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Abstract

Cockayne syndrome (CS) is a progressive childhood neurodegenerative disorder associated with a
DNA repair defect caused by mutations in either of two genes, CSA and CSB. These genes are
involved in nucleotide excision repair (NER) of DNA damage from ultraviolet (UV) light, other
bulky chemical adducts and reactive oxygen in transcriptionally active genes (transcription coupled
repair, TCR). For a long period it has been assumed that the symptoms of CS patients are all due to
reduced TCR of endogenous DNA damage in the brain, together with unexplained unique sensitivity
of specific neural cells in the cerebellum. Not all the symptoms of CS patients are however easily
related to repair deficiencies, so we hypothesize that there are additional pathways relevant to the
disease, particularly those that are downstream consequences of a common defect in the E3 ubiquitin
ligase associated with the CSA and CSB gene products. We have found that the CSB defect results
in altered expression of anti-angiogenic and cell cycle genes and proteins at the level of both gene
expression and protein lifetime. We find an over-abundance of p21 due to reduced protein turnover,
possibly due to the loss of activity of the CSA/CSB E3 ubiquitylation pathway. Increased levels of
p21 can result in growth inhibition, reduced repair from the p21-PCNA interaction, and increased
generation of reactive oxygen. Consistent with increased reactive ozygen levels we find that CS-A
and -B cells grown under ambient oxygen show increased DNA breakage, as compared to xeroderma
pigmentosum cells. Thus the complex symptoms of CS may be due to multiple, independent
downstream targets of the E3 ubiquitylation system that results in increased DNA damage, reduced
transcription coupled repair, and inhibition of cell cycle progression and growth.
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Introduction

CS is an autosomal recessive disease characterized by cachectic dwarfism, retinopathy,

microcephaly, dysmyelination, ganglial calcification, deafness, neural defects, retardation of
growth and development after birth (Nance and Berry, 1992). The disease has been classified
according to severity into several classes, but these classes have not yet been correlated with
molecular defects. CS patients are sun sensitive but do not develop cancers, setting this disease
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apart from xeroderma pigmentosum (XP) where sun sensitivity is mainly expressed as an
increase in skin cancer of all types (Kraemer et al., 1994). CS patients have mutations in one
of two genes, CSA and CSB (Bootsma et al., 1998; Lehmann, 1982) and mutations in XPB,
XPD and XPG genes can also give rise to combined XP/CS symptoms, (Weeda et al., 1990;
Wood etal., 2001) (Fig 1). The CSA & B gene products were originally identified as regulating
repair in actively transcribed genes (TCR). They have subsequently been ascribed other
functions such as ubiquitylation and transcription regulation that may themselves be proximate
causes of the TCR and other cellular defects (Bohr, 1991; Groisman et al., 2003; Licht et al.,
2003).

CSA (ERCCS) is located on chromosome 5 and encodes a 396 amino acid WD repeat protein
(Henning et al., 1995). CSB (ERCCS6) is located on chromosome 10q11-21 and encodes a 1493
amino acid protein with a nucleotide-binding site, ATPase activity and helicase motifs, but the
protein does not display helicase activity in vitro (Citterio et al., 1998; Selby and Sancar,
1997). The CSB protein can actively wrap the DNA (Beerens et al., 2005) and its association
with transcription elongation is stabilized by DNA damage (Boom et al., 2004). CSA is also
aregulator of an E3 ubiquitin ligase, which could explain the role of CS genes in ubiquitylation
of RNA pol Il (Groisman et al., 2003). The GGR and TCR pathways interact through DDB1
that also acts as a cofactor of the E3 ligase complexes associated with CSA and DDB2
(Groisman et al., 2003).

