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Abstract
The tauopathies are a collection of clinically and pathologically diverse neurodegenerative disorders
characterised by tau pathology. The tau protein exists as multiple protein isoforms in the adult human CNS,
generated by alternative splicing of the MAPT gene. Disruptions to tau splicing are associated with a number of
tauopathies, however, in vitro and in vivo models to understand the consequences of disrupted tau splicing have
been lacking, due in part to species differences in tau splicing and the developmental regulation of tau in human
neurons.  We investigated the utility of iPSC-derived cerebral organoids to model key aspects of tau
biology. Cerebral organoids showed high variability in neuronal content and tau expression. To reduce this
heterogeneity, we generated engineered cerebral organoids (enCORs), which use a �oating scaffold to increase
the e�ciency of neural induction and reduce heterogeneity. We show that enCORs provide a robust and
reproducible in vitro system for the analysis of tau expression and splicing in a 3D model. To investigate the
effect of tau mutations, we generated enCORs from an isogenic series of iPSC with the MAPT 10+16 and P301S
mutations. The presence of tau splicing mutations results in disease-associated alterations in tau expression,
speci�cally a dose-dependent increase in 4R tau isoforms in the presence of the MAPT 10+16 variant. While the
developmental regulation of tau splicing is conserved, maturation of tau splicing is accelerated in 3D cultures
compared to 2D cultures. Finally, enCORs with coding mutations in MAPT are able to produce seed-competent
tau species, suggesting enCORs recapitulate early features of tau pathology. In summary, enCORs provide a
novel, robust in vitro system for the study of tau in development and disease.

Introduction
Hyperphosphorylated, insoluble aggregates composed of the microtubule associated protein tau de�ne a group
of clinically and pathologically diverse neurodegenerative diseases collectively called the tauopathies.  Tau is
primarily known for its a role as a microtubule stabilising protein, although its multifunctional nature is
becoming increasingly recognised, with roles in the nucleus andcell signalling (1–3).  Tau is present in the adult
human CNS as multiple protein isoforms generated by alternative splicing, with either 0, 1 or 2 N-terminal inserts
(0N, 1N, 2N) and either 3 or 4 C-terminal repeats (3R, 4R)(4).  The precise stoichiometry of tau isoforms is tightly
regulated: the levels of 3R and 4R in the adult human CNS are approximately equal, and this appears to have a
direct in�uence on neuronal viability, as mutations in MAPT that disrupt tau splicing are causative of
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP17T) (5,6).  Pathological tau
aggregates can be composed of all tau isoforms – for example in Alzheimer’s Disease – or a subset of tau
isoforms, such as progressive supranuclear palsy (PSP), corticobasal degeneration (CBD) and FTD with splice-
site mutations in MAPT, all of which show a predominant deposition of 4R isoforms(1).

The development of in vitro models to study the complex regulation of tau splicing and its involvement in
disease requires splicing of MAPTthat recapitulates the complex patterns of tau protein isoforms seen in the
human brain.This has been challenging to the �eld due to the cell type and species-speci�c regulation of tau
expression, however there are multiple reasons why an in vitro, human system with tau expression and splicing
patterns that resemble the adult CNS are essential.  Although splice-site mutations in MAPT were discovered in
1998(5), we know little about the mechanism by which relative increases in certain isoforms can drive
neurodegeneration.  Recent progress has enabled detailed structures of tau �laments from multiple tauopathies
to be resolved using cryo-EM(7–10).  This work has shown that distinct tauopathies are characterised by unique
structures, which are (in part) a result of the deposition of speci�c tau isoforms.



Page 3/30

The directed differentiation of induced pluripotent stem cells (iPSC) into speci�c neuronal subtypes provides an
unlimited supply of human neurons that can be used to study disease mechanisms.  Multiple groups have used
this approach to successfully study tauopathies (11).  While this is a promising approach, a major challenge is
overcoming the developmental regulation of tau; during fetal stages, the 0N3R isoform constitutes the majority
of tau(12,13), a phenomenon recapitulated in iPSC-neurons by multiple groups(14,15).  Although multiple tau
isoforms can be observed in iPSC-neurons, this can require long-term culture (150-365 days) and/or the presence
of splice mutations in MAPT, and it remains to be determined whether these recapitulate the precise
stoichiometry of tau splicing seen in the adult brain (14,16–19).

There is some evidence that culturing cells in 3D may accelerate the appearance of 4R tau isoforms(20,21).A
direct comparisonof neurons derived from immortalised neural stem cells that were either cultured in an
adherent monolayer or in a 3D suspension in Matrigel showed earlier expression of 4R tau in the 3D
cultures(20).In 3D cultures from iPSC-neurons, transcripts for all tau isoforms were detected after 25 weeks(21). 
Cerebral organoids provide an alternative approach to generate 3D models of neurological disease that are more
physiologically relevant in several aspects.  By providing a permissive environment for pluripotent cells to
differentiate using their intrinsic differentiation cues, organoids contain multiple neuronal subtypes together with
some of the physical architecture of the developing brain(22–24).  Organoids have been successfully used to
model neurodevelopment and are increasingly being used to model neurodegenerative disease(25,26).One of the
limitations in the use of cerebral organoids has been the high variability between batches of organoids, with
neural induction e�ciencies ranging between 30-100% (24).   The use ofpoly(lactic-co-glycolic acid)(PGLA)
copolymer �bres as �oating scaffolds promotes the e�ciency of neural induction by providing an optimal
surface-to-volume ratio(24). The resulting engineered cerebral organoids (enCORs) have an increased neuronal
content, reduced levels of alternative cellular identities, and reduced heterogeneity between batches(24).  A
detailed investigation of tau expression and splicing in cerebral organoids and enCORs has not yet been
described.

Here, we show that cerebral organoids are highly variable in terms of neuronal content and tau expression,
whereasenCORs provide a robust and reproduciblein vitro system for the study of tau expression and splicing. 
The developmental regulation of tau splicing is preserved in enCORs, however the development of a mature tau
isoform signature is accelerated in comparison to 2D cortical neuronal differentiation.  Using a previously-
described panel of isogenic iPSC(19), we show a dose-dependent effect of the MAPT 10+16 mutation on excess
of 4R tau expression.  Finally, MAPT mutation enCORs can induce the seeding of tau aggregation in a tau
biosensor assay, suggesting enCORs contain early forms of pathological, seed-competent tau.

