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Abstract

Background: Tau post-translational modifications (PTMs) result in the gradual build-up of 

abnormal tau and neuronal degeneration in tauopathies, encompassing variants of frontotemporal 

lobar degeneration (FTLD) and Alzheimer’s disease (AD). Tau proteolytically cleaved by active 

caspases, including caspase-6, may be neurotoxic and prone to self-aggregation. Also, our recent 

findings show that caspase-6 truncated tau represents a frequent and understudied aspect of 

tau pathology in AD in addition to phospho-tau pathology. In AD and Pick’s disease, a large 

percentage of caspase-6 associated cleaved-tau positive neurons lack phospho-tau, suggesting that 

many vulnerable neurons to tau pathology go undetected when using conventional phospho-tau 

antibodies and possibly will not respond to phospho-tau based therapies. Therefore, therapeutic 

strategies against caspase cleaved-tau pathology could be necessary to modulate the extent of tau 

abnormalities in AD and other tauopathies.

Methods: To understand the timing and progression of caspase activation, tau cleavage, 

and neuronal death, we created two mAbs targeting caspase-6 tau cleavage sites and probed 

postmortem brain tissue from an individual with FTLD due to the V337M MAPT mutation. We 

then assessed tau cleavage and apoptotic stress response in cortical neurons derived from induced 

pluripotent stem cells (iPSCs) carrying the FTD-related V337M MAPT mutation. Finally, we 

evaluated the neuroprotective effects of caspase inhibitors in these iPSC-derived neurons.

Results: FTLD V337M MAPT postmortem brain showed positivity for both cleaved tau mAbs 

and active caspase-6. Relative to isogenic wild-type MAPT controls, V337M MAPT neurons 

cultured for 3 months post-differentiation showed a time-dependent increase in pathogenic tau in 

the form of caspase-cleaved tau, phospho-tau, and higher levels of tau oligomers. Accumulation 

of toxic tau species in V337M MAPT neurons was correlated with increased vulnerability to 

pro-apoptotic stress. Notably, this mutation-associated cell death was pharmacologically rescued 

by the inhibition of effector caspases.

Conclusions: Our results suggest an upstream, time-dependent accumulation of caspase-6 

cleaved tau in V337M MAPT neurons promoting neurotoxicity. These processes can be reversed 

by caspase inhibition. These results underscore the potential of developing caspase-6 inhibitors 

as therapeutic agents for FTLD and other tauopathies. Additionally, they highlight the promise of 

using caspase-cleaved tau as biomarkers for these conditions.
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Introduction

Tau post-translational modifications (PTMs) are pivotal in the pathogenesis of 

neurodegenerative diseases known as tauopathies, including frontotemporal lobar 

degeneration (FTLD) and Alzheimer’s disease (AD) (Lanata and Miller, 2016; Spillantini 

and Goedert, 2013). Despite the critical need for effective treatments, therapeutic 
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strategies targeting tauopathies remain limited. While research has extensively explored 

tau hyperphosphorylation (phospho-tau), other tau PTMs, including those resulting from 

proteolytic cleavage by active caspases, are also significant but less studied (Alonso et 

al., 1996; Iqbal et al., 1986). In experimental models, caspase-cleaved tau promotes tau 

aggregation, tau spreading, and neurotoxicity (de Calignon et al., 2010; Kim et al., 2016; 

Nicholls et al., 2017; Rissman et al., 2004).

Caspases (cysteine-aspartic proteases) are proteolytic enzymes with well-defined roles in 

cell death and inflammation. Accumulating evidence supports a key pathogenic role of 

the effector caspase-6 in major diseases including AD, Huntington’s disease, and ischemic 

stroke (Albrecht et al., 2007; Girling et al., 2018; Graham et al., 2006; Theofilas et al., 2022, 

2018). Caspase activity correlates with progressive tau neuropathological stages and caspase 

levels inversely correlate with cognitive performance in aged individuals (Ramcharitar et al., 

2013). Active caspases promote axonal degeneration in several cellular and in vivo animal 

models of AD (Cusack et al., 2013; Nikolaev et al., 2009). Active caspase-6 colocalizes with 

NFT-positive neurons in AD patients’ brains (Gamblin et al., 2003; Theofilas et al., 2022, 

2018; Zhang et al., 2009; Zhao et al., 2015), We previously demonstrated a positive linear 

correlation between progressive AD-tau neuropathological stages and increasing levels of 

active caspase-6 and phospho-tau colocalization in neurons in the locus coeruleus and 

dorsal raphe nucleus, brain regions showing the earliest vulnerability to AD-tau pathology 

(Theofilas et al., 2018). Moreover, we showed that in AD, the quantity of neurons exhibiting 

caspase-6 associated cleaved tau is comparable to those with phospho-tau. However, there is 

only about a 40% overlap between these two markers (Theofilas et al., 2022), highlighting 

that caspase-6 truncated tau is a prevalent yet often overlooked pathological feature in AD. 

Therefore, therapeutic strategies against caspase cleaved-tau pathology could be necessary 

to modulate the extent of tau abnormalities in AD. While other caspases are likely also 

involved in neurodegenerative disease, caspase-6 inhibition may be sufficient to reduce 

neuronal damage with a significant therapeutic index, since caspase-6 knockout animals are 

healthy and protected from AD pathology or pro-inflammatory stimuli (Angel et al., 2020; 

Ladha et al., 2018).

