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Tiivistelmä – Referat – Abstract

Pitkät ei-koodaavat RNA:t (engl. Long non-coding RNAs, lncRNAs) ovat yli 200 nukleotidin
pituisia RNA:ita, joita ei transloida proteiiniksi. LncRNA:t voivat säädellä proteiinia
koodaavien geenien ilmentymistä, ja aiemmat tutkimukset ovat antaneet viitteitä niiden roolista
stressivasteessa. Stressivaste on liitetty myös eroihin myeliinituppien rakenteessa hiirten
aivokuorella. Myeliiniä tuottavat hermosolujen aksonien ympärille oligodendrosyytit (OLG), ja
siten myös ne vaikuttavat todennäköisesti stressivasteeseen. Tämän tutkielman tavoite oli tutkia
lncRNAita, jotka ilmentyvät eri lailla stressattujen hiirten aivoissa verrattuna kontrollihiiriin.
Hiiriä stressivasteen suhteen eroavista C57/6NCrl- ja DBA/2NCrl-kannoista altistettiin
krooniselle sosiaaliselle stressille (engl. chronic social defeat stress), jonka jälkeen ahdistuksen
merkkejä osoittavat hiiret luokiteltiin stressille alttiiksi, ja muut stressille resilienteiksi. Hiirten
mediaaliselta etuaivokuorelta kerättyjen OLG:ien ja myeliinin RNA sekvensoitiin, ja vertasin
lncRNAiden ilmentymistä stressattujen ja kontrollien, sekä stressille alttiiden ja resilienttien
hiirten välillä bioinformaattisilla menetelmillä. Tutkin myös ilmentymisen suhteen korreloivien
lncRNA:iden ja proteiinia koodaavien geenien muodostamia moduuleja aineistoissa. Lisäksi
selvitin, olisivatko erot kahden lncRNA:n, Gm37885:n ja Neat1:n ilmentymisessä toistettavissa
stressihormonilla käsitellyssä OLG-solulinjassa RT-qPCR:ää käyttäen.
Kolmesataaseitsemänkymmentä lncRNA:ta ilmentyi eri lailla stressattujen hiirten ja kontrollien
tai stressille alttiiden ja resilienttien hiirten välillä OLG-aineistossa, ja 132 myeliiniaineistossa.
Näistä 200 oli päällekkäisiä proteiinia koodaavien geenien kanssa OLG-datassa ja 87
myeliinidatassa. Kuusikummentäyksi prosenttia eri lailla ilmentyneistä lncRNA:ista oli
spesifejä yksittäisille vertailulle OLG-aineistossa ja 73 % myeliinaineistossa, mutta 20-40 %
myös yhteisiä vertailujen välillä kummassakin aineistossa. Yksikään ilmentymisen suhteen
korreloivien geenien moduuleista ei ollut liitettävissä stressiin, mutta kaksi moduulia ilmentyi
merkitsevästi eri tasolla hiirikantojen välillä kummassakin aineistossa. Yhteen eri lailla
ilmentyneeseen lncRNA:han, Gm37885:n, liittyvät tulokset toistuivat RT-qPCR:ssä,
stressihormonilla käsitellyssä Oli-neu-solulinjassa.
Tutkielmani tulokset viittaavat siihen, että monet lncRNA:t saattavat vaikuttaa hiirten
stressivasteeseen, sillä lukuisat lncRNA:t olivat eri lailla ilmentyneitä ja yhteisiä usealle
vertailulle. Lisäksi hiirikantojen välillä havaittiin eroja geenimoduulien ilmentymisessä, mikä
saattaa olla kantojen eroavia fenotyyppejä selittävä tekijä. Tulokset viittasivat myös Gm37885:n
spesifiseen rooliin glukokortikoidireseptorivälitteisessä stressivasteessa, mutta kyseisen
lncRNA:n vaikutusmekanismit ovat vielä tuntemattomia. Lisää tutkimusta vaaditaan, jotta
tarkastelemieni lncRNA:iden vaikutuksesta stressivasteeseen voidaan vetää johtopäätöksiä.
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1 Introduction
Anxiety is a natural response to perceived or expected threat in animals and humans, and it is
an important part of the adaptive response to the environment. However, when anxiety
becomes disproportionate to the threat, a diagnosis of an anxiety disorder, such as a phobia,
social anxiety disorder or generalized anxiety disorder can be given (Penninx et al., 2021).
Anxiety disorders are the most common form of mental illness worldwide (Penninx et al.,
2017), and therefore, studying the biological mechanisms and factors that predispose
individuals to anxiety disorders is crucial for the purpose of eventually finding therapeutic
targets and preventing these disorders.

A known risk factor for anxiety disorders is chronic stress, especially during adolescence,
when brain areas such as the prefrontal cortex (PFC) are considered to be the most sensitive
to glucocorticoid regulation, and therefore, to stress (Sheth, McGlade & Yurgelun-Todd,
2017). In addition to PFC, and medial prefrontal cortex (mPFC) in particular, other brain
areas such as the hippocampus and amygdala have been shown to be affected by stress
(McEwen, 2007). However, there are differences in the susceptibility to stress between
individuals. The mechanisms behind stress-resilience and susceptibility can best be studied
using animal models, since the environmental and genetic factors can be controlled better
than in human studies. Additionally, stress response is rather conserved across mammalian
species, and for example, the activation of the hypothalamic-pituitary-adrenal axis is a central
part of stress response in both mice and humans (McEwen, 2007).

One of the most used mouse models for chronic psychosocial stress is the Chronic Social
Defeat Stress (CSDS) paradigm (Golden, Covington, Berton, & Russo, 2011), which is based
on territorial behavior exhibited by male mice towards an intruder in their cage. The stresssusceptibility of the mice can be assessed afterwards by measuring their tendency for social
behavior with a social interaction test, since decreased social behavior is associated with
anxiety (Golden, Covington, Berton, & Russo, 2011). In addition to individual variation,
mice of different strains have been shown to differ when it comes to stress-susceptibility. For
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example, the majority of the mice of strain DBA/2NCrl (D2) are stress-susceptible, whereas
the majority of C57BL/6NCrl (B6) mice are stress-resilient (Laine et al., 2018).

Neuroanatomical differences have been documented between stress-susceptible and stressresilient mice after CSDS. For example, in a study by Anacker et al. (2015), stress
susceptibility was associated with larger hypothalamus and hippocampal volumes, and the
effect was especially prominent in a hippocampal area that has been previously shown to be
vulnerable to stress. Larger volume of the ventral tegmental area, an area earlier shown to be
involved in mediating stress response, was also associated with stress susceptibility. Another
brain region crucial for modulating stress response is the mPFC, which is a region involved in
processes such as emotional regulation (reviewed by Xu et a., 2019). Dysfunction of mPFC
has been associated with psychiatric phenotypes, such as anxiety disorders, and lesions in this
brain area have been shown to cause anxiety-like behavior in rats (Xu et al., 2019). Also,
chronic restraint stress has been associated with neuroarchitectural changes in a subtype of
neurons in the infralimbic region of mPFC in rats (Goldwater et al., 2019). In addition to
these findings, changes in the properties of myelin sheaths, produced by oligodendrocytes
(OLGs), have been reported in the mouse brain after CSDS, depending on the stress
phenotype of the mice (Laine et al., 2018). For example, susceptible mice of DBA/2NCrl
strain were shown to have thicker myelin sheaths in the mPFC in comparison to resilient
mice of the same strain. In the same study, differential expression of OLG- related genes was
shown between stressed mice and controls in areas such as mPFC.

The heritability of anxiety disorders has been shown to be 30-50 % in twin studies, and thus,
susceptibility to stress-related and anxiety disorders are thought to be affected by genetic
factors (Reviewed by Meier & Deckert, 2019). However, anxiety is a complex trait, and
therefore, the genetic aspect of stress-susceptibility is most likely caused by moderate or
small effect of multiple different genes (Meier & Deckert, 2019). Genetic variation as a
predisposing factor for anxiety disorders has been studied to some extent in genome-wide
association studies. For example, in a meta-analysis of genome-wide association studies by
Otowa et al. (2016), single nucleotide polymorphism- based heritability in a categorical casecontrol-comparison of anxiety disorders was found to be 14 %. Interestingly, in this study,
the most significant association was found between a variant of a non-coding RNA and the
anxiety phenotype, supporting the role of epigenetic mechanisms in stress response. Overall,
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epigenetic mechanisms, such as DNA methylation, have been shown to play a role in anxiety
in both animal models and human research (Reviewed by Schiele & Domschke, 2017).

Part of the non-coding genome involved in the epigenetic regulation of gene expression are
long non-coding RNAs (lncRNAs), which are the topic of this thesis. LncRNAs are RNAs
longer than 200 bp, and they are not translated into protein. However, many lncRNAs are
structurally similar to mRNAs. For example, they may have 5’ cap structures and a poly-Atail in the 3’ end of the transcript, and like mRNAs, they are usually transcribed by RNA
polymerase II (Reviewed by Ma et al., 2013; Zhang et al., 2019). LncRNAs are divided into
multiple subtypes based on their location and function. Sense lncRNAs are transcribed from
the same strand as protein coding genes, while antisense lncRNAs are transcribed from the
opposite strand (Ma et al., 2013). Both subtypes can overlap with the sequence of a protein
coding gene (Ma et al., 2013). Transcription of some antisense lncRNAs is initiated from a
bidirectional promoter shared between the opposite strand protein coding gene and the
lncRNA, and these lncRNAs are called bidirectional promoter lncRNAs (Ueasaka et al.,
2014). LncRNAs that are located outside protein coding genes in either strand are called long
intergenic RNAs, while lncRNAs overlapping with only intronic gene regions are called
intronic lncRNAs (Ma et al., 2013). LncRNAs can also be classified as cis-acting or transacting lncRNAs based on whether they regulate the expression of genes in their vicinity or
distant genes, or as lncRNAs involved in transcriptional or post-transcriptional regulatory
mechanisms (Ma et al., 2013).

LncRNAs can regulate gene expression on multiple levels. LncRNAs can affect transcription
by, for example, regulating histone methylation or acetylation by recruiting histone
modification complexes, and therefore either inhibit or promote transcription (Zhang et al.,
2019). LncRNAs can also act as scaffolds that bind other proteins involved in the recruitment
of histone modification complexes, or themselves recruit DNA methyltransferases to the
promoters of protein coding genes, leading to the methylation of these promoters and
regulation of the target gene expression (Zhang et al., 2019). Additionally, lncRNAs can
regulate transcription factor activity by functioning as co-activators, but also inhibit
transcription by cooperating with transcription factors (Zhang et al., 2019) or interfering with
the recruitment of the transcriptional machinery to the promoter of an adjacent protein coding
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gene (Reviewed by Quinn & Chang, 2016). LncRNAs have also been found to regulate
translation and mRNA stability, for example by forming RNA-RNA duplexes with the
transcribed mRNA, and thus affecting splicing or preventing miRNA-mediated repression of
the mRNA (Reviewed by Geisler & Coller, 2013).

