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Misfolding of tau proteins into prions and their propagation
along neural circuits are thought to result in neurodegeneration
causing Alzheimer’'s disease, progressive supranuclear palsy,
chronic traumatic encephalopathy, and other tauopathies. Little
is known about the molecular processes mediating tau prion rep-
lication and spreading in different brain regions. Using trans-
genic (Tg) mice with a neuronal promoter driving expression of
human mutant (P301S) tau, we found that tau prion formation
and histopathologic deposition is largely restricted to the hind-
brain. Unexpectedly, tau mRNA and protein levels did not differ
between the forebrain and hindbrain, suggesting that other fac-
tors modulating the conversion of tau into a prion exist and are
region specific. Using a cell-based prion propagation assay, we dis-
covered that tau prion replication is suppressed by forebrain-derived
inhibitors, one of which is sortilin, a lysosomal sorting receptor. We
also show that sortilin expression is higher in the forebrain than the
hindbrain across the life span of the Tg mice, suggesting that sortilin,
at least in part, inhibits forebrain tau prion replication in vivo. Our
findings provide evidence for selective vulnerability in mice resulting
in highly regulated levels of tau prion propagation, thus affording a
model for identification of additional molecules that could mitigate
the levels of tau prions in human tauopathies.

Alzheimer’s disease | tau | prion | selective vulnerability |
neurodegeneration

Misfolding and aggregation of the microtubule-associated
protein tau underlies a variety of progressive neurode-
generative diseases, including Alzheimer’s disease (AD), the
frontotemporal dementias, and chronic traumatic encepha-
lopathy. Misfolded tau self-assembles into oligomers and
aggregates that can spread to naive cells and continue self-
templated propagation on intracellular tau (1). Each human
tauopathy has a unique clinicopathologic phenotype defined
by the types of tau deposits as well as the brain regions, cells,
and behaviors they affect. Distinct pathogenic strains encoded
by the structural conformations of tau have been suggested to
underlie these diverse phenotypes, which are maintained upon
serial transmission in vivo (2, 3). Thus, tau fulfills the defining
criteria of a prion (4-6).

To understand the phenotypic diversity among progressive
tauopathies, there has been considerable effort to elucidate the
mechanisms of tau prion propagation. A wealth of evidence in-
dicates that tau prions can move from cell to cell along defined
neural pathways to produce the stereotyped regional progression
of tauopathy observed in AD and other neurodegenerative dis-
eases (7, 8). There is also compelling evidence that certain brain
regions, or populations of cells within those regions, are pre-
disposed to tau pathology, or are “selectively vulnerable” (9).
Notably, brain regions highly affected by tau pathology in AD are
acquired during the later stages of ontogenic development and
have greater neuroplasticity than spared regions (10). Further-
more, these regions were recently found to contain unique gene
expression profiles, indicating disrupted protein homeostasis

Www.pnas.org/cgi/doi/10.1073/pnas. 1717193114

before clinical symptoms (11). It thus appears likely that selective
vulnerability and cell-to-cell pathogenic spreading together de-
termine the spatiotemporal progression of human tauopathy.
Careful evaluation of the biochemical context in which tau prion
conversion initiates and proceeds, and where it is prohibited, is
necessary to elucidate the role that each mechanism plays in this
complex process.

Transgenic (Tg) mice expressing human tau with disease-
causing familial mutations are commonly employed to study
spontaneous tau aggregation in vivo, which does not occur by
expression of wild-type (WT) human tau protein (12). The P301S
mutation reduces tau’s ability to stabilize microtubule assembly
in vitro, increases its propensity to aggregate (13), and causes
early onset frontotemporal dementias in humans (14). We used
mice expressing ON4R human tau with the P301S mutation driven
by the mouse Thyl promoter, line B6-Tg(Thyl-MAPT*P301S)2541
(15), referred to herein as Tg2541 mice. We describe the un-
expected finding that tau pathogenesis develops in a distinct spa-
tiotemporal manner in the Tg2541 mouse brain that does not
follow the regional pattern of transgene expression. Our results
indicate that the tau prion cascade is influenced by the local mi-
croenvironment, revealing an intrinsic regional vulnerability to tau
propagation in the hindbrain of these mice.