The association of CSA and B with transcription elongation proteins suggests that CS mutations
could impair basal transcription (Balajee et al., 1997; Boom et al., 2004). Therefore, if specific
genes have sequences or structures that present natural impediments to RNA pol Il progression,
reductions in expression might be expected in CS cells even in the absence of of DNA damage.
Mutations in XPB and XPD affect specific expression of nuclear hormone receptors that are
important in development including the retinoic acid receptors RARalpha, ERalpha, and AR
(Keriel et al., 2002), which may account for part of the wasting phenotype of XP/CS patients.
Microarray analysis of CSB cells has detected multiple changes in gene expression associated
with the response to oxidative stress, signal transduction, ribosomal synthesis and uracil-D-
glycosylase (Kyng et al., 2003). We have also found several specific gene expression markers
of CSB in a microarray analysis that compared parent child pairs from CS-B families (Hefner
etal., 2006). These include several that may have clinical relevance such as collagen 15al that
is a secreted collagen that is cleaved to have anti-angiogenic activity, and latrophilin that is an
orphan neural receptor for the black widow spider neurotoxin, whose endogeneous ligand is
unknown (Hefner et al., 2006).

When cells are exposed to UV damage the C-terminal domain of a fraction of RNA pol Il
molecules is phosphorylated and then ubiquitylated. CS cells fail to ubiquitylate RNA pol Il
and in consequence cannot remove and degrade the transcription complex stalled at a damaged
site in DNA (Bregman et al., 1996; McKay et al., 2001; Tu et al., 1998; Woudstra et al.,
2002). CSA and CSB are required for ubiquitylation of RNA Pol Il. Ubiquitin is a 76-residue
polypeptide that is conjugated to target protein substrates via a three-step enzymatic process:
a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), a ubiquitin protein
ligase (E3), followed by a de-ubiquitylation enzyme (E4). Mono-ubiquitylation alters the
specificity of protein functions and poly-ubiquitylation marks proteins for destruction. The E3
ligases are primarily responsible for conferring substrate specificity (Hochstrasser, 1996; Peng
etal., 2003; Semple et al., 2003; Wilkinson, 2000). CSA is part of an SCF complex that mainly
ubiquitylate phosphorylated substrates, but additional criteria confer a high degree of
specificity toward the substrates (Ciechanover and Brundin, 2003). The RNA pol Il subunit is
ubiquitylated specifically on the active subunit Rbpl on those molecules that have been
hyperphosphorylated (Lee et al., 2002). The DNA binding protein DDB2, specific for GGR,
is part of closely similar SCF complex. The CSA and DDB2 components appear to be
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responsible for the specificity of these versions of two similar SCF complexes (Groisman et
al., 2003).

We have therefore conducted a search for genes and proteins that are consistently dysregulated
(over or under expressed) in CS cells. The detailed results of our gene expression study are
being reported elsewhere (Hefner etal., 2006); this report describes proteins that we have found
in higher levels in CS cells. We designed the present study on the assumption that proteins that
are normally targets for CS-dependent ubiquitylation would be found at above normal levels
if the ubiquitylation was part of the cellular degradation pathway and the proteins were
consequently not degraded normally. We would not detect proteins that were
monoubiquitylated for regulatory purposes rather than degradation. We have, however,
identified several proteins in this way, notably p21 among others that may be relevant to the
developmental and neurodegenerative symptoms of CS patients.

Materials and methods

Lymphoblastoid cells lines GM10902 (CS-B), GM01712 (CS-B), GM12496 (CS-B),
GMO02498 (XP-C) and GM02345 (XP-A) were obtained from the Coriel Cell Repository
(Camden, NJ). The wild type control lymphoblastoid cell line (PP034) was created at UCSF.
Primary fibroblast cell lines GM10903 (CS-B) and GM10901 (unaffected parent of GM10903)
were obtained from Coriel Cell Repository (Camden, NJ). Lymphaoblastoid cells were cultured
in RPMI media with 15% heat inactivated foetal bovine serum, 100ug/mL penicillin, 100 pg/
mL streptomycin and 2 mM glutamine. Primary fibroblasts were cultured in MEM media with
15% foetal bovine serum, 100 pg/mL Penicillin, 100 ug/mL Streptomycin and 2 mM
Glutamine. Cells were grown at 37° C with 5% CO». A set of fibroblasts were transfected with
either hnTERT to immortalize them or SV40 for transformation; the lymphoid cells were
transformed with Epstein Barr virus. CS-B lymphoblasts (GM10903) were electroporated with
a plasmid expressing cDNA for CSB linked to the neomycin resistance gene and selected for
continuous expression, and function was confirmed by measuring restoration of UV resistance.