Because of their role in gene regulation, it is not surprising that lncRNAs have been linked to
pathologies, such as cancers and cardiovascular disease (Boon et al., 2016; Peng, Koirala &
Mo, 2017). However, lncRNAs have also been associated with psychiatric phenotypes. For
example, multiple lncRNAs were shown to be differentially expressed in the anterior
circulate cortex of depressed suicide completers in comparison to individuals who had died
due to an accident in a study by Zhou et al. (2018). Additionally, lncRNAs are thought to be
involved in stress response. For instance, lncRNAs have been shown to be dysregulated after
repeated social defeat stress in mice (Wang et al., 2019). However, although changes in
myelin have also been reported in response to chronic psychosocial stress in a mouse model
(Laine et al., 2018), the effect of lncRNAs on myelin- and OLG-mediated stress response has
not been a subject of active research, and that is the focus of this thesis.

2 Aims of the thesis
In a previous project of the Hovatta group, differential expression of lncRNAs between mice
exposed to CSDS and control mice was observed in bulk samples of brain areas previously
associated with anxiety disorders, such as the mPFC. Additionally, differences in myelin
thickness and expression of OLG-related genes in the same brain area were associated with
the stress model in another study of the group. However, the role of lncRNAs in the observed
changes in myelin has not been assessed by our group, since lncRNA expression has only
been assessed in bulk samples containing multiple cell types. Hence, the aim of this thesis
was to study lncRNA expression in the myelin- and OLG samples, collected from the mPFC
of mice after chronic psychosocial stress to shed light on the role of lncRNAs in the OLGmediated stress response. The above-mentioned changes differed between mouse strains, and
therefore, two inbred mouse strains with different stress phenotypes and genetic backgrounds
were used in this thesis.
5

The specific aims of this thesis were:
•

To identify differentially expressed lncRNAs in the OLGs and myelin of stressed
mice in comparison to control mice, and to investigate whether the same changes are
observed in stress-susceptible and stress-resilient mice

•

To find out if the differentially expressed lncRNAs overlap with a protein coding
gene, and if the protein coding genes are differentially expressed in stressed mice

•

To assess the functions of these genes and the possible role of these protein coding
genes in stress response based on literature

•

To identify gene expression correlation modules that differ between stress phenotypes
and treatment groups, and to find out which biological pathways these genes belong to

•

To examine whether specific stress-associated lncRNAs differentially expressed in
the RNA sequencing are also differentially expressed in stress hormone-treated Olineu oligodendrocyte cell line

3 Materials and methods
3.1 Chronic social defeat stress
The behavioral experiments were carried out by other members of the Hovatta group.
The chronic social defeat stress (CSDS; Golden, Covington, Berton, & Russo, 2011; Laine et
al., 2018) paradigm was implemented for 6-week-old male mice to model chronic
psychosocial stress. The mice used were of inbred D2 and B6strains. For 10 consecutive
days, a D2 or B6 mouse was placed in the cage of a larger, unfamiliar resident mouse of
strain Clr-CD1, and the defeated mouse was kept in the cage for maximum of 10 minutes,
during which the resident mouse showed aggressive behaviour towards the intruder. In case
of an injury, the defeated mouse was taken out of the cage. After the session of social fedeat,
the mice were separated with a perforated plexiglass for 24 hours, after which the intruder
was to meet a new resident mouse. The control mice of the experiment were housed in the
same cage with a mouse of their own strain, but they were kept on different sides of the cage
with a perforated plexiglass. Each day they got a new cage mate, and they were briefly
handled instead of facing aggression from another mouse
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The social interaction test was carried out 24 hours after the last session of CSDS for both
stressed mice and controls. In the first phase of the test, the mice were placed in an open field
arena with an empty, perforated plexiglass cylinder for 150 s, and the time spent in the
interaction zone (IZ) with an area of 370 cm2 around the cylinder was measured. In the next
phase of the test, an unfamiliar mouse of strain Clr-CD1 was placed inside the cylinder, and
again, the time spend in the IZ was measured. A social interaction ratio (SI ratio) was
calculated for all the mice by dividing the time spent in the IZ of the unfamiliar mouse with
the time spent in the IZ empty cylinder, and the acquired value was then multiplied by 100.
Since decreased social behaviour is considered as a sign of anxiety, the mice with an SI ratio
lower than the mean ratio of the same strain controls minus 1 standard deviation were
assigned as stress-susceptible and the mice with an SI ratio higher than this threshold as
stress-resilient.

3.2 Gene expression profiling
After the behavioural experiments, medial prefrontal cortex was dissected from the brains of
the susceptible, resilient and control mice, and tissue samples were dissociated from the area
by other members of the Hovatta lab, using the Papain Dissociation System (Worthington
Biochemical Corporation).
In addition to OLG somas, myelin was collected, because local protein translation takes place
in myelin, and thus, myelin is also an interesting target for RNA sequencing. OLG somas and
myelin were separated into different phases using a debris removal solution by Miltenyi
Biotec. RNA was extracted of the soma- and myelin-containing fractions of the OLGs with
the RNeasy Plus Micro kit (Qiagen). After preparation of mRNA sequencing libraries of the
samples with Ovation SoLo RNA-Seq Systems kit (NuGEN, CA, USA), the libraries were
sequenced (Illumina NextSeq 500). The sequencing reads were then aligned to the
GRCm38/mmu10 mouse reference genome, and sequence reads per gene were counted with
HTSeq (Anders, Pyl & Huber, 2015). The number of samples is presented in Table 1.
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Table 1. Number of samples from mice of each group.
Treatment
Susceptible
Resilient
Control

DBA/2NCrl (D2)
OLG
Myelin
6
6
5
5
5
6

C57BL/6NCrl (B6)
OLG
Myelin
6
6
6
6
6
6

Differential gene expression analysis was carried out by other members of the Hovatta lab
using the limma package for R, and information including binary logarithmic fold change
(LFC) of the expression level between different treatment groups of the same strain, nominal
and adjusted p-values, external gene name and gene biotype was acquired. Genes with
expression levels higher than 1 CPM (counts per million sequencing reads) in at least six
samples were included in the analysis. I used R version 4.0.3 (R studio version1.3.1103) for
the next steps of data analysis and a part of the plots. Plots of lncRNA and gene expression
levels were made with Graphpad Prism 9.

From the OLG and myelin datasets, I extracted long non-coding RNAs based on the gene
biotype, and according to Ensembl release 102, lncRNA biotypes in the data were
“3prime_overlapping_ncRNA”, “antisense”, “sense_intronic”, “sense_overlapping”,
“lincRNA” (http://www.ensembl.org/info/genome/genebuild/biotypes.html). Biotype
“biodirectional_promoter_lncRNA” was not on the list of biotypes in Ensembl, but this
lncRNA biotype has been previously studied, for example by Uesaka et al. (2014), and thus,
it was included in the analysis. LncRNAs with an absolute fold change larger than 1.5 and
nominal p value lower than 0.05 were considered to be differentially expressed, and thus,
they were included in the latter steps of the bioinformatic analysis. Nominal p-values were
used because the differences in the data were not significant after multiple testing. The fold
change threshold used was chosen, because 1.5 can be considered as the minimum of a
difference that can be detected with methods such as RT-qPCR, which I planned to replicate
the RNA sequencing results with. To find the best candidates of the differentially expressed
lncRNAs,  value interaction of LFC and nominal p value (|log2(fold change) * -log10(p
value)|) was also calculated for each lncRNA (Xiao et al., 2014).
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3.3 Finding lncRNAs with an overlapping protein coding gene
I used BEDtools (Quinlan & Hall, 2010) to find differentially expressed lncRNAs that
overlap with protein coding genes. I used BioMart in R to access Ensembl (102) in the
purpose of finding the genomic coordinates of the differentially expressed lncRNAs. Next, I
compared these to a gene transfer format file of mouse genome assembly GRCm38.94
(Ensembl release 102) to find overlapping protein coding regions with BEDtools. Since
especially lncRNAs located in the opposite strand of a gene could regulate the expression of
the protein coding gene, for example by regulating transcription through binding histone
modifying complexes (Geisler & Coller, 2013), the location of the lncRNAs could be thought
as an indication of potential biological relevance.

Using R version 4.0.3 and function rcorr from package Hmisc, I assessed the Pearson
correlation between the expression levels of the lncRNAs and the adjacent protein coding
genes. I used Pearson correlation, because the voom-normalized log2 expression levels
acquired from limma are normally distributed. For this purpose, overlapping lncRNAs whose
 value was amongst the ten highest and whose average expression (log2CPM) was greater
than 1 in the normalized expression matrix, were chosen because lncRNAs with a large fold
change between phenotypes and high average expression level are likely to be of biological
relevance. I used a two-tailed t-test for the top ten differentially expressed lncRNAs from
both datasets to determine whether there was a significant expression difference between the
controls of the two strains, and thus, to see if there were significant differences between
strains.

3.4 Assessing gene clustering in the RNA sequencing data
I carried out Weighted Gene co-expression network analysis using the “WGCNA” package in
R (Langfelder & Horvath, 2008) to find genes whose expression levels correlate with each
other within the datasets and cluster them in expression modules, which were named with R
color codes. Log2CPM gene expression data was used to calculate eigenvectors for each
module based on the clustered genes, and these eigenvectors depict the expression levels of
the genes in each module across samples. Based on the euclidean distance of the eigengenes,
similar modules were further merged to gain a manageable number of modules. The eligible
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number of modules was between 40 and 60, and due to differences between the datasets, the
threshold for module eigengene dissimilarity was 0.25 for the OLG dataset, and 0.40 for the
myelin dataset. Phenotype data of the samples can then be used to test for associations
between the eigenvectors and the phenotypes, which tells if the genes of a module are
associated with the phenotypes. I used ANOVA-Tukey HSD test in R to find eigenvectors
that differed significantly between groups. In this test, significance threshold of 0.05 was
used for the adjusted p-values.

3.5 Gene Enrichment Analysis
To find out whether the WGCNA modules associated with phenotypes are enriched in any
pathways or biological processes, I carried out gene enrichment analysis with an R package
called clusterProfiler (Yu et al., 2012). Bioconductor annotation package org.Mm.eg.db
(https://bioconductor.org/packages/release/data/annotation/html/org.Mm.eg.db.html) was
used as a source of gene-to-pathway annotations. With this R package, gene ontology (GO)
term enrichment and Kioto encyclopedia of genes and genomes (KEGG) term enrichment in
the differentially expressed modules were analyzed. The analysis was done using functions
enrichGO and enrichKEGG, and the data given to the function as a parameter consisted of the
gene names found in the WGCNA modules. The threshold for significance was adjusted p
value < 0.05, after Benjamini-Hochberg procedure for multiple testing correction applied by
the clusterProfiler. I used Revigo (http://revigo.irb.hr) for removing overlapping GO terms in
cases where the genes of a module were enriched in a high number of GO terms (> 50). In
addition to removing redundant terms, Revigo ranks the GO terms based on their semantic
similarity to other terms, i.e., how many genes are enriched in other GO terms as well.

