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Abstract

The neurodegenerative disorder frontotemporal dementia (FTD) can be caused by a repeat
expansion (GGGGCC; G4C2) in C9orf72. The function of wild-type C9orf72 and the mechanism
by which the C9orf72-G4C2 expansion causes FTD, however, remain unresolved. Diverse
disease models, including human brain samples and differentiated neurons from patient-derived
induced pluripotent stem cells (iPSCs), identified some hallmarks associated with FTD, but

these models have limitations, including biopsies capturing only a static snapshot of dynamic
processes and differentiated neurons being labor-intensive, costly, and postmitotic. We find

that patient-derived iPSCs, without being differentiated into neurons, exhibit established FTD
hallmarks, including increased lysosome pH, decreased lysosomal cathepsin activity, cytosolic
TDP-43 proteinopathy, and increased nuclear TFEB. Moreover, lowering lysosome pH in FTD
iPSCs mitigates TDP-43 proteinopathy, suggesting a key role for lysosome dysfunction. RNA-seq
reveals dysregulated transcripts in FTD iPSCs affecting calcium signaling, cell death, synaptic
function, and neuronal development. We confirm differences in protein expression for some
dysregulated genes not previously linked to FTD, including ciliary neurotrophic factor receptor
(neuronal survival), Annexin A2 (anti-apoptotic), NANOG (neuronal development), and Moesin
(cytoskeletal dynamics). Our findings underscore the potential of FTD iPSCs as a model for
studying FTD cellular pathology and for drug screening to identify therapeutics.

INTRODUCTION

Alterations in C9orf72 are the most common inherited genetic cause of frontotemporal
dementia (FTD) as well as amyotrophic lateral sclerosis (ALS; Sonobe et al., 2023; Todd
et al., 2023). FTD, a dementia related to Alzheimer’s disease (AD), commonly affects
individuals aged less than 65 years old. Genetic factors contribute to 30-40% of FTD
cases, with alterations in C9orf72 being the most prevalent, but FTD is also associated with
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mutations in progranulin (GRN) or tau (MAPT; Greaves and Rohrer, 2019). Alterations

in C9orf72 associated with FTD are typically a hexanucleotide (GGGGCC [G4C2])

repeat expansion (DeJesus-Hernandez et al., 2011; Renton et al., 2011). While healthy
individuals typically possess fewer than 20 G4C2 repeats, expansions from 30 to more

than 100 repeats are linked to ALS and FTD (Rademakers et al., 2012; Babic Leko et al.,
2019). Common cellular abnormalities associated with C9orf72-G4C2 include a disrupted
endolysosomal pathway, increased lysosomal pH (pHlys), reduced lysosomal hydrolase
activity, and TDP-43 proteinopathy, which collectively contribute to cell damage (Ling et al.,
2013; Amick and Ferguson, 2017). Although the role of wild-type C9orf72 in maintaining
lysosome balance is acknowledged (Amick and Ferguson, 2017), the mechanisms whereby
mutant C9orf72-G4C2 leads to impaired lysosome biology, toxicity, and neurodegeneration
remain unclear (Babic Leko et al., 2019).

Our current understanding of FTD pathogenesis comes from different experimental models,
each with advantages and limitations. Postmortem brain samples from FTD patients provide
in situ analysis and tissue-level pathologies but capture only a static snapshot of dynamic
processes and are not amenable to genetic manipulation for mechanistic analysis or drug
screening to identify potential therapeutics (Halliday et al., 2011; Irwin et al., 2015). Models
in mice (Chew et al., 2015; Czuppa et al., 2022; Lopez-Herdoiza et al., 2023) and models
with other organisms, including zebrafish (Shaw et al., 2018) and Drosophila (Mizielinska
et al., 2014), provide systems-level and genetic manipulation but with species differences
that do not effectively recapitulate human FTD (Neumann and Mackenzie, 2019; Ahmed et
al., 2023; White et al., 2024). An increasingly used cellular model is neurons differentiated
from induced pluripotent stem cells (iPSCs) generated from patients with FTD (Lee and
Huang, 2017; Beckers and Van Damme, 2024). Using differentiated neurons reveals several
key findings, including changes in lysosomal cathepsin activity (Lee and Huang, 2017;
Valdez et al., 2017), aberrant cytosolic aggregates of TDP-43, and dysregulated TFEB and
TFE3, which are transcription factors regulating lysosome biogenesis. However, despite
recently improved protocols to differentiate neurons from iPSCs (Espuny-Camacho et al.,
2013; Raitano et al., 2015; Qi et al., 2017), the procedure remains time-extensive and
costly, and the most streamlined methods require genetic manipulations (Lara Flores et

al., 2023). Moreover, as postmitotic cells, terminally differentiated neurons cannot be
propagated for continual use. To our knowledge, the use of FTD patient-derived iPSCs

as a tractable experimental model without differentiation to neurons has received limited
attention, indicating a potential avenue for further investigation (Selvaraj et al., 2017; Lines
etal., 2020). In contrast, ALS patient-derived iPSCs have been used as a model system for
examining epigenetic perturbations caused by C9orf72 expansions (Esanov et al., 2016).

In this report, we tested the feasibility of using iPSCs as a tractable model for studying

FTD cellular pathologies. We compared iPSCs derived from patients with FTD carrying a
C90rf72-G4C2 expansion (FTD1: male, 48 years old; FTD2: female, 65 years old) with
control wild-type iPSCs (WT: male, 64 years old) from a nonaffected individual. The WT
line was gender-matched to FTD1 and age-matched to FTD2, and race-matched to both FTD
lines. Defective lysosomal acidification causes neuroinflammation and neurodegeneration
through a variety of detrimental cellular pathways (Quick et al., 2023). We found that

FTD iPSCs have hallmarks of FTD-associated pathologies, including increased pHlys,
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decreased cathepsin activity, TDP-43 proteinopathy with cytoplasmic aggregates, and
nuclear accumulation of TFEB, which are consistent with findings in patient tissues (Smeele
et al., 2024) and neurons differentiated from iPSCs (Lee and Huang, 2017; Valdez et al.,
2017). Furthermore, RNA-seq analysis identified transcriptomic differences in FTD1 iPSCs
compared with WT iPSCs, including dysregulated genes involved in neuroinflammation,
calcium signaling, synaptic function, and neuronal development not previously linked

to FTD. The significance of our findings includes 1) confirming that dysregulated cell
functions with C9orf72-G4C2 are not limited to neurons, 2) identifying new regulators of
dysregulated cell functions with FTD, and 3) showing the promise of using FTD iPSCs as a
previously unreported experimental model for investigating FTD cellular pathologies and as
a platform for drug screening to identify therapeutics for treating FTD (Vo et al., 2024).

RESULTS

Our study used iPSCs sourced from the National Institute of Neurological Disorders and
Stroke (NINDS), including cells derived from an FTD-affected 48-year-old Caucasian male
with a C90rf72-G4C2 expansion (FTD1 iPSCs) and a nonaffected gender and race-matched
individual (wild-type [WT] iPSCs). We confirmed the pluripotent state of both cell lines
with standard markers and found no differences between WT compared with FTD1 iPSCs
for the characteristics we determined, including colony morphology (Supplemental Figure
S1A), E-cadherin abundance and localization at cell-cell junctions (Supplemental Figure S1
B, E), and predominantly nuclear localization of stem cell pluripotency transcription factors
OCT4 and SOX2 (Supplemental Figure S1, C and D) as well as total abundance of OCT4
(Supplemental Figure S1 E).

