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Abstract: Background/Objectives: X-inactive-specific transcript (XIST) is a factor that
plays a role in neuroinflammation. This study investigated the role of XIST in neuronal
development, neuroinflammation, myelination, and therapeutic responses within cere-
bral organoids in the context of Multiple Sclerosis (MS) pathogenesis. Methods: Human
cerebral organoids with oligodendrocytes were produced from XIST-silenced H9 cells,
and the mature organoids were subsequently treated with either FTY720 or DMF. Gene
expression related to inflammation and myelination was subsequently analyzed via qRT-
PCR. Immunofluorescence staining was used to assess the expression of proteins related
to inflammation, myelination, and neuronal differentiation. Alpha-synuclein protein lev-
els were also checked via ELISA. Finally, transcriptome analysis was conducted on the
organoid samples. Results: XIST-silenced organoids presented a 2-fold increase in the
expression of neuronal stem cells, excitatory neurons, microglia, and mature oligoden-
drocyte markers. In addition, XIST silencing increased IL-10 mRNA expression by 2-fold
and MBP and PLP1 expression by 2.3- and 0.6-fold, respectively. Although XIST silencing
tripled IBA1 protein expression, it did not affect organoid MBP expression. FTY720, but not
DME, distinguished MBP and IBA1 expression in XIST-silenced organoids. Furthermore,
XIST silencing reduced the concentration of alpha-synuclein from 300 to 100 pg/mL, con-
firming its anti-inflammatory role. Transcriptomic and gene enrichment analyses revealed
that the differentially expressed genes are involved in neural development and immune
processes, suggesting the role of XIST in neuroinflammation. The silencing of XIST mod-
ified the expression of genes associated with inflammation, myelination, and neuronal
growth in cerebral organoids, indicating a potential involvement in the pathogenesis of
MS. Conclusions: XIST may contribute to the MS pathogenesis as well as neuroinflamma-
tory diseases such as and Alzheimer’s and Parkinson’s diseases and may be a promising
therapeutic target.

Keywords: XIST; long non-coding RNA; cerebral organoids; neuroinflammation; myelination

1. Introduction

X-inactive-specific transcript (XIST) is a collection of 15,000-20,000 nucleotide se-
quences found in the q13.2 X-inactivation center [1,2]. Previous research has demonstrated
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that XIST controls X chromosome inactivation (XCI) and contributes to the heritable silenc-
ing of one of the X chromosomes during the formation of female cells [3]. The literature
provides a thorough understanding of the role of XIST in multiple cellular functions, such
as apoptosis, differentiation, proliferation, adhesion, migration, inflammation, and polar-
ization. This influence is exerted through the modulation of multiple signaling pathways
beyond its XCI role [4,5]. In addition, XIST plays a role in the development of intricate
disorders by acting as a competitive endogenous RNA (ceRNA). Furthermore, XIST has
been linked to complex disorders such as Alzheimer’s disease (AD), neurodegeneration,
and neuroinflammation [6-9]. An increasing body of evidence suggests that XIST may play
a role in the onset and progression of autoimmune and neurodegenerative diseases, either
as a regulator of miRNA-mRNA interactions or through other mechanisms [5,10].

Chronic neuroinflammatory and neurodegenerative disorders affect more than
50 million individuals globally [11]. Neuroinflammatory disorders may disproportion-
ately impact women [11,12]. This sex bias might stem from genetic and environmental
factors [13,14]. Despite the expectation that genes localized on the X chromosome would
be silenced with XIST, 11-30% of human X-related genes manage to evade XCI and remain
somewhat expressed. This phenomenon is called XCI escape [15]. Previous research has
revealed that several XCl-escaping genes, such as CD40L, IRAK-1, KDM6A, and TLR?, are
linked to autoimmunity and neuroinflammation [16,17]. Recent advances in our compre-
hension of IncRNA function have revealed that dysfunction of XIST may be closely linked
to the pathogenesis of several neurodegenerative and autoimmune diseases. In particular,
aberrant XIST expression or localization has been implicated in conditions such as AD,
Parkinson’s disease (PD), and Multiple Sclerosis (MS), where dysregulation of XIST may
contribute to altered immune responses and neuronal degeneration through mechanisms
including the modulation of miRNA interactions and chromatin remodeling [7,18-21].

Recent studies underscore that XIST is not merely a housekeeping epigenetic molecule
but one that intersects with pathways of immune signaling, microglial polarization, and
cytokine production [22-24]. In the context of MS, XIST’s expression and function appear
to be dysregulated, contributing to the disease’s immunopathology—for example, through
the XIST-miR-326-HNRNPA1 axis that may centrally drive MS-related gene networks [25].
Disease-modifying therapies (DMTs) are used to treat MS to reduce relapses and slow
disease progression by regulating inflammatory and immune responses in MS patients
rather than providing a total cure for the disease [26]. Among these DMTs, fingolimod
(FTY720, Gilenya) is a synthetic analogue of sphingosine and was the first to be licensed
by the Food and Drug Administration for the oral treatment of MS. Once phosphorylated,
it binds to sphingosine-1-phosphate receptors (51PRs) and causes the internalization and
degradation of SIPR1. Hence, T and B cells in the blood and those that invade the CNS
are both decreased by FTY720 [27,28]. Dimethyl fumarate (DMF) is another oral DMT
used for MS. Although the exact mechanism of action of DMF is yet unknown, it has been
demonstrated that it reduces the activation of T cells and changes the distribution of helper
T cells in addition to activating antioxidative and anti-inflammatory genes [29-33].

This study aimed to use cerebral organoids to examine the impact of the long non-
coding RNA XIST on the development of neuroinflammation and myelination in the context
of MS pathogenesis. First, XIST-siRNA was used to silence XIST expression in H9 human
embryonic stem cells (hESCs). Subsequently, myelinated cerebral organoids were generated
from XIST-silenced and control (scramble) H9 hESCs. To model neuroinflammation, LPS
was applied to myelinated cerebral organoids. To determine the differential expression of
inflammation- and myelination-related genes in the scramble- and XIST-silenced organoids,
qRT-PCR, transcriptome, and immunofluorescence analyses were performed. For further
elucidation, scramble- and XIST-silenced organoids were treated with either FTY720 or
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DMF to investigate their response to DMTs, and the expression levels of inflammation- and
myelination-related genes were determined at both the mRNA and protein levels via qRT-
PCR and immunofluorescence staining, respectively. While many previous studies have
relied on traditional cell culture methods, the use of human cerebral organoids represents
a significant advancement in modeling the complex three-dimensional architecture and
cell—cell interactions of the human brain. These organoids provide a more physiologically
relevant system to investigate the molecular underpinnings of XIST dysfunction. However,
we acknowledge that further validation in animal models is essential to fully translate these
findings to in vivo context. By integrating data from both advanced organoid models and
animal studies, future research can more comprehensively elucidate the role of XIST in
neuroinflammation and neurodegeneration.