Methods
iPSC culture

Control lines used for cerebral organoid generation were described previously [14]. Isogenic iPSC with MAPT
mutations were generated by Janssen and obtained from EBiSC (https://ebisc.org)(19).  iPSC with the following
MAPT genotypes were used and the EBiSC accession numbers are given in parentheses:WT (SIGi001-A-1),
10+16m mono-allelic (SIGi001-A-13), 10+16bibiallelic (SIGi001-A-12), and 10+16 biallelic/P301S biallelic
(SIGi001-A-10).

https://ebisc.org/
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iPSC lines were cultured in feeder-free conditions on plates coated with Geltrex (Gibco, A14133-02) diluted 1:100
with DMEM/F12 (Gibco, #10565-018). Cultures were fed daily with Essential 8 media (Gibco, #A15169-01, +
Supplement, Gibco, #A15171-01) and passaged every 5–7 days using 500µM EDTA (Invitrogen, #15575-038).

Differentiation of iPSC into 2D cortical neurons

Differentiation of iPSC into cortical neurons was performed as described in Shi et al (Shi et al, 2012). Brie�y,
iPSC lines were grown to 100% con�uence before switching to neural induction media, which is N2B27 neuronal
maintenance media containing 10μM SB431542 (Tocris) and 1 μMDorsomorphin (R and D systems,#1614/10).
N2B27 neuronal maintenance media consisted of a 1:1 mixture of Dulbecco's modi�ed eagle medium F12 and
Neurobasal (Gibco, #12348-017) supplemented with 0.5% N2 (Gibco, #17502-048), 1% B27 (Gibco, #17504044),
0.5% non-essential amino acids (NEAA) (Sigma, #M7145), 1 mM L-glutamine (Gibco, #25030081), 25U pen/
strep (Gibco, #H4034-100G), 10 μM β-mercaptoethanol (Gibco, #31350-010) and 25U insulin (Sigma, #19278-
5ML). Neural induction media was replaced daily, and 10-12 days post-induction the neuroepithelial layer was
detached using dispase (Invitrogen,#17105-041), re-plated onto laminin-coated wells (Sigma, #L2020, 1:100
diluted in PBS, Gibco, 10010023) in N2B27 maintenance media without SB43142 and Dorsomorphin. Media was
replaced every 3 days and precursors were passaged using dispase onto fresh laminin-coated plates every 5-7
days. The �nal passage was performed at day 35 using accutase (Gibco #A11105-01), and cells were plated at a
�nal density of 50,000 cells per cm2 onto plates coated with poly-ornithine (Sigma, #P4957) and laminin, and
maintained in N2B27 media until the required timepoint.

Differentiation of iPSC into 3D cerebral organoids

Cerebral organoids were generated using the protocol described by Lancaster et al (27).  Brie�y, iPSC were
detached from plates using EDTA, prior to dissociation into single cells using accutase. Single cells were plated
into low attachment round bottomed 96 well plates (CoStar, #7007) at a density of 9000 cells per well in low
FGF/standard organoid hESC media: DMEM F12 with the addition of 10% knock out serum replacement
(Thermo #10828028), 3% embryonic stem cell quality fetal bovine serum (ESC-Quality FBS) (Invitrogen, #10828-
028), 1% GlutaMAX (Invitrogen, #35050-038) , 1% non-essential amino acids (NEAA) and 0.1 mM β-
mercaptoethanol,  bFGF (Peprotech, #100-18B) at 4ng/mL and 50mM Y-27632 ROCK inhibitor (VWR, #688000-
5). Embryoid bodies were fed every 48h. At day 6 the embryoid bodies were transferred to low attachment 24
well plates (Corning, #3473) and induction media added: DMEM F12 with the addition of 1% N2 supplement, 1%
NEAA and Heparin (Sigma, #H3149-25KU) to a �nal concentration of 1µg/mL.

At day 10-12 the neuroepithelial tissues were embedded in 20-30µL of Matrigel (BD Biosciences, #356234) using
para�lm moulds and allowed to polymerise at 37°C. The embedded organoids were then placed in a 5cm tissue
culture dish (Corning, #430589) containing Cerebral Organoid Differentiation Media (CODM) without Vitamin A:
1:1 ratio of DMEM-F12 Medium and Neurobasal Medium, 0.5% N2 supplement, 0.025% Insulin, 1% GlutaMAX
supplement, 0.5% NEAA, 0.5% Penicillin Streptomycin (Gibco, #H4034-100G), 50mM β-mercaptoethanol, 2% of
B27 supplement without Vitamin A (Gibco, #12587010).

The media was replaced after 48h with CODM with the addition of vitamin A within the B27 supplement and
moved onto an orbital shaker at 55-85 rpm (IKA, #0009019200). Once transferred to the shaker, media was
replaced every 3-4 days until the required time point. Phase contrast images of organoids were taken using an
Olympus CKX41 phase contrast microscope.
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Engineered Cerebral Organoids (enCORs) using iPSC and PLGA �bers

Engineered cerebral organoids (enCORs) were generated according to the protocol described by Lancaster et al
(24) .  PLGA Vicryl violet sutures (Ethicon, #W9567) were cut into pieces <1mm in length. 5-10 �bres were placed
in each well of a 96 well round bottomed low attachment plate. 18,000 iPSC cells (prepared as described above)
were seeded per well on top of the �bres. Embryoid bodies were maintained as described above, embedded in
Matrigel at day 11-12 but kept in induction media from days 5/6 to days 12/13. Two days post-embedding, the
media was changed to Improved Differentiation Media minus vitamin A (IDM-A): 1:1 ratio of DMEM-F12 Medium
and Neurobasal Medium, 0.5% N2 supplement, 0.025% Insulin, 1% GlutaMAX supplement, 0.5% NEAA, 0.5%
Penicillin Streptomycin, 50mM 2-mercaptoethanol, 2% of B27 supplement without vitamin A. On days 13-16
3mM CHIR99021 (Tocris, #4423) was added to the media.

At day 18-20 enCORs were moved to the orbital shaker at 85rpm, to give them a throw of 10mm. From day 20
onwards Improved Differentiation Media plus Vitamin A & C + HEPES (IDM+vA) was used: a 1:1 mix of  DMEM-
F12 Medium andNeurobasal Medium, 0.5% N2 supplement, 0.025% Insulin, 1% GlutaMAX supplement, 0.5%
NEAA, 0.5% Penicillin Streptomycin, 50mM b-mercaptoethanol, 2% of B27 supplement with Vitamin A, 0.5µg/mL
Vitamin C / Ascorbic acid (Sigma, #A4403-100MG), 1.49g HEPES per 500mL (Sigma, #H4034-100G). The media
was changed every 3-4 days and 1% Matrigel was added to the media from day 40 onwards. Phase contrast
images of organoids were taken using an Olympus CKX41 phase contrast microscope.

