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Abstract

Several genetic defects of the nucleotide excision repair (NER) pathway, including deficiency of
the Excision Repair Cross-Complementing rodent repair deficiency, complementation group 1
(ERCC1), result in pre-mature aging, impaired growth, microcephaly and delayed development of
the cerebellum. These phenotypes are recapitulated in £rccZ-knockout mice, which survive for up
to 4 weeks after birth. Therefore, we analyzed cerebellar and hippocampal transcriptomes of these
animals at 3 weeks of age to identify the candidate mechanisms underlying central nervous system
abnormalities caused by inherited defects in NER. In the cerebellum, the most prominent change
was the upregulation of genes associated with gliosis. Although Purkinje cell degeneration has
been reported in some mouse strains with NER impairment, the transcripts whose downregulation
is associated with Purkinje cell loss were mostly unaffected by the knockout of Erccl. In the
hippocampus, there was extensive downregulation of genes related to cholesterol biosynthesis.
Reduced expression of these genes was also present in the neocortex of adult mice with reduced
expression of ERCCL1. These changes were accompanied by reduced mRNA expression of the
transcription factor Sterol Regulatory Element Binding Transcription Factor-2 (SREBF2) which is
a master regulator of cholesterol biosynthesis. The downregulation of forebrain cholesterol
biosynthesis genes is a newly identified consequence of ERCC1 deficiency. Reduced cholesterol
biosynthesis may contribute to the neurodevelopmental disruption that is associated with ERCC1
defects and several other NER deficiencies including Cockayne syndrome. In addition, this
reduction may negatively affect the function of mature synapses.
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Background

In humans, genetic defects of the DNA repair machinery often result in neurological
phenotypes (Niedernhofer, 2008). It has been proposed that the origin of these phenotypes
may include disturbed neurodevelopment and/or defective removal of oxidative DNA
lesions whose gradual accumulation becomes toxic to mature neurons (Brooks, 2008). Due
to their postmitotic character, high transcriptional activity, and only limited replacement by
adult neurogenesis, neurons are thought to be particularly vulnerable to DNA damage. DNA
single- and double-strand break repair and nucleotide excision repair (NER) are all critical
for normal development of the nervous system and preventing neurodegeneration (Fishel et
al., 2007).

The NER machinery recognizes and removes helix-distorting DNA lesions, including
ultraviolet radiation-induced pyrimidine dimers, chemical adducts and oxidative lesions.
Two subpathways of NER exist: one that functions throughout the entire genome, termed
global-genome NER (GG-NER), and the other that concentrates on DNA helix distortions
that block RNA polymerases, termed transcription-coupled NER (TC-NER) (Hoeijmakers,
2001). The two pathways converge with the removal of the damaged strand of DNA as an
oligonucleotide by two nucleases: XPG and the heterodimer ERCC1-XPF (Niedernhofer et
al., 2004; Volker et al., 2001).

Deficiency in NER can lead to neurological phenotypes, including neurodegeneration
(Niedernhofer, 2008). For instance, the deletion of murine Xpg results in Purkinje cell (PC)
death (Sun et al., 2001). Conversely, reduced expression of murine or human ERCCL1 is
associated with cerebellar hypoplasia, microcephaly, dystonia and gliosis, but with no
obvious neuronal loss in the cerebellum (Jaspers et al., 2007; Niedernhofer et al., 2006).
Similar to ERCC1-deficient humans, ErccZ-null mice have a limited life span, surviving
only four weeks after birth (Niedernhofer et al., 2006). Mice with partial ERCCL1 deficiency
due to inactivation of one Erccl allele and replacement of the other with a hypomorphic
mutant (Ercc1 ™4 genotype) survive into adulthood while developing progressive
degeneration of spinal cord motor neurons and gliosis throughout the CNS (de Waard et al.,
2010). In the present study cerebellar and hippocampal transcriptome analyses were
performed to define gene expression patterns that may underlie neurological decline in
ERCC1-deficient mice.

Material and Methods

Mice

All animal experiments strictly followed the protocols that were approved by the
Institutional Animal Care and Use Committee of the University of Louisville and the NIH
guidelines. The ErccI*/~ heterozygotes were maintained on C57/BI6 and FVB mouse inbred
backgrounds and generation of the homozygous animals was conducted by crossing these
two Ercc1?/~ lines (Niedernhofer et al., 2006). The resulting outbred background (C57/BI6
X FVB) allowed survival of £rccI™~ mice for up to 4 weeks after birth. Genotyping was
performed as reported previously (Niedernhofer et al., 2006). For all studies on the £rccI™~
mice littermate wild type (wt) controls were used. The adult ErccZ hypomorphic mutant
mice (ErccI™4) were described previously (Dolle et al., 2006). Age-matched wt controls
were used for comparisons. Following euthanasia, the brain regions were dissected and flash

Neurobiol Dis. Author manuscript; available in PMC 2013 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith et al.

