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Abstract

Neurofibrillary tangles (NFTs) composed of hyperphosphorylated and misfolded tau protein

are a pathological hallmark of Alzheimer’s disease and other tauopathy conditions. Tau is
predominantly an intraneuronal protein but is also secreted in physiological and pathological
conditions. The extracellular tau has been implicated in the seeding and propagation of tau
pathology and is the prime target of the current tau immunotherapy. However, truncated tau
species lacking the microtubule binding repeat (MTBR) domains essential for seeding have been
shown to undergo active secretion and the mechanisms and functional consequences of the various
extracellular tau are poorly understood. We report here that the transcription factor EB (TFEB),
a master regulator of lysosomal biogenesis, plays an essential role in the lysosomal exocytosis
of selected tau species. TFEB loss-of-function significantly reduced the levels of interstitial fluid
(ISF) tau in PS19 mice expressing P301S mutant tau and in conditioned media of mutant tau
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expressing primary neurons, while the secretion of endogenous wild-type tau was not affected.
Mechanistically we found that TFEB regulates the secretion of truncated mutant tau lacking
MTBR and this process is dependent on the lysosomal calcium channel TRPML1. Consistent
with the seeding-incompetent nature of the truncated tau and supporting the concept that TFEB-
mediated lysosomal exocytosis promotes cellular clearance, we show that reduced ISF tau in the
absence of TFEB is associated with enhanced intraneuronal pathology and accelerated spreading.
Our results support the idea that TFEB-mediated tau exocytosis serves as a clearance mechanism
to reduce intracellular tau under pathological conditions and that effective tau immunotherapy
should devoid targeting these extracellular tau species.

Introduction

Tauopathies consist of a group of diseases including frontotemporal dementias and the most
common form Alzheimer’s Disease (AD), and are characterized by the accumulation of
intracellular neurofibrillary tangles (NFTs) composed of aggregates of hyperphosphorylated
and misfolded pathological tau protein and extensive neurodegenerationl=3. To date, the
majority of AD clinical trials have focused on AB. Unfortunately, such therapies have been
unsuccessful so far4-6. One possible shortcoming of AB-based therapies is that they may
need to target AP prior to the accumulation of significant tau pathology in order to have

a clear effect. Once neocortical tau pathology ensues, this correlates with cognitive decline
more closely than AB accumulation’- 8. Thus, there is a growing interest in developing
tau-based therapies for AD and other tauopathy diseases®.

Although tau is predominantly an intraneuronal protein, analysis of post-mortem AD
brains document that the NFT pathology progresses in a hierarchical, stereotyped pattern
beginning in the transentorhinal cortex and eventually spreading to synaptically connected
brain regions such as the hippocampus and, later, the neocortex!0. Consistent with this
observation, studies using cellular and mouse models demonstrate that tau aggregates can
cross the cell membrane and seed tau pathology, followed by subsequent spreading to other
cells of synaptically connected regions, resulting in the cell-to-cell transfer or prion-like
propagation of tau pathology1-16, This pattern of tau spreading implicates a possible role
of extracellular tau species in disease progression. Lending support for this notion, tau can
be detected in the brain interstitial fluid (ISF) of mutant human tau transgenic mice and its
littermate controls by in vivo microdialysis?, and neuronal released tau has been shown to
be capable of propagating tau pathology8. Further, passive immunization with antibodies
designed to target extracellular tau reduced tau pathology in tauopathy mouse models19-21,
Directly relevant to human disease, tau proteins are present in the cerebrospinal fluid (CSF)
where the levels of both tau and phospho-tau are elevated in AD patients?2. Accordingly,
anti-tau antibodies are currently being tested in clinical trials as disease-modifying therapies
for tauopathy conditions®.

Effective immunotherapy calls for the need to understand the mechanisms of tau release
and to target the seeding and spreading competent tau. Both passive release secondary
to neuronal cell death and active tau secretion have been proposed to contribute to the
extracellular pool of tau; the latter may be mediated via direct translocation from the
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cytoplasm across the plasma membrane, endosomal/lysosomal-dependent exocytosis, or
exosomal secretion?3-25. However, despite the intense interest, the molecular mechanisms
mediating tau exocytosis and their functional roles in physiological or pathological
conditions have not been well-delineated. Adding to the complexity is the presence

of multiple tau species due to alternative splicing, post-translational modifications and
proteolytic processing? 3 26-28 These distinct tau species may be subject to different
intracellular routing and extracellular release and may exhibit differential properties with
regards to aggregation and spreading.

While both insoluble tau aggregates and certain soluble monomeric or oligomeric tau
species are shown to exhibit seeding and spreading properties!® 2% 30 sequences within the
microtubule-binding repeat (MTBR) region of tau are known to be essential for nucleation?.
Intriguingly, tau detected from human CSF, iPSC-derived neurons and mouse neuronal
cultures are found predominately truncated prior to the MTBR, thus likely seeding and
aggregation incompetent31-33, These findings beg the questions as to where these truncated
tau are generated, how are they secreted, and what are the functional consequences of these
secreted tau species?

Here we present evidence that the Transcription Factor EB (TFEB), a master regulator

of lysosomal biogenesis shown to have a potent effect on tau clearance34 3%, plays an
essential role in mediating the release of mutant, MTBR truncated, tau in vitro and in PS19
transgenic mice. This activity is dependent on its lysosomal target Mucolipin TRP channel
1 (TRPML1) and is positively correlated with tau clearance. Loss of TFEB leads to reduced
ISF tau and increased tau pathology and spreading.

Materials and Methods

Mice

Reagents

The tau P301S transgenic mouse line (PS19) and Nestin-Cre transgenic mouse line were
purchased from the Jackson Laboratory. 7cfeb flox mice were described previously36. Both
genders were used in the study and randomly assigned to groups. Investigators were blinded
to group identities during data collection and analysis. The sample size was determined
according to previous studies3® 37, All procedures were performed based on the protocols
approved by the Institutional Animal Care and Use Committee of Baylor College of
Medicine.

