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Abstract 65 

Currently, there are no effective treatments for glioma or for neurodegenerative diseases 66 

due, in part, to our limited understanding of the pathophysiology and cellular heterogeneity 67 

of these diseases. Mounting evidence suggests that astrocytes play an active role in the 68 

pathogenesis of these diseases by contributing to a diverse range of pathophysiological 69 

states. In a previous study, five molecularly distinct astrocyte subpopulations from three 70 

different brain regions were identified. To further delineate the underlying diversity of 71 

these populations, we obtained mouse brain region-specific gene signatures for both 72 

protein-coding and long non-coding RNA (lncRNA) and found that these astrocyte 73 

subpopulations are endowed with unique molecular signatures across diverse brain regions. 74 

Additional gene set and single-sample enrichment analyses revealed that gene signatures of 75 

different subpopulations are differentially correlated with glioma tumors that harbor distinct 76 

genomic alterations. To the best of our knowledge, this is the first study that links 77 

transcriptional profiles of astrocyte subpopulations with glioma genomic mutations. 78 

Furthermore, our results demonstrated that subpopulations of astrocytes in select brain 79 

regions are associated with specific neurodegenerative diseases.  Overall, the present study 80 

provides a new perspective for understanding the pathophysiology of glioma and 81 

neurodegenerative diseases and highlights the potential contributions of diverse astrocyte 82 

populations to normal, malignant, and degenerative brain functions. 83 

 84 

Significance Statement 85 

Mounting evidence suggests that astrocytes play an active role in disease 86 

pathogenesis by contributing to a diverse range of pathophysiological states. The present 87 

study identifies new layers of astrocyte diversity and new correlations between distinct 88 
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astrocyte subpopulations and disease states. Understanding the heterogeneity of astrocytes 89 

in different physiological conditions and diseases will provide new avenues for improved 90 

diagnostics and therapeutics targeting specific astrocyte subpopulations. 91 

 92 

Introduction 93 

Astrocytes make up about 40% of all cells in the human brain (Herculano-Houzel, 2014; 94 

Zhang et al., 2016) and play essential roles in brain function by controlling extracellular 95 

neurotransmitter and potassium ion levels, regulating the blood-brain-barrier, and 96 

promoting synapse formation and function (Barres, 2008). Previously, astrocytes were 97 

thought to be a homogeneous population of cells that tile the CNS and support neuronal 98 

survival. However, recent genome-wide gene expression studies have shown that astrocytes 99 

are highly heterogeneous (Cahoy et al., 2008; Doyle et al., 2008; Yeh et al., 2009). A recent 100 

study demonstrated astrocyte heterogeneity in the brain by comparing gene expression 101 

profiles of FACS-sorted Aldh1l1-GFP+ subpopulations and identified five astrocyte 102 

subpopulations (A-E) across three brain regions (olfactory bulb, cortex, and brain stem). 103 

Moreover, these astrocyte subpopulations exhibited functional differences related to 104 

proliferation, migration, and synapse formation. (Lin et al., 2017). 105 

Functional heterogeneity of astrocytes has been described under both normal 106 

physiological conditions and diverse disease states (Denis-Donini et al., 1984; Hill et al., 107 

1996; Grass et al., 2004; White et al., 2010; Morel et al., 2017). During disease progression, 108 

astrocyte populations respond to pathological conditions through a transformation called 109 

reactive astrogliosis. Morphological and gene expression differences have been observed in 110 

reactive astrocytes from different brain regions during the progression of neurodegenerative 111 

diseases (Hill et al., 1996; Liddelow et al., 2017). Nervous system malignancies also have 112 
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astroglial origins. Gliomas, the most common primary malignancies in the CNS, are a 113 

heterogeneous group of tumors characterized by their resemblance to glia. A parallel 114 

between brain development and glioma tumorigenesis is apparent in that certain astrocyte 115 

subpopulations are analogous to those that populate human glioma (Lin, et al 2017). 116 

Despite the discovery of these links between diverse astrocyte populations and disease 117 

states, how distinct subpopulations of astrocytes contribute to certain neurological disease 118 

remains poorly defined. For example, given the plethora of genomic data available for 119 

human glioma, whether key genetic mutations associated with glioma are also associated 120 

with specific astrocyte/glioma subpopulation remains unknown. Thus, one of the goals of 121 

this study is to identify new correlations between diverse astrocyte subpopulations and 122 

distinct disease states. 123 

In addition to correlations with disease states, another goal of this study is to unearth 124 

additional layers of astrocyte heterogeneity. A novel study identified five distinct 125 

subpopulations of astrocytes across three brain regions (Lin, et al. 2017). However, 126 

astrocyte subpopulations between different brain regions were not compared, and the 127 

expression of long non-coding RNAs (lncRNAs), a type of regulatory RNA that has been 128 

shown to play important roles in CNS development, plasticity, and disease  (Hung et al., 129 

2011; Guttman and Rinn, 2012; Batista and Chang, 2013; Zhang et al., 2014; Dong et al., 130 

2016) was not investigated. Thus, the other goal of this study is to further delineate the 131 

underlying molecular diversity of astrocytes from existing datasets.  132 

  Towards the overarching goal of decoding the nature of astrocyte diversity, we used 133 

advanced comparative bioinformatics to obtain region-specific (e.g., cortex-specific) and 134 

regional subpopulation-enriched (e.g., cortex subpopulation A-enriched) astrocyte gene 135 

signatures. In addition to these 15 astrocyte regional subpopulations (five subpopulations in 136 
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three brain regions), we also collected gene expression data sets for other astrocyte 137 

subpopulations from different developmental stages and injury models (Rusnakova et al., 138 

2013; Zeisel et al., 2015; Gokce et al., 2016; Noristani et al., 2016; Hara et al., 2017; Wu et 139 

al., 2017). Our analysis included a total of 42 astrocyte gene signatures. We implemented 140 

an unsupervised single-sample enrichment method to correlate astrocyte subpopulation 141 

gene signatures with The Cancer Genome Atlas (TCGA) lower-grade glioma (LGG) and 142 

glioblastoma (GBM) samples including clinical sample features and key mutations. The 143 

results show that specific astrocyte subpopulation gene signatures are more highly 144 

correlated with certain glioma subtypes and genomic variants. For example, astrocyte 145 

subpopulations B and C in all brain regions are significantly correlated with amplification 146 

of the gene encoding EGFR (epidermal growth factor receptor). Additionally, astrocyte 147 

subpopulations D and E were among the gene signatures highly correlated with LGG 148 

samples bearing both mutation in IDH gene and 1p/19q codeletion. Furthermore, 149 

correlations between astrocyte subpopulations and neurodegenerative diseases identified a 150 

collection of genes that we validated in AD mouse models. Together, the present study 151 

identifies new layers of astrocyte diversity, while making critical new connections between 152 

these populations and neurological disease including glioma and neurodegeneration. Thus, 153 

understanding astrocyte subpopulations has a broad utility that spans normal, malignant, 154 

and degenerative brain functions, and will open new avenues for the development of 155 

improved diagnostics and therapeutics to target specific astrocyte subpopulations. 156 

 157 

Materials and Methods  158 

Astrocyte subpopulation- and brain region-specific gene signatures 159 
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RNA-Seq datasets for five astrocyte subpopulations (A, B, C, D, E) from three brain 160 

regions (olfactory bulb, brain stem, and cortex) were downloaded from the data repository 161 

for a previous publication (GSE72826) (Lin et al., 2017). Data were obtained from both 162 

male and female mice. For each brain region, non-astrocyte samples (Aldh1l1-GFP- cells) 163 

were also downloaded. Briefly, reads were mapped to the mm10 mouse reference genome 164 

downloaded from GENCODE (https://www.gencodegenes.org/) using TopHat v2.1.0 165 

(Trapnell et al., 2009). Mapped reads were assembled using Cufflinks v2.2.1 (Trapnell et 166 

al., 2012) and Fragments per Kilobase of transcript per Million mapped reads (FPKM) 167 

values were obtained for both protein-coding and lncRNA genes using a published pipeline 168 

(Dong et al., 2015; Cuevas Diaz Duran et al., 2016; Wu, 2016; Duran et al., 2017). Our 169 

annotation file included 21,948 protein-coding genes (55,252 transcripts) and 29,232 170 

lncRNA genes (49,189 transcripts). Any value of FPKM < 0.1 was set to 0.1 to avoid ratio 171 

inflation (Quackenbush, 2002). Additionally, read counts for all annotated genes and 172 

transcripts were calculated using HTSeq-count (Anders et al., 2015). FPKM and 173 

normalized read count matrices are included in Extended Data Figure 2-1. 174 

To obtain regional subpopulation-enriched gene signatures (e.g., for cortex 175 

subpopulation A), we compared astrocyte subpopulations to non-astrocytes within each 176 

region in a pairwise mode. Comparisons were performed using DESeq2 (Love et al., 2014) 177 

with normalized counts. A binary results matrix was created with three rows (regions) and 178 

five columns (subpopulations). Each cell in the matrix represented a comparison of an 179 

astrocyte subpopulation from a specific region against the non-astrocyte sample in the same 180 

region. These were referred to as regional subpopulation-enriched gene signatures. Genes 181 

were considered significant if they were expressed (FPKM > 1) in at least one of the 182 

replicates with an expression fold-change > 2 and FDR < 0.1%. The log-transformed fold-183 
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changes and  q-values of differentially expressed protein-coding and lncRNA genes from 184 

different astrocyte subpopulations and regions were compared using a t-test (p-value < 185 

