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Abstract

Aging is a common risk factor in neurodegenerative disorders. Investigating neuronal aging in
an isogenic background stands to facilitate analysis of the interplay between neuronal aging
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and neurodegeneration. Here we perform direct neuronal reprogramming of longitudinally
collected human fibroblasts to reveal genetic pathways altered at different ages. Comparative
transcriptome analysis of longitudinally aged striatal medium spiny neurons (MSNSs) in
Huntington’s disease identified pathways involving RCAN1, a negative regulator of calcineurin.
Notably, RCANL1 protein increased with age in reprogrammed MSNSs as well as in human
postmortem striatum and RCANI knockdown rescued patient-derived MSNs of Huntington’s
disease from degeneration. RCANI knockdown enhanced chromatin accessibility of genes
involved in longevity and autophagy, mediated through enhanced calcineurin activity, leading
to TFEB’s nuclear localization by dephosphorylation. Furthermore, G2-115, an analog of
glibenclamide with autophagy-enhancing activities, reduced the RCAN1—calcineurin interaction,
phenocopying the effect of RCANI knockdown. Our results demonstrate that targeting RCAN1
genetically or pharmacologically can increase neuronal resilience in Huntington’s disease.

Aging is a major risk factor in most forms of neurodegenerative diseases and age-related
changes affect many cellular processes leading to disease pathology=>. While longitudinal
studies in human individuals have been performed to assess the risk of aging in late-

onset disorders, it is unfeasible to model this aging process with longitudinally collected
human neurons. Therefore, there is a need to establish a human neuron platform that
allows for studies of aging effects in an isogenic background. For generating aged

human neurons, direct fate conversion of adult fibroblasts to neurons has been shown to
propagate chronological age-related characteristics such as epigenetic cellular age stored in
starting fibroblasts, thereby generating neurons that mimic the epigenetic age of fibroblast
donors8. For producing disease-relevant neuronal subtypes, ectopic expression of neurogenic
microRNAs, miR-9/9* and miR-124 (miR-9/9*-124), in human fibroblasts induces a
chromatin reconfiguration landscape upon which subtype-defining transcription factors
(TFs) guide the conversion to specific types of neurons’:. As such, striatal MSNs directly
reprogrammed from fibroblasts of patients with Huntington’s disease (HD) (HD-MSNs)
recapitulate hallmarks of adult-onset HD pathologies including mutant HTT (mHTT)
aggregation and neurodegeneration®-11, Thus, directly reprogrammed human MSNs serve
as a patient-derived neuron model that captures age-dependent adult-onset degenerative
pathology of HD®6:9-11,

Directly reprogrammed MSNSs retain age-associated epigenetic signatures stored in starting
fibroblasts®. In this study, we utilized MSNs directly reprogrammed from isogenic,
longitudinally collected fibroblasts to identify age-associated transcriptome changes in
MSNs. We then applied these findings in HD by testing whether the age-associated genes
can be perturbed to protect HD-MSNs from neurodegeneration. Through comparative
transcriptome analyses between reprogrammed MSNs from longitudinal young and old
ages, we reveal age-associated increase in RCAN1 protein both in reprogrammed MSNs
and in postmortem human striatum. RCANL1 is an inhibitory interactor of calcineurin
(CaN)12.13 3 calcium- and calmodulin-dependent serine/threonine phosphatase, which in
turn regulates phosphorylation and nuclear localization of target TFs4-16, In human brains,
RCANL1 is widely expressed in various cell types within the nervous system but most highly
expressed in neurons of older adults}’-19. Whether RCAN1 would directly contribute to
the age-dependent onset of neurodegeneration remains to be carefully dissected in a human
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neuron model of neurodegeneration. Interestingly, RCANI resides in chromosome 21 where
the increased gene dosage in trisomy 21 Down syndrome could be linked to increased
susceptibility to Alzheimer’s disease?0-24,

We show that dampening the age-associated increase in RCAN1 protects HD patient-derived
MSNSs from neurodegeneration. This protective effect of RCANI knockdown (KD) results
from the enhanced CaN activity, leading to dephosphorylation and nuclear localization of
TFEB, an autophagy regulator?>-27, and increased accessibility of chromatin regions that
harbor TFEB binding sites. Moreover, we reveal that a G2 compound analog?8 is a small
molecule that can phenocopy the protective effect of RCANI KD by reducing the RCAN1-
CaN interaction and, in turn, phosphorylation of TFEB. Collectively, our study highlights
RCANL as an effective genetic or pharmacological target that can confer neuronal resilience
against the age-associated neurodegeneration of HD.

Transcriptome analysis of longitudinally aged-MSNs

We investigated age-related differences in reprogrammed MSNs from longitudinally
collected male fibroblasts from three independent healthy individuals and carried out
comparative transcriptome analysis between the age groups (Fig. 1a). We designate
fibroblasts initially collected during middle age as ‘young’ and samples subsequently
collected approximately 20 years later from three independent individuals as ‘old’ groups
(Coriell Institute for Medical Research, National Institute on Aging (NIA) Aging Cell
Culture Repository): AG10049 (48 years), AG16030 (68 years); AG10047 (53 years),
AG14048 (71 years); and AG04456 (49 years), AG14251 (68 years) (Supplementary

Table 1). Consistent with the previous results®.7:9:29:30 |ongitudinally derived young- and
old-MSNs were electrically active, displaying inward and outward currents with action
potentials observed in more than 80% of the reprogrammed cells (Extended Data Fig.
la—c). We also validated the MSN identity of reprogrammed neurons from all groups by
assessing the expression of an MSN marker (DARPP-32) (Fig. 1b,c and Extended Data
Fig. 1d). RNA sequencing (RNA-seq) analysis in both longitudinally collected fibroblasts
and corresponding reprogrammed MSNSs revealed differentially expressed genes (DEGS)
between young and old samples (false discovery rate (FDR) < 0.05, | fold-change (FC) |

= 1.5) (Extended Data Fig. 1e,f). DEGs up- or downregulated in both old-fibroblasts and
old-MSNs were commonly enriched in age-associated pathways such as ECM-receptor
interaction, protein digestion, cell adhesion molecules and focal adhesion (Fig. 1d).
Interestingly, downregulated DEGs manifested in old-MSNs over young-MSNs (FDR <
0.05, | FC | = 1.5) were uniquely enriched in the calcium signaling pathway, yet not detected
in fibroblasts, suggesting MSN-specific alteration in gene expressions (Fig. 1e and Extended
Data Fig. 1g). Finally, ingenuity pathway analysis revealed upstream effectors of DEGs

in old-fibroblasts or old-MSNs (FDR < 0.05, | FC | = 1.5) (Extended Data Fig. 2a,b).
Among these, RCAN1 was identified as an MSN-specific upstream effector of the calcium
signaling pathway as well as inhibitor of CaN (tacrolimus and cyclosporin A (CsA)) (Fig.
1f), suggesting that MSNs reprogrammed from older individuals behave as if CaN function
has been compromised.
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Age-associated upregulation of RCAN1 in MSNs

To further investigate whether RCAN1 expression may be related to aging, we assessed the
RCANL1 expression between longitudinal male fibroblasts and corresponding reprogrammed
MSNSs. As assessed by immunoblots, RCAN1 protein was expressed at a higher level in
old-MSNs compared with the younger samples, whereas this difference was not detected
between young- and old-fibroblasts (Fig. 1g). This MSN-enriched upregulation of RCAN1
with aging was consistent in reprogrammed MSNs from other multiple individuals (~30-year
difference in age, two males and one female for each young/old individual) (Extended Data
Fig. 2c) and human striatum (~40-year age difference, eight female striatum samples) (Fig.
1h) between young and old samples at the protein level, but not in transcripts (Extended
Data Fig. 2d). Moreover, RCAN1 expression was significantly increased in HD-MSNs

from older symptomatic patients compared with HD-MSNs from younger presymptomatic
patients (pre-HD-MSNs) (~35-year age difference, one male and two females for each
HD-MSN sample) (Fig. 1i), suggesting the global age-associated upregulation of RCAN1
in MSNs. Altogether, our results indicate that RCANL1 is an age-associated factor whose
protein expression undergoes upregulation in aged-MSNs.

To compare RCANL turnover between old-MSNs and young-MSNs, we compared
RCANT1’s half-life between young- and old-MSNs in the presence of cycloheximide, an
inhibitor of protein synthesis. Notably, RCANL1 in young-MSNs displayed a faster half-life
than in old-MSNs from three independent individuals, suggesting slower RCANL1 protein
turnover in old-MSNs (Extended Data Fig. 2e). Moreover, treatment with the proteasome
inhibitor (MG132) or lysosome inhibitor (CQ) significantly increased the RCAN half-life
in young-MSNs but not in old-MSNSs. These results suggest the presence of proteasome-
or lysosome-dependent regulation of RCAN1 protein stability in young-MSNs, which

may be ineffective in old-MSNs. Previous studies suggest that HDAC3 can increase the
protein stability of RCAN1 through posttranslational modifications31:32, Interestingly, we
observed that there was an age-associated increase of HDAC3 in old-MSNs compared with
young-MSNs (Extended Data Fig. 2f), suggesting a potential involvement of HDAC3 in
age-associated increase in RCANL stability.