2. Results

We have taken numerous steps to eliminate possible sources of bias as well as care-
fully verify our experimental assumptions so that our analysis would produce consistent
causal inferences. Our study, for instance, used various independent controls—specifically
MOCK-transfected and scramble-transfected H9 cells—to reduce confounding influences;
all experiments were conducted in at least duplicate with suitable statistical analyses (e.g.,
two-way ANOVA and Student’s t-test) to guarantee reproducibility and reliability (see
Sections 2.1 and 2.2). The strength of our results is also confirmed by the morphological and
molecular validation of cerebral organoid creation shown by immunofluorescence labeling
and gRT-PCR studies. IncRNAs are defined as transcripts longer than 200 nucleotides that
are not protein-coding but rather vital for the control of gene expression at the epigenetic,
transcriptional, and post-transcriptional levels. As detailed in our Introduction (Pages 1-3,
References [1-5]), a paradigmatic IncRNA XIST is mostly recognized for its involvement
in X chromosomal inactivation—mediating gene silence by the recruitment of chromatin
modifying complexes. We guarantee that our findings and causal readings on the function
of XIST in myelination and neuroinflammation are both well founded and replicable by
clarifying these definitions and outlining our strategies to reduce biases.

2.1. Myelinated and LPS-Induced Human Cerebral Organoids Were Generated from H9 Cells
Transfected with XIST-siRNA or Scramble

Subsequent to transfection, the expression of XIST and the XIST-related genes FOXP3
and NANOG was compared via qRT-PCR to confirm the success of transfection prior to
organoid production. Compared with MOCK, XIST-siRNA transfection reduced XIST
expression 20-fold (Figure S1). The experimental setup used MOCK-transfected, XIST-
siRNA-transfected, and scramble-transfected H9 cells to generate organoids. The transfec-
tion reagent was tested in MOCK-treated H9 hESCs (Figure S2). Since the MOCK-treated
and control groups were similar, only the XIST-transfected and scramble groups were
used for further research. Transfection with XIST-siRNA decreased XIST expression and
increased FOXP3 expression in H9 cells, indicating successful XIST silencing in H9 hESC
cells prior to organoid generation. The formation of cerebral organoids from both MOCK-
and XIST-siRNA-transfected hESCs is shown in Figure 1. Both XIST-siRNA-transfected
and scrambled H9 hESC tissues presented morphological changes consistent with Lancaster
and Knoblich’s developmental processes and an optimized protocol [34,35]. These findings
confirmed that organoid generation was successful.
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Figure 1. Generation of myelinated and LPS-induced human cerebral organoids from XIST-siRNA-
and scramble-transfected H9 cells. XIST-siRNA (a)- and scramble (f)-transfected H9 cells were seeded
into a U-bottom 96-well plate (day 0). (b,g). Observation of EBs obtained from XIST-siRNA (b)- and
scramble (g)-transfected H9 cells in U-bottom plates. The arrow shows the empty area after the EBs
were embedded in Matrigel (c,h). EBs obtained from the XIST-siRNA (c) and scramble (h) groups
were embedded in Matrigel, and radial organization was observed in the EBs 3 days after incubation
with neural induction medium (d,i). Culturing of EBs obtained from XIST-siRNA (d) and scramb]e (i)
transfected in neural differentiation medium with vitamin A supplemented with growth factors and
observation of small buds in EBs (e,j). Observation of myelinated and LPS-induced human cerebral
organoids obtained from XIST-siRNA (e)- and scramble (j)-transfected control H9 cells. The images
were taken with a Zeiss PrimoVert microscope with a Dino Capture USB microscope camera at 4 x
magnification. Scale bars indicate 250 pm.

2.2. Silencing of XIST Increased the Abundance of Neural Stem Cells, Excitatory Neurons, Mature
Oligodendrocytes, and Microglia

Immunofluorescence staining was used to assess human cerebral organoid formation,
as well as the localization and expression of neuronal markers. First, the neural stem
cell marker SOX2 and the excitatory and late-born superficial layer marker SATB2 are
localized [36,37]. SOX2+ cells were mostly detected inside the organoid structure, whereas
SATB2+ excitatory neurons were mostly localized on the outer surface (Figure 2a,b and
Table S6). To conduct a more thorough examination of neuronal activity and the impact of
XIST silencing, the localization and quantity of astrocytes and mature oligodendrocytes
were assessed via GFAP and TAU immunostaining, respectively (Figure 2c,d). Figure 2e
shows the calculated relative fluorescence intensity, indicating that cerebral organoids in
which the XIST gene was silenced presented two-fold higher levels of GFAP, an astrocyte
protein, and tau, a mature oligodendrocyte protein.

SOX2 SATB2 DAPI merge

Figure 2. Cont.
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Figure 2. Inmunofluorescence staining of scramble- and XIST-silenced organoid sections. (a,b) Im-
munofluorescence staining of organoid sections obtained from scramble- and XIST-siRNA-transfected
HO cells. Blue: DAPI (nucleus), red: SATB2 (excitatory neuron), and green: SOX2 (neural stem cell).
Images labeled (a) are broad sections, whereas images labeled (b) are magnified views of a specific
area from the general section. (d,e) Immunofluorescence staining of organoid sections obtained from
scramble- and XIST-siRNA-transfected H9 cells. Blue: DAPI (nucleus), red: GFAP (astrocyte), and
green: tau (mature oligodendrocyte). Relative fluorescence intensity of SOX2-, SATB2-, tau-, and
GFAP-specific antibodies. Images labeled (d) are broad sections, whereas images labeled (e) are mag-
nified views of a specific area from the general section. The results were calculated relative to those of
the scramble group and then normalized to those of the DAPI group. Relative fluorescence intensity
was calculated in tissue sections obtained from two independent experiments, and three technical
replicates of the experiment for each sample were performed for each staining (c,f). The results
obtained from two independent experiments were imported into GraphPad, and two-way ANOVA
was performed on these two independent experiments (ns = p > 0.05, * = p < 0.05, * =p < 0.01,
*** = p <0.001, and **** = p < 0.0001). The images were taken with a Leica DM6 B microscope at 20x
and 40 x magnification. Scale bars indicate 20 um.

2.3. Silencing of XIST Alters the Expression Levels of Myelination- and Inflammation-Related
Genes and the Response to DMT5

Since the inflammatory response and myelination regulate neurodegenerative patho-
genesis of MS, the differential expression of selected immune- and myelin-related genes
was determined in scramble- and XIST-silenced organoids. In XIST-siRNA-transfected
organoids, myelin basic protein (MBP) expression was increased 2.26-fold; however, it
did not significantly affect proteolipid protein 1 (PLP1) expression compared with that
of MBP (Figure 3). XIST silencing altered IL-10 and IL-6 mRNA expression in cerebral
organoids, affecting inflammatory responses. IL-6 and IL-10 expression was greater in
organoids derived from XIST-silenced H9 hESCs than in those derived from scramble H9
cells (Figure 3). To determine how XIST silencing affects the DMT response, scramble
and XIST-silenced organoids were treated with DMF or FTY720. DMF increased MBP
and PLP1 mRNA expression compared with that in the scramble group, whereas FTY720
decreased their levels after XIST silencing (Figure 3). XIST silencing significantly increased
both pro- and anti-inflammatory cytokines (IL-6 and IL-10) after DMF treatment. The
mRNA expression of IL-10 and IL-6 exhibited opposing responses to FTY720 following
XIST silencing (Figure 3).
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Figure 3. Determination of immune and myelination-related gene expression in scramble- and
XIST-silenced organoids. Fold change in the expression levels of myelination-related MBP and PLP1
genes and inflammation-related IL10 and IL6 genes in XIST-siRNA-transfected organoids compared
with those in scramble-transfected organoids with or without treatment with either DMF or FTY720.
Gene expression was normalized to that of the $-actin housekeeping gene. Four replicates of the
experiment (1 = 4), each with duplicate measurements, were performed for each sample, and the
fold-change of each gene of interest was calculated via Qiagen, Genelglobe. The results obtained
from four independent experiments were imported into GraphPad, and two-way ANOVA test was
performed on these four independent experiments (n = 4) (ns =p > 0.05,* =p < 0.05, ** =p < 0.01,
#** = p <0.001, and *** = p < 0.0001).