Active caspase-6 cleaves tau after aspartic acid (Asp) at multiple sites, including the 

well-characterized Asp421 (D421), which is involved in tau aggregation and neurotoxicity 

(Gamblin et al., 2003; Klaiman et al., 2008; Rissman et al., 2004; Cotman et al., 2005; 

de Calignon et al., 2010; Novak et al., 1993). Caspase-6 cleaves tau at additional sites, 

including D13 (Horowitz et al., 2004) and D402 (Foveau et al., 2016; Guo et al., 2004; 

Ramcharitar et al., 2013), which are also found to mediate tau aggregation and toxicity in 
vitro. However, these cleavage sites have been less investigated compared to D421, primarily 

because of the limited availability of specific monoclonal antibodies (mAbs) (Horowitz et 

al., 2004; Guo et al., 2004).

Given the emerging importance of caspase-cleaved tau in tauopathies, this study aims 

to investigate the role of caspase activation, tau cleavage, and neuronal death in these 

conditions. We induced cortical neurons (iNs) from induced pluripotent stem cells (iPSCs) 

with the FTD-causing V337M MAPT mutation (tauV337M) (Hong et al., 1998; Karch et 

al., 2019; Sohn et al., 2019; Spina et al., 2017) and WT isogenic controls (tauWT). iPSCs 
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and their subsequent conversion to iNs by expression of neuronal transcription factors 

offer a clinically relevant model of human tau pathogenesis in a disease-specific genetic 

background (Ehrlich et al., 2015; Jiang et al., 2018; Nakamura et al., 2019; Silva et al., 2016; 

Sohn et al., 2019). Following up on our previous study using the neoepitope mAbs against 

caspase-cleaved tau at D13 and D402 sites in human AD and primary tauopathies (Theofilas 

et al., 2022), we evaluated tau proteolysis in the iNs and a human postmortem brain with the 

same V337M MAPT mutation. Our results demonstrate a time-dependent accumulation of 

caspase-cleaved tau and increased vulnerability to acute apoptotic stress in the tauV337M iNs 

from 1 to 3 months post-differentiation that was reversed by inhibition of effector caspases, 

including caspase-6. This study offers insights into the potential of caspase-6 and other 

caspases as targets for therapeutic intervention against tau pathology in FTLD and other 

tauopathies.

Material and Methods

Development of caspase-6 cleaved tau neoepitope monoclonal antibodies

To address the absence of mAbs against tau sites primarily associated with caspase-6, 

we generated neoepitope mAbs against cleaved tau at D402 (mAbD402; 1-402) and D13 

(mAbD13; 14-441) (Fig. 1-a), as previously described (Theofilas et al., 2022). Briefly, we 

produced the mAbs by immunizing 6-8-week-old wild-type Balb/c and SJL mice (SLAC) 

with keyhole limpet hemocyanin (KLH) conjugated tau peptides using protocols approved 

by ChemPartner IACUC committee. Blood samples from each mouse were collected 

one week after each immunization. The antibody titer and specificity were determined 

by enzyme-linked immunosorbent assay (ELISA) analysis and immunofluorescence (See 

Supplemental Experimental Procedures).

Mice with specific immune responses against tau peptides and proteins were selected 

for fusion and were given a final boost by intraperitoneal injection of 100 μg of 

the corresponding immunogen. After four days, mice were sacrificed and single-cell 

suspensions of splenocytes were prepared in NH4OH at 1% (w/w), followed by 

centrifugation at 1000 rpm and washes with DMEM (Invitrogen). Viable splenocytes were 

fused with mouse myeloma cells SP2/0 (ATCC) at a ratio of 5:1 with high-efficiency electric 

fusion (BTX ECM200). 14 days after cell fusion, hybridoma supernatants were collected 

and screened by ELISA. The antibody isotypes were determined, and ELISA and western 

blot were used to test their ability to bind to tau. Clones that showed desired reactivity 

and specificity against tau were subjected to subcloning to produce stable monoclonal 

hybridoma cells. The reactivity and specificity of purified mAb.D13 and mAb.D402 were 

confirmed by ELISA against tau proteins and peptides (Fig. S1).

Human postmortem tissue processing and immunohistochemistry

Paraffin-embedded tissue sections cut at 8 μm from the temporal cortex of an individual 

with tauV337M and manifested as behavioral variant frontotemporal dementia (68 years, 

female) were sourced from the Neurodegenerative Disease Brain Bank at the University 

of California, San Francisco. Immunohistochemistry was performed on de-paraffinized 

and rehydrated sections, following quenching of endogenous peroxidases with 3% H2O2 
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in methanol (Sigma) for 30 min and antigen retrieval in Tris-EDTA buffer/PBS with 

0.05% Tween (Sigma) for 5 min at 121C in the autoclave. Sections were blocked in 

5% milk/PBS with 0.05% Tween for 30 min and incubated with primary antibodies 

(TauC3 (D421), Invitrogen, AHB0061, mouse, 1:500; Active caspase-6 (cleaved at Asp179), 

Aviva Systems, OAAF05316, rabbit, 1:500; mAb.D402, ChemPartner, clone 47G7B5, 

mouse, 1:500; mAb.D13, ChemPartner, clone 5G4-1C5, mouse, 1:500) overnight at room 

temperature. After three washes with PBS-T (0.05% Tween-20), sections were incubated 

with the corresponding biotinylated secondary antibodies, followed by DAB or Red AP 

chromogen incubation based on manufacturer’s instructions (Vector labs) and counterstained 

with hematoxylin (Sigma).

