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e We present a quick and inexpensive method to selectively
isolate Purkinje cell nuclei

e Our protocol combines fluorescence labeling of nuclear
envelopes with FANS

e We provide thorough confirmation that the isolated nuclei
have Purkinje cell identity

e The protocol aids in studying neurodegeneration
mechanisms in spinocerebellar ataxias
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In brief

Bartelt et al. introduce a protocol for
fluorescently labeling nuclear envelopes,
paired with cell sorting to purify Purkinje
cell nuclei. By providing access to the
nuclear fraction of these rare neurons, the
method offers a valuable platform for
studying Purkinje cell biology and
pathology, including the mechanism
behind selective neurodegeneration.
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MOTIVATION Cerebellar Purkinje cells (PCs) play a central role in controlling voluntary movements, coordi-
nation, and motor learning. PC degeneration and death are hallmarks of many human neurological disorders,
including multiple forms of spinocerebellar ataxia. Unfortunately, PCs comprise a relatively small population
of cells in the cerebellum, constituting less than 1% of the total cell count. This makes studying PC-related
pathology using omics approaches exceptionally challenging. Here, we introduce a protocol that addresses
the need for obtaining pure fractions of PC nuclei for subsequent cell-specific analysis.

SUMMARY

We developed a method that utilizes fluorescent labeling of nuclear envelopes alongside cytometry sorting
for the selective isolation of Purkinje cell (PC) nuclei. Beginning with SUN1 reporter mice, we GFP-tagged en-
velopes to confirm that PC nuclei could be accurately separated from other cell types. We then developed an
antibody-based protocol to make PC nuclear isolation more robust and adaptable to cerebellar tissues of any
genotypic background. Immunofluorescent labeling of the nuclear membrane protein RanBP2 enabled the
isolation of PC nuclei from C57BL/6 cerebellum. By analyzing the expression of PC markers, nuclear size,
and nucleoli number, we confirmed that our method delivers a pure fraction of PC nuclei. To demonstrate
its applicability, we isolated PC nuclei from spinocerebellar ataxia type 7 (SCA7) mice and identified tran-
scriptional changes in known and new disease-associated genes. Access to pure PC nuclei offers insights
into PC biology and pathology, including the nature of selective neuronal vulnerability.

INTRODUCTION

Cerebellar Purkinje cells (PCs) are GABAergic autonomous
neurons that exhibit high rates of spiking even in the absence
of synaptic input. PCs control voluntary movements by inte-
grating enormous amounts of synaptic input from various
brainstem and cerebellar neurons.’ Being the sole output of
cerebellar cortex, PCs play a critical role in motor coordination
and learning.” PC dysfunction and death are frequently

Gheck for
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observed in patients with ataxia and in animal models with
ataxic symptoms. A list of “purkinjopathies” includes, but is
not limited to, multiple forms of spinocerebellar ataxias
(SCAs), Friedreich’s ataxia, episodic ataxia type 2, Niemann-
Pick disease type C, and PC degeneration.® Although the PC
selective vulnerability that characterizes these disorders has
been the subject of extensive research, molecular mechanisms
responsible for selective degeneration still await a satisfactory
explanation.

Cell Reports Methods 4, 100816, July 15, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
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PCs are notoriously difficult to isolate due to their complex
morphology and low abundance in the cerebellum (less than
1% of cells). Laser capture microdissection proved to be a valu-
able, although costly and laborious, technique to isolate PCs for
downstream analysis.* Some groups have attempted to isolate
PCs using fluorescence-activated cell sorting (FACS) and GFP
reporter mice.”® Even mild enzymatic digestion, however,
inevitably compromises the integrity of PC long axons and intri-
cately branched dendritic trees, severely limiting the utility of
FACS. Additionally, advancement of cell-type-specific ribosome
tagging protocols helped survey the molecular landscape of PC
subcellular domains.” Although very potent and high throughput,
ribosome tagging preserves only transcriptional information of
the molecular landscape of the cell and requires transgene deliv-
ery by adeno-associated virus. Because PCs are difficult to
isolate from complex brain tissue, bulk tissue profiling is used
to generate the majority of molecular data aimed at understand-
ing PC vulnerability. Bulk approaches average out the signal
from affected cells, undermining our understanding of the cell-
type-specific pathogenic mechanisms responsible for selective
PC neurodegeneration.

To bypass the limitation of destructive PC purification while
still retaining epigenetic, transcriptomic, genetic, and nucleopro-
teomic profiles of isolated cells, we chose to establish a method
for PC-specific nuclear fractionation. We begin by confirming the
effectiveness of the genetic labeling of nuclear envelopes, fol-
lowed by nuclear isolation and fluorescence-activated nucleus
sorting (FANS), in generating a highly enriched population of
PC nuclei. Building upon this foundation, we introduce an anti-
body-based FANS purification method that provides a unique
solution for the efficient and selective isolation of PC nuclei.

