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Neurofibrillary tangles of abnormally hyperphosphorylated
Tau are a hallmark of Alzheimer’s disease (AD) and related
tauopathies. Tau is truncated at multiple sites by various pro-
teases in AD brain. Although many studies have reported the
effect of truncation on the aggregation of Tau, these studies
mostly employed highly artificial conditions, using heparin sul-
fate or arachidonic acid to induce aggregation. Here, we report
for the first time the pathological activities of various trunca-
tions of Tau, including site-specific phosphorylation, self-aggre-
gation, binding to hyperphosphorylated and oligomeric Tau
isolated from AD brain tissue (AD O-Tau), and aggregation
seeded by AD O-Tau. We found that deletion of the first 150 or
230 amino acids (aa) enhanced Tau’s site-specific phosphoryla-
tion, self-aggregation, and binding to AD O-Tau and aggrega-
tion seeded by AD O-Tau, but deletion of the first 50 aa did not
produce a significant effect. Deletion of the last 50 aa was found
to modulate Tau’s site-specific phosphorylation, promote its
self-aggregation, and cause it to be captured by and aggregation
seeded by AD O-Tau, whereas deletion of the last 20 aa had no
such effects. Among the truncated Taus, Tau151–391 showed the
highest pathological activities. AD O-Tau induced aggregation
of Tau151–391 in vitro and in cultured cells. These findings sug-
gest that the first 150 aa and the last 50 aa protect Tau from
pathological characteristics and that their deletions facilitate
pathological activities. Thus, inhibition of Tau truncation may
represent a potential therapeutic approach to suppress Tau pa-
thology in AD and related tauopathies.

Tau is a major neuronal microtubule-associated protein.
Aggregation of Tau into neurofibrillary tangles (NFTs) is a hall-
mark brain lesion of Alzheimer’s disease (AD) and related tauo-
pathies (1–4). The number of NFTs correlates with the severity
of dementia (5–7), and the regional distribution of Tau pathol-
ogy is apparently associated with the progression of AD (8, 9).
In AD brain, Tau is abnormally hyperphosphorylated at

many sites (10–12). Hyperphosphorylation of Tau leads to its
loss of normal function, gain of neurotoxicity, and aggregation
into NFTs (13–15). Tau pathology can be induced in themouse
brain by injection of Tau aggregates isolated from AD or Tau
transgenic mouse brains or produced in vitro (16–20). Abnor-
mally hyperphosphorylated and cytosolic Tau isolated from

AD brain (AD P-Tau) by sedimentation and ion-exchange
chromatography (10) can sequester/capture normal Tau and
template it into filaments in vitro (13). We recently found that
like AD P-Tau, oligomeric Tau isolated from AD brain (AD
O-Tau) by sedimentation also effectively induces Tau aggrega-
tion in cultured cells (21) and templates Tau pathology in vivo
(22–24) in a prion-like fashion, whichmay underlie the amplifica-
tion and propagation of Tau pathology throughout AD brain.
In addition to hyperphosphorylation, Tau is abnormally

truncated at multiple sites in AD brain (25, 26). Many pro-
teases, including calpains and caspases, proteolyze Tau in vitro
and in vivo (27–29). Tau can be cleaved by caspase 6 at Asp13

and Asp402, by caspase 2 at Asp314, by caspase 3 at Asp25 and
Asp421, by chymotrypsin at Tyr197, by an unknown thrombin-
like cytosolic protease at Lys257, by asparaginyl endopeptidase
at Asn255 and Asn368, and by calpain at Lys44 and Arg230 (30–
32). At Glu391, Tau is cleaved by an unknown protease (30). Pu-
romycin-specific aminopeptidase proteolyzes residues stepwise
from the N terminus of Tau (4, 30). In AD brain, various Tau
fragments have been identified (29, 33, 34). In addition to these
protease-mediated cleavages, 21 novel proteolytic fragments of
Tau have been identified (35), which, as of yet, have not had a
protease identified for their generation (33, 35, 36). Among all
truncations of Tau, truncations at Glu391 and Asp421 were
the most reported in AD brain. We recently found that SDS-
and reducing agent–resistant high-molecular-weight (HMW)
aggregates of Tau from AD brain lack the N-terminal portion
(21, 37). Many studies showed that truncation of Tau promotes
its aggregation (30, 38), implying that Tau truncation may play
a critical role in Tau pathogenesis (25, 33). However, these
studies were carried out employing mostly heparin or arachi-
donic acid for induction of aggregation, which are highly artifi-
cial conditions. The impact of Tau truncation on its pathologi-
cal activities, including hyperphosphorylation, self-aggregation,
and binding to and aggregation seeded by AD O-Tau, is not
well-documented. Based on the terminal acidic regions of Tau
and the truncations reported in AD brain (25, 26, 39, 40), in the
present study, we generated Tau truncations with deletions
from both the N and C termini and determined their pathologi-
cal activities. We found that Tau truncation from either the
N- or C-terminal toward microtubule-binding repeat region
(MTBR) modulated the site-specific phosphorylation and en-
hanced its self-aggregation, its binding to AD O-Tau, and
aggregation seeded by AD O-Tau. Among these truncations,
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Tau151–391 showed the highest pathological activities and
aggregation induced by AD O-Tau, both in vitro and in cul-
tured cells.

Results

Construction and expression of various truncation forms of Tau

In AD brain, Tau is truncated at multiple sites by various
proteases (25, 33). Normally, the acidic termini of Tau interact
with themicrotubule-binding repeats to prevent its aggregation
(41). Based on the truncation sites reported in AD brain and on
the acidic terminal regions of Tau (Fig. 1A), we constructed 11
truncation forms of Tau from both the N and C termini of the
protein (Fig. 1A), expressed them in HEK-293FT cells, and ana-
lyzed the expression byWestern blots developed with a battery
of monoclonal Tau antibodies (Fig. 1B). Western blots showed
that the truncation forms with deletion of the first 50 amino
acids (aa)—Tau51–441, Tau51–421, and Tau51–391—were not rec-
ognized by antibody 43D (6–18 aa). Truncation with the
deletion of the first 150 aa—Tau151–441, Tau151–421, and
Tau151–391—was not recognized by antibodies 43D or 63B (74–
103 aa). Truncation with the deletion of the first 230 aa—
Tau231–441, Tau231–421, and Tau231–391—was not recognized by
antibodies 43D, 63B, or Tau 5 (210–230 aa). Deletions of the
last 20 aa—Tau1–421, Tau51–421, Tau151–421—or the last 50 aa—
Tau1–391, Tau51–391, Tau151–391, and Tau231–391—were not rec-
ognized by antibody Tau46.1 (428–441 aa) (Fig. 1C). mAb
77G7 against MTBR was able to detect all truncation forms
(Fig. 1C). All truncation forms were tagged with HA at the N
terminus and were detected by anti-HA (Fig. 1C). These results
indicate that the 12 truncation forms of Tau were constructed
and expressed as expected.
To learn the toxicity of these Taus, we overexpressed

Tau1–441 and 11 truncates of Tau in HEK-293T cells and ana-
lyzed lactate dehydrogenase (LDH) activity in the medium
leaked from cells 48 h after transfection. We found similar lev-
els of released LDH activity from cells overexpressed with the
above 12 forms of Tau (Fig. 1D). We further analyzed cell via-
bility in HEK-293T cells by Cell Counting Kit 8 and found simi-
lar cell viability in cells with overexpression of the 12 Taus (Fig.
1D). Thus, Tau truncates showed similar effect in cytotoxicity
and cell viability as the full-length protein.

