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Abstract

Tauopathies are a class of neurodegenerative diseases characterized by the progressive misfolding and
accumulation of pathological tau protein in focal regions of the brain, leading to insidious neurodegeneration.
Abnormalities in cholesterol metabolism and homeostasis have also been implicated in various
neurodegenerative diseases. However, the connection between cholesterol dysregulation and tau pathology
remains largely unknown. To model and measure the impact of cholesterol dysregulation on tau, we utilized a
combination of in vitro and ex vivo tau aggregation assays using an engineered tau biosensor cell line and human
induced pluripotent stem cell (iPSC)-derived neuronal cultures from an individual harboring an autosomal
dominant P301L tau mutation and from a healthy control. We demonstrate that excess cholesterol esters lead
to an increased rate of tau aggregation in vitro and an increase in seed-dependent insoluble tau aggregates
detected in the biosensor line. We observed a strong correlation between cholesterol ester concentration and
the presence of high-molecular-weight, oligomeric tau species. Importantly, in tauopathy patient iPSC-derived
neurons harboring a P301L tau mutation with endogenous forms of misfolded tau, we show that acute
dysregulation of cholesterol homeostasis through acute exposure to human plasma-purified cholesterol esters
formed by the linkage of fatty acids to the hydroxyl group of cholesterol leads to the rapid accumulation of
phosphorylated tau. Conversely, treatment with the same cholesterol esters pool did not lead to subsequent
accumulation of phosphorylated tau in control iPSC-derived neurons. Finally, treatment with a heterobifunctional,
small-molecule degrader designed to selectively engage and catalyze the ubiquitination and proteasomal
degradation of aberrant tau species prevented cholesterol ester-induced aggregation of tau in the biosensor cell
line in a Cereblon E3 ligase-dependent manner. Degrader treatment also restored the resiliency of tauopathy
patient-derived neurons towards cholesterol ester-induced tau aggregation phenotypes. Taken together, our
study supports a key role of cholesterol dysregulation in tau aggregation. Moreover, it provides further pre-clinical
validation of the therapeutic strategy of targeted protein degradation with heterobifunctional tau degraders for

blocking tau seeding.
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Introduction

The neuronal microtubule-associated protein tau encoded by the MAPT gene on Chr. 17 regulates
microtubule stability, dynamics, and axonal transport (1, 2). Moreover, as an intrinsically disordered protein
subjected to extensive post-translational modifications, tau can undergo rapid structural transitions to adopt
different proteoforms playing various roles in signal transduction, regulation of synaptic functions, and DNA/RNA
protection (3, 4). The misfolding and aggregation of tau into soluble oligomers and progressive formation of
highly ordered B-sheet-rich fibrils, paired helical flaments (PHFs), and subsequently neurofibrillary tangles
(NFTs) in neurons and glia of affected brain regions are the hallmarks of a class of neurodegenerative diseases

known as tauopathies (5). These diseases can be sporadic or inherited through mutations in the MAPT gene (6).

To date, there are no effective disease-modifying or preventative therapies for tauopathies due in part to
the incomplete understanding of the biological processes capable of driving tau misfolding and the complex
molecular mechanisms leading to neuronal death. While the aggregation of tau into NFTs is a hallmark of
tauopathies, the events leading to neuron loss and glial dysfunction may start much earlier. Growing evidence
from cellular models (7, 8), murine tauopathy models (9), and postmortem human brain studies (10) suggest that
low-molecular-weight, oligomeric forms of soluble tau may function as ‘seeds’ that act as the driver of higher-
order tau assemblies and neuronal toxicity. The notion of pathogenic, oligomeric tau seeds is consistent with the
observation that late-stage, insoluble tau tangles alone are insufficient to cause neuronal death in cellular and
animal models of tauopathy (11, 12), along with the diversity of dysfunctional cellular phenotypes observed in
tauopathy patient-derived iPSC models, including selective neuronal vulnerability to a range of cellular stressors,
despite the absence of higher-order tau fibrils and tangles (13-16). Finally, there is some evidence that oligomeric
tau ‘seeds’ can exhibit prion-like properties, as post-mortem patient-derived ‘seeds’ and recombinantly created

‘seeds’ can template the formation of tau aggregates both in vitro (10, 17, 18) and in vivo (8, 17).

Recently, growing evidence implicates cholesterol dysregulation as a driver of tau aggregation.
Cholesterol homeostasis plays a critical role in preserving neuronal homeostasis as cholesterol is an essential
building block of neuronal membranes and plays a critical role in the production and secretion of
neurotransmitters, neuronal repair, membrane remodeling, and plasticity (19-21). In Alzheimer’s disease (AD),
dysregulation of cholesterol homeostasis can alter amyloid precursor-protein processing and increase amyloid

aggregation (22). Furthermore, altered cholesterol metabolism can impair synaptic vesicle exocytosis and reduce
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neuronal activity, leading to dendritic spine and synaptic degeneration (23, 24). Findings from van der Kant and
colleagues have established a connection between cholesterol and tau aggregation, showing that cholesterol
esters, the cellular storage form of cholesterol in which its hydroxyl group is linked through an ester linkage to
the carboxylic acid moiety of fatty acids, can directly impair the proteasome, leading to tau accumulation in an

ex vivo neuronal cell model of AD (25).