PHF1 and MC1 antibodies were gifts from Peter Davies (Feinstein Institute for

Medical Research). Other antibodies and reagents were: AT8 (Invitrogen, MN1020),

tau (K9JA) (DAKO, A0024), Tau5 (Thermo Fisher Scientific, AHB0042), biotinylated
BT2 (Thermo Fisher Scientific, MN1010), TFEB (Proteintech, 13372-1-AP), y-tubulin
(Sigma, T6557), TRPML1(Sigma, AV35307), FLAG (Sigma, F1804), CTSD (Santa Cruz
Biotechnology, sc-6487), CDK5 (Santa Cruz Biotechnology, sc-6247), HDAC9 (Abcam,
ab59718), HRP-conjugated secondary antibodies (EMD Millipore, AP100P, AP307P),
IRDye secondary antibodies (LI-COR, 926-32211, 926-32212, 926-68070, 926-68073),
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Alexflour-conjugated secondary antibodies (Thermo Fisher Scientific, A21202, A21422,
A21206, A31572), Streptavidin-HRP kit (R&D systems, DY998), lipofectamine 3000
(Thermo Fisher Scientific, L3000015), protease and phosphatase inhibitor cocktails
(Roche, 04693116001, 04906845001), ECL (Pierce, 32106, 34096), NP-40 (Thermo Fisher
Scientific, 85124), QVD (ApexBio, A1901), Hepes (Thermo Fisher Scientific, 15630080),
GlutaMAX Supplement (Thermo Fisher Scientific, 35050061), Pen/Strep (Thermo Fisher
Scientific, 15140122), neurobasal medium (Thermo Fisher Scientific, 21103049), B-27
supplement (Thermo Fisher Scientific, 17504044), Pierce TMB Substrate Kit (Thermo
Fisher Scientific, 34021), tau protein ladder (Sigma, T7951). The tau P301L expression
vector and the associated AAV virus were gifts from Leonard Petrucelli (Mayo Clinic).
MCOLN1-HA was a gift from Craig Montell (Addgene plasmid # 18825). CTRL-siRNA
and MCOLN1-siRNA (Santa Cruz Biotechnology, sc-37007, sc-44519). ML-SI1 (Sigma,
G1421), YM201636 (Sigma, 524611-M). The rTg4510 mice brain lysate was described in
the previous publication38.

Cellular assays

The TFEB knockout and TFEB/MITF/TFE3 triple knockout HeLa cell lines were kind gifts
from Richard Youle (National Institutes of Health)3°. TFEB overexpression HeLa cell line
was a gift from Marco Sardiello (Baylor College of Medicine). The transfections were
performed according to the product’s manual and apoptosis inhibitor QVD was added into
the culture medium to minimize the influence of cell death. Two days after transfection,

the medium was collected, followed by 2,000 x g for 10 minutes and subjected to 10,000

x g for 30 minutes to remove floating cells and cellular debris respectively. Cells were
lysed in buffer (TBS with 1% NP-40 and protease and phosphatase inhibitor cocktails). For
primary neuronal culture, the pups at postnatal day 0 (PO) were used for neuronal culture.
The forebrain was dissected in pre-cold dissection medium (HBBS with 10 mM Hepes, 1

x GlutaMA Supplement, and 1% vol/vol Pen/Strep), and was digested in 2.5% trypsin at
37 °C for 15 minutes, followed by adding trypsin inhibitor and DNase. The digested tissue
was centrifuged at 1,000 g for 10 minutes and resuspended in neuronal culture medium
(neurobasal media with B-27 supplement, 1 x GlutaMAX supplement, and 1% vol/vol Pen/
Strep). For AAV infection, the virus was added to the neuronal culture at MOI of 1 x 104
immediately after neurons were seeded. The medium on primary neurons was changed after
16 hours, the fresh medium of half the total volume of the well was added. For the seeding
assay, 10% brain homogenate from 7-month old rTg4510 mice was added into the medium
at day 10 after culturing. At day 18, the cells were fixed for immunostaining.

Induced human pluripotent stem cell (iPSC)-derived neurons

The iPSC experiment was performed in the Washington University School of Medicine.
The informed consent was approved by the Washington University School of Medicine
Institutional Review Board and Ethics Committee (IRB 201104178 and 201306108). The
consent allowed for use of tissue by all parties, commercial and academic, for the purposes
of research but not for use in human therapy.

The creation and characterization of the iPSC with MAPT p.R406W and its genome-edited
isogenic control cells were reported previously?% 41, To generate neurons, iPSCs were
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harvested for neural aggregate formation and dissociated with Accutase (MP Biomedicals)
and pelleted by centrifugation. Cells were resuspended in mTesR1 supplemented with

the ROCK inhibitor, Y-27632 (10 uM) and transferred to a v-bottom 96-well plate®C.
Neurospheres were cultured for 5 days with daily media change in Neural Induction
Medium (NIM; Stemcell Technologies). Spheres were then transferred to a pre-coated
with poly-Ornithin (PLO)/Laminin (Millpore-Sigma) plate with daily media changes.
Neural rosettes were harvested on fay 5 with Neural Rosette Selection reagent (Stemcell
Technologies). NPCs were cultured on PLO and Laminin-coated plates and terminal
differentiation was initiated with the addition of cortical maturation media (Neurobasal
Media (Life Technologies) supplemented with B27 (GIBCO), BDNF (Peprotech), GDNF
(Peprotech), cCAMP (Sigma) and L-glutamate (Sigma). Neurons were maintained for 6
weeks prior to Torinl treatment. After 6 weeks in culture, media from iPSC-neurons
maintained in a 48-well plate were gently washed with DMEM/F12 and treated with 250
nM Torinl or DMSO control. After 5 hours of treatment, cell culture media was collected,
centrifuged at 1000 rpm for 10 minutes at 4°C to remove cell debris and flash frozen. Cells
were collected in PBS and pelleted. Culture media and lysate were I1Ped by Taul (mouse
monoclonal, provided by Nicholas Kanaan) and HJ8.5 antibodies followed by tau ELISA.