N- and C-terminal truncations modulate Tau phosphorylation

Abnormal hyperphosphorylation is central to Tau pathoge-
nesis (3). To determine the effect of Tau truncation on its phos-
phorylation, we overexpressed the above truncated Taus in
HEK-293FT cells and analyzed phosphorylation by Western
blots developed with site-specific and phosphorylation-de-
pendent Tau antibodies.We found no detectable Tau phospho-
rylation at Ser199, Thr205, Thr212, Ser214, or Thr217 in Tau231–
(Fig. 2, A–E); at Ser396 or Ser404 in Tau–391 (Fig. 2, I and J); and
at Ser422 in Tau–421 and Tau–391 truncation forms (Fig. 2K),
confirming the site-specific phosphorylation of Tau.
To simplify the comparison, we first analyzed the impact of

N-terminal truncation on Tau phosphorylation. We found that
deletion of the first 50 aa did not affect Tau phosphorylation at
Ser199 (Fig. 2A), Thr212 (Fig. 2C), Ser214 (Fig. 2D), Thr217 (Fig.

2E), Ser235 (Fig. 2G), Ser262 (Fig. 2H), Ser396 (Fig. 2I), Ser404 (Fig.
2J), and Ser422 (Fig. 2K), regardless of C-terminal truncations
but slightly suppressed Tau phosphorylation at Thr205 (Fig. 2B)
and Thr231 (Fig. 2F). Deletion of the first 150 aa suppressed Tau
phosphorylation at Ser199 but significantly increased it at most
sites, except at Ser396 and Ser422, independent of the C-terminal
truncation (Fig. 2), suggesting that deletion of the first 150 aa
enhances Tau phosphorylation at most sites. Deletion of the
first 230 aa did not change (Tau–441 and Tau–421) or decreased
(Tau-391) Ser235 phosphorylation (Fig. 2G) but significantly
increased Tau phosphorylation at Ser262 (Fig. 2H), Ser396 (Fig. 2I),
Ser404 (Fig. 2J), and Ser422 (Fig. 2K) in Tau–441 and at Ser262 (Fig.
2H) in Tau–421 (Fig. 2G). However, there was no increase of
Ser262 phosphorylation (Fig. 2H) in Tau-391 and of Ser396 phos-
phorylation (Fig. 2I) in Tau–421. Thus, deletion of the first 50 aa
did not affect, but deletion of the first 150 aa significantly
enhanced, Tau phosphorylation regardless of the C-terminal trun-
cation. The increase in phosphorylation inTauwith deletion of the
first 230 aa depended on intact or partially intact C terminus.
Then we determined the effect of the C-terminal truncations

on Tau phosphorylation.We found that the C-terminal trunca-
tion also modulated Tau phosphorylation site-specifically (Fig.
3). Deletion of the last 20 aa decreased Ser199 phosphorylation
in Tau1–, but not in the Tau51– and Tau151– truncation forms
(Fig. 3A). Deletion of the last 20 aa did not significantly affect
Tau phosphorylation at Thr205, Thr212, Ser214, Thr217, or Ser262

(Fig. 3, B–E), increased at Ser235 (Fig. 3G), and decreased at
Ser396 and Ser404 (Fig. 3, I and J) inmost truncation forms. Dele-
tion of the last 50 aa increased or tended to increase Tau phos-
phorylation at Thr205, Thr212, Ser214, Thr217, and Ser235 but did
not significantly affect phosphorylation at Ser262 in themost N-
terminal truncates (Fig. 3, B–E). Interestingly, deletion of the
last 20 or 50 aa suppressed Ser262 phosphorylation in Tau231–
truncation forms (Fig. 3H), and deletion of either the last 20 or
50 aa almost abolished or dramatically suppressed Tau phos-
phorylation at Thr231, Ser396, and Ser404 regardless of N-termi-
nal truncation (Fig. 3, F, I, and J), suggesting that the last 20 aa
play a critical role in the regulation of phosphorylation at these
sites. These findings suggest that generally, C-terminal trunca-
tion can increase the phosphorylation of Tau at the sites located
in proline-rich domain (Thr205, Thr212, Ser214, and Thr217) but
decrease at sites in microtubule-binding repeat (Ser262) and C-
terminal domains (Ser396 and Ser404).

Truncation of Tau promotes its aggregation

Tau is aggregated into NFTs in AD brain. To learn the
impact of truncation in Tau aggregation, we overexpressed var-
ious HA-tagged truncated Taus in HEK-293FT cells for 48 h,
separated RIPA buffer–soluble and –insoluble fractions, and
analyzed Tau levels by Western blots developed with anti-HA.
We found a significant amount of RIPA buffer–insoluble Tau
in cells expressed with Tau truncations, except Tau231–391 (Fig.
4B). Interestingly, we found ;70-kDa HMW-Tau only in the
RIPA buffer–insoluble fraction of Tau151–391 (Fig. 4B), suggest-
ing that Tau151–391 formed the AD-like SDS- and reducing
agent–resistant aggregates described previously (21, 37).
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Figure 1. Truncation forms of Tau show expected size and immunolabeling inWestern blots. A, truncation forms of Tau used in the present study. pI of
every 10-aa fragment is presented with the color code as indicated. B, schematic showing the position of epitopes of Tau antibodies used in this study. C, trun-
cation forms of Tau in Awere overexpressed in HEK-293FT cells and analyzed withWestern blots developed with the indicated antibodies. D, various truncates
of Tau in A were overexpressed in HEK-293T cells for 48 h, and then the relative cell cytotoxicity and viability were measured by LDH activity in cultured me-
dium and by Cell Counting Kit 8, respectively. The data are presented asmeans6 S.D.
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We determined the impact of N-terminal truncations on
Tau aggregation by analyzing the ratio of RIPA buffer–insolu-
ble/soluble Tau. We found that in general, deletion from the N
terminus toward MTBR increased the ratio of RIPA buffer–in-
soluble/soluble Tau (Fig. 4, A and B), suggesting that N-termi-
nal truncation increases Tau’s capacity to aggregate. Deletion
of the first 50 aa did not significantly affect the ratios of RIPA
buffer–insoluble/soluble Tau, regardless of the C-terminal
truncations (Fig. 4, A and B). However, deletion of the first 150
aa significantly increased the ratio of RIPA buffer-insoluble/
soluble Tau in Tau–441 and Tau–421, but not in Tau–391 trunca-
tion forms (Fig. 4, A and B), suggesting that the first 150 aa in-
hibit Tau aggregation, but this inhibition depends on the intact
or partially intact C terminus. Compared with Tau151–, Tau231–
forms did not further enhance the ratios of RIPA buffer–insolu-
ble/soluble Tau (Fig. 4,A and B), suggesting that the first 150 aa

are essential to inhibit Tau self-aggregation. The expression
level of Tau231–391 was very low, which may lead to undetect-
able aggregation of Tau231–391. These findings suggest that N-
terminal truncation enhances Tau aggregation, and the first
150 aa are critical to prevent Tau from self-aggregation.
Deletion of C-terminal 20 aa did not affect the ratio of