Cell lines

iPSC-derived induced neurons (iNs) with heterozygous V337M MAPT mutation (tauV337M) 

and WT isogenic controls (tauWT) were generated as previously described (Sohn et al., 

2019; Wang et al., 2017). The Neurogenin 2 (Ngn2)-integrated iPSC line was created 

from a tauWT human iPSC line (male; WTC11) (Miyaoka et al., 2014; Wang et al., 

2017). The Tet-ON 3G-controlled Ngn2 transgene was integrated into the AAVS1 locus 

of human iPSC lines through a TALEN nuclease pair (Wang et al., 2017). CRISPR/Cas9 

gene editing by homologous recombination was used to introduce the tauV337M into 

the Ngn2-integrated iPSCs. Briefly, iPSCs were transfected with the Human Stem Cell 

Nucleofector Kit (Lonza) with sgRNA (5’-CTTGTGGGGTCA-TGGTTTACAGG-3’ for 

V337M) plasmid (Addgene, 68463), Cas9 plasmid, and donor DNA plasmid containing 

a neomycin-resistance cassette (adapted from Addgene, PL552). Transfected cells were 

selected with neomycin for one week. Neomycin-resistant clones were selected and verified 

by genomic PCR and DNA sequencing. After sequence validation of the tauV337M site, 1 

mM Cre recombinase (Excellgen) was added to remove the neomycin-resistance cassette 

from gene-targeted iPSCs. Moreover, the top 10 potential off-target sites were sequenced 

and for each genotype, the correct clones were karyotyped (Cell Line Genetics) and 

expanded for subsequent experiments. iNs were differentiated using a two-step protocol 

(see Supplemental Experimental Procedures). For a detailed methodology on the generation 

of the iPSC lines, please refer to Sohn et al., 2019 and Wang et al., 2017.

Western blot protein analysis

Western blot analysis was performed using the Mini-PROTEAN Tetra system (Biorad) 

and standard immunoblotting techniques. See Supplemental Experimental Procedures for 

detailed methods.

Cell assays and compound treatment

iNs cultured in 96-well plates were treated with either vehicle (DMSO) or staurosporine 

(STS) and the pan-caspase inhibitor z-VAD-fmk (Enzo Lifesciences) directly in the media. 

Following 6h treatment, caspase-3/7 levels were examined using Caspase-Glo 3/7 (Promega) 

according to the manufacturer’s instructions.

An ELISA based on lamin A cleavage, a specific substrate of active caspase-6, was used 

for detection and quantification of caspase-6 activity as previously described (Ehrnhoefer 
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et al., 2011). Briefly, iNs were treated with either vehicle (DMSO) or staurosporine (STS) 

and the caspase-6 inhibitor z-VEID-fmk (Enzo Lifesciences) directly in the media for 

48h. Next, cells were fixed with 4% paraformaldehyde (Thermo Fisher Scientific) in PBS 

for 15 min and blocked with 5% bovine serum albumin (Sigma) in PBS with 0.01% 

Triton X-100 for 1h at room temperature. Cells were then incubated with cleaved lamin 

A primary antibody (Cell Signaling, 2035, rabbit, 1:200) overnight at 4°C, followed by an 

HRP-conjugated secondary antibody incubation (Invitrogen) for 1h at room temperature (GE 

Healthcare, NA934V, donkey anti-rabbit, 1:1000) a 5 min incubation with chemiluminescent 

HRP substrate (Thermo Fisher Scientific), and reading with a Spectramax microplate reader 

(Molecular Devices). iN cytotoxicity was measured using lactate dehydrogenase (LDH) 

release assay (Promega) following 48h treatment with vehicle (DMSO), STS, or STS/ 

z-VAD-fmk according to the manufacturer’s instructions. Readings were performed with a 

Spectramax microplate reader, followed by western blot or immunocytochemistry analysis.

To examine the morphological effects of STS and the z-VAD-fmk treatment in the 

iNs, we performed automated quantification of neurite length using IN Cell Developer 

Toolbox analysis routines based on image stacks uploaded from the IN Cell Analyzer 

6500 confocal imager (GE Healthcare). To accommodate treatment-induced variation of 

neurite morphology during image acquisition, the Software Autofocus function was chosen 

to optimize the focal plane for each imaging field. DAPI was used for nuclei detection and 

microtubule-associated protein 2 (MAP2) for the detection of the cytoplasm and neurites. 

Mean neurite length per cell was calculated by subtracting a binary image of the cell body 

from a binary image of the entire cell, including the neurites. Data were obtained from 3-7 

replicate wells per condition and an average of 1.5-2K cells per well. For IF analysis, fixed 

neurons were imaged using an IN Cell Analyzer 6500HS confocal imager (GE Healthcare). 

For further details see Supplemental Experimental Procedures.

Statistics

Statistical analyses and graphics were generated using R Statistical Software (version 3.6.1; 

R Foundation for Statistical Computing, Vienna, Austria). Groupwise differences were 

analyzed by comparing means (student’s t-test, one or two-way ANOVA with post hoc 

Tukey tests) with the family-wise error rate set to 0.05 to correct for multiple comparisons. 

Data from at least three independent experiments are presented as mean ± SEM.

