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Next-generation profiling to identify the

molecular etiology of Parkinson dementia

ABSTRACT

Objective: We sought to determine the underlying cortical gene expression changes associated
with Parkinson dementia using a next-generation RNA sequencing approach.

Methods: In this study, we used RNA sequencing to evaluate differential gene expression and
alternative splicing in the posterior cingulate cortex from neurologically normal control patients,
patients with Parkinson disease, and patients with Parkinson disease with dementia.

Results: Genes overexpressed in both disease states were involved with an immune response,
whereas shared underexpressed genes functioned in signal transduction or as components of
the cytoskeleton. Alternative splicing analysis produced a pattern of immune and RNA-
processing disturbances.

Conclusions: Genes with the greatest degree of differential expression did not overlap with genes
exhibiting significant alternative splicing activity. Such variation indicates the importance of
broadening expression studies to include exon-level changes because there can be significant dif-
ferential splicing activity with potential structural consequences, a subtlety that is not detected
when examining differential gene expression alone, or is underrepresented with probe-limited
array technology. Neurol Genet 2016;2:e75; doi: 10.1212/NXG.0000000000000075

GLOSSARY

ATXN2 = ataxin-2; CAM = cell adhesion molecule; CON = controls; CRH = corticotropin-releasing hormone; CSF3 =
granulocyte colony-stimulating factor; DE = differential gene expression; DLB = dementia with Lewy bodies; dPSI = delta
PSI; DSM-IV = Diagnostic and Statistical Manual of Mental Disorders, 4th edition; DST = dystonin; fc = fold change; GO =
gene ontology; HSPH1 = heat shock protein 105 kDa; KRT5 = keratin 5; LRRFIP1 = leucine-rich repeat flightless-
interacting protein 1; NF-kB = nuclear factor kB; OPKM = observations per kilobase of transcript length per million aligned
reads; PD = Parkinson disease; PD-D = Parkinson disease with dementia; PENK = proenkephalin; PSI = percent spliced in;
gRT = guantitative real-time; RBCC = N-terminal RING finger/B-box/coiled coil; RELA = rel-like domain-containing; RNA-
seq = RNA sequencing; RPKM = reads per kilobase of transcript length per million aligned reads; SELE = selectin-E;
SRRM1 = serine/arginine repetitive matrix 1; SST = somatostatin; TRIM = tripartite motif; TRIM9 = tripartite motif 9;
VGF = Vgf nerve growth factor.

Parkinson disease (PD) is the second most common neurologic disorder, characterized by degen-
eration of midbrain dopaminergic neurons and a high prevalence of dementia. Neuroinflamma-
tion, oxidative stress, mitochondrial dysfunction, protein processing, and aberrant alternative
splicing are among the commonly considered pathways of dysfunction in PD."

Gene expression studies of PD and other neurologic disorders, via microarray and next-
generation, high-throughput RNA sequencing (RNA-seq), have facilitated the expansion of
gene expression knowledge. We previously found that axonal transport, cell adhesion, and
mRNA splicing are the most prevalent dysregulated processes in PD cortical neurons, all occur-
ring before the onset of dementia.” Because previous expression profiling provided evidence of
significant spliceosome alterations, in the present study, we leveraged mRNA-seq to incorporate
splice variant analysis.
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We report here that differential alternative
splicing in the cortex is associated with PD
and Parkinson disease with dementia (PD-D),
possibly contributing to the etiology of these
diseases. We profiled posterior cingulate cor-
tex, because the spread of a-synuclein pathol-
ogy to this cortical region is associated with
dementia in PD.> We found that genes dis-
playing the highest degree of alternative splic-
ing are somewhat disconnected from the
greatest expression changes, although overlap-
ping cellular processes are evident. Compared
with gene expression profiling alone, alterna-
tive splice analysis of mRNA-seq data affords
precision profiling in addition to an overview
of global expression changes.