3.6 Oligodendrocyte cell line used for result replication
To investigate if the most significantly differentially expressed lncRNAs were also
differentially expressed in cultured OLGs treated with stress hormones, the Oli-neu cell line
developed from cells of NMRI mice was used (Jung et al., 1995). The cell line was a gift
from Jaqueline Trotter (Heidelberg, Germany). Oli-neu cells were treated daily with dbcAMP
to induce differentiation to mature OLGs and exposed to glucocorticoid receptor-mediated
stress using dexamethasone (Sigma-Aldrich, catalog number D2915-100MG) by Kalevi
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Trontti (Hovatta lab). Dexamethasone is a drug with higher affinity to glucocorticoid
receptors than glucocorticoids, and therefore, it affects the stress response of the cells. There
were two groups of cells in different phases of differentiation to mature OLGs: cells of
differentiation day 1 (d1) and differentiation day 3 (d3). After differentiation of 1 or 3 days,
the cells had received either 1 uM, 5 uM or 10 uM dexamethasone for 24 hours, or vehicle
(media) without dexamethasone or no treatment, after which RNA was extracted from the
cells by Kalevi Trontti, with Trizol reagent (Invitrogen) using standard protocol.

3.7 cDNA synthesis, primer design and quantitative real-time PCR

I used RT-qPCR to test whether the lncRNAs were differentially expressed in cells treated
with dexamethasone in comparison to control cells. There were 4 samples of the d1 cells
from each treatment group, and 3 samples of the d3 cells in each group besides the controls
without vehicle, of which there were only 2 samples. I synthesized cDNA from 250 ng of the
total RNA from each sample, treated with DNase I (Thermo Scientific) following
manufacturer’s protocol. For the DNase I treatment, 1 µl of 10x reaction buffer and 0.25 µl of
DNase I were added to 250 ng of RNA, in a total volume of 10 µl in MQ water. After
incubating the samples with DNase I at 37 °C for 30 minutes, 1 µl of 50 mM EDTA was
added to each reaction, and DNase I activity was killed by incubating the samples at 65 °C
for 10 minutes. cDNA was synthesized from these samples using the iScript Select cDNA
synthesis kit (Bio-Rad), by adding 4 µl of 5x iScript select reaction mix, 2 µl of random
hexamer primer and 1 µl of iScript reverse transcriptase to each reaction, and nuclease-free
water to final volume of 20 µl. The samples were incubated in 25 °C for 5 minutes, 42 °C for
60 minutes and 85 °C for 5 minutes. One sample was used for making non-reverse
transcribed (NRT) mock control cDNA, for which the synthesis was carried out according to
the same protocol as for the other samples, but the reverse transcriptase was left out.

RT-qPCR is based on the use of a fluorescent reagent, SYBR green, which binds into the
replicating double-stranded DNA in the samples. The RT-qPCR instrument detects the
fluorescence signal after each cycle of amplification, and the more cDNA there has been of
the amplified gene in the samples, the faster the signal reaches the phase of log-linear growth,
called cycle of quantification (Cq). Since the samples with a high amount of cDNA to begin
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with reach this point sooner than samples with little cDNA, the Cq value is inversely
proportional to the starting quantity of cDNA in the samples. In addition to the studied
samples, standard samples with known concentrations are included in RT-qPCR to account
for primer-wise differences in log linearity of expression. The standard curve and an evenly
expressed housekeeper gene are used to normalize the expression levels of the studied gene
between samples, which allows to finally calculate the starting quantity (SQ) expression
values for each sample.

I designed and tested sequence-specific oligonucleotide primers for Dlx6os1, Gm37885 and
Gm13111 due to their  values being among the five highest in the OLG dataset and
expression levels being > 1 log2CPM. Primers were also designed for Rapgef4os2 because of
its  value among the ten highest in the OLG dataset, but also because of its location on the
opposite strand of a protein coding gene that is also differentially expressed in the OLG data
set. In addition, Neat1 was included in the RT-qPCRs because of its relevance in the light of
earlier research regarding stress response. Primers for this lncRNA had already been designed
and tested previously by other members of Hovatta lab. Only lncRNAs that were
differentially expressed between stressed and controls in the OLG dataset were chosen, since
a difference between susceptible and resilient could not be replicated in the OLG cell line
used. However, I had no previous knowledge of the expression levels of these lncRNAs in
the OLGs of NMRI mice.

I used primer blast by NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to design
primers for the lncRNAs, and the online tool NetPrimer
(http://www.premierbiosoft.com/netprimer/index.html) to confirm that the designed primer
pairs were not expected to form primer dimers. Primers were ordered from Sigma-Aldrich.
The primers with the least dimerization and the best multiplication of test and standard
samples were chosen for RT-qPCR (Table 2). An ideal primer pair would double the amount
of the PCR product in each cycle, but also result in a specific product. The product is specific,
if only one peak is visible on the melt curve of the reaction. Additionally, there should be no
product amplified in the no reverse transcriptase (NRT) and no template (NTC) control wells,
which could indicate amplification of carry-over DNA and primer dimers, respectively.

Table 2. Primer pairs used in the RT-qPCR for lncRNAs Gm37885 and Neat1
12

lncRNA name

Forward primer (5’-3’ dir.)

Reverse primer (5’-3’ dir.)

Gm37885

CTGATCACCAGGGAGCAAGTT

CAGGCAAACAAACCTCACCAG

Neat1

TTTTCATGGGGGTAGAGGCG

AGTCGGCAGAATTTGTGGCT

After primer pairs for lncRNAs Gm37885 and Neat1 were found to be reliable, RT-qPCR
was run for these lncRNAs. The Cyclophilin B gene (Ppib) was used as a housekeeper in this
experiment, since its expression has not been shown to be affected by differentiation of OLGs
or dexamethasone treatment.
Three technical replicates of each sample were included to increase the reliability of the
results, and the average SQ value of the replicates was calculated for each sample. I carried
out RT-qPCR with IQ SYBR green kit (Bio-Rad) in 10 µl total reaction volumes containing 5
µl of CYBR green mastermix and 2 µl of 1:20 cDNA template dilution, the concentration of
forward and reverse primers being 2.5 µM in each reaction. As NRT and NTC controls for
each primer pair, NRT (mock-cDNA) and NTC (milliQ water) were used. The cycles of the
RT-qPCR program are presented in Table 3.

Table 3. The program used for RT-qPCR. Steps 2-4 were repeated 35 times. In the end, a
melt curve was created by heating from 65 °C to 95 °C in 0.5 °C increments, with a dwell
time of 5 seconds and a plate read at each temperature point.
Step

Temperature (°C)

Time (s)

1. 95

180

2. 95

10

3. 55

30

4. 72

30

5. 95

10

6. 65

5

7. 95

5

3.8 Statistical analysis of RT-qPCR results
First, for target and the housekeeper gene RT-qPCR reactions, the mean of SQ values of
triplicate reactions for each sample was calculated to represent the starting quantity of the
amplified gene in the samples. The mean SQ values for the target gene were then divided
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with the corresponding value of the housekeeper to give relative expression of the target, and
these SQ ratios were used for the statistical analysis.
Statistical analysis was carried out using SPSS Statistics (25). Since there were multiple
different treatment groups, I used analysis of variance (ANOVA) with a Tukey HSD post-hoc
test to find statistically significant differences in lncRNA expressions between stressed Olineu cells and controls. The tests were carried out separately for the samples from the cells of
differentiation day 1 and differentiation day 3. The threshold of significance was p value ≤
0.05.

4 Results
4.1 Differentially expressed lncRNAs in the OLGs and myelin after CSDS
There were 1098 lncRNAs with expression levels higher than 1 CPM in both datasets. Three
hundred and seventy of the lncRNAs were differentially expressed in the OLG dataset, and
132 in the myelin dataset (Fig. 1). In all comparisons of the OLG dataset, the fold change of
expression was negative in at least 50 % of differentially expressed lncRNAs, i.e., these
lncRNAs were downregulated in the group compared to either stress-resilient or control mice.
There was more variation in the proportions of upregulated and downregulated lncRNAs
between comparisons in the myelin dataset compared to the OLG dataset (Fig. 2). For
example, in the B6 susceptible-control comparison, the majority of differentially expressed
lncRNAs were upregulated, whereas in the D2 susceptible-control comparison, the majority
of the lncRNAs were downregulated. These observations are also shown in figures 3a and 3b,
where LFCs and p values are presented for the lncRNAs in each comparison for both
datasets. In addition, the maximum LFCs and logarithmic p values were higher in the OLG
dataset than in the myelin dataset, and thus, there were larger and more significant lncRNA
expression differences between phenotypes in the OLG dataset than in the myelin dataset.

Although 61 % of the differentially expressed (DE) lncRNAs in the OLG dataset and 73 % in
the myelin dataset were specific to comparisons, some of the lncRNAs were differentially
expressed in multiple comparisons (figures 4a and 4b). For example, in the OLG dataset, 4.3
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% of the DE lncRNAs were differentially expressed in D2 suceptible mice in comparison to
both controls and resilient mice of the same strain, and 6.5 % of the DE lncRNAs were
differentially expressed in these two comparisons in the B6 strain. In the myelin dataset, 8.3
% of the DE lncRNAs were differentially expressed in the same two comparisons of the D2
strain, and 5.3 % in the B6 strain.

Fewer DE lncRNAs were common for comparisons between susceptible and control mice,
and resilient and control mice than for the above-mentioned comparisons. In the OLG
dataset, 3.7 % of the DE lncRNAs were differentially expressed in both susceptible and
resilient mice of D2 strain in comparison to controls of the same strain, and 5.7 % in these
two comparisons of the B6 strain. In the myelin dataset, only 1.5 % of the DE lncRNAs were
differentially expressed in the same two comparisons of the D2 strain, and 3.0 % in the B6
strain. According to this data, there are more DE lncRNAs shared between comparisons of
susceptible mice and either resilient or control mice than between comparisons of stressed
mice, either susceptible or resilient, and control mice.

