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Abstract

Investigation into the effect of RNASEHZ2B mutation on R-loop dysregulation in the
pathogenesis of Aicardi-Goutieres syndrome (AGS)
By Zhongqi Hou

R-loop is a three-stranded structure composed of a DNA:RNA hybrid and a displaced
single-stranded DNA. Unscheduled R-loops level will lead to DNA damage and genome
instability. To maintain R-loop homeostasis, the RNASEHZ2 gene can resolve excessive
R-loop by cleaving RNA strands from R-loops. Clinically, more than 50% of diagnosed
patients with Aicardi-Goutieres syndrome (AGS), a severe autosomal recessive
inflammatory disease that affects a patient’s neurological development when born, have
been found to have the mutation in RNASEH2 gene. However, the mechanism of
mutations in RNASEH2 in the pathogenesis of AGS remains unclear. RNASEH2B is a
subunit of RNASEHZ2, that we focused on in this study to examine its effect on R-loop
regulation. Using the human iPSC-derived neuron method, we successfully
characterized iPSC from an AGS patient’s PBMC and differentiated it into neurons. An
increased R-loop level was shown in the AGS patient. Using DRIP-seq, we profiled
genome-wide R-loop and identified differential R-loop peaks in the AGS patient. We
also found that upregulated R-loop peaks fall in the intergenic regions and
downregulated R-loop peaks fall in the gene body regions. Altogether, our data suggest
that mutation in RNASEH2B may cause R-loop dysregulation, ultimately leading to
AGS.
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Introduction
R-loop, also indicated as RNA/DNA hybrid, is formed when RNA hybridizes to a
complementary DNA strand which causes displacement of single-stranded DNA (Fig. 1).
Studies have shown that R-loops are required for several cellular processes, such as
regulating gene expression and attracting repair proteins to DNA double-strand breaks
(Sollier & Cimprich, 2015). On the other hand, unscheduled R-loops can cause DNA
damage and genome instability by inducing transcription-associated recombination and
chromosome breaks/loss (Cristini, et al., 2022). R-loops must be kept in an optimal range;
when R- loops are low, it causes gene silencing and telomere shortening (Wells, et al.,
2019). DNA damage and genome instability will occur when the R-loop level is high (Lin,
et al., 2022). Various genes are found to be associated with R-loop homeostasis, among
which RNASEH1 and RNASEH2 can resolve R-loops by directly cleaving RNA strands
from R-loops (Wahba, et al., 2011). Mutation in RNASEH2 has been reported to cause
more than 50% of cases in Aicardi-Goutieres syndrome (AGS) (Perrino, et al., 2008),

which drove us to examine if R-loops might play a role in the pathogenesis of AGS.
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Figure 1. Schematic representation of an R-loop structure (Created by Biorender). The
RNA polymerase Il (yellow) progresses along the DNA double helix (red and blue). The
transcribed RNA (purple) hybridized with the complementary DNA template strand
(orange). The non-template strand is shown as Single-stranded DNA (ssDNA).

AGS is a rare and severe familial genetic disorder that affects an individual’s brain, skin,
and immune system (Crow. et al., 2006). The disease could be diagnosed clinically using
magnetic resonance imaging (MRI) and cerebral spinal fluid (CSF) testing at an early age.
The disease is an autosomal recessive inflammatory encephalopathy that could lead to
various physical and mental handicaps (Cristini, et al., 2022). Early-onset and later-onset
are two forms of AGS that begin in infancy. Patients typically experience intermittent fever,
feeding difficulties, seizures, microcephaly, and skin rashes. Clinical studies showed that
most AGS patients experience permanent neurological dysfunction with elevated levels

of interferon-alpha (Rice, et al., 2009).

Mutations in several AGS genes have been identified as causes of AGS, including RNA
adenosine deaminase (ADAR), 3' to &' single-stranded DNA exonuclease (TREX1),
RNA/DNA hybrid-specific ribonuclease H2 subunits (RNASEH2A, RNASEH2B, and
RNASEH2C), and SAMHD1 (3'to 5' dNTP hydrolase) (Lim, et al., 2015). Mutations in any
of these genes could trigger the accumulation of unprocessed nucleic acid and DNA:RNA
hybrids, ultimately leading to an autoimmune response (Rabe, 2013). More importantly,

the mutation in RNASEH2B is the major cause of AGS (Mackenzie, et al., 2016).

