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Age is the most important risk factor for neurodegeneration; however, the effects of aging and neurodegeneration on

gene expression in the human brain have most often been studied separately. Here, we analyzed changes in transcript

levels and alternative splicing in the temporal cortex of individuals of different ages who were cognitively normal, affected

by frontotemporal lobar degeneration (FTLD), or affected by Alzheimer’s disease (AD). We identified age-related splicing

changes in cognitively normal individuals and found that these were present also in 95% of individuals with FTLD or AD,

independent of their age. These changes were consistent with increased polypyrimidine tract binding protein (PTB)–

dependent splicing activity. We also identified disease-specific splicing changes that were present in individuals with FTLD

or AD, but not in cognitively normal individuals. These changes were consistent with the decreased neuro-oncological

ventral antigen (NOVA)–dependent splicing regulation, and the decreased nuclear abundance of NOVA proteins. As

expected, a dramatic down-regulation of neuronal genes was associated with disease, whereas a modest down-regulation of

glial and neuronal genes was associated with aging. Whereas our data indicated that the age-related splicing changes are

regulated independently of transcript-level changes, these two regulatory mechanisms affected expression of genes with

similar functions, including metabolism and DNA repair. In conclusion, the alternative splicing changes identified in this

study provide a new link between aging and neurodegeneration.

[Supplemental material is available for this article.]

Alzheimer’s disease (AD) and frontotemporal lobar degeneration

(FTLD) are two of the most common neurodegenerative disorders,

each having a distinctive pathology (van der Zee et al. 2008). The

prevalence of neurodegenerative diseases increases with age, and

molecular processes associated with brain aging contribute to cog-

nitive decline (Bishop et al. 2010). Even though gene expression in

the humanbrain during aging and disease wasmost often evaluated

by separate studies,most of these studies identified down-regulation

of genes associated with metabolic and neuron-specific functions

(Lee et al. 2000; Lu et al. 2004; Erraji-Benchekroun et al. 2005;

Brooks et al. 2007; Liang et al. 2008; Loerch et al. 2008; Miller et al.

2010; Somel et al. 2010). Computational integration of data from

these studies suggested a significant overlap between expression

changes occurring in aging and AD (Miller et al. 2008). However,

expression changes associated with aging and neurodegeneration

have not yet been directly compared in a single study.

Here, we directly compared the gene expression changes as-

sociated with aging or with disease in themiddle temporal gyrus, a

region of the brain cortex that is affected in both FTLD and AD, as

demonstrated by neuropathological and imaging studies (Whitwell

et al. 2008). We obtained RNA samples from cognitively normal

(healthy) individuals with ages ranging from 16 to 102 yr, and

compared these to samples from individuals with pathologically

confirmed neurodegenerative diseases. These included individuals

with sporadic AD, which is characterized by the deposition of ex-

tracellular beta-amyloid plaques and intraneuronal tau tangles;

with sporadic FTLD-TDP, which is associated with TAR DNA-

binding protein (TARDBP, also referred to as TDP-43) deposition,

with familial FTLD-TDP due to mutations in the progranulin gene

(GRN), and with familial FTLD-tau due to mutations in the mi-

crotubule-associated protein tau gene (MAPT) (Hutton et al. 1998;

Poorkaj et al. 1998; Spillantini et al. 1998; Baker et al. 2006; Cruts

et al. 2006; Zhang et al. 2007). Past studies indicated aberrant al-

ternative splicing patterns of ion channel and other genes in the

brains of AD patients (Glatz et al. 2006; Heinzen et al. 2007;

Anthony and Gallo 2010; Twine et al. 2011). Therefore, we eval-

uated changes in transcription and alternative splicing in a ge-

nome-wide manner.

We identified the same gene expression changes in AD and

FTLD. Surprisingly, analysis of samples fromhealthy individuals of

different ages showed that the changes taking place in healthy

aging represented a subset of the changes present in neurodegen-

erative diseases. Thus, the disease-related expression changes could

be divided into those that also occur in aging (age-related) and

those that only occur in disease (disease-specific). In addition to

the transcript-level changes, we uncovered dramatic changes in

alternative splicing, involving 5369 exons with a >20% inclusion

change. These splicing changes indicated a role for increased PTB

activity in the age-related changes and decreased NOVA activity in
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the disease-specific changes.Next,we evaluated the cell-type-specific

gene expression and detected a major loss of neuronal gene ex-

pression in disease, whereas a more modest decrease in expression

of glial- and neuron-specific genes occurred in aging. Finally, Gene

Ontology analysis showed that gene expression changes in aging

primarily affected metabolic processes, whereas the disease-specific

changes affected genes with neuron-specific functions, including

synaptic transmission and ion channel genes.

Results

Analysis of splicing changes in FTLD-TDP, FTLD-tau, and AD

TARDBP is the major component of neuronal and glial inclusions

in the most common form of FTLD (FTLD-TDP) (Neumann et al.

2006; Lagier-Tourenne et al. 2010). To assess whether this co-

incides with changes in TDP-dependent splicing, we initially per-

formed RT-PCR splicing analysis for exons in five different genes

that we recently identified as targets of TARDBP in human SH-

SY5Y neuroblastoma cells (Tollervey et al. 2011). We identified

significant changes in the splicing of exon 11 in the myocyte en-

hancer factor 2D gene (MEF2D) and exon 11 in the microtubule-

associated serine/threonine kinase 2 gene (MAST2) in FTLD-TDP

(P-value < 0.05, two-tailed Student’s t-test, unequal variance)

(Supplemental Fig. S1A). The remaining exons with no significant

change included exon 9 of the checkpoint with Forkhead and ring

finger domains gene (CHFR), exon 3 of the polymerase (DNA-di-

rected), delta interacting protein 3 gene (POLDIP3), and exon 2 of

the ral guanine nucleotide dissociation stimulator-like 1 (RGL1).