Materials

Microarray

Page 3

frozen on dry ice. RNA was isolated using the RNeasy kit (microarray experiments and
qRT-PCR assays in P21 Ercc1™~ mice) (Qiagen, Valencia, Ca) or Tri Reagent (QRT-PCR
assays in £rcc1™4 adult mice) (Sigma).

The following primary and secondary antibodies were obtained from commercial sources:
anti-Calbindin (mouse monooclonal, Santa Cruz Biotechnology, #sc-58699, Santa Cruz CA,
USA,), anti-GFAP (mouse monoclonal, Cell Signaling Technology, #3670, Danvers, MA,
USA), anti-1bal (rabbit polyclonal, Wako Chemicals USA, Inc., #019-19741, Richmond,
VA, USA), Alexa 488-, Alexa 594-conjugated secondary antibodies (Invitrogen).

For microarray analysis RNA was used from three Ercci-null (one male and two females)
and three wt littermate animals (two males and one female). Single-stranded cDNA was
generated from the amplified CRNA using the Whole Transcript Double-Stranded cDNA
Synthesis Kit (Affymetrix). Samples were biotin labeled and hybridized following the
Affymetrix standard protocol for their GeneChip® Expression 3° Amplification One-Cycle
Target Labeling kit (Part# 900493, Affymetrix, Santa Clara, CA). Samples were then
hybridized to Affymetrix MOE 430_2.0 arrays. The arrays were scanned in a GeneChip®
Scanner 3000 7G (Affymetrix, Santa Clara) according to the manufacturer’s instruction. The
microarray data have been deposited to the NCBI Gene Expression Omnibus (GEO) and can
be accessed directly by its designation, GSE31199.

Microarray data analysis

The dChip DNA-Chip analyzer software (Li and Wong, 2001) was downloaded from
www.dchip.org. Default settings were used with the following exceptions: model-based
model method and mismatch probe background subtraction options were employed; fold
change of controls threshold was set to +1.2; to compare the absolute differences between
the groups the log ratio threshold was set to 50; a two-tailed t-test p-value of 0.05 with false
discovery rate (FDR)-correction was used. The DAVID annotation software
(david.abcc.nciferf.gov/) (Huang da et al., 2009b) was used to identify functional clusters
among affected transcripts.

Quantitative Real Time PCR (QRT-PCR)

For gRT-PCR analysis, RNA was used from four ErccI-null (one male and three females)
and four wt littermate animals (two males and two females). Complimentary DNA (cDNA)
was synthesized from a 2 pg aliquot of DNA-free RNA using Cloned AMV First-strand
Synthesis (Invitrogen, Carlsbad, CA, USA) using random hexamer primers and Avian
Myeloblastosis Virus reverse transcriptase (RTase). As controls, mixtures containing all
components except RTase were prepared and treated similarly. All cDNAs were diluted 1:10
with water prior to use. gRT-PCR was conducted using the SYBR Green/Rox PCR
Mastermix (SA Biosciences, Frederick, MD, USA) and the Applied Biosystems 7900HT
cycler (Applied Biosystems, Forest City, CA, USA). mRNA levels were analyzed using the
AAct method (2~AA¢t), Expression values obtained from triplicate determinations of each
cDNA sample were calculated relative to the triplicate values for Gapdh from the same
cDNA sample. Oligonucleotide primer sequences for each gene were designed by using
Integrated DNA Technologies (Coralville, IA, USA) software; their sequences are presented
in supplementary table 3.
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Cresyl violet staining, immunohistochemistry and image capture

Results

Deeply anaesthetized mice were perfused intracardially with cold 0.1M phosphate buffered
saline (PBS) followed by 4% (w/v) paraformaldehyde in 0.1M PBS. Brains were removed
and post fixed over night at 4°C. The following day they were placed in 30% (w/v) sucrose
for up to 72 h. They were then frozen at —80°C until used. Twenty-five um cryostat sections
were cut saggitally. Cresyl violet staining or immunostainings for Calbindin and IBA1 were
conducted using standard protocols. Briefly, after 1 h blocking in 3% BSA, 10% normal
goat serum in PBS/0.1% Triton-X100, sections were incubated with primary antibodies
(1:100 dilutions in blocking buffer, applied at 4°C over night), followed by Alexa 488- or
594-conjugated secondary antibodies (applied for 1 h at room temperature).