Generation of Forebrain Organoids

Forebrain organoids were generated according to the protocol described by Qian et al (28). Brie�y, EBs were
generated as described in the cerebral organoid protocol, with the addition of 2 μM SB431542 and 2
μMdorsomorphin to the embryoid body media as well as the omission of bFGF. Embryoid bodies were fed every
48h and were not transferred to 24-well plates remaining in the 96-well plates. On day 6 dual SMAD cerebral
organoid induction media was added. Similar to the cerebral organoid induction media but with the addition of
1mM SB431542 and 1mM CHIR99021. At day 7 the neuroepithelial tissues were embedded in 20-30µL of
Matrigel and embedded organoids were then placed in a 5cm tissue culture dish containing dual SMAD
induction media.

The media was replaced at day 14 with CODM with the addition of vitamin A and moved onto an orbital shaker
at 55-85 rpm. Once on the shaker the media was replaced every 3-4 days.

Fixation of organoids and preparation of frozen sections

Whole COs and enCORs were �xed in 4% paraformaldehyde for 30 min at RT, washed with PBS and immersed in
30% sucrose overnight at 4°C. Samples were embedded in optimum cutting temperature compound (OCT) and
10 µm sections cut using a cryostat.

Immunocytochemistry
Tissue sections were permeabilised using PBS 0.3% Triton X-100 (PBS-T), blocked with 5% bovine serum
albumin (BSA) in PBS-T for 1 hour before incubation with primary antibodies (Table 2) diluted in blocking
solution overnight at 4°C. Slides were then washed with PBS-T, incubated with secondary antibodies (Table 4) at
1:1000 concentration for 1h at RT. Following PBS-T washes, nuclei were stained with 4',6-diamidino-2-
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phenylindole (DAPI) (Sigma) for 5 mins and then washed with PBS-T.  A coverslip was attached to the slide
using Fluorescent Mounting Medium (DAKO, #53023) and stored at 4°C.

Slides were imaged using a Leica CTR6000 and Hamamatsu C10600 camera.

SDS-PAGE and Western Blotting

3D or 2D neuronal cultures were lysed in RIPA buffer (10mM Tris-CL, 1mM EDTA, 0.5mM EGTA, 1% Triton X-100,
0.1% Sodium Deoxycholate, 0.1% SDS, 140mM NaCl) or TRIS lysis buffer ( 25mM Tris-HCL, 0.8M sodium
chloride, 1mM EGTA, 50mM imidazole, 25mM beta-glycerophosphate, 20mM sodium �uoride, 10mM sodium
pyrophosphate, 0.5mM phenylmethylsulfonyl �uoride). Protease inhibitors (Roche, #11836170001) and
phosphatase inhibitors (Roche, #04906845001) were added just before use.Protein concentrations were
determined using BCA assay (Biorad), and 4x LDS loading buffer (Invitrogen, #NP0007) supplemented with 20%
DTT was added to equal amounts of protein before heating at 98°C for 10 min and centrifugation for 3 minutes
at 12000gav. Samples were electrophoresed on 4-12%- SDS-PAGE gels (Invitrogen, #NP0321BOX) at 150V for 3h
in running buffer (MES NuPAGE SDS, NOVEX, #NP0002) prior to transfer onto nitrocellulose membrane (GE
Healthcare, #10600003) in transfer buffer: H20 supplemented with 10% Tris/Glycine (Gene�ow, #EC-880) and
20% methanol (VWR, #UN1230), for 1hr 15 mins at 30V, blocked in 5%-non-fat milk in PBS with agitation for 1h
prior to overnight incubation at 4°C in primary antibody (Table 3) diluted in 5% milk in PBS-T. Membranes were
washed with PBS-T before incubation for 1 hour with secondary antibodies (Anti-mouse Alexa Fluor, #A21058 &
anti-rabbit Rockland, #611-145-122) diluted (1:20,000) in 5% milk in PBS-T. Secondary antibodies were
visualised at 700nm and 800nm using the Li-Cor Odyssey Fc system

Protein dephosphorylation

Dephosphorylation of protein lysates was performed as described previously(29). 10% 10X PMP buffer (New
England Biolabs, #B07615), 10% 10mM MnCL2 (New England Biolabs, #B17615) and 4000U l-protein
phosphatase (New England Biolabs, #P0753L) was added to equal amount of protein. Samples were vortexed
gently for 10 seconds prior to incubation at 30°C for 3h. l-protein phosphatase was inactivated by the addition of
LDS-buffer and processing for electrophoresis as described above.

RNA Extraction

Cells and organoids were lysed in 1mL of Trizol (Thermo15596026) and incubated at 4°C with agitation for 20
mins. RNA was extracted from these lysates according to the manufacturers protocol. Brie�y, 0.2mL of
chloroform was added to the sample, incubated at RT for 2-3 mins and centrifuged at 12,000g(av) at 4°C.
Aqueous phase was collected and 0.5mL of isopropanol was added, incubated for 10 mins and centrifuged at
12,000g(av) for 10 mins at4°C. The supernatant was discarded and 1mL 75% ethanol was added and vortexed
before centrifugation at 7,500g(av) at 4°C.  The supernatant was removed and the pellet was air dried for 10 min
at RT. RNA pellets were diluted in 20µL of RNase free water (Ambion, #AM9937) and stored at -80°C. RNA
concentration and purity was determined by nanodrop.

Reverse Transcription
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1000ng of RNA was reverse transcribed using Super Script IV kit (SSIV, Invitrogen 18090010) according to
manufacturer’s instructions. Brie�y, 1000ng of template RNA was added to RNase free water,2.5mM random
hexamers (Invitrogen, #100026484) and 10mM dNTP mix (Invitrogen, #55082, #55083, #55084, #55085) and
heated at 65°C for 5mins and then cooled on ice for 1 min. After which SSIV buffer, 100mM DTT, RNaseOUT
(Invitrogen, #100000840) and SSIV reverse transcriptase was added to the reaction, heated to 23℃ for 10 mins,
incubated at 50-55℃ for 10 mins and �nally inactivated by heating at 80°C for 10 mins. The cDNA was then
stored at -20°C.

Quantitative PCR

RNA (5mg) was converted to cDNA by PCR using the High-Capacity cDNA Reverse Transcriptase kit (Life
Technologies). Taqman real-time PCR assays were utilized to quantify expression for the following genes: exon
10-MAPT (Hs00902312_m1); Total MAPT (Hs00902194_m1).Samples were run in triplicate with replicate
samples analyzed in each plate to control for plate-to-plate variability. To avoid ampli�cation interference,
expression assays were run in separate wells from the neuronal housekeeping gene MAP2(Hs00258900_m1).
Real-time data were analysed by the comparative CT method. Average CT values for each sample were
normalized to the average CT values for the neuronal housekeeping gene MAP2. The resulting value was then
corrected for assay e�ciency. Samples with a standard error of 20% or less were subsequently analysed.