Significance

Human neurodegenerative diseases such as Alzheimer’s dis-
ease develop in a highly stereotyped fashion, suggesting in-
trinsic differences among brain regions determine whether
they are affected or spared. Here, we employed a widely used
line of transgenic (Tg) mice expressing mutant (P301S) human
tau and exhibiting robust tauopathy. By examining brain re-
gions affected by and spared of tau prions, we found that lo-
calization of human tau prion formation in Tg mice arises from
regional inhibition of tau prion replication. Using a cell-based
bioassay, we identified an inhibitor of tau prion propagation in
the forebrain. These discoveries may lead to the identification
of key mediators of brain vulnerability involved in human
tauopathies, a promising strategy for the development of tar-
geted therapeutics for these diseases.
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Results

Tau Pathology Is Localized to the Hindbrain of Tg2541 Mice. Building
on previous work (15-17), we first determined the time course of
phosphorylated tau (pTau) pathology in the brains of Tg2541 mice
using the antibody ATS8 (pS202/pT205). Immunofluorescence
staining of 180-d-old Tg2541 mice revealed a clear rostrocaudal
difference, with numerous tau pathologies in the brainstem and
midbrain structures and far fewer in the cerebral cortex (Fig.
1A4). Pathological features included circumscribed inclusions,
granular inclusions, and homogeneous staining of the cell body
and neuropil threads. We grouped forebrain structures and
hindbrain structures (Fig. 1B) and found significantly greater
tau pathology in the hindbrain compared with the forebrain
beginning at 120 d of age (Fig. 1C). Tau phosphorylation at a
second epitope (S396/S404) was also elevated in the hindbrain
of mice beyond 120 d of age, measured by ELISA (Fig. 1D) and
Western blot (Fig. 1E).

O
O

Human Tau Protein Is Uniformly Expressed in the Tg2541 Mouse Brain.
We next evaluated whether transgene expression levels were
responsible for the regional difference in histopathological pTau
deposition. Human tau mRNA was measured by quantitative
RT-PCR (qRT-PCR), and, unexpectedly, the gene expression
levels were similar in the forebrain and hindbrain of 30-, 90-, and
180-d-old mice (Fig. 24). Messenger RNA levels of endogenous
mouse tau were also similar in the forebrain and hindbrain and
were at least 10-fold lower in expression compared with human
tau in both regions. Measuring human tau by Western blot, we
found comparable protein levels in the forebrain and hindbrain
of Tg2541 mice, presumably increasing with age due to accu-
mulation of tau aggregates (Fig. 2B). To evaluate regional pro-
tein expression in greater detail, immunofluorescence staining
for total human tau protein was performed. Human tau ex-
pression was observed in a subset of cells in all brain regions,
although in greater numbers in regions such as the thalamus,
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Hindbrain localization of pTau pathology in Tg2541 mice. (A, 7) Representative immunofluorescence staining of a 180-d-old Tg2541 mouse brain for

pTau (AT8 antibody, green), glial fibrillary acidic protein (GFAP, pink), and cell nuclei (propidium iodide, orange) revealing the predominance of tau pa-
thology in the brainstem and midbrain. (Scale bar, 1,000 pm.) (A, 2) High magnification image of a single tau-filled neuron in the cortex (Ctx) with pTau
(green) and nuclei (orange). (Scale bar, 30 pm.) (A, 3-A, 5) Magnified images of pathology in the cortex (Ctx), midbrain (Mdb), and brainstem (Bst) with pTau
(green) and GFAP (pink). (Scale bar, 100 pm.) (B) Sagittal (Top) and dorsal (Bottom) views of the mouse brain separated into two regions: forebrain (red),
which included the cortex (Ctx), hippocampus (Hip), striatum (Str), and olfactory bulb (OIf), and the hindbrain (blue), which included the brainstem (Bst),
cerebellum (Cbm), midbrain (Mdb), thalamus (Thl), and hypothalamus (Hyp). (C) Quantitative immunofluorescence analysis revealed a significantly higher
percent area of pTau pathology (AT8 antibody) in the Tg2541 hindbrain compared with the forebrain starting at 120 d of age (n = 5-8 mice per age; **P =
0.003; ***P < 0.001). (D) ELISA analysis showing significantly increased levels of pTau protein (pS396 antibody) in the Tg2541 hindbrain compared with the
forebrain beginning at 135 d of age (n = 7-8 mice per age; data normalized to brain weight; ***P < 0.001). (E) Immunoblot analysis indicating significantly
higher pTau [S396/5404] protein in the Tg2541 hindbrain compared with the forebrain at 180 d of age (n = 3 mice per age; data normalized to GAPDH levels;
**P = 0.005). (C-E) Each mouse is shown as an individual data point, and forebrain and hindbrain were compared at each age by two-way ANOVA, followed
by Bonferroni’s multiple comparisons post hoc testing.
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Fig. 2. Tau expression levels are similar in the forebrain and hindbrain of
Tg2541 mice. (A) gRT-PCR analysis of mRNA transcript levels for human and
mouse tau in the hindbrain and forebrain of Tg2541 mice, relative to GAPDH
mRNA levels and normalized to hindbrain expression level at 30 d of age
(n = 3 mice per age; P > 0.05). (B) Quantification of Western blot analysis of
total human tau protein (Tau13 antibody) in the Tg2541 hindbrain and
forebrain relative to GAPDH levels and normalized to hindbrain protein level
at 30 d of age (n = 7 mice per age; P > 0.05). (C) Quantification of immu-
nofluorescence staining for total human tau (Tau13 antibody) reported as
summed fluorescence intensity of regions in the hindbrain (blue shades) and
forebrain (red shades). Each region was corrected for background fluores-
cence intensity using the same staining conditions with WT mice (n = 3 mice
per age; P > 0.05). Data represent mean + SD of summed fluorescence in-
tensities of forebrain or hindbrain regions, compared at each age by two-way
ANOVA, followed by Bonferroni’s multiple comparisons post hoc testing. (A and
B) Each mouse is shown as an individual data point, and forebrain and hind-
brain were compared at each age by two-way ANOVA, followed by Bonferroni’s
multiple comparisons post hoc testing.

