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Abstract

The microtubule associated protein tau plays a critical role in the pathogenesis of neurode-
generative disease. Recent studies suggest that tau also plays a role in disorders of neuro-
nal connectivity, including epilepsy and post-traumatic stress disorder. Animal studies have
shown that the MAPT gene, which codes for the tau protein, undergoes complex pre-mRNA
alternative splicing to produce multiple isoforms during brain development. Human data,
particularly on temporal and regional variation in tau splicing during development are how-
ever lacking. In this study, we present the first detailed examination of the temporal and
regional sequence of MAPT alternative splicing in the developing human brain. We used a
novel computational analysis of large transcriptomic datasets (total n = 502 patients), quanti-
tative polymerase chain reaction (QPCR) and western blotting to examine tau expression
and splicing in post-mortem human fetal, pediatric and adult brains. We found that MAPT
exons 2 and 10 undergo abrupt shifts in expression during the perinatal period that are
unique in the canonical human microtubule-associated protein family, while exon 3 showed
small but significant temporal variation. Tau isoform expression may be a marker of neuro-
nal maturation, temporally correlated with the onset of axonal growth. Immature brain
regions such as the ganglionic eminence and rhombic lip had very low tau expression, but
within more mature regions, there was little variation in tau expression or splicing. We thus
demonstrate an abrupt, evolutionarily conserved shift in tau isoform expression during the
human perinatal period that may be due to tau expression in maturing neurons. Alternative
splicing of the MAPT pre-mRNA may play a vital role in normal brain development across
multiple species and provides a basis for future investigations into the developmental and
pathological functions of the tau protein.
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Introduction

Alternative splicing of pre-mRNAs enables an exponential increase in phenotypic diversity
without corresponding increases in genome size and plays a particularly important role in the
highly complex development of the vertebrate brain [1-9]. Splicing defects have been associ-
ated with specific neuronal phenotypes, including fronto-temporal lobar degeneration (FTLD)
in patients with MAPT splice-site mutations [10, 11], spinal muscle atrophy (SMA) [12] or
Taybi-Linder syndrome [13].

The microtubule associated protein tau is a highly abundant multifunctional brain protein
that undergoes alternative splicing. Tau regulates the stability of microtubules, which play a
key role in axonal growth and guidance [14, 15]. It is best known for its role in neurodegenera-
tive tauopathies such as primary age related tauopathy (PART) and Alzheimer’s disease [16].
Intriguingly a subset of tauopathies, including corticobasal degeneration (CBD), progressive
supranuclear palsy (PSP), fronto-temporal lobar degeneration with tau mutations (FTLD-tau)
and myotonic dystrophy, are thought to be driven by changes in MAPT pre-mRNA alterative
splicing [17]. However, the precise mechanism whereby these changes in splicing occur and
cause neurotoxicity remain unclear [18].

Multiple tau protein isoforms exist as a result of alternative splicing of the MAPT gene. The
gene is thought to consist of 15 exons with alternative splicing of exons 2, 3 and 10 in the cen-
tral nervous system. Exons 2 and 3 create a variable N-terminal region which can contain both
exons, exon 2 only or neither (2N, IN or ON tau respectively). Variable inclusion of exon 10
produces tau isoforms with either 3 or 4 microtubule binding domains at the C-terminus (3R
or 4R tau respectively). There are therefore six canonical tau protein isoforms in the central
nervous system ranging in length from ON3R to 2N4R (Fig 1) [19].

Although the sequence of the tau protein is strongly evolutionarily conserved, there are spe-
cies-specific differences in exon utilization. Adult humans have approximately equal levels of
4R and 3R tau, while rodents express exclusively 4R during adult life. Exon 8 is found in the
bovine, but not human or mouse central nervous system while chickens appear to have up to 5
microtubule binding repeats (5R tau) [20-22].

Intriguingly, tau alternative splicing shifts from short to long isoforms during normal brain
development in all vertebrate species studied to date, including mouse, rat, guinea pig, human
and even chicken [21, 23]. Shorter isoforms have decreased microtubule binding affinity, sug-
gesting that their expression in fetal life may allow greater neuronal plasticity [24]. This
remains speculative however, since humans and mice with mutations affecting exon 10 inclu-
sion show predominantly age-related neurodegenerative rather than developmental pheno-
types [11, 25]. Understanding the role of this key protein is limited by the lack of detailed
regional and temporal data on splicing changes during the prolonged and complex develop-
ment of the human central nervous system. The existing human data is based on small studies
with very limited sample sizes [22, 26]. Even the precise timing, duration, and neuroanatomic
location of this switch in humans is largely unknown.

We therefore present, to our knowledge, the first detailed examination of the temporal sequence,
neuroanatomical location and regulation of developmental changes in human tau splicing using a
combination of transcriptomic datasets, quantitative PCR (qPCR) and western blotting.

Materials and methods

Patient samples and datasets

The patient cohort used in this paper includes multiple large publicly available de-identified
transcriptomic datasets. These datasets consist of a total of 502 patients with a total of 3351
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Fig 1. Structure of the MAPT gene and protein. Alternative splicing of MAPT produces six canonical isoforms. grey = constitutive exons, white = not expressed in
human central nervous system.

https://doi.org/10.1371/journal.pone.0195771.9001

individual specimens ranging from 5.7 post conceptual weeks to 84 years. The microarray data
are available in the NIH Gene Expression Omnibus (GEO) as GSE25219 (Yale) [27],
GSE30272 (Lieber) [28, 29] and GSE60863 (UK/NABE) [30], while the RNA-sequencing data
is available from BrainSpan [31]. The UK/NABE data do not include any cases below the age
of sixteen years. Quality control and normalization was performed on each dataset by the orig-
inal authors using different mathematical methods including robust multi-array average
(RMA) normalization [27], Standardization and Normalization of MicroArray Data (SNO-
MAD)(29), the RSEQtools framework [31] and cubic spline normalization [32]. All of these
methods are independent of specific housekeeping genes.

