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Abstract

We have recently reported the creation and initial characterization of an etiology-based
recombinant mouse model of a severe and inherited form of Major Depressive Disorder (MDD).
This was achieved by replacing the corresponding mouse DNA sequence witha6-base DNA
sequence from the human CREB1promoterthat is associated with MDD in individuals from
families with recurrent, early-onset MDD (RE-MDD). In the current study, we explored the effect
of the pathogenic Crebl allele on gene expression in the mouse hippocampus, a brain region that
is altered in structure and function in MDD. Mouse whole-genome profiling was performed using
the Illumina MouseWG-6 v2.0 Expression BeadChip microarray. Univariate analysis identified
269 differentially-expressed genes in the hippocampus of the mutant mouse. Pathway analyses
highlighted 11 KEGG pathways: the phosphatidylinositol signaling system, which has been
widely implicated in MDD, Bipolar Disorder, and the action of mood stabilizers; gap junction and
long-term potentiation, which mediate cognition and memory functions often impaired in MDD;
cardiac muscle contraction, insulin signaling pathway, and three neurodegenerative brain disorders
(Alzheimer’s, Parkinson’s, and Huntington’s Diseases) that are associated with MDD; ribosome
and proteasome pathways affecting protein synthesis/degradation; and the oxidative
phosphorylation pathway that is key to energy production. These findings illustrate the merit of
this congenic C57BL/6 recombinant mouse as a model of RE-MDD, and demonstrate its potential
for highlighting molecular and cellular pathways that contribute to the biology of MDD. The
results also inform our understanding of the mechanisms that underlie the comorbidity of MDD
with other disorders.
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INTRODUCTION

Major depressive disorder (MDD) has an estimated lifetime prevalence of about 16.5% (F/M
ratio ~2) and is a leading cause of suffering and disability worldwide [Kessler et al., 2005;
Lopez et al., 2006]. It is also an important contributor to mortality from all causes, including
suicide [Zubenko et al., 2001], and has been estimated to be among the costliest and most
disabling of medical disorders from an economic perspective [Greenberg et al., 2003].
Unfortunately, our understanding of the underlying causes of this disorder remains
rudimentary, and existing treatments are often only partially effective or ineffective and are
commonly associated with poorly tolerated side effects. Twin and adoption studies indicate
that genetic factors account for 40-70% of the risk of developing MDD [for review, see
Zubenko et al., 2001]. The inherited determinants appear to be many, and may differ from
case to case, but some of the relevant factors are becoming known, including rare sequence
variants of the human CREB1 promoter that we have discovered in families with recurrent,
early-onset MDD (RE-MDD)[Zubenko et al., 2002, 2003a,b; Zubenko and Hughes, 2008,
2009, 2010; Maher et al., 2010].

A better understanding of the cellular and molecular brain mechanisms that lead to the
expression of MDD and the mechanism of action of existing antidepressants seems
prerequisite to preventing or reducing the global burden of this major public health problem.
Studies of MDD are constrained by numerous factors including the complexity of the brain
and our limited understanding of normal brain functioning, the inaccessibility of the brain in
living subjects, and the limitations inherent in postmortem studies. The development of a
valid animal model for any form of MDD, a model that faithfully reflects one or more brain
mechanisms that lead to MDD, could significantly accelerate the pace toward achieving
these goals.

The laboratory mouse has many features that make it an attractive model organism for the
study of human diseases, including their striking similarity to humans in anatomy,
physiology, and genetics, and shared features of the brain in limbic structures thought to
mediate mood and reward. We have recently reported the creation and initial
characterization of the first etiology-based recombinant mouse model of MDD [Zubenko
and Hughes, 2011, 2012; Zubenko et al., 2014]. This was achieved by replacing the
homologous mouse DNA sequence with a 6-base DNA sequence from the human CREB1
promoter that is associated with the development of MDD in both men and women from
families identified by probands with recurrent, early-onset MDD (RE-MDD). This congenic
mutant C57BL/6NTac mouse line is based on a rare, highly penetrant, pathogenic mutation
in the human CREBL1 promoter [Zubenko and Hughes, 2010], rather than psychological
hypotheses or stress paradigms, and it mimics the brain mechanism that leads to MDD in
some humans, rather than symptoms or antidepressant responsiveness. In our initial
characterization, the mutant mice exhibited several features that were reminiscent of the
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human disorder, including alterations of Crebl expression, brain development, behavior,
and increased infant mortality [Zubenko et al., 2001, 2014 Zubenko and Hughes, 2011,
2012].