Figure 1. The number of differentially expressed lncRNAs in relation to the total number of lncRNAs
included in the oligodendrocyte and myelin datasets. lncRNAs with an absolute fold change greater than
1.5 and nominal p value lower than 0.05 were considered differentially expressed. B6: C57BL/6NCrl, D2:
DBA/2NCrl, res: resilient, sus: susceptible, con: control, OLG: oligodendrocyte
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Figure 2. The numbers of upregulated and downregulated, differentially expressed lncRNAs in the
oligodendrocyte and myelin datasets. B6: C57BL/6NCrl, D2: DBA/2NCrl, res: resilient, sus: susceptible,
con: control, OLG: oligodendrocyte, DE: differentially expressed
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Figure 3a. The logarithmic fold changes and nominal p (-log10(p)) values for the lncRNAs included in
each comparison in the oligodendrocyte dataset. B6: C57BL/6NCrl, D2: DBA/2NCrl, res: resilient, sus:
susceptible, con: control, OLG: oligodendrocyte, Sig: significance

Figure 3b. The logarithmic fold changes and nominal p (-log10(p)) values for the lncRNAs in each
comparison in the myelin dataset. B6: C57BL/6NCrl, D2: DBA/2NCrl, res: resilient, sus: susceptible, con:
control, Sig: significance
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Figure 4a. Number of differentially expressed lncRNAs (p value ≤ 0.05, |logFC| > 0.585) shared between
comparisons in the oligodendrocyte dataset

Figure 4b. Number of differentially expressed lncRNAs (p value ≤ 0.05, |logFC| > 0.585) shared between
comparisons in the myelin dataset

18

4.2 lncRNAs most affected by CSDS and overlapping protein coding genes
In the OLG dataset, 47 DE lncRNAs had an average expression level > 1 log2CPM, and 14
lncRNAs fit these criteria in the myelin dataset. Ten of these lncRNAs with the highest 
value were chosen from the OLG and myelin datasets (shown in tables 5a and 5b) for further
analysis. In addition, Neat1 was included outside these top ten lncRNAs due to earlier
findings in its role in stress response, although it was only slightly upregulated in D2 resilient
mice in comparison to controls (FC = 1.50, p = 0.0475). Additionally, there was a highly
significant difference in Neat1 expression between the controls of the two strains, the
lncRNA being expressed on a lower level in D2 mice (p = 0.000413, Fig. 12b).

I used BEDtools to find differentially expressed lncRNAs with overlapping protein coding
genes. Two hundred differentially expressed lncRNAs in the OLG dataset and 87 in the
myelin dataset were found to overlap with a protein coding gene. Of the ten most
differentially expressed lncRNAs in the OLG and myelin datasets, eight and seven
overlapped a protein coding gene, respectively (Figures 7 and 8). For example, Dlx6os1 and
Rapgef4os2, being amongst the ten most differentially expressed lncRNAs in both datasets,
were found to overlap with Dlx6 and Rapgef4 in the antisense strand. One of the most
differentially expressed lncRNAs in the OLG dataset, Gm37885, was located antisense to
gene Capn2. Prdm16os (Gm13111) did not overlap with a protein coding gene according to
the BEDtools analysis, but according to the regulatory build in the depiction of the
chromosomal area in Ensembl, Prdm16os overlaps with the promotor region of a protein
coding gene called Prdm16.

There were both upregulated and downregulated lncRNAs among the ten most differentially
expressed lncRNAs in both datasets, and some lncRNAs were differentially expressed in
more than two different comparisons (tables 5a and 5b). The only overlapping protein coding
genes with significant expression differences between groups were Rapgef4 in the OLG
dataset (FC = - 2.89, p = 0.00194), and Dlx6 (FC = 3.92, p = 0.00939) and Rapgef4 (FC = 1.74, p = 0.0302) in the myelin dataset (Figures 7 and 8).
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The expression levels of six of the ten most differentially expressed lncRNAs from the OLG
dataset correlated significantly (Adj. p value < 0.05) with those of the overlapping genes, and
five from the myelin dataset (tables 6a and 6b). For example, the Pearson’s r (correlation
coefficient) was higher than 0.5 for Rapgef4os2 and Dlx6os1 and their overlapping genes in
both datasets. The highest correlation amongst the ten most differentially expressed lncRNAs
in the OLG dataset was between the expression levels of Gm13872 and its overlapping gene,
Slc1a2, and between the expression levels of Dlx6os1 and Dlx6 in the myelin dataset. None
of the ten most differentially expressed lncRNAs correlated negatively with their overlapping
protein coding genes in either datasets, although the majority of these are antisense lncRNAs,
and therefore they would be expected to regulate the overlapping gene negatively, for
example by binding to the mRNA of the gene.
Table 5a. Ten lncRNAs with highest  value within differentially expressed RNAs in the
oligodendrocyte dataset, and Neat1. LncRNAs with average expression (log2CPM) lower
than 1 were filtered out, since expression levels lower than that would be difficult to detect
with quantitative real-time PCR.
LncRNA
Average
Linear FC P value for
Comparison(s)
 value
expression
differential
expression
D2 sus-res
4930570G19Rik
1.38
4.70
0.00082
6.89
B6 sus-con
Gm37885
1.72
2.79
7.09E-05
6.14
B6 sus-con
Dlx6os1
1.96
8.24
1.57E-02
5.49
D2 res-con
Prdm16os
2.29
3.37
0.00084
5.40
D2 sus-res
(Gm13111)
-3.11
0.00073
5.14
D2 sus-res
Gm13872
1.29
-6.06
0.016
4.64
B6 res-con
C230004F18Rik
2.68
-4.22
0.014
3.84
D2 res-con
Rapgef4os2
2.10
-5.27
0.026
3.80
B6 sus-con
Gm10855
1.75
-4.51
2.05E-02
3.67
D2 sus-res
Gm37529
1.48
3.16
0.013
3.12
B6 sus-res
B230354K17Rik
2.82
-2.18
0.0019
3.05
B6 sus-con
B230354K17Rik
2.82
-2.19
2.16E-03
3.01
Neat1
4.72
1.50
0.048
0.775
D2 res-con
Table 5b. Ten lncRNAs with highest  value within differentially expressed RNAs in the myelin dataset,
ordered by the  value.

LncRNA

Average
Linear FC
expression

P value for
differential
expression

 value

Comparison(s)
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Dlx6os1

1.96

Gm44763

1.19

Rapgef4os2

2.10

6330403K07Rik
Gm45552
Gm26694

4.33
1.12
2.26

Gm42413

4.46

Gm45159
D130017N08Rik
Bcas1os1

3.02
1.97
1.54

3.61

0.0052

4.23

2.73

0.023

2.39

-3.97

0.018

3.50

3.98
-2.67
2.37
2.25
3.08
2.30
-2.25
2.26
1.82
-2.04
2.05

0.020
0.0069
0.021
0.012
0.049
0.018
0.019
0.029
0.012
0.027
0.033

3.40
3.07
2.09
2.26
2.13
2.10
2.01
1.80
1.66
1.61
1.53

B6 sus-res
B6 sus-con
D2 sus-res
B6 sus-res
B6 sus-res
B6 res-con
B6 sus-res
D2 res-con
B6 res-con
B6 sus-res
B6 res-con
B6 sus-con
D2 sus-con
B6 res-con

Table 6a. Correlation co-efficients between the expression levels of the most differentially

expressed lncRNAs and their overlapping genes in the oligodendrocyte dataset. Nom. P
value: nominal p value for correlation, Adj. P value: adjusted p value for correlation
LncRNA
Overlapping Correlation Nom. P
Adj. P
lncRNA type
gene
value
value
Gm37885
Capn2
0.46 6.03E-03
4.59E-02 Antisense
Dlx6os1
Dlx6
0.55 8.33E-04
1.78E-02 Antisense
Prdm16os
Prdm16
0.29 9.23E-02
2.36E-01 Antisense
Gm13872
Slc1a2
0.85 2.67E-10
1.71E-08 Antisense
Rapgef4os2
Rapgef4
0.78 5.75E-08
1.84E-06 Antisense
Gm10855
Celf2
0.51 2.02E-03
3.23E-02 Sense intronic
Gm37529
Rabgap1l
0.16
0.358
5.87E-01 Sense intronic
B230354K17Rik Cdc5l
0.45 7.17E-03
4.59E-02 Bidirectional
promoter lncRNA
Table 6b. Correlation co-efficients between the expression levels of the most differentially

expressed lncRNAs and their overlapping genes in the myelin dataset. Nom. P value: nominal
p value for correlation, Adj. P value: adjusted p value for correlation
lncRNA
Adjacent
Correlation Nom. P
Adj. P
lncRNA
gene
value
value
type
Dlx6os1
Dlx6
0.72
1.04E-06
4.23E-05 Antisense
Gm44763
Iqck
0.065
0.709
7.55E-01 Antisense
Rapgef4os2 Rapgef4
0.69
4.12E-06
6.73E-05 Antisense
Gm45552
Rps11
0.23
1.86E-01
2.96E-01 Antisense
Gm42413
Qdpr
0.62
7.56e-05
4.72E-04 Antisense
Dlg2
Gm45159
0.62
7.71E-05
4.72E-04 lincRNA
Bcas1os1
Bcas1
0.62
7.45E-05
4.72E-04 Antisense
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Figure 7. Expression levels of most differentially expressed lncRNAs in the oligodendrocyte dataset and
their overlapping protein coding gen
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Figure 8. Expression levels of most differentially expressed lncRNAs in the myelin dataset and their
overlapping protein coding genes
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4.3 WGCNA – Weighted gene co-expression network analysis
Besides assessing the differentially expressed lncRNAs in the limma files, I carried out
WGCNA to find out which genes in the datasets have common correlation patterns based on
their expression over the OLG or myelin data, and which of these expression modules,
characterized by the module eigenvector, associate with phenotypes, i.e., are differentially
expressed between groups. The gene clustering based on mutual Euclidean distances of
modules are presented in the dendrograms in figure 9 (the final module assignment being
“Merged dynamic”). In both OLG and myelin datasets, two modules were differentially
expressed (adjusted p value < 0.05) between comparisons: Magenta and Cyan in the OLG
dataset and Brown and Lightblue1 in the myelin dataset. 509 and 375 genes were included in
modules Magenta and Cyan, respectively, whereas there were 418 genes in the module
Lightblue1 and 452 in the module Brown.

Twenty-six lncRNAs of module Magenta were included in the limma-tables, and 8 (31 %) of
these were differentially expressed, including Neat1. Twenty-two lncRNAs were found in the
module Cyan, and 6 (27 %) of these were differentially expressed. Only 2 of 21 (9.5 %)
lncRNAs were differentially expressed in the Brown module and 3 of 22 (14 %) in the
Lightblue1 module. For comparison, 34 % of the lncRNAs in limma-derived tables of the
OLG dataset were differentially expressed, and 12 % in the myelin dataset, which is
consistent with the results acquired from the WCGNA. Only one lncRNA from module
Lightblue1, 6330403K07Rik, was included in the ten most differentially expressed lncRNAs
in the myelin dataset (Table 5b), and none in the ten most differentially expressed lncRNAs
in the OLG dataset.
The difference in module expression levels was significant (adjusted p value ≤ 0.05) only in
comparisons between strains. Since making meaningful comparisons between both different
phenotype groups across strains, such as D2 susceptible and B6 resilient, is difficult owing to
very differential response to CSDS between the two strains, the focus is kept on comparisons
between strains instead of comparisons between phenotype groups. The genes of the module
Magenta were expressed on a lower level in the D2 mice in all above-mentioned
comparisons, whereas the genes in the Cyan module where upregulated in the D2 mice (Fig.
10a, tables 7a-b). In module Brown, the genes were downregulated in D2 mice, and in
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module Lightblue1, the genes were upregulated in the D2 strain (Fig. 10b, tables 7c-d). In all
comparisons where the result was statistically significant, the adjusted p values were very
close to zero (<1.0E-7 reported by R).

