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SUMMARY

Retarded growth and neurodegeneration are hall-
marks of the premature aging disease Cockayne
syndrome (CS). Cockayne syndrome proteins take
part in the key step of ribosomal biogenesis, tran-
scription of RNA polymerase I. Here, we identify a
mechanism originating from a disturbed RNA poly-
merase I transcription that impacts translational fi-
delity of the ribosomes and consequently produces
misfolded proteins. In cells from CS patients, the
misfolded proteins are oxidized by the elevated
reactive oxygen species (ROS) and provoke an
unfolded protein response that represses RNA poly-
merase I transcription. This pathomechanism can
be disrupted by the addition of pharmacological
chaperones, suggesting a treatment strategy for
CS. Additionally, this loss of proteostasis was not
observed in mouse models of CS.
INTRODUCTION

Recessive mutations in genes encoding five different DNA

repair proteins (CSA, CSB, XPB, XPD, XPG) of the nucleotide-

excision repair (NER) pathway can cause the premature aging

disorder Cockayne syndrome (CS), characterized by neurolog-

ical degeneration, cataracts, alopecia, and severe growth failure

(‘‘cachectic dwarfs’’) with a median life expectancy of 12 years

(Laugel et al., 2010).

CS is characterized by the failure of a sub-pathway of NER,

hence CS is mainly regarded as a DNA-repair disease. Because

the total loss of NER is not necessarily followed by develop-
1612 Cell Reports 23, 1612–1619, May 8, 2018 ª 2018 The Author(s)
This is an open access article under the CC BY-NC-ND license (http://
mental impairment and premature aging, alternative concepts

are also under investigation (Brooks, 2013).

All CS proteins participate in a key step of ribosomal biogen-

esis, the transcription by RNA polymerase I in the nucleolus

(Bradsher et al., 2002; Iben et al., 2002; Koch et al., 2014;

Schmitz et al., 2009). The CS proteins XPB and XPD, which are

part of the basal RNA polymerase I and II transcription factor

TFIIH, enhance elongation of RNA polymerase I (Assfalg et al.,

2012; Nonnekens et al., 2013). The CSA factor stimulates re-initi-

ation of RNA polymerase I transcription and recruitment of the

elongation factors CSB and TFIIH to the rDNA promoter (Koch

et al., 2014). Mutations in these factors disturb RNA polymerase

I transcription in vitro and in vivo (Assfalg et al., 2012; Bradsher

et al., 2002; Koch et al., 2014; Lebedev et al., 2008). A null muta-

tion in CSB was identified in a UV-sensitive (UVs) patient with a

DNA repair defect but a mild, sun-sensitive skin disease (Hori-

bata et al., 2004) without the severe developmental symptoms

of Cockayne patients. UVs syndrome can also be caused bymu-

tations in CSA and CSB. However, CS cells are, in contrast to

UVs syndrome cells, hypersensitive to oxidizing agents, a feature

that might contribute to or even cause developmental delay and

premature aging.

The mouse models of CS with Csb or Csa mutations display

mild phenotypes without the dramatic growth retardation or

shortage of lifespan (van der Horst et al., 1997, 2002).

In this study, we used patient-derived cell lines and as control,

the respective cells reconstituted with the wild-type gene. All re-

sults were additionally controlled using cells from a non-proge-

roid UVs-syndrome patient. Knowing that all CSmutations affect

ribosomal biogenesis, we asked what are the cellular conse-

quences of a disturbed RNA polymerase I transcription. A failure

in RNA polymerase I transcription can influence the stability of

the proteome and, in combination with the elevated reactive ox-

ygen species (ROS) found in CS cells, could induce an unfolded

protein response, consequently repressing RNA polymerase I
.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Deficient RNA Pol I Activity and

Protein Translation

(A) Analysis of precursor 47S rRNA expression by

qPCR in CSB- and CSA-deficient cells. The values

were normalized to RPL13 expression. Values are

mean ± SD of three independent experiments

(*p < 0.05, **p < 0.01).

(B) Metabolic labeling of CS and control cells for

2 hr with 35S methionine/cysteine, indicating the

rate of total protein synthesis.

(C) Quantification of ribosomal content by western

blot analysis of RPL11, RPL13, and RPL5 levels

from isolated ribosomes from CS and control

cells. Values are mean ± SD of three independent

experiments.

