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Abstract

The intermediate filament (IF) network in glia has mainly been a subject of
research in pathology. This has two main reasons: the strong upregulation of IF
proteins in astrocytes in pathological conditions, and the lack of a strong phenotype
in knockout mouse models of glial IFs. We used a microarray transcriptomics
study on microglia and astrocytes acutely isolated from 18 month old mice to
investigate the effects of a Gfap knockout and a Vimentin-Gfap double knockout
on the transcriptome of glia. Both in the astrocytes and in the microglia, the loss of
Gfap and/or Vimentin has profound effects on transcript levels for genes involved
in extracellular matrix production and interaction, as well as on genes involved in
cell-cell signalling. In microglia this may represent indirect changes induced by the
altered IF networks in astrocytes. To address differentially expressed genes that
are involved in concrete interactions between astrocytes and microglia, the Dcc /
Netrin and components in the Notch signalling pathway are further discussed. This
work provides many leads for further investigations into the molecular functions of

IFs in cell-cell signalling and ECM interactions.

Introduction

Astrocytes and microglia are two major classes of glial cells in the brain.
Astrocytes play important physiological roles in homeostasis by providing energy for
neurons, maintaining the integrity of brain vasculature, clearing neurotransmitters
from the synaptic cleft, and contributing to the formation and maintenance of the
extracellular matrix (ECM) (Christopherson et al., 2005; Sofroniew and Vinters,
2010). In the diseased brain astrocytes become activated, which is hallmarked
by a strong increase in their intermediate filament (IF) content, the production
of immunoregulatory genes, and a downregulation of the expression of neuron-
supporting genes (Hol and Pekny, 2015; Orre et al.,, 2014a). Microglia are the brain’s
innate immune system, and as such, are instrumental in dealing with infections and
clearing debris after brain damage or during degenerative processes (Hanisch and
Kettenmann, 2007). Also in the healthy brain microglia are now recognized to play
important roles, such as in the maintenance of functional synapses (Kettenmann
et al, 2013). Astrocytes and microglia interact extensively, e.g. through cytokine
signalling (Abudara et al., 2015).

Glial fibrillary acidic protein (Gfap) is the signature IF protein of the astrocytes
in the central nervous system, in addition also other IFs such as Vimentin (Vim),
Nestin, and Synemin are expressed by these cells, and together they form the IF
network (Hol and Pekny, 2015). Gfap has also been described in peripheral glia
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in the enteric nervous system or in hepatic stellate cells (Clairembault et al., 2014;
Knittel et al., 1999). Gfap expression is tightly regulated during CNS development in
neural stem cells and differentiation of astrocytes (Mamber et al., 2013; Middeldorp
and Hol, 2011). At the cellular level a few functional roles for Gfap have been
documented: Gfap modulation influences migration and polarization of astrocytes
(Dupin et al., 2011) and alters transport properties of MHC class-II transporting
vesicles (Vardjan et al., 2012). Vim is currently emerging as an important protein with
cellular roles in epithelial-to-mesenchymal transition, migration and inflammation
regulation (Mendez et al.,, 2010; dos Santos et al.,, 2015; Virtakoivu et al., 2015). In
neuropathological conditions, such as epilepsy and Alzheimer’s disease (AD), and
upon brain injury, Gfap is highly upregulated in reactive astrocytes (Baldwin and
Scheff, 1996; Kamphuis et al., 2014). In a quest to unravel the function of Gfap, Gfap
knockout (ko) mice (GFAPko) were made, and studies on these mice so far have
revealed a heterogeneous set of data. Four independent groups generated a GFAPko
mouse model. One found no obvious phenotype (Pekny et al.,, 1995), one found
white matter instability emerging at old age (Liedtke et al., 1996), and two reported
on altered neuronal plasticity (McCall et al., 1996; Shibuki et al., 1996). Later reports
also described altered laminin and fibronectin production and distribution, and
more subtle differences at cellular level (Menet et al., 2001). The main interacting
partner of Gfap is Vim, and Vim deficient astrocytes have been reported to have
Gfap-negative astrocytes or astrocytes with an irregular network (Galou et al., 1996).
To exclude compensatory mechanisms or redundancy between these two IFs, many
studies were done on double ko mice for Gfap and Vim (VIM-GFAPko). These mice
showed an increase in large blood vessels in the brain, but this phenotype has not
been followed up so far. The observed effects of the IF ko on pathology were not
straightforward. Depending on the specific pathology, beneficial or detrimental
effects of IF ko have been described, as recently reviewed (Hol and Pekny, 2015). The
general effect of an injury to the brain in VIM-GFAPko mice is an early detrimental
effect due to larger brain lesions or a more rapid disease progression, contrasted
with an increased regenerative potential at a later stage (Li et al.,, 2008; Menet et
al, 2003). Interestingly, the VIM-GFAPko also showed an increased neurogenic
permissiveness in vitro, as well as an increased success in neural stem cell
engraftment in vivo (Menet et al., 2001; Widestrand et al.,, 2007; Wilhelmsson, 2004).

To gain more insight in the molecular pathways that change due to the absence
of Gfap and/or Vim in astrocytes and microglia, we compared the transcriptomic
profiles of purified cell populations of both cell types acutely isolated from the
mouse cortex.
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Methods

Microarray Data processing and statistics

Raw microarray data was obtained from GEO dataset GSE74614. For generation of
this dataset Vim*-Gfap*- AD* animals were crossed to generate various genotypes.
From these animals cortical cell suspensions were prepared and astrocytes
and microglia were sorted by FACS, as described extensively by Kamphuis et al.
(Kamphuis et al., 2015). Briefly, cell populations were sorted on the basis of specific
extracellular markers by initial exclusion of myelin, and the subsequent selection
of CD11b (integrin aM) positive cells (microglia) and glutamate transporter (GLT-
1: SLC1A2 or EAAT?) positive cells (astrocytes). Only the non-AD animals were
incorporated in our analysis, resulting in a comparison of astrocytes and microglia
from glia lacking Gfap (GFAPko), both Vim and Gfap (VIM-GFAPko), and wild
type (WT) animals. VIMko animals were not included in this study as litters in this
genotype were too small to generate enough animals for this study. The data were
processed as described before (Bossers et al., 2010a; Orre et al., 2014a, 2014b). Using
the limma package in bioconductor (Smyth, 2005), spot intensities were imported
into R software for statistical computing (R version 3.1). Spots labelled by the
Feature Extraction software as saturated or non-uniformly distributed foregrounds
and backgrounds, as well as visually identified artefacts on the array, were omitted.
In these cases statistics of differential expression were based on the remaining
spots. Backgrounds were subtracted, intensities were quantile normalized between
all arrays, and sample intensities were extracted for an intensity-based analysis
(Bossers et al., 2010b). Redundant probes with identical sequence were averaged
and all genes that had a condition with an average expression intensity of log, >
6 (intensity >64) were included in the analysis. The astrocytes and microglia were
analysed separately. This resulted in an inclusion of 22,808 genes for astrocytes and
23,674 genes for microglia in our analysis. Statistical significance for differential
expression between conditions was tested using a Bayesian linear model fit with an
FDR corrected criterion level of a = .1 due to the exploratory nature of this analysis.
Microarray probes were considered to report a differentially expressed gene if the

statistical test was significant and the absolute log, fold change was greater than 1.

Gene ontology and cluster analysis

Differentially expressed genes (DEGs) were analysed using the topGO R package
to detect gene ontology (GO) terms that are overrepresented in our dataset, using a
Fisher statistical test with a weighted algorithm to correct for dependency between
ontology terms (Alexa et al., 2006). As background for the overrepresentation tests we
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used all probes considered in the statistical test for differential expression. Databases
used to search for overrepresentation were the GO domains ‘Cellular compartment’
(CC), “Biological Process’ (BP) and ‘Molecular Function” (MF). Annotation was
performed using an annotation build of 08-Mar-2014 (MmAgilentDesign026655.db
v.2.14.0, curated by Bioconductor).

For analysis of GO term overrepresentation in specific IF dependent expression
patterns, DEGs were clustered by k-means clustering. DEGs intensities were
normalized to an average of 0 and standard deviation of 1 before clustering. The
number of clusters required to extract the main expression patterns was determined
empirically for astrocytes and microglia to be 8 and 12, respectively. The genes in
each cluster were then analysed with topGO as described above. In all cases where

genes were represented multiple times in a cluster, duplicates were removed.

Results
Distinct transcriptomes of IF deficient astrocytes and microglia

WT versus GFAPko
The effects of the lack of Gfap (GFAPko) on gene expression in astrocytes and

microglia are represented in volcanoplots (Fig. 1). Differentially expressed genes
(DEGs) as identified by our criteria are represented in red. The lack of Gfap resulted
in 228 DEGs in astrocytes, and surprisingly, as Gfap is an astrocyte-specific gene,
in 1165 DEGs in microglia. The 228 DEGs in astrocytes, excluding 3 entries for
Gfap, resulted in an average absolute fold change of 3.16, whereas the 1165 DEGs
in microglia resulted in an average absolute fold change of 2.74. The top 50 most
significantly regulated genes for the GFAPko vs WT astrocytes and microglia are
listed in Table 1 and 2.

GFAPko versus VIM-GFAPko

To study the additional effect of a lack of Vim, we compared the transcriptomes
of the astrocytes and microglia from the GFAPko with those from the VIM-GFAPko.
These data are represented as volcanoplots, with the DEGs in red (Fig. 2). The VIM-
GFAPko astrocytes had 314 DEGs compared to the GFAPko astrocytes. The VIM-
GFAPko microglia had 731 DEGs compared to the GFAPko microglia. Again it was
quite striking that the ko of Vim (in the genetic background of GFAPko) had a larger
effect on the microglia than on the astrocytes, as Vim is only lowly expressed in WT
microglia. Top 50 most significant DEGs for GFAPko vs VIM-GFAPko astrocytes

and microglia are listed in Table 3 and 4.
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WT versus VIM-GFAPko

Finally we studied the combined effect of both Gfap and Vim ko by comparing

transcriptomes of the astrocytes and microglia from the VIM-GFAPko to the WT

transcriptomes. Differential expression profiles of the glia of these two genotypes are
represented as volcanoplots, with DEGs in red (Fig. 3). Comparing the VIM-GFAPko
astrocytes with WT resulted in 632 DEGs. Comparing the VIM-GFAPko microglia
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with WT resulted in 634 DEGs.
Top 50 most significant DEGs
for astrocytes and microglia
for the VIM-GFAPko vs WT are
listed in Table 5 and 6.

Gene ontology of IF modulated
astrocytes and microglia.

WT versus GFAPko GO-analysis
The DEGs found in all

comparisons, ie. WT wvs
GFAPko, WT vs VIM-GFAPko
and GFAPko vs VIM-GFAPko
in astrocytes and microglia,
GO
top

for
The
10 terms for each GO domain

were  analysed

overrepresentation.