Lysosomal immunoprecipitation (LysolP)

The LysolP experiment was performed as previously described*2. Neurons infected with
AAV vectors expressing human tau P301L and LAMP1-FLAG were collected with KPBS at
18 days in vitro (DIV)3% 37, The homogenate was spun down at 1000 x g for 2 minutes and
the supernatant was incubated with 200 pl of prewashed beads on an end-over-end rotator
for 20 minutes. After 3 times wash with KPBS, beads were incubated with 80 pl lysis buffer
(KPBS with 1% Triton-X100) for 10 minutes, the supernatant was separated from beads and
collected as lysosomal fraction followed by tau ELISA.

In vivo tau microdialysis

In vivo microdialysis experiments to measure brain ISF tau levels from awake and freely
moving mice were performed as described*3. To avoid tissue damage, the ISF tau collection
was initiated 48 hours after probe implantation when ISF tau concentrations are stable. ISF
samples were collected in a refrigerated fraction collector and analyzed by a tau sandwich
ELISA using Tau5 as a capture antibody and biotinylated BT2 as a detection antibody as
detailed inl7: 43,

Tau ELISA

The tau levels in microdialysis, culture medium, and cellular lysates were measured in tau
sandwich ELISA based on previous publications?: 3244, Two pg of Tau5 (aa 210-241) or
K9JA (aa 243-441) antibody was coated per well in 96-well plate and incubated at 4 °C for
16 hours. The plate was blocked with PBS with 1% BSA for 60 minutes at room temperate.
Tau protein ladder was diluted as standards. The samples and standards were loaded and
incubated at 4 °C for 16 hours. Then, the plate was incubated with biotinylated BT2 (aa
194-198) antibody at the concentration of 0.3 pg/ml for 2 hours at room temperate, followed
by incubation of Streptavidin-HRP for 45 minutes at room temperature. The plate was then
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developed by Pierce TMB Substrate Kit (Thermo Fisher Scientific) and read on SpectraMax
i3x Multi-Mode Microplate Reader (Molecular Devices).

Tau spreading assay

The tau spreading assay was performed as described previously3”. Briefly, PS19 and PS19,
TFEB cKO mice were stereotaxically injected with equal amount (2 pl) of 10% brain
homogenate from 7-month old rTg4510 mice at 2-3 months of age into one hippocampal
hemisphere (lacunosum moleculare layer of the hippocampus and molecular layer of the
dentate gyrus, bregma, —2.5 mm; lateral, =2 mm, and depth, —1.8 mm). The mice were
euthanized six weeks later for immunofluorescence staining to evaluate tau spreading.

Immunofluorescence staining

Mice were perfused with 4% paraformaldehyde (PFA) in TBS, followed by overnight
fixation. The PFA was replaced with 30% sucrose in TBS. After dehydration, brain tissues
were cut into 30 um sections for staining. For primary cultured neuronal, cells were fixed in
4% PFA for 20 minutes at room temperature. Brain sections or cultured cells were incubated
with primary antibodies in TBS with 0.4% Triton X-100 and 2% donkey serum overnight,
followed by washing and incubating with AlexFlour-conjugated secondary antibodies. Brain
sections or cells were imaged by confocal microscopy (Leica SPE) or EVOS Cell Imaging
System (Thermo Fisher Scientific).

Western blotting

Statistics

Results

The forebrain tissues or cells were lysed in buffer (TBS with 1% NP-40, 1% sodium
deoxycholic acid, 0.1% sodium dodecy! sulfate, and protease and phosphatase inhibitor
cocktails). Lysates were sonicated and centrifuged at 20,000 x g for 10 minutes.
Supernatants were boiled with loading buffer, used for SDS-PAGE and transferred to
nitrocellulose membrane. After incubation with primary and secondary antibodies, the
membranes were incubated with ECL and developed by Chemidoc image system (Bio-Rad)
or Odyssey image system (LI-COR).

All data are presented as mean + SEM. Power analysis was performed using a confidence
interval of a=0.05. Two groups comparisons were analyzed using two-tailed Student’s t-test,
multiple comparisons were analyzed using one-way or two-way ANOVA followed by post
hoc tests as indicated in the figure legends using GraphPad Prism. P-values less than or
equal to 0.05 were considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001.

TFEB loss-of-function reduces ISF tau in PS19 mice

We reported earlier that AAV-mediated neuronal TFEB expression robustly reduced
pathological tau proteins and NFT pathology3®. Since TFEB has been shown to promote
cellular clearance through both autophagy and lysosomal exocytosis*®, we wondered
whether TFEB may regulate tau exocytosis in addition to the autophagy-lysosomal pathway.
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We thus created CNS-specific TFEB knockout (cKO) by crossing a 7cfeb floxed allele
with Nestin-Cre transgenic mice36, using Cre-negative mice as controls (Ctrl), and bred
these with PS19 tau transgenic mice to generate Ctrl, cKO, PS19 and PS19, cKO mice.
Quantitative PCR (gPCR) and Western blot analyses showed that TFEB mRNA and protein
levels were reduced by about 80% in TFEB cKO mouse brains compared to the controls
(Fig. S1a,b and Fig. 1b). The cKO mice are viable and fertile and do not exhibit overt
abnormalities (data not shown). Immunostaining of brain sections using anti-NeuN, -p62,
and -GFAP antibodies revealed no significant alterations between TFEB cKO and their
littermate controls (Fig. S1c). This is consistent with the comparable expression of selected
TFEB target genes (Fig. S1d). These may be due to the compensation by TFEB homologs
MITF and TFES.

