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Abstract | Transcriptome study in neurodegenerative disease has advanced considerably in the past 
5 years. Increasing scientific rigour and improved analytical tools have led to more-reproducible data. Many 
transcriptome analysis platforms assay the expression of the entire genome, enabling a complete biological 
context to be captured. Gene expression profiling (GEP) is, therefore, uniquely placed to discover pathways 
of disease pathogenesis, potential therapeutic targets, and biomarkers. This Review summarizes microarray 
human GEP studies in the common neurodegenerative diseases amyotrophic lateral sclerosis (ALS), Parkinson 
disease (PD) and Alzheimer disease (AD). Several interesting reports have compared pathological gene 
expression in different patient groups, disease stages and anatomical areas. In all three diseases, GEP 
has revealed dysregulation of genes related to neuroinflammation. In ALS and PD, gene expression related 
to RNA splicing and protein turnover is disrupted, and several studies in ALS support involvement of the 
cytoskeleton. GEP studies have implicated the ubiquitin–proteasome system in PD pathogenesis, and have 
provided evidence of mitochondrial dysfunction in PD and AD. Lastly, in AD, a possible role for dysregulation of 
intracellular signalling pathways, including calcium signalling, has been highlighted. This Review also provides 
a discussion of methodological considerations in microarray sample preparation and data analysis.
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Introduction
Since it was first introduced in 1995,1 the complemen
tary DNA microarray has been an important tool in bio
medical research for the identification of dysregulated 
biological pathways and, thereby, potential therapeutic 
targets. Large numbers of probes can be used simulta
neously, which allows ‘capture’ of the biological context 
in health and disease. The amount of information gen
erated by microarray analysis is particularly suited to 
certain specialist tasks such as biomarker discovery.

Recently, nextgeneration sequencing (NGS) as a 
means to quantify the transcriptome has become more 
widely available. As a new era arrives, the aim of this 
Review is to examine gene expression profiling (GEP) 
studies in human tissue over the past 5 years in amyo
trophic lateral sclerosis (ALS), Alzheimer disease (AD) 
and Parkinson disease (PD).

The primary application of GEP has been the use of an 
oligonucleotide/cDNA microarray to quantify the tran
scriptome of a particular cell type or tissue. The selected 
cell or tissue is isolated from a patient or control case 
either postmortem or from accessible peripheral tissue 
during life. RNA is extracted, fluorescently labelled and 
then hybridized to the microarray. A linear amplifica
tion step is often required prior to labelling to ensure an 
adequate quantity of RNA. The amount of labelled RNA 
binding to each oligonucleotide/cDNA sequence on the 

microarray determines the intensity of fluorescence at 
that location and thereby allows quantification of the 
RNA transcripts in the sample.

This Review summarizes findings from GEP studies in 
ALS, PD and AD. Studies in each disease are described 
in turn, with discussion divided into GEP in post mortem 
CNS tissue and peripheral tissue, and further sub divided 
according to whether studies were conducted in mixed
cell samples, or in single cell types isolated using laser 
capture microdissection (LCM). Technical considerations 
and relative merits of available methods in microarray 
work are also described, followed by con sideration of the 
application of GEP studies to biomarker development.

Amyotrophic lateral sclerosis
ALS is a disease characterized by degeneration of upper 
and/or lower motor neurons in the motor cortex, brain
stem and ventral spinal cord, although evidence exists for 
involvement of other areas of the CNS and nonneural 
tissues.2 GEP studies in peripheral cells and post mortem 
tissue have confirmed the findings of other lines of 
research, and identified novel pathogenic mechanisms, 
including a promising therapeutic target.

Studies in CNS tissue
Mixed-cell samples
Since 2005, three studies3–5 have used postmortem 
mixedcell samples from patients with ALS and controls 
(Table 1 and Supplementary Table 1 online). The two 
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studies of motor cortex both discovered a predominant 
downregulation of gene expression, which included 
functional gene groups associated with the cytoskeleton, 
protein turnover and neurotransmission.4,5 By contrast, 
studies of spinal cord tissue identified upregulation 
of genes related to the cytoskeleton, protein turnover 
and neurotransmission, and downregulation of stress 
response genes, including those involved in the anti
oxidant response and neuroinflammation.3 These results 
are in agreement with other lines of research implicat
ing alterations in the cytoskeleton, protein turnover and 
inflammation in the pathogenesis of ALS.6

Laser capture microdissection cell samples
Four analyses7–10 used motor neurons extracted by LCM 
from postmortem spinal cord of patients with ALS and 
con trols (Table 1 and Supplementary Table 1 online). 
One of these studies used an exonlevel platform and 
iden ti fied aberrant splicing in genes associated with the 
cyto skeleton,9 which were found to be downregulated 
in another of the studies8—a result that is in accordance 
with conclusions from the mixedcell studies. In view 
of the discovery of aberrant splicing, it is noteworthy 
that a number of the other studies reported differen
tial expres sion related to the process of RNA transcrip
tion.3,4,8 Patho genic mutations in two RNAprocessing 
genes have recently been discovered in ALS.11,12 In 
addition, we have found that aberrant splicing occurs 
in fibroblasts from patients with ALS who are carrie rs 
of mutations in the ALS risk gene TARDBP (which 
encodes the RNAsplicing protein TAR DNAbinding 
protein 43) and, to a lesser extent, in fibroblasts from 
patients with sporadic ALS, but is virtually absent in 
fibroblasts from patients with mutations in the ALS 
risk gene superoxide dismutase 1 (SOD1; J. R. Highley, 
 personal communication).