RESULTS

FANS-based isolation of PCP2-Cre x SUN1-GFP mouse
PC nuclei

Given the significant heterogeneity of the cellular and nuclear
morphology between cerebellar cell types, we sought to separate
PC nuclei from other cell nuclei with FANS. We crossed CAG-
Suni/superfolder GFP (sfGFP) reporter mice, developed by Mo
et al. for the isolation of nuclei tagged in specific cell types appli-
cation, with mice expressing Cre recombinase driven by the PC-
specific Pcp2 promoter to drive PC-specific expression of GFP-
tagged nuclear envelope protein SUN1.2 To confirm successful
envelope tagging, we cryosectioned and immunostained cere-
bella from adult 8.5-week-old mice with an anti-myc antibody
recognizing the Sun1-GFP transgene. As expected, control litter-
mates with Suni1/sfGFP*, Pcp2-Cre genotypes showed no
immunofluorescent signal originating from nuclear envelopes. In
contrast, Sun1/sfGFP*, Pcp2-Cre* mice displayed strong nuclear
membrane staining that was dominant but not limited to PCs (Fig-
ure 1A). To separate PC nuclei from the rest of GFP* cerebellar cell
nuclei, we isolated nuclear fractions from Sun1/sfGFP*, Pcp2-
Cre* mice using a modified mechanical trituration protocol
described by Kozareva and colleagues.® Next, we counterstained
isolated nuclei with Hoechst and subjected them to flow cytome-
try analysis. To exclude cell debris, nuclear aggregates, and other
unwanted particles from the subsequent analysis, we gated single
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nuclei according to their Hoechst intensity, shown as population
P1 (Figures 1B and S1). Next, we analyzed P1 nuclei for their
GFP intensity and side scatter (SSC) profiles. The nuclei with the
strongest GFP signal also separated out due to their increased
side scattering, forming a distinct cluster in the SSC/GFP dot-
plot space (Figure 1C). This population, labeled P2, constituted
0.4% of the overall nuclei (Table S1). To evaluate the purity of
our sorting strategy, we sorted the P2 population, performed
post-sort analysis, and found 89.2% of P2 nuclei among all nuclei
in sorted samples (Figure 1D). Finally, to confirm the quality of our
nuclear fractionation, we performed western blot analysis. Sam-
ples were collected at different stages of the nuclear fractionation
process, such as unlysed tissue, triturated fraction, FANS input,
and FANS output. We observed a progressive decline in cytosolic
(glyceraldehyde 3-phosphate dehydrogenase) and mitochondrial
(TOM20) markers until they were undetectable in the FANS output.
Concurrently, there was a gradual rise in the nuclear marker his-
tone H3, suggesting effective removal of cytosolic components
(Figure S2).

Nuclei isolated from PCP2-Cre x SUN1-GFP mouse
cerebella display PC identity

To confirm PC identity of the P2 population, we sorted 4,000 P1
and P2 nuclei and performed qRT-PCR to test for the expression
of PC marker genes. We observed a dramatic increase in the
expression of Calb1 (144.9-fold), Pop1R17 (130.4-fold), Pcp2
(95.2-fold), and Ryr1 (271.8-fold) in the sorted P2 nuclei (Fig-
ure 2A). In contrast, the granule cell neuron-specific marker
Gabra-6 was significantly depleted in the P2 fraction (Figure 2B).
Next, we inspected P1 and P2 populations on the ImageStream
flow imager to assess nuclear morphology. High content image
analysis uncovered striking differences in size, GFP fluorescent
intensity, and SSC magnitude between the two populations (Fig-
ure 2C). The median P2 nucleus size was 131.8 pm?, compared
to 69.4 um? for P1 (Figure 2D). We also detected significantly
higher average intensity in GFP (29-fold change) and SSC (4.6-
fold change) in P2 nuclei (Figure S3). Previous studies have
found that a characteristic feature of developed mouse PCs is
a single, centrally located nucleolus.'® To determine the number
of nucleoli in P1 and P2 populations, we stained sorted nuclei
with the Nucleolus Bright Red (NBR) dye. We calculated that
an overwhelming 90.9% of P2 nuclei, but only 49.7% of P1 nuclei
with NBR signal, contained a single nucleolus (Figure 2E). These
findings confirm the PC identity of the P2 population and demon-
strate that our nuclear isolation approach provides a reliable and
effective way to isolate a pure fraction of PC nuclei.

RanBP2 immunolabeling, isolation, and identity

confirmation of wild-type (WT) mouse PC nuclei

Toimprove the method and adapt it to various tissue sources, we
then developed an immunofluorescence labeling protocol. We
decided to target RanBP2, a filament protein found on the cyto-
plasmic side of the nuclear pore complex that displays elevated
expression in mouse and human PCs."""? To immunolabel iso-
lated nuclei, we incubated 8.5-week-old WT mouse cerebellar
nuclei with an anti-RanBP2-AlexaFluor488 antibody. When we
examined single immunotagged nuclei on the flow cytometer,
we discovered a subpopulation with high Alexa Fluor 488 and
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Figure 1. SUN1-GFP genetic tagging of nuclear envelopes, followed by flow cytometry analysis, reveals a distinctive cluster of PC nuclei
(A) We cryosectioned cerebella from Sun1/sfGFP*, Pcp2-Cre™ and Sun1/sfGFP*, Pcp2-Cre* mice and immunostained them for the Myc tag (green), which is
fused to the GFP protein, calbindin (red), and Hoechst (blue). The arrows point to the PC nuclei. Scale bar: 50 pm.

(B) We loaded nuclei isolated from Sun1/sfGFP*, Pcp2-Cre* cerebella into a cell sorter, and used SSC-A vs. Hoechst-A to identify the population of single nuclei

called P1).

called P2).

C) We examined P1 nuclei for SSC-A and GFP-A and discovered several subpopulations, one of which was distinguished by strong SSC and GFP intensity

D) We performed post sort analysis to ensure P2 sorting purity and found 89.2% of P2 nuclei among all nuclei in sorted samples; n = 3 independent purifications.

Hoechst-A, Hoechst channel peak area; P1 (population 1), all singlet nuclei; P2 (population 2), PC nuclei.

SSC intensities (Figures 3A and 3B). That nuclear population
(called P2i) was strikingly similar to the P2 population obtained
via Sun1/sfGFP genetic tagging. To determine the purity of the
sorted P2i nuclei, we performed post-sort analysis on three inde-
pendent preparations and discovered 94.2% pure P2i nuclei
with limited contamination (Figure 3C). To verify the PC identity
of P2i nuclei, we determined the expression of PC markers in
4,000 P1i and P2i nuclei. As in the Sun1/sfGFP experiment,

Calb1, Pcp2, Ryr1, and Ppp1R17 expression levels in P2i were
markedly elevated. We observed an 85.6-fold increase in
Calb1, a 114.8-fold increase in Pop1R17, a 60.6-fold increase
in Pcp2, and a 394.1-fold increase in Ryr1 expression (Figure 4A).
In contrast, the P2i fraction was depleted of the granule cell
neuron marker Gabra-6 (Figure 4B). Next, we subjected sorted
P1i and P2i populations to ImageStream high content image
analysis and noted increased SSC (4.4-fold change) and Alexa
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Figure 2. Morphological and molecular analysis of the P2 subset from Sun1/sfGFP cerebella confirms its PC identity
(A) We used gRT-PCR to compare the expression of the most specific PC marker genes in 4,000 P1 and P2 nuclei sorted from Sun1/sfGFP*, Pcp2-Cre* cerebella;

n = 3 for each group.

