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Abstract Tangle-predominant dementia (TPD) patients
exhibit cognitive decline that is clinically similar to early to
moderate-stage Alzheimer disease (AD), yet autopsy
reveals neurofibrillary tangles in the medial temporal lobe
composed of the microtubule-associated protein tau with-
out significant amyloid-beta (AP)-positive plaques. We
performed a series of neuropathological, biochemical and
genetic studies using autopsy brain tissue drawn from a
cohort of 34 TPD, 50 AD and 56 control subjects to
identify molecular and genetic signatures of this entity.
Biochemical analysis demonstrates a similar tau protein
isoform composition in TPD and AD, which is compatible
with previous histological and ultrastructural studies. Fur-
ther, biochemical analysis fails to uncover elevation of
soluble AB in TPD frontal cortex and hippocampus
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compared to control subjects, demonstrating that non-pla-
que-associated Ab is not a contributing factor. Unexpectedly,
we also observed high levels of secretory amyloid precursor
protein o (sAPPo) in the frontal cortex of some TPD
patients compared to AD and control subjects, suggesting
differences in APP processing. Finally, we tested whether
TPD is associated with changes in the tau gene (MAPT).
Haplotype analysis demonstrates a strong association
between TPD and the MAPT H1 haplotype, a genomic
inversion associated with some tauopathies and Parkinson
disease (PD), when compared to age-matched control subjects
with mild degenerative changes, i.e., successful cerebral
aging. Next-generation resequencing of MAPT followed by
association analysis shows an association between TPD and
two polymorphisms in the MAPT 3 untranslated region
(UTR). These results support the hypothesis that haplotype-
specific var- iation in the MAPT 3" UTR underlies an AB-
independent mechanism for neurodegeneration in TPD.
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Introduction

Classically, Alzheimer disease (AD) is associated with
amyloid plaques and neurofibrillary tangles (NFT).
Intriguingly, 5 % of dementia patients develop a limbic
tauopathy, termed tangle-predominant dementia (TPD)
among numerous other names [7, 47, 61]. TPD patients
exhibit NFT in the medial temporal lobe, progressing to a
regional distribution corresponding to moderate-stage AD
(Braak stages III-IV) [10]. However, the severity of NFT
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more closely resembles end-stage disease [48]. Neither
clinical features nor diagnostic tests can differentiate TPD
from early to moderate AD. Thus, the only way to diagnose
TPD is post-mortem [33].

The etiology of TPD is not known. Authors have
grouped TPD with frontotemporal lobar degeneration
(FTLD), but this classification is imperfect given the dif-
ferences in symptomatology and neuropathological features
[12, 29]. Tauopathies are classified neuropatho- logically
using the distribution, morphology and ultrastructure of
NFTs, yet no features can differentiate the NFTs in TPD from
those in moderate-stage AD. The prevalence of NFT in
normal elderly individuals has prompted suggestions that
TPD is a form of pathological or ‘‘accelerated’’ aging [9, 34,
50, 54]. Finally, TPD may be an AD variant [34]. The
amyloid hypothesis posits that increased Ab is the disease
trigger in AD, leading to NFT formation and
neurodegeneration [24]. The toxic species in AD may be
soluble Ab, rather than Ab deposited in pla- ques [63]. While
the possibility that APP or its catabolites contribute to TPD
has not previously been tested experi- mentally, the consensus
criteria require the presence of insoluble A deposited in
plaques together with NFT for the neuropathological
diagnosis of AD [27, 42].

The discovery of highly penetrant M4 PT mutations in rare
families with FTLD demonstrates that tau dysfunction is
sufficient to independently cause neurodegeneration [20].
Some MAPT mutations, clustered around exon 10, influence
splicing, leading to accumulation of tau having four
microtubule binding repeat domains (4R) over those with
three repeat domains (3R) [62]. Over 40 mutations result in
FTLD-tau, but previous studies on TPD have failed to
detect a MAPT mutation [66]. MAPT is within a
*900 kb ancestral genomic inversion that defines two
haplotypes, H1 and H2 [56]. These haplotypes are in complete
linkage disequilibrium and do not recombine. Sporadic
tauopathies such as progressive supranuclear palsy and
corticobasal degeneration as well as Parkinson disease are
associated with the H1 haplotype [6, 8, 18]. There are
conflicting reports concerning an association of MAPT with
AD [1, 43, 45]. How H1 confers risk for tau- opathy is
unclear, but increased expression of 4R tau mRNA
isoforms has been implicated [46], albeit contro- versially
[25]. Other factors may play a role. For example, elements in
the tau 3° UTR regulate mRNA stability and localization
leading to speculation that polymorphisms in this region
underlie disease risk [4, 5, 62].