Next, we asked whether the effect of aging on the RCANL1 level would be consistent in

the context of HD. Comparing RCAN1 expression in reprogrammed neurons between age-
matched healthy control old-MSNs and HD-MSNSs, we found, surprisingly, that HD-MSNs
exhibited even higher levels of RCANL1 than control old-MSNs (Extended Data Fig. 29).
These results suggest that RCANL1 is an age-associated factor whose expression increases
with aging in MSNSs, and its upregulation becomes even more pronounced in HD patient-
derived MSNs. We then tested whether it would be feasible to reduce the RCAN1 expression
to a level similar to young-MSNs by short hairpin RNA (shRNA), given that RCANL still
plays important roles in neurons such as in synaptic plasticity33. We observed that through
RCANI shRNA, the age-associated upregulation of RCANL1 in old-MSNs could be lowered
to a level comparable to young-MSNs (Extended Data Fig. 2h).
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Validation of RCAN1 as a disease modifier gene in HD

Genome-wide association studies have identified Genetic Modifiers of HD (GeM-HD)
comprising polymorphic gene variants associated with accelerated or delayed onset of HD34.
These genes were discovered as modifiers that can affect the age of symptomatic onset.
Interestingly, RCANZ is also included in the list of candidate HD-modifier genes. Thus, as

a parallel investigation, we knocked down 246 candidate genes to identify genes whose
reduction-of-function would protect HD-MSNs from degeneration, thereby identifying
genes that contribute to HD-MSN degeneration (Extended Data Fig. 3a and Supplementary
Table 2). Reprogrammed HD-MSNs (Extended Data Fig. 3b) were cultured in 96-well plates
to be assayed for neuronal death using Sytox-Green as previously described (approximately
3,000 cells counted per well) (Extended Data Fig. 3¢)%10. For this assay, we first used
HD-MSNs from the GM04194 line (CAG repeat size 46; HD.46), which showed a twofold
increase in cell death at around 50% compared with control MSNs from the healthy
individual (GM02171) (Extended Data Fig. 3d). We then added lentivirus carrying gene-
specific ShRNAs to HD-MSNs and the average cell death level for each gene KD was
compared with the average level with scrambled control sShRNA (shCtrl) (Extended Data
Fig. 3e). Interestingly, in this unbiased testing, we also identified RCANI whose KD led to
the most significant reduction in neuronal death compared with other identified genes R7TCA
and UBEZD4 (pink zone, plus or minus 10% of healthy control level). This protective effect
was further validated in HD-MSNs from other independent patients with HD (Extended
Data Fig. 3f). We also tested whether KD of the identified genes would lower mHTT
aggregation and found that among the genes tested, only RCANI KD significantly decreased
the amount of mHTT inclusion bodies (Extended Data Fig. 39).

To confirm the specificity of SARCANL1 for neuronal survival, we prolonged RCAN1
expression by overexpressing RCANI complementary DNA in HD-MSNSs in the presence
of ShRCAN1 (Extended Data Fig. 4a). Continuous RCAN1 expression reversed the
neuroprotective effect of ShRCAN1 in HD-MSNs from multiple patients (Fig. 2a).
Furthermore, since caspase activation signals have been detected in brains of patients with
HD35-41 we also assessed caspase 3/7 activation and annexin V signal (an apoptotic marker
via its ability to bind to phosphatidylserine on the extracellular surface) in HD-MSNSs as
previously described'®. RCANI KD significantly reduced caspase activation and annexin V
signals while the rescuing effect of ShRCAN1 was abolished by RCAN1 cDNA (Fig. 2b,c).
Moreover, the clearance of HTT aggregation following RCANI KD was also reversed by
overexpressing RCANL in the presence of SARCANL1 (Fig. 2d). Therefore, our results overall
indicate that RCANL1 is an age-associated disease modifier whose KD leads to clearance of
mHTT aggregation and neuroprotection of HD-MSNSs.

RCAN1 KD induces chromatin accessibility changes

RCANL1 primarily functions to inhibit its interacting partner, CaN, calcium- and calmodulin-
dependent protein serine/threonine phosphatase, which in turn regulates phosphorylation of
target TFs14-16. Due to this potential link between RCANI KD and changes in TF activities,
we investigated whether RCANI KD would lead to changes in chromatin accessibilities

in HD-MSNs by performing the assay for transposase-accessible chromatin-sequencing
(Omni-ATAC-seq)*2 analyses comparatively between shCtrl- and sShRCAN1-expressing
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HD-MSNs from multiple HD samples (Fig. 2e) (ND30013 (HD.43), ND33947 (HD.40),
GM04198 (HD.47), GM04230 (HD.45); three biological replicates per independent line)
(Supplementary Table 1). Of the total number of 102,747 peaks detected across samples,

we identified 15,767 differentially accessible regions (DARS) (FDR < 0.05, | FC | = 1.5)
between shCtrl- and ShRCAN1-HD-MSNs (15.345% of the total peaks). Of the total DARS,
6,050 DARs corresponded to chromatin regions that became more accessible (open) and
9,717 to those less accessible (closed) in ShRCAN1-HD-MSNs compared with shCtrl-HD-
MSNSs. Focusing on DARs +2 kilobases (kb) around the transcription start site, we identified
505 genes with increased and 1,173 genes with decreased ATAC-seq signals with shRCAN1
compared with shCtrl (FDR < 0.05, | FC | = 1.5) (Fig. 2e).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis revealed
that genes associated with DARs opened by ShRCAN1 in HD-MSNSs were enriched with
longevity-regulating pathway, PI3K-AKT/MAPK/AMPK signaling pathway, autophagy and
endocytosis, suggesting that RCANZ KD led to chromatin changes proximal to genes
associated with aging in HD-MSNSs (Fig. 2f, top). Interestingly, the role of autophagy in
clearing mHTT aggregates and neuroprotection was previously shown by the discovery

of miR-29b-3p-STAT3 axis, Beclinl and autophagy-related FYVE protein (ALFY), which
modifies the amount of MHTT aggregation104344 Genes associated with closed DARs

in ShRCAN1-HD-MSNs were, however, enriched in other pathways, including long-term
depression, circadian entrainment, axon guidance, protein digestion and absorption, focal
adhesion and phospholipase D signaling pathway (Fig. 2f, bottom). Altogether, these results
demonstrate that the protective effect of RCNAZ KD is accompanied by increased chromatin
accessibility to genes involved in longevity and autophagy.

CaN inhibition reverses RCAN1 KD-mediated neuroprotection

Next, we asked whether RCANI KD-induced changes in chromatin would occur through
CaN. Because RCAN1 normally inhibits CaN, we first tested whether inhibiting CaV
simultaneously while knocking down RCANI would revert HD-MSNs to degeneration.
RCANI KD decreased caspase 3/7 activation and annexin V signals in HD-MSNs,
whereas inhibiting CaN using shRNA specific for calcineurin A (shCaN) or CsA, a
well-established inhibitor of CaN“5, abolished the neuroprotective effect of RCANI KD
(Fig. 3a). Additionally, shRCANL failed to reduce HTT inclusion bodies when RCANI
KD-HD-MSNs were treated with shCaN or CsA (Fig. 3b). These results demonstrate that
the protective effect of RCANI KD occurs through CaN activity in HD-MSNSs.

We then leveraged the finding that Ca/V KD reverses the neuroprotection by RCAN1

KD to infer DARs opened by RCANI KD that are instead closed in response to CaV

KD. We performed a comparative ATAC-seq analysis between ShRCAN1-HD-MSNs
(rescuing condition) and shCaN-HD-MSNs (nonrescuing condition) where DARS in
opposite directions were defined by comparisons with shCtrl-HD-MSNs (Fig. 3c and
Extended Data Fig. 4b,c). In total, 467 ATAC-seq peaks that opened with RCANI KD
compared with shCtrl were overlapped with chromatin regions that instead closed with
shCaN compared with shCtrl (FDR < 0.05, | FC | = 1.5) (Fig. 3c). These overlapping

DARs +2 kb around the transcription start site identified 286 genes whose pathway analysis
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identified terms associated with longevity-regulating pathway, FoxO signaling, cellular
senescence and autophagy (Fig. 3d). Therefore, these results demonstrate that RCAN1
KD-induced neuroprotection through CaN is accompanied by chromatin changes proximal
to genes involved in aging and autophagy.

RCAN1 KD opens chromatin regions with TFEB binding sites

CaN, a Ser/Thr phosphatase, has been shown to partner with various TFs (NFATC2, TFEB,
JUN, ELK1, NF1A and MEF2A)#6-51 to regulate their phosphorylation and activities4-16,
We searched sequence motifs using the JASPAR TF database®2 within DARs corresponding
to regions that became more accessible with shRCAN1 (FDR < 0.05, FC = 1.5) and closed
with shCaN (FDR < 0.05, FC < —-1.5) and found that binding sites for TFs including
NFATC2, TFEB, JUN, ELK1, NF1A and MEF2A enriched in the opposite DARs (Fig.

3e). We analyzed the pathway enrichment value (-log(P)) from KEGG pathway enrichment
analysis for associated genes and the DAR number. Among the TF sites within the identified
DARs, TFEB binding site was most significantly enriched with genes associated with both
longevity and autophagy (Fig. 3e), suggesting TFEB as a critical TF associated with the
protective role of RCANZ KD in HD-MSNs.

RCAN1 KD promotes TFEB nuclear localization

We further confirmed the TFEB binding site enrichment by separately extracting the DARS
containing TFEB binding sites corresponding to regions that became more accessible in
shRCAN1-HD-MSNs (FDR < 0.05, FC = 1.5) and closed in shCaN-HD-MSNs (FDR <
0.05, FC < -1.5) compared with shCtrl-HD-MSNs (Fig. 4a). Genes proximal to these
oppositely accessible DARs containing TFEB binding sites were enriched with longevity
and autophagy pathways (Fig. 4b, top). These genes include RB1CC1, an autophagy
inducer®3>4, and MAPKI, whose function has been shown to decline with brain aging®°->6
(Fig. 4b, bottom).

TFEB is known as a regulator of lysosomal biogenesis and autophagy?>27, which may
also regulate longevity®’-62, Phosphorylation keeps TFEB localization in the cytoplasm,
whereas its dephosphorylation allows TFEB shuttling into the nucleus?6:63.64 Since RCAN1
inhibits CaN function and CaN has been shown to dephosphorylate TFEB46, we tested
whether RCAN1 KD would lead to TFEB dephosphorylation and nuclear localization in
HD-MSNs. RCANI KD reduced the level of phosphorylated TFEB, which was reversed by
overexpressing RCANL1 as assessed by immunablots in HD-MSNs from multiple patients
with HD (Fig. 4c). Also, while expressing exogenous TFEB led to the localization of TFEB
in both cytoplasm and nucleus, RCANI KD significantly increased nuclear localization of
TFEB, which was mimicked by phosphor-mutant (S142/211A) TFEB containing mutations
at the serine residues S142 and S211 (CaN’s dephosphorylation sites in TFEB) to
alanine26:46.65 (Fig. 4d and Extended Data Fig. 5a). Our results thus indicate that RCAN
KD enhances TFEB activity by promating its nuclear localization. To further investigate
the link between RCANL1 and CaN in terms of TFEB localization, we checked whether
RCAN1 would regulate TFEB localization through CaN. We found that the increased
nuclear localization of TFEB (wild-type (WT) cDNA) by RCANI KD was reversed by the
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treatment with CsA, a CaN inhibitor (Extended Data Fig. 5b), indicating that CaN function
is necessary for the effect of RCANI KD on the nuclear localization of TFEB.