Polymerase chain reaction

50ng of cDNA used per reaction with GoTaq Green master mix (Promega #M7123). PCR Reactions were set up
according to the manufacturers’ protocol. Brie�y, 10µL of GoTaq, 9.6µL of H2O, 0.2µM of forward, 0.2µM of
reverse primer (Table 1 for primers used and sequences), 50ng template cDNA was added to each reaction. PCR
products were separated on a gel composed of 1-2% agarose (Sigma, #A9539) dissolved in 1X TBE (Sigma,
#93290) with 1X GelRed (Biotium,#BT41003) alongside a 100 base pair ladder (Bioline, #H4-617110A) at 100V
for 1h. PCR products were visualised at 600nm using the Li-Cor Odyssey Fc system.

Tau HEK biosensor cell assay

Tau RD P301S FRET Biosensor cells (ATCC® CRL-3275™) were cultured in DMEM + GlutaMAX (Gibco, #31966-
021) with 10% FBS (Gibco, #11573397) and split every 3-5 days using trypsin (Gibco, #25200056). For seeding
assays, 115,000 cells were plated on 13mm coverslips (VWR, #631-0148P) in 24 well plates (Thermo, #142485)
and left to attach for 24h. Lipofectamine 3000 (Invitrogen, #L3000-001) was used in Opti-MEM (Gibco,
31985062) according to the manufacturers protocol to transfect the Tau RD P301S FRET Biosensor cells with
10ug of enCOR lysate,  AD brain lysate, or liposome-only negative control. Cells were �xed with 4% PFA and
mounted on to slides before being imaged on confocal microscope. Slides were imaged at 405nm for detection
of FRET signal or YFP only at 525-550nm.

Statistical analysis

Densitometric data was obtained from immunoblots using Image Studio software from Licor. GraphPad Prism 8
software was used to implementall statistical analysis of the immunoblot densitometricdata. Information on the
number (n) of values used as well as the statistical tests applied can be found in the �gure legends.
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Results
Generation of cerebral organoids

iPSC from three independent control lines (Ctrl 1, Ctrl2 and Ctrl3) were used to generate cerebral organoidsusing
theprotocol developed by Lancaster et al(30) (Fig. 1A). The initial stages of organoid differentiation were
monitored by phase contrast microscopy (Fig. 1B). Organoids failing to show translucent neural ectoderm tissue
by visual inspection at 14 days in vitro (DIV) were discarded.

Cerebral organoids were collected at 30 and 100 DIV for characterisation byimmunocytochemistry (ICC).  At 30
DIV, organoids were positive for the neural progenitor cell marker PAX6, radial glial marker phospho-vimentin, the
forebrain marker FOXG1, and the deep-layer cortical neuronal marker TBR1 (Fig. 1C).At 100 DIV, organoids were
positive for thepan neuronal marker (bIII-tubulin), forebrain marker FOXG1, and the upper layer neuronal marker
CTIP2 (Fig. 1D).Together, these results support successful differentiation of iPSC into cerebral organoids.

Cerebral organoidsshow highly heterogeneous tau expression levels

The differentiation of iPSC intocerebral organoids relies onpatterning according to intrinsic signalling, and this
therefore can result in substantial heterogeneity between COs(28,31).  We wanted to determine whether cerebral
organoids would be a suitable system for the analysis of tau isoforms by biochemical assays relying on bulk
homogenisation.  In order to assess this, we differentiated the 3 independent control iPSC lines into 2D cortical
neurons and 3D cerebral organoids. 2D lysates from 3 independent neuronal inductions per control iPSC line,
and 3 individual organoids per iPSC line, were analysed by western blotat 80 DIV for total tau, the pan-neuronal
marker bIII-tubulin, and the astrocytic marker GFAP(Fig. 2).

2D cortical neuronal cultures showed a robust expression of total tau that was highly consistent between
independent inductions as well as between independent control iPSC lines.  Neuronal and glial content were
assessed by immunoblotting with βIII-tubulin and GFAP levels,respectively and were also consistent across all
samples examined (Fig. 2A).  In contrast,cerebral organoids showed greater heterogeneity in total tau between
independent batches and between cell lines. In the samples with lower tau levels, there also appeared to be lower
levels of the pan-neuronal marker βIII-tubulin, suggesting a lower neuronal content in these organoids and
consistent with tau expression being predominantly neuronal (Fig. 2B). GAPDH levels were used to demonstrate
equal protein loading across samples.   Together, these results suggest that cerebral organoids are highly
heterogenous and therefore unsuitable for bulk cell biochemical analysis such as western blot. 

Generation of engineered cerebral organoids

The high variability between cerebral organoids means analysis of tau expression and splicing is challenging at
the protein level. We therefore sought to establish an alternative system that would reduce this heterogeneity. 
Lancaster et al described a modi�ed protocol to generate engineered cerebral organoids(24) (Fig. 3A).  This
differs from the original cerebral organoid protocol by the initial seeding of iPSC onto PLGA �bres, permitting
theelongation of the EBs andincreasing the surface area to volume ratio. This promotes increased formation of
neuroepithelium tissue, and reduced tissue from non-neuronal lineages; therefore increasing homogeneity
between individual organoids.PLGA �bresare hydrolysed slowly over a 70day period, eventually leaving the
enCORsfree from non-organic components within.
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To determine whether this method would reduce the variability in tau expression we previously observed in COs,
enCORs were generated from a panel of four isogenic lines, comprising the following MAPT genotypes: WT,
10+16 monoallelic (10+16m), 10+16biallelic (10+16bi) and 10+16biallelic/P301Sbiallelic (10+16bi/P301Sbi)
(19).  Initial differentiation of enCORs was monitored with light microscopy (Fig. 3B) and enCORsthat failed to
differentiate were discarded.

enCORs from each genotype were analysed by immunocytochemistry at 30DIV and 100DIV to con�rm
successful differentiation. Positive immunostaining for markers of forebrain (FOXG1) and deep layer cortical
neuronal identity (TBR1) as well as neural precursors (PAX6) and radial glia (phospho vimentin) were observed
at 30 DIV in enCORs from all genotypes (Fig. 3B).  Further characterisation at 100 DIV (Fig. 3C) con�rmed the
presence of layer V neuronal markers (CTIP2), forebrain markers (FOXG1), glutamatergic neuronal (VGLUT) and
dendritic staining (MAP2), as well as high levels of the pan-neuronal marker staining (βIII-tubulin). Taken
together, these data demonstrate successful generation of enCORs and suggest that the presence of 10+16 and
P301S MAPT mutations do not impair enCOR generation.