0.05). (The details of all statistical analyses are listed in Table 1).  186 

In order to identify region-specific gene signatures, we compared all astrocyte 187 

samples from one region to astrocyte samples from the remaining two regions, yielding a 188 

total of three comparisons. Comparisons were performed using DESeq2 (Love et al., 2014) 189 

with normalized counts. Additionally, astrocyte samples from the same region were 190 

compared to their corresponding non-astrocyte samples. A gene was differentially 191 

expressed (DE) with FPKM > 1 in at least one of the replicates in each comparison, with an 192 

expression fold-change > 4 at p-value < 0.05, and a fold-change against non-astrocyte 193 

samples > 2 at p-value < 0.05. 194 

Principal Components Analysis (PCA) 195 

Principal Components Analysis (PCA) is an unsupervised, exploratory, and multivariate 196 

statistical technique used to reduce the dimensionality of complex data sets while retaining 197 

most of the variation (Jolliffe, 2002). PCA identifies vectors, or principal components (PC), 198 

for which the variation in the data is maximal. Because each PC is a linear combination of 199 

the original variables, it is possible to identify a biological interpretation of each component 200 

that explains the differences between the samples. When using PCA in genome-wide 201 

expression studies, the data set generally consists of a gene expression matrix with genes as 202 

rows and samples as columns.  203 

PCA was implemented by first generating a gene expression matrix of log2-204 

transformed FPKM values of DE genes for all the samples and their replicates, with regions 205 

as rows and samples as columns, to yield a 4092 x 36 matrix. The “prcomp” R function (R 206 

Core Team, 2015), which computes the singular value decomposition of the gene 207 



 

 9 

expression matrix, was then implemented. Samples were considered as variables and PCs 208 

that captured most of the variability in the samples were obtained. 209 

To gain insight into the biological significance of the identified PCs and their 210 

underlying regulatory factors, Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 211 

2005) was performed. DE genes were ranked by the scores assigned according to each PC. 212 

Using the MsigDB gene set database (Liberzon et al., 2011), the top enriched gene sets with 213 

FDR < 0.01 and absolute normalized enrichment score (NES) > 2 were deemed significant. 214 

Collection of astrocyte gene signatures 215 

In addition to the 15 astrocyte regional subpopulations (five subpopulations in three brain 216 

regions) previously described, we collected 25 gene expression data sets for other astrocyte 217 

subpopulations from diverse studies in which astrocytes were purified using single-cell 218 

microfluidics (Zeisel et al., 2015; Gokce et al., 2016; Wu et al., 2017), FACS-sorting 219 

(Rusnakova et al., 2013; Noristani et al., 2016), or laser microdissection (Hara et al., 2017). 220 

These diverse astrocyte subpopulations consisted of purified cells from brain (amygdala, 221 

striatum, hippocampus, and cortex), different developmental stages, and from spinal cord 222 

injury models. We used astrocyte gene signatures including both protein-coding and 223 

lncRNA genes except those gene signatures obtained from literature where lncRNA 224 

information was not reported. A brief description of each of these gene profiles is included 225 

in Extended Data Figure 3-1. To determine the similarities between astrocyte gene 226 

signatures, we calculated the Jaccard index. Indexes higher than 0.7 were considered 227 

significant. 228 

Gene set variation analysis (GSVA) 229 

Glioma RNA-Seq data (counts) were downloaded from the Recount2 database (Frazee et 230 

al., 2011). Clinical data from TCGA GBM dataset was collected from the Broad Institute 231 
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GDAC Firehose website (version 2016_01_28) and from the GlioVis website (Bowman et 232 

al., 2017). For TCGA LGG dataset, the genomic data from the supplementary materials of 233 

the PanGlioma TCGA paper were collected (Ceccarelli et al., 2016). Our analysis included 234 

sample features comprising gene expression, histology, subtype, somatic mutations, copy-235 

number variations, 1p/19q codeletions (defined below), and other clinical features.  236 

To compare astrocyte subpopulations and glioma samples, we adopted the GSVA approach 237 

(Hänzelmann et al., 2013). GSVA is an unsupervised, non-parametric method used to 238 

evaluate the degree to which genes in a gene signature are coordinately up- or 239 

downregulated within a particular biological sample. The GSVA R package was used to 240 

calculate an enrichment score for each astrocyte gene signature across individual glioma 241 

samples and frequently encountered somatic mutations to determine whether an astrocyte 242 

subpopulation is associated with those glioma subtypes or genomic variations. The 243 

genomic features used for GBM samples included transcriptional subtype; mutations in 244 

genes encoding TP53, EGFR, PTEN, NF1, PIK3R1, RB1, ATRX, IDH1, APOB, or 245 

PDGFRA; amplifications of genes encoding EGFR, PDGFRA, or CDK4; and deletions of 246 

genes encoding MTAP, PTEN, QKI, or RB1. Similarly, for LGG, the genomic features 247 

queried included tumor grade, histological subtype, mutation in the IDH gene, codeletion of 248 

1p/19q loci, mutations in genes encoding TP53, EGFR, PTEN, ATRX, IDH1, IDH2, CIC, 249 

NOTCH1, FUBP1, PIK3CA, NF1, PIK3R1, SMARCA4, ARID1A, TCF12, ZBTB20, 250 

PTPN11, PLCG1, or ZCCHC12; deletions of genes encoding PTEN, NF1, CDKN2C, and 251 

CDKN2A; and amplifications of genes encoding PIK3CA, PIK3C2B, PDGFRA, MDM4, 252 

MDM2, EGFR, or CDK4.  253 

To evaluate whether the differences among groups of samples with different 254 

genomic features (such as subtype, mutations, and copy-number variations) could be 255 
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explained using GSVA enrichment scores, ANOVA and Wilcoxon Rank-Sum tests were 256 

conducted. Each genomic feature was correlated to all of the gene signatures by comparing 257 

enrichment scores between groups of samples formed according to the different levels of 258 

the genomic feature. A correlation matrix of transformed p-values was obtained for GBM 259 

and LGG samples. Correlations were deemed significant with a p-value < 0.05 (FDR < 0.25 260 

using the Benjamini & Hochberg adjustment for multiple comparisons). GSVA enrichment 261 

score matrices and correlation matrices of transformed p-values are included in Extended 262 

Data Figure 3-6. 263 

Survival analysis 264 

Correlations between astrocyte gene signatures and patient survival were calculated to 265 

conduct Kaplan-Meier survival analyses. Clinical data was parsed to obtain patients’ age, 266 

vital status (Dead/Alive), and months to death or months from most recent follow-up 267 

depending on the patients’ vital status. Patient samples were filtered to use only those with 268 

tumor purity greater than 70%. Classical GBM samples with EGFR amplification and LGG 269 

samples with astrocytoma histology were used for survival analyses. For each astrocyte 270 

gene signature, samples were categorized into two groups: (1) High (enrichment scores > 0) 271 

and (2) Low (enrichment scores < 0). Kaplan-Meier survival plots were generated for each 272 

astrocyte gene signature using the “survival” (Therneau, 2015) and “survminer” 273 

(Kassambara A, Kosinski M, 2017) R libraries. The survival curves of samples with High 274 

and Low enrichment scores were compared using log-rank tests. In order to determine the 275 

combined survival effect of score enrichment and age, we applied multivariate Kaplan-276 

Meier survival analysis. For example, to estimate the combined effect of an astrocyte gene 277 

signature and age, the samples were first divided according to whether they had High or 278 

Low enrichment scores. Then within each group, samples were further stratified according 279 
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to the age at which the tumor was diagnosed. Samples were grouped by age as either 280 

younger or older than 60 years (for GBM samples), or as 45 years (for LGG samples). Age 281 

thresholds were obtained by creating a histogram of the “age at diagnosis” and selecting the 282 

age at which the distribution is divided into two balanced sub-distributions representing the 283 

younger and the older groups. The p-value obtained from the log-rank test was used to 284 

indicate the statistical significance of correlations in survival between groups. Furthermore, 285 

to determine the association of IDH mutations with the survival of samples correlated with 286 

astrocyte gene signatures we constructed contingency tables and performed Fisher’s tests. 287 

Associations with p-values < 0.05 were considered significant. 288 

Gene set enrichment analysis 289 

A comprehensive collection of gene sets was downloaded from the Molecular Signatures 290 

Database (MsigDB) (Liberzon et al., 2011). Additional gene sets were obtained from 291 

neurodegenerative disease studies in which gene expression was assessed (Extended Data 292 

Figure 2-4). A hypergeometric statistical test (phyper R function) was used to determine 293 

gene set enrichment using the DE gene list for each astrocyte subpopulation, region, and 294 

regional subpopulation. Gene sets were considered enriched with FDR < 0.05 and gene 295 

number > 5. 296 

Immunofluorescence 297 

Brain tissues from 5xFAD (Polito et al., 2014) and NLGF mice (Saito et al., 2014) (gifts 298 

from Dr. Zheng Hui, Huffington Center on Aging, Baylor College of Medicine) were fixed 299 

in 4% paraformaldehyde and sectioned at 20-μm thickness. The brain tissues were 300 

permeabilized with 0.3% Triton™ X-100 (Thermo Fisher) in PBS and blocked with 2.5% 301 

horse serum (Vector) for 1 h at room temperature. The sections were then incubated in PBS 302 

with 0.1% Triton X-100 containing chicken anti-GFAP (1:500; Abcam) combined with 303 
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either rabbit anti-Adcy7 (1:100; Bioss), mouse anti-Serping1 (1:50; Santa Cruz), or rabbit 304 

anti-Emp1 (1:50; Abcam) overnight at 4 °C. After incubation with secondary antibodies 305 

conjugated with Alexa Fluor 488 and Alexa Fluor 568 or Alexa Fluor 647 (1:500; 306 

Invitrogen) for 1 h at room temperature, the tissues were counterstained with DAPI (Sigma) 307 

solution and mounted with mounting media (Vector).  308 

Statistical analysis of immunostained images 309 

Images of cortices were collected from at least three different tissues for each group, and 310 

fluorescence intensity was measured using ImageJ software (NIH). Cells with positive 311 

immunosignals over GFAP+ cells were counted in each image, which included 312 

approximately 50 GFAP+ cells, sufficient for performing calculations. All of these data 313 

were presented as mean ±SE and were analyzed to determine statistically significant 314 

differences at p-value < 0.05 using the two-tailed unpaired Student’s t test. 315 

Table 1. List of figures for each experiment indicating data structure, statistical tests 316 

applied, and significance levels. 317 

Figure Data structure Type of test Power Notes 

Figure 

1C, 1D, 

1E 

Gene Set Enrichment 

Analysis (GSEA) 

Kolmogorov-

Smirnov 

FDR < 0.01 

 

|NES| > 2 

Figure 

2A, 2B 

Differential 

expression analysis 

DESeq2 

generalized 

linear model 

(GLM) 

FDR < 0.1 FPKM > 1, 

normalized count 

fold-change > 2 
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Figure 

2C 

Gene set enrichment Hypergeometric FDR < 0.05 Gene number > 5 

Figure 

2D 

Differential 

expression analysis 

DESeq2 

generalized 

linear model 

(GLM) 

p-value < 0.05 FPKM > 1, 

normalized 

counts, fold-

change > 4 

(compared to 

astrocyte 

subpopulations 

from other 

regions), 

Fold-change > 2 

(compared to 

non-astrocyte 

sample). 

