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Abstract

Diverse subpopulations of astrocytes tile different brain regions to accommodate local
requirements of neurons and associated neuronal circuits. Nevertheless, molecular mechanisms
governing astrocyte diversity remain mostly unknown. We explored the role of a zinc finger
transcription factor Yin Yang 1 (YY1) that is expressed in astrocytes. We found that specific
deletion of YY1 from astrocytes causes severe motor deficits in mice, induces Bergmann gliosis,
and results in simultaneous loss of GFAP expression in velate and fibrous cerebellar astrocytes.
Single cell RNA-seq analysis showed that YY1 exerts specific effects on gene expression in
subpopulations of cerebellar astrocytes. We found that although YY1 is dispensable for the initial
stages of astrocyte development, it regulates subtype-specific gene expression during astrocyte
maturation. Moreover, YY1 is continuously needed to maintain mature astrocytes in the adult
cerebellum. Our findings suggest that YY1 plays critical roles regulating cerebellar astrocyte
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maturation during development and maintaining a mature phenotype of astrocytes in the adult

cerebellum.
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Astrocytes tile the entire central nervous system and play critical functions by metabolically
supporting neurons, maintaining ion balance, regulating concentrations of neurotransmitters,

regulating the blood brain barrier, reinforcing and pruning synapses, guiding migrating

neurons, and aiding with immune function (Farmer & Murai, 2017; Khakh & Sofroniew,
2015). It is now recognized; however, that astrocytes are extremely diverse across different
brain regions and perform specialized functions (Farmer & Murai, 2017; Zhang & Barres,
2010). The regional specialization fine-tunes astrocytes to the local requirements of neurons

and associated neuronal circuits (Ben Haim & Rowitch, 2017; Chai et al., 2017; Khakh,

2019; Khakh & Sofroniew, 2015). This astrocyte diversity is initially generated by intrinsic

patterning programs (Farmer et al., 2016; Farmer & Murai, 2017; Ge, Miyawaki, Gage,

Jan, & Jan, 2012; Hochstim, Deneen, Lukaszewicz, Zhou, & Anderson, 2008), and then
astrocyte maturation is promoted by region-specific communication with neurons (Farmer &
Murai, 2017; Ge et al., 2012; Hochstim et al., 2008; Huang et al., 2020; Morel et al., 2017).
However, the mechanisms regulating astrocyte’s specialized functions that accommodate
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local needs at different brain regions have only begun to be discovered (Huang et al., 2020).
Most of the recent studies focused on differences and similarities of astrocytes between brain
regions, but little is known about generation of specific astrocyte subpopulations within the
same brain region (Batiuk et al., 2020; Carter et al., 2018; Chai et al., 2017; Gupta et al.,
2018; John Lin et al., 2017; Lozzi, Huang, Sardar, Huang, & Deneen, 2020; Morel et al.,
2017; Zeisel et al., 2018). In the cerebellum, Bergmann glia (BG) of the molecular layer,
velate astrocytes (VA) of the granular cell layer, and fibrous astrocytes (FA) of the white
matter are the three major astrocyte subpopulations that emerge from common progenitors
(Buffo & Rossi, 2013; Farmer et al., 2016; Gomez, 2019). Specialization of differentiated
BG requires multiple inputs, including induction of Zinc Finger E-Box Binding Homeobox
2 (Zeb2) expression (L. He et al., 2018) and signaling by Sonic Hedgehog (SHH) secreted
by Purkinje cells (PC) (Farmer et al., 2016; Farmer & Murai, 2017). BG acquire highly
specific morphology, express AMPA receptors critical for maintaining synapses with

PC, and regulate the fine-tuning of motor skills (Saab et al., 2012). Other mechanisms
diversifying cerebellar astrocytes remain enigmatic.

We explored a zinc finger transcription factor, Yin Yang 1 (Y'Y1), which regulates
embryogenesis (Donohoe et al., 1999), cell cycle (Petkova et al., 2001; Wang et al., 2018),
X chromosome inactivation (Chen et al., 2016), oncogenesis (Gordon, Akopyan, Garban, &
Bonavida, 2006), and differentiation of multiple cell types (Beagan et al., 2017; Gregoire et
al., 2013; Y. He et al., 2007; Kleiman, Jia, Loguercio, Su, & Feeney, 2016; Liu et al., 2007).
YY1 plays diverse roles in transcriptional regulation by interacting with other regulatory
proteins (Bengani et al., 2013; Cai et al., 2007; Chiang & Roeder, 1995; Lee et al.,

1995; Rezai-Zadeh et al., 2003; L. Srinivasan, Pan, & Atchison, 2005; Wang et al., 2018),
including histone deacetylases and acetyltransferases (Atchison, 2014; Weintraub et al.,
2017). YY1 was also recognized as an architectural transcription factor that creates active
loops of chromatin (Atchison, 2014; Beagan et al., 2017; Weintraub et al., 2017), which
provides a common mechanism for many of its diverse functions. Indeed, YY1 orchestrates
chromatin looping during early neural lineage commitment (Beagan et al., 2017; Weintraub
et al., 2017), is critical for the development of the neuroepithelium (Dong & Kwan, 2020),
and maintains proliferation and survival of neural progenitor cells (Zurkirchen et al., 2019).
Although YY1 is also highly expressed in astrocytes (Karki et al., 2014; Waters et al., 2019),
relatively little is known about its astrocyte-specific functions and mechanisms of action.
Astrocytic YY1 mitigates manganese-induced neurotoxicity in substantia nigra (Pajarillo et
al., 2020). Recently, astrocytic YY1 has been shown to provide protection against apoptosis,
oxidative stress, and inflammation (Pajarillo et al., 2022). In this study, we found that

YY1 is critical to execute and sustain unique and distinct gene expression programs in
subpopulations of cerebellar astrocytes.

Materials and methods

Mice

Mice with the YyZ allele flanked by loxP sites (Jackson Laboratory; B6;129S4-
Yy1im2Yshi|3y were bred with GEAP-Cre (Jackson Laboratory; 77.6mGFAPcre) to generate
Yy144ST mice. Yy14A4ST were subsequently crossed to Aldh111-GFP mice (received from
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Dr. Cagla Eroglu, Duke University). Yy1/0xP/IoxP mice were also crossed with Aldh111-
CreERT2 mice (received from Dr. Cagla Eroglu, Duke University) to generate tamoxifen-
inducible conditional knockout mice. Mice were housed at Virginia Commonwealth
University according to the Institutional Animal Care and Use Committee guidelines.
Animals were housed with a 12-hour light/dark cycle, in an animal facility, with standard
laboratory chow, and water ad libitum. Yy74457 mice were given DietGel (ClearH20) once
they developed severe symptoms. Randomly chosen littermates (males and females) were
used for all experiments, and the group sizes are provided in the figure legends. Survival
curves were created from mice that reached a set experimental endpoint (20% weight loss)
or died.

Tamoxifen-induced conditional deletion of Yyl

Tamoxifen was dissolved in 100% ethanol warmed to 55°C (0.2 g/ml). After the tamoxifen
was dissolved 9 ml of corn oil (Sigma) was added, incubated at 37°C for 15 minutes,

and protected from light. The dissolved tamoxifen was stored at —20°C. Next, 75 mg/kg
Tamoxifen (or corn oil only as a control) was injected intraperitoneally for 5 consecutive
days, once a day.

Balance beam experiments

Mice were trained on a balance beam two times a day for at least two days. The beam was
12 mm thick and had a dark box at the end with food and bedding. On the day of testing,
the time to cross the beam was measured or the time and distance until the mouse fell was
recorded. The number of times the paw slipped off the top of the beam was also recorded.
For the tamoxifen induced model, a 6 mm thick beam was used.