RIPA buffer–insoluble/soluble Tau in Tau1– and Tau51– but
decreased in Tau151– and Tau231– truncation forms (Fig. 4, A
and C), suggesting that the last 20 aa may not protect Tau from
the self-aggregation. However, deletion of the last 50 aa signifi-
cantly increased the aggregation regardless of N-terminal trun-
cations except Tau231– truncation forms (Fig. 4, A and C), sug-
gesting that the last 50 aa are also critical to prevent Tau from
self-aggregation. Taken together, these findings indicate that
both the first 150 aa and the last 50 aa protect Tau from self-
aggregation, and deletion of either the first 150 aa or the last 50

Figure 2. N-terminal truncation of Tau enhances its phosphorylation. Truncated Taus were expressed in HEK-293FT cells and analyzed by Western blots
developedwith site-specific and phosphorylation-dependent Tau antibodies. The phosphorylation of Tau at individual sites was calculated and statistically an-
alyzed by one-way ANOVA. The data are presented asmeans6 S.D. (A–K). *, p, 0.05; **, p, 0.01.
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aa promotes Tau aggregation. Tau151–391 showed the highest
self-aggregation capacity (Fig. 4).
To investigate the cause of low expression of Tau231–391, we

determined mRNA levels of Taus by real-time quantitative
PCR 48 h after transfection. We found similar mRNA levels in
these 12 Tau forms expressing cells (Fig. 4E), suggesting that a
lower level of Tau231–391 could have resulted from instability of
this protein fragment.

Truncation of Tau enhances its capture by AD O-Tau

Isolated AD O-Tau was previously found to sequester/cap-
ture normal Tau (13, 14), which is a basis of Tau aggregation
induced by pathological Tau. To learn the effect of Tau trunca-

tion on its capture by AD O-Tau, we performed an overlay
assay. We overexpressed HA-tagged truncated Taus in HEK-
293FT cells. The cell extracts containing similar levels of trun-
cated Taus in PBS were incubated with nitrocellulose mem-
brane predotted with various amounts of ADO-Tau overnight.
AD O-Tau–captured truncated Taus were detected by devel-
opment with anti-HA followed by HRP–anti-IgG and ECL. We
found that Tau with various truncations was captured differen-
tially by AD O-Tau (Fig. 5A). The levels of truncated Taus cap-
tured by ADO-Tau were increased with truncation from the N
terminus towardMTBR (Fig. 5A). Deletion of the first 50 aa did
not have an effect, but deletion of the first 150 aa significantly
enhanced the level of Tau captured by ADO-Tau, regardless of
C-terminal truncations (Fig. 5, A and B). Deletion of the first

Figure 3. C-terminal truncation of Tau increases its phosphorylation at the sites in proline-rich domain and decreases at the sites in and downstream
of the microtubule-binding repeats region. The phosphorylation of Tau at individual sites was normalized by total Tau and statistically analyzed by one-
way ANOVA. The data are presented as means6 S.D. (A–K). *, p, 0.05; **, p, 0.01; ***, p, 0.001; ****, p, 0.0001.
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230 aa enhanced the level of Tau captured by AD O-Tau in
Tau–441 and Tau–421, but not in Tau–391 truncation forms (Fig.
5, A and B). In the C-terminal truncations, deletion of the last
20 aa did not affect the capture of Tau by AD O-Tau (Fig. 5, A

and C). Although deletion of the last 50 aa did not enhance
Tau capture by AD O-Tau in Tau1– and Tau51– truncations,
it enhanced it in Tau151– and decreased it in Tau231– forms
(Fig. 5, A and C). These results suggest that the first 150 aa

Figure 4. N- and C-terminal truncations enhance Tau’s aggregation. A and B, HA-tagged truncated Taus were expressed in HEK-293FT cells for 48 h. The
cells were lysed in RIPA buffer and centrifuged at 130,0003 g for 45min. RIPA buffer-soluble (A) and -insoluble (B) Taus were analyzed byWestern blots devel-
oped with anti-HA. The arrowhead indicates SDS- and reducing agent–resistant high molecular Tau aggregates. C and D, the ratio of RIPA buffer–insoluble/
soluble Tau was calculated. The data are presented as means6 S.D. *, p, 0.05; **, p, 0.01; ****, p, 0.0001. E, various truncates of Tau were overexpressed
in HEK-293T cells for 48 h. The levels of Tau mRNA were detected by quantitative RT-PCR and normalized by GAPDH. The relative levels of Tau mRNA are pre-
sented as means6 S.D.
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and the last 50 aa protect Tau from being captured by AD
O-Tau, and their deletions enhance Tau’s capture by ADO-Tau;
Tau151–391 is the Taumost potently captured byADO-Tau.

Truncation of Tau enhances its aggregation seeded by AD
O-Tau

Misfolded Tau templates Tau aggregation in vitro and in
vivo, which is a basis of propagation of Tau pathology (14, 42).
To determine the effect of Tau truncations on AD O-Tau–
seeded aggregation, we overexpressed Tau truncations in HEK-
293FT cells and treated these cells with ADO-Tau for 42 h after
6 h of transfection. RIPA buffer–soluble and –insoluble Taus
from these cells were analyzed by Western blots. We found
that the AD O-Tau treatment caused the reduction of RIPA
buffer–soluble Tau (Fig. 6A, upper panel) and increased levels
of RIPA buffer–insoluble Tau in all truncation forms (Fig. 6A,
lower panel). In addition to the HA-Tau, AD O-Tau was
detected by R134d and 92e in RIPA buffer–insoluble factions of
cells treated with AD O-Tau (Fig. 6B). We also found HMW-
Tau in the RIPA buffer–insoluble fraction of cells transfected
with Tau151–391, Tau231–441, and Tau231–421 (Fig. 6A). The
expression level of Tau231–391 was extremely low, and the RIPA
buffer–insoluble Tau was undetectable in the cells treated with
AD O-Tau at this condition (Fig. 6A). Thus, collectively these
findings suggest that AD O-Tau induces Tau aggregation,
which is modulated by truncation.
To compare the efficiency of aggregation of various trun-