We measured the tau levels in the interstitial fluid (ISF) of awake, free moving mice

of the four genotypes using in vivo microdialysis’. To avoid the confounding effect of
intracellular tau aggregation on ISF tau, we performed the analysis at 4 to 5-month of age
prior to the development of tau pathology. To minimize the tau released by tissue damage
and cell death, the ISF tau collection was initiated 48 hours after probe implantation when
ISF tau levels were stabilized. We found that TFEB cKO had no effect on endogenous
mouse ISF tau (Fig. 1a, WT vs cKO), but significantly reduced the ISF tau in PS19 mice
(Fig. 1a, PS19 vs PS19, cKO). Western blot analysis of brain lysates using tau (K9JA) (Fig.
1b—d) and PHF tau (Fig. Sle,f) antibodies showed comparable levels of mouse and human
tau in the presence or absence of TFEB at this age, supporting the notion that changes of
ISF tau represent a primary TFEB-mediated effect rather than consequences of intracellular
tau alterations. These results demonstrate that TFEB plays a physiological role in mediating
mutant tau release in vivo.

TFEB mediates the release of truncated mutant tau in vitro

The tau microtubule binding repeat (MTBR) sequences are known to facilitate its self-
aggregation. The ISF tau is detected using an enzyme-linked immunosorbent assay (ELISA)
that recognizes the mid-domain region of tau (Tau5, aa 210-241 and BT2, aa 194-198, Fig.
2a), therefore, does not distinguish between MTBR truncated or MTBR containing forms.
We sought to evaluate the tau species secreted by TFEB further in primary cultured neurons
using both the mid-domain ELISA and an antibody combination that recognizes the MTBR-
containing tau (K9JA, aa 243-441, and BT2, Fig. 2a and Fig. S2a). We prepared primary
neuronal cultures derived from TFEB cKO mice and their littermate controls. Similar to

the in vivo results, measurement of secreted and intracellular mouse endogenous tau in the
two cultures using the mid-domain ELISA did not observe any appreciable differences (Fig.
2b—d). We thus infected the cultures with AAV-human tau containing the P301L mutation,
which led to robust expression of mutant human tau seven days after infection (Fig. S2b),
and measured the tau levels in both the conditioned media and in cell lysates using both
ELISA systems. Consistent with the recent reports that actively released tau is MTBR
truncated32 33, we found that the extracellular tau detected by the KQJA/BT2 ELISA was
drastically lower compared to that detected by the mid-domain ELISA (Tau5/BT2) (Fig. 2e),
although the intracellular tau levels detected by the two ELISAs were comparable (Fig. 2f).
Further, only the mid-domain-positive extracellular tau was reduced in TFEB cKO neurons
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(Fig. 2e). This is associated with increased intracellular tau (Fig. 2f), and a reduced ratio

of extra/intracellular tau (Fig. 2g). The results combined demonstrate that TFEB mediates
the release of MTBR truncated tau in cultured primary neurons and possibly in PS19 mouse
brains.

To assess whether the tau truncation occurs within the lysosome, we performed lysosome
immunoprecipitation (LysolP) of primary cultured neurons infected with AAV-tauP301L
and LAMP1-FLAG using an anti-FLAG antibody. Western blot analysis showed that the
anti-FLAG precipitates, but not the IgG control, contained the lysosomal enzyme Cathepsin
D (CTSD). The cytosolic protein CDKS5 or the nuclear protein HDAC9 were absent although
both can be detected in the input, demonstrating the purity of the isolated lysosomes (Fig.
2h). Using ELISAs that detect mid-domain (Tau5/BT2) and MTBR region (KQJA/BT2), we
found that, in the lysosomal preparation, the Tau5/BT2 signal is significantly higher than
that of the KQJA/BT2 (Fig. 2i), but the levels are comparable in the cytosolic fraction (Fig.
2j). These results suggest that while the cytosolic tau consists of mostly MTBR-containing
form detected by both set of ELISAs, approximately half of the lysosomal tau is MTBR
truncated that can only be detected by mid-domain ELISA. These results support the idea
that tau truncation occurs in the lysosome.

We next probed the mechanism of TFEB-dependent tau release using HeLa cells deficient
in either TFEB (TFEB KO) or all three TFEB family members, namely TFEB, MITF

and TFE3 (TKO) (Fig. S3a)3°. gPCR analysis showed similar levels of transfected MAPT
MRNA in these cells compared to wild-type controls (Fig. S3b). We quantified the
extracellular and intracellular tau levels using the mid-domain tau ELISA only, given

the positive regulation of these tau species by TFEB. The gPCR analysis revealed that

the MRNA levels of TFEB lysosome genes were reduced by about 50% compared to
wild-type HeLa cells upon Torinl treatment which promotes TFEB nuclear translocation
and activation (Fig. 3a). Transfection of P301L mutant human tau to these cells and
measurement of tau levels in conditioned medium showed that secreted tau was reduced
by 53% in TFEB KO and 76% in TKO cells compared to WT HeLa controls (Fig. 3b),
while levels of intracellular tau were not significantly affected at the protein level (Fig. 3c),
resulting in significant reductions in the extra/intracellular tau ratio in TFEB KO and TKO
conditions (Fig. 3d).

In contrast to TFEB loss-of-function, transfection of the human P301L mutant tau to

Hel a cells overexpressing TFEB (Fig. S3c) followed by measurement of tau levels in the
conditioned media and cell lysates showed that TFEB overexpression resulted in increased
expression of its lysosomal target genes (Fig. 3e). This is associated with significantly higher
extracellular tau levels (Fig. 3f). Although there is a trend of reduction in intracellular tau
(Fig. 39), the difference did not reach statistical significance (p=0.067). Nevertheless, both
combined led to a highly significant increase in the ratio of extra/intracellular tau (Fig. 3h).