Whole cell protein lysates were produced from cells 6 hours after UV irradiation or from mock
treated controls. The extraction buffer contained 150 mM NaCl (unless other wise stated), 50
mM Tris-HCI, pH:7.5, 0.5 % SDS, 0.5 % Nonident P-40, 0.5 % Sodium Deoxycholate. The
buffer was supplemented with PMSF, and Protease Inhibitor #2 (Calbiochem). Cells were
suspended in extraction buffer at a concentration of 1x106 cells/100 uL of extraction buffer.
The lysate suspention was sonicated 3x30 sec on ice allowed to mix by nutation for 20 min at
4° C. After nutation samples were quantitated using the Lowry assay (Bio-Rad) then stored at
—80° C until used.

For each sample 30 pg of lysate was electrophoresed through a 4-15 % polyacrylamide gel
then transferred to a 0.20 pM pore size nitrocellulose membrane (Bio-Rad). Membranes were
blocked overnight in 0.5 % nonfat milk at 4° C. Blots were probed with 1:250 a. p21 antibody
(BD Pharmingen, cat # 556431), anti-p53 (1:500, Santa Cruz biotechnology), or anti-pactin
(1:10000, Sigma) followed by HRP conjugated goat anti-rabbit (1:2000, Santa Cruz
Biotechnology) or HRP conjugated goat anti-mouse secondary antibody diluted 1:2000 (Santa
Cruz, cat # sc-2064). Chemiluminescent visualization was performed with Visualizer (Upstate
Biotechnology) or ECL Plus (Amersham). The anti-Bactin was used as the loading control for
total protein in PAGE. For analysis of p21, cell extracts were prepared in a range of salt
concentrations from 50 to 500 mM. Gels were photographed and presented, as observed,
without preparation of any composites run on different occasions. The gel band intensities
should therefore be compared within each gel image, rather than between images prepared on
separate occasions. Gels were quantified by densitometry and mean and standard errors
calculated for the ratio of p21 levels in CS as compared to normal cell lines.
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DNA breakage was determined in SV40 transformed cells grown under ambient oxygen by
measuring the formation of foci of yH2AX as a marker characteristic of double strand breaks
(Lowndes and Toh, 2005). Cells were grown on dual-chambered slides (Nalge Nunc) and fixed
with 2% paraformaldehyde for 15 minutes and permeabilized with 0.2% Triton X-100 for 15
minutes. Slides were air dried for 5 minutes and stored at —80°C. After storage, cells were re-
permeabilized with ice-cold 50:50 acetone: methanol for 30 minutes. Slides were blocked for
1 hour in 1X PBS, 10%FBS at 37°C, incubated for 1 hr at 37°C with a rabbit polyclonal
yH2AX antibody 1:400 (Novus Biologicals #100-384A) in 1% BSA 0.5% Tween 20 and 1X
PBS; followed by incubation for 1 hr at 37°C with 1:100 dilution of the secondary FITC-labeled
antibody (ImmunoPure fluorescein conjugated goat antirabbit IgG (H+L) Pierce #31853) in
1X PBS 1X BSA. Three washes in PBS were made between each step in fixation and antibody
application described above. Finally slides were mounted overnight with ProLong Gold
Antifade reagent containing 4'-6-diamidino-2-phenylindole (DAPI) (Molecular probes). 400
500 cells were scored to determine the fractions that were positive for at least 10 foci per cell.
Replicates were pooled to calculate the means and standard errors.

