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Alzheimer’s disease (AD) is characterized by the accumulation of amyloid-f plaques
and Tau tangles in brain tissues. Recent studies indicate that aberrant splicing and
increased level of intron retention is linked to AD pathogenesis. Bioinformatic analysis
revealed increased retention of intron 11 at the Tax gene in AD female dorsal lateral
prefrontal cortex as compared to healthy controls, an observation validated by quantita-
tive polymerase chain reaction using different brain tissues. Retention of intron 11
introduces a premature stop codon, resulting in the production of truncated Taulli
protein. Probing with customized antibodies designed against amino acids encoded by
intron 11 showed that Taulli protein is more enriched in AD hippocampus, amygdala,
parietal, temporal, and frontal lobe than in healthy controls. This indicates that Tax
messenger RNA with the retained intron is translated in vivo instead of being subjected
to nonsense-mediated decay. Compared to full-length Tau441 isoform, ectopically
expressed Taulli forms higher molecular weight species, is enriched in Sarkosyl-
insoluble fraction, and exhibits greater protein stability in cycloheximide assay. Stably
expressed Taulli also shows weaker colocalization with a-tubulin of microtubule net-
work in human mature cortical neurons as compared to Tau441. Endogenous Taulli
is enriched in Sarkosyl-insoluble fraction in AD hippocampus and forms aggregates
that colocalize weakly with Tau4R fibril-like structure in AD temporal lobe. The ele-
vated level of Taulli protein in AD brain tissues tested, coupled with biochemical
properties resembling pathological Tau species suggest that retention of intron 11 of
Tau gene might be an early biomarker of AD pathology.

Tau | intron retention | Alzheimer disease

Alzheimer’s disease (AD) is a familial and sporadic neurodegenerative disease that
encompasses many risk factors such as genetic makeup and aging (1). Synaptic and
neuronal loss in AD is caused by interplay between the pathology of amyloid-f plaques
and Tau neurofibrillary tangles with impairment of innate clearance pathways (2).
Accumulated evidence indicates that epigenetic alterations (3) and aberrant RNA splic-
ing events at several AD susceptibility loci during aging might predispose healthy
brains to AD pathogenesis (4-6), with reports showing differential intron retention
(IR) events at the Tau gene (Fig. 1A4) (7-9). Given that Tau pathology may initiate
and regulate sporadic AD (10-12), as well as the successful use of different phosphory-
lated Tau species as diagnostic AD biomarker (13-15), we examined how IR at the
Tau gene might affect its biochemical properties and expression level in AD tissues.

Results

Increased Retention of Tau Intron 11 in Female AD Cohorts. Analysis of more than 30
pairs of healthy controls and AD dorsolateral prefrontal cortex (DLPFC) (16) using
IRFinder (17) revealed increased retention of 7au intron 11 (Fig. 14) in female, but
not male AD samples when compared to healthy controls (Fig. 1 B and ). These
changes appeared to be unique to AD since no significant difference in intron retention
(IR) ratio was observed in Parkinson’s disease (18) and progressive supranuclear palsy
(19) datasets (SI Appendix, Fig. S1A and Dataset SO01). Increased IR in AD samples
was next validated by quantitative polymerase chain reaction (QPCR) of brain, frontal,
and temporal lobe from three distinct pairs of control and AD patients (Fig. 1D). The
marked differences observed in qPCR could be explained by targeted amplification of
intron 11 as compared to RNA-sequencing of the entire transcriptome where low
abundance intronic read counts may be underrepresented. Although qPCR detected an
elevated level of 7z messenger RNA (mRNA) in the three AD brain tissues samples as
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Significance

Alzheimer’s disease (AD) is a
neurodegenerative disease
characterized by the presence of
amyloid-p plagues and Tau
neurofibrillary tangles in affected
brains. Detection of different
phosphorylated species and
isoforms of Tau has shown
promise as biomarkers for AD.
Here, we identified a new
C-terminal truncated Tau-11i
species caused by premature stop
codon in the retained intron 11.
Tau11i protein is more abundant
in AD brain tissues tested and
exhibits biochemical properties
that resemble pathological Tau.
Recent studies showed that
dysregulation of RNA splicing and
intron retention is a hallmark of
AD pathogenesis, suggesting that
Tau11i might be downstream of
these events. Further studies with
larger cohorts could help assess if
Tau11i may be potential
biomarker for AD.
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Fig. 1. Increased retention of intron 11 of Tau gene in AD female. (A) Intron
11 contains a premature stop codon (red) with a canonical polyadenylation
site that is located 1 kb downstream. Arrows indicate qPCR primers. (B) Inte-
grative genomic viewer of intron 11 from control (blue) and AD (orange)
patients. (C, Left) Statistically significant higher intron retention (IR) is
observed only in female AD dorsal lateral prefrontal cortex (n = 34) as com-
pared to control (CT, n = 32). Each dot represents individual normalized IR
ratio. Right: No differential expression in the Tau gene between CT and AD
cohorts. (D) gPCR validation of intron 11 (relative to Tau exon1/exon2) and
Tau expression (exon1/exon 2 and exon5/exon6 relative to GAPDH) from
three distinct pairs of brain tissues. FL, frontal lobe; TL, temporal lobe. Data
presented as mean of triplicates + SD, P values calculated by two-tailed t test.