To model and study the impact of cholesterol dysregulation on tau aggregation in the context of a primary
tauopathy, e.g., frontotemporal dementia (FTD), we utilized a multi-model approach to probe a causal link
between tau misfolding/oligomerization and cholesterol homeostasis dysregulation. Our findings support a two-
hit hypothesis indicating that cholesterol esters have the potential to expedite the progression of tau pathology
once seed-capable, oligomeric tau species have been established. Furthermore, we employed a new chemical
tool with specificity to misfolded tau, QC-01-175, a heterobifunctional small-molecule degrader capable of
catalyzing the E3 ligase Cereblon (CRBN)-dependent ubiquitination and subsequent proteasomal degradation
of oligomeric tau species (26, 27). Using QC-01-175, we demonstrated that dysregulation of cholesterol levels
in neurons only impacts tau when in the presence of misfolded, disease-associated tau species and in a CRBN-
dependent manner. Thus, QC-01-175 treatment effectively inhibited the tau pathology caused by exposure to
excessive cholesterol esters. Taken together, our results support the notion that targeting misfolded tau species
through proteasome-mediated degradation could be a viable strategy for preventing tau dysfunction caused by
cholesterol dysregulation and, more broadly, for developing novel, early intervention therapies for age-related
neurodegenerative diseases. Importantly, our results also support that targeting cholesterol homeostasis as a

modifier pathway of tau aggregation might be a suitable therapeutic approach.

Methods

Recombinant Tau Purification

Recombinant Htau40AK280 was purified as previously described (28). In brief, htau40AK280, encoding the
longest human Tau isoform with deleted K280 (kind gift from Mandelkow Lab, German Center for
Neurodegenerative Diseases (DZNE), Bonn) was inserted into a pNG2 vector, a derivative of commercial vector

pET3a (Novagen) containing an ampicillin resistance gene and expressed in BL21 (DE3) competent cells
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(Thermo Fischer, EC0114). Cells were grown in 1 L Luria broth containing 100 ug/mL ampicillin at 37°C shaking
at 200 rpm until ODeggo = 0.8. Tau expression was induced with 1 mM IPTG and expressed for four hours. Bacterial
pellets were collected via centrifugation at 4°C and 5,000g and resuspended in ice-cold lysis buffer (50 mM MES
pH 6.8, 1 mM EGTA, 0.2 mM MgCl;, 5 mM DTT, Roche complete protease inhibitor, 1 mg/mL lysozymes. 0.1%
Triton-X). Cells were lysed by sonification, and the supernatant was collected via centrifugation at 4°C at 5,000
g. The supernatant was then supplemented with 500 mM NaCl and submerged in boiling water for 20 minutes.
Denatured proteins were pelleted by ultracentrifugation at 4°C and 200,000 g. The resulting supernatant
containing soluble tau was collected and dialyzed against 20 mM MES, pH 6.8, 50 mM NaCl,, 1 mM EGTA, 1
mM MgClz, 2 mM DTT, and 0.1 mM PMSF overnight. After dialysis, the supernatant was applied onto a HiTrap
SP HP cation-exchange column (Cytiva, 17-1152-01), and tau was eluted using a 50 nM to 600 nM NacCl
gradient. Tau positive fractions were collected and concentrated using an Amicon 10 kDa cutoff centrifugal tubes

(Millipore, UFC5003) and gel filtrated in 30 mM Tris pH 7.5 and 2 mM DTT.
Recombinant Tau Aggregation

To create tau aggregates, 50 uM recombinant tau was incubated with 8 uM heparin in 30 mM Tris pH 7.5 and 2
mM DTT at room temperature for 7 days. Every day, fresh 1 mM DTT was supplemented into the incubation. At
the end of day 7, tau aggregates were pelleted by ultracentrifugation at 200,000g for one hour. Tau aggregates
were resuspended in PBS, pH 7.4 with 2 mM DTT, and sonicated for 15 seconds at 30% amplitude and 250
Watts to create a homogenous population of tau fibrils. Aggregate concentration was measured by absorption
at 280 nm using an extinction coefficient of 0.31 mL mg'cm™. Tau aggregates were diluted to desired
concentrations in OptiMEM and incubated with lipofectamine 2000 (ThermoFischer, 11668019) according to the

manufacturer’s instructions prior to treatments.
Thioflavin-based Tau Aggregation Assay

The formation of tau aggregates was measured using the B-sheet binding dye thioflavin T (ThT) in a 96-well
plate format based upon the principle that there is a redshift and increase in the fluorescence of ThT upon binding
to amyloids (tau aggregates). Fluorescence measurements, with excitation at 450 nm and emission at 482 nm,
were taken on an Envision 2102 Microplate Reader (PerkinElmer), with readouts taken every 20 minutes or hour

with shaking at 37°C. In seeded reactions, 1 ug of recombinant tau aggregates was incubated with 20 yM
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recombinant monomeric tau in 30 mM Tris pH 7.5, 1 mM DTT, 20 yM ThT, and 5 uM heparin and respective
LDL concentrations. In non-seeded reactions, 20 yM recombinant monomeric tau was incubated in 30 mM Tris
pH7.5 1mMDTT, 20 uM ThT, 5 uM heparin, and respective LDL concentrations. The background was corrected
for where appropriate in the absence of recombinant tau aggregates and monomeric tau. The kinetic curves

measured by ThT fluorescence were fitted to the following equation:

S;_ S
t—tso

S=Sy+ —I
1+ et

Where S, is the absorbance signal at time zero, Sy is the final absorbance, t is time, and tso is the time at which

the change in signal is 50% the maximum.
HEK293 GFP-tau Reporter Line Creation and Culture

Genes of interest were cloned into the pcDNA5S/FRT expression vector and co-transfected with pOG44 into the
HEK293 Flp-In T-Rex cell line (Thermo R78007) following the manufacturer’s instruction. Two days after the
transfection, cells were subjected to selection with 150 pg/mL hygromycin and expanded for 2 weeks. Stable
HEK293T cell lines with inducible expression of GFP-tau were grown in Dulbecco’s Modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum and 0.1% penicillin/streptomycin at 37°C and 5% humidity.