Differences in the level of proteins in CS cells as compared to normal cells were determine
using a protein array (BD Clontech #631791) that consisted of approximately 500 monoclonal
antibodies on a glass microarray. This was used according to manufacturer’s instructions using
the supplied reagents. Proteins were extracted from a pair of CS and normal cell types and
labeled with Cy3 and Cy5 fluorescent dyes, respectively. The proteins from the two cell types
were applied to the array that produced green or red signals for over or under expression, and
yellow for similar expression. The observed color signals were analyzed using the commercial
software to quantify the proteins that were over-expressed in CS cells. Those that appeared to
be over-expressed were subsequently analyzed by standard western blots using antibodies
different from those that were on the array.

Expression of p53 and p21in CS cells

We first examined the p53, p21 damage response pathway in normal, XP and CS cells because
of its importance in the cell cycle and apoptotic response of human cells. Previous studies have
shown that after UV irradiation of normal cells, p21 shows a transient p53-dependent increase
and is then degraded through ubiquitylation to facilitate NER (Bendjennat et al., 2003).

The human lymphoid cells of all genotypes showed a normal induction of p53 by UV (Fig 1).
In the absence of irradiation, control cells of all genotypes had similar low levels of p53 (Fig
1). A significant increase in p53 levels was observed at a dose of 10 J.m 2, which declined at
higher dose of 20 J.m~2 in normal and CS-B, but not XP-C (Fig 1). We then analyzed the
expression of p21, an important mediator of p53 function (Fotedar et al., 2004); in unirradiated
normal and CS cells, p21 aggregated in high salt concentrations (Fig 2) and was about 3 fold
over-abundant in both CS-B lymphoblasts and fibroblasts (Fig 3). The aggregation was less
for p21 from CSB cells than normal cells (Fig 2), suggesting that the aggregating species of
p21 was modified in a manner that reduced protein-protein interactions at high salt. Over-
abundance of p21 was not seen in XP-A (Fig 3A). Correction of CS-B with cDNA restored
the UV resistance of CS-B cells (Fig 4A) and reduced the abundance of p21 to that of control
cells (Fig 4B), indicating that p21 abundance was related to the functional activity of CSB.
These results represent protein accumulation, because no corresponding differences were seen
in p21 mRNA expression when analyzed by quantitative RT-PCR (data not shown). This
observation in CSB cells was specific for p21, and the related family member p27 was not
elevated when analyzed under the same conditions.
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We determined the half-life of p21 in human lymphoid cells by inhibiting new protein synthesis
with cycloheximide (50 pg/ml) and measuring the presence of p21 in a western blot (Fig 5).
The westerns were quantified by densitometry and corrected for loading using pactin as a
marker. These experiments indicated that the half-life of p21 was 1.5 hr in normal cells and
3.0 hr in CS-B cells, consistent with a slower rate of degradation (Fig 5).

p21 is a cell cycle regulatory protein and a negative regulator of PCNA and DNA replication.
Consistent with this function, the CS cells showed a slower growth rate than normal cells. The
doubling times of normal cells ranged from 0.8 to 1.0 days, days, XP-A 1.5 days, and CS-B
was 2.6 days. Re-expression of CSB cDNA in CS-B cells increased the growth rate to a near
normal doubling time of 1.0 to 1.5 days, and restored UV resistance (Fig 4A).

DNA damage in CS cells under ambient growth conditions

Reactive oxygen species (ROS) can be generated as a consequence of high levels of p21,
possibly through interaction with mitochondrial apoptosis-inducing factors (Macip et al.,
2002) and can consequently damage DNA causing single and double strand breaks. We
therefore scored the presence of yH2AX foci in normal, XP and CS cells, as a general marker
of DNA damage from ROS (Lowndes and Toh, 2005). Previous studies have shown that, under
ambient conditions, naturally-occurring DNA damage becomes converted into double strand
breaks detected as yYH2AX foci, when replication forks encounter unrepaired single strand
lesions (Bryant et al., 2005; Farmer et al., 2005). Normal and XP-V cells had negligible levels
of foci-positive cells, XP-A and XP-C cells had 4 to 5% foci-positive cells, but CS-A had 12%
and CS-B 22% foci-positive cells (Fig 5). These results indicate a higher level of spontaneous
DNA damage in CS cells, consistent with either increased damage or reduced repair under
ambient conditions (Macip et al., 2002).