compared to control (Fig. 1D), we observed no differential
expression of Tau gene in the DLPFC (Fig. 10).

Truncated Tau11i Oligomerizes and Is More Enriched in
Sarkosyl-Insoluble Fraction. In the brain, full-length 7%u enco-
des for 441 amino acids (herein Tau441) (20) whereas the pre-
mature stop codon in intron 11 (Fig. 14) may lead to protein
truncation (herein Taulli, amino acids encoded by retained
intron is colored orange) (Fig. 2A4). The presence of canonical
polyadenylation site 1 kb downstream of stop codon within
intron 11 further suggests that the 7z# mRNA transcript with
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IR might escape nonsense-mediated decay (NMD) (8, 21, 22).
To study the effect caused by IR, we expressed either Flag-tag
full-length Tau441 or truncated Taulli in 293T cells. As pre-
dicted, truncated Taulli runs below Tau441 at ~55 kDa size
and cannot be detected by PHF1 or Tau46 antibodies which
recognize Tau C-terminal domain. Importantly, it can be
detected specifically by Taulli-A antibody raised against the
amino acid sequences encoded by the retained intron 11 (Fig.
2B). Interestingly, Taulli protein also migrates as higher
molecular weight (HMW) species on denaturing gels and was
readily detected by pT181 antibody, suggesting it undergoes
oligomerization in 293T cells (Fig. 2B and S/ Appendix, Fig.
S1B). This observation is also consistent with the C-terminal
domain inhibiting polymerization of Tau monomer (23-25)
and HMW-Tau undergoes phosphorylation at Thr181 (26).
To negate the effect of transient expression, we used lentiviral
infection to stably express Flag-Tau441 or Flag-Taulli in
human neural stem cells (NSC). Similar to 293T cells, Flag-
Taulli protein was specifically recognized by two different
Taulli antibodies but not Tau46 (Fig. 2C). Taulli also con-
sistently oligomerizes to form HMW species in NSC, albeit at
a lower level, as detected by Tau4R and pT181 antibodies (Fig.
2C and ST Appendix, Fig. S1B). However, the two customized
Taulli antibodies are unable to detect the HMW species in
the neuronal context. As formation of HMW species is one of
the characteristics of pathological Tau in AD (26), we further
examined other biochemical properties of Taulli in these cells.
Extraction by ionic detergent MN-lauryl-sarcosine (Sarkosyl),
which solubilizes natively folded protein effectively, has been
widely used to isolate detergent-insoluble protein aggregates
from brain tissues with neurodegenerative diseases such as AD
(27). Compared to Flag-Tau441, there was more ectopically
expressed Flag-Taulli in the Sarkosyl-insoluble fraction from
293T cells, neuronal progenitor cells (NPC) and neurons (Fig.
2D and SI Appendix, Fig. S1 C and D). Taken together, our
results indicate that ectopically expressed Taulli undergoes
multiple phosphorylation, oligomerizes to form HMW species
and is enriched in Sarkosyl-insoluble fractions.

Detection of a Higher Level of Tau11i Species in AD Brain
Regions. To test whether 72u# mRNA transcript with IR is
degraded by NMD or translated in vivo, we probed hippocam-
pus, amygdala, parietal, frontal, and temporal lobes from nine
healthy controls and seven AD patients with Taulli and AT8
antibodies. Consistent with the increased retention of intron 11
in AD samples (Fig. 1), two different Taulli antibodies
detected significantly higher level of ~50 kDa band, which cor-
responds to AT8 band (phosphor-Tau at $202/T205), in the
AD samples when compared to controls (Fig. 34, red arrow-
head. P < 0.003, paired 2-tailed # test, » = 7). Although
Taulli antibodies failed to detect HMW form in NSC (Fig.
20), we observed weak higher migrating bands of different sizes
that correspond to AT8 immunoblot in AD frontal lobe lysates
(Fig. 3A, black arrowhead). These results indicate that Tau
mRNA with retained intron 11 escapes NMD and is translated
into protein. Despite qualitative analysis with a limited sample
size, the higher level of Taulli protein in AD tissues examined
corroborates with increased IR observed with transcriptomic
analysis and qPCR validation. The similar migrating pattern
on denaturing gel further suggests that Taulli protein may
undergo phosphorylation at serine 202 and threonine 205
(AT8) and oligomerize in AD tissues.