In the present study, our objective is to investigate how RNASEH2B acts on gene
expression dysregulation through excessive R-loop loading, ultimately leading to
neurological impairment in AGS patients. By characterizing human iPSC from a patient's

PBMC and differentiating it to neuron cells, we can use various advanced methods to



identify at what specific sites those R-loops are formed in the whole genome. Overall, our
findings are used to better understand the impact of R-loop accumulation on gene
expression, how it leads to genomic instability, and ultimately provide insight into the

pathogenesis of AGS.

Results

Characterization of human induced pluripotent stem cell (iPSC) line reprogrammed
from human peripheral blood mononuclear cell (PBMC) of an AGS patient

PBMCs collected from a male patient with confirmed AGS disease carrying an
RNASEH2B mutation (homo. ¢529G>A) from Children’s Hospital of Philadelphia (AGS)
and a healthy control individual (WT) were reprogrammed into iPSC lines by using Sendai
virus vectors. The newly generated human iPSCs lines were cultured and then
characterized. The cell line showed compact colonies with distinct borders and large
nucleus presenting typical iPSC morphology (Fig. 2a). The expression of pluripotency
markers is indicated by positive immunofluorescence staining for iPSC marker genes,
including NANOG and OCT4, for both WT and the AGS patient (Fig. 2b). We performed
PCR and sanger sequencing to validate the mutation of the AGS patient iPSC line. The
PCR product was indicated in 563 base pair amplicons (Fig. 2d) and compared with WT
iPSC line, the AGS iPSC line showed a homozygous ¢.529G>A mutation in exon 7 of
RNASEH2B gene (Fig. 2c). Together, these results provide evidence of successfully

characterized iPSC lines and confirmed mutation of the AGS patient.
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Fig. 2. Characterization of human iPSC line and disease validation. (a) Bright field
image of cultured 28 days AGS patient iPSC line (Scale bar 100 uym). (b) Expression of
iPSC markers Nanog (red), OCT4 (green) and DAPI (blue) in WT and the AGS patient
28 days iPSC by immunofluorescence staining (Scale bar 100 um). (c)
Electropherograms showing the compound homozygous ¢.529G>A mutation in exon 7
of RNASEH2B gene (highlighted blue box). (d) Verified mutation in 563 base pair
amplicons by PCR.



Accumulation of R-loop in differentiated iPSC-derived neuron of AGS patient

WT and the AGS patient iPSC lines were differentiated using a standardized 28-day
direct induced neuron protocol that induced lentivirus expression of neurogenin 2
(NGN2) (Fig. 3a). Typical neural morphology was observed at day 7 and the neurons
continued to grow to day 28 (Fig. 3b). Differentiating cells expressed typical nerve
markers including MAP2 and TUJ1, indicating committed neuronal lineage (Fig. 3c &
3d). Interestingly, we used western blot to look at protein levels between WT and the
AGS patient, and there were no differences presented (Fig. 4a). R-loops were quantified
using dot-blots assay with S9.6 antibody, and the result showed increased R-loop level
in AGS (Fig. 4b-4d). Hence, iPSC-derived neurons were successfully differentiated, and

similar RNASEH2B expression and accumulation of R-loop was found in the AGS

neurons.
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Figure 3. 28 days iPSC-derived neuron differentiation. (a) Schematic representation
of 28 days neuron differentiation from iPSC line using induced Ngn2. (b) Bright field
images of cultured neurons from day 7 to day 28 of WT and the AGS patient. (c-d)
Immunofluorescence staining of WT and AGS patient neurons (day 7 and day 28)
expressed neuronal marker MAP2 (red), TUJ1 (green), and DAPI (blue) (Scale bar 100

um).
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Figure 4. Compared protein level and R-loop level in WT and the AGS patient. (a)
Western blot indicating the same protein level between WT and the AGS patient. o-
Tubulin was used as loading control. (b-d) Dot blot assay showing higher R-loop
concentration in the AGS patient than WT with equal loading sample in each trial.