Based on publicly available information, some specimens in the BrainSpan RNA sequenc-
ing data overlap with those in the Yale dataset, but the number of shared specimens cannot be
determined from the publicly available data. The datasets are otherwise independent. gPCR
and western blotting were performed using snap-frozen autopsy tissue accrued under IRB-
approved protocols in our laboratory. Cases with any CNS malformation or neuropathologic
evidence of hypoxic-ischemic injury were excluded. A total of fourteen samples of superior
fronto-parietal cortex were used for qPCR, seven fetal and seven adult. The five cases in each
age group with the best preservation (as quantified by RIN score) were used for western blot-
ting. This portion of the study was approved by the Mount Sinai Institutional Review Board
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(Protocol IRB-17-01313) with a waiver of informed consent. All methods were carried out in
accordance with the relevant guidelines and regulations.

Real-time PCR

Total RNA was extracted from adult human and fetal fresh frozen cortical tissue using an QIA-
symphony (Qiagen, Hilden, Germany) automated RNA extraction robot according to the
manufacturer’s instructions. The RNA concentration of each sample was determined using a
bioanalyzer (Agilent Genomics, Santa Clara, CA). The RNA was reverse transcribed to cDNA
using the high-capacity cDNA reverse transcription kit with RNase inhibitor (Cat. 4387406 Life
Technologies, NY) according to manufacturer’s instructions. Gene expression in the respective
tissue was quantified using TagMan gene expression assays (Applied Biosystems), and TagMan
Gene expression master mix for each target using the QuantStudio Real-Time PCR System
(Thermo Fisher, Waltham, MA) limited to only 40 cycles. The following genes were analyzed:
total tau (MAPT, Assay ID: Hs00902193_m1), ON tau (MAPT, Assay ID: hs00902188), 1N tau,
(MAPT, Assay ID hs00902978_m1), 2N tau (MAPT, Assay ID: s00902314_m1), and 4R tau
(MAPT, Assay ID: Hs00902312_m1). All of these TagMan assays have been previously validated
and extensively tested [32-34]. GAPDH was used as a reference gene (GAPDH, Assay ID:
Hs99999905_m1).

Western blots

Fresh-frozen brain tissue was homogenized with a glass-Teflon homogenizer at 500 rpm in 10
volumes (wt/vol) of ice-cold tissue homogenization buffer. The buffer contained 20 mM Tris,
pH 7.4, 250 mM sucrose, 1 mM EDTA, ImM EGTA and Halt protease and phosphatase inhib-
itor cocktail (Thermo Fisher Scientific). For dephosphorylated samples, a buffer containing
0.5% Triton-X, 50mM Tris, pH 8.0, ImM ZnSO,, ImM MgCl,, Halt protease inhibitor cocktail
(Thermo Fisher Scientific) and Bacterial Alkaline Phosphatase (Takara Bio) was used instead.
For each sample, 10 or 30 pg of proteins were separated in 10% PROTEAN TGX Precast Gels
(Bio-Rad), blotted to nitrocellulose membranes, and stained with HT7 (1:3000, Thermo Fisher
Scientific) for total tau. A tau ladder (RPeptide) was used as a control. HRP-labeled secondary
anti-mouse antibody (Vector Labs) was detected by Pierce ECL substrate (Thermo Fisher Sci-
entific). To quantify and standardize protein levels without reliance on specific housekeeping
proteins, total protein was detected with Amido Black as previously described (Sigma-Aldrich)
[35]. Chemiluminescence was measured in an LAS-4000 Intelligent Dark Box imager (Fuji
Film), and relative optical densities were determined by using AlphaEaseFC software, version
4.0.1 (Alpha Innotech), normalized to total protein loaded.

Experimental design and statistical analysis

We used unity based normalization to the range of the entire data set to eliminate negative val-
ues where necessary. Each dataset was analyzed independently. Exon- and gene-level expres-
sion were calculated as the mean of all probes located within the given exon or gene. Splicing
indices were then calculated as exon expression divided by gene expression levels. Pre- and
post-natal expression were compared using Student’s t-test (¢.test function in R). Expression
and splicing trends with time were analyzed using generalized linear models (glm function in
R) including age, sex and RIN score as co-variates. For the Lieber dataset we also included race
as a covariate. Relative gene expression in the QPCR data was determined by normalization to
GAPDH followed by the AACt method to calculate relative fold expression normalized to total
tau. Any outliers were removed using the Grubbs outlier test and groups were compared using
a Mann-Whitney test, which was also used for western blot band quantification. For all
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statistical tests, p-values less than 0.05 were considered to be statistically significant with a Bon-
ferroni correction for multiple comparisons applied where indicated. Results are reported as
mean * standard error. All data analysis was done using R and Rstudio with the exception of
the PCR data which was analyzed using Graphpad Prism. Graphs were prepared using the
ggplot2 and pheatmap packages in R.