Results

Generation of caspase-6 cleaved tau neoepitope monoclonal antibodies

Besides TauC3 (D421), mAbs that recognize specific caspase-cleaved tau epitopes have 

been crucially missing. We recently developed two neoepitope mAbs against D13 and D402 

tau cleavage sites (Fig. 1-a) using hybridoma technology. Neoepitope antibodies selectively 

bound to cleaved tau (1-402 or 14-441) but not full-length tau (1-441) as detected by ELISA 

(Fig. S1-a,b) and western blot analyses (Theofilas et al., 2022). Antibody specificity was 

also confirmed by immunofluorescence (IF) and antigen competition assays (Fig. S1-c) 

where mAb.D402 and mAb.D13 primary antibodies were preincubated with the cognate 

peptides used as immunogens (Table S1), resulting in loss of antibody signal. Together 
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with TauC3, mAb.D402, and mAb.D13 neoepitope antibodies were used to identify caspase-

mediated pathological changes in postmortem brains and tauV337M and tauWT iNs.

Tau pathological changes in postmortem brains of FTLD and AD patients

To explore if D13 and D402 tau changes are present in the human postmortem brains 

with pathological tau accumulation we conducted a quantitative neuropathology study 

including cases of AD and other tauopathies such as progressive supranuclear palsy, 

corticobasal degeneration, and Pick’s disease (Theofilas et al., 2022). D13 and D402 tau 

were more prominent in neurons of AD and Pick’s disease cases. In both cases, most 

of the neurons positive for active caspase-6 also were positive for D13/D402. Here, we 

immunostained sections from the temporal cortex of an FTLD tauV337M carrier using 

multiplex immunofluorescence methods targeting active caspase-6 and caspase-cleaved tau 

markers (Fig. 1-b). We detected positivity for TauC3 and mAb.D402 (red) in the cytoplasm 

and neurites that partially co-occurred with active caspase-6 but no positivity for mAb.D13. 

Taken together, our results show that neoepitope mAbs label pathological tau inclusions 

in FTLD-tau and corroborate the presence of active caspase-6 in the human brain seen in 

earlier studies (Theofilas et al., 2022, 2018).

Characterization of iPSC-induced neurons

Considering that tauV337M causes FTD in humans, we generated heterozygous tauV337M iNs 

and isogenic tauWT controls to examine the disease mechanisms involving caspase activation 

and cleaved tau pathology in a clinically relevant cell culture model. Neuronal induction of 

a well-characterized human tauWT line was performed using TALEN-based integration of a 

doxycycline-inducible Ngn2 transgene into the AAVS1 safe harbor as previously described 

(Sohn et al., 2019; Wang et al., 2017). CRISPR/Cas9 genome editing was used to introduce 

the tauV337M into tauWT iPSCs to study the mutation’s effects in isolation from the donor’s 

genetic background. Both iPSC groups had a normal karyotype (Fig. S2-a) and typical 

colony-type morphology (Fig. 2-a). Moreover, genomic DNA sequencing of tauV337M and 

tauWT iPSCs confirmed the presence of the heterozygous tauV337M in exon 12 (Fig. S2-b), 

and homogeneous expression of the pluripotency markers NANOG, OCT4, and SOX2 (Fig. 

S2-c) in the iNs confirmed the absence of NGN2 expression leakage without the addition of 

doxycycline. Following doxycycline treatment, iNs exhibited neuron-like morphology in 5-7 

days and mature neuronal morphology between 3-4 weeks (Fig. 2-a).

One-month-old iNs were positive for the microtubule-associated protein 2 (MAP2) neuronal 

marker in the cytoplasm and neurites, and for the deep and upper cortical nuclear markers 

CTIP2 and SATB2, respectively, as confirmed by IF (Fig. 2-b). iNs were also positive for 

the glutamatergic marker vesicular glutamate transporter 1 (VGlut1) in the cytoplasm and 

neurites, an anticipated outcome of the NGN2 expression (Sohn et al., 2019; Zhang et al., 

2013). Overall, our findings demonstrate that at one-month post-differentiation, iNs exhibit 

neuron-specific morphology and express cortical and glutamatergic markers.

Increased levels of pathological tau in the tauV337M neurons

Since FTLD-tau is characterized by progressive accumulation of toxic tau species and 

neuronal loss, we examined the presence and temporal course of tau pathological 
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accumulation of the tauV337M in the mutant iNs relative to WT isogenic controls. We 

compared iNs cultured from 1 to 3 months post differentiation using western blot and 

a panel of tau antibodies, including total and oligomeric tau, 3R and 4R tau, and caspase-

cleaved tau (Fig. 3).

Protein analysis using the total tau antibody HT7 showed positivity for distinct molecular 

weight bands corresponding to separate tau isoforms (Fig. 3-a). Tau antibody specificity 

was confirmed by the recombinant human tau ladder included here as an approximate guide 

of the tau isoform placement as it lacks the tau PTMs present in the cell lysates that 

could influence tau molecular weight. In agreement with previous studies showing enriched 

3R tau levels in early neuronal development (Hefti et al., 2018; Iovino et al., 2015), we 

detected predominantly 3R isoform expression in the iNs and minimal 4R tau levels, both in 

tauV337M and tauWT iNs (Fig. 3-a). Antibody specificity for 3R and 4R tau was confirmed 

by the positivity of the respective isoform bands in the recombinant tau ladder. Total tau 

levels were comparable between the mutant and control iNs (Fig. S3-a), suggesting that 

any changes in the amount of pathological tau between the two groups were likely MAPT 
mutation-dependent and not due to changes in the overall tau levels.