METHODS Tissue collection. Posterior cingulate cortex
(Brodmann Area 23) samples were obtained from the Banner
Sun Health Research Institute Brain Bank. All patients signed
informed consent and were prospectively followed until death
and autopsied according to previously published protocols.
PD clinical diagnoses were made using UK Brain Bank criteria
and DSM-1V criteria for cognitive diagnoses. Neuropathologic
diagnoses were made using the Unified Staging System for Lewy
body disorders.” Cohorts studied were PD (N = 13; mean age
79.3 years = 6.8, 23% female), PD-D (N = 10; mean age 75.5
years = 7.0, 30% female), or healthy controls (N = 11; mean
age 77.9 years * 7.9, 9% female). Samples were selected with
a postmortem interval less than 3 hours. Posterior cingulate
cortex was sectioned at 8-wm thickness and placed into
standard 1.5-mL microcentrifuge tubes and stored at —80°C

until RNA extraction.

RNA extraction. TRIzol reagent was used for initial RNA iso-
lation per the manufacturer’s protocol. The RNA solution was
then processed through the Qiagen RNeasy Mini kit, with DNase

treatment, using the manufacturer’s protocol.

mRNA-seq library preparation. One microgram of total RNA
was used to generate mRNA-seq libraries for sequencing using
llumina’s RNA Sample Prep Kit (catalog #FC-122-1001) using
the manufacturer’s protocol. Poly-A selection was performed
using oligo(dT) magnetic beads, and double-stranded cDNA was
generated and fragmented to a target size of 400 bp using sonication
on the Covaris. Fragmented samples were end repaired and
adenylated at the 3" end, and TruSeq Indexed adapters were
ligated on. Libraries were enriched using the TruSeq PCR Master
Mix and primer cocktail. Final libraries were cleaned and quantified
using the Agilent Bioanalyzer and Invitrogen Qubit. Libraries were

equimolarly pooled for sequencing.

Paired-end sequencing. Denatured and diluted libraries with
a 1% phiX spike-in were used to generate clusters on Illumina’s
HiSeq Paired End v3 flowcell on the Illumina cBot using
Hlumina’s TruSeq PE Cluster Kit v3 (catalog #PE-401-3001).
The clustered flowcell was sequenced by synthesis on the
Ilumina HiSeq 2000 for paired 100-bp reads using Illumina’s
TruSeq SBS Kit V3 (catalog #FC-401-3001).

Sequencing and differential expression analysis. An aver-
age of 109 million paired-end, passing-filter reads (90 mers)

Neurology: Genetics

were generated for each sample. Reads were trimmed of
adapter sequences and aligned to Homo sapiens GRCh37.62
with TopHat (version 2.0.8, bowtie version 0.12.7) using
default parameters. A table of read counts was assembled in
R with the easyRNASeq package. Pairwise differential expression
analyses between the groups was conducted with the DESeq
package.

Gene ontology. GeneMANIA’ is a functional association tool
used for data visualization and statistical analysis. It builds gene
ontologies (GO)* from gene input lists and is freely available as

a web application.

Alternative splicing analysis. We used SpliceSeq” (version 2.1),
developed for alternative splicing detection in RNA-seq data, to
investigate significant differendal splicing events in disease groups
(PD or PD-D) relative to controls (CON). SpliceSeq returns gene
RPKM and exon OPKM (observations per kilobase of exon/splice
per million aligned reads) normalized read values, defined,
respectively, as “reads” and “observations” per kilobase of transcript
length per million aligned reads. OPKM provides a measure of exon
expression; a read that contains at least 4 bases of an exon is
“observed.”

Reads “spliced in,” i.e., reads that map to an exon, are calcu-
lated against the total number of reads that span the flanking
exons, but skip it, plus the spliced in reads. This is the “percent
spliced in” (PSI) value assigned to each exon. The difference
between the average exon PSI of “group 2” and “group 17 (e.g.,
PD minus CON) is termed delta PSI (dPSI). dPSI sample

calculation:

SRRM dPSI = PSI PD-D group — PSI CON group
11 27

(11+11) (10+27)

Quantitative real-time PCR validation. RNA extracted (described
above) from PD, PD-D, and control tissues was processed with the
SuperScript 1T First-Strand  Synthesis kit (Life Technologies,
Carlsbad, CA) for cDNA synthesis, per the manufacturer’s protocol.
Quantitative real-time (QRT) PCR was completed using the Roche
LightCycler 480 with SYBR Green detection.