Extended 

Data 

Figure 2-

2 

Normal distribution Unpaired 

Student’s t-test 

p-value < 0.05  

Figure 

3C, 4B 

Correlations ANOVA, 

Wilcoxon Rank-

Sum tests 

p-value < 0.05 

(FDR < 0.25)  

 

Figure 5 Kaplan-Meier Log-rank test p-value < 0.05  
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survival plots Fisher’s test 

 

Figure 

6A-C, 

Extended 

Data 

Figure 6-

2B-D 

Immunostained 

images 

two-tailed 

unpaired 

Student’s t test 

p-value < 0.05, 

p-value < 0.01, 

p-value < 0.001 

 

 318 

Results 319 

Transcription profiles of Aldh1l1-GFP+ astrocyte subpopulations demonstrate local 320 

and regional heterogeneity 321 

To determine whether identified astrocyte subpopulations demonstrate additional 322 

heterogeneity across brain regions, we leveraged existing data sets (Lin, et al, 2017) and 323 

adopted a pairwise comparison strategy using normalized counts. Previously, five different 324 

Aldh1l1-GFP + astrocyte subpopulations were isolated from three brain regions (olfactory 325 

bulb, cortex, and brain stem). In that study, transcripts from astrocyte subpopulations and 326 

from the Aldh1l1-GFP- reference population were sequenced and subpopulation-specific 327 

gene signatures were obtained (Lin et al., 2017). To include lncRNAs in the gene 328 

signatures, we re-mapped the purified astrocyte subpopulations from different brain regions 329 

and their corresponding non-astrocyte samples to the mm10 mouse reference genome using 330 

a published pipeline (Duran et al., 2017). For gene quantification we used a comprehensive 331 

protein-coding and lncRNA annotation file including 21,948 protein-coding genes (55,252 332 

transcripts) and 29,232 lncRNA genes (49,189 transcripts).  333 
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We implemented Principal Components Analysis (PCA) using a gene expression 334 

matrix consisting of differentially expressed (DE) genes between regions as rows and 335 

samples with replicates as columns, yielding a 4092 x 36 matrix. We hypothesized that 336 

each principal component (PC) is associated with an underlying factor regulating gene 337 

expression and that such factors might explain the variability between subpopulations and 338 

regions. PCA analysis resulted in 36 uncorrelated and orthogonal PCs that account for the 339 

variability in the gene expression matrix. The first four components explain 82.3% of the 340 

variability of these samples. To gain biological insights for the selected PCs, we plotted the 341 

samples in their transformed component space. Figure 1A depicts the plotted samples in the 342 

2D-space formed by PC1 and PC2. PC1 explains 68.98% of the variability and clusters the 343 

samples into two main groups: Non-astrocyte (shapes without filling) and Astrocyte (color-344 

filled shapes) subpopulations. The majority of samples clustered well; only a few outliers 345 

appeared in the non-astrocyte sample space. Similarly, the combined effect of PC1 and PC2 346 

is helpful for discriminating among subpopulations, as shown by the elliptical subspaces 347 

(Figure 1A) that enclose shapes mostly of the same color. In order to cluster samples by 348 

region, we plotted PC3 and PC4, as shown in Figure 1B. The elliptical subspaces in the 349 

figure demonstrate the separation of samples into the olfactory bulb, cortex, and brain stem 350 

regions. 351 

To validate the grouping of samples accomplished with PCA, we performed GSEA 352 

using differentially expressed (DE) genes ranked by the scores assigned in each PC. For 353 

PC1, the top enriched gene sets were GO_MYELIN_SHEATH and 354 

LEIN_ASTROCYTE_MARKERS (Figure 1C). The top-enriched gene sets for PC2 are 355 

GO_SYNAPTIC_SIGNALING and VERHAAK_GLIOBLASTOMA_MESENCHYMAL 356 

(Figure 1D). The top-enriched gene sets for PC3 are 357 
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GO_MICROTUBULE_ASSOCIATED_COMPLEX and 358 

OXIDATIVE_PHOSPHORYLATION (Figure 1E). Astrocyte subpopulation B (combined 359 

from all three brain regions) is mostly correlated with the mesenchymal glioblastoma gene 360 

signature, as the enriched genes in this gene set (e.g., Scpep1, Rac2, Blcrb, Mrc2, Cd14, 361 

and C5ar, among others) are upregulated in this subpopulation. 362 

Differentially expressed protein-coding genes and lncRNAs depict regional 363 

subpopulation-specific gene signatures and gene sets 364 

To obtain regional subpopulation enriched genes, we implemented a pairwise comparison 365 

strategy using normalized counts. For each brain region, we compared the diverse astrocyte 366 

subpopulations against their corresponding non-astrocyte samples. Genes with FPKM > 1, 367 

fold-change > 2, and FDR < 10% were considered to be differentially expressed (DE). The 368 

number of unique DE genes per subpopulation and brain region are listed in Table 2. 369 

Significant numbers of DE lncRNAs contribute to the regional subpopulation gene 370 

signatures. Figure 2A shows a heatmap of the log2-transformed FPKM values of cortex 371 

subpopulation B-enriched genes (protein-coding and lncRNAs) compared to other 372 

subpopulations. The heatmap in Figure 2B illustrates the log2-transformed FPKM values of 373 

the 317 regional subpopulation upregulated lncRNA genes. After using a statistical test 374 

(unpaired two-tailed t-test with p-value < 0.05), we observed that the fold-changes of DE 375 

lncRNAs from cortex subpopulations B-E, and olfactory bulb subpopulations A, B, C, and 376 

E had higher fold-change than their corresponding DE protein-coding genes. Extended Data 377 

Figure 2-2 shows the comparison between fold-changes and q-values of DE protein-coding 378 

and lncRNA genes from different astrocyte subpopulations and regions. 379 

Table 2. Regional subpopulation-specific DE protein-coding and lncRNA genes. 380 
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Subpopulation Type 

Brain Region 

Olfactory 

Bulb 
Cortex 

Brain 

Stem 

PopA 

Protein-

coding 

UP 86 5 29 

DOWN 51 0 6 

lncRNA 
UP 12 1 6 

DOWN 5 0 1 

PopB 

Protein-

coding 

UP 294 690 55 

DOWN 207 324 4 

lncRNA 
UP 42 138 19 

DOWN 18 23 0 

PopC 

Protein-

coding 

UP 268 271 197 

DOWN 75 94 21 

lncRNA 
UP 20 15 6 

DOWN 10 11 15 

PopD 

Protein-

coding 

UP 28 5 101 

DOWN 16 1 18 

lncRNA 
UP 16 4 20 

DOWN 1 1 6 

PopE 

Protein-

coding 

UP 68 43 0 

DOWN 289 18 0 

lncRNA 
UP 35 13 0 

DOWN 27 2 0 

 381 

A set of gene signature DE genes with highest expression in cortex subpopulation B 382 

compared to cortex non-astrocytes include, for example, MER Proto-Oncogene Tyrosine 383 

Kinase (Mertk), Ras Homolog Family Member B (Rhob), and Signal Regulatory Protein 384 
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Alpha (Sirpa). (see discussion). Similarly, a set of DE lncRNAs in cortex subpopulation B 385 

with the highest expression compared to non-astrocyte samples include, for example, 386 

Gm37524,Gm3764, and Junos. We used DE genes to find the enrichment of gene sets. The 387 

top five significantly enriched gene sets found in cortex subpopulation B are listed in 388 

Figure 2C (upper panel) and they include “BLALOCK_ALZHEIMERS_DISEASE_UP”, 389 

“GO_CELLULAR RESPONSE_TO_CYTOKINE_STIMULUS”, 390 

“GO_CELLULAR_REPONSE_TO_STRESS”, “GO_WOUND_HEALING”, and 391 

“GO_BIOLOGICAL_ADHESION”.  392 

A set of gene signature DE protein-coding genes with highest expression in cortex 393 

subpopulation C include, for example,  Glial High Affinity Glutamate Transporter (Slc2a1), 394 

Carboxypeptidase E (Cpe), and Transmembrane Protein 47 (Tmem47). DE lncRNAs 395 

enriched in cortex subpopulation C include Gm13872, Gm26672, and Gm37885. The top-396 

enriched gene sets with DE genes found in cortex subpopulation C are shown in Figure 2C 397 