DNA:RNA immunoprecipitation sequencing (DRIP-seq) illustrates upregulated and
downregulated R-loop peak between WT and the AGS patient

DRIP-seq, a technique initially developed to profile genome-wide R-loops, was performed
to identify and compare R-loop peaks between WT and the AGS patient (Fig. 4a). We
identified 18,280 R-loop peaks in the WT patient and 12,345 R-loop peaks in the AGS
patient. The genomic distribution of all R-loop peaks in WT and AGS were revealed by
HOMER peak annotation. A majority of R-loop peaks fall in intron regions (44.3%) and
intergenic regions (46.43%) (Fig. 4b and 4c). Compared to WT, the R-loop peaks of the
AGS patient increased in the intergenic region (45.66% to 47.20%) and decreased in both

the promoter region (3.03% to 2.75%) and exon region (2.30% to 2.06%) (Fig. 4b and 4c).
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Figure 5. Drip-seq and peak annotation in WT and the AGS patient. (a) Schematic
representation of Drip-seq protocol. (b) HOMER peak annotation pie chart shows more
than half of peaks of all R-loop peaks in WT falling into the intergenic region (pink,
45.66%) and intronic region (red, 44.6%). Only 3.03% of peaks fall in the promoter
region (dark blue). (c) HOMER peak annotation pie chart shows more than half of peaks
of all R-loop peaks in the AGS patient falling into the intergenic region (pink, 47.2%) and
intronic region (red, 44.03%). Only 2.75% of peaks fall in the promoter region (dark
blue).

To determine the R-loops dysregulation in the AGS patient, we called differential R-loop
peaks between WT and AGS. If the peak was present in WT but not in the AGS patient,
it was identified as downregulated R-loop peak; conversely, upregulated R-loop peak was
shown in the AGS patient but absent in WT (Fig. 6a). Across all detected R-loop peaks
between WT and AGS, a total of 8816 peaks were upregulated, and a total of 14970
peaks were downregulated (Fig. 6b). Interestingly, there were more upregulated R-loop
peaks in the intergenic region and more downregulated peaks fall in the exon and
promoter region (Fig. 6¢ & 6d). We then used genome-wide R-loop signal profiling for WT
and the AGS patient to confirm upregulated and downregulated R-loop peaks. We

counted R-loop reads over the upregulated and downregulated R-loop peak regions using
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ngsplot. For upregulated R-loop peaks, the results revealed higher reads in the AGS

patient compared to WT (Fig. 6e and 6f). Conversely, higher reads were shown in WT for

downregulated R-loop peaks than in the AGS patient (Fig. 6g and 6h). Gene ontology

analysis for all downregulated R-loop peaks shows the most significantly enriched terms

related to neuron differentiation and DNA repair (Fig. 7).
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Figure 6. Upregulated and downregulated R-loop peaks. (a) Schematic diagram
representing how upregulated and downregulated R-loops peaks were identified. (b)
Bar graph shows upregulated R-loop peaks (8816) and downregulated R-loop peaks
(14970) in WT and the AGS patient. (c-d) Ngs.plot represents higher reads in the AGS
patient (purple) than WT (orange) for upregulated R-loop peaks which correspond with
the result in the heat map. (e-f) Ngs.plot represents higher reads in WT than the AGS
patient for downregulated R-loop peaks which correspond with the result in the heat
map.
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Figure 7. Gene ontology for all downregulated R-loop peaks.

Discussion
In this study, we aimed to use the human iPSC-derived neuron model to understand how
the mutation in RNASEH2B could affect R-loop dysregulation in AGS patients. In the past,
it has been challenging to study neurological disorders in the laboratory due to the need
for predictive models to study the pathogenesis of disease. Previous studies have used
genetically engineered animal models; however, it is difficult to replicate when looking at
various mutations that are causing the disease. The mutations identified for neurologic
diseases, like AGS, also have contributions from other genetic, epigenetic, or
environmental factors (Vassos, et al., 2010). So, using human iPSCs allows researchers
to study the effect of various human genetic backgrounds on disease penetrance and
severity (Dolmetsch & Geschwind, 2011). Furthermore, we believe AGS disease affects
a patient’'s neuron development, so using human iPSC-derived neurons allows us to
target specific human brain development. Some clinical studies realized the newly
discovered treatment that works in animal models was ineffective in human patients due

to different electrophysiological phenotype between humans and other animals
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(Steffenhagen, et al., 2011). Thus, our result used successful differentiated iPSC-derived
neuron reproducibility which allows us to look at the effect of R-loop level in the AGS

patient (Fig 3).

Interestingly, we did not see an expression change in the RNASEH2B gene