In the current study, we explored mechanistic effects of the pathogenic Crebl allele on gene
expression in the mouse hippocampus, a brain region that is altered in MDD and likely plays
an important role in the expression of pathological depression in humans [Sapolsky, 2001;
MacQueen et al., 2003; Campbell and MacQueen, 2004; Li et al., 2014]. The hippocampus
also plays a critical role in learning and memory, brain functions that are dependent on
Crebl across a wide range of animal species, including humans [Zubenko et al., 2001; Scott
et al., 2002; Weeber and Sweatt, 2002; Lee et al., 2008; Barco and Marie, 2011], and it is
notable that cognitive impairment is common among individuals with MDD across the
lifespan [APA, 2013]. Mouse whole-genome profiling was performed using the lllumina
MouseWG-6 v2.0 Expression BeadChip microarray, which probes more than 45,200
transcripts and offers the most up-to-date content for mouse whole-genome expression
profiling currently available [Jan 20, 2014: http://www.illumina.com/products/
mousewg_6_expression_beadchip_kits_v2.ilmn]. The mediators of abnormal function in
mood disorder are expected to be complex, and pathway analysis to define disruptions in
cell processes contributed to the biological interpretations of the findings.

MATERIALS AND METHODS

Mouse Breeding, Genotyping, and Brain Dissection

The construction and initial characterization of our congenic C57BL/6NTac mouse line
carrying the 5’-TCCCCG-3'sequence at positions —170 to —165 of the recombinant Crebl
allele has been previously published [Zubenko and Hughes, 2011, 2012; Zubenko et al.,
2014]. Mice used in this study were bred at The Jackson Laboratory (JAX; Bar Harbor, ME)
and subjected to behavioral phenotyping at PsychoGenics Inc. (PGI; Tarrytown, NY), as
previously described [Zubenko and Hughes, 2011]. Both facilities are AAALAC-accredited
(Association for Assessment and Accreditation of Laboratory Animal Care International)
and employ specific-pathogen-free vivaria. Mice were provided fresh food and water ad
libitum. Genotyping of these animals for the recombinant Crebl allele was performed at the
University of Pittsburgh, using frozen tail biopsies as previously described [Zubenko and
Hughes, 2011]. Brains from mutant mice and wild-type mice were removed immediately
following euthanasia and decapitation at PG, dissected on dry ice, and stored at —80 °C.
Protocols involving mice were approved by Institutional Animal Care and Use Committees
of JAX, PGl, and the University of Pittsburgh. Information on mouse genes was obtained
from the Mouse Genome Informatics website, The Jackson Laboratory, Bar Harbor, Maine.
World Wide Web (URL.: http://www.informatics.jax.org) [Blake et al., 2014].

RNA Isolation and Microarray Analysis of Hippocampal Gene Expression

Hippocampal tissue was stored at —80°C prior to RNA extraction with TRIzol® Reagent
(Life Technologies; Carlshbad, CA), according to the manufacturer’s protocol. The quality of
the resulting RNA preparations was affirmed by A260/A280 nm wavelength ratios of 2.09-
2.10. RNA integrity was verified with an Agilent 2100 Bioanalyzer (Agilent; Santa Clara,
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CA) that reported RNA integrity numbers of 7.8-8.9 for the six samples [Schroeder et al.,
2006].

Mouse whole-genome profiling was performed using the Illumina BeadChip® platform
(IMumina; San Diego, CA). According to the manufacturer, probes on the Illumina
MouseWG-6 v2.0 Expression BeadChip were derived from the National Center for
Biotechnology Information Reference Sequence (NCBI RefSeq) database (Build 36, release
22), supplemented with probes derived from the Mouse Exonic Evidence Based
Oligonucleotide (MEEBO) set as well as exemplar protein-coding sequences described in
the RIKEN FANTOM2 database. The MouseWG-6 v2.0 BeadChip contains the full set of
the MouseRef-8 Expression BeadChip probes with an additional 11,603 probes from the
above databases. Hybridization of hippocampal RNA to the MouseWG-6 v2.0 Expression
BeadChip was performed in duplicate using the Direct Hybridization Assay according to the
manufacturer’s protocols. The resulting BeadChips were scanned and individual
hybridization signals were quantified using an lllumina BeadArray Reader. These
procedures were performed by the Genomics and Proteomics Core Laboratories (GPCL) of
the Health Sciences at the University of Pittsburgh.