EnCORsreduce heterogeneityin tau expression

To determine whether enCORs have robust and reproducible tau expression, we analysed threeindependent
batches of 100DIV enCOR lysates from each genotype by western blot (Fig. 4A). A robust and homogenous
expression of tau and βIII-tubulin was observed in all organoids examined.  Quanti�cation of total tau levels
showed no signi�cant difference in tau levels between genotypes (Fig. 4B), and quanti�cation of βIII-tubulin
levelsshowed no differences in the levels of the pan-neuronal marker, suggesting reproducible neuronal content
between organoids (Fig. 4C). These data suggests enCORs provide an organoid system more suited to bulk
population, biochemical readouts, due to reduced variability compared to cerebral organoids.

Next, we investigated tau splicing in enCORs from WT, 10+16m, 10+16bi and 10+16bi/P301Sbi genotypes.  The
expression of 0N, 1N and 2N MAPT isoforms was assessed by RT-PCR using primers spanning exons 1 – 5 (Fig.
4D). RNA from post-mortem brain was used as a positive control, and bands of 112bp (0N), 199bp (1N) and
286bp (2N) could be seen following separation by electrophoresis.  As expected, 1N was the most predominant
isoform in brain-derived cDNA followed by 0N and 2N(12,15,21).   In contrast, the band corresponding to 0N tau
was the most predominant in enCORs of all genotypes at 100 DIV, consistent with a predominant expression of
0N isoforms during early development(12,32).  A faint band corresponding to 1N tau isoforms could also be
observed, and in some enCORs a faint 2N band could be seen, although this was variable.  The presence of the
10+16 and P301S MAPT mutations did not affect N-terminal splicing.

Next, we investigated the expression of 3R and 4R tau isoforms using primers that span exon 10of MAPT,
resulting intwo products depending on the exclusion (3R, 305bp) or inclusion (4R, 398bp) of exon 10. In human
brain, these two bands were of approximately equal intensity, consistent with an equimolar ratio of 3R:4R
isoforms.  In WTenCORs, a robust expression of 3R transcripts could be detected by RT-PCR, with only a faint
band corresponding to 4R transcripts, suggesting enCORs predominantly express the 0N3R tau isoformup until
100 DIV, consistent with fetal tau pro�les previously described in iPSC-derived systems.  In contrast, enCORs with
the 10+16 mutation have a robust expression of both 3R and 4R transcripts, and the mutation appears to drive
4R expression in a dose-dependent manner. 
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We then determined tau isoform expression at the protein level by western blot (Fig. 4E).  Lysates from 100
DIVenCORs of each genotype were treatedwith λ-phosphatase prior to electrophoresis alongside a recombinant
tau ladder with all six tau isoforms.  A single band was observed in WTenCORs, corresponding to0N3R tau.
EnCORs with the 10+16 mutation expressed both 0N3R tau and 0N4R, as previously shown in 2D(14,19).

These results demonstrate that enCORs provide a system for the investigation of tau expression and splicing
with high homogeneity between individual organoids, as well as between batches of organoids. However, in
agreement with previous studies of 2D neurons, the tau pro�le most closely resembles fetal neurons.  We
therefore investigated tau splicing in enCORsafter extended in vitro culture to determine whether the acquisition
of mature tau splicing is accelerated in enCORs compared with existing in vitro models.

Tau isoform diversity increases in enCORs with extended in vitro culture

To systematically investigate when maturation of tau splicing occurs in enCORs, we investigated tau expression
and splicing at 200 DIV (Fig. 5) and 300 DIV (Fig. 6).  MAPTsplicing was analysed at the RNA level as described
previously for 100 DIV.  Assessment of exon 2 and 3 inclusion revealed that multiple N-terminal isoforms are
present in enCORs of all genotypes after 200 DIV (Fig. 5A), however variability between enCORs was observed. 
In contrast to what was observed at 100 DIV, 3R and 4R transcripts were detected in enCORs of all genotypes at
200 DIV.  In WTenCORs, bands of approximately equal intensity could be observed, suggesting equal levels of 3R
and 4R tau isoforms. The presence of the 10+16 mutation in both mono and biallelic forms increased exon10
inclusion and the relative levels of 4R tau, as expected. This suggests a progression towards mature tau splicing
at this time point, at least at the mRNA level.

We next determined if these alterations in tau splicing are also apparent at the protein level.  Whole cell lysates
from enCORs at 200 DIV were treated (+) and untreated (-) with λ-phosphatase before analysis by western blot
(Fig. 5B). In contrast to 100DIV, multiple tau isoforms could now be observed in organoids from all genotypes. 
0N3R was still the predominant isoform in control organoids, however high exposure revealed the presence of
additional tau isoforms.  In organoids with the 10+16 mutation, an increase in 4R tau isoforms was observed in
a manner consistent with increased allelic dosage of the mutation.

Tau splicing reaches full maturity by 300 DIV

Although the appearance of multiple tau isoforms was apparent at 200 DIV, we wanted to determine if tau
pro�les matured further with continued culture to resemble the adult human brain.  RNA and protein was
extracted from enCORs at 300 DIV for analysis of tau expression and splicing.  Equal levels of 3R and 4R tau
transcripts were detected in control enCORs, and a relative increase of 4R tau was present in the enCORs with the
10+16 mutation (Fig. 6A).  0N, 1N and 2N tau isoforms were also detected in all enCORs, and in some samples
1N isoforms were the most predominant, consistent with tau expression in the adult human brain.  These
changes were also con�rmed at the protein level (Fig. 6B).  Multiple tau isoforms were observed in lines of all
genotypes and increased 4R tau was present in enCORs with the 10+16m and 10+16bi genotypes. 

Interestingly, 10+16bienCORs now produced nearly all 4R tau with very little 3R tau.  In enCORs with both
10+16bi-allelic and P301S bi-allelic mutations, predominantly 0N3R and 0N4R tau isoforms were detected.  This
is unexpected, given the almost complete reprogramming to 4R seen in enCORs with the 10+16bigenotype, and
suggests that the P301S mutation may affect the stability of the 4R tau protein within enCORs. 
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To exclude the possibility that this maturation in tau splicing is speci�c to enCORs, we also determined tau
isoform expression in organoids generated using a directed differentiation protocol that generates organoids of
forebrain identity(33) .  Similar splicing patterns were observed in forebrain organoids to enCORs (Fig. 6C and
6D), suggesting this is not an enCOR speci�c phenomenon.  Finally, we wanted to determine if mature tau
isoform expression occurs more rapidly in 3D than 2D.  RNA and protein lysates from enCORs, forebrain
organoids and 2D cortical neurons after 300DIV showed a robust expression of 3R and 4R at the RNA level (Fig.
6E). Further, expression of 1N and 2N within the organoid models was more similar to the human brain sample,
compared with 2D cortical neurons. Western blots further uncovered a more complex pattern of tau expression in
3D cultures than 2D (Fig. 6F), consistent with accelerated acquisition of mature tau splicing in these cultures and
expression patterns resembling those in the human brain.