Results
Developmental shifts in MAPT splicing in humans

Previous studies show developmental changes in MAPT exon 2, 3 and 10 utilization, but it
is not clear to what degree these are also seen in other paralogous microtubule associated
proteins in humans. To better understand the landscape of tau splicing during develop-
ment, we began by examining MAPT and comparing it to all other genes and exons in the
classical human microtubule associated protein (MAP) family (MAP2, MAP4, MAPIA and
MAPIB). This revealed that in two independent data sets (Lieber, Yale), there were multi-
ple exons and genes showing statistically significant differences between ante- and post-
natal expression. Of these, only MAPT exons 2 and 10 showed a greater than 1.5-fold
increase or decrease in expression in both data sets. Exon 2 increased 1.69 and 1.54-fold in
the Yale and Lieber datasets respectively while exon 10 increased 1.66 and 2.13-fold in the
same data sets (Fig 2). Of note, MAPT exon 3 did not demonstrate a significant change in
either dataset, in contrast to animal studies showing an increase in 2N tau with age in
some, but not all species studied [22, 36]. These results confirm that MAPT exons 2 and 10
show marked changes in splicing that are not seen in any other gene or exon in the canoni-
cal MAP family in humans.

b
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Fig 2. MAPT exons 2 and 10 show unique changes in splicing with development. Volcano plot of p-value and fold change comparing antenatal and
postnatal cases by Student’s t-test using Bonferroni correction for multiple comparisons. Triangles indicate gene level data, circles exon level. Vertical line
indicates 1.5-fold change, horizontal line threshold of significance.

https://doi.org/10.1371/journal.pone.0195771.g002
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Abrupt perinatal transition in exon 2 and 10 expression

We then examined the temporal sequence in exon 2 and 10 alternative splicing. Due to its key
role in the N-terminal variable region of the tau protein, we retained exon 3 in our analysis as
well. In all three datasets, the most dramatic shift was seen in exon 10 expression, which
increased dramatically during the perinatal period, reaching a stable plateau that persisted
throughout childhood and adult life (Fig 3, bottom row, left three columns). Exon 2 also
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Fig 3. MAPT exons 2 and 10 show a rapid perinatal transition in alternative splicing in multiple datasets. p-values calculated using generalized linear
models including available covariates within each dataset (Yale = age, sex, RIN; BrainSpan = age, sex; Lieber = age, sex, RIN, race; UK/NABE = age, sex, RIN).

https://doi.org/10.1371/journal.pone.0195771.9003
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undergoes a developmental transition, albeit slowly throughout childhood, reaching a plateau
at an age of approximately 10 years (Fig 3, top row, left three columns). Exon 3 demonstrated a
small but statistically significant change with time in the BrainSpan dataset only (p = 1.4x107)
(Fig 3, center left). When we examined a fourth data set including multiple regions from 134
normal adult brains (UK/NABE) we found minimal variation in exon 2, 3 and 10 splicing dur-
ing adult life from age 16 to 102 years (Fig 3, right).

We then used quantitative PCR to further characterize tau isoform expression in frozen
autopsy brain tissue. Seven second trimester fetal cases, all superior fronto-parietal cortex,
were included. Causes of death included elective termination (4), premature preterm rupture
of membranes (2) and chorioamnionitis (1). Seven neurologically normal adult specimens
(ages 55 to 78) were used as controls. Tagman primers specific to isoforms ON, 1N, 2N and 4R
tau showed a decrease in ON tau (Fig 4A) with a compensatory increase in 1N tau (Fig 4B),
reflecting the increased inclusion of exon 2 seen in the transcriptomic data. There was a simi-
lar, but smaller, increase in 2N tau (Fig 4C). There was a dramatic increase in 4R tau expres-
sion (Fig 4D) reflecting the increased inclusion of exon 10. Unlike the transcriptomic data
where splicing index only reflects relative expression between groups, qPCR enabled us to
measure the absolute exon 3 splicing index and demonstrate essentially no exon 3 inclusion in
fetal brain.

To confirm these findings on the protein level, we performed Western blots on a subset of
samples. Using antisera to total tau, we found fetal brain showed a complex banding pattern,
whereas adult specimens showed the expected pattern of (Fig 5A). It has been reported that
fetal tau is hyperphosphorylated and that this may influence the apparent molecular weight of
tau [37]. We treated the fetal specimens with phosphatase, and found almost exclusively ON3R
tau (Fig 5B), which is consistent with our findings on the mRNA level.

Apart from the exon 10 probe used in the Lieber dataset, which also maps to an intergenic
region on Chromosome 6, the probe sequences for exons 2 and 10 do not map to any other
loci using BLAT. Neither exon 2 nor exon 10 contain any single nucleotide polymorphisms
with frequency >1% [38]. This makes artefacts due to cross-hybridization or germline varia-
tion unlikely as a cause of the observed changes. Existing animal studies have significantly
lower temporal resolution, but show a shift at an equivalent developmental stage [22].
Together, these results provide, for the first time, a detailed map of the temporal variation of
tau alternative splicing during the human perinatal period.