Growth media was supplemented with 150 pg/mL hygromycin every 3" passage.
Generating Cereblon Knockouts in HEK293T GFP-tau Line

Synthetic guide RNA (sgRNAs) were designed to target the CRBN gene encoding Cereblon (Target DNA
Sequence: CGCACCATACTGACTTCTTG, Target Locus: Chr.3: 3174104 - 3174126 on GRCh38) utilizing
TrueCut™ Cas9 V2 (ThermoFisher, A36498). HEK293T were seeded into 6-well plates at 250,000 cells/well the
day prior to transfection. RNPs were delivered to cells by lipofection. Prior to delivery, RNP complexes were
formed by incubating 37.5 pmol Cas9 with 37.5 pmol sgRNAs per well in Opti-MEM medium at room temperature
for 5 minutes. RNP complexes were supplemented with 500 ng EGFP mRNA (Trilink Biotechnologies, L-7201)
per well. RNP-EGFP solution was transferred to Lipofectamine CRISPRMAX Cas9 Transfection Reagent
(ThermoFisher, CMAX00001) according to manufacturer’s instructions and applied to 6-well plates in drop-wise
fashion. After 48 hours, cells were collected and sorted for GFP-positive and DAPI-negative cells using a BD

FACSAria Il Cell Sorter (BD Biosciences) into 96-well plates at 1 cell per well. Western blotting was used to
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confirm loss of Cereblon expression, and Sanger sequencing was utilized to verify indel insertion into the target

cut site (Forward primer: TGCAGCCTCCACCTTCCAGGTT, Reverse primer: TGTGGTCAGTGTTGAAGCCA).

Cell-based Tau Aggregation Assay

HEK293T cell lines with inducible GFP-tau were plated at a density of 30,000 cells per well in 96-well black clear-
bottom POL-coated plates in DMEM medium supplemented with 10% FBS, 0.1 penicillin/streptomycin, and 10
ng/mL doxycycline to induce GFP-tau expression. After 24 hours, doxycycline was removed by full media
change, and treatment with QC-01-175, LDL (Thermofisher, L3486), and tau fibrils were introduced at
appropriate concentrations in the new media. After 48 hours, cells were concurrently fixed and permeabilized in
4% paraformaldehyde and 1% Triton X-100 in PBS pH 7.4 at room temperature for 20 minutes. Afterward, cells
were washed three times with PBS. After washing, cells were incubated in PBS containing 10 ug/mL Hoescht
dye, and plates were sealed prior to imaging. Image acquisition was done using an IN Cell Analyzer 6000 (GE
Healthcare Life Sciences). Each well was imaged in a 9 x 9 grid at 20X magnification, covering = 65% of the
total well surface area. The resulting images were analyzed using the IN Cell Developer toolbox to quantify the

number of Hoescht-positive nuclei and GFP-positive puncta automatically.

Human Neuronal Cell Culture and Compound Treatment

Approval for working with  MGH Frontotemporal Disorders Unit patient-derived cells from the MGH
Neurodegeneration Repository was obtained under an MGB/MGH-approved IRB Protocol
(#2010P001611/MGH). As previously described (13, 29), fibroblasts from a behavioral-variant FTD patient
carrying an autosomal dominant tau-P301L mutation and a healthy individual were reprogrammed into iPSCs,
which were subsequently converted into cortical-enriched neural progenitor cells (NPCs) and differentiated into
neuronal cells. NPCs were cultured on polyornithine (Sigma Aldrich, P3655) and laminin (Sigma Aldrich, L2020)
coated plates (Celltreat; 229106), with DMEM/F12-B27 media (Gibco,11995) supplemented with 20 ng/mL EGF
(Sigma Aldrich; E9644), 20 ng/mL FGF (PeproTech; 100-18B), and 5 ug/mL heparin (Sigma Aldrich, H3149).
Neurons were differentiated by growth factor withdrawal and half media change twice weekly for four weeks.
Treatments were done in six-well plates on 4-weeks differentiated neurons with 2 mL media volume. One mL
conditioned media was removed from the culture, and new one mL media pre-mixed with treatments at 2X target

concentration was added and incubated at 37°C for the designated period of time. Treatments with QC-01-175,
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ZXH-4-130 (MedChemExpress, HY-132857), efavirenz (Selleckchem, S4685), and voriconazole (Selleckchem,

UK-109496) were dissolved in DMSO before addition to the media.