Protein expression in CS cells

We hypothesized that if proteins were not degraded fully in CS cells due to an E3 ligase
deficiency (Groisman et al., 2003) they could accumulate to abnormal levels. We have shown
this for the specific case of p21 (Fig 2-5), and we therefore chose to screen using a protein
array to identify other possible targets for CS-dependent over-expression. We examined the
level of a series of proteins in CS cells as compared to wild type using a mouse monoclonal
antibody array (BD Clontech #631791; for complete description see http://
bioinfo.clontech.com/abinfo/array-list-action.do) that consists of approximately 500
monoclonal antibodies on a glass microarray. Using the commercial software for analysis we
identified five proteins that were expressed at increased levels in CSB cells. These were: DP-1
a transcription factor (7.9 fold); CA-150 a transcription elongation factor involved in RNA pol
I1 (3.2 fold); Hsp90, a heat shock protein (2.2 fold); CTB1, a negative regulator of proliferation
(1.7 fold); CAF-1, a chromatin assembly factor (1.55 fold). We did not detect p21 because the
extraction method used for the antibody arrays involve a high-speed centrifugation (14,0009)
that removes aggregates that would have contained over-expressed p21 under these salt
conditions.

Validation of proteins detected in an array is important before we attempt to determine their
possible role in the CS phenotype. We have validated over-expression of Hsp90 and Dp-1 by
western analysis, and results are shown for Hsp90 (Fig 7). The observation of an increased
level of a heat shock protein is consistent with recent studies showing that dysregulation of the
ubiquitylation and proteasome systems results in induction of several heat shock proteins and
accumulation of tau proteins in oligodendrocytes, precursors for myelin synthesizing cells
(Goldbaum and Richter-Landsberg, 2004). The increase in CAF-1 may be related to the slow
recovery of DNA synthesis after DNA damage to CS cells because this protein interacts with
PCNA (Cleaver, 1982). DP-1 is a G1 cell cycle regulated protein that forms dimers with E2F,
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a transcription factor that controls many factors involved with the G1 to S transition. In the
western analysis we note than there were differences in migration rates between normal,
heterozygotes and CS homozygotes that we need to investigate further.

Discussion

CSA has been show to be part of an E3 ubiquitin ligase (Groisman et al., 2003), and both CSA
and CSB are required for ubiquitylation of RNA pol Il (Bregman et al., 1996). In addition CSB
can wrap DNA and associate with RNA pol Il thereby influencing transcription (Beerens et
al., 2005). The interaction with RNA pol Il may be a mechanism that leads to defective TCR
in CS cells, but other effects on protein life-time and gene expression may occur independent
of repair. We therefore hypothesize that there are several targets for the CS gene products that
will contribute to the clinical symptoms of CS. Our results are consistent with this hypothesis,
but we have yet to confirm that the protein targets identified are directly ubiquitylated by the
CS E3 system, and the initial results obtained with the protein array need to be extended and
further validated.

In screens for gene and protein expression we have identified several biomarkers that are over-
or under-expressed. We have identified proteins that are found at high levels (e.g. p21) in CS
cells, due to defects at the level of protein processing (Fig 2-5). We have also shown, elsewhere,
that other genes are regulated at the transcription level (e.g. col15al, latrophilin) in CS cells
(Hefneretal., 2006). Our results provide an approach to solving a major issue in CS: the absence
of correlations between the severity of the clinical disorder and the biochemical and genetic
defects. Although patients show a wide range of severity, this does not yet show any correlation
with sites of mutation in the gene and cell cultures show a uniform UV sensitivity and TCR
deficiency. One reason may be that certain phenotypes are dependent on the downstream targets
of CS-dependent regulation, not on the CS proteins directly.