(lower panel). Enriched gene sets include 398 

“GO_GENERATION_OR_PRECURSOR_METABOLITES_AND_ENERGY”, 399 

“GO_MITOCHONDRIAL_ATP_SYNTHESIS_COUPLED_PROTON_TRANSPORT”, 400 

“KEGG_PARKINSONS_DISEASE”, and “KEGG_HUNTINGTONS_DISEASE”. 401 

Extended Data Figure 2-3 depicts examples of the top-enriched gene sets specific to each 402 

regional astrocyte subpopulation. The complete list of gene sets and their enrichment scores 403 

can be found in Extended Data Figure 2-4.  404 

To evaluate regional differences in the various astrocyte subpopulations, we 405 

compared all astrocyte subpopulations from one particular region against astrocyte samples 406 

from the remaining regions (FPKM > 1, fold-change > 4, p-value < 0.05). To eliminate the 407 

effect of genes also expressed in non-astrocyte subpopulations, we compared the region-408 
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specific astrocyte subpopulations against their corresponding non-astrocyte samples 409 

(FPKM > 1, fold-change > 2, p-value < 0.05). The differential expression of a gene was 410 

considered significant if it met the criteria for both comparisons (region-specific and 411 

astrocyte-specific). Table 3 shows the number of DE protein-coding and lncRNAs 412 

identified from each brain region. Figure 2D depicts the log2-transformed FPKM values of 413 

DE genes from all brain regions. Insulin-like Growth Factor 1 (Igf1), Flavin-containing 414 

Monooxygenase 1 (Fmo1), and Brain-specific Angiogenesis Inhibitor 1 (Bai1 or Adgrb1). 415 

are among the top DE protein-coding genes with highest expression in olfactory bulb 416 

astrocyte subpopulations. Membrane Frizzled-related Protein (Mfrp), Integrin Subunit 417 

Alpha 9 (Itga9), and Transmembrane Protein 218 (Tmem218) are within the top DE 418 

protein-coding genes in brain stem astrocyte subpopulations. Similarly, Scavenger Receptor 419 

Class A Member 3 (Scara3), Leucine Rich Repeat Containing 10B (Lrrc10b), and Cristallin 420 

Mu (Crym) are included in the top DE protein-coding genes obtained from astrocyte 421 

subpopulations of the cortex.  422 

Table 3. Number of region-specific DE protein-coding and lncRNA genes. 423 

Brain Region 

Unique DE genes 
Total DE 

genes 
Protein-coding lncRNA 

UP DOWN UP DOWN 

Olfactory Bulb (ob) 35 13 15 1 64 

Cortex (ctx) 6 7 3 0 16 

Brain Stem (bs) 21 8 5 3 37 

 424 

Upregulated astrocyte gene signatures of several subpopulations and regions correlate 425 

with glioblastoma samples 426 
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To be comprehensive in studying astrocyte heterogeneity, in addition to the five astrocyte 427 

subpopulations from three brain regions described, we also collected gene expression data 428 

sets for other astrocyte subpopulations from diverse studies in which astrocytes were 429 

purified through using single-cell microfluidics (Zeisel et al., 2015; Gokce et al., 2016; Wu 430 

et al., 2017), FACS-sorting (Rusnakova et al., 2013; Noristani et al., 2016), or laser 431 

microdissection (Hara et al., 2017).  The gene signatures collected were derived from 432 

diverse subpopulations of purified astrocytes from brain (amygdala, striatum, hippocampus, 433 

and cortex), different developmental stages, and from spinal cord injury (SCI) models. 434 

Only protein-coding genes were provided in these datasets. These astrocyte subpopulation 435 

gene signatures were combined with the regional astrocyte subpopulation specific 436 

signatures described previously, yielding a total of 42 gene signatures (Extended Data 437 

Figure 3-1) of which 17 included both protein-coding and lncRNA genes. In each gene 438 

signature profile, genes are significantly upregulated relative to the non-astrocyte sample, 439 

the remaining astrocyte subpopulations, or both. To determine the similarity among gene 440 

signatures, the Jaccard indexes were calculated and a heatmap was built (Extended Data 441 

Figure 3-2). The Jaccard index indicates the percent of similarity due to the overlap of 442 

genes in gene signatures. The highest similarity index between the gene signatures obtained 443 

from literature and our 15 astrocyte gene signatures was 7% (olfactory bulb subpopulation 444 

C and HIPPOCAMPUS_TOP240), indicating that they are quite different. The inclusion of 445 

other  datasets from the literature provided additional information. As observed in the 446 

aforementioned heatmap, similarity indexes between the majority of the gene signatures are 447 

low. Interestingly, the similarity index between cortex injury and cortex development gene 448 

signatures was the highest (Jaccard index = 0.87).  449 
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We adopted the Gene Set Variation Analysis (GSVA) approach (Hänzelmann et al., 450 

2013) to determine the degree of similarity between astrocyte subpopulations and glioma 451 

samples. GSVA is an unsupervised non-parametric method for evaluating the degree to 452 

which genes in a gene signature are coordinately up- or downregulated within a certain 453 

biological sample. We used GSVA with the 42 astrocyte subpopulation gene signatures as 454 

gene sets and obtained enrichment score matrices for glioblastoma and lower-grade glioma 455 

from TCGA. The enrichment score of a gene signature may be positive or negative and it 456 

provides evidence of the coordinated up or downregulation of the members of that gene 457 

signature in a particular sample. Enrichment scores are obtained without prior knowledge 458 

of the sample phenotype. In our analysis, a positive enrichment score indicates a correlation 459 

between a glioma sample and the specific astrocyte subpopulation from which the gene 460 

signature was derived.  461 

The heatmap in Figure 3A shows the resulting enrichment scores of the GSVA 462 

between 103 TCGA GBM samples with a tumor purity greater than 70% and 21 463 

representative astrocyte gene signatures due to limited space. The enrichment score 464 

heatmap of TCGA GBM samples with all 42 astrocyte gene signatures is included in 465 

Extended Data Figure 3-3. The 103 TCGA GBM samples represented 47, 22, and 34 cases 466 

of classical, mesenchymal, and proneural transcriptional subtypes, respectively, as 467 

previously defined (Wang et al., 2018). Nearly 77% (36 out of 47) of the glioblastoma 468 

samples within the classical subtype exhibited EGFR gene amplification. The top five 469 

positively enriched gene signatures with the highest number of classical subtype samples 470 

carrying an EGFR amplification were amygdala_top50, striatum_top50, 471 

hippocampus_top240, PopC_olfactory_bulb, and PopA_brain stem. For each gene 472 

signature, the number of samples with positive scores are shown in Figure 3B. For viewing 473 
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clarity, Figures 3B and 3C display results using 21 representative astrocyte gene signatures. 474 

Please refer to Extended Data Figure 3-4 for displays using all astrocyte gene signatures. 475 

To evaluate whether the differences among groups of samples with different 476 

genomic features (such as subtype, mutations, and copy-number variations) could be 477 

explained with GSVA enrichment scores, ANOVA and Wilcoxon Rank-Sum tests were 478 

performed. Each genomic feature was correlated to all gene signatures by comparing 479 

enrichment scores between samples grouped according to the different levels of the 480 

genomic features. The correlation matrix of genomic features and 21 representative 481 

signature scores is depicted in Figure 3C. Correlations were deemed significant with a p-482 

value < 0.05. Significant positive correlations with the Classical GBM subtype samples 483 

were found in 11 out of 42 astrocyte gene signatures including brain stem subpopulation A, 484 

olfactory bulb (subpopulations A, C, and D), amygdala, striatum, and hippocampus. 485 

Classical GBM subtype had the highest number of positively correlated astrocyte gene 486 

signatures, consistent with a previous report (Verhaak et al., 2010). Mesenchymal and 487 

Proneural GBM subtypes had either negative or no significant correlations. No significant 488 

positive correlations were found for GBM samples with TP53 mutations. 489 

A large proportion of astrocyte gene signatures were significantly positively 490 

correlated with samples carrying amplifications of the gene encoding EGFR (62% 26 out of 491 

42) and deletions of the genes encoding CDKN2A and MTAP (50% and 45%). Gene 492 

signatures of subpopulations A, B, and C, brain stem (subpopulations A, C), olfactory bulb 493 

(subpopulations A, B, C, E), cortex (subpopulations B, C), amygdala, striatum, 494 

hippocampus, reactive astrocytes (RA), and scar-forming astrocytes (SA) in SCI had 495 

significant positive correlations with GBM samples with a combined set of genomic 496 

features that included amplification of the EGFR gene and deletions of the CDKN2A and 497 
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MTAP genes. Boxplots depicting the correlation of regional astrocyte subpopulation gene 498 

signatures with GBM samples with EGFR amplification is included in Extended Data 499 

Figure 3-5. Gene signatures of subpopulations A and C from brain stem and olfactory bulb, 500 

and from cortex subpopulation B, were positively correlated with EGFR amplifications 501 

with p-value < 0.001.  502 

Upregulated astrocyte gene signatures in several subpopulations and regions correlate 503 

with LGG samples 504 

A total of 160 LGG samples (tumor purity > 70%) from TCGA were used for analysis of 505 

correlation with astrocyte gene signatures. The histological classifications of the LGG 506 

samples used included 44 astrocytomas, 45 oligoastrocytomas, and 70 oligodendrogliomas. 507 

Figure 4A shows the enrichment scores obtained using GSVA. The upper section of the 508 

heatmap shows the classification of different co-ocurring genomic alterations previously 509 

shown to be related to glioma histology (Cancer Genome Atlas Research Network et al., 510 

2015). Two groups are formed corresponding mostly of oligodendroglioma (right side) and 511 

a mixture enriched in astrocytoma and oligoastrocytoma histologies (left side). As 512 

previously demonstrated (Cancer Genome Atlas Research Network et al., 2015), the 513 

mixture of astrocytoma and oligoastrocytoma samples is characterized modestly by 514 

mutations of IDH without codeletions of 1p/19q loci, TP53 mutations, and  ATRX 515 

mutations. The oligodendroglioma group is enriched in samples carrying mutations of IDH 516 

gene combined with codeletions of 1p/19q loci, and mutations in the TERT promoter. A 517 

cluster of positive high enrichment scores between LGG samples and astrocyte gene 518 

signatures is observed on the left side of the heatmap corresponding mostly to the mixture 519 

of astrocytoma and oligoastrocytoma histologies. Brain stem subpopulation A, olfactory 520 

bulb subpopulation D, and RA SCI astrocyte gene signatures were significantly correlated 521 
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with astrocytoma LGG samples. Amygdala (AS1-AS3) and cortex development gene 522 

signatures were correlated with oligoastrocytoma histology. Subpopulations D and E, 523 

cortex subpopulation A, brain stem subpopulation D, cortex injury (B2), and cortex 524 

development gene signatures were correlated with oligodendroglioma. The heatmap in 525 