Two studies involved LCM of motor neurons from the 
spinal cord of patients with ALS who were carriers of 
a mutation in charged multivesicular body protein 2B 
(CHMP2B) or SOD1.7,10 In patients with a CHMP2B 
mutation, differential gene expression was identified in 
genes associated with the cytoskeleton, inflammation 
and protein turnover,10 consistent with the mixedcell 
studies. Differential gene expression identified in motor 
neurons from the spinal cord of patients with SOD1 
mutations7 showed concordance with the LCM study of 
sporadic ALS8 and with transcriptome studies of mutant 
SOD1 models.13,14 This study7 highlighted altered expres
sion of genes associated with the antiapoptotic signalling 
pathway involving phosphatidylinositol 3kinase and 
protein kinase B (AKT1), such that activation of AKT1 
is enhanced with concomitant reduced expression of 
the negative regulator of this pathway, phosphatase and 
tensin homologue (PTEN). The researchers hypothesized 
that these changes were observed because motor neurons 
extracted from postmortem tissue were those that sur
vived the disease process. In support of this suggestion, 
reduced expression of PTEN in a motor neuron cell line 
and a primary motor neuron culture, both expressing 
mutant SOD1, increased cell survival.7 This study is a 

Key points

 ■ Gene expression profiling (GEP) has advanced considerably over the past 
5 years, and has provided important insight into mechanisms underlying 
neurodegenerative disease

 ■ In amyotrophic lateral sclerosis, GEP studies have consistently implicated 
certain biological structures and pathways, including the cytoskeleton, 
inflammation, protein turnover and RNA splicing

 ■ GEP studies in Parkinson disease have highlighted dysfunction of the ubiquitin–
proteasome system, RNA splicing, mitochondrial function and inflammation

 ■ In Alzheimer disease, affected pathways identified by GEP analysis include 
neuroinflammation, mitochondrial function and calcium signalling

 ■ GEP studies have investigated selective vulnerability to neurodegeneration 
between patients and in different anatomical areas of the CNS, in order to 
characterize disease mechanisms, identify therapeutic targets and potentially 
inform development of individualized treatments

 ■ Technical aspects of GEP, including sample preparation, data analysis  
and validation, require careful consideration to optimize assays and yield 
reliable results

clear example of a GEP study leading to identification of 
a potential therapeutic target.

Studies in peripheral tissue
Since 2005, five studies involving GEP of peripheral 
cells in ALS have been conducted.2,15–18 GEP studies 
of whole blood from patients with ALS (Table 1 and 
Supplementary Table 1 online) used clustering analysis 
to look for genes with a similar pattern of expression, 
before determining which of these clusters showed 
altered expression in disease.2 Interestingly, differen
tially expressed clusters exhibited better functional 
enrich ment than a similar number of the most differen
tially expressed individual genes by Pvalue—that is, the 
differen tially expressed clusters contained genes that 
were more functionally similar to each other and were, 
therefore, less likely to be false positives. This point illus
trates how the interrelated nature of gene expression can 
be used to improve accuracy in GEP.

A study of purified lymphocytes from patients with 
ALS identified diseasespecific differential expression 
of genes including TARDBP.16 This finding and the pre
viously described study in whole blood2 suggest that 
peripheral blood is a viable medium for the study of 
ALS. In addition, the findings of both of these studies 
were comparable to those of the CNS studies, including 
dysregulation of genes associated with protein process
ing, RNA posttranscriptional modification, and inflam
mation.2,16 Validation experiments using a proteasome 
inhibition assay in peripheral blood mononuclear cells 
from patients with ALS showed that expression of the 
 proteasomeassociated ubiquitinprotein ligase E3 com
ponent nrecognin 2 (UBR2) gene directly correlates with 
the degree of physical disability.16 Peripheral lymphocytes 
might, therefore, provide a functional assay for drug 
development and a biomarker of disease progression.

Two GEP studies have been conducted in tissue 
obtained by muscle biopsy from patients with ALS.17,18 
Tran scriptome changes in muscle were largely distinct 
from those in blood and neuronal tissue. Expression of a 
198gene panel correlated with severity of degeneration 
in the biopsied muscle, and the researchers suggested that 
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this panel could be an effective biomarker for measuring 
disease progression.17 An important question is whether 
these changes represent the primary dis ease process or 
a down stream effect, the answer to which will deter
mine how well this panel is able to quantify severity of 
disease beyond the biopsied muscle, and whether it can 
 differentiate ALS from other causes of muscle wasting.

Parkinson disease
The main pathological feature of PD is selective degen
eration of dopaminergic neurons of the substantia nigra 
pars compacta. Evidence also exists, however, for more 
widespread involvement of the CNS and other tissues.19 
In PD, GEP studies have repeatedly implicated dysfunc
tion of mitochondria and protein processing, consistent 
with other research; moreover, GEP has produced novel 
insights into the mechanism of this dysfunction and a 
potential biomarker of disease.

In a landmark paper, Zheng et al.20 conducted a 
 biologicalpathwaylevel comparison of 17 microarray 
studies, an approach that goes some way towards over
coming the interstudy variability of genelevel analyses.21 
10 biological pathways were initially identified as being 
differentially expressed in postmortem GEP studies of the 
substantia nigra of patients with PD. The identified path
ways were confirmed in GEP studies of nonnigral tissue, 
including other brain areas and antemortem peripheral 
tissue, and in a study of patients with subclinical Lewy 
body pathology of the substantia nigra. The 10 path
ways identified included genes controlled by peroxisome 
 proliferatoractivated receptorγ coactivator 1α (PGC1α), 
a master regulator of mitochondrial function. Activation 
of PGC1α was demonstrated to ameliorate the pheno
type in cell models of PD. Other highlighted pathways 
included mitochondrial function and pyruvate metabo
lism, consistent with an energy deficit and attempted 
compensation. Parkin inactivation, which is associated 
with familial and sporadic PD, has subsequently been 
shown to cause repression of PGC1α expression, thereby 
validating the results of this GEP study.22

Studies in CNS tissue
Mixed-cell samples
Since 2005, 10 groups23–32 have conducted GEP studies 
in postmortem mixedcell samples from various brain 
areas, including parts of the basal ganglia, in patients 
with PD (Table 2 and Supplementary Table 2 online). 
Seven of the studies identified PDassociated differential 
gene expression in brain areas including the substantia 
nigra, and showed good consensus relating to key gene 
expression changes,23–26,30–32 particularly with regard to 
dysregulation of protein processing and mito chondrial 
pathways. GEP analysis of 21 brain areas related to PD 
revealed that gene expression changes related to mito
chondrial function occur throughout the brain, to 
varying degrees among the different regions.23