2.4. Silencing of XIST Activates Microglia Without Altering MBP Protein Expression

In organoid sections, ionized calcium-binding adapter molecule 1 (IBA1) expression
was measured to determine the induction of inflammation in mature cerebral organoids.
In XIST-silenced organoids, IBA1 protein expression was significantly greater than that
in control scramble-siRNA-transfected organoids (Figure 4). In XIST-silenced organoids,
microglial activation was altered in response to FTY720 but not DMF. The MBP protein
was used as a marker to assess myelination. MBP staining was not significantly different
between the XIST-silenced and control organoids. DMF did not affect myelination in
XIST-silenced organoids. MBP levels responded differently to FTY720 treatment in XIST-
silenced and control organoids (Figure 4). Thus, XIST controls microglial activation to
reduce inflammation in LPS-treated cerebral organoids, but it does not affect myelination.
The potential detrimental impact of the transfection reagent on organoid development was
eliminated by inducing both myelination and inflammation in the organoids derived from
untransfected control H9 hESCs (Figure S3).
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Figure 4. Immunofluorescence staining of scramble- and XIST-silenced organoid sections (a,d).
Immunofluorescence staining of organoid sections obtained from scramble (a)- and XIST-siRNA
(b)-transfected H9 hESCs. (b,e) Immunofluorescence staining of organoid sections obtained from
scramble (b)- and XIST-siRNA (e)-transfected H9 hESCs after treatment with DME. (c,f) Immunofluo-
rescence staining of organoid sections obtained from scramble (c)- and XIST-siRNA (f)-transfected H9
hESCs after treatment with FTY720. (g) Calculation of the relative fluorescence intensity of MBP and
microglia-specific (IBA1) antibodies. The results were compared with those of the scramble group
and normalized to those of the DAPI group. Relative fluorescence intensity was calculated in tissue
sections obtained from two independent experiments, and two technical replicates of the experiment
for each sample were performed for each staining (1 = 2). The results obtained from two indepen-
dent experiments (1 = 2) were imported into GraphPad, and two-way ANOVA was performed on
these two independent experiments (ns = p > 0.05, * = p < 0.05, * =p < 0.01, * = p < 0.001, and
***% = p < 0.0001). Blue: DAPI (nucleus), red: IBA1 (microglia), and green: MBP (myelination). The
images were taken with a Leica DM6 B microscope at 40 x magnification. Scale bars indicate 20 pum.

2.5. Silencing of XIST Affects the Level of Alpha-Synuclein Secretion

Owing to its role in neuroinflammation, the alpha-synuclein level was also quantified
in LPS-induced cerebral organoids with and without drug treatment. In XIST-silenced
organoids, alpha-synuclein protein levels decreased from 300 pg/mL to 100 pg/mL. XIST
silencing decreased the alpha-synuclein protein level in scramble-treated tissues, but neither
DMF nor FTY720 did. Additionally, FTY720 and DMF restored alpha-synuclein levels to
control levels in the organoids (Figure 5).
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Figure 5. Determination of the differential effects of DMF and FTY720 treatment on alpha-synuclein
protein expression in the presence of XIST silencing. Proteins were obtained from the organoid
medium after 60 h of treatment with DMF and FTY720 or from untreated organoids, and the protein
amount was calculated via the Human Alpha-Synuclein SimpleStep ELISA Kit. Two replicates
of the experiment were performed for each sample. The results obtained from two independent
experiments (1 = 2) were imported into GraphPad, and two-way ANOVA was performed on these
two independent experiments (ns = p > 0.05, * = p < 0.05, ** = p < 0.01, ** = p < 0.001, and
##* = p < 0.0001).

2.6. Silencing of XIST Caused Differential Expression of Genes Related to Neural Development and
Morphogenesis in Human Cerebral Organoids

For a comprehensive analysis of the effects of XIST silencing, transcriptome analysis
was performed, and the differentially expressed genes were determined. To identify more
genes, four different analysis methods were used, and 2120 common genes were selected
for further analysis (Figure 6a). The heatmap results revealed that XIST silencing increased
the expression of 63 genes and decreased the expression of 36 genes significantly (Figure 6b).
The GSEA results revealed that 20 DEGs were involved in development-related processes,
9 of which were related to neuronal differentiation (Figure 6b). Additionally, functional
category analysis revealed that 102 DEGs were directly affected by the immune response
(Table S4). Finally, downregulated and upregulated genes were evaluated separately
via differential gene set enrichment analysis (GSEA) to determine their role in biological
functions (Figure S4).
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Figure 6. The key differentially expressed genes were identified via transcriptome analysis after XIST
silencing. (a) Venn diagram of differentially expressed genes obtained via four methods: limma,
EBSeq, DESeq2, and edgeR. (b) Heatmap of differentially expressed genes before and after XIST
silencing. (c¢) Determination of differentially expressed genes involved in biological processes by
GSEA after XIST silencing.

2.7. Silencing of XIST Did Not Significantly Affect Secretome Profiling Related to Immune
Response and Myelination

For further confirmation of the comprehensive role of XIST, secretome analysis was
also performed on both XIST-silenced and scramble organoids. Out of 96, 13 of secreted
proteins were detected to be differentially expressed in the XIST-silenced organoids. De-
spite the inadequate number of secreted proteins, some of the differentially expressed ones
such as COL11A1, COL2A1, and NES proteins belonging to “Extracellular Matrix-Related
Protein” were detected, and they were also shown to express differentially at the transcrip-
tome level (Table S5). Overall, the obtained data were not enough to conclude the role of
XIST on immune- and myelination-related secretome profiling, so further future studies
are required in this field.
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3. Discussion

Although cerebral organoids cannot completely replicate the in vivo environment,
they offer insightful analysis of brain development and disease models. Organoids lack
peripheral immunological components such T and B cells, which are required for neu-
roinflammatory responses. Yet, microglia-like cells can proliferate within organoids. A
malfunctioning vascular system restricts nutritional transmission, immune cell infiltra-
tion, and exchanges of systemic inflammatory signals, and extracellular matrix does not
completely replicate the biochemical and mechanical characteristics of the in vivo brain,
hence, influencing neuron-glia interactions required for myelination and immunologi-
cal responses. These constraints call for more improvement of cerebral organoid models
to increase their physiological relevance for studies on neuroinflammation and myelina-
tion disorders.