Figure 1. Transcriptomic differences

between glia populations from
GFAPko and WT adult mice
Volcanoplot representation of

transcriptomic changes in astrocytes
(A) and microglia (B). DEGs are
represented by red dots, and the
40 most significant names of genes
annotated to the GO-terms related
to ECM cell-cell
signalling are printed in italics. The

interaction or

10 most significant genes, if not in
those GO-terms, are printed in bold.
22,808 genes analysed for astrocytes
resulted in 228 DEGs (A). 23,674
genes analysed for microglia resulted
in 1165 DEGs (B).
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(Biological Process, Cellular Compartment and Molecular Function) are given in
tables (Tables 7-12). Most remarkable in the GFAPko astrocytes (Table 7) was the
overrepresentation of terms related to extracellular proteins and plasma membrane
(“Cell periphery”, “extracellular region”, “integral component of membrane”), as
indicated before by Kamphuis et al (Kamphuis et al., 2015). These GO-terms were

also strongly overrepresented
A VIM-GFAPko astrocytes vs GFAPko
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genes analysed for microglia resulted
in 750 DEGs (B).
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the GFAPko microglia (Table 8) the most significantly overrepresented GO-terms

were “G-protein coupled receptor signalling pathway” and “G-protein coupled

receptor activity”. Another overrepresented GO-term, which comprises 244 DEGs,

was the rather broadly defined “integral component of membrane”.
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GFAPko versus VIM-GFAPko
GO-analysis

The top 10 terms found
for each GO domain based
on the DEGs between VIM-
GFAPko and GFAPko are
given in Table 9 (astrocytes)
and Table 10 (microglia).
Here the additional effect of
Vim absence in astrocytes
resulted most prominently
in overrepresentation of the
terms related to angiogenesis
and vasculogenesis (“positive
regulation of angiogenesis”,
“vasculogenesis”,
of blood

clusters related to extracellular

“patterning

vessels”).  Again

space were overrepresented,

Figure 3. Transcriptomic differences
between cell population from VIM-
GFAPko and wt
Volcanoplot representation
of transcriptomic changes in
astrocytes (A) and microglia (B).
DEGs are represented by red dots,
and the 40 most significant names
of genes annotated to the GO-terms
related to ECM interaction or cell-
cell signalling are printed in italics.
The 10 most significant genes, if
not in those GO-terms, are printed
in bold. 22,808 genes analysed for
astrocytes resulted in 632 DEGs (A).
23,674 genes analysed for microglia
resulted in 634 DEGs (B).
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Table 1: Top 50 most significantly regulated genes with more than 2 fold up or down

change in GFAPko astrocytes compared to WT astrocytes.

Gene Symbol FC Int t FDR GenBank accession Agilent Probe Name
Gdpd3 008 65 -22.7 6.7E-08 NM_024228 A_51_P426875
Fzd2 0.16 7.6 -13.9 1.8E-05 NM_020510 A_52_P129428
Ybx1 0.26 80 -13.5 1.8E-05 M60419 A_55_P2131379
Thbs4 518 9.9 133 1.8E-05 NM_011582 A_52_P401504
Dclk3 0.12 6.8 -12.8 2.1E-05 NM_172928 A_51_P419637
NAP000581-003 040 94 -12.7 2.1E-05 NAP000581-003 A_55_P1959541
Gm8909 0.18 6.2 -12.6 2.1E-05 NM_001081032 A_55_P1956160
Al594671 0.05 4.8 -11.4 5.3E-05 AA711038 A_55_P2295856

Gfap 0.01 53 -114 5.3E-05 NM_001131020 A_52_P52303

cfb 0.18 6.6 -11.4 5.3E-05 NM_008198 A_51_P413866
Fam163a 2,53 112 11.0 7.2E-05 NM_177838 A_55_P2027421
Nptx2 008 61 -10.9 7.3E-05 NM_016789 A_52_P187058
Cc2 0.27 8.7 -10.6 9.7E-05 NM_013484 A_51_P497985
A130040M12Rik 0.25 83 -10.3 1.2E-04 NR_002860 A_55_P2116650
Sh2d5 045 7.0 -10.3 1.2E-04 NM_001099631 A_52_P571746
Psmc3ip 033 67 -99 1.8E-04 NM_008949 A_52_P238044
LOC100048027 0.22 94 -9.9 1.8E-04 XM_001480007 A_55_P2174736
NA 0.26 6.2 -9.8 1.8E-04 A_55_P1990066 A_55_P1990066
Pts 236 9.8 9.8 1.8E-04 NM_011220 A_52_P177021
5430410E06Rik 0.22 53 -9.7 2.0E-04 XM_001475205 A_55_P1981464
Ccdc24 0.27 8.2 -9.5 2.3E-04 ENSMUST00000106422 A_55_P2177697
Vit 422 8.1 9.5 2.3E-04 NM_028813 A_51_P298107
Sfmbt2 031 6.8 -9.3 2.8E-04 ENSMUST00000114864 A_55_P1956652
L3hypdh 046 7.4 -9.2 3.0E-04 NM_026038 A_51_P408989
Zfp949 0.40 8.6 9.1 3.1E-04 NM_001142943 A_55_P2170536
Gfap 0.19 6.0 9.1 3.2E-04 NM_010277 A_55_P2157250
Hapln3 039 97 -9.0 3.2E-04 ENSMUST00000032827 A_55_P2093553
LOC100046136 043 8.7 -9.0 3.2E-04 XM_001476489 A_55_P2143119
OTTMUSG00000002191 0.13 4.9 -8.7 4.4E-04 XM_001474519 A_55_P1997345
Ntngl 035 6.2 -8.6 5.2E-04 XM_001479688 A_51_P213099
A230065H16Rik 048 7.1 -8.5 5.8E-04 NM_001101503 A_55_P2076916
HaplIn3 041 9.0 -84  5.8E-04 NM_178255 A_51_P244213
Zfp949 042 8.1 -8.4 5.8E-04 NM_001142943 A_51_P513244
Fut10 202 82 8.4 5.8E-04 NM_134161 A_55_P2165011
Mss51 041 5.8 -8.3 6.2E-04 NM_029104 A_51_P369426
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Rem1 0.28 53 -8.3  6.2E-04 NM_009047 A_55_P2113078
Clec3b 042 6.1 -8.2  6.9E-04 NM_011606 A_51_P486239
Assl 2.14 109 8.1 7.9E-04 NM_007494 A_55_P2004781
A130040M12Rik 0.44 89 -8.1  7.9e-04 NR_002860 A_55_P1973347
Assl 218 9.7 8.0 7.9E-04 NM_007494 A_55_P2143070

TIr6 0.25 6.8 -7.9  9.6E-04 NM_011604 A_52_P117393
5430410E06Rik 037 6.1 -7.9  9.6E-04 XM_001475205 A_55_P1981461
Trim12 201 7.1 7.8 9.7E-04 NM_023835 A_55_P2064659
NAP114441-1 0.23 438 -7.7 1.1E-03 NAP114441-1 A_55_P1992884
Cit 048 6.8 -7.7 1.1E-03 NM_007708 A_55_P1999633
Gm3502 038 6.5 -7.7 1.1E-03 XM_001477144 A_55_P2018377
Srprb 0.38 83 -7.6 1.3E-03 NM_009275 A_52_P131559
Hhip 039 83 -7.5 1.4E-03 NM_020259 A_55_P1969276
XM_001478398 225 73 7.5 1.4E-03 XM_001478398 A_55_P2031848
C530028021Rik 0.20 5.7 -7.4  1.5E-03 NM_175696 A_55_P2004532

FC = fold change (>1 = expression upregulated, <1 = expression downregulated), Int = Mean log,
intensity, t = t-test statistic, FDR = False Discovery Rate controlled p-value, NA = Not Available

Table 2: Top 50 of most significantly regulated genes with more than 2 fold up or down
change in GFAPko microglia compared to WT microglia.

Gene Symbol FC Int t FDR. GenBank accession Agilent Probe Name
Gdpd3 0.02 8.94 -29.29  7.7E-09 NM_024228 A_51_P426875
Qpct 0.02 8.95 -19.76 5.6E-07 NM_027455 A_55_P2140118
Gm8909 0.06 7.62 -18.76  7.2E-07 NM_001081032 A_55_P1956160
Ccdc80 0.10 7.46 -15.94  4.1E-06 NM_026439 A_55_P2169586
Gm2008 4.60 13.78 12.74 5.0E-05 XM_001472097 A_55_P2092831
Fam21la 0.30 11.66 -13.03  8.0E-05 NM_198861 A_55_P2149896
Glrpl 0.32 10.10 -11.86  8.5E-05 NM_008132 A_55_P2042743
Napa 3.10 10.31 11.19 1.3E-04 NM_025898 A_51_P246816
NA 0.23 7.37 -11.28 1.3E-04 XM_001472101 A_55_P1976743
NA 2.65 12.43 11.07 1.4E-04 XM_919542 A_55_P2130575
NA 0.29 8.32 -10.97 1.4E-04 XM_001477916 A_55_P1977920
Dcc 4.01 11.94 10.87 1.4E-04 NM_007831 A_55_P1961761
Man2a2 0.35 7.90 -10.69 1.6E-04 NM_172903 A_52_P659270
Dcaf1212 2.73 14.66 9.82 3.5E-04 NM_175539 A_55_P1959973
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Gpri65 0.26 7.16 -9.75  3.5E-04 NM_029536 A_55_P1987176
NA 3.75 5.93 10.44  3.5E-04 A_55_P2027230 A_55_P2027230
NA 2.27 8.68 9.79  3.5E-04 NM_001113806 A_55_P2157551
Gm14391 227 1068 937  A4.7E-04 NM_001099308 A_55_P1956807
NA 3.90 9.94 941  4.7E-04 XM_001477233 A_55_P1962699
NA 0.27 5.06 936  4.7E-04 XM_485041 A_66_P129469
Rnf217 0.18 4.88 917  4.9E-04 NM_001146349 A_52_P3845
Ttc30b 0.25 7.17 916  4.9E-04 NM_028235 A_52_P96748
Septl 3.60 8.17 9.09  4.9E-04 NM_017461 A_55_P1963764
Gm3716 0.25 6.19 9.25  4.9E-04 XM_001478025 A_55_P1964955
Neurlla 039 1359  -9.09  4.9E-04 NM_021360 A_55_P2023692
Hes1 4.09 9.74 920  4.9E-04 NM_008235 A_55_P2046245
Nphp4 4.13 7.95 912  4.9E-04 NM_153424 A_55_P2137586
5430410E06Rik  0.30 7.41 -9.05  4.9E-04 XM_001475205 A_55_P1981461
Ybx1 0.33 8.38 -9.00  5.1E-04 M60419 A_55_P2131379
Mxra8 0.25 7.41 -8.97  5.1E-04 NM_024263 A_51_P427476
5430410E06Rik  0.28 6.93 -8.94  5.1E-04 XM_001475205 A_55_P1981464
Zfp69 0.31 7.85 -8.88  5.2E-04 NM_001005788 A_55_P2034385
Chst1 327 1186 8838  5.2E-04 NM_023850 A_55_P2061620
1700022A21Rik  4.05 7.77 882  5.2E-04 NR_003953 A_51_P240723
Kep 0.33 9.54 -8.83  5.2E-04 NM_001029985 A_55_P2074499
5830444B04Rik  3.33 8.60 881  5.2E-04 AK030886 A_55_P2206605
Neerpl 0.33 8.54 -8.75  5.5E-04 NM_001081115 A_66_P106231
Slc38a9 0.40 7.20 -8.66  5.6E-04 ENSMUST00000091218 A_52_P356228
Hddc3 0.26 7.06 -8.66  5.6E-04 NM_026812 A_52_P521882
Baiap2 2.38 8.32 8.65  5.6E-04 NM_001037755 A_55_P2027788
NA 2.81 9.37 869  5.6E-04 XM_001474432 A_55_P2148935
Fam211a 032 1204  -855  6.2E-04 NM_198861 A_55_P2090557
NA 298 1058 852  6.3E-04 XM_001000635 A_55_P1955244
NA 0.32 5.47 -8.49  6.5E-04 ENSMUST00000114941  A_55_P2131190
Ocstamp 2.57 8.26 845  6.6E-04 NM_029021 A_51_P360004
Slc25a33 295 11.04 841  6.7E-04 NM_027460 A_51_P156438
Ngrn 049 1110 -840  6.7E-04 NM_031375 A_55_P2003133
Unc45a 049  11.09  -8.27  7.4E-04 NM_133952 A_55_P1970636
1117d 5.09 9.16 830  7.4E-04 NM_145837 A_55_P1980051
Prdm12 2.50 6.09 824  7.4E-04 NM_001123362 A_55_P1980134