(D) Translation accuracy was measured in CS and

control cells by transfection of control or mutant

firefly luciferase reporters, with a mutated critical

lysine 529, determining the frequency of amino

acid misincorporation. The principle of the assay is

depicted in the scheme below. The activity of the

luciferase was determined by luminescence mea-

surement and normalized to the luminescence of

Renilla luciferase. Values are mean ± SD of three

independent experiments (*p < 0.05).
transcription. Here, we provide evidence that this mechanism is

present in CS cells, and we show that it can be disrupted by

treatment with pharmacological chaperones, indicating a treat-

ment opportunity for CS children.

RESULTS

RNA Polymerase I Transcription and Protein Translation
Are Affected in CS Cells
We used established patient-derived cell lines with mutations in

CSB (CS1AN) (Troelstra et al., 1992), CSA (CS3BE) (Henning

et al., 1995), a CSB null mutation without the clinical severity of

Cockayne syndrome (UVsKO) (Horibata et al., 2004), and the

wild-type-reconstituted counterparts to investigate transcription

and translation.

Using qPCR, we showed that the rate of 47S pre-rRNA precur-

sor transcription in cells of CS patients (CSBm/m, CSAm/m) is

strongly reduced in comparison to control cells (reconstituted

CSBwt, CSAwt, or cells from CSB null UVs patient, UVsKO) (Fig-

ure 1A). Next, using metabolic labeling and flow cytometry we

found that protein translation was significantly reduced in CS

cells (Figures 1B and S1A). These cells, however, contain the
Cell
same amount of ribosomes as the control

cells, measured after sucrose-cushion

centrifugation and western blotting for

ribosomal proteins (Figure 1C). Hence,

the decreased protein translation per

ribosome in CS cells could suggest a mal-

function of the translational machinery.

Polysomal profiling of the ribosomes

identified a reduction of the polysome to

ribosome ratio in CSA mutant cells, but

not in CSB mutant cells (Figure S1B).
To further address the impact on the quality of protein trans-

lation in CS cells, we investigated translational fidelity using a

luciferase-based assay (Azpurua et al., 2013). As demonstrated

in Figure 1D, erroneous incorporation of the right amino acid in

the active center of luciferase is significantly higher in CS cells

compared to controls. This result shows that a qualitative distur-

bance of the ribosomes in terms of translational fidelity is

detectable in cells from CS patients. Transcriptional and post-

transcriptional changes of rRNA could be responsible for distur-

bances of translation accuracy. However, RNA sequencing

(RNA-seq) analysis did not reveal an increased variation fre-

quency in rRNA of CS cells. The accession number for the

rRNA sequences reported in this paper is NCBI Sequence

Read Archive (SRA): SUB3922352. Additionally, rRNA pseu-

douridylation was similar in CS and control cells lines (Figures

S1C and S1D). Future studies including in vitro translation

analysis will unravel the molecular base of the translational

inaccuracy.

Misfolded Proteins and Elevated ROS in CS Cells
Inaccurate translation could yield misfolded proteins that are

susceptible to unfolding in the presence of chaotropic reagents
Reports 23, 1612–1619, May 8, 2018 1613



Figure 2. ER Stress in CS Cells and Sensi-

tivity to ER Stress-Inducing Agents

(A) Protein stability was measured after denatur-

ation with 2 M urea (2 hr) and labeling with BisANS

fluorescent dye. Fluorescence intensity of BisANS

was measured at 500 nm after excitation at

375 nm. The data show the percentage of BisANS

fluorescence increase in CS cells, after normalizing

to control cells (100% fluorescence). Values are

mean ± SD of four independent experiments

(*p < 0.05).

(B) Intracellular ROS levels assessed by DHE (left)

and DCFH (right) oxidation-sensitive fluorescent

dyes in CS cells. Fluorescence values were de-

tected by flow cytometry and reported values are

means of three independent experiments ± SD

(*p < 0.05, **p < 0.01).

(C) Oxidation of proteins determined by the

amount of carbonyl groups in CS and control cells,

detected by absorbance of DNPH-tagged pro-

teins. Values are mean ± SD of three independent

experiments (*p < 0.05).