Cell Lysate Generation and Western Blotting

Treated neurons in 6-well plates were washed, collected in PBS, and pelleted by centrifugation. Neuronal pellets
were lysed in RIPA buffer (Boston Bio-Products, BP-115) supplemented with Roche cOmplete, EDTA-free
protease inhibitor cocktail (Millipore Sigma, 11836170001) and phosphatase inhibitor cocktail (Sigma, PO001).
Cellular debris was separated by centrifugation at 20,000g for 20 minutes. Supernatant concentration was
guantified with the Pierce BCA Protein Assay Kit (ThermoFisher, 23225) according to manufacturer instructions.
Gel electrophoresis was performed with the Novex NuPage SDS-Page Gel System by running 10 pg of total
protein on pre-cast SDS-PAGE gels (Life Technologies, NPO335). Gels were transferred onto PYDF membranes
(Millipore Sigma, IPVH00010) using standard procedures, and membranes were blocked in 5% BSA (Sigma
Aldrich, A7906) in Tris-buffer saline with 0.5% Tween-20 (TBST) (Boston BioProducts, IBB-181) for one hour
after transfer. Primary antibodies, AT8 (ThermoFisher, MN1020, 1:2000 dilution in TBST), CRBN (Abcam,
ab244223, 1:1,000 dilution in TBST), TAU5 (Abcam, ab80579, 1:500 dilution in TBST), and GAPDH (Abcam,
ab8245. 1:10000 dilution in TBST) was incubated overnight at 4°C followed by corresponding horseradish
peroxidase (HRP)-linked anti-mouse (Cell Signaling Technology, 7076V, 1:2000 dilution in TBST) or anti-rabbit
(Cell Signaling Technology, 7074V, 1:2000 dilution in TBST) secondary antibody incubation. Blots were
developed with SuperSignal West Pico Plus (ThermoFisher, 34579) and exposed to autoradiographic films
(LabScientific; XAR ALF 2025). The resulting films were scanned on an Epson Perfection V800 Photo Scanner

and protein bands densitometry was measured using ImageJ and normalized to an internal control.
Statistical Analysis

Data analysis was done using GraphPad Prism 9 (GraphPad Software) and represented as the means = SD
(*p<0.05, **p<0.01, ***p<0.001). Student’s t-tests were used for simple comparisons. Analysis of variance

(ANOVA) followed by Tukey’s multiple comparisons tests post hoc were used for multiple group comparisons.

Results
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Esterified cholesterol accelerates templated formation of recombinant tau fibrils in vitro

Thioflavin T (ThT), a fluorescent small molecule that strongly binds to p-sheet-rich tau aggregates (30),
was employed to measure the impact of excess cholesterol and cholesterol ester on in vitro tau aggregation
kinetics. We utilized non-acetylated low-density lipoprotein (LDL) derived from human plasma as a biological
carrier for cholesterol and cholesterol esters (CE). LDL contains roughly 8% cholesterol and 42% cholesterol
ester (wt/wt) (31), and in its non-acetylated form, it is readily uptaken by vertebrate cells (32). Tau aggregation
can be modeled as a nucleation-dependent growth curve that occurs through three phases: the lag phase
(dependent on the initial misfolding event), the growth phase (templated aggregation), and the plateau (substrate
dependent) (Figure 1A). We utilized heparin to induce aggregation of monomeric recombinant tau, measured as
an increase in total fluorescence. In the presence of only heparin, monomeric recombinant tau aggregation had
a calculated time for 50% aggregation (Tso) of 33.6 hours. However, in the presence of increasing concentrations
of low-density lipoprotein (LDL), the rate of tau aggregation increased with calculated Tso for heparin-induced tau

aggregation at 33.8, 25.9, and 20.7 hours for 50, 100, and 200 pg/mL LDL, respectively (Figure 1A).

To account for variations in lag phase duration and potential interactions between LDL and heparin, we
conducted the aggregation assay using recombinant tau aggregates instead of heparin to bypass the original
misfolding phase. We specifically focused on the ThT assay's linear range, which was defined as the range
between 5,000 and 65,000 relative fluorescence units (RFU). When the reactions were seeded with recombinant
tau aggregates, increasing LDL concentration in vitro increased the rate of aggregation with calculated linear
slopes of 219.5, 290.2, and 381.7 RFU/time for 50, 100, and 200 ug/mL LDL, respectively, versus a slope of
203.9 RFU/time for the control group (Figure 1B). These results show a direct correlation between tau
aggregation propensity and LDL cholesterol concentration in vitro, suggesting that a direct biological interaction

may OocCcur.

Seed-induced GFP-tau aggregation is exacerbated by LDL in a dose-dependent manner

To measure the impact of cholesterol dysregulation on tau aggregation, we first generated a stable
HEK293T line with inducible expression of N-terminal linked GFP-tau. In this tau aggregation sensor cell line,

GFP-tau aggregation upon treatment with recombinant tau seeds is detected by the formation of cytoplasmic
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GFP-positive puncta (Figure 2a, b). We employed a simultaneous fixation and permeabilization step to
selectively remove soluble forms of tau, thus increasing the concentration of aggregated species. In the absence
of seeds, GFP maintained a diffused cytoplasmic signal. Treatment with increasing concentrations (0.1 pg, 1 ug,
and 10 ug) of recombinant tau seeds led to a statistically significant dose-dependent increase of GFP-positive
puncta per DAPI-positive nuclei: 1.06+0.32, 6.27+2.35, and 12.8+3.35, respectively relative to vehicle-treated
controls (Figure 2b, c). Furthermore, adding recombinant tau seeds to a control HEK293T line expressing only

GFP did not cause puncta formation (Supplemental Figure 1).