enCORs with 10+16bi/P301Sbi produce seed-competent tau species

In order to investigate whether enCORs with MAPT mutations develop early signs of tau pathology, we tested
whether lysates generated from enCORs contained species competent to induce tau seeding using an
established tau biosensor assay(34,35).  Previous reports have indicated that the formation of seed-competent
tau precedes tangle development, and so we reasoned that this would be a marker of early-stage pathology in
our model system(36).  Tau RD P301S Biosensor cells were treated with 10ug of 300 DIV enCOR lysates from all
genotypes. Brain homogenate from an Alzheimer’s disease case was used as a positive control.  To assess the
presence of tau aggregates, cells were �xed 72h post-transfection and YFP �uorescence was imaged at 527nm. 
Widespread tau aggregates could be observed in the cells transfected with AD brain lysate.  No aggregation was
observed in the lipofectamine-only negative control.  In the enCOR lysate seeded cells, no tau aggregation was
observed for WT, 10+16m and 10+16bi.  In contrast, seeding with 10+16bi/P301Sbi lysates resulted in infrequent
but distinct inclusions.  This could be due to the presence of seed-competent tau species withinenCORs of this
genotype that are capable of inducing tau seeds.

Discussion
Here, we provide the �rst thorough investigation of tau expression and splicing in cerebral organoids.Cerebral
organoids are self-organising in vitro tissue models that recapitulate early stages of development and provide a
physiologically relevant in vitro system for the study of development and disease(30).  We show here that
cerebral organoids express fetal tau when analysed at 100 DIV, however the high variability between organoids
makes biochemical analysis challenging.  To address this, we used enCORs, which combine bioengineering and
organoid culture to enhance the e�ciency of neural induction and reduce heterogeneity(24). enCORs robustly
and reproducibly express tau, and model developmental changes to tau splicing.Isogenic iPSC with MAPT
mutations did not impair organoid differentiation, and the presence of the 10+16 splice site mutation led to an
early and increased 4R tau expression in a dose-dependent manner.  enCORs reach a human brain-like tau pro�le
at 300 DIV, quicker than what is observed in 2D cortical cultures. Finally, we have shown that enCORsexpressing
10+16 and P301S mutations on both alleles contain seed-competent tau species, capable of inducing inclusion
formation in a tau biosensor seeding assay.

Disruptions to tau splicing are present in multiple tauopathies, butin vitro models recapitulating human tau
splicing have been lacking in the �eld.iPSC-neurons provide a means to overcome this, but they have been
challenging due to the developmental regulation of tau splicing(12,14,19). Transcriptomic studies have shown
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iPSC-neurons closely resemble fetal neurons, and multiple reports have shown that the fetal tau isoform (0N3R)
is predominantly expressed in these cells, including a quantitative study demonstrating that although 4R tau
could be detected by mass spectrometryafter 6-9 weeks of culture, its levels were 100 fold less than in human
brain(15).

Although predominantly used as models of development, the potential of cerebral organoids as models of
neurodegeneration is emerging(26,37–39). One barrier to their use is the heterogeneity between organoids, as
patterning is largely reliant on intrinsic signalling within each organoid.  We demonstrated here that substantial
variability in tau expression exists in COs, which is likely to be a re�ection of the neuronal content of a particular
organoid. However, this variability makes biochemical analysis at the bulk population level di�cult to interpret.

Newer protocols havereduced this heterogeneity through the use of scaffolds to increase the surface area and
subsequent availability of cells to the pro-neural media(24). This reduces heterogeneity as well as minimising
the necrotic core described in COs(24,27).  Here, we showed that tau expression in enCORs is remarkably
consistent between batches, between lines and between organoids within a batch, enhancing their suitability for
analysis by biochemical means.

The developmental regulation of tau splicing is conserved in enCORs, as previously described in 2D iPSC-
neurons(14,15).  However, we observed maturation of tau splicing was accelerated in enCORs compared to our
previous results in 2D cortical neurons(14).After 100 DIV, the presence of 4R tau and N-terminal splice variants
could be observed at the RNA level in enCORs.This is consistent with previous reports showing accelerated tau
maturation in complementary 3D systems(20,21).  However, these tau pro�les are still immature with respect to
the complex patterns observed in the adult human brain. Further diversity in tau isoform expression could be
observed at 200 DIV, and at 300 DIV, tau splicing pro�les at both the RNA and protein level resembled patterns
observed in the adult human brain.  A direct comparison of 2D and 3D cultures clearly showed increased
diversity of tau isoforms in 3D organoid cultures.  Importantly, the maturation of tau splicing was also observed
in a second organoid protocol, using inductive conditions to pattern forebrain organoids.  To our knowledge, this
is the �rst description of tau splicing in organoid models, and these data are consistent with previous studies
that have demonstrated the expression of multiple tau isoforms in other 3D culture systems.  Choi et al used
neurons derived from immortalised neural precursor cells, and after 7 weeks differentiation observed increased
4R tau transcripts in 3D compared with the same cells cultured in 2D(20). A second study used iPSC-neurons
coated on alginate beads, and detected transcripts from all tau isoforms after 25 weeks of differentiation,
although 0N3R was still the predominant tau species (75%+ of total tau) (21).Another recent study compared tau
expression in cerebral organoids with fetal brain, although they only assessed the location of tau transcripts
using RNA scope and no assessment of tau splicing was undertaken (40).  The MAPT 10+16 mutation had a
dramatic effect on tau splicing after 300 DIV, resulting in a near-complete conversion to 4R tau when present in a
biallelic form. Although this mutation doesn’t exist in patient in the homozygous state, the isogenic series of
10+16m and 10+16bi lines provide new models for the investigation of disrupted tau splicing.

Thus, enCORs provide a robust system to probe the physiological and disease-related regulation of tau splicing. 
Although the maturation described here is accelerated in comparison to 2D, extended culture times are still
required to acquire a pro�le similar to the adult human brain.  This is consistent with genome-wide
transcriptomic studies showing the fetal identity of organoids(22). However, the use of non-adherent organoids
has bene�ts at the practical level, as a major risk to long-term 2D cultures is the spontaneous detachment from
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cell culture plates. Further, the technology is continually evolving, for example through the development of
vascularised organoids(41,42) and slice cultures which enable the formation of distinct cortical layers(43). 
Thus, further acceleration of organoid maturity is likely to be possible in the future.