We then evaluated splicing of the MAST2 and MEF2D exons in all

RNA samples available to us, including samples from 43 healthy

controls, six familial FTLD-tau, four familial FTLD-TDP with GRN

mutations, 16 sporadic FTLD-TDP, 12 individuals with AD, and

three individuals with familial ALS with mutations in the fused in

sarcoma gene (FUS) (Supplemental Table S1; Vance et al. 2009).

Surprisingly, even though most FTLD-tau and AD samples lack

TARDBP inclusions, they showed the same splicing changes as the

FTLD-TDP samples (Supplemental Fig. S2A). For each exon, the

splicing change (DC) was calculated as the difference in percent

exon inclusion in a specific sample compared to the average inclusion

in all healthy samples. Based on the average splicing change of

both exons, we selected nine healthy samples (DC < 5%) and 16 dis-

ease samples (DC > 15%), including three familial FTLD-TDP with

GRN mutations, four sporadic FTLD-TDP, three familial FTLD-tau,

and six AD samples, for a comprehensive transcriptome-wide splic-

inganalysis usinghigh-resolutionAffymetrixAltSplice splice-junction

microarrays (Supplemental Fig. S2A; Supplemental Table S1).

It is not known if expression changes that were observed by

past studies of AD were specific for AD or are also present in other

types of neurodegenerative disorder. Therefore, we used hierar-

chical clustering to assess how the general trends in ourmicroarray

data reflect the effects of different neurodegenerative diseases. To

minimize the effects of microarray noise, we focused the clustering

analysis on the 1000 exons with the most significant changes in

FTLD-TDP samples compared to age-matched cognitively normal

individuals. The hierarchical clustering clearly distinguished the

cognitively normal samples from the disease samples (Fig. 1A). It

did not, however, distinguish between different diseases, in-

dicating that the same splicing changes were present in all disease

samples. Therefore, we compared exon inclusion from all FTLD-

TDP, FTLD-tau, and AD samples with control data to identify 5369

exons with a significant splicing change in all disease samples

(P-value < 0.001, one-tailed Student’s t-test, unequal variance,

DC > 20%). To evaluate the validity of ourmicroarraymeasurements,

we used RT-PCR to assess splicing changes of 46 randomly selected

exons in FTLD-TDP and AD samples. RT-PCR validated 83% (38/

46) of these exons, which showed consistent splicing changes in

FTLD-TDP and AD (P-value < 0.05, one-tailed Student’s t-test, un-

equal variance) (Supplemental Fig. S1A,B; Supplemental Table S2).

Since only FTLD-TDP samples contain TARDBP inclusions,we

hypothesized that these might show some splicing changes asso-

ciated with TARDBP loss-of-function that are absent in AD. Ac-

cordingly, we analyzed the 100 exons with the most significant

splicing changes in FTLD-TDP (two-tailed Student’s t-test, unequal

variance). Remarkably, all of these exons showed a splicing change

in the same direction in both disease types (Supplemental Fig.

S1C). The extent of splicing changes for these exons in FTLD-TDP

was highly correlated with splicing changes in AD (r = 0.95, Pear-

son product moment correlation coefficient). We further searched

themicroarray data for splicing changes thatwere specific to FTLD-

TDP, but were not able to validate any of these changes by RT-PCR

(data not shown). These results indicated that the presence of

Figure 1. Overview of microarray and RT-PCR analyses of splicing
profiles. (A) Hierarchical clustering of microarray data [(C) cognitively
normal; (Ft) FTLD-tau; (Fp) FTLD-TDP with GRN mutation; (Fu) sporadic
FTLD-TDP; (AD) Alzheimer’s disease], with ages of individuals shown next
to disease status. (B) Principal component analysis of RT-PCR data of 13
exons in 84 samples (data shown in Supplemental Fig. S2; Supplemental
Tables S1, S2). PC1 values are compared to the age of the donor. The blue
line shows the linear regression analysis of the cognitively normal in-
dividuals, indicating a trend for a more disease-like splicing pattern with
increasing age.

Genome Research 1573
www.genome.org

Splicing changes in aging and neurodegeneration



TARDBP neuronal and glial inclusions in FTLD-TDP tissues does

not associatewith a specific splicing signature in the terminal stage

of the disease.

To evaluate splicing changes in thewhole set of 84 cognitively

normal and disease samples available to us, we next used RT-PCR

to evaluate the splicing of 13 exons that had the largest splicing

changes in FTLD-TDP and AD (Supplemental Fig. S2). We then

applied principal component analysis (PCA) to the obtained exon

inclusion values to assess the general trends in splicing changes

observed in these samples. We found that increasing values of

principal component 1 (PC1) distinguished disease samples from

healthy control samples, but not between the different disease

types (Fig. 1B). This trendwas observable with random sampling of

as few as five exons out of the 13 exons, indicating that the effect is

not specific for only a small subset of the 13 exons (Supplemental

Fig. S3A,B). Thus, splicing analysis of a small number of selected

exons was sufficient to identify the splicing signature of neuro-

degeneration.

Interestingly, samples from sporadic and familial FTLD-TDP,

FTLD-tau, and AD all had a similar extent of splicing changes, even

though the FTLD individuals were generally younger (age range

48–74 yr; mean 63 yr) than the sporadic AD individuals (age range

69–91 yr; mean 78 yr). This observation

agrees with magnetic resonance imaging

studies reporting accelerated progression

of brain atrophy in FTLDwhen compared

to AD (Whitwell et al. 2008). The speci-

ficity of our approach was further sup-

ported by the observation that splicing

in the middle temporal gyrus of ALS

(FUS) patients, which show motor neu-

ron degeneration in the spinal cord and

pre-central gyrus, but no gross pathology

in the middle temporal gyrus (Vance

et al. 2009), was similar to healthy con-

trols (Fig. 1B). This result confirms that

the disease-related splicing changes are

a direct effect of neurodegenerative pro-

cesses in the temporal cortex and not

a generalized effect of degeneration else-

where in the brain.