FTD iPSCs have increased lysosome pH

Although the exact mechanisms triggering FTD pathologies with C9orf72-G4C2 remain
unclear, an aberrantly high pHlys is reported with early stages of different types of
neurodegeneration (Wolfe et al., 2013; Nixon, 2020; Chin et al., 2022). We therefore
quantified pHlys by generating WT and FTD1 iPSCs stably expressing a genetically
encoded and ratiometric fluorescent biosensor, pHLARE, which we previously described
accurately measures pHIlys within the range of pH 4.0 to 6.5 (Webb et al., 2021). pHLARE
encodes the Lysosomal Associated Membrane Protein 1 (LAMP1) tagged at the lumenal
domain with superfolder GFP and at the cytosolic domain with mCherry. We stably
expressed in iPSC lines pHLARE containing an EF-1a promoter inserted into the AAVS1
harbor locus, which is a site commonly used for stable expression in stem cells (Smith et al.,
2008), by using MaxCyte ATX electroporation and FACS sorting for mCherry. Measuring
changes in ratiometric pHLARE calibrated to pH values with nigericin buffers at the end
of each determination, as described (Webb et al., 2021), we found that the pHIys of FTD1
iPSCs, 5.0 £ 0.2, was significantly higher compared with WT iPSCs, 4.4 + 0.2 (Figure

1, A and B). To validate our findings obtained with pHLARE, we performed ratiometric
fluorescence imaging using the pH-sensitive dye Oregon Green 488 Dextran. Consistent
with the pHLARE measurements, WT iPSCs showed an average pH of 5.4 + 0.8, whereas
FTD1 iPSCs showed an increased average pH of around 6.1 + 0.8 (Supplemental Figure
S2A). Using Oregon Green 488 Dextran, we observed a comparable increase in pHIys in a
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second FTD iPSC line (FTD2), derived from a 65-year-old Caucasian female FTD patient,
and hence age- and ethnicity-matched with WT iPSCs (Supplemental Figure S2B). We also
confirmed a predominant nuclear localization of the pluripotency marker OCT4 in FTD2
iPSCs (Supplemental Figure S2C). The slightly higher pH detected with Oregon Green

488 Dextran compared with pHLARE likely reflects lower specificity for lysosomes, as the
dye is also distributed in late endosomes (Halcrow et al., 2021). Compared with previous
findings, a higher pHIys is also seen in ALS iPSC-derived neurons (Lo and Zeng, 2023),

in fibroblasts from Parkinson’s disease (PD) patients (Colacurcio and Nixon, 2016), and in
iPSC-derived neurons (i-neurons) from a patient carrying a common FTD-linked mutation in
the GRN locus (Elia et al., 2023).

Despite the higher pHlys we observed in FTD iPSCs, immunoblotting total cell lysates
revealed that WT and FTD1 iPSCs had a similar abundance of proteins reported to

regulate pHIys, including LAMP1 and Transmembrane protein 175 (TMEM175; Figure
1C). TMEM175 was recently identified as a lysosomal K*-H* channel with a pivotal role in
maintaining lysosomal membrane potential and pHIys stability (Hu et al., 2022; Tang et al.,
2023). LAMP1 was subsequently shown to bind to TMEMZ175 and regulate channel activity
and pHIlys (Zhang et al., 2023). Additionally, despite defective endolysosomal trafficking
reported as an FTD pathology (Farg et al., 2014; Shi et al., 2018; Shao et al., 2022), WT
and FTD1 iPSCs had a similar abundance of Ras-related protein Rab7 (Figure 1C), which
confers maturation of late endosomes into lysosomes and lysosomal trafficking. These

data are consistent with previous findings indicating no significant differences in LAMP1
expression within the frontal grey matter of FTD-C9orf72 individuals compared with control
samples (Marian et al., 2023) or progranulin-deficient FTD cells (Valdez et al., 2017), as
well as no significant difference in Rab7 expression in C9orf72 knockout mice (Todd et al.,
2023).

Using several different approaches, we confirmed experimentally changing pHIys in both
WT and FTD1 iPSCs. The pHIlys of WT iPSCs increased with Bafilomycin Al (Baf Al; 100
nM), an inhibitor of the vacuolar V-ATPase, the main proton pump in lysosomes (Tu et al.,
2008; Casey et al., 2010), and chloroquine (CQ; 100 uM), an alkalinizing lysosomotropic
compound (Levine and Kroemer, 2008; Tu et al., 2008), but did not change with Torin-1
(100 nM), an ATP-competitive inhibitor of mammalian target of rapamycin complex 1
(mTORCY) activity that lowers pHIlys in somatic cells (Thoreen et al., 2009; Webb et al.,
2021; Figure 1D). In contrast, in FTD1 iPSCs Torin-1 lowered pHIys, but Bafilomycin Al
had no effect (Figure 1E). We also found that the pHIys of both WT and FTD1 iPSCs

were decreased when cells were treated with 4-(2-(6,7-Dichloro-2-cyclopentylindan-1-on-5-
yl)ethyl)benzene-1,3-diol (DCPIB; 10 uM), which is reported to be a selective inhibitor of
volume-regulated anion channels (VRACS) or swelling-activated chloride channels (Decher
et al., 2001; Sardini et al., 2003; Figure 1, D and E). In contrast to DCPIB inhibiting VRACs
and chloride channels, Hu and colleagues (Hu et al., 2022) reported that DCPIB targets
TMEML175 to increase channel activity and pHIys in HEK293T cells.

Although FTD1 iPSCs had a higher pHIlys compared with WT, their cytosolic pH (pHi)
was not different (WT 7.57 £ 0.04, FTD1 7.55 £ 0.04; Supplemental Figure S2D),
determined in cell populations loaded with the fluorescence pH-sensitive dye 2 ,7 - Bis(2-
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carboxyethyl)-5(6)-carboxyfluorescein (BCECF). Additionally, DCPIB did not affect pHi
of either WT or FTD1 iPSCs (Supplemental Figure S2D), suggesting a selective effect on
pHIys. These findings are in contrast with studies, albeit limited, indicating that decreased
pHi is associated with AD and other neurodegenerative diseases (Fang et al., 2010; Majdi et
al., 2016), although to our knowledge, differences in pHi with FTD1 have not been reported.

Lysosome size is noted to be variable but generally ranges between 150-2000 nm, as
determined in epithelial cells (Bandyopadhyay et al., 2014; Webb et al., 2021; Siddiqui
and Bhatt, 2023). We found that WT and FTD1 had a mostly similar profile of lysosome
size, including a mean size of 400 + 235 nm for WT iPSCs and 500 + 410 nm for FTD1
iPSCs. However, WT iPSCs had a greater number of smaller lysosomes between 200-300
nm, whereas FTD1 iPSCs had a higher proportion of larger lysosomes >1400 nm (Figure
1F). A similar finding of increased proportion of enlarged lysosomes is reported using
transmission electron microscopy of C9orf72 iPSC-derived motor neurons (Beckers et al.,
2023). Together, our findings indicate that compared with WT iPSCs, FTD iPSCs had a
higher pHIlys and somewhat larger lysosome size but no difference in pHi or the expression
of LAMP1, TMEML175, and Rab?.