Figure 4B shows the correlation matrix between 21 astrocyte gene signatures and LGG 526 

samples with diverse genomic features due to limited space. Extended Data Figure 4-1 527 

includes a heatmap representing the correlation between  LGG samples and all 42 astrocyte 528 

gene signatures. Approximately 14% and 7% of the 42 astrocyte gene signatures were 529 

positively correlated with grade 2 and grade 3 LGG samples, respectively. 530 

Mutation in the gene encoding IDH1 or IDH2 and complete deletion of both the 531 

short arm of chromosome 1 and the long arm of chromosome 19 (1p/19q codeletion) are 532 

markers frequently used in clinical practice for classification of LGG samples. Both are 533 

indicators of favorable prognosis. We used IDH status as a genomic feature with the 534 

following categories: wild-type IDH, mutant IDH with codeletion of 1p/19q, and mutant 535 

IDH with no codeletion of 1p/19q. Approximately 45% and 40% of the gene signatures 536 

were positively correlated with wild-type IDH samples and mutant IDH samples with no 537 

1p/19q codeletion, respectively. Subpopulation B, brain stem (subpopulations A, B), 538 

olfactory bulb (subpopulations A, B, D, E), cortex (subpopulations B, E), hemisection, 539 

transection, hippocampus (ASTRO1), and RA SCI astrocyte gene signatures correlated 540 

significantly with both wild-type IDH and mutant IDH samples with no1p/19q codeletion. 541 

Figure 4C shows a heatmap displaying the proportion of samples featuring each IDH status 542 

variant with positive enrichment scores for 21 representative astrocyte gene signatures 543 

(Extended Data Figure 4-1 displays all 42 astrocyte gene signatures). Extended Data Figure 544 

4-2:A-C shows the enrichment score matrices obtained with each IDH status variant. For 545 
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wild-type IDH, olfactory bulb (subpopulations A, B, D, and E), cortex (subpopulations B 546 

and D), and brain stem subpopulation A gene signatures have positive enrichment scores 547 

with the highest proportion of samples. Mutant IDH samples without the 1p/19q codeletion 548 

had high enrichment scores with amygdala gene signatures (AS1-AS3). Mutant IDH 549 

samples carrying the 1p/19q codeletion had high enrichment scores with subpopulations D 550 

and E, cortex subpopulation A, cortex injury (B2), cortex development (A1, A2), and SA 551 

SCI gene signatures. Table 4 shows the distribution of histology class and IDH status of the 552 

160 LGG samples used in our analysis. The wild-type IDH and mutant IDH without 1p/19q 553 

codeletion groups consisted mostly of astrocytomas (44% and 45%), whereas mutant IDH 554 

samples with the 1p/19q codeletion were mostly oligodendrogliomas (80%). Extended Data 555 

Figure 4-3A shows the enrichment scores for LGG samples with an astrocytic histology 556 

and wild-type IDH or mutant IDH with no 1p/19q codeletion. Brain stem subpopulation A 557 

and olfactory bulb subpopulations D and E are among the top five gene sets with positive 558 

enrichment scores that have the highest number of samples with the aforementioned 559 

features. 560 

 561 

Table 4. Histological classification of LGG samples with tumor purity greater than 70% used in this 562 

study in each IDH status group. 563 

 

Histological class 

IDH wild-type 

(27 samples) 

Mutant IDH +  

no 1p/19q 

codeletion 

(71 samples) 

Mutant IDH + 

1p/19q 

codeletion 

(61 samples) 

Astrocytoma 12 32 0 

Oligoastrocytoma 8 25 12 
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Oligodendroglioma 7 13 49 

 564 

Mutations in the promoter of the gene encoding TERT were positively correlated 565 

with astrocyte gene signatures (cortex development, cortex injury, SA SCI) in 12% of the 566 

LGG samples. Positive correlations were found in 36% of the gene signatures for LGG 567 

samples carrying mutations in the CIC gene. Astrocyte subpopulation gene signatures 568 

(PopD, PopE, Cortex, and PopA cortex) clustered a subset of LGG samples into 569 

oligodendrogliomas with IDH mutation and 1p/19q codeletion, TERT promoter mutations, 570 

and CIC gene mutations. The heatmap in Extended Data Figure 4-3B contains the 571 

enrichment scores of samples with an oligodendroglioma histology, mutant TERT 572 

promoter, mutant CIC gene, and mutant IDH gene combined with the 1p/19q codeletion.  573 

Kaplan-Meier survival plots are commonly used to assess treatment efficacy in 574 

clinical trials. In order to determine whether astrocyte gene signatures are correlated with 575 

the survival of glioma patients, we performed survival analysis using the survival R library 576 

(Therneau, 2015). Kaplan-Meier estimates of overall survival among patients who had 577 

LGG samples with an astrocytoma histology were obtained for each gene signature. We 578 

grouped samples into negative (Low) and positive (High) enrichment scores, with and 579 

without age as a factor, as described in Materials and Methods. Figure 5A-E depicts 580 

significant (p-value < 0.05) survival plots with distinct astrocyte gene signatures. Better 581 

prognosis (without an age effect) was observed for patients with astrocytoma LGG samples 582 

correlated with brain stem subpopulation A (Figure 5A) and subpopulation D (Figure 5C) 583 

gene signatures. Age had a greater effect than enrichment score on the probability of 584 

survival for patients with astrocytoma LGG samples correlated with cortex subpopulation 585 

A (Figure 5B), cortex subpopulation D (Figure 5D), or olfactory bulb subpopulation D 586 
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(Figure 5E). Astrocytoma LGG patients older than 45 years with profiles positively 587 

associated with subpopulation D in cortex (Figure 5D) and olfactory bulb (Figure 5E) had 588 

worse prognoses, as did LGG patients older than 45 years with Low enrichment scores for 589 

profiles associated with cortex subpopulation A (Figure 5B).  590 

 To test whether the observed differences in survival (Figure 5) can be explained by 591 

specific genetic mutations associated with subtypes of LGG tumors, we performed statistical 592 

analysis. We used IDH mutation, a common previously known mutation of glioma samples. 593 

We obtained 2x2 contingency tables with the number of LGG samples classified as “High” 594 

and “Low” (correlation with gene signatures) and as “IDHwt” or “Mutated_IDH”. Then we 595 

used Fisher’s test to determine whether the proportion of samples classified as “High” or 596 

“Low” was different depending on the number of samples with and without IDH mutations. 597 

We found that for some gene signatures (brainstem subpopulation A, cortex subpopulation A, 598 

and cortex subpopulation D) the p-value of Fisher’s test was not significant (p-values= 599 

0.4606, 0.09365 and 0.08331 respectively), therefore there is no statistical evidence to 600 

demonstrate that there are differences in the enrichment scores between IDHwt and mutated 601 

IDH. However, for subpopulation D and olfactory bulb subpopulation D, the p-value was 602 

0.04211 and 0.001592 respectively, thus, the correlation between survival and enrichment 603 

scores among these samples could possibly be affected by mutations of IDH.  604 

Astrocyte subpopulation gene signatures correlate with neurodegenerative disease 605 

gene sets 606 

In addition to correlating the signatures of astrocyte subpopulations with glioma samples, 607 

we also investigated their correlation with neurodegenerative diseases. We collected gene 608 

sets derived from neurodegenerative disease studies (Extended Data Figure 2-4) from the 609 

literature and combined them with related gene sets from the MsigDB database (Liberzon 610 
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et al., 2011). Using a hypergeometric test, the DE genes from each regional astrocyte 611 

subpopulation were analyzed to identify the enrichment of gene sets related to 612 

neurodegenerative diseases including AD, HD, and PD. Several neurodegenerative disease 613 

gene sets were found to be enriched using regional subpopulation gene signatures at FDR < 614 

0.05. As an example, “BLALOCK ALZHEIMERS DISEASE UP” was significantly 615 

enriched with 97 upregulated genes from the cortex subpopulation B gene signature. 616 

Extended Data Figure 6-1A shows a violin plot representing the normalized counts of the 617 

97 upregulated genes from the cortex subpopulation B gene signature. The gene expression 618 

of these 97 genes is also high in the subpopulation B profiles of brain stem and olfactory 619 

bulb, due to their inherent similarity. The “LABADORF_HUNTINGTONS_UP” gene set 620 

was significantly enriched with 89 DE genes from the cortex subpopulation B gene 621 

signature (Extended Data Figure 6-1B). DE genes from cortex subpopulation C were 622 

enriched for “KEGG HUNTINGTONS DISEASE” and “KEGG PARKINSONS 623 

DISEASE” gene sets, with 13 and 11 genes respectively (Extended Data Figure 6-1C). The 624 

complete list of significantly enriched neurodegenerative disease gene sets can be found in 625 

Extended Data Figure 6-3. 626 

The expression of astrocyte genes enriched in the Alzheimer’s disease gene set was 627 

validated using immunostaining in mouse disease models 628 

Significant enrichment of the AD gene set was found in DE genes from cortex astrocyte 629 

subpopulation B. For validation, we selected three genes with gene expression fold-change 630 

> 4 compared to the corresponding non-astrocyte samples. We used two mouse models of 631 

AD: 5xFamilial Alzheimer’s disease (5xFAD) (Polito et al., 2014) and APPNLGF (NLGF) 632 

