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1 | INTRODUCTION

Psychosocial and physical stress activates the hypothalamic pituitary
adrenal (HPA) axis, which produces glucocorticoids (GC) (Smith &
Vale, 2006). GC are steroid hormones essential for maintaining biolog-
ical rhythms and responding to stress; and are used exogenously to
treat inflammation, autoimmune diseases, and cancer (Timmermans
et al., 2019). Prolonged and excessive exogenous GC therapy and
endogenous GC secretion are linked to cardiovascular disease
(Faresjo et al., 2020), diabetes, and depression (Joseph &
Golden, 2017). Chronic and dysregulated GC does not only occur in
adult life but also early life.

Early life stress (ELS) is defined as an adverse environment or
experience that an individual encounters in critical developmental
periods. Estimated 65% of people in United States have experienced
at least one adverse early life event, 12.5% have experienced as many
as four (Middlebrooks & Audage, 2008). ELS, such as prenatal/
maternal stress, has been significantly associated with increased risk
of neurodevelopmental and psychiatric disorders later in life (Lupien
et al., 2009; Manzari et al., 2019). One molecular mediator of ELS is
prolonged elevated maternal GC during pregnancy and early life
development (Krontira et al., 2020), and thus in utero chronic activa-
tion of its cognate receptors, glucocorticoid receptors (GR). Cortisol of
maternal origin represents the primary source of cortisol in early ges-
tation of the feotus (Harris & Seckl, 2011). Dysregulated maternal
GCs/GR signaling increases fetal GC exposure (Benediktsson
et al., 1993; Chen et al., 2021; Quinn et al., 2019; Swanson &
David, 2015).

In vivo and human research have examined the link between dys-
regulated maternal GC and later-life illnesses. Rodent offspring
exposed prenatally to high maternal GC had dysregulated HPA axis
activity and aberrant stress reactivity (Barbazanges et al., 1996). Pre-
natal stress, such as restraint stress to rodent dams for 30 or 240 min
from embryonic day 15 to 17, affects corticotropin-releasing factor-
containing neurons in the paraventricular nucleus (CRH-expressing
PVN neurons) of the hypothalamus (one component of HPA axis) in
fetal brains (Fujioka et al., 1999). Fujioka et al. (1999) found that
30-min restrain stress caused more cell differentiation, but 240-min
led to more apoptotic cells and shorter processes in CRH-expressing
PVN neurons. Chronic prenatal stress from days 14-21 caused degen-
eration and apoptosis of CRH-expressing PVN neurons in male off-
spring (Baquedano et al., 2011). Fukumoto et al. (2009) found that
synthetic GC exposure in pregnant rats impacted fetal neurodevelop-
ment by inhibiting radial migration of cortical neurons during medial
cortex development. Prenatal GC exposure to mother from gesta-
tional days 16 to 18 causes altered microglial function, schizophrenia-
like behavior in male offspring mice, and depressive-like behavior in

female offspring mice (Rim et al., 2022).

Human new-borns exposed to sGC in the second and third tri-
mesters exhibit increased cortisol responses (Davis et al., 2011). Fur-
ther research showed that higher maternal cortisol levels during early
pregnancy (15 wk gestation) relate to structural alterations in the right
amygdala and emotional difficulties in female offspring at age 7 (Buss
et al., 2012). Children exposed to sGC during pregnancy had a greater
risk of mental and behavioral disorders regardless of preterm or full-
term (Wolford et al., 2020). Prenatal exposure to maternal sGC at
28.2 wk resulted to fewer neurons in neonates' hippocampus than
without sGC (Tijsseling et al., 2012). Children exposed to sGC in utero
exhibited thinner cortices, especially in the stress- and emotion-
regulating rostral anterior cingulate cortex. These changes correlate
with emotional issues in youngsters (Davis et al., 2013). Supporting
evidence from neuroimaging studies relate prenatal sGC exposure to
brain structural changes (Davis et al., 2011; Moog et al., 2018). Alto-
gether, research reveal maternal GC and sGC during pregnancy have a
deleterious influence on neurodevelopment and consequent mental
and behavioral issues in children, and a few studies listed here suggest
this effect is duration- and trimester-dependent.

In vitro model of prenatal stress by treating neuronal precursor
cells derived from human-induced pluripotent stem cells (iPSC) with
sGC (Dexamethasone, Dex) impairs the neuronal differentiation
(Nurnberg et al., 2018). Exposing a human fetal hippocampus progeni-
tor cell line to Dex during proliferation and neuronal differentiation
leads to long-lasting DNA methylation alteration in genetic networks
involved in axonal development, actin filament organization, cellular
proliferation, and neurotransmission (Provencal et al., 2020). Proven-
cal et al. (2020) found that long-lasting differentially methylated
regions are linked with an increased transcriptional response to a sec-
ond acute sGC exposure. Moreover, human iPS-derived astrocytes
from depressive patients respond uniquely to both chronic and acute
cortisol treatment (Heard et al., 2021). However, the effects of exces-
sive GCs or GR stimulation have yet to be studied in relation to
human microglial development and any subsequent microglial pheno-
typic changes.

Microglia are the primary immunocompetent cells within the
central nervous system (CNS). During pre- and post-natal neurode-
velopment, microglia participate in many neurodevelopmental pro-
cesses, such as cortical neurogenesis (Cunningham et al., 2013;
Schafer et al., 2012; Squarzoni et al., 2014; Weinhard et al., 2018),
controlling migration of inhibitory neocortical interneurons that reg-
ulate excitation-inhibition balance (Squarzoni et al, 2014), and
remodeling of synaptic structures (Schafer et al., 2012; Weinhard
et al., 2018). Mounting evidence points to the involvement of
microglia in psychiatric and neurodevelopmental disorders, including,
schizophrenia (Mondelli et al., 2017), autism spectrum disorder and
attention-deficit hyperactivity disorder (ADHD) (Courchesne
et al,, 2020).
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Microglial development occurs in early embryonic life. Microglia
are derived from the embryonic yolk sac, and first appear in the CNS
around gestational week 4.5 in humans (Monier et al., 2007), and
embryonic day 9.5 in mice (Ginhoux et al., 2010). In rat models, prena-
tal elevated GC was found to increase the overall density and immu-
noreactivity of embryonic microglia (Bittle & Stevens, 2018).
Furthermore, aberrant GR activation, the cognate GC receptor, in
early postnatal primary microglia reduces CX3CR1 and TREM2
expression and induced cellular senescence in early postnatal primary
microglia (Park et al., 2019).

Therefore, we hypothesize that increased GC levels caused by
prenatal GC overexposure could influence early microglial develop-
ment and subsequent microglial phenotypes. Our study used human
iPSC-derived microglia (iPS-Mg) from iPSC lines from people with dis-
tinct genetic backgrounds to construct an in vitro model of ELS. We
report here that excessive GC at the stage of primitive hematopoiesis
during microglial differentiation, resulted in increased interferon-alpha
signaling, frequent formation of cGAS (a positive marker for micronu-
clei, Miller et al., 2021), positive micronuclei indicating possible geno-

mic instability, and senescence-like features in differentiated iPS-Mg.

2 | MATERIALS AND METHODS

21 | Cell culture

2.1.1 | iPSC-derived microglia and treatment

This study was covered by ethics reference 09/H0716/64, from the
National Hospital for Neurology and Neurosurgery and the Institute
of Neurology's joint research ethics committee. A material transfer.

Disease Research Center enabled the acquisition of R47H hetero-
zygous (R47H"®Y) patient-derived fibroblasts (UCI ADRC; Professor M
Blurton-Jones) which we previously derived into iPSCs (Piers
et al., 2020). The following lines and clones were used 26.5, 26.15,
and 8.6 of the R47H" iPSC. In addition, the following lines from nor-
mal individuals expressing common variant TREM2 used in this study
were SFC840 (Stembancc), BIONiO10-C (EBiSC) and KOLF2_C1
(kindly provided by the Sanger Institute).

Using our previously described protocol, iPS-microglia (iPS-Mg)
were generated (Cosker et al., 2021; Garcia-Reitboeck et al., 2018;
Piers et al., 2020; Xiang et al., 2018). All iPSCs were cultured and pas-
saged routinely in Essential 8 medium (Gibco), iPS-myeloid progenitor
cells (iPS-MPro) were harvested from the flask of embryoid bodies
and further differentiated with IL-34, MCSF and TGF-f1 for 14 days,
plus a final maturation with CX3CL1 and CD200 (all growth factors
were from Peprotech, London, UK) for 3 more days as previously
described (Mallach et al., 2021; Piers et al., 2020).