We demonstrate here that TPD patients develop Alz-
heimer-type NFT that are biochemically identical to those
in early to moderate-stage AD, yet soluble AP is not
detectable. Furthermore, we observed evidence of prefer-
ential non-amyloidogenic APP processing in TPD brain.
Our genetic analysis demonstrates that TPD is associated

with the MAPT H1 haplotype in the absence of a coding region
mutation. We also found a significant association between
TPD and variation in the MAPT 3" UTR, suggesting a novel
mechanism whereby post-transcriptional regulation of MAPT
contributes to tauopathy.

Materials and methods
Patient samples

Autopsy brain samples were obtained from seven centers
(Table 1). The primary source of material was the brain bank
at Columbia University Medical Center (New York, NY,
USA; Supplementary Table 1). Secondary sources were the
University of California San Diego (San Diego, CA, USA),
the University of Kentucky (Lexington, KY, USA), the
Banner Sun Health Research Institute (Sun City, AZ, USA),
Northwestern University (Chicago, IL, USA), the University
of Washington (Seattle, WA, USA) and Washington
University (St. Louis, MO, USA). Patient data for each
component of this study are summarized in Supplementary
Table 2. Neuropathological examination was per the
protocols of the respective institutions. Inclusion criteria for
TPD were (1) frequent NFT corre- sponding to Braak NFT
stage III-IV [11] and no or very rare NFT in the frontal,
parietal or occipital cortex, (2) no more than sparse amyloid
plaques (CERAD [41] score 0 or A) and (3) no other
neuropathological substrate for dementia. All TPD cases
had been clinically classified

pre-mortem as either possible or probable AD (n = 31) or
mild cognitive impairment (n = 3) by their respective
source institutions. For APOE genotype comparisons,
neuropathologically confirmed AD patients aged 75 years
or higher from the CUMC cohort categorized as CERAD
plaque score of C and Braak NFT stage of V-VI were
used. Successful cerebral aging was defined as (1) age greater
than or equal to 80 years, (2) CERAD plaque score of 0
and (3) Braak NFT stage of O-II. All subjects were of
Caucasian ancestry.

Neuropathological analysis

Patient material from Columbia University was subjected
to a detailed neuropathological analysis (Supplementary
Table 1). Immunohistochemistry was performed on 6 lm
paraffin-embedded sections as previously described [15]
using various antisera (Supplementary Table 3). For
transmission electron microscopy, a portion of CAl, pre-
viously fixed in 10 % neutral-buffered formalin, was post-
fixed with 2.5 % glutaraldehyde in 0.1 M Sorenson’s buffer
(pH 7.2) followed by 1 % OsOs4 in Sorenson’s buffer for 1 h
and embedded in Lx-112 (Ladd Research



Table 1 Summary of patient data

Classification n Male Female Average age, years (range) Braak NFT CERAD plaque score Clinical diagnosis
Control 56 23 33 86.9 (67-108) 0-1I 0-A Normal

TPD 34 11 23 90.2 (65-103) n-1v 0-A AD or MCI

AD 50 19 31 86.7 (73-104) V-VI B-C AD

TPD tangle-predominant dementia, AD Alzheimer disease, MCI mild cognitive impairment

Industries, Inc.). 60 nm sections were stained with uranyl
acetate and lead citrate and examined under a JEOL JEM-
1200 EXII electron microscope and imaged using an ORCA-
HR digital camera (Hamamatsu Photonics, Japan).

Biochemical analysis

For biochemical analysis of tau, protein extracts were
prepared from fresh-frozen human brain as described by
others with modifications [58]. Briefly, fresh-frozen brain
tissue was homogenized using 10 volumes (wt/vol) of
extraction buffer containing 20 mM (4-[2-hydroxyethyl]-1-
piperazineethanesulfonic acid]) (HEPES), pH 7.4, 100 mM
NaCl, 20 mM NaF, 1 % Triton X-100, 1 mM sodium
orthovanadate, 5 mM EDTA containing a Complete Mini
protease inhibitor cocktail (Roche Applied Science, Indi-
anapolis, IN, USA) supplemented with 2 mM PMSF using
15 strokes with a Teflon-coated pestle. Homogenates were
centrifuged at 30009g at 4 "C for 5 min. The supernatant
(crude total tau fraction) was aliquoted and stored at
—-80 "C. Preparation of sarkosyl-soluble and insoluble
fractions was carried out as described by others [37].
Briefly, homogenates were centrifuged at 27,0009¢g for
20 min. The pellet was resuspended in buffer containing

0.8 M NaCl and 10 % sucrose at 10 ml/g of initial tissue
and recentrifuged at 27,0009g for 20 min. The supernatant
was incubated in the presence of 1 % sarkosyl for 1 h at
25 "C. Finally, the sample was centrifuged at 100,0009g

for 2 h. The resulting pellet was considered the sarkosyl-
insoluble tau fraction. Samples were resolved by 10 %
SDS-PAGE, and analyzed by immunoblot with various
antisera (Supplementary Table 3). Some sarkosyl-insoluble
fractions were applied to grids, allowed to dry for 20 min and
negatively stained with 1 % lithium phosphotungstate and
examined by electron microscopy as above.