cated Taus seeded by ADO-Tau, we analyzed the ratio of RIPA
buffer–insoluble/soluble Tau. We found that deletion of the N

terminus toward MTBR increased ADO-Tau–seeded aggrega-
tion regardless of C-terminal truncation (Fig. 6, A and C). Simi-
lar to in the self-aggregation, deletion of the first 50 aa did not
significantly affect Tau aggregation templated by AD O-Tau,
but deletion of the first 150 aa enhanced AD O-Tau–seeded
aggregation in all C-terminal truncations (Fig. 6, A and C). De-
letion of the N-terminal 230 aa enhanced AD O-Tau–seeded
aggregation in Tau–441 and Tau–421, but not in Tau–391 trunca-
tion forms (Fig. 6, A and C). Tau151–391 was the most potent
truncation to the aggregation induced by ADO-Tau (Fig. 6, A–
D). Deletion of the last 20 aa did not affect ADO-Tau–induced
aggregation but suppressed it in Tau231- truncations (Fig. 6, A
and D). Deletion of the last 50 aa enhanced Tau aggregation
templated by AD O-Tau, except in Tau231– truncations (Fig. 6,
A and D). These data suggest that consistently, the first 150 aa
and the last 50 aa of Tau prevent AD O-Tau–seeded aggrega-
tion. Collectively, these findings reveal that deletions of either
the first 150 aa or the last 50 aa can enhance ADO-Tau–seeded
Tau aggregation and that Tau151–391 is the most prone to be
seeded to aggregate by ADO-Tau.

AD O-Tau induces Tau151–391 aggregation in vitro and in
cultured cells

Our studies described above indicated that Tau151–391
appears to have the highest activity to self-aggregate and bind
to AD O-Tau. Tau aggregation can be induced in vitro by poly-
anionic molecules, such as heparin, heparan sulfate, and RNA
(43–45). We further studied its aggregation induced in vitro
and in cultured cells. We first determined the aggregation of

Figure 5. N- and C-terminal truncations enhance Tau’s binding to AD O-Tau. HA-tagged truncated Taus were expressed in HEK-293FT cells for 48 h. The
cells were lysed in PBS by probe sonication and centrifuged to yield extracts. Various amounts of AD O-Tau were dotted on nitrocellulose membrane. The
membrane was incubated with cell extracts containing Tau truncations. Captured Tau was analyzed by anti-HA, followed with HRP-anti-IgG and ECL (A).
The data are presented asmeans6 S.D. (B and C). *, p, 0.05; **, p, 0.01.
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Tau151–391 induced by heparin. We incubated recombinant
Tau1–441 (rTau1–441) or rTau151–391 with heparin in the pres-
ence of thioflavin T for various time periods at room tempera-
ture. Aggregated Tau was detected by fluorescence density and
plotted against the incubation time. We found that heparin
induced aggregation much faster and to a much higher extent
in Tau151–391 than in Tau1–441 (Fig. 7A). Then we studied
Tau151–391 aggregation induced by AD O-Tau. We incubated
rTau151–391 or rTau1–441 with AD O-Tau for various time peri-
ods at room temperature and detected aggregation by thiofla-
vin T fluorescence.We found that ADO-Tau induced aggrega-
tion of Tau151–391, but not Tau1–441, in a time-dependent

manner (Fig. 7B). These results reveal that Tau151–391 has a
higher capacity than Tau1–441 to be induced to aggregate by ei-
ther heparin or ADO-Tau in vitro.
To further verify AD O-Tau–induced aggregation, we over-

expressed HA-tagged Tau1–441 or Tau151–391 in HeLa cells and
treated the cells with AD O-Tau for 42 h after 6 h of transfec-
tion. The cells were then immunofluorescence-stained with
anti-HA. Although we found,1% of Tau1–441 cells with aggre-
gates (Fig. 7, C and G),;6% cells with atypical aggregates were
seen in the Tau151–391 cells (Fig. 7, D and G). However, we
found that the treatment with AD O-Tau markedly increased
the number (;22%) of Tau151–391 cells with aggregates in the

Figure 6. N- and C-terminal truncations enhance Tau aggregation seeded by ADO-Tau. A, HA-tagged truncated Taus were expressed in HEK-293FT cells
for 6 h, and then the cells were treated with ADO-Tau for 42 h. The cells were lysed in RIPA buffer and centrifuged at 130,0003 g for 45min. RIPA buffer–solu-
ble (upper panel) and –insoluble (lower panel) Tauswere analyzed byWestern blots developedwith anti-HA. B, HA-Tau151–391 was expressed in HEK-293FT cells.
RIPA buffer–insoluble Tau was analyzed byWestern blots developed with anti-HA and mixture of R134d and 92e. C and D, the ratios of RIPA buffer–insoluble/
soluble Tau were calculated, and the data are presented asmeans6 S.D. (n = 3). *, p, 0.05; **, p, 0.01.
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cytoplasm and the nucleus (Fig. 7, F and G). This increase
was weak in Tau1–441 cells (Fig. 7, E and G). The aggregates of
Tau151–391, but not Tau1–441, seeded by AD O-Tau were thio-
flavin T–positive (Fig. 7H). Thus, Tau151–391 was found to dis-
play a high potency for templation and aggregation by AD O-
Tau.

Discussion

Since the first report on Tau truncation in AD paired helical
filament in 1993 (36), more than 50 fragments of Tau have been
identified, and over 30 were found present in AD brain (33).
However, the role of truncation in Tau pathogenesis in AD and
related tauopathies was not well-understood. Based on several
reported cleavage sites, in the present study we studied effects

of different Tau truncations on pathological activities. We
found that truncation at both the N and C termini enhanced
pathological activities of Tau, including an increase of site-spe-
cific hyperphosphorylation, self-aggregation, capture by AD
O-Tau, and AD O-Tau–seeded aggregation (Fig. 8). Among
the truncated fragments, Tau151–391 was found to be the most
pathogenic.
Prion-like activity of pathological Tau may underlie the pro-

gression of AD and related tauopathies. Our group previously
found that recombinant Tau can be sequestered by AD P-Tau
by overlay assay (13). In the present study, we developed a novel
assay with AD O-Tau as capture to quantitively validate the
ability of Tau “seeds” to capture pro-aggregation truncated Tau
fragments, which is a significant advance over artificial condi-
tions using heparan or other methods to induce aggregation.