Although the above studies employed the use of multiple systems, including living mouse
models, primary cultured neurons and HeL a cell lines, one common caveat is that the mutant
tau is overexpressed. To address whether the TFEB-mediated tau exocytosis is relevant
under physiological conditions, we chose to examine the tau dynamics in human iPSCs-
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derived neurons from a frontotemporal dementia patient expressing the R406W mutant tau
and its genome-edited isogenic controls#®: 41, Cortical neurons derived from the iPSCs were
maintained for 6 weeks and then treated with DMSO or 250 nM Torin1 for 5 hours to
induce TFEB activation. Quantification of tau in conditioned media and cell lysates by mid-
domain ELISA showed that, similar to the overexpression system, Torinl treatment induced
the release of the mutant tau but not wild-type tau (Fig. 3i). The minor but insignificant
reduction of the intracellular tau (Fig. 3j) contributed to the highly significant increases

of extra/intracellular ratio of mutant tau (Fig. 3k). Thus, the results combined support a
specific regulation of TFEB in mediating the release of mutant but not wild-type tau under
physiological or overexpression conditions.

TFEB-mediated tau release is dependent on TRPML1

The lysosomal Ca%* channel Mucolipin TRP channel 1 (TRPML1, encoded by MCOLN1)
is a TFEB target that has been reported to mediate lysosomal exocytosis downstream

of TFEB45 46, \We therefore tested whether TFEB-mediated tau release is dependent on
TRPML1. Upon co-transfection of empty vector (CMV) or MCOLNL1 expression vector
with the P301L tau construct to WT and TKO HelLa cells, we showed that overexpression
of MCOLNL1 had no overt effect on extracellular tau in WT cells (Fig. 4a, WT). Levels

of secreted tau were reduced in vector-transfected TKO cells compared to that of WT

cells as expected (Fig. 4a, WT CMV vs TKO CMV). MCOLNZ1 expression in TKO cells
significantly upregulated extracellular tau levels and the extra/intracellular tau ratio (Fig.
4a, ¢, CMV vs MCOLN1, TKO), without exerting an appreciable effect on intracellular
tau (Fig. 4b). Thus, TRPML1 mediates tau exocytosis downstream of TFEB. Conversely,
while siRNA knockdown of MCOLNL1 (Fig. S4a,b) had no appreciable effect in WT HelLa
cells (Fig. 4d, WT), it partially normalized elevated extracellular tau (Fig. 4d) and the

ratio of extra/intracellular tau (Fig. 4f) under TFEB overexpression (TFEB OE) conditions.
Intracellular tau remained constant across groups (Fig. 4e). Since Ca?" is required

for TRPML1-mediated lysosomal fusion with the plasma membrane during lysosomal
exocytosis?®, we next tested whether intracellular Ca2* is involved in tau exocytosis by
treating the cells with ionomycin which is known to increase intracellular Ca2* levels. The
result showed that ionomycin significantly increased extracellular tau and the ratio of extra/
intracellular tau without affecting intracellular tau (Fig. S4c).

To validate that TRPML1 also mediates tau release in neurons, we treated the AAV-tau-
P301L infected primary cultured neurons with TRPML1 specific inhibitors ML-SI1 or
YM201636. The results showed the both ML-SI1 (Fig. 4g—i) and YM201636 (Fig. S4d)
treatment inhibited tau release. Interestingly, while we did not detect appreciable effect of
MCOLNL1 overexpression or knockdown in P301L tau transfected wild-type HelL a cells,
significant reductions of tau release can be observed in wild-type neurons expressing human
P301L tau, which was further reduced in TFEB cKO cells (Fig. 4g). This could be caused by
the low efficiency of tau secretion in HeLa cells or the incomplete inactivation in the case of
MCOLNL1 siRNA.

To provide further evidence that TRPML1 mediates the release of lysosomal tau, we
performed LysolP to isolate lysosomal tau after ML-SI1 treatment and measured tau
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levels using the mid-domain (Tau5/BT2, Fig. S4e) or MTBR-containing (K9JA/BT2, Fig.
S4f) ELISAs. The results showed that ML-SI1 treatment specifically increased the mid-
domain tau enriched in the lysosome, suggesting that TRPML1 inactivation leads to the
accumulation of lysosomal tau.

Reduced tau release by TFEB loss-of-function is associated with augmented intracellular
pathology and spreading

To examine the functional consequence of TFEB KO in pathological tau accumulation,

we first seeded the AAV-tau-P301L infected neurons with lysates collected from rTg4510
mice to induce the formation of hyperphosphorylated and misfolded tau37: 38, Compared
to the littermate controls, TFEB cKO robustly increased MC1-positive insoluble misfolded
tau (MC1, Fig. 5a,b) and AT8-positive insoluble phospho-tau (AT8, Fig. S5a,b). These
findings indicate that TFEB-mediated mutant tau exocytosis is inversely correlated with its
intraneuronal accumulation in a seeding paradigm.

To understand the functional role of TFEB-mediated tau exocytosis in tau pathology in vivo,
we performed biochemical and immunofluorescence staining of PS19 and PS19, TFEB cKO
mice at 12 months of age. While tau (K9JA) levels remained constant, there were modest
but significant increases of AT8-positive phospho-tau in TFEB-deficient samples (Fig. 5c,d).
Increases in AT8-positive tau can be detected in both cytosolic (Fig. 5e,f) and synaptosomal
preparations (Fig. 5g,h and Fig. S5c¢). Consistent with the immunoblotting, immunostaining
also revealed significantly higher AT8 immunofluorescence intensity in PS19, TFEB cKO
samples compared to the PS19 mice (Fig. 5i,j).

