














GDNF and GDNFOS Isoforms in Alzheimer Disease

FIGURE 3. GDNFOS3 nucleotide and peptide sequences. The nucleotide sequence of ORF is represented by bold uppercase letters, and the noncoding
sequence is represented by lowercase letters. The nucleotide numbers are marked on the right side, and the amino acid numbers are on the left side. The signal
peptide and the consensus glycosylation site sequences are underlined, and the alternative polyadenylation signals are in bold and underlined.

placental mammals. However, the exon 3 and 5 sequences
were not found in EST databases of other species except for
that of human.

GDNFOS exon 1 may be unique in hominoids (human and
apes) given the occurrence of the AT-GT substitutions in the
splicing donor site in monkey and other mammalian genomes
(Table 4). Although GDNFOS exon 2, 3, and 4 splicing acceptor
and donor sites are shared across mammals, we observed a
TG-AG mutation in the splicing acceptor site of GDNFOS exon
3 in the marmoset genome. Because the ORF of GDNFOS3 was
found in human, we should expect that the evolutionary branch
toward human demonstrates a different ratio of nonsynony-
mous substitution rate and synonymous substitution rate (K,/
K,) compared with other branches. The K /K value in human
branch is 0.9, which demonstrates that GDNFOS is a hominoid
young gene with coding potential (46). Based on the species
genome alignment of UCSC, GDNFOS3 translation initiation
codon (ATGQ) is disabled in opossum, dog, mouse, and orangu-
tan, and numerous indels occur in rodents (supplemental Fig.
S4). Therefore, GDNFOS3 peptide might be human- and
chimpanzee-specific.
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Primate-specific GDNF Transcripts and Mature GDNF Pep-
tide Are Dysregulated in MTG of AD—The RNA and protein
qualities of the postmortem MTG samples of both controls and
AD brains were tested by RNA integrity numbers (average RNA
integrity number = 5.04; supplemental Table S14) and integ-
rity of a single tubulin band on Western blot (Fig. 5 and supple-
mental Fig. S3, A and B), respectively. A two-tailed Mann-
Whitney for Gaussian approximation U test showed that there
were no significant changes (Fig. 6, A—C) in the exon 1-driven
isoform, pre-(B)short-proGDNF transcript, and GDNFOS1
transcript (Ex1_4S, p = 0.411; hGDNE-8S, p = 0.089 and
GDNFOS]I, p = 0.101, respectively) at the mRNA level; how-
ever, the primate exon 2-driven transcript (Ex2_4L) and pre-
(a)long proGDNF transcript (hGDNEF-aL) encoding DNSP-11
mRNAs were significantly increased more than 10-fold (Fig. 6,
D and F) in MTG of AD in comparison with the matched con-
trols (Ex2_4L, p = 0.013 and hGDNF-aL, p = 0.003). The exon
3-driven isoform mRNA (Ex3_4S) could not be detected in any of
the MTG samples using RT-qPCR. Interestingly, an unpaired two-
tailed Student ¢ test showed that the mature GDNF peptide of 15
and 16 kDa decreased by 50% (Fig. 54 and supplemental Fig. S3A4)
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FIGURE 4. A, GDNFOST mRNA levels in human brain region and peripheral
tissue. The abbreviations are the same with the Western blot. B, GDNFOS3
peptide levelsin human, hamster, and rat cell lines and tissues. Lane 1, molec-
ular mass marker; lane 2, HEK293 cell; lane 3, SH-SY5Y cell; lane 4, CHO cell; lane
5,human MTG; lane 6, rat kidney; lane 7, rat prefrontal cortex. The left gel is the
immunostaining with GDNFOS3 antibody, and the right gel is preabsorption
with GDNFOS3 antigenic peptide before incubation with the primary
antibody.

TABLE 3

GDNF exon 2 alignment of multiple species in reverse orientation
Amino acids (italic type) are represented as a single-letter code, the nucleotides are
regular type, and splicing donor sites (GT) are in bold type. N represents sequences
unavailable. Together with the start codon information, the new open reading frame
introduced by exon 2 is primate-specific.