Identifying Differentially Expressed Genes

The optimal criterion for demarcation of differential expression from the replicate data
obtained using hippocampal RNA samples from three 24-week-old female, homozygous
mutant mice and three age/sex-matched, wild-type mice was identified using Efficiency
Analysis [Jordan et al., 2008]. This objective approach allows the empirical study of the
reproducibility of competing methods for the inference of differential expression via
efficiency curves, which relate two measures: internal consistency and the threshold of
significance. Well-applied methods have high internal consistency at reasonable, stringent
levels of significance.

Efficiency analysis was implemented in caGEDA [Patel and Lyons-Weiler, 2004; http://
helen.genetics.pitt.edu:8080/GE2/GEDA . .html]. In total, 252 combinations of
transformation, normalization and tests were evaluated for internal consistency over the
complete range of thresholds for each criterion. The method combinations were evaluated at
the replicate level (across arrays). Gene-level expression was determined by the replicates,
and group-wise expression values were determined by averaging across replicates after
normalization. The optimal threshold of expression was identified as described by Jordan et
al. [2008].

Pathway Analysis

A list of accession numbers of the differentially expressed genes and their accompanying J5
scores were input into Pathway Express [Khatri et al., 2007; Draghici et al., 2007]. Pathway
Express utilizes the KEGG Pathway database [Kanehisa and Goto, 2000; Kanehisa et al.,
2014] and applies a hypergeometric test to identify pathways (functionally related gene sets)
enriched in the list of differentially expressed genes. P-values were corrected for multiple
comparisons and pathways exhibiting corrected P-values of less than 0.05 were considered
significant. The identification of differentially-expressed genes and subsequent pathway
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analysis were performed by the Bioinformatics Analysis Core of the GPCL at the University
of Pittsburgh.

Further, pathway analysis was conducted to test the hypothesis that specific pathways might
be effected in a manner in which only a few of the genes exhibit high expression differences
between groups in the univariate mutant vs. wild-type comparison (pathway significance
test, PST). For each pathway p of interest, a statistic, (2]Aj|p) was calculated as the sum of the
absolute value of the differences in normalized gene express for all i = 1 to g genes in the
pathway. Then, 100,000 pseudopathways of size g were sampled, at random, from all the
genes on the array, and (X|Ajlnu) calculated for each pseudopathway. The pathway was
considered to have a significant overall difference if, in the 100,000 draws, the proportion of
draws with (3[Ajlnun) = (Z[Ajlp) was greater than 5%. To avoid the possibility of circular
inference, genes in pathways of interest that were also found to be differentially expressed
by J5 were excluded.

Whole genome expression profiling was performed using high-quality RNA extracted from
flash-frozen hippocampal tissue from three 24-week-old female, homozygous mutant mice
and three age/sex-matched, wild-type mice. Adult mice of this age are old enough to have
fully-developed brains and young enough that senescent changes would not yet have
occurred. Mice of the same sex were used to avoid sex effects, and female mice where
chosen because MDD (including RE-MDD) is more common in women than men.
Hybridization of hippocampal RNA to the MouseWG-6 v2.0 Expression BeadChip was
performed in duplicate, the resulting 12 microarrays were scanned, and individual
hybridization signals were quantified using an lllumina BeadArray Reader.

Differentially-Expressed Hippocampal Genes in the Mutant Mouse

Efficiency Analysis indicated that the J5 Test [Patel and Lyonsweiler, 2004] with Quantile
95 normalization (threshold = 15.0) and no data transformation produced the highest amount
of internal consistency, and thus was used for subsequent feature selection. A J5 test
threshold of 15.0 resulted in the retention of 269 genes, and produced the following quality
measurements: between-mean array correlation (after normalization) = 0.997; between array
coefficient of variation (after normalization) = 0.03; confounding index (after normalization)
= 1.0. A list of these 269 differentially-expressed genes is presented as supplementary online
material (Table 1S) in descending magnitude of their J5 scores. Four of the differentially-
expressed genes were probed twice, and the hybridization results exceeded the J5 threshold
for significance independently in all eight cases. These findings support the reliability of our
method for detecting differentially-expressed genes.