midbrain, and cortex (Fig. S1). However, when the fluorescence
intensities of the individual brain regions were summed and
corrected for background fluorescence in WT mice, there was no
difference in cumulative tau protein level between the forebrain

Johnson et al.

and hindbrain at any age (Fig. 2C). Taken together, these results
indicate that transgene expression is not higher in the hindbrain
of Tg2541 mice compared with the forebrain and, therefore,
does not explain the hindbrain predominance of pTau pathology.

Human Tau Prions Selectively Accumulate in the Hindbrain of Tg2541

Mice. We next employed a cell-based assay sensitive to self-
templating tau species to determine whether the time course of
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Fig. 3. Tau prions are localized to the hindbrain of Tg2541 mice.
(A) Schematic of the in vitro tau prion assay using HEK cells expressing tau-
RD. YFP signal is diffuse until tau prions are added, inducing intracellular
tau-RD aggregation, which is measured by high-content confocal analysis.
(B) HEK cells treated with Tg2541 mouse hindbrain lysate (blue border) re-
sults in @ much greater number of fluorescent tau aggregates (yellow) per
cell nuclei (blue) than forebrain lysate (red border). (Scale bar, 50 um.) (C)
Quantification of tau prions measured as fluorescence intensity of tau ag-
gregates per cell, revealing significantly greater numbers of tau prions in the
Tg2541 hindbrain compared with the forebrain at all ages from 56 to 175 d
(n =4 mice per age; ***P < 0.001). Each mouse is shown as an individual data
point, and forebrain and hindbrain were compared at each age by two-way
ANOVA, followed by Bonferroni’s multiple comparisons post hoc testing.
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pTau pathology reflected the biological activity of tau prions in the
forebrain and hindbrain. The cell model used was originally de-
veloped to identify tau prions in the brains of human tauopathy
patients (2) and was then adapted to a high-content confocal
analysis system (18). Human embryonic kidney (HEK) cells that
express the repeat domain of tau (tau-RD) with two point muta-
tions and fused to yellow fluorescent protein (YFP) were used
[originally called Tau(4RD*LM)-YFP (2) cells but herein re-
ferred to simply as HEK(tau-RD) cells]. Tau prions derived from
brain lysate can enter HEK(tau-RD) cells and initiate tau aggre-
gation (Fig. 34), measured here as the total fluorescence intensity
of aggregates per cell.