Proteolytic activity and Cathepsin B activity and expression are decreased in FTD iPSCs

Degradation of macromolecules and proteins in lysosomes relies on over 50 hydrolases,
including many cathepsins with optimal activity in an acidic environment (Wolfe et al.,
2013). We evaluated lysosomal hydrolase activity by staining cells with DQ-Red BSA, a
fluorogenic substrate that is internalized through endocytosis and transported to endosomes
and lysosomes. In acidic compartments, the BSA is degraded by lysosomal hydrolases,
releasing BODIPY dye molecules. To confirm this behavior of DQ-Red BSA, we showed
significantly decreased fluorescence in WT iPSCs treated with Bafilomycin Al (100 nM,
18 h) (Figure 2A), which increased pHlys (Figure 1D). In control FTD1 cells, we found
decreased fluorescence compared with control WT iPSCs (Figure 2A), indicating a lower
proteolytic degradation. However, fluorescence increased to that seen in control WT iPSCs
when we treated FTD1 iPSCs with Torin or DCPIB (Figure 2A), which lowered pHIys
(Figure 1E).

Consistent with the higher pHIlys in FTD1 compared with WT iPSCs and the reduced
hydrolase activity observed in FTD1 iPSCs, the latter also had decreased cathepsin B
activity (Figure 2, B and C), determined by staining with Magic Red, a fluorogenic

reporter specifically cleaved by cathepsin B in lysosomes. FTD1 iPSCs, in addition to
having decreased cathepsin B activity, also had decreased cathepsin B abundance compared
with WT, determined by immunoblotting total cell lysates (Figure 2, D and E). Although
decreased activity of lysosomal cathepsin D is seen in iPSC-derived cortical neurons from
FTD1 patients harboring progranulin mutations (Valdez et al., 2017), to our knowledge,

a link between C9orf72-G4C2 and decreased cathepsin B activity has not been reported.
However, decreased cathepsin B abundance is seen in the cerebrospinal fluid of patients with
primary progressive aphasia, a language variant of FTD (Swift et al., 2024). Additionally,
inhibiting cathepsin B activity or its loss is reported to promote the development of AD and
neurodegeneration (Kos et al., 2022). Additionally, previous studies highlighted that bone
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marrow-derived cells exposed to pHIlys-elevating chemicals have a notable reduction in both
cathepsin B and D protein abundance (Xu et al., 2024). Together, our data confirm that a
higher pHIys correlates with decreased total hydrolase activity, determined with DQ-Red
BSA, and specifically cathepsin B activity, determined with Magic Red.

Cytosolic protein aggregates, including TDP-43, are increased in FTD iPSCs

Aberrant cytosolic protein aggregation is a hallmark of neurodegenerative diseases such

as AD, PD, ALS, and FTD (Taylor et al., 2002; Neumann et al., 2006). We scored for
global protein aggregates by using the PROTEOSTAT Aggresome Detection Reagent, a
molecular rotor dye designed to interact with and disrupt the cross-beta spine of quaternary
protein structures commonly found in misfolded and aggregated proteins. In WT iPSCs, the
cytoplasmic fluorescence intensity was relatively low with a mean of 250 arbitrary units
(a.u.), but increased with Bafilomycin Al treatment (100 nM, 2 h) to a mean of 400 a.u.
(Figure 3, A and B). In FTD1 iPSCs, the mean of 500 a.u. was greater than WT iPSCs, both
control and treated with Bafilomycin Al (Figure 3, A and B).

To further analyze the proteinopathy in FTD1 iPSCs, we immunolabeled for TAR DNA-
binding protein 43 (TDP-43), a multi-functional DNA/RNA-binding protein found in both
the nucleus and cytoplasm (Babic Leko et al., 2019; Lines et al., 2020; Ratti et al., 2020).
Decreased nuclear TDP-43 and increased cytosolic TDP-43 aggregates are a common

FTD pathology seen in a mouse model with a C9orf72 expansion (Shao et al., 2022), in
affected neurons of patients with FTD (Neumann et al., 2006; Beckers and VVan Damme,
2024), in postmortem brain tissue from FTD patients with C9orf72 expansions (Marian et
al., 2023), and in neurons differentiated from iPSCs generated from a patient with FTD
having decreased PGRN expression (Valdez et al., 2017). Consistent with these findings,
immunolabeling showed that FTD1 iPSCs had a lower nuclear to cytoplasmic ratio of
TDP-43 and visibly more cytosolic TDP-43 aggregates (Figure 4, A—C) compared with
WT iPSCs; however, immunoblotting indicated that the abundance of total TDP-43 was
not different in the two cell lines (Figure 4D). Similar results were observed for FTD2
iPSCs, which also had a lower nuclear to cytoplasmic ratio of TDP-43 and increased
cytosolic aggregates compared with WT (Supplemental Figure S3, A and B). FTD1 iPSCs
also had increased phosphorylated TDP-43 (pTDP-43) compared with WT, determined by
immunoblotting cell lysates using pTDP-43 (Ser409/410; Figure 4E), which are residues
commonly phosphorylated in pathological TDP-43 aggregates in ALS/FTD models (Rojas-
Prats et al., 2021; Hung et al., 2023). Disrupted endolysosomal trafficking is suggested to
be a major determinant in TDP-43 proteinopathy (Shao et al., 2022); however, a role for
increased pHIys is also indicated in TDP-43 proteinopathy as seen in HelLa cells treated with
Bafilomycin Al (Tanaka et al., 2023). Consistent with Bafilomycin Al increasing pHIlys

in WT iPSCs, it also decreased the nuclear to cytoplasmic ratio of TDP-43 and enhanced
cytosolic TDP-43 aggregates (Figure 4F). Also, consistent with DCPIB decreasing pHIys
in FTD1 iPSCs, it increased the nuclear to cytoplasmic ratio of TDP-43 and attenuated
cytosolic TDP-43 aggregates compared with untreated control FTD1 cells (Figure 4G).
The TDP-43 nuclear to cytoplasmic ratio in FTD1 iPSCs treated with DCPIB was only
partially rescued (mean 14.24 + 0.65 SEM) compared with control WT iPSCs (mean 22.06
+ 0.84), perhaps because of the short (24 h) treatment time. These findings underscore
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the association between increased pHIys and increased TDP-43 proteinopathy, suggesting
targeting pHIys or using DCPIB as a potential therapeutic to reduce TDP-43 proteinopathy
in FTD.

FTD iPSCs have increased nuclear TFEB but similar total TFEB protein abundance
compared with WT iPSCs

TFEB, a member of the MiTF/TFE transcription factor family, regulates the transcription
of coordinated lysosomal expression and regulation (CLEAR) genes involved in autophagy
and lysosome biogenesis, including lysosomal membrane proteins and hydrolases (Cho and
Hwang, 2012; Wang et al., 2018; Ojalvo-Pacheco et al., 2024). Under normal conditions,
phosphorylated TFEB remains in the cytosol, but during starvation or lysosomal stress, it is
dephosphorylated and translocated to the nucleus, activating lysosomal biogenesis (Cho and
Hwang, 2012; Shariq et al., 2024). Immunolabeling for TFEB showed a greater nuclear to
cytoplasmic ratio in FTD1 compared with WT iPSCs (Figure 5, A—C), which is consistent
with our findings that FTD1 iPSCs had more large lysosomes compared with WT (Figure
1F) and lysosomal enlargement activating TFEB (Wang et al., 2018). Cytosolic TFEB in
FTD1 iPSCs, however, was not notably in aggregates (Figure 5B) like we observed with
TDP-43 (Figure 4B). Immunoblotting showed that FTD1 iPSCs had less phosphorylated
TFEB than WT, but the total TFEB levels were similar (Figure 5D), consistent with
phosphorylated TFEB being retained in the cytoplasm. Our findings are in agreement with
previous reports indicating that loss of C9orf72 function in HEK293T cells leads to nuclear
translocation of TFEB (Ugolino et al., 2016; Wang et al., 2020). In contrast to our findings,
however, decreased nuclear TFEB expression was reported in postmortem brain samples of
AD and ALS patients (Wang et al., 2016).