The top 25 differentially-expressed hippocampal genes from Table 1S are presented in Table
I (note: MT-ND1 and 0610040015RIK encode the same protein). All 25 genes exhibited
greater expression in the hippocampi of the homozygous mutant mice compared to the
brains of age/sex-matched, congenic, wild-type mice, as reflected by positive J5 scores. At
least eight of these genes encode products involved in protein synthesis (7 ribosomal protein
genes and 4 genes predicted to be similar to ribosomal protein genes) or protein degradation
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(UBB, which encodes ubiquitin, a highly conserved protein that targets proteins for
degradation by the 26S proteasome). Six unique genes encode mitochondrial proteins (5
mitochondrial genome-encoded, one nuclear-encoded) required for mitochondrial function.
In summary, over half of the top 25 differentially-expressed (unique) genes in Table |
encode proteins that are involved in protein synthesis/degradation or mitochondrial function.
The three remaining genes in Table | whose products have been identified include TTR,
which exhibited the greatest differential expression and encodes the mouse gene for
transthyretin, a carrier protein for thyroid hormone and retinol in serum and cerebrospinal
fluid, and whose homolog has been associated with amyloid diseases in humans; PRNP,
which encodes a mouse prion protein; and CAMK2N1, which encodes calcium/calmodulin-
dependent protein kinase Il inhibitor 1.

Inspection of the remainder of the 269 differentially-expressed genes revealed an additional
11 ribosomal protein genes (along with 14 genes predicted to be similar to ribosomal protein
genes), and 16 additional mitochondrial genes (1 mitochondrial genome-encoded, 15
nuclear-encoded). In total, 6 of the 13 protein genes encoded in the mouse mitochondrial
genome were over-expressed in the hippocampi of the mutant mice. Not surprisingly, Crebl
was not identified as a differentially-expressed gene in this comparison, since the Crebl
promoter mutation resulted in only a 44% reduction in CREB protein in the cerebral cortex
of homozygous mutant mice [Zubenko and Hughes, 2011].

Pathway Analysis

Pathway Express [Khatri et al., 2007; Draghici et al., 2007] was used to identify pathways
from the KEGG Pathway database that were over-represented in the list of 269
differentially-expressed hippocampal genes (Table 1S) in the mutant mice. The KEGG
Pathway database is a collection of pathway maps representing molecular interaction and
reaction networks for metabolism, genetic information processing, environmental
information processing, cellular processes, organismal systems, and human diseases
[Kanehisa and Goto, 2000; Kanehisa et al., 2014]. Nine pathways from the KEGG pathway
database were identified by this impact analysis, as reflected by P-values less than 0.05 after
correction for multiple comparisons. These pathways are listed in Table 1, in decreasing
order of their impact factors. Table 111 indicates which of the 269 differentially-expressed
genes participate in each of the 9 KEGG pathways identified by the impact analysis. The
overlaps in the groups of differentially- expressed genes across the 9 functional pathways
emphasize the inter-dependence of these pathways, which participate in the broader network
of gene sets included in the KEGG Pathway database.

As described in the previous section, our inspection of the list of 269 differentially-
expressed genes highlighted protein metabolism (synthesis and degradation) and
mitochondrial functions. Therefore, it was not surprising that the impact analysis detected
the involvement of the ribosome pathway. However, the proteasome pathway only
approached statistical significance (impact factor = 3.538, corrected P = 0.062), and the
oxidative phosphorylation pathway did not approach statistical significance in the impact
analysis. Further pathway analysis was conducted to test the hypothesis, that these two
pathways might be affected in a manner in which many genes in the pathway exhibit small
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but consistent differences between groups in the mutant vs. wild-type comparison (pathway
significance test, PST). To avoid the possibility of circular inference, genes in these two
pathways that were among the 269 differentially-expressed genes listed in Table 1S were
omitted from this analysis. The PST score for the proteasome pathway (a 43 gene set) was
0.086 (P = 5.4E-5), and the PST score for the oxidative phosphorylation pathway (a 90 gene
set) was 0.0807 (P < 1.0E-5). Diagrams of the 11 KEGG pathways identified by impact
analysis (n = 9) or the PST (n = 2) are presented as online supplementary material (Figs. 15—
11S).

DISCUSSION

We recently reported the creation and initial characterization of the first etiology-based
recombinant mouse model of MDD [Zubenko and Hughes, 2011, 2012; Zubenko et al.,
2014]. This was achieved by replacing the homologous mouse DNA sequence with a 6-base
DNA sequence from the human CREB1 promoter that includes an A to G transition at
position =115 [Zubenko and Hughes, 2010]. The human CREB1 promoter variant is
associated with the development of MDD in both men and women from families identified
by probands with recurrent, early-onset MDD (RE-MDD)), a severe and familial form of
MDD. In our initial characterization, the mutant mice exhibited several features that were
reminiscent of the human disorder, including alterations of Crebl expression, brain
development, behavior, and increased infant mortality [Zubenko et al., 2001; Zubenko and
Hughes, 2011; Zubenko et al., 2014].