Human
Chimp
Gorilla
Orangutan
Rhesus
Baboon
Marmoset
Mouse lemur
Bushbaby
Tree shrew
Mouse

Rat
Kangaroo rat
Guinea pig
Rabbit
Alpaca
Dolphin
Cow
Horse
Microbat
Megabat
Shrew
Elephant
Rock hyrax
Tenrec
Armadillo
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in AD MTG in comparison with that of controls (p = 0.0241, t =
2.368, df = 32). We did not find any significant change at both
GDNF isoform mRNA or mature peptide levels in the MTG of HD
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TABLE 4
GDNFOS exon 1 alignment of multiple species
The splicing donor sites are marked by bold type.

Human G A A G G A G A G G T
Chimp G A A G G A G A G G T
Gorilla G A A G G A G A G G T
Orangutan G A A G G A G A G G T
Rhesus G A A G G A G A G A T
Baboon G A A G G A G A G A T
Marmoset G A A G A A G A G G T
Mouselemur G A A G G A G A G A T
Bushbaby G - A G G A G A G A T
Tree shrew G G A G G A G C G A T
Mouse G A A G A A G A A G C
Rat - A A G A A G A A G C
Kangaroorat A A A G G A G A G A T
Guinea pig G A A G G A A A G A T
Squirrel G G A G G A G A G A T
Rabbit G G G G G A G A G A C

(Figs. 5B and 6E and supplemental Fig. S3B), further indication of
the specificity for GDNF dysregulation in MTG of AD.

DISCUSSION

Human GDNF gene contains six exons whose alternative
splicing creates five human GDNF isoforms (supplemental Fig.
S2). We have also identified human GDNFOS isoforms tran-
scribed from opposite strand of GDNF gene. GDNFOS1 is
IncRNA and overlaps with the GDNF transcript. The GDN-
FOS2 transcript is also IncRNA and does not overlap with
GDNF transcript. GDNFOS3 has a potential ORF that encodes
a protein with no known homologue in GenBank. The GDNF
transcript from exon 2 was up-regulated, and the mature
GDNF peptide was down-regulated in MTG of AD. The tissue
expression patterns of GDNF transcripts differ greatly between
human and rat. The alternative intra-exon splicings of both
human and rat GDNF produce a-long and -short proforms
differ in 26 amino acids. However, the splicing efficiency could
be quite different between the species, given that the ratios of
a-long and $-short pro-forms in human brain are much higher
than the ratios of a-long and B-short pro-forms in rat brain.
Because a-long GDNF isoforms potentially encodes DNSP-11
but not B-short GDNF isoforms (38, 39), the higher expression
of the pre-pro(a)long GDNF isoforms in human brain implies
also the higher production of DNSP-11. Dysregulation of
human GDNF and DNSP-11 and GDNFOS may contribute vul-
nerability of AD pathogenesis.

The neuroprotective effect of memantine in Alzheimer
disease may involve GDNF up-regulation (47), as well as
inhibition of the NMDA receptor. In human MTG of AD
patients, the reduced mature GDNF peptide secretion might
be a feedback signal for the increased human-specific GDNF
isoform mRNA expression to compensate for the loss of
mature GDNF peptide secretion. On the other hand,
DNSP-11 containing a-long isoform up-regulation might be
a neuroprotective response of AD brain. We previously
observed similar discordant mRNA and protein expression
in AD brain for a human-specific de novo gene, C200rf203
(48). Because the RNA integrity numbers of the postmortem
MTG samples varied between 2.2 and 7.7 with average RNA
integrity number of 5.0, the observed GDNF isoform mRNA
changes might not be accurately measured. Because the pro-
teins are more stable in postmortem tissues (49) as indicated
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FIGURE 5. Western blot analysis of GDNF mature peptide. A, GDNF mature peptide levels in control (C) and AD (A) MTG and scatter plot of AD MTG
normalized by control. B, GDNF mature peptide levels in control (C) and HD (H) MTG and scatter plot of HD MTG normalized by control. The y axis is the
percentage changes over control.
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FIGURE 6. GDNF and GDNFOS isoform mRNA levels in AD, HD, and control MTG. A, GDNF Ex1_4in AD. B, GDNF-BSin AD. C, GDNFOS1 in AD. D, GDNF Ex2_4
in AD. E, GDNF Ex2_4 in HD. F, GDNF-aL in AD.