It is important to note that organoids are composed of multiple cell types, and our bulk population analysis
cannot rule out that early 4R expression is driven by the presence of a speci�c subpopulation of neurons. 
Further, both 2D and 3D protocols also result in the generation of astrocytes which will in�uence neuronal
maturity and potentially tau splicing, and although we assessed astrocyte contribution within our organoids, a
thorough characterisation of astrocyte function and maturity in 2D versus 3D is warranted. A previous report
utilised cortical spheroids to determine that cultured astrocytes did not reach full maturity until around 20
months in vitro(44). Although challenging from a practical level, these long-term culture experiments afford
opportunities to assess the temporal emergence of cellular phenotypes, as previously shown in iPSC models of
Parkinson’s Disease, where lysosomal and mitochondrial phenotypes emerged at 70 DIV and 150 DIV
respectively(45).

The presence of tau tangles within organoids from iPSC with MAPT mutations is yet to be established, however
Gallyas positive tau tangles have been described in 3D culture of human neurons overexpressing APP and
PSEN1(46), as well as organoids from individuals with mutations in APP and PSEN1(47).  The same iPSC lines
used in this study were previously used in 2D, and tau aggregation could only be detected after 5 weeks
following the addition of exogenous tau seeds(19).  We opted to determine whether tau mutations enCORs
produced seed-competent tau species, conformers of tau that are su�cient to induce tau aggregation (36).We
observed no seeding activity in cell lysates fromWT, 10+16m or 10+16bi organoids, however lysate from
10+16bi/P301Sbi organoids was able to induce tau inclusions.  This points towards the early formation of seeds
within these cultures and indicates the capability of enCORs to be effective models for investigating the early
stages of protein aggregation and seed formation. The tau species responsible for this seeding activity remain to
be determined, however it is interesting that the increased ratio in 4R to 3R tau in 10+16 monoallelic and
biallelicenCORs is not su�cient to drive seeding in this assay. This �nding could mean that the presence of the
P301S mutation is required for homotypic seeding.

Conclusion
This study establishes the feasibility of iPSC-organoids as a model for the study of tau expression and splicing. 
Speci�cally, we have shown thatenCORs can be used to model developmental and disease-relevant aspects of
tau biology, particularly tau splicing.  enCORs provide a robust and reproducible in vitro model for biochemical
analysis of tau, with mature splicing patterns resembling those of the human brain.  These advanced 3D culture
systems will be important for our understanding of how alterations to tau splicing manifest in
neurodegeneration. 
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Tables
Table 1. 
Primers used in this study

Primer Sequence 5’ to 3’ Product Length

9-13 R Tau
Forward

GTCAAGTCCAAGATCGGCTC 3R – 305bp                  4R - 398bp

9-13 R Tau Reverse TGGTCTGTCTTGGCTTTGGG

2-3-4 N Tau
Forward

TACGGGTTGGGGGACAGGAAACAT 0N - 112bp                 1N - 199bp                 2N -
286bp

2-3-4 N Tau
Reverse

GGGGTGTCTCCAATGCCTGCTTCT

2-3 N Tau Forward TGAACCAGGATGGCTGAGC 0N - 254bp                 1N - 341bp                 2N -
428bp

2-3 N Tau Reverse TTGTCATCGCTTCCAGTCC

GAPDH Forward CCATGGCACCGTCAAGGCT 469bp

GAPDH Reverse GCCAGTAGAGGCAGGGATG

 

 

Table 2. 
Primary antibodies used in this study for immuno�uorescence



Page 22/30

Name / Target Species Product Code Company Dilution

Sox2 Rabbit AB5603 Millipore 1:300

Tbr2 Rabbit AB2283 Millipore 1:200

Foxg1 Rabbit ab18259 Abcam 1:400

Phospho- vimentin Mouse D076-3S MBL International 1:250

βIII-tubulin Rabbit 802001 BioLegend 1:1000

βIII-tubulin Mouse 801202 BioLegend 1:1000

OXT2 Rabbit AB9566-1 Millipore 1:300

Ki67 Mouse 550609 BD 1:500

SATB2 Mouse ab51502 Abcam 1:100

Dako Tau Rabbit A0024 Dako 1:2000

Tbr1 Rabbit ab31940 Abcam 1:400

Pax6 Rabbit 901301 Bioligand 1:300

CTIP2 Rat ab18465 Abcam 1:300

 

 

Table 3. 
Primary antibodies used for Western blot

Name / Target Species Product Code Company Dilution

Dako Tau Rabbit A0024 Dako 1:2000

HT7 Mouse MN1000 Thermo 1:1000

S199 Rabbit ab81268 Abcam 1:1000

S396 Rabbit ab109390 Abcam 1:1000

AT270 Mouse MN1050 Thermo 1:1000

PHF1 Mouse N/A Peter Davis(48) 1:500

GFAP Mouse G6171 SIGMA 1:300

βIII-tubulin Rabbit 802001 BioLegend 1:1000

βIII-tubulin Mouse 801202 BioLegend 1:1000

β-Actin Mouse A2228 Sigma 1:2000

GAPDH Mouse AM4300 Invitrogen 1:1000
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Table 4.  
Secondary antibodies

Antibody / Use Species Product Code Company Dilution

Immunoblot Secondary 800nm Goat anti Rabbit 611-145-122 Rockland 1:20,000

Immunoblot Secondary 680nm Goat anti Mouse A21058 Invitrogen 1:20,000

ICC Secondary               568nm Donkey anti Mouse A10037 Invitrogen 1:1500

ICC Secondary               568nm Goat anti Mouse A21124 Invitrogen 1:1500

ICC Secondary               568nm Donkey anti Rabbit A10042 Invitrogen 1:1500

ICC Secondary               488nm Donkey anti Mouse A21202 Invitrogen 1:1500

ICC Secondary               488nm Goat anti Rat A11006 Invitrogen 1:1500

ICC Secondary               488nm Goat anti Chicken A11039 Invitrogen 1:1500

ICC Secondary               488nm Donkey anti Rabbit A21204 Invitrogen 1:1500

Figures

Figure 1
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Generation and characterisation of cerebral organoids. A) Simpli�ed schematic of the cerebral organoid (CO)
protocol from Lancaster et al, 2014 (27) B) Phase contrast images of cerebral organoids from seeding (Day 1) to
25 DIV. 1-20DIV taken at X10 magni�cation, 25DIV taken at X4. C) Successful differentiation of 3 control iPSC
lines into COs was con�rmed by immunocytochemistry after 30 DIV. This con�rmed the presence of proliferating
precursor cells (Ki67, green), early-born deep-layer neurons (Tbr1, red), neural precursor cells (NPCs) (Pax6, red),
radial glia (phospho-Vimentin, green), and neurons of forebrain identity (Foxg1, red). Scale bar 200μm. C) Further
characterisation of COs at 100 DIV con�rmed the presence of preplate and layer 6 neurons (Tbr1, red), neuronal
cells ( III-tubulin, green), secondary progenitor cells (Tbr2, red), layer 5 neurons (Ctip2, green) and forebrain
neurons (Foxg1, red). Scale bar 200μm.