For biochemical analysis of A, APP and sAPPa/,
preparation of protein extracts was performed as described by
others with modifications [55]. Fresh-frozen autopsy brain
tissue was homogenized with 10 volumes (wt/vol) of buffer
[250 mM sucrose, 20 mM Tris—HCl (pH 7.4), 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene
glycol tetraacetic acid (EGTA)] containing a Complete
Mini protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN, USA) supplemented with 1 mM

phenylmethylsulfonyl fluoride (PMSF) using 20 strokes with
a Teflon-coated pestle, aliquoted and frozen at

-80 "C. Protein concentration was measured by bicinch-
oninic acid protein assay (Pierce, Rockford, IL, USA). For
extraction of soluble AP, homogenate was combined with an
equal volume of 0.4 % diethylamine (DEA) in 100 mM NaCl
and centrifuged at 100,0009¢ for 1 h at 4 "C. Then, the
supernatant was combined with an equal volume of

0.5 M Tris base, pH 6.8. ELISAs were performed using A3
x-40 and x-42 BetaMark chemiluminescent kits (Covance
Inc., Princeton, NJ, USA). For immunoblotting, the
homogenates were separated into membrane (pellet) and
cytosolic (supernatant) fractions by centrifugation at
100,000 xg for 1 h at 4 °C. The pellet was resuspended in
homogenization buffer, subjected to SDS-PAGE, trans- ferred
to nitrocellulose and probed with various antisera
(Supplementary Table 3) and visualized by chemilumi-
nescence. Densitometric analysis was performed using NIH
Image J.

Resequencing and association analysis

For genomic DNA isolation, fresh-frozen brain was lysed
overnight at 55 "C under continuous rotation in 500 ml of
buffer [4 M urea, 10 mM of EDTA, 0.5 % sarkosyl, 0.1 M Tris
HCI1 pH (8.0), 0.1 M NaCl and 20 mg/ml proteinase K].
DNA was purified by phenol-chloroform extraction. MAPT
target enrichment was performed with the RDT1000 system
(RainDance Technologies, Lexington, MA, USA) using 464
primer pairs spanning [99.9 % of MAPT totaling 140,252 bp
(hg18; chrl7: 41,324,942-41,465,194) and

243,995 bp of amplicons designed using Primer3 software
(Supplementary Table 4). Amplicons were sequenced on
the 454 platform (Roche 454 Life Sciences, Branford, CT,
USA). Performance was analyzed using CLC Genomics
Workbench (CLC bio, Cambridge, MA, USA; Supple-
mentary Table 5). Variants were identified with gsMapper
(Supplementary Table 6; Roche). Variants were called if
identified on three or more reads, with a total read coverage
of six and counted only if they were observed on forward
and reverse reads. Variants on 10-90 % of reads were
called as heterozygous and those on [90 % homozygous.
Allele counts and frequencies were calculated and used to
generate p values (Fisher’s exact test). Variants meeting



one the following criteria (after filtering for H2 haplotype-
tagging variants) were included for validation: (1) in cod- ing
regions or untranslated regions, (2) TPD specific and control
specific, (3) p << 0.025 (Fisher’s exact test, allelic,
unadjusted). Validation and genotyping of variants was
performed on a Sequenom MassArray iPlex platform
(Sequenom, San Diego, CA, USA) or Sanger sequencing.
Subjects were also genotyped for APOE status using the
rs7412 and rs429358 polymorphisms [13, 22].

Quantitative real-time polymerase chain reaction
(QPCR)

Fresh-frozen brain tissue was pulverized under liquid
nitrogen, lysed in QIAzol and homogenized using a QIA-
shredder spin column (Qiagen, Valencia, CA, USA). RNA
was extracted using an RNeasy Mini kit (Qiagen). cDNA
synthesis was performed using a First Strand cDNA Syn-
thesis Kit (Origene, Rockville, MD, USA) and used as
template (1:4 dilution) in 20 U reactions. Primers and
probes specific for 3R tau, 4R tau, total tau and GAPDH
and TagMan Gene Expression Master Mix (Applied Bio-
systems, Foster, CA, USA) were used for reactions on a
Mastercycler ep realplex (Eppendorf, Hauppauge, NY,
USA), using the following settings: 95 "C for 10 min fol-
lowed by 40 cycles of 95 "C for 15 s and 60 "C for 1 min.
For QPCR of APP mRNA, FastStart Universal SYBR
Green Master (Roche Applied Science) was used with
primers described by others [23]. The mRNA level was
normalized to GAPDH.