Oligomeric tau aggregates could represent highly toxic and pathologically significant tau 

species in tauopathies (Puangmalai et al., 2020). We, therefore, investigated the presence and 

temporal changes of oligomeric and misfolded tau aggregates recognized by the antibody 

T18 (Lo Cascio et al., 2020) and non-denaturing conditions to preserve the original folded 

state of tau (Fig. 3-b). Standard loading controls are unsuitable for native Western blotting 

because proteins maintain their natural conformation, which hinders antibody binding to 

specific epitopes. To ensure loading reproducibility, we conducted three independent native 

Western blots that confirmed consistent effects for oligomeric (T18) and conformational 

(MC1) tau under non-denaturing conditions (see Supplemental Experimental Procedures, 

Fig. S3-b-d). To estimate the molecular weight of the native proteins, we used a protein 

standard for native electrophoresis stained with Coomassie Blue for band visualization. 

We detected elevated oligomeric tau levels in tauV337M iNs relative to controls at 2 

and 3 months post-differentiation. The protein standard revealed bands at 480–1,048 kD 

molecular weight, corresponding to tau oligomers, with no tau detected below that range. 

Conformational tau species identified by the MC1 antibody (Jicha et al., 1997) represent 

one of the most commonly detectable pathological features of tauopathies. Using the same 

experimental approach, we probed iN lysates using native electrophoresis. We observed 

a similar band pattern to T18, with elevated levels of conformational tau present after 

two months of culture only in the mutant iNs (Fig. 3-b, Fig. S3-b-d). Overall, our results 

indicated a time-dependent increase of tau toxic species in the form of oligomeric and 

conformationally modified tau in the mutant iNs compared to controls at two months post-

differentiation, but not earlier. Next, we examined the temporal changes in phospho-tau and 

caspase-cleaved tau levels in the iNs using the anti-phospho-tau mAb PHF1 (Ser396/404), 

an epitope that is phosphorylated early in tau inclusion formation in humans (Mondragón-

Rodríguez et al., 2014), and three caspase-cleaved tau mAbs, including cleavage sites 

primarily associated with activated caspase-6, D402 and D13, and the D421 site cleaved by 

multiple caspases (Gamblin et al., 2003; Rissman et al., 2004). Semi-quantitative analyses 

of GAPDH-normalized band intensities revealed a 2.5-fold increase of PHF-1 levels in 
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tauV337M relative to controls at three months post-differentiation but not earlier (Fig. 3-c). 

Similarly, caspase-cleaved tau levels showed a 2.5 to 3-fold increase of D421 and D402-

positive bands and a 2-fold increase of the D13 in tauV337M iNs relative to controls at 

three months post differentiation. Again, these differences were absent in younger cells 

(Fig. 3-d-f). Altogether, our results demonstrate a significantly higher accumulation of 

phospho-tau and caspase-cleaved tau in tauV337M iNs relative to controls that accumulated at 

three months post-differentiation, but not at earlier stages.

Caspase inhibition is neuroprotective against stress-induced cytotoxicity in the tauV337M 

neurons

To test whether tauV337M iNs are more vulnerable to stressors relative to controls, we 

treated three-month tauV337M iNs with increasing concentrations of the wide-spectrum 

kinase inhibitor and apoptosis-inducer staurosporine (STS) for up to 48h. Treatment was 

followed by the detection of cytotoxicity levels measured by lactate dehydrogenase (LDH) 

release (Fig. S4). We observed a 2-fold increase in cytotoxicity levels in the tauV337M iNs 

relative to tauWT controls, using 40 μM STS for 48h (Fig. S4-b), and selected this condition 

for further studies. Cytotoxicity was significantly reduced by treatment with the pan-caspase 

inhibitor z-VAD-fmk (300 μM for 48h or 4 x 75 μM in 12h intervals; Fig. S4-c), indicating 

that cell death occurred via apoptosis.

Based on these established conditions (Fig. S4), we exposed iNs to 40 μM STS for 48h 

and increasing doses of z-VAD-fmk (300 and 600 μM; Fig. 4). TauV337M and tauWT iNs 

treated with vehicle (DMSO) or z-VAD-fmk (600 μM) in the absence of STS showed low 

LDH release (Fig. 4); hence, baseline levels of apoptosis were low for iNs cultured for 

three months. Following STS treatment, however, we observed almost a 5-fold increase in 

cytotoxicity in the tauV337M iNs compared to a 4-fold increase in control iNs. The mutant 

group was significantly more vulnerable to cytotoxicity following acute stress by STS (p < 

0.001). Moreover, STS co-treatment with z-VAD-fmk significantly reversed cytotoxicity 

levels in the mutant iNs. Overall, our results demonstrated increased vulnerability to 

apoptotic cell death in tauV337M iNs that was ameliorated by caspase inhibition.

To assess specific changes in the activity of caspase -6 and -3/7 between the tauV337M and 

tauWT iNs following stress exposure, we treated three-month tauV337M and control iNs with 

STS and measured caspase activity. Caspase-6 activity was measured by ELISA for cleaved 

lamin A, a selective substrate of caspase-6 over other caspases (Mintzer et al., 2012), while 

Caspases-3/7 activity was measured using a DEVD-aminoluciferin substrate assay (Fig. 5). 

We observed a 4-fold increase in caspase-6 activity in the tauV337M iNs compared to a 1-fold 

increase in control iNs following 20 μM STS treatment for 48h (Fig. 5-a), indicating that 

the mutant group had significantly higher caspase-6 activity relative to controls (p < 0.01). 