Lysosome biogenesis is also promoted by the activity of TFE3, a bHLH-leucine zipper
transcription factor that, like TFEB, translocates from the cytoplasm to the nucleus when
active and regulates autophagy (Jain et al., 2022; Mutvei et al., 2023; Ojalvo-Pacheco et
al., 2024). However, unlike the increased nuclear TFEB we observed in FTD1 compared
with WT iPSCs, we observed no difference in TFE3 localization between the two cell lines
(Supplemental Figure S4, A and B), determined by immunolabeling, or TFE3 abundance,
determined by immunoblotting total cell lysates (Supplemental Figure S4C). The role

of TFE3 in FTD is controversial. TFEB and TFE3 interact with different regulatory
proteins and enzymes; therefore, changes in TFEB-specific regulators, such as mTORC1 or
calcineurin, may selectively impact TFEB activity without influencing TFE3. Additionally,
mutations in genes involved in TFEB regulation, such as CLEAR network genes, may
disrupt TFEB function without directly affecting TFE3. Despite both TFEB and TFE3
having a conserved transcriptional activation domain, TFEB aggregation is facilitated by
the PrL.D domain, which is absent in TFE3, and suggested as a target in Huntington’s
disease (HD) (Ojalvo-Pacheco et al., 2024). Although C9orf72 expansion is associated with
increased nuclear TFE3 (Wang et al., 2020), a general view is that dysregulated TFE3
localization may not be a hallmark of neurodegeneration (Ojalvo-Pacheco et al., 2024).
Additionally, we saw no difference between FTD1 and WT iPSCs in the abundance of

total or phosphorylated ULK1, a protein activated with autophagy stimulation (Amick and
Ferguson, 2017; Root et al., 2021) (Supplemental Figure S4D). Our data indicate that
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in FTD iPSCs, TFEB regulation was distinct from changes in TFE3, ULK, and pULK,
highlighting the complexity of signaling networks whereby C9orf72-G4C2 affects lysosome
biology.

Transcriptomic profiling reveals dysregulated pathways in FTD compared with WT iPSCs.

For unbiased insights on possible differences in gene expression and signaling networks in
FTD compared with WT iPSCs, we used RNA sequencing (RNA-seq). A Venn diagram
revealed the number of shared and unique transcript levels between WT and FTD1 (Figure
6A), with WT iPSCs having a total of 1476 differentially expressed genes (DEGs) with

an adjusted g-value of less than 0.05 after batch correction. Of these DEGs, 433 were
unique to WT compared with FTD1 iPSCs. FTD1 iPSCs had 1,904 DEGs, with 861
unique DEGs. WT and FTD1 shared 1043 DEGs, which is almost 45% of their total
number of DEGs (Figure 6A). A volcano plot, with each dot representing a gene, revealed
increased and decreased transcripts in FTD1 compared with WT iPSCs (Figure 6B), which
could potentially be used as biomarkers. DEGs (g-value 0.05) are shown in blue, and we
highlighted upregulated genes of interest in green and downregulated genes of interest in
magenta based on literature mining (Figure 6B). Compared with WT iPSCs, FTD1 iPSCs
had increased expression of genes associated with synaptic and cytoskeletal processes,
including moesin (MSN) (Beckmann et al., 2023) and presynaptic scaffolding RIM family
members (RIMS1, RIMS2, RIMS3, and RIMS4). Additionally, FTD1 IPSCs had increased
expression of transcripts for synaptic regulation, such as CHGA and NNAT (Seredenina
etal., 2011; Sathe et al., 2021; Podvin et al., 2022; Zou et al., 2022), as well as for
inflammatory response, including MFGES8 (Almansoub et al., 2019) and IDO1 (Duan et
al., 2020), which are linked to dementia. Similarly, FTD1 iPSCs had increased expression
of several transcripts not previously associated with neurodegeneration, such as lysosome-
associated H*-coupled amino acid transporters, SLC36A1 and SLC36A4 (Thwaites and
Anderson, 2011; Hu et al., 2022), the lysosomal stress response protein LGALS3BP (Pan et
al., 2014), and the neurotransmitter release transcripts belonging to the SYT family (SYT4,
SYT10, and SYT13; Siidhof, 2012).

Gene transcripts decreased in FTD1 compared with WT iPSCs, including some previously
lin ked to ALS, FTD, and/or PD, such as CHCHD2 (Imai et al., 2019), the ciliary
neurotrophic factor receptor (CNTFR; Deolankar et al., 2021), the neuronal development
regulator SATB2 (Espuny-Camacho et al., 2013), four zinc-finger transcription factors
(ZNF208, ZNF728, ZNF492, and ZNF835), as well as AKT1, which is related to lysosomal
function and dysregulation (Paquette et al., 2021). Based on RNA-sequencing (RNAseq)
findings, we confirmed by immunoblotting decreased expression in FTD1 compared with
WT iPSCs of Annexin A2, a Ca2* binding antiapoptotic protein that regulates lysosome
functions (Rentero et al., 2018; Quick et al., 2023) and CNTFR, which enhances neuronal
survival (Yong et al., 2022) and has been associated with TDP-43 aggregation (Liao et al.,
2022; Figure 6C). Recent insights from Grieve et al. (2025) identify Annexin A2 as a key
regulator of endolysosomal trafficking, and its downregulation in FTD iPSCs may contribute
to the trafficking and degradative defects we observed, including impaired lysosomal
acidification and cathepsin activity. CNTFR is also downregulated in AD (Deolankar et

al., 2021), although to our knowledge it has not been linked to FTD. In FTD1 iPSCs, we also
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confirmed, by immunoblotting, decreased expression of the pluripotency factor NANOG
(Figure 6C), which protects against neuronal toxicity (Chang et al., 2020). Immunoblotting
confirmed that compared with WT iPSCs, FTD1 iPSCs have increased expression of the
cytoskeletal linker MSN (Figure 6C), which was recently shown to mediate tau-induced
neurodegeneration (Beckmann et al., 2023). Moesin upregulation has also been reported in
HIV-associated dementia in macaques, which mirrors the human disease (Gersten et al.,
2009).

Moreover, we used gene ontology (GO) enrichment analysis of DEGs with the

Enrichr database to reveal differences between FTD1 and WT iPSCs in cellular

components (increases for neuron projections and glutamate receptor complex), biological
processes (increases for neurotransmitter and synaptic transmission; decreases in neuron
differentiation), and molecular functions (increases Ca2* and neurotransmitter activity;
decreases in DNA binding components; Figure 6D). Dysregulated Ca2* homeostasis is
associated with neurodegenerative conditions leading to neuronal loss (Hadi et al., 2024). In
summary, these data revealed widespread transcriptomic differences in FTD1 compared with
iPSCs, highlighting potential biomarkers as well as possible therapeutic targets.