RESULTS We petformed mRNA-seq on RNA samples
isolated from the postetior cingulate cortex of individuals
with either PD or PD-D or from healthy controls. Data
analysis for this study focused on differendal gene
expression (DE) using DESeq, and alternative splicing
(AS) events using SpliceSeq. DE and AS changes in
PD and PD-D were quantified relative to CON.
Genes from DE and AS analyses were compared for
overlapping results, the DE data were run through
GeneMANIA, and certain AS genes were validated by
qRT-PCR.

Gene ontology and differential expression. We first com-
pared gene-level expression profiles across disease
groups. DE lists were restricted to the top 20 genes
differentially expressed by fold change (fc) = |0.2| and
2 = 0.001 (multiple test-corrected with the Benjamini-
Hochberg procedure), as determined by DESeq analysis
(table 1 and table e-1 at Neurology.org/ng). The top
20 DE genes from PD and PD-D vs CON were
compared with gene networks for GO analysis.
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[ Table 1 Top 20 differentially expressed genes by disease group ]

A. PD vs CON overexpressed B. PD vs CON underexpressed

Gene p Value Fold change Gene p Value Fold change
LMX1A 187 x 10° 18.08 FABP1 7.03 x 10-° -9.14
CcXcL10 1.78 x 1016 15.85 HBG2 5.06 x 10-® -6.97
CSF3 825 x 101° 9.92 KRT5 147 x 1077 -4.72
S100A14 8.48 x 10°® 8.60 Uncharacterized 3.61 x 10-* -4.50
GRHL3 4.01 x 10-1® 8.39 FREM3 282 x 108 -4.04
Ccé 114 x 10 2 6.44 VGF 1.06 x 10 ° -3.82
CHI3L2 2.59 x 10°8 5.86 CNGB1 228 x 108 =871
SELE 424 x 102 481 FAM163A 6.90 x 108 -3.69
CXCL11 129 x 10°® 4.50 GLP2R 293 x 108 -3.41
CD163 143 x 107 4.34 cux2 268 x 10°® -3.38
CcCL2 6.90 x 10-® 4.33 PENK 573 x 108 =8E&B
NTS 6.40 x 10-° 431 SLC32A1 529 x 1077 -3.29
Pzp 1.64 x 101 411 PCDH8 7.57 x 10-° -3.29
SERPINA3 573 x10°® 4.10 SLC17A6 371 x 107 -3.27
FCGR2B 2.82 x10°® 4.08 MEPE 373 x 1077 -3.01
RASSF9 7.70 x 10-° 3.68 CALB2 157 x 108 -2.94
CD44 6.97 x 10-® 3.59 CBLN4 8.53 x 1077 -2.86
EMP1 459 x 108 3:52 LAMP5 9.39 x 107 -2.84
LTF 3.75 x 108 3126 CTXN3 225 x 1077 -2.62
TNC 1.69 x 107 3.16 CARTPT 1.70 x 107 -2.16
C. PD-D vs CON overexpressed D. PD-D vs CON underexpressed

Gene p Value Fold change Gene p Value Fold change
CSF3 2.00 x 10 °° 49.47 C5o0rf1l7 6.95 x 104 -11.12
SELE 7.10 x 10-2° 25838 CcCL4 947 x 107 -8.74
SFN 1.00 x 10-° 14.27 ACTG2 1.36 x 10°° -6.52
IGHG4 1.67 x 107 13.13 DES 837 x 107 -6.32
VHLL 476 x 10-° 10.28 MYO1A 3.66 x 10-° —-5.66
HSPA6 242 x 101® 9.40 VGF 1.61 x 108 -5.62
IL8 9.70 x 1017 9.00 SST 444 x 10-° -5.14
IGHG1 459 x 10-° 8.31 CRH 6.40 x 107 -4.72
IL1R2 8.37 x 1077 7.41 CCL3 450 x 10-° —4.49
IGHG2 5.66 x 10-° 7.39 KRT5 6.75 x 10 -4.37
CXCR1 3.16 x 10°® 6.94 HRNR 2.07 x 10°° -4.12
IGKC 1.90 x 10°° 6.33 Uncharacterized 113 x 103 -4.08
IL6 210 x 10-° 5.94 FAM216B 6.95 x 10* -3.60
CXCL1 1.57 x 10-*° 5.72 ST8SIA2 113 x 103 —3:52
NPC1L1 1.71 x 10 *° 4.85 DNAH3 138 x 103 -3.46
SERPINH1 1.83 x 10°® 4.24 GPD1 3.47 x 104 -3.14
DNAJB1 316 x 108 3.88 PENK 1.57 x 104 -3.05
HSPA1L 3.66 x 10°® 8183 PPEF1 177 x 103 =&}OAL
HSPA1A 1.51 x 10-© 314 HBA2 129 x 103 -2.54
HSPA1B 230 x 10°°© 3.08 HBA1 1.60 x 1032 -2.51