Statistical analysis

For ELISA, quantitative immunoblotting, and QPCR
experiments, the statistical significance was determined by
one-way ANOVA and Tukey test or Student’s ¢ test in
GraphPad Prism (GraphPad Software, La Jolla, CA, USA).
Statistical outliers and specimens with measurement errors
were excluded. For APOE comparisons, a Fisher’s exact
test performed in Microsoft Excel was used. For MAPT
haplotype comparisons and single locus associations, a
Chi-squared test was performed using plink [S1].

Results
Neuropathological findings

We retrospectively reviewed a consecutive brain autopsy
series of 992 patients performed at Columbia University
Medical Center. Of the 336 patients clinically classified as
possible or probable AD [40], 13 meet the neuropatho- logical
criteria for TPD [65]. This represents 3.8 % of all

dementia patients, but increases to 7.3 % of patients
90 years or above. There is a female preponderance and an
average age of death of 86.9 years (range 65-97 years), which
is older than the average for AD patients in this series (74
years). While accurate estimates are unavailable, in part
because of variability in the case definition, these data
support the argument that TPD is more prevalent than
recognized, which is consistent with previous reports [7,
30, 61]. Should estimates of 3—5 % of dementia patients prove
accurate, TPD may be among the more common
neurodegenerative disorders, affecting between 1.1 and 1.8
million individuals globally.

Post-mortem examination of these 13 TPD patients reveals
a pattern reminiscent of early to moderate-stage AD. There
is gross medial temporal lobe atrophy compared to controls.
Unlike most late-stage AD patients, frontal, parietal and
occipital cortices are preserved in TPD. Microscopically, TPD
brains exhibit severe medial tem- poral lobe tauopathy with
frequent NFT. All these cases exhibit numerous extracellular
(“‘ghost’’) tangles (Fig. la—g). Consistent with previous
studies, NFT in TPD are immu- nopositive with specific
antisera to 3R and 4R tau (Fig. 1h, i), as well as for various
phospho-tau specific epitopes (Supplementary Table 7),
which is the same profile seen in AD and certain rare
tauopathies [28, 31, 48]. We confirmed that extracellular NFT
have disproportionate immunola- beling for 3R tau in TPD
(data not shown), as previously reported [31]. To determine
whether there are unique ultrastructural features in TPD,
electron microscopy was performed in the cornu ammonis 1
(CA1) sector of the hippocampal formation. Examination of
epoxy resin ultrathin sections shows filaments that are
suggestive of
paired-helical filaments (PHFs) in TPD (n = 4), as is
observed in AD (Fig. 1j-1) [36]. Ultrathin sections were
also evaluated for insoluble amyloid deposits and inclu- sions,
but none are observed. Aside from NFT, there are no
ubiquitin-positive inclusions and no more than incidental
a-synuclein-positive inclusions in the locus coeruleus, pars
compacta of the substantia nigra, hypothalamus and sub-
stantia innominata in two patients. Vascular disease is
frequent, as is common in aging, but there is no ischemic
injury sufficient to cause dementia.

Biochemical and ultrastructural characterization
of NFT in TPD

To determine whether differences in tau isoform expres-
sion occur in TPD, a biochemical analysis was performed
in the Brodmann area 9 (BA9) region of the frontal lobe
and CA1 using an expanded cohort that included speci-
mens from multiple AD research centers in the United States.
In both TPD (n = 13) and control (n = 12) sub- jects,
immunoblots using total protein from BA9 and



Fig. 1 Tangle-predominant dementia (TPD) patients exhibit neuro-
fibrillary degeneration in a pattern similar to moderate-stage
Alzheimer disease (AD). Immunohistochemical staining with phos-
pho-tau (p-tau) specific antisera (AT8) demonstrates neurofibrillary
tangles (NFT) and atrophy of the medial temporal lobe in TPD (a) and
AD (b) compared to controls (c). Scale bar 7.5 mm. P-tau immuno-
histochemical (d) and Bielschowsky silver (e) stains demonstrate
extensive neurofibrillary degeneration in TPD (CAl). Scale bar
200 IM. f Bielschowsky silver stain highlights the characteristic