RCAN1 KD promotes neuronal survival through TFEB

Given the link between RCAN1 and TFEB activity, we asked whether RCAN1 KD

would enhance autophagy function in HD-MSNs. We performed CYTO-ID assay (a
fluorescence-based live-cell assay for accumulated autophagic vacuoles'9), immunoblotting
assay for p62/SQSTM1 expression (a marker widely used to monitor autophagic activity
due to its binding to LC3 and degradation by autophagy®®) and autophagic flux assay

with tandem monomeric mCherry-GFP-tagged LC3 (previously shown to distinguish
prefusion autophagic compartments from mature acidic autolysosomes based on the
differential pH sensitivity of GFP versus mCherry$7:68). RCANI KD increased CYTO-ID
signal compared with shCtrl in HD-MSNSs from multiple patients with HD, which was
reversed by overexpressing RCAN1 (Fig. 5a). The level of p62/SQSTM1 protein was also
significantly decreased by RCANI KD (Fig. 5b). Moreover, RCANI KD increased the
average number of both prefusion autophagosomes (mCherry-positive: GFP-positive) and
postfusion autolysosomes (mCherry-positive: GFP-negative) per cell, which was reversed by
overexpressing RCANL1 (Fig. 5¢).

We then assessed whether RCANI KD would decrease HD-associated phenotype through
TFEB. When HD-MSNs expressed TFEB cDNA, RCANI KD mimicked the effect of TFEB
phosphor-mutant (TFEB S142/211A), which increased the average number of both prefusion
autophagosomes (mCherry-positive:GFP-positive) and postfusion autolysosomes (mCherry-
positive:GFP-negative) per cell (Fig. 5d). Similarly, phospho-mutant of TFEB decreased
caspase 3/7 activation, annexin V signal and the formation of mHTT inclusion bodies, which
was replicated by RCANI KD in the presence of WT TFEB (Fig. 5e,f). Also, the reduction
of neuronal death caused by knocking down RCANI was reversed when we knocked down
TFEB (Extended Data Fig. 5c). Altogether, these results indicate that RCANI KD promotes
HD-MSN resilience against degeneration largely through enhancing TFEB activity.

Neuroprotection by G2 analog via reducing RCAN1-CaN binding

We then wondered whether the genetic effect of RCANI KD on TFEB dephosphorylation
for neuroprotection could be replicated by small molecules. We first tested various small
molecules known to increase autophagy including G2-115, metformin, carbamazepine
and rapamycin?8:69.70. Among the compounds tested, we found that G2—115 significantly
reduced the phosphorylation of TFEB compared with other autophagy inducers (Fig.

6a). This effect was consistent in multiple HD-MSN lines in which G2-115 decreased

the phosphorylation of endogenous TFEB (Fig. 6b). G2 was the original analog of
glibenclamide identified as sufficient for the autophagic-enhancing activity that promoted
degradation of misfolded al1-antitrypsin Z variant in mammalian cell models of a.1-
antitrypsin deficiency28:6°. Importantly, G2 analog G2—115 was recently shown to reduce
HD-MSN death and mHTT inclusion bodies in HD-MSNs19. Due to changes in TFEB
phosphorylation, we tested whether G2-115 would affect the interaction between RCAN1
and CaN. Strikingly, G2-115 reduced the binding of RCAN1 to CaN in a dose-dependent
manner when Flag-tagged RCAN1 was pulled down, and then CaN was probed with various
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concentrations of G2-115 (Fig. 6¢). When endogenous CaN was pulled down in fibroblasts
or HD-MSN:s in the presence of lysosome inhibitor chloroquine (to keep the consistent
level of RCAN1), G2-115 interrupted RCAN1-CaN interaction (Fig. 6d and Extended Data
Fig. 6a). This effect was specific to G2-115 as other autophagy inducers did not affect
RCAN1-CaN interaction (Extended Data Fig. 6b). We also performed the NanoBit binding
assay in HEK293 cells transfected with the interaction domains of RCAN1 (amino acids
89-197) and CaN (amino acids 1-391)16 fused with luciferase subunits that can generate
luminescent signals when they interact. This assay confirmed the specificity of G2-115

in reducing RCAN1-CaN binding among other autophagy inducers and was repeated at
various concentrations of G2-115 (Fig. 6e and Extended Data Fig. 6¢). Importantly, we
tested whether G2-115 would affect the TFEB localization as its dephosphorylation would
allow TFEB shuttling into the nucleus?6:63.64. G2-115 significantly increased the nuclear
localization of endogenous TFEB as determined in HD-MSNs from multiple patients (Fig.
6f and Extended Data Fig. 6e). Altogether, our results indicate that G2-115 enhances TFEB
functions by specifically reducing the interaction between RCAN1 and CaN.

To further test the rescuing effect of G2-115 potentially through reducing RCAN1 function,
we first measured the autophagy activity by autophagic flux assay in multiple independent
HD-MSNs. G2-115 increased the average number of both prefusion autophagosomes
(mCherry-positive and GFP-positive) and postfusion autolysosomes (mCherry-positive and
GFP-negative) per cell, which was reversed by overexpressing RCANL1 (Fig. 6g). G2-115
also increased CYTO-ID signal in HD-MSNSs, which was reversed by overexpressing
RCAN1 (Extended Data Fig. 6d), suggesting that the effect of G2-115 occurs through
reducing RCANL1 activity in HD-MSNSs. Additionally, neuronal cell death and the formation
of HTT inclusion body were decreased by G2-115 and this effect was reversed by

RCANZ1 overexpression (Fig. 6h,i). Collectively, our results indicate that RCAN1-CaN is

a chemically modifiable target that G2—115 can act on to increase neuronal resilience of
HD-MSNs to neurodegeneration.

Discussion

In the current study, we performed a comparative transcriptome analysis in longitudinally
collected fibroblasts and corresponding reprogrammed MSNs derived from healthy
individuals. MicroRNA-based direct fate conversion of adult fibroblasts to neurons has been
shown to retain chronological age signature stored in starting fibroblasts®, and hallmarks of
adult-onset HD pathologies are also captured in directly reprogrammed striatal MSNs from
HD patient-derived fibroblasts®-11. Therefore, directly reprogrammed human MSNs from
longitudinally collected fibroblasts are the established human neuron platform that allows
for studies of aging in human neurons in an isogenic background.

This analysis identified RCANL as an age-associated regulator whose expression was
upregulated in aged-MSNs and human striatum. Mechanistically, we provide evidence that
reducing RCANL1 function protects HD-MSNs by opening chromatin regions proximal

to genes involved in longevity-regulating pathway. Knocking down RCANI relieves its
repression on its interactor CaN, which in turn dephosphorylates and promotes nuclear
localization of TFEB and increased accessibility of chromatin regions that harbor TFEB
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binding sites. Moreover, we reveal the mechanism of the G2 analog that can mimic

the protective effect of RCANI KD by reducing the RCAN1-CaN interaction and
phosphorylation of TFEB. Through this mode, the G2 analog can help clearance of

mHTT inclusion bodies and the survival of HD-MSNs. Therefore, RCAN1 functions as

an age-associated modifier that promotes neurodegeneration, and genetic or pharmacological
intervention on RCANL1 activity can be potentially harnessed to promote neuronal resilience
against the age-associated onset of neurodegeneration in HD (Extended Data Fig. 6f).

Remarkably, reduced RCAN1 expression enhances chromatin accessibility of genes
involved in longevity and autophagy to promote neuronal resilience against
neurodegeneration in HD-MSNSs. Interestingly, the increase in RCAN1 expression in the
striatum of older adults compared with young individuals was captured in reprogrammed
MSNs from longitudinally collected fibroblasts. The increase in RCAN1 gene dosage is
also implicated in Down syndrome as a gene in chromosome 21 trisomy, which increases
the susceptibility to Alzheimer’s disease?0-24, Future studies should be directed to further
investigate the changes in RCANL1 expression in different ages of HD patient brains,

or whether the changes in RCAN expression may be related to other neurodegenerative
disorders.

Based on previous reports, the role of CaN in neurodegeneration seems multifaceted and
not entirely straightforward. While there is evidence that CaN inhibition can provide
neuroprotective effects in some contexts, such as the overactivation of CaN (and its
downstream effector, NFAT) associated with calcium dysregulation and Ap exposure’l,
interestingly, there is also evidence suggesting that prolonged inhibition could be detrimental
to neurons. For instance, patients who receive CsA as an immunosuppressant experience
clinical symptoms associated with neurotoxicity’2. Moreover, studies have shown that
genetic KD or chemical inhibition of CaN was shown to exacerbate Ap42-induced
neurotoxicity in a Drosophila model of Alzheimer’s disease’3. The precise consequences
may depend on factors such as the specific neuronal subtype, the disease context and the
degree or duration of inhibition. Pertinent to the topic of the current study, where we
model neuronal aging by taking a snapshot of different human lifespan stages through
neuronal reprogramming and perturbing the age-associated pathway in a patient-based
neuron model of HD, our results are consistent in that knocking down Ca/ or chemically
inhibiting CaN increased neurodegeneration. In this scenario, our study offers a slightly
different perspective: dampening the age-related increase in RCAN1 would balance the
CaN function and promote neuronal survival. Therefore, the detrimental effect of CaN KD
could be specific to aged human neurons. Another factor could be the dependence on the
neuronal subtype specificity. We observed in our previous study? that when HD fibroblasts
were reprogrammed into the cortical lineage, the neurodegeneration phenotype was not as
pronounced as in HD-MSNSs. Therefore, future studies should be directed to investigate
whether a similar increase in RCAN1 would be observed in cortical cells and whether
knocking down CaNwould induce degeneration in HD cortical neurons.