(Saito et al., 2014). AD pathology was confirmed in the cortex as an increase in GFAP+ 633 

astrocytes as well as detectable hypertrophy, as shown in Extended Data Figure 6-2A. 634 
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Because subpopulation B astrocytes reside mainly in the inner cortex (Lin et al., 2017), 635 

tissue sections from these brain regions were analyzed. The protein expression of Adcy7, 636 

Serping1, and Emp1 genes was analyzed using immunofluorescence in inner cortex brain 637 

tissue sections. Expression of Adcy7 protein was identified in 60% of WT cortical 638 

astrocytes. In contrast, more than 80% of cortical astrocytes from 5xFAD mice models 639 

expressed Adcy7 protein with an average fold-change of 1.5 0.18 and a p-value < 0.05 640 

(Figure 6A). Protein expression of the Serping1 gene was found in approximately 50% 641 

cortical WT astrocytes and was upregulated in AD with a fold-change of 1.72 0.19 and p-642 

value < 0.05 (Figure 6B). Similarly, nearly 50% and 80% of cortical WT and AD 643 

astrocytes, respectively, expressed the Emp1 protein, which was upregulated 3.57 0.27 644 

times with a p-value < 0.001 (Figure 6C).  645 

Microarray studies have reported two types of reactive astrocytes, A1 and A2 646 

astrocytes, that are induced after neuroinflammation and ischemia, respectively (Zamanian 647 

et al., 2012; Liddelow et al., 2017). Each type of astrocyte has its own reactive profile with 648 

differences in transcriptome, morphology, and function. Since Serping1 protein is one of 649 

the known markers for A1 reactive astrocytes and Emp1 protein is one of the known 650 

markers for A2, we evaluated their combined expression in cortical astrocytes. Figure 6D 651 

shows the single and combined fluorescence images in both WT and 5xFAD cortical 652 

tissues. The immunostaining results from the NLGF AD mouse model are included in 653 

Extended Data Figure 6-2:B-E and were similar to results from the 5xFAD model. 654 

 655 

Discussion 656 
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Currently there is no effective treatment for glioma or for neurodegenerative 657 

diseases such as AD, PD, and HD, because our understanding of their pathophysiology is 658 

far from complete. Mounting evidence indicates that astrocytes are involved in various 659 

neurological diseases. Moreover,  it is now known that astrocytes are functionally diverse 660 

and respond differently to pathological conditions. 661 

Astrocytes are heterogeneous in morphology, developmental origin, gene 662 

expression profile, and physiological properties (Zhang and Barres, 2010). Previous 663 

research demonstrated the existence of at least five different astrocyte subpopulations from 664 

three brain regions (olfactory bulb, cortex, and brain stem) (Lin et al., 2017). Analogous 665 

astrocyte subpopulations were found in human and mouse glioma. Astrocyte subpopulation 666 

C and its analog in glioma were enriched in the expression of genes associated with 667 

synapse formation and epilepsy. In the present study, we expanded the genomic analyses of 668 

these heterogeneous astrocyte subpopulations to include the expression of lncRNA genes 669 

and the identification of gene signatures enriched in astrocyte subpopulations within each 670 

brain region. We found that even though astrocyte subpopulations share similarities across 671 

regions, there are interesting differences among them in gene expression. Astrocyte 672 

subpopulations display distinct lncRNA gene expression patterns among brain regions 673 

highlighting the contribution of lncRNAs to the different astrocyte gene signatures  and to 674 

potential regulatory functions. 675 

We selected subsets of DE protein-coding genes from astrocyte gene signatures to 676 

gain insight into the functions of astrocyte subpopulations in different brain regions. Highly 677 

expressed DE protein-coding genes enriched in cortex subpopulation B included Mertk and 678 

Sirpa, both known as synaptic phagocytic genes. MERTK interacts with the integrin 679 

pathway regulating CdKII/DOCK180/Rac1 modules, which control the rearrangement of 680 
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the actin cytoskeleton during phagocytosis (Wu et al., 2005). Previous research has 681 

demonstrated that astrocytes in both the developing and the adult CNS contribute to neural 682 

circuit remodeling by phagocytosing synapses via the MEGF10 and MERTK pathways in 683 

response to neural activity (Chung et al., 2013). However, even though Mertk is still 684 

expressed in mature astrocytes, synaptic phagocytosis declines in adult CNS (Chung et al., 685 

2013); thus inhibitory mechanisms might be upregulated. SIRPA membrane receptor 686 

recognizes CD47 and upon binding inhibits synapse phagocytosis (Barclay and van den 687 

Berg, 2014). Researchers have found that the expression of Sirpa membrane receptor is also 688 

upregulated in mature astrocytes (Sloan et al., 2017).  In the previous research, cortex 689 

subpopulation B was found at a later stage during cortical development compared to 690 

subpopulations A, C, and E (Lin et al., 2017). MERTK and SIRPA potentially regulate 691 

synaptic density in cortex subpopulation B during late cortical development.  692 

Slc1a2 and Cpe are among the highly expressed DE protein coding genes found in 693 

cortex subpopulation C samples. SLC1A2 is a glial amino acid transporter which plays a 694 

major role in synaptic glutamate clearance. The dysfunction of SLC1A2 (commonly 695 

observed in neurodegenerative diseases) causes elevated levels of glutamate which yield 696 

neuronal damage (Lin et al., 2012). In a previous study, co-cultures with neurons 697 

demonstrated that cortex subpopulation C astrocytes significantly enhanced synapse 698 

formation as compared to subpopulation A or bulk astrocytes (Lin et al., 2017). Further 699 

functional studies are required to determine if the upregulation of Slc1a2 is related to the 700 

enhancement of synapse function. Another DE protein coding gene found with high 701 

expression in cortex subpopulation C is Cpe. CPE is a peptidase which may also function 702 

as a neurotrophic factor promoting neuronal survival. Interestingly, CPE has been found to 703 

be secreted by cultured astrocytes (Klein et al., 1992) and its overexpression in a mouse 704 
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model of glioma was found to mitigate cell migration (Armento et al., 2017). Through 705 

Transwell assays, astrocyte cortex subpopulation C was identified as having less migratory 706 

potential than subpopulation A (Lin et al., 2017). Our results suggest a potential link 707 

between the upregulation of CPE peptidase and cell migration.  Overall, astrocyte gene 708 

signatures may be used to gain insight into their region and subpopulation specific 709 

functions. 710 

PCA and GSEA analyses yielded significantly enriched gene sets relevant to 711 

functions in specific astrocyte subpopulations and brain regions. Through PCA, we found 712 

that PC1 separated samples into non-astrocytes and astrocyte samples, whereas PC2 713 

clustered samples according to subpopulation. The gene set GO_MYELIN_SHEATH was 714 

among the top enriched sets using PC1 scores. The enrichment of this gene set is likely due 715 

to the upregulation of astrocyte-derived factors which support oligodendrocyte myelination 716 

in the CNS. Together, PC1 and PC2 captured nearly 69% of the variability. PC3 and PC4 717 

further separated samples according to brain region. Our results demonstrate the 718 

heterogeneity in astrocyte gene expression profiles due to subpopulation and brain region.  719 

Many genes become upregulated in astrocytes in response to injuries and diseases 720 

through a transformation called reactive astrogliosis. As a functionally diverse cell 721 

population, the responses of astrocytes to injury and disease are equally diverse. Barres and 722 

colleagues (Zamanian et al., 2012) found that astrocytes exist in at least two reactive states, 723 

A1 (inflammatory) and A2 (ischemic). A1 neuroinflammatory reactive astrocytes exhibit 724 

upregulation of complement cascade genes that leads to loss of synapses. In contrast, A2 725 

ischemic reactive astrocytes display upregulation of neurotrophic factors such as 726 

thrombospondins that promote synapse recovery and repair (Zamanian et al., 2012). A1 727 

reactive astrocytes have been found in postmortem brain tissue from patients with 728 
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neurodegenerative diseases (AD, HD, PD), amyotrophic lateral sclerosis (ALS), and 729 

multiple sclerosis (MS) (Liddelow et al., 2017). Furthermore, reactive astrocytes have also 730 

been found neighboring tumor cells and might enhance their malignancy by inducing cell 731 

proliferation and migration (Le et al., 2003; Biasoli et al., 2014). A better understanding of 732 

the heterogeneity of astrocytes and their potential involvement in and contributions to 733 

different diseases is needed to promote the development of treatments targeting specific 734 

astrocyte subpopulations. 735 

Altered astrocyte function is increasingly recognized as a factor contributing to 736 

glioma and a number of neurodegenerative diseases. Given the glial-like histopathology of 737 

glioma and its underlying cellular diversity, certain types of glioma might be composed of 738 

malignant analogues of astrocyte subpopulations (Patel et al., 2014; Laug et al., 2018). 739 

Thus, we surveyed multiple previously published astrocyte subpopulation datasets and 740 

correlated our collection of astrocyte subpopulation gene signatures with those of various 741 

subtypes of glioma and neurodegenerative diseases. Our results indicate that distinct 742 

astrocyte gene signatures are correlated to glioma samples with specific genomic features 743 

and somatic mutations. We correlated astrocyte gene signatures with copy-number 744 

variations that are known to play a role in tumor proliferation. For example, amplifications 745 

of the EGFR gene are known to lead to tumor growth through enhancement of cell 746 

proliferation. MTAP and CDKN2A genes are frequently deleted in human cancers 747 

(Mavrakis et al., 2016). A total of 18 astrocyte gene signatures were significantly correlated 748 

with GBM samples harboring a combination of copy-number variations including EGFR 749 

amplification, CDKN2A deletion, and MTAP deletion. Subpopulation C from all regions, 750 

subpopulation A (brain stem and olfactory bulb), and subpopulation B (cortex and olfactory 751 

bulb) were among the aforementioned gene signatures.  752 
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 We also correlated astrocyte gene signatures with LGG samples. The correlation 753 

between astrocyte gene signatures and LGG samples improved when IDH-1p/19q status 754 

was considered than when histological class was accounted for, consistent with a previous 755 

report (Cancer Genome Atlas Research Network et al., 2015). Our results indicate that 756 

more than half of the gene signatures were positively correlated with samples classified 757 

either as wild-type or mutated IDH with no 1p/19q codeletion. The high positive correlation 758 

of gene profiles with wild-type and mutant IDH samples without the 1p/19q codeletion is 759 

most likely due to the astrocyte origin of these gene signatures. Interestingly, most of the 760 

astrocyte subpopulations from the olfactory bulb (A, B, D, E) were strongly correlated with 761 

wild-type IDH. It is possible that astrocytomas acquire a signature that is most similar to 762 

olfactory bulb astrocytes. Our results also show that amygdala gene signatures (AS1-AS3) 763 

were strongly correlated with samples with mutant IDH and no 1p/19q codeletion. The 764 

gene signatures of subpopulations D and E, cortex subpopulation A, cortex development 765 