(D) Proteasome activity was measured in CS and

control cells. Cell lysates from each group were

incubate with a 20S Substrate (SUC-LLVY_AMC),

and the fluorescence of the cleaved substrate was

measured (360 nm excitation and 480 nm emis-

sion). Values are mean ± SD of three independent

experiments (*p < 0.05, **p < 0.01).
(Pérez et al., 2009). Treating extracts of CS and control cells with

2 M urea and measuring the incorporation of a fluorescent dye

(BisANS) in exposed hydrophobic domains revealed that the

proteomes of CS cells displayed a higher susceptibility to protein

unfolding (Figure 2A). As misfolded proteins are prone to oxida-

tion by the elevated ROS in CS cells (Pascucci et al., 2012), we

determined ROS levels in CS and control cells. Using the fluores-

cent dyes dihydroethidium (DHE) and dichlorofluorescein diace-

tate (DCF), we measured superoxide anions (O2
�) and hydrogen

peroxide (H2O2) levels by flow cytometry (Cleaver et al., 2014).

Both CSA and CSB mutant cells showed increased amounts of

O2
� and H2O2 compared to control cells (Figure 2C), indicating

a high level of oxidative stress. Interestingly, cells from the mildly

affected UVs syndrome patient without CSB protein showed the

highest ROS levels.

Hence, we hypothesized that reduced translational fidelity

render CS cells more prone to oxidative protein damage. To

address this hypothesis, we quantitated protein carbonylation

in CS cells by dinitrophenylhydrazine (DNPH) tagging of carbonyl

groups, as carbonyl presence is a direct indicator of protein

oxidation. As shown in Figure 2C, protein carbonylation is

increased in CS cells compared to control cells. Moreover, pro-

tein carbonylation was not elevated in the cell line with the high-

est load of ROS from the UVs patient (UVsKO), indicating that
1614 Cell Reports 23, 1612–1619, May 8, 2018
susceptible protein products are required

for elevated oxidative protein damage.

Analysis of proteasome activity in CS

cells revealed a significant reduction of

protein degradation in CS cells (Figures

2D and S2A). Therefore, the decreased
protein synthesis could be balanced by a decreased protein

degradation. Additional experiments revealed that inhibition

of rRNA transcription influences proteasomal activity (Figures

S2B and S2C).

Endoplasmic Reticulum Stress in CS Cells Impairs RNA
Polymerase I Transcription and Can Be Alleviated by
Pharmacological Chaperones
Oxidative stress and the presence of misfolded and carbony-

lated proteins generate endoplasmic reticulum (ER) stress

and activate the unfolded protein response (UPR) (Martı́nez

et al., 2017).

The ER stressmarker GRP78was elevated in CS cells (Figures

3A and S3B). GRP78 elevation activates the PERK pathway, re-

sulting in phosphorylation of the translation-initiation factor

eIF2a. As we show in Figure 3A, eIF2a was strongly phosphory-

lated in CS cells but not in control cells, indicating an ER stress

induction (Figure S3B).

To investigate if CS cells are hypersensitive to ER stress, we

treated CS and control cells with tunicamycin that blocks

N-glycosylation of proteins and provokes ER stress and UPR.

In Figure 3B, we showed that tunicamycin specifically induced

apoptosis in CS cells, which could be partially (CSB) or

completely (CSA) rescued by the pre-treatment of cells with



Figure 3. Chemical Chaperones Improve

Translation and Prevent Oxidative Stress-

Mediated Cell Death

(A) GRP78 and p-eIF2a expression were deter-

mined from whole cell lysates of CS and control

cells, using western blot analysis. b-actin (lower

band) was used as loading control. Three indepen-

dent experiments were performed and the expres-

sion was quantified and normalized to b-actin (SI2).

(B) Resistance of CS and control cells to ER stress-

mediated cell death was determined by PI staining

(Nicoletti assay) and by cleaved Caspase-3

assessment using western blot. For Nicoletti assay,

cells were incubated with either tunicamycin (Tun)

alone (5 mg/mL) for 24 hr or after preincubation with

TUDCA (TD) (200 mM) and 4PBA (1 mM) to reduce

ER stress. Values are mean ± SD of three inde-

pendent experiments (*p < 0.05, **p < 0.01).

(C) 24-hr incubation with TUDCA (+) significantly

improvesPol I activity, determinedbyqPCRanalysis

of 47S rRNA (left graphs) and total protein synthesis

(right graphs). Values are mean ± SD of three inde-

pendent experiments (*p < 0.05, **p < 0.01).