Notably, STS co-treatment with 10 μM of the caspase-6 inhibitor z-VEID-fmk significantly 

reversed caspase-6 activity levels in the mutant iNs (p < 0.001, z-VEID-FMK/STS vs 

STS alone). We also observed a 6-fold increase in active caspase-3/7 levels (Fig. 5-b) 

in the tauV337M and tauWT treated with 40 μM STS for 6h; there was no significant 

difference between caspase-3/7 activity between tauV337M and tauWT iNs. Caspase activity 

was reversed to baseline levels after the addition of 300 μM of the pan-caspase inhibitor 
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z-VAD-fmk. Overall, these results demonstrate that STS treatment induced apoptotic cell 

death and a marked increase in caspase activity in the iNs that were suppressed by caspase 

inhibition. Caspase-6, but not caspases-3/-7, was preferentially activated in the tauV337M iNs 

relative to controls.

Next, we performed western blot analyses using lysates of iNs treated with 40 μM STS 

and 300 μM z-VAD-fmk (Fig. 5-c-d). Following STS treatment, we observed a statistically 

significant 2-fold increase in TauC3 binding in the tauV337M iNs treated with STS compared 

to vehicle-treated cells (p < 0.001). TauC3 binding was not increased in control iNs treated 

with STS. In line with the cytotoxicity data (Fig. 4), STS co-treatment with z-VAD-fmk in 

tauV337M iNs reversed TauC3 binding to baseline levels.

Stress-induced reduction of neurite length is rescued by caspase inhibition

The reduction in neurite length is a morphological indicator of compromised cell viability 

and neurotoxicity (Ehrlich et al., 2015; Wheeler et al., 2015). To examine the phenotypic 

effects of STS and z-VAD-fmk treatment on neurites in mutant and control iNs, we used 

immunocytochemistry (ICC) with DAPI to label cell nuclei (blue), and MAP2 (red) to 

label cytoplasm and neurites (Fig. 6a). Cells were imaged and subjected to automated 

quantification of neurite length after treatment with STS and z-VAD-fmk for the same 

duration and concentration and as our cytotoxicity assay (Fig. 4). We observed comparable 

mean neurite length in untreated iNs; neurite lengths were reduced upon treatment with 40 

μM STS by 1.6-fold for tauV337M (p < 0.0001) and 1.3-fold (p< 0.0001) for tauWT (Fig. 

6-b). Co-treatment of STS with z-VAD-fmk partially restored neurite length and preserved 

MAP2-positive processes in tauV337M iNs compared to STS-treated cells (p < 0.01). For 

tauWT iNs, neurite length in STS-treated cells was also restored upon the addition of z-VAD-

fmk (p < 0.05). These data further demonstrate that neurotoxicity following STS treatment 

in the iNs was significantly caspase-dependent.

Discussion

Here, we induced glutamatergic iN with a pathological tau mutation and isogenic controls 

as models to investigate the build-up and role of caspase-6 truncated tau and the 

effects of inhibiting caspase activation in the pathological phenotype. We observed an 

age-dependent accumulation of pathogenic tau, including caspase-cleaved tau, phospho-tau, 

and oligomeric tau, in cells containing pathogenic tauV337M. Three-month-old tauV337M 

iNs post-differentiation showed a three-fold increase in caspase-cleaved D402 and D13 tau 

protein levels and increased phospho-tau and oligomeric tau species compared to isogenic 

controls. These mutant cells were also more sensitive to caspase-6 activation and apoptosis 

following acute treatment with STS, but treatment with caspase inhibitors rescued the 

phenotype. Altogether, these results demonstrate the significance of caspase activation and 

highlights the therapeutic potential of caspase inhibitors. The data are also consistent with 

the hypothesis that caspase-truncated tau is involved in the pathogenesis of tauopathies.

Active caspases are known to directly cleave tau, resulting in species that have a heightened 

tendency for self-aggregation and formation of cytoplasmic inclusions in neurons (Guillozet-

Bongaarts et al., 2006; Guo et al., 2004; Horowitz et al., 2004; Rissman et al., 2004). In 
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particular, caspase-6 is a protease closely associated with NFT formation and neuronal 

loss in the human AD brain (Foveau et al., 2016; Guo et al., 2004; Ramcharitar et 

al., 2013; Theofilas et al., 2022, 2018). However, much of this existing evidence comes 

from animal models and immortalized cell lines, which might not accurately reflect the 

clinical phenotype. Our study innovates by using a synergistic approach combining a 

disease-relevant, iPSC-derived human neuronal model, novel mAbs for detecting caspase-6 

cleaved tau species, and targeted pharmacological intervention against caspase activity to 

investigate the significance of active-caspase activation and caspase-truncated tau in the 

pathogenesis of tauopathies. This comprehensive strategy provides a more clinically relevant 

insight into the mechanisms driving tauopathies and the potential of caspase inhibition as a 

therapeutic approach.