Transcriptome response to ERCC1-deficiency is brain region-specific

To identify mechanisms of the neurological decline associated with ERCC1 deficiency, we
used whole genome microarray analysis to compare cerebellar-, or hippocampal
transcriptomes of ErccI-null and wild type (wt) mice at postnatal day 21. We identified 367
or 278 probes corresponding to gene transcripts that were significantly affected by Erccl
deletion in the cerebellum or the hippocampus, respectively (Supplemental Tables 1a and
1b). In the hippocampus, 126 probes detected transcript upregulation and 152 probes
detected transcript downregulation (Fig. 1). Transcriptome changes in the cerebellum
encompassed 267 and 100 probes revealing transcript upregulation and downregulation,
respectively (Fig. 1). Only thirty-five affected transcripts overlapped between the two brain
structures (Fig. 1, Supplemental Table 2). Functional analysis of the altered transcripts using
The Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang da
et al., 2009a, b) revealed no overlap of functional gene clusters enriched in the cerebellum or
the hippocampus of ErccZ-null mice (Tables 1 and 2). Therefore, the transcriptome response
to ERCCL deficiency is brain region-specific.

Of note, the list of genes, which were affected by ERCCL1 deficiency in both the
hippocampus and the cerebellum, does not include Erccl itself. Its transcript was
significantly downregulated only in the hippocampus (probe 1417328 _at, —3.29, p<0.01).
However, its expression in the cerebellum showed a downward trend (probe 1417328 _at,
-2.67, p<0.07). While similar relative levels of the Erccl transcript were detected in the
hippocampus and the cerebellum of wt mice, the hippocampal samples showed more
consistency (normalized mean signal intensity+SD in the wt hippocampus and the wt
cerebellum was 196+24.3 and 169154, respectively). Conversely, in ErccI-null animals,
similar relative downregulation of that transcript was detected (relative signal intensity in
the hippocampus and the cerebellum was 60+9 and 63+7.3, respectively). A potential reason
for the greater variability of £rccZ mRNA levels in the wt cerebellum could be its lower
absolute expression levels than those in the hippocampus. Indeed, in young adult mice, the
hippocampus shows the highest expression of ErccI mRNA (Allen Brain Atlas).

Cerebellar gene expression patterns in ERCC1-deficient mice indicate the presence of
reactive gliosis and maintenance of PCs

In the cerebellum, several enriched clusters were identified. The greatest enrichment scores
were for three clusters including glycoproteins/secreted proteins, lysosomes/vacuoles and
postsynaptic membranes/cell junctions (Table 1). Most of the affected genes in these clusters
were upregulated suggesting their association with reactive gliosis and/or tissue remodeling.
Literature-assisted functional analysis of upregulated genes at the individual probe level
confirmed extensive representation of transcripts that are associated with reactive astrocytes
and/or microglial cells (29 probes targeting 25 genes, Tables 3A, 3B and 3C). Only limited
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changes in those transcripts were present in the ERCC1-deficient hippocampus (5 probes
targeting 4 genes, Fig. 2). In addition, immunostaining for the reactive astroglia marker,
glial fibrillary acidic protein (GFAP) and the reactive microglia marker, ionized calcium
binding adaptor molecule-1 (IBA1), demonstrated increased presence of reactive glial cells
in the cerebellum, but not hippocampus, of ErccZ-null mice at P21 (Fig. 2B and data not
shown).

Since neurodegeneration is often a trigger for reactive gliosis and PC degeneration occurs in
response to deficiency of the NER nuclease XPG, we compared our microarray results to a
set of 66 probes detecting PC loss-associated downregulation of 44 transcripts in the
cerebellum of Purkinje cell death (Pcd) mutant mice (Rong et al., 2004) (Supplemental
Table 3). At least 53 of these probes detect 33 transcripts that are enriched in Purkinje cells
of young adult wt mice (Allen Brain Atlas). However, in the ErccZ-null cerebellum, most of
the Pca-downregulated transcripts were unaffected (Fig. 3A, Table 4). Only one of them
(Gria2, targeted by 2 probes) was downregulated, while four other genes were upregulated
(Table 4). We confirmed the absence of PC degeneration by showing their normal
morphological appearance in the ERCC1-deficient mice (Fig. 3B).