We have shown that total cell contents of p21 are about 3 fold greater in CSB cells (Fig 3B),
and we hypothesize that this is because of insufficient ubiquitylation by the CS-dependent E3
ligase activity. The C-terminal 148-157 amino acids of p21 are ubiquitylated during cellular
stress responses (Fukuchi et al., 2002) and during S phase by the SCF/Skp2 ligase (Bornstein
etal., 2003). Whether this is the region that is targeted by the CS-ubiquitylation system remains
to be established. We have identified that p21 aggregates at high salt with other cellular
components to create a high molecular weight complex that is more prominent in normal cells
than CS cells (Fig 2). At low salt concentrations (below 150mM which is near physiological)
no aggregates were formed. The elevated level of p21 was found in an aggregate at high salt
with material that would not enter a gel (Fig 2) and would pellet when centrifuged at 14,000g.
This phenomenon was observed in other studies of CS-dependent ubiquitylation, and could be
eliminated by digestion of the DNA in the pellet with micrococcal nuclease (Groisman et al.,
2003).

Previous studies have shown that after UV irradiation in normal cells p21 is transiently

increased and then degraded to facilitate NER (Bendjennat et al., 2003). Since CS cells carry
out normal levels of GGR we would expect that UV induction and degradation of a subset of
p21is normal in CS cells. Our decay rate may therefore represent an average over several sub-
populations of p21 molecules with different functional roles in repair and cell cycle regulation.

The observations of increased levels of p21 in CS cells raise the questions of the functional
significance for the CS phenotype. P21 may be either (a) a growth inhibitor, thereby causing
the reduced growth rate in CS patients; (b) a repair inhibitor through interaction with PCNA,
contributing to the low level of TCR; (c) a tumor suppressor, perhaps explaining the absence
of cancer in CS cells as compared to XP patients; and (d) a cause of increased ROS causing
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more in vivo damage including apoptosis in neural cells (Macip et al., 2002). Recent studies
have shown that p21 can play a paradoxical role in both promoting and inhibiting programmed
cell death under a variety of conditions (Borgne and Golsteyne, 2003). Increased expression
of p21 occurs in cells of the brain under stress but it does not appear to act then as a cell cycle
inhibitor (Macleod et al., 1996). Reactive oxygen can be generated by high levels of p21,
possibly through interaction with mitochondrial apoptosis-inducing factors (Macip et al.,
2002). It would be particularly intriguing if the CS phenotype results not only from a repair
deficiency toward oxidative damage, but also, through p21 over-expression, an enhanced
intracellular production of ROS. We are in the process or confirming and extending these
results by correction of the phenotypical changes associated with p21 using CSB cDNA and
SiRNA targeting p21. We also need to demonstrate directly that there is an elevated level of
intracellular ROS in CSB cells associated with increased p21 levels (Macip et al., 2002).

In parallel experiments we performed an Affymetrix microarray analysis of CS-B and wild
type primary fibroblasts, comparing 6 pairs of parents and affected children. The genes that
were positive on the arrays were then subjected to direct expression analysis using the Tagman
method. We found that the extracellular matrix protein type XV collagen (Col 15a1) was under-
expressed in 5/6 CS-B cells. We also found that the receptor for the black widow spider
neurotoxin, latrophilin, was over-expressed in 3/6 CS-B cells. The reasons for the negative
results in some of the cell lines are being further evaluated. We also found that the difference
in expression of Col15al between CS-B and normal cells was suppressed if the cell lines were
immortalized by hTERT. We also found that after transformation with S\V40, Col15al was not
expressed in either normal or CS-B cells. This represents a cautionary observation about the
potential significance of results on gene expression when immortalized or transformed cells
are used. The use SV40-transformed cells may consequently hide or reveal (see next section)
important differences associated with the disease.