probed for tau reveal the three major bands at 55, 64 and
69 kD (Fig. 2a). In CA1, an additional high-molecular weight
band is present at 105 kD, likely representing tau
aggregates. Immunoblots wusing antisera specifically
recognizing 3R and 4R tau show no difference in the
levels or ratio of tau isoforms between TPD (n = 13) and
control (n = 11; Fig.2b, c). Fractions enriched for insoluble
tau isolated by sarkosyl extraction from CAl

and examined by immunoblot reveal no difference in
the tau isoform expression in TPD (n = 5) and in AD (n
= 6; Fig. 2d). Ultrastructural studies of sarkosyl fractions
reveal predominantly PHFs (Fig. 2e). Together,

the NFT in TPD are regionally, histologically, biochemi-
cally and ultrastructurally similar to those in early to
moderate-stage AD.

““flame”’ shape of the neuronal NFT. g Many NFT are silver-negative
“‘ghost’’ tangles that are often associated with abnormal degenerating
argyrophilic neurites. h, i NFT in the hippocampal formation are
immunohistochemically positive for 3R (RD3, 8E6/C11) and 4R tau
(RD4, 1E1/A6). Scale bar 50 lm. j Ultrastructural analysis of epoxy
resin ultrathin sections from CA1 demonstrates an intracellular NFT
(arrowheads). Scale bar 5 lm. k, 1 High-power imaging reveals
filamentous structures suggestive of paired-helical filaments (PHF) in
TPD and AD. Scale bar 200 nm

Biochemical characterization of A and APP in TPD

Next, we assessed A in TPD. AP is derived from the amyloid
precursor protein (APP) [59]. Proteolysis of APP by o-
secretase or [-secretase produces secreted N-terminal
fragments termed sAPPa and sAPP, respectively, as well as
C-terminal fragments (CTFs). Cleavage by yx-secretase of
the B-CTF yields AP peptides of predominantly 40 or 42
amino acids. While, immunohistochemistry shows no sig-
nificant AB deposition in TPD (Fig. 3a—c), soluble AP is
histologically invisible. ELISAs show significantly lower
soluble AB42 levels in TPD (n = 11, p << 0.001) and
controls (n = 16, p << 0.05) as compared to AD (n = 8) in
BA9 (Fig. 3d). ELISAs also show significantly lower levels



of soluble AB42 in TPD (n =6, p<<0.001) and
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Fig. 2 Tangle-predominant dementia (TPD) patients exhibit neuro-
fibrillary tangles (NFT) that are biochemically similar to those
occurring in Alzheimer disease (AD). a Representative immunoblot
using antisera targeting total tau (HT7) and total protein samples from
the frontal cortex (BA9) and hippocampus (CA1) demonstrate 69, 64
and 55 kD bands in TPD and control. A high-molecular weight
105 kD band is observed in TPD in CAl. b Representative
immunoblot using antisera to 3R and 4R tau show similar banding in

controls (n = 5, p << 0.001) compared to AD (n = 5) in
CA1, a region undergoing neurodegeneration in TPD
(Fig. 3d). AB42 levels are lower in TPD when compared to
control subjects in BA9, but this does not reach statistical
significance. Measurements of the less fibrillogenic AB340
species [32] reveal significantly lower soluble AB40 levels
inTPD (p << 0.001) and control (p << 0.01) than AD in
BA9 but not CA1 (Fig. 3e). There is a higher AB42/40 ratio
in AD in CA1 compared to TPD (p << 0.001) and control
(p << 0.001), but there is no difference between TPD and
control (Fig. 3f). These findings show that TPD brain
parenchyma has low levels of soluble AR when compared
to AD. The control brains have variable levels of soluble A3
that overlap with those observed in AD and TPD.

Low AP may arise from decreased production, decreased
fibrillization or increased clearance.  Quantitative
immunoblots reveal a significantly reduced level of the
APP holoprotein in TPD (n = 14) compared to controls
(n=11, p<<0.001) in BA9 (Fig. 4a, b). We observed
decreased levels of full-length APP in AD as well (data not
shown), consistent with previous reports [16, 64]. TPD is

thickness =9 —18 nm

TPD and controls. ¢ Quantification of 3R and 4R tau shows no
difference in the levels or ratio in TPD compared to control in BA9.
Comparisons are by Student’s ¢ test, *p <<0.05, **p << 0.01,
***p < 0.001. d Representative immunoblot with antisera recogniz-
ing total tau (HT7) on sarkosyl-insoluble tau fractions reveals similar
banding patterns. e Ultrastructural examination of the sarkosyl-
insoluble tau fractions confirms the presence of PHFs in TPD. Scale
bar 200 nm

unlike AD in that BA9 is preserved, leading us to conclude
that low APP levels in TPD reflect differences in underlying
APP metabolism rather than neuronal loss and gliosis.
Using specific antisera recognizing neoepitopes formed by
secretase cleavage, we also found significantly

lower sAPPf levels (p <<0.001) in TPD (n = 14) and
significantly higher sAPPa (p << 0.05) compared to con-
trols (n = 11) in BA9. Finally, there is no difference in the
levels of APP mRNA among TPD (n = 8), AD (n = 6) and
control (n = 9) in BA9 (Fig. 4c¢), suggesting that non-
amyloidogenic processing contributes to decreased pro-
duction of AB in TPD.