However, since ErccI-null mice have a maximum lifespan of 4 weeks, it is possible that this
is inadequate time to develop PC degeneration. Therefore, we analyzed expression of
several Pca-downregulated transcripts in the cerebella of adult, 24-30 week old Ercc1™74
mice, which express approximately 10% of the normal complement of ERCC1 and show
profound symptoms of neurodegeneration including ataxia (de Waard et al., 2010). None of
the mRNAs associated with PC degeneration was significantly affected in the £rccZ™2 mice
as compared to age-matched controls (Fig. 3C). In contrast, increased Gfap mRNA levels
confirmed the presence of gliosis (6.3 fold of control, p<0.05). These results suggest that in
the ERCC1-deficient mouse cerebellum, PCs are not compromised and that factors other
than PC degeneration induce reactive gliosis.

Hippocampal gene expression patterns in ERCC1-deficient mice indicate impairment of
cholesterol biosynthesis

DAVID analysis of the hippocampal transcriptome identified several functional clusters that
were enriched in ErccI-null mice. The greatest enrichment score was for overlapping
clusters of genes involved in biosynthesis and metabolism of cholesterol (Table 2). Other
clusters with lesser, yet significant, enrichment included oxidoreductases, plasma membrane
components, lipoproteins, and synaptogenesis/neurotransmitter release genes (Table 2).
Downregulation was the dominant direction for all those clusters except for the
oxidoreductases.

Among the DAVID-identified components of the cholesterol biosynthesis/metabolism
cluster, seven of eight affected genes (9 of 10 probes) were downregulated and one was
upregulated (a single probe). Moreover, literature-assisted analysis revealed three additional
downregulated genes, protein products of which are implicated in cholesterol biosynthesis
and metabolism (Nsdhl, Stard4 and Insigl). The identified transcripts are listed in Table 5.
Downregulation of four of the affected genes was also observed using gRT-PCR (Table 5,
p<0.05). In addition, one other transcript (Sc4mol) showed a trend towards downregulation
when analyzed by gRT-PCR (p<0.07, data not shown). The effect of ERCC1 deficiency on
cholesterol biosynthesis and metabolism was hippocampus-specific, since no major changes
to this pathway were identified in the cerebellum of £rccZ™~mice by either microarray
analysis or qRT-PCR (Fig. 4A and data not shown).

Among the downregulated genes, eight encode enzymes that catalyze 12 different reactions
of the cholesterol biosynthesis pathway (Fig. 4B, Table 5). The two other downregulated
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genes, Stard4 and /nsigI encode an intracellular cholesterol transporter and a cholesterol
sensor, respectively (Nohturfft and Zhang, 2009; Soccio et al., 2005). The latter protein
provides a negative regulatory feedback to the Sterol Regulatory Element Binding
Transcription Factor-2 (SREBF2/SREBP2) which is the master transcriptional regulator for
multiple cholesterol biosynthesis and metabolism genes (Nohturfft and Zhang, 2009). Both
Stard4 and /nsig1 are co-regulated by SREBF2 together with genes for cholesterol
biosynthesis enzymes (Nohturfft and Zhang, 2009; Soccio et al., 2005). As all brain
cholesterol is synthesized locally (Dietschy and Turley, 2001), such expression changes in
cholesterol biosynthesis genes suggest lower cholesterol production in the ERCC1-deficient
hippocampus.

Abcal is the only upregulated gene of the cholesterol cluster. It encodes a transporter protein
that mediates extracellular efflux of cholesterol (Fig. 4B) (Dietschy and Turley, 2001). Its
upregulation was also present in £rccZ™~ mouse cerebella. Consistent with this, serum
cholesterol levels are significantly elevated in ERCC1-deficient mice (Gregg et al., 2011a).

Altered expression and/or activity of SREBF2 is implicated in expression changes of
multiple cholesterol biosynthesis-associated genes (Espenshade and Hughes, 2007;
Nohturfft and Zhang, 2009; Suzuki et al., 2010; Valenza et al., 2005). Therefore, Srebf2
mMRNA levels in the ERCC1-deficient hippocampus were measured using qRT-PCR.
Despite the fact that no change in the levels of this transcript was detected by microarray
analysis, qRT-PCR revealed its 36% reduction (Fig. 4C, p<0.05). Conversely, ERCC1-
deficiency did not affect SREBF2 mRNA levels in the cerebellum (data not shown). Finally,
gRT-PCR analysis demonstrated reduced expression of SREBF2 as well as two of its
cholesterol biosynthesis target genes, Dhcr24 and Hmgcsl, in the cerebral cortex but not the
cerebellum of the adult £rccZ™4 mice (Fig. 5A and data not shown). Hence, the decrease of
SREBF2 expression likely contributes to downregulation of the cholesterol biosynthesis and
metabolism pathway in ERCC1-deficient forebrains. Furthermore, this reduction is not a
mere reflection of the developmental delay in brain growth that is associated with ERCC1
deficiency, but persists into adulthood, after brain development is completed.