Most studies restrict the duration of neuronal culture due to the technical challenges 

associated with sustaining neuronal lines over extended periods. However, the physiological 

increase of phospho-tau in developing neurons, a well-documented occurrence both in vitro 
and in human brains, complicates the interpretation of experimental outcomes conducted 

with neurons in developmental stages. In contrast, we cultured tauV337M and tauWT 

induced neurons (iNs) for at least three months post-differentiation. This approach was 

taken to circumvent the artefactual effects that arise from young age-related increases in 

phospho-tau expression observed in developing neurons. (Fiock et al., 2020; Hefti et al., 

2018). Several of the differences detected between tauV337M and tauWT iNs only became 

apparent in iNs cultured for at least two to three months. Western blot protein analysis 

of 1–3-month cultured iNs revealed a time-dependent upregulation of T18 oligomeric 

tau and MC1 conformational tau at two months in the tauV337M iNs relative to controls 

post-differentiation. Phospho-tau levels recognized by the PHF-1 antibody increased in 

the tauV337M iNs relative to controls only at the three-month mark, underscoring the 

importance of utilizing more mature neurons in studies of tau pathology, despite needing 

more meticulous and costly technical protocols.

Transgenic mice expressing V337M human tau exhibited neurodegeneration and phospho-

tau accumulation in the hippocampus, and behavioral abnormalities (Tanemura et al., 2002). 

In our previous study, we demonstrated that tau D402 and D13 are much more frequently 

found in tauopathies with 3-repeat tau such as AD and Pick's disease than those with a 

4-repeat tau component only (Theofilas et al., 2022). MAPT V337M mutation inclusions in 

the human brain are positive for 3-repeat and 4-repeat tau (Karch et al., 2019). Finally, we 

detected D402 neuronal inclusions in the brain tissue of a subject who developed FTLD due 

to MAPT V337M mutation. Thus, we chose to derive iNs with tauV337M MAPT mutation 

for our experiments on caspase-truncated tau because this is a well-characterized model 

featuring many similarities to human tauopathies, including time-dependent accumulation 

of pathological tau. These iNs also display increased vulnerability to stressors compared to 

isogenic controls (Silva et al., 2016), likely due to increased pathogenic tau levels and a 

lower capacity to survive additional stress (Ehrlich et al., 2015). TauV337M iNs also show tau 

cleavage at D421, tau detachment from microtubules, compromised axonal transport, and 

dysregulation of neuronal excitability (Ehrlich et al., 2015; Sohn et al., 2019). Thus, our 

results reproduced most of the findings reported by other studies using TauV337M iNs, which 

gave us confidence in this model for investigating the underexplored caspase-6 cleaved tau 

Theofilas et al. Page 11

Mol Cell Neurosci. Author manuscript; available in PMC 2025 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D402 and D13, which we could do thanks to our novel mAb.D402 and mAb.D13 neoepitope 

antibodies.

Interestingly, while iN treatment with STS led to activation of caspase-3 and -7 was seen 

in both tauV337M and tauWT, high levels of caspase-6 were seen only in the tauV337M. 

The selective upregulation of active caspase-6 suggests that increased cell death following 

acute stress in the tauV337M iNs could be caspase-6 related. This aligns with prior research 

in human primary neurons, where caspase-6, but not caspase-3, was triggered by serum 

deprivation, leading to cell death upon the microinjection of recombinant active caspase-6 

and -3. (LeBlanc et al., 1999; Zhang et al., 2000). Our results highlight and support previous 

suggestions of a central role of active caspase-6 in tauopathies.

It is important to acknowledge the limitations of our study. While our findings strongly 

indicate a notable role for caspase-6 compared to other effector caspases in tau truncation 

and neurotoxicity, we were unable to definitively identify which specific caspase(s) were 

responsible for tau cleavage in our cellular model because the peptidic z-VEID-fmk inhibitor 

is only partially selective for caspase-6 (Mintzer et al., 2012) and z-VAD-fmk caspase 

inhibitors are nonselective. Follow-up studies using highly selective, nonpeptidic inhibitors 

of caspase -6 that are currently under development are necessary to confirm our findings. 

Additionally, the use of one isogenic iPSC pair presents limitations, as a single genetic 

background may not capture the full spectrum of biological variability. Future studies 

will aim to replicate these findings in cells with diverse genetic backgrounds and MAPT 
mutations associated with tau pathology, ensuring a more comprehensive understanding of 

the disease mechanisms. Moreover, exploration of apoptosis-related substrates targeted by 

caspases -3 and -6 in addition to tau, including nuclear and mitochondrial proteins, could 

further clarify the mechanisms of caspase-mediated neurotoxicity in our cell model.

Conclusions:

In summary, our study demonstrates a time-dependent increase of tau cleavage and 

a pronounced vulnerability to stress and neuronal death in the tauV337M iNs that is 

pharmacologically reversed by caspase inhibition. While both tauV337M and tauWT iNs 

respond to STS by activating caspases, tauV337M iNs are more vulnerable to tau proteolysis 

and cell death after caspase activation. The collective evidence from our research and 

other studies underscores the critical role of caspase-6 and caspase-6 truncated tau in the 

development of tauopathies. This includes the observation that D13 and D402 tau neuronal 

inclusions are commonly found in Alzheimer's disease and appear to follow a pathway 

somewhat distinct from phospho-tau pathology. These findings highlight the need for more 

research focused on caspase-6 in tauopathies. They also suggest the potential of caspase-6 

cleaved tau as a biomarker for Alzheimer's disease and point to caspase-6 inhibitors as 

promising therapeutic agents for combating tau-related neurodegenerative conditions.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AD Alzheimer’s disease