9a.

9b.

Figures 9a-b. The modules found in oligodendrocyte and myelin datasets are shown in figures 9a and 9b,
respectively. The topology overlap matrix- based dissimilarity is shown on the y axis, and the modules on
the x axis. The modules with a low value for hight correlate in a low level with the modules close to the
root of the gene tree.

Figure 10a. The module eigenvectors significantly associated (adjusted p < 0.05) with the strains in the
oligodendrocyte dataset.
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Figure 10b. The module eigenvectors significantly associated (adjusted p < 0.05) with the strains in the
myelin dataset.

Tables 7a-d. Modules associated with mouse strains in oligodendrocyte and myelin datasets.
B6: C57BL/6NCrl D2: DBA/2NCrl, res: resilient, sus: susceptible, con: control, Diff:
difference, Lwr: lower bound, Upp: upper bound, Adj. P value: adjusted p value
7a. OLG dataset: Magenta
Comparison
D2 con-B6 con
D2 res-B6 res
D2 sus-B6 sus

Diff

Lwr

Upp

-0.322
-0.342
-0.337

-0.402
-0.422
-0.414

-0.242
-0.262
-0.261

Diff

Lwr

Upp

3.18E-01
3.50E-01
3.41E-01

0.247
0.279
0.274

0.388
0.420
0.408

Diff

Lwr

Upp

-0.333
-0.313
-0.346

-0.390
-0.373
-0.403

-0.276
-0.253
-0.289

Adj. P
value
< 1.0E-7
< 1.0E-7
< 1.0E-7

7b. OLG dataset: Cyan
Comparison
D2 con-B6 con
D2 res-B6 res
D2 sus-B6 sus

Adj. P
value
< 1.0E-7
< 1.0E-7
< 1.0E-7

7c. Myelin dataset: Brown
Comparison
D2 con-B6 con
D2 res-B6 res
D2 sus-B6 sus

Adj. P
value
< 1.0E-7
< 1.0E-7
< 1.0E-7

7d. Myelin dataset: Lightblue1
Comparison

Diff

Lwr

Upp

D2 con-B6 con
D2 res-B6 res
D2 sus-B6 sus

0.336
0.329
0.327

0.267
0.257
0.258

0.404
0.401
0.395

Adj. P
value
< 1.0E-7
< 1.0E-7
< 1.0E-7
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4.4 Gene enrichment analysis
I carried out gene enrichment analysis for all genes in the differentially expressed WGCNA
modules to see in which ontology groups they are involved in. Since the WGCNA modules
were associated with mouse strains, I used gene enrichment analysis of the genes of these
modules to assess which pathways could play a role in the differential response to CSDS
between strains. Gene ontology (GO) enrichment analysis with module Magenta resulted in
109 enriched GO terms with an adjusted p value lower than 0.05. I used Revigo (Supek et al.,
2011) to remove overlapping GO terms for the module Magenta, due the high number of
enriched terms, and the GO terms were ranked based on their dispensability, which indicates
the number of genes that are included in other enriched GO terms as well. Among the most
unique cellular components, biological processes and molecular functions were myelin
sheath, actin cytoskeleton organization and transporter activity, respectively (table 8). In the
module Magenta, Neat1 was included in some of the enriched GO terms as the only
differentially expressed lncRNA, most significant being organelle organization (adj. p value
= 5.51E-06).

The genes in module Cyan were not significantly enriched to any GO terms. GO enrichment
analysis for module Brown resulted in 32 GO terms, 3 of which were biological processes
and the rest either cellular components or molecular functions (table 9). The analysis for
module Lightblue1 produced 9 associated GO terms, 8 of which were biological processes,
and one was a cellular component (table 10). Genes from module Brown were enriched in
GO terms such as non-membrane bound organelles (cellular component), identical protein
binding and processes regarding lysosome and vacuole organization. Genes from the
Lightblue1 module were enriched in biosynthetic and metabolic processes and the
endomembrane system.

I also carried out KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis
for the genes in above mentioned modules (table 11). Genes in the module Magenta were
associated with processes related to cellular respiration, such as oxidative phosphorylation
and glycolysis, but also with Huntington disease. Genes in the module Lightblue1 were
associated with 3 KEGG annotations, one of them being Mannose type O-glycan
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biosynthesis. Genes from the other 2 modules were not significantly involved in any KEGG
classes.

Table 8. Module Magenta: The 5 most unique gene ontology terms in each ontology type.
BP: biological process, CC: cellular component, MF: molecular function, Adj. P: adjusted p
value, Genes: Number of genes included, Uniqueness and Dispensability: Describe the
uniqueness of the gene ontology term, i.e., how many of the genes enriched a gene ontology
term are also enriched in other terms (Lower dispensability indicates higher uniqueness)
Ontology

ID

Name

CC
CC
CC

GO:0031252
GO:0030027
GO:0043209

CC

GO:0030427

CC

GO:0015629

BP

GO:0030036

BP

GO:1902774

BP

GO:0032801

BP

GO:0030029

BP

GO:0009056

MF

GO:0003735

MF

GO:0005215

MF

GO:0008092

MF

GO:0015075

MF

GO:0016747

cell leading edge
lamellipodium
myelin sheath
site of polarized
growth
actin cytoskeleton
actin cytoskeleton
organization
late endosome to
lysosome transport
receptor catabolic
process
actin filament-based
process
catabolic process
structural constituent
of ribosome
transporter activity
cytoskeletal protein
binding
ion transmembrane
transporter activity
transferase activity,
transferring acyl
groups other than
amino-acyl groups

Adjusted
Uniqueness Dispensability
P
0.00022
0.997
0
0.00022
0.914
0.001
0.00043
0.998
0.001
0.0043

0.998

0.001

0.00061

0.757

0.001

0.00015

0.584

0

0.038

0.983

0.009

0.039

0.961

0.011

0.00015

0.971

0.016

0.0052

0.981

0.13

0.035

1

0

0.030

1

0

0.0062

0.952

0

0.020

0.744

0

0.017

0.823

0
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Table 9. Module Brown: the 5 most significantly enriched gene ontology terms in each
ontology type. BP: biological process, CC: cellular component, MF: molecular function,
p.adjust: adjusted p value, Genes: Number of genes included
ONTOLOGY
BP
BP
BP
CC

ID
GO:0007040
GO:0080171
GO:0007033
GO:0043232

CC
CC
CC
CC
MF
MF
MF

GO:0043228
GO:0005829
GO:0099080
GO:0099512
GO:0042802
GO:0005198
GO:1990939

MF
MF

GO:0008092
GO:0043168

Description
lysosome organization
lytic vacuole organization
vacuole organization
intracellular non-membranebounded organelle
non-membrane-bounded organelle
cytosol
supramolecular complex
supramolecular fiber
identical protein binding
structural molecule activity
ATP-dependent microtubule motor
activity
cytoskeletal protein binding
anion binding

p.adjust Count
0.023
8
0.023
8
0.023
12
0.00081
106
0.00081
0.00081
0.0021
0.0099
0.0016
0.0051
0.0051

106
88
39
30
62
24
6

0.0051
0.0051

33
69

Table 10. Module Lightblue1: gene ontology terms that genes from the module were
enriched in. BP: biological process, CC: cellular component, p.adjust: adjusted p value,
Genes: Number of genes included
ONTOLOGY

ID

BP

GO:1901566

BP
BP
BP
BP
BP
BP
BP
CC

GO:1901137
GO:1901652
GO:0006004
GO:1901135
GO:0045017
GO:0009059
GO:0006508
GO:0012505

Description
organonitrogen compound biosynthetic
process
carbohydrate derivative biosynthetic process
response to peptide
fucose metabolic process
carbohydrate derivative metabolic process
glycerolipid biosynthetic process
macromolecule biosynthetic process
proteolysis
endomembrane system

p.adjust Genes
0.035
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0.035
0.035
0.044
0.044
0.044
0.044
0.044
0.019

20
17
3
27
10
87
41
80
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Table 11. KEGG enrichment in modules Lightblue1 and Magenta, p.adjust: adjusted p value,
Genes: Number of genes included
Description
pvalue
p.adjust
Genes
Module
Herpes simplex virus 1 infection
0.00017
0.018
17
Lightblue 1
Viral myocarditis
0.00020
0.018
7
Lightblue 1
Mannose type O-glycan
0.00025
0.018
4
Lightblue 1
biosynthesis
Oxidative phosphorylation
0.00045
0.048
10
Magenta
Glycolysis / Gluconeogenesis
0.00047
0.048
7
Magenta
Huntington disease
0.00056
0.048
16
Magenta

4.5 lncRNA expression in RT-qPCR
I carried out RT-qPCR for lncRNAs Gm37885 and Neat1 in a cultured OLG cell (Oli-neu)
line treated with dexamethasone. Only these two lncRNAs were included in the RT-qPCRs,
because the primers designed for these lncRNAs worked in the Oli-neu cell line. These
lncRNAs were originally chosen because of the high  value of Gm37885 between B6
susceptible and control mice in the OLG RNA sequencing dataset and the prevalence of
Neat1 in previous research regarding stress response. Of the two, Gm37885 was significantly
upregulated in the dexamethasone-treated cells compared to controls with and without
vehicle. This effect was observed both in one (d1) and three days (d3) differentiated cells
(Fig. 11a). In d1 cells, Gm37885 expression was the highest in the cells that had received the
highest concentration of dexamethasone, whereas in the d3 cells, the lncRNA was expressed
on the highest level in the 5 µM dexamethasone-treated cells. In d1 cells that had been
treated with 10 µM dexamethasone, the expression level of Gm37885 was 82 % higher than
in the cells that had received vehicle only (p = 0.026) and 69 % higher than in controls with
no vehicle (p = 0.030). In d3 cells that had received 5 µM dexamethasone, Gm37885
expression was a 78 % higher than in the controls with vehicle (p = 0.018) and 94 % higher
than in the controls without vehicle (p = 0.019). Thus, the expression of Gm37885 changes
in response to stress in both the cell model and mice (Figures 11a and 11b). For Neat1, there
were no significant differences between the cells treated with dexamethasone and controls in
the RT-qPCR (Fig. 12a).