Duke and colleagues33 compared gene expression 
between the medial and lateral substantia nigra, in order 
to investigate the relative susceptibility of the lateral sub
stantia nigra in PD.34 In the lateral substantia nigra of 
control and PD cases, proinflammatory genes and genes 
encoding components of mitochondrial complex I were 
upregulated, and genes involved in glutathione synthesis 
and function were downregulated, compared with the 
corresponding medial regions. The researchers suggested 
that increased energy demand and lack of glutathione 
function would render neurons in the lateral substantia 
nigra more susceptible to oxidative stress, a mechanism 
that has been strongly implicated in the pathophysiology 
of PD.35 Similarly, Bossers et al. selectively studied rela
tively spared areas of the substantia nigra, as determined 
by neuronal density.31 As well as confirming dysregula
tion of mitochondrial function and proteinprocessing 
genes, they highlighted involvement of biological path
ways related to neurotrophic signalling and axon guid
ance. Both of these studies have identified potential 
therapeutic targets for PD by characterizing selective 
neuronal vulnerability in this disease.

Implication of dysregulation of protein processing and 
mitochondrial pathways is consistent with other research 
on the pathophysiology of PD.36,37 Several diseasecausing 

Table 1 | Selected gene expression profiling studies in patients with ALS

Study Patients Cell sample

Wang et al. (2006)4 5 ALS; 3 controls Mixed-cell samples from primary motor and sensory cortex

Lederer et al. (2007)5 11 ALS; 9 controls Mixed-cell samples from motor cortex

Offen et al. (2009)3 4 ALS; 4 controls Mixed-cell samples from cervical spinal cord

Jiang et al. (2005)8 14 ALS; 13 controls LCM of motor neurons from lumbar spinal cord

Rabin et al. (2010)9 12 ALS; 10 controls LCM of motor neurons from lumbar spinal cord

Cox et al. (2010)10 3 ALS with CHMP2B mutation; 7 controls LCM of motor neurons from cervical spinal cord

Kirby et al. (2011)7 3 ALS with SOD1 mutation; 7 controls LCM of motor neurons from cervical spinal cord

Saris et al. (2009)2 123 ALS; 123 controls Venous blood

Zhang et al. (2011)15 20 ALS; 22 controls Mononuclear cells from venous blood

Mougeot et al. (2011)16 11 sporadic ALS; 11 controls Lymphocytes purified from venous blood

Pradat et al. (2012)17 5 late ALS; 4 early ALS; 10 controls Myocytes from deltoid muscle

Shtilbans et al. (2011)18 3 ALS; 3 MMN; 3 controls Myocytes

Abbreviations: ALS, amyotrophic lateral sclerosis; CHMP2B, charged multivesicular body protein 2B; LCM, laser capture microdissection; MMN, multifocal motor 
neuropathy; SOD1, superoxide dismutase 1. For further details, see Supplementary Table 1 online.
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mutations in PD impair mitochondrial complex I func
tion38 or are part of the ubiquitin– proteasome system.39 
Moreover, the susceptibility gene DJ1 encodes a chaper
one protein that is also involved in proteolytic stress.40  
In fact, many genes and associated pathways implicated in 
familial PD are differentially expressed in the substantia 
nigra of sporadic PD cases compared with controls.41 

Duke et al.42 used a clustering technique to show 
that downregulation of mitochondrial and ubiquitin– 
proteasomal gene clusters correlate with each other and 
with clinical phenotype, suggesting a close relation
ship between impairments of these two systems in PD. 
These pathways could, therefore, contain a common 
therapeutic target. By contrast, a study comparing gene 
expression in the putamen of PD patients with either 
a mutation in leucinerich repeat kinase 2 (LRRK2) or 
idiopathic PD concluded that the transcriptome, and 
thus the pathogenesis, of LRRK2associated PD was dis
tinct, despite evidence that LRRK2 is involved in mito
chondrial function.43 The study involved only a small 
number of cases, however, which limited the description 
of the pathways involved in LRRK2associated PD.

Laser capture microdissection cell samples
Four studies21,44–46 used LCM to study populations of 
either dopaminergic or pyramidal neurons in post
mortem tissue from patients with PD (Table 2 and 
Supplementary Table 2 online). Two studies were com
parable to and broadly in agreement with the mixedcell 
studies: they found diseasespecific downregulation 
of genes related to mitochondrial function and the 
 ubiquitin–proteasome system, and dysregulation of 
many of the genes implicated in familial PD.21,45 One 
study showed that these changes were specific to PD 
and did not occur in normal ageing.21 In addition, this 
study examined known biological interactions between 
genes that are differentially expressed in PD, in order to 
identify a diseaseassociated gene network. The genes 
included those related to energy metabolism and nutri
ent deprivation, consistent with the findings of Zheng 
and colleagues.20

Two studies44,47 investigated the basis for male sus
ceptibility to PD in the transcriptome of dopaminergic 
neurons of the substantia nigra pars compacta. Both 
found upregulation of genes related to mitochondrial 

Table 2 | Selected gene expression profiling studies in patients with PD

Study Patients Cell sample

Moran et al. (2006)24 15 PD; 1 multiple sclerosis; 7 controls Mixed-cell sample from lateral and medial 
SN and superior frontal gyrus

Vogt et al. (2006)27 8 PD; 8 multiple system atrophy; 8 controls Mixed-cell sample from putamen, cerebellum 
and occipital cortex

Hauser et al. (2005)25 6 PD; 2 progressive supranuclear palsy; 
1 frontotemporal dementia with parkinsonism;  
5 controls

Mixed-cell sample from SN and surrounding 
midbrain

Naydenov et al. (2010)28 15 PD with dyskinesia; 16 PD without 
dyskinesia; 32 controls

Mixed-cell sample from putamen

Zhang et al. (2005)26 15 PD; 15 controls Mixed-cell sample from SN, putamen and 
Brodmann area BA9

Botta-Orfila et al. (2012)29 5 idiopathic PD; 3 LRRK2-PD; 1 asymptomatic 
LRRK2 mutation carrier; 5 controls