(B) gRT-PCR quantification of Gabra6, a marker of cerebellar granule neurons; n = 3 for each group.
(C) We imaged P1 and P2 populations by reloading previously sorted P1 and P2 nuclei into the ImageStream cytometer. Representative examples are shown;

scale bar: 10 um.

(D) Nuclear size distribution in P1 and P2 populations represented as a Hoechst footprint in the ImageStream analysis; n = 227 and 237 for P1 and P2, respectively.
(E) We stained nuclei isolated from Sun1/sfGFP™*, Pcp2-Cre* cerebella with nucleolar dye NBR, counterstained them with Hoechst, and visualized both P1 and P2
populations with the ImageStream cytometer. Representative examples are shown. Scale bar: 10 um. Quantification of the number of nucleoli per cell is shown

below. Data are represented as mean + SEM.

Fluor 488 (11.5-fold change) intensities of P2i nuclei (Figures 4C
and S4). We also recorded a median size of 59.1 and 135.2 pm?
for P1i and P2i nuclei, respectively, which is remarkably consis-
tent with the P1 and P2 populations collected in the genetic
tagging experiments (Figure 4D). To count the number of
nucleoli, we stained both P1i and P2i populations with NBR.
We found that 91.3% of NBR* P2i nuclei had a single nucleolus,
in contrast to 50.2% of P1i (Figure 4E). Our findings show that the
P2 and P2i populations are equivalent and represent a pure frac-
tion of PC nuclei.

PC nuclear isolation provides a platform for disease-
associated gene expression measurements in SCA7
mice

To further validate the specificity of our antibody-assisted isola-
tion method, we sought to verify transcriptional dysregulation in

4 Cell Reports Methods 4, 100816, July 15, 2024

PC nuclei isolated from SCA7 mice. We used SCA7-266Q mice,
an established knockin genetic model of SCA7 that faithfully re-
produces rapidly progressive neurodegeneration, with selective
vulnerability of cerebellar PCs.'® Our objective was to verify the
expression levels of several genes, previously established to be
downregulated in other SCA7 mouse models,'*'® as well as in a
single-cell RNA sequencing (RNA-seq) experiment previously
conducted by our team.'® Using the RanBP2 immunolabeling
approach, we isolated and sorted 4,000 PC nuclei from symptom-
atic 10-week-old SCA7-266Q mice and WT littermates. To assess
differences in gene expression between SCA7 and WT PCs, we
employed qRT-PCR to measure the expression levels of Aldoc,
Fam107b, Ipo5, and Calb1 alongside several phosphodiesterases
(PDEs), namely Pde1c, Pde4d, Pde9a, and Pde10a. PDEs were
chosen for screening due to their pivotal role in the cyclic nucleo-
tide signaling pathway, which has been observed to deteriorate in
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Figure 3. Flow cytometry analysis of RanBP2-stained cerebellar
nuclei reveals a distinct subpopulation of PC nuclei

(A) We analyzed nuclear extracts from mouse cerebellum with a cell sorter, and
identified single nuclei (dubbed P1i) using SSC-A vs. Hoechst-A.

(B) Examining the P1i singlets for SSC-A and AlexaFluor488-A revealed
distinct subpopulations, including one prominent P2i cluster with strong side
scattering and Alexa Fluor 488 intensity.

(C) We reexamined sorted P2i nuclei to ensure purity. Three independent
preparations revealed that 94.2% of sorted nuclei fell back into the P2i gate.
AlexaFluor488-A, Alexa Fluor 488 channel peak area; Hoechst-A, Hoechst
channel peak area; P1i (population 1, immunostained), all singlet nuclei; P2
(population 2, immunostained), PC nuclei.

718 and in Alzheimer disease (AD),'®?° Parkinson

22,23

aging brains
disease (PD),*' and Huntington disease (HD).

In our screen of SCA7 PC nuclei, we observed markedly
decreased expression of Aldoc, Fam107b, Ipo5, Calb1, Pde9a,
and Pdel0a, as well as increased expression of Pdelc
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(Figure 5A). These findings confirm previous observations of
transcriptional dysregulation of these genes in SCA7 and
prompt further investigation into whether PC-specific transcrip-
tional dysregulation may contribute to the selective neuronal
vulnerability observed in SCA7 and related neurodegenerative
disorders.

DISCUSSION

Despite decades of research indicating that selective vulnera-
bility of PCs is a common theme in many SCAs and other
cerebellar conditions, technical limitations have prevented re-
searchers from easily isolating PCs for detailed study. To better
understand the extrinsic and intrinsic factors that govern PC sus-
ceptibility to death, detailed molecular characterization of PC
physiology and pathophysiology is required.?* Here, we present
methods for genetic and immunofluorescence nuclear labeling,
followed by FANS isolation to produce a large number of pure
PC nuclei. Because nuclei retain genetic, epigenetic, and tran-
scriptomic information of cells, our method can be applied to a
variety of analyses aimed at better understanding PC-dependent
pathological mechanisms in SCAs and other diseases. Further-
more, our protocol will be equally applicable to studies of the
basic science underlying cerebellar development and function.
Moreover, we demonstrated the utility of our PC nuclei isolation
protocol by documenting transcriptional alterations in SCA7 Pur-
kinje cells. This included changes in genes previously linked to
the disease (Aldoc, Fam107b, Ipo5, Calb1), as well as dysregu-
lation of genes associated with the cyclic nucleotide signaling
pathway (Pdelc, Pde9a, Pde10a).