In addition to the lncRNAs mentioned above, I designed and tested primers for Dlx6os1,
Rapgef4os2 and Prdm16os (Gm13111), but since the primers failed to amplify a specific
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amplicon, these lncRNAs were excluded from the RT-qPCRs. To study whether their failure
was owing to the primer design, or if it is because the lncRNAs are not expressed in the Olineu samples used or not conserved between the D2 or B6 mice and the cell line, I ran a test
RT-qPCR for these lncRNAs using cDNA from the mPFC of D2 and B6 mice. The primers
worked in the test samples used, and thus, it is likely that these lncRNAs are either not
conserved or not expressed highly enough in the Oli-neu cell line to be detected with RTqPCR.
11a.

11b.

Figure 11. The starting quantity (SQ) ratios (Gm37885/Ppib) for each treatment group are presented in
11a, and the log2CPM values from RNA sequencing in 11b. dex: dexamethasone, Ctrl: control without
treatment, Veh: Only vehicle

12a.

12b.

Figure 12. The starting quantity (SQ) ratios (Neat1/Ppib) for each treatment group are presented in 12a,
and the log2CPM values from RNA sequencing in 12b. dex: dexamethasone, Ctrl: control without
treatment, Veh: Only vehicl
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5 Discussion
5.1 Overview
The aim of this project was to assess the effect of chronic social defeat on lncRNA expression
in mouse OLGs and myelin. I studied differentially expressed lncRNAs between stressed
mice, either susceptible or resilient, and controls in OLG- and myelin-derived RNA
sequencing data. While larger gene expression differences were observed between strains
instead of stress phenotypes, a large number of individual lncRNAs was differentially
expressed in both datasets. In the myelin dataset, the numbers of upregulated and
downregulated lncRNAs between stress phenotypes differed notably between strains.
Potential roles of these lncRNAs in gene regulation were assessed based on overlapping
genomic locations of protein coding genes. Of the ten most differentially expressed lncRNAs,
the majority overlapped a protein coding gene in both datasets. Many of these lncRNAs were
antisense lncRNAs to the overlapping genes, and their expression levels correlated positively
with those of the protein coding genes. There were both upregulated and downregulated
lncRNAs among the ten most differentially expressed lncRNAs in both OLG and myelin
datasets. To see whether the lncRNA expression differences observed in the RNA sequencing
data would be replicable in a stress hormone-treated Oli-neu cell line, I chose one of the most
differentially expressed lncRNAs, Gm37885, and a previously studied lncRNA, Neat1, for
RT-qPCR. Differential expression of Gm37885 was associated with both mouse chronic
psychosocial stress and dexamethasone treatment in the Oli-neu cells, whereas there were no
significant differences in Neat1 expression levels between treatment groups in RT-qPCR.

5.2 Multiple lncRNAs differentially expressed after CSDS
There were numerous differentially expressed lncRNAs after CSDS in both datasets (370 in
OLGs and 132 in myelin). There was little variation in the numbers of upregulated and
downregulated lncRNAs in different comparisons in the OLG dataset, and the majority of
lncRNAs were downregulated in all comparisons besides B6 susceptible versus resilient. This
is consistent with previous findings, since similar results were acquired by Wang et al. (2019)
in their study, where the majority of differentially expressed lncRNAs were downregulated in
the prefrontal cortex of stressed mice. However, in the myelin dataset, the numbers of
upregulated and downregulated lncRNAs differed between phenotypes and strains. For
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example, in the B6 susceptible-control comparison, the majority of the lncRNAs in myelin
were upregulated, but in the same comparison of the D2 strain, the majority of the lncRNAs
were downregulated. This is interesting, since strain-dependent changes in myelination have
been observed in response to CSDS in different brain areas. For example, in a study by Laine
et al. (2018), resilient mice of the D2 strain were shown to have thinner myelin in the medial
prefrontal cortex in comparison to resilient mice, whereas susceptible mice of B6 strain had
thinner myelin in the ventral hippocampus in comparison to controls. Therefore, both the
expression of lncRNAs in myelin samples and the thickness of myelin sheaths have been
observed to be affected by CSDS in a strain-dependent manner.

5.3 Antisense lncRNAs most differentially expressed in stressed mice
In both OLG and myelin datasets, the majority of the ten most differentially expressed
lncRNAs with an overlapping protein coding gene were antisense lncRNAs to the protein
coding gene in the locus. Antisense lncRNAs can regulate the expression of the protein
coding gene through many different mechanisms, for example by binding histone
modification complexes such as polycomb repression complex 2, or by directly interacting
with transcription factors (Geisler & Coller, 2013). Also, the process of transcription of the
antisense RNA can interfere with the transcription of the protein coding gene, and thus
silence the gene’s expression (Geisler & Coller, 2013). Other regulatory mechanisms concern
mRNA processing and stability. For example, an antisense lncRNA transcript can inhibit
splicing by forming an RNA-RNA duplex with the transcribed RNA of the protein coding
gene, which affects the splice-site recognition and spliceosome recruitment, indirectly
affecting gene expression (Geisler & Coller, 2013; Boon et al., 2016). The formation of an
RNA-RNA duplex might also inhibit miRNA-mediated repression of the mRNA, and thus,
the expression of the protein coding gene would be regulated positively by the lncRNA
(Boon et al., 2016). LncRNAs can also function as decoys for molecules, such as miRNAs,
and therefore affect mRNA stability (Boon et al., 2016).

Amongst the most differentially expressed lncRNAs with an overlapping protein coding
gene, there were only positive correlations between the lncRNAs and their adjacent genes,
especially in the case of Dlx6os1 in the myelin dataset and Rapgef4os2 in both datasets.
Therefore, the results do not indicate a role of the differentially expressed lncRNAs in mRNA
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decay mechanisms previously known to be typical for antisense lncRNAs, such as Staufen 1mediated mRNA decay (Park & Maquat, 2013). On the contrary, the most differentially
expressed lncRNAs are more likely to positively regulate the expression of the overlapping
genes. In fact, Dlx6os1, an antisense lncRNA which overlaps with the promoter, introns and
exons of Dlx6 (Distal-Less Homeobox 6), has been found to activate the enhancer of Dlx6 by
interacting with a transcription factor DLX2, and thus, Dlx6os1 has been found to positively
regulate its overlapping gene (Feng et al., 2006). In both RNA sequencing datasets, Dlx6os1
was upregulated in stress-susceptible mice in comparison to either resilient mice or controls
in the B6 strain, and in the myelin dataset, Dlx6 was also significantly upregulated in the
susceptible B6 mice in comparison to resilient mice. This is interesting, because closely
linked Dlx5 and Dlx6 are expressed by developing and mature GABAergic interneurons, and
inactivation of these transcription factors has been associated with decrease in anxiety-like
and compulsive repetitive-like behaviors (de Lombares et al., 2019). These previous findings,
together with the RNA sequencing results, might indicate a connection between the
upregulation of Dlx6os1 and anxiety-like behavior in mice, although the role of Dlx6os1 in
OLGs should be studied further.

Rapgef4 (Rap Guanine Nucleotide Exchange Factor 4), the protein coding gene that
Rapgef4os2 overlaps with, codes for a protein EPAC2 involved in the cAMP signaling
pathway along the hypothalamic-pituitary axis, which is important for stress response (Lewis,
Aesoy & Bakke, 2016). Indeed, the role of Rapgef4 in anxiety and depressive disorders has
been studied by Zhou et al. (2016). In their study, EPAC2 knockout mice were found to
exhibit more anxiety- and depression-like behavior than the controls, which was thought to
imply the anti-anxiogenic effect of the protein in the presence of mild stressors. Also, in
humans, EPAC2 levels have been shown to be decreased in the prefrontal cortex and
hippocampus of depressed suicide completers (Dwivedi et al., 2006). In this thesis, the RNA
sequencing results in the myelin dataset were consistent with these findings. Rapgef4os2
expression levels correlated positively with those of Rapgef4, and both were significantly
downregulated in the B6 susceptible mice in comparison to resilient mice. Rapgef4os2 was
also significantly upregulated in the resilient mice of B6 strain in comparison to controls.
However, in the OLG dataset, the results were opposite, as Rapgef4os2 was downregulated in
D2 resilient mice in comparison to controls. As in myelin, the expression levels correlated
positively with those of Rapgef4. It would require further research to determine whether this
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observation is due to a difference in lncRNA expression between OLGs and myelin, or due to
a strain difference. No former studies of a specific regulatory mechanism were found, but
considering that Rapgef4os2 overlaps with the center parts of Rapgef4, spanning over exons,
introns and an enhancer region, it could bind to the mRNA of Rapgef4 and affect its
translation and stability, and thus regulate the expression of Rapgef4. Further studies of this
matter would be required to gain more insight into the regulatory mechanisms of Rapgef4os2.

Amongst the ten most differentially expressed lncRNAs in the OLG dataset, Gm13872 was
found to overlap the antisense strand of Slc1a2, spanning over exonic and intronic regions of
the gene. This is interesting, because the expression of Gm13872 correlated positively
(Pearson’s r > 0.8, adjusted p < 0.05) with the expression of Slc1a2, a gene that codes for
EAAT2 (excitatory amino acid 2). EAAT2 is a protein responsible for glutamate uptake in
the brain (Lauriat & McInnes, 2007), and increase in EAAT2 expression in the brain has been
associated with psychiatric phenotypes, such as schizophrenia in humans and chronic
restraint stress in rats (Lauriat & McInnes, 2007). These previous findings differ from the
results of this thesis, since in the RNA sequencing data, Gm13872 was significantly
downregulated in D2 susceptible mice in comparison to resilient mice. Additionally, Slc1a2
was not differentially expressed in the OLG dataset, and therefore no definite conclusions can
be drawn of the role of Gm13872 in stress response through regulation of the Slc1a2, but it is
an interesting target for future research.

Another intriguing lncRNA among the ten most differentially expressed lncRNAs in the
myelin dataset was Bcas1os1, which is an antisense lncRNA of gene Bcas1 (Brain Enriched
Myelin Associated Protein 1). Bcas1 codes for a myelin-associated protein, and loss of this
protein has been shown to increase the probability of a schizophrenia-like phenotype in mice,
but it has also been found to lead to a non-significant trend towards reduced anxiety-like
behavior (Ishimoto et al., 2017). However, the RNA sequencing results in the myelin dataset
were not consistent with these results, since Bcas1os1 was significantly upregulated in
resilient mice in comparison to controls in the B6 strain. Also, Bcas1 itself was not
differentially expressed between groups of the same strain, although there was a significant
positive correlation between the expression levels of Bcas1os1 and Bcas1 (Pearson’s r >
0.60).
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I chose lncRNAs Gm37885 and Neat1 for RT-qPCR, because Gm37885 was the most
differentially expressed lncRNA between stressed mice and controls in the OLG dataset, and
Neat1 has been shown previously to play a role in stress response. Gm37885, an antisense
lncRNA overlapping with a neurite growth-related gene Capn2 (Calpain 2), was upregulated
in dexamethasone -treated cells. These results are consistent with Gm37885 being
significantly upregulated in stress-susceptible mice in comparison to controls of the B6 strain
in the OLG dataset. There was also a significant positive correlation between the expression
levels of Gm37885 and Capn2, although lower than 0.5 (Person’s r), but Capn2 was not
differentially expressed in any of the comparisons. Thus, Gm37885 is not shown to directly
affect stress response by regulating its overlapping protein coding gene, and more research
would have to be carried out to find out the specific mechanisms with which Gm37885 might
affect the stress response in mouse OLGs. However, Gm37885 spans over both exons and
introns of Capn2, which indicates that Gm27885 could be a possible cis-regulator of Capn2.
Gm37885 has not been studied previously, whereas Calpains have been linked to stress on a
cellular level (Xie et al., 2020), but also chronic corticosterone treatment has been shown to
induce increased Capn2 expression in the prefrontal cortex of in rats (Li et al., 2019).
Therefore, Calpains might be an intriguing research topic for the future.