Identification of age-related

splicing changes

Hierarchical clustering of microarray data

indicated that splicing changes in the

oldest cognitively normal samples were

similar to those in some of the disease

samples (Fig. 1A). Furthermore, PCA

analysis of RT-PCR values in all 84 sam-

ples showed that PC1 values increased

with age in healthy controls, resulting in

the clustering of older healthy controls

closer to the disease samples (Fig. 1B).

This suggested that the splicing changes

in a subset of healthy samples were age-

related. To identify age-related splicing

changes on a global scale, we compared

the microarray data of the healthy in-

dividuals between the ages of 20 and65 yr

with those between the ages of 82 and 95

yr. This identified 1174 exons with a significant splicing change in

aging (P-value < 0.001, one-tailed Student’s t-test, unequal vari-

ance, DC > 20%). Interestingly, age-related splicing changes in

these exons were highly correlated with changes in disease (r =

0.94). Microarray data identified very few exons with age-related

splicing changes that appeared to be absent in disease, but RT-PCR

showed that these changes were either not reproducible or were

also present in disease samples (Supplemental Table S2). These

results indicated that age-related changes represent a subset of the

disease-related splicing changes.

Even though all of the changes taking place in agingwere also

present in disease, the extent of splicing changes varied consider-

ably between aging and disease. Therefore, we speculated that

analysis of a disease/aging ratio [DAR = (disease DC)/(aging DC)]

for each exon could allow a more efficient separation of changes

that are primarily associated with aging or neurodegeneration.

According to the distribution of these DAR values for all 5369

exons (Supplemental Fig. S3C), we defined thresholds to discrim-

inate the two types of splicing changes. Age-related splicing

changes were those present to an almost equal extent in aging and

disease (DAR < 1.2) (Fig. 2A), whereas changes that were at least

twofold greater in disease were considered as disease-specific (DAR

Figure 2. Analysis of age-related and disease-specific splicing changes. (A) Heatmap of percentage
exon inclusion of the 2064 exons with age-related splicing changes (DAR < 1.2). (B) RT-PCR validation of
a cohort of the age-associated splicing changes. (C ) Heatmap of percentage exon inclusion of the 1551
exons with disease-specific splicing changes (DAR > 2). (D) RT-PCR validation of the disease-specific
splicing changes. Exons regulated by TARDBP, NOVA, or PTB proteins are labeled on the side, with the
enhancing or silencing activity of the protein indicated by an arrow. Age of individual donors and the
disease type is shown on top; (Ft) FTLD-tau; (Fp) FTLD-TDPwithGRNmutation; (Fu) sporadic FTLD-TDP.
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> 2) (Fig. 2C). Age-related and disease-specific changes in 12 exons

were subsequently confirmed by RT-PCR analyses (Fig. 2B,D), in-

cluding one TARDBP, five NOVA, and four PTB-target exons (see

below).

Interestingly, we observed the occurrence of age-related and

disease-specific changes within the same transcript, indicating

that different regulatory mechanisms might function at the level

of individual exons. To assess this more comprehensively, we iden-

tified 107 transcripts that contained more than one exon with

age-related or disease-specific splicing changes. Thirty-seven per-

cent of these transcripts (40/107) harbored exons with disease-

specific splicing changes, as well as exons with age-related splicing

changes. We validated such cases in the cell adhesion molecule

with homology with the L1CAM gene (CHL1) and the neuronal

cell adhesionmolecule gene (NRCAM): Age-related splicing changes

were found in CHL1 exon 27 and NRCAM exon 29 (Fig. 2B), and

disease-specific splicing changes were found in CHL1 exon 10 and

NRCAM exon 10 (Fig. 2D). Since splicing changes in multiple

exons in the same transcript can occur at different stages of aging

and disease, it is most likely that distinct factors independently

regulate each exon.

Age-related increase in the PTB-dependent splicing activity

Our results suggest that age-related and disease-specific splicing

changes arise from independent regulatory mechanisms acting at

the level of individual exons. To explore the roles of candidate

splicing regulators, we evaluated exons regulated by TARDBP and

TIA proteins. Loss of the nuclear RNA processing function of

TARDBP due to cytoplasmic sequestration has been postulated to

underlie neurodegeneration in FTLD-TDP (Neumann et al. 2006;

Lagier-Tourenne et al. 2010). Furthermore, TIA proteins (T-cell

intracellular antigen 1 [TIA1] and TIA1-like 1 [TIAL1]) are known to

respond to cellular stress (Anderson and Kedersha 2002). We have

recently identified target exons of TARDBP and TIA proteins using

AltSplice microarray analyses upon knockdown in neuroblastoma

and HeLa cells, respectively (Wang et al. 2010; Tollervey et al.

2011). We detected disease-related splicing change of 39 exons

regulated by TARDBP, 25 of which agreed with decreased TARDBP

activity (Supplemental Table S3).We tested splicing of six TARDBP-

target exons by RT-PCR, which validated the change measured

by the microarray, with four exons having the same direction of

splicing change as in the TARDBP knockdown, and two exons

having the opposite direction (Fig. 2B; Supplemental Table S2).

However, TARDBP- or TIA-target exons were not enriched among

disease-related exons (Supplemental Table S3), arguing against a

prominent role of these proteins in the observed splicing changes.