Apolipoprotein E (ApoE) alleles correlate with AD risk
and amyloid plaque load [14, 53]. We determined the
ApoE allele frequency and found both a significant
decrease in €4 (p = 5.78 9 10-7) in TPD (n = 32) com-
pared to age-matched AD (n = 50) and an increase in €2
(p = 558910 and €3 (p = 0.037; Supplementary
Table 8), which is consistent with previous studies [28,
34]. Compared to controls (n = 56), there are decreased &4
and increased €2 frequencies in TPD, but these differences
are not significant. These data support the well-established
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Fig. 3 Tangle-predominant dementia (TPD) is associated with low
levels of Ab. a—c Immunohistochemistry with antisera targeting Ab in
the frontal cortex (BA9) reveals Ab deposition in control and
Alzheimer disease (AD), but not TPD. Scale bar 1 mm. d ELISA
performed in BA9 and the hippocampus (CA 1) shows that AD patients
have significantly higher AB42 levels than TPD and controls.

finding that ApoE €4 is associated with AP deposition and
€2 is protective [14].

Genetic analysis of MAPT in TPD

Next, we determined whether TPD is associated with the
tau gene. Sequencing of the coding regions of all MAPT exons
and directly flanking introns in 27 TPD patients fails to
uncover a potential pathogenic mutation, which is con- sistent
with previous reports [66]. Therefore, we hypothesized that
TPD is associated with variation outside of the coding
regions. Using markers previously employed to tag MAPT
haplotype diversity [49], we do not observe a

difference in the common HI1 subhaplotypes, including
Hlec, between TPD (n = 34) and controls (n = 48).
However, there is a difference in the H2 frequency in TPD
compared to controls (p = 0.015, Table 2), but this finding is
not significant following Bonferroni correction (p =
0.075). Post hoc analysis reveals that the trend toward

(e) In BA9, AD patients have significantly higher AB40 than TPD
patients and control, but there is no difference in CAl. f The ratio of
AP42/AB40 is not different in BA9 among TPD, AD and control, but
is significantly increased in AD compared to TPD and controls in
CA1l. Comparisons are by one-way ANOVA and Tukey’s test,

*p << 0.05, **p < 0.01, ***p < 0.001

significance is derived from differences between TPD patients
and a subset of controls. Neurodegeneration is common in
elderly individuals classified as cognitively normal [9, 50].
Employing a model proposed by Rowe and
Kahn [52], we identified a subset of our oldest-old controls
(average age = 89.3 years) that are exceptional based on their
mild NFT burden and absence of amyloid plaques.
This control group, that we termed successful cerebral
aging, represents the ultimate in healthy brain aging. When
successful cerebral aging controls (n = 28) are compared
directly to TPD (Table 2), the difference in H1 allele fre-
quency is highly significant (p = 0.004), even after
adjusting for multiple comparisons (p = 0.022). These
results are consistent with the hypothesis that the HI
haplotype is a risk factor for limbic NFT formation in TPD
and that H2 is protective.

To identify genetic variation that may be associated with
TPD risk, we resequenced MAPT in a discovery cohort of ten
TPD patients and five successful cerebral aging
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Fig. 4 Tangle-predominant dementia (TPD) is associated with alter-
ations in APP metabolism. a, b Representative quantitative
immunoblot on extracts from BA9 normalized to GAPDH shows
significantly lower levels of APP in TPD than controls. TPD patients
have significantly higher levels of sAPPa and significantly lower

Table 2 Association of common MAPT haplotypes and subhaplotypes

levels of sSAPPb than controls in the frontal cortex. ¢ There is no
difference in the levels of the APP mRNA among TPD, AD and
control. Comparisons are by Student’s # test (b) or one-way ANOVA/
Tukey’s test (c) or *p << 0.05, **p < 0.01, ***p < 0.001

with TPD

TPD (n = 34) v. Control (n = 48) v. Successful cerebral aging (n = 28)

Haplotype® Alleles Frequency Frequency p (corrected) Frequency p (corrected)