To evaluate the impact of cholesterol dysregulation on tau aggregation in a cellular context, we added
LDL cholesterol in the presence and absence of recombinant tau seeds to the aggregation sensor line. We added
1 ug of recombinant tau seeds to the aggregation sensor line medium containing either 25 ug/mL, 50 pg/mL, or
100 ug/mL LDL. We observed a trend for the dose-dependent increase in the count of GFP-positive puncta/nuclei
of 12.4+1.60, 14.0+£2.15, and 19.4+2.54 in LDL + seeds reactions, respectively. Compared to tau seed-only
controls, the additional presence of LDL caused a statistically significant (p<0.005) 1.7 to 2.8-fold increase in the
count of GFP-positive puncta/nuclei. Furthermore, in the absence of recombinant tau seeds, LDL alone was

unable to induce the GFP-tau puncta aggregation phenotype (Figure 3).

Degradation of recombinant seeds rescues tau aggregation phenotype.

To test if GFP-tau aggregation was dependent on the presence of recombinant tau seeds, we utilized the
tau degrader QC-01-175 (33). This heterobifunctional molecule contains a pomalidomide warhead to recruit the
CUL4-RBX1-DDB1-CRBN (CRL4°RBN) E3 ubiquitin ligase complex (34) and a second warhead to bring the
complex proximal to tau species recognized by the clinical tau positron tomography tracer (PET) tracer T807
(flortaucipir) (35). The resulting ternary complex facilitates tau ubiquitination and subsequent proteasomal
degradation of the targeted tau species (Figure 4a) (26). Concurrent treatment of the HEK293T GFP-tau sensor
cells with QC-01-175 (1 uM) and recombinant tau seeds (1 pM) significantly reduced the GFP-positive
puncta/nuclei count from 8.10+1.03 in the seed-only control to 1.80+0.64 in the degrader + seed cells.
Furthermore, co-treatment with LDL (50 ug/mL), tau seeds (1 pg), and QC-01-175 (1 uM) rescued the LDL-

exacerbated aggregation phenotype (13.1+2.12 puncta/nuclei) to 2.68+1.45 GFP-positive puncta/nuclei (Figure
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4a and 4c). As a control for the dependency of QC-01-175 on an interaction with the CRL4°RBN E3 ubiquitin ligase
complex, we generated a Cereblon gene (CRBN) knockout in the background of the GFP-tau aggregation sensor
HEK293T cell line using CRISPR-mediated genome engineering (Supplemental Figure 2). The loss of CRBN
rescued the effect of the tau degrader QC-01-175, preventing the degradation of tau species (Figure 4a).
Concurrent treatment of CRBN” GFP-tau cells with QC-01-175 (1 yM) and tau seeds (1 pg) caused no significant
effect in GFP-positive puncta/nuclei compared to the tau seed-only control. Furthermore, CRBN” GFP-tau cells
co-treatment with QC-01-175 (1 pM), LDL (50 pyg/mL), and tau seeds (1 ug) also showed no significant difference
in the number of tau puncta compared to the LDL (50 ug/mL), and tau seeds (1 pg) only control. Notably, further
addition of LDL (50 pg/mL) and tau seeds (1 pg) into CRBN”" GFP-tau cell media caused a significant increase

in GFP-positive puncta/nuclei to 13.11+2.12, compared to the seed-only control of 8.10+£1.03 (Figure 4c).

Cholesterol dysregulation enhances tau accumulation in a human neuronal cell tauopathy model

To investigate the role of tau accumulation and seed-competent tau oligomers in human neurons, we
employed patient iPSC-derived neuronal cell models, which are highly relevant for studying neurodegenerative
disease phenotypes taking into account the original genetic context and by not requiring overexpression of any
transgene (15, 36, 37). To this end, we used iPSC-derived neurons from an FTD patient carrying an autosomal
dominant tau-P301L mutation. This patient-specific tauopathy model expresses tau at endogenous levels, and
our previous studies have shown that it reproduces disease-relevant tau biochemical and cellular phenotypes

(26).

Leveraging the existence of these ex vivo tauopathy phenotypes, we sought to validate the use of small-
molecule probes of cholesterol metabolism to determine if the increase or reduction of intracellular cholesterol
levels affects tau biochemistry in the context of human tauopathy neurons. To this end, we first showed that
perturbation of cholesterol turnover via activation or inhibition of Cytochrome P450 46A1 (CYP46A1), the primary
metabolizer of neuronal cholesterol (38) (Figure 5a), modulated the ratio of p-tau (pTau S202/T205 detected by
the AT8 antibody) to total tau in the iPSC-derived neurons. Treatment of 4-week-old differentiated neurons for
24 hours with efavirenz (0.1 uM or 1 uM), a CYP46A1 activator, led to a reduction (19% and 79% respectively)

in the P-tau/total tau levels relative to controls (Figure 5b and 5c). The use of a higher concentration of efavirenz
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(10 uM) led to a 31% increase in the P-tau/total tau ratio, consistent with previous literature showing the inhibitory
effects of efavirenz on CYP46A1 at high concentrations, and thus increased cholesterol (39). Conversely, 24-
hour treatment with a potent CYP46A1 inhibitor, voriconazole, resulting in decreased cholesterol turnover,
caused a marked 4.20- and 5.89-fold increase in P-tau/total tau relative to controls. Finally, similar to the results
with the tau aggregation sensor line, the addition of LDL (50 pg/mL or 100 pug/mL) to the neuronal cultures caused

a significant 6.17- and 6.05-fold increase, respectively, in P-tau/total tau (Figure 5B and 5C).