(A1 and A2), and cortex injury (B2) were most highly correlated with LGG samples 766 

bearing the IDH mutation and the 1p/19q codeletion; they are also positively associated 767 

with oligodendroglioma histology. This is very interesting because it provides potential 768 

links between key genomic mutations and the resultant cellular phenotypes. Even though 769 

the gene signatures were derived from astrocyte subpopulations, the correlation with 770 

oligodendroglioma samples might indicate that low-grade oligodendrogliomas contain 771 

proliferating glial progenitor cells that dedifferentiated from astrocyte subpopulations, 772 

consistent with a previous report (Dai, 2001).  773 

Survival analysis was conducted to determine whether enrichment scores of 774 

astrocyte signatures are correlated with the survival probability of patients. Kaplan-Meier 775 

plots suggest that patients with an astrocytic LGG and a gene profile similar to that of 776 
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astrocyte subpopulation A in brain stem are not correlated with mutations of IDH and have 777 

a better prognosis. On the other hand, the survival of LGG patients associated with 778 

subpopulation D and olfactory bulb subpopulation D gene signatures could possibly be 779 

affected by mutations of IDH correlated with subtypes of these LGG samples.  780 

The gene expression correlations found between astrocyte gene signatures and 781 

TCGA GBM/LGG samples suggest that certain subtypes of glioma could potentially 782 

originate from specific astrocyte subpopulations. Future experimentation will help testing 783 

the gene expression correlations identified in this work to advance the understanding and 784 

treatment of brain tumors. For example, interesting work has been done to generate RNA-785 

Seq transcriptional profiles from patient-derived glioma stem cells (Jin et al., 2017; Park et 786 

al., 2017; Puchalski et al., 2018). Finding the enrichment of astrocyte subpopulation and 787 

region gene signatures in patient-derived glioma stem cell models may pinpoint astrocyte 788 

subpopulations which might be involved in gliomagenesis. 789 

In addition to glioma, increasing evidence suggests that astrocytes dysfunction is 790 

also involved in neurodegenerative diseases (Sofroniew and Vinters, 2010). Through 791 

GSEA, we found that cortex and olfactory bulb gene profiles of subpopulations B and C 792 

were enriched in AD, PD, and HD. GO terms related to mitochondrial respiratory chain 793 

complex were significantly enriched with genes in the cortex region astrocyte gene 794 

signature. As a result, astrocyte subpopulations in the cortex might be more vulnerable to 795 

mitochondrial dysfunction that could be associated with neurodegenerative diseases. The 796 

AD gene set was enriched with DE genes from cortex subpopulation B. Immunostaining 797 

assays validated the protein expression of three highly upregulated genes in cortex 798 

subpopulation B in two AD mouse models. Inner cortices of AD mice have significantly 799 

more GFAP + astrocytes than do wild-type mouse brains. Because subpopulation B 800 
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astrocytes reside mostly in the inner cortex, we assumed that cortical GFAP+ cells belong 801 

mainly to this subpopulation. GFAP + astrocytes in AD cortices also exhibit significantly 802 

increased Adcy7 protein expression. Adcy7 is a membrane-bound enzyme that catalyzes 803 

the formation of cyclic AMP (cAMP) from ATP (Crown Human Genome Center, 1997; 804 

Safran et al., 2003). Increased immunostaining of cAMP co-immunolocalizes with beta-805 

amyloid proteins in cerebral cortical vessels of AD patients (Martínez et al., 2001). 806 

Furthermore, significantly elevated levels of cAMP have been found in cerebrospinal fluids 807 

of AD patients (Martínez et al., 1999). The above evidence suggests a potential role of 808 

cAMP in enhancing the progression of AD. Our results indicate that cortex subpopulation 809 

B might be involved in AD development as a response to an insult or stimuli. One of the 810 

possible mechanisms by which cortex subpopulation B might contribute to the progression 811 

of AD is through the upregulation of Adcy7, which would subsequently enhance the 812 

synthesis of cAMP from ATP. Studies involving a decrease in the expression of Adcy7 in 813 

cortex subpopulation B astrocytes from AD mice are required to better understand the 814 

underlying pathways and mechanisms of AD development. 815 

In summary, we have demonstrated that astrocyte subpopulations from diverse brain 816 

regions have unique gene signatures for both protein-coding and lncRNA genes. Regional 817 

astrocyte subpopulation gene signatures are enriched in different functional gene sets, 818 

indicating their heterogeneity. We also obtained from the literature a comprehensive 819 

collection of gene signatures of purified astrocyte subpopulations from diverse 820 

developmental stages, brain regions, and conditions. Through analyses of gene set 821 

enrichment, we found that gene signatures of specific astrocyte subpopulations correlated 822 

with distinct glioma subtypes with unique genomic alterations. Additionally, we 823 

demonstrated the association of different astrocyte gene signatures with neurodegenerative 824 
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diseases. We validated the upregulated protein expression of a set of genes in cortical 825 

astrocytes in two mouse models of AD. Thus, our analysis indicates that certain subtypes of 826 

glioma and neurodegenerative diseases are correlated to specific astrocyte subpopulations. 827 

Targeting specific astrocyte subpopulations could present a novel strategy for treating these 828 

devastating neurological diseases. 829 
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 1074 

Figure Legends 1075 

Figure 1. Principal Component Analysis (PCA) performed using log2-transformed 1076 

FPKM of 4092 genes differentially expressed (DE) between regions. 1077 

(A) Scores for principal components 1 (PC1) and 2 (PC2) are depicted. PC1 separates 1078 

samples into astrocyte subpopulations and non-astrocyte populations. Circular and elliptical 1079 

figures enclose samples according to subpopulation. (B) The plot of principal components 3 1080 

(PC3) and 4 (PC4) separates samples into brain regions, as indicated by the elliptical 1081 

figures. (C, D, E) Differentially expressed genes were ranked using the scores of PC1, PC2, 1082 

and PC3, respectively, and the top enriched gene sets were obtained through Gene Set 1083 

Enrichment Analysis (GSEA). 1084 

Figure 2. Gene signatures defined by astrocyte subpopulations and brain regions. 1085 

(A) Heatmap showing the log2-transformed FPKM values of cortex subpopulation B-1086 

enriched genes (protein-coding and lncRNAs) compared to other subpopulations. DE genes 1087 
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were obtained by performing pairwise comparisons of astrocyte subpopulations in each 1088 

brain region to their corresponding non-astrocyte samples. Selection criteria: FPKM > 1, 1089 

fold-change > 2, and FDR < 10%. (B) Heatmap illustrating upregulated DE lncRNA genes 1090 

from astrocyte regional subpopulation gene signatures. (C) The top five significantly 1091 

enriched gene sets obtained using the gene signatures of cortex subpopulation B (top panel) 1092 

and cortex subpopulation C (lower panel). Bar plots indicate the number of genes found in 1093 

the enriched gene set. The yellow line illustrates the gene set enrichment using -log10-1094 

transformed FDR. (D) Heatmap depicting the region-specific astrocyte gene signatures. DE 1095 

genes were obtained by comparing all samples from the same brain region to the remaining 1096 

regions (FPKM > 1, fold-change > 4, and p-value < 0.05) and to their corresponding non-1097 

astrocyte samples (FPKM > 1, fold-change > 2, and p-value < 0.05). Colors of all heatmaps 1098 

represent log2 transformed FPKM values. See also Extended Data Figures 2-1 to 2-4. 1099 

Figure 3. Correlation between upregulated astrocyte gene signatures and TCGA 1100 

GBM samples 1101 

(A) Heatmap displaying the hierarchical clustering of enrichment scores obtained through 1102 

Gene Set Variation Analysis (GSVA). High scores indicate strong positive correlation 1103 

between astrocyte gene signatures and gene expression profiles of 103 TCGA GBM 1104 

samples with a tumor purity > 70%. Upper bars indicate tumor subtype and the presence or 1105 

absence of an EGFR gene amplification. 1106 

(B) Heatmap representing the enrichment scores between astrocyte gene signatures and 1107 

Classical GBM samples that carry an EGFR gene amplification. Bar plots indicate the 1108 

number of samples with positive enrichment score for each astrocyte gene signature. 1109 

(C) Exploratory analysis of the correlation between astrocyte gene signatures and GBM 1110 

samples with different subtypes, somatic mutations, and copy-number variations. The 1111 
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heatmap depicts the -log10-transformed p-value of either an ANOVA comparison between 1112 

GBM subtypes or a Wilcoxon Rank-Sum test between samples carrying the selected 1113 

mutations, amplifications, and deletions. For viewing clarity, only 21 representative 1114 

astrocyte gene signatures are shown in each panel. Figures depicting all astrocyte gene 1115 

signatures are available in Extended Data Figures 3-3 and 3-4. See also Extended Data 1116 

Figures 3-1 to 3-6. 1117 

Figure 4. Correlation between upregulated astrocyte gene signatures and TCGA LGG 1118 

samples  1119 

(A) Heatmap displaying the hierarchical clustering of enrichment scores obtained through 1120 