We next investigate the solubility of endogenous Taulli pro-
tein by Sarkosyl extraction. Compared to AD temporal lobe, a
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Fig. 2. Truncated Tau11i oligomerizes and is found in Sarkosyl-insoluble fraction. (A) Schematic of Flag-tag full-length and truncated Tau proteins with specific
antibody (red) recognition sites. Amino acids encoded by intron 11 are colored orange. pT181, phosphor-Tau (T181); Tau4R, 275-291; Tau46, 404-421; ATS,
phosphor-Tau (S202/T205). (B and C) Immunoblot and quantification of Tau11i HMW species in (B) 293T transfected with Tau441 or Tau11i, and (C) NSC express-
ing Tau441 or Tau11i proteins. Data presented as mean + SEM. (D) Immunoblot and quantification showed elevated Sarkosyl-insoluble fraction of Tau11i in
293T cells (n = 7), NPC and day 44 neurons (n = 7) expressing Flag-Tau441 or Flag-Tau11i. The level of insoluble Tau was first normalized to total lysate. The rela-
tive level of insoluble fraction from each biological replicate was combined and presented as mean + SD. All P values were calculated by two-tailed t test.

higher portion of Taulli protein is found to be enriched in
Sarkosyl-insoluble fraction in AD hippocampus (Fig. 3B). This
suggests that IR-induced C-terminal truncation may reduce the
solubility of monomeric Taulli protein in AD brain tissues. To
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better understand the cellular localization patterns of Taulli in
brain tissues, we stained control and AD temporal lobe sections
with Taulli and Tau4R (recognizes amino acid 275-291) (Fig.
30) or o-tubulin (SI Appendix, Fig. S2). Consistent with
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Fig. 3. Elevated level of Tau11i in different AD brain tissues. (A) Immunoblot of control (blue) and AD (orange) temporal lobe, amygdala (AMYDG.), parietal
lobe, frontal lobe, and hippocampus showed enrichment of Tau11i (red arrowhead) in AD samples. Samples were also immunoblotted with AT8 and actin
antibodies. Each number depicts unique human subject. Quantification of seven pairs of control and AD samples with data presented as mean =+ SD.
The level of Tau11i in control for each brain region was set as 1. Sample quantified was underlined. The P value was calculated by paired two-tailed ¢ test.
(B) Immunoblots showed that Tau11i is found in Sarkosyl-insoluble fraction (red arrow) in AD hippocampus and temporal lobe. 10% of total lysate (Lys), 15%
of soluble fraction (Sol.) and 50% of Sarkosyl-insoluble fraction (Insol.) were loaded. Tech Rep, technical replicate. (C) Immunofluorescence showed weak
colocalization of Tau11i aggregates with Tau4R fibrils in AD temporal lobe. (Scale bar: 20 um.) Each circle represents one field. Data presented as mean + SD
with P values calculated by two-tailed t test.
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immunoblot result, there was higher level of Taulli staining in
AD as compared to control temporal lobe (Fig. 3C and S/
Appendix, Fig. S2). Interestingly, Taulli appears to form granu-
lar aggregates that colocalize weakly with Tau4R fibril-like struc-
tures in AD temporal lobe, suggesting that Taulli might
contribute to pretangle assembly (28) rather than pathological
neurofibrillary tangle burden (Fig. 3C).

Tau11i Has Reduced Association with Microtubule and
Increased Protein Stability. The association of Tau to microtu-
bule can be disrupted by extensive phosphorylation and muta-
tions (29-32). Therefore, we sought to investigate whether
IR-induced protein truncation may impair its association with
microtubules in neurons as well as alter its protein stability in
cells. NSC expressing Flag-Tau441 and Taulli were differenti-
ated into cortical neurons (day 14) and cultured for additional
1 week (day 21, »=2) or 1 month (day 44, » = 5). Immunos-
taining with Flag and o-tubulin antibodies showed significant
reduction in the colocalization signals of Taulli with microtu-
bules networks in neurons as compared to Tau441 (Fig. 44
and SI Appendix, Figs. S3 and S4A), suggesting that Taulli has
lower binding efficiency to microtubules. The stability of
Tau441 and Taulli proteins was next investigated by time
course monitoring and cycloheximide assay of transiently trans-
fected Tau protein. The level of Taulli protein on day 7 was
~5% of that at day 3 whereas Tau441 level dropped to ~0.4%
(Fig. 4B and SI Appendix, Fig. S4B). Consistent with time
course experiment, Taulli was also more stable and exhibited
less protein degradation than Tau441 following 8 h of cyclo-
heximide treatment (Fig. 4C).
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Discussion