To develop an antibody-based method for labeling and
isolating PC nuclei, we began with a previously established ge-
netic approach. By crossing mice expressing conditionally regu-
lated Sun1-GFP with mice expressing Cre recombinase driven
by the PC-specific Pcp2 promoter, we established bi-genic ani-
mals with genetically tagged nuclear envelopes. The general
Sun1-GFP tagging approach was developed by Mo et al., and
has since been used to isolate rare cellular populations, including
excitatory pyramidal neurons, parvalbumin and vasoactive
intestinal peptide-expressing interneurons,® sensory ganglia
neurons,”>?® oligodendrocyte progenitor cells,?” nucleus ac-
cumbens interneurons,”® septal neurons,?® forebrain principal
neurons,*’ and glutamatergic projection neurons.®’

During the preparation of this manuscript, Chen and col-
leagues published their work on PC diversification during the
learning process, and employed the same Sun1-GFP x Pcp2-
Cre labeling method to isolate PC nuclei from mouse cerebella.*”
In contrast to their report, we observed Sun1-GFP expression
not only in PCs but also in other cell types. These differences
may be explained by the different Pcp2-Cre driver lines used in
each study.

In our research, we utilized the Pcp2-Cre Mpin line, initially
developed by Barski et al..>® This line was created by inserting
the Cre cDNA into the Pcp2 minigene, which was subsequently
introduced into embryonic stem cells via electroporation.
Unlike methods relying on homologous recombination-mediated
targeted insertion, this approach resulted in the integration
of a few transgene copies. Analysis of the specificity of Cre

Cell Reports Methods 4, 100816, July 15, 2024 5
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Figure 4. Morphological and molecular characterisation of RanBP2-stained P2i subset confirms its PC identity

(A) We sorted 4,000 P1i and P2i nuclei and compared the expression of the most specific PC marker genes with gRT-PCR; n = 3 for each group.

(B) gRT-PCR quantification of Gabra6, a marker of cerebellar granule neurons; n = 3 for each group.

(C) We visualized P1i and P2i previously sorted nuclei by reloading them into the ImageStream cytometer. Representative examples are shown. Scale bar: 10 um.
(D) Nuclear size distribution in P1i and P2i populations represented as a Hoechst footprint in the ImageStream analysis. n = 320 and 197 for P1i and P2i,

respectively.

(E) We stained isolated nuclei with the nucleolar dye NBR, counterstained them with Hoechst, and visualized both P1i and P2i populations with the ImageStream
cytometer. Scale bar: 10 pm. Representative examples are shown. Quantification of the number of nucleoli per cell is shown below. Data are represented as

mean + SEM.

expression revealed robust transgene expression in PCs, with
minimal expression observed in retinal bipolar neurons. Howev-
er, a small proportion (<5%) of randomly distributed cells with
Cre expression were documented in the cerebellar cortex, as
well as in other brain regions and non-neural tissues.*****

An alternative line, the Pcp2-Cre Jdhu line developed by
Huang’s group, was designed to carry the entire Pcp2 gene
with the Cre cDNA inserted into a large bacterial artificial chro-
mosome.*® This design ensured that the Jdhu line retained all
potentially crucial regulatory elements responsible for the PC-
specific Pcp2-Cre expression, which the Mpin line lacks. This
distinction likely accounts for the greater expression specificity
observed with the Jdhu line.***> Nevertheless, the considerable
level of non-specific Cre expression detected in our mice implies
that factors beyond Mpin-related background also played a role
in the reduced specificity. It is frequently observed that unac-
counted, transient Cre expression in the germ line or during early

6 Cell Reports Methods 4, 100816, July 15, 2024

development can trigger recombination events, reducing speci-
ficity for the target population.®® Because of the wide range of
Sun1-GFP expression in our Sun1/sfGFP*, Pcp2-Cre* mice,
we evaluated isolated nuclei, not only by GFP intensity but also
by SSC magnitude, which turned out to be a useful indicator
for cerebellar nuclear morphology. Following a series of morpho-
logical and molecular tests conducted on the PC nuclei popula-
tion, we have successfully established a set of reference criteria
for PC identity validation. Moreover, we realized that if PC nuclei
can be distinguished in the GFP/SSC dot-plot space despite the
widespread expression of Sun1-GFP in cerebellar cells, genetic
nucleus tagging could be replaced with simple immunostaining.

We chose RAN binding protein 2 (RanBP2, also known as
NUP358) as a target for nuclear envelope antibody-based label-
ing. RanBP2 is a large protein that is a component of cytoplasmic
fibrils and resides on the cytoplasmic side of the nuclear pore
complex.®” Importantly, both mouse and human brain atlases
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Figure 5. qPCR quantification in SCA7 PC nuclei unveils transcrip-
tional changes in both known and new disease-associated genes
(A) gPCR quantification of selected disease-linked genes in PC nuclei isolated
from SCA7 and WT mouse cerebella. n = 4 cerebella for each group; 4,000
nuclei were sorted per animal.

(B) gPCR quantification of Pdec, Pde4d, Pde9a, and Pde10a PC nuclei iso-
lated from SCA7 and WT mouse cerebella. n = 7 cerebella for each group;
4,000 nuclei were sorted per animal. Data are represented as mean + SEM.

indicate increased RanBP2 expression in PCs." "' As expected,
RanBP2 staining of mouse cerebellar nuclei produced a distinct
population of PC nuclei that has important implications for future
PC research. PC nuclei can be easily isolated using a quick, sim-
ple, and inexpensive protocol that does not require a compli-
cated process of transgenic mouse breeding. Interestingly,
assuming that the intensity of the FANS signal generated by an
evenly labeled nuclear envelope is primarily driven by nuclear
surface area, immunotargeting other nuclear pore complex com-
ponents or LINC (linker of nucleoskeleton and cytoskeleton)
members®® should also result in successful PC nucleus segrega-
tion. Furthermore, since proper FACS gating allows for the isola-
tion of PC nuclei even in high backgrounds of off-target cell
types, it paves the way for exploring this method in virus-based
labeling approaches.