Gene Set Variation Analysis (GSVA). High scores indicate strong positive correlation 1121 

between astrocyte gene signatures and 160 TCGA LGG samples with tumor purity > 70%. 1122 

Upper bars indicate tumor histology and known co-ocurring genomic alterations: IDH 1123 

mutation combined with 1p/19q codeletion subtype (IDH.codel.subtype), mutations in 1124 

TERT promoter (TERT.promoter.status), TP53 mutations, and ATRX mutations. (B) 1125 

Exploratory analysis of the correlation between astrocyte gene signatures (y-axis) and LGG 1126 

grades, histological subtypes, somatic mutations, and copy-number variations (x-axis). The 1127 

heatmap depicts the -log10-transformed p-value of either an ANOVA comparison between 1128 

LGG subtypes or a Wilcoxon Rank-Sum test between samples carrying the selected 1129 

mutations, amplifications, and deletions. (C) Heatmap depicting the proportion of LGG 1130 

samples with specific IDH status variants that had positive enrichment scores for every 1131 

astrocyte gene signature. For viewing clarity, only 21 representative astrocyte gene 1132 

signatures are shown in each panels B and C. Displays depicting complete astrocyte gene 1133 

signatures are available in Extended Data Figure 4-1. See also Extended Data Figures 3-1, 1134 

3-2, 3-6, 4-1, 4-2, and 4-3. 1135 
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Figure 5. Astrocyte subpopulation gene signatures are associated with survival time 1136 

differences in TCGA LGG astrocytoma patients. 1137 

Figure shows Kaplan-Meier plots and log-rank test p-values of sample groups stratified 1138 

according to High and Low enrichment scores for (A) brain stem subpopulation A, (B) 1139 

cortex subpopulation A and age, (c) subpopulation D, (D) cortex subpopulation D and age, 1140 

and (E) olfactory bulb subpopulation D and age. 1141 

Figure 6. Protein expression of candidate genes in the brain tissues from the 5xFAD 1142 

Alzheimer’s disease mouse model. 1143 

Brain tissues collected from 5xFAD mouse models were prepared for immunofluorescence 1144 

using anti-GFAP (green) and either (A) anti-Adcy7, (B) anti-Serping1, or (C) anti-Emp1. 1145 

The regions outlined with a square are displayed at higher magnification on the right, and 1146 

the arrows point to the same cells for comparison in the fluorescent images. For the 1147 

astrocytes in the inner layer of cortex (the area near the corpus callosum), the proportion of 1148 

GFAP+ cells displaying red fluorescence was calculated, and the intensity of red 1149 

fluorescence overlapping with GFAP signals was measured. Two-tailed unpaired Student’s 1150 

t-tests were used to compare AD samples to the wild-type group. (D) Co-immunostaining 1151 

of cortical brain tissues was performed with anti-GFAP, anti-Serping1, and anti-Emp1.  1152 

*p < 0.05, **p < 0.01, ***p < 0.001. Scale bar in panels A-D, 50 μm. See also Extended 1153 

Data Figures 6-1, 6-2, and 6-3. 1154 

 1155 

Extended Data  1156 

Figure 2-1. Gene expression as FPKM and normalized read count matrices across 1157 

astrocyte subpopulations. 1158 
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Figure 2-2. Comparison of log-transformed fold-changes and q-values between DE 1159 

lncRNA and protein-coding genes from different astrocyte subpopulation and region 1160 

gene signatures. Blue circles represent DE lncRNAs and red circles represent DE protein-1161 

coding genes. Using an unpaired two-tailed t-test we observed that the fold-changes of DE 1162 

lncRNAs (blue) are statistically higher (p-value < 0.05) than those of protein-coding genes 1163 

(red). 1164 

Figure 2-3. Gene set enrichment using astrocyte subpopulation regional gene 1165 

signatures. Bar plots indicate the number of genes found in the enriched gene set. The 1166 

yellow line illustrates the gene set enrichment using -log10-transformed FDR. 1167 

Figure 2-4. Enrichment scores obtained from the gene set enrichment analysis using regional 1168 

astrocyte subpopulation gene signatures. Scores represent FDR transformed into -log10 scale. 1169 

The file also contains additional gene sets obtained from published studies related to 1170 

neurodegenerative diseases. Gene sets were added to the MsigDB collection and used for 1171 

gene set enrichment analysis. 1172 

Figure 3-1. Collection of 42 astrocyte gene signatures used in downstream analysis. 1173 

Figure 3-2. Heatmap displaying the Jaccard index of genes shared between astrocyte 1174 

gene signatures. 1175 

Figure 3-3. Heatmap displaying the hierarchical clustering of enrichment scores 1176 

obtained through Gene Set Variation Analysis (GSVA) and GBM samples.  1177 

High scores indicate strong positive correlation between astrocyte gene signatures and gene 1178 

expression profiles of 103 TCGA GBM samples with a tumor purity > 70%. Upper bars 1179 

indicate tumor subtype and the presence or absence of an EGFR gene amplification. 1180 

Figure 3-4. Correlation between upregulated astrocyte gene signatures and TCGA 1181 

GBM samples.  (A) Analysis of the correlation between astrocyte gene signatures and 1182 
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GBM samples with different subtypes, somatic mutations, and copy-number variations. The 1183 

heatmap depicts the -log10-transformed p-value of either an ANOVA comparison between 1184 

GBM subtypes or a Wilcoxon Rank-Sum test between samples carrying the selected 1185 

mutations, amplifications, and deletions. (B) Heatmap representing the enrichment scores 1186 

between astrocyte gene signatures and Classical GBM samples that carry an EGFR gene 1187 

amplification. Bar plots indicate the number of samples with positive enrichment score for 1188 

each astrocyte gene signature.  1189 

Figure 3-5. Correlation of region-specific astrocyte subpopulation enrichment scores 1190 

with 103 TCGA Glioblastoma samples with tumor purity > 70%. A Wilcoxon Rank-1191 

Sum test was used to compare the distribution of enrichment scores between samples with 1192 

and without amplification of EGFR. AMP = amplification of EGFR; No AMP = no 1193 

amplification of EGFR found. ***p-value < 0.001, **p-value < 0.01, * p-value < 0.05. 1194 

Figure 3-6. GSVA enrichment scores obtained between the 42 astrocyte subpopulation 1195 

gene signatures and TCGA GBM or LGG samples. Correlation matrices of -log10 1196 

transformed p-values are also included. 1197 

Figure 4-1. Correlation between upregulated astrocyte gene signatures and TCGA 1198 

LGG samples. (A)  Analysis of the correlation between astrocyte gene signatures (y-axis) 1199 

and LGG grades, histological subtypes, somatic mutations, and copy-number variations (x-1200 

axis). The heatmap depicts the -log10-transformed p-value of either an ANOVA 1201 

comparison between LGG subtypes or a Wilcoxon Rank-Sum test between samples 1202 

carrying the selected mutations, amplifications, and deletions. (B) Heatmap depicting the 1203 

proportion of LGG samples with specific IDH status variants that had positive enrichment 1204 

scores for every astrocyte gene signature. 1205 
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Figure 4-2. Heatmaps depicting GSVA enrichment score matrices between astrocyte 1206 

gene signatures and TCGA LGG samples. Samples with (A) wild-type IDH1, (B) mutant 1207 

IDH1 with 1p/19q codeletion, and (C) mutant IDH1 without 1p/19q codeletion are 1208 

compared. 1209 

Figure 4-3. Heatmaps depicting GSVA enrichment score matrices between astrocyte 1210 

gene signatures and TCGA LGG samples with different features. Samples with (A) 1211 

astrocytoma histology and wild-type IDH1or mutant IDH1 without 1p/19q codeletion, and 1212 

(B) oligodendroglioma histology and mutant IDH1 with 1p/19q codeletion, mutant TERT 1213 

promoter and mutations in CIC gene are compared. 1214 

Figure 6-1. Violin plots representing normalized count distributions. Normalized count 1215 

distributions of (A) the 97 upregulated genes from the cortex subpopulation B gene 1216 

signature found in the Alzheimer’s disease gene set, (B) the 87 upregulated genes from the 1217 

cortex subpopulation B gene signature found in the Huntington’s disease gene set, and (C) 1218 

the 11 upregulated genes from the cortex subpopulation C gene signature found in the 1219 

Parkinson’s disease gene set are shown in violin plots. 1220 

Figure 6-2. Protein expression of candidate genes in the brain tissues from the NLGF 1221 

Alzheimer’s disease mouse model. 1222 

(A) AD pathology was confirmed in the cortex as an increase in GFAP+ astrocytes as well 1223 

as detectable hypertrophy in 5xFAD and NLGF AD mouse models. Brain tissues collected 1224 

from NLGF mouse models were prepared for immunofluorescence using anti-GFAP 1225 

(green) and either (B) anti-Adcy7, (C) anti-Serping1, or (D) anti-Emp1. The regions 1226 

outlined with a square are displayed at higher magnification on the right, and the arrows 1227 

point to the same cells for comparison in the fluorescent images. For the astrocytes in the 1228 

inner layer of cortex (the area near the corpus callosum), the proportion of GFAP+ cells 1229 
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displaying red fluorescence was calculated, and the intensity of red fluorescence 1230 

overlapping with GFAP signals was measured. Two-tailed unpaired Student’s t tests were 1231 

used to compare AD samples to the wild-type group. (E) Co-immunostaining of cortical 1232 

brain tissues was performed with anti-GFAP, anti-Serping1, and anti-Emp1.  1233 

*p < 0.05, **p < 0.01, ***p < 0.001. Scale bar in panels A-D, 50 μm. 1234 

Figure 6-3. Significantly enriched gene sets related to neurodegenerative diseases (AD, HD, 1235 

and PD). Gene set enrichment was obtained with differentially expressed genes specific for 1236 

each regional astrocyte subpopulation. 1237 
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