To measure the levels of tau prions in the brains of
Tg2541 mice, the forebrain and hindbrain were separated via the
natural fold below the cerebral cortex, and a single cut was made
between the hypothalamus and striatum. Both forebrain and
hindbrain lysates from a 180-d-old mouse resulted in tau ag-
gregation within HEK(tau-RD) cells, indicating that replicating
tau prions were present in both regions. Hindbrain lysate, how-
ever, induced a much greater number of aggregates than did the
forebrain lysate (Fig. 3B). Measuring lysates from Tg2541 mice
of different ages showed that tau prions were present in the
hindbrain at significantly higher levels compared with the fore-
brain, occurring in mice as young as 56 d of age and increasing
throughout life (Fig. 3C). The presence of biologically active
tau prions at least 2 mo before neuropathologically measure-
able tau deposits suggests that tau prions precede tau hyper-
phosphorylation and aggregation. These data provide compelling
evidence of a regional vulnerability to tau prion formation in the
brains of Tg2541 mice.

Tau Phosphorylation Is Region Specific. Posttranslational process-
ing of tau has been shown to influence the stability of micro-
tubules, and some posttranslational modifications (PTMs) have
been implicated in its gain-of-neurotoxic function (10, 19, 20).
Given the significant difference in tau prion levels in 90-d-old

Tg2541 mice, despite similar levels of tau phosphorylation de-
tected by antibodies (Fig. 1 C-E), we turned to high-resolution
mass spectrometry to evaluate other PTMs of tau. Tau phos-
phorylation was detected at four sites (Fig. 44), and relative
levels were quantified by spectral counting (Fig. 4B). Similar
levels of phosphorylation in the forebrain and hindbrain at
$202/T205 and S404 were observed, confirming our pTau im-
munohistochemistry and Western blot data. Phosphorylation at
T181 was also detected, although at very low abundance. In-
terestingly, phosphorylation at S412/S413/T414 was only de-
tected in the forebrain. We hypothesize that this PTM might be
protective against tau prions, producing a structure unfavorable
to templating. Our data, however, suggest a tau PTM is unlikely
to be the primary cause underlying the regional distribution of
tau prions in Tg2541 mice. Ninety days of age is the midpoint of
the Tg2541 mouse life span, and evaluation earlier or later in
life may reveal the temporal regulation of tau processing and its
relationship to tissue vulnerability at different disease stages.

Endogenous Mouse Tau Inhibits Propagation of Human Tau Prions.
Suppressed propagation of human prions by their endogenous
counterpart has been observed previously in Tg mice expressing
the human prion protein (PrP) (21) and human a-synuclein (22).
We generated Tg2541 Mapt®® mice by backcrossing to a line
lacking endogenous tau expression (23). Ablation of the mouse
tau gene did not alter survival of Tg2541 mice (Fig. 54), yet it did
accelerate tau prion replication, with significantly higher levels
detected in the hindbrain of mice more than 120 d old and in the
forebrain of 180-d-old mice (Fig. 5B). These findings indicate
that mouse tau acts as an inhibitor of human tau prion replica-
tion in the Tg2541 mouse brain. However, since the expression of
mouse tau and its inhibitory effect is similar in both the forebrain
and hindbrain, it is insufficient to explain the regional formation
of tau prions.

Because Pinl, a peptidyl-prolyl isomerase that acts on
phospho(Ser/Thr)-Pro motifs, has been proposed to maintain the
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Fig. 4. Tau phosphorylation in the hindbrain and forebrain of Tg2541 mice. (A) Hindbrain (blue) or forebrain (red) lysates from 90-d-old Tg2541 mice were
analyzed by mass spectrometry for PTMs of tau. Phosphorylated epitopes are shown labeled at the modified residue in full-length human tau. Multiple
residues are listed together if phosphorylation could not be unambiguously assigned to a single site. (B) Quantification of tau phosphorylation levels at each
epitope by spectral counting. Data show the sum of spectra from two technical replicates from each of three different mice.
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Fig. 5. Endogenous mouse tau inhibits human tau prion propagation.
(A) Crossing Tg2541 mice with a strain lacking endogenous mouse tau did not
have a significant effect on disease onset (n = 34 for Tg2541; n = 39 for Tg2541
Mapt°’°; ns., not significant, P = 0.076 by log-rank Mantel-Cox test).
(B) Tg2541 mice lacking endogenous mouse tau had significantly increased
levels of tau prions in the hindbrain and forebrain compared with normal
Tg2541 mice, as detected using HEK(tau-RD) cells. Data were normalized to
the 60-d-old Tg2541 group and reported as fold change (n = 4-10 mice per
age; ***P < 0.001, asterisks shown vertically). Each mouse is shown as an in-
dividual data point, and linear regression was used to determine whether the
slopes of the best-fit lines were significantly different.

tau protein in a stable and nonpathogenic conformation (24), we
evaluated this possibility. When Tg2541 mice were crossed with a
line lacking Pinl1, we found no significant effect on the levels of
total tau protein, or tau prion levels in the hindbrain or forebrain
(Fig. S2). Given that PTMs of Pinl modulate its activity and are
deregulated by tau overexpression (25), we are unable to draw
conclusions about the function of Pinl in a normal physiological
setting. However, Pinl does not contribute to the regional vul-
nerability to tau propagation in Tg2541 mice.