H2a AGGCCG 0.21 0.39 0.015 (0.075) 0.45 0.004 (0.022)
Hlb GGGCTA 0.12 0.10 0.685 (1.000) 0.09 0.551 (1.000)
Hlc AAGTTG 0.16 0.09 0.228 (1.000) 0.11 0.443 (1.000)
Hld AAGCTA 0.04 0.05 0.659 (1.000) 0.06 0.646 (1.000)
Hle AGGCTA 0.15 0.10 0.275 (1.000) 0.07 0.172 (0.860)

Significant values in bold (Chi-squared test), Bonferroni correction for

TPD tangle-predominant dementia

five tests

2 Haplotypes and subhaplotypes based on Pittman et al. [49] (rs1467967, 1s242557, rs3 rs2471738, 1s9468 and 1s7521)

controls. We focused on comparing TPD to successful
cerebral aging controls, which represent the extremes of
limbic neurofibrillary degeneration, to minimize mis-
classification of patients. Resequencing was performed using
multiplex PCR for target enrichment followed by large-scale
parallel pyrosequencing of these amplicons (Supplementary
Table 5). The target region is 140 kb in total length and
completely contained within the ancestral inversion,
encompassing all of MAPT, including the pro- moter (which
overlaps with LOC100128977), introns, exons and
untranslated regions, as well as the saitohin gene (STH),
LOC100130148, and 2 kb of KIAA1267. We

achieved a mean base coverage of 109 reads and an aver- age
completeness of 99.5 % (Supplementary Table 5). We
identified a total of 1,236 variants, 705 of which are found in
dbSNP and the remaining 531 are novel (Supplementary
Table 6). 15 variants are within MAPT coding regions, 13
of which are known (rs10445337, rs1052551, rs1052553,

rs11568305,  rs17651549,  rs17652121,  1s2258689,
1s62063786, rs62063787, r1s62063845, 1563750072,
rs63750222, rs63750417). Of these variants, 11 reside in
exons that are not expressed in the central nervous system
(i.e., exons 4a, 6 and 8) [3]. The remaining four coding region
variants in exons 7 and 9 are synonymous. Con- sistent with
previous reports, much of the variation is derived from
differences between H1 and H2, which are in complete
linkage disequilibrium [56].

Next, an association analysis was performed testing 20
variants identified by resequencing (2 coding and 18 non-
coding). Variants were selected for validation and analysis
based on their frequency, genomic location and p value.
The two most significant associations (rs5820605;
p = 0.032 and rs35134656; p = 0.015), identified when the
TPD patients (n = 34) are compared to all controls (n =

48), do not survive strict Bonferroni correction for multiple
testing  (Table 3, Supplementary table 9).



However, when TPD is directly compared to successful
cerebral aging controls (n = 28), the differences in these
two variants are highly significant, with both maintaining
significance following correction: rs5820605 (p = 0.002,

OR 032, 95% CI =0.15-0.67 and rs35134656

(» = 0.002, OR 4.76, CI = 1.66-13.66). The frequency of
rs5820605 is 0.33 in TPD, but increases to 0.61 in suc- cessful
cerebral aging, suggesting that it may be protective. In
contrast, 1s35134656 has a frequency of 0.09 in the controls,
but increases to 0.32 in TPD, suggesting that it is a risk
allele. Finally, we asked whether rs5820605 and rs35134656
are in linkage disequilibrium (LD) with any of the MAPT
subhaplotype-tagging SNPs. We found that the H2-tagging
SNP rs9486 is in complete LD with rs5820605 and
rs35134656 suggesting that both these variants are on the H1
background (Fig. 5). Furthermore, 1s5820605 and rs35134656
are in LD with each other.

Discussion

TPD is a poorly understood and under-recognized tauop-
athy in need of a definitive neuropathological designation.
Given the overlapping features with moderate AD and
aging, and the absence of reliable markers, recognizing
TPD continues to pose a challenge. This study demon-
strates, for the first time, an association between TPD and
the MAPT H1 haplotype. Obtaining large numbers of well-
characterized neuropathologically confirmed TPD cases for
genetic analysis poses a significant hurdle, and the results
of this relatively small study should be interpreted with this
in mind. However, should our findings be confirmed in a
larger cohort, they provide a novel genetic foothold into the
pathogenesis of this elusive tauopathy. Furthermore, TPD
has the potential to provide a unique angle into under-
standing the mechanism of the contribution of the MAPT
haplotypes to neurodegeneration in general, which remains
unclear at this time. As the H1 haplotype is associated with
a number of sporadic tauopathies as well as Parkinson
disease, understanding the contribution of MAPT to neu-
rodegeneration represents an important question. We
identified two polymorphisms within the region of MAPT
encoding the 3% UTR that are associated with TPD.