Studies have indicated the potential involvement of XIST in the predisposition of
females to many neurodegenerative and autoimmune disorders, as well as cancer and
cardiovascular diseases, in addition to its essential function in dose compensation in fe-
males [3,38]. Compared with males, females have a 2—4-fold greater predisposition to
MS [12,39,40]. Immune response profiling, pregnancy, hormones, smoking, obesity, and
genetic factors contribute to MS female bias [41]. XIST is a genetic factor that randomly
inactivates one of the X chromosomes in females [42]. During XCI, XIST recruits partic-
ular proteins, including RNA-binding proteins, repressor proteins, heterochromatin and
architectural proteins, and DNA methylases, which induce gene silencing, modify the chro-
matin environment, and reorganize the X chromosome [3,43,44]. In the AD mouse model
and N2a cells, increased levels of XIST were observed in response to the oxidative stress
induced by H,O,. Bioinformatics investigations revealed a binding site between miR-124
and s-amyloid precursor protein-cleaving enzyme-1 (APP), whose dysregulation leads to
increased A synthesis and contributes to Alzheimer’s disease pathogenesis [45]. In the
context of another autoimmune disease, systemic lupus erythematosus (SLE), the abnormal
localization of XIST has been associated with changes in T cells among SLE patients, as well
as alterations in XIST levels in SLE patients [38]. In a separate investigation, elevated serum
levels of XIST were associated with the Unified Parkinson’s Disease Rating Scale in patients
with Parkinson’s disease [46]. These studies indicate that XIST plays an indisputable role
in the course of autoimmune and neurodegenerative diseases.

Moreover, 11-30% of human X-related genes escape XIST silencing and remain ex-
pressed to some extent [15]. Although the role of some of these genes in escaping XIST
silencing in autoimmunity has been shown, considering the high percentage of these genes,
more studies are needed to elucidate their role in autoimmunity and neuroinflammation
and identify other escape genes that play roles in autoimmune diseases, especially MS [16].
Therefore, we investigated whether XIST might be an underlying factor in MS gender bias.
To test our hypothesis, the XIST gene was silenced in H9 hESCs with XIST-siRNA, and up
to a 20-fold decrease in the expression of XIST was confirmed via qRT-PCR (Figure S1). As
shown by Cui and colleagues [47], there was a 3.7-fold increase in FOXP3 gene expression
in XIST-siRNA-transfected cells compared with MOCK-transfected cells (Figure S1). Since
the transient effect of XIST silencing with XIST-siRNA was targeted in this study, no further
silencing of XIST was evaluated in further steps. Additionally, the knockout of XIST was
not preferred due to several disadvantages, including the observation that human stem
cells devoid of XIST demonstrated a loss of differentiation, as evidenced via teratoma
assays [48]. In fact, the conditional knockout of XIST leads to a greater development of
larger gastrointestinal tumors under stress than does the wild type [49]. The impact of XIST
deletion on the propensity for aggressive tumor growth and the impairment of stem cell
differentiation capabilities was corroborated by a recent study [50]. Thus, human cerebral
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organoids were created from MOCK-, scramble-, and XIST-siRNA-transfected H9 cells via
optimized protocols proposed by Lancaster and Knoblich [34]. The protocol by Madhavan
and colleagues for generating myelinated organoids was integrated with the organoid
generation process [51]. LPS treatment was administered before the application of DMTs to
elicit an inflammatory response [52]. The daily morphological changes in the organoids
were consistent with those reported in the literature, and the three biological groups had
similar morphologies (Figure 1).

In the optimized protocol selected for organoid generation, some morphological
changes at specific time points were indicated for subsequent differentiation. The first
morphological sign of embryoid body formation is the shape and size of the body. Neural
induction is initiated when embryoid bodies form circular structures with brightening and
smooth edges and when the diameter of these bodies reaches 500-600 um. Neuroepithe-
lium formation was indicated by the observation of radial organization in the embryoid
bodies. The third morphological indicator of differentiation is budding formation after
the tissues are embedded in Matrigel [34]. Human cortical organoids have a characteristic
lamination pattern in which progenitor cells are located inside the structure, whereas
differentiated neuron cells are found in the outer layer of the structure [53]. Consistent
with the literature, while neuronal stem cells were localized in the inner parts, excitatory
neurons were mostly located on the outer surface of the cerebral organoids (Figure 2a,b).
Furthermore, the presence of astrocytes and mature oligodendrocyte markers in the tissues
confirmed the effective differentiation of neurons along with glial cells in the cerebral
organoids (Figure 2c,d).

This study aimed primarily to elucidate the role of XIST in neuroinflammation and
the processes of demyelination and remyelination, with a focus on neurodegenerative
pathogenesis of MS. To test our hypothesis in cerebral organoids, the localization of oligo-
dendrocytes, their maturation, and, finally, their myelination steps are crucial. Additionally,
the precise localization of these particular cells within designated regions of the tissues is
essential for the thorough identification of organoids. For this reason, tau expression was
initially demonstrated in cerebral organoids to validate the presence of fully developed
oligodendrocytes (Figure 2c,d). MBP protein expression subsequently occurred in the
mature organoids (Figure 4). Nevertheless, the change in MBP protein expression could
not be monitored during the organoid differentiation process because it was not possible
to obtain high-quality organoid sections in the early stages. The protein expression levels
of IL6 and IL10, as well as those of MBP and PLP1, were analyzed as indicators of inflam-
mation and myelination, respectively, with and without XIST silencing. In LPS-induced
cerebral organoids, long non-coding RNA XIST silencing altered MBP expression (Figure 3).
PLP1 and MBP are autoantigens that play a role in MS pathogenesis, and higher levels of
MBP-specific autoreactive T cells are detected in the blood of MS patients [54,55]. Increased
expression of inducible nitric oxide synthase (iNOS) and the proinflammatory cytokines
IL-1B, IL-1¢, IL-6, and TNF-« was reported in MBP-primed T cells isolated from female
microglia but not male microglia, suggesting a sex bias in MS [56]. Our data demonstrate
that XIST silencing leads to a notable increase in MBP expression, whereas PLP1 levels
remain relatively stable. The absence of a corresponding increase in PLP1 expression sug-
gests that XIST’s regulation of myelin components is selective and may involve a complex
interaction between inflammatory signals and intrinsic oligodendrocyte differentiation pro-
grams. Our study demonstrated that XIST silencing modulated the expression of essential
inflammatory cytokines, which are recognized for their role in oligodendrocyte maturation
and myelination. The increased expression of MBP after XIST silencing in organoids could
indicate the neuroprotective effect of XIST in MS pathogenesis due to the role of MBP
in MS pathogenesis as an autoantigen. Since there is a gap in the literature explaining
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the relationship between myelination and XIST, the upregulation of MBP expression by
XIST silencing could be a good starting point for understanding how XIST affects MS
pathogenesis. This study demonstrated that siRNA-mediated silencing of XIST led to a
temporary knockdown, a common characteristic of siRNA-based methods attributed to the
degradation and dilution of siRNA molecules throughout organoid growth and cellular
division. Transient silencing is beneficial for examining immediate or short-term effects;
however, it may not adequately reflect the extended role of XIST in neuroinflammation,
myelination, and therapeutic responses. In contrast, continuous or sustained silencing,
achieved through methods such as CRISPR interference (CRISPRi), may offer more sta-
ble and prolonged inhibition of XIST, facilitating a more thorough understanding of its
long-term effects during organoid maturation. To further understand the role of XIST in
myelination, we recognize the need for future mechanistic research.