To compare and control for specificity, we utilized an iPSC-derived neuronal cell model from a healthy
individual without a genetic predisposition for disease or tau mutations. Changes to cholesterol turnover in the
control neurons by activating CYP46A1 with efavirenz (0.1-10 yM) for 24 hours did not result in any measurable
increase in the P-tau/total tau compared to vehicle controls. Likewise, inhibiting cholesterol turnover with
voriconazole (1 uM or 10 uM) for 24 hours also had no impact on P-tau/total tau. Finally, treatment of control
neurons with LDL (50 pg/mL or 100 pug/mL) did not induce a significant change in P-tau/total tau relative to
vehicle-treated controls (Figure 5d). Overall, the results in iPSC-derived neuronal models demonstrate that an
increase in p-tau caused by cholesterol turnover inhibition or the addition of exogenous LDL occurred exclusively

in the tau-P301L neurons.

Tau degradation can rescue CE-induced tauopathy in a neuronal cell model

To determine if the CE-induced tauopathy is dependent on the presence of misfolded tau in our ex vivo
neuronal model, we once again utilized the tau degrader QC-01-175, previously shown to reduce p-tau/total tau
in the patient iPSC-derived neuronal cell model (26). Treatment of tau-P301L neurons at 4 weeks of
differentiation with QC-01-175 (1 pM) for 24 hours led to a 66% reduction in P-tau/total tau ratio relative to the
untreated controls, based on the levels of P-tau S202/T205 detected by the AT8 antibody (Figure 6). In
agreement with the results in Figure 5, neuronal treatment with LDL (50 pg/mL) led to a 5.89-fold increase in P-
tau/total tau relative to vehicle-treated controls. In contrast, co-treatment with LDL (50 pg/mL) and QC-01-175 (1
HM) rescued the P-tau/total tau to basal levels (Figure 6). Conversely, pre-treatment (6 hours) of P301L neurons
with ZXH-4-130 (1 uM), a potent heterobifunctional CRBN degrader (Figure 6), followed by co-treatment with

QC-01-175 (1 pM) and LDL (50 pg/mL) no longer reduced P-tau/total tau (Figure 6). Altogether, this data
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establishes a link between misfolded tau phenotypic exacerbation by adding exogenous LDL and provides

functional evidence for QC-01-175 effect on tau levels dependency on CRBN levels/activity.

Discussion

Under normal physiological conditions, tau is a highly soluble protein that exhibits little propensity to self-
aggregate (40). However, many polyanionic co-factors, such as heparin (41), RNA (42), and fatty acids (43),
have been shown to induce tau aggregation in vitro. It is postulated that tau aggregation occurs along a
nucleation-elongation pathway, whereby stress-inducing detrimental cellular events can lead to tau molecules'
self-association to form an oligomeric seed. Subsequently, other tau molecules join or are recruited by the
oligomeric seed, giving rise to higher-order aggregates, protofibrils, and ultimately neurofibrillary tangles

observed in tauopathies (44).

Here, we propose a two-hit hypothesis of CE’s ability to accelerate tau aggregation in a seed-dependent
manner. In vitro, we show that exogenous CE can accelerate the rate of recombinant tau aggregation in the
presence of misfolded tau induced by heparin in a dose-dependent manner (Figure 1A). In the absence of a
misfolding inducer, LDL can accelerate tau aggregation in vitro when in the presence of preformed recombinant
tau seeds, also in a dose-dependent manner (Figure 1B). To further test the two-hit hypothesis that CE
accelerates tau aggregation in a seed-dependent manner, we employed a GFP-tau aggregation sensor
HEK293T line (Figure 2). In this system, LDL alone does not affect tau aggregation, as evidenced by the lack of
increased GFP-positive puncta. However, when cells are co-treated with recombinant tau seeds and LDL, we
observe a significant increase in GFP-positive puncta compared to cells treated with tau seeds alone (Figure 3).

Therefore, LDL enhanced the effect of tau seeds to promote GFP-tau aggregation.

We further measured the impact of exogenous LDL on endogenous tau aggregation in human neurons
by utilizing two ex vivo iPSC-derived neuronal models, one harboring a tau-P301L mutation and one healthy
control. We postulated that tau-P301L neurons would have the appropriate cellular and protein conditions to
drive the initial tau misfolding events. Therefore, adding LDL would exacerbate tau misfolding and accumulation,
as quantified by the ratio of P-tau to total tau. Of note, despite prolonged differentiation periods, iPSC-derived

neurons are relatively immature compared to a human brain, and at endogenous expression levels, tau does not

13


https://doi.org/10.1101/2023.12.11.571147

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.11.571147; this version posted December 12, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

form aggregates nor fibrils. Nonetheless, an early accumulation of P-tau species and high-molecular-weight
oligomeric species of reduced solubility correlate with neuronal toxicity in patient-derived neurons but not controls
(33). As such, changes to specific P-tau species, such as P-tau S202/T205 (AT8 antibody), are considered as
being disease-relevant and were employed in this study as a readout for improvement or worsening of tau
accumulation by CE in human ex vivo neurons. Indeed, the addition of exogenous LDL caused a significant
increase in the P-tau /total tau compared to the untreated control. Conversely, in control neurons, which lacked
the cellular environment for tau to misfold, there was no significant difference (or increase or appearance of) in
p-tau levels relative to its respective untreated controls (Figure 5d). We orthogonally validate these results
utilizing a small-molecule approach with efavirenz and voriconazole, which activate or inhibit cholesterol turnover
in the neuronal system, respectively. In addition, this approach allowed us to orthogonally validate the use of
LDL as a carrier for cholesterol and CE, as about half its mass can be accounted for by apolipoproteins,
phospholipids, and triglycerides (31). In accordance with our earlier results, we showed that inhibition of
cholesterol turnover increased P-tau levels only in the P301L tau mutation line, whereas the healthy control line

remained unchanged (Figure 5).