To model ELS, 50 nM Dex (Tocris Bioscience, Abingdon, UK) or
500 nM hydrocortisone (Cort; Tocris Bioscience, Abingdon, UK) was
added during the second stage of primitive hematopoiesis, which typi-
cally occur 2 weeks after the stem cell plating, when the embryoid

bodies were first seeded into flasks, and subsequently at every week

for approximately 12 weeks thereafter (Figure 1a) when the medium
was replenished. These cells are referred to as iPS-myeloid progeni-
tors (iPS-MPro). To block GR activation, 6 nM RU486 (Cayman,
CAS#84371-65-3) was added 30 min before 50 nM Dex. This GR
antagonistic paradigm has been used in other in vitro studies (Guess
et al., 2010; Liu et al., 2017). The concentration of 6 nM of RU486 is
based on the ICs5o of RU486 (Attardi et al., 2004). Thus, throughout
the rest of this article, Dex-iPS-Mg means that at the iPS-MPro stage,
the cells were treated with Dex, and Cort-iPS-Mg means that at the
iPS-MPro stage, cells were treated with Cort, and RU/Dex iPS-Mg
(RU486 and Dex treated iPS-Mg) means that at the iPS-MPro stage,
cells were treated Ru and Dex. NT-iPS-Mg means the cells at the iPS-
MPro stage were not treated.

2.1.2 | Othercelllines

Hela cells, kindly provided by Dr Jan Attig (The Crick Institute,
London, UK), were maintained in Dulbecco's Modified Eagle's Medium
with 10% heat inactivated fetal bovine serum (FBS) (Thermo Fisher
Scientific, Gothenberg, Sweden), 10 U/mL Penicillin/Streptomycin
(Thermo Fisher Scientific, Dartford, UK), and 1 X GlutaMax (Gibco,
Thermo Fisher Scientific). Cells were grown at 6 x 10° density in
100 x 20 mm tissue culture treated petri dish (CytoOne®, Starlab,
Hamburg, Germany) and maintained at 37°C in a humidified atmo-
sphere with 5% CO,. These cells were used as positive controls for

glucocorticoid receptor expression, particularly NR3C1.

2.1.3 | Fibroblast culturing
A human primary fibroblast line was maintained in Dulbecco's Modi-
fied Eagle's Medium with 10% heat inactivated FBS (Thermo Fisher
Scientific, Gothenberg, Sweden), 10 U/mL Penicillin/Streptomycin
(Thermo Fisher Scientific, Dartford, UK). Cells were grown in a
75 cm? flask (Falcon®, Corning Life Science, Flintshire) and main-
tained at 37°C in a humidified atmosphere with 5% CO,. The cells
were used with iPSC as positive controls for a relative average telo-
mere assay.

All cell lines were mycoplasma-tested before use according to the

manufacturer's instructions (Mycoalert Detection Kit, Lonza).

2.2 | Assessment of cell death

Cells were stained for 15 min with Hoechst 33342 (5 pg/ml) to obtain
the number of cells present on the coverslip, plus calcein-AM (calcein)
to obtain the number of live cells (stained green with calcein-AM,
5 uM) and propidium iodide (PI, 5 pg/ml) to obtain the number of
dead cells (staining red) which represent end-state apoptosis or
necrotic cells, as previously described (Davenport et al., 2010). A mini-
mum of 3 fields per coverslip were counted, and at least 3 coverslips

were assessed for each variable per experiment.
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FIGURE 1 Treatment paradigm for iPSC-MPro and subsequent GR mRNA expression in iPS-Mg. (a) Treatment paradigm for ELS via GR
stimulation; the GR agonist or anatagonist (i.e., Dex, Cort, RU486) was added into the medium every week for approximately 12 weeks as
indicated, when the medium was replenished. The iPS-myeloid progenitors (iPS-MPro) were harvested and differentiated into microglia (iPSC-
Mg). (b) Raw counts from RNA-seq analysis of GR NR3C1 and NR3C2 expressed in the iPS-Mg following no pretreatment of iPS-MPro control
cells (NT), or pretreatment with dexamethasome (Dex) or hydrocortisone (Cort). N = 3. Kruskal-Wallis tests with Dunn's multiple comparison test.
Data are the mean + SEM. (c) iPSC and iPS-Mg expression of GR-a, and GR-f splice variant mRNA by PCR against the positive control HeLa.

(d) Expression of NR3C1 mRNA in iPSC, iPSC-MPro and iPSC-Mg. N = 3. Kruskal-Wallis tests with Dunn's multiple comparison test where

*p < .05. Box-and-whisker plot representing all data points and the median. (e) Expression of NR3C1 1E mRNA in iPSC, iPSC-MPro and iPSC-Mg.
N = 4. Kruskal-Wallis tests with Dunn's multiple comparison test where *p < .05. Box-and-whisker plot representing all data points and the
median

2.3 | Crude cytosolic/nuclear fractionation

Cytoplasmic fractionation was performed to analyze the presence of
cytosolic DNA and was carried out according to Song et al. (2019),
with minor modifications. Briefly, 1 million cells were harvested and
lysed for 5 min on ice in 250 pl of cytoplasmic fraction buffer 10 mM
HEPES, 10 mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10% (v/v) glyc-
erol, pH 7.0-7.6 plus Halt™ protease and phosphatase inhibitor

cocktail (Thermo Fisher Scientific, Dartford, UK). Subsequently, the
pelleted nuclei were removed by low-speed centrifugation (1500 g,
10 min, 4°C). Then 200 pl of the cytoplasmic fraction was processed
for genomic DNA extraction using the commercial PureLink™ genomic
DNA Mini kit (Invitrogen, Thermo Fisher Scientific) according to the
manufacturer's instructions. 10 ul of the cytoplasmic fraction was ana-
lyzed by BCA assay to normalize cytoplasmic DNA loading to cellular
protein. Subsequently, an appropriate volume of the nuclear fraction
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TABLE 1  Primer information for GR analysis
Primers Forward sequence
GRa CCT AAG GAC GGT CTG AAG AGC
GRB CCT AAG GAC GGT CTG AAG AGC
GR total AGA GCA GTG GAA GGA CAG
GR 1E CAACTTCCTTCGAGTTTG A

TABLE 2 Tagman probs used for gPCR

Gene name Assay ID

IF16 Hs00242571_m1
IFI27 Hs01086373_g1
SAMD9L Hs00970396_g1
FKBP5 Hs01561006_m1
TMEM119 Hs01938722_ul
GAPDH Hs02758991 g1

to provide a positive DNA signal was suspended in 200 pl of PBS and
genomic DNA extraction performed. Finally, DNA gel loading dye
(Thermo Scientific™, Dartford, UK) was added into the cytoplasmic
and nuclear extracts to stain the genomic DNA, and the cytoplasmic
DNA concentrations were adjusted according to the protein concen-
tration of cytoplasmic fractions and analyzed on a 1%-2%

agarose gel.

24 | PCR and quantitative PCR

241 | PCR of GR expression

Cells were plated at 5 x 10° per well on a 6-well culture plate. RNA
was extracted using RNeasy Plus Minikits (Qiagen, Manchester, UK)
and reverse transcribed (RT) with a high-capacity cDNA Reverse Tran-
scription kit (Applied Biosystems, Thermo Fisher). Commercially pur-
chased human primary microglia cDNA (ScienCell, Carlsbad) was also
analyzed as a control sample. For PCR analysis of GR-a and p, the PCR
master mix (New England Biolab, Hitchin, UK) was prepared according
to the manufacturer's instruction. One ul of cDNA from each sample
was used for the amplification of the specific sequences of the GR
spice variant. The primers used for GRa and GRp were purchased
from Integrated DNA Technologies (IDT, Belgium), GR total from
SelectScience® (Merck), are listed in Table 1. Primer specificity and
effieincy of GR total and 1 E were checked.