XIST silencing also affected the inflammatory response of IL-10 and IL-6 expression in
cerebral organoids. In organoids from XIST-silenced H9 hESCs, IL-10 and IL-6 expression
was increased 1.8-fold and 2.8-fold, respectively, compared with that in the scramble group
(Figure 3). In contrast to some studies reporting the proinflammatory effect of XIST and
increased IL-6 levels in J774A.1 cells in response to LPS induction after XIST knockdown,
the present study demonstrated dual (both pro- and anti-inflammatory) effects [57]. A
recent study revealed that XIST activates the IL-6/STAT3 pathway to promote inflam-
mation and cancer stem cell self-renewal [58]. Although some studies have shown that
XIST plays a role in regulating inflammation, the exact role of XIST in regulating the
inflammatory response and myelination processes has not been previously elucidated. A
bioinformatics study reported the upregulation of XIST in MS, highlighting the importance
of XIST-miR-326-HNRNPAL1 in MS [25]. XIST alters immune responses by modulating the
expression of pro-inflammatory cytokines in glial cells. Activated astrocytes exhibit XIST
functioning as a competing endogenous RNA (ceRNA), which sponges specific microRNAs,
resulting in increased expression of IL-13, IL-6, and TNF-«, thereby exacerbating neuronal
injury [24]. XIST also significantly influences the differentiation of Th17 cells that play a
crucial role in the pathogenesis of MS by secreting IL-17 and other cytokines that promote
neuroinflammation and demyelination. Strikingly, XIST functions as an inhibitor of Th17
cell differentiation. A recent study demonstrated that XIST inhibits Th17 differentiation
via a microRNA-mediated mechanism. Specifically, XIST acts as a sponge for miR-377-3p,
leading to the upregulation of the transcription factor ETS1, which negatively regulates
Th17 lineage commitment [24]. So, XIST may function as a molecular scaffold or recruiter
for chromatin remodeling complexes and transcription factors that modulate cytokine
expression. The observed dual effect on IL-6 and IL-10 may be attributed to these interac-
tions, indicating that XIST’s involvement in inflammation is context-dependent and closely
associated with broader regulatory networks. The validation of these interactions through
ChlIP or similar methodologies is necessary. Considering the gap in the literature explaining
the role of XIST, the differential expression of myelination- and inflammation-related genes
after silencing XIST might be a good starting point to clarify the role of XIST in MS patho-
genesis. However, further studies are needed to determine the underlying mechanisms of
XIST-controlled inflammation or myelination.

To determine whether XIST affects the response to the two different disease-modifying
drugs used in MS treatment, scramble- and XIST-silenced organoids were further treated
with DMF or FTY720. DMF and FTY720 are two well-studied FDA-approved oral drugs
with high efficacy against MS [59-62]. However, responses to different DMTs might be
differentiated on the basis of several complex processes, such as the stage of the disease,
the region affected, and age [63]. For this reason, the reasons behind the different responses
to the treatments need to be evaluated to obtain better results in the treatment of MS.
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Considering these complex mechanisms, we also investigated the effect of XIST silencing
on the response to two different DMTs, FTY720 and DME.

Compared with scramble treatment, DMF treatment increased MBP and PLP1 levels,
but FTY720 decreased their expression (Figure 3). The differential expression of IL-6 and IL-
10 in response to FTY720 and DMF treatment in XIST-silenced organoids highlight the dual
role of XIST in inflammation at the transcriptional level (Figure 3). Therefore, further studies
were conducted at the protein level to determine the ultimate effect of XIST silencing. IBA1
is a microglial marker that contributes to the phagocytosis process and reconstruction of the
microglial cytoskeleton [64—69]. The immunofluorescence staining results demonstrated
that the protein expression of IBA1 was significantly increased in XIST-silenced cerebral
organoids, suggesting the potential role of XIST in microglial activation (Figure 2). Shenoda
and colleagues [57] reported that XIST decreases the inflammatory response in J774A.1
female mouse macrophages. These authors reported that the anti-inflammatory response
was correlated with alleviating the inflammatory response to dexamethasone. Thus, the anti-
inflammatory role of XIST may be exerted through the regulation of microglial activation.
Considering the anti-inflammatory role of both DMF and FTY720, a significant decrease
in microglial activation was observed after treatment with DMF and FTY720 in XIST-
silenced organoids [70,71]. Hence, XIST silencing changed the response to FTY720 but
not DMF in terms of microglial activation. Unlike the inflammation-related protein IBA1,
no substantial alteration in myelination was detected following the silencing of XIST.
DMF treatment did not alter myelination in XIST-silenced tissues. However, MBP levels
were altered in response to FTY720 treatment after XIST silencing but were insignificant.
In summary, although XIST plays an anti-inflammatory role in LPS-induced cerebral
organoids by controlling microglial activation, it does not affect the myelination process.
Alpha-synuclein is another neuronal protein involved in the inflammation and pathogenesis
of MS and neurodegenerative diseases [72—-74]. The decreased concentration of alpha-
synuclein in the medium of organoids obtained from XIST-siRNA-transfected cells further
supports the anti-inflammatory role of XIST (Figure 5). Consistent with our findings,
studies have demonstrated that the low levels of alpha-synuclein protein observed in
MS patients support the protective role of XIST in neuroinflammation in addition to
inflammation [72,75]. Although neither DMF nor FTY720 significantly changed the alpha-
synuclein protein levels in control tissues, both drugs elevated alpha-synuclein protein
levels in XIST-silenced organoids (Figure 5). As a result, the role of XIST in regulating
alpha-synuclein protein levels was shown in the present study.