(D) Specificity of TUDCA (TD) treatment on Pol I

activity (47S rRNA expression) was tested using

30 mM salubrinal (SAL), a p-eIF2 phosphatase

inhibitor, alone or in combination with TUDCA

(SAL+TD) for 24 hr. Values are mean ± SD of three

independent experiments (*p < 0.05, **p < 0.01).

(E) CS and control cells sensitivity to H2O2-induced

cell death was determined by PI staining (Nicoletti

assay). Chemical chaperonesTUDCA (200mM)and

4PBA (1mM)were preincubated 24 hr prior to H2O2

treatment to prevent ER stress induction. After

pretreatment, cells were incubated with H2O2

(500 mM) for 12 hr. Values are mean ± SD of three

independent experiments (*p < 0.05, **p < 0.01).

(F) Expression of cleaved Caspase-3 (upper band)

was determined from whole cell lysates of CS and

control cells treated with H2O2 (500 mM, 12 hr),

using western blot analysis. b-actin (lower band)

was used as loading control. Blots are represen-

tatives of at least three independent experiments.
pharmacological chaperones as 4PBA (4-phenyl butyric acid)

and TUDCA (tauroursodeoxycholic acid).

We next investigated whether the reduction in RNA polymer-

ase I transcription observed in CS cells (Figure 1A) might be

due to ER stress and UPR (DuRose et al., 2009). Hence,

we treated CS (Figure 3C) and control cells (Figure S1A) with

the pharmacological chaperone TUDCA for 24 hr. Indeed,

rRNA transcription and also protein synthesis was markedly

de-repressed in CS cells after treatment with chaperones. To

validate that TUDCA-dependent relief of RNA polymerase I

repression is mediated by attenuation of the UPR via PERK

pathway, cells were simultaneously treated with salubrinal,

an inhibitor of the p-eIF2a phosphatase and with TUDCA.

Salubrinal blocked the de-repressive effect of TUDCA on RNA

polymerase I transcription in CS cells, indicating that the

repression is due to eIF2a phosphorylation and protein misfold-

ing, as shown in Figure 3D.

Cells from the severe progeroid Cockayne syndrome and the

mildly affected UVs syndrome differ in their hypersensitivity to
oxidative stress. To test whether the hypersensitivity is mediated

by the UPR, we pre-treated CS and control cells with pharmaco-

logical chaperones before the addition of H2O2. In Figure 3E, we

could clearly show that pre-treatment of CS cells with chaper-

ones completely prevented apoptosis following H2O2 challenge,

whereas basal apoptosis levels were not influenced by TUDCA

treatment (Figure S3C). Apoptosis induction was additionally

monitored after H2O2 challenge with western blot analysis of

cleaved caspase 3 (Figure 3F).

Signs of ER Stress in XP/CS andAnalysis of Csbm/mMice
We next asked whether TUDCA treatment de-represses RNA

polymerase I transcription in CS cells resulting in less error-

prone ribosomes. We treated CS cells with this chaperone and

transfected control and mutant luciferase constructs. As de-

picted in Figure 4A, TUDCA treatment did not restore transla-

tional fidelity of CS cells, indicating that de-repression of RNA

polymerase I transcription does not restore the quality of trans-

lation of CS-ribosomes.
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Figure 4. Analysis of Mouse Cells and Signs

of ER Stress in XPB, XPD, and XPG Mutant

Cells

(A) The effect of TUDCA on translation accuracy

was measured in CS and control cells by trans-

fection of control or mutant firefly luciferase

reporters with a mutated critical lysine 529, deter-

mining the frequency of amino acid misincorpora-

tion. The activity of the luciferase was determined

by luminescence measurement and normalized to

the luminescence of Renilla luciferase. Values are

mean ± SD of three independent experiments.

(B) Translation accuracy was measured in wild-

type human fibroblasts and in wild-type mouse

fibroblasts by transfection of control or mutant

firefly luciferase reporters. The activity of the

luciferase was normalized to the luminescence of

Renilla luciferase. Values are mean ± SD of three

independent experiments (*p < 0.05, **p < 0.01).

(C) Translation accuracy in wild-type and Csb

mutant mouse fibroblasts. Cells were isolated

from 3 wild-type and 3 Csbm/m mice. Values are

mean ± SD of three independent experiments.