Figure 7. Aggregation of Tau151–391 induced by AD O-Tau. A and B, recombinant Tau1–441 and Tau151–391 were incubated with heparin (A) or AD O-Tau (B)
at room temperature for up to 180min or 87 hr. The aggregation of Tau wasmeasured by thioflavin T fluorescence. The data are presented as means6 S.D. (n
= 3) and plotted to the incubation time. C–F, Tau1–441 (C and E) and Tau151–391 (D and F) tagged with HA were overexpressed in HeLa cells for 6 h and then
treated without (C and D) or with (E and F) AD O-Tau for 42 h. The cells were immunostained with anti-HA followed by fluorescence-conjugated second anti-
body. G, the number of cells with aggregates was calculated, and the data are presented as means6 S.D. (n = 3). **, p, 0.01; ****, p, 0.001. H, Tau151–391 and
Tau1–441 were overexpressed in HeLa cells and treated with ADO-Tau for 42 h. The cells were immunostained with anti-HA and co-stained with Thioflavin T.
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Here we found that N-terminal truncation is particularly signif-
icant to pathogenesis, whereas prior work focused on C-termi-
nal truncation. Our present study also challenges the dogma of
the importance of caspase cleavage at Asp421 because we did
not find any increase in pathogenic activity in Tau truncated at
this site. The capture assay identified pathological cores for as-
sembly, which mimic the early steps of Tau aggregation. Simi-
larly, the method also can be used to detect prion-like activity
of pathological Tau by overlay with crude extract of HEK-
293FT/HA-Tau151–391.
Tau RD P301S FRET Biosensor, in which a HEK-293 cell line

that stably expresses the repeat domain (amino acids 244–372)
of 2N4R Tau with two disease-associated mutations (P301L
and V337M), is widely used to assess prion-like seeding activity
(46). We here expressed various forms of HA-Tau in HEK-
293FT cells, treated the cells with AD O-Tau for 42 h after 6 h
transfection, and harvested the cells with RIPA buffer. Aggre-
gated Tau induced by AD O-Tau was yielded in RIPA buffer–
insoluble fraction by 130,000 3 g for 45 min and quantified by
immunoblots. By using this method, we found different effica-
cies of various Tau truncates in AD O-Tau seeded aggregation
in cultured cells, and Tau151–391 was found to be the most
prone to be induced to aggregate. Consistently, we found that
N-terminal truncation is more significant to pathogenesis than
C-terminal truncation at Asp421. This method also can be used
to evaluate the seeding activity of pathological Tau from AD
and 3xTg-ADmouse brains (21).
Heparin and other polyanionic molecules had been shown to

induce Tau aggregation in vitro (44, 45, 47). Therefore, hepa-
rin-induced Tau aggregation assay combined with thioflavin T
fluorescence detection was most commonly used to access Tau
aggregation (48, 49). Nevertheless, heparin-induced filament
core is structurally different from that seen in the AD brain
(49). In this study, Tau151–391 aggregation in vitro was induced

by incubating with AD O-Tau. However, the prion-like activity
of AD O-Tau–induced Tau aggregates in vivo remains to be
investigated.
Tau molecule shows a preference to form a paperclip-like

conformation by folding the acidic N- and C-terminal portions
back on the basic MTBR region (50) (Fig. 8), which might pro-
tect Tau from self-aggregation. It was reported that two
sequences, 275VQIINK280 and 306VQIVYK311, within repeats
(R) 1 and 2, respectively, of the MTBR are required for self-
aggregation of Tau protein (51, 52). In the present study, we
found that deletion of either the first 50 aa or the last 20 aa,
which removes part of the acidic N and C termini, did not sig-
nificantly affect Tau’s self-aggregation and its binding to and
aggregation seeded by AD O-Tau. However, deletion of either
the first 150 aa or the last 50 aa, which removes the acidic por-
tions of N or C terminus completely, markedly increased the
pathological activities of Tau (Fig. 8). Thus, both the N- and C-
terminal acidic portions of Tau appear to protect Tau from
aggregation. Partial deletion of the N- or C-terminal acidic
regions may not be able to disrupt the paperclip structure, but
complete removal of these acidic regions probably disrupts the
paperclip structure and increases the aggregation tendency.
Thus, Tau151–391 is the most prone to (a) self-aggregation, (b)
binding to AD O-Tau, and (c) AD O-Tau–seeded aggregation.
Interestingly, deletion of 230 aa increased self-aggregation, its
capture by AD O-Tau, and AD O-Tau-seeded aggregation in
Tau–441 and Tau–421 truncation forms as compared with dele-
tion of the first 150 aa. However, Although Tau231–391 was
captured by AD O-Tau efficiently, no self-aggregation and
AD O-Tau–induced aggregation of Tau were detected in
Tau231–391 cells. We found a very low expression level of
Tau231–391 in cells, which could be a reason why we could not
find any detectable Tau aggregation with or without ADO-Tau
induction. However, mRNA level of Tau231–391 was similar to

Figure 8. Proposed Tau truncation and its pathological activities. Deletion of the first 150 aa and the last 50 aa enhances Tau hyperphosphorylation,
aggregation, and binding to and aggregation seeded by ADO-Tau. Tau151–391 is prone to aggregation.
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other Tau truncates in cells, suggesting a lower stability of the
protein.
Aggregation of hyperphosphorylated Tau into NFTs is

apparently central to the pathogenesis of AD and related tauo-
pathies (3). In AD brain, Tau is hyperphosphorylated and trun-
cated. Caspase cleavage of Tau may precede the hyperphos-
phorylation, where especially caspase cleavage at Asp421 has
been shown to initiate the cascade leading to Tau aggregation
(29, 53, 54). In the present study, we found that deletion of the
first 50 aa did not affect significantly Tau phosphorylation.
However, deletion of the first 150 aa increased Tau phosphoryl-
ation at Thr205, Thr212, Ser214, Thr217, Thr231, and Ser235, but
not at Ser262, Ser396, Ser404, and Ser422, suggesting that deletion
of the 150 aa makes the region upstream of MTBR, but not
MTBR and downstream of MTBR, a favorable substrate for
Tau kinases and/or an unfavorable substrate for Tau phospha-
tases. It is also possible that facilitation of Tau phosphorylation
by the truncation may result from themolecule opening or/and
from reduction of acidic nature of the molecule by deletion of
the N-terminal portion. Similarly, deletion of N-terminal 230
aa enhanced Tau phosphorylation at the sites in MTBR and
downstream of it. However, deletion of C-terminal either 20 aa
or 50 aa did not increase or weakly increased Tau phosphoryla-
tion at the majority of phospho-sites but suppressed that at
Thr231, Ser262, Ser396, and Ser404. Thus, N-terminal truncation
generally enhanced, but C-terminal truncation suppressed,
Tau phosphorylation. Hyperphosphorylation leads to Tau
aggregation (55). Pseudo-phosphorylation at Ser396 and Ser404

stimulates the rate of Tau polymerization (56). Thus, trunca-
tion at the N terminus may also enhance Tau aggregation via
hyperphosphorylation.
Many proteases are expressed in the infant brain, including