Glibenclamide, a sulfonylurea drug, has been used broadly in clinics as an oral
hypoglycemic agent. A glibenclamide analog, G2, promoted autophagic degradation of
misfolded a 1l-antitrypsin Z variant in mammalian cell models of al-antitrypsin deficiency
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disorder28.69, We found a unique feature of G2—115 as an autophagy inducer that

promotes TFEB activity by reducing the RCAN1-CaN interaction to promote clearance

of HTT inclusion bodies and neuronal survival. However, it remains unclear how G2-

115 mechanistically interferes with RCAN1-CaN interaction. Previous studies provided

the structural information for RCAN1-CaN binding that delineates the structural basis of
RCANT1 and CaN interaction®. RCAN1 inhibits the activity of CaN directly by binding

and blocking both substrate-binding sites and the active site of CaN, in which RCAN1-
CaN binding is disrupted when SPPASPP and TxxP motifs in the N-terminal domain of
RCANT1 are mutated®. Our study was not designed to address whether G2-115 reduces the
RCAN1-CaN interaction by interfering with RCANL1 stability through a secondary pathway
or by binding directly to the interaction site in the N-terminal domain of RCANL. Further
investigations into the specific mechanism of how G2-115 reduces RCAN1-CaN interaction
may provide new insights into how small compounds can be used to increase the resilience
against neurodegeneration in HD. Additionally, screening additional small molecules that
directly interfere with the interaction between RCAN1 and CaN, and replicating the
neuroprotective effect of RCANL1 inhibition, may offer a new therapeutic target that may
alleviate neurodegeneration in HD.

Plasmids, shRNAs and cell lines

Research described in this study complies with all relevant ethical regulations and was
approved by the Washington University School of Medicine. The construction of all
plasmids used for MSN reprogramming in this study has been previously described® -
11,29,43,74-17 and they are publicly available at Addgene as pTight-9—-124-BclxL (no.
60857), rtTA-N144 (no. 66810), pmCTIP2-N106 (no. 66808), phDLX1-N174 (no. 60859),
phDLX2-N174 (no. 60860) and phMYT1L-N174 (no. 66809). For the overexpression of
RCANZ1, the RCAN1 genomic sequence was cloned and ligated into the pcDNA, pcDNA-
Flag-HA and N174-lentiviral vector. For the overexpression of TFEB WT and S142/211A,
pcDNA3.1-TFEB-WT-MYC (no. 99955) was obtained from Addgene, mutagenized and
ligated into the N174-lentiviral vector. Lentiviral shCtrl (SHC002), human RCAN1

shRNAs (TRCN0000256296) and human PPPC3A (CaN) shRNA (TRCN0000342619)
were obtained from Sigma. To visualize free autophagosomes and autolysosomes, FUW
mCherry-GFP-LC3 (no. 110060) was obtained from Addgene. Adult dermal fibroblasts
from longitudinal healthy individuals (Coriell NINDS and NIGMS Repositories: AG10049,
AG16030, AG10047, AG14048, AG04456, AG14251), healthy controls (Coriell NINDS and
NIGMS Repositories: GM03440, GM00495, AG11732, AG10047, AG12956, GM02187,
GM08379, GM02171), symptomatic HD patients (Coriell NINDS and NIGMS Repositories:
ND33947, GM04230, ND30013, GM04198, GM04194, GM02147) and presymptomatic
HD patients (Coriell NINDS and NIGMS Repositories: GM04717, GM04861, GM04857,
GM04855, GM04829) were acquired from the Coriell Institute for Medical Research.

Human brain tissue

Our research complies with all relevant ethical regulations and was approved by the
institutional review board at the Washington University School of Medicine. For the analysis
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of human striatum samples, we obtained formalin-fixed paraffin-embedded (FFPE) striatal
sections from cognitively normal individuals aged 23, 35, 36 and 39 years (young group)
and aged 69, 74, 77 and 78 years (old group) with written, informed consent from the Tissue
Procurement Core of Washington University School of Medicine. These samples were
deidentified and exempt from human subjects as verified within our institution. FFPE striatal
sections were scraped off unstained slides and proteins were extracted using the Qproteome
FFPE Tissue Kit (Qiagen, no. 37623), following the manufacturer’s recommended protocol.

Primary antibodies used for immunostaining and immunoblot included rabbit anti-MAP2
(CST, no. 4542, 1:200), rabbit anti-DARPP-32 (19A3) (CST, no. 2306, 1:200), rabbit
anti-GABA (Sigma-Aldrich, A2052, 1:500), mouse anti-NCAM1 (ERIC) (Santa Cruz,
sc-106, 1:100), rabbit anti-NEUN (Millipore, ABN78, 1:1,000), mouse anti-ACTL6B
(Antibodies Incorporated, 75-311, 1:100), mouse anti-tubulin g 111 (Covance, MMS-435P,
1:1,000), rabbit anti-tubulin g 111 (Covance, PRB-435P-100, 1:5,000), rabbit anti-RCAN1/
DSCR1 (Sigma-Aldrich, D6694, 1:1,000), rabbit anti-pan-Calcineurin A (Cell Signaling,
2614, 1:1,000), rabbit anti-TFEB (Cell Signaling, 4240, 1:1,000), rabbit anti-phosphor-
TFEB (Ser142) (Millipore, ABE1971, 1:1,000), rabbit anti-phosphor-TFEB (Ser211) (Cell
Signaling, 37681, 1:1,000), rabbit anti-p62/SQSTM1 (Abcam, ab109012, 1:1,000), mouse
anti-Flag (Sigma-Aldrich, F1804, 1:5,000), mouse anti-HDAC3 (Santa Cruz, sc-376957,
1:200) and rabbit anti-GAPDH (Santa Cruz, sc-32233, 1:5,000) antibodies. The secondary
antibodies included goat anti-rabbit IgG (H + L) secondary antibody, HRP (Invitrogen, 65—
6120, 1:5,000); goat anti-mouse 1gG (H + L) highly cross-adsorbed secondary antibody,
HRP (Invitrogen, A16078, 1:5,000); Alexa Fluor 594 goat anti-chicken IgG (H + L)
(Invitrogen, A32759, 1:1,000); Alexa Fluor 488 goat anti-mouse 1gG (H + L) (Invitrogen,
A11029, 1:1,000); Alexa Fluor 488 goat anti-rabbit 1gG (H + L) (Invitrogen, A11034,
1:1,000); Alexa Fluor 594 goat anti-rabbit 1gG (H + L) (Invitrogen, A11037, 1:1,000); and
Alexa Fluor 594 goat anti-mouse 1gG (H + L) (Invitrogen, A11032, 1:1,000).

Primary cell culture

Adult human fibroblasts were cultured in fibroblast medium composed of DMEM (high
glucose and no glutamine) supplemented with 15% FBS (Gibco), 0.01% p-mercaptoethanol,
1% nonessential amino acids, 1% sodium pyruvate, 1% GlutaMAX, 1% 1 M HEPES buffer
solution and 1% penicillin/streptomycin solution (all from Invitrogen). Cells were only
maintained for up to 15 passages.

Lentiviral preparation

Lentiviral production was carried out separately for each plasmid, but they were transduced
together as a single cocktail as previously described!%.74. Briefly, the supernatant was
collected 72 h after transfection of Lenti-X 293T Cell Line (Clonetech) with each plasmid,
in addition to psPAX2 and pMD2.G, using polyethyleneimine (Polyscience). Collected
lentiviruses were filtered through 0.45-um PES membranes, mixed for a single cocktail

and incubated with the Lenti-X concentrator overnight to concentrate the viruses tenfold.
Concentrated lentiviruses are resuspended in 1/10 of the original volume with 1 x PBS after
spinning down at 1,500¢ for 45 min at 4 °C. In centrifuge tubes, we added 7 ml of 20%
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sucrose cushion solution (20% sucrose, 100 mM NaCl, 20 mM HEPES (pH 7.4), 1 mM
EDTA in distilled water) and then overlayed the resuspended lentiviruses on the sucrose
solution. After centrifugation at 70,0009 for 2 h at 4 °C, viral pellets were resuspended in
10% sucrose solution (10% sucrose, 25 mM HEPES (pH 7.3) in DPBS) and stored at —80
°C. Typical titers of lentivirus ranged from 1 x 107 to 2.5 x 108 infection-forming units per
milliliter.

MSN reprogramming

Direct neuronal reprogramming of human fibroblasts to MSNs was performed as previously
described8:9-11.29.43.74-77 Briefly, human fibroblasts were seeded onto Costar six-well cell
culture vessels (Corning) at a density of 300,000 cells per well. The following day, each
plate was transduced with the lentiviral cocktail of pTight-9/9*-124-BcIxL, rtTA, CTIP2,
DLX1, DLX2 and MYTLL in the presence of polybrene (8 ug ml~1, Sigma-Aldrich). Then,
4 ml of the lentiviral cocktail/fibroblast medium was added to each well and spinfected at
1,000¢ for 30 min at 37 °C using a swinging bucket rotor. Next, 1 d after transduction

(PID 1), cells were washed with PBS and added to fresh fibroblast medium (2 ml per well)
supplemented with doxycycline (Dox, 1 pg mi~1) (Sigma-Aldrich). After 2 d (PID 3), the
medium was changed to fresh fibroblast medium supplemented with Dox and puromycin

(3 ug mI~1) (Life Technologies). After 2 d (PID 5), cells were replated onto poly-ornithine/
laminin/fibronectin-coated glass coverslips previously treated with nitric acid and added

to fibroblast medium supplemented with Dox (1 pg mi~1). The following day (PID 6),
medium was changed to Neurobasal-A Medium (Gibco, catalog no. 10888022) containing
B-27 Plus Supplement (Gibco, catalog no. A3582801) and GlutaMAX Supplement (Gibco,
catalog no. 35050061) and supplemented with Dox (1 ug mi~1), valproic acid (1 mM),
dibutyryl cCAMP (200 uM), BDNF (10 ng mI~1), NT-3 (10 ng mlI~1), retinoic acid (1 pM),
RevitaCell Supplement (RVC, 1x), ascorbic acid (200 uM) and antibiotics (puromycin, 3 ug
ml~1; blasticidin, 3 pg ml=1; geneticin, 300 ug mI~1). Dox was replenished every 2 d and
half-volume medium changes were performed every 4 d. At PID 14, medium was switched
to Brainphys (Stemcell, catalog no. 05793) containing NeuroCult SM1 neuronal supplement
and N2 Supplement-A and supplemented with Dox (1 pg ml=1), valproic acid (1 mM),
dibutyryl cAMP (200 uM), BDNF (10 ng mI~1), NT-3 (10 ng mlI~1), retinoic acid (1 uM),
RVC (1x), ascorbic acid (200 uM) and puromycin (3 pg mI=1). The addition of blasticidin
and geneticin was halted after PID 10 and puromycin was continuously added until PID 30.
The addition of RVC and ascorbic acid was also terminated after PID 21.