For the extensive analysis of XIST silencing, transcriptome analysis was per-
formed, and differentially expressed genes were identified in human cerebral organoids
(Figure 6a,b). GSEA was conducted to assess these findings. The biological process re-
sults indicate that these genes are involved in developmental processes, particularly those
related to neuronal development. In the literature, the role of XIST in neuronal differen-
tiation has been shown in recently published studies, but the exact mechanism has not
been elucidated. In one study, XIST silencing caused neuronal differentiation in only
female human pluripotent stem cells [76]. In addition to these recent findings, the present
study revealed that XIST silencing increased the number of neuronal stem cells, excitatory
neurons, astrocytes, and mature oligodendrocytes in human cerebral organoids (Figure 2).
The transcriptome and bioinformatics analysis results obtained in this study also support
neuronal differentiation and contribute to the successful characterization of organoids.
Several neuronal-related transcripts were detected in the organoids obtained from both the
XIST-silenced and control groups (Figure 6). In a patient-derived cell study published by
Czerminiski and Lawrence, the contribution of XIST to neural differentiation in neuronal
stem cells was shown to be indirect in Down syndrome patients [77]. When we examined
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the differentially expressed genes that play a role in the immune response, we observed the
upregulation of STAT6 in the XIST-silenced organoids. Another proinflammatory family
member, CXCL14, was also upregulated. GFAP, an astrocyte and microglia activation
marker, was also upregulated in XIST-silenced organoids, which was also supported by
the immunofluorescence staining results (Table S4, Figure 2e) [78]. The downregulated
and upregulated genes were differentiated in terms of their biological functions. Among
the downregulated genes, cerebrospinal fluid circulation was the focus of our study be-
cause it is related to MS. The upregulated genes were also shown to be involved mainly
in neuron-related processes (Figure S4). These results support the anti-inflammatory role
of XIST in human cerebral organoids (Figure 4). The analysis of our secretome data fur-
ther confirmed successful neuronal differentiation in human cerebral organoids (Figure 7,
Tables S5 and S6). In the transcriptome data, a marker of astrocytes, GFAP, was iden-
tified, which was further corroborated by immunofluorescence staining. Additionally,
another astrocyte marker, vimentin (Vim), was detected in the secretome of human cerebral
organoids [79,80] (Table S5). Microtubule-associated protein 1B (MAP1B) is another protein
detected in the secreted proteins of cerebral organoids (Table S5). This protein is distinctive
in early neuronal development and important for the growth and guidance of axons [81].
In XIST-silenced tissues, the expression of Nestin (Nes), which is a neuronal stem cell
marker, supports the role of XIST in neuronal development (Table S6). Another stem cell
marker, SOX2, was also analyzed, revealing nearly doubled expression of this neuronal
stem cell marker in the XIST-silenced tissues (Figure 2a,b, Table S5) [82]. Furthermore,
certain secreted proteins identified in the secretome support indirectly our data on the
anti-inflammatory role of XIST. For example, moesin (MSN), which is predominantly
synthesized by microglia, is increased in the brains of AD patients, as characterized by
XIST-silenced tissues (Tables S5 and S6) [83,84]. Poly (ADP-ribose)-polymerase-1 (PARP1)
is another secreted protein that is differentially expressed in XIST-silenced tissues and is
activated in MS and different neurodegenerative diseases, including Huntington’s disease
and amyotrophic lateral sclerosis (Figure 7, Tables S5 and S6) [85]. Gene set enrichment
analysis of differentially identified proteins in XIST-silenced organoid secretomes reveals
convergent cellular pathologies rooted in the disruption of organelle organization, the
collagen-associated extracellular matrix (ECM), and the endomembrane system (Table S6).
These systems, though distinct, are intimately interconnected and collectively critical for
maintaining neuronal homeostasis [86-89]. ECM alterations, particularly involving col-
lagen degradation and remodeling, organelle dysfunction (mitochondrial and ER stress),
and endomembrane/lysosomal disturbances, provide a more integrated picture of MS
pathophysiology beyond pure immune cell attack. These factors contribute to the immune
dysregulation by influencing immune cell metabolism and survival and, to the physical
processes of demyelination and neurodegeneration, by determining how well CNS cells
cope with stress and recover from injury in MS [90-93]. Each of these avenues is supported
by emerging research, underscoring the importance of continued studies into the subcel-
lular and microenvironmental underpinnings of MS. The observation of these proteins
in the XIST-silenced tissues, but not in the scramble control, revealed the role of XIST
(Tables S5 and S6).
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Figure 7. Venn diagram analysis of secretome analysis obtained from scramble (SCRTSCR) and
XIST-silenced (XISTSCRTM) organoids. The image shows the compositions of overlap and unique
proteins in the secretome of scramble and XIST-silenced organoids.

Recent studies have shown that dysregulated IncRNAs such as MALAT1, NEATI,
and XIST contribute to MS pathogenesis [24,94-97]. MALAT1 dysregulation is linked to
neurodegenerative illnesses such as AD, with research indicating that MALAT1 can directly
regulate microglial activation and alter inflammatory responses. In contrast, NEAT1 is
absolutely required for the development of nuclear paraspeckles and plays a key role in
modulating the expression of inflammatory genes during cellular stress. NEAT1 expres-
sion variations have been associated to neurodegenerative illnesses such as amyotrophic
lateral sclerosis and PD. While XIST may indirectly influence neuroinflammation by alter-
ing the inflammatory milieu, which affects myelination and neuronal integrity, MALAT1
and NEAT1 appear to play more direct roles in maintaining neuronal homeostasis and
responding to cellular stress. These IncRNAs form a complementary network that im-
pacts neuroinflammatory signaling and neurodegeneration, suggesting that they could
be therapeutic targets, albeit through different mechanisms. Consequently, our results
collectively demonstrate that XIST play a role in MS pathogenesis by regulating neuronal
development, differentiation, and inflammation. However, further studies are needed
to reveal the underlying mechanisms, binding partners, and upstream and downstream
processes involved in these processes.

4. Materials and Methods
4.1. Feeder-Dependent Culture of H9 hESCs

The H9 female hESC cell line was purchased from WiCell (WAQ9) and cultured on
mitotically inactive murine embryonic fibroblast (iMEF) feeder cells in hESC medium (20%
knockout serum replacement (KOSR), 1% MEM nonessential amino acids (NEAA) solution,
55 uM 2-mercaptoethanol, and freshly added 4 ng/mL bFGF (10 pg/mL)) supplemented
with 10 pM Y-27632 ROCK inhibitor (Stemcell™ Technologies, K6ln, Germany), and the
medium was replaced with 1 mL of fresh hESC medium daily until hESC colonies were
observed on feeder cells. Later, colonies were transferred to growth factor-reduced Matrigel
(Corning® 354230, New York, NY, USA)-coated plates, and a standard passaging protocol
of WiCell for H9 cell passage with EDTA was followed until enough cells were obtained.

4.2. Silencing of XIST by XIST-siRNA

To understand the role of XIST in neuroinflammatory pathogenesis within cerebral
organoids, XIST IncRNA was silenced via the use of XIST-siRNA. To transfect XIST-siRNA
into H9 cells, Lipofectamine™ RNAiMax Reagent (Invitrogen 13778075, Waltham, MA,
USA) was used following the manufacturer’s instructions. The expression levels of XIST
and specific XIST-related genes were subsequently analyzed to validate the transfection
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and silencing processes once before organoid generation. Detailed information about the
XIST siRNA and universal negative control is shown in Table S1.