To explore the role of additional candidate splicing regulators,

we analyzed the transcript levels of genes with ontologies related

to splicing regulation as defined by the GO Consortium. This

identified 29 genes with a statistically significant, at least twofold

disease-related expression change (P-value < 0.001, one-tailed

Student’s t-test, unequal variance) (Table 1). These included several

factors involved in PTB-dependent splicing regulation. The ex-

pression of polypyrimidine tract binding protein 2 (PTBP2) and

ribonucleoprotein, PTB-binding 1 (RAVER1) was decreased, and

expression of regulator of differentiation 1 (ROD1) was increased

(Rideau et al. 2006; Spellman et al. 2007). The expression of poly-

Table 1. Splicing regulators with significant disease-related changes in transcript levels

Gene symbol
Gene

description
Disease fold
change (log2)

Aging fold
change (log2)

Disease/aging fold
change ratio

PTBP1 Polypyrimidine tract-binding protein 1 0.6 0.7 1.0
ESRP2 RNA-binding protein 35B 1.1 0.9 0.9
ESRP1 RNA-binding protein 35A 1.5 0.9 0.7
RAVER1 Ribonucleoprotein PTB-binding 1 1.2 0.6 0.7
UHMK1 Serine/threonine-protein kinase Kist �1.3 �1.3 1.0
DHX15 Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 �1.1 �1.1 1.0
HNRNPK Heterogeneous nuclear ribonucleoprotein K �1.1 �0.9 0.9
SLU7 Pre-mRNA-splicing factor SLU7 �1.2 �1.0 0.9
ROD1 Regulator of differentiation 1 �1.1 �0.9 0.9
PTBP2 Polypyrimidine tract-binding protein 2 �1.1 �0.8 0.8
PLRG1 Pleiotropic regulator 1 �1.2 �1.0 0.8
SNRPD3 Small nuclear ribonucleoprotein Sm D3 �1.1 �0.8 0.8
SNRNP40 WD-repeat-containing protein 57 �1.0 �0.8 0.8
CUGBP1 CUG-BP- and ETR-3-like factor 1 �1.1 �0.8 0.8
SFRS2 Splicing factor, arginine/serine-rich 2 �1.0 �0.7 0.8
SRPK1 Serine/threonine-protein kinase SRPK1 �1.2 �0.8 0.8
SRPK2 Serine/threonine-protein kinase SRPK2 �1.3 �0.9 0.8
TXNL4A Thioredoxin-like protein 4A �1.0 �0.6 0.7
WBP11 WW-domain-binding protein 11 �1.1 �0.6 0.7
SNRPB2 U2 small nuclear ribonucleoprotein B0 �1.3 �0.8 0.7
MAGOH Protein mago nashi homolog �1.1 �0.5 0.7
NUDT21 Cleavage and polyadenylation specificity factor subunit 5 �1.6 �1.1 0.7
PPIH Peptidyl-prolyl cis-trans isomerase H �1.2 �0.6 0.6
NOVA1 RNA-binding protein Nova-1 �1.2 �0.5 0.6
KHDRBS3 KH-domain-containing, RNA-binding, signal transduction-associated protein 3 �1.2 �0.6 0.6
NHP2L1 NHP2-like protein 1 �1.2 �0.4 0.6
RNPS1 RNA-binding protein with serine-rich domain 1 �1.3 �0.5 0.5
RBM9 RNA-binding protein 9 �2.1 �1.3 0.5
CDC40 Pre-mRNA-processing factor 17 �1.6 �0.7 0.5
SNRPN Small nuclear ribonucleoprotein-associated protein N �1.9 �0.7 0.4
A2BP1 Fox-1 homolog A �2.5 �1.3 0.4

The fold changes in transcript levels were determined by microarray.
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pyrimidine tract binding protein 1 (PTBP1) was also significantly

increased, even though the increasewas only1.6-fold. These changes

agreedwith the previous observations that increased PTBP1 activity

is coupled with decreased expression of the PTBP2 gene (Boutz et al.

2007b; Makeyev et al. 2007; Spellman et al. 2007).

To evaluate PTB-dependent splicing regulation, we analyzed

the exons that were identified in a past AltSplice microarray

analysis of RNA from PTBP1/PTBP2 knockdownHeLa cells (Llorian

et al. 2010). ASPIRE3 analysis of the microarray data identified

a stringent set of 352 PTB-target exons (see Methods). We ob-

served a significant, 2.5-fold enrichment of these PTB-target

exons among disease-related exons (P-value < 0.0001, x2 test with

Yates correction) (Table 2). Importantly, 86% (85/99) of these

exons changed the splicing pattern in a manner that agreed with

increased PTB-dependent splicing activity (Supplemental Table

S3). A large proportion of PTB-target exons showed age-related

splicing changes, even though their splicing change in disease

was generally higher compared to the change in aging (median

DAR of 1.97). RT-PCR analysis of five PTB-target exons confirmed

that four of these exons had age-related splicing change (Fig. 2B),

which agreed with the age-related increase in PTBP1 expression

(Table 1). In conclusion, the age-related splicing changes were con-

sistent with increased PTB-dependent splicing activity, as pre-

dicted by changes in transcript levels.

Disease-specific decrease in the NOVA-dependent

splicing activity

In mouse brain, NOVA proteins play an important role by main-

taining brain-specific splicing regulation of transcripts encoding

synaptic proteins (Ule et al. 2005; Ruggiu et al. 2009). The micro-

array used in this study evaluated splicing of 51 human orthologs

of exons with validated splicing changes in Nova1�/�/Nova2�/�

mouse brains ( Jensen et al. 2000; Ule et al. 2003, 2005, 2006; Zhang

et al. 2010). Ninety-seven percent of the NOVA-binding sites are

conserved in vicinity of the human exon orthologs ( Jelen et al.

2007), and NOVA2 can change splicing of human exon orthologs

(Supplemental Fig. S4). We identified a significant, 3.2-fold en-

richment of these human NOVA-target exons among disease-

related exons (P-value < 0.0001, x2 test with Yates correction)

(Supplemental Table S3). The median DAR of these exons was 3.55,

indicating that their splicing changes were largely disease-specific.