Whole-cell recording

Reprogrammed MSNs were transduced with pSynapsin-RFP and cocultured with human
astrocytes. Whole-cell patch-clamp recordings were performed at 7-8 weeks after the
initiation of neuronal reprogramming. Recordings were carried out in the extracellular
solution (140 nM NaCl, 3 nM KClI, 10 nM glucose, 10 nM HEPES, 1.5 nM CaCl, and

1 nM MgCly; pH 7.3; 295 ~ 310 mOsM). Electrode pipettes were pulled from borosilicate
glass (World Precision Instruments), and typically the resistance ranged between 5 and 8
MQ filled with intracellular solution (125 nM K-Gluconate, 4 nM NaCl, 2 nM MgCl,, 1
nM EGTA, 10 nM HEPES, 4 nM Na,-ATP, 0.4 nM Naz-GTP, 5 nM Creatine phosphate; pH
7.5; 290-300 mOsM). Data were acquired using pCLAMP 10 software with a multiClamp
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700B amplifier and Digidata 1550 digitizer (Molecular Devices). Liquid junction potential
was calculated to be 15.2 mV and corrected in calculating resting membrane potential. In
voltage-clamp mode, membrane potentials were typically kept at =70 mV, and the inward
sodium currents (/nz) and the outward potassium currents (/) were recorded with voltage
steps ranging from —20 mV to +80 mV. In current-clamp mode, action potentials were
elicited by the injection of step currents that modulated membrane potential by holding at
—-70~80 mV, with step up from +10 mV to +100 mV.

Reduction-of-function testing of GeM-HD modifiers

To streamline the modifier gene identification, we adapted 96-well culture plates to be
assayed for neuronal death using Sytox-Green as a cell death marker as previously
described® (approximately 3,000 cells counted in each well). For this assay, we used HD-
MSNs from the GM04194 line (CAG repeat size 46; HD.46), which showed the twofold
increase in cell death at around 50% compared with control MSNs from the healthy
individual (GMO02171). We carried out individual KD of 246 genes selected among 308
suggested modifier genes based on their expression level in the HD-MSN transcriptome®
(Supplementary Table 2). We performed reduction-of-function testing by adding lentivirus
carrying gene-specific ShRNAs to HD-MSNs at PID 21, a time-point when miRNA-induced
cells start acquiring the neuronal identity, to avoid interference with early stages of
neuronal reprogramming. Cells were then cultured to reprogramming day 35 (PID 35), a
timepoint when HD-MSNSs start undergoing spontaneous neuronal death compared with
control MSNs®, and the average cell death level for each gene KD was compared with the
average level detected with shCitrl.

Sytox assay in live cells

First, 0.1 uM Sytox gene nucleic acid stain and 1 pl mI~1 Hoechst 33342 solution were
added into the cell medium. Samples were incubated for at least 15 min at 37 °C before
imaging. Images were taken using a Leica DMI 4000B inverted microscope with Leica
Application Suite (LAS) Advanced Fluorescence.

Apoptosis assay in live cells

Cells were treated with 1 x Essen Bioscience IncuCyte Caspase-3/7 Green Reagent (final
concentration 5 pM) and 1 x Essen Bioscience IncuCyte Annexin V Green or Red Reagent
at PID 22 or 26. Image scheduling, collection and analysis were conducted with the
IncuCyte S3 Live Cell Analysis System and IncuCyte S3 v.2017A software. Treated plates
were imaged every 2 h for 7 d. At each time-point, over two images were taken per well

in brightfield, FITC and TRITC channels. Images were analyzed for the number of green
or red objects per well. For the apoptotic index, the number of green or red objects (that is,
fluorescence cells) divided by phase area (um?) per well was quantified by the IncuCyte S3
Live Cell Analysis System.

Immunostaining analysis

Cells were fixed with 4% paraformaldehyde for 20 min at room temperature and then
permeabilized with PBS containing 0.2% Triton X-100 for 10 min at room temperature.
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Cells were then blocked with blocking buffer (5% BSA and 1% goat serum in PBS) for

1 h at room temperature. Primary antibodies were incubated in blocking buffer at 4 °C
overnight. Cells were washed with PBS for 5 min three times and then incubated with
secondary antibodies in blocking buffer for 1 h at room temperature. Cells were washed with
PBS two times and incubated with DAPI for 10 min. Images were captured using a Leica
SP5X white-light laser confocal system with LAS Advanced Fluorescence 2.7.3.9723.

Immunoblot analysis

Cells were lysed with RIPA buffer containing 1 x protease inhibitor/1 x phosphatase
inhibitor or SDS buffer (2% SDS, 10% glycerol, 12.5 mM EDTA, 50 mM Tris-HCL

pH 6.8). The concentrations of whole-cell lysates were measured using the Pierce BCA
protein assay kit. Equal amounts of whole-cell lysates were resolved by SDS-PAGE and
transferred to a nitrocellulose membrane (GE Healthcare Life Sciences, no. 10600006) using
a transfer apparatus according to the manufacturer’s protocols (Bio-Rad). After incubation
with blocking buffer (5% BSA, 0.1% Tween-20 in TBS (TBS-T)) for 1 h, the membrane
was incubated with primary antibodies at 4 °C overnight. After washing with TBS-T three
times for 5 min, the membrane was then incubated with a horseradish peroxidase-conjugated
secondary antibody for 30 min at room temperature. The membrane was washed with TBS-
T three times for 10 min and developed with the ECL system (Thermo Scientific, no. 34580)
according to the manufacturer’s protocols. The quantification of immunoblot images from
young and old groups was performed using ImageJ 1.52a. Unprocessed original images of
immunoblots are shown in the Source data.

RNA preparation and quantitative PCR with reverse transcription

Total RNA was extracted using the RNeasy Micro Kit (Qiagen) and reverse

transcription was performed using the SuperScript IV First Strand Synthesis System

for RT-PCR (Invitrogen) according to the manufacturer’s protocol. Quantitative PCR

was performed using SYBR Green PCR master mix (Applied Biosystems) and
StepOnePlus Real-Time PCR system (Applied Biosystems, 4376600), according to

the manufacturer’s protocol, against target genes. Quantitative PCR analysis was

done with the following primers: RCAN1: 5'-TGGAGCTTCATTGACTGCGA-3’ and

5 -CTCAAATTTGGCCCGGCAC-3’; PPPC3A: 5'-GCGCATCTTATGAAGGAGGGA-3’
and 5"-TGACTGGCGCATCAATATCCA-3"; and GAPDH: 5’-
ATGTTCGTCATGGGTGTGAA-3" and 5'-TGTGGTCATGAGTCCTTCCA-3’.

Omni-ATAC-seq preparation

Omni-ATAC was performed as outlined by Corces et al.*2. Briefly, each sample was treated
with DNase for 30 min before collection. Approximately 50,000 cells were collected for
library preparation. The transposition reaction was completed with Nextera Tn5 Transposase
(Illumina Tagment DNA Enzyme and Buffer Kit, Illumina) for 30 min at 37 °C, and

library fragments were amplified under optimal amplification conditions. Final libraries
were purified by the DNA Clean & Concentrator 5 Kit (Zymo). Libraries were sequenced on
an Illumina NovaSeq S4 XP (Genome Technology Access Center at Washington University
in St. Louis).
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ATAC-seq analysis

For ATAC-seq analysis in directly reprogrammed neurons, the raw data containing FASTQ
files were uploaded to Partek Flow Software (Partek). ATAC-seq reads were aligned to the
hg38 human genome assembly using BWA-0.7.17, and uniquely mapped reads were used
for downstream analysis. Differential peaks were identified using Partek’s Gene Specific
Analysis (10.0.20.1231) algorithm with a cut-off of FC = 1.5 and FDR < 0.05 and were
regarded as peaks gained or lost. Gained peaks in shCtrl-HD-MSNs were combined and
defined as open (more accessible) chromatin regions. Conversely, all reduced peaks in
shCtrl-HD-MSNs were defined as closed chromatin regions.

mCherry-GFP-LC3 quantification

FUW mCherry-GFP-LC3 was a gift from Anne Brunet (Addgene plasmid no. 110060;
http://n2t.net/addgene:110060; RRID: Addgene _110060). The concentrated lentivirus of
mCherry-GFP-LC3 was added to reprogrammed MSNSs at PID 20. For imaging of cells
expressing mCherry-GFP-LC3, cells were washed once with PBS, fixed and stained by
anti-TUBBS3 antibody at PID 26, after validation of the expression of GFP and mCherry by
microscopy. Images were captured using a Leica SP5X white-light laser confocal system
with LAS Advanced Fluorescence 2.7.3.9723. Pseudocolors have been adopted for the
accessibility of colorblind readers.

Protein binding assay

The NanoBIT Protein:Protein Interaction System (Promega, no. N2014) was used for

the binding assay of RCAN1-CaN interaction according to the manufacturer’s protocol.
HEK293 cells plated in a 96-well plate were transfected with 25 ng (per well) of pBiT1.1-
N-RCAN1 (89-197) and pBiT2.1-C-CaN (1-391) using polyethyleneimine (Polysciences,
24765) with Opti-MEM (Life Technologies, 31985). At 48 h after transfection, 25 pl of
Nano-Glo Live Cell Assay reagent was added to each well after autophagy inducers were
treated. After the initial measurement, luminescence values were measured every 30 min
using the Synergy H1 Hybrid plate reader (BioTek).