4.3. 3D Cerebral Organoid Generation from hESCs

Three biological groups of H9 cells were utilized for organoid generation: MOCK-
transfected, XIST-siRNA-transfected, and scramble-transfected (universal negative siRNA)
H9 cells. The organoids were produced by adhering to the optimal protocol [34]. When
hESCs were ready to continue organoid generation, embryoid bodies (EBs) were generated.
Before starting, the cells were treated with 20 pM ROCK inhibitor for 1 h at 37 °C to
reduce cell death in the tissues. The cell colonies were collected by incubating them in
0.5 mM EDTA for 4 min and then Accutase solution for another 4 min, after which they
were resuspended in low-bovine basic fluid (bFGF) hESC medium (20% knockout serum
replacement (KOSR), 3% fetal bovine serum (FBS), 1% GlutaMAX, 1% NEAA, 0.05% 2-
mercaptoethanol, and 4 ng/mL bFGF in DMEM-F12) containing ROCK inhibitor (1:100,
final concentration 50 uM), and 9000 live cells /150 puL were plated on a low-attachment
U-bottom 96-well plate and briefly centrifuged (at 200x g) for about 1 min to collect the
cells at the bottom of the plate. A day after, half-volume of low-bFGF medium was directly
added on EBs, and, for the upcoming days, the EBs were fed fresh low-bFGF medium
every other day. During medium replacement, the medium on EBs was collected in a
canonical tube to prevent loss of tissues during medium exchange. To generate primitive
neuroepithelial tissues, EBs were transferred into neural induction medium (supplemented
with 1% N2, 1% GlutaMAX, 1% MEM-NEAA, or 0.01% heparin in DMEM-F12) in low-
attachment 24-well plates after the EBs reached 500-600 pum in diameter. The medium on the
tissues was replaced with fresh neural induction medium every other day for 3 days. When
radial organization was observed in neuroepithelial tissues, the tissues were embedded in
30 pL of Matrigel droplets. Throughout the Matrigel embedding procedure, all materials
(gloves, Parafilm, and tweezers) were sterilized via UV exposure for a minimum duration of
thirty minutes; during Matrigel embedding process, all materials used were pre-cold, and
Matrigel embedding was performed on ice. In order to prevent unwanted polymerization
of Matrigel outside, we tried to perform the embedding process as quick as possible.
Dimples were formed via the use of Parafilm by placing it on a 200 L tip tray. A 30 min
incubation was conducted for the polymerization of Matrigel, after which Matrigel droplets
containing neuroepithelial tissues were transferred to neural differentiation medium devoid
of vitamin A [50% neurobasal, 0.5% N2 supplement, 1% B27 without vitamin A, 0.035% 2-
mercaptoethanol (diluted 1:100 in DMEM-F12), and 1% penicillin/streptomycin in DMEM-
F12]. For transferring tissues, dimples were turned inside out, and tissue-containing
Matrigel droplets were sprayed with medium. When the spraying step was performed by
one person, small pieces of Parafilm were cut; whereas, when it was performed by two
people, bigger pieces were generated. The medium on the tissues was replaced with fresh
neural differentiation medium without vitamin A for 48 h after transfer to Matrigel and
then incubated for an additional 48 h. At the end of the incubation, the differentiation
medium without vitamin A was replaced with differentiation medium with vitamin A, and
the tissues were incubated for 48 h with this medium without agitation. When incubation
was complete, the tissues were transferred to an orbital shaker (70 rpm), and a static culture
of the tissues was started. After orbital shaker was switched on inside incubator, the
humidifying chamber of incubator was more frequently checked to eliminate temperature
increased caused by the shaker. The tissues were fed differentiation medium supplemented
with vitamin A every 3—4 days until day 14 [34]. The optimized protocol was supported
by another protocol proposed by Madhavan and colleagues to induce further neuronal
differentiation and myelination [51]. On the 14th day, 20 ng/mL neurotropin 3 (NT3, Merck
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#GF308, Darmstadt, Germany) and 20 ng/mL brain-derived neurotropic factor (BDNE,
Merck, #GF301) were added to the differentiation medium supplemented with vitamin A,
and the tissues were fed differentiation medium supplemented with vitamin-A-containing
NT3 and BDNF for 10 days. For the next 6 days, the tissues were fed differentiation medium
supplemented with vitamin A without additional growth factors/supplements/small
molecules. On day 32, the differentiation medium with vitamin A was supplemented with
10 ng/mL insulin growth factor (IGF1) and platelet-derived growth factor (PDGE, Merck,
#GF142), and the tissues were incubated with this medium for 9 days. After that, the
organoid tissues were fed 40 ng/mL 3,3’ 5-triiodothyronine (T3, Sigma, #T2877, Darmstadt,
Germany ) containing differentiation medium supplemented with vitamin A for 3 days,
and 1 pM ketoconazole was added in addition to 40 ng/mL T3. The tissues were then
incubated with differentiation medium supplemented with vitamin A, ketoconazole, and
T3 for an additional 4 days. For the last 3 days before drug treatment, the organoids
were fed only differentiation medium supplemented with vitamin A. Until the end of
organoid growth, the medium was changed every 3—4 days after transfer to an orbital
shaker without considering the composition of the medium. All growth factors and small
molecules were freshly added into the differentiation medium, and the freeze and thaw
processes, especially for growth factors and small molecules, were avoided. On the 56th
day, after growth factor addition and organoid maturation, inflammation was induced in
the organoids by treatment with 100 ng/mL lipopolysaccharide (LPS) for 24 h. The size and
morphology of the organoids were followed daily during these differentiation processes,
and organoids of approximately the same size and morphology were chosen for further
analysis to eliminate bias due to variation in the organoids. At least 6-8 organoids from each
group were selected randomly for further analysis of two independent biological replicates.

4.4. Treatment of Human Cerebral Organoids with Disease-Modifying Agents

Organoids derived from the XIST-siRNA of scramble-transfected H9 cells were ex-
posed to 1.265 uM FTY720 or 11.5 uM DMF for 60 h. The concentration and duration
of the treatments were optimized by pilot studies using cerebral organoids. The control
organoids were cultured with only differentiation media containing vitamin A. After 60 h
of incubation, the organoids were collected for further analysis.

4.5. Determination of Gene Expression via gRT-PCR

RNA isolation from H9 cells and organoids was performed via TransZol solution
(TransGen Biotech ET101-01, Beijing, China). Total RNA was isolated from a pool of 6-8
whole organoids according to the manufacturer’s protocol. The RNA samples were subse-
quently used to synthesize cDNA via a cDNA synthesis kit following the manufacturer’s
instructions (Abm G236, Richmond, BC, Canada). The expression levels of the genes tested
in this study were quantified via qRT-PCR. For this purpose, the GoTaq qPCR Master
enzyme was used, and standard cycling conditions provided by the manufacturers were ap-
plied. The details of the primers used for qRT-PCR are listed in Table S2. Four independent
experiments were performed for each group (1 = 4).

4.6. Immunofluorescence (IF) Staining of Organoid Tissues

Prior to the IF staining procedure, 6-8 organoids were randomly chosen from each
group and rinsed with 1x PBS. The samples were subsequently fixed with 4% paraformalde-
hyde in 1x PBS for 15 min at 4 °C and washed with 1x PBS three times for at least 5 min
each. The tissues were subsequently embedded in a 30% sucrose solution in 1x PBS for
24 h at 4 °C. The sucrose was then replaced with an optimum cutting temperature (OCT)
solution, and the samples were stored at —80 °C until sectioning. Twenty-micrometer-thick
tissue sections were obtained via a standard cryostat (Thermo Scientific HM525, Waltham,
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MA, USA) and preserved at —80 °C until the immunofluorescence staining procedure was
performed. All IF staining procedures were conducted within a humidifying chamber. The
sections stored at —80 °C were subjected to immunofluorescence staining by incubation
with 0.25% Triton-X in 1x PBS for 10 min at room temperature. After incubation, the sec-
tions were washed twice with 1x PBS, with each washing step lasting a minimum of 5 min.
The sections were subsequently incubated with 3% bovine serum albumin (BSA) in 0.025%
Triton-X in 1x PBS for one hour at room temperature, followed by three washes with 1x
PBS. Each washing step was conducted for a minimum duration of 5 min. The sections
were subsequently incubated with fluorescently tagged primary antibodies overnight at
4 °C. The dilutions of the primary antibodies are presented in Table S3. Following overnight
incubation with primary antibodies, the antibodies were removed from the sections, which
were subsequently counterstained with 300 nM DAPI. The fluorescence images obtained
with a Leica DM6 B microscope were imported into the Image] (version 1.53t) analysis
program, and small areas on the sections were randomly selected for fluorescence intensity
analysis to eliminate the possibility of regional bias during the evaluation of the results.
The fluorescence intensity of the primary antibodies was normalized to the DAPI intensity.
An overarching methodology was used for collecting and quantifying fluorescence images
for immunofluorescence staining [98]. Two independent experiments were performed for
each group (n =2).