Consistent with its effect on pHIys, DCPIB treatment (10 pM, 24 h) of FTD1 iPSCs
decreased expression of Moesin (MSN), which is elevated in untreated FTD1 iPSCs, and
increased expression of Annexin A2 (ANXAZ2), which is reduced in untreated FTD1 iPSCs,
thereby restoring levels toward those seen in WT iPSCs (Figure 6E). These findings suggest
that DCPIB may act by stabilizing protein expression rather than through changes in gene
transcription.

DISCUSSION

Motivated by the challenges and limitations of current FTD models, in this study, we
explored cellular pathologies using patient-derived iPSCs having a mutant C9ofr72-G4C2
expansion as an experimental model. We found that FTD iPSCs had disease hallmarks
previously reported in neuronal models, including a disrupted lysosome biology of increased
pHIlys and decreased lysosomal hydrolase activity, and specifically decreased cathepsin

B activity, cytosolic protein aggregation, including TDP-43 proteinopathy, and increased
nuclear TFEB. Furthermore, we found that pharmacologically decreasing pHIlys attenuates
TDP-43 proteinopathy in FTD iPSCs, highlighting the crucial role of lysosomal dysfunction
in FTD. Moreover, RNAseq of FTD1 compared with WT iPSCs revealed dysregulated

gene transcripts involved in calcium signaling, cell death, synaptic function, and neuronal
development. Collectively, these findings underscore the potential of FTD iPSCs as a model
for studying FTD cellular pathologies and for insights into signaling mechanisms regulated
by C9orf72-G4C2.

We confirmed that pHIys was higher in FTD compared with WT iPSC by using two
approaches: a genetically encoded pHIys biosensor, pHLARE, which we developed (Webb
et al., 2021), and the dye Oregon Green that was previously used to measure pHIys (Canton
and Grinstein, 2017). A higher pHlys is also reported in FTD caused by progranulin
haploinsufficiency (Tanaka et al., 2017; Elia et al., 2023), AD caused by presenilin 1
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deficiency (Lee et al., 2010), and altered activity of the PD-risk protein TMEM175 (Hu

et al., 2022). Collectively, these findings suggest that increased pHIys may be a hallmark
of neurodegenerative disorders, as previously proposed (Nixon, 2017; Root et al., 2021).
Further studies are needed to determine how C9orf72-G4C2 causes increased pHIys, with
FTD iPSCs being a feasible model for resolving mechanisms. Although FTD1 and WT
iPSCs had no difference in expression of TMEMZ175, which has been reported to regulate
pHIys (Zhang et al., 2023), we cannot rule out possible differences in TMEM175 activity.
We did find that DCPIB, a previously reported inhibitor of VRAC and swelling-activated
chloride channels (Decher et al., 2001; Sardini et al., 2003), decreased pHIys with no
effect on pHi. Treating FTD1 iPSCs with DCPIB increased the reduced hydrolase activity
and attenuated TDP-43 proteinopathy, and partially rescued disease-associated changes

in Annexin A2 and Moesin protein levels, both of which were dysregulated in FTD1
compared with WT cells. Although not previously reported, of interest is whether DCPIB
targets the lysosomal CI-H exchanger CIC-7, which regulates pHlys (Graves et al., 2008;
Coppola et al., 2023), and whether it might be considered as a therapeutic in treating FTD.
Other possible regulators of increased pHIlys in FTD cells are members of the SLC36
family of lysosomal proton-coupled amino acid transporters, as suggested by our RNA-seq
data indicating increased expression of SLC36A1 and SLC36A4. Alternatively, although
receiving limited attention relative to neurodegenerative diseases, it is unclear whether a
higher pHIys changes the expression or activity of SLC36 family members and hence
contributes to nutrient imbalances and dysregulated mTORC1 activity. Our finding that
FTD1 iPSCs had a greater nuclear/cytoplasmic ratio of TFEB and less phosphorylated
TFEB compared with WT iPSCs suggests decreased mTORCL activity, although this
remains to be confirmed.

Cytosolic accumulation and aggregates of TDP-43 are hallmarks of not only FTD (Greaves
and Rohrer, 2019; Shao et al., 2022) but also other neurodegenerative disorders (Beckers
and Van Damme, 2024), and lysosomal dysfunction may play a significant role in protein
aggregate accumulation (Shao et al., 2022; Ojalvo-Pacheco et al., 2024). Of significance, our
study showed that FTD1 and FTD2 iPSCs have cytoplasmic mislocalization of TDP-43 even
in the absence of neuronal differentiation. Furthermore, immunoblotting revealed increased
pTDP-43 in FTD1 iPSCs, a key marker of pathological aggregation. Reducing TDP-43
proteinopathy is a target for FTD therapeutics (Liao et al., 2022), and our results indicate
that FTD iPSCs could be a tractable model toward achieving this goal and highlight the
promise of targeting increased pHIys, which, when reduced by DCPIB, attenuated TDP-43
proteinopathy in FTD iPSCs.

Our RNAseq analysis highlights additional differences in FTD1 compared with WT iPSCs,
particularly gene transcripts associated with synaptic regulation, including SYT family
members, and neuronal development, including NANOG, SATB2, and ZNF transcription
factors. RNA-seq data confirmed dysregulated expression of several genes previously
associated with FTD, ALS, or PD, including decreased expression of CNTFR, CHCHD?2,
AKT1, and NANOG (Imai et al., 2019; Chang et al., 2020; de Araujo et al., 2020; Deolankar
etal., 2021; Paquette et al., 2021). Also previously linked to neurodegenerative disorders is
increased expression of MSN (Beckmann et al., 2023). For RNAseq data, we confirmed
dysregulated expression of CNTFR, ANXA2, NANOG, and MSN by immunoblotting.
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The role of Annexin A2 in endolysosomal membrane dynamics and fusion provides a
plausible mechanistic link between its downregulation and the impaired lysosomal clearance
observed in FTD1 iPSCs. Moreover, since Annexin A2 functions across cell types to
regulate vesicular trafficking (Grewal et al., 2025), its dysregulation in undifferentiated
iPSCs supports their relevance as a model to study early pathogenic events in FTD. Notably,
in agreement with our immunoblotting data, RNAseq did not show differences in the
expression of TMEM175, LAMP1, ULK, or Rab?7.

Collectively, our findings support using iPSCs as a model for insights into the cell biology
of FTD. Although C9orf72 binds to lysosomes (Amick and Ferguson, 2017), how wild-type
and

C9orf72-G4C2 regulate lysosome functions remains controversial (Root et al., 2021).

The FTD iPSCs we used with variations to correct C9orf72 expansions are an
experimentally feasible model for resolving signaling networks and molecular mechanisms.
Beyond C9orf72-G4C2 and FTD, iPSCs derived from patients having FTD and other
neurodegeneration-causing mutations in MAPT/tau, progranulin, LRRK2, and PARK2 are
available through the NINDS human cell repository (https://nindsgenetics.org/) and likely
also useful for mechanistic insights on associated cell dysfunctions. Additionally, because
of the time and cost-effective advantages of iPSCs compared with terminally differentiated
neurons, we also suggest that iPSCs from affected patients are a feasible platform for

drug screening to identify small molecules, for example, that lower pHIlys, with promise as
therapeutics for treating FTD and other neurodegenerative disorders. Neurons derived from
iPSCs carrying the C9orf72-G4C2 expansion have been used for screening small libraries

( 2K bioactive compounds; Czuppa et al., 2022). However, iPSCs offer greater feasibility
for screening larger libraries, especially when combined with genetically encoded biosensors
such as pHLARE, which enables longitudinal screening to identify small molecules that
lower pHlys.