Pathway enrichment analysis

The molecular pathways associated with DEGs identified in the transcriptome datasets and

ATAC-seq datasets were analyzed using KEGG by Partek pathway analytical methods. The
computational platform of the Partek pathway algorithm was used to identify the significant
pathways for the DEGs according to the KEGG database. The pathways with £< 0.05 were
selected as statistically significant pathways.

Statistics and reproducibility

Data are expressed as mean + s.e.m. from at least three independent experiments unless
otherwise indicated. Statistical comparisons were performed by a paired/unpaired #test with
a two-tailed distribution or one-way analysis of variance (ANOVA) with Tukey’s post hoc
test using GraphPad Prism v.9.1. Statistical significance was set at £ < 0.05, with the
following standard abbreviations used to reference Pvalues: *P< 0.05; **P< 0.01; ***P
<0.001; ****P< 0.0001. Detailed statistical information for each experiment is provided
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in the corresponding figure legend. For all quantified data, multiple cell cultures were
counted from at least three biological replicates from multiple independent patient samples,
as indicated in Supplementary Table 1. Studies were performed in a blinded manner and
automated whenever possible with the aid of cell counting software tools and confirmation
from multiple investigators with cell score quantification results as needed. For scoring
phenotypes that required cell visualizations, at least three laboratory members counted
coded cell samples in a blinded manner. For most of the cell death assays, we used the
automated fluorescence measurement in the IncuCyte S3 Live Cell Analysis System with
standardized procedures and used the data points generated by the analysis software. Data
distribution was assumed to be normal, but this was not formally tested. Data in graphs

are expressed as mean values and error bars represent s.e.m. unless noted otherwise. The
center line in box-and-whisker plots denotes the median value, while the box contains the
25th to 75th percentiles of the dataset. The whiskers mark minimal to maximal values. No
data were excluded from the analyses. Data collection was not randomized but was always
done in parallel with controls and quantified in a blinded manner when necessary. Allocation
of primary patient cells acquired from Coriell Biorepository into the ‘HD group’ was

done randomly. Samples of the control group (healthy controls) were age-matched and sex-
matched with HD samples and were acquired and available through Coriell Biorepository.
Samples in the ‘pre-HD group’ were collected 13-17 years before the reported age of

HD symptoms, ranging from 13 to 44 years of age, and sex-matched with HD samples

from symptomatic patient samples. No statistical methods were used to predetermine
sample sizes, but our sample sizes are similar to or larger than those reported in previous
publications®10. All data quantified for cellular phenotypes were from 3 to 4 independent
healthy controls or patients with HD or presymptomatic HD individuals. For transcriptome
analyses, fibroblasts and reprogrammed MSNs from longitudinally collected fibroblasts
from three independent cognitively normal, healthy individuals were used. These fibroblasts
were initially collected during middle age as ‘young’, and samples subsequently collected
approximately 20 years later from three independent individuals were denoted as “old’
groups (Coriell NINDS and NIGMS Repositories: AG10049 (48 years) and AG16030 (68
years); AG10047 (53 years) and AG14048 (71 years); AG04456 (49 years) and AG14251
(68 years); Supplementary Table 1). All fibroblasts and reprogrammed MSN samples

were used with at least two biological replicates per individual. For ATAC-seq analyses,
shCtrl-, shRCAN1- and shCaN-expressing HD-MSNSs from four independent patients with
postsymptomatic HD were used with three biological replicates per individual (ND30013
(HD.43), ND33947 (HD.40), GM04198 (HD.47), GM04230 (HD.45); Supplementary Table
1). No sample size calculation was done, as the sample sizes used in the study were adequate
to yield consistent differential gene expression and chromatin accessibilities with significant
adjusted Pvalues (<0.05).

Reporting summary

Further information on research design is available in the Nature Portfolio Reporting
Summary linked to this article.
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Extended Data Fig. 1 |. Gene expression profiling in longitudinally collected fibroblasts and
corresponding reprogrammed MSNs.

a-c, Whole-cell recording from reprogrammed MSNs from three independent longitudinal
groups (individual I (a); Il (b); 111 (c)) co-cultured with human astrocytes showing

the inward/outward currents and multiple action potentials (APs). d, RT-qPCR analysis

of DARPP-32 expression in longitudinally aged MSNs (n = 6, ****p < 0.0001, The

sample size (n) corresponds to the number of biologically independent samples). Statistical
significance was determined using two-tailed unpaired t-test and meanzs.e.m. e and f,
Heatmap of Differentially Expressed Genes (DEGS) in fibroblasts (e) and MSNs (f) (FDR <
0.05, | FC | 2 1.5). g, Venn diagram of the genes enriched in calcium signaling pathway from
old HD-MSNE.
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Extended Data Fig. 2 |. Age-associated RCANL1 in longitudinally aged MSN.
a, Upstream regulator analysis of up- or down-regulated genes in old fibroblasts and MSNs.

b, Gene network of upstream regulators and DEGs. ¢, Representative immunoblotting (top)
and quantification (bottom) of RCANL1 expression in six MSNs from 22, 29, 24 (young)
and 53, 50, 60 (old) years old-individuals (young n = 3, old n = 3, **p = 0.0038). d,
Quantification of RCAN1 mRNA from six independent fibroblasts and MSNs from three
longitudinal individuals (I, 11, and I11) (Fibroblasts n = 12, MSNs n = 12). e, Representative
immunoblotting (top, left) and quantification of relative RCAN1 expression normalized to
GAPDH (bottom. left) in Young / Old-MSNs from three longitudinal individuals treated
with cyclohexamide (CHX). Comparison of RCAN1 expression in CHX-treated MSNs
(Young and Old) from three longitudinal individuals in the presence of DMSO, MG132

or, CQ (right) (n = 6). f. Representative immunoblotting (top) and quantification (bottom)
of RCANL1 expression in age-matched control-Old-MSNs and HD-MSNs (n = 6). g.
Representative Immunoblotting (top) and quantification (bottom) of HDAC3 expression

in MSNs from three longitudinal individuals (n = 6, *p = 0.0467). h. Representative
immunoblotting (top) and quantification (bottom) of RCAN1 expression in individual 111’s
MSNs (n = 2). Statistical significance was determined using two-tailed unpaired t-test (c,f,g)
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and one-way ANOVA with Tukey’s post hoc test (d,h). *p < 0.05, **p < 0.01, ns, not
significant, and meanzs.e.m (c,d,f,g). The sample size (n) corresponds to the number of
biologically independent samples (c-h).
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Extended Data Fig. 3 |. Identification of modifier genes whose reduction protects HD-MSNs from
degeneration.

a, Experimental scheme of genetic modifiers testing in HD-MSNs. b, Representative images
(left) and quantification (right) of MAP2-, NCAM-, NEUN-, ACTL6B-, DARPP-32-, and
GABA-positive cells from four independent HD-MSNs (HD.43, HD.40, HD.47, HD.45). An
average of 300 cells per each were counted from three or more randomly chosen fields (n =
4). Scale bars represent 20 um. ¢, High-content imaging of Sytox green dye accumulation in
HD-MSNs (HD.46) in a 96-well format. Representative images of HD-MSNs in each well
of a 96-well plate, immunostained with anti-GABA, TUBB3, and DARPP-32 antibodies
(left). Example pictures for high content image analysis to measure cell death levels (right):
Hoechst for whole cell population and Sytox-green for dead cells. d, Quantification of
Sytox-positive cells from HD-MSNs (HD.46) and healthy control (Ctrl.17) at post-induction
day 35 (n = 2). e, Quantification of Sytox-positive cells in HD-MSNs (HD.46) transduced
with shRNAs of modifier genes. The genes whose reduction significantly lowered cell death
levels were marked (red) within the pink area (+ 10 % of cell death level from healthy
control) compared to control shRNA. Statistical significance was determined using unpaired
t-test and meanzs.e.m (n = 2, RCAN1: p = 0.0143); RTCA: p = 0.0198); UBE2D4: p
=0.0073). f, Representative image (left) and quantification (right) of Sytox-positive cells
from three independent HD-MSNSs (HD.46, HD.44, HD.43) transduced with shRNAs of
each gene (n = 12). Scale bars represent 100 um. Box-and-whiskers plot: The center line
denotes the median value while the box contains the 25th to 75th percentiles of dataset.

The whiskers mark minimal value to maximal value. ****p < 0.0001. g, Representative
image (left) and quantification (right) of cells with HTT inclusion bodies (IBs) in HD-MSNs
(HD.40) transduced with shRNAs of each gene. Cells were immunostained with anti-HTT
and TUBB3 antibodies. An average of 100 cells per each were counted from four to six
randomly chosen fields (n = 6, 4, 6, 4). Scale bars represent 10um. Statistical significance
was determined using unpaired t-test (€) and one-way ANOVA with Tukey’s post-hoc test
(f,9); ****p < 0.0001, *p < 0.05, ns, not significant, and meanzs.e.m. The sample size (n)
corresponds to the number of biologically independent samples (b,d,e,f,g).