For analyzing GR total expression, gPCR was performed
using qPCR Power SYBR™ Green PCR Master Mix (4367659,
Applied Biosystems™) and GR total primer listed in Table 1, and
a QuantStudio™ 7 Flex Real-Time PCR system (Applied
Biosystems™).

gqPCR was carried out using TagMan Universal Mastermix
(4440038, Life Technologies) and using specific primers (Table 2) in

Reverse sequence Size/base pair

GCC AAG TCT TGG CCC TCT AT 478
CCA CGT ATC CTA AAA GGG CAC 366
GTTTTGTTACCAGGATITTC 218
CAC AGT AGCTCCTCCTCT TA 299

the Stratagene Mx3000p qPCR system and MxPro gPCR software.
Expression was normalized to GAPDH (Hs02758991_g1, Applied
Biosystems™).

242 | Relative telomere length measurement
using gPCR

Using the crude cytosolic/nuclear fractionation, the nuclear fraction
was further purified with 200 ul of PBS (with MgCl, and CaCl,) for
5 min at 900 g to pellet the nuclear fraction further. This is to mini-
mize confounding signals from the micronuclei present in the cytosolic
fraction, as micronuclei contain a telomere signal (Norppa &
Falck, 2003). The purified nuclear fraction was then used for the telo-
mere assay.

Average telomere measurements using gPCR have previously
been described (Cawthon, 2002; Joglekar et al., 2020). We followed
the same protocol as Joglekar et al. (2020) and chose the single-copy
gene (36B4) as a reference based on its primer specificity and effi-
ciency (Table 3). After thermal cycling was completed, Agilent Aria 1.8
software was used to generate Ct values for telomere signals and ref-
erence gene signals. Average Ct value from three technical replicate
was input for evaluation of relative telomere length as previously
described (Vasilishina et al., 2019). Telomere to Single copy gene ratio
(T/S ratio) was first calculated, then normalized to Ct value of refer-
ence DNA sample. Old-age human primary fibroblasts and iPSC were
used as positive controls for the telomere length assay. Ct values of
telomere and reference signals from iPSC served as a reference DNA

sample.

2.5 | Immunocytochemistry of micronuclei

Cells were typically plated at a density of 2 x 10% on glass coverslips
in 24 well plates. To stain for micro- nuclei, two antibodies were used,
lamin a/c and cGAS. Cells was costained with antibody to P2Y12 to
delineate the cytoplasmic space. iPS-Mg were fixed in ice-cold PBS
with 4% paraformaldehyde (PFA) for 15 min. The cells were quenched
in 50 MM NH4CI for 10 min, followed by permeabilisation with 0.2%
Triton X-100 for 5 min. Primary antibody to lamin a/c (Abcam, Cam-
bridge, UK) at 1:200 dilution was incubated overnight at 4°C in 5%
normal goat serum followed by an appropriate secondary
fluorescence- conjugated antibody. To stain for cGAS, cells were fixed
in ice cold 100% methanol at —20°C for 5-7 min followed by 2 min

85U8017 SUOWWOD A1) 8|l jdde ay) Ag peusenob a1e sooile VO ‘8sN JO S8|nJ o} Akeiq1T8uljuO A8]1A UO (SUOTIPUCO-PUB-SWIBIW0D A8 | 1M AJeiq 1 Bul [UO//:Sdny) SUORIPUOD pue swie 1 8y} 89S *[£20z/0T/9T] uo Ariqiauluo Aeim ewrxa Jo AiseAn Aq szerze!lB/200T 0T/10p/woo Ao Im Aselq puljuo//Sdiy Wwolj pepeojumod ‘v ‘€202 ‘9ETT860T



TABLE 3 Primers used for telomere .
Primers Sequence Based on
gPCR assay
36B4u CAGCAAGTGGGAAGGTGTAATCC Cawthon (2002)
36B4d CCCATTCTATCATCAACGGGTACAA
Tel A CGGTTTGTTTGGGTTTGGGTTTGGGTTTG Joglekar et al. (2020)
GGTTTGGGTT
Tel B GGCTTGCCTTACCCTTACCCTTACCCTTA
CCCTTACCCT
TABLE 4 Antibodies used for Western blotting
Target Cat No Supplier Dilution 2.7 I Analysis of senescence
GAPDH AM4300 Invitrogen 1:1000 . .
8 2.7.1 | Senescence-associated B galactosidase
Lamin a/c Ab238303 Abcam 1:1000 ..
staining
Goat Anti-mouse 680 A21058 Invitrogen 1:1000
Goat Anti-mouse 790 A11357 Invitrogen 1:1000 Senescence was determined with a Senescence Detection Kit

brief permeabilization with 0.2% Triton X-100 in PBS. Primary anti-
body to cGAS (Santa Cruz Biotechnology, Texas) and P2RY12 (ATLAS,
Stockholm, Sweden) at 1:200 dilution was incubated overnight at 4°C
in 5% normal goat serum followed by an appropriate secondary
fluorescence- conjugated antibody.

Secondary antibodies used were, goat anti-mouse-488 (Life Tech-
nologies, Thermo Fisher), or goat anti- rabbit-568 (Life Technologies,
Thermo Fisher) at 1:500 dilution for 1 h at RT and nuclei and micronu-
clei were counterstained with DAPI (1 pg/ml of 4,6-diamidino-
2-phenylindole dihydrochloride in Vectashield Antifade Mounting
Medium with DAPI). All images were acquired on a Zeiss LSM710
confocal microscope using the LSM Pascal 5.0 software. One hundred
63x magnification tiles from 5-8 random fields of each coverslip
were captured. Images were analyzed in ZEN 3.4 (blue edition) soft-
ware, and co- localisation of lamin a/c with micronuclei or co-
localisation of cGAS with micronuclei were manually counted. More
than 1500 cells from each condition were counted for lamin a/c and
micronuclei; and over 4700 cells from each condition were counted
for cGAS with micronuclei. Only non-apoptotic and non- necrotic cells
were analyzed. Micronuclei classification was defined by criteria
based on Ye et al. (2019).

2.6 | Immunoblotting

Immunoblotting was performed to determine the expression of lamin
a/c and GAPDH. Typically, 20-40 pl of cytosolic and 60 pl nuclear
fraction (isolated as above) were denatured and resolved by SDS-
PAGE, transferred onto nitrocellulose membranes and incubated with
primary and secondary antibodies (Table 4). To eliminate the possible
interference with the protein, presence of DNA in the cytosolic frac-
tion was eliminated using 10 ul of DNase | (Thermo Fisher Scientific,
Dartford, UK). Proteins were visualized with an Odyssey detection
system (LI-COR) and quantified using ImageJ software (www.imagej.

nih.gov/ij).

(BioVision, Mountain View, CA), according to the manufacturer's
instructions to detect senescence associated f-galactosidase activity
(SA-B-gal). A minimum of 5-7 fields of view, in 2 biological replicates,
repeated in 4 independent experiments were collected using Zeiss
Axiophot light microscope (Carl Zeiss, Oberkochen, Germany) and
photographed with a Nikon D300 camera (Nikon Instruments,
Melville, NY), equipped with camera control pro 2 software. All images
were converted to gray-scale and the same intensity threshold level
was set for each image from each experiment. Mean B-gal activity in
each field was calculated by using the mean gray value per field

divided by the cell number counted per field.

2.7.2 | Senescence associated secretory phenotype
IPS-Mg medium supernatants from 2-3 independent experiments
were collected, centrifuged at 300 g for 10 min at 4°C, to remove
debris and processed according to the manufacturers' instructions
(Proteome Profiler™ Human XL cytokine array kit; R&D Systems,
Abingdon, UK). In total, supernatants pooled from 2-3 biological repli-
cates from NT, Dex, or RU/Dex pre-treated microglia were incubated
per membrane, for a total of 2 membranes per condition. Each mem-
brane was imaged with an Odyssey FC (Li-Cor Biosciences), and dot
density quantified in Image studio Lite Version 5.2, normalizing to

both reference and negative control dots.

273 | Ki-67 proliferation assay

1x 10° iPS-MPro were collected from the flasks and plated on
100 x 20 mm tissue culture treated petri dishes for 72 h to prolifer-
ate over a large surface area. Cells were fixed using 80% ethanol and
left at —20°C for 1 h before staining. Cells were stained with FITC-
conjugated anti-Ki-67 antibody (Miltenyi Biotec, Germany) as per
manufacturer's protocol. To rule out unspecific binding of the Ki-67
antibody, an isotype control antibody was used (1:50 dilution, REA
control antibody, Miltenyi Biotec, Germany). Samples were analyzed
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using a flow cytometer (Becton Dickinson FACSCalibur). At least
10,000 events were acquired per condition and data analyzed with

Flowing software 2.5.1, (University of Turku, Finland).