Mixed-cell sample from putamen

Durrenberger et al. (2012)30 12 idiopathic PD; 7 controls Mixed-cell sample from SNpc

Miller et al. (2006)32 6 PD; 8 controls Mixed-cell sample from SN and/or striatum

Papapetropoulos et al. (2006)23 22 PD; 23 controls Mixed-cell sample from various brain areas

Bossers et al. (2009)31 4 PD; 4 controls Mixed-cell sample from spared areas of SN

Elstner et al. (2011)21 11 PD; 11 age-matched controls;  
8 young controls

LCM of dopaminergic neurons from SNpc

Cantuti-Castelvetri et al. (2007)44 8 PD; 8 controls LCM of dopaminergic neurons from SNpc

Simunovic et al. (2009)45 10 PD; 9 controls LCM of dopaminergic neurons from SNpc

Stamper et al. (2008)46 13 PD with dementia; 15 PD without dementia;  
14 controls

LCM of layer V–VI pyramidal neurons from 
posterior cingulate

Scherzer et al. (2007)19 50 PD; 55 healthy and disease controls Venous blood

Shehadeh et al. (2010)49 17 PD; 11 controls Venous blood

Mutez et al. (2011)52 10 LRRK2-PD; 1 asymptomatic LRRK2 
mutation carrier; 7 controls plus sample from 
40 pooled controls

Monocytes removed from whole blood

Matigian et al. (2010)51 19 PD; 9 schizophrenia; 14 controls Olfactory-neurosphere-derived cells

Mar et al. (2011)50 13 PD; 9 schizophrenia; 11 controls Olfactory-neurosphere-derived cells

Abbreviations: LCM, laser capture microdissection; LRRK2, leucine-rich repeat kinase 2; PD, Parkinson disease; SN, substantia nigra; SNpc, substantia nigra 
pars compacta. For further details, see Supplementary Table 2 online.
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function in male controls compared with female controls, 
consistent with evidence from other studies of an acceler
ated metabolic rate in male dopaminergic neurons. This 
feature might predispose the neurons to development 
of PD,48 highlighting a potential target for protection 
against the disease. Notably, this suggestion is similar to 
one made by Duke and colleagues, that increased suscep
tibility of the lateral substantia nigra is attributable to an 
energy deficit.33 Moreover, a sexspecific comparison of 
gene expression in PD found enrichment of similar func
tional categories of genes in both sexes, but the specific 
genes involved in each sex showed little overlap, suggest
ing that mechanisms of patho genesis may differ between 
the sexes.47

GEP analysis of cortical neurons in PD46 indicated 
that development of dementia in this disease involves 
progressive aberrant expression of genes associated with 
alternative splicing. This result is supported by those of 
two mixedcell studies, which implicated dysregula
tion of RNA processing in the putamen27 and substantia 
nigra24 in PD.

Studies in peripheral tissue
A GEP study in peripheral blood from a large number 
of patients with sporadic PD aimed to generate a gene 
signature for this disease (Table 2 and Supplementary 
Table 2 online).19 Samples were predominantly taken 
from patients with earlystage disease and compared 
with control samples from healthy individuals and 
patients with other neurodegenerative diseases. The 
patient groups were chosen to facilitate development of a 
biomar ker for diagnosis in early PD. A molecular marker 
consisting of eight genes (VDR, HIP2, CLTB, FPRL2, 
CA12, CEACAM4, ACRV1 and UTX) was then validated 
in an independent test set of blood samples from a differ
ent group of patients.19 Another GEP study in peripheral 
blood used exonlevel probes,49 and showed altered tran
script splicing in venous blood from patients with PD. 
The researchers suggested this result could be related to 
altered expression of SRRM2—a splicing factor that was 
found to be differentially expressed in a previous study.19

Two studies have evaluated the use of olfactory 
 neurospherederived cells obtained via biopsy of patient 
nasal mucosa.50,51 This novel source of peripheral cells 
showed GEP changes in neurological disease, suggest
ing that it might constitute a viable peripheral model 
of CNS disease. A comparison with fibroblasts showed 
more functionally uniform transcriptome changes in the 
olfactory neurospherederived cells,51 suggesting that 
there might be less ‘noise’ associated with GEP in these 
cells. In PD, the neurospherederived cells showed GEP 
changes similar to some of those obtained in the CNS 
studies, including downregulation of g lutathionerelated 
genes51 and dysregulation of neuro trophic signalling.50

GEP analysis of peripheral blood mononuclear cells 
from LRRK2PD cases found dysregulation of similar 
pathways to those identified in CNS studies in idio
pathic PD, including mitochondrial function and the 
 ubiquitin–proteasome system.52 This result conflicts with 
that of another study, which suggested that LRRK2PD 

is distinct,29 but a direct comparison is difficult because 
the peripheral blood work did not include samples from 
patients with idiopathic PD.

Alzheimer disease
AD is the most common neurodegenerative disease and is 
characterized by progressive dementia, initially present
ing with shortterm memory impairment. GEP studies 
in AD have identified dysfunction of mito chondrial 
activity, intracellular signalling and neuroinflammation 
across different tissues and brain areas. Elegant practical 
and statis tical work has further developed these findings 
towards therapeutic targets and potential biomarkers.

Studies in CNS tissue
Mixed-cell samples
Since 2005, 16 GEP studies of mixedcell samples from 
postmortem tissue in AD have been published (Table 3 
and Supplementary Table 3 online).53–68 Broadly speaking, 
these studies have investigated two anatomical regions: the 
temporal lobe–hippocampus and the frontal– prefrontal 
cortex. Two studies highlighted that these areas show 
the greatest number of differentially expressed genes in 
AD.59,60 Interestingly, the greatest increase in aberrant gene 
expression occurs during progression from mild to mod
erate dementia,58 suggesting that therapeutic s trategies 
should be implemented early in the disease course. 