MATERIALS AND METHODS

Request a protocol through Bio-protocol

Cell culture and transfection: Cell lines were obtained from the NINDS, including
WT (NHCDR ID ND41866, Cell line ID NN0003921), FTD1 (NHCDR ID ND50037, Cell
line ID NN0000035), and FTD2 (NHCDR 1D ND50035, Cell line ID NN0O000039) iPSCs.
FTDL1 iPSCs were generated from a disease-affected 48-year-old Caucasian male with a
C90rf72-G4C2 expansion, and FTD2 iPSCs were generated from a 65-year-old Caucasian
female also with a C9orf72-G4C2 expansion. WT iPSCs were generated from a nonaffected
64-year-old Caucasian male, gender-matched with FTD1 and age-matched with FTD2.

Cells were maintained in mTeSR Plus medium (STEMCELL Technologies) on Matrigel-
coated dishes (Corning Matrigel hESC-Qualified Matrix) at 37°C and 5% CO», and
passaged by using Accutase to dissociate cells. After dissociation, cell suspensions were
centrifuged at 1000 rpm for 5 min, and the cell pellet was resuspended in mTeSR Plus
medium supplemented with 10 uM of the Rho kinase inhibitor Y-27632 (MedChemExpress
HY-10583) and plated on Matrigel-coated dishes. After 24 h, the medium was replaced with
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mTeSR Plus lacking Y-27632. Mycoplasma contamination was tested twice a year using
medium obtained from cells maintained for 48 h by using a PCR Mycoplasma Detection Kit
(abm #G238). Cell lines were authenticated commercially by IDEXX Bio-Analytics.

Stable expression of pHLARE: A mammalian expression plasmid with a CMV
promoter encoding pHLARE was generated by our laboratory as previously reported (Webb
et al., 2021) and is commercially available (Addgene #164477). For stable expression in
iPSCs, Gibson assembly was used to replace the CMV promoter with an EF-1a promoter.
Confluent iPSCs, maintained as described above, were dissociated with Accutase, pelleted
by centrifugation, and resuspended to 3-5 x 107 cells/ml in MaxCyte EP buffer containing
Y27632 (10 uM), transferring 50 pl of cell suspension into a separate microcentrifuge

tube for each transfection to which 240 pg/ml DNA/tube was added. For TALEN-mediated
insertion to the AAVS1 locus, we used a 4:3:3 ratio, donor construct: each of the site-
specific TALENs (TALEN L [Addgene #59025] and TALEN R [Addgene #59026]). The
cell suspension with DNA was transferred to R-50 x 8 Multi-well Processing Assembly
electroporation cuvettes. Cells were electro-porated using the manufacturer’s High Energy
Ab549 protocol and then allowed to recover for 30 min at 37°C before plating cells in
Matrigel-coated dishes as described above. Seventy-two hours after electroporation, cells
were sorted for mCherry fluorescence on a FACS Avria Il flow cytometer (FACSDiva
Software, BD Biosciences) at the UCSF Parnassus Flow Cytometry Core.

Lysosome pH measurements: For live-cell imaging of pHlys, cells were plated on
Matrigel-coated 35-mm MatTek dishes (MatTek Corporation; P35G-1.5-10-C) for 48 h. For
imaging pHLARE, fluorescence ratios (Ex488 for sfGFP and Ex561 for mCherry) from
cells in growth medium were acquired over 1 min, followed by acquiring fluorescence
ratios after 5 min each in a nigericin-containing buffer (50 mM KPQy4, 80 mM KCI, 1

mM MgCI) adjusted to 6.5 and 5.0 with HCI to calibrate ratios to pH values as previously
described (Webb et al., 2021). Images were acquired using a customized spinning disk
confocal (Yokogawa CSU-X1) on a Nikon Ti-E microscope with a 60X Plan TIRF 1.49

NA objective equipped with a Photometrics cMYQ cooled CCD camera, as described
(Stehbens et al., 2012). Lysosomal pH was also measured using ratiometric fluorescence
imaging with the pH-sensitive dye Oregon Green 488 Dextran, 10,000 MW, Anionic, Lysine
Fixable (Invitrogen, D7171), following previously described methods (Zhang et al., 2023).
Twenty-four hours after plating, cells were washed, the medium was refreshed, and cells
were incubated overnight with Oregon Green 488 at a concentration of 250 pg/ml. The

next day, cells were washed three times and allowed a 3-h dye-free chase in fresh medium
before fixing and imaging. Fluorescence emissions were collected at 530 nm with excitation
wavelengths of 440 nm and 488 nm, respectively. After each imaging measurement, in

situ pH calibration was performed by sequentially equilibrating cells with a series of pH-
standard solutions for 5 min each, followed by imaging. The pH standards were prepared
with 90 mM KCI, 25 mM MES, and 20 uM nigericin, adjusted to pH values of 4.1, 4.8, and
5.6, respectively. The ratio of fluorescence emission intensity of individual cells, acquired
at excitation wavelengths of 488/440 nm after each pH treatment, was used to generate a
standard curve, allowing the experimental fluorescence measurements to be interpolated into
precise lysosomal pH values for each cell. Image acquisition settings that caused less than
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5% photobleaching were used in all experiments. Images were analyzed using NIS Elements
software and an analysis pipeline we developed as previously described (Webb et al., 2021).
To determine lysosome size, we used the analysis pipeline program as previously described
(Webb et al., 2021) that includes the area of lysosome objects. To evaluate the size of single
lysosomes and not lysosome clusters, we used only the area of objects with a shape value
between 0.9 and 1.0.

To experimentally change pHlys, 100 nM Bafilomycin Al (Sigma-Aldrich; B1793) or 100
UM chloroquine (Sigma-Aldrich; C6628) was added to cells in growth medium for 2 h
before pHLARE imaging, and 100 nM Torin-1 (Tocris Bioscience; 4247) or 10 uM DCPIB
(Sigma-Aldrich; SML2692) was added to cells in growth medium for 24 h before pHLARE
imaging as described above.

Intracellular pH measurements: Steady-state intracellular pH (pHi) was measured

as previously described (Grillo-Hill et al., 2015; White et al., 2017). In brief, cells

plated for 48 h in 24-well dishes were washed and incubated for 15 min in a NaHCOs3-
containing buffer supplemented with 1 uM of the pH-sensitive dye BCECF. After washing in
NaHCO3-containing buffer, BCECF fluorescence ratios were measured using a Spectra-Max
fluorescence plate reader (Molecular Devices) and calibrated to pHi by treating cells at the
end of each measurement with a potassium phosphate buffer containing the protonophore
nigericin (10 uM) at pH 6.5 and 7.5, as previously described (Grillo-Hill ef a/., 2014). For
measurements with DCPIB (10 uM), the inhibitor was added 24 h before pHi measurements
and included in the BCECF-loading and pHi measurement buffers.