4.7. Determination of Alpha-Synuclein Levels via ELISA

The alpha-synuclein protein levels were determined in cultured human cerebral
organoids via the Human Alpha-Synuclein SimpleStep ELISA Kit (Cambridge, UK). First,
the culture medium of the 6 organoids was collected and centrifuged at 1000 x g for 5 min at
4 °C twice to remove cell debris. The ELISA was conducted according to the manufacturer’s
recommendations. Two independent experiments were performed for each group (n = 2).

4.8. Transcriptome Analysis

For transcriptome analysis, total RNA was isolated from six organoids transfected with
either XIST-siRNA or scrambled shRNA via NucleoZol (Dueren, Germany) and quantified
with a Qubit 4 fluorometer (Waltham, MA, USA). The Illumina Stranded Total RNA Prep
and Ligation with Ribo-Zero Plus kits (San Diego, CA, USA) were used to construct an RNA
sequencing library after the quality of the RNA was analyzed. Two technical replicates
were used for the library construction of each sample. The constructed library was then
sequenced via the Illumina NovaSeq 6000 platform (San Diego, CA, USA) to generate
70 million reads per sample.

4.9. Secretome Analysis

Each organoid culture medium sample was centrifuged to remove cellular debris, and
the proteins were concentrated via StrataClean resin (Agilent Technologies, Santa Clara,
CA, USA). After that, an on-bead protein digestion process was used as described else-
where [99]. LC-MS/MS analysis was performed with a Dionex UltiMate 3000 RSLCnano
UHPLC system (Waltham, MA, USA) to load the materials onto a Pepmap100 C18 trap
column (5 pm, 0.3 x 5 mm; Thermo Scientific). Peptides were separated via an Easy Spray
analytical column (PepMap RSLC C18, 75 um x 25 cm, Thermo Scientific) with a linear
gradient of 2-35% ACN/0.1% FA at 300 nL/min for 115 min. Under optimized conditions,
an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) was used to analyze
the isolated peptides [100]. RAW data were processed with MaxQuant default parame-
ters [101]. The MS/MS spectra were compared to those of a UniProt human (UP000005640,
https://www.uniprot.org/). A maximum of two missed cleavages were allowed with
trypsin/P. Cysteine carbamidomethylation was fixed, but methionine oxidation and protein
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N-terminal acetylation were variable. A global false discovery rate (FDR) of 1% was applied
for both protein and peptide identification. The match-between-runs and requantification
of features were enabled. The identifications were considered valid if they had a minimum
of 3 MS/MS counts and at least 2 razor peptides. A qualitative analysis of the secretome
proteins in each group was performed manually.

4.10. Bioinformatic Analysis

The FastQC tool (version 0.11.7) was used to conduct quality control on the raw fastq
data [102]. The readings were then trimmed via Trimmomatic software (version 0.39; [103].
The gene expression values were collected via the Kallisto tool (version 0.46.1) and the
R package tximport (version 1.22.0) [104,105]. Owing to the small sample size, DEGs
were identified via four different approaches: DESeq2 (version 1.40.2), edgeR (version
3.42.4), limma (version 3.56.2), and EBSeq (version 1.40.0) [106-109]. To reduce systematic
disparities between samples, the data were normalized via the DESeq median ratio strategy
before DESeq2 and EBSeq analysis and the trimmed mean of M values (TMM) methodology
before edgeR and limma analysis. Before using limma, voom transformation was used [110].
To avoid the multiple testing problem, all p values were corrected via the Benjamini-
Hochberg approach, and genes with adjusted p values of less than 5% were considered
significant [111]. Venn diagrams were created to identify shared genes that were deemed
relevant by all methodologies [106]. The DAVID Bioinformatics Resource was utilized to
perform gene ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG)
pathway analyses [112]. Gene set enrichment analysis (GSEA) was used to examine whether
the discovered gene sets or biological pathways differed significantly between the relevant
groups. The aforementioned analyses were carried out via the ShinyGo web program [113].

5. Conclusions

In conclusion, the findings of the present study demonstrated that silencing the XIST
gene resulted in alterations in the expression of genes related to inflammation, myelina-
tion, and neuronal growth in cerebral organoids generated from H9 cells. As a result,
this finding suggests that the XIST long non-coding RNA may be responsible for the sex
discrepancy that is observed in Multiple Sclerosis and may be a promising target for thera-
peutic interventions. Furthermore, this research indicates that XIST may have additional
regulatory functions in inflammation and neural development, distinct from its role in sex
bias in neuroinflammation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ncrnal1030031/s1, Figure S1. Success of transfection check by
expression of XIST and XIST-related genes, FOXP3 and Nanog by qRT-PCR compared to MOCK.
The results obtained from two independent experiments were imported to Graphpad and statistical
analysis was performed on these two independent experiments (n = 2) and, (ns =p > 0.05,* = p < 0.05,
**=p <0.01, *** =p <0.001, *** =p < 0.0001). Figure S2. Generation of myelinated and LPS-induced
human cerebral organoids from MOCK H9 cells. (a) Seeding of MOCK H9 cells into U-bottom 96-well
plate (day 0). (b) Observation of EBs obtained from MOCK HO9 cells in U- bottom plates. (c) EBs
obtained from MOCK H9 cells embedding into Matrigel when radial organization was observed
in EBs 3 days after incubation with neural induction medium. (d) Culturing of EBs obtained from
MOCK H9 cells in neural differentiation medium with vitamin A supplemented with growth factors
and observation of small buddings in EBs. (e) Observation of myelinated and LPS induced human
cerebral organoids obtained from MOCK H9 cells. The images were taken by Zeiss PrimoVert
microscope with Dino Capture USB microscope camera. Scale bars indicate 500 um. Figure S3.
Immunofluorescence staining of organoid sections obtained from MOCK H9 hESCs. Blue: DAPI
(nucleus), red: Ibal (microglia), green: MBP (myelination). The images were taken by Leica DM6
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B. Figure S4. GSEA analysis of differentially expressed genes. (a) Differentially downregulated
genes enrichment bar plot involved in different biological processes. (b) Differentially upregulated
genes enrichment bar plot involved in different biological processes. Table S1. Information about
XIST siRNA and universal negative control. Table S2. Information about primers used in the study.
Table S3. Details about primary antibodies used in immunofluorescence. Table S4. Determination
of differentially expressed genes in biological processes by GSEA functional categories after XIST
silencing. Table S5. Determination of differentially expressed secreted proteins after XIST silencing.
Table S6. Gene set enrichment analysis of secreted proteins after XIST silencing.
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