Abbreviations: CON = control; PD = Parkinson disease; PD-D = PD with dementia.
PD over- (A) and underexpressed (B) genes and PD-D over- (C) and underexpressed (D) genes make up the lists used for
gene ontology analysis (p = 0.001, fold change = |0.2|).
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Functions (table e-2) associated with the top 20
overexpressed PD genes included cell chemotaxis,
cytokine receptor binding, cAMP-mediated signaling,
and ion homeostasis, whereas overexpressed PD-D
genes were involved in unfolded or incorrectly folded
protein responses. Underexpressed PD and PD-D
genes shared a common involvement in hormone
signaling.

Comparison of PD with CON revealed changes in
immune function and neuropeptide hormone func-
tion, including upregulation of chemokine (C-X-C
motif) ligand 10 (CXCL10) and downregulation of
proenkephalin (PENK). In the comparison of PD-D
with CON, genes involved in the unfolded protein
response were significantly upregulated, reflected by
increased expression of dnaJ (Hsp40) homolog
(DNAJBI) and several heat shock protein genes,
and an overall downregulation of hormone activity
and ion transport, indicated by decreased expression
of corticotropin-releasing hormone (CRH), PENK,
somatostatin (887), chemokine (C-C motif) ligand
3, and chemokine (C-C motif) ligand 4.

Predominant pathways shared by both PD and
PD-D included upregulated inflammatory responses,
with increased expression of granulocyte colony-
stimulating factor (CSF3), selectin-E (SELE), and

additional cytokines. Shared downregulated genes
for signaling and cytoskeletal structure included
decreased expression of PENK and keratin 5
(KRT5); Vgt nerve growth factor (VGF) was also

downregulated across disease states.

Alternative splicing. SpliceSeq identified significant
disease-associated differences in transcript variants.
SpliceSeq-predicted events were initially filtered for
significance (p < 0.01) and dPSI > |0.2
dPSI is the change in exon expression of disease (PD
or PD-D) vs CON. Additional filtering parameters

considered the occurrence of the splicing event across

, where

all transcripts in the group (magnitude) and the
number of samples within the group experiencing
the event (percent observed) — both set to > [0.8]
(1.0 = 100%). Finally, genes with the highest
RPKM within the filtered lists (15-100 RPKM)
were preferentially picked for validation (table e-3).
Five genes (total = 40) from the PD-D/CON
comparison (ATXN2, DST, HSPHI, RELA, and
SRRMI) and 2 genes (total = 10) from the PD/
CON  comparison (leucine-rich repeat flightless-
interacting protein 1 [LRRFIPI] and tripartite motif
9 [TRIMY]) were chosen for qRT-PCR validation of
the specific AS events (figure 1). Heat shock protein

[ Figure 1 SpliceSeq “splice graphs” for the 7 gqRT-PCR tested genes ]
ATXN2 6.918.9 RELA 9182
18115 10/4.8 11150 14120 g
| 19 20 21 2 | |[o9 101 102 10.3
24119 27122 14|65 31124 20[29 20|31 9|27 2335
DST 50|70 SRRM1 10111
s . P N
55(27 5025 70172 27,121 24110 2219
103 104 105 106 14 15 16 17
152159 73|36 156152 123131 3426 44130 27|11 4630
HSPH1 35|35
33172 31427 33130 [ Increased in CON
11 12 13 14 [ Increased in PD or PD-D
501111 56[111 50146 63118
LRRFIP1 TRIM9 -
0441 Y
27421 24410 229  22{9 42124 83136 [\ 4642.1
\ y N\
[16] [17 18 19 20 | [ra[re—| s 9 | [10] [ 11 |
34126 44130 27|11 46| 30 46| 30 27129 12189 15178 6.6|3
83|35 40|34