Since, CREB has been estimated to control the expression of several thousand mammalian
genes [Zhang et al., 2005; Pfenning et al., 2007], we considered the possibility that
hippocampal gene expression might be so extensively disrupted by the Crebl mutation that
comparisons of transcriptomes of the mutant and wild type mice might not be interpretable
or informative. On the contrary, we detected the differential expression of a manageable
number of hippocampal genes (h = 269) in the mutant mouse that supported meaningful
pathway analyses. Our findings support this congenic C57BL/6 recombinant mouse as a
model of RE-MDD, and demonstrate its potential for highlighting molecular and cellular
pathways that contribute to the biology of RE-MDD in the mammalian brain. The results
also inform our understanding of the mechanisms that may underlie the comorbidity of
MDD with heart disease, diabetes mellitus, and neurodegenerative disorders.

Alterations of the phosphatidylinositol sighaling pathway in the brain and peripheral tissues
of patients with bipolar disorder or MDD have been widely reported, and mood-stabilizing
medications such a lithium and valproate appear to at least partially remediate these
abnormalities [Berridge et al., 1982; Manji et al., 1995; Jope et al., 1996; Manji and Lenox,
1999; Tomita et al., 2013]. Of the nine KEGG pathways identified by Impact Analysis of the
269 differentially-expressed hippocampal genes (Table I1), the phosphatidylinositol
signaling pathway exhibited the highest impact factor. Consistent with the common features
of cognitive and memory impairment in MDD, abnormalities of the gap junction and long-
term potentiation pathways were also identified in the hippocampus of the mutant mouse.
These findings illustrate the value of the recombinant mouse model of RE-MDD, and affirm
the role of the hippocampus in the pathophysiology of this disorder.
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MDD is associated with increased rates of heart disease [Glassman and Shapiro, 1998; U.S.
Department of Health and Human Services, 2011b; Charlson et al., 2013], diabetes [Eaton et
al., 1996; Anderson et al., 2001; U.S. Department of Health and Human Services, 2011a],
and neuordegenerative diseases, including Alzheimer’s disease [Zubenko and Moossy,
1988; Zubenko et al., 2003; Zubenko, 2004; Jeste et al., 2006], Parkinson’s
disease[Cummings, 1992; U.S. Department of Health and Human Services, 2011c], and
Huntington’s disease [Folstein et al., 1983; Paulsen et al., 2005; Perlis et al., 2010].
Probands and family members of individuals with RE-MDD suffer from an elevated risk of
AD-like dementia [Zubenko et al., 2001]. Similarly, young people with a family history of
MDD affecting a parent, but no personal history of MDD, have been reported to manifest
elevated risk profiles for cardiovascular disease and diabetes [Mannie et al., 2013]. These
family studies suggest that the comorbidity of heart disease, diabetes, and AD, as well as
other brain and systemic illnesses associated with MDD may be related in part to shared risk
alleles, including those that reside in the CREBL1 promoter, as proposed in a number of our
previous publications. Consistent with this hypothesis, the KEGG pathways identified by
Impact Analysis of the 269 differentially-expressed hippocampal genes (Table I1) included
the cardiac muscle contraction pathway, the insulin signaling pathway, and the pathways for
all three of these neurodegenerative disorders. These expression profiling results further
illustrate the merit of the recombinant mouse as a model of MDD, and suggest that
continued studies of this model may advance our understanding of the concept of MDD
“comorbidity” by suggesting elements of common pathophysiology and therapeutic
advances that are beneficial to multiple clinical syndromes.

Our whole transcriptome-based expression study highlighted alterations of two particular
metabolic/cellular pathways in the hippocampus of the mutant mouse model of MDD.
Inspection of the top 25 differentially-expressed (overexpressed) hippocampal genes (Table
I) revealed a conspicuous over-representation of genes involved in protein synthesis/
degradation (ribosomal proteins and ubiquitin), as well as mitochondrial genes that
participate in energy production (oxidative phosphorylation). Analysis of the 269
differentially-expressed hippocampal genes by Impact Analysis identified the KEGG
ribosome pathway, while the KEGG proteasome and oxidative phosphorylation pathways
reached statistical significance using the PST. The merits of pathway analysis using the
KEGG Pathway database in translating the results of expression profiling to alterations in
functional pathways and extending these findings to subcellular organelles are evident from
these findings.