Discussion

The analysis of the cerebellar and hippocampal transcriptomes from ERCC1-deficient mice
at P21 revealed that loss of the NER factor ERCC1 significantly alters gene expression
patterns in a brain structure-specific manner. Transcriptome signature of reactive gliosis
without any evidence of PC degeneration was observed in the cerebellum. In the
hippocampus, suppression of the cholesterol biosynthesis pathway was the most robust
effect caused by ERCC1 deficiency. This change was also observed in the cerebral cortex of
adult mice hypomorphic for ERCCL1 expression. Therefore, suppression of cholesterol
biosynthesis genes in ERCC1-deficient mice is not developmentally restricted.

Absence of PC degeneration and presence of cerebellar gliosis is consistent with
morphological observations from a different £rccZ-null mouse line (Lawrence et al., 2008).
Our study extends those initial observations by including adult mice with a hypomorphic
ErccI mutation and by scrutinizing a transcriptional signature of PC loss (Rong et al., 2004).
Evaluating the expression of mostly PC-enriched transcripts, whose downregulation is
associated with PC degeneration in Pcd mutant mice, may detect a submicroscopic injury to
PCs. However, it also has limitations as the analyzed cerebellar RNA is isolated from all
cellular components of that brain region. Therefore, PC degeneration-associated
downregulation of PC-enriched transcripts may have been obscured by their upregulation in
other cerebellar cells such as granule neurons or glia. However, as in our analysis only one
of 33 PC-enriched transcripts (2 of 53 probes, Supplemental Table 3) was downregulated,
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the likelihood of missing major degenerative changes in PCs due to transcriptional changes
in other cells appears to be low. Hence, our results indicate that at least in ERCC1-deficient
cerebellum of P21-old mice, PC degeneration is not likely the trigger for gliosis. Such a
conclusion is further supported by our morphological observations that the greatest
frequency of reactive glia appears in cerebellar white matter but not the PC or molecular
layer of the cerebellar cortex (Fig. 2). Interestingly, an extensive study of the CNS
morphology in adult mice with the hypomorphic ErccZ mutation revealed motoneuron and
glial cell death in the spinal cord grey- and white matter, respectively (de Waard et al.,
2010). Therefore, oligodendrocytic-, but to a lesser extent, neuronal degeneration may
contribute to gliosis in the ERCC1-deficient cerebellum. Unlike in the cerebellum, no
extensive gliosis was found in the hippocampus of ErccZ-null animals suggesting that at
least at P21, the hippocampus was relatively unaffected by degenerative changes that would
have been capable of inducing glial reactivation.

Unexpectedly, we observed that several genes whose products are involved in cholesterol
biosynthesis and metabolism were downregulated in the Ercc-null hippocampus. The
presence of these Erccl genotype-related differences in experimental groups of mixed
gender is consistent with other reports suggesting no major sexual dimorphism of brain
cholesterol biosynthesis (Flynn, 1984; Quan et al., 2003). However, as gender may affect
expression of cholesterol biosynthesis genes in the liver one can speculate that increasing
animal number and using sex as an additional factor in the analysis could reveal even greater
effects of ERCC1 deficiency on cholesterol biosynthesis in the brain (De Marinis et al.,
2008).

Local cholesterol biosynthesis is the critical source of all brain cholesterol with little or no
cholesterol import from the periphery (Dietschy and Turley, 2001). Conversely, the
availability of cholesterol limits cell membrane production (Nohturfft and Zhang, 2009).
Indeed, in the ERCC1-deficient hippocampus, downregulation of the cholesterol
biosynthesis pathway is accompanied by reduced expression of genes encoding plasma
membrane proteins and lipoproteins (Table 2). Therefore, one can expect that ERCC1
deficiency will likely impair membrane biogenesis-dependent processes in the brain such as
myelination, synaptogenesis, synapse maintenance, and/or brain cell growth (du Souich et
al., 1993; He et al., 2011; Hennekam, 2005; Hering et al., 2003; Mauch et al., 2001; Saher
and Simons, 2010).