Inhibitors of Tau Prion Replication Exist in the Tg2541 Mouse
Forebrain. We next considered whether inhibitory factors be-
sides mouse tau might be responsible for the low levels of tau
prions in the forebrain. We used HEK(tau-RD) cells to measure
the ability of forebrain lysates to inhibit tau prions from the
hindbrains of Tg2541 mice. We tested forebrain lysates from
30- or 180-d-old Tg2541 mice, or WT mice as a control, adding
increasing concentrations to decreasing concentrations of hind-
brain lysate to maintain an equivalent amount of total protein
added to the cells. Compared with the normal dilution curve of
hindbrain lysate alone, forebrain lysate from Tg2541 mice
inhibited tau aggregation in the cells, in contrast to WT mouse
lysate, which showed no inhibition (Fig. 64). Furthermore, we
observed greater inhibitory activity of forebrain lysate derived
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from 30-d-old mice compared with 180-d-old mice, consistent
with their age-dependent progression of tauopathy. These data
suggest the possibility of inhibitors of tau prion replication in the
forebrains of Tg2541 mice.

Sortilin Is an Inhibitor of Human Tau Prion Replication. Stimulated by
a recent report that the lysosomal sorting receptor sortilin me-
diates lysosomal degradation of PrP (26), and its established role
in amyloid-f (Ap) (27) and TDP-43 proteinopathies (28), we
investigated its potential involvement with tau. When four dif-
ferent sortilin antibodies were mixed with forebrain homogenate,
they each blocked its ability to inhibit hindbrain-derived tau
prions in a dose-dependent manner, whereas a GAPDH control
antibody did not (Fig. 6B). In contrast, antibodies against pro-
granulin or transmembrane protein 106B (TMEM106B), also
involved in lysosomal regulation (29, 30), had no effect on fore-
brain inhibition. As a positive control, an antibody against pTau also
directly inhibited hindbrain-derived tau prions (Fig. S3). Therefore,
sortilin is one inhibitor of human tau prion replication, and sortilin-
mediated lysosomal degradation may play an important role in tau
prion formation and clearance. We found sortilin gene expression
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Fig. 6. Tg2541 forebrain contains inhibitors of tau prion replication.
(A) Forebrain lysate from 30- or 180-d-old Tg2541 mice or 30-d-old WT mice
was mixed into hindbrain lysate pooled from 180-d-old Tg2541 mice, and tau
prions were measured using HEK(tau-RD) cells. Data were normalized to
pooled hindbrain lysate alone at each concentration and presented as fold
change (n = 3 mice per group; n.s., not significant, P = 0.758; *P < 0.05).
(B) Antibodies were used to neutralize the function of various proteins in 30-
d-old Tg2541 forebrain lysate (1 pg/mL), then combined with 180-d-old
Tg2541 hindbrain lysate (0.25 pg/mL), and tau prions were measured using
HEK(tau-RD) cells. Neutralizing sortilin blocked the inhibitory function of
forebrain lysate (n = 6 wells per group; *P < 0.05), while antibodies against
progranulin, TMEM106B, or GAPDH had no effect (n.s., not significant, P >
0.05). (A and B) Data represent mean + SD, and linear regression was used to
determine whether the slopes of the best-fit lines were significantly nonzero.
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and protein levels to be significantly higher in the forebrain com-
pared with the hindbrain of Tg2541 mice throughout their life span
(Fig. 7 A and B), and levels of progranulin were increased in the
forebrain as well (Fig. S44). However, sortilin protein levels were
also higher in the forebrain compared with the hindbrain of WT
mice (Fig. S4B), indicating that sortilin is unlikely to be the only
factor inhibiting tau prion propagation in the Tg2541 mouse brain.
The mechanistic details of sortilin inhibition of human tau prions
remain to be established.
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Fig. 7. Sortilin expression is higher in the Tg2541 forebrain. (A) Sortilin
gene expression in the hindbrain and forebrain of Tg2541 mice, relative to
housekeeping gene levels and normalized to hindbrain expression level at
30 d of age (n = 3 mice per age; ***P < 0.001). (B) Western blot analysis of
sortilin in the Tg2541 hindbrain (H, blue) and forebrain (F, red). Band in-
tensities were quantified relative to GAPDH levels and normalized to the
hindbrain protein level at 30 d of age (n = 6 mice per age; **P = 0.009; *P =
0.024). (A _and_B) Each mouse_is_shown as an_individual data point, and
forebrain and hindbrain were compared at each age by two-way ANOVA,
followed by Bonferroni’s multiple comparisons post hoc testing.
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Discussion