Asp aspartic acid

ELISA enzyme-linked immunosorbent assay

FTLD frontotemporal lobar degeneration

HAT hypoxanthine-aminopterin-thymidine

ICC immunocytochemistry

IF immunofluorescence

iNs induced cortical neurons

iPSCs induced pluripotent stem cells

KLH keyhole limpet hemocyanin

LDH lactate dehydrogenase

mAbs monoclonal antibodies

MAP2 microtubule-associated protein 2

MAPT Microtubule-associated protein tau

NFT neurofibrillary tangle

Ngn2 Neurogenin 2

phospho-tau tau hyperphosphorylation

PHFs paired helical filaments

PTMs post-translational modifications

STS staurosporine

tauV337M V337M MAPT mutation
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tauWT WT MAPT

VGlut1 vesicular glutamate transporter 1
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Figure 1. 
Caspase-6 cleaved tau neoepitope antibody positivity in human postmortem brains with 

tau accumulation. (a) Schematic depicting two caspase-6 cleaved tau sites targeted by 

monoclonal neoepitope antibodies mAb.D13 (D13; 14-441) and mAb.D402 (D402; 1-402), 

at the N- and C-terminus of tau, respectively. The C-terminus D421 site of tau is targeted by 

the antibody TauC3 and cleaved by multiple caspases; (b) Brain sections from the temporal 

cortex of an individual with tauV337M and FTD, showing antibody positivity for active 

caspase-6 (brown) and caspase-cleaved tau (red), including TauC3 (D421) (i), mAb.D402 

(ii), and mAb.D13 (iii). Asterisks indicate cells positive for both active caspase-6 and 

caspase-cleaved tau markers. Scale bars: 50 μm.
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Figure 2. 
Timeline of iPSC differentiation to neurons following doxycycline-inducible expression of 

Ngn2. (a) Phase-contrast images represent individual stages of the differentiation protocol, 

including iPSCs (i), neuronal precursors (ii), immature neurons (iii), and mature neurons 

(iv); (b) IF characterization of neurons at 1-month post differentiation. Mutant (tauV337M) 

and control (tauWT) neurons were positive for cortical (green; i-iv), glutamatergic (green; 

v-vi), and neuronal (red; i-vi) markers. Nuclei were stained with DAPI (blue; i-vi). Scale 

bars: (a) i: 200 μm, ii-iv: 50 μm (b) 60 μm.
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Figure 3. 
Time-dependent tau pathological changes in the tauV337M neurons detected by western blot 

analyses. (a) Expression of total tau (HT7) and tau isoforms (3R and 4R tau) in tauV337M 

and tauWT neurons cultured from 1 to 3 months. Antibody specificity was confirmed by a 

recombinant tau ladder containing all six tau isoforms (right panels); (b) Oligomeric (T18) 

and conformational (MC1) tau levels were detected under non-denaturing conditions for 

preserving protein conformation. The molecular weight of the proteins was estimated using 

a protein standard for native electrophoresis stained with Coomassie blue (far-left panel) 

for band visualization (see also Fig. S4); (c-f) Semi-quantification of p-tau (PHF-1) and 

caspase- cleave tau (D421, D402, and D13) protein levels based on band intensities relative 

to GAPDH internal loading control (n ≥ 3 independent experiments; two-way ANOVA with 

post hoc Tukey test; ns, not significant: p > 0.05; *p < 0.05, **p < 0.01).
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Figure 4. 
Caspase inhibition is neuroprotective against acute stress-induced cytotoxicity in the 

tauV337M neurons. Changes in cytotoxicity levels were measured by LDH release following 

a 48-hour treatment with STS and the pan-caspase inhibitor (z-VAD-fmk) in 3-month 

cultured neurons. The matrix heatmap illustrates p-values (color gradient) and significance 

levels (asterisks) between treatment groups. Dark gray shade represents tauV337M and light 

gray shade represents tauWT neurons (n=3 independent experiments; two-way ANOVA with 

post hoc Tukey test; *p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001). RLU: Relative light 

units.
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Figure 5. 
Stress-induced caspase activation in the induced neurons. Active caspase-6 (a) and 

caspase-3/7 levels (b) were examined in 3-month cultured neurons using caspase-specific 

cleavage substrates following treatment with vehicle, STS, and STS/z-VEID-fmk (a 

caspase-6 inhibitor) or STS/z-VAD-fmk (a pan-caspase inhibitor). The matrix heatmap 

illustrates p-values (color gradient) and significance levels (asterisks) between treatment 

groups. Dark gray shade represents tauV337M and light gray shade represents tauWT neurons; 

(c-d) Semi-quantification of caspase-cleaved tau (D421) protein levels in neurons treated 

with STS or STS/z-VAD- fmk for 48h based on band intensities relative to GAPDH internal 

loading control (n ≥ 3 independent experiments; two-way ANOVA with post hoc Tukey test; 

*p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001). RLU: Relative light units.
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Figure 6. 
Caspase inhibition rescues stress-induced reduction of neurite length in the induced neurons. 

(a) IF staining of neurites (MAP2, red) and cell nuclei (DAPI, blue) following a 48h 

treatment with STS and caspase-inhibitor (z-VAD-fmk) in 3-month cultured neurons; (b) 

Image quantification of mean length of processes (based on a). Matrix heatmap illustrates 

p-values (color gradient) and significance levels (asterisks) between treatment groups. Dark 

gray shade represents tauV337M and light gray shade represents tauWT neurons (n ≥ 3 

independent experiments; two-way ANOVA with post hoc Tukey test; *p < 0.05, **p<0.01, 

***p<0.001, ****p<0.0001). Scale bar: 50 μm.
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