Cholesterol biosynthesis in the rodent brain peaks during the first three weeks of postnatal
development, with most of the produced cholesterol being incorporated into myelin sheets
(Quan et al., 2003; Saher and Simons, 2010). The possibility that ERCCL1 deficiency-
associated changes of cholesterol biosynthesis genes are linked to the impairment of
myelination is supported by the moderate, yet significant downregulation of such transcripts
as Mbp (-1.24) or Grin2C (-1.23), which in the developing mouse hippocampus are
associated with differentiating oligodendrocytes (Allen Brain Atlas). In addition, as
cholesterol biosynthesis is critical for synaptogenesis and synapse maintenance (Hering et
al., 2003; Mauch et al., 2001), concomitant reductions in that pathway and several
synaptogenesis/synaptic function-related genes that were observed in the ERCC1-deficient
hippocampus suggest a possible relationship between these phenomena (Table 2). The fact
that impairment of cholesterol biosynthesis is more extensive than downregulations of
myelination-, synaptic- or plasma membrane/lipoprotein markers indicates that it is not a
secondary response to neurodevelopmental disturbances that are present in ERCC1-deficient
mice. That conclusion is also supported by the persistent downregulation of at least some
components of the cholesterol biosynthesis pathway that was observed in the cerebral cortex
of adult £rcc174 mice. Finally, lack of a pronounced gliosis response makes it unlikely that
reduced cholesterol biosynthesis in the hippocampus follows neurodegeneration. Instead,
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reduced cholesterol synthesis could initiate membrane biogenesis impairment resulting in
defective myelination, synaptogenesis and brain growth. Therefore, downregulation of the
cholesterol biosynthesis pathway may contribute to the neurological disease that is
associated with the loss of ERCC1.

The downregulation of cholesterol biosynthesis genes in the central nervous system is not
unique to ERCC1-deficient mice. Similar changes were observed in spinal motoneurons
from mice suffering of a motoneuron disease in response to reduced CNS expression of
VEGF (Brockington et al., 2010). Likewise, downregulation of those genes and also lower
levels of cholesterol precursors were found in the striatum of transgenic mice that express
the Huntington disease (HD)-associated versions of human huntingtin (Valenza et al., 2007;
Valenza et al., 2005). Similar changes were observed in post mortem human samples of HD
brains (Valenza et al., 2005). Expression of at least some components of the cholesterol
biosynthesis pathway is reduced in Alzheimer’s disease-affected brain structures (Greeve et
al., 2000). Although such findings could suggests a link between reduced production of
cholesterol and neurodegeneration, suppression of the cholesterol biosynthesis pathway was
also observed in the hypothalamus and the cerebral cortex of diabetic mice without any
major neurodegenerative pathology in the CNS (Suzuki et al., 2010). However, in that case
lower cholesterol production in the brain was linked to altered lipid composition of the
synapses and changes in animal behavior (Suzuki et al., 2010). Interestingly, age-dependent
impairment of hippocampal function including reduced LTP and learning has been recently
reported in £rccI ™4 mice as well as in mice with conditional deletion of £rcc1 in forebrain
neurons (Borgesius et al., 2011). We speculate that suppression of cholesterol biosynthesis
may contribute to the cognitive dysfunction that is associated with ERCC1 deficiency.

Our results suggest that the ERCC1 deficiency-associated downregulation of the cholesterol
biosynthesis pathway is at least in part due to lowered expression of its master transcription
factor SREBF2 (Espenshade and Hughes, 2007; Nohturfft and Zhang, 2009). Reduced
activity of that factor has been implicated in suppression of cholesterol production in HD
mice (Valenza et al., 2005). Interestingly, at least in the murine forebrain, SREBF2
expression is maintained by insulin from the periphery (Suzuki et al., 2010). Lack of insulin
and the subsequent reduction of SREBF2 expression/activity have been proposed as major
culprits to the negative effects of diabetes on brain cholesterol biosynthesis (Suzuki et al.,
2010). Therefore, it is tempting to speculate that downregulation of forebrain SREBF2 in
ERCC1-deficient mice may be a result of hypoinsulinemia and/or defects in growth
hormone signaling, both of which characterize these animals (Niedernhofer et al., 2006).
Alternatively, SREBF2 could be negatively regulated by the unrepaired DNA damage that is
expected to accumulate in the brains of ERCC1-deficient animals (Niedernhofer et al.,
2006). Finally, a recent demonstration that ERCC1 may play a role in transcription control
indicates yet another possibility that ERCCL1 directly contributes to transcriptional regulation
of the Srebf2 gene and/or its downstream targets (Le May et al., 2010).