Lysosomal hydrolytic activity assay: The overall lysosomal hydrolytic activity was
measured using DQ-Red BSA (Invitrogen, D12051). Cathepsin B activity was measured
using the Magic Red Cathepsin B assay kit (ImmunoChemistry Technologies, #937). For
both approaches, cells were plated on Matrigel-coated 35-mm MatTek dishes for 48 h and
then incubated with DQ-Red BSA (10 pg/ml) at 37°C for 3 h or Magic Red (1:1000 dilution,
following protocol instructions) at 37°C for 30 min, followed by washing three times with
PBS. Images were acquired (Aexc: 561 nm, Agm: 628 nm) using spinning disk confocal
microscopy as described above. NIS Elements software (Nikon) was used to analyze the
images, which included fluorescence intensity with subtracted background fluorescence.
For intensity measurements, fluorescence intensity was quantified from multiple regions

of interest (ROIs) in the Z section with the highest intensity for each junction, using a
maximum intensity projection. Intensity was calculated by collecting at least 30 different
ROIs for each biological replicate. Data were normalized within each biological replicate to
the mean intensity for all control values. Statistical two-way analyses of variance (ANOVA)
were performed using Prism (GraphPad Software).

PROTEOSTAT Aggresome Detection Reagent: Protein aggregation was measured
in cells plated for 48 h on Matrigel-coated 35-mm MatTek dishes. Cells were fixed in

PBS containing 4% paraformaldehyde for 10 min at room temperature (RT), and after
washing, were stained with 1/2000X diluted ProteoStat Aggresome Detection Kit (Enzo
Life Sciences) according to the manufacturer’s protocol and with Hoechst 33342 (1 mg/ml;
Dojindo) to label nuclei for 30 min at room temperature in the dark. After washing with
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PBS, images were acquired with a Nikon Ti-E microscope with a 60X Plan TIRF 1.49 NA
objective equipped with a Photometrics cMYO cooled CCD camera and analyzed using
ImageJ software. To experimentally change protein aggregation, 100 nM Bafilomycin Al
(Sigma-Aldrich; B1793) was added to cells in growth medium for 2 h before fixing.

Immunolabeling: Cells plated on Matrigel-coated 35-mm MatTek dishes for 48 h were
washed 1X in PBS and fixed in PBS containing 4% paraformaldehyde for 10 min at RT.
After washing with PBS, cells were permeabilized with 0.1% TritonX-100 in PBS for 10
min at RT, washed, and then incubated for 60 min in block buffer of PBS containing

5% FBS. Cells were then incubated with primary antibodies (Table 1) at 1:200 in PBS
containing 0.01% Triton-X100 overnight at 4°C. After washing thrice with PBS, 10-min
each wash, cells were incubated with fluorescence-conjugated secondary antibodies (1:200;
Jackson ImmunoResearch Laboratories) in PBS for 60 min at RT and then washed three
times with PBS, 10-min each wash. For Hoechst 33342 staining, dye (1:10,000) was added
to the second PBS wash. Fluorescence images were acquired by spinning disk confocal
microscopy as described for Proteostat staining and analyzed using NIS Elements software.
For analysis of nuclear/cytoplasmic ratios, for each cell analyzed, mean fluorescence
intensities were obtained from three drawn ROI in the cytoplasm and three ROI in the
nucleus, the latter indicated by Hoechst staining.

Immunoblotting: Total lysates were obtained from cells plated on Matrigel-coated six
well-plates for 48 h. Cells were washed three times in cold PBS on ice, lysed in 100
pl/well RIPA buffer (50 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5%
deoxycholate, 0.1% SDS supplemented with protease inhibitors PEFA) while rotating

at 4°C for 10 min, scrapped into microfuge tubes, and a postnuclear supernatant was
collected after centrifugation at 12,000 rpm for 5 min at 4°C. Proteins in lysates were
separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. The
membranes were incubated in blocking buffer (TBS containing 0.1% Tween [TBSTw]
containing 5% BSA or 5% non-fat milk for 1 h and then incubated with primary antibodies
(Table 1; 1:1000 dilution in TB-STw) overnight at 4°C. After washing, membranes were
incubated with peroxidase—conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories) in TBSTw for 1 h at RT, and bound antibodies were developed by

enhanced chemiluminescence using SuperSignal West Femto (Thermo Fisher Scientific)
and imaged using an Alpha Innotech FluorChem Q (Alpha Innotech). Images were
analyzed using ImageJ software. Immunoblots were performed using samples from at least
three independent cell preparations, with actin or vinculin serving as a loading control.
Quantification is presented as mean + SEM, based on data from at least three separate cell
preparations, and statistical significance was determined using Studen’s ¢test.

RNA sequencing: RNA was extracted from iPSCs plated for 48 h on a Matrigel-coated

6 WP with the RNAeasy Micro Kit (Qiagen #74004) according to the manufacturer’s
protocol with the following modifications: after disrupting the cells with RLT buffer, the
cell suspension was transferred into a QlAshredder spin column (Qiagen #79656) and
centrifuged. The lysate was transferred to a QI Ashredder spin column and centrifuged at
13,000 rpm for 2 min. The RNA concentration and purity were measured using SpectraMax
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QuickDrop UV-Vis Spectrophotometer (Molecular Devices, #7546). Libraries were prepared
with the RNA Library Prep Kit (Illumina), and paired-end sequencing was completed using
the NovaSeq 6000 (Illumina) with 3 samples/lane. The raw RNA-Seq reads were analyzed
by Novogene (Beijing, China). Functional enrichment analysis of differentially expressed
genes was performed using GO and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis. The results were visualized using R packages such as ggplot2.

Data presentation and statistical analysis: Sample sizes and p values were reported
in the corresponding figure legends. Box-and-whisker plots were generated using Analyse-It
for Microsoft Excel and show median, first, and third quartiles, observations within 1.5
times the interquartile range, and all individual data points. Scatter dot plots and statistical
analyses were generated in GraphPad Prism 10. Data distribution was tested to be normal.
Unless otherwise noted, graphs show mean £ SEM. Statistical significance was determined
using either statistical analysis by Tukey—Kramer HSD, two-way ANOVA, or unpaired ¢test.
Images were representative of at least three independent experiments. Experiments were not
randomized, and the investigators were not blinded during data analysis.
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SIGNIFICANCE STATEMENT

Understanding the cellular pathology of frontotemporal dementia linked to a GGGGCC
expansion in the C9orf72 gene remains a challenge.

This study shows that undifferentiated patient-derived iPSCs exhibit hallmark FTD
characteristics, including lysosome dysfunction and TDP-43 proteinopathy, and identifies
dysregulated genes related to neurodegeneration.

These findings highlight patient-derived iPSCs as a valuable model for studying FTD
pathology and for drug screening, potentially guiding future research in therapeutic
development.
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FIGURE 1.

Lysosome characteristics in FTD iPSCs. (A) Confocal images of wild-type (WT)

and frontotemporal dementia (FTD) induced pluripotent stem cells (iPSCs) expressing
pHLARE, showing superfolder (sfGFP), mCherry, and merged fluorescence signals. Scale
bar 15 um. (B) Quantified pHIys in WT and FTD1 iPSCs obtained from pHLARE sfGFP/
mCherry ratios calibrated with nigericin-containing buffers of known pH values. Box plots
show median, first, and third quartile, with whiskers extending to observations within 1.5

times the interquartile range, with data points indicating individual cells (WT 60 cells;
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FTD1 45 cells) obtained from 5 separate cell preparations. Statistical analysis by Dunnett’s
multiple comparison test. (C) Representative immunoblots and quantified data from three
separate cell preparations for abundance of TMEM175, LAMP1, and Rab7 in lysates of
WT and FTD1 iPSC normalized to loading controls of either vinculin or actin (D and E)
The pHIys of WT (D) and FTD (E) iPSCs after treatment with different chemical reagents.
Data were expressed as described in (B) and obtained from three separate cell preparations.
(F) Lysosome size determined by measuring ca. 1000 lysosomes per cell line in four cell
preparations.