To confirm the PC identity of isolated nuclei, we performed
a battery of molecular and morphological evaluations, mirroring
those carried out for genetically tagged PC nuclei. ImageStream
analysis enabled us to visually inspect PC nuclei and quantify
their size. PC nuclei were found to be significantly larger in size
than other cerebellar cell nuclei, which is consistent with previ-
ous findings in cerebellar tissue.>® Similarly, we used nucleoli
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number as a key feature to distinguish PCs from other cerebellar
cell types. Previous studies have found that the average number
of nucleoli per nucleus in mouse PCs decreases steadily during
postnatal development, eventually reaching one in adult cells.™
We discovered that >90% of PC nuclei had only one nucleolus, in
contrast to other nuclei isolated from cerebellar tissue. Finally,
we reinforced our PC evaluation by looking at the enrichment
of PC-specific marker expression in PC nuclei. Calb1, Pcp2,
Ryr1, and Ppp1r17—four genes with significantly increased
expression in our PC nuclei—are highly specific PC markers,
as demonstrated by single-cell sequencing data.® An important
aspect of our analysis, which supports the PC identity of isolated
nuclear populations, is that both genetic and immune-based
methods of nuclear envelope tagging produced remarkably
similar morphological and transcriptional evaluation outcomes.

Transcriptional dysregulation is a recurring theme in many
neurodegenerative diseases.’’™** This is particularly evident in
SCA7, where the causative protein ataxin-7 is a cofactor in the
multiprotein high-molecular-weight SPT3-TAF9-GCN5 acetyl-
transferase chromatin remodeling complex.*>*® Our own chro-
matin immunoprecipitation sequencing H3K9 acetylation and
H2BK120 ubiquitination profiling data from mouse retinal and
cerebellar tissues indicate widespread epigenetic changes in
SCA7 animals.””*® To demonstrate the applicability of our PC
nuclei isolation method, we purified the PC nuclei from SCA7-
266Q mice and assessed them for dysregulated expression of
known SCA7-linked genes. These genes, previously established
to be transcriptionally dysregulated in other studies, included
aldolase C (Aldoc) and importin-5 (/jpo5), whose expression
was significantly diminished in both bulk RNA-seq of SCA7-
140Q knockin mice and in our single-cell analysis.'>'® We also
investigated Fam107b and Calb1, which exhibited downregula-
tion across three independent studies: in SCA7-140Q mice, in
single-cell datasets, and in bulk analysis of fxSCA7 92Q trans-
genic mouse cerebella.'®®** The panel of analyzed genes rep-
resents distinct aspects of a complex molecular cascade impli-
cated in SCA7 pathogenesis. Calbindin, encoded by the Calb1
gene, is a representative of calcium regulatory genes involved
in maintaining proper calcium homeostasis in cells. The downre-
gulation of Calb1 and other calcium flux genes, and the resultant
calcium-dependent dysfunction of neuronal electrophysiology,
have been linked to a reduced level of SIRT1 transactivation
activity.**

Importin-5 is a protein mediating the bulk import of cargo to
the nucleus and has been mechanistically linked to disrupted nu-
clear transport pathways in SCA1.%° The fact that importin-5 also
mediates the nuclear transport of H3 and H4 histones hints at a
possible involvement of this factor in the epigenetic dysregula-
tion observed in SCA7 mice.*°

Aldoc loss and consequent zebrin-Il type PC degeneration
have recently been proposed by us to be a unifying pathome-
chanism across polyglutamine ataxias as loss of striped ze-
brin-1l expression is observed in mouse models of SCAT1,
SCA2, SCA3, and SCA7."® Additionally, Fam107b expression
has been shown to be downregulated in SCA1, 2, and 7 cere-
bella.’® Although more research is necessary to assess the
precise role of this factor in the ataxic phenotype, the indication
that its downregulation occurs prior to the onset of disease
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symptoms suggests a potentially causative role for altered
expression of Fam107b, rather than a compensatory effect.

In this study, we also examined the expression of selected cer-
ebellum-enriched PDE superfamily members in PCs from SCA7
and WT animals. PDEs are key components in the cyclic nucle-
otide signaling pathway, which controls various physiological
processes in the brain, including protein kinase cascades, neu-
rogenesis, synaptic transmission, and neuronal plasticity.>' In
the context of HD, a related polyglutamine disorder, one of the
earliest gene expression signatures impacting patients is the
transcriptional dysregulation of the cyclic nucleotide signaling
pathway.®? Moreover, inhibiting PDEs appears to be a promising
strategy for developing new treatments for neurodegenerative
disorders.®® The reduced levels of Pde10a that we discovered
in SCA7 PC nuclei have been observed in various cell and mouse
models of HD, as well as in the brains of individuals with HD and
PD.2":52:54°5¢ |nterestingly, despite decreased Pde10a expres-
sion, PDE10a inhibition can still rescue the neuromotor pheno-
type in HD mice in a CREB-dependent manner, implying that
PDE10a deficiency is a secondary adaptation to counteract dis-
rupted cyclic nucleotide signaling.>” More research is needed to
determine whether Pde10a regulation and activity in SCA7 are
mechanistically related to the pathway changes observed in
HD and PD.

Our data also revealed that Pde9a expression was significantly
decreased and Pde1c expression was significantly increased in
SCA7 PCs. While there is no existing evidence of Pde9a expres-
sion changes in degenerating brains, prior studies have shown
that inhibition of PDE9a can improve memory and increase syn-
aptic plasticity in healthy rodents and AD models, as well as pro-
tect against the toxic effects of B-amyloid.*®*° Similarly, Pdec
transcription upregulation has been reported in mouse and hu-
man failing hearts, and genetic knockout of Pde1c can attenuate
pathological cardiac remodeling and dysfunction both in vitro
and in vivo.®° Overall, our findings indicate that disruption of
the cyclic nucleotide signaling pathway may play a role in
SCA7 disease pathogenesis, suggesting that further research
is warranted to determine whether PDE inhibition could be
used as a therapeutic strategy for SCA7.