5.4 Neat1 differentially expressed between strains
Neat1 (Nuclear Paraspeckle Assembly Transcript 1), a differentially expressed lncRNA in the
OLG dataset, was included in the RT-qPCRs outside the top differentially expressed
lncRNAs. Neat1 is one of the most studied lncRNAs, and loss of Neat1 has been reported to
affect alternative splicing of genes in the central nervous system, cause abnormal behavioral,
such as increased panic escape in response to mild stressors in mice (Kukharsky et al., 2020),
and to cause changes in the expression levels of genes involved in OLG differentiation
(Katsel et al., 2019). Additionally, decreased Neat1 RNA levels in cortical areas have been
associated with schizophrenia (Katsel et al., 2019). Neat1 has also been shown to play a
crucial part in the formation of paraspeckles, RNA-protein bodies that regulate gene
expression in the nuclei of mammalian cells (Reviewed by Fox et al., 2018). Neat1 RNA has
been found to take part in gene regulation, for example, by binding to the transcription start
sites of active genes (Fox et al., 2018). In the light of this, Neat1 was a relevant lncRNA to
study in the context of the RNA sequencing data in this thesis. However, in the RNA
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sequencing data, Neat1 was only slightly upregulated between D2 resilient and control mice
in the OLG dataset, and there was no significant difference in Neat1 expression levels
between stressed cells and controls in the RT-qPCR. Neat1 was also expressed on a notably
lower level in the mostly susceptible D2 mice compared to mostly resilient B6 mice in the
RNA sequencing data (OLGs). The RNA sequencing results are thus consistent with the
results from the study by Kukharsky et al. (2018), where Neat1 knockout mice showed more
stress-indicating behavior than the wild-type mice.

5.5 Modules associated with strains in WGCNA
As a complementary approach to the differential gene expression analysis, I used WGCNA to
study larger gene expression patterns in the data. There were no modules associated with
stress phenotypes, but there were two modules significantly associated with the mouse strains
in both OLG and myelin datasets. Neat1 was included in the Magenta module, which was
downregulated in the D2 mice, possibly implying a larger strain-specific gene expression
pattern. Other modules significantly associated with mouse strains in the Tukey HSD posthoc test were module Cyan in the OLG dataset and modules Brown and Lightblue1 in the
myelin dataset. There were less than ten differentially expressed lncRNAs in each of these
modules, but besides lncRNA 6330403K07Rik in the myelin dataset, none of the ten most
differentially expressed lncRNAs were included in the modules significantly associated with
mouse strains. 6330403K07Rik was included in the Lightblue1 module, which was
upregulated in the D2 strain.

5.6 Genes of module Magenta enriched in relevant GO and KEGG terms
Since four expression modules acquired from WGCNA were associated with mouse strains,
gene enrichment analysis of the modules was used to assess enriched GO and KEGG terms
that might explain the differential response to CSDS between the two mouse strains.
Especially the genes of module Magenta, correlating in expression with Neat1, were
significantly enriched in a large number of GO terms. Among the enriched cellular
components, one of the most unique sets of genes was enriched in myelin sheaths. This is
intriguing, considering that the module Magenta was significantly associated with the mouse
strains in the OLG dataset, OLGs being the myelinating cells in the brain. Additionally, the
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genes of this module were enriched in other cellular components relevant to neuronal
function, such as axons and synapses, although these terms were not among the most unique
or significant ones (Supplementary table 1).

Of biological processes, genes of module Magenta, including Neat1, were most significantly
enriched to organelle organization (Supplementary table 1), which supports the previous
evidence of Neat1’s importance to the function of the cell. However, the most unique GO
term among the enriched biological processes was actin cytoskeleton organization. This
process is important from the perspective of changes in myelination, since modulation of
cytoskeleton organization enables the migration of oligodendrocyte progenitor cells to their
final location, where they maturate to OLGs and generate myelin around the axons of
neurons (Reviewed by Brown & Macklin, 2020). The role of the genes of module Magenta in
cell migration was also supported by the cell leading edge being the most unique enriched
cellular component.

In KEGG enrichment analysis, the genes of module Magenta were enriched in the process of
oxidative phosphorylation. Since oxidative phosphorylation takes place in the mitochondria,
this is consistent with the results from a study by Misiewicz et al. (2019), where
mitochondrial-related genes were found to be downregulated in the bulk RNA sequencing of
bed nucleus of stria terminalis of stress-susceptible D2 mice. In the OLG specific data of this
thesis, module Magenta was not associated with a stress phenotype, but its expression level
was lower in the OLGs of the D2 mice, known to be more susceptible to stress in comparison
to mice of the more stress-resilient B6 strain. Another KEGG term that the genes of module
Magenta were significantly enriched to was Huntington’s disease, which is a relevant finding
considering that the results of a study by Bourbon-Teles et al. (2019) indicated contribution
of myelin breakdown to the white matter decrease observed in Huntington’s disease
(Bourbon-Teles et al., 2019).

5.7 Conclusions
Based on the analysis of RNA sequencing results acquired from OLGs and myelin of stressed
and control mice, especially antisense lncRNAs Rapgef4os2 and Dlx6os1 might positively
regulate their overlapping protein coding genes in OLGs and myelin and have a role in stress
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response in mice. Additionally, Gm37885 might be involved in stress response in OLGs, both
in a mouse model and on a cellular level. Interestingly, the most differentially expressed
lncRNAs in this thesis differed from the ones in a master’s thesis by Laura Schildt (“Long
non-coding RNAs in stress susceptibility”, 2020). In Laura Schildt’s project, similar
experimental steps were carried out, but the samples used were bulk samples from brain
regions such as medial prefrontal cortex and ventral hippocampus, and not samples of a
specific cell type like in this thesis. This implies that different gene expression patterns are
formed in response to chronic stress in OLGs and myelin than in bulk tissue containing also
other brain cell types. However, more research would be required to find out whether the
lncRNA expression changes observed are connected to the stress-induced changes in myelin
shown by Laine et al. (2018), or whether these expression differences are associated with
changes in OLGs and their function. For example, similarly as in the study by Sung et al.
(2019), lentivirus-mediated delivery of short hairpin RNAs into oligodendrocyte precursor
cells could be carried out to silence the target lncRNA, and therefore, to study the effect of
the loss of the lncRNA on OLG maturation. Alternatively, a knockout mouse line could be
used for this purpose, and in addition to studying OLGs, electron microscopy could be used
to assess myelination in samples from brains of the knockout mice.

5.8 Limitations and future directions
The biggest limitation in this thesis is that the RNA sequencing results could not be validated
in the same samples, because all the RNA was used for preparing the sequencing libraries,
and there were no corresponding samples available. Thus, I used an OLG cell line developed
from mice of different strain. However, this approach was used to answer an interesting
research question: can the same differences seen in the RNA sequencing data be replicated in
a cell line through glucocorticoid receptor-mediated stress? Nevertheless, this approach is
specific for studying this type of cellular stress, and in the mouse brain, the stress
mechanisms can be different than in the cell line used. In the future, similar experiments
could be carried out, possibly with cells from a different strain of mice or with a different
stressor.

Another issue with this experiment is that the method of CSDS can only be used as a reliable
way to cause chronic stress in male mice. This is because female mice do not exhibit enough
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territorial behavior to consistently defeat the intruder mouse. Some studies have been carried
out using female mice as intruders, for example a study of 2021 by van Doeselaar et al.,
where urine of male mice applied on the females was used to trigger territorial behavior from
the part of the resident male mice. However, the use of male mice remains as the standard
procedure in CSDS. This might decrease the relevance of these results from the perspective
of applicability because anxiety disorders are most prevalent in females. For example, in
World Mental Health surveys carried out in 27 countries, the prevalence of anxiety disorders
in women was 1.3-2.4 times higher than in men (Penninx et al., 2021). Therefore, ways of
using female mice in CSDS should be applied, for example by using male scent as in the
above-mentioned study. Also, chemogenetic stimulation of certain brain areas could be
applied by using DREADD receptors activated with clozapine-N-oxide to activate specific
subgroups of neurons, and thus to increase aggressive behavior in the male mice (Deonaraine
et al., 2019). Using such methods, a better understanding could be acquired of mechanisms
behind stress response in both sexes.