FC = fold change (>1 = expression upregulated, <1 = expression downregulated),Int = Mean log,

intensity, t = t-test statistic, FDR = False Discovery Rate controlled p-value, NA = Not Available
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Table 3: Top 50 most significantly regulated genes with more than 2 fold up or down
change in VIM-GFAPko astrocytes compared to GFAPko astrocytes
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Gene Symbol FC Int t FDR GenBank accession  Agilent Probe Name
Gm3892 0.10 7.3 -15.5 5.1E-06 XM_001478587 A_55_P1953273
4933409K07Rik 0.11 7.4 -15.2  5.1E-06 NR_033123 A_55_P2119552
Gm13298 0.11 7.8 -15.0 5.1E-06 NM_001085530 A_55_P2018330
Gm13298 0.07 7.5 -12.0  6.5E-05 NM_001085530 A_55_P2033480
Gm2490 0.11 6.5 -11.5 9.8E-05 XM_001473759 A_55_P2096023
Frrsil 2.51 7.8 104 2.4E-04 NM_001142965 A_55_P2092252
Ccl21a 0.07 8.3 -10.3 2.4E-04 NM_011124 A_55_P2024625
Aldob 2.64 6.4 103 2.4E-04 NM_144903 A_51_P337269
9630041G16Rik 3.77 8.7 10.0 2.7E-04 AK079356 A_55_P2330435
Frrsil 3.44 6.7 9.5 5.1E-04 NM_001142965 A_51_P307559
Kenk10 0.28 10.1 -8.8 1.0E-03 NM_029911 A_55_P1985544
A230050P20Rik 243 9.8 8.7 1.0E-03 NM_175687 A_51_P158073
Vim 0.20 12.2 -8.6 1.1E-03 NM_011701 A_51_P392687
LOC100044738 0.50 5.7 -8.4 1.3E-03 XM_001473138 A_55_P2117594
Krt85 0.29 5.8 -7.6 3.4E-03 NM_016879 A_55_P1999364
Gm6930 0.14 6.6 -7.4 3.9E-03 XM_893705 A_55_P1966774
Gprll6 3.14 9.6 7.3 4.6E-03 NM_001081178 A_55_P1984307
LoxI1 0.45 9.4 -7.1 4.8E-03 NM_010729 A_51_P304239
Atp10a 3.39 7.8 7.1 4.8E-03 NM_009728 A_51_P320022
St3gall 2.03 8.9 6.9 5.9E-03 NM_009177 A_65_P03728
Frrsil 2.03 6.6 6.8 6.2E-03 NM_001142965 A_55_P2092251
Ly6cl 2.99 11.2 6.7 6.2E-03 NM_010741 A_55_P1961499
St3gall 2.09 6.5 6.7 6.2E-03 NM_009177 A_51_P301804
Ttc8 3.24 9.1 6.7 6.2E-03 NM_029553 A_51_P507899
Evi2a 0.44 6.7 -6.7 6.2E-03 NM_001033711 A_55_P2017759
Slc6ab 3.06 10.7 6.6 6.2E-03 NM_009320 A_52_P339996
Col20a1 2.26 6.2 6.6 6.2E-03 NM_028518 A_52_P474902
Irf6 2.66 6.7 6.6 6.4E-03 NM_016851 A_51_P363749
Egfl7 3.06 12.9 6.5 6.6E-03 NM_178444 A_55_P2111355
Crym 0.42 13.0 -6.5 6.9E-03 NM_016669 A_51_P264695
Slcodal 0.24 6.9 -6.5 6.9E-03 NM_148933 A_55_P1989653
Lsr 3.24 11.2 6.5 7.0E-03 NM_017405 A_55_P1983488
Hspal2b 2.64 9.0 6.5 7.0E-03 NM_028306 A_51_P130332
St8sia4 3.16 9.1 6.4 7.1E-03 NM_009183 A_51_P236267
Arap3 2.84 9.0 6.4 7.1E-03 NM_139206 A_52_P195018
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Fnl 3.63 12.0 6.4 7.1E-03 NM_010233 A_55_P2130178
Podxl 3.12 7.5 6.4 7.1E-03 NM_013723 A_52_P380263
Eng 2.56 9.6 6.4 7.1E-03 NM_001146350 A_55_P2040936
Grin3a 2.03 7.5 6.4 7.2E-03 NM_001033351 A_55_P1980471
Paqgr5 231 6.5 6.3 7.2E-03 NM_028748 A_51_P258768
Gm10601 0.44 6.4 -6.3 7.2E-03 XM_001478493 A_55_P2102998
Prom1 2.10 7.8 6.3 7.3E-03 NM_008935 A_52_P402786
LOC434513 4.42 5.0 6.3 7.3E-03 XM_486348 A_55_P2173210
Cyyrl 2.84 7.2 6.3 7.3E-03 NM_144853 A_55_P2129000
Sema3c 3.47 9.5 6.3 7.4E-03 NM_013657 A_55_P2143025
Ncapg2 0.42 5.8 -6.3 7.4E-03 NM_133762 A_51_P424810
LOC100045191 2.25 10.9 6.2 7.4E-03 XM_001473825 A_55_P2022201
Nkx6-2 0.46 7.2 -6.2 7.4E-03 NM_183248 A_55_P1997569
Tspanl3 2.67 11.2 6.2 7.4E-03 NM_025359 A_51_P256246
Kdr 2.66 9.6 6.2 7.4E-03 NM_010612 A_51_P316553

FC = fold change (>1 = expression upregulated, <1 = expression downregulated), Int = Mean log,

intensity, t = t-test statistic, FDR = False Discovery Rate controlled p-value

Table 4: Top 50 most significantly regulated genes with more than 2 fold up or down
change in VIM-GFAPko microglia compared to GFAPko microglia.

Gene Symbol FC Int t FDR GenBank accession Agilent Probe Name
Vim 0.01 9.52  -31.71 2.8E-09 NM_011701 A_51_P392687
Fam193b 2.46 11.19 10.10  1.2E-03 NM_145382 A_51_P407879
Olfr122 0.15 7.32 -9.76  1.2E-03 NM_146288 A_55_P2097814
NA 0.20 8.54 -9.90  1.2E-03 XM_001472454 A_55_P2142724
Pisd 2.52 13.44 10.02  1.2E-03 NM_177298 A_55_P2183735
Hapl 0.17 10.28 -9.38  1.3E-03 NM_010404 A_51_P516728
LOC432842 0.28 6.39 -9.49  1.3E-03 AK163540 A_55_P2162229
Spint2 0.26 10.12 -9.14  1.6E-03 NM_001082548 A_55_P2111713
1700022A21Rik 0.25 7.77 -8.74  2.3E-03 NR_003953 A_51_P240723
NA 0.36 5.17 -8.25 3.9E-03  ENSMUST00000070876 A_55_P2139318
E130119HO09Rik 0.37 7.39 -8.03 4.6E-03 AK021396 A_51_P441745
Firre 2.40 8.58 7.93  4.6E-03 NR_026976 A_52_P223508
Pou3f3os 0.35 7.29 -7.95  4.6E-03 NR_027826 A_52_P385736
Lbx1 0.47 5.87 -7.86  4.7E-03 NM_010691 A_55_P2051741
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DmxI2 2.05 6.62 7.69  5.6E-03 NM_172771 A_55_P2179939
Oog2 0.37 7.29 -7.64  5.6E-03 NM_198661 A_55_P2023163
Ttc8 4.21 7.71 7.59  5.7E-03 NM_029553 A_51_P507899

Rprd1b 0.42 10.12 -7.25 5.7E-03 NM_027434 A_51_P229633
Tpgsl 0.41 10.22 -7.42  5.7E-03 NM_148934 A_52_P562593

Mroh2a 0.35 7.47 -7.27  5.7E-03 XM_001475729 A_52_P957031
NA 0.35 7.64 -7.47  5.7E-03 XM_001474573 A_55_P1994173
Pgsl 1.76 13.49 7.17  5.7E-03 NM_133757 A_55_P2002150

Barx2 0.17 7.77 -7.32  5.7E-03 NM_013800 A_55_P2030046
Lrrc45 1.97 12.12 7.44  5.7E-03 NM_153545 A_55_P2040815
Smc5 0.49 10.47 -7.27  5.7E-03 NM_153808 A_55_P2062632

NA 0.27 5.77 -7.16  5.7E-03 XM_987199 A_55_P2088075
Fxyd1 0.20 10.43 -7.30 5.7E-03 NM_052992 A_55_P2137937
Gm9958 0.28 5.92 -7.29  5.7E-03 BQ950205 A_55_P2386742
NA 0.20 10.05 -7.18  5.7E-03  ENSMUST00000101310 A_65_P20683
Agt 0.26 7.00 -7.41  5.7E-03 NM_007428 A_66_P112356
Pisd-ps3 4.24 10.22 7.21  5.7E-03 NR_003518 A_66_P122158
Erbb2 0.32 6.96 -7.12 5.9E-03 NM_001003817 A_52_P49250
NA 0.24 9.78 -7.09  5.9e-03 XM_909126 A_55_P2041910
Nphp4 0.33 7.95 -7.08  5.9E-03 NM_153424 A_55_P2137586
Card14 0.46 7.00 -6.88  5.9E-03 NM_130886 A_51_P137611
Arhgap4 1.78 12.92 6.83  5.9E-03 NM_138630 A_51_P339822
Gm2744 4.07 13.31 6.97  5.9E-03 XM_001475453 A_52_P135873
Olfr1419 0.52 6.51 -6.83  5.9E-03 NM_001011775 A_52_P232438
Troap 0.25 6.12 -6.74  5.9E-03 NM_030159 A_52_P633714
Lhb 0.29 8.90 -6.86  5.9E-03 NM_008497 A_55_P1953991
NA 0.24 6.41 -6.76  5.9E-03 XM_917005 A_55_P1957932
Teddm1 0.52 5.65 -7.00  5.9E-03 NM_178244 A_55_P1970335
Etnk2 0.45 6.06 -6.91  5.9E-03 NM_175443 A_55_P1979019
4932412D23Rik 0.36 9.05 -6.79  5.9E-03 ENSMUST00000099759 A_55_P1990810
Nox1 0.21 7.52 -6.78  5.9E-03 NM_172203 A_55_P1997906
Hhat 0.28 8.30 -6.76  5.9E-03 NM_144881 A_55_P2015143
Hsp90aal 2.40 14.52 6.81 5.9E-03 NM_010480 A_55_P2057946
Zfp352 0.37 10.22 -6.73  5.9E-03 NM_153102 A_55_P2060343
NA 2.19 7.30 6.73 5.9E-03 ENSMUST00000069459 A_55_P2085727
Dnmt3b 1.86 8.40 6.80  5.9E-03 NM_001003961 A_55_P2130535

t = t-test statistic, fold change: >1 = expression upregulated, <1 = expression downregulated, FDR

adj.P.Val = False Discovery Rate controlled p-value, NA = Not Available
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Table 5: Top 50 most significantly regulated genes with more than 2 fold up or down

change in VIM-GFAPko astrocytes compared to WT astrocytes.