Limitations of the study

One notable limitation of gene expression analysis using nuclei
as input is the difference in transcriptomic profiles between
whole-cell and nuclear fractions. While employing nuclei has
become a common practice in single-cell omics of neuronal tis-
sue, the spatial distribution of mMRNA molecules throughout the
entire neuronal cell, particularly their significant presence in den-
drites, presents a challenge in fully comprehending gene expres-
sion regulation in these cells.®’ We recognize this limitation as
the next significant challenge in understanding cell-specific
pathologies in neurodegenerative diseases, which may be ad-
dressed with the advancement of high-throughput and high-res-
olution spatial transcriptomic methods.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Monoclonal anti-Ran BP-2 Antibody (D-4) Santa Cruz Cat#: sc-74518; RRID: AB_2176784
Rabbit Monoclonal anti-Calbindin Antibody (D114Q) Cell Signaling Cat#: 13176; RRID: AB_2687400
Mouse Monoclonal anti-Myc Tag Antibody (9B11) Cell Signaling Cat#: 2276; RRID: AB_331783
Mouse Monoclonal anti-Histone H3 Antibody (1G1) Santa Cruz Cat#: sc-517576; RRID: AB_2848194

Thermo Fisher Scientific

Mouse Monoclonal anti-GAPDH Antibody (6C5)
Rabbit anti-TOMM20 Antibody

Goat anti-Mouse IgG (H + L), Recombinant Secondary

Antibody, Alexa Fluor 488

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 594

Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H + L)
Peroxidase AffiniPure Donkey Anti-Mouse IgG (H + L)

Novus Biologicals
Thermo Fisher Scientific

Thermo Fisher Scientific

Jackson ImmunoResearch
Jackson ImmunoResearch

Cat#:
Cat#:
Cat#:

Cat#:

Cat#:
Cat#:

AM4300; RRID: AB_2536381
NBP1-81556; RRID: AB_11003249
A28175; RRID: AB_2536161

A11012; RRID: AB_2534079

711-035-152; RRID: AB_10015282
715-035-150; RRID: AB_2340770

Chemicals, peptides, and recombinant proteins

Hoechst 33342 Thermo Fisher Scientific Cat#: 62249
Sodium sulfate Sigma-Aldrich Cat#: 238597
Glucose Sigma-Aldrich Cat#: G7021
HEPES Sigma-Aldrich Cat#: H3375
Magnesium chloride Chempur Cat#: 116120500
Poly(1-vinylpyrrolidone-co-vinyl acetate) Sigma-Aldrich Cat#: 190845
Triton X- BioShop Canada Inc. Cat#: 9002-93-1
Bovine serum albumin Cell Signaling Cat#: 9998S
RNase inhibitor Sigma-Aldrich Cat#: R1158
Sodium sulfate Sigma-Aldrich Cati: 238597
Nucleolus Bright Red Dojindo Cat#: N512-10
TRI Reagent Thermo Fisher Scientific Cat#: AM9738
Prolong Glass Antifade Mountant Thermo Fisher Scientific Cat#: P36980
Phenylmethylsulfonyl fluoride Sigma-Aldrich Cat#: 93482
Critical commercial assays

Total RNA Zol Out -D kit A&A Biotechnology Cat#: 043-100
High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat#: 4368814
TagMan Fast Advanced Master Mix Thermo Fisher Scientific Catif: 4444557
Calb1 TagMan Assay Thermo Fisher Scientific Cat#: Mm00486647_m1

Ppp1r17 TagMan Assay
Ryr1 TagMan Assay
Pcp2 TagMan Assay
Gabra6 TagMan Assay
Aldoc TagMan Assay
Ipo5 TagMan Assay
Fam107b TagMan Assay
Pde10a TagMan Assay
Pde4d TagMan Assay
Pde9a TagMan Assay

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cati:
Cati:
Cat#:
Cat#:
Cat#:
Cat#:
Catif:
Cati:
Cati:
Cati:

Mm00495458_m1
MmO01175211_m1
MmO00435514_m1
MmO01227754_m1
Mm01298116_g1

MmO00659142_m1
MmO01325444_m1
Mm00449329_m1
Mm00456879_m1
MmO00501039_m1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Pdelc TagMan Assay Thermo Fisher Scientific Cat#: Mm00478051_m1

Actb TagMan Assay Thermo Fisher Scientific Cat#: Mm01205647_g1

Deposited data

Original microscopy data This paper Zenodo: https://doi.org/10.5281/zenodo.11549380

Western blot uncropped data This paper Zenodo: https://doi.org/10.5281/zenodo.11549380

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Cat#: 000664, RRID:IMSR_JAX:000664

Mouse: B6.129-Gt(ROSA)26Sortm5.1(CAG- The Jackson Laboratory Cat#: 030952, RRID:IMSR_JAX:030952

Sun1/sfGFP)Nat/MmbeJ

Mouse: B6.129-Tg(Pcp2-cre)2Mpin/J The Jackson Laboratory Cat#: 004146, RRID:IMSR_JAX:004146

Mouse: SCA7 266Q mice Yoo et al.'® N/A

Software and algorithms

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/scientific-
software/prism/RRID: SCR_002798

FlowJo FlowdJo, LLC https://www.flowjo.com/RRID: SCR_008520

IDEAS Image Analysis Software Cytek Biosciences https://cytekbio.com/pages/imagestream

Other

50 mL polypropylene tubes Sarstedt Cat#: 62.548.004

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Pawel
Switonski (pswiton@ibch.poznan.pl).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e Original microscopy data and uncropped western blot images reported in this paper have been deposited at Zenodo and are
publicly available as of the date of publication. The DOl is listed in the key resources table. Flow cytometry data and Flow cy-
tometry imaging data reported in this paper will be shared by the lead contactupon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All animal experimentation adhered to NIH guidelines and was approved by Duke University and University of California, Ir-
vine Institutional Animal Care and Use Committees. Wild type C57BL/6J (Strain #000664, RRID:IMSR_JAX:000664), CAG-
Sun1/sfGFP reporter mice (Strain #030952, RRID:IMSR_JAX:030952) and PCP2-Cre line (Strain #004146, RRID:IMSR_
JAX:004146) were obtained from Jackson Laboratories (Bar Harbor, Maine, USA). SCA7 heterozygous mice carrying 266
CAG repeats in the Atxn7 gene, originally described by Yoo and colleagues,'® have been maintained on the C57BL/6J strain
background. Age-matched wild type littermates were used as controls. For all experiments both male and female mice
were used with sex ratios equivalent to or not significantly different from 1:1. No significant differences in outcome measures
between males and females were found. In the experiments involving SCA7 mice, only females were used because the
breeding window for this specific line is limited and it was necessary to use males for reproduction (heterozygous females
cannot reproduce). Mice were housed in groups of 2-5 per cage with a 12 h dark-light cycle and free access to food and
water.
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METHOD DETAILS

Buffers

Nucleus isolation protocol is based on the protocol published by Macosko laboratory,® with modifications. The following buffers were
used in the experiments:

Dissociation buffer

82 mM Na2S04 (238597, Sigma-Aldrich, St. Louis, Missouri, USA), 10 mM glucose (G7021, Sigma-Aldrich), 10 mM HEPES (H3375,
Sigma-Aldrich), 5 mM MgCI2 (116120500, Chempur, Piekary Slaskie, Poland).