Functional categories of genes identified as being dif
ferentially expressed in AD are numerous and varied, 
but some common themes arise: notably, intracellu
lar signalling pathways— particularly calcium signal
ling54,56,57,60,62,66—and neuro inflammation.53,54,56,60,66,67 
Other lines of evidence implicate disturbance of calcium 
signalling in AD: for example, amyloidβ plaques disrupt 
calcium signalling within neurons,69 and presenilin1 
mutations cause abnormal accumulation of calcium 
in neuronal endoplasmic reticulum.70 Disruption of 
calcium signalling has also been linked to other pro
posed pathological mechanisms in AD, including mito
chondrial dysfunction, and may represent an upstream 
therapeutic target.71

Agerelated differences exist in the dysregulation of 
pathways identified, including decreased expression, 
in older patients with AD, of neuroinflammatory genes 
that are upregulated in older controls.60 This difference 
may represent a neuroprotective response that fails in 
the development of AD. Such a hypothesis is consistent 
with studies of normal ageing: GEP of mixedcell cortical 
tissue from cognitively normal individuals demonstrated 
changes in neuroinflammationassociated gene expres
sion with increasing age.72 Similarly, changes in calcium 
signallingrelated gene expression that occur with ageing 
are accelerated in AD.73 GEP analysis in normal ageing 
gives context to transcriptome changes in neurodegen
erative disease: the transcriptome in normal ageing is 
dynamic, not static, and needs to be understood to cor
rectly interpret changes in disease. Applying this correctly 
can identify potential therapeutic strategies, such as block
ade of excessive upregulation of calcium signalling genes 
and reconstitution of agerelated neuroinflammation.
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Several GEP studies have discovered aberrant expres
sion of synapserelated genes in AD, and have started to 
define the mechanisms involved. The neuropathologically 
defined Braak stages of AD have been used as a proxy for 

disease course in identification of gene clusters that show 
a consistent change in expression with increasing Braak 
stage.64 Synapserelated genes were upregulated in low 
Braak stages and downregulated in higher Braak stages, 

Table 3 | Selected gene expression profiling studies in patients with AD

Study Patients Cell sample

Xu et al. (2006)56 16 AD (Braak stage 4–5); 4 controls Mixed-cell sample from hippocampal areas CA1–4

Parachikova et al. (2007)53 10 AD (MMSE 17–22, Braak stage 4–5);  
14 controls

Mixed-cell sample from hippocampus and prefrontal 
cortex

Emilsson et al. (2006)57 61 AD (CERAD-positive); 53 controls Mixed-cell samples from Brodmann areas BA8  
and BA9

Katsel et al. (2009)60 Aged <87 years: 6 mild AD (CDR 0.5–1.0);  
13 severe AD (CDR 4–5); 15 controls
Aged ≥87 years: 15 mild AD; 15 severe AD;  
7 controls

Mixed-cell samples from 14 cortical areas  
and hippocampus

Haroutunian et al. (2009)58 104 mild to severe AD (CDR 0.5–5.0);  
26 controls

Mixed-cell samples from 14 cortical areas  
and hippocampus

Katsel et al. (2007)59 98 AD (CERAD-positive) with mild to severe 
dementia (CDR 0.5–5.0); 19 controls

Mixed-cell samples from 14 cortical areas, 
hippocampus, caudate and putamen

Umemura et al. (2006)61 7 AD; 3 amyotrophic lateral sclerosis Mixed-cell sample from frontal lobe

Weeraratna et al. (2007)62 6 AD (Braak stage ≥5); 6 non-Alzheimer 
dementia (Braak stage ≤3); 6 controls

Mixed-cell sample from inferior parietal lobe

Tan et al. (2010)54 12 AD (CERAD-positive, CAMCOG <80,  
Braak stage >3); 8 controls

Mixed-cell sample from temporal cortex

Bronner et al. (2009)63 5 AD (Braak stage 6); 5 progressive 
supranuclear palsy; 5 Pick disease; 5 
frontotemporal dementia; 5 controls

Mixed-cell sample from medial temporal cortex

Youn et al. (2007)66 19 AD; 15 controls Mixed-cell sample from hippocampus  
and cerebellum

Bossers et al. (2010)64 7 for each Braak stage 0–6 Mixed-cell sample from prefrontal cortex

Horesh et al. (2011)65 55 AD; 28 schizophrenia; 22 controls Mixed-cell samples from frontal lobe, cingulate, 
temporal cortex, parietal cortex, occipital cortex  
and basal ganglia

Williams et al. (2009)55 6 early AD (MMSE 21–26); 8 controls Synaptoneurosomes isolated from prefrontal cortex

Tollervey et al. (2011)68 6 AD; 7 FTLD-TDP, 3 FTLD-tau; 9 controls Mixed-cell sample from temporal cortex

Wang et al. (2012)67 12 AD; 12 controls Pooled microvessels from temporal, parietal  
and frontal cortex

Liang et al. (2008)76 33 AD (Braak stage 3–4, CERAD plaque density 
moderate–frequent); 14 controls

LCM of unaffected neurons from entorhinal cortex, 
hippocampus, medial temporal cortex, posterior 
cingulate, superior frontal gyrus and visual cortex

Dunckley et al. (2006)78 19 AD; 14 controls LCM of entorhinal cortical neurons with or without 
neurofibrillary tangles

Simpson et al. (2011)86 6 AD for each Braak stage group 0–2, 3–4, 5–6 LCM of astrocytes from lateral temporal cortex

Maes et al. (2007)88 14 mild AD; 14 controls Monocytes from whole blood 

Nagasaka et al. (2005)89 21 familial AD from three families;  
12 wild-type siblings

Cultured fibroblasts from skin biopsy

Fehlbaum-Beurdeley et al. 
(2010)93

80 AD; 70 controls Venous blood

Booij et al. (2011)91 Training set: 94 AD; 94 controls
Test set: 31 AD; 25 age-matched controls;  
7 young controls; 27 PD

Venous blood

Calciano et al. (2010)90 28 AD receiving no treatment or donepezil, 
galantamine or rivastigmine

Venous blood

Kalman et al. (2005)92 8 AD (MMSE 16.0 ± 5.1); 8 controls Lymphocytes from venous blood

Chen et al. (2011)94 5 AD; 4 mild cognitive impairment; 4 controls Lymphocytes from venous blood