We used RT-PCR to test splicing of 25 NOVA-target exons, including

some that were not detected as significant by the microarray, and

24/25 were detected as changed in disease samples (Supplemental

Fig. S5; Supplemental Table S2). Eighty-three percent (20/24) of

NOVA-target exons had disease-specific splicing changes, whereas

the remaining four exons also showed significant splicing changes

in aging (Fig. 2B,D; Supplemental Fig. S5; Supplemental Table S2).

Importantly, all of the splicing changes detected by microarray or

RT-PCR had a pattern that agreed with decreased activity of NOVA

proteins in disease tissue (Supplemental Tables S2, S3).

We next wanted to explore whether the change in NOVA-

dependent splicing was based on altered abundance of the NOVA

proteins. Since a past study showed that two-thirds of NOVA pro-

teins are present in the cytoplasmic fraction of the mouse brain

(Racca et al. 2010), we evaluated their protein levels in nuclear and

cytoplasmic fractions of human brain tissues. Protein levels of

NOVA1 and NOVA2 were significantly decreased in both nuclear

and cytoplasmic fractions of disease samples (Fig. 3). In contrast,

whereas both proteins were significantly decreased in the cyto-

plasmic fraction of aging samples, their abundance in the nuclear

Table 2. GO terms enriched in genes with age-related or disease-specific expression changes

GO term

Age-related Disease-specific

Transcript-level decrease Splicing change Transcript-level decrease Splicing change

P-value Fold P-value Fold P-value Fold P-value Fold

Anion transport 0.012 3.2 1.2 0.8 0.9
Mitochondrial electron transport NADH to ubiquinone 0.013 5.3 1.2 2.2 2.4
Ribonucleoside monophosphate biosynthetic process 0.023 4.8 1.1 0 0.9
Modification-dependent protein catabolic process <0.001 4.1 1.3 0.8 0.7
ER to Golgi vesicle-mediated transport 0.024 3.3 0.027 2.0 0 1.2
S phase 0 0.030 5.1 0 0.3
tRNA metabolic process 0.9 <0.001 2.1 0 1.0
G1 phase 0 0.002 2.9 0 0
Nucleotide-sugar metabolic process 2.0 0.008 3.2 0 0.6
Non-recombinational repair 0 0.011 3.0 0 1.1
Mismatch repair 0 0.030 2.4 0 0.9
Protein heterooligomerization 1.8 0.034 2.0 1.5 1.9
Isoprenoid biosynthetic process 3.5 0.047 2.4 0 2.1
Transmission of nerve impulse 1.0 1.1 <0.001 7.4 <0.001 2.0
Neurological system process 0.9 0.9 <0.001 4.5 <0.001 1.5
Monovalent inorganic cation transport 0.8 1.1 <0.001 5.4 0.029 1.5
Synaptic vesicle endocytosis 0 1.6 <0.001 14 <0.001 4.7
Regulation of transport 0.8 0.5 <0.001 3.4 0.001 1.6
Chemical homeostasis 1.2 0.7 <0.001 3.5 0.043 1.3
Potassium ion transport 0.4 0.8 <0.001 6.5 0.034 1.8
Response to metal ion 0.5 0.8 0.008 3.0 <0.001 2.1
Positive regulation of synaptic transmission 2.1 0.007 3.3 <0.001 13 2.5
Sensory perception of pain 1.7 1.5 <0.001 13 0.5
Actin polymerization or depolymerization 1.3 0.5 2.2 <0.001 2.5
Isoprenoid metabolic process 2.9 1.9 0 0.034 2.3
Peptidyl-threonine phosphorylation 4.0 0.029 2.7 6.6 0.002 4.1

Tollervey et al.

1576 Genome Research
www.genome.org



fraction of aging samples remained unchanged. This unchanged

nuclear abundance ofNOVAproteins agreedwith the intact splicing

of most NOVA-target exons in the aging samples.

Analysis of cell-type-specific changes in gene expression

Due to neuronal loss in the affected brain tissue, neuron-specific

genes have decreased expression in neurodegenerative diseases,

but less is known about the role of neuronal loss in the age-related

expression changes. To address this

question, we made use of available cell-

type-specific gene expression data mea-

sured from purified mouse neurons, as-

trocytes, and oligodendrocytes (Cahoy

et al. 2008). Upon assigning correspond-

ing mouse–human orthologs, we as-

signed genes with a greater than twofold

increase in expression as specific for

the corresponding cell type. These were

compared to the 3061 genes with a sig-

nificant, at least twofold transcript-level

change in disease (P-value < 0.001, one-

tailed Student’s t-test, unequal variance).

The latter were further divided into four

groups depending on whether they had

decreased or increased expression and

whether the changes were age-related

(disease/aging fold change < 1.2) or dis-

ease-specific (disease/aging fold change >

2). In agreement with neuronal loss in

neurodegeneration, we saw a 9.6-fold

enrichment of neuron-specific genes

among genes with a disease-specific de-

crease in expression (Fig. 4). In contrast,

an only 1.9-fold enrichment of neuron-

specific genes was observed among genes

with age-related decrease in expression,

which was similar to the enrichment of

glial genes. In fact, oligodendrocyte-spe-

cific genes had the greatest enrichment

(2.2-fold) among the genes with age-re-

lated decrease in expression (Fig. 4). This

result indicates that rather than being an

indirect result of neuronal loss, the age-

related changes result from more specific

regulatory mechanisms that affect all

brain cell types.