RNA-seq transcript reads are aligned to composite gene graphs built from all possible isoforms existing in the Ensembl
genome database. The graphs in this figure are partial splice graphs showing alternatively spliced regions. Values on graphs
are splice observations per kilobase of transcript length per million aligned reads. Exon highlighting (determined by a log?
exon expression ratio) indicates up- or downregulated exon expression or splicing as follows: green exons and splice arcs
represent increased activity in the CON group and red exons and splice arcs represent either the PD or PD-D disease group.
Gene splice graphs shown are specific for PD-D vs CON (ATXN2, DST, HSPH1, RELA, and SRRM1) or PD vs CON (LRRFIP1
and TRIM9). CON = control; PD = Parkinson disease; PD-D = PD with dementia; gRT = quantitative real-time.
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F: TGTTGCCTACAGTCCTCAGC
R: CTCATGAGCCCCGTACTGAG
F: CCAGGGTATGGCTGCTTTCC
R: TGGAGAATCTTGGGTGTGGTG
F: ACCATGCTGCTCCTTTCTCC
R: GGGTGTTGACTCGCACTTTG
F: TCAGTGAGCCCATGGAATTCC
R: CTTGGGGACAGAAGCTGAGC
F: TCTGACTCTGGCTCCTCCTC
R: TCGTGGTGATGGAGAAGCAC
F: CTAGGCGGCAGTACGAAGAG
R: CAGGGCCTCCTTGACTTCAG
F: CAGTGAAATTGCGCCAGACC
R: AGTGTGCCTTTACCCCACTG

Primer sequence

primer site(s)
19-20
105-106
11-12
8.1-101
14-15
16-17

“No-Splice”
4-5

F: CAACAAGGAGACAAGCCCTTC
R: GGCTGAGGGTGTGGAGTATG
F: GCCAAAGGAAGGACAAACATGG
R: TGGATCTGTTGGGTGAAGCG
F: ACAGCCCCAGGTACAAACTG
R: GGCAGCTCAACATTCACCAC
F: CAAGATGTGTGTGCCTGTGC
R: AGCCCACGAAACTCTTCCAG
F: GATGGGAAAGCGATGGCAATC
R: TGGTGGTGGTGTGGGAGTC

F: CAGCAGAAACAGGCGAGTTC
R: TCATCCCGTTCACTCCTTACG
F: GTGCCTTCGGAAAGATTGCC
R: AATTGCATCCCGGTGCATTG

Primer sequence exon

Primer site(s)
21-22
104-105

13

10.2

16-17
18-19

8-10

Group and event type

PD-D inclusion

PD-D skip
PD-D skip
PD-D skip
PD-D skip
PD skip
PD skip

chr12: 111902519-111902466
chrl3: 31718060-31717929
chrll: 65423158-65422472
chr2: 238666099-238666191;
238667372-238667464
chrl4: 51452862-51452674;
51450139-51450098;

chr6: 56329554-56329483
51449683-51449660

chrl: 24989674-24989715

Locus

Predicted
splice site
104

13

10.2
18-19
8-10

Splicing events and qRT-PCR primer sequences
16

Table 2
Gene
ATXN2
DST
HSPH1
RELA
SRRM1
LRRFIP1
TRIM9

Abbreviations: PD = Parkinson disease; PD-D = PD with dementia; qRT = quantitative real-time.

|

105 kDa (HSPHI), rellike domain-containing
(RELA), LRRFIPI, and TRIM9 may be grouped by
processes of cellular maintenance or stress response
(proliferation, apoptosis, etc.), and immune re-
sponses. RELA, LRRFIPI, and TRIM9 also code for
transcription factors. Ataxin-2 (A7XN2) and serine/
arginine repetitive matrix 1 (SRRM1) perform RNA-
processing functions. Dystonin (DS7) is a cytoskeletal
linking protein.