Although Tg2541 mice were developed 15 y ago, the implications
of the regional pattern of pathological tau deposition in their
brains have thus far been overlooked, to our knowledge. Here,
we uncover a selective vulnerability to tau prion propagation and
examine the underlying cause. We found that the region-specific
accumulation of tau prions, followed by pTau deposition, was
independent of transgene expression levels. These findings are
consistent with the global expression pattern of the endogenous
Thyl promoter throughout the central nervous system from
embryonic day 11 (31). In AD, the earliest tau pathology is ob-
served in select subcortical nuclei (32), many of which are anal-
ogous to hindbrain structures in Tg2541 mice. Similarly, in
Parkinson’s disease, Lewy bodies made up of a-synuclein originate in
the brainstem, then progress to the midbrain and neocortex with age
(33). Interestingly, TgM83** mice expressing mutant human
a-synuclein, which develop a-synuclein prions spontaneously at
about 400 d of age (34-36), show neuropathological inclusions
first in the brainstem and deep cerebellar nuclei with sparse pa-
thology in the cerebral cortex (37). The selective vulnerability
observed in Tg2541 mice may therefore play a role in a spectrum
of diseases caused by neuropathogenic prions.

We observed that ablation of endogenous mouse tau accelera-
ted replication of human tau prions in Tg2541 mice. Consistent
with our findings, knocking out endogenous tau has been shown to
accelerate tau pathology in two other Tg mouse models (38, 39).
Reduced structural competency of endogenous tau for templating,
particularly due to low sequence similarity in the N-terminal acidic
domain and differing PTMs, has been proposed as one possible
mechanism by which mouse tau interferes with human tau prop-
agation (39). The converse has also been reported in mice
expressing high levels of P301L human tau in the forebrain. Ab-
lation of endogenous tau had no effect on tau pathology but re-
duced the neurotoxic effects of mutant human tau (40). However,
we found expression of mouse tau to be low compared with that of
human tau in Tg2541 mice, and tau in the WT mouse forebrain
did not exhibit an inhibitory effect in our HEK(tau-RD) cell ex-
periments. We conclude that mouse tau can interfere with the
propagation of human tau prions in vivo, but it is not the primary
mechanism of selective vulnerability in Tg2541 mice.

Sortilin is a member of the vacuolar protein sorting-10 protein
(VPS10P) receptor family containing type-1 transmembrane
proteins that have pleiotropic functions in neuronal protein
trafficking and viability (41). VPS10P-domain receptors regulate
intracellular processing of amyloid precursor protein (APP) (42,
43) and p-secretase (44), which cleaves APP to produce neuro-
toxic AP peptides. Sortilin also plays a role in frontotemporal
lobar degeneration (FTLD) by binding and regulating extracel-
lular concentrations of the secreted glycoprotein progranulin
(28). Progranulin deficiency due to mutation causes inherited
FTLD with ubiquitin and TDP-43 inclusions (45-47). Most re-
cently, the sortilin receptor has been shown to bind PrP and
shuttle it to the lysosome for degradation (26). Sortilin knockout
accelerated prion disease in PrP-infected mice. Furthermore,
PrP-infected cells had increased lysosomal degradation of sor-
tilin alone or complexed with PrP, a potential mechanism by
which PrP accumulates in neurons (26). Here, we report that
sortilin also plays a role in tau prion replication and may thus
represent an exciting target for therapeutic intervention in tau-
related diseases.

Materials and Methods

Animals. The Tg2541 line was originally generated on a mixed C57BL/6J x
CBA/Ca background (15) and bred onto a C57BL/6) background using
marker-assisted backcrossing for eight generations before intercrossing to
generate homozygous congenic mice. Knockout mice were generated by
intercrossing Tg2541 with C57BL/6J lines lacking endogenous mouse tau (23)
or endogenous Pin1 (48). Animals were maintained in a facility accredited by
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the Association for Assessment and Accreditation of Laboratory Animal Care
International in accordance with the Guide for the Care and Use of Labo-
ratory Animals (49). All procedures for animal use were approved by the
University of California, San Francisco’s Institutional Animal Care and Use
Committee.