HMG-CoA reductase (HMGCR) is the rate-limiting enzyme of cholesterol biosynthesis and
its expression is regulated by SREBF2 (Espenshade and Hughes, 2007; Goldstein and
Brown, 1990). However, the Hmgcrtranscript seemed unaffected in the ErccZ-null
hippocampus as analyzed by microarrays. While the reasons for this apparent discrepancy
between unaltered Hmgcr mRNA levels and reduced expression of Srebf2and other
cholesterol biosynthesis genes are unclear, similarly uneven effects on expression of
cholesterol biosynthesis genes/enzymes have been previously reported in the nervous system
(Brockington et al., 2010; Fitzky et al., 2001). In addition, HMGCR is extensively regulated
at posttranslational level including its inhibition by cholesterol precursors and metabolites.
Hence, disruptions of further steps of cholesterol synthesis and/or metabolism may inhibit
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HMGCR activity without affecting Hmgcr mRNA levels (Espenshade and Hughes, 2007;
Fitzky et al., 2001; Goldstein and Brown, 1990).

Transcriptome analysis of the livers from ERCC1 deficient mice revealed several
compensatory changes in response to the increased genotoxic challenge in these animals
(Niedernhofer et al., 2006). They included suppression of somatotrophic axis, reduced
oxidative metabolism, and enhanced DNA repair. The somatotrophic suppression was
proposed to be the primary driver for the key phenotypic features associated with ERCC1
defects such as general growth inhibition and accelerated aging (Gregg et al., 2011b;
Niedernhofer et al., 2006). As we have not seen much overlap between the brain and liver
transcriptome responses, we speculate that the cholesterol biosynthesis pathway may be the
key effector for the somatotrophic axis to stimulate growth of the brain. Hence, lower
somatotrophic drive in response to ERCC1 deficiency could suppress cholesterol
biosynthesis in the brain reducing growth of that organ. In fact, mutations in several
cholesterol biosynthesis genes such as Dhcr24, Nsdhl, or Sc4mol, which are also
downregulated in ErccZ-null mice, produce developmental disorders whose manifestations
include microcephaly and mental retardation (du Souich et al., 1993; He et al., 2011,
Hennekam, 2005). However, further studies are needed to determine (/) what are the effects
of ERCC1 deficiency on the levels of cholesterol as well as its precursors and metabolites in
the brain, and (/7)) whether downregulation of cholesterol biosynthesis genes contributes to
the neurological phenotype in ERCC1-deficient mice and humans.

Conclusions

Our data revealed non-overlapping transcriptional responses in the cerebellum and the
hippocampus of ERCC1-deficient mice. In the cerebellum, reactive gliosis and the absence
of PC degeneration suggest action of a yet unidentified gliosis-inducing stimulus. In the
hippocampus, downregulation of the cholesterol biosynthesis pathway indicates a novel
mechanism that may underlie neurodevelopmental disturbances and/or neurological
symptoms that are associated with ERCC1 defects.
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FDR false discovery rate
PBS phosphate buffered saline
GG-NER global-genome NER
TC-NER transcription-coupled NER
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Hippocampus Cerebellum

Figure 1.

The number of whole mouse genome microarray probes detecting significantly up- or
downregulated gene transcripts in the hippocampus and the cerebellum of £rcc1™~ mice at
postnatal day 21 (P21). The transcriptome responses in these brain structures are mostly
non-overlapping.
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Figure 2.

Gliosis is a prominent response in the cerebellum but not the hippocampus of £rcc1™~ mice.
A, Twenty-nine probes for genes associated with reactive gliosis detected upregulated
transcripts in the cerebellum of £rccZ™~ mice. Only five of them revealed upregulated
transcripts in the hippocampus. Upregulated or unchanged probes are depicted by red and
white circles, respectively. More details on gliosis genes are presented in Table 3. B, Gliosis
in the ERCC1-null cerebella was confirmed by the presence of hypertrophic astroglia and
microglia with intense immunofluorescence staining for the glial fibrillary acidic protein
(GFAP, green), and the ionized calcium binding adaptor molecule-1 (IBA1, red),
respectively. Cerebellar regions are labeled: white matter (WM), granule layer (GL),
molecular layer (ML).
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Figure 3.