It was not surprising that CE alone did not promote the misfolding of monomeric tau, as it lacks the
polyanionic charges of common tau fibrillization co-factors. However, fatty acids are exceptionally efficacious
drivers of tau fibrillization in physiological conditions, partly due to the anionic head groups and ability to form
micelles (43, 45). In fact, evidence from murine models has shown P-tau localization in lipid rafts, suggesting
potential interactions between P-tau and membrane lipids (46). Therefore, it is possible that CE, as the
conjugated storage form of cholesterol and fatty acids, may directly interact with tau or its misfolded conformers.
Furthermore, CEs are stored as lipid droplets, which have been shown to accumulate in neurons in an age-
dependent manner and in tauopathies (47). Since misfolded tau can localize along the plasma membranes (48)
and reach critical concentrations capable of promoting folding and condensation (49), one hypothesis is that
increasing lipid droplet concentration and thereby increasing phospholipid surface areas associated with lipid
droplets provided a cellular environment conducive to tau aggregation. Our in vitro and ex vivo model system
studies support a model where the aforementioned environment can significantly increase the rate of tau

aggregation.
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To further validate the idea that the effect of CE on tau aggregation relies on the presence of seed-
competent tau, we employed QC-01-175, a bifunctional tau degrader previously shown to rescue toxicity
associated with FTD patient-derived neurons by targeting disease-linked forms of tau, i.e., misfolded species
(26). Treatment with QC-01-175 reduced recombinant tau seeds and GFP-tau aggregation in the HEK293 sensor
line and promoted the reduction of tau in a tau-P301L patient-derived neuronal model. Notably, this treatment
effectively nullified the ability of CE to accelerate tau accumulation/aggregation across the model systems
employed. We corroborated these findings through orthogonal methods, with a CRISPR-mediated functional
knockout of CRBN in the HEK293T sensor line and using a small molecule to induce the degradation of CRBN
in the P301L tauopathy model. Both approaches demonstrated that the loss of CRBN abolished the activity of
QC-01-175, supporting the idea that proteasomal degradation was the mechanism of tau reduction in both

systems (Figures 4 and 6).

It is worth noting that previous research has suggested that CE could directly inhibit proteasome activity
in an AD neuronal model (25). Here, the fact that QC-01-175 could degrade P-tau species in an excess CE
environment implies that the degrader may function even in a compromised proteasomal environment. This
finding has significant therapeutic implications, given that proteasome functionality has been reported to decline
with age (50). However, it is also possible that the impact of CE, at different concentrations and on different
forms of tauopathy (e.g., AD vs. primary tauopathy) phenotypes may vary, as the consequences of dysregulated

cholesterol homeostasis can differ significantly between proteinopathies and brain regions(51).

Altogether, these results suggest that targeting misfolded tau species through proteasome-mediated
degradation could be a viable strategy for preventing tau dysfunction caused by cholesterol dysregulation and,
more broadly, developing novel therapies for early intervention in age-related neurodegenerative diseases.
However, while tau degraders show great therapeutic potential for tauopathies, one concern is that the already
hindered proteasome catalytic activity in aged neurons might not be sufficient to degrade enough misfolded-
aggregated tau (52). Therefore, it is urgent to investigate multiple avenues of intervention, specifically targeting

modifier pathways of tau aggregation, such as cholesterol homeostasis.

Conclusion
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In conclusion, we provide evidence for CE's ability to accelerate tau aggregation in a seed-dependent
manner in an in vitro and ex vivo system. Furthermore, we showed the rescue of CE-attributed phenotypes
through direct degradation of exogenous or endogenous misfolded tau species. In addition, the data provided
here suggests that in addition to the ability of heterobifunctional tau degraders to directly lower levels of misfolded
tau species, their ability to block intracellular tau seeding and negate the effect of dysregulated cholesterol via
proteasomal degradation can potentially be a viable therapeutic option for age-related neurodegenerative

disease.
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Figure 1. In vitro ThT binding assay of recombinant tau in the presence of LDL. A)
Aggregation kinetics of recombinant Htau40AK280 (20 uM) incubated in Tris pH 7.5 (30 mM),
DTT (1 mM), Thioflavin (20 uM), heparin (5 uM) and 0 ug/mL (blue), 25 ug/mL (green), 50 ug/mL
(orange), or 100 pg/mL (pink) of LDL. Kinetic curves were fitted as described in Methods.
Calculated Tso was 33.6 (33.0 to 34.4), 33.8 (33.2 to 34.6), 25.92 (25.3 to 26.5), and 20.7 (20.5
to 20.9) hours for 0, 25, 50, and 100 ug/mL treatment respectively. B. Aggregation kinetics of
recombinant tau seeds (1 ng) incubated with recombinant Htau40AK280 (20 uM) incubated in
Tris pH 7.5 (30 mM), DTT (1 mM), Thioflavin (20 uM), and O pg/mL (blue), 25 ug/mL (green), 50
ug/mL (orange), or 100 ug/mL (pink) of LDL. Linear range of assay plotted to measure rate of
aggregation as a function of the fluorescence intensity over time. Calculated linear slopes were
204 (194 to 214), 220 (209 to 230), 290 (277 to 304), 382 (356 to 408) for 0, 25, 50, and 100