A disintegrin and metalloproteinase 10 (ADAM10), thrombin,
caspase, and calpain. Under physiological circumstances, they
are involved in the control of brain development via regulating
multiple substrates in the signal cascades, brain inflammation,
apoptosis, and so on. In AD, up-regulation and/or mislocaliza-
tion of these proteases could lead to increased levels and/or
inappropriate positioning of truncated Tau. Unlike in infant or
normal adult brain, in AD brain hyperphosphorylation prob-
ably opens Tau’s paper clip structure, which makes its cleavage
at aa 150 by thrombin and/or ADAM 10 possible (57). Further-
more, an elevated level of Tau in AD brain provides abundant
substrate for the proteases and aggravates the pathological
accumulation of truncated fragments.
Two proteases, thrombin and ADAM10, which cleave Tau at

Arg155 and Ala152, respectively, might be responsible for N-ter-
minal truncation of Tau near Lys150 in vivo (33, 58, 59). Both
enzymes are expressed in adult human brain (58, 60).
ADAM10, first identified as the primary a-secretase of b-amy-
loid protein precursor (61), showed a 2-fold increase of mRNA
levels in AD hippocampus (62). It is mainly localized to cell
membrane and functions as a transmembrane protease, but its
activity may not be limited to the membrane. For example,
ADAM10might exert proteolytic activity in its trafficking route
to the plasma membrane, and ADAM10 still functions at the
early stages after endocytosis when it is not fully degraded (63,
64). Although Tau is mostly cytoplasmic, it is released in the

extracellular space through multiple pathways including direct
leakage, exocytosis, exosomes, synaptic vesicles, or transloca-
tion across the plasma membrane (65). In addition, we cannot
exclude the possibility that Taumight be cleaved extracellularly
and then internalized. It was reported that ADAM10-cleaved
Tau fragment (Tau-A) was elevated 10-fold high in the brains
of the Tg4510 mouse model of Tau deposition (66). Although
high levels of serum Tau-A were associated with lower risk of
AD and dementia in a prospective study (67), serum Tau-A lev-
els did show a significant increase in AD and mild cognitive
impairment (68). In AD patients, Tau-A level in serum corre-
lated inversely with the cognitive assessment score (Mattis de-
mentia rating scale) (65) and was related to the change of cogni-
tive function over time in early AD patients (69), supporting
the possibility that Tau-A could indicate the rate of clinical pro-
gression of AD. Thrombin stains extra- and intracellular NFTs,
implying that the enzyme could function both outside and
inside cells (58). Nevertheless, the current evidence is not suffi-
cient to reveal whether ADAM10 and thrombin cleave Tau
intracellularly or extracellularly or both.
NFTs in AD contains full-length Tau (70). The truncations

probably occur after NFTs are formed and after cell death
become extracellular. However, we recently reported that
HMW-Tau in AD brains lacked the N-terminal portion (37).
The truncations could play a significant role as aggregation-
promoting seeds and thus in this way become important in pro-
moting and accelerating secondary spread of Tau pathology.
Thus, it remains to be investigated whether these truncations
occur prior to aggregation of Tau in one or more tauopathies
other than AD.
Truncations of Tau at Asp421 (TauD421) and Glu391 (TauE391)

are the most studied truncation forms in AD brain. Tau is
cleaved at Asp421 by caspase-3 and at Glu391 by an unknown
protease. TauD421 and TauE391 aggregate more rapidly and to a
greater degree than full-length Tau in the presence of heparin
or arachidonic acid (38, 56). TauD421 and TauE391 detected by
the mAb C3 andmAb423 are also present at early stages of Tau
aggregation (71, 72). Immunohistochemical studies indicate
that cleavage at Asp421 occurs after formation of the Alz50 epi-
tope but prior to truncation at Glu391. Thus, TauD421 appears to
occur relatively early in the disease state, contemporaneous
with the initial Alz50 folding event that heralds the appearance
of filamentous Tau in NFTs, neuropil threads, and the dystro-
phic neurites surrounding amyloid plaques (73). The levels of
Tau fragment cleaved at Asp421 (Tau-C) in serum were not sig-
nificantly related to the change of cognitive function over time
in early AD patients (69). In AD brain, the level of TauD421 is
increased significantly (29, 74, 75) but was not found in HMW-
Tau (37). In the present study, we found that truncation of Tau
at Asp421, a partial deletion of the acidic C-terminal, did not
enhance the self-aggregation in cultured cells and AD O-Tau–
seeded aggregation in cultured cells, which may be due to the
reduction of Tau phosphorylation at Thr231, Ser262, Ser396, and
Ser404. In a previous study we showed that hyperphosphoryla-
tion of Tau at Thr231 and Ser262 are required for its self-aggre-
gation into paired helical filaments (PHFs) in vitro (76). In con-
trast to TauD421 and TauE391, the deletion of the whole acidic
C-terminal region dramatically enhanced Tau self-aggregation,
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capture by AD O-Tau, and AD O-Tau–seeded aggregation.
Further deletion of N-terminal 150 aa, which results in Tau151–
391, the Tau fragment of the protease-resistant core of PHFs iso-
lated from AD brain (77), showed the highest pathological
activities. Rats transgenic for Tau151–391 develop neurofibrillary
pathology and also display hyperphosphorylation and produc-
tion of HMW-Tau species (25). In addition, SDS- and b-mer-
captoethanol–resistant HMW-Tau in AD brain homogenates
was immunoreactive with anti–pSer422-Tau strongly. Thus,
these findings argue against the impact of Tau truncation at
Asp421 in Tau pathogenesis and suggest that N-terminal trun-
cation is particularly significant to pathogenesis of AD.
Our previous studies showed that hyperphosphorylation of

Tau inhibits its binding to tubulin and promotion of the assem-
bly and stabilization of microtubules and increases its self-
aggregation and its capture of normal Tau, the characteristics
that suggest the opening of the paperclip structure of Tau (13–
15). The present study suggests that truncation of Tau generat-
ing Tau151–391 results in similar characteristics. Furthermore,
truncation of Tau at Lys150 enhances Tau phosphorylation.
Thus, in addition to the inhibition of the hyperphosphoryla-
tion, inhibition of the proteases responsible for the truncation
of Tau at Lys150 and/or Glu391 could be required to effectively
inhibit Tau pathology.
Although similar cytotoxicity and cell viability were found in

cells overexpressing various Tau truncates, truncation may
generate toxic Tau fragments. N-terminal Tau fragments
including Tau 1–44 aa, 26–44 aa, 26–230 aa, 1–156 aa, and 45–
230 aa exert powerful toxicity (78–80), but Tau 1–230 aa pro-
tects neuron from apoptosis (78). Activation of calpain by
aggregated Ab generated a neurotoxic 17-kDa fragment (81,
82). Deletion of the microtubule-binding domain facilitates the
spine localization of Tau (82). Phosphorylation of Tau at dis-
tinct sites increases Tau targeting spine, which may regulate
the spine localization of Src kinase Fyn (82, 83). Thus, trunca-
tion of Taumay have broad roles in AD pathogenesis.
We analyzed here Tau truncation and its pathological