The tau pathology is thought to spread through a trans-synaptic mechanism. Since
synaptosomal AT8-positivivity is increased in the absence of TFEB, we next evaluated
TFEB’s role in a tau seeding and spreading model by injecting the brain lysate of
rTg4510 tau transgenic mice into the lacunosum-moleculare of one hippocampal hemisphere
of 2- to 3-month-old PS19 or PS19, TFEB cKO mice (Fig. S6a)> 37, which has

been documented to induce tau pathology through synaptically-connected regions from
the ipsilateral CA1 to lateral CA3, followed by the caudal entorhinal cortex, then the
contralateral CA337-47. To minimize the possible confounding effect of seeding, we chose
ipsilateral and contralateral CA3 distant from the injection site to assess tau pathology
through spreading. Immunofluorescence analysis of 6 weeks post-injection showed that
MC1-positive tau could be detected in both ipsilateral and contralateral hippocampus in
PS19 mice, whereas MC1 immunoreactivity was significantly increased in PS19, TFEB
cKO mice (Fig. 6a,b). No MC1 signal was detectable in wild-type mice injected with
rTg4510 lysate or PS19 mice injected with wild-type lysate (Fig. S6b). Thus, reduced

ISF tau in PS19, TFEB cKO mice is correlated with elevated phospho-tau pathology and
spreading.

Discussion

Tau is known to be released from neurons and can be detected in the ISF of mouse models
and human CSF. The extracellular tau has been implicated in the prion-like spreading of
tau pathology and is the prime target for tau immunotherapy. As such, understanding the
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mechanisms of neuronal tau release and the functional consequences of extracellular tau
species are crucially important from both biological and therapeutic perspective. We report
here that TFEB plays an active role in the secretion of predominantly MTBR truncated
human mutant tau, but not endogenous wild-type tau, in cultured neurons and in mouse
brains, and this process is dependent on lysosomal Ca2* channel TRPML1. Combined with
a general role of TFEB-TRPML1 mediated lysosomal exocytosis in promoting cellular
clearance*®, we propose a model whereby TFEB-TRPML1 signaling serves as an innate
clearance mechanism to remove aberrant intracellular tau through lysosomal exocytosis of
seeding incompetent tau. Thus, loss of TFEB leads to reduced release of these mutant tau
species and heightened intracellular tau. This in turn promotes the development of neuronal
pathology and cell-to-cell propagation. The fact that loss of TFEB is associated with reduced
ISF tau in PS19 mice and increased tau pathology and spreading is in keeping with this
model.

Our analysis revealed two biochemical characteristics of TFEB-regulated extracellular tau:
First, this pool of tau is recognizable by the mid-domain, but not MTBR-containing tau
ELISA, suggesting that these tau species are MTBR truncated and seeding incompetent.
Our results are consistent with recent publications using ELISAs of various antibody
combinations3!: 32 and by stable isotope labeling and mass spectrometry33, which
collectively demonstrate that extracellular tau released from neuronal cell lines, primary
neuronal cultures, and human iPSC-derived neurons, and human CSF samples are
predominantly C-terminal truncated and MTBR absent. Our LysolP experiment suggests
that the truncation occurs in the lysosome. In this regard, Wang et al. showed that N2a
cells expressing a tau repeat domain construct can be processed by a cytosolic protease and
lysosomal cathepsin L28. However, whether these enzymes are responsible for processing
full-length tau is not clear and future investigation is required to identify the lysosomal
enzymes responsible for tau proteolysis. It is also worth noting that significant MTBR-
containing tau can still be detected in the lysosome although the extracellular tau is to

the most part truncated. Since lysosomes are heterogeneous and only those close to the
plasma membrane undergo fusion and exocytosis, it is tempting to speculate that the fusion-
competent lysosomal pool may contain higher percentage of processed tau. In addition,
since LAMP1 is also expressed in the late endosome, it is possible that this organelle
contains higher level of MTBR-containing tau. Further dissection of these mechanisms
requires more advanced technology.

Second, we document here that TFEB deficiency has no effect on endogenous mouse tau
secreted from primary neurons or mouse brains. Instead, significant reduction is observed
only when TFEB is inactivated in mutant tau expressing neurons or on PS19 tau transgenic
background. This finding is further corroborated using iPSC-derived neurons expressing
mutant tau and their wild-type isogenic controls. Given that TFEB can be activated by
starvation or stress and that tau aggregates are able to induce TFEB nuclear translocation
and signaling®’: 48, it is possible that the human mutant tau, but not normal wild-type tau,
acts as a stress signal to activate TFEB and associated lysosomal exocytosis. Alternatively,
the selectivity may be conferred at substrate recognition as both selective autophagy and
chaperone-mediated autophagy have been implicated in the interaction with pathological
forms of tau through specific receptors or chaperones and deliver them to the lysosome?28: 37,
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It is also possible that the lack of effect in wild-type mice or neurons is due to compensatory
activities by TFEB family members. Although the precise mechanism remains to be
elucidated, the specific modulation of human mutant tau by TFEB is in agreement with

our earlier report that AAV-mediated TFEB overexpression selectively clears pathological
tau and attenuates the NFT pathology3®.

Besides lysosomal exocytosis, overwhelming evidence demonstrates that TFEB mediates
intracellular protein clearance through the autophagy-lysosomal pathway (ALP). Thus,
TFEB manipulation is expected to simultaneously affect both pathways and tau release

may be downstream of the ALP. Our results that changes of extracellular tau can be attained
by manipulating Ca?* and TRPML1 independent of autophagy supports a primary and
active role of tau exocytosis by TFEB rather than secondary to autophagy. Consistent

with our finding, Tsunemi et al. recently showed that activation of TRPML1 enhances a.-
synuclein exocytosis and prevents its intracellular accumulation in iPSC-derived neurons*®,
Nevertheless, TFEB likely modulates intracellular tau dynamics through a combined effect
of autophagy-lysosomal degradation and lysosomal exocytosis. The precise relationship of
the two pathways and the contribution of each pathway in tau clearance remains to be
deciphered. In addition, impaired lysosomal clearance and pathogenic tau accumulation in
the absence of TFEB may influence other cellular pathways, which may in turn modulate tau
secretion and spreading.