We performed qRT-PCR on exons predicted by
SpliceSeq to experience an event, either exclusion
from, or inclusion in the final transcript (table 2 for
exon sites and primer sequences). SpliceSeq-predicted
exon-level expression changes (figure 2) were vali-
dated by comparison with qRT-PCR fc (2744<). Sig-
nificant fc values <1 for primers covering exon skip
regions and >1 for the exon inclusion event were
considered validated.

In PD-D, skips were predicted by SpliceSeq at
ATXN2 exon 21, DST exon 104, HSPHI exon 13,
and SRRM1 exon 16, which disrupts a region re-
ported as necessary for speckles and matrix localiza-
tion. Exon 10.2 of RELA was predicted to be spliced
in. This is a 687-bp inclusion containing a premature
stop site that would result in a 377-amino acid trun-
cated isoform and consequently eliminate an activa-
tion domain.

In PD, skips were predicted in LRRFIPI exons 18—
19 within a coiled-coil structural region and 7RIM9
exons 8-10 within a fibronectin type III and B30.2/
SPRY domain.

Quantitative real-time PCR. The fc of the predicted
alternative splice sites were compared with fc of adja-
cent sites lacking any predicted splicing activity,
referred to as “no-splice” (table e-4). Six of the 7 genes
were predicted to have exon skips and 1 was predicted
to have an exon inclusion (RELA).

At splice-predicted sites of ATXN2, HSPHI, and
SRRM]1, fc were <1 relative to CON, in addition to
having reduced expression compared with sites without
predicted splice events. This is consistent with exon
exclusion events in these transcripts. RELA, at the pre-
dicted inclusion site, was greater than 1 and overex-
pressed relative to the no-splice site. This indicates
specific inclusion of exon 10.2. A change in DST
was indiscernible from CON and its no-splice site.

LRRFIPI and TRIM9 fc values (<1) likewise indi-
cate reduced exon expression of the predicted exon for
each gene. Figure 3 summarizes these results by com-
paring the fc of alternatively spliced transcripts to the
main transcript isoforms (no-splice) as expression
ratios, represented by percent exon inclusion of the
alternative splice site. Exon skips are less than 100%,
whereas the inclusion is greater than 100%. Results
demonstrate that the vast majority of predicted AS

Neurology: Genetics 5



Figure 2

0.400 -

0.300 -

0.200 -

dPSI

0.000

-0.100 -

-0.200 -

-0.300 -

0.100 -

dPSl values for SpliceSeq-predicted alternatively spliced exons within
the labeled genes

PD-D PD

ATXN2

DST

HSPH1 RELA SRRM1 LRRFIP1 TRIM9

0.286

-0.231

LIl

-0.255

-0.231
-0.250 -0.257 .0.264

Exon dPSI represents the difference in percent spliced in, disease vs CON (see table 2 for
exon details). CON = control; dPSI = delta percent spliced in; PD = Parkinson disease;

PD-D = PD with dementia.

events selected for validation were confirmed by sec-
ondary qRT-PCR measures.

DISCUSSION We present an mRNA-seq reference
data set to further characterize the cortical molecular
etiology of PD and PD-D. In addition to significant
gene-level differential mRNA expression, RINA-seq
clearly reveals the underlying differential alternative
splicing in the posterior cingulate cortex during the
course of PD and PD-D. Alternative splicing of

ATXN2, HSPHI1, SRRMI1, RELA, LRRFIPI, and
TRIMY suggests dysregulation of genes within
immune and inflammation responses and transcription
and RNA processing. Compared with this alternative
splicing profile, genes among those that were the
most significantly differentially expressed (CSE3,
SELE, PENK, VGF, KRT5, CRH, and S8S7)
illustrate the breadth of PD gene dysregulation,
beyond one level of expression analysis. In the
overall expression changes, immune activity is
prominent, but there is also evidence of disrupted
neuronal signaling pathways. Immune responses
and inflammation are consistently implicated in
the course of many neurodegenerative disorders,
including PD and PD-D, where microglia are
commonly activated and inflammatory cytokines
are overexpressed.'"'?