While MDD has not previously been linked to altered protein metabolism, the comorbid
neurodegenerative disorders Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease are all associated with alterations in protein metabolism [Zubenko, 1997]. Indeed,
they all result in the formation of proteinaceous cellular or extracellular “bodies” whose
presence is identifiable in histologic brain sections and, in the case of Alzheimer’s (senile
plaques and neurofibrillary tangles) and Parkinson’s (Lewy bodies) diseases, have
diagnostic significance. Our observations warrant a systematic survey of the brains of the
mutant mice for evidence of proteinopathy, including the presence of unanticipated
histopathologic lesions such as these. It should be noted that the mutant mouse was created
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by replacing the homologous mouse DNA sequence with a 6-base DNA sequence from the
human CREB1 promoter, without any change in the coding sequence of the gene. As a
result, the alteration of hippocampal protein metabolism in the mutant mouse did not result
from the creation of a foreign protein, or from the non-physiological control of CREB
expression by a promoter of convenience.

The brain utilizes about twenty times the energy budget of the rest of the human body by
weight [Kety, 1950], so it is not surprising that the brain would be especially vulnerable to
conditions that impair energy production. Several postmortem [Kato et al., 1997; Konradi et
al., 2004; Munakata et al., 2005; lwamoto et al., 2005; Sun et al., 2006], imaging [Keener
and Phillips, 2007; Frey et al., 2007], genetic [Kato et al., 1997; Kato and Kato, 2000;
Konradi et al., 2004; Munakata et al., 2004, 2005; Washizuka et al., 2005; Benes et al.,
2006; Iwamoto et al., 2005; Sun et al., 2006; Naydenov et al., 2007], and cellular [Cataldo et
al., 2010] studies suggest that mitochondrial dysfunction may play an important role in the
pathophysiology of bipolar disorder, an illness usually associated with recurrent major
depressive episodes [APA, 2013]. The alterations in the expression of mitochondrial genes
and the KEGG oxidative phosphorylation pathway observed in the hippocampus of the
mutant mouse suggest that mitochondrial dysfunction may also play an important role in the
biology of MDD. Further exploration of this hypothesis is underway in both the recombinant
mouse model and humans with MDD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TABLE |

J5 Rank

0O uUTh WN -

10
11
12
13
14

15
16
il
18
19
20
21
22
23
24
25

Gene ID
TTR
MT-ND1
RPL41
MT-COXIII
RPLY
ATP5B

UBB
L0C626309
RPS2

GM1821
MT-CYTB
MT-ND4
L0C100047759
L0C664894

MT-ATP6
0610040015RIK
RPS29

RPLP1

RPS6

PRNP
L0C382885
RPS?

CAMK2N1
L0C100046120
LOC381999

Accession
NM 013697.3

NM 018860.3

NM 011292.1
NM 016774.3

NM 011664.3
XR 033415.1
NM 008503.2
NR 002875.1

XM 001479214.1
XM 973311.2

AK018753
NM 009093.1
NM 018853.3
NM 009096.2
NM 011170.1
XM 356731.1
NM 011300.2
NM 025451.1
XM 001475611.1
XM 356062.1

Definition

Transthyretin

MT gene for NADH dehydrogenase subunit 1

Ribosomal protein L41

MT gene for cytochrome c oxidase subunit 3

Ribosomal protein L9

ATP synthase, H- transporting mitochondrial F1 complex, beta
subunit (Atp5b), nuclear gene

Ubiquitin B

Similar to mortality factor 4

Ribosomal protein S2

Gene model 1821, (NCBI) (Gm1821) on chr14. XM 899826

MT gene for cytochrome b

MT gene for NADH dehydrogenase subunit 4

Similar to acidic ribosomal phosphoprotein P1, transcript variant 1

Similar to fusion protein: ubiquitin (bases 43-513); ribosomal
protein S27a (bases 217-532)

MT gene for ATP synthase subunit 6

MT gene for NADH dehydrogenase subunit 1

Ribosomal protein S29

Ribosomal protein, large, P1

Ribosomal protein S6

Prion protein

Similar to ribosomal protein L9

Ribosomal protein S7

Calcium/calmodulin-dependent protein kinase Il inhibitor 1

Similar to clusterin

Similar to ribosomal protein L19

J5 Score
127.915
126.649
108.229
104.02
97.479
86.45

80.492
79.174
78.789
el
77.898
72.442
63.826
63.137

62.607
62.039

61.86
61.574
61.117
60.255
59.698
57.528
54.383
531913
53239

Gene IDs beginning with MT identify mitochondrial genes that encode mitochondrial proteins. 0610040015RIK is identical to MT-ND1. ATP5B
is a nuclear gene that encodes a mitochondrial protein.