Our in vitro studies provide mechanistic support for the in vivo observation that PS19 mice
lacking TFEB is associated with reduced ISF tau and increased intracellular tau pathology
and spreading. However, it is important to note the significant differences between the two
systems. Among others, the extracellular tau measured in the conditioned media of cultured
neurons is the direct result of neuronal release whereas the ISF tau from the mouse brain
represents a combined effect of secretion and uptake from multiple cell types, particularly
microglia. In this regard, while some studies reported that microglia mediate extracellular
tau uptake and degradation®% 1, others have shown that microglia facilitate tau spreading
via exosome secretion of tau2 53, Since the microdialysis probe used here captures mainly
the monomeric and low N tau, but not oligomeric or exosomal tau?3: 92: 54, the involvement
of microglia in extracellular tau dynamics and pathological spreading is a possibility but not
addressed here. Nevertheless, since microglial TFEB is not disturbed in the cKO mice, any
contribution by microglia should be consistent between PS19 and PS19, cKO mice.

Our result that the ISF tau and intracellular pathology is inversely correlated may at

first glance appear to contradict with Holth et al., which demonstrates that chronic sleep
deprivation elevates ISF tau and increases its pathological spreading®®. Since the ISF tau
is detected by the mid-domain ELISA that does not distinguish between MTBR truncated
and full-length tau, the different outcomes could be caused by the different tau species
secreted by TFEB and sleep deprivation, but both are captured by the detection method.
Indeed, the increased ISF tau by sleep deprivation is likely dictated by neuronal activity3,
and activity-dependent neuronal release of full-length tau has been shown to promote the
propagation of tau pathology18. Our results that reduced ISF tau in PS19, TFEB cKO mice
is associated with increased synaptosomal AT8 positive phospho-tau is in keeping with this
idea and indicate that this pool of tau may contribute to augmented spreading. However,
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additional methods are needed to identify the different ISF tau species and decipher their
functional properties.

Given the correlation between NFTs and AD clinical progression, strategies aimed at
targeting toxic tau proteins and NFTs are increasingly recognized as promising therapeutic
approaches. Our findings have important implications with regard to both extracellular and
intracellular tau targeting. In terms of extracellular tau, anti-tau antibodies have been shown
to reduce tau pathology in mouse models and are currently being tested in clinical trials

as disease-modifying therapies for AD and other tauopathy conditions® 19-21. Qur results,
together with published reports32 33, indicate that a significant amount of extracellular

tau are truncated and seeding incompetent. These tau species may bind to antibodies

that recognizes the mid-domain region of tau and reduce their therapeutic efficacies.

Thus, effective tau immunotherapy should be designed to target the seeding competent

tau. With respect to the broader tau therapy, our study uncovers a physiological role of
TFEB in mediating tau exocytosis and we present evidence that this pathway acts an

active mechanism to promote tau clearance and, therefore, is therapeutically advantageous.
This, combined with our previous studies showing beneficial effects of exogenous TFEB

in addressing the tau pathology3® 47, support the concept that TFEB has the ability to
selectively target the pathological tau species for clearance through potent activation of
multiple cellular degradative pathways. Although potential side-effects should be taken into
careful consideration, this specificity and efficacy make TFEB an attractive therapeutic
target for AD and other tauopathy diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TFEB loss-of-function reduces | SF tau in PS19, but not wild-type mice.
(a) ISF tau levels in brains of WT, TFEB cKO, PS19, and PS19, TFEB cKO mice at 4-

to 5-month of age measured by ELISA. Two ways ANOVA followed by Sidak’s multiple
comparisons test. (n=8 for WT and TFEB cKO groups; n=12 for PS19 and PS19, TFEB
cKO groups). (b) Representative Western blot image of tau (K9JA) and TFEB protein levels
in brains of WT, TFEB cKO, PS19, and PS19, TFEB cKO mice at 4- to 5-month of age. (c)
Quantification of mouse tau levels in (b). Two ways ANOVA followed by Sidak’s multiple
comparisons test. (d) Quantification of human tau levels in (b). Two tailed Student’s t-test.
Data are presented as mean £ SEM (n=3 for WT and TFEB cKO groups; n=4 for PS19 and
PS19, TFEB cKO groups). Data are presented as mean + SEM. NS, not significant; **P <
0.01.
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Fig. 2. TFEB mediatestherelease of truncated mutant tau in primary neurons.
(a) Schematic of tau protein and epitopes of tau antibodies used for ELISA: Tau5 (aa 210-

241), K9JA (aa 243-441), and BT2 (aa 194-198). (b-d) Extracellular (b) and intracellular
(c) tau levels from cultured media or cell lysates, respectively, of WT and TFEB cKO
neurons at 18 days in vitro (DIV) and quantified by ELISA (Tau5/BT2 combination).

(d) Extra/intracellular tau ratio. Two tailed Student’s t-test. (n=6 of 2 experiments). (e-g)
Extracellular (e) and intracellular (f) tau levels from cultured media or cell lysates of AAV-
tau-P301L infected WT and TFEB cKO neurons at 18 days in vitro (DIV) and quantified
by ELISA (Tau5/BT2 or K9JA/BT2 combination). (g) Extra/intracellular tau ratio. Two
ways ANOVA followed by Sidak’s multiple comparisons test. (n=6 of 2 experiments).