(D) qPCR analysis of 45S rRNA and CHOP from

wild-type and Csbm/m mice. Total RNA was iso-

lated from mouse brain and ear-isolated fibro-

blasts. Values are mean ± SD of three wild-type

and 3 Csbm/m mice (*p < 0.05).

(E) Translation accuracy determined in wild-type,

Csbm/m, Csam/m, Xpam/m, and Xpam/m/Csam/m

mouse fibroblasts revealed no significant differ-

ences. Values are mean ± SD of three independent

experiments.

(F) ER stress in XP/CS cells was assessed by

expression analysis of ER stress marker CHOP by

qPCR. Values are mean ± SD of three independent

experiments (*p < 0.05, **p < 0.01, ***p < 0.001).
Next, we compared translational fidelity of human and

mouse fibroblasts. The accuracy of wild-type human fibroblasts

assessed by luciferase assay was more than 2-fold higher

compared to wild-typemouse fibroblasts (Figure 4B). This differ-

ence in translational accuracy might contribute to the difference

in lifespan between mice and humans.

Subsequently, fibroblasts from mice with the same mutation

as the CSBm/m human cells used in this study (van der Horst

et al., 1997) were analyzed for signs of impaired translational

fidelity. In mice, the mutation of Csb did not affect translational

accuracy (Figure 4C). Moreover, although RNA polymerase I

transcription was significantly reduced in the brain of mutant
1616 Cell Reports 23, 1612–1619, May 8, 2018
mice but not in fibroblasts (Figure 4D),

this was not associated with an elevated

ER stress or activated UPR. In addition,

ROS levels were not increased in Csbm/m

mouse fibroblasts (Figure S4A).

Double mutant mice, such as Xpam/m/

Csam/m, develop a severe phenotype

with premature aging and shortened

lifespan (Brace et al., 2013). However, in

dermal fibroblasts isolated from these
mice, translational fidelity and ROS levels were normal (Figures

4E and S4B).

Finally, we investigated signs of an elevated UPR also in the

cells from patients with the rare combined phenotype of Xero-

derma pigmentosum (XP) and CS. Cells from these patients

showed a reduced RNA polymerase I transcription elongation

(Figure S4C). Remarkably, increased p-eIF2a levels (Figure S4D)

triggered a high activation of the UPR-specific apoptosis

inducer CHOP in XP/CS cells, indicating ER stress (Figure 4F).

Our study reveals that loss of proteostasis may represent a pre-

viously unrecognized pathomechanism in premature aging or

aging itself.



DISCUSSION

Over the past years, we and other groups have identified ribo-

somal DNA transcription by RNA polymerase I as a common

function of the CS proteins. In this study, we investigated the

consequences of a malfunction in RNA polymerase I transcrip-

tion and described how a disturbed ribosomal biogenesis might

be linked to growth failure and neurological degeneration in CS.

The slow growth of CS cells can be explained by the reduction

in rDNA transcription. Although we detected similar levels of ri-

bosomes in CS and control cells, the synthesis of new ribosomes

might be significantly delayed due to reduced rRNA synthesis.

Surprisingly, ribosomes from CS cells also exhibited an activity

defect, as the translation per ribosome was diminished in CSA

and CSB mutant cells. Because both CS features—reduced

RNA polymerase I transcription and protein synthesis—could

be alleviated by dampening of ER stress by treatment with chap-

erones, they most likely result from an over-activated UPR. In

conclusion, repressed rDNA transcription and translation might

contribute to the growth impairment observed in the affected

individuals.