Footprints experiments

Mouse paws were pressed firmly into a blue ink pad. The mouse was placed on a narrow
walkway with 1mm filter paper on the bottom and then allowed to walk from one end to
another. Footprints were photographed, and representative images are shown.

Blood-brain barrier tracer leakage assays

BBB leakage assays were performed as previously described (Yanagida et al., 2017). 3-kDa
Dextran—-TMR (10 pg/g) or 70-kDa Dextran—TMR (100 pg/g), both from Life Technologies,
were injected in the tail veins of 8-12-week-old mice. Mice were anesthetized after 2h

(for 3-kDa) or 16h (for 70-kDa), perfused for 7 min with ice-cold PBS, and brains were
removed. Cerebella were dissection and homogenized in 1% Triton X-100 in PBS. Lysates
were centrifuged at 12,000xg for 20 min at 4°C, and fluorescence (excitation/emission
540/590 nm) was quantified in the supernatants (SpectraMax 389 Plus, Molecular Devices).
The fluorescence values were normalized to the weight.

Astrocyte cultures

Cerebral cortices were dissected from pups (P1-P2) and meninges were removed. The
tissue was dissociated mechanically, incubated in serum free Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco) with trypsin and DNasel for 30 minutes at 37°C, and centrifuged.
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The tissue was then titrated and filtered through a 100 um filter to ensure a single cell
suspension. After re-centrifuging, the cells were resuspended in DMEM supplemented with
10% fetal bovine serum, penicillin/streptomycin, and non-essential amino acids. The cells
were plated onto dishes coated with poly-D-lysine in phosphate buffered saline (1 mg/ml),
incubated at 37 °C with 5% CO», and cultured for two weeks.

Purification and culture of cerebellar neurons

Glia-free purified cerebellar neurons were isolated using immunopanning as described in
(Risher et al., 2014). Briefly, cerebellar tissue was dissected out from P6 mouse brains

and digested using papain-dissociation system from Worthington following manufacturer’s
protocol (Worthington Biochem. Corp.). Triturated cells were applied to negative panning
dishes to remove unwanted cells and cell debris. Cell suspension were incubated with
positive panning dishes (coated with anti-L1, Millipore) followed by a gentle wash to
remove un-attached non-neuronal cells. Pure cerebellar neurons were lifted from the

plate and collected by centrifugation, cultured in serum free Neurobasal-SATO medium,
containing BDNF, CNTF, and forskolin (Risher et al., 2014). After two days, half of the
media was replaced with new NB-SATO medium containing AraC (4 uM). After 48 hours,
media was replaced with NB-SATO (without AraC). Cells were cultured for 7 additional
days.

Western blotting

Cells or flash frozen tissue were lysed in 10 mM Tris (pH 7.4), 150 mM sodium chloride,

1 mM EDTA, 1% Nonidet P-40, 1% Triton X-100, 1 mM sodium orthovanadate, and
Roche protease inhibitor mixture. Samples were separated on a 10% gel and transferred
onto nitrocellulose membrane (GE Healthcare). Anti-p-tubulin (Santa Cruz Biotechnology;
sc-9104), and anti-Y'Y1 (Bethyl Laboratories; 779) primary antibodies were used. Antigen-
antibody complexes were visualized by enhanced chemiluminescence using Immobilon
Western blotting kit (Millipore).

Quantitative PCR

Histology

Total RNA was prepared from flash frozen tissue with Trizol (Life Technologies), reversed
transcribed with the high-capacity cDNA kit (Applied Biosystems), and amplified on the
BioRad CFX Connect Real-time System. SYBR Green intron-spanning pre-designed gPCR
primers (BioRad) were used. Gene expression levels were normalized to GAPDH and
represented as fold change in expression relative to the control.

Animals were perfused with 0.9% Sodium Chloride and then with 4% paraformaldehyde.
Brains were post-fixed for 48 hours. Tissue was paraffin-embedded, sectioned (5 um), and
stained by H&E. Slides were imaged using the Vectra Polaris Imaging system at the Cancer
Mouse Models Core Facility (VCU, Richmond, VA).
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Immunofluorescence

Preparation

Animals were perfused with 0.9% Sodium Chloride and then with 4% paraformaldehyde.
Brains were post-fixed overnight, and then cryopreserved with 30% sucrose in PBS for

48 hours at 4°C, embedded in optimal cutting medium (Tissue-Tek VWR), and 40 pm
frozen sections were prepared on probe plus microscopy slides (Fisher Sci). Tissue was
permeabilized in ice-cold acetone for 10 minutes, washed three times with 0.2% triton in
PBS, and blocked in PBS with Triton (0.2%) and fish skin gelatin (Electron Microscopy).
The primary antibodies, anti-GFAP (Cell Signaling; 1:300), anti-IBA (Wako Chemicals;
1:1000), anti-calbindin (Cell Signaling; 1:200), and anti-Y'Y1 (Bethyl Laboratories 779;
1:1000 or Cell Signaling; 1;100) were diluted in the blocking buffer and incubated overnight
at 4°C. Subsequently, sections were washed three times, blocked, and incubated with Alexa
Fluor 488 or Alexa Fluor 594 secondary antibodies (1:500, Invitrogen) for 90 minutes

at room temperature. Nuclei were counterstained with Hoechst or DAPI for 5 minutes at
room temperature. Slides were washed three times and mounted using Vectashield mounting
medium (Vector Laboratories). Slides were imaged using the Zeiss LSM 700 or the BZ-
X800 (Keyence). Maximum projection images from z-stacks, and no fluorescence crossover
was found between the channels. Images were analyzed using ImageJ. All locations were
chosen for quantification when only viewing Hoechst. GFAP? processes were quantified in
ImageJ by drawing lines along the entire length of the ML, the number of processes were
counted, and the length of the line was measured. Alternatively, images were analyzed using
Imaris filament tracer software and quantified in Prism. Purkinje cells were quantified by
drawing a line across the PC layer. The length of the line was measured, and the number of
PC bodies were counted. /BAI17 cells were quantified in the entire area of ML, GL, or WM.
The area was measured, and the number of cells were counted.

of cerebellar slices

Brain slices were obtained by methods previously described (Bell, Shim, Chen, &
McQuiston, 2011). Mice were deeply anaesthetized with an intraperitoneal injection of
ketamine (200 mg/kg) and xylazine (20 mg/kg), transcardially perfused with ice cold buffer
consisting of 230 mM Sucrose, 3 mM KCI, 2 mM CaCl, 6 mM MgCly, 1 mM NaHPQy, 25
mM NaHCOg3, and 25 mM glucose. The brain was removed, cut on a parasagittal plane, and
parasagittal slices containing the vermis of the cerebellum were cut at 350 mm on a Leica
VT1200 (Leica Microsystems, Buffalo Grove, IL). Sections were incubated in a holding
chamber maintained at 32°C. The holding chamber solution consisted of 125 mM NacCl,
3.0 mM KCl, 1.2 mM CaCl, 1.2 mM MgCl,, 1.2 mM NaHPQy,, 25 mM NaHCO3, 25 mM
glucose bubbled with 95% O, / 5% CO,. Recordings were performed at 32-35°C.