To find out whether the results of this thesis can be translated from mice to humans, the
conservation of the studied lncRNAs between species should be assessed, if this project was
to be taken further. However, studying the role of lncRNAs in the mouse stress response
eventually increases the overall knowledge of the genetic and epigenetic background of stress
and anxiety in mammals.
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8 Appendices
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8.1 Enriched GO terms for WGCNA modules Magenta and Brown
Supplementary table 1. Enriched GO terms for module Magenta, ordered by adjusted p
value
ONTOLOGY

ID

Description

pvalue

p.adjust

Count

CC

GO:0043228

non-membrane-bounded organelle

1.22E-11

6.15E-09

141

CC

GO:0043232

intracellular non-membrane-bounded
organelle
organelle organization

1.92E-11

6.15E-09

140

BP

GO:0006996

2.43E-09

5.51E-06

113

BP

GO:0043933

1.34E-09

5.51E-06

63

GO:0042995

protein-containing complex subunit
organization
cell projection

CC

8.74E-08

9.60E-06

83

CC

GO:0120025

plasma membrane bounded cell projection

6.34E-08

9.60E-06

78

CC

GO:0031090

organelle membrane

8.98E-08

9.60E-06

74

CC

GO:0005739

mitochondrion

7.96E-08

9.60E-06

66

CC

GO:0005856

cytoskeleton

3.58E-07

3.28E-05

72

CC

GO:0005829

cytosol

4.42E-07

3.54E-05

104

BP

GO:0065003

protein-containing complex assembly

1.63E-07

0.00015167

53

BP

GO:0030029

actin filament-based process

1.07E-07

0.00015167

37

BP

GO:0030036

actin cytoskeleton organization

1.67E-07

0.00015167

34

CC

GO:0030027

lamellipodium

3.08E-06

0.00021918

14

CC

GO:0030424

axon

3.79E-06

0.00022071

32

CC

GO:0031252

cell leading edge

3.76E-06

0.00022071

22

CC

GO:0012505

endomembrane system

5.64E-06

0.00030127

107

CC

GO:0043209

myelin sheath

8.76E-06

0.0004319

15

BP

GO:0044085

cellular component biogenesis

5.97E-07

0.0004518

87

CC

GO:0043005

neuron projection

1.03E-05

0.00047192

52

CC

GO:0099080

supramolecular complex

1.18E-05

0.00050562

44

CC

GO:0015629

actin cytoskeleton

1.53E-05

0.000612

24

CC

GO:0099512

supramolecular fiber

2.77E-05

0.00104401

35

CC

GO:0099081

supramolecular polymer

3.24E-05

0.00115283

35

CC

GO:0005783

endoplasmic reticulum

4.02E-05

0.00135767

53

CC

GO:0045202

synapse

4.28E-05

0.00137212

48

BP

GO:0007010

cytoskeleton organization

2.46E-06

0.00159792

49

CC

GO:0005743

mitochondrial inner membrane

6.96E-05

0.00212546

21

CC

GO:0005730

nucleolus

9.20E-05

0.00268073

31

CC

GO:0030054

cell junction

0.00010219

0.00284791

61

CC

GO:0030016

myofibril

0.00014168

0.00378411

13

CC

GO:0030427

site of polarized growth

0.0001705

0.00429049

13

CC

GO:0022627

cytosolic small ribosomal subunit

0.00017403

0.00429049

6

CC

GO:0044297

cell body

0.0002145

0.00509243

30

44

BP

GO:0009056

catabolic process

9.13E-06

0.00518027

70

CC

GO:0019866

organelle inner membrane

0.00026284

0.0054883

21

CC

GO:0150034

distal axon

0.00025258

0.0054883

18

CC

GO:0043292

contractile fiber

0.00026543

0.0054883

13

CC

GO:0022626

cytosolic ribosome

0.00025173

0.0054883

9

BP

GO:0022607

cellular component assembly

1.13E-05

0.00571635

77

CC

GO:0030175

filopodium

0.00029057

0.00582056

8

CC

GO:0005794

Golgi apparatus

0.00030064

0.00583979

45

CC

GO:0070847

core mediator complex

0.00030986

0.00584181

3

MF

GO:0044877

protein-containing complex binding

1.53E-05

0.00618348

50

MF

GO:0008092

cytoskeletal protein binding

2.04E-05

0.00618348

37

MF

GO:0003779

actin binding

1.52E-05

0.00618348

22

CC

GO:0070013

intracellular organelle lumen

0.0003826

0.00667121

112

CC

GO:0031974

membrane-enclosed lumen

0.00038584

0.00667121

112

CC

GO:0043233

organelle lumen

0.00038584

0.00667121

112

CC

GO:0099513

polymeric cytoskeletal fiber

0.00039549

0.00667121

26

MF

GO:0051015

actin filament binding

3.02E-05

0.00685922

14

CC

GO:0030426

growth cone

0.00046039

0.00756699

12

CC

GO:0005875

microtubule associated complex

0.00052265

0.00837541

10

BP

GO:0022411

cellular component disassembly

2.00E-05

0.00907165

20

CC

GO:0030286

dynein complex

0.00062643

0.00979367

6

CC

GO:0030017

sarcomere

0.00067238

0.01026179

11

CC

GO:0034704

calcium channel complex

0.00082108

0.01223984

6

CC

GO:0000776

kinetochore

0.00085945

0.01252059

9

CC

GO:0070939

Dsl1/NZR complex

0.0009724

0.01385136

2

CC

GO:0044391

ribosomal subunit

0.0010287

0.0143347

11

CC

GO:0031981

nuclear lumen

0.00111215

0.01511409

101

CC

GO:0031966

mitochondrial membrane

0.0011789

0.01511409

23

CC

GO:0000775

chromosome, centromeric region

0.00116183

0.01511409

11

CC

GO:0005811

lipid droplet

0.00117895

0.01511409

7

CC

GO:0005840

ribosome

0.00123669

0.01554351

12

CC

GO:0098588

bounding membrane of organelle

0.00134724

0.01629395

35

CC

GO:0002102

podosome

0.00134438

0.01629395

4

MF

GO:0016747

9.31E-05

0.01692381

14

MF

GO:0047184

0.00011199

0.01696581

3

CC

GO:0005740

transferase activity, transferring acyl groups
other than amino-acyl groups
1-acylglycerophosphocholine Oacyltransferase activity
mitochondrial envelope

0.00147189

0.01747193

24

CC

GO:0043025

neuronal cell body

0.00163045

0.01900218

25

MF

GO:0015075

ion transmembrane transporter activity

0.00015542

0.02018192

31

MF

GO:0022857

transmembrane transporter activity

0.00020324

0.02052689

35

MF

GO:0015078

proton transmembrane transporter activity

0.00019837

0.02052689

9

CC

GO:0016469

proton-transporting two-sector ATPase
complex

0.0018954

0.02169554

5

45

CC

GO:0005774

vacuolar membrane

0.00194149

0.02183326

10

BP

GO:0097435

supramolecular fiber organization

5.34E-05

0.02205344

29

CC

GO:0098796

membrane protein complex

0.00224224

0.02478058

35

CC

GO:0015630

microtubule cytoskeleton

0.00233098

0.02532475

36

CC

GO:0031967

organelle envelope

0.00243725

0.02541734

33

CC

GO:0031975

envelope

0.00243725

0.02541734

33

CC

GO:0098858

actin-based cell projection

0.00245846

0.02541734

11

MF

GO:0036094

small molecule binding

0.0002877

0.02615224

67

BP

GO:0007033

vacuole organization

7.02E-05

0.02655199

12

MF

GO:0005215

transporter activity

0.00042374

0.02962907

37

MF

GO:0016491

oxidoreductase activity

0.00036136

0.02962907

29

MF

GO:0016746

transferase activity, transferring acyl groups

0.00039501

0.02962907

14

CC

GO:0015935

small ribosomal subunit

0.0029367

0.02987973

6

MF

GO:0043177

organic acid binding

0.0004668

0.03030873

13

CC

GO:0000139

Golgi membrane

0.0030633

0.03068088

12

CC

GO:0000015

phosphopyruvate hydratase complex

0.00316398

0.03120172

2

CC

GO:0008180

COP9 signalosome

0.00321527

0.0312271

4

MF

GO:0043168

anion binding

0.00058741

0.03483872

72

MF

GO:0003735

structural constituent of ribosome

0.00061322

0.03483872

10

CC

GO:0031674

I band

0.00374996

0.03587645

8

MF

GO:0015318

0.00068479

0.03661592

28

BP

GO:1902774

inorganic molecular entity transmembrane
transporter activity
late endosome to lysosome transport

0.00010742

0.03752318

3

CC

GO:0043204

perikaryon

0.00409113

0.03856494

8

BP

GO:0032984

protein-containing complex disassembly

0.00012881

0.03899481

13

BP

GO:0032801

receptor catabolic process

0.00012197

0.03899481

5

CC

GO:0016471

0.00462305

0.04233415

3

CC

GO:0000931

vacuolar proton-transporting V-type ATPase
complex
gamma-tubulin large complex

0.00468912

0.04233415

2

CC

GO:0008274

gamma-tubulin ring complex

0.00468912

0.04233415

2

MF

GO:0031406

carboxylic acid binding

0.00087612

0.04424392

12

MF

GO:0003976

0.00096256

0.04605104

2

CC

GO:0000930

UDP-N-acetylglucosamine-lysosomalenzyme Nacetylglucosaminephosphotransferase
activity
gamma-tubulin complex

0.00536648

0.0477766

3

CC

GO:1902494

catalytic complex

0.0055698

0.04860375

38

CC

GO:0005874

microtubule

0.00561104

0.04860375

16

CC

GO:0005891

voltage-gated calcium channel complex

0.00581897

0.04973281

4

Supplementary table 2. Enriched GO terms for module Brown, ordered by adjusted p value
ONTOLOGY

ID

Description

pvalue

p.adjust

Count

46

CC

GO:0043232

3.32E-06

0.0008141

106

GO:0043228

intracellular non-membrane-bounded
organelle
non-membrane-bounded organelle

CC

3.99E-06

0.0008141

106

CC

GO:0005829

cytosol

4.15E-06

0.0008141

88

MF

GO:0042802

identical protein binding

1.93E-06

0.00159568

62

CC

GO:0099080

supramolecular complex

1.44E-05

0.00211502

39

MF

GO:0005198

structural molecule activity

1.38E-05

0.0051109

24

MF

GO:1990939

2.11E-05

0.0051109

6

MF

GO:0008092

ATP-dependent microtubule motor
activity
cytoskeletal protein binding

2.93E-05

0.0051109

33

MF

GO:0043168

anion binding

3.09E-05

0.0051109

69

CC

GO:0099512

supramolecular fiber

8.84E-05

0.00993716

30

CC

GO:0099081

supramolecular polymer

0.00010123

0.00993716

30

CC

GO:0120025

0.00016542

0.0139191

58

CC

GO:0005856

plasma membrane bounded cell
projection
cytoskeleton

0.00031071

0.02287583

54

BP

GO:0007040

lysosome organization

1.25E-05

0.02324166

8

BP

GO:0080171

lytic vacuole organization

1.25E-05

0.02324166

8

BP

GO:0007033

vacuole organization

1.58E-05

0.02324166

12

MF

GO:0003779

actin binding

0.0001744

0.02403053

18

MF

GO:0036094

small molecule binding

0.00021663

0.02403053

60

MF

GO:0002094

polyprenyltransferase activity

0.00024181

0.02403053

2

MF

GO:0044877

protein-containing complex binding

0.0002612

0.02403053

41

CC

GO:0022626

cytosolic ribosome

0.00041882

0.02740956

8

MF

GO:0051287

NAD binding

0.00036888

0.0305433

6

CC

GO:0022627

cytosolic small ribosomal subunit

0.00069303

0.04081941

5

CC

GO:0005929

cilium

0.0008198

0.0438966

22

MF

GO:0016829

lyase activity

0.00076221

0.04428053

10

MF

GO:0000166

nucleotide binding

0.00082936

0.04428053

50

MF

GO:1901265

nucleoside phosphate binding

0.00082936

0.04428053

50

MF

GO:0003735

structural constituent of ribosome

0.00085512

0.04428053

9

MF

GO:0003774

motor activity

0.00085875

0.04428053

8

MF

GO:0003777

microtubule motor activity

0.00089964

0.04428053

6

MF

GO:0016491

oxidoreductase activity

0.00090914

0.04428053

25

47