Mitochondrial genes are in bold.

Ribosomal genes and UBB are highlighted in gray.
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KEGG Pathways Identified by Impact Analysis of 256 Differentially Expressed Genes

TABLE Il

Rank Pathway Name

Phosphatidylinositol signaling system
Cardiac muscle contraction

Gap junction

Long-term potentiation

Insulin signaling pathway
Parkinson’s disease

Ribosome

Alzheimer’s disease

© 0O N oo o0~ W N -

Huntington’s disease

Impact Factor
22.879
22.317
7.374
7.268
6.614
2.962

1.69
1.21
1.056

Corrected P-value
2.59E-02
5.15E-10
1.46E-03
1.93E-02
5.74E-03
5.36E-13
1.16E-13
1.50E-12
9.24E-13

P values were corrected for multiple comparisons.
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TABLE Il

Differentially-Expressed Genes that Participate in Identified KEGG Pathways

GenelD Gene Product

Phosphatidylinositol Signaling System (PSS)

Calm2 Calmodulin 2
Calm3 Calmodulin 3
Dgkg Diacylglycerol kinase y

Cardiac Muscle Contraction (CMC)
1110020P15 Rik  RIKEN cDNA

Atplbl ATPase, Na*/K*, 81 subunit

Atplb2 ATPase, Na*/K*, 32 subunit

Cox5b Cytochrome c oxidase, subunit Vb

Cox6al Cytochrome c oxidase, subunit Vla, polypeptidel

Cox 6b1 Cytochrome c oxidase, subunit VIb, polypeptide 1
Cox7a2l Cytochrome c oxidase, subunit VV1la, polypeptide 2-like
Ugcr Ubiquinol-cytochrome ¢ reductase subunit

Uqcre2 Ubiquinol-cytochrome c reductase core protein 2
Uqcrh Ubiquinol-cytochrome c reductase hinge protein

Gap Junction (GJ)

Gjal Gap junction protein, al
Tubala Tubulin, a 1A
Tubalb Tubulin, a 1B
Tubb4 Tubulin, B 4
Tubb5 Tubulin, B 5
Long-Term Potentiation (LTP)
Calm2 Calmodulin 2
Calm3 Calmodulin 3
Ppplca Protein phosphatase 1, catalytic subunit, a isoform

Insulin Signaling Pathway (ISP)

Calm2 Calmodulin 2

Calm3 Calmodulin 3

Ppplca Protein phosphatase 1, catalytic subunit, a isoform
Prkarla Protein kinase, CAMP dependent, type I, a

Rps6 Ribosomal protein S6

Parkinson’s Disease (PD)
1110020P15 Rik ~ RIKEN cDNA

Atp5h ATP synthase, H* transporting, MT F1 complex, B subunit
Atp5g3 ATP synthase, H* transporting, MT FO complex, subunit ¢, iso 3
Cox7a2l Cytochrome c oxidase, subunit V1la, polypeptide 2-like
Ndufal0 NADH dehydrogenase (ubiquinone), 1a, subcomplex 10
Ndufa2 NADH dehydrogenase (ubiquinone), 1a, subcomplex 2

Ndufa3 NADH dehydrogenase (ubiquinone), 1a, subcomplex 3

Additional KEGG Pathways

LTP.ISP. AD
LTP

PD, AD, HD

PD, AD, HD
PD, AD, HD
PD, AD, HD
PD, AD, HD
PD, AD, HD
PD, AD, HD
PD, AD, HD

PSS
PSS, ISP, AD
ISP

PSS, LTP, AD
PSS, LTP, AD
LTP

CMC, AD, HD
AD
AD, HD
CMC, AD, HD
AD, HD
AD, HD
AD, HD
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GenelD
Ndufa7
Ndufvl
Snca
Ubb
Uchll
Uqcer
Ugcre2
Uqcrh

Ribosomes (R)
Rpl10
Rpl10a
Rpl24
Rpl27
Rpl41
Rpl9
Rplpl
Rps12
Rps14
Rps16
Rps2
Rps6
Rps21
Rps29
Rps4x
Rps7
Rps9

Apbbl
Atp5b
Atp5g3
Calm2
Calm3
Cox5b
Cox6al
Cox 6b1
Cox7a2l
Ndufal0
Ndufa2
Ndufa3
Ndufa7
Ndufvl