To assess the quality of translation in CS cells, we performed a

transfection assay that was initially used to detect the elevated

translational fidelity of the long-living naked mole rat, Heteroce-

phalus glaber (Azpurua et al., 2013). This elevated translational

fidelity might contribute to the resistance of proteins to unfolding

following urea treatment, described in the naked mole rat cells

(Pérez et al., 2009). The resistance of the proteome to unfolding,

a feature of the longest-living animal, the sea shell Arctica

islandica (Treaster et al., 2014), was severely reduced in CS cells,

indicating that the amount of misfolded proteins is high. As mis-

folded proteins are highly susceptible to oxidation (Dukan et al.,

2000), and we detected high levels of different ROS species in

CS cells, the elevated protein carbonylation in CS cells might

be due to the unfortunate combination of both factors. Although

the UVs control cells showed the highest levels of ROS, the pa-

tient was only mildly affected (Horibata et al., 2004). This indi-

cates that elevated ROS alone do not cause growth defects

and premature aging. The UVs control cells reflect the experi-

mental setup recently described (Scheibye-Knudsen et al.,

2016), where loss of CSB or CSAwas followed by disturbed ribo-

somal biogenesis, mitochondrial dysfunction, and PARP activa-

tion. However, we observed that the total loss of CSB in human

cells is not as detrimental as the truncating mutation. Although

there are cases of CS patients lacking the CSB protein (Laugel

et al., 2008), the discrepancies of these findings and our study

require additional investigations.

The high load of misfolded and carbonylated proteins pro-

voked ER stress and UPR as we have shown by elevated

GRP78 and p-eIF2a levels in CS cells. P-eIF2a represses overall

translation (Wek et al., 2006) and additionally reduces the asso-

ciation of the central RNA polymerase I initiation factor TIF-IA

with the rDNA (DuRose et al., 2009). The over-activation of the

PERK-eIF2a axis might be the central ‘‘suspect’’ of the mecha-

nism described in this study and has recently been shown to

be elevated after CSB knockdown in HeLa cells (Caputo et al.,

2017). Additional ER stress, as tested by incubation with tunica-

mycin, drove CS cells into apoptosis. This could be prevented,
similarly to the H2O2 hypersensitivity, by addition of chaperones.

This supports the hypothesis that these hypersensitivities are

mediated by protein oxidation.

Chaperone treatment did not restore translational fidelity of CS

cells. They could dampen the ER stress andUPR, but fail to over-

come the central problem of the RNA polymerase I transcription,

disturbed by mutant CS proteins.

With the same method, we could show that there was a signif-

icant difference in translational fidelity between cells of long-

living humans and short-living mice. The Csb mutant mice

display only a discrete CS phenotype without reduction in

growth or lifespan and did not show the herein identified patho-

mechanism. When additionally to the Csa mutation the central

NER factor Xpa is deleted, the mice develop a dramatic prema-

ture aging phenotype (Brace et al., 2013). Again, cells of these

mice did not display the herein identified pathomechanism,

suggesting that the progeria in mice might be mechanistically

different.

In summary, we propose that loss of proteostasis may

play an important role in CS. Moreover, the administration of

pharmaceutical chaperones may dampen the progression of

the disease.

EXPERIMENTAL PROCEDURES

Cell Lines

CS1AN andCS3BE cells are SV40-transformed fibroblasts derived fromCock-

ayne syndrome patients. CS1AN carry an A-to-T substitution at nucleotide

1088 (1088A > T) in exon 5 on one allele ERCC6 (csb) gene and a C-to-T sub-

stitution at nucleotide 2648 (2648C > T) (Troelstra et al., 1992). CS3BE is an

ERCC8 (csa) gene compound heterozygote for mutations at nucleotide

37G > T (E13X) and 479C > T (A160V) (Ridley et al., 2005). Both mutations

lead to truncated CSA and CSB proteins. UVSKO SV40-transformed fibro-

blasts from UVsS patient were used, with a C-to-T homozygous mutation at

position 308 of the ERCC6 (csb) gene, generating a stop codon at amino acid

position 77 (Horibata et al., 2004). Primary XPD/CS(1)- fibroblasts carrying

1847G > C and 2047C > T mutations and primary XPB/CS(1) (ERCC3

r.[1010t > a]; [0] c.[1010T > A];[?] p.[Val337Asp]; [0]) fibroblasts were obtained

from Vincent Laugel. XPG/CS(1) SV-40 transformed fibroblasts have a homo-

zygous T deletion at position 2972, causing a frameshift after amino acid 925

(Hamel et al., 1996). XPD/CS(2) (GM03248), XPB/CS(2) (GM21072), and XPG/

CS(2) (GM16180) human primary fibroblasts were purchased from Coriell Cell

Repositores. As controls, stably transfected CS1AN and CS3BE with HA-

tagged CSB (HACSB) and CSA (HACSA) proteins were used. Additionally,

primary (FF95) and transformed (13O6) human fibroblasts were used as

controls. All cells were kept in DMEM (GIBCO) with 10% fetal bovine serum

(FBS, Biochrom), 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL

streptomycin (all from Merk Millipore). The work with patient’s cell lines was

approved by the ethical committee of Ulm University (323/16).