Figure 2

Variability of tau protein levels in COs compared to 2D cortical neurons Western blot analysis of total protein
lysates from A) 2D iPSC derived cortical neurons from three inductions (I1, I2, I3) of three independent control
iPSC lines (Ctrl 1, Ctrl2, Ctrl3) and B) Three independent COs (O1, O2, O3) from the same three iPSC lines (Ctrl1,
Ctrl2, Ctrl3). Membranes were probed for total tau, the astrocyte marker GFAP and pan-neuronal marker β-III
tubulin. GAPDH was used as a loading control. All samples were generated at 80 DIV.
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Figure 3

Differentiation of iPSC into engineered cerebral organoids (enCORs). iPSC from WT, 10+16m, 10+16bi and
10+16bi/P301Sbi were used to generate engineered cerebral organoids (enCORs). A) Simpli�ed schematic of the
engineered cerebral organoid (enCORs) protocol. B) Phase contrast images of enCORs during early
differentiation (1-17 DIV). PLGA �bres within a single cell suspension of iPSC (1 DIV). iPSC cells aggregate
around the �bres (2 DIV). Elongated embryoid body (6 DIV). Matrigel embedded enCOR showing formation of
cleared neural ectoderm tissue (12 DIV) and neural tube-like structures (17 DIV). C) Successful generation of
enCORs was con�rmed by immunocytochemistry at 30 DIV. Immuno�uorescence con�rmed the presence of
neural precursor cells (NPCs) (Pax6, red), Proliferating cells (Ki67, green), forebrain-speci�c markers (Foxg1, red),
Neurons (βIII-tubulin), deep layer neurons (Tbr1, red) and radial glia (Phospho-vimentin, green). D)
Immunocytochemistry at 100 DIV con�rmed the presence of layer II and III neurons (Brn2, red), neurons (βIII-
tubulin, green), layer V neurons (Ctip2, red), forebrain-speci�c markers (Foxg1, green), glutamatergic neurons
(Vglut, red) and the pan-neuronal marker (Map2, green).
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Figure 4

Tau expression and splicing in 100DIV enCORs reveals predominant fetal tau expression A) Three independent
batches of enCORs of all four genotypes were analysed by western blot at 100DIV. Membranes were probed for
total tau (DAKO) and B-III Tubulin and β-actin. B) Quanti�cation of total tau levels normalised to βIII-tubulin. No
signi�cant differences in total tau levels were seen across the isogenic lines or within enCOR batches.C)
Quanti�cation of βIII-tubulin levels normalised to β-actin. No signi�cant differences in βIII-tubulin levels were
detected across the isogenic lines or within enCOR batches. D) Tau splicing was assessed using primers
spanning exons 2 and 3 (0N, 1N, 2N) or primers spanning exon 10 (3R, 4R) of MAPT. 0N, 1N and 2N tau were
detected as bands of 112 bp, 199 bp and 286 bp respectively. 3R and 4R tau were detected as products of 305
bp and 398 bp respectively. RNA from human brain tissue was used as a positive control. E) Lysates were either
untreated (-) or dephosphorylated with λ-phosphatase (+) prior to gel electrophoresis in order to determine which
tau isoforms were present. Membranes were probed with two antibodies to total tau, DAKO and HT7.
Recombinant tau ladder was included as a molecular mass control.
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Figure 5

Tau expression and splicing in 200 DIV enCORs A) RT-PCR on 200 DIV samples was used to determine the
presence of 0N, 1N and 2N tau transcripts and 3R and 4R tau transcript as described in Fig. 4. Human brain
tissue was used as a positive control. B) Western of dephosphorylated lysates from 200DIV enCORs. Lysates
treated with (+) and without (-) λ-phosphatase in order to remove phosphate groups from proteins. Total tau was
probed for using Dako tau antibody to con�rm protein tau isoforms present (Two exposures shown).
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Figure 6

Tau expression and splicing at 300 DIV in multiple differentiation protocols A) RT-PCR was performed on WT and
MAPT mutation enCORs at 300 DIV to assess the presence of 0N, 1N and 2N isoforms (upper panel) and 3R and
4R tau (middle panel). GAPDH used as a control (lower panel) B) Western blot of dephosphorylated lysates from
300DIV enCORs. Lysates were treated with (+) and without (-) λ-phosphatase to remove phosphate groups from
proteins prior to electrophoresis. Total tau was assessed using DAKO tau antibody to con�rm protein tau
isoforms present. (Two exposures shown) C) RT-PCR on 300 DIV forebrain organoids from WT and MAPT
mutation iPSC was performed to assess levels of 3R and 4R tau, and 0, 1 and 2N tau isoforms. D) 300 DIV
forebrain organoid lysates were run with and without λ-phosphatase treatment and then probed for tau. Total tau
was assessed using Dako tau antibody and -actin was used as a loading control. E) RT-PCR with primers
spanning MAPT exon 10 was used to assess levels of 3R and 4R tau, and primers spanning Exon 2 and 3 to
assess 0, 1 and 2N tau in 2D cortical neurons, enCORs and forebrain organoids.All sample run at 300 DIV
againsta human brain sample. F) Tau splicing was assessed by western blot in protein lysates from 2D cortical
neurons, encores, forebrain organoids, and post-mortem human brain. All cell lysates were harvested were 300
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DIV and samples run with (+) and without (-) prior λ-phosphatase treatment. Total tau was assessed using DAKO
tau antibody and -actin was used as a loading control.

Figure 7

Quantitative assessment of 4R tau isoforms using qPCR enCOR cDNA samples from WT, 10+16m, 10+16bi and
10+16bi/P301Sbiat 50, 100, 200 and 300 DIV, were analysed by qPCR for 4R tau and total tau. Mean normalised
expression (MNE) was calculated using MAP2 expression as a pan-neuronal gene. 4R tau was then normalised
against total tau.Statistical analysis was performed in Prism using a one-way ANOVA with Tukey’s post hoc test:
*p < 0.05, ** = < 0.01, *** = < 0.001. n=3 for all samples, except 300 DIV WT, where n=2.
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Figure 8

Tau seeding activity of encore extracts at 300 DIV Tau RD P301S FRET Biosensor (ATCC® CRL-3275™) cells
were transfected with300 DIV lysates from WT, 10+16m, 10+16bi and 10+16bi/P301Sbi enCORs and imaged
72h post-transfection. AD lysate and lipofectamine only was also transfected as positive and negative controls
respectively. AD lysates induce theaggregation ofbiosensor cell line derived �uorescent tau fragments. Cells
transfected with 10+16bi/P301Sbi lysates also show tau aggregates (arrows). No seeding activity was detected
in lysates from other genotypes.
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