A positive application of transformed cells was in our analysis of spontaneous damage in CS
cells with the double strand break marker yH2AX. DNA breakage in the S phase is suppressed
by normal levels of p53, and we have reported previously that the ability to detect double strand
breaks inthe S phase resulting from replication fork arrest can be enhanced through inactivation
of p53 by transformation or suppression with sSiRNA (Limoli et al., 2000). Therefore we used
transformed cells from normal, XP and CS cells deliberately to enhance our detection of
endogenous DNA damage. Under normal growth conditions that represent a high level of
oxygenation, we observed a much greater level of DNA damage in CSA and B cells than either
of XP-A or XP-C (Fig 6). Since the XP cells are devoid of either GGR (XP-C) or both GGR
and TCR (XP-A) these observations indicate an increased level of spontaneous DNA damage
in CS cells resulting from more than simply the repair deficiency. The high level of p21 in CS-
B cells may for example generate increased ROS (Macip et al., 2002).

The absence of cancer in human CS patients is difficult to explain because CS cells specifically
fail to repair cyclobutane dimers in UV damaged episomal plasmids and show increased
mutagenesis, but do repair [6-4] photoproducts (Barrett et al., 1991; Parris and Kraemer,
1993). Since XP cells fail to repair [6-4] photoproducts as well as dimers, they could be the
more important carcinogenic damage for XP patients. Alternatively, episomal vectors may not
reflect the full spectrum of damage responses that occur when whole cells are subject to UV
damage. One possible explanation for the skin and neurological symptoms may lie in the cell
cycle arrest and apoptotic response associated with over-expression of p21 as well as reduced
TCR. The TCR defect in CS cells may trigger an apoptotic response via the JINK pathway that
removes damaged cells from the proliferating pool of cells in the skin (Hamdi et al., 2005;
Ljungman and Zhang, 1996), thereby eliminating premalignant cells; but a similar loss would
be pathological in the brain. The over-abundance of p21 in CS cells may further act as a tumor
suppressor via its inhibition of cell cycle progression.
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The photosensitivity of CS cells and patients can easily be attributed to the DNA repair defect,
but the neurodegeneration remains difficult to explain in other than the broadest terms. Human
CS cells are sensitive to UV (Licht et al., 2003), and the transport of CSA to nuclear locations
for TCR is stimulated by UV, H,O5, and cisPt (Kamiuchi et al., 2002). The CSB protein
interacts with PARP-1, an important sensor of single strand breaks arising from oxidative
damage (Flohr et al., 2003; Thorsland et al., 2005). The neurodegeneration may therefore be
supposed as due to a failure to repair endogenous ROS damage to DNA, but this must be tied
to the observation that the cellular damage in mouse and human CS brains is predominantly
in the cerebellum and Purkinje cell layers (de Boer et al., 2002; Murai et al., 2001; Shiomi et
al., 2005). High levels of oxidative metabolism occur in the brain and are increased in many
instances of neurodegeneration (Kruman, 2004). Endogenous oxidative damage has been
reported in the brains of repair deficient patients, although more prominently in XPA than CS
patients (Hayashi et al., 2005; Hayashi et al., 2001). The granule and Purkinje cells of the
cerebellum appear to be targets for many cellular toxins (Fonnum and Lock, 2000; Fonnum
and Lock, 2004) and the Purkinje cells have unique deficits of several enzymes that present a
low threshold for cell death from intrinsic or extrinsic sources (Welsh et al., 2002).