Electrophysiological measurements

Whole cell patch clamp recordings from cerebellar Purkinje cells were performed using
patch pipettes pulled from borosilicate glass (8250 1.65/1.0 mm) on a Sutter P-1000
micropipette puller. Patch pipettes were filled with 140 mM KMeSO,4, 8 mM NaCl, 2

mM MgATP, 0.1 mM NaGTP, and 10 mM HEPES. Membrane potentials were measured
with a Model 2400 patch clamp amplifier (A-M Systems) and converted into a digital
signal by a PCI-6040E A/D board (National Instruments). WCP Strathclyde Software was
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used to store and analyze membrane potential responses (courtesy of Dr. J Dempster,
Strathclyde University, Glasgow, Scotland). The calculated junction potential (9.4 mV)

was not compensated for in the analysis. Further analysis was performed using the

Julia programming language (Julia Computing), OriginPro 2018 (OriginLab Corp.) and
Graphpad Prism. Data were analyzed using WCP software and OriginPro 2018 for
electrophysiological measurements. Statistics were performed using GraphPad Prism. Tests
for normal distribution of data were performed using the Shapiro-Wilk test (/£<0.05). Data
that were normally distributed were tested by an ordinary one-way ANOVA with Bonferroni
post hoc tests. Data that did not pass the Shapiro-Wilk test were analyzed using the Kruskal-
Wallis tests. Differences were determined to be statistically significant for 2 values less than
0.05. All data was reported as the mean with error bars representing standard error of the
mean (SEM).

Isolation of single cells at P10 and P17

Cerebellum were isolated from mice at P10 or P17, and meninges were removed in cold
ACSF (120 mM NaCl, 3 mM KCI, 2 mM MgCl, 0.2 mM CaCl, 26.2 mM NaHCOs3, 11.1
mM glucose, 5 mM HEPE, 3 mM AP5, and 3 mM CNQX) bubbled with 95% oxygen. The
tissue was cut 15 times and dissociated with the Worthington Papain Dissociation kit (#
LK003153). The manufactures protocol was followed. Briefly, the tissue was dissociated in
the papain DNase solution for 30 minutes at 37°C with 5% CO,, gently swirling every 5
minutes. The cells were filtered through a 70 um filter (BD Falcon) to ensure a single cell
suspension. At P17 cell debris was removed with the Debris Removal Solution (Miltenyi
Biotec), following the manufacturer’s protocol. The cells were resuspended in cold PBS
with 0.5% BSA, and the cell viability and concentration were determined using the TC20
Automated Cell Counter (Biorad). The cells were diluted to a final concentration of 1x10°
cells/ml.

single-cell RNA sequencing

There was a targeted cell recovery of 5000 single cells per sample, which was loaded onto
the Chromium Controller (10x Genomics). The libraries were made with the Chromium
Single Cell 3’ Library and Gel Bead Kit (10x Genomics), following the manufacturers
protocol. Unique Chromium i7 Sample Indexes (10xGenomics) were added to each sample,
following the manufacturers protocol. Prior to sequencing, all four samples were combined.
Samples were sequenced on the NextSeq 500 with the 150 cycle kit using the following
mode: 28 bp (Read 1), 8 bp (Index), and 91 bp (Read 2). FASTQ files were generated

with 10x Genomics CellRanger after trimming raw reads from 3’ end to recommended 28
base-pair (bp) long R1 reads and 91bp long R2 reads. At P10 sequencing depth averaged to
97,000,509 raw reads per sample, with almost 29,000 reads per cell on average. At P17 the
sequencing depth averaged to 113,023,689 with 52,298 reads per cell on average.

scRNA-seq data processing

ScCRNA-seq data was processed with 10x Genomics software CellRanger (v 3.0.2). The
function count with the option --expect-cells set to 5000 was used on each sample
individually. Mouse genome version mmZ10 was used as a reference (v. mm210-3.0.0,
downloaded from https://support.10xgenomics.com/single-cell-gene-expression/software/
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downloads/latest). Following alignment, barcode assignment and unique molecular
identifier (UMI) counting, samples were merged using aggr function with the option
--normalize=mapped. Downstream analysis was performed with R package Seurat (Butler,
Hoffman, Smibert, Papalexi, & Satija, 2018; Stuart et al., 2019) using as input pre-filtered
CellRanger gene-cell matrix outs/filtered feature_bc_matrix/. The initial UMI matrix
contained 31,053 unique genes. There were 13,778 cells from all four samples at P10 and
8,722 cells from all four samples at P17.

Data filtering

Genes with no expression in any cell were removed (leaving 9,365 in total in P10, and
9,153 in P17 for further filtering). To remove presumably dead cells, mitochondrial gene
expression ratio was calculated, and cells with mitochondrial gene expression ratio greater
than four median absolute deviations (MAD) from the median value were removed. Upon
inspection of density plots, hard cut-offs were applied for removal of cells with respect to
the number of expressed genes and number of sequencing reads. Noisy cells were removed
from downstream analysis by applying the rationale where putative cells with very few
UM Is are believed to indicate only ambient mMRNA reads were captured. To exclude those
noisy barcodes from downstream analysis, putative cells with <500 UMIs and <250 genes
were removed. Similarly, putative cells with extremely high UMIs are likely to represent
multiplets or indicate some other issues related to barcode merging or sequencing artifacts
(Ocasio et al., 2019). To remove those bad quality putative cells the thresholds of >20,000
UMIs and >6,000 genes were applied in P10, and >50,000 UMIs and >8,000 genes in P17.
The final P10 UMI matrix contained 21,197 expressed genes and 11,226 cells and was used
in downstream analysis. The final P17 UMI matrix contained 21,659 expressed genes and
7,321 cells and was used in downstream analysis.

Cell clustering and data visualization

Briefly, the seurat object was normalized with NormalizeData(). FindVariableFeatures() was
used to identify 2,000 highly variable genes, followed by data scaling with ScaleData(),

and principal component analysis (PCA) with RunPCA(). The cells were then clustered

by applying FindNeighbors (seurat_norm, dims = 1:40) and FindClusters (seurat_norm,
resolution = 0.4). To visualize the data, uniform manifold approximation and projection
method, UMAP (Becht et al., 2018), was first applied with the function RunUMAP() and
DimPlot() was used for visualization.

Gene expression analysis, top 10 genes for heatmaps and biomarker discovery

Differential gene expression analysis and biomarker discovery of each cluster of

interest was performed following established procedure using R/Seurat package. Briefly,
FindAllMarkers() was applied to identify genes distinguishing each cluster in the dataset
followed by selection of top 10 markers characterizing each cluster as follows:

seurat_norm.markers = FindAllMarkers(object = seurat_norm, only.pos = TRUE, min.pct =
0.25, thresh.use = 0.25)

seurat_norm.markers %>% group_by/(cluster) %>% top_n(10, avg_logFC)
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Markers of WT and cKO cells in cluster 6 were identified by sub-setting the seurat object to
cluster 6 only and reformatting the identities so that the below holds:

seurat_norm.cluster.6 <- subset(seurat_norm, idents = 6)

seurat_norm.cluster.6 = subset(seurat_norm.cluster.6, idents = ¢(“0_WT”, “1 WT”,
“2_WT”' llO_CKO”] “1_CKO”| 172_CKO11))

followed by FindAllMarkers():

P10_6.markers = FindAllMarkers(object = seurat_norm.cluster.6, only.pos = TRUE, min.pct
= 0.25, thresh.use = 0.25)

Markers for the related heatmap were collected as above:
P10_6.markers %>% group_by(cluster) %>% top_n(10, avg_logFC)
Biomarkers of BG, VA, or FA were identified as follows:

FindMarkers(seurat_norm.cluster.6, ident.1 = 0, logfc.threshold = 0.25, test.use = “roc”,
only.pos = TRUE)