CSF3 and SELE were overexpressed in both PD
and PD-D relative to CON. Upregulation of both
CSF3 (or G-CSF) and SELE in patients with PD,
before considerable pathology in the posterior cingu-
late cortex, is consistent with an early role of immune
induction in the progression of PD.

CSF3 is a major cytokine regulator of neutrophils
and promotes their increased production in bone mar-
row.">" It can induce neuronal differentiation from
adult progenitor cells and also protect neurons from
apoptosis at the same time."” SELE is a cell adhesion
molecule (CAM) that aids leukocytes in attaching to
the endothelium; monocyte CAMs are activated in
neurodegeneration.'® Elevation of serum SELE has
been detected in Guillain-Barré syndrome and MS,

[ Figure 3 gRT-PCR fold change comparison, disease vs CON, of splice vs no-splice primer sites ]
PD-D PD
S50 ATXN2 DST  HSPH1 RELA SRRM1 LRRFIP1 TRIM9
262.02
250.00 -
& 200.00 -
(=
RS
7]
=
g 150.00 -
S
x 99.05
W 100.00
76.64
60.74 6497
49.48
50.00 1 3061
0.00 T T T T

Exon regions with expected alternative splicing activity are compared with flanking exon regions without predicted alter-
native splicing, “no-splice.” The dotted line indicates 100% inclusion (of a queried exon). CON = control; PD = Parkinson
disease; PD-D = PD with dementia; gRT = quantitative real-time.
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but when investigated in patients with Alzheimer dis-
ease, levels did not differ.!” We are not aware of other
instances of induction in the cortex of patients with PD.

PENK, VGF, and KRT5 were underexpressed in
both PD and PD-D relative to CON, which suggests
potential deficits in neurotransmitter signaling and
altered cytoskeletal function.

PENKis a precursor protein of signal peptides that
function as neurotransmitters, autocrine and para-
crine factors, and hormones.'® Consistent with our
expression results, evidence of significant downregu-
lation was reported, relative to young CON (mean
age 31), in both aging CON (mean age 77) and in
patients with PD."” PENK is also linked to bipolar
disorder.”® VGF is a neurosecretory protein most
often expressed in neuroendocrine cells and neu-
rons.”! VGF expression in parietal cortex is reportedly
reduced in PD,** and there is support for VGF as
a biomarker of neurodegenerative and other diseases
for its differential CF expression and cell type—specific
profiles within neuroendocrine organs.?’ KRT5 enc-
odes a major keratin of the basal cell layer as part of
the intermediate filament cytoskeleton in basal
keratinocytes.?**4

CRH and SST were uniquely underexpressed in
PD-D. Downregulation of certain hormone proteins
suggests a potential hormone imbalance associated
with dementia onset. CRH, SS7, and PENK are
underexpressed, all of which are indicated by GO to
be involved with an altered hormone-signaling state.

The genes that emerged from alternative splicing
analyses did not exhibit a high degree of differential
expression when assessed at the gene level. However,
within the AS group, there are a variety of overlapping
functions or instances of close networking.

Tripartite motif (TRIM) proteins belong to a sub-
group of RING finger proteins, a structural feature
that functions as a ubiquitin ligase (E3) to conjugate
ubiquitin to target proteins.”>** TRIMY is thought to
be a targeting signal for proteasomal degradation, may
be involved in neuron development and synaptic ves-
icle exocytosis, and is a negative regulator of transcrip-
tion factor nuclear factor kB (NF-kB) activation.>>*’
It has been found in Lewy bodies of both dementia
with Lewy bodies (DLB) and PD; expression is
decreased in DLB and rabies virus—infected brains,
another case in which degeneration occurs.” Skipping
of exons 8-10 approaching the C terminus (protein
position 550-636), shown in our data, affects a fibro-
nectin type III and B30.2/SPRY domain. This domain
is associated with microtubule binding among the
RBCC (N-terminal RING finger/B-box/coiled coil)
protein family, to which TRIM9 and many other
TRIM proteins belong. Mutations in the C-terminal
B30.2-like domain of another RBCC protein, MID1,
disrupt localization and ubiquitin targeting.””