Tissue Processing. Brains were removed and separated into forebrain and
hindbrain pieces using a single cut with a razor blade between the striatum
and hypothalamus. Tissue was homogenized in nine volumes of cold DPBS
containing 1x Halt Protease and Phosphatase Inhibitor Mixture (Thermo
Fisher Scientific) using a Precellys 24-bead beater (Bertin Instruments) with
metal bead lysing matrix (MP Biomedical). Where necessary, brain lysates
were clarified by centrifugation at 10,000 x g for 10 min at 4 °C. All tissue
and samples were stored at —80 °C until further use.

Immunohistochemical Analysis. Brains were fixed in 10% neutral buffered
formalin, paraffin embedded, and 8-um sections were cut. Slides were
deparaffinized in a 61 °C oven for 15 min and rehydrated through alcohols.
Antigen retrieval was performed by autoclaving for 10 min at 121 °C in
0.01 M citrate buffer. Sections were blocked in 10% normal goat serum
(NGS) (Vector Labs) for 1 h at room temperature. Sections were incubated
with either the AT8 antibody (1:250; Thermo Fisher Scientific) to detect pTau
pathology or the Tau13 antibody (1:1,000; produced in house) to detect
total human tau. Primary antibodies were incubated in 10% NGS overnight
at room temperature, then recognized with Alexa Fluor 488-conjugated
goat anti-mouse 1gG secondary antibody (1:500; Invitrogen) for 2 h at room
temperature. Images were acquired with an Axio Scan.Z1 slide scanner
(Zeiss), and quantification was performed with Zen 2.3 software (Zeiss).

Biochemical Analysis. Clarified brain lysates were normalized to a total protein
concentration of 2 mg/mL and combined with NuPage LDS Sample Buffer and
Reducing Agent (Invitrogen) and boiled for 10 min at 100 °C. A total of 10 ug
protein was loaded per well in a 4-12% Bis-Tris gel and subjected to de-
naturing electrophoresis in Mops SDS buffer (Invitrogen). Gels were trans-
ferred to iBlot PVDF membranes (Invitrogen) and blocked in 5% BSA for 2 h
at room temperature. Membranes were incubated overnight at 4 °C with
primary antibodies Tau13 for total human tau (1:10,000; produced in house),
PHF-1 for pTau [$396/5404] (1:1,000; a kind gift from Peter Davies, Feinstein
Institute for Medical Research, Manhasset, NY), sortilin (1:500; Proteintech),
progranulin (1:400; R&D Systems), or GAPDH (1:5,000; Abcam). HRP-
conjugated secondary antibodies (1:10,000; Thermo Fisher Scientific) were
incubated for 45 min, and membranes were developed with ProSignal Dura
ECL substrate (Genesee Scientific) and imaged using a ChemiDoc Touch
system (Bio-Rad).

To measure pTau concentration by ELISA, mouse brain lysates were first
subjected to formic acid extraction. Twenty-five microliters lysate was
combined with 50 pL formic acid and incubated for 20 min at 37 °C with
sonication. Samples were then centrifuged at 100,000 x g for 1 h, and 50 pL
supernatant was combined with 950 pL neutralization buffer (1 M Tris base;
0.5 M Na,HPO,). Samples were then diluted 1:10, and the human Tau
[pSer396] ELISA kit (Invitrogen) was used according to the manufacturer’s
instructions.

HEK(Tau-RD) Cell Tau Aggregation Assays. HEK(tau-RD) cells were described
previously (18). Briefly, HEK293T cells (ATCC) were transfected using Lip-
ofectamine 2000 (Thermo Fisher Scientific) to express the RD of 4R human tau
(aa 243-375) containing the P301L and V337M mutations and C-terminally
fused to YFP. A stable monoclonal line was maintained in DMEM, supple-
mented with 10% FBS and 1% penicillin/streptomycin.