Subclustering and gene expression analysis

At P10 Cluster 6 was selected for more detailed analysis. Briefly, seurat object was subsetted
to contain only cells matching cluster 6 and clustering procedure was again applied on that
cluster with the following commands:

seurat_norm.cluster.6 <- subset(seurat_norm, idents = 6)
seurat_norm.cluster.6 <- FindNeighbors(seurat_norm.cluster.6, dims = 1:40)
seurat_norm.cluster.6 <- FindClusters(seurat_norm.cluster.6, resolution = 0.4)

The above procedure identified 4 subclusters (subCluster = -{1,2,3}). FindMarkers()

was then applied to determine biomarkers of each subcluster with respect to cluster

6 only, i.e., FindMarkers(seurat_norm.cluster.6, ident.1 = subCluster, logfc.threshold =
0.25, test.use = “roc”, only.pos = TRUE). Differential gene expression (DE) analysis

was performed between subclusters and between conditions using FindMarkers() with
adequate specifications, e.g., FindMarkers(cluster6.0, ident.1 = “WT”, ident.2 = “cKO”,
logfc.threshold = .50, test.use="MAST") would be applied for DE analysis of a subcluster
6.0 and between the two conditions. Whereas FindMarkers(seurat_norm.cluster.6, ident.1 =
0, ident.2 = 1, logfc.threshold = .50, test.use="MAST") would be applied for DE analysis
between two 6.0 and 6.1 subclusters. At P17 analogous analysis was performed for clusters
9 and 10.

Venn Diagrams

At P10, the top significant genes of cluster 6 (compared to all other P10 clusters) were
compared to previous mouse astrocyte data sets (Zhang et al., 2016) (Batiuk et al., 2020;

Glia. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mockenhaupt et al.

Page 10

Borggrewe et al., 2021). Overlapping DEGs were visualized in a Venn Diagrams, using the
Intervene tool (Khan & Mathelier, 2017). Similarly, at P17 the top significant genes from
each of the subgroups of astrocytes were compared to the published data sets indicated
above.

Metaneighbour analysis

An unsupervised version of Metaneighbour analysis was applied to astrocyte clusters to
estimate similarities within and across the P10 and P17 subpopulations. The analysis was
performed as outlined in “Analysis of single cell RNA-seq data” course, section 8.8.5
(http://hemberg-lab.github.io/scRNA.seq.course/). The script ‘2017-08-28-runMN-US.R’ to
perform the analysis was obtained from “https://github.com/hemberg-lab/scRNA.seq.course/
tree/master/course_files/utils’. In brief, P10 and P17 seurat objects were saved as
SingleCellExperiment(). Selected P10 and P17 subclusters were then merged into a single
expression matrix and most variable genes were identified. By running the function
‘run_MetaNeighbor_US’, similarities of the clusters across the two datasets were calculated
and visualized with heatmap().

Data and codes availability

Raw sequencing data are publicly available through the GEO database (GSE166792).
Analysis was performed using R Statistical Language and all the analysis codes are available
upon request.

Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism 9. Values are displayed as mean +
standard error. T tests or ANOVAs were performed as indicated.

YY1 deletion in GFAP™ cells triggers severe motor deficits and distinct effects on
subpopulations of cerebellar astrocytes.

Although YY1 is ubiquitously expressed in the central nervous system and is critical

in neural progenitors (Beagan et al., 2017; Weintraub et al., 2017; Zurkirchen et al.,

2019), oligodendrocytes (. He et al., 2007), and protects astrocytes against apoptosis,
oxidative stress, and inflammation (Pajarillo et al., 2022), its biological functions during
astrocyte development are not understood. YY1 is expressed by astrocytes in many brain
regions including, cortex, striatum, hippocampus, and cerebellum (Supplementary Fig. 1).
To delineate YY1’s roles in astrocytes, we generated conditional knock-out mice with

the Yy gene specifically deleted from GFAP™ cells ( Yy74457) using the mGfap-cre line
77.6 mice. Recently, others used the mGfap-cre line 73.12 mice to delete the Yy gene
from GFAP™ cells (Pajarillo et al., 2022), however, the 73.12 mice also express CRE in
adult neural stem cells from the dentate gyrus and subventricular zone as well as in some
hippocampal pyramidal, cerebellar granule, and scattered neurons in the midbrain (Garcia,
Doan, Imura, Bush, & Sofroniew, 2004). We decided to use the 77.6 mouse line that drives
CRE expression mostly in astrocytes, including astrocytes in the cerebellum starting at P7
(Tao et al., 2011), and only in a subpopulation of adult neural stem cells in the subventricular
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zone. As expected, only partial depletion of YY1 was observed in the brain lysates of
Yy144ST mice (Fig. 1A), suggesting a successful Yy deletion in astrocytes, but not other
cell types. Accordingly, YY1 was abundant in cultured astrocytes of control littermates but
not expressed by astrocytes derived from Yy74457 mice (Fig. 1B). Specific deletion of YY1
was also evident in cerebellar astrocytes /n vivo already at postnatal day 10 (Fig. 1C). In
contrast to astrocytes, YY1 was expressed by cultured neurons of both control and Yy7445T
littermates (Fig. 1D), emphasizing the specificity of YY1 deletion. At birth, the Yy 74457
mice were indistinguishable from their littermates, which aligns with postnatal development
of astrocytes. However, as these mice aged, Yy74457 animals gained weight more slowly,
remained smaller into adulthood (Fig. 1E), and had a drastically shorter lifespan (Fig. 1F).
Yy144ST mice developed severe motor deficits characterized by a slower velocity (Fig. 1G),
an increased number of paw slips on a balance beam (Fig. 1H, and Supplementary Videos
1-8), and a widened gait (Fig. 11). These findings were similar to those recently reported for
YY1 cKO mice generated using the mGfap-cre line 73.12 mice (Pajarillo et al., 2022).

Motor deficits can be associated with dysfunction of several regions of both the central

and peripheral nervous system, including cerebellum, which integrates signals controlling
locomotion. Damage to the cerebellum affects balance, coordination, and fine motor

skills. Since cerebellar neurodegeneration was evident in 5-month-old Yy74457 mice
(Supplementary Fig. 2), we decided to focus our studies on the role of astrocytic YY1

in the cerebellum. The cerebellum regulates muscle synergy by integrating signals from the
peripheral nervous system (Leto et al., 2016). Cerebellar insults result in ataxia, a widened
gait, attention tremor, PC dysfunction, and learning deficits (Sathyanesan, Kundu, Abbah, &
Gallo, 2018). During development, cerebellar cells migrate from the external granule layer
to their proper positions, establishing the intricate cytoarchitecture. Initially, PCs migrate
along radial glia and form the PC layer (Buffo & Rossi, 2013). Radial glia differentiate

into BG relocating their cell bodies into the PC layer, withdrawing from the ependymal
layer, retaining their end feet in the pial basement membrane, and enwrapping PC synapses.
Subsequently, Granule Cells (GC) migrate across the BG, composing the thick GC Layer
(GCL). Radial glia also differentiate into VA of the GCL and FA of the white matter