The p65 protein is encoded by RELA and is a sub-
unit of the NF-kB transcription factor complex. They
are part of a family of proteins involved in immune
and inflammatory responses, apoptosis, and cell pro-
liferation and differentiation.?® NF-kB nuclear local-
ization, from the cytosol, is inhibited by IkB
association with the p50-p65 heterodimer, which is
liberated upon phosphorylation of IkB.* Of the
splicing activity predicted and validated here, the
exon inclusion (exon 10.2, protein position 347-
381) within RELA causes a protein truncation and
the deletion of an activation domain, which would
be predicted to cause overproduction of a truncated,
inactive form of the protein.

HSPH1, a 105-kDa heat shock protein (HSP105),
directs caspase-3—mediated apoptosis after ER stress
and interacts with a-tubulin to suppress disorganiza-
tion during heat shock.?>?' HSP105 is a truncated
isoform (92 kDa) induced specifically at 42°C.”* Our
data show a skip (exon 13, protein position 529—
572), elevated in PD-D compared with CON, con-
sistent with this B-isoform. Normal physiologic tem-
perature ranges from peripheral 33°C to fever-
induced 39°C and does not reach the extreme tem-
perature (42°C) associated with a heat shock
response.” If the high-heat—responding B-isoform is
overproduced instead of the constitutively active
form, signaling for apoptosis could be dampened as
a result of reduced functional activity within the nor-
mal physiologic temperature range.

SRRM1 (SR-related matrix protein of 160 kDa),
is a pre-mRNA splicing coactivator that associates
with the nuclear matrix along with its binding partner
SRm300, aiding in recruitment of splicing factors to
speckled regions and assembly of complexes.** Dis-
ruption to a sequence portion that is necessary for
speckle and matrix localization could hinder recruit-
ment of pre-mRNA to these areas and therefore dis-
rupt proper splicing and processing to mature
mRNA. In the patients with PD-D, exon 16 (protein
position 558-570), which is within the region encod-
ing speckles and matrix localization specificity, is pref-
erentially excluded in the mature mRNA.

ATXN2 is an RNA-binding protein involved in
RNA processing and endocytosis, affecting mem-
brane receptor presence. In vivo knockout of the
mouse homolog, SCA2, leads to increased insulin
production with a concurrent reduction in insulin
receptors, resulting in obesity. Exclusion of exon 21
(protein position 1127-1145) was also previously
identified by a broad sequencing and characterization
study, although the effect of this particular event is
unknown. Although a polyQ expansion within
ATXNZ2 is a notorious culprit of genetic malfunction,
the exon 21 skip is far downstream (>2 kbp) from
the well-studied region in exon 1. Considering the
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aforementioned mouse study, alternatively spliced
ATXN2 might interfere with cellular responses by
reducing receptor production or membrane incorpo-
ration. However, the specific functional effect of this
alternative splicing event is unclear.

LRRFIPI is a promoter-binding transcriptional
repressor that regulates EGFR and may also regulate
the proinflammatory cytokine 7NF.* These func-
tions suggest that it is tied to cell damage and injury
response. Exon 18 and 19 (protein position 398—
459) skipping was increased in our PD group.
Together, they partially encode coiled-coil domains
and a prefoldin superfamily domain, protein features
that promote protein-protein interactions and molec-
ular chaperoning, respectively.*®*” Exon skipping in
this region has the potential to decrease binding affin-
ity with LRRFIP1 targets and to interrupt any chap-
erone activity this protein may provide.

Although alternative splicing is a normal mecha-
nism of gene regulation, the pathways in which it is
relatively increased suggest altered responses in the
disease state. A number of scenarios are possible. An
aberrantly spliced transcript may drive a pathway to
become overactive, contributing to disease onset or
progression. Another possibility is that cells in distress
during the progression of PD and PD-D may experi-
ence altered splicing as a consequence of widespread
dysfunction. Distinguishing between these possibili-
ties is an important goal of future work.
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