Snca

Gene Product

NADH dehydrogenase (ubiquinone), 1a, subcomplex 7
NADH dehydrogenase (ubiquinone) flavoprotein 1
Synuclein, a

Ubiquitin B

Ubiquitin carboxyterminal hydrolase L1
Ubiquinol-cytochrome c reductase subunit
Ubiquinol-cytochrome c reductase core protein 2

Ubiquinol-cytochrome c reductase hinge protein

Ribosomal protein 10
Ribosomal protein L10a
Ribosomal protein 24
Ribosomal protein 27
Ribosomal protein L41
Ribosomal protein L9
Ribosomal protein, large, P1
Ribosomal protein S12
Ribosomal protein S14
Ribosomal protein S16
Ribosomal protein S2
Ribosomal protein S6
Ribosomal protein S21
Ribosomal protein S29
Ribosomal protein S4, X-linked
Ribosomal protein S7

Ribosomal protein S9

Alzheimer’s Disease (AD)

Amyloid B precursor protein-binding, family B, 1

ATP synthase, H* transporting, MT F1 complex, f subunit
ATP synthase, H* transporting, MT FO complex, subunit c, isoform 3
Calmodulin 2

Calmodulin 3

Cytochrome c oxidase, subunit Vb

Cytochrome c oxidase, subunit Vla, polypeptidel
Cytochrome c oxidase, subunit Vb, polypeptide 1
Cytochrome c oxidase, subunit Vlla, polypeptide 2-like
NADH dehydrogenase (ubiquinone), 1a, subcomplex 10
NADH dehydrogenase (ubiquinone), 1a, subcomplex 2
NADH dehydrogenase (ubiquinone), 1a, subcomplex 3
NADH dehydrogenase (ubiquinone), 1a, subcomplex 7
NADH dehydrogenase (ubiquinone) flavoprotein 1

Synuclein, a

Additional KEGG Pathways
AD, HD
AD, HD
AD

CMC, AD, HD
CMC, AD, HD
CMC, AD, HD

ISP

PD
PD, HD
PSS, LTP, ISP
PSS, LTP, ISP
CMC, PD, HD
CMC, PD, HD
CMC, PD, HD
CMC, PD, HD
PD, HD
PD, HD
PD, HD
PD, HD
PD, HD
PD
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GenelD
Ugcer
Ugcre2
Uqgcrh

1110020P15Rik
Atp5g3
Cox5b
Cox6al
Cox 6b1
Cox7a2l
Gpx1
Ndufal0
Ndufa2
Ndufa3
Ndufa7
Ndufvl
Uqcer
Ugcre2
Ugcrh

Gene Product
Ubiquinol-cytochrome c reductase subunit
Ubiquinol-cytochrome c reductase core protein 2

Ubiquinol-cytochrome c reductase hinge protein

Huntington’s Disease (HD)

RIKEN cDNA

ATP synthase, H* transporting, MT FO complex, subunit ¢, iso 3

Cytochrome c oxidase, subunit Vb

Cytochrome c oxidase, subunit Vla, polypeptidel
Cytochrome c oxidase, subunit VVIb, polypeptide 1
Cytochrome c oxidase, subunit Vlla, polypeptide 2-like
Glutathioneperoxidase 1

NADH dehydrogenase (ubiquinone), 1a, subcomplex 10
NADH dehydrogenase (ubiquinone), 1a, subcomplex 2
NADH dehydrogenase (ubiquinone), 1a, subcomplex 3
NADH dehydrogenase (ubiquinone), 1a, subcomplex 7
NADH dehydrogenase (ubiquinone) flavoprotein 1
Ubiquinol-cytochrome c reductase subunit
Ubiquinol-cytochrome c reductase core protein 2

Ubiquinol-cytochrome c reductase hinge protein

Additional KEGG Pathways
CMC, PD, HD
CMC, PD, HD
CMC, PD, HD

CMC, PD, AD
PD, AD
CMC, PD, AD
CMC, PD, AD
CMC, PD, AD
CMC, PD, AD

PD, AD
PD, AD
PD, AD
PD, AD
PD, AD
CMC, PD, AD
CMC, PD, AD
CMC, PD, AD

Pathways are presented in decreasing order of impact factors, as in Table 11. Phosphatidylinositol signaling system, PSS; Cardiac muscle
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contraction, CMC; Gap junction, GJ; Long-term potentiation, LTP; Insulin signaling pathway, ISP; Parkinson’s disease, PD; Alzheimer’s disease,
AD; Huntington’s disease, HD.
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