Mouse Experiments

In vivo experiments were performed using Csbm/m mice that carry a premature

stop codon in exon 5, mimicking the K337stop truncation mutation from the

CS1AN patient. The mouse line has been generated and characterized by

van der Horst et al. (1997). Although it is considered a null mutant, the expres-

sion of an N-terminal CSB fragment cannot be fully excluded. For the experi-

ments, 6-week-old male Csbm/m and wild-type C57BL/6J mice were used. Af-

ter sacrificing the mice using 5% isoflurane and cervical dislocation, the brain

and liver were collected and snap frozen in liquid nitrogen. For primary fibro-

blasts isolation, skin biopsies from ears were collected,minced, and incubated

for 3 hr with collagenase in the cell culture media (DMEM supplemented with

10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL strepto-

mycin). After collagenase dissociation, the cells were centrifuged, incubated
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in normal media, and further propagated for the described experiments.

Breeding and maintenance of mice was performed at the animal facility

of Ulm University under pathogen-free conditions. All experiments were

approved by the Regierungspraesidium T€ubingen (Z.191).

Antibodies

Antibodies against GRP78 (3177P), Phospho-eIF2a (9721L), eIF2a (9722),

CHOP (2895P), and Caspase-3 (9661S), were obtained from Cell Signaling.

RPL11 antibody was purchased from Proteintech Europe (16277-1-AP).

HRP-coupled b-Actin (sc-1615) from Santa Cruz, and rabbit or mouse

secondary antibodies from Dianova.

RNA Extraction and qRT-PCR

Total RNA from exponentially growing CS1AN, CS3BE, UVsKO, HACSB,

HACSA, FF95, XPD/CS(1), XPB/CS(1), XPG/CS(1), XPD/CS(2), XPB/CS(2),

and XPG/CS(2) was isolated using RNeasy Kit (QIAGEN). 1 mg RNA was

reverse transcribed using random primer p(dN)6 (Roche). The expression of

47S precursor rRNA, 18S rRNA, CHOP, ATF6, and ATF4 was quantified by

real-time PCR (Applied Biosystems). Data were normalized to the level of

RPL13 mRNA.

Ribosome Isolation

The isolation of ribosomes was performed according to the method of Penzo

et al. (2015). In summary, 4 3 106 cells were pelleted and lysed adding

23 packed cell volume of 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM

MgCl2, and 0.5% Nonidet P-40. After 10 min incubation on ice, the lysates

were centrifuged at 20,000 3 g for 10 min at 4�C. The supernatants were

collected and ribosomes were pelleted by ultracentrifugation (15 hr at

120,000 3 g, 4�C) through a discontinuous sucrose gradient consisting of

2.25 mL of 1.0 M sucrose and 2.25 mL of 0.7 M sucrose, both containing

30 mM HEPES/KOH, pH 7.5, 2 mM magnesium acetate, and 1 mM DTT;

KCl was 0.5 M in the 0.7 M layer and 70 mM in the 1 M sucrose layer.

Metabolic Labeling

Cells were harvested using Accutase (Sigma) and counted. 53 105 cells were

starved for 20min using DMEM/dialyzed FBS lackingmethionine/cysteine and

subsequently labeled with 35S methionine/cysteine (10 mCi/mL). After 2 hr,

incubation media was removed and the reaction was stopped by washing

with ice-cold PBS and TCA precipitation for 90 min on ice. Each precipitate

was spotted on glass filters, washed, and the incorporated radioactivity was

measured in a scintillation counter (Beckman Coulter).

Carbonylation Assay

The concentration of carbonylated proteins was determined using Protein Car-

bonyls Assay Kit (Abnova). Protein lysates were incubated with 2,4-dinitrophe-

nylhydrazine (DNPH) for 10 min at room temperature and precipitated with

TCA (5min at room temperature). Each sample was centrifuged and the pellets

were washed two times with cold acetone. Precipitated proteins were solubi-

lized in 200 mL guanidine, transferred into a 96-well plate, and measured at an

optical density of 375 nm. The values were normalized according to the protein

content, measured by BCA assay (Thermo Scientific).