2.8 | RNA-seq

2.8.1 | Bulkcells RNA-seq

Total cellular RNA was extracted using the RNeasy Plus Mini Kit
(Qiagen, Manchester, UK) according to the manufacturer's instruction
with minor modifications. Multiple replicates from each cell line and
each condition were pooled together for RNA extraction and RNA
from all samples was submitted to UCL Genomics processing (Zayed
Center for Research into Rare Disease in Children, 20 Guilford Street,
London WC1N 1DZ). The concentration and quality (integrity) of the
total RNA was determined using a TapeStation System (Agilent) and
the RIN (RNA Integrity Number) Quality Metric. RIN values of all sam-
ples sent for RNA-Seq were above 7. Thus, 500 ng of RNA were
enriched for polyA tailed mRNA, fragmented, reverse transcribed and
ligated to index sequencing adapters using Kapa mRNA HyperPrep kit
(Roche) according to the manufacturer's instructions. Amplified librar-
ies were then sequenced on a NovaSeq 6000 SP flow-cell generating
20-25 million reads with 100 bp single-end reads.

2.8.2 | Analysis of RNA-seq

Raw RNA-seq reads were processed for quality check and adapter
trimming using fastp, then aligned to the ensemble human reference
GRCh38 genome using HISAT2 (version 2.2.1) (Kim et al., 2019). Gene
expression was subsequently quantified using the featureCounts
function within Rsubread (version 1.34.7) (Liao et al., 2014; Liao
et al,, 2019). Then, the raw gene counts were processed with the
DESeq2 package (version 1.26.0) (Love et al., 2014) in R (version
3.6.1) to analyze differentially expressed genes (DEGs). Gene Ontol-
ogy enrichment analysis of DEGs was performed in R using the pack-
age clusterProfiler (version 3.14.3, qgvalueCutoff = 0.05) (Yu
et al., 2012). GSEA analysis of the transcriptome was also performed

in R using the package clusterProfiler.

2.8.3 | Transcriptomic comparative analysis
of in-house iPS-Mg and human primary microglia

Raw FASTQ files of ex vivo human primary microglia from different
ages (0.42-90 years old) (Galatro et al., 2017; Gosselin et al., 2017;
Olah et al., 2018; Zhang et al., 2016) were downloaded and input for
downstream analysis using the same pipeline as our in-house iPS-Mg
RNA-seq data. Briefly, FASTQ files were processed for quality check
and adapter trimming using fastp, then pseudo-mapped to the human
transcriptome (human Gencode release 36) using Salmon (version

1.4.0). Tximport was then used to import Salmon's transcript-level

quantifications and aggregate them to the gene level quantification.
The size and depth of the sequencing library per sample and the
length of the genes were then normalized using the normalization
Factors function within DESeq2. Similarity and distance among
samples from different ages of primary microglia and in-house iPS-
Mg were assessed using the R default dist function. Before perform-
ing sample distances, counts underwent variance stabilizing

transformation.

2.84 | Comparative pathway enrichment analysis
of in vitro and in vivo model of ELS

To identify pathway enrichments, differentially expressed genes from
in house iPSC-Mg treated with Cort were submitted for PANTHER
over-representation analysis. A comparable analysis was performed
on in vivo ELS data (Delpech et al., 2016).

285 |
analysis

Weighted gene co-expression network

The featureCount processed genes matrix from the RNA-Seq analysis
was first filtered for missing values and zero-variance-genes using the
goodSamplesGenes function, and then 36,599 genes were included in
the WGCNA analysis. One signed network was constructed using the
WGCNA package in the R language (Langfelder & Horvath, 2008),
with GR activation and genotype as traits. Thus, we performed the
analysis of network topology for various soft-thresholding powers to
have relative balanced scale independence and mean connectivity of
the WGCNA. Finally, the network construction and module detection
followed these default parameters: Pearson's correlations, power of
12, maxBlockSize of 100,000, minModuleSize of 10, deepSplit of
2, and mergeCutHeight of 0.25.

To ensure that the modules identified were indeed associated
with the traits, we first determine module significance (MS), which can
be defined as the average gene significance (GS) across module genes.
GS is a term that refers to the relationship between an individual gene
and a biological trait. Thus, modules with a higher mean GS indicate a
greater degree of association between the module's genes and the
traits. For the purpose of selecting gene modules of interest, we com-
pared the average GS of the modules. Second, we created a scatter
plot of the module membership (MM) versus the GS. Module mem-
bership (MM) is defined by WGCNA as MM (i) = cor (x;, ME), and it is
used to quantify a gene's importance within a module.

This is to show that within each module, the genes that are asso-
ciated with the trait are also the inevitable components of the mod-
ules. For instance, if GS and MM were highly correlated, this indicated
that genes were critical components of modules and were highly cor-
related with the trait (Langfelder & Horvath, 2008). The Zsummary.
qual module quality and robustness metric was developed by per-
forming a module preservation analysis on a single network as a test

and reference (Langfelder et al., 2011). The modules were functionally
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annotated using the Gene Ontology enrichment analysis function in R,
which is included in the package clusterProfiler (version 3.14.3,
gvalueCutoff = 0.05).

2.9 | Statistical analysis

Statistical analysis was carried out in GraphPad Prism using unpaired
t-test, Mann-Whitney U test, ANOVAs (one-way) and Krushal-Wallis
test with Dunn's multiple comparison tests from at least 3 indepen-
dent experiments. Statistical significance was defined as *p < .05,
**p < .01, ***p < .005. The application of the statistical analysis test
was pre-determined by normality testing conducted in Prism.

3 | RESULTS

3.1 | iPSC and iPS-Mg expressed glucocorticoid
receptor, but not mineralocorticoid receptor at mRNA
level

The physiological receptors for GCs are glucocorticoid receptor (GR) and
mineralocorticoid receptor (MR) (Timmermans et al., 2019). We deter-
mined by RNA-seq that human iPS-Mg predominately expressed gluco-
corticoid receptor (NR3C1), and less mineralocorticoid receptor (NR3C2)
(Figure 1b,c). The NR3C1 expression level was independent of cell treat-
ment and NR3C2 expression was not altered by treatment (Figure 1b).
We then determined that the predominant splice variant of the GR was
GR-a, and this was present in both iPSC and iPS-Mg, while GR-$ was not
present in either the iPSC or the iPS-Mg (Figure 1c). Because Lieberman
et al. (2017) demonstrated that GR mRNA expression levels increased
during neural differentiation, we asked whether a similar trend was
observed during the differentiation of our iPS-Mg. Since GR exon 2-8
does not undergo splice variant events, and most of the GR protein iso-
forms originate from one species of mRNA GR (Lu & Cidlowski, 2005), we
used exon 7 as a readout of GR mRNA total expression. We found that
there was a significant differentiation related increment in NR3C1 mRNA
expression from iPSC to iPS-Mg (Figure 1d) Interestingly the splice vari-
ant 1E within the 5 untranslated region (UTR) of the GR was not
expressed in the iPSC but was significantly expressed (as shown by qPCR)
in the matured iPS-microglia (Figure 1e). The GR 1E within the 5> UTR of
GR is expressed predominantly in immune cells, indicating a differential

maturation of our cells from iPSC to microglia (Turner & Muller, 2005).

3.2 | The transcriptomic profile of iPS-Mg cluster
closely with primary human young microglia

To determine the validity of using our iPS-Mg to model GR related ELS,
we asked whether the microglia resembled microglia from a young age.
We integrated publicly available transcriptomic data on human primary
microglia from different ages across a life span of 0.42-90 years of age
(Galatro et al., 2017; Gosselin et al., 2017; Olah et al., 2018; Zhang

et al., 2016) and compared this with our iPS-Mg using a hierarchical
clustering method (Euclidean distance). We found that the transcrip-
tomic profile of our human iPS-Mg clustered with young microglia
(Figure 2a). This is in line with other papers (Abud et al, 2017,
Haenseler et al., 2017). These findings thus verified the use of our
human iPS-Mg to model the impact of ELS at a relevant biological age.