(WM) (Cerrato, 2020). Despite motor deficits evident in adult (8-12 weeks old) mice, we
found no substantial differences in brain morphology (Fig. 2A) or weight of Yy.2/oxF/loxP
and Yy1445T cerebella (Fig. 2B). There was also no difference in thickness of the ML,
GCL, or WM (Supplementary Fig. 3). However, there was a dramatic increase in reactive
astrocyte marker expression (Zamanian et al., 2012), including GFAP, SERPINA3N, and
LCN2 as well as a decrease in SPARCL1 expression (Fig. 2C), indicating presence of
reactive astrocytes in the Y)y744ST cerebella. In contrast, expression of neuronal (NRG1
and RBFOX3) (Fig. 2D) and oligodendrocyte markers (MBP and PLP1) (Fig. 2E) were not
affected, suggesting activation of astrocytes but not a loss of neurons and oligodendrocytes.
We also examined blood-brain barrier function using 3-kDa and 70-kDa tracers and found
that vasculature was leaky in Yy74457 cerebella (Supplementary Fig. 4). Further analysis
of the cytoarchitecture revealed extensive astrogliosis (Bergmann gliosis) only in the ML of
Yy14AST mice (Fig. 2F) indicated by GFAP* reactive hypertrophic BG exhibiting fewer
processes that were disorganized (Fig. 2G, Supplementary Fig. 5). In contrast to BG,

there was decreased abundance of GFAP* VA and FA in the GCL and WM of Yy74A4ST
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mice, respectively (Fig. 2F, H, I); however, morphology of both VA and FA was also
dramatically affected in Yy74457 mice (Supplementary Fig. 5). In addition to the distinct
effects on astrocytes, calbindin staining revealed reduced arborization of PC (Fig. 2F) but the
number of PC bodies was unchanged (Fig. 2J). Furthermore, the numbers of I1bal-positive
cells were significantly increased (Fig. 2F, K), suggesting ongoing inflammation. Taken
together, these findings suggest that astrocytic YY1 exerts unique effects on subpopulations
of cerebellar astrocytes that may be critical for the coordination of motor functions. Of note,
YY1 deletion also affected astrocyte morphology in the cortex, striatum, and hippocampus
(Supplementary Fig. 6). In subsequent experiments, we focused on the cerebellum to
understand the role of YY1 in subpopulations of cerebellar astrocytes.

YY1is continuously needed in astrocytes

YY1 could be temporarily needed during astrocyte development or permanently required

in mature cerebellar astrocytes. To address the later possibility, we generated tamoxifen
(TAM)-inducible astrocyte-specific YY1 cKO mice ( Yy2AMhIL1-CreERT2) expressing
CreERT2 driven by a highly specific A/dhiL 1 promoter (R. Srinivasan et al., 2016). We
examined the effects of TAM or vehicle administration in adult mice (Fig. 3A). Similarly, to
the Yy1445T mice, Yy1AMnILI-CreERTZ mice had dramatically shorter life span after TAM
treatment (Fig. 3B). They also displayed motor deficits with a slower velocity (Fig. 3C) and
made more mistakes on a balance beam (Fig. 3D). We also found evidence of Bergmann
gliosis in the ML indicated by both thickened processes (Fig. 3E) and decreased numbers of
BG processes (Fig. 3F). This was accompanied by a reduction in PC arborization (Fig. 3E).
Although the numbers of Ibal* cells have not changed (Fig. 3G), the ameboid morphology
of these cells (Fig. 3E, H) indicated their activation. As for the cerebellar VA and FA, no
significant morphological changes were detected 18 days after induction. However, analysis
of these subpopulations was not possible at later time points because of the short life

span of the Yy 2AMhILI-CreERTZ mice after tamoxifen treatment. Importantly, expression of
astrocyte markers, including Aldoc, Agp4, and Gria4, was significantly diminished (Fig 3I),
while expression of Lcn2was increased indication astrocyte activation. These data suggest
that continuous expression of YY1 in BG and likely other subpopulations of astrocytes is
required to maintain astrocyte specialization even in adult mice.

YY1 is dispensable for the initial stages of astrocyte development

Next, we wondered at what timepoint is YY1 required for astrocyte development. First,
YY1 could be needed to execute the initial intrinsic patterning programs affecting astrocyte
progenitors (Hochstim et al., 2008). In this case, one would expect to find effects of

YY1 deletion at early stages of cerebellar development that would manifest in improper
cell migration, changes in morphology of immature astrocytes, and changes in gene
expression profiles. Alternatively, YY1 could affect subsequent maturation locally promoted
by region-specific crosstalk of immature astrocytes with neurons supporting neural circuit
assembly (Chai et al., 2017; Farmer et al., 2016). In this scenario, YY1 would be

required for latter stages of astrocyte development, whereas the initial steps would be
unaltered. We first analyzed cytoarchitecture of cerebella of Yy A/hILI-CreERTZ mice after
TAM administration at early stages of postnatal development, which efficiently abolished
expression of YY1 in astrocytes (Fig. 4A, Supplementary Fig. 7). In contrast to the findings
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in adult Yy zA/hILI-CreERTZ mice, there were no substantial changes in the distribution or
appearance of astrocytes, PC, or microglia (Fig. 4B). The numbers of BG processes were
unaffected (Fig. 4C). Furthermore, the numbers of Ibal* cells were comparable (Fig. 4D),
suggesting that YY1 is not needed at early stages of astrocyte development. To verify these
findings, we examined cytoarchitecture of Yy2/0XP/1oxP and Yy 14AST cerebella at P10. In
contrast to what we found in the adult Y74457 cerebellum (Fig. 2), but in agreement

to our findings in Yy 2AMNILI-CreERTZ mice (Fig. 4A-D), astrogliosis was also not evident
in Yy14AST cerebella at P10 (Fig. 4E). There was no difference in the distribution or
appearance of astrocytes, PC, or microglia (Fig. 4E-H). Moreover, the electrophysiological
properties of PC were not changed in Yy74457 mice at P10 (Fig. 41, J, Supplementary

Fig. 8). Quantitative measurement of the action and membrane potential showed no
statistical difference in resting membrane potential, input resistance, depolarizing sag to
hyperpolarizing current injection, action potential amplitude, duration, or threshold between
PC from Yy1/0xP/oxP and Yy 14AST cerebella (Supplementary Table 1). Altogether, the
morphology of immature astrocytes and cerebellar cytoarchitecture were initially unaltered
in both Yy 2AIBhILI-CreERTZ gnd vy 74AST mice.

Given that YY1 deletion had no apparent effects on cerebellar cytoarchitecture at P10, we
set on to evaluate whether deletion of YY1 from astrocytes manifests in initial changes

on the molecular level. To this end, we examined gene expression using single-cell RNA
sequencing (ScCRNA-seq) of Yy7445T cerebella. In total, we sequenced 11,226 cells and
applied unsupervised clustering that identified 16 unique clusters of cells that were shared
by Yy12/oxP/IoxP and vy 14AST cerebella (Fig. 5A, Supplementary Table 2). All clusters

had similar UMI and gene counts except for cluster 9 (Fig. 5B); however, low values for
cluster 9 were found in both Yy2/0XP/1oXP and vy 74AST cerebella. To identify astrocytes, we
took a two-pronged approach. First, an unsupervised analysis of the top 10 biomarkers

for each cluster identified cluster 6 as astrocytes (Supplementary Fig. 9). Second, we
performed a supervised analysis of the expression of known astrocyte markers, which
indicated that cluster 6 indeed represented astrocytes (Fig. 5C). Furthermore, comparison of
gene expression profiles of cluster 6 to previously published profiles of astrocytes derived
from different brain regions (Batiuk et al., 2020; Borggrewe et al., 2021; Zhang et al.,