MAPT expression correlates with neuronal maturation

Existing data on changes in tau expression and splicing is based largely on large-scale tissue
homogenates and thus lacks neuroanatomical detail. We therefore examined MAPT expres-
sion as a function of individual brain regions sampled throughout development in the Yale
dataset (Fig 6A). Overall MAPT expression did not vary with time but was significantly
lower in neurogenic regions such as the caudal, lateral and medial ganglionic eminences
(CGE, LGE, MGE), and the upper rhombic lip (URL, Fig 6A). It is also significantly lower
in regions containing significant numbers of migrating immature neurons, including full-
thickness sections of fetal frontal, occipital, parietal and temporal cortices (FC, OC, PC and
TC) as well as the hippocampus (HIP). Exon 2 of MAPT showed no significant regional var-
iation in splicing (Fig 6B). Exon 3 showed statistically significant but small increases in
expression in immature areas (Fig 6C) while exon 10 showed the opposite pattern (Fig 6D).
There is thus little variation in tau splicing between cortical regions, with the only signifi-
cant differences seen between neurogenic regions (germinal matrix, rhombic lip) and other
structures.
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and, D, 4R tau were used with normalization to GAPDH and total tau. P-values using Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0195771.9004

Discussion

To date, studies of developmental alternative tau splicing have been largely limited to animal
models, with very little data available from human brain tissue. Our data broadly supports the
observed developmental shift from short to long tau isoforms during human brain develop-
ment with several intriguing differences [20, 22, 24]. Interestingly, we were also able to show
that fetal brain contains higher levels of phosphorylated tau protein, which confirms studies in
animals [39] and in human CSF [26]. Expression of tau mRNA correlates with neuronal
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differentiation, being lowest in neuronal precursors of the germinal matrix and sub-ventricular
zone and highest in the cortical plate, where neurons are differentiating and forming axons, a
process where microtubules are critical.

Exons 2 and 10 of the MAPT gene show a dramatic developmental change in splicing that is
unique in the human microtubule associated protein family. Even MAP2, evolutionarily
closely related to MAPT, shows minimal variation in splicing. In contrast, exon 3 splicing
shows relatively small, albeit significant, increases during development. Quantitative differ-
ences in splicing between datasets may be due to known technical differences between Affyme-
trix and Illumina platforms [40] and between microarray and RNA sequencing data [41].
Based on our data, the shift in MAPT alternative splicing occurs during the end of the last tri-
mester of fetal development and the first months of post-natal life. This time period captures
neuronal migration from neurogenic areas (ganglionic eminence, rhombic lip) to mature cor-
tical and other grey matter structures and formation of the cytoskeletal network necessary for
mature neuronal connectivity. While our data suggests that neurons in these neurogenic
regions express significantly lower levels of tau, confirmation will require more detailed histo-
pathological studies on human tissue sections.

The precise timing of this shift has not previously been reported in humans and raises inter-
esting questions about the normal developmental role of the shift in tau protein splicing and
why it is so strongly conserved across multiple species. Tau expression and splicing may also
serve as a useful biomarker for neuronal and overall brain maturation. Our findings also rein-
force the critical role of developmental stage in determining tau expression in induced pluripo-
tential stem cells (iPSCs) [42]. Interestingly, apart from transient immature areas that involute
during fetal development, there is little regional variation in MAPT expression or splicing, par-
ticularly within different neocortical regions.

Our study is limited by the fact that it is based in part on existing publicly available data sets
with variable tissue sampling. Despite this, the replicability of our findings in multiple inde-
pendent data sets using four different analytic modalities (RNAseq, microarrays, gPCR and
western blotting) suggests that the basic conclusions are robust. The study of complex alterna-
tive splicing by microarray or even conventional short-read RNA sequencing, as was the case
in all studies included here, is also limited in that it does not permit analysis of combinatorial
exon utilization at the mRNA level, although this was possible in our western blots. This
makes it difficult to assess the abundance of full-length transcripts relative to each other and
precludes detailed examination of potential regulatory sequences or retained introns. By defi-
nition, all of the specimens, particularly cases of sudden infant death syndrome (SIDS) were
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Fig 6. Immature regions show lower expression of MAPT and exon 10. A, Regional and temporal variation in MAPT expression, B, exon 2 splicing,
C, exon 3 splicing and D, exon 10 splicing. *Region with p<0.05 by generalized linear model including age, region, sex and RIN score as covariates,
Bonferroni’s correction for multiple comparisons. *Reference region. CGE caudal ganglionic eminence, DIE diencephalon, DTH dorsal thalamus, FC
frontal cerebral wall, LGE lateral ganglionic eminence, MGE medial ganglionic eminence, OC occipital cerebral wall, PC parietal cerebral wall, TC
temporal cerebral wall, URL upper rhombic lip, VF ventral forebrain, A1C primary auditory cortex, AMY amygdala, CBC cerebellar cortex, DFC
dorsolateral prefrontal cortex, HIP hippocampus, ITC inferior temporal cortex, M1C primary motor cortex, MD mediodorsal nucleus of the thalamus,
MFC medial prefrontal cortex, OFC orbital prefrontal cortex, SIC primary sensory cortex, STC superior temporal cortex, STR striatum, VIC primary
visual cortex, VFC ventrolateral prefrontal cortex, regions are defined in [27].

https://doi.org/10.1371/journal.pone.0195771.9006

also exposed to some degree of terminal hypoxic ischemic injury. While tau splicing is affected
in some animal stroke models, the effect of subtler forms of hypoxic injury is unclear. The
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avaijlable data suggests, however, that hypoxic-ischemic injury causes a reversion to fetal tau
isoforms, which would, if present, bias the study towards the null hypothesis [43].