(h) Biochemical characterization of lysosomes isolated by anti-FLAG immunoprecipitation
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(LysolP) using antibodies against: lysosomal membrane LAMP1, lysosomal lumen CTSD
and non-lysosomal cytosolic protein CDK5 and nuclear protein HDACO. (i-k) Lysosomal (i)
and cytosolic (j) tau levels from AAV-tau-P301L infected WT and TFEB cKO neurons at

18 days in vitro (DIV) and quantified by ELISA (Tau5/BT2 or KQJA/BT2 combination). (k)
Lysosomal/cytosolic tau ratio. Two tailed Student’s t-test. (n=4 of 2 experiments). Data are
presented as mean + SEM. NS, not significant; **P < 0.01; ***P < 0.001.
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Fig. 3. TFEB mediates mutant tau releasein Hel a cellsand iPSC-derived neurons.
(a) gPCR measurement of mMRNA levels of TFEB lysosomal target genes (CTSB, Cathepsin

B; CTSD, Cathepsin D; LAMP1, lysosomal-associated membrane protein 1; MCOLN1,
Mucolipin 1) in WT, TFEB KO, and TKO HeLa cells treated with 300 nM Torin1 for 6 h.
One-way ANOVA followed by Dunnett’s multiple comparisons test. (n=3 of 2 experiments).
(b-d) WT, TFEB KO, and TKO HeLa cells were transfected with tau-P301L plasmid. Two
days after transfection, culture medium and cell lysates were collected. Extracellular (b) and
intracellular (c) tau in culture media and cell lysates were quantified by ELISA respectively.
The extra/intracellular tau ratio (d) was calculated. One-way ANOVA followed by Dunnett’s
multiple comparisons test. (n=5 of 2 experiments). (€) g°PCR measurement of mMRNA levels
of TFEB lysosomal target genes in WT and TFEB OE Hel.a cells. Two tailed Student’s
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t-test. (n=3 of 2 experiments). (f-h) Extracellular (f) and intracellular (g) tau in culture
media and cell lysates were quantified by ELISA respectively. The extra/intracellular tau
ratio (h) was calculated. Two tailed Student’s t-test. (n=5 of 2 experiments). (i-k) Relative
levels of extracellular (i) or intracellular (j) tau in cultured media or cell lysates of human
iPSCs-derived neurons harboring tau R406W mutation (Mut) or its isogenic controls (WT)
treated with DMSO or Torinl (250 nM), immunoprecipitated by Taul and HJ8.5 antibodies
and quantified by ELISA. The relative extra/intracellular tau ratio (k) was calculated. Two
ways ANOVA followed by Sidak’s multiple comparisons test. (n=3-4). Data are presented
as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. TFEB-mediated mutant tau releaserequiresTRPML1.
(a-c) WT and TKO HeLa cells were co-transfected with tau-P301L and empty vector

(CMV) or MCOLNL. Two days after transfection, culture medium and cell lysate were
collected. Extracellular (a) and intracellular (b) tau in culture medium and cell lysates were
quantified by ELISA respectively. The extra/intracellular tau ratio (c) was calculated. Two
ways ANOVA followed by Sidak’s multiple comparisons test. (n=5 of 2 experiments). (d-f)
WT and TFEB OE HelLa cells were co-transfected with tau-P301L and control (CTRL)
SiRNA or MCOLN1 siRNA. Two days after transfection, culture media and cell lysate were
collected. Extracellular (d) and intracellular (e) tau in culture media and cell lysates were
quantified by ELISA. The extra/intracellular tau ratio (f) was calculated. Two ways ANOVA
followed by Sidak’s multiple comparisons test. (n=5 of 2 experiments). (g-i) WT and TFEB
cKO primary cultured neurons infected with AAV-tau-P301L were treated with ML-SI1 for
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2 hours. Extracellular (g) and intracellular (h) tau in culture medium and cell lysates were
quantified by ELISA respectively. The extra/intracellular tau ratio (i) was calculated. Two
ways ANOVA followed by Sidak’s multiple comparisons test. (n=4 of 2 experiments). Data
are presented as mean + SEM. *P < 0.05; ***P < 0.001.
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Fig. 5. TFEB cKO augmentstau pathology in vitro and in vivo.
(a) Representative images of immunostaining showing that TFEB cKO increases insoluble

misfolded tau (MC1) in seeded primary mouse neurons. WT and TFEB cKO neurons

were infected with AAV-tau-P301L at 0 DIV and brain lysate from 7-month rTg4510 mice
was added into culture medium at 10 DIV. At 18 DIV, neurons were treated with 1%
Triton-X100 to remove soluble proteins during fixation. Blue, DAPI; green, MC1. Scale bar:
200 um. (b) Quantitative analysis of (a). Two-tailed Student’s t-test. (n=4 of 2 experiments).
(c) Representative Western blot image of phospho-tau (AT8) and tau (K9JA) protein levels
in brains of PS19, and PS19, TFEB cKO mice at 12-month of age. (d) Quantification

of (c). Two tailed Student’s t-test. (n=6/group). (€) Representative Western blot image of
phospho-tau (AT8) and tau (K9JA) protein levels in cytosolic pools in brains of PS19, and

Mol Psychiatry. Author manuscript; available in PMC 2021 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Xu et al.

Page 25

PS19, TFEB cKO mice at 10-month of age. (f) Quantification of (¢). Two tailed Student’s
t-test. (n=5/group). (g) Representative Western blot image of phospho-tau (AT8) and tau
(K9JA) protein levels in synaptosomal pools in brains of PS19, and PS19, TFEB cKO mice
at 10-month of age. (h) Quantification of (g). Two tailed Student’s t-test. (n=5/group). (i)
Representative immunofluorescence images of the hippocampus using the AT8 antibody.
Scale bar: 20 um. (j) Quantification of AT8-positive area in (i). Two tailed Student’s t-test.
(n=7/group). Data are presented as mean + SEM. *P < 0.05; **P < 0.01.
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Fig. 6. TFEB cKO increases pathological tau spreadingin vivo.
(a) Representative immunofluorescence images of the ipsilateral and contralateral

hippocampus using the MC1 antibody. PS19 and PS19, TFEB cKO mice were injected with

2 pl of 7-month-old rTg4510 brain lysate at 2- to 3-month of age. Pathological tau spreading
was analyzed 6-week after injection. Scale bar: 200 pm; 100 um in zoom in. (b) Quantitative
analysis of MC1-positive areas in the ipsilateral and contralateral hippocampus of PS19 and

PS19, TFEB cKO mice. Two tailed Student’s t-test. (n=7/group). Data are presented as mean
+ SEM. *P < 0.05.
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