3.3 | The comparative analysis of iPS-Mg ELS
model and in vivo ELS model

A characteristic of a murine in vivo ELS model (prenatal viral infection)
was the significant upregulation of TMEM119 (Ozaki et al., 2020).
Assessment of TMEM119 mRNA in our ELS exposed iPS-Mg mirrored
this (Figure 2b) and was the only microglial signature gene which was
upregulated (Figure 2c). Taken together, these data suggest that our
in vitro model of ELS may mimic certain biological consequences asso-
ciated with experimental ELS in vivo.

To assess whether our model of ELS can recapitulate the biologi-
cal consequences of ELS in vivo, we conducted pathway enrichment
analysis of the transcriptomic data from our ELS model and a rodent
model of ELS (Delpech et al., 2016). Interestingly, the interferon
alpha/beta signaling pathway and its associated pathways were found
to overlap in both our ELS and an in vivo model of ELS (Delpech
et al., 2016) (Table 5). Additionally, significant upregulation of FKBP5
mRNA, a co-chaperone of GRs (Binder, 2009), has been observed in
adult mice exposed to an adverse early life environment at an embry-
onic stage (Ke et al., 2018). Here the same pattern of upregulated
FKBP5 mRNA was also found in our model Dex-iPS-Mg (Figure 2d)
and Cort-iPS-Mg (Supplementary Figure 1e). Specifically, not only the
total FKBP5 mRNA was upregulated (Figure 2di), but also its splice
variant FKBP5-201 (Figure 2dii) and FKBP5-204 (Figure 2diii). The
expression profile of FKBP5 gene in NT- and Dex-iPS-Mg was inde-
pendently verified by TagMan gPCR assay (Supplementary Figure 1d).

Sequence homology analysis was performed by using BLAST to align
human FKBP5-201 transcript sequence (GRCh38) to mouse genome
(GRCm39). The result yields an identity score of 85.05% between human
FKBP-201 transcript (ENST0O0000357266.9), and mouse FKBP-201 tran-
script (ENSMUST00000079413.11) as the top one significant alignment
hit. This suggests that human and mouse FKBP5-201 have an identify
score of 85.05% and is highly conserved which facilitated the direct com-
parison between the expression level of FKBP5-201 in both human and
mouse (Table 6). The RNA- Seq of NT-iPS-Mg and Dex-iPS-Mg raw reads
mapped onto FKBP-201 transcript are shown in a Sashimi plot (Figure 2e).

3.4 | Chronic GR activation during primitive
hematopoiesis triggers enhanced expression of type |
interferon-stimulated genes

We found five of the commonly defined type | interferon (IFN)-induced
genes (database from Gene Ontology) were significantly differentially

expressed (DE) in the Dex pre-exposed iPS-Mg compared with NT iPS-
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TABLE 5 Pathway enrichment analysis between our ELS model
and Delpech et al., 2016; ELS microarray gene expression data

Network cluster enrichment FDR

Interferon alpha/beta signaling 6.11E-14

Interferon alpha/beta signaling, and Interferon 1.4E-13
gamma signaling

Type | interferon signaling pathway 1.13E-12

2'-5'-oligoadenylate synthase, and type | interferon 2.97E-12
signaling pathway

Mixed, incl. 4Fe-4 S single cluster domain, and IFN- 0.000000193

induced protein with tetratricopeptide repeats 3

Collagen biosynthesis and modifying enzymes, and 0.0056
Elastic fiber formation

Delpech et al. 2016: Network Cluster Enrichment

Toll-like receptor signaling pathway, and Activation of 9.21E-17
IRF3/IRF7 mediated by TBK1/IKK epsilon

TIR domain, and interleukin-1-mediated signaling 9.34E-10
pathway

Activation of IRF3/IRF7 mediated by TBK1/IKK epsilon 2.40E-07

TNFSF members mediating non-canonical NF-kB 3.44E-07
pathway, and TNFa

SMAD protein complex assembly, and c-SKI Smad4 5.04E-06
binding domain

Regulation of IFNG signaling, and interleukin-6 receptor 7.12E-06
complex

Type | interferon signaling pathway, and type | interferon ~ 0.00012
receptor binding

Growth hormone receptor signaling pathway via JAK- 0.0128
STAT, and Leptin

Type | interferon biosynthetic process, and Interferon 0.0128

beta

Mg, such as the following interferon-stimulated genes (ISG) IF16, IFI27,
MX1, IFIT3, SAMDYL (adjusted p <.1, |log2 fold-change| > 1),
(Figure 3a). The expression profile of three top ISG genes in NT- and
Dex-iPS-Mg was independently verified by TagMan gPCR assay
(Supplementary Figure 1a-c). Interestingly, SAMD9L and IFI27 tran-
scripts were significantly enriched in micronuclei containing cells
(Mackenzie et al., 2017). This led us to ask if certain ISG-related signal-
ing pathways were activated after Dex exposure and thus assessed the

Dex specific upregulation of commonly defined type | IFN-induced

TABLE 6 Sequence homology analysis using BLAST

Identities

(85.05%)

Transcript ID
ENST00000357266.9

Transcript ID
ENSMUS 00000079413.11

genes on a transcriptome-wide basis. Gene set enrichment analysis
(GSEA\) against all genes ranked by z-scores for differential expression
(Dex versus NT) calculated by DESeq2 package in R. GSEA confirmed
that not only type | interferon genes are enriched in Dex-iPS-Mg
(FDR = 0.0065) (Figure 3b) but also innate immune response genes are
enriched (FDR = 0.0048) (Supplementary Figure 2).

To confirm these findings, an endogenous agonist of GR, hydro-
cortisone (Cort) was used in the same way as Dex treatment. Analysis
of Cort-iPS-Mg revealed 125 significantly upregulated and 129 down-
regulated genes compared with NT iPS-Mg (adjusted p < .1, |log2
fold-change| > 1), (Figure 3c). Consistent with Dex-iPS-Mg, Gene
Ontology analysis on the significantly DE genes affirmed activation of
type | interferon signaling in Cort-iPS-Mg (Figure 3d).

To further validate the activation of type | interferon signaling
when iPS-Mg were pre-exposed to GR, we tested our hypothesis on a
different genetic background. Patient-derived iPS-Mg expressing the
Alzheimer's Disease (AD) risk variant R47HMt in triggering receptor
expressed on myeloid cells 2 (TREM2 R47H"®Y) were treated with Dex
in the same manner as our control lines used above (SFC840,
BIONi010-C, and KOLF2_C1) (Cosker et al., 2021; Piers et al., 2020).
To gain an understanding of obvious and subtle changes, we per-
formed weighted gene co-expression network analysis (WGCNA).

We integrated RNA-Seq of control lines and TREM2 variant lines
+/— Dex, Cort into the WGCNA analysis (15 samples in total) and
detected a total of 32 modules (Supplementary Figure 3).

For module-trait analysis, we categorized Dex and Cort and NT as
the GR activation trait. First, this is because our previous analysis indi-
cated that Dex and Cort treatment led to activation of similar path-
ways (Figure 3); second, in vitro studies of the pharmacological
characteristics of Dex and Cort in cells expressing endogenous GR
show that the concentrations of Cort or Dex used in the present
study are at the receptor ECso (Longui et al., 2005), which facilitates
the combination of Cort and Dex, a GR activation trait for WGCNA.

Out of 32 detected modules, the module eigengene of 7 modules,
namely royalblue, darkturquoise, green, red, darkgrey, yellow and purple

were significantly correlated with the GR activation trait (Figure 4a,

FIGURE 2 Comparative transcriptome analysis of iPS-Mg with publicly - available datasets for young and adult microglia. (a) Heatmap of
transcriptomic profile of Euclidean distance between in-house iPS-Mg and ex vivo primary human microglia from different ages (Galatro

et al., 2017; Gosselin et al., 2017; Olah et al., 2018; Zhang et al., 2016). (b) TMEM119 mRNA expression at different cell stages from iPSC to
iPSC-Mg following ELS paradigm treatment. Box-and-whisker plot representing all data points and the median, where *p < .05. (c) RNA-seq of
microglial signature genes showing increase in TMEM119 following Dex treatment. Data points are DESeg2 normalized fold change to NT from
three biological replicates each condtion. (d) Expression of FKBP5 based on RNA-seq data analyses between NT and Dex pre-treated iPS-Mg.