2016) indicated substantial similarities (Fig 5D). Nevertheless, cells in cluster 6 were also
unique likely because of their immature astrocyte phenotype. In addition to cluster 6, cells
in cluster 11 expressed some of the astrocytic markers (Batiuk et al., 2020); however, Gfap,
AldhiL 1, and many additional astrocyte markers were expressed at very low levels, and
thus these cells were not further analyzed. Importantly, Yy expression was specifically
lost from astrocytes (cluster 6), but not other cell types in Yy24457 cerebella (Fig. 5E, F),
confirming highly specific deletion of YY1. Three cerebellar astrocyte subpopulations have
been previously described (Gupta et al., 2018; John Lin et al., 2017). In line with these
findings, unsupervised re-clustering of cells in cluster 6 yielded three major sub-populations
of astrocytes (6a, 6b, and 6¢) (Fig. 5G, Supplementary Table 2). Biomarker expression
analysis of the sub-clusters (Supplementary Table 2) in combination with Allen Brain Atlas
in situ RNA expression data (https://developingmouse.brain-map.org/) identified sub-cluster
6a as BG, 6b as VA, and 6¢ as FA (Fig. 5H-K). Interestingly, although Gdfi0and Gpr37/1
are known markers of BG (Carter et al., 2018; Gupta et al., 2018; L. He et al., 2018;
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Marazziti et al., 2013), our analysis uncovered Cyp26b1 and Hsd11b1 as novel markers

of VA, and Myocand C4b as novel markers of FA (Fig. 5H-J), which were still uniquely
localized at P28 (Supplementary Fig. 10). Significantly, gene expression profiles of the
three astrocyte sub-populations were largely unaffected by YY1 deletion (Fig. 5K). YY1
deletion did not affect expression of astrocyte progenitor markers (Zhang et al., 2016)
(Supplementary Fig. 11) or mature astrocyte markers (Zhang et al., 2016) (Supplementary
Fig. 12) at P10. Furthermore, expression of reactive astrocyte markers (Escartin et al.,

2021) was also not changed (Supplementary Fig. 13), which coincided with the lack of
expression of inflammatory mediators by either astrocytes or microglia (Supplementary Fig.
14). Altogether, our analysis of Yy1AMNILI-CreERTZ and vy, 74AST cerebella at P10 indicated
that YY1 is dispensable for the initial steps of cerebellar astrocyte development.

YY1 is required for late stages of astrocyte development

To assess whether YY1 affects subsequent steps of astrocyte development that are governed
by region-specific astrocyte-neuron cross-communication (Chai et al., 2017; Farmer et al.,
2016), we examined cerebella at P20. In contrast to P10, activation of BG was evident in the
ML at P20 in Yy74457 cerebella while numbers of GFAP* VA and FA were dramatically
diminished (Fig. 6A). While processes of BG were affected (Fig. 6B), number of PC bodies
remained the same (Fig. 6C). We noticed a decrease in arborization of PC (Fig. 6A);
however, electrophysiological properties of PC were not affected (Supplementary Fig. 15,
Supplementary Table 3). Activation of BG was also associated with increased amounts of
reactive microglia (Fig. 6A and D), indicating an inflammatory environment. Importantly
cytoarchitectures of Yy 74457 cerebella at P20 and adult mice (Fig. 2F) were similar,
indicating that YY1 exerts its effects on astrocytes at late stages of their development. Both
granule cell migration and synapse elimination are completed by P20 (Araujo, Carpi-Santos,
& Gomes, 2019), and immature astrocytes undergo their location-specific maturation that is
driven by signals from the surrounding cells (Araujo et al., 2019).

Subsequently, we established that the initial morphological signs of astrocyte dysfunction
occur at P17 (Supplementary Fig. 16A). Since microglia activation was not yet evident

at this stage, we reasoned that changes to gene expression between Yy2/0XP/10xP gand the
Yy1445T mice at P17 should be attributed to diseased astrocytes and not yet a result of
developing inflammation. To analyze gene expression, we sequenced 7,321 cells, applied
unsupervised clustering, and identified 25 distinct cell clusters (Fig. 7A, Supplementary
Table 4). There were similar UMI and gene counts across all the clusters (Fig. 7B). In stark
contrast to what we found at P10, several clusters were unique to either the Y)y2/0xP/IoxP or
the Yy14457 cerebella. We applied the same two-pronged approach to identify astrocytes.
Both the unsupervised analysis (Supplementary Fig. 17) and the supervised analysis (Fig.
7C) identified clusters 8, 10, and 15 as astrocytes in the Yy2/0XP/10XP cerebella, whereas
clusters 1 and 9 are astrocytes in the Yy74457 cerebella. This was in striking contrast

to all other cell types that clustered similarly in both the Yy2/0XP/IoxP and the Yy 74AST
cerebella. Similarly to cluster 11 at P10, cells in cluster 14 at P17 expressed low levels of
Gfap, Aldhil 1, and several other astrocytes markers, and thus were not further analyzed.
Importantly, YyZ expression was specifically diminished in astrocytes of the Yy74A4S7T
cerebella (Supplementary Fig. 15B, C). Re-clustering of the astrocyte clusters 9 and 10
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indicated three major sub-populations present in both clusters, 9a, 9b, and 9c in Yy74AST
cerebella and 10a, 10b, and 10c in Yy2/0XP/IoxP cerebella (Fig. 7D and Supplementary

Fig. 18). Subsequent analysis of key biomarker gene expression (Fig. 7E-G) indicated

that, although unique, both clusters 8 and 15 account for BG, sub-clusters 10a and 10b
represent VA, whereas sub-cluster 10c represents FA in Yy2/0XF/IoxP cerebella. Similarly

to astrocytes at P10, immature astrocyte subpopulations at P17 had unique expression
profiles that displayed similarities to previously published profiles of astrocytes (Batiuk

et al., 2020; Borggrewe et al., 2021; Zhang et al., 2016) (Fig 7H-J). Furthermore, our
analysis of Yy1 4457 cerebella, identified cluster 1 as BG, sub-clusters 9a and 9b as

VA, and sub-cluster 9c as FA. Importantly, while YY1 deletion did not affect astrocyte
progenitor marker expression (Zhang et al., 2016) (Supplementary Fig. 19), it dramatically
reduced expression of mature astrocyte markers (Zhang et al., 2016) (Supplementary

Fig. 20) suggesting that YY1 is needed during astrocyte maturation. This was further
reinforced by hierarchical clustering analysis (Supplementary Fig. 15D), which indicated
that Y'Y 1-deficient astrocytes at P17 are more similar to Y)2/0XF/IoxP immature astrocytes
at P10 than to Y)2/0xP/IoxP astrocytes at P17. Interestingly, expression of reactive astrocyte
markers (Escartin et al., 2021) was not suggestive of reactive astrogliosis in the YY1-
deficient astrocytes (Supplementary Fig. 21), and there was no induction of expression of
inflammatory mediators by astrocytes or microglia (Supplementary Fig. 22), indicating that
astrocytes were not yet reactive at P17. However, Gfap expression was induced in BG and
reduced in both VA and FA of Yy12AST mice (Supplementary Fig. 20). Thus, the loss of
GFAP* VA and FA in Yy18AST cerebella (Fig. 2F, 2H 6A) is a result of downregulation

of Gfap expression and not a decrease of VA and FA. To determine biological effects of
YY1 deletion in subpopulations of astrocytes, we performed pathway analysis. Although
there were subpopulation-specific effects, in general, processes previously reported to be
controlled by YY1 in neural progenitors (Zurkirchen et al., 2019) were increased (Fig.
7K-M), such as cytoplasmic translation” and “ribonucleoprotein complex biogenesis”, and
“mRNA metabolic processes”. However, YY1 also reduced many other processes, including
those involved in neuronal development, such as “synapse organization” and “regulation of
membrane potential”.

Together, our data suggest that although YY1 is dispensable during early stages of astrocyte
development, it is required during late stages of their development that are governed by
region specific interactions with neurons.