changes in vitro and in cultured HEK-293FT cells that do not
contain high concentration of assembled microtubules or axo-
nal processes. Also, unique Tau kinase-sensitive phosphoryl-
ated sites and chaperones like HSP90 influence normal folding
and what is exposed to proteases. Thus, the role of Tau trunca-
tion and its phosphorylation, interaction with, and aggregation
seeded by ADO-Tau remain to be studied in neuronal cells and
in vivo.
In summary, the acidic N and C termini of Tau suppress its

pathological activities. Truncation of Tau from the N or C ter-
minus toward MTBR enhances its site-specific phosphoryla-
tion, self-aggregation, capture by AD O-Tau, and AD O-Tau–
seeded aggregation. Deletion of either the first 150 aa or the last
50 aa, but not the first 50 aa or the last 20 aa, markedly increases
the pathological activities, whichmay initiate Tau pathogenesis
in AD brain and related tauopathies. Tau151–391 is the most
potent Tau fragment for pathological activities, which can be
used for seeding activity in vitro and in vivo. Inhibition of Tau
truncation may be a therapeutic approach to prevent or inhibit
Tau pathogenesis.

Materials and methods

Plasmids, antibodies, and other reagents

pCI/HA-Tau truncations were generated by PCR amplifica-
tion with the primers listed in Table 1 by using pCI/HA-Tau as
a template and were constructed into pCI-neo. All constructs
were verified by DNA sequence analysis. The primary antibod-
ies used in the present study are listed in Table 2. Peroxidase-
conjugated anti-mouse and anti-rabbit IgGs were obtained
from Jackson ImmunoResearch Laboratories (West Grove,
PA). Alexa Fluor 555–conjugated goat anti-mouse IgG was
from Life Technologies Inc. Heparin and thioflavin T were
from Sigma–Aldrich. CyQUANTTM LDH cytotoxicity assay kit
and the ECL kit were from Thermo Fisher Scientific. Cell
Counting Kit 8 was from Dojindo Molecular Technologies
(Rockville, MD).

Cell culture and transfection

HEK-293FT, HEK-293T, and HeLa cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (Thermo Fisher Scientific) at 37 °C
(5% CO2). Transfections were performed with FuGENE HD
(Promega, Madison, WI) according to the manufacturer’s
instructions.

Western blots and immunodot blots

The samples were diluted with Laemmli SDS sample buffer,
followed by boiling for 5 min. Protein concentration was meas-
ured using the PierceTM 660-nm protein assay kit (Thermo
Fisher Scientific). The samples were subjected to SDS-PAGE
and transferred onto polyvinylidene fluoride membrane
(Sigma-Aldrich). The membrane was subsequently blocked
with 5% fat-free milk–TBS for 30 min, incubated with primary
antibodies (Table 2) in TBS overnight, washed with TBST (TBS
with 0.05% Tween 20), incubated with HRP-conjugated sec-
ondary antibody for 2 h at room temperature, washed with
TBST, incubated with the ECL Western blotting substrate
(Thermo Fisher Scientific), and exposed to HyBlot CL® autora-
diography film (Denville Scientific Inc., Holliston, MA). Spe-
cific immunostaining was quantified by using the Multi Gauge
software V3.0 from Fuji Film (Minato, Tokyo, Japan).
Tau level in samples was assayed by immunodot blots as

described previously. Briefly, various amounts of a sample were
applied onto nitrocellulose membrane (Schleicher and Schuell,
Keene, NH) at 5 ml/grid of 73 7 mm. The blot was placed in a
37 °C oven for 1 h to allow the protein to bind to themembrane.
The membrane was processed as Western blots as described
above by using the mixture of R134d and 92e pan Tau antibod-
ies as primary antibodies.

Cytotoxicity and viability assay

Cell cytotoxicity was assessed by measuring LDH release
from damaged or dead cells using a CyQUANTLDH cytotoxic-
ity assay kit (Thermo Fisher Scientific) following the manufac-
turer's instructions. Briefly, HEK-293T cells in 96-well plate
were transfected with pCI/HA-Taus with FuGENE HD for 48
h. The culture mediums were collected and incubated with the
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reaction mixture for 30 min at room temperature. Maximum
was yielded by adding lysis buffer to release all LDH tomedium.
The A490 and A680 were recorded by universal microplate
spectrophotometer (BioTek,Winooski, VT) after adding stop
solution. Relative cytotoxicity to Tau1–441 was calculated
according to the formulas in themanufacturer’s instructions.
For cell viability assay, HEK-293T cells cultured in 96-well

were transfected with pCI/HA-Taus for 48 h. After adding
10 ml of Cell Counting Kit 8 to each well and incubating at
37 °C for 1 h, A450 was recorded, and relative cell viability to
Tau1–441 was calculated.

Quantitative RT-PCR

Total RNA was extracted from cells by using the HP total
RNA kit (Omega Bio-tek, Norcross, GA) according to the man-
ufacturer’s instructions. Equal amount of RNA was reverse
transcribed to cDNA by using SuperScript first-strand cDNA
synthesis kit (Biouniquer, Nanjing, China). Real-time PCR was
performedwith AceQ® quantitative PCR SYBR®GreenMaster
Mix (without ROX) kit (Vazyme Biotech, Nanjing, China) on a
LightCycler® 96 real-time PCR system (Roche Diagnostics).
The PCR conditions were as follows: 95 °C for 10 min; followed
by 45 cycles of 95 °C for 10 s and 60 °C for 30 s; and then
95 °C for 10 s; 65 °C for 60 s; 97 °C for 1 s; and 37 °C for 30 s.
The quantitative PCR was performed using these primers:
human Tau (forward, 59-CCAAGTGTGGCTCATTAGGCA-
39; reverse, 5’-CCAATCTTCGACTGGACTCTGT-39), human
GAPDH (forward, 59-CATGAGAAGTATGACAACAGCCT-
39; reverse, 59-AGTCCTTCCACGATACCAAAGT-39). Rela-
tive levels of mRNA were quantified by the comparative
2244CTmethod and normalized to GAPDH level.

Preparation of hyperphosphorylated and AD O-Tau

AD O-Tau was isolated from the cerebral cortex of frozen
autopsied AD brains as we described previously (10). Briefly,
10% brain homogenate prepared in buffer (20 mM Tris-HCl,
pH 8.0, 0.32 M sucrose, 10 mM b-mercaptoethanol, 5 mM

MgSO4, 1 mM EDTA, 10 mM glycerophosphate, 1 mM Na3VO4,
50 mM NaF, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF), and 10 mg/ml each of aprotinin, leu-
peptin, and pepstatin) was centrifuged at 27,0003 g for 30min.
The supernatant was further centrifuged at 235,000 3 g for 45
min, and the resulting pellet, i.e.ADO-Tau–enriched fractions,
was collected, washed three times, and then resuspended in
normal saline. The AD O-Tau was probe-sonicated for 10 min
at 20% power and stored at280 °C.