(i) Total FKBPS5 in NT or Dex pre-treated iPS-Mg. Values are DESeq2 normalized data from RNA-seq data. (i) Expression of FKBP5-201 splice
variant in NT and Dex pre-treated iPS-Mg from RNA-seq data. (iii) Expression of FKBP5-204 splice variant in NT and and Dex pre-treated iPS-Mg
from RNA-seq data. Values are from RNA-seq data and expressed as Salmon normalized TPM (transcript per million) counts. N = 6. Box-and-
whisker plot representing all data points and the median. Unpaired t-tests and *p < .05, **p < .01. (e) IGV-Sashimi plot depicting the splice variants
of FKBP5 and the number of reads mapped on exons of FKBP5 between NT (blue) and Dex iPS-Mg (red).
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FIGURE 3 Transcriptomic analysis of Dex and Cort pre-exposed iPS-Mg. (a) Heatmap of type | IFN-induced genes in NT and Dex pre-
exposed iPS-Mg. DESeq2 normalized data are plotted. * adjusted p < .1, |log2 fold-change| > 1. (b) Transcriptome-wide analysis (GSEA) of
commonly defined type | IFN-induced genes (FDR = 0.0065) is significantly enriched in transcriptomes of Dex pre-exposed iPS-Mg. (c) Volcano
plot illustrating differential expression of genes in Cort pre-exposed iPS-Mg and NT iPS-Mg. Genes with adjusted p < .1, and |log2 fold-
change| > 1 are plotted in red and blue. Red indicates upregulation, blue indicates downregulation. Type | IFN-induced genes were circled.

(d) Gene ontology analysis of the significantly differentially expressed genes, and significantly enriched signaling pathways in Cort pre-exposed

iPS-Mg compared with NT iPS-Mg.

marked with*). Also, these 7 GR modules are not affected by the genetic
variation between the control lines used here (which express the com-
mon TREM2 variant) and the R47H" TREM2 variant lines.

By using gene significance (GS) and module membership
(MM) analysis, we ensured that the GR modules are specific to GR
activation traits (Supplementary 4a and Supplementary Figure 4b-h).
To ensure the GR modules are high quality modules, we implemented
module preservation analysis on one single topological overlap matrix
(TOM) network both as test and reference. Since only one TOM was
constructed, module quality was assessed in the present study. We
calculated multiple module quality statistics that measure how well-
defined modules are in repeated random splits of the reference data-
set. All modules demonstrated strong evidence for high quality
(Zsummary > 10), confirming that GR modules were well-defined and
non-random (See Supplementary Figure 5a).

To gain a deep understanding of what GR pre-treatment does
to iPS-Mg, we further analyzed the GR activation-related modules.

Since genes that are highly co-expressed often share similar func-
tions, biological processes and pathways that are enriched in a co-
expression module can be used to infer functional information
(de la Fuente, 2010; Singer et al., 2005). We performed Gene
Ontology enrichment analysis on the 7 identified GR modules to
detect significantly overrepresented gene ontology categories in
each WGCNA module. The top three significant pathways in each
module were plotted (Figure 4b). The purple module is enriched in
pathways associated with defense responses to viruses (q.
value = 7.59E-06), which confirmed the type | interferon signaling
pathway identified in our DE gene analysis. The darkgray (q.
value = 0.00553918), red (q.value = 2.45E-06) and yellow mod-
ules (g.value = 0.006206759) are significantly enriched with genes
associated with macro-autophagy and the autophagy pathway. The
green module is enriched with pathways associated with ribosome
biogenesis (g.value = 2.00E-25), nuclear export (g.value = 4.41E-

19) and non-coding RNA processing (5.62E-22 q.value).
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FIGURE 4 WGCNA analysis of Dex and Cort pre-exposed iPS-Mg with Cv and TREM2 variants. (a) Diagram of module-trait relationship
reports Kendall's correlation coefficients (shown at the top of each row), and its corresponding p values (displayed at the bottom of each row
within parentheses) between the eigengene value of each module, two traits GR activation and genotype are displayed at the bottom of the
diagram as column. Modules specifically related to GR activation and were not correlated with genotype are marked with star. The direction of
the correlation was color-coordinated with positive correlations indicated in red and negative correlation in blue. (b) GO enrichment analyses of
genes in yellow, green, purple, red and darkgray modules, top 3 significantly enriched pathways in each pathway were plotted. Bars representing
GO terms show Benjamini and Hochberg FDR adjusted p values (g.value).
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Formation of micronuclei and cGAS activation in Dex pre-exposed iPS-Mg. (ai) Agarose gel analysis of genomic DNA in cytosolic

or nuclear extracts from NT iPS-Mg, Dex pre- treated iPS-Mg and RU/Dex pre-treated iPS-Mg. (aii). Quantification of the genomic DNA present
in the cytosolic and nuclear fraction from the gel shown in ai. N = 3 biological replicates (additional replicates are shown in Supplementary

Figure 5b. One-way ANOVA with Dunn's multiple comparison test. Box-and-whisker plot representing all data points and the median.

(bi) Western blot of Lamin a/c in cytosolic and nuclear fractions. Nuclear fractions are shown as positive controls for Lamin a/c. GAPDH served as
a loading control in the cytosolic extract. (bii) Quantification of Western blot shown in bi. N = 3 One-way ANOVA with Dunn's multiple
comparison test. Box-and-whisker plot representing all data points and the median. (ci) Immunostaining with antibody against Lamin a/c (red),
P2y12 (green) with DAPI nuclear counterstain (blue) in NT iPS-Mg, Dex pre-treated iPS-Mg; a representative image of RU/Dex pre-treated iPS-
Mg is provided in Supplementary Figure 7. Scale bar: 5 um. (cii) Number of micronuclei/cell in NT iPS-Mg (4 biological replicates), Dex pre-treated
iPS-Mg (6 biological replicates, and RU/Dex pre-treated iPS-Mg (6 biological replicates). One-way ANOVA with Dunn's multiple comparison test.
Box-and-whisker plot representing all data points and the median. Each data point represents one whole field of 10 x 10 tile scan per condition
(100 individual pictures). Arrow points to lamin a/c positive and negative micronuclei. (di) Immunostaining with antibody against cGAS (red),
P2y12 (green) with DAPI nuclear counterstain (blue) in NT iPS-Mg, Dex pre-treated iPS-Mg; a representative image of RU/Dex pre-treated iPS-
Mg is provided in Supplementary Figure 8. Scale bar: 5 um. (dii) Number of cGAS colocalising with micronuclei per cell in NT iPS-Mg, Dex pre-
treated iPS-Mg and RU/Dex pre-treated iPS-Mg. N = 3 biological replicates, one-way ANOVA with Dunn's multiple comparison test to compare
nontreated group with the Dex and RU/Dex pre-treated group, *p < .05; **p < .01; ***p < .005. Box-and-whisker plot representing all data points
and the median. Each data point represents one whole field of 10 x 10 tile scan per condition (100 individual pictures). Arrow points to cGAS

positive and negative micronuclei

Darkturquoise and royalblue yielded no significant pathways within
the modules.

3.5 | Genomic self-DNA was found in Dex-iPS-Mg

To follow up on the finding of enhanced type | interferon and asso-

ciated viral and viral defense signaling in Dex-iPS-Mg, we reasoned

that one possible cause of this signal might be genomic self-DNA in
the cytoplasm (Keating et al., 2011). In this ectopic location, the
self-DNA would be perceived as an invading virus and trigger an
anti-viral defense and transcription of type | interferon (Honda
et al., 2006). We investigated the possible presence of cytosolic
self-DNA. Following crude cytosolic/nuclear fractionation, we found
that Dex-iPS-Mg displayed significantly more cytosolic self-DNA
compared with NT-iPS-Mg or RU/De-iPS-Mg (Figure 5a,
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FIGURE 6 Dex-treated iPS- (a)
MPro and pre-treated iPS-Mg
exhibit reduced cell number and
proliferation. (a) Before-after
graph of the iPS-MPro cell
number generated during
primitive hematopoiesis either
non- treated (NT) or treated with
Dex or Ru/Dex. Lines connected
with dots across treatments mean
one collection event. Kruskal-
Wallis test with Dunn's multiple
comparison test of NT versus
Dex (****p < .0001) or Dex versus
RU/Dex (**p < .01). (b) Dot plots
of GSEA results illustrating top
10 GO biological processes and
cellular components associated
with consequences of Dex- 1
pretreated iPS-Mg based on gene

ratio. “Gene ratio” is the

percentage of total DEGs in the

given GO term (only input genes 0
with at least one GO term
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iPS-Mg. (cii) Quantification of
Ki-67 protein expression as mean
fluorescent intensity (MFI) shown
in c. Data are the mean of n = at
least 3, analyzed with Two-tailed
unpaired t test. *p < .05. Data are
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Supplementary Figure 5b) and that this was prevented by RU treat-
ment (Figure 5aii).