Analysis of molecular processes

affected by splicing or

transcript-level changes

To identify the biological processes af-

fected by the transcript-level and splicing

changes, we identified the Gene Ontol-

ogy terms with significant enrichment

(P-value < 0.05) in genes with age-related

or disease-specific changes. Few Gene

Ontologies were enriched in genes with

transcript-level increases, and these were

distinct from those enriched in transcript-

level decreases or splicing changes (data

not shown). Interestingly, even though Gene Ontologies enriched

in genes with age-related splicing changes or transcript-level de-

creases were mainly related to metabolic processes, the ontologies

enriched in splicing and transcript-level changes were different

(Table 2; Supplemental Table S4). In addition, age-related splicing

changeswere enriched in geneswith functions inDNA repair. These

include non-homologous end-joining factor 1 (NHEJ1), mediator

of DNA-damage checkpoint 1 (MDC1), RAD50 homolog (RAD50),

RAD51 homolog C (RAD51C), DNA helicase Q1-like (RECQL), X-ray

Figure 3. Analysis of the nuclear and cytoplasmic abundance of NOVA proteins. A total of six young
healthy, five aging healthy, six FTLD-tau, and five AD samples were lysed into cytoplasmic (A) and
nuclear (B) fractions. Immunoblot analysis of NOVA1, NOVA2 (detected in two different isoforms of;52
kDa and 70 kDa), and cytoplasmic (GAPDH) and nuclear (Histone H3) loading controls is shown. Mean
and standard deviation of NOVA signal, normalized against the loading controls, is shown in the graphs.
Significant difference in NOVA protein abundance is marked; (*) P-value < 0.05; (**) P-value < 0.01; two-
sided Student’s t-test, unequal variance. (C ) Separation of cytoplasmic and nuclear fractions from hu-
man post-mortem samples was efficient. GAPDH was only present in the cytoplasmic fraction, whereas
histone H3 was present only in the nuclear fraction.
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repair complementing defective repair in Chinese hamster cells 4

and 5 (XRCC4 and XRCC5), mutL homolog 1 (MLH1), mutY ho-

molog (MUTYH), and APEX nuclease 1 (APEX1). In contrast, Gene

Ontologies enriched in genes with disease-specific splicing changes

or transcript-level decreases were mainly the same, including syn-

aptic transmission and other neuron-related processes (Table 2;

Supplemental Table S4). These results indicate that disease-specific

transcript and splicing changes are a result of neuronal loss associ-

ated with the neurodegeneration, whereas the age-related changes

are a result of more specific regulatory mechanisms that target dis-

tinct cellular processes.

Discussion

In the present study, we found that the gene expression changes

that take place during aging in the temporal lobe of cognitively

normal individuals also occur in individuals with dementia re-

gardless of their age. This allowed us to separate the disease-related

changes into two subsets: those that were present in disease, but

were much smaller or absent in aging (disease-specific changes);

and those that occurred in both disease and aging (age-related

changes). Whereas the disease-specific changes indicated severely

decreased expression of neuron-specific genes, the age-related

changes indicated a slightly decreased expression of genes specific

for neuronal and glial cell types. Interestingly, the oligodendro-

cyte-specific genes had the strongest age-related decrease in ex-

pression,whichmight be related to the oligodendroglial pathology

evident in AD (Miller et al. 2010; Mitew et al. 2010). Whereas oli-

godendrocytes are not thought to be a major cell type in brain

cortex, these changes could also involve polydendrocytes (NG2

cells) (Nishiyama et al. 2009).

Analysis of data from multiple studies has shown that expres-

sion changes in genes with functions in metabolism and synaptic

plasticity are particularly conserved between AD and aging (Miller

et al. 2008). Our results were consistent with this observation, but

we additionally identified differences in the extent of these changes

that discriminate aging from disease. For instance, even though

expression of genes with neuron-specific functions was changed in

aging, these changes were modest compared to disease. In contrast,

genes withmetabolic functions changed to the same extent in both

aging and disease. Interestingly, we found that the metabolic on-

tologies enriched in geneswith splicing changeswere different from

those enriched in genes with transcript-level changes.

A more detailed look at the age-related splicing changes

revealed 12 exons in transcripts encoding tRNA synthetases and 19

exons in other transcripts involved in tRNAmetabolism. Aberrant

splicing of these transcripts might lead to accumulation of mutant

proteins with a tendency for misfolding, as has been shown in the

case of an RNA editing defect in the alanyl-tRNA synthetase tran-

script (Lee et al. 2006). In addition, our results indicate that alter-

native splicing complements the transcriptional regulation in

modifying the molecular machinery for the repair of oxidative

DNA damage in the brain (Lu et al. 2004; Su et al. 2008). Impor-

tantly, age-related splicing changes were identified in several genes

in which pathological mutations or functional variants are asso-

ciated with aging or neurodegenerative disorders. Use of a cryptic

splice site in exon 11 of the lamin A (LMNA) transcript plays a role

in aging, and mutations that increase use of the cryptic splice site

cause the premature aging syndrome Hutchinson-Gilford progeria

(HGPS) that primarily affects tissues ofmesenchymal origin (Scaffidi

and Misteli 2006). Microarray data in this study indicated an age-

and disease-related change in the use of the LMNA alternative

promoter. Kinesin family member 1B (KIF1B) is the motor protein

involved in anterograde transport ofmitochondria, andmutations

in the respective gene cause Charcot-Marie-Tooth type 2A1 sen-

sory motor neuropathy (Nangaku et al. 1994; Zhao et al. 2001).

Mitofusin 2 (MFN2) tethers endoplasmic reticulum to mitochon-

dria, and mutations in the respective gene cause CMT type 2A2

(Zuchner et al. 2004; de Brito and Scorrano 2008; Merkwirth and

Langer 2008). FUS is an RNA- and DNA-binding protein, and mu-

tations in the FUS gene cause familial amyotrophic lateral sclerosis

(ALS) (Kwiatkowski et al. 2009; Vance et al. 2009). Plastin 3 (PLS3)

is a protective modifier of autosomal recessive spinal muscular

atrophy (Oprea et al. 2008). Finally, mutations in the phosphati-

dylinositol-binding clathrin assembly protein gene (PICALM) are

associated with AD (Harold et al. 2009).