Our results suggest that tau undergoes marked changes in splicing during fetal development
and demonstrate that this shift is rapid, occurs during the perinatal period and involves pre-
dominantly exons 2 and 10. We have also shown that this change in splicing is unique to
MAPT and is not seen in any of the related human microtubule associated proteins. This study
extends the limited existing animal data based on brain homogenates to humans and demon-
strates regional variation in tau expression that has not been previously described in humans
or animals. Although the functional significance of the developmental switch in tau splicing
remains unclear, its strong evolutionary conservation, and the fact that abnormalities in tau
splicing have significant implications for axonal transport [44], amyloid processing [45] and
the pathogenesis of human tauopathies [46-48] suggests that fetal isoform expression may
play a necessary role in development while becoming toxic in the adult brain. Elucidating
these functions will require more detailed animal and human studies. At the same time, more
detailed studies of combinatorial exon expression, in conjunction with studies of splicing
quantitative trait loci and protein-RNA interaction in human development will be needed to
better understand the underlying regulatory mechanisms and lead to future insights into the
pathogenesis of tau related diseases.

Acknowledgments

This work was supported by the National Institutes of Health [R01AG054008 and
RO1NS095252 to J.F.C. and F32AG056098 to K.F], the Alzheimer’s Association [NIRG-15-
363188 to J.F.C.], the United States Department of Defense [13267017 to J.E.C.], the Tau Con-
sortium, and an Alexander Saint-Amand Scholarship [to J.F.C.]. The authors wish to thank
Mr. Nelson Humala for his technical assistance and Drs. Kristen Brennand and Franz F. Hefti
for their critical review of the manuscript. Computational resources and staff expertise were
provided in part by Scientific Computing at the Icahn School of Medicine at Mount Sinai.

Author Contributions

Conceptualization: Marco M. Hefti.

Data curation: Marco M. Heffti.

Formal analysis: Marco M. Hefti, Towfique Raj.

Funding acquisition: John F. Crary.

Investigation: Marco M. Hefti, Kurt Farrell, SoongHo Kim, John F. Crary.
Methodology: Marco M. Hefti, Kurt Farrell, Kathryn R. Bowles, Towfique Raj, John F. Crary.
Project administration: John F. Crary.

Resources: Kathryn R. Bowles, Mary E. Fowkes, John F. Crary.

Software: Towfique Raj.

Supervision: Mary E. Fowkes, Towfique Raj, John F. Crary.

Validation: Marco M. Hefti.

Visualization: Marco M. Heffti.

Writing - original draft: Marco M. Hefti.

Writing - review & editing: Kurt Farrell, Mary E. Fowkes, Towfique Raj, John F. Crary.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195771  April 10,2018 11/14


https://doi.org/10.1371/journal.pone.0195771

@° PLOS | ONE

MAPT in human brain development

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Barbosa-Morais NL, Irimia M, Pan Q, Xiong HY, Gueroussov S, Lee LJ, et al. The evolutionary land-
scape of alternative splicing in vertebrate species. Science. 2012; 338(6114):1587-93. https://doi.org/
10.1126/science.1230612 PMID: 23258890

Yano M, Hayakawa-Yano Y, Mele A, Darnell RB. Nova2 regulates neuronal migration through an RNA
switch in disabled-1 signaling. Neuron. 2010; 66(6):848-58. https://doi.org/10.1016/j.neuron.2010.05.
007 PMID: 20620871

Vuong CK, Black DL, Zheng S. The neurogenetics of alternative splicing. Nature reviews Neuroscience.
2016; 17(5):265-81. https://doi.org/10.1038/nrn.2016.27 PMID: 27094079

Ruggiu M, Herbst R, Kim N, Jevsek M, Fak JJ, Mann MA, et al. Rescuing Z+ agrin splicing in Nova null
mice restores synapse formation and unmasks a physiologic defect in motor neuron firing. Proceedings
of the National Academy of Sciences of the United States of America. 2009; 106(9):3513-8. https://doi.
org/10.1073/pnas.0813112106 PMID: 19221030

Raj B, Irimia M, Braunschweig U, Sterne-Weiler T, O’Hanlon D, Lin ZY, et al. A global regulatory mecha-
nism for activating an exon network required for neurogenesis. Molecular cell. 2014; 56(1):90—-103.
https://doi.org/10.1016/j.molcel.2014.08.011 PMID: 25219497

Perfetti A, Greco S, Fasanaro P, Bugiardini E, Cardani R, Garcia-Manteiga JM, et al. Genome wide
identification of aberrant alternative splicing events in myotonic dystrophy type 2. PloS one. 2014; 9(4):
€93983. https://doi.org/10.1371/journal.pone.0093983 PMID: 24722564

lijima T, Wu K, Witte H, Hanno-liima Y, Glatter T, Richard S, et al. SAM68 regulates neuronal activity-
dependent alternative splicing of neurexin-1. Cell. 2011; 147(7):1601-14. https://doi.org/10.1016/j.cell.
2011.11.028 PMID: 22196734

Gehman LT, Stoilov P, Maguire J, Damianov A, Lin CH, Shiue L, et al. The splicing regulator Rbfox1
(A2BP1) controls neuronal excitation in the mammalian brain. Nature genetics. 2011; 43(7):706-11.
https://doi.org/10.1038/ng.841 PMID: 21623373

Calarco JA, Superina S, O’Hanlon D, Gabut M, Raj B, Pan Q, et al. Regulation of vertebrate nervous
system alternative splicing and development by an SR-related protein. Cell. 2009; 138(5):898-910.
https://doi.org/10.1016/j.cell.2009.06.012 PMID: 19737518

Grover A, Houlden H, Baker M, Adamson J, Lewis J, Prihar G, et al. 5’ splice site mutations in tau asso-
ciated with the inherited dementia FTDP-17 affect a stem-loop structure that regulates alternative splic-
ing of exon 10. The Journal of biological chemistry. 1999; 274(21):15134-43. PMID: 10329720

Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H, et al. Association of missense and 5'-
splice-site mutations in tau with the inherited dementia FTDP-17. Nature. 1998; 393(6686):702-5.
https://doi.org/10.1038/31508 PMID: 9641683

Lunn MR, Wang CH. Spinal muscular atrophy. Lancet. 2008; 371(9630):2120-33. https://doi.org/10.
1016/S0140-6736(08)60921-6 PMID: 18572081

Pierce MJ, Morse RP. The neurologic findings in Taybi-Linder syndrome (MOPD /lll): case report and
review of the literature. American journal of medical genetics Part A. 2012; 158A(3):606—10. https://doi.
org/10.1002/ajmg.a.33958 PMID: 22302400

Morris M, Maeda S, Vossel K, Mucke L. The many faces of tau. Neuron. 2011; 70(3):410-26. https://
doi.org/10.1016/j.neuron.2011.04.009 PMID: 21555069

Bearce EA, Erdogan B, Lowery LA. TIPsy tour guides: how microtubule plus-end tracking proteins
(+TIPs) facilitate axon guidance. Frontiers in cellular neuroscience. 2015; 9:241. https://doi.org/10.
3389/fncel.2015.00241 PMID: 26175669

Crary JF, Trojanowski JQ, Schneider JA, Abisambra JF, Abner EL, Alafuzoff |, et al. Primary age-
related tauopathy (PART): a common pathology associated with human aging. Acta neuropathologica.
2014; 128(6):755-66. https://doi.org/10.1007/s00401-014-1349-0 PMID: 25348064

Arendt T, Stieler J, Holzer M. Tau and Tauopathies. Brain research bulletin. 2016.

Caillet-Boudin ML, Buee L, Sergeant N, Lefebvre B. Regulation of human MAPT gene expression. Mol
Neurodegener. 2015; 10:28. https://doi.org/10.1186/s13024-015-0025-8 PMID: 26170022

Andreadis A. Tau splicing and the intricacies of dementia. Journal of cellular physiology. 2012; 227
(3):1220-5. https://doi.org/10.1002/jcp.22842 PMID: 21604267

Sundermann F, Fernandez MP, Morgan RO. An evolutionary roadmap to the microtubule-associated
protein MAP Tau. BMC genomics. 2016; 17(1):264.

Yoshida H, Goedert M. Molecular cloning and functional characterization of chicken brain tau: isoforms
with up to five tandem repeats. Biochemistry. 2002; 41(51):15203-11. PMID: 12484758

Takuma H, Arawaka S, Mori H. Isoforms changes of tau protein during development in various species.
Brain research Developmental brain research. 2003; 142(2):121-7. PMID: 12711363

PLOS ONE | https://doi.org/10.1371/journal.pone.0195771  April 10,2018 12/14


https://doi.org/10.1126/science.1230612
https://doi.org/10.1126/science.1230612
http://www.ncbi.nlm.nih.gov/pubmed/23258890
https://doi.org/10.1016/j.neuron.2010.05.007
https://doi.org/10.1016/j.neuron.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20620871
https://doi.org/10.1038/nrn.2016.27
http://www.ncbi.nlm.nih.gov/pubmed/27094079
https://doi.org/10.1073/pnas.0813112106
https://doi.org/10.1073/pnas.0813112106
http://www.ncbi.nlm.nih.gov/pubmed/19221030
https://doi.org/10.1016/j.molcel.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25219497
https://doi.org/10.1371/journal.pone.0093983
http://www.ncbi.nlm.nih.gov/pubmed/24722564
https://doi.org/10.1016/j.cell.2011.11.028
https://doi.org/10.1016/j.cell.2011.11.028
http://www.ncbi.nlm.nih.gov/pubmed/22196734
https://doi.org/10.1038/ng.841
http://www.ncbi.nlm.nih.gov/pubmed/21623373
https://doi.org/10.1016/j.cell.2009.06.012
http://www.ncbi.nlm.nih.gov/pubmed/19737518
http://www.ncbi.nlm.nih.gov/pubmed/10329720
https://doi.org/10.1038/31508
http://www.ncbi.nlm.nih.gov/pubmed/9641683
https://doi.org/10.1016/S0140-6736(08)60921-6
https://doi.org/10.1016/S0140-6736(08)60921-6
http://www.ncbi.nlm.nih.gov/pubmed/18572081
https://doi.org/10.1002/ajmg.a.33958
https://doi.org/10.1002/ajmg.a.33958
http://www.ncbi.nlm.nih.gov/pubmed/22302400
https://doi.org/10.1016/j.neuron.2011.04.009
https://doi.org/10.1016/j.neuron.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21555069
https://doi.org/10.3389/fncel.2015.00241
https://doi.org/10.3389/fncel.2015.00241
http://www.ncbi.nlm.nih.gov/pubmed/26175669
https://doi.org/10.1007/s00401-014-1349-0
http://www.ncbi.nlm.nih.gov/pubmed/25348064
https://doi.org/10.1186/s13024-015-0025-8
http://www.ncbi.nlm.nih.gov/pubmed/26170022
https://doi.org/10.1002/jcp.22842
http://www.ncbi.nlm.nih.gov/pubmed/21604267
http://www.ncbi.nlm.nih.gov/pubmed/12484758
http://www.ncbi.nlm.nih.gov/pubmed/12711363
https://doi.org/10.1371/journal.pone.0195771

@° PLOS | ONE

MAPT in human brain development

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Jovanov-Milosevic N, Petrovic D, Sedmak G, Vuksic M, Hof PR, Simic G. Human fetal tau protein iso-
form: possibilities for Alzheimer’s disease treatment. The international journal of biochemistry & cell biol-
ogy. 2012; 44(8):1290—4.