ROS Measurement by Fluorescence-Activated Cell Sorting

For ROS detection cells were stained for 15 min with fluorescent dyes dihy-

droethidium (DHE, 10 mM, Invitrogen) and CM-H2DCFDA (1 mM, Invitrogen).

Cells were then washed with PBS and harvested in 0.5 mL fluorescence-acti-

vated cell sorting (FACS) buffer. Fluorescence wasmeasured by FACSCanto II

(BD Biosciences) and analyzed using FlowJo software (BD Biosciences).

Proteasome Activity

Proteasomal degradation of proteins was determined using 20S Proteasome

Assay Kit (Cayman). SUC-LLVY-AMC 20S substrate was used, which upon

cleavage by the active enzyme generates a highly fluorescent product

(360 nm excitation, 480 nm emission). 105 cells were seeded in a 96-well plate

overnight and centrifuged once at 500 3 g. Cells were washed once with

Proteasome Assay Buffer, centrifuged 5 min at 500 3 g, and incubated

30 min with 100 mL of Proteasome Lysis Buffer. 90 mL of each lysate was incu-

bated with 10 mL of Substrate solution for 1 hr at 37�C, followed by fluores-

cencemeasurement using amicroplate reader. Jurkat cell lysate supernatants
1618 Cell Reports 23, 1612–1619, May 8, 2018
were used as positive controls and 20S Inhibitor Solution was used as negative

control.

BisANS

Changes in protein folding and protein stability were tested by staining with

fluorescent dye BisANS (Sigma). Cells were harvested in TNE buffer (50 mM

Tris HCl, 100 mM NaCl, 1 mM EDTA), sonicated (3 3 30 s) and centrifuged

for 20 min at maximum speed. 100 mg of protein from the supernatant was

subjected to 2 M urea (final volume of 200 mL) for 2 hr. BisANS was added in

each sample (20 mM final concentration) and the fluorescence was measured

using an excitation wavelength of 375 nm and 500 nm emission.

Apoptosis (Nicoletti Assay)

Identification of a hypodiploid DNA content of CS, XP, and FF95 fibroblasts

after H2O2 and tunicamycin treatmentwas performed as described byNicoletti

et al. (1991).

Transfection and Luciferase Assay

106 cells were transfected with Nucleofector transfection (Lonza), using 5 mg

reporter plasmid and 0.1 mg Renilla luciferase plasmid. Cells were plated in

a 96-well plate (5 3 104 cells/well in 75 mL), and allowed to grow for 24 hr.

To analyze the transfected cells, a Dual-Glo assay kit (Promega) was used.

The ratio of firefly to Renilla was calculated and used as an indicator of trans-

lational fidelity.

Statistical Analysis

Statistical analysis was calculated using GraphPad Prism (GraphPad 6 soft-

ware). Each experiment was performed independently at least three times,

for each individual experiment using minimum three technical replicates.

Data are shown as mean ± SD. Statistical significance was calculated using

unpaired two-tailed Student’s t test in GraphPad Prism software. Asterisks

(*) in the figures represent p values (*p < 0.05, **p < 0.01, ***p < 0.001).
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Pérez, V.I., Buffenstein, R., Masamsetti, V., Leonard, S., Salmon, A.B., Mele,

J., Andziak, B., Yang, T., Edrey, Y., Friguet, B., et al. (2009). Protein stability

and resistance to oxidative stress are determinants of longevity in the

longest-living rodent, the naked mole-rat. Proc. Natl. Acad. Sci. USA 106,

3059–3064.

Ridley, A.J., Colley, J., Wynford-Thomas, D., and Jones, C.J. (2005). Charac-

terisation of novel mutations in Cockayne syndrome type A and xeroderma

pigmentosum group C subjects. J. Hum. Genet. 50, 151–154.

Scheibye-Knudsen, M., Tseng, A., Borch Jensen, M., Scheibye-Alsing, K.,

Fang, E.F., Iyama, T., Bharti, S.K., Marosi, K., Froetscher, L., Kassahun, H.,

et al. (2016). Cockayne syndrome group A and B proteins converge on tran-

scription-linked resolution of non-B DNA. Proc. Natl. Acad. Sci. USA 113,

12502–12507.

Schmitz, K.M., Schmitt, N., Hoffmann-Rohrer, U., Schäfer, A., Grummt, I., and
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