Maintenance of Purkinje cells (PCs) in the ERCC1-null cerebellum. A, Only two of sixty-six
probes for genes whose downregulation is associated with the selective loss of PCs in a Pcd
mutant mice were downregulated in the cerebellum of ERCC1-null mice at P21. The Pcd
data are from Rong et al., 2004 (Rong et al., 2004); downregulated-, upregulated-, or
unchanged probes are indicated by green, red or white circles, respectively. Table 4 presents
more details on Pca-downregulated genes that are affected in £rccI mutants; a complete list
of the Pca-downregulated genes is provided in Supplemental Table 3. B, PCs are present in
the ERCC1-null cerebellum as determined by cresyl violet staining or immunofluorescence
for the somatodendritic PC marker calbindin. Arrows indicate PC cell bodies. Calbindin-
labeled PC dendrites appear similar in the ERCC1-null-, or, wt cerebellum. Three P21
animals were analyzed for each genotype; representative photomicrographs are shown. C,
PC maintenance in the cerebellum of the adult £rccZ 4 mice. Quantitative RT-PCR of a
subset of PC-enriched- and Pca-downregulated transcripts reveals no significant changes in
the cerebellum of the adult £rccZ™4 mice. Means+SEM from three Ercc1™4 (2 females, 1
male) and three control animals (1 female, 2 males) are depicted; NS, p>0.05.
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Figure4.

Downregulation of genes encoding components of the cholesterol biosynthesis and
metabolism pathway in the ERCC1-null hippocampus. A, Comparison of the signals
detected with the probes for the affected components of the pathway identified by DAVID-
and the literature-assisted analyses in the hippocampus and the cerebellum of Ercc1™~
animals. Only 1 of 11 probes that identified downregulated transcripts in the hippocampus
revealed a similar change in the cerebellum (/diZ). A single probe (Abcal) detected an
upregulated transcript in both brain structures. Downregulated, unchanged or upregulated
probes are indicated by green, white or red circles, respectively; more details are presented
in Table 5. B, A schematic representation of the cholesterol biosynthesis and metabolism
pathway. The downregulated and upregulated components are indicated in green and red,
respectively; the changes confirmed by gRT-PCR are indicated by asterisks; not all
intermediates are shown, each arrow represents one step in the pathway. C, Decreased
mRNA levels of the master transcription factor for the cholesterol biosynthesis and
metabolism pathway genes Srebf2in the Ercc1™~ hippocampus. Data represent the mean
+SEM of three wild-type and four £rccZ™~ mice, *, p<0.05.
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Figure5.

Reduced mRNA levels for the components of cholesterol biosynthesis pathway in the
neocortex of adult mice with partial deficiency of ERCC1. A, Quantitative RT-PCR revealed
lower mRNA levels for the critical cholesterol biosynthesis enzymes Dhcr24 and Hmgcsi as
well as their transcriptional regulator Srebf2. Data represent means SEM of thirteen
Ercc1™2 (eight males and five females) and seven control animals (four males and three
females); **, p<0.01; NS, p>0.05. B, We propose that in the ERCC1-deficient forebrain,
reduced expression of Srebf2results in downregulation of cholesterol biosynthesis. Such
downregulation could negatively affect various cholesterol dependent processes including
brain growth, synaptogenesis, myelination and the maintenance of mature synapses.
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Smith et al.

Purkinje cell death (Pcd)-downregulated transcripts are mostly unaffected in the £rcc1™ cerebellum

Upregulated genes! Probes Fold change?
Far 1437308_s_at 15
Fgf7 1438405 _at 18
Gaf10 1424007 _at 1.5
1tih3 1449123 _at 2.0
Downregulated genesl Probes Fold changez
Grid? 1421435_at -1.3
1421436_at -14
Unaffected genesl Probes Fold change2
39 genes 60 probes unchanged

'chaﬂdownregulated transcripts as defined by Rong et al, (2004); full list of pca-downregulated genes is in Supplemental Table 3.
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Smith et al.

Downregulation of cholesterol biosynthesis and metabolism genes in the £rcc™ hippocampus.

Table 5

Genename | Probes Fold changel | P-value | grRT PCR Validation (p<0.05)2
1di1 1423804 _a_at -2.0 0.0095 Downregulated
Cyp51 1450646_at -15 0.0240 Unchanged
Nsahl 1416222_at -15 0.0297 Downregulated
Amgest | Ligsigesca | 13 | 0os Unchanged
Dher24 1451895 _a_at -14 0.0151 Downregulated
N EE
Insigl 1454671 _at -14 0.0311 Unchanged
Sc4mol 1423078_a_at -1.4 0.0260 Unchanged
StarD4 1455011 _at -14 0.0498 Unchanged
Abcal 1421840_at 14 0.0255 Unchanged
Acly 1439459 x_at -12 0.0037 nd3

1
of wt controls

2
one-way ANOVA

3not determined
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