Yoshida H, Ihara Y. Tau in paired helical filaments is functionally distinct from fetal tau: assembly incom-
petence of paired helical filament-tau. Journal of neurochemistry. 1993; 61(3):1183-6. PMID: 8360683

Gumucio A, Lannfelt L, Nilsson LN. Lack of exon 10 in the murine tau gene results in mild sensorimotor
defects with aging. BMC neuroscience. 2013; 14:148. https://doi.org/10.1186/1471-2202-14-148 PMID:
24261309

Mattsson N, Savman K, Osterlundh G, Blennow K, Zetterberg H. Converging molecular pathways in
human neural development and degeneration. Neuroscience research. 2010; 66(3):330-2. https://doi.
org/10.1016/j.neures.2009.11.012 PMID: 19961883

Kang HJ, Kawasawa Y1, Cheng F, Zhu Y, Xu X, Li M, et al. Spatio-temporal transcriptome of the human
brain. Nature. 2011; 478(7370):483-9. https://doi.org/10.1038/nature 10523 PMID: 22031440

Lipska BK, Deep-Soboslay A, Weickert CS, Hyde TM, Martin CE, Herman MM, et al. Critical factors in
gene expression in postmortem human brain: Focus on studies in schizophrenia. Biological psychiatry.
2006; 60(6):650-8. https://doi.org/10.1016/j.biopsych.2006.06.019 PMID: 16997002

Colantuoni C, Lipska BK, Ye T, Hyde TM, Tao R, Leek JT, et al. Temporal dynamics and genetic control
of transcription in the human prefrontal cortex. Nature. 2011; 478(7370):519-23. https://doi.org/10.
1038/nature10524 PMID: 22031444

Ramasamy A, Trabzuni D, Guelfi S, Varghese V, Smith C, Walker R, et al. Genetic variability in the reg-
ulation of gene expression in ten regions of the human brain. Nature neuroscience. 2014; 17(10):1418—
28. https://doi.org/10.1038/nn.3801 PMID: 25174004

BrainSpan. BrainSpan: Atlas of the Developing Human Brain [Internet]. Funded by ARRA Awards
1RC2MH089921-01, 1RC2MH090047-01, and 1RC2MH089929-01.2011.

Trabzuni D, Wray S, Vandrovcova J, Ramasamy A, Walker R, Smith C, et al. MAPT expression and
splicing is differentially regulated by brain region: relation to genotype and implication for tauopathies.
Human molecular genetics. 2012; 21(18):4094—103. https://doi.org/10.1093/hmg/dds238 PMID:
22723018

Luciani P, Deledda C, Benvenuti S, Squecco R, Cellai I, Fibbi B, et al. Exendin-4 induces cell adhesion
and differentiation and counteracts the invasive potential of human neuroblastoma cells. PloS one.
2013; 8(8):e71716. https://doi.org/10.1371/journal.pone.0071716 PMID: 23990978

Verheyen A, Diels A, Dijkmans J, Oyelami T, Meneghello G, Mertens L, et al. Using Human iPSC-
Derived Neurons to Model TAU Aggregation. PloS one. 2015; 10(12):e0146127. https://doi.org/10.
1371/journal.pone.0146127 PMID: 26720731

Aldridge GM, Podrebarac DM, Greenough WT, Weiler IJ. The use of total protein stains as loading con-
trols: an alternative to high-abundance single-protein controls in semi-quantitative immunoblotting.
Journal of neuroscience methods. 2008; 172(2):250—4. https://doi.org/10.1016/j.jneumeth.2008.05.003
PMID: 18571732

Bullmann T, Holzer M, Mori H, Arendt T. Pattern of tau isoforms expression during development in vivo.
International journal of developmental neuroscience: the official journal of the International Society for
Developmental Neuroscience. 2009; 27(6):591-7.

Brion JP, Smith C, Couck AM, Gallo JM, Anderton BH. Developmental changes in tau phosphorylation:
fetal tau is transiently phosphorylated in a manner similar to paired helical filament-tau characteristic of
Alzheimer’s disease. Journal of neurochemistry. 1993; 61(6):2071-80. PMID: 8245963

Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al. dbSNP: the NCBI database of
genetic variation. Nucleic acids research. 2001; 29(1):308—11. PMID: 11125122

YuY,RunX,LiangZ, LiY, LiuF, Liu Y, et al. Developmental regulation of tau phosphorylation, tau
kinases, and tau phosphatases. Journal of neurochemistry. 2009; 108:1480-94. https://doi.org/10.
1111/j.1471-4159.2009.05882.x PMID: 19183272

Barnes M, Freudenberg J, Thompson S, Aronow B, Pavlidis P. Experimental comparison and cross-val-
idation of the Affymetrix and lllumina gene expression analysis platforms. Nucleic acids research. 2005;
33(18):5914-23. https://doi.org/10.1093/nar/gki890 PMID: 16237126

Xu X, Zhang Y, Williams J, Antoniou E, McCombie WR, Wu S, et al. Parallel comparison of lllumina
RNA-Seq and Affymetrix microarray platforms on transcriptomic profiles generated from 5-aza-deoxy-
cytidine treated HT-29 colon cancer cells and simulated datasets. BMC bioinformatics. 2013; 14 Suppl
9:51.