To measure tau prions in brain lysates, samples were clarified and total
protein concentration was normalized. Lysate at a final concentration of
1.25 pg/mL total protein was first incubated with Lipofectamine 2000 (0.2%
final concentration) and OptiMEM (9.8% final concentration) for 90 min,
then added to 5,000 cells in each well of a 384-well plate. Plates were in-
cubated at 37 °C for 3 d, then tau aggregates were imaged and quantified
on an IN Cell Analyzer 6000 Cell Imaging System (GE Healthcare).
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To measure inhibition of tau prions by forebrain lysates, hindbrain
lysates from six 180-d-old male Tg2541 mice were pooled. Forebrain ly-
sates from three 30-d-old or 180-d-old Tg2541 mice and three 30-d-old WT
mice were tested. Lysates were diluted to final concentrations of 1.25,
1.00, 0.75, 0.50, and 0.25 pg/mL total protein, and each concentration of
forebrain lysate was mixed with the corresponding concentration of
pooled hindbrain lysate for a total concentration of 1.25 pg/mL protein
and added to HEK(tau-RD) cells as described above. To examine the ef-
fect of neutralizing proteins in Tg2541 forebrain lysate, a 10-fold di-
lution series starting at 1 pg/mL final concentration of antibodies against
sortilin (no. 1, Millipore; no. 2, BD Biosciences; no. 3, Proteintech; and no.
4, Abcam), progranulin (R&D Systems), TMEM106B (Novus Biologicals),
pTau [S396/5404] (a kind gift from Peter Davies, Feinstein Institute for
Medical Research, Manhasset, NY), and GAPDH (Abcam) were prepared.
Each concentration was then combined with a 1.00 pg/mL final concentration
of forebrain lysate pooled from three different 30-d-old Tg2541 mice, in-
cubated at room temperature for 30 min, then combined with a 0.25 pg/mL
final concentration of hindbrain lysate pooled from three different 180-d-old
Tg2541 mice and added to HEK(tau-RD) cells as described above.

qRT-PCR Gene Expression Analysis. Total RNA was isolated from clarified
brain lysates using the Quick-RNA MiniPrep kit (Zymo Research) following
the manufacturer’s instructions. qRT-PCR was performed using the Sensi-
FAST SYBR Lo-ROX One-Step Kit (Bioline) following the manufacturer’s
instructions, using primers for human tau (Fwd, 5'-CCCAATCACTGCCTA-
TACCC-3' and Rev, 5-CCACGAGAATGCGAAGGA-3’), mouse tau (Fwd,
5'-CCCCCTAAGTCACCATCAGCTAGT-3' and Rev, 5-CACTTTGCTCAGGTC-
CACCGGC-3’), and mouse GAPDH (Fwd, 5'-TGCCCCCATGTTGTGATG-3’ and
Rev, 5-TGTGGTCATGAGCCCTTCC-3’) as a control.

Nanostring Gene-Expression Analysis. Total RNA samples purified as described
above were analyzed for sortilin gene expression using the nCounter system
(Nanostring Technologies) following the manufacturer’s instructions. Data
analysis was performed using nSolver software (Nanostring Technologies).

Mass Spectrometry. In-solution digests were performed on lysates of the
forebrain and hindbrain of three 90-d-old Tg2541 mice. Brain lysate con-
taining 100 pg protein was solubilized in 8 M urea containing 100 mM
ammonium bicarbonate and 1 mM EDTA. Samples were reduced with
10 mM DTT at 37 °C for 1 h with shaking, alkylated with 25 mM iodoa-
cetamide at room temperature for 30 min in the dark, then quenched with
20 mM DTT. One milliliter ice-cold acetone was added and incubated at
—20 °C for 1 h to precipitate proteins. Samples were centrifuged at
13,000 x g for 10 min at 4 °C, and the supernatant was carefully removed.
Pellets were resuspended in 8 M urea, then diluted to 2 M using 100 mM
ammonium bicarbonate buffer. Trypsin (500 ng) was added and incubated
overnight at 37 °C with shaking. Digestion was stopped with formic acid,
and 1 pg protein was analyzed by LC-MS/MS using an QExactive Plus
(Thermo Fisher Scientific) mass spectrometer. Centroid peak lists were
generated using in-house software (PAVA) and searched using Protein
Prospector v. 5.19.1 (50). An expectation value cutoff of 1.0 E-6 was ap-
plied to only consider high-quality spectra, and identified spectra were
then manually confirmed for accurate peak assignments. Quantification
was performed by spectral counting, and the results from two LC-MS/MS
technical replicates of each biological sample were summed.

Data Sharing Statement. All relevant data are presented in the manuscript
and Supporting Information.
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