ug/mL treatment respectively. N = 5 for each individual timepoint, parenthesis represents 95%
confidence interval, and error bars are SD.
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Figure 2. HEK293 GFP-tau Aggregation Assay. A) Schematic representation of non-seeded
and seeded GFP-tau. B). Representative images of GFP-tau aggregation assay dose-response
to recombinant tau seeds. Nuclei were stained with DAPI (blue) Scale bar is 15 um. Exogenous
tau seeds delivered in lipofectamine 24 hours after GFP-tau induction. Cells were fixed and
permeabilized simultaneously 48 hours after seed delivery. C) Quantified dose response of GFP-
tau aggregation to recombinant tau seeds. Puncta were automatically quantified using a custom
InCell Developer script function and normalized to the number of nuclei detected per image. N =
27 and error bars are SD. *P<0.05, ***P<0.001 by unpaired two-tailed Student’s t-test.
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Figure 3. LDL Enhances Tau Seeding Characteristics in the GFP-tau Seeding Assay. A) Schematic
representation of the pathways targeted by each treatment paradigm. B) Quantified GFP-tau
aggregation dose-response to exogenous LDL. LDL and 1lug of exogenous tau seeds were delivered
simultaneously 24 hours after GFP-tau induction. Cells were fixed and permeabilized simultaneously
48 hours after seed delivery. Puncta were automatically quantified using a custom InCell Developer
script function and normalized to the number of nuclei detected per image. N = 27, error bars are SD.
**P<0.01, ***P <0.001 by one-way ANOVA between each of the three groups with post-hoc Bonferroni
corrections. C) Representative images from GFP- tau aggregation assay. Nuclei were stained with DAPI

(blue). Scale bar is 15 um.
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Figure 4. Degradation of recombinant tau seeds rescues LDL-enhanced aggregation phenotype
in a Cereblon-dependent manner. A) Schematic representation of recombinant tau seed degradation
in the absence and presence of CRBN. B) Quantified GFP-tau aggregation assay. CRBN KO and WT
GFP-tau sensor lines were treated with a combination of tau degrader QC-01-175 (1 uM), recombinant
tau seeds (1 ng), and/or LDL (50 pug/mL) concurrently. ***P <0.001 by unpaired two-tailed Student’s t
test. N = 27, error bars are SD. C) Representative images from GFP-tau aggregation assay. Images

correspond to conditions stated in B. Nuclei were stained with DAPI (blue). Scale bar is 15 pum.
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Figure 5. Cholesterol dysregulation induces pTau accumulation in an iPSC-derived neuronal
model harboring a P301L tau mutation. A) Cholesterol and tau aggregation pathways showing implied
mechanism of action by efavirenz, voriconazole, and LDL treatment. B) Semi-quantitative densitometry
measurements of the ratio of pTau (AT8) to total tau (TAU5) relative to untreated controls and
normalized by loading control GAPDH of 4-week differentiated neurons. Unpaired two-tailed Student’s t
test were performed between control and treatment groups. N = 5, error bars are SD. *P< 0.05 and
***P<0.001 by unpaired two-tailed Student’s t test. C) Representative western blot of treatments in 4-
week differentiated neurons harboring a P301L tau mutation. D) Representative western blot of
treatment in 4-week differentiated neurons derived from a healthy individual (not quantified).
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Figure 6. QC-01-175 degrades native misfolded tau and rescues LDL-induced ptau ratios in iPSC-
derived P301L tau model. A) Semi-quantitative densitometry measurements of the ratio of p-tau (AT8)
to total tau (TAUS) relative to untreated controls and normalized by loading control GAPDH of 4-week
differentiated neurons. Treatment was conducted for 24 hours with concurrent treatment with LDL and/or
QC-01-175. The treatment group containing ZXH-4-130 were pre-treated with ZXH-4-130 prior to 24-
hour treatment with LDL and/or QC-01-175. Unpaired two-tailed Student’s t test were performed
between control and treatment groups. *** P<0.001 by unpaired two-tailed Student’s t test. N = 5, error
bars are SD. B) Representative western blot of 24-hour treatment in 4-week differentiated P301L
neurons.
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Supplemental Figure 1. Additional HEK293 GFP-tau Aggregation Assay Control. A) Quantified
dose response of HEK293T expressing GFP-tau and GFP only to recombinant tau seeds. Puncta were
automatically quantified using a custom InCell Developer script function and normalized to the number
of nuclei detected per image. N = 27 and error bars are SD. ***P<0.001 by unpaired two-tailed Student’s
t-test. B) Representative images of GFP-tau and GFP only aggregation assay dose-response to
recombinant tau seeds. Nuclei were stained with DAPI (blue) Scale bar is 15 um. Exogenous tau seeds
delivered in lipofectamine 24 hours after GFP-tau induction. Cells were fixed and permeabilized
simultaneously 48 hours after seed delivery.
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Supplemental Figure 2. Cereblon Knockout Validation. A) Confirmational western blot of single-cell
sorted clones lacking expression of Cereblon. B) Sanger sequencing alignment for knockout clone #5

around target site.
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