by an intact tubulin band in all of the samples (supplemental BDNF and GDNF are two essential neurotrophic factors in
Fig. S3), the observed down-regulation of mature GDNF vertebrates. BDNF plays important roles in neurodegenera-
peptide should be more reliably measured. tive and addictive disorders (50). There are similarities and
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differences in the gene structures, differential species, tissue
expression patterns, pre-pro-forms, and natural antisense
transcripts encoded by their opposite DNA strands (51, 52).
The BDNF gene alternative splicing generate 26-, 18-, and
33-amino acid signal peptides in BDNF isoforms transcribed
from exons 1, 4, and 7, respectively (52, 53). The GDNF gene
alternative splicing generates 18- and 36-amino acid signal
peptides in GDNF isoforms transcribed from exons 1 and 2,
respectively. It can be speculated that the longer signal pep-
tides of BDNF and GDNF may be differential targeting sig-
nals in rough endoplasmic reticulum, leading to sequestra-
tion in specific secretary compartments of the trans-Golgi
network to regulate pro- and mature peptide transport and
secretion. Both human BDNF and GDNF loci contain the
natural antisense transcripts of BDNFOS and GDNFOS
genes (52, 53) that have reverse complementarity to their
sense counterparts with 224 nucleotides and 136 nucleo-
tides, respectively. BDNFOS overlaps with the BDNF coding
exon within ORF and GDNFOS overlaps with the GDNF
5'-UTR exon (52). Both BDNFOS and GDNFOS genes are
transcribed by RNA polymerase II, alternatively spliced, and
polyadenylated (25); however, the initiation of BDNFOS
transcription is derived from a single promoter (52, 53) com-
posed of hundreds of alternatively spliced isoforms (53),
whereas the initiation of GDNFOS gene transcription
derives from three exons with fewer alternatively spliced iso-
forms. GDNFOS transcripts contain various retroposons of
Alu, Line, MIRs, and endogenous retroviral sequences
(ERVL-MalR, hAT-Charlie and TCMar-Tigger2; Repeat-
Masker: http://www.repeatmasker.org/), characteristically
de novo genes. Unlike human-specific de novo protein coding
gene, C200rf203, in which part of the ORF (194 amino acids)
is formed by Alu repeats (48), the ORF of GDNFOS does not
contain any repeat sequence (RepeatMasker). GDNFOS
transcript overlapping with GDNF mRNA might influence
the higher ratios of GDNF a-long and B-short proforms in
human brain. The cis- and trans-IncRNAs are more species-
specific than protein coding genes (25, 54). The GDNFOS3
peptide could indicate a young evolution event integrated
into the pre-existing protein network of primates. Recently,
Zhang et al. (55) have found that human young genes with
novel functions are expressed in early development stages
and likely contributed to the evolution of human neocortex.

The existence of primate IncRNAs for BDNFOS and GDN-
FOS suggests that human plasticity mechanisms controlled by
neurotrophic factors evolved rapidly after the split of rodent
and primate lineages. Humans are more vulnerable to AD than
mice, who are resilient to the development of pathological
plaques and tangles after knock-in of one of the dominant AD
mutant genes such as PS1,,,46v» APPswe, and Taup,,,; (56). A
tripartite regulation of GDNF, DNSP-11, and GDNFOS at both
mRNA and protein levels might contribute to human intelli-
gence and vulnerability to neurodegenerative diseases. The
accelerated primate evolution of the GDNF/GDNFOS locus
adds more elements of the gene regulation networks in human
brain.
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