Aberrant splicing and intron retention have been linked to AD
pathogenesis (4—7, 33). In this study, significant differential
retention of 7au intron 11 was observed only in female AD
patients as compared to healthy control in the DLPFC cohort
(n > 30 for each group). Such sex-specific effect could possibly
be explained by several mechanisms. Splicing of nascent RNA
occurs during transcription and is intricately regulated by the
interaction between transcriptional machineries and the spliceo-
some (34-36). This provides the framework for epigenetic fea-
tures such as DNA methylation to impact RNA splicing
through regulating the rate of transcription or spliceosome
assembly. Consistent with this notion, binding of MeCP2 to
methylated DNA has been reported to facilitate the recruitment
of splicing factors which in turn inhibits aberrant IR during
granulocyte differentiation (37). Interestingly, methylome pro-
filing of different human brain tissues (38-40) and blood (41)
revealed widespread sex-specific differences in DNA methyla-
tion patterns across both sex and autosomal chromosomes.
Therefore, it is conceivable that sex-specific DNA methylation
patterns might account for the difference in the IR patterns
between female and male cohorts. In addition, sexual dimor-
phic gene expression observed across many different human tis-
sues (42), which reflects differences in the rate of transcription,
could also affect RNA splicing and hence IR patterns in a sex-
specific manner. Further integrative analysis that incorporates
DNA methylome data, differential gene expression and IR pat-
terns from the same brain regions may provide definitive
answers to this hypothesis and help address the prevalence of
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Fig. 4. Taul1i protein associates poorly with microtubule network and is more stable. (A) Images of Day 21 and 44 neurons expressing Tau441 or Taul1i
stained with oa-tubulin and Flag antibodies. (Scale bar: 50 pm.) Quantification showed lower colocalization of Tau11i with a-tubulin as compared to Tau441.
Each circle represents one field with filled circle from second biological replicate. Data presented as mean + SD (B) Immunoblot using Flag and actin antibod-
jes in 293T cells harvested on different day “D" after transfection. Quantification of Tau level (D7 relative to D3) is presented as mean + SEM (n = 5).
(O) Immunoblot of Tau level after cycloheximide (CHX) treatment of 293T cells on day 5 after transfection. Rep, replicate. Quantification of Tau level (8 h relative
to 0 h) is presented as mean = SD where each circle represents one replicate (n = 12). All P values were calculated by two-tailed t test.
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AD in women (43-45). Secondly, protein aggregation has been
demonstrated to sequester different components of spliceosome
and impact splicing efficiency in AD tissues (5, 46). As inc-
reased amyloid plaque and neurofibrillary burden was reported
in female AD patients (47), it is plausible to speculate that the
elevated protein aggregation might lead to more aberrant splic-
ing or IR events in female AD brains.

The presence of premature stop codon and downstream
canonical polyadenylation signal in intron 11 is likely to facili-
tate NMD evasion and the subsequent translation of novel
truncated Taulli protein in vivo. Characterization of Taulli
in different cell types revealed several biochemical properties
that resemble pathological Tau (11, 12). Compared to full-
length Tau441, truncated Taulli oligomerizes to form HMW
species, is enriched in Sarkosyl-insoluble fraction, has reduced
association with microtubule networks in neurons and exhibits
lower rate of protein turnover.

Analysis of different brain regions from limited number of dis-
tinct donors by qPCR (# = 3), immunoblot (five brain regions,
control = 9, AD = 7) and immunofluorescence (four temporal
lobe sections, 7 = 1) showed that Taulli protein was signifi-
cantly elevated in AD tissues as compared to healthy control. In
AD hippocampus, endogenous Taulli is also observed in
Sarkosyl-insoluble fraction, consistent with its association with
protein aggregates. The formation of Taulli aggregates in AD
temporal lobe that colocalize infrequently with Tau4R fibril-like
structures suggests that Taulli might not be deposited into neu-
rofibrillary tangles. Recent studies showed that dysregulation of
RNA splicing and intron retention is a hallmark of AD patho-
genesis, suggesting that Taulli might function downstream of
these aberrant events and potentially serves as an early biomarker
during AD progression. Follow-up studies using different brain
regions from larger AD cohorts will provide correlation of
Taulli level with the different Braak stages of AD progression
and insight to its tissue-specific effects.

Materials and Methods

High-Throughput Analysis of Intron Retention. DLPFC datasets of healthy
control subjects and AD patients (syn21088596) (16) in the Religious Orders
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