To understand regulatory mechanisms involved in the ob-

served splicing changes, we analyzed disease-related changes in

the transcript levels of RNA-binding proteins. These included four

RNA-binding proteins involved in PTB-dependent splicing regu-

lation. In addition, the age-related splicing changes were consistent

with increased PTB-dependent splicing activity. During nervous

system development, PTBP1 and PTBP2 mRNA levels are under

control of several microRNAs, which thereby control the differen-

tiation of neuronal progenitor cells to mature neurons (Boutz et al.

2007a; Makeyev et al. 2007). This is of particular interest due to

a recent finding that expression of microRNAs and their target

mRNAs links development and aging in human and macaque

brain (Somel et al. 2010).

We also detected decreased levels of NOVA proteins in the

nuclear and cytoplasmic fractions of disease tissue. Since NOVA1

andNOVA2 genes are primarily expressed in neurons (Buckanovich

et al. 1996), this result is consistent with the decreased expression

of neuron-specific genes in disease. Interestingly, we find that the

levels of cytoplasmic, but not nuclear NOVA proteins decrease in

an age-related manner. This observation indicates that import of

NOVA proteins into the nucleus during aging might be necessary

to maintain normal nuclear NOVA function, despite a decrease in

the cytoplasmic NOVA protein abundance. However, a decrease

in cytoplasmic NOVA proteins might affect neuronal function

and thereby contribute to the aging process. For instance, it has

been shown that NOVA proteins colocalize with their target RNAs

Figure 4. Analysis of cell-type-specific gene expression. The y-axis
shows the enrichment of cell-type-specific genes (Cahoy et al. 2008) (see
Methods) among the genes with increased or decreased age-related or
disease-specific changes in transcript levels. (*) Significant difference in
proportion of cell-type-specific genes (P-value < 0.0001, x2 test with Yates
correction).
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in neuronal dendrites of mice (Racca et al. 2010). Analysis of

NOVA localization in mouse models of neurodegeneration might

provide further insights into these questions.

Even though nuclear depletion of TARDBP and its seques-

tration within cytoplasmic inclusions is evident in FTLD-TDP tis-

sue samples, we did not identify any specific splicing changes as-

sociated with FTLD-TDP that would differ from changes present in

AD or in FTLD with MAPT mutations. Furthermore, splicing

changes of TARDBP-target exons in disease tissues did not correlate

with changes that were identified in TARDBP knockdown neuro-

blastoma cells by our previous study (Tollervey et al. 2011). How-

ever, this should not be taken as a rejection of the TARDBP loss-of-

function hypothesis. It is possible that decreased function of

TARDBP in a specific population of affected cells is sufficient to

trigger the neurodegenerative process but may not be detected in

the whole-tissue analysis. Analysis of splicing from affected neu-

ronal populations might be necessary to detect a signature of

TARDBP loss-of-function. We should also point out that in spite of

the lack of consistent evidence for the TARDBP loss-of-function

hypothesis, we did identify 25 exons that showed the same di-

rection of change in disease tissues as upon knockdownof TARDBP

in neuroblastoma cells. These exons locate to several genes in-

volved in apoptosis: BCL2-like 11 (BCL2L11, also referred to as

BIM), programmed cell death 6 (PDCD6), MAP-kinase activating

death domain (MADD), kinesin family member 1B (KIF1B), and

phosphofructokinase (PFKP) (Zhang et al. 1998; Almeida et al. 2004;

Trioulier et al. 2004; Schlisio et al. 2008; Tollervey et al. 2011).

It is important to be aware of the limitations of the data pre-

sented in this study. Age-related expression changes are known to

diverge among tissues within the same organism (Zahn et al.

2007). It therefore remains to be seen whether brain regions other

than the middle temporal gyrus show the same extent of overlap

between aging and disease-related expression changes. Further-

more, the exons regulated by the RNA-binding proteins evaluated

in this study were originally identified in human cell lines or

mouse brain, and therefore some of these exons might not be

regulated by the same proteins in human brain. It is likely that

some of the observed splicing changeswere caused bymechanisms

other than changes in the activity of RNA-binding proteins, such

as cotranscriptional regulation of alternative splicing that could

result from age-related changes in chromatin and DNA damage

(Munoz et al. 2009; Pegoraro et al. 2009). Finally, we found

changes in transcript levels of multiple RNA-binding proteins.

These include important hnRNP and SR proteins, as well as SRPK

kinases that phosphorylate SR proteins (Table 1). These proteins

are likely tomodulate splicing in a combinatorial manner together

with PTB and NOVA-family proteins, and further analyses will be

required to understand the full regulatory program that orches-

trates the aging- and disease-related splicing changes. In con-

clusion, our data provide new insights into the gene expression

changes that distinguish healthy aging from neurodegeneration

and identify the candidate regulators of alternative splicing that

are associated with both processes.

Methods

Brain tissue

Frozen brain tissues were obtained from the MRC London Neu-

rodegenerative Diseases Brain Bank (Institute of Psychiatry, King’s
College London, UK). Consents for autopsy, neuropathological

assessment, and research including genetic studies were obtained

from all subjects in accordance with local and national guidelines
for organ donation approved by The Joint South London and

Maudsley and the Institute of Psychiatry Research Ethics Com-

mittee (#231/01). The randomly selected right or left halves of

donated brains were sliced fresh in the coronal plain andwere kept
frozen at�80°C. The slice containing the superior sulcal margin of

the middle temporal gyrus (Brodmann area 21) at the level of the

mammillary body was allowed to slowly reach �20°C in a freezer.
Subsequently 80–100mg of the neocortex was harvested in a fume

cabinet, weighed on a precision scale, and kept at �80°C in an

Eppendorf tube for RNA isolation. Block taking for histological and

immunohistochemical studies and neuropathological assessment
of disease and healthy cases was performed in accordance with

published guidelines by a consultant neuropathologist. As controls,

we isolated samples from donated brains of 43 cognitively normal

individuals of 16 to 102 yr with no clinical history of a neurode-
generative condition, in particular dementia, and lacking any signs

of disease neuropathology.