Nat Aging. Author manuscript; available in PMC 2024 October 06.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

P |

251 . -

571 - . -

kDa_ = il

251 - --

37 - - ..

b
Fibroblasts _

shRCAN1
RCAN1
GAPDH

RCAN1
RCAN1

GAPDH

kDa_-

+ - - shCtrl
+ + shRCAN1
+ RCAN1

25{um

37

T -

RCAN1

GAPDH

% of DARPP32 / TUBB3

-Positive Cells

=y

N B O O
o

o O

o O O

S
9&\9\099‘(}0

RCAN1

Extended Data Fig. 4 |. Validation of reprogrammed neurons of rescuing or non-rescuing
condition for ATAC-sequencing.

a, RCANL1 expression in fibroblasts transduced with sShRCANL1 (top) or RCAN1 (middle)
in a dose-dependent manner. RCAN1 expression in HD-MSNs (HD.43) transduced with
shCtrl, sShRCANL, or RCANL1 (bottom). b, Representative image (top) and quantification
(bottom) of DARPP-32-positive cells from four independent HD-MSNSs transduced with
shCtrl, sShRCAN1, or shCaN (HD.43, HD.40, HD.47, HD.45). Cells were immunostained
with anti-DARPP-32 and TUBB3 antibodies. An average of 183 cells of each were counted

from three or more randomly chosen fields (n = 4). Scale bars represent 10 uM. ¢, RT-
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CaN

gPCR analysis of the expression of RCAN1 and CaN in (b) (n = 12, 12, 8, 8). Statistical
significance was determined using one-way ANOVA with Tukey’s post-hoc test (b) and
two-tailed unpaired t-test (c); ****p < 0.0001, ns, not significant, and meanzs.e.m (b,c). The
sample size (n) corresponds to the number of biologically independent samples (b,c).
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Extended Data Fig. 5 |. RCAN1 promotes nuclear localization of TFEB for HD survival.
a, Expression of phosphor-TFEB in fibroblasts transduced with Control, TFEB wildtype,

or phosphor-mutant (S142/211 A). b. Representative image (left) and quantification of
nuclear TFEB from three independent HD-MSNs (HD.45, HD.45b, HD.47) transduced with
shCtrl or sShRCANL. Cells were treated with DMSO or Cyclosporin A (CaN inhibitor) (n
= 3). shCtrl versus ShRCAN1 ***p = 0.0002, shRCAN1 versus shRCAN1+Cyclosporin
A ***p = 0.0001. c, Representative image (left) and quantification of Sytox-positive cells
(middle) from three independent HD-MSNs (HD.45, HD.45b, HD.47) transduced with
shCtrl, sShRCAN1, or shTFEB. Expression of RCAN1 and TFEB in HD-MSNs transduced
with shCtrl, sShRCAN1, or shTFEB (right) (n = 3). Statistical significance was determined
using one-way ANOVA with Tukey’s post hoc test (b,c); ***p < 0.001, *p < 0.05, ns,

not significant, and meanzs.e.m (b,c). The sample size (n) corresponds to the number of
biologically independent samples (b,c).
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Extended Data Fig. 6 |. Neuroprotective role of G2-115 through reducing RCAN1-CaN
interaction.

a, Immunoprecipitation analysis of RCAN1-transduced fibroblasts with anti-CaN antibody
followed by immunoblotting with anti-RCAN1 antibody. Cells are treated with 0.5 pM of
G2-115 and 60 pM of chloroquine (lysosome inhibitor). b, Immunoprecipitation analysis
of RCAN1-transduced fibroblasts with anti-CaN followed by immunoblotting with anti-
RCAN1 antibody. Cells were treated with DMSO or 0.5 uM of G2-115, 8 mM of
metformin, and 500 nM of rapamycin. ¢, Experimental scheme of NanoBit binding assay
(top). Binding assay of HEK293 cells transfected with RCAN1 fused to large Bit and

CaN fused to small Bit. Cells were treated with 0.5, 1.0, 1.5, and 2.0 uM of G2-115ina
dose-dependent manner (bottom). (n = 3, The sample size (n) corresponds to the number of
independent experiments). DMSO versus G2-115 1.0 uM 0.5 hr *p = 0.0379, 1.0 hr **p
=0.0091, 2.0 hr **p = 0.0082, DMSO versus G2-115 2.0 uM 0.5 hr **p = 0.0044, 1.0 hr
*p = 0.0230, 2.0 hr **p = 0.0084. d, Quantification of CYTO-ID-positive cells from three
independent HD-MSNs (HD.45, HD.45b, HD.47) treated with DMSO or G2-115. Cells
were transduced with RCANL1 (n = 3). DMSO versus G2-115 **p = 0.0025, G2-115 versus
G2-115 + RCAN1 cDNA **p = 0.0060. e, Representative image (left) and quantification
(right) of nuclear TFEB from three-independent HD-MSNs (HD.45, HD.45b, HD.47)
treated with DMSO or G2-115. Cells were immunostained with anti-TFEB and TUBB3
antibodies. An average of 107 cells per each were counted from three or more randomly
chosen fields (n = 3, ****p < 0.0001). Scale bars represent 20 um. f, Graphical work model
to illustrate the function of RCAN1-CaN-TFEB cascade in Young/Old-MSNs (left) and the
neuroprotective role of RCAN1 KD for HD survival. Statistical significance was determined
using one-way ANOVA with Tukey’s post hoc test in (d) and two-tailed unpaired t-test
(c,e); ****p < 0.0001, **p < 0.01, *p < 0.05, ns, not significant, and meanxs.e.m (c-e). The
sample size (n) corresponds to the number of biologically independent samples (d,e).
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Fig. 1 |. Identification of RCANL1 as an age-associated factor in reprogrammed MSNs from
longitudinally collected fibroblasts.

a, Experimental scheme of RNA-seq in fibroblasts and reprogrammed MSNs (young and
old) from three independent longitudinal groups from individuals I, Il and I1l. MSNs
were reprogrammed by overexpressing miR-9/9* and miR-124 (miR-9/9*-124) as well as
MSN-defining TFs CTIP2, DLX1, DLX2 and MYTLL (CDM). b, Representative images
of fibroblasts marked by S100A4 (left) and corresponding reprogrammed MSNs marked
by DARPP-32 used for RNA-seq. ¢, Quantification of DARPP-32-positive cells from
reprogrammed MSNs from all samples (individual I: young, 7= 4; old, n=5; individual
Il: young, 7=5; old, n=>5; individual IlI: young, 7= 4; old, n= 4). An average of

300 cells were counted from four or more randomly chosen fields. Scale bars, 20 pm. d,
Gene Ontology (GO) enrichment analysis of all DEGs in two replicates of old-fibroblasts
(left) and old-MSNs (right) from three independent individuals (FDR < 0.05, | FC | =

1.5). e, GO enrichment analysis of up-/downregulated genes commonly manifested in old-
MSNs compared with young-MSNs (FDR < 0.05, | FC | = 1.5). f, Upstream regulator
analysis of up-/downregulated genes in old-MSNs in e. g, Representative immunoblotting
(top) and quantification (bottom) of RCANL1 in longitudinal MSNs and fibroblasts (young
and old) from three independent individuals (n= 6, **P=0.0077). The quantification is
normalized to values from young samples per line. h, Representative immunoblotting (top)
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and quantification (bottom) of RCANL1 expression in eight human striatum samples from age
23, 35, 39 and 36 (young) and age 69, 74, 78 and 77 (old) individuals (7= 8, *P=0.0489).

i, Representative immunoblotting (top) and quantification (bottom) of RCANL1 expression in
three reprogrammed MSNs from presymptomatic patient-derived fibroblasts (44-, 16- and
23-year-old pre-HD-MSN: Pre-HD.42, Pre-HD.45, Pre-HD.40/50) and three reprogrammed
MSNs from symptomatic patient-derived fibroblasts (63-, 71- and 55-year-old HD-MSN:
HD.47, HD.40, HD.45) (n=6, **P=0.0063). Statistical significance was determined using
one-way ANOVA with Tukey’s post hoc test (c), two-tailed paired #test (g) and two-tailed
unpaired #test (h,i); **P< 0.01, *P< 0.05, NS, not significant, and mean + s.e.m. (c,g,h,i).
The sample size () corresponds to the number of biologically independent samples (c,g,h,i).
DAPI, 4’ 6-diamidino-2-phenylindole.
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Fig. 2 |. RCAN1 KD protects HD-MSNs from degeneration and induces chromatin accessibility
changes.

a—c, Representative images (left) and quantification (right) of Sytox-positive cells (7= 12,
10, 11; **P=0.0021, ****P < 0.0001) (a), caspase 3/7 activation (green; n= 11, 10,

11; **p=0.0023, *P=0.0258) (b) and annexin V signal (red; n=9, n=7,n=29;

shCtrl versus ShRCAN1 **£=0.0012, shCtrl versus ShRCAN1&RCAN1 cDNA **pP=
0.0092) (c) in three independent HD-MSNs (HD.40, HD.43, HD.47) transduced with shCtrl,
ShRCAN1 or RCAN1 cDNA. Scale bars, 100 um (a—c). d, Representative images (left)

and quantification (right) of cells with HTT inclusion bodies (IBs) in three independent
HD-MSNs (HD.40, HD.43, HD.47; n = 3) transduced with shCtrl, sSsRCAN1 or RCANL1.
Cells were immunostained with anti-HTT and TUBB3 antibodies. An average of 120 cells
each were counted from three or more randomly chosen fields. Scale bars, 20 um. Mean +
s.e.m. ***pP=0.0003, ****P < 0.0001. e,f, Analysis of ATAC-seq in four independent HD-
MSNs (HD.43, HD.40, HD.47, HD.45) transduced with shCtrl or shARCANL1. e, Heatmaps
of signal intensity in chromatin peaks (FDR < 0.05, | FC | = 1.5) of open and closed DARS
in sShRCAN1-HD-MSNs compared with shCtrl-HD-MSNs. f, KEGG pathway enrichment
analysis of genes associated with open (top) and closed (bottom) DARSs in ShRCAN1-HD-
MSNSs. Statistical significance was determined using one-way ANOVA with Tukey’s post
hoc test (a—d). In box-and-whisker plots, the center line denotes the median value, while the
box contains the 25th to 75th percentiles of the dataset. The whiskers mark minimal value
to maximal value (a—c). ****P < 0.0001, ***P < 0.001, **P< 0.01, *P< 0.05 (a—d). The
sample size (1) corresponds to the number of biological replicates (a—d).
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Fig. 3|. RCAN1 KD- and CaN KD-induced chromatin changes.