Extraction buffer

82 mM Na2S04 (238597, Sigma-Aldrich), 10 mM glucose (G7021, Sigma-Aldrich), 10 mM HEPES (H3375, Sigma-Aldrich), 5 mM
MgCI2 (116120500, Chempur), 1% (10 mg/mL) Poly(1-vinylpyrrolidone-co-vinyl acetate) (190845, Sigma-Aldrich), 1% Triton
X-(9002-93-1, BioShop Canada Inc., Burlington, Canada), 0.01% BSA (9998S, Cell Signaling Technology, Danvers, Massachusetts,
USA), 200-400 U/ml RNase inhibitor (R1158, Sigma-Aldrich).

Wash buffer

82 mM Na2S04 (238597, Sigma-Aldrich), 10 mM glucose (G7021, Sigma-Aldrich), 10 mM HEPES (H3375, Sigma-Aldrich), 5 mM
MgCl2 (116120500, Chempur), 0.01% BSA (Cell Signaling Technology, 9998S), 6.6-13.2 U/ml RNase inhibitor (R1158, Sigma-
Aldrich).

2x hoechst staining solution

4 uM Hoechst 33342 (62249, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) in Wash Buffer.

Tissue preparation and nuclear extraction

Mouse cerebella were collected, divided into two equal parts, snap frozen in the liquid nitrogen and stored in —80°C until needed. On
the day of preparation, a 24-well tissue culture plate and 50 mL conical tubes (1 per sample) were coated for 1 h onice with 1% BSA in
Dissociation Buffer. We utilized 50 mL polypropylene tubes (62.548.004 Sarstedt, Numbrecht, Germany) since we observed that not
all 50 mL conical tubes effectively pellet the nuclei post-centrifugation. All subsequent steps were performed on ice. Cerebellar
halves were transferred from —80°C into a well of a 24-well plate containing 1 mL of Extraction Buffer and triturated by pipetting
up and down 20 times with a 5 mL wide-bore tip and four rounds of 15 times with a regular 1 mL tip. Following dissociation, samples
appeared cloudy with small chunks of unbroken tissue. Next, the entire sample volume was passed twice through a 26-gauge needle
and filtered into a 50 mL conical tube through a 40 M cell strainer. Filters were rinsed with 900 pL of 2x Hoechst Staining Solution and
samples were incubated for 1 min on ice. Samples were filled with 30 mL of ice-cold Wash Buffer and centrifuged at 600 g at 4°C for
10 min using a swing bucket rotor. Subsequently, the supernatant was decanted and the pelleted nuclei were resuspended in 360 uL
of Dissociation Buffer containing 5% BSA for blocking. Nuclei were incubated for 30 min at 4°C using a horizontal shaker. After block-
ing, 3.6 uL of Alexa Fluor 488 labeled anti-RanBP2 (D-4) antibody (sc-74518, Santa Cruz Biotechnology, Dallas, Texas, USA) was
spiked into each sample (1:100), and nuclei were incubated for another 30 min at 4C. Next, 30 mL of Wash Buffer was added,
and samples were centrifuged at 600g for 15 min at 4°C using a swing bucket rotor. After decanting supernatant and completely
draining samples on kimwipes, nuclei were resuspended in 180 uL of Wash Buffer and stored on ice until sorted.

Nuclei sorting

Isolated nuclei were filtered through a 30 pm cell strainer and the filtrate was supplemented with 200 pL of 1% BSA in PBS right before
being loaded into the sorter. Sorting was done on a high-speed flow cytometer BD FACSAria Fusion (Becton Dickinson, New Jersey,
USA), using a 70 um nozzle (70 psi) and a 1.5 ND filter on forward scatter (FSC), run with BD FACSFlow sheath fluid at room temper-
ature, in a 4-way purity mode. Hoechst 33342 (Ex/Em 381/445 nm) was excited with 405 nm laser and detected in DAPI channel
(450 BP/40), GFP (Ex/Em 398 and 475/509 nm) and Alexa Fluor 488 were excited with 488 nm laser and detected in FITC channel
(530 BP/30). Data were analyzed using FACSDiva 9.0.1 software (Becton Dickinson) and FlowJo 10.8.1 (Becton Dickinson). FSC
was plotted in linear scale, while SSC and fluorescence in logarithmic scale to facilitate gating relying on strong side scatter and
respective fluorochrome signals.

Nucleoli staining

The protocol for staining nuclei envelopes was modified by adding Nucleolus Bright Red dye (N512-10, Dojindo, Japan) to the sam-
ples at a concentration of 5 uM after the nuclei were filtered through a 40 um cell strainer. The samples were then incubated for 10 min
on ice and further stained with Hoechst 33342 at a concentration of 2 uM for another 2 min. Afterward, the samples were washed with
30 mL of ice-cold wash buffer, centrifuged at 600g for 10 min using a swing bucket rotor, and then stained with anti-RanBP2 (Santa
Cruz Biotechnology). The nucleoli were examined on the ImageStreamX Mark Il flow cytometer (Luminex, Seattle, Washington, USA).

Imaging flow cytometry

Imaging flow cytometry was performed on an ImageStreamX Mark |l cytometer equipped with two CCD camera detectors (Luminex).
INSPIRE v201.1.0.765 software (Luminex) was used for data acquisition. The images were captured using a 60x objective at a low
fluidics speed. For the analysis of sorted samples, brightfield was collected in channels 4 and 10, side scatter (SSC) was collected in
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channel 6 (745-785 nm filter), at a 785 nm laser power of 3.44 mW. Hoechst 33342 was detected in channel 7 (480-560 nm filter) at a
405 nm laser power of 300 mW.