Table 3 MAPT single marker associations in TPD

rs1467967
rs242557
rs3785883
rs2471738
rs5820605
rs7521

Fig. 5 Linkage disequilibrium (LD) in MAPT. The genotypes for the
MAPT haplotype-tagging SNPs (rs1467967, 1s242557, rs3785883,
1s2471738, rs9468 and rs7521) together with rs5820605 and
1s35134656 from cases and controls (n = 82) were analyzed in
Haploview v4.2 to generate the LD plot. The white horizontal bar
represents the chromosomal distance between the polymorphisms.
Pairwise D° values are indicated within the diamonds. Variants with
strong LD are shown in red. Those without LD are white and variants
with uninformative data light blue

30 UTRs are critical cis-acting regulatory elements that are
capable of regulating gene expression on the post-tran-
scriptional level by influencing mRNA stability and
localization, among other functions [4, 5]. Importantly, 3°
UTRs, through complementary base pairing, are the main
binding sites for microRNA (miRNA) binding [2, 38].
These small non-coding RNAs silence mRNA and are
implicated in neurodegeneration [35]. Future in vitro
experiments addressing the functional role of variation in
the MAPT 3° UTR are required. Alternatively, these poly-
morphisms may be markers of functional genetic lesions
residing in nearby chromosomal regions. Whether
rs5820605 and rs35134656 are useful as genetic markers
for diagnosis or risk stratification remains to be determined.
Our biochemical analysis of APP processing provides
further evidence that TPD is Ab independent. Namely, the
low levels of soluble Ab and increased sAPPa in TPD

TPD (n = 34) Control (n = 48) Successful cerebral aging (n = 28)

Marker MAF MAF p (corrected) OR CI (95 %) MAF p (corrected) OR CI (95 %)
1rs5820605 0.33 0.50 0.032 (0.630) 0.49 0.25-0.94 0.61 0.002 (0.044) 0.32 0.15-0.67
1s35134656 0.32 0.16 0.015 (0.297) 2.52 1.18-5.37 0.09 0.002 (0.042) 4.76 1.66-13.6¢

Significant associations in bold (Chi-squared test), Bonferroni correction for 20 tests

TPD tangle-predominant dementia, MAF minor allele frequency, OR odds ratio, C/ confidence interval



brain parenchyma indicate preferential non-amyloidogenic
processing in these patients. However, we are unable to
exclude the possibility that transient elevations in Ab or
other potentially toxic APP-derived factors trigger a cas-
cade leading to NFT formation in TPD. These biochemical
results, which are complementary to previous histological
reports, are important because they raise the possibility that
some dementia patients with amyloid plaques may also
have a concurrent amyloid-independent limbic tauopathy
capable of causing dementia. For example, it remains
unclear at this time whether patients with limbic predom-
inant AD, which exhibits an increased frequency of H1
compared to hippocampal sparing AD, share pathogenic
determinants with TPD [44]. Improved methods to address
patients with mixed pathologies would be useful.

The ultimate cause of TPD is unclear at this time. The
increased levels of sAPPa in TPD is a surprising finding
and we are unable to exclude the possibility that sAPPa
may be pathogenic under certain circumstances. Previous
research suggests that SAPPa attenuates excitotoxicity and
ApB-induced tau phosphorylation, perhaps serving to delay the
onset and severity of TPD relative to AD [39, 57]. In this
context, our data are consistent with a proposed role for
AP in accelerating and amplifying an age-related tau- opathy
[50]. Nevertheless, the increased levels of sAPPo. may serve
as a useful biomarker, which is a possibility that can be
addressed in future studies. Exogenous factors have also been
proposed to cause TPD. For example, previous work has
suggested an early-life viral etiology [47]. Other potential
causes such as mild traumatic injury must be addressed in
future studies [21].

As clinical trials of Ab-reducing agents have been
unsuccessful in showing clinical efficacy in AD, new
approaches are urgently needed [26]. There is no way to
clinically differentiate TPD from AD, yet this distinction is
essential for developing novel therapies. The distinction
between TPD and AD is fundamental as the low A levels in
TPD suggest that amyloid-targeting agents will not be useful
for treating dementia patients with this tauopathy and may
subject them to unnecessary risk. Unfortunately, the
cerebrospinal fluid biomarkers for AD (i.e., low A and high
phospho-tau) are predicted to be positive in TPD [60].
Positron emission tomography (PET)-based amyloid imaging
have demonstrated that many cognitively impaired patients
are carbon 11-labeled Pittsburgh Compound B (''C-PiB)
negative, suggesting that TPD and other amy- loid-
independent dementias are more widespread than recognized
[17,19].
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