‘CERAD-positive’ describes patients who met CERAD neuropathological criteria for a diagnosis of AD. Abbreviations: AD, Alzheimer disease; CAMCOG, Cambridge 
Cognitive Examination; CDR, Clinical Dementia Rating; CERAD, Consortium to Establish a Registry for Alzheimer Disease; FTLD, frontotemporal lobar degeneration; 
LCM, laser capture microdissection; MMSE, Mini-Mental State Examination; TDP, TAR DNA-binding protein. For further details, see Supplementary Table 3 online.
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suggesting a neuro protective response in early disease and 
a therapeutic target in later disease. Further developing 
the study of synaptic dysfunction in AD,74 GEP of the 
synaptoneurosome55 revealed aberrant gene expression 
related to synaptic function, and found that expression of  
the glutamate receptor 2 (GRIA2) gene in synapto
neurosomes, but not in wholecell homogenates, corre
lated with declining cognition. This interesting finding 
supports other work suggesting that axons and nerve ter
minals might display a distinct transcriptome from the  
neuronal cell body, by virtue of transfer of mRNA to  
the neuron from neighbouring glial cells.75

An exonlevel study of temporal cortex from patients 
with AD or frontotemporal lobar degeneration (FTLD) 
and controls68 demonstrated alternative splicing associ
ated with AD and FTLD. An enrichment analysis indi
cated that the transcriptome changes might be related 
to increased activity of polypyrimidine tract binding 
protein 1 (PTBP1) and reduced activity of neuro 
oncological ventral antigen 1 (NOVA1), two RNAsplicing 
proteins that represent potential therapeutic targets. 
Although AD and FTLD are clinically and pathologically 
distinct, this analysis was unable to differentiate the two 
conditions. Nevertheless, the findings are interest ing and 
should be developed with a larger number of samples.

Laser capture microdissection cell samples
LCM studies in AD have uncovered changes in gene 
expression that were not apparent from mixedcell studies 
(Table 3 and Supplementary Table 3 online). A series of 
studies76–78 investigated the transcriptome of neurons 
from six cortical areas that were chosen to represent dif
ferent stages of AD according to the pattern of disease 
spread. The researchers showed that the entorhinal cortex 
and hippocampus—the two areas that are most suscep
tible to accumulation of neurofibrillary tangles—shared 
differential expression related to glycolysis, which could 
reflect an increased energy demand.76 Consistent with this 
finding, another study showed that expression of essential 
components of mitochondrial function is downregulated 
in brain areas affected by AD.77 Interestingly, the same 
brain regions show a reduced metabolic rate, as meas
ured by fluorodeoxyglucose PET, in AD.79,80 Provision of 
support to meet the energy demand in these areas could 
be a neuroprotective strategy.

Several studies have developed these micro array data 
sets using pathwaybased approaches.81–83 One report 
used a coexpression network analysis83 to demon strate 
dysregulation of genes that are controlled by transcription 
factors involved in cardiovascular disease83—an associa
tion that is the subject of ongoing research.84,85 Notably, 
GEP analysis of pooled micro vessels from various brain 
areas in AD identified similar transcriptome changes to 
those seen in other postmortem AD studies.67 These find
ings indicate that targeting of cardiovascular risk factors 
might be a useful therapy for AD.

Transcriptome analysis of astrocytes from lateral 
temporal cortex in patients with AD explored patterns 
of differential expression with increasing Braak stage.86 
Findings included dysregulation of pathways related to 

intracellular signalling and the cytoskeleton, which could 
represent progressive dysfunction of astrocyte connectiv
ity during disease progression. Notably, these transcrip
tome changes occurred at a lower Braak stage in patients 
carrying the apolipoprotein E ε4 allele, which is a risk 
allele for AD.87 Disrupted signalling pathways included 
calcium signalling, suggesting that aberrant calcium sig
nalling is not limited to or even primarily within neurons. 
An important role for astrocytes in AD pathogenesis 
might explain synaptoneurosome dysfunction in post
mortem AD tissue,55 and support of astrocyte function 
could have therapeutic potential.

Studies in peripheral tissue
Seven GEP studies of peripheral samples from patients 
with AD have been carried out since 2005.88–94 Study of 
blood mononuclear cells88 and peripheral leukocytes92,94 
highlighted involvement of similar functional catego
ries of genes to those identified in studies of CNS tissue, 
including aberrant gene expression related to neuro
inflammation and intracellular signalling. Such con
sistency supports the suitability of peripheral cells for 
studies of AD pathogenesis and for biomarker develop
ment. Expression of ATPbinding cassette subfamily B 
member 1 (ABCB1) in peripheral leukocytes correlated 
with scores of cognitive ability in patients with AD or 
mild cognitive impairment and in controls.94 Further 
work is needed to characterize the relationship between 
ABCB1 function and AD pathogenesis, but expression 
levels of this protein may represent a biomarker for AD.

Three studies89,91,93 identified transcriptome bio markers 
that can differentiate between disease and control 
samples. Two of the studies used an indepen dent test set 
of samples to validate their panel, which was originally 
developed in a distinct training set,91,93 and one group 
demonstrated that their biomarker was independent of 
medication use and disease severity, and could classify 
AD and mild cognitive impairment cases according to 
eventual diagnosis.91 A subset of this gene panel was 
further validated using a customized reverse transcription 
PCR (rtPCR) array95 to illustrate efficacy of the biomarker 
in a platform that is more suited than a microarray to 
application on a larger scale in the clinic. Of note, one 
of the components of this panel is SORL1, which was 
originally shown to be downregulated in a GEP study of 
lymphocytes from patients with AD.96 Genetic variation 
in SORL1 is associated with risk of AD, and the SORL1 
protein directs amyloidβ trafficking.97

Technical considerations
The processes of sample acquisition and preparation 
before microarray work and subsequent data analysis 
(Figure 1) can have a profound impact on the results of 
GEP studies. Over time, consensus has developed on a 
number of these processes, as presented below.