To ensure that the cytosolic extract was not contaminated by
spill-over from the nuclear fraction, the cytosolic extract was probed
for lamin a/c, a nuclear protein (Dubik & Mai, 2020). We found in NT-
iPS- Mg, there was no lamin a/c, which confirmed that the cytosolic
extract was not contaminated by the nuclear fraction. Conversely,
there was significantly more lamin a/c in Dex-iPS-Mg, which was
attenuated by pretreatment with GR antagonist RU486 (Figure 5bi,ii).

3.6 | Higher number of lamin a/c positive
micronuclei and cGAS positive micronuclei were found
in Dex-iPS-Mg

This finding led us to speculate that the cytosolic self-DNA with lamin
a/c could be micronuclei (Kneissig et al., 2019). Micronuclei are lamin

RU/Dex Dex
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response to corticotropin-releasing hormone-| [ ] ®
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antigen processing and presentation of lipid antigen via MHC class Ib-| o p.adjust
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% spindle elongation-| { —
spindle midzone assembly-| [
negative regulation of cytokinesis-| [ ] 0.008
transepithelial transport- ® 0.009

03 05 0.7 0.9
GeneRatio

a/c positive small DNA-containing nuclear structures that are spatially
isolated from the main nucleus (Kwon et al., 2020). Confocal imaging
analysis revealed that Dex-iPS-Mg displayed significantly more micro-
nuclei per cell compared with NT-iPS-Mg or RU/Dex-iPS-Mg
(Figure 5c). To ensure that we do not mistake apoptotic bodies as
micronuclei, we ensured that pre-treated of Dex or RU486 alone do
not induce significant cell death (Supplementary Figure 6a,b).
Micronuclei are susceptible to nuclear envelope collapse (Hatch
et al., 2013) due to an unstable micronuclei envelope. The DNA in the
micronuclei can serve as a source of immunostimulatory cytosolic
DNA. Following this, cyclic GMP-AMP synthase (cGAS) binds to self-
exposed DNA in the micronuclei, 2’-5’-cGAMP is synthesized, leading
to the activation of stimulator of interferon genes (STING) and tran-
scription of type | interferon (Zierhut & Funabiki, 2020). Since cGAS is
upstream of this pathway, and cGAS localizes to micronuclei upon
nuclear envelope rupture (Mackenzie et al., 2017), we investigated

the number of cGAS colocalised micronuclei per cell in NT-, Dex- and
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FIGURE 7 Dex-pre-treated iPS-Mg exhibit characteristics of cellular senescence. (a) Representative images of senescence-associated beta
galactosidase (SA-B-gal) staining in NT and Dex pre-treated iPS-Mg. (ai) SA-B-gal activity quantified by staining intensity in NT, Dex pre-treated
iPS-Mg normalized to cell number. N = 3, Mann-Whitney test. ****p < .0001. Data are the mean + SEM. (ai) Representative images of
senescence-associated beta galactosidase (SA-B-gal) staining in Dex and RU/Dex pre-treated iPS-Mg. (aii) SA-B-gal activity quantified by staining
intensity in Dex or RU/Dex pre-treated iPS-Mg normalized to cell number. N = 4. Kruskal-Wallis test with Dunn's multiple comparison test.

**p < .01. Data are the mean = SEM. (b) Relative telomere length determined by real-time gPCR in NT, Dex and RU/Dex pre-treated iPS-Mg. NT-,
and Dex-iPS-Mg, N = 3; RU/Dex-iPS-Mg, N = 2. (ci) Representative human XL cytokine proteome array dot blots from Dex and RU/Dex pre-
treated. N = 2 membranes with 2-3 separate pooled replicates. (cii) Quantification of the expression of 11 Senescence-Associated Secretory
Phenotype (SASP) related proteins. Expression level of SASP related proteins are normalized to NT iPS-Mg as basal secretion. Dex treated iPS-Mg
has overarching higher expression of SASP related proteins. N = 2. Data are the mean + SEM. Statistical significance was addressed using one
way ANOVA with Dunnett's multiple comparison test, or Kruskal-Wallis test with Dunn's multiple comparison test to compare nontreated group
with the Dex and RU/Dex treated group, *P < .05; **P < .01; ***P < .005
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RU/Dex-iPS-Mg. We detected a significantly higher number of cGAS
positive micronuclei in Dex-iPS-Mg compared with NT- iPS-Mg
(Figure 5D), or RU/Dex-iPS-Mg.

3.7 | Proliferation inhibition and senescence
features were present in Dex-iPS-Mg

One observation of GR activation was a significant reduction in the
cell number of Dex-iPS-MPro compared with NT-iPS-MPro or
RU/Dex-iPS-MPro (Figure 6a). This suggested that certain prolifera-
tion related processes or cellular components might be affected by
Dex exposure. Thus, we revisited the GSEA analysis on the whole
transcriptomics of NT and Dex-iPS-Mg, specifically focusing on the
top 10 highest score of gene ratio among all other examined enriched
pathways. Gene ratio is the percentage of total DEGs in the given GO
term. We discovered that the condensin complex (cellular component,
CC), mitotic spindle elongation and spindle midzone assembly (biologi-
cal processes, BP) are all suppressed (Figure 6b, marked with ).
Taken together, suppressed genes of condensin complex and mitotic
spindle elongation, and significantly reduced cell number in Dex-iPS-
Mg suggests defective proliferation, and possibly cellular senescence.

The link between cGAS positive micronucleated cells and senes-
cence is well established (Gliick & Ablasser, 2019). Since Dex-iPS-Mg
expressed an increase in the number of cGAS positive micronuclei,
the microglia might also exhibit cellular senescence. As one character-
istic of senescent cells is the loss of proliferative capacity (Galvis
et al., 2019), we analyzed the expression of the proliferation marker,
Ki67 in NT-Dex- and RU/Dex-iPS-Mg. Dex-iPS-Mg displayed a signifi-
cantly reduced Ki6é7 expression compared with NT, and relatively
lower expression of Ki67 compared with RU/Dex (Figure 6c).

We also examined changes to three “gold standard” senescence
markers, namely, senescence- associated beta galactosidase (SA-
B-gal), senescence-associated Secretory Phenotype (SASP), and rela-
tive telomere length (reviewed in Galvis et al., 2019). Dex treated
iPS-Mg showed significantly greater intensity of SA-p-gal staining
compared with NT or RU/Dex iPS-Mg (Figure 7a). In addition, Dex-
iPS- Mg displayed a trend toward shorter telomere lengths com-
pared with NT- iPS-Mg (Figure 7b). Furthermore, of 105 cytokines
and chemokines investigated as secreted in conditioned medium,
the most significantly upregulated were 11 SASP proteins previously
shown to be upregulated in senescent cells (Lunyak et al., 2017)
and here showed increased expression in Dex compared with NT or
RU/Dex-iPS- Mg (Figure 7c). Taken together, we demonstrated here
that in Dex-iPS-Mg, there is an overarching presence of senescent

characteristics.

4 | DISCUSSION

Here, we demonstrate for the first time that human iPS-Mg express
GR (NR3C1), and furthermore that this is the splice variant GR-a. This
corresponds to the active form of the receptor, that is, one that can

be activated by cortisol (Hagendorf et al., 2005). GR-a levels and
activity are modulated by GR-B and GR-P isoforms (Hagendorf
et al., 2005). We did not detect the expression of GR-f in our cells,
either at the iPSC stage or following differentiation to microglia.
Moreover, we also found that from the development of the iPSC to
iPS-Mg, the expression of NR3C1 total, and NR3C1 1E increased,
which reflect a development to a more specific immune phenotype.
Previously Lieberman et al. (2017) demonstrated that GR mRNA
expression levels increased during the differentiation of iPSC-derived
neural cells; GR mRNA has also been shown to be increased in human
iPS derived cerebral organoids (Cruceanu et al., 2022).