For nucleoli visualization and counting, brightfield was collected in channels 1 and 9, side scatter (SSC) was collected in channel 6
(745-785 nm filter), at a 785 nm laser power of 3.44 mW. Hoechst 33342 was detected in channel 7 (480-560 nm filter) at a 405 nm
laser power of 40 mW, GFP and Alexa Fluor 488 were detected in channel 2 (480-560 nm filter) at a 488 nm laser power of 100/60 mW,
respectively. Nucleolus Bright Red was detected in channel 4 (595-642 nm filter) at a 488 nm laser power of 100 mW (when used
together with GFP) or 60 mW (when used together with Alexa Fluor 488). IDEAS v6.3 software (Luminex) was used for data visual-
ization and analysis. In addition, for nucleoli counting, pictures collected in channels 4 and 7 were exported as TIF files.

RNA isolation and gene expression analysis

4,000 isolated nuclei were directly sorted into 100 puL of Tri Reagent (AM9738, Invitrogen, Waltham, Massachusetts, USA) and stored
on ice. Total RNA was isolated using the Total RNA Zol Out -D kit (043-100, A&A Biotechnology, Poland) according to the manufac-
turer’s instructions, with an elution volume of 30 pL. Subsequently, 10 uL of isolated RNA was reverse transcribed at 37°C for 120 min
with the High-Capacity cDNA Reverse Transcription Kit (4368814, Thermo Fisher Scientific) and random primers. TagMan
Fast Advanced Master Mix (4444557, Thermo Fisher Scientific) and the CFX Connect Real-Time PCR System (Bio-Rad, Hercules,
California, USA) was used to quantify gene expression. The following Tagman probes were utilized in this study: Calb1
Mm00486647_m1, Ppp1r17 Mm00495458_m1, Ryr1 Mm01175211_m1, Pcp2 Mm00435514_m1, Gabra6 Mm01227754_m1, Aldoc
MmO01298116_g1, Ipo5 Mm00659142_m1, Fam107b Mm01325444_m1, Pde10a Mm00449329_m1, Pde4d Mm00456879_m1,
Pde9a Mm00501039_m1, Pde1c Mm00478051_m1, Actb Mm01205647_g1 by Thermo Fisher Scientific.

Immunohistochemistry

Sun1/sfGFP+, Pcp2-Cre- and Sun1/sfGFP+, Pcp2-Cre+ mice were perfused with PBS followed by 4% PFA. Brains were then
removed and post-fixed in 4% PFA overnight, followed by cryopreservation through immersion in solutions of increasing sucrose
concentration (10%, 20%, and 30% sucrose/PBS) over a period of 24 h each. Afterward, brains were mounted in OCT and frozen
in aliquid nitrogen isopentane bath. 25um sagittal slices were obtained using a Leica CM3050S Cryostat. The staining process began
with incubating the slices in 4% PFA in PBS for 10 min, followed by 7 min incubation in 0.05% Triton X- in PBS and one washing step
in PBS. Blocking was performed with 5% BSA in PBS at room temperature for 1 h. Next, the slices were stained overnight at 4°C with
primary antibodies: rabbit anti-calbindin (1:400, Cat. No. 13176, Cell Signaling) and mouse anti-Myc-Tag (1:200 Cat. No. 2276, Cell
Signaling). After another round of washing (three times in PBS for 10 min each), the slices were stained with secondary fluorescent
goat anti-mouse and rabbit antibodies (1:400 each, Cat No. A28175 and A11012, Thermo Fisher Scientific). Finally, the slices were
stained with Hoechst 33342 (1:10000, Cat No. 62249, Thermo Fisher Scientific) for 10 min in PBS, washed twice for 10 min each in
PBS, and then mounted onto microscope slides using Prolong Glass Antifade Mountant (Cat. No. P36980, Thermo Fisher Scientific).
Slides were imaged on a Zeiss 880 Inverted Confocal microscope.

Western blotting

Samples obtained at various stages of the isolation protocol were collected in a PBS buffer containing 2mM PMSF (Sigma, Cat. No.
93482). Samples underwent two freeze-thaw cycles in liquid nitrogen, and subsequently, one-fifth of the total volume of 5x concen-
trated lysis buffer was added, resulting in a final concentration of 60 mM TRIS-base, 2% SDS, 10% sucrose, and 2 mM PMSF. For the
cerebellar tissue, freeze-thaw cycles were replaced with repetitive passage of the sample through an 18G needle in the lysis buffer.
Samples were then sonicated using a Pico Bioruptor (Diagenode) for ten cycles of 30 s on and 30 s off at 4°C. Lysates were centri-
fuged and quantified using BCA. 10ug of total protein was loaded per well of a 10% SDS-PAGE gel and transferred onto a nitrocel-
lulose membrane. The membrane was blocked in 5% BSA (Cat. No.9998, Cell Signaling) in Tris-buffered saline +0.1% Tween 20
(TBST) for 1 h at room temperature, followed by overnight incubation with primary antibodies at 4°C. The antibodies used were
as follows: Histone H3 (Cat. No. sc517576, Santa Cruz), GAPDH (Cat. No. AM4300, Thermo Fisher Scientific), and TOM20
(Cat No. NBP1-81556, Novus). All primary antibodies were used at a 1:1000 dilution. Secondary HRP antibodies were anti-rabbit
(Cat No. 711-035-152, Jackson ImmunoResearch) or anti-mouse (Cat No. 715-035-150, Jackson ImmunoResearch) and were
used at a 1:3000 dilution.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was conducted using Prism 8.0 (GraphPad). All statistical tests were two-tailed Student’s t-tests, with a signifi-
cance level (alpha) consistently set to 0.05. Asterisks denote the degree of statistical significance: *p < 0.05, **p < 0.01, **p < 0.001,

****p < 0.0001. Error bars in bar graphs represent the standard error of the mean (SEM). Detailed information regarding each exper-
iment, including the number of biological replicates, is provided in the legend for each figure.
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