lovino M, Agathou S, Gonzalez-Rueda A, Del Castillo Velasco-Herrera M, Borroni B, Alberici A, et al.
Early maturation and distinct tau pathology in induced pluripotent stem cell-derived neurons from
patients with MAPT mutations. Brain: a journal of neurology. 2015; 138(Pt 11):3345-59.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195771  April 10,2018 13/14


http://www.ncbi.nlm.nih.gov/pubmed/8360683
https://doi.org/10.1186/1471-2202-14-148
http://www.ncbi.nlm.nih.gov/pubmed/24261309
https://doi.org/10.1016/j.neures.2009.11.012
https://doi.org/10.1016/j.neures.2009.11.012
http://www.ncbi.nlm.nih.gov/pubmed/19961883
https://doi.org/10.1038/nature10523
http://www.ncbi.nlm.nih.gov/pubmed/22031440
https://doi.org/10.1016/j.biopsych.2006.06.019
http://www.ncbi.nlm.nih.gov/pubmed/16997002
https://doi.org/10.1038/nature10524
https://doi.org/10.1038/nature10524
http://www.ncbi.nlm.nih.gov/pubmed/22031444
https://doi.org/10.1038/nn.3801
http://www.ncbi.nlm.nih.gov/pubmed/25174004
https://doi.org/10.1093/hmg/dds238
http://www.ncbi.nlm.nih.gov/pubmed/22723018
https://doi.org/10.1371/journal.pone.0071716
http://www.ncbi.nlm.nih.gov/pubmed/23990978
https://doi.org/10.1371/journal.pone.0146127
https://doi.org/10.1371/journal.pone.0146127
http://www.ncbi.nlm.nih.gov/pubmed/26720731
https://doi.org/10.1016/j.jneumeth.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18571732
http://www.ncbi.nlm.nih.gov/pubmed/8245963
http://www.ncbi.nlm.nih.gov/pubmed/11125122
https://doi.org/10.1111/j.1471-4159.2009.05882.x
https://doi.org/10.1111/j.1471-4159.2009.05882.x
http://www.ncbi.nlm.nih.gov/pubmed/19183272
https://doi.org/10.1093/nar/gki890
http://www.ncbi.nlm.nih.gov/pubmed/16237126
https://doi.org/10.1371/journal.pone.0195771

@° PLOS | ONE

MAPT in human brain development

43.

44,

45.

46.

47.

48.

Suh J, Im DS, Moon GJ, Ryu KS, de Silva R, Choi IS, et al. Hypoxic ischemia and proteasome dysfunc-
tion alter tau isoform ratio by inhibiting exon 10 splicing. Journal of neurochemistry. 2010; 114(1):160—
70. https://doi.org/10.1111/j.1471-4159.2010.06732.x PMID: 20374429

Sealey MA, Vourkou E, Cowan CM, Bossing T, Quraishe S, Grammenoudi S, et al. Distinct phenotypes
of three-repeat and four-repeat human tau in a transgenic model of tauopathy. Neurobiology of disease.
2017; 105:74-83. https://doi.org/10.1016/j.nbd.2017.05.003 PMID: 28502805

Lacovich V, Espindola SL, Alloatti M, Pozo Devoto V, Cromberg LE, Carna ME, et al. Tau Isoforms
Imbalance Impairs the Axonal Transport of the Amyloid Precursor Protein in Human Neurons. The Jour-
nal of neuroscience: the official journal of the Society for Neuroscience. 2017; 37(1):58—69.

Stoothoff W, Jones PB, Spires-Jones TL, Joyner D, Chhabra E, Bercury K, et al. Differential effect of
three-repeat and four-repeat tau on mitochondrial axonal transport. Journal of neurochemistry. 2009;
111(2):417-27. https://doi.org/10.1111/j.1471-4159.2009.06316.x PMID: 19686388

Ingelsson M, Ramasamy K, Russ C, Freeman SH, Orne J, Raju S, et al. Increase in the relative expres-
sion of tau with four microtubule binding repeat regions in frontotemporal lobar degeneration and pro-
gressive supranuclear palsy brains. Acta neuropathologica. 2007; 114(5):471-9. https://doi.org/10.
1007/s00401-007-0280-z PMID: 17721707

Crary JF, Trojanowski JQ, Schneider JA, Abisambra JF, Abner EL, Alafuzoff |, et al. Primary age-
related tauopathy (PART): a common pathology associated with human aging. Acta Neuropathologica.
2014; 128:755-66. https://doi.org/10.1007/s00401-014-1349-0 PMID: 25348064

PLOS ONE | https://doi.org/10.1371/journal.pone.0195771  April 10,2018 14/14


https://doi.org/10.1111/j.1471-4159.2010.06732.x
http://www.ncbi.nlm.nih.gov/pubmed/20374429
https://doi.org/10.1016/j.nbd.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28502805
https://doi.org/10.1111/j.1471-4159.2009.06316.x
http://www.ncbi.nlm.nih.gov/pubmed/19686388
https://doi.org/10.1007/s00401-007-0280-z
https://doi.org/10.1007/s00401-007-0280-z
http://www.ncbi.nlm.nih.gov/pubmed/17721707
https://doi.org/10.1007/s00401-014-1349-0
http://www.ncbi.nlm.nih.gov/pubmed/25348064
https://doi.org/10.1371/journal.pone.0195771