Discussion

Although morphological diversity of astrocytes and their specialized functions have long
been recognized (Farmer & Murai, 2017; Meyer et al., 2017; Zhang & Barres, 2010),

only recently has their molecular diversity been shown using RNA-seq, sScRNA-seq, scISOr-
seq, slide-seq, and TRAP (Batiuk et al., 2020; Carter et al., 2018; Gupta et al., 2018;

John Lin et al., 2017; Rodriques et al., 2019). It has been proposed that five molecularly
distinct subpopulations of astrocytes occupy specific locations across different brain regions,
with three subpopulations representing mature astrocytes (Batiuk et al., 2020). Three

major molecularly distinct subpopulations of astrocytes were also found in the cerebellum;
however, their identities and precise localizations have not been established (Gupta et al.,
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2018; John Lin et al., 2017). In this study, we confirmed existence of the three major
molecular subpopulations of cerebellar astrocytes. Importantly, we identified unique markers
that allow identification of these subpopulations. Indeed, our analysis identified BG, which
were marked by previously known markers Gdf10, Gpr37/1, Slc1a3 and Grial (Carter et
al., 2018; Gupta et al., 2018; L. He et al., 2018; Marazziti et al., 2013; Saab et al., 2012).
Although there was a single cluster of immature BG at P10, we found two distinct molecular
subsets of cells that were BG at P17. It is unlikely that these subsets represent BG at
different stages of differentiation since neither more closely clusters with immature BG at
P10. Importantly, two molecularly unique subpopulations of BG have also been reported by
others (Carter et al., 2018). It is possible that one of these BG subsets represents elusive
Fafanas cells (Goertzen & Veh, 2018); however, this requires further analysis. In contrast to
specific markers of BG, genes specifically expressed in either VA or FA have been difficult
to identify to date. Both Agp4and Bcan have been used as a marker of VA (Farmer et

al., 2016; Yamada et al., 1997). While we found that both Agp4 and Bcan were expressed

in VA, Agp4 was also upregulated in the FA, and Bcanwas also expressed in BG, FA,

and oligodendrocytes. Our data indicate that in contrast to Agp4 and Bcan, both Cyp26b1
and Hsd11b1 selectively label cerebellar VA at both P10 and P17. However, expression
profiles of cerebellar VA do not resemble a specific subpopulation profile of cortical and
hippocampal astrocytes (Batiuk et al., 2020), and it remains to be established whether their
markers are specifically expressed in other brain regions. Surprisingly, specific markers of
FA have not been identified to date. Here we identified Myocand C4bto be uniquely
expressed in FA but not BG or VA in the cerebellum. Whether these are markers of FA
across different brain regions or unique to the cerebellum needs to be determined. These
new markers may allow the creation of molecular tools to study subpopulations of cerebellar
astrocytes.

Although our studies demonstrate specific effects YY1 exerts on subpopulations of
cerebellar astrocytes during their maturation, our data suggest that it also affects astrocytes
in other brain regions, and likely in other locations such as the spinal cord. This has not been
the focus of these studies but needs further exploration in the future. In addition, we cannot
exclude that the premature death of both Yy744ST and Y)2AMn1L1-CreERTZ mice was not
caused by a deletion of YY1 from GFAP* and Aldh1L1* cells outside of the CNS, such as
enteric glia that are needed for proper functioning of the gut.

While our analysis at P10 indicates that expression profiles of immature BG, VA, and FA
are initially different, the profiles of VA and FA were remarkably similar at P17, and these
cells clustered together, away from BG. It has been shown that all three cerebellar astrocyte
subpopulations stem from common progenitors in the developing cerebellum. Nevertheless,
VA and BG are more likely to stem from the same clones (Cerrato et al., 2018), while FA
may derive from their own clones or share a clonal lineage with interneurons (Parmigiani
et al., 2015). Since immature FA and VA are initially different and subsequently their
expression profiles become more similar, our findings point to the plasticity of developing
astrocytes, and the importance of region-specific external signals that drive maturation of
these cells.
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Here we have shown that YY1 is needed to execute unique gene expression programs in
subpopulations of developing cerebellar astrocytes during their maturation. This is supported
by our findings that Y'Y 1-deficient astrocytes at P17 fail to gain expression of known mature
astrocyte markers and group together with immature astrocytes at P10, indicating a defect in
their maturation. YY1 is also permanently required to sustain mature BG and likely VA and
FA in adult mice. Thus, YY1 regulates region-specific maturation of cerebellar astrocytes
during both development and in the adult cerebellum. Similar findings have recently been
reported for another critical transcription factor, NFIA, which also controls region-specific
gene expression and maturation of astrocytes, as well as local circuit activities (Huang

et al., 2020). These data suggest that both region-specific external signals and intrinsic
transcriptional programs are needed to specifically fine tune maturing astrocytes to local
needs of the neural circuits. Specific mechanisms by which YY1 exerts its effects in
subpopulations of astrocytes remain unknown. Multiple mechanisms of action have been
proposed for YY1, including both epigenetic changes to the chromatin and generation of
cell-type-specific active chromatin loops (Beagan et al., 2017; Weintraub et al., 2017).
Although the chromatin loop model is an attractive mechanism that functions in neural
progenitors (Beagan et al., 2017), it remains to be established if YY1 exerts its effects

on astrocytes via this or different more traditional mechanisms for a transcription factor.
Reorganization of chromatin regulates neural stem cell fate determination, neural plasticity,
and learning and memory (Ravi & Kannan, 2013; Sultan & Day, 2011). In contrast,
relatively little is known about functions of such reorganization in astrocytes (Galloway
etal., 2018; Ito & Takizawa, 2018) with studies mostly focused on DNA methylation and
histone modifications (Neal & Richardson, 2018; Pavlou, Grandbarbe, Buckley, Niclou, &
Michelucci, 2019). Our data suggest that both development and maintenance of mature BG,
VA, and FA in the cerebellum may be differentially regulated on the chromatin level. This
mode of regulation would parallel findings demonstrating distinct chromatin accessibilities
in subgroups of neurons (Mo et al., 2015), and further epigenetic alternations associated
with neuronal activity (Su et al., 2017).

Originally, YY1 has been assumed to be dispensable for astrocytes (Y. He et al., 2007).
Recently, astrocytic YY1 has been shown to affect manganese-induced neurotoxicity
(Pajarillo et al., 2020) and provide protection against apoptosis, oxidative stress, and
inflammation in the brain (Pajarillo et al., 2022). However, direct role of YY1 on astrocytic
gene expression and subsequent functions of astrocytes have not been explored. In this
study, we found that YY1 is critical to execute and sustain unique and distinct gene
expression programs in subpopulations of cerebellar astrocytes. Our findings drastically
change the understanding of its importance in astrocytes. In summary, our data suggest that
YY1 plays a critical role regulating cerebellar astrocyte maturation during the development
and maintenance of a mature astrocyte phenotype in the adult cerebellum.
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Main points:
YY1 is dispensable for the initial stages of cerebellar astrocyte development,

YY1 regulates subtype-specific gene expression during cerebellar astrocyte
maturation.