Gene Symbol FC Int t FDR GenBank accession Agilent Probe Name
Gdpd3 010 65 -203  2.9E-07 NM_024228 A_51_P426875
Fzd2 010 7.6 -17.0  1.6E-06 NM_020510 A_52_P129428
Thbs4 7.45 9.9 16.3 1.7E-06 NM_011582 A_52_P401504
Frrsil 414 738 16.0 1.7E-06 NM_001142965 A_55_P2092252
Gm3892 0.10 7.3 -15.5 2.1E-06 XM_001478587 A_55_P1953273
Gm13298 011 738 -15.1  2.5E-06 NM_001085530 A_55_P2018330
NAP000581-003 0.38 9.4 -13.7 6.8E-06 NAP000581-003 A_55_P1959541
Dclk3 0.11 6.8 -13.5  6.8E-06 NM_172928 A_51_P419637
9630041G16Rik 5.95 8.7 13.5 6.8E-06 AK079356 A_55_P2330435
Ybx1 0.28 8.0 -13.0  9.5E-06 M60419 A_55_P2131379
Al594671 0.03 4.8 -13.0 9.5E-06 AA711038 A_55_P2295856
Gfap 0.01 53 -12.3  1.5E-05 NM_001131020 A_52_P52303
Krt85 0.13 5.8 -12.3 1.5E-05 NM_016879 A_55_P1999364
A_55_P1990066  0.19 6.2 -12.2 1.6E-05 A_55_P1990066 A_55_P1990066
Hapln3 0.29 9.7 -12.0 1.7E-05 ENSMUST00000032827 A_55_P2093553
Gm13298 007 75 -12.0  1.8E-05 NM_001085530 A_55_P2033480
4933409K07Rik 0.18 7.4 -11.7 2.3E-05 NR_033123 A_55_P2119552
Olfr1307 237 7.0 11.6 2.3E-05 NM_001011787 A_51_P362554
Ccdc24 0.20 8.2 -11.5 2.5E-05 ENSMUST00000106422 A_55_P2177697
Tmem181la 034 86 -11.4  2.7E-05 NM_001033178 A_55_P2021099
Gm8909 0.22 6.2 -11.3 2.7E-05 NM_001081032 A_55_P1956160
HapIn3 031 9.0 -11.3  2.8E-05 NM_178255 A_51_P244213
Psmc3ip 0.29 6.7 -11.2 3.0E-05 NM_008949 A_52_P238044
5430410E06Rik 025 6.1 -11.0  3.5E-05 XM_001475205 A_55_P1981461
Cc2 0.26 8.7 -10.9 3.5E-05 NM_013484 A_51_P497985
Srprb 025 83 -10.9  3.5E-05 NM_009275 A_52_P131559
Frrsil 4.03 6.7 10.7 4.4E-05 NM_001142965 A_51_P307559
A230065H16Rik 040 71 -10.6  4.4E-05 NM_001101503 A_55_P2076916
Ccl21a 0.06 8.3 -10.6 4.4E-05 NM_011124 A_55_P2024625
Gm9495 3.04 109 10.5 5.0E-05 XM_001475988 A_55_P2054098
Gm2490 0.13 6.5 -10.4 5.1E-05 XM_001473759 A_55_P2096023
LOC100046136 038 8.7 -10.4  5.3E-05 XM_001476489 A_55_P2143119
Frrsil 2.95 6.6 10.3 5.3E-05 NM_001142965 A_55_P2092251
5430410E06Rik 020 53 -10.3  5.3E-05 XM_001475205 A_55_P1981464
Clic6 0.27 7.6 -10.3 5.4E-05 NM_172469 A_52_P447284
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XM_001478398 2.99 7.3 10.1 6.6E-05 XM_001478398 A_55_P2031848
LOC547349 0.30 5.4 -10.1 6.6E-05 NM_001025208 A_55_P1966659
LOC100048713 0.48 8.8 -10.0 6.7E-05 XM_001481016 A_55_P1986225
8030453022Rik 0.24 6.8 -10.0 6.8E-05 AK047163 A_55_P2383897

2610524H06Rik 0.47 7.9 -10.0 6.8E-05 NM_181075 A_65_P09285
Nptx2 0.10 6.1 -9.9 6.8E-05 NM_016789 A_52_P187058
Gfap 0.16 6.0 -9.8 7.7E-05 NM_010277 A_55_P2157250
Atp6ap1ll 0.37 6.8 -9.8 7.7E-05 NM_001145879 A_55_P2016139
Trim12a 2.38 7.1 9.7 8.5E-05 NM_023835 A_55_P2064659
Pdgfd 2.79 7.6 9.7 8.5E-05 NM_027924 A_52_P264790
Metapld 2.04 9.8 9.6 9.7E-05 NM_025633 A_51_P236469
Rnf165 0.43 7.4 -9.5 9.7E-05 NM_001164504 A_55_P2117664
Fam163a 223 112 9.5 9.7E-05 NM_177838 A_55_P2027421
Zfp949 0.38 8.1 -9.5 9.7E-05 NM_001142943 A_51_P513244
Igsfl 0.28 115 9.4 1.1E-04 NM_177591 A_55_P2059864

Note the absence of Vim in this list, due to our top 50 cutoff, with vimentin at position 66 using our
criteria. FC = fold change (>1 = expression upregulated, <1 = expression downregulated), Int = Mean
log, intensity, t = t-test statistic, FDR = False Discovery Rate controlled p-value

Table 6: Top 50 most significantly regulated genes with more than 2 fold up or down
change in VIM-GFAPko microglia compared to WT microglia.

Gene Symbol FC Int t FDR GenBank accession Agilent Probe Name
Vim 0.01 9.52 -29.24  7.8E-09 NM_011701 A_51_P392687
Gdpd3 0.03 894  -26.45 1.4E-08 NM_024228 A_51_P426875
Gm8909 0.04 7.62 -20.46  2.4E-07 NM_001081032 A_55_P1956160
Qpct 0.02 8.95 -19.52  3.3E-07 NM_027455 A_55_P2140118
Ccdc80 0.09 7.46 -16.16  2.8E-06 NM_026439 A_55_P2169586
Ybx1 0.20 8.38 -12.95  3.3E-05 M60419 A_55_P2131379
Ncerpl 020 854  -12.82 3.3E-05 NM_001081115 A_66_P106231
Rasd2 4.26 8.71 12.09 5.4E-05 NM_029182 A_55_P2107155
NA 4.20 9.37 12.06 5.4E-05 XM_001474432 A_55_P2148935
Dcc 4.52 11.94 11.80 6.3E-05 NM_007831 A_55_P1961761
Napa 317 1031 1142  7.8E-05 NM_025898 A_51_P246816
5830444B04Rik  4.81 8.60 11.49  7.8E-05 AK030886 A_55_P2206605
Ciart 3.86 7.66 11.24  8.7E-05 NM_001033302 A_52_P63343
Gm2008 3.68 13.78 10.89 1.2E-04 XM_001472097 A_55_P2092831
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NA 0.22 5.06 -10.83  1.2E-04 XM_485041 A_66_P129469
Fam2lla 0.31 11.66 -11.50  1.2E-04 NM_198861 A_55_P2149896
Impact 4.13 12.73 10.60  1.3E-04 NM_008378 A_51_P483220
Dennd4a 5.03 11.46 10.59  1.3E-04 ENSMUST00000089035 A_65_P03364
5430410E06Rik  0.25 7.41 -10.42  1.4E-04 XM_001475205 A_55_P1981461
Hsp90aal 3.75 14.52 10.30  1.6E-04 NM_010480 A_55_P2057946
5430410E06Rik  0.23 6.93 -10.19 1.7E-04 XM_001475205 A_55_P1981464
NA 4.24 9.94 9.99 2.0E-04 XM_001477233 A_55_P1962699
Prdm12 2.94 6.09 9.71 2.6E-04 NM_001123362 A_55_P1980134
Optn 3.83 7.49 9.72 2.6E-04 NM_181848 A_66_P119801
Rnf217 0.16 4.88 -9.64 2.7E-04 NM_001146349 A_52_P3845
Actn2 3.05 5.91 9.57 2.8E-04  ENSMUST00000110616 A_55_P2163438
Gp9 0.42 11.24 -9.52 2.9E-04 NM_018762 A_51_P153995
NA 2.19 8.68 9.35 3.4E-04 NM_001113806 A_55_P2157551
Glrpl 0.41 10.10 -9.30 3.5E-04 NM_008132 A_55_P2042743
A630081D01Rik  4.44 10.78 9.27 3.5E-04 AK042310 A_55_P2249556
Gm14391 2.25 10.68 9.24 3.5E-04 NM_001099308 A_55_P1956807
Mapkapk3 2.32 11.07 9.08 4.1E-04 NM_178907 A_55_P2009762
Rcan2 0.31 7.12 -8.90  4.7E-04 NM_207649 A_55_P1961736
NA 0.19 6.98 -8.93 4.7E-04 A_55_P1990066 A_55_P1990066
H2-M2 4.15 8.34 8.92 4.7E-04 NM_008204 A_55_P2135064
Histlhld 0.19 6.22 -8.88  4.7E-04 NM_145713 A_55_P2183508
Slc25a33 3.07 11.04 8.73 5.0E-04 NM_027460 A_51_P156438
Dpys 0.37 6.29 -8.72 5.0E-04 NM_001164466 A_51_P244950
Ppib 0.46 13.27 -8.74  5.0E-04 NM_011149 A_51_P327828
Hddc3 0.26 7.06 -8.80  5.0E-04 NM_026812 A_52_P521882
Gm3716 0.27 6.19 -8.80  5.0E-04 XM_001478025 A_55_P1964955
Depdc5 0.41 6.35 -8.78 5.0E-04 NM_177786 A_55_P1984381
Sphk1 2.79 8.02 8.66 5.1E-04 NM_025367 A_51_P501248
Dcaf1212 2.42 14.66 8.63 5.1E-04 NM_175539 A_55_P1959973
Slc20al 2.18 12.18 8.68 5.1E-04 NM_015747 A_55_P2115582
Zfp931 221 9.09 8.64 5.1E-04 NM_001162922 A_55_P2173073
Hesl 3.64 9.74 8.43 6.3E-04 NM_008235 A_55_P2046245
NA 0.32 5.47 -8.45 6.3E-04  ENSMUST00000114941 A_55_P2131190
Tagln 0.23 10.49 -8.40 6.5E-04 NM_011526 A_51_P450527
Neurlla 0.42 13.59 -8.33 7.0E-04 NM_021360 A_55_P2023692

FC = fold change (>1 = expression upregulated, <1 = expression downregulated), Int = Mean log,
intensity, t = t-test statistic, FDR = False Discovery Rate controlled p-value, NA = Not Available
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Table 7: Top 10 Gene Ontology terms per domain overrepresented by GFAPko astrocytes
compared to WT astrocytes.

Domain GO.ID Term # Annot # Sig p-val

BP G0:0016045 detection of bacterium 7 2 2.20E-03

positive regulation vascular endothelial growth

BP G0:0010575 factor production 9 2 3.80E-03
BP G0:0001774 microglial cell activation 10 2 4.70E-03
BP G0:0060644 mammary gland epithelial cell differentiation 11 2 5.70E-03
BP G0:0050919 negative chemotaxis 17 2 1.35E-02
BP G0:0051781 positive regulation of cell division 49 3 1.49E-02
Bp G0:0045429 positive regulation of nitric oxide biosynthetic 20 2 1.85E-02
process
BP G0:0016485 protein processing 791 7 1.94E-02
BP G0:0045907 positive regulation of vasoconstriction 21 2 2.04E-02
Bp G0:0045879 negative regulat‘io;;:];rzsothened signaling 2 2 222602
cc G0:0072562 blood microparticle 59 6 4.50E-05
cc G0:0005881 cytoplasmic microtubule 47 4 1.70E-03
CC G0:0071944 cell periphery 2595 41 3.40E-03
cc G0:0005576 extracellular region 2075 36 1.01E-02
cc G0:0005578 proteinaceous extracellular matrix 202 9 1.83E-02
cc G0:0016021 integral component of membrane 3105 47 2.20E-02
cc G0:0043233 organelle lumen 1379 6 2.35E-02
cc G0:0034707 chloride channel complex 25 2 3.05E-02
cc G0:0009925 basal plasma membrane 27 2 3.52E-02
cc G0:0005604 basement membrane 66 3 3.60E-02
MF G0:0005518 collagen binding 33 3 5.40E-03
MF G0:0005247 voltage-gated chloride channel activity 11 2 6.00E-03
MF G0:0004930 G-protein coupled receptor activity 324 13 6.90E-03
MF G0:0005540 hyaluronic acid binding 15 2 1.12E-02
MF G0:0008201 heparin binding 82 4 1.20E-02
MF G0:0043236 laminin binding 16 2 1.27E-02
MF G0:0005178 integrin binding 53 3 1.97E-02
MF G0:0017046 peptide hormone binding 25 2 2.97E-02
MF G0:0042605 peptide antigen binding 26 2 3.20E-02
MF G0:0015179 L-amino acid transmembrane transporter activity 27 2 3.43E-02

# Annot = Total microarray probes annotated to this term; # Sig = number of probes
detecting significant change in this term; p-val = parent-child weighted p-value of
Fisher’s exact test for overrepresentation; GO.ID = Gene Ontology Identifier; BP =
Biological Process; CC = Cellular Component; MF = Molecular Function.
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Table 8: Top 10 Gene Ontology terms per domain overrepresented by GFAPko microglia

compared to WT microglia.