Sample preparation
The ability to use postmortem tissue for microarray 
studies is essential, because the CNS is largely inaccessi
ble before death. However, the extent to which neurons 
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obtained at the end stage of disease, which have survived 
the disease process, are representative of the disease in 
general is not known.98 Postmortem specimens from 
patients with neurodegenerative disease are often collected 
as homogenized tissue from a specific brain or spinal cord 
area, containing multiple cell types that might each reflect 
the underlying pathophysiology to varying degrees. Gene 
expression in numerous cell types can dilute and poten
tially mask changes in lessnumerous cell types.8 LCM 
allows isolation of individual cells by carbon dioxide laser 
pulse under light microscopy,99 which partially overcomes 
this problem.8,21 Another potential problem with sample 
preparation is that case–control comparisons of mixedcell 
tissue in neurodegenerative disease are likely to compare 
a neuronrich sample with a sample depleted of neurons, 
unless a suitable correction is made.100

RNA quality can affect the results of a transcriptome 
analysis. Freezing of RNA samples at –80 ºC or storage of 
samples in a specialized ‘RNAlater’ are preferable to alter
native storage methods for maintaining RNA quality.101 
Perimorbid events, including agonal status, can also 
affect RNA quality and can be difficult to match between 
groups. The BrainNet Europe Consortium recently con
cluded that brain pH, which can be more easily matched 
across samples, is a good proxy of RNA quality.102 RNA 
integrity number is a measure of RNA degradation that 
is based on evaluation of an electropherogram trace.103,104 
A threshold value of 7.8 indicates RNA quality that is 
 sufficient for reproducible micro array work.105

Microarray platform and data analysis
Different microarray platforms can generate different 
results.106 However, a recent multicentre study evaluated 
the reproducibility of microarray results between centres, 
platforms and analysis techniques, and concluded that 
determination of differentially expressed transcripts was 
acceptably consistent.107

The threshold used to define a significant difference in 
gene expression will clearly influence the results of a GEP 
study. An ideal threshold would yield only results that are 
reproducibly linked to pathophysiology. The optimal sta
tistical test for calculation of significance is also debated. 
Parametric tests are limited, as many of the genes repre
sented on a microarray are not normally distributed,108 but 
nonparametric tests can result in loss of power.109 The large 
number of statistical tests performed when determining 
differentially expressed genes can lead to falsepositive 
results, a socalled multipletesting problem. Conversely, 
commonly used multipletesting corrections can lead to a 
high falsenegative rate.110

Another problem in microarray analysis is that the 
most significant changes by Pvalue or fold change are not 
always the most important. For example, a small change 
in expression of a gene such as a transcription factor 
can have a large pathophysiological effect. Additionally, 
genes with a low level of expression, regardless of their 
functional importance, show increased variability and 
are, therefore, liable to become false negatives, particu
larly if a stringent multipletesting correction is applied. 
To counteract this limitation, a clustering or enrichment 

analysis,111 which uses the interrelated nature of gene 
expression to reduce the falsepositive rate without 
increasing the number of false negatives, can be con
ducted. This approach also allows better comparison 
of different studies.21 The problem of genes with a low 
level of expression can be addressed using a penalized 
tstatistic112 or the Propagating Uncertainty in Microarray 
Analysis (PUMA) package, which uses a quantification 
of noise in probe set measurements in subsequent analy
ses, rather than simply assigning an expression value per 
probe set at normalization.113

Microarray platforms

Differential expression analysis

ValidationPathway analysis

Complex tissues Laser-captured cells Peripheral tissues

RNA extraction and quality control

CHIP

Figure 1 | Schematic illustration of the various methodological stages of a 
microarray study and analysis.
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Validation
Validation of microarray data that show gene expres
sion changes is a way to avoid falsepositive conclusions. 
This can be achieved through assay of gene expression 
by another method, such as quantitative rtPCR or in situ 
hybridization. Alternatively, results can be validated by 
measuring downstream effects resulting from changes 
in gene expression—for example, by western blotting, 
immunohistochemistry or assays of protein function.

Exon-level microarrays
Many studies described in this Review have used micro
array platforms with probes for a particular gene, 
irrespec tive of the specific transcript isoform. More 
than 90% of multiexon genes are estimated to undergo 
alternative splicing114 and, therefore, important physio
logical and perhaps pathological variation is not captured 
by a genelevel analysis. Indeed, evidence discussed in 
this Review has implied that pathological gene changes 
related to RNA splicing do occur in neuro degeneration. 
A difficulty associated with exonlevel analysis using a 
microarray platform with probes for every exon is that, 
necessarily, there are fewer probes per exon than probes 
per gene on a genelevel microarray,115 which means that 
the measurements of individual exon expression may be 
subject to excessive variability. 

Commonly used analysis methods try to overcome 
this hurdle by measuring expression at the level of known 
transcripts, such that probes from a number of exons can 
be combined. Alternatively, Affymetrix AltSplice arrays 

—which contain probes specific for all splicing events 
in the University of California, Santa Cruz and Ensembl 
databases115—can be used. Importantly neither of these 
approaches can detect novel splice variants, which might 
be particularly relevant to disruption of splicing function.

Next-generation sequencing of RNA
NGS refers to new technologies that allow sequencing of 
large amounts of DNA or RNA at high speed and rela
tively low cost compared with dideoxy sequencing. NGS 
therefore enables compilation of a substantial amount of 
data, comparable to GEP by microarray analysis. NGS of 
RNA has several advantages over microarray platforms, 
largely resulting from a lack of reliance on probes. Rather, 
every base of every component of the transcriptome is 
sequenced, improving the detection rate of known tran
scripts and splicing events,116 and enabling detection of 
novel transcripts in the absence of specific probes. The 
problem of nonspecific binding to probes, a significant 
source of technical variability, is bypassed.117 In addition, 
the singlenucleotide resolution of NGS allows detection 
of sequence variability within an RNA molecule.