a, Quantification of caspase 3/7 activation (left, 7= 18, 15, 13, 17, 10) and annexin V
signal (right, n= 18, 14, 15, 15, 16) in four independent HD-MSNs (HD43, HD40, HD47,
HD45) transduced with shCtrl, sShRCAN1, RCANL1 or shCaN. Cells were also treated with
10 puM CsA, a CaN inhibitor. In box-and-whisker plots, the center line denotes the median
value, while the box contains the 25th to 75th percentiles of the dataset. The whiskers mark
minimal value to maximal value. *£=0.0175, ****P < 0.0001. b, Representative images
(left) and quantification (right) of cells with HTT IBs in three independent HD-MSNs
(HD.43, HD.40, HD.47; n= 3) transduced with shCtrl, SARCAN1 or shCaN. Cells were
treated with 10 uM CsA. Cells were immunostained with anti-HTT and TUBB3 antibodies.
An average of 117 cells each were counted from three or more randomly chosen fields.
Scale bars, 20 um. Mean + s.e.m. shCtrl versus ShRCAN1 ***P=0.0002; sShRCAN1
versus ShRCAN1+shCaN ***P = (0.0003, ****P < 0.0001. c—e, Analysis of ATAC-seq
from four independent HD-MSNs (HD43, HD40, HD47, HD45; three replicates each)
transduced with shCtrl (control), shRCANL (rescuing) or shCaN (detrimental). ¢, Heatmaps
of signal intensity in overlapping chromatin peaks of open DAR (FDR < 0.05, FC = 1.5)

in sShRCAN1-HD-MSNs and closed DAR (FDR < 0.05, FC < -1.5) in shCaN-HD-MSNs
compared with shCtrl-HD-MSNs. d,e, KEGG pathway enrichment analysis (d) and pathway
enrichment analysis () of genes associated with open DARs in sShRCAN1-HD-MSNs and
closed DARs in shCaN-HD-MSNs in c. Statistical significance was determined using one-
way ANOVA with Tukey’s post hoc test in a and b; ****P< (0.0001, ***£< 0.001, *P
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< 0.05 (a,b). The sample size (1) corresponds to the number of biologically independent
samples (a,b).
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Fig. 4 |. Enhancing TFEB function by RCAN1 KD via its nuclear localization.
a, Heatmap representation of open DARs with ShRCANL (rescuing) and closed DARS

with shCaN (detrimental) harboring TFEB binding motifs, compared with shCtrl. Motif
analysis from ATAC-seq was from four independent HD-MSNs (HD.43, HD.40, HD.47,
HD.45; three biologically independent samples each) (FDR < 0.05, FC = 1.5). Top legend
depicts representative motifs for TFEB binding sites. b, KEGG pathway enrichment analysis
(top) of TFEB binding motif-containing genes associated with DARs in a. Integrative
Genomics Viewer snapshots (bottom) showing peaks enriched in ShARCAN1-HD-MSNs
(red) and reduced in shCaN-HD-MSNs (blue) within RB1CC1 and MAPK1 in comparison
with shCtrl (gray). ¢, Representative immunoblotting (left) and quantification (right) of

the expression of phosphor-TFEB (Ser142) from three independent HD-MSNSs (HD.43,
HD.40, HD.47; n= 3) transduced with shCtrl, shRCAN1 or RCANL1. Phosphor-TFEB
(Ser142): **P=0.0095, *P= 0.0495; P62: shCtrl versus ShRCAN1 *P=0.0497, shRCAN1
versus SARCAN1&RCAN1 cDNA *P=0.0496; RCAN1: shCtrl versus ShRCAN1 **p
=0.0023, shRCAN1 versus ShRCAN1&RCAN1 cDNA **P=0.0034. d, Representative
image (left) and quantification (right) of nuclear TFEB from three independent HD-MSNs
(HD.43, HD.40, HD.47) transduced with TFEB WT, shRCAN1 or TFEB phosphor-mutant
(S142/211A (SA)). Cells were immunostained with anti-TFEB and TUBB3 antibodies. An
average of 130 cells each were counted from three or more randomly chosen fields (7= 6, 3,
3). Scale bars, 20 um. Statistical significance was determined using one-way ANOVA with
Tukey’s post hoc test in ¢ and d; ****P< 0.0001, **P< 0.01, *P< 0.05 and mean + s.e.m.
(c,d). The sample size () corresponds to the number of biologically independent samples
(c,d).
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Fig. 5|. RCAN1 KD promotes neuronal resilience through enhancing TFEB nuclear localization.
a, Representative images (left) and quantification (right) of CYTO-ID-positive cells from
three independent HD-MSNs (HD.43, HD.40, HD.47) transduced with shCtrl, sShRCAN1

or RCAN1 (n=9, 9, 7). shCtrl versus ShRCAN1 *P=0.0103, shRCANL1 versus
ShRCAN1&RCAN1 cDNA *P=0.0406. Scale bars, 20 um. b, Immunoblotting (top)

and quantification (bottom) of the expression of p62 (**~=0.0027) and RCAN1 (**P

= 0.0021) from three independent HD-MSNSs (HD.43, HD.40, HD.47) transduced with
shCtrl or shRCANL1 (n= 3). ¢, Autophagic flux measurements using tandem monomeric
mCherry-GFP-LC3 (right top). Representative image (left) and quantification (right bottom)
of autophagosome and autolysosome from cells having reporter signal puncta from

three independent HD-MSNs (HD.43, HD.40, HD.47) transduced with shCtrl, shRCAN1

or RCAN1 (n=6,5,5). **P=0.0012, *P=0.0132, ***P=0.0002, ****P<

0.0001. d, Representative image (left) and quantification (right) of autophagosome and
autolysosome from cells having puncta from three independent HD-MSNs (HD.43, HD.40,
HD.47) transduced with TFEB WT, shRCANL1 or TFEB Phosphor-mutant (SA) (7= 3).
Autophagosome *P=0.0106, **£ = 0.0060; autolysosome **£=0.0014, ***P= 0.0006.

e, Quantification of caspase 3/7 activation (left, 7=9, 8, 9) and annexin V signal (right, »
=12, 10, 12) from three independent HD-MSNs (HD.40, HD.43, HD.47) transduced with
TFEB WT, shRCANL1 or TFEB SA. Caspase 3/7 activation: TFEB WT versus TFEB SA **P
=0.0028; TFEB WT + shRCANL1 versus TFEB SA **P=0.0026, TFEB WT versus TFEB
WT + shRCAN1 ****p < 0.0001. f, Representative images (left) and quantification (right)
of HTT IBs from four independent HD-MSNs (HD.47, HD.40, HD.43, HD.45) transduced
with TFEB WT, shRCANL1 or TFEB SA. Cells were immunostained with anti-HTT and
TUBBS3 antibodies. An average of 120 cells each were counted from three or more randomly
chosen fields (7= 4). ***P=0.0001, ****P < 0.0001. Scale bars, 10 pm (c,d,f). Statistical
significance was determined using one-way ANOVA with Tukey’s post hoc test (a,c,d,e,f)
and two-tailed unpaired #test (b); ****P< 0.0001, ***P< 0.001, **P< 0.01, *P< 0.05,
NS, not significant (a—f) and mean £ s.e.m. (b,c,d,f). In box-and-whisker plots, the center
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line denotes the median value, while the box contains the 25th to 75th percentiles of the
dataset. The whiskers mark minimal value to maximal value (a,e). The sample size (1)
corresponds to the number of biologically independent samples (a—f).
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Fig. 6 |. G2-115 promotes TFEB function by reducing RCAN1-CaN interaction and promoting
TFEB nuclear localization.

a,b, Immunoblotting of fibroblasts treated with DMSO, G2-115 (0.5 uM), metformin (8
mM), carbamazepine (100 puM) and rapamycin (500 nM) (a) and HD-MSNs (HD.47,
HD.40, HD.45) treated with DMSO and G2-115 (0.5 uM) (7= 3, **P=0.0013) (b)

with anti-phosphor-TFEB (Ser142). ¢, Immunoprecipitation of Flag-RCAN1-transfected
HEK293 cells with anti-Flag followed by CaN immunoblotting after G2-115 (0.25; 0.5;
2.5; 5 uM) treatment. d, Immunoprecipitation of chloroquine (lysosome inhibitor)-treated
fibroblasts with anti-CaN followed by RCAN1 immunoblotting after DMSO, G2-115 (0.5
uM) and chloroquine (60 pM) treatment. e, Experimental scheme of NanoBit binding assay
(top). Binding assay of HEK293 cells transfected with RCAN1-large-Bit and CaN-small-
Bit (bottom) after G2-115 (2.0 uM), metformin (8 mM), carbamazepine (100 uM) and
rapamycin (500 nM) treatment (/7= 3 independent experiments). DMSO versus G2-115:
0.5h**pP=0.0041; 1.0 h **P=0.0037; 1.5 h **P=0.0016; 2.0 h *£=0.0111.

f, Representative image (left) and quantification (right) of nuclear TFEB in HD-MSNs
(HD.43, HD.45, HD.40) treated with DMSO and G2-115 (0.5 uM) (7= 3, *P=0.0380).
Scale bars, 20 um. g, Representative images (left) of control and RCAN1-transduced
HD-MSNs expressing the tandem monomeric mCherry-GFP-LC3 reporter. Quantification
(right) of autophagosomes and autolysosomes from HD-MSNs with puncta (HD.40, HD.47,
HD.43; n=3; ****P < (0.0001; more than 50 cells per line) treated with DMSO and G2—
115 (0.5 pM). Scale bars, 20 um. h, Quantification of caspase 3/7 activation (top) from
HD-MSNs (HD.40, HD.47, HD.45; n=11) and annexin V signal (bottom) from HD-MSNs
(HD.43, HD.47, HD.45; n= 15, 13, 10) treated with DMSO and G2-115 (0.5 uM) after
control and RCAN1 transduction. In box-and-whisker plots, the center line denotes the
median value, while the box contains the 25th to 75th percentiles of the dataset. The
whiskers mark minimal value to maximal value. ****P< 0.0001, ***£=0.0009, **P=
0.0028. i, Representative image (left) and quantification (right) of HTT IBs in control and
RCAN1-transduced HD-MSNs (HD.43, HD.40, HD.47) treated with DMSO and G2-115
(0.5 uM) (n=3; **P=0.0015, ***P=0.0005) followed by HTT and TUBB3 staining. An
average of 300 cells were counted from three or more randomly chosen fields. Scale bars,
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10 um. Statistical significance was determined using one-way ANOVA with Tukey’s post
hoc test (g,h,i) and two-tailed unpaired #test (b,e,f); ****P< 0.0001, ***P< 0.001, **P<
0.01, *P<0.05, NS, not significant, and mean + s.e.m. (b,e,f,g,i). Sample size (n7): number
of biologically independent samples (b,f,g,h,i). IP, immunoprecipitation.
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