YY1 is needed to maintain astrocyte identity in the adult cerebellum.
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Fig. 1. Deletion of YY1 in astrocytes drastically affects motor function.
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and Yy24AST mice (n=15, 9; two-tailed t-test; * p <0.0001). (F) Survival of Yy1/0xP/loxP gng
Yy144ST mice (n=13, 14; Log Rank, Mantel-Cox Test; p=0.005). (G) Mean velocity (n=5,
5; two-tailed t-test; p=0.002), and (H) mean number of paw slips as mice crossed a balance
beam (n=5, 5; two-tailed t-test; * p=0.008). (1) Tracks of Yy2/0XP/loxP and Yy 1AAST mice

crossing narrow path.
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Fig. 2. Effect of YY1 deletion on subpopulations of astrocytes in adult cerebellum.
(A) Hematoxylin and Eosin staining of Yy2/0xP/10xP and vy 74AST 812 week-old brains. (B)

Weights of Yy2/0xP/loxP and Yy 14AST cerebella (n=10, 9; two-tailed t-test; p=0.78). (C-E)
Expression of MRNAs (normalized to GAPDH) in cerebella of Yy1/0XP/IoxP ang vy 74AST
mice (n=9, 11; two-tailed t-test; * p<0.01). (F) Immunofluorescence of Yy1/0XF/IoxP ang
Yy14AST cerebellum with GFAP, Calbindin, Ibal, and Hoechst. Confocal images at 40X,
scale bar 20 pm. ML, molecular layer; GCL, granular cell layer; WM, white matter. (G)
Quantification of GFAP™ processes in the ML (n=4, 3 mice; n=50, 40 locations; two-tailed
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t-test; * p=0.02). (H) Quantification of VA in the ML (n=3, 3 mice; n=15, 15 locations;
two-tailed t-test; ** p=0.004). (1) Quantification of FA in the WM (n=3, 3 mice; n=15, 15
locations; two-tailed t-test; * p=0.034). (J) Quantification of PC bodies (n=3, 3 mice; n=29,
29 locations; two-tailed t-test; p=0.600). (K) Quantification of IBA1* cells (n=4, 3 mice;
n=35, 18 locations; two-tailed t-test; *** p=0.0004).
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Fig. 3. Deletion of YY1 in astrocytes of adult mice.
5-6-week-old mice were administered (IP) 75 mg/kg tamoxifen or corn oil over 5 days. (A)

Model of experimental design. (B) Survival (n=5, 10, 8, 13 mice; Log Rank, Mantel-Cox
test; * p<0.0001). (C) Mean velocity (n=5, 5, 5, 7; Two-way Anova; * p<0.003). (D) Mean
number of paw slips on a balance beam (n=5, 5, 5, 7; Two-way Anova; * p<0.003). (E)
Immunofluorescence of cerebellum (day 18 post induction) stained with GFAP, Calbindin,
IBAL, and Hoechst; 20X. ML, molecular layer; GCL, granular cell layer; WM, white matter.
(F) Quantification of GFAP™ processes (n=3, 4 mice; n=42, 54 locations; two-tailed t-test;

* p<0.0001). (G) Quantification of IBA1* cells (n=3, 3 mice; n=51, 40 locations; two-tailed
t-test; p=0.22). (H) Sholl analysis of IBA1* cells (n=3, 3 mice; n=51, 40 locations; multiple
unpaired two-tailed t-test; * p<=0.03). (1) Expression of mMRNAs (normalized to GAPDH)
(n=16, 8; two-tailed t-test; * p<0.05, **p<0.01, ****p<0.0001).
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Fig. 4. Normal architecture of Yy1Aldh1L1-CreERT2 5 vy1AAST cerebella at P10.
4-day-old mice were administered (IP) 75 mg/kg tamoxifen over 5 days. (A) Model

of experimental design (left). Immunofluorescence of cerebella (GCL/WM border)
stained with YY1 and GFAP. White arrows point to astrocytes with/without YY1. (B)
Immunofluorescence of TAM-treated cerebella stained with GFAP, Calbindin, Ibal, and
Hoechst at 40X, scale bar 20 um. ML, molecular layer; GCL, granular cell layer; WM, white
matter. (C) Quantification of GFAP* processes of BG (n=3, 3 mice; n=21, 18; locations;
two-tailed t-test; p=0.21). (D) Quantification of IBA1* cells (n=3, 3 mice; n=5, 8 locations;
two-tailed t-test; p=0.34). (E) Immunofluorescence of Yy2/0XP/10xP and vy 74AST cerebellum
at P10 stained with GFAP, Calbindin, Ibal, and Hoechst. Confocal images at 40X, scale bar
20 um. ML, molecular layer; GCL, granular cell layer; WM, white matter. (F) Quantification
of GFAP* processes of BG (n=3, 3 mice; n=26, 26; locations; two-tailed t-test; p=0.29). (G)
Quantification of PC bodies (n=3, 3 mice; n=10, 9 locations, two-tailed t-test; p=0.43). (H)
Quantification of IBA1" cells (n=3, 3 mice; n=40, 38 locations; two-tailed t-test; p=0.69). (1)
Representative responses of a P10 Yy2/0xP/10xP and vy 714AST PC to 350 pA depolarizing and
-400 pA hyperpolarizing step current injections (600 ms duration). (J) Overlay of the first

action potentials in the train of E.
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Fig. 5. ScRNA-seq analysis of Yy1!9XP/10xP ang yy18AST cerebella at P10.
(A) Two-dimensional UMAP clustering. 11,226 cerebellar cells (n= 2, 2; mice). (B) Box

plot of UMI and gene number per cell in each cell cluster. (C) Expression of astrocyte
markers in each cluster. (D) Overlap of top 618 cluster 6 genes with published mouse
astrocyte gene sets (Batiuk et al., 2020; Borggrewe et al., 2021; Zhang et al., 2016). (E)
UMAP and (F) violin plot visualization of YY1 expression in Yy2/0x710xP anq vy jAAST
cerebella. (G) Two-dimensional UMAP clustering visualizing subclusters of astrocytes. (H-
J) UMAP graphs presenting the expression of subpopulation markers and their expression

Glia. Author manuscript; available in PMC 2024 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mockenhaupt et al.

Page 30

in situ (Allen Brain Atlas, P14) in BG (H), VA (1), and FA (J). (K) Heatmap of top 10
biomarkers for each subpopulation. Unsupervised analysis of gene expression profiles of
BG, VA, and FA in YyILoXF/ILOXP and vy 1AAST cerebella.
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Fig. 6. Differential effect of YY1 deletion on subpopulations of cerebellar astrocytes at P20.
(A) Immunofluorescence of Yy2/0XP/loXP and vy 14AST cerebella at P20 stained with GFAP,

Calbindin, IBA1, and Hoechst. Confocal images at 40X, scale bar 20 um. ML, molecular
layer; GCL, granular cell layer; WM, white matter. (B) Quantification of GFAP* processes
of BG (n=3, 4 mice; n=16, 28 locations; two-tailed t-test; * p=0.01). (C) Quantification of
PC bodies (n=3, 4 mice; n=8, 14 locations, two-tailed t-test; p=0.53). (D) Quantification of
IBAL* cells (n=4, 3 mice; n=19, 25 locations; two-tailed t-test; * p<0.0001).
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Fig. 7. Unique astrocyte clusters are present in Yy1AAST cerebellum at P17.
(A) Two-dimensional UMAP clustering. 7,321 cerebellar cells were sequenced and

analyzed. (n= 2, 2; mice). (B) Box plot of UMI and gene number per cell in each cluster. (C)
Expression of astrocyte markers in each cell cluster. (D) Two-dimensional UMAP clustering
visualizing subclusters of astrocytes. (E-G) UMAP graphs presenting the expression of
subpopulation in BG (E), VA (F), and FA (G). (H-J) Overlap of top 728 BG (H), 387 VA
(1), and 208 FA (J) genes with published mouse astrocyte gene sets (Batiuk et al., 2020;
Borggrewe et al., 2021; Zhang et al., 2016). (K-M) Pathway analysis of biological processes
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regulated by differentially expressed genes in the Yy1/0XP/oxP and vy 144ST BG (K), VA
(L), and FA (M). Top 10 enriched categories are shown.
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