The possibility that ubiquitin ligase and transcription regulation may be important activities of
CS-A and B implies that the varied phenotypes observed in CS cells may be due to the targets
for ubiquitylation and transcription regulation (Groisman et al., 2003). The lack of
correspondence between mutations in CSA and CSB and patient phenotypes is not surprising,
if the CS genes are not directly involved in the phenotype, but rather in modifying genes and
gene products more directly involved. Defects in protein processing would make CS a disease
similar in principle to other neurodegenerative disorders such as Alzheimer’s, Parkinson’s,
Lou-Gehrig’s and prion diseases (Ciechanover and Brundin, 2003). CS would also resemble
an acceleration of normal aging, in which the brain accumulates oxidative damage (Lu et al.,
2004). Recently a complete absence of CSB protein was found in a very mildly photosensitive
patient, implying that mutant CSB proteins in other patients could be the cause of more severe
disease (Horibata etal., 2004). This is reminiscent of other neurodegenerative diseases in which
the mutant proteins are toxic and their loss can relieve some neurodegenerative symptoms
(Arrasate et al., 2004; Harper et al., 2005; Santacruz et al., 2005).

The complex phenotype of CS can therefore be ascribed to a DNA repair-dependent defect and
associated transcription regulation and protein degradation defects. The challenge is to
discriminate between the phenotypes that can be attributed to these differing mechanisms.
Resolution of some, at least, would be a major step forward and could suggest ways to develop
targeted intervention and treatment methods.
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Figure 1.

Induction of p53 in normal and CS cells by 10 or 20 J.m=2 UV light; western blot (antibody

SC126) of cells harvested 16 hr after UV irradiation.

Neuroscience. Author manuscript; available in PMC 2008 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Cleaver et al.

NaCl: 50 150 250 500mM

wt cse WT CcsB wT CSB | WT csB

Page 13

-— | T

———— -

Figure 2.

HIGH
MWt

p21

Western analysis of p21 (antibody: SX118 mouse 1gG, epitope last 20 aa) as a function of salt
concentration. Upper band a high molecular weight aggregate that moved slightly below the
loading well; lower band normal size p21. Salt concentration left to right: 50, 150, 250, and

500 mM.
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Figure 3.

A. Western analysis of p21 (antibody: SX118 mouse 1gG, epitope last 20 aa) in lymphoid cells:
normal (PP034), CS-B (GM10902, GM1712 respectively) and XP-A (GM2345) grown in 15%
serum. Right panel shows fibroblasts from normal and CSB (GM10903). B. Histogram
showing the ratios of p21 expression levels in two CSB cell lines GM10902 and GM01712 as
compared to the normal PP034 cell line. Error bars represent the standard errors of the means.
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Figure 4.

A. Complementation of CS-B lymphoblast with cDNA for CSB corrects the UV sensitivity of
CSB cells. control; CS-B; CS-B corrected with cDNA clone 1; CS-B corrected with cDNA
clone 2. B. Complementation of CS-B lymphoblast with cDNA for CSB corrects the over-
abundance of p21. Upper bands p21, lower bands Bactin loading controls. Wt lane PP034 cells,
CS-B lane GM10903, cDNA correction of GM10903 plus cDNA, clone 1, transfected and
selected for continuous expression.
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g 1 2 3 4 & & 17
Hours in cycloheximide

Relative levels of p21 in normal and CSB lymphoblastoid cells (GM10902) as a function of
time in cycloheximide (50microgram/ml). Primary mouse monoclonal anti-p21 (1:250

dilution), secondary horse-radish peroxidase anti-mouse (1/2000
to the ambient level in each cell type without cycloheximide.
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Figure 6.
CS-Aand CS-B cells show increased DNA breakage, as determined by yH2AX foci formation,
when grown under normal ambient oxygen. Values represent the standard errors of the means.

Neuroscience. Author manuscript; available in PMC 2008 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cleaver et al. Page 18

1 2 3 4 5 6 normal CS-B
. — — — — ’ ~
DP-1 HSP-90
Figure 7.

Western blots from normal and CSB fibroblasts showing over-abundance of Hsp90 protein;
normal (PPO34) and CSB (GM10903) lymphoblasts.
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