A substantial challenge in GEP via NGS is analysis of 
the large volume of data produced. Such NGS applications 
include mapping of RNA sequences to the genome, which 
is particularly difficult with degraded RNA. Another 
barrier is the amount of starting material required. 
Whereas microarray techniques often require only 100 ng 
or less, clonal amplification prior to NGS requires 3–20 μg 
of RNA of suitable quality.118 These difficulties are par
ticularly relevant in neurodegenerative disease, in which 
LCM of a selected population of CNS cells often pro duces 
small amounts of relatively poorquality RNA. How ever, 
a recent study using an iso thermal linear amplification 
technique reported successful RNA NGS using only 
500 pg of starting material.119 

A comparison of the two methods concluded that 
micro array analysis performed better than NGS in the 
quantification of known lowabundance transcripts, and 
the researchers proposed a hybrid approach using NGS to 
definitively determine which transcripts are present, and a 
custom microarray to probe identified transcripts.120

Biomarker development
The capacity of GEP to simultaneously assay a large 
number of biological pathways is suited to devising a 
biomarker of complex neurodegenerative disease, which 
could be used to facilitate diagnosis and subclassification 
of heterogeneous disease states, predict prognosis, and 
adjust treatment dosage by titration. A biomarker panel 
of genes for early PD that can be tested in peripheral 
blood samples is showing promise.19 Similarly, in AD, 
several studies89,91,121 have attempted to separate disease 
and control samples according to expression of a panel of 
genes. One group has developed this approach into a test 
that could be used on a large scale in the clinic.95 Similar 
panels are already in clinical use in other disease areas.122 
The main challenges facing the use of GEP in biomarker 
development for neurodegenerative disease are the choice 
of tissue and analysis method.

Transcription
impairment

Parkinson
disease

Proteasome
impairment

Amyotrophic lateral
sclerosis

Mitochondrial
impairment

Cytoskeletal
dysfunction

In�ammation

Aberrant intracellular
signalling

Alzheimer
disease

Figure 2 | Summary of the biological pathways that are consistently identified by 
gene expression profiling of human tissue samples from patients with amyotrophic 
lateral sclerosis, Alzheimer disease or Parkinson disease. Crossover between 
findings in the different diseases is also highlighted.
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Choice of tissue
Peripheral cells, which can be acquired noninvasively 
during life at any stage of disease, are a good source of 
material, particularly for biomarker studies. A key ques
tion in neurodegenerative disease is the extent to which 
peripheral cells are representative of a process pri marily 
occurring in the CNS. In ALS, PD and AD, evidence 
of systemic involvement exists,2,19,88 and the majority of 
genes implicated in familial neurodegenerative diseases 
are ubiqui tously expressed. Several studies reviewed in this 
article have shown that gene expression changes in periph
eral tissues from patients with neuro degenerative disease 
are directly comparable to changes in the CNS.2,16,20,49,52

Analysis method
The 2010 MicroArray Quality Control study compared 
multiple classification methodologies that are suitable for 
biomarker analysis.123 This study concluded that the pri
mary determinant of performance of a classifier algorithm 
was the end point under consideration, and that various 
techniques for data analysis, including normalization and 
panel selection, largely produced similar results. Difficulty 
in identification of a reproducible biomarker has been 
attributed to disease heterogeneity, even in oncology 
where, in contrast to neurodegenerative disease, the tissue 
of interest is usually accessible during life.124 Alternatively, 
other studies suggest that a large number of genes can have 
a small but comparable association with a particular end 
point.125,126 This means that when sample numbers are 
small, ranking of genes by their association with the end 
point, as is common in many biomarker studies, relies 
on an order that could vary significantly each time the 
study is repeated. In the case of breast cancer prognosis, 
for example, several thousand samples are thought to be 
needed to produce a reliable biomarker panel.126 Disease 
heterogeneity is undoubtedly a problem, but the numbers 
of samples in biomarker development might also need to 
be vastly increased.

Conclusions
In each of the diseases that have been considered, the 
GEP studies are numerous and varied. Direct compari
son of results is often difficult, because studies use dif
ferent tissues and/or different microarray platforms. It is 
interesting that, despite these barriers, common themes 
arise in each disease. In ALS, several studies implicate 
alterations in gene expression related to the cyto skeleton, 
inflammation, protein turnover and RNA splicing. In 
PD, the pathological transcriptome supports disrup
tion of the ubiquitin–proteasome system, RNA splicing, 
mito chondrial dysfunction and neuroinflammation. In 
AD, neuro inflammation, mitochondrial dysfunction 

and various intracellular signalling pathways, includ
ing calcium signalling, are repeatedly implicated. These 
changes are summarized in Figure 2.

Notably, similarities exist between the diseases: for 
example, mitochondrial dysfunction seems to play a 
part in both AD and PD, and disruption of RNA splic
ing and protein processing are implicated in ALS and 
PD. Neuroinflammation is observed in all three diseases, 
although this process might be expected to occur in the 
context of degenerating neurons and reactive gliosis, and 
could, therefore, represent a downstream effect that is 
not a viable therapeutic target. Studies in animal models 
of neuro degenerative disease have provided insight into 
pathogenesis in earlystage disease, and support similar
ity between the diseases.14,127 Similarities between neuro
degenerative diseases are the subject of ongoing research128 
and, in certain cases, a common genetic basis has been 
discovered for multiple neuro degenerative diseases.129,130

As well as identifying dysfunctional pathways, GEP 
studies have highlighted a number of potential therapeutic 
strategies, including reduction of PTEN activity in ALS,7 
activation of PGC1α in PD,20 and prevention of decline in 
synaptic function in AD.55,64 In many cases, the conclu
sions are based on exploration of selective vulnerability 
between sexes,44,47 ages,60,73 brain areas24 and even cellular 
subcompartments.55

A number of studies have highlighted aberrant gene 
splicing in ALS, PD and AD. Many of the platforms used 
in the studies reviewed are not capable of measuring exon
level expression, and currently even exonlevel micro
arrays are not suitable for identification of novel splicing 
events. Posttranscriptional regulation of gene expression, 
including alternative splicing, is an area that seems to be 
much more complex than first supposed.98 With its inher
ent advantages, NGS of the transcriptome, building on the 
foundation of microarray studies, might be the technique 
that substantially advances our understanding of how 
alternative splicing contributes to the pathogenesis of 
neurodegenerative disease.
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