Domain GO.ID Term # Annot # Sig p-val
BP G0:0007186 G-protein coupled receptor signaling pathway 668 81 2.60E-10
Bp G0:0050911 detection of Chir:riz:Lﬁ,n:g;:r:ZTWEd in sensory 224 29 2.20E-05
BP G0:2000288 positive regulation of myoblast proliferation 6 4 1.30E-04
BP G0:0001886 endothelial cell morphogenesis 7 4 3.00E-04
BP G0:0045672 positive regulation of osteoclast differentiation 21 6 8.00E-04
BP G0:0032753 positive regulation of interleukin-4 production 9 4 9.90E-04
BP G0:0060347 heart trabecula formation 10 4 1.57E-03
BP G0:0008284 positive regulation of cell proliferation 518 57  2.00E-03
BP  G0:0007200 phOSphC’"rZizgfzg‘;a:li;;gg f’azm:;“ coupled 33 7 2.02E-03
BP G0:0090303 positive regulation of wound healing 11 4 2.36E-03
cC G0:0016021 integral component of membrane 3323 244 3.30E-05
cC G0:0009897 external side of plasma membrane 190 24 1.80E-04
cC G0:0005615 extracellular space 624 54  8.10E-04
cC G0:0005886 plasma membrane 2725 209  2.19e-03
cc G0:0045095 keratin filament 20 5 4.33E-03
cC G0:0005887 integral component of plasma membrane 398 40  5.31E-03
cC G0:0005576 extracellular region 2164 135  7.82E-03
cC G0:0009986 cell surface 414 44 2.47E-02
cC G0:0048471 perinuclear region of cytoplasm 397 32 2.73E-02
cc G0:0034707 chloride channel complex 21 4 2.81E-02
MF G0:0004930 G-protein coupled receptor activity 465 69  4.50E-10
MF G0:0004984 olfactory receptor activity 225 29  2.00E-05
MF G0:0005179 hormone activity 42 9 2.80E-04
MF G0:0005550 pheromone binding 16 5 1.37E-03
MF G0:0008083 growth factor activity 80 12 1.48E-03
MF  G0:0016670 °’dd°md”aajgna;::j’:)‘(’;{;:';gs ‘;’C‘cae::(')’;h”r group of 6 3 3.02£-03
MF G0:0016503 pheromone receptor activity 20 5 4.04E-03
MF G0:0005200 structural constituent of cytoskeleton 34 6 1.02E-02
MF G0:0008395 steroid hydroxylase activity 10 3 1.53E-02
ME G0:0016705 oxidoreductase activity, acting on paired donors, with 116 11 1.53E-02

incorporation or reduction of molecular oxygen

# Annot = Total microarray probes annotated to this term; # Sig = number of probes
detecting significant change in this term; p-val = parent-child weighted p-value of
Fisher’s exact test for overrepresentation; GO.ID = Gene Ontology Identifier; BP =
Biological Process; CC = Cellular Component; MF = Molecular Function.
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Table 9: Top 10 Gene Ontology terms per domain overrepresented by VIM-GFAPko
astrocytes compared to GFAPko astrocytes.

Domain GO.ID Term # Annot  #Sig p-val
BP G0:0045766 positive regulation of angiogenesis 75 12 2.70E-08
BP G0:0001570 vasculogenesis 70 12 6.10E-07
BP G0:0001569 patterning of blood vessels 36 7 2.50E-06
BP G0:0014045 establishment of endothelial blood-brain barrier 5 3 5.20E-05
BP G0:0006855 drug transmembrane transport 15 4 1.10E-04
BP G0:0001525 Angiogenesis 283 29 1.10E-04

vascular endothelial growth factor signaling

BP G0:0038084 pathway 17 6 1.70E-04
BP G0:0001701 in utero embryonic development 310 16 4.00E-04
BP G0:0043129 surfactant homeostasis 9 3 4.10E-04
BP G0:0048863 stem cell differentiation 219 10 5.00E-04
cC G0:0016324 apical plasma membrane 151 12 1.70E-05
cC G0:0005615 extracellular space 574 31 1.90E-05
cC G0:0005886 plasma membrane 2534 82 6.40E-05
cC G0:0072562 blood microparticle 59 7 8.30E-05
cc G0:0046581 intercellular canaliculus 6 3 1.10E-04
cC G0:0030173 integral component of Golgi membrane 30 5 1.70E-04
cC G0:0009897 external side of plasma membrane 149 10 3.40E-04
cc G0:0009986 cell surface 367 22 4.20E-04
cC G0:0016021 integral component of membrane 3101 83 1.04E-03
cC G0:0044447 axoneme part 8 2 8.29E-03
MF G0:0008559 xenobiotic-transporting ATPase activity 5 3 4.90E-05
MF G0:0045296 cadherin binding 26 5 7.20E-05
MF G0:0008009 chemokine activity 14 4 7.50E-05
MF G0:0005021 vascular endothelial growth factor-activity 6 3 9.70E-05
MF G0:0050431 transforming growth factor beta binding 12 3 9.90E-04
MF G0:0005539 glycosaminoglycan binding 111 11 1.48E-03
MF G0:0008373 sialyltransferase activity 16 3 2.40E-03
MF G0:0005178 integrin binding 55 5 2.52E-03
MF G0:0008201 heparin binding 81 6 2.73E-03
MF G0:0001846 opsonin binding 5 2 2.86E-03

# Annot = Total microarray probes annotated to this term; # Sig = number of probes detecting
significant change in this term; p-val = parent-child weighted p-value of Fisher’s exact test for
overrepresentation; GO.ID = Gene Ontology Identifier; BP = Biological Process; CC = Cellular
Component; MF = Molecular Function.
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Table 10: Top 10 Gene Ontology terms per domain overrepresented by VIM-GFAPko

microglia compared to GFAPko microglia.

Domain GO.ID Term # Annot # Sig p-val
BP G0:0007186 G-protein coupled receptor signaling pathway 670 48 1.50E-04
Bp G0:0090179 planar cell polarity pathway involved in neural tube 10 4 2 30E-04

closure
BP G0:0043267 negative regulation of potassium ion transport 13 4 7.40E-04
BP G0:0006936 muscle contraction 139 11 9.80E-04
BP G0:0048318 axial mesoderm development 7 3 1.23E-03
BP G0:0018119 peptidyl-cysteine S-nitrosylation 7 3 1.23E-03
BP G0:0048664 neuron fate determination 7 3 1.23E-03
BP G0:0030534 adult behavior 94 9 1.32E-03
BP G0:0007202 activation of phospholipase C activity 8 3 1.92E-03
BP G0:0048712 negative regulation of astrocyte differentiation 10 3 3.91E-03
cC G0:0005922 connexon complex 8 5 2.30E-06
cC G0:0005882 intermediate filament 75 11  4.40E-04
cc G0:0005929 cilium 257 13 1.64E-03
cc G0:0030018 Z disc 64 7 5.94E-03
cc G0:0030673 axolemma 12 3 6.88E-03
cc G0:0000786 nucleosome 39 5 9.98E-03
cc G0:0019005 SCF ubiquitin ligase complex 26 4 1.10E-02
cc G0:0016324 apical plasma membrane 149 11 1.31E-02
cC G0:0016235 aggresome 16 3 1.58E-02
cc G0:0005938 cell cortex 150 10 2.13E-02
MF G0:0004930 G-protein coupled receptor activity 467 38 1.80E-04
MF G0:0005243 gap junction channel activity 7 3 1.25E-03
MF G0:0020037 heme binding 70 8 2.59E-03
MF G0:0004984 olfactory receptor activity 225 16  4.64E-03
MF G0:0043395 heparan sulfate proteoglycan binding 13 3 8.80E-03
MF G0:0097110 scaffold protein binding 25 4 9.65E-03
MF G0:0043121 neurotrophin binding 5 2 1.09E-02
MF G0:0005179 hormone activity 41 5 1.24E-02
MF G0:0004540 ribonuclease activity 66 5 1.59E-02
MF G0:0016615 malate dehydrogenase activity 6 2 1.60E-02

# Annot = Total microarray probes annotated to this term; # Sig = number of probes detecting
significant change in this term; p-val = parent-child weighted p-value of Fisher’s exact test for
overrepresentation; GO.ID = Gene Ontology Identifier; BP = Biological Process; CC = Cellular

Component; MF = Molecular Function.
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Table 11: Top 10 Gene Ontology terms per domain overrepresented by VIM-GFAPko
astrocytes compared to WT astrocytes.

Domain GO.ID Term # Annot # Sig p-val
BP G0:0051781 positive regulation of cell division 50 7 4.00E-04
BP G0:0016525 negative regulation of angiogenesis 44 7 9.00E-04
BP G0:0050901 leukocyte tethering or rolling 7 3 9.60E-04
BP G0:0010043 response to zinc ion 17 4 1.60E-03

cell proliferation involved in metanephros develop-

BP G0:0072203 ment 9 3 2.20E-03
BP G0:0090023 positive regulation of neutrophil chemotaxis 9 3 2.20E-03
BP G0:0042416 dopamine biosynthetic process 10 3 3.06E-03
BP G0:0045907 positive regulation of vasoconstriction 22 4 4.36E-03
BP G0:0014002 astrocyte development 12 3 5.36E-03
BP G0:0034114 regulation of heterotypic cell-cell adhesion 9 3 5.56E-03
cC G0:0072562 blood microparticle 59 8 4.70E-04
cc G0:0009986 cell surface 374 24 1.62E-03
cc G0:0005615 extracellular space 577 37 1.69E-03
cc G0:0016021 integral component of membrane 3122 126  3.36E-03
cC G0:0005868 cytoplasmic dynein complex 16 3 1.26E-02
cc G0:0005578 proteinaceous extracellular matrix 205 16 2.74E-02
cc G0O:0005576 extracellular region 2090 88 2.84E-02
cc G0:0005915 zonula adherens 9 2 3.04E-02
cc G0:0031528 microvillus membrane 9 2 3.04E-02
cc G0:0005887 integral component of plasma membrane 387 21 3.71E-02
MF G0:0008009 chemokine activity 16 5 8.60E-05
MF G0:0031994 insulin-like growth factor | binding 7 3 9.00E-04
MF G0:0005247 voltage-gated chloride channel activity 12 3 5.10E-03
MF G0:0045296 cadherin binding 24 4 5.60E-03
MF G0:0001968 fibronectin binding 14 3 8.00E-03
MF G0:0042802 identical protein binding 856 39 8.50E-03
MF G0:0004060 arylamine N-acetyltransferase activity 5 2 8.80E-03
MF G0:0003690 double-stranded DNA binding 101 8 1.21E-02
MF G0:0015643 toxic substance binding 6 2 1.29E-02
MF G0:0008889 glycerophosphodiester phosphodiesterase activity 6 2 1.29E-02

# Annot = Total microarray probes annotated to this term; # Sig = number of probes detecting
significant change in this term; p-val = parent-child weighted p-value of Fisher’s exact test for
overrepresentation; GO.ID = Gene Ontology Identifier; BP = Biological Process; CC = Cellular
Component; MF = Molecular Function.
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Table 12: Top 10 Gene Ontology terms per domain overrepresented by VIM-GFAPko

microglia compared to WT microglia.