Splice-junction microarray

The high-resolution AltSplice splice-junction microarrays were

produced by Affymetrix, the cDNA samples were prepared using the

GeneChip WT cDNA Synthesis and Amplification kit (Affymetrix
900673), followed by GeneChip Hybridization,Wash, and Stain Kit

(Affymetrix 900720) using Affymetrix GeneChip Fluidics Station

450, and scanned on Affymetrix GeneChip Scanner 3000 7G. The

resulting cel files were analyzed with the version 3 of ASPIRE
(Analysis of SPlicing Isoform REciprocity) (König et al. 2010). To

identify the most stringent set of exons with splicing changes in

PTBP1/PTBP2 or TIA1/TIAL2 knockdown cells, we selected those

with |DIrank| > 3, as calculated by ASPIRE3.

RT-PCR

The primer pairs (Supplemental Table S2) were designed for exons

that were 9–80 nt in length, so that the resulting PCR products

were between 70 and 150 nt in length—the small variation in the
size of two PCR products ensured minimal effect of the variable

RNA quality between the different brain samples. Total RNA was

extracted using RNeasy Kit (QIAGEN), and 200 ng of RNA was

used for reverse transcription using Superscript III (Invitrogen)
according to the manufacturer’s instructions. For analysis of

transcript levels, real-time PCR was performed using SYBR Green

Fast PCRmaster mix (Applied Biosystems). For analysis of splicing,
PCR was performed using Immomix (Bioline) using the primers

listed in Supplemental Table S2. The PCR products were visualized

using QIAxcel capillary electrophoresis system (QIAGEN). To cal-

culate exon inclusion (C), the percentage of the peak representing
exon inclusion was divided by the total percentage of peaks rep-

resenting exon inclusion and skipping. Splicing change was cal-

culated by subtracting the exon inclusion in the knockdown cells

from the inclusion in wild-type cells (thus, a positive DC repre-
sents exons enhanced by TARDBP, and negative those silenced

by TARDBP).

Gene Ontology (GO) analysis

GO term enrichment analysis was performed on exons with DAR <

1.2 (2018 exons) to represent age-related splicing events, and on
exons with DAR > 2 (1532 exons) to represent disease-specific

splicing events. These cut-offs were chosen in order to sample

similarly sized data sets from opposite extremes of the age-related
and disease-specific splicing spectrum. To make GO annotation

exon-centric, we multiplied each gene annotation record to in-
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clude all exons on the splicing microarray for the gene. For ex-
ample, if gene X is annotated to GO term Tand there are probes for

five exons in gene X, the expanded annotation would include five

records (gene X, exon 1), . . ., (gene X, exon 5) that would all be

assigned to term T. Binomial distribution was then used to com-
pute the probability [Pr K $ kð Þ] of observing k or more exons an-

notated to GO term among all n exons identified as differentially

expressed in the experiment. If m is the number of all exons
assigned to aGO term andN is the total number of exonsmeasured

in the experiment (control set), then

Pr K $ kð Þ = +
n

i= k

n
i

� �

pi 1� pð Þn�i
;

for p=
m

N
:

Statistical analyses

Hierarchical clustering of microarray data was performed using

the HCLUST function in R based on the Euclidean distance be-
tween samples (calculated using the DIST function in R). Hierar-

chical clustering was performed on the 1000 exons with the most

significant P-values in a two-tailed, Student’s t-test between three

FTLD-TDP individuals (ages 57–64 yr) and age-matched, cogni-
tively normal individuals (ages 49–65 yr). Similar results were

observed whether a more restricted set of exons (the 100 most

significant) or all exons were used (data not shown). Statistical

correction for the effects of technical covariarables (sex and post-
mortem delay) did not markedly affect these results. The 1000

exons with most significant splicing change in comparison of

FTLD-TDP versus cognitively normal samples had highly signif-
icant overlap between the uncorrected and corrected sets (bi-

nomial distribution, P < 1 3 10�41). Therefore, all analyses on the

microarray data were performed on the uncorrected data set, be-

cause the limited number of samples and the uneven distribution of
technical covariarates between the different sample types made the

correction of technical covariarates prone to introducing analyti-

cal artifacts.

Principal component analysis (PCA) was performed on 13
exons assayed by RT-PCR across all samples using the PRCOMP

function in R. We corrected for technical covariates (sex and post-

mortem delay) in the PCA of RT-PCR values because the large

number of samples and distribution of the covariates among those
samples reduced the possibility of introducing analytical artifacts.

We corrected for the effects of sex and post-mortem delay using the

linear regression function LM in R as follows:

I jk =mj + Sjk +Pjk + ejk;

where Ijk is the RT-PCRmeasured inclusion of exon j from sample k,

mj is themean inclusion of exon j across all samples, Sjk is a variable
representing the effect of the sex of sample k on exon j inclusion,

Pjk is a continuous variable representing the effect of post-mortem

delay of sample k on exon j inclusion, and ejk is the residual for

exon j from sample k. PCAwas performed on thematrix of residuals
e. Bootstrap analysis and random sampling without replacement

suggested that the PCA results are not the result of individual,

outlier exons (median r) (Supplemental Fig. 1E).

For analysis of age-related or disease-related changes, a
P-value < 0.001 was required (two-tailed Student’s t-test, unequal

variance), and a minimal twofold transcript-level change or

a 20% change in proportion of exon including isoform. In Table
1, two additional genes are shown that do not satisfy this re-

quirement: the PTBP1 gene was included even though the change

was 1.8-fold, and NOVA1 was included even though the P-value
was 0.002.

Data access

The microarray data from this study have been submitted to

ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) under acces-

sion no. E-MTAB-656. We also designed a web server for visuali-
zation and analysis of the microarray data, which can be accessed

at http://www.biolab.si/aspirebrain.
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