Meanwhile, our study is the first to show the young age verifica-
tion of iPS-Mg, which motivates us to construct a cellular model cor-
relates with ELS. Furthermore, we established an in vitro model of
ELS in iPS-Mg mimicking prenatal exposure to GCs by prolonged acti-
vation of GR during 2nd stage of primitive haemotopoesis. By RNA-
Seq analysis on iPS-Mg, we found continuous activation of GR during
2nd stage of primitive haemotopoesis triggered enhanced signaling of
type | interferon, formation of cGAS positive micronuclei together
with cellular senescence in the fully differentiated and maturated iPS-
Mg. As we only modulated GR activation during primitive hematopoi-
esis before differentiation and maturation of iPS-Mg, what we
observed and reported here is the priming effect and after-effect of
aberrant GR activation during microglial development.

The GR expression and its related changes in iPSC and iPS-Mg
provide a good platform for further investigation of GR function in
microglial development. Specifically, the iPS-Mg model can be useful
in understanding disease- and treatment-associated acquired GC
resistance. Dex-iPS-Mg transcriptomics identified gene expression
alterations related to psychiatric diseases. For example, our findings
of elevated FKBP5 paralleled in vivo model of ELS (Ke et al., 2018),
and FKBP5 overexpression related to aging and increased risks for
several disorders, including depression (Binder et al., 2004; Ferrer
et al, 2018; Menke et al, 2013; Zannas et al., 2019) and type
2 schizophrenic patients (Bowen et al., 2019). Meanwhile, Dex-iPS-
Mg upregulates the microglial signature gene TMEM119, mimicking
the effect observed in an in vivo ELS model (Ozaki et al., 2020).
Clinically, similar increases in TMEM119 mRNA and protein were
identified in post-mortem microglia from major depressive disorder
patients (Bottcher et al, 2020; Snijders et al, 2021). Moreover,
enhanced type | interferon signaling, which is enriched in Dex- and
Cort-iPS-Mg and primary microglia from in vivo ELS model (Delpech
et al, 2016), has the strongest association with recurrent major
depressive patients (Mostafavi et al., 2014). Dex- and Cort- iPS-Mg
reveals comparable molecular hallmarks of psychiatric illnesses;
because our treatment paradigm correlates with ELS, it has applica-
tions to unravel molecular pathways underlying the developmental
origins of psychiatric disease.

Here, we confirmed that one possible cause of increased type |
interferon and viral defense signaling in Dex-iPS-Mg was more fre-
quent micronuclei with activated cGAS. Cancer cells are well-known
to acquire high number of cGAS positive micronuclei due to its inher-

ent genomic instability (Gisselsson et al, 2001; Mackenzie
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et al., 2017). However, recent evidence points to genomic instability
and copy number variation in ASD and schizophrenia (Kushima
et al., 2018). To our knowledge, this is first time that prolonged activa-
tion of GR during primitive hematopoiesis results in genomic instabil-
ity and cellular senescence in the resultant microglia. This
phenomenon of genomic instability shown here in human iPS-Mg is
central to brain cell-specific involvement in ASD and schizophrenia
because of the excessive GC exposure paradigm at an early stage of
microglia development, which links to an ELS paradigm and is linked
to ASD and schizophrenia.

Our finding that GR activation (by Dex) led to a reduction in cell
number (of iPS-MPro) has been reported for other cell types (Piette
et al., 2009; Samuelsson et al., 1999), where it reflected an inhibition
of proliferation (Piette et al., 2009). In line with this, we report that
proliferation (as measured by Kié7 expression) was reduced in the
iPS-Mg following their early exposure to Dex at the iPS-MPro stage
(suggesting a maintained phenotype effect). The loss of proliferative
capacity in Dex iPS-Mg supports the senescence features we
observed, which shows significant increased SA-p-gal activity, SASP
and trend of shorter average relative telomere length. Additionally,
WGCNA analysis validates our observed senescence features. Enrich-
ment of macroautophagy and autophagy pathways correlates strongly
with GR activation, as being reflected by enhanced lysosomal SA-f-gal
activity in Dex-iPS-Mg. Our senescence finding matches earlier
research. Senescence and autophagy activation is specific to Dex
treatment in primary rodent microglia (Park et al., 2019), and cGAS-
STING signaling (Hopfner & Hornung, 2020). Surprisingly, major
depression is linked with enhanced molecular senescence abnormali-
ties (higher SASP in serum) (Diniz et al., 2019), and dysregulated GC
has been implicated in depression and ELS (Anacker et al., 2011;
Gotlib et al., 2021). Altogether, our in vitro ELS model has implications
for microglia responses in GC-mediated ELS-associated diseases such
as depression, schizophrenia, ADHD, and ASD.

ELS-mediated high GC may result in chronic occupancy of GRs'
ligand-binding region, which may explain our ELS treatment
paradigm-induced phenotype. This reduces vacant GRs and impairs
the accuracy of chromosome segregation. GRs regulate accurate
chromosomal segregation. As Matthews et al. (2015) noted that
unliganded (free) GRs' ligand-binding domain regulates mitotic spin-
dle function. This is consistent with our discovery of more micronu-
clei in Dex-iPS-Mg and fewer in RU/Dex-iPS-Mg. Our discovery
contrasts with the anti-inflammatory and immunosuppressive
effects of acute GC therapy, where GCs decrease type | interferon
signaling (Flammer et al., 2010). Our results add to the intriguing
consequences associated with excessive GCs in the context of
microglial development.

One strength of current study is that we utilized a Dex concentra-
tion of 50 nM, which is sub- therapeutic and within a physiological
relevant range (Jameson et al., 2006); human preterm infants typically
receive 0.1-0.15 mg/kg Dex, which is about 0.6 uM when given
directly to a preterm infant, or 0.06 uM in the fetus when Dex is given
to the mother (Charles et al., 1993; Osathanondh et al., 1977). The
use of the endogenous GR activator, hydrocortisone (Cort), at a

comparative concentration to Dex treatment (Longui et al., 2005),
confirmed the findings of the synthetic agonist.

Previous studies only captured the immediate effect of ELS on
embryonic or early postnatal microglia following short ELS exposures.
Thus, prenatal increased GC was revealed to increase overall micro-
glial density and promote an immunoreactive embryonic microglial
phenotype after brief 2 days ELS exposure (Bittle & Stevens, 2018)
which differs from our findings. 72-hr aberrant GR stimulation in early
postnatal rat primary microglia downregulates CX3CR1 and TREM2
and induces senescence (Park et al., 2019). Our work provides insight
into the priming effect of early chronically activated GR on subse-
quent microglia development.

ELS via GR activation on microglia has mostly been studied in
rodents. Humans and animal models have varied immunological
responses, and experimental rodents are reared in contained environ-
ments during early development, and exhibit life-span differences
(Smith & Dragunow, 2014). Thus, it has proven difficult to translate
findings from rodent microglia to human microglia. Given these
caveats, the current model can provide an alternative model for
manipulation at an early developmental stage which has an impact on
subsequent microglial phenotypes. Particularly, the WGCNA analysis
suggests histone and chromatin modification in our ELS iPS-Mg. Con-
sistent with this, it is well known that epigenetic modifications and
reprogramming are associated with the consequences and effect of
ELS (Krontira et al., 2020; Weaver et al., 2014).

Currently, our study has some limitations. In the absence of data
from post-mortem tissues or co-culturing with other brain cell types
and functional investigations such as electrophysiology, our results
should not be extrapolated to a unified explanation of the etiology of
ELS-associated disorders. Meanwhile, we established a model of GC
activation in microglia and, using the excessive exposure paradigm at
an early stage of microglial development links/correlates the model to
an ELS paradigm. Thus, our current findings only imply the conse-
quences of early GC activation-mediated ELS-associated disorder in
microglia rather than all ELS-associated disorders. Although the influ-
ence of dysregulated prenatal GC (endogenous GC, (Rim et al., 2022));
(exogenous GC, (Block et al, 2022)) on microglia function and
depressive-like and schizophrenic-like behaviors have been directly
linked in recent in vivo studies, it is unclear whether this is a primary

or secondary cause of these disorders.

5 | CONCLUSIONS

In summary, we have established that an in vitro model of GC-
mediated ELS in iPS-Mg can induce certain biological consequences
of ELS found in vivo. We found that prolonged activation of GR dur-
ing microglial development led to genomic instability via frequent for-
mation of cGAS-positive micronucleus and complemented with
cellular senescence. GC-mediated ELS-related epigenetic alteration
and reprogramming could be further investigated using our model.
These data have ramifications for developmental conditions following

maternal GC stress.
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