Domain GO.ID Term # Annot # Sig p-val
BP G0:0090303 positive regulation of wound healing 11 4 3.40E-04
BP G0:0010628 positive regulation of gene expression 918 42 3.80E-04
BP G0:0051491 positive regulation of filopodium assembly 20 5 4.30E-04
BP G0:0016584 nucleosome positioning 6 3 7.00E-04
BP G0:0003143 embryonic heart tube morphogenesis 42 4 7.00E-04
BP G0:0008284 positive regulation of cell proliferation 510 43 7.30E-04
BP G0:0008217 regulation of blood pressure 104 12 1.47E-03
BP G0:0042510 regulation of tyrosine phosphorylation of Statl protein 8 3 1.86E-03
BP G0:2000188 regulation of cholesterol homeostasis 8 3 1.86E-03
BP G0:0001525 angiogenesis 291 23 2.25E-03
cC G0:0005615 extracellular space 621 40 1.30E-04
cc G0:0030018 Z disc 65 9 2.90E-04
cC G0:0005887 integral component of plasma membrane 393 30 6.80E-04
cc G0:0000786 nucleosome 39 6 1.71E-03
cC G0:0009897 external side of plasma membrane 189 16 2.26E-03
cc G0:0031012 extracellular matrix 227 22 2.27E-03
cc G0:0005614 interstitial matrix 9 3 2.67E-03
cc G0:0033270 paranode region of axon 10 3 3.72E-03
cc G0:0005604 basement membrane 60 8 4.92E-03
cc G0:0005865 striated muscle thin filament 11 3 4.98E-03
MF G0:0008083 growth factor activity 79 10 2.50E-04
MF G0:0015026 coreceptor activity 17 4 1.94E-03
MF G0:0008201 heparin binding 86 9 2.00E-03
MF G0:0005200 structural constituent of cytoskeleton 33 5 4.13E-03
MF G0:0004519 endonuclease activity 93 7 7.18E-03
MF G0:0043565 sequence-specific DNA binding 461 28 7.21E-03
ME GO:0015185 gamma-aminobutyric acid Fr:.ansmembrane transporter 5 ) 1.01E-02

activity
MF G0:0030506 ankyrin binding 15 3 1.19E-02
MF G0:0005283 sodium:amino acid symporter activity 6 2 1.48E-02
ME G0:0005114 type Il transforming growth factor beta receptor 6 ) 1.48E-02

binding

# Annot = Total microarray probes annotated to this term; # Sig = number of probes detecting
significant change in this term; p-val = parent-child weighted p-value of Fisher’s exact test for
overrepresentation; GO.ID = Gene Ontology Identifier; BP = Biological Process; CC = Cellular
Component; MF = Molecular Function.
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although less terms related to the proteinaceous extracellular matrix (ECM)
were present (mainly “sialyltransferase activity”). The term “extracellular space”
(everything extracellular except the ECM) or extracellular matrix-interacting related

27} V773

terms were present (“plasma membrane”, “cells surface”, “glycosaminoglycan
binding”, “heparin binding”). In the microglia, similar to the GFAPko to WT
comparison, the terms of “G-protein coupled receptor signalling pathway”
and “G-protein coupled receptor activity” were overrepresented, and the most
significantly overrepresented term was “connexon complex” (Gja4, Gjb6, Gjbl, Gjc3,
Gjc2). In these microglia, also the term “intermediate filament” was overrepresented
(Bfsp2, Vim, Krtap5-1, Gm11567, Krtl6, Ina, Fbfl, Krtapl9-5, Krtapl-4, Krtapl9-4,
Krtap5-5).

WT versus VIM-GFAPko GO-analysis
Comparing the VIM-GFAPko with the WT astrocytes (Table 11) again showed

a clear effect on extracellular environment, including the term “proteinaceous
extracellular matrix”. The most significantly overrepresented term in the VIM-
GFAPko astrocytes was “chemokine activity” (Pdgfd, Thbs4, Fgfl, Pdgfb, Ybxl,
Gknl, Igflr). In the VIM-GFAPko microglia, the most significant GO-terms were
“extracellular space” (40 DEGs) and “growth factor activity” (Tgfb3, Cxcl12, Hbegf,
Osginl, 1134, I112b, Gdf15, Csfl, Ptn, Gknl). Again also “integral component of
plasma membrane” and “angiogenesis” were overrepresented.

Highlight: GFAPko specific GPCRs, olfactory and vomeronasal receptor expression

We looked more specifically into a peculiar expression pattern found in the
overrepresented GO-terms in the microglia. In the GFAPko vs WT as well as the
VIM-GFAPko vs GFAPko, but not the VIM-GFAPko vs WT comparisons, the cluster
of G-protein coupled receptor (GPCR) pathway was overrepresented with 81 DEGs
in the GFAPko vs WT and 48 DEGs in the VIM-GFAPko vs GFAPko. Interestingly,
among the 81 DEGs of the GFAPko vs WT there were 30 olfactory receptors and
12 vomeronasal receptors. For the VIM-GFAPko vs GFAPko this amounts up to
16 olfactory receptors and 7 vomeronasal receptors. Since the G-protein coupled
receptor pathway cluster is not overrepresented in the VIM-GFAPko vs WT, this
appears to be a GFAPko-specific effect, no longer found when Vim is additionally
knocked out. We plotted the expression pattern of these DEGs (Fig. 4A) and the
other genes in the GPCR terms (Fig. 4B). This showed that almost all olfactory and
vomeronasal receptors in the GPCR terms were upregulated in the GFAPko yet the
expression was not changed in the in the VIM-GFAPko vs WT. For the non-olfactory

and non-vomeronasal GPCRs, a similar pattern was present, albeit more dispersed
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(Fig. 4B).
Cluster analyses showed several patterns of gene expression

This pattern of DEGs - upregulated in the GFAPko and no change in the VIM-
GFAPko - could be a more general pattern in the two models. To extract these
patterns, all identified DEGs in astrocytes and microglia were analysed by k-means
cluster analysis across the three genotypes. For astrocytes this amounted to 893
clustered DEGs. We empirically determined the optimal number of clusters required
to extract the different patterns of expression to be 9 clusters for the astrocytes (Fig.
5). For microglia 1882 DEGs were clustered (Fig. 6), that optimally clustered into
the different expression patterns when assigned to 12 clusters. Still, 6 of the main
clusters (cluster 1, 2, 4, 5, 7 & 12) showed a pattern of upregulation or downregulation
by GFAPko, which is partly or completely compensated by VIM-GFAPko, as seen

in the olfactory and vomeronasal receptors A

Olfactory and pi p ion patterns

(Fig. 4A), indicating the olfactory receptor 2
pattern is indeed followed by multiple
genes.

To see if there are specific gene groups
that are sensitive to a “total IF dose” in

astrocytes, we analysed the clusters that

normalized log2 intensityl

have a cumulative change in response to
the deletion of single and both IFs (Fig.
5, clusters 6 and 8, total 279 genes) for GO
overrepresentation. GO analysis on both

T T
WT GFAPko VIM-GFAPko

these clusters resulted in overrepresentation
genotype

of “signalling” and “adhesion related” B _
Other GPCR expression patterns

Figure 4. Expression pattern across microglial

1.0 \
genotypes for olfactory-related receptors in contrast !

\
to general G-protein coupled receptors osd s\\\

Expression patterns for DEGs from the microglial
GFAPko vs WT and VIM-GFAPko vs GFAPko
contrasts annotated to the GO-term GO:007186
“G-protein coupled receptor signalling pathway”,

0.0 -

normalized log2 intensityl

comprising 81 DEG annotations, were split in the _o5-
olfactory and vomeronasal receptor family (A)

and all other DEGs in this term (B). Expression

o
1
~

intensities were normalized to log, intensity = 0 for

T T
GFAPko VIM-GFAPko
genotype

3

plotting purposes, but log fold changes were not
scaled.
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GO-terms (Table 13). All clusters were subsequently individually tested for GO
overrepresentation, to identify the expression patterns with the most significant
functional clustering. Lowest GO annotation p-values were found in cluster 1 and
7 (Table 13), which corresponds to a pattern for Gfap specific effects or Vim specific
effects. These clusters are enriched most strongly for “olfactory receptors” and

“blood vessel patterning”, respectively.

The microglia were only analysed for the lowest p-value, as the lack of Gfap
expression in microglia makes the IF “dose dependent” reinforcing pattern
difficult to interpret. The lowest p-value was reported for cluster 4, with “G-protein
coupled receptor signalling pathway” (Table 14). This cluster shows the pattern of
upregulation by GFAPko, and partial compensation by VIM-GFAPko (Fig. 6).
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Figure 5. Cluster analysis of DEG patterns in astrocytes across genotypes

K-means clustering analysis of DEGs into 9 clusters extracted the main occurring expression
patterns: Vimentin DEGs (Cluster 1 and part of Cluster 5), Gfap DEGs (Cluster 2 & 7 and part of
cluster 4), IF-dose DEGs (Cluster 6 & 8). The remaining clusters show an opposite effect induced by
Gfap and Vim (Cluster 3 & 9) or show a mixed pattern (Part of cluster 4 and part of cluster 5)
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Table 13: Top Gene Ontology terms overrepresented in various clusters of expression
patterns induced by GFAPko or VIM-GFAPko in astrocytes.

. Term .
Domain GO.ID Cluster # Annot  # Sig p-val

Cluster 8 — Positively correlates with both Gfap and Vim

BP G0:0008045 motor neuron axon guidance 17 2 5.40E-03
BP G0:0006958 complement activation, classical pathway 18 2 6.10E-03
cC G0:0016021 integral component of membrane 3089 33 1.80E-03
MF G0:0042802 identical protein binding 846 15 4.20E-03

Cluster 6 — Negatively correlates with both Gfap and Vim

BP G0:0050901 leukocyte tethering or rolling 6 2 6.70E-04
cc G0:0014069 postsynaptic density 106 3 3.40E-02
MF G0:0031994 insulin-like growth factor | binding 6 2 6.40E-04
MF G0:0001968 fibronectin binding 14 2 3.78E-03
Cluster 1 — Negatively correlates with Vim
BP G0:0001569 patterning of blood vessels 37 6 4.90E-07
cC G0:0016324 apical plasma membrane 153 10 5.90E-07
MF G0:0008559 xenobiotic-transporting ATPase activity 5 3 4.90E-06
Cluster 7 — Negatively correlates with Gfap
Bp GO:0050911 detection of ChZZ:EZL;ZTS;J;n;TIVEd in sensory 127 7 9.50E-06
cc G0:0032421 stereocilium bundle 15 2 3.70E-03
MF G0:0004984 olfactory receptor activity 128 7 9.50E-06

# Annot = Total microarray probes annotated to this term; # Sig = number of probes detecting sig-
nificant change in this term; p-val = parent-child weighted p-value of Fisher’s exact test for overrep-
resentation; GO.ID = Gene Ontology Identifier; BP = Biological Process; CC = Cellular Component;
MF = Molecular Function.

Discussion

Intermediate filaments in glia functions.

In this study we analysed the gene expression patterns in astrocytes and
microglia that lack the IFs Gfap or both Gfap and Vim. The data provides insight
into the role of the IFs in the healthy brain, where so far only slight phenotypic
alterations have been described for knockout models of Gfap and Vim. To the best
of our knowledge, this is the first description of transcriptomic changes induced

by Gfap and Vim ko at a cellular population resolution of acutely isolated material.