Tau captured by AD O-Tau assay

Various Tau truncations tagged with HA at the N termi-
nus were overexpressed in HEK-293FT cells for 48 h. The
cells were lysed in PBS containing 50 mM NaF, 1 mM

Na3VO4, 1 mM AEBSF, 5 mM benzamidine, and 10 mg/ml
each of aprotinin, leupeptin, and pepstatin by probe sonica-
tion at 20% power for 2 min. The cell lysates were centri-
fuged for 10 min at 10,0003 g. The supernatants containing
HA-Tau truncations were stored at280°C until used.T
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Various amounts of ADO-Tau isolated fromAD brains were
dotted on nitrocellulose membrane after serial dilution in TBS
and dried at 37 °C for 1 h. The membrane was blocked with 5%
fat-free milk in TBS for 2 h and incubated with the above cell
extracts containing HA-tagged truncated Taus overnight. After
washing three times with TBST, the membrane was incubated
with anti-HA in 5% milk in TBST overnight and processed as
immuno-dot blot as described above.

AD O-Tau seeded Tau aggregation in cultured cells

HEK-293FT cells were transfected with pCI/HA-Tau trunca-
tions with FuGENEHD. ADO-Tau from AD brains was mixed
with Lipofectamine 2000 (3.0% in Opti-MEM) (Thermo Fisher
Scientific) in 50 ml for 20 min at room temperature. The AD
O-Tau/Lipofectamine was added into the cell cultures in 24-
well plates after 6 h of transfection and cultured for 42 h. The
cells were lysed in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl,
1%Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS) con-
taining 50mMNaF, 1 mMNa3VO4, 1mMAEBSF, 5mM benzami-
dine, and 10mg/ml each of aprotinin, leupeptin, and pepstatin for
20min on ice. The cell lysates were centrifuged at 130,0003 g for
45 min, and the resulting pellet was washed twice with RIPA
buffer. The supernatants were pooled together as RIPA buffer–
soluble fraction, and the pellet was the RIPA buffer–insoluble
fraction. Levels of RIPA buffer–insoluble and -soluble Tau were
analyzed byWestern blots developedwith anti-HA.
To visualize the Tau aggregates in cells, HeLa cells were over-

expressed with Tau1–441 and Tau151–391 tagged with HA and
treated with AD O-Tau for 42 h as described above. The cells
were then fixed for 15 min with 4% paraformaldehyde in phos-
phate buffer, washed with PBS, and treated with 0.3% Triton in
PBS for 15 min at room temperature. After blocking with 5%
newborn goat serum, 0.1% Triton X-100, and 0.05% Tween 20
in PBS for 30 min, the cells were incubated with anti-HA in
blocking solution overnight at 4 °C, washed with PBS, and incu-
bated with Alexa Fluor 555–conjugated secondary antibody

for 2 h at room temperature. After washing with PBS, the
cells were mounted with ProLongTM Gold antifade reagent
(Thermo Fisher Scientific) and observed with a Nikon con-
focal microscope.

Expression and purification of recombinant Tau1–441 and
Tau151–391

BL21/pGEX-6P1/Tau1–441 and BL21/pGEX-6P1/Tau151–391
cultured in LB medium were treated with 0.5 mM isopropyl
b-D-thiogalactopyranoside for 3 h at room temperature to
induce the protein expression, after which cells were centri-
fuged at 5,0003 g for 10 min at 4 °C. The resulting pellets were
resuspended in TBS with 1 mM DTT and a mixture of protease
inhibitors for bacteria (Sigma) and probe-sonicated on ice with
70% power for 20 min. The bacterial lysate was adjusted to 1%
Triton X-100 and centrifuged at 10,0003 g for 15 min. The su-
pernatant was incubated with GSH–Sepharose beads for 1 h at
4 °C. The beads were agitated with PreScissionTM Protease
(Sigma–Aldrich) in buffer (50 mM Tris-HCl, pH 7.0, 150 mM

NaCl, 1 mM EDTA, and 1mMDTT) to cleave Tau fromGST af-
ter extensive washing with TBS. Purified Tau was dialyzed
against 5 mMMES, pH 6.8, and 0.5mM EGTA and lyophilized.

Tau aggregation induced by heparin or AD O-Tau in vitro

Recombinant Tau (25 mM) and heparin (0.5 mg/ml) or AD
O-Tau (0.53mg/ml) in 50 ml of PBS containing 50mM thioflavin
T and 1 mM DTT were incubated by shaking at room tempera-
ture. Fluorimetry was performed by using a Spectra Max M5
fluorescence spectrophotometer (set at 440-nm excitation/
538-nm emission) every 10min.

Statistical analysis

The GraphPad Prism 6 software was used for statistical anal-
ysis. The results were analyzed by one-way ANOVA followed
with Tukey's multiple comparisons test or by two-way ANOVA

Table 2
Primary antibodies used in the present study
Mono, monoclonal; Up, unphosphorylated; Poly, polyclonal; M, mouse; R, rabbit.

Antibody Type Species Specificity Source/reference (catalog or lot no.)

43D Mono M Tau8–16 BioLegend (816601) (21)
63B Mono M Tau74–103 In house (21)
TAU5 Mono M Tau210–241 Millipore (MAB361/1816394)
77G7 Mono M Tau316–355 BioLegend (816701) (21)
Tau46.1 Mono M Tau428–441 Upstate (05-838/27088)
R134d Poly R Total Tau In house (21)
Anti-pS199 Poly R pSer199 Invitrogen (44-734G/0300A)
Anti-pT205 Poly R pThr205 Invitrogen (44-738G/RD214239)
Anti-pT212 Poly R pThr212 Invitrogen (44-740G/1709582A)
Anti-pS214 Poly R pSer214 Invitrogen (44-742G/0500B)
Anti-pT217 Poly R pSer217 Invitrogen (44-744/785771A)
AT180 Mono M pThr231 Invitrogen (MN1040/SH2406086)
Anti-pS235 Poly R pSer235 BIOSOURCE (22-3490-0)
Anti-pS262 Poly R pSer262 Invitrogen (44-750G/QK220618)
Anti-pS396 Poly R pSer396 Invitrogen (44752G/567847B)
Anti-pS404 Poly R pSer404 Invitrogen (44-758G/5G255476)
R145d Poly R pSer422 In house (84)
PHF-1 Mono M pSer396 Dr. Peter Davies
92e Poly R Total Tau In house (21)
Anti-HA Mono M HA Sigma (H9658/101M4776)
Anti-HA Poly R HA Sigma (H6908/110M4845)
Anti-GAPDH Poly R GAPDH Sigma (G9545/015M4824V)
Anti–b-actin Mono M b-Actin Sigma (A1978/046M4789V)
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followed by Sidak’s multiple comparisons test for multiple-
group analysis.

Data availability

All data are contained within the article.
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