcription by RNA
Polymerase I is reported to be upregulated in cancer cells
(42-44). 1t has also been reported that the expression of
Ncl is downregulated or dysregulated in Parkinson’s dis-
ease, Alzheimer’s disease and amyotrophic lateral sclerosis,
while it is upregulated in cancer cells (45). Interestingly, CS
patients are not cancer-prone, despite defects in TC-NER
(46). On the other hand, CSB is overexpressed in many can-
cer cells (47). These previous findings support that CSB and
Ncl are involved in similar pathways such as rDNA tran-
scription since modulation in their expression levels leads
to similar physiological outcomes. Although mutations in
CSB and CSA coding genes predominantly account for CS,
there are other genetic defects that can give rise to CS-
like clinical features such as mutations in XPB, XPD and
XPG genes. Interestingly, XPB and XPD are subunits of
Transcription factor IIH (TFIIH), which is recruited to
the rDNA and functions in transcription elongation (48).
XPG, on the other hand, is found in a CSB-containing com-
plex that promotes efficient rRNA synthesis (19). Therefore,
further experiments will be required to determine whether
these other CS-related proteins also function in Ncl’s regu-
lation of rRNA synthesis.

Our working hypothesis is that CSA mediates the inter-
action of CSB and Ncl, which in turn, enhances Ncl binding
to rDNA, induces transcription of the 3’-end coding region
of rDNA and subsequent pre-rRNA synthesis. Impaired
rRNA synthesis is implicated in the etiology of dwarfism
and hearing loss that are the cardinal symptoms of CS (49).
Therefore, the novel interactions between CSB, CSA and
Ncl reported here, and their role in promoting rRNA syn-
thesis could be a critical missing link that will increase our
understanding of the pathological features of CS. Indeed,
a recent genome-wide association study reported that Ncl
is a strong candidate gene for noise-induced hearing loss
susceptibility (50). Ultimately, these insights may accelerate
progress toward an effective treatment for CS.
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