Gfap and Vim expression
The array data showed a strong reduction in Vim in the VIM-GFAPko in both

astrocytes and microglia, and only a reduction in Gfap in the astrocytes in the
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Figure 6. Cluster analysis of DEG patterns in microglia across genotypes

K-means clustering analysis of DEGs into 12 clusters extracted the main occurring expression
patterns: Vimentin DEGs (Cluster 3 & 6), Gfap DEGs (Cluster 9 & 10), IF-dose DEGs (Cluster 8 &
11). The remaining clusters show an opposite effect induced by Gfap and Vimentin (Cluster 1, 2, 4,
5,7 & 12).

GFAPko. However, microglia in the healthy brain are traditionally not viewed as
Vim expressing cells, although transcripts are detected in mice microglia (Zhang
et al.,, 2014¢). In macrophages, Vim has been shown to be present, and to be a factor
in the function of the NLRP3 inflammasome (dos Santos et al., 2015). Vim can also
be expressed by activated microglia in human (Graeber et al., 1988; Yamada et al.,
1992). Therefore, there is a possibility for Vim transcript to be present in the isolated
microglia, and if the protein is present in an unpolymerized form Vim is not observed
in the immunostainings. This makes astrocyte-induced changes in the microglia
hard to separate from innate changes in the microglia by the VIM-GFAPko, but for
the GFAPko this should be possible. Still, it was surprising that the transcriptome
of microglia appears to be more effected in the GFAPko than the transcriptome
of astrocytes, considering microglia do not express Gfap (1165 DEGs in microglia
vs 228 DEGs in astrocytes). This could be due to a change in the extracellular
environment created by the Gfap deficient astrocytes, which subsequently induces
a more dramatic shift in the phenotype of microglia. However, the additional ko of
Vim in the VIM-GFAPko restored many DEGs changed in the GFAPko back to WT
level (Fig. 6, clusters 1,2, 4,5, 7 & 12).
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Table 14: Top Gene Ontology terms overrepresented in various clusters of expression
patterns induced by GFAPko or VIM-GFAPko in microglia.

Domain (Cluster) GO.ID Term # Annot  # Sig p-val

BP (10 - Negatwely cor- G0:2000379 positive regulahon of 'reactlve
relates with Gfap) oxygen species metabolic process

BP (4 — Induced by
GFAPko, returned by G0:0007186
VIM-GFAPko)

BP (3 — Positively cor-
relates with Vim)

31 4 1.00E-04

G-protein coupled receptor

L 660 17 1.30E-07
signaling pathway

G0:0014002 astrocyte development 10 3 2.20E-05

BP (3 — Positively cor- G0:0048712 negative regulation of astrocyte

relates with Vim) differentiation 10 3 2.20E-05

# Annot = Total microarray probes annotated to this term; # Sig = number of probes detecting
significant change in this term; p-val = parent-child weighted p-value of Fisher’s exact test for
overrepresentation; GO.ID = Gene Ontology Identifier; BP = Biological Process; CC = Cellular
Component; MF = Molecular Function.

Potential contamination or true change in phenotypic expression?

The pattern of the GFAPko, but not VIM-GFAPko, induced changes that we
initially observed in the olfactory/vomeronasal receptors, also emerged in 6 of the
12 clusters in microglia, as well as in 2 out of 9 clusters in astrocytes. The pattern
could be an indication of a contaminating cell population in the isolation procedure.
Especially in the microglial isolation, due to high number of genes showing the
pattern and the lack of Gfap expression in microglia, we need to consider this
possibility. Still, considering the isolation procedures are identical for all genotypes
as well as the and yield in cell numbers, and the strong specificity of the CD11b
marker for immune cells, these patterns may represent a true difference of the
GFAPko, e.g. induced expression of the CD11b marker on a cell population other
than the microglia. We tried to identify a contaminating cell population by taking
all the DEGs from the clusters that show an effect in GFAPko that is restored in
the VIM-GFAPko and analysing these genes for GO overrepresentation (Fig. 6,
cluster 1, 2, 4, 5, 7 &12). This resulted in overrepresentation of ‘olfactory receptors’,
which is an unexpected term, as the olfactory receptor genes are considered to be
quite uniquely localized to the olfactory neurons, and the transcripts could not be
identified in any cell population in a mouse brain expression database (Zhang et
al., 2014c). Therefore no clear candidate population responsible for a contamination
could be identified, as the olfactory neurons were rigorously removed early in the
isolation procedure by cutting of the olfactory bulb and isolating the cortex, and no
other functional GO-terms emerged that point towards another cellular population.
Screening a number of the Olfr-genes in the Allen brain atlas in situ hybridization

data did not result in an indication for widespread expression of Olfr-genes in the
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cortex, although a few studies report expression of Olfr-signalling genes outside
olfactory neurons, with Olfr genes present in the cortex of humans and regulated
in Parkinson’s Disease (Garcia-Esparcia et al., 2013), as well as present in the kidney
(Pluznick et al., 2009). Due to our peculiar, but interesting, observation we decided
for now to omit genes with these expression patterns from any further discussion
and to focus on DEGs of interest with the highest chance to be GFAPko induced or
VIM-GFAPko induced within astrocytes or microglia, reducing the risk of finding
effects due to contamination with other cells, e.g. pericytes or endothelial cells.
These expression patterns are identified by clusters with a horizontal line in one
half of the cluster analysis, or clusters that show an enhanced effect by the VIM-
GFAPko of the GFAPko effect (Fig. 5 & 6). Due to the large amount of data generated
by this type of study, we will focus on the general emerging pattern of effects on
ECM effects and cell-cell signalling, and point attention to a few conspicuous genes

for the rest of the discussion.

Plasma membrane and extracellular matrix DEGs responding to Gfap, Vim or both.

A strong and general effect of IF modulation revealed by the GO analysis was the
enrichment for plasma membrane and extracellular region related genes, pointing
towards a role for IFs in interactions within the multicellular environment. This is
in line with earlier findings for the function for Vim and Gfap. Gfap interacts with
the glutamate transporter Glast, membrane-cytoskeleton binding protein Ezrin,
and a regulator of sodium/hydrogen exchange Nherfl (Sullivan et al., 2007). Also
the distribution of ECM protein Laminin is altered from restricted expression in
specific cell groups in WT, to a widespread expression in the GFAPko (Menet et al.,
2001). Fibronectin is produced more ubiquitously in the VIMko than in WT, whereas
in the GFAPko or the VIM-GFAPko small punctate aggregates of Fibronectin appear
(Menet et al., 2001). This last effect may be due to altered trafficking of Fibronectin,
as other reports demonstrate that Gfap has an effect on the trafficking of certain
classes of vesicles (Potokar et al, 2010). In addition, recent studies demonstrate
that the Notch signalling pathway shows altered trafficking and activation of the
membrane-presented ligand Jagged1 in the VIM-GFAP ko (Wilhelmsson et al., 2012).

Gfap specific DEGs in ECM and Signalling ontologies

In an effort to give more insight into the genes that show a Gfap-specific
clustering, crossed with the ECM and plasma membrane terms, we will now first list
the DEG names in relation to the relevant GO terms (underlined = downregulated,
italic =upregulated). Effects on ECM and signalling are represented in our dataset for
Gfap by complement or cytokines related DEGs (C2, Cfb, C4b, Clec3b, Scgb3al, Fgf1,
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Hhip, Cxcl5, Penk, Ybx1, Gknl, Agt), receptor or receptor binding DEGs (Lrgl, Ptchl,
Ssc4d, Fzd2, Robo2, Tlr6, Cx3crl, Cdh22), ECM DEGs or ECM modifying enzymes
DEGs (Csn3, Thbs4, Col5a2, Coll6al, Hapln3, Adamtsl2, Fga, Vif), or Transporter
DEGs (Rhcg, Len2).

Especially the effect on Thbs4 (517% increase in GFAPko vs WT) is quite

prominent, and may be of great relevance functionally. The Thrombospondins

(Thbs1-4) have roles in synaptogenesis and synaptic activation (Christopherson et al.,
2005; Kim et al., 2012). Thbs4 is also important for astrogenesis in the subventricular
zone through direct Notch1 activation after injury (Benner et al., 2013). In addition,
Thbs4 affects the migration of neuroblasts through the rostral migratory stream
and incorporation of the neuroblasts in the olfactory bulb (Girard et al., 2014). In
another recent study investigating indirect-injury-induced expression of plasticity
related genes, it was found that Thbs4 and Ezrin were increased after injury in the
hippocampus. This injury-induced increase of Thbs4 and Ezrin was attenuated in
the VIM-GFAPko mouse, although no increased baseline in expression of Thbs4 was
reported in the hippocampal homogenate (Andersson et al., 2013). Note that although
we find the largest effect of GFAPko on Thbs4 expression level, the VIM-GFAPko
displayed an enhanced increase of Thbs4 expression compared to WT (745% VIM-
GFAPko vs WT, or 143% compared to GFAPko vs WT). There can be multiple causes
for this discrepancy of VIM-GFAPko induced Thbs4 expression. The origin of the
cells (cortical vs hippocampal), the specificity of the examined population (sorted
astrocytes vs tissue homogenate), as well as the age of the animals (450-540 days vs
180-450 days) are all different between our study and the study by Andersson et al.,
hence all are possible contributors to the discrepancy.

Vim specific DEGs in ECM and Signalling ontologies

The Vim specific DEGs identified in our study, by extracting the DEGs only
found in the VIM-GFAPko vs GFAPko contrast, also contained a large number of
genes assigned to the broad spectrum of ECM and signalling. These again include
cytokines (Ednl, Cxcl12, Vipr2, Sema3c, Cxcll0, Pdgfb), receptor or receptor binding
genes (Cd34, Cd93, Cd200, Thbd, Tgfbr2, Jag2, Eltd1, Ocln, Cdh5, Prom1, Ctnnbl, Nrda2,
Ly6cl, Grin3a, Robo4, Sgk1, Tek), ECM or ECM modifying genes (Serpina3n, Lama4,
LoxIl, Aldob, FIt1, Mmrn2, Mgp, Cml5, Col20al, Ctsh, Fbin2, Sgmsl, Papln, Srgn,
St3gall, Mal, Tnfaip6, Fnl), or transporters (Abcbla, Abcblb, Abcb4, Abcg2, Slcolad,
Slc16a4, Slc40al, Clics, Slc38a2, Nostrin, Slcodal, Slco2bl, Cp). In addition, the GO
analysis revealed a specific effect of Vim on angiogenesis. Early investigations into

the phenotype of the IFko mice also revealed an increase of large dilated blood
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vessels in the GFAPko, VIMko, and the VIM-GFAPko (Pekny et al.,, 1999). Vim is
emerging as an important factor in angiogenesis, and is also expressed in pericytes
and endothelial cells of the brain vasculature (Kwak et al., 2012). Some of the targets
found may originate from a contaminating source of pericytes or endothelial cells in
the astrocytes from the VIM-GFAPko mice, as cluster 1 from the astrocytes showed
a very consistent pattern of regulation. Whether these DEGs are actual DEGs in
astrocytes or in putative contaminating vascular cells requires further investigation.
Three of the targets that were enhanced in the VIM-GFAPko astrocytes are Egfl7,
Tek, and Ly6cl. Investigating the expression pattern of these genes on the RNAseq
brain database, reveals a 100-1000-fold enrichment of these gene in endothelial cells
over astrocytes. Slcla2 (Gltl) is however not expressed on endothelial cells at all, so
if there is contamination, it should either be due to aspecific binding of the antibody,
or to Slcla2 induction in endothelial cells in the VIM-GFAPko. Pericyte data was not
available in the RNAseq database, although the paper describing the database does
give some of the VIM-GFAPko DEGs as pericyte-enriched (e.g. Cxcl12) (Zhang et
al., 2014c). For astrocytoma cells it is known that they can show a behaviour called
vascular mimicry, where they obtain an endothelial phenotype, indicating that
spurious transdifferentiation of astrocytic lineage to endothelial lineage is possible.
Our data, if not caused by contamination of endothelial cells, may hint towards
a role for Gfap and Vim in maintaining the stability of the astrocytic phenotype.
In support of this idea is that we find increased expression of Rock1 in the VIM-
GFAPko astrocytes, a gene which has been associated with an increased potential
for vasculogenic mimicry, and thus a form of transdifferentiation, in a hepatocellular
carcinoma cell line (Zhang et al., 2014a).