Mol Biol Cell. Author manuscript; available in PMC 2026 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Infante-Tadeo and Barber Page 26

A p < 0.001

o 41 p < 0.001 p < 0.001

(3] o0 °

c i >

[}] =, ®

o 5 3 & ”:

2 =

ss8

C2 o

° Z’ 2

Ne

g £

= 11 o 0

S

> %

c T L} T T T
WT WT FTD1 FTD1 FTD1
Baf Torin DCPIB
B C
WT FTD1 2.0

p < 0.001

Normalized Fluorescence
Intensity (a. u.)

0.0 .
WT
D E -
WT FTD1 i} 4:2
50~ £
Cathepsin B g 1.07 *
37-| - P EE
— ga 0.8
50- 2 £
100_|E|Vinculin s9 p < 0.001
g2 06 .
®
o
0.4 : :
WT FTD1

FIGURE 2:
Hydrolases and Cathepsin B activity and expression. (A) DQ-Red BSA assay of iPSCs upon

treatment with different chemical drugs that modify the pHIys from three cell preparations.
Different shades of the same color denote measurements from individual cell preparations.
(B) Representative fluorescence microscopy images of cells stained with Magic Red, an
indicator of Cathepsin B activity. Scale bar 30 um. (C) Quantified fluorescence intensity
(a.u.) of Magic Red staining. Each dot represents the fluorescence intensity measured in

a randomly selected ROI, which may cover one or more cells, with data obtained from
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three cell preparations. (D) Immunoblot of total cell lysates probed with antibodies for
Cathepsin B, and for vinculin as a loading control. (E) Quantification of Cathepsin B
immunoblotting (mean + SD) determined from three separate cell preparations. Data are
presented as normalized values, and error bars denote SD from 7 3 biological replicates,
relative to FTD1 control. Statistical significance was analyzed using one-way ANOVA, and
p values were shown in the figure.
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FIGURE 3:

ProteoStat labeling and aggregate quantification. (A) Representative confocal images of WT
iPSCs, untreated and treated with Bafilomycin Al, and FTD1 iPSCs stained with ProteoStat
(purple) and Hoechst 33342 (blue). Scale bar 10 um. (B) Quantification of fluorescence
intensities of cytosolic ProteoStat determined from images as shown in (A). Box plots show
median, first, and third quartile, with whiskers extending to observations within 1.5 times the
interquartile range, with data points indicating individual cells obtained from three separate

cell preparations. Statistical analysis by Tukey—Kramer HSD.
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FIGURE 4:
TDP-43 localization and expression. (A) Inverted confocal images of WT and FTD1 iPSCs

immunolabeled with TDP-43 and stained with Hoechst 33342. Scale bar 10 um. (B)

Higher magnification of the red-highlighted areas in (A) of TDP-43 immunolabeling. (C)
Quantification of the nuclear/cytoplasmic ratio of TDP-43 fluorescence in WT and FTD1
iPSCs determined from images, as shown in (A), with each dot representing the value from
a single cell. Data are from three independent cell preparations and are presented as box
plots with whiskers representing minimum to maximum values. Different shades of the same
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color denote measurements from individual cell preparations. Statistical significance was
determined using an unpaired ftest (0 0.001). (D) Representative immunoblots of TDP-43
with vinculin as a loading control and quantification of TDP-43 expression normalized

to vinculin for immunoblots from three separate cell preparations. (E) Representative
immunoblot of phosphorylated TDP-43 (pTDP-43) with vinculin as a loading control and
quantification of pTDP-43 expression normalized to vinculin for immunoblots from three
separate cell preparations (F and G) Inverted confocal images of TDP-43 immunolabeling
and quantification of nuclear/cytoplasmic ratio of TDP-43 in WT iPSCs untreated (control)
and treated with Bafilomycin (100 nM, 18 h) (F) and FTD1 iPSCs untreated (control) and
treated with DCPIB (10 pM, 18 h) (G) obtained from three separate cell preparations.
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FIGURE 5:

Transcription factor EB (TFEB) localization and expression. (A) Confocal images of TFEB
immunolabeling in WT and FTD1 iPSCs, stained with Hoechst 33342. Scale bar 10 um.
(B) Higher magnification of the red-highlighted areas in (A) of TFEB immunolabeling. (C)
TFEB nuclear/cytoplasmic ratios in WT and FTD1 iPSCs quantified from three separate
cell preparations. Each dot represents the value of a single cell. (D) Representative s and
quantified data from three separate cell preparations for total TFEB and phosphorylated
TFEB (pTFEB) with immunoblotting for vinculin as a loading control.
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FIGURE 6:
Transcriptomic differences in WT and FTD1 iPSCs. (A) Venn diagram showing the number

of shared and distinct differentially expressed genes (DEGs) in WT and FTD1 iPSCs. (B)
Volcano plot showing the transcriptome fold-changes (beta values) in FTD1 compared with
WT iPSCs. Each dot represents one gene, significantly changed genes (g-value 0.05) are
indicated in blue. Among the significantly changed genes, those upregulated and of interest
were highlighted in green while those downregulated and of interest were highlighted in
magenta. (C) Immunoblots (above) and quantification (below) for the indicated proteins with
vinculin used as a loading control. Quantification is presented as mean + SEM of data from
at least three separate cell preparations, with statistical significance determined by Student’s
ttest. (D) Gene ontology molecular function, cellular component, and biological process
enrichment analysis of upregulated DEGs uniquely indicated in FTD1 compared with WT
iPSCs. RNA-seq data were obtained from three separate preparations of FTD1 and WT
iPSCs. (E) Immunoblots and quantification for the indicated proteins for FTD1 and FTD1
with DCPIB, with vinculin used as a loading control. Quantification is presented as mean

+ SEM of data from at least three separate cell preparations, with statistical significance
determined by Student’s ¢test.
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TABLE 1:
Antibodies used.
Antibodies Source Catalogue #
Actin C4 Millipore ZMS10004
Annexin A2 Abcam ab41803
Cathepsin B Abcam EPR4323
CNTFR ProteinTech 10796-1-AP
E-cadherin (HECD-1)  Takara M106
Lampl Cell Signaling Technology 9091S
Moesin Cell Signaling Technology 3105
NANOG Abcam EPR2027(2)
OCT4 Santa Cruz Biotechnology SC-5279
Rab7 Cell Signaling Technology 9367T
SOX2 Cell Signaling Technology 3579T
TDP-43 ProteinTech 80002-1-RR
pTDP-43 (Ser409/410)  ProteinTech 22309-1-AP
TFE3 ProteinTech 14480-1-AP
TFEB Invitrogen PA1-31552
pTFEB Cell Signaling Technology 37681S
TMEML175 ProteinTech 19925-1-AP
ULK1 Cell Signaling Technology 8054S
pULK1 Cell Signaling Technology 14202S
Vinculin Millipore V9131
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