Gfap and Vim DEGs in ECM and Signalling ontologies

DEGs increased or decreased in the GFAPko and enhanced further in the Vim-
GFAPko are interesting due to a possible regulatory mechanism depending on IF
dose, rather than a specific IF protein. Focussing on the GO-terms involving cell-
cell communication (“GO-term Extracellular Region”) we found various targets of
interest in this cluster, including members of the complement system or cytokines
(Clqc, Clga, Pdgfd, Bmp?7 Ccl4, Igfbp2, Igfbp5), receptors (Itga4, Cgrefl, Chll, Trem2
Gria2, Dmd, Dcc), ECM genes or ECM modifying enzymes (Gentl, Cpb2, Serpinfl,
Ctss, Cst8, Optc) or transporters (Slc38al, Clic4, Slc12a9, Clic6, and others (Hba-a2
(haemoglobin), Hspel & Hspala (heat shock proteins)). In contrast to our finding

for Clqc, no difference in was reported before (Andersson et al., 2013). Another
relevant target in these DEG clusters is Igfbp2 (insulin growth factor binding
protein 2). Igfbp2 has been shown to interact with Vim before (Shen et al., 2015) and



IFs in glia have a role in ECM and cell-cell signalling

is important for proliferation in astrocytes and glioma (Arscott et al., 2013; Fletcher
et al,, 2013).

ECM in astrocyte physiology

ECM production by astrocytes is typically associated with pathogenic gliosis.
However, in the healthy brain, a healthy ECM is also of the utmost importance.
The ECM has an important role in demarcating and functionalizing microdomains
and niches in the brain, either by creating local gradients of cytokines, by creating
diffusion barriers for solutes and/or cells, and by providing scaffolding for
membrane proteins to organize to (Dityatev et al., 2010). The importance of ECM
in brain plasticity and the lifecycle of synapses has given rise to the term of the
tetrapartite synapse, consisting of a presynaptic neuron, a postsynaptic neuron,
astrocytes, and the ECM as functional units (Dityatev and Rusakov, 2011) (although
the same term has been used to describe microglia as the fourth functional unit).
Astrocytes are an essential contributor to this synaptic ECM (Pyka et al., 2011).
Since the data analysed in this study are derived from healthy mice, the ECM and
signalling DEGs identified may be most relevant for this physiological function of

Gfap and Vim in astrocytes, but this naturally requires further research.

DEG interactions between astrocytes and/or microglia

For the microglia, we investigated whether there were targets in the
corresponding Gfap, Vim, or Vim and Gfap correlating clusters that can be connected
to genes differentially expressed by the astrocytes. As an initial approach, we
manually searched for the most straightforward candidates, although a protein-
protein interaction database is needed to reveal more functional interactions.
One interacting gene pair that was differentially expressed was the extracellular
matrix component Ntnl (netrin), downregulated in microglia and astrocytes in
the GFAPko mice. The netrin receptor Dcc was strongly increased in the microglia
in the GFAPko, but not in the astrocytes. In the VIM-GFAPko however, Dcc was

increased also in the astrocytes.

Another signalling pathway that we found to be altered on several levels was
the Notch pathway. The aforementioned increase in Thbs4 in the GFAPko can have
a direct inducing effect on Notch activation, whereas Jag2, a canonical Notch ligand,
and Mind bomb (Mibl), a modulator of the pathway, were both upregulated in the
VIM-GFAPko. Neurlla (Neuralized) and Reck, two Notch pathway modulators were
downregulated in the microglia in the GFAPko, with Reck upregulated, but Neurlla
downregulated (significantly, but not above the threshold of fold change > 2) in
the astrocytes of the VIM-GFAPko. Finally, to indicate this pathway modulation
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also results in an effect, in the microglia, Hes5, a direct transcriptional target of
Notch, was downregulated in the VIM-GFAPko, whereas Hesl was upregulated
in the GFAPko. The complex interplay between canonical-noncanonical, cis-trans
signalling and ligand-receptor modifying pathways are common to the Notch
pathway making it difficult to predict what Notch targets will do when multiple
components are modulated in the system (Andersson et al., 2011). To illustrate: Reck
is both a regulator of Notch, as well as a direct target of Notch (Muraguchi et al.,
2007; Pézeron et al., 2014). Similar to this concept, Gfap expression in differentiation
of neural stem cells to astrocytes has an inhibiting effect on expression of Notch
target genes, whereas Notch activation induces Gfap production (Kanski, 2014). The
downregulation of Hes5 in a microglial — neural stem cell (NSC) coculture has been
shown before, although the supposed cell population that downregulated Hes5 in
this case was suggested to be the NSCs, whereas our data indicate this could also
be the microglial population (Gu et al., 2011). The Notch signalling pathway has
also been suggested to be central to the effect of enhanced incorporation of grafts
in VIM-GFAPko animals and astrocytic inhibition of neurogenesis (Wilhelmsson et
al., 2012). In addition, Notch signalling is essential for regulation of vascularization
of the brain, and mutations in one receptor, Notch3, cause the infarction disease
CADASIL (Cerebral Arteriopathy, Autosomal Dominant, With Subcortical Infarcts
and Leukoencephalopathy), possibly linking back to the vascular markers discussed
before. A direct interaction between a Gfap isoform and the Presenilin complex,
part of the y-secretase that processes Notch, has been identified before (Nielsen
et al.,, 2002). This warrants further investigation into the molecular mechanisms at
play between IFs and Notch signalling to develop therapies for improved recovery
after brain injury, and gain better understanding of brain vasculature biology and

the neurogenic niche.

Further DEGs of specific interest

Finally we would like to mention a few noticeable genes that may reveal
completely new functions of GFAP in the brain. One gene strongly downregulated
in both astrocytes and microglia in the GFAPko was Gdpd3 (Glycerophosphodiester
phosphodiesterase domain containing 3; in humans also known as GDE?, Fig. 1).
The Gdpd family (in humans consisting of GDE1-7, with varying official gene
symbols) has been mostly studied in bacteria and plants, but was recently found to
be important in mammals for the differentiation of various cell types (Corda et al.,
2014). Most members of the family display enzymatic activity towards deacetylated
glycerophospholipids, cleaving them into glycerol phosphate and alcohol, but
GDE? and its homolog GDE4, have lysophospholipase D catalytic activity, meaning
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they can process lysophosphatidylcholine into choline and lysophosphatidic acid
(LPA) (Ohshima et al., 2015). LPA is an important signalling molecule in the CNS,
with 6 different direct LPA receptors (LPARI-6) identified up to date. Effects have
been demonstrated on neural progenitor cell function, synaptic function, immune
response, myelination and vascularization, as recently reviewed (Yung et al., 2015).
Whether this reduction in Gdpd3 is a direct or indirect effect of the GFAPko remains
unclear, considering the similar drop in microglial and astrocytic expression. This
suggests the change is indirect, via a change in the extracellular environment or
cytokines, influencing expression of Gdpd3 in both microglia and astrocytes.

One other strong candidate identified in this study with reported connections
to IFs is Rock (Rockl: GFAPko vs WT = 157%, FDR 4E-2; VIM-GFAPko vs WT =
248%, FDR 6E-4 Rock2: VIM-GFAPko vs WT = 183%, FDR 6E-3). Rock is a Rho
associated kinase that effects cytoskeletal reorganization, regulating downstream
interactions with and the transport of Vim by phosphorylation of Vim (Hyder et al.,
2015; Robert et al., 2014). On a cellular level, Rock also regulates transport, migration,
and proliferation of astrocytes (Kheirollah et al.,, 2014; Lau et al., 2011; Racchetti et
al., 2012; Yu et al., 2012). So far Vim or Gfap has not been implied in the regulation of
Rock activity. Decreased Rock activity has also been linked to increased production
of neurite growth-inhibitory ECM production, and thus may also provide a link
for the mechanistic effect of the increased neuritogenesis on the VIM-GFAPko
astrocytes (Chan et al., 2007; Widestrand et al.,, 2007). However, in a stroke model,
VIM-GFAPko resulted in increased CSPG expression in the injured area, and
inhibited functional recovery (Liu et al., 2014b). Although the Rock phosphorylation
of Vim is well described, the effect Vim and Gfap have on Rock expression is novel.
In addition to this effect on Rock expression, another Rho associated DEG was
found in the VIM-GFAPko: Cdc42ep3. Cdc42 is an important astrocytic Rho-GTPase
and exerts its function through Cdc42 effector proteins, similar to how RhoA is

upstream of Rock.

A last DEG we will point attention to here is Qpct, a gene expressed by
microglia encoding an enzyme with catalytic functions relevant in pathology for
both Alzheimer’s Disease (AD) and Huntington’s Disease (HD), and a candidate
druggable target in both these diseases (Alexandru et al.,, 2011; Jimenez-Sanchez et
al., 2015; Schilling et al., 2008). In addition, the Qpct gene was also identified in GWAS
studies as a risk factor for schizophrenia susceptibility, although these SNPs did not
affect expression levels of Qpct (Ripke et al., 2013; Zhang et al., 2015). Qpct encodes
the protein glutaminyl cyclase (QC), which catalizes the conversion of glutaminyl

peptides (with a glutamine at the N-terminus) into pyro-glutamic acid peptides
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(with a cyclic-glutamate at the N- terminus) (Busby et al., 1987; Fischer and Spiess,
1987). The QC enzyme is of relevance in AD as the enzyme catalyses the formation
of AP with a pyroglutamate at the N-terminus, making up 15-20% of total Abeta
(Mori et al., 1992). This modification of the Abeta peptide has important effects on
pathological properties such as oligomerization of fibrils, cytotoxicity, and disease
progression in humans and has been proposed to be the most pathological variant
of Abeta (Morawski et al., 2014; Schlenzig et al., 2012; Wittnam et al., 2012). There
are two genes with QC activity, Qpct and Qpctl, but whether there is a distinction
between these genes on activity of pathogenic target cyclization, cell population of
origin, and whether the conversion occurs intracellularly or extracellularly is under
close attention at the moment. Where Qpct is the main target in most AD studies,
Qpctl has been proposed to be mainly responsible for modification of inflammatory
cytokines such as CCL2 (MCP-1) (Hartlage-Riibsamen et al, 2015 Jimenez-
Sanchez et al., 2015). Our data indicate Qpct mRNA in microglia is regulated by
Gfap expression in Astrocytes. This interesting finding is further spiced up by the
upregulation of Qpct in the microglia of the VIM-GFAPko AD model, back to WT-
AD level (Kamphuis et al.,, 2015). Although neurons also express Qpct, astrocytes

do not and this microglial Qpct may play a role in the onset or progression of AD.

Although the earliest reports on many different IF knockouts did not indicate
gross defects in mouse phenotype, recent studies identified IFs as important players
in various biological functions. IFs provide an organism with robustness in the
face of cellular stress of diverse natures, such as toxicological or mechanical stress
(Asghar et al., 2015; Coulombe and Wong, 2004; Fudge et al., 2008; Ramm:s et al.,
2013; Sahlgren et al., 2006; Toivola et al., 2010). The same goes for Gfap and Vim in the
reactive astrocyte. How the IF proteins convey this robustness in molecular detail
is now being unravelled. This study provides insight into the molecular changes
in glial cell populations affected directly or indirectly by the GFAPko and VIM-
GFAPko, generating interesting leads for further investigation. In combination with
the transcriptomics studies of GFAP in human astrocytoma cells (Chapter 4) this
study may provide a cross species and cell origin profile of GFAP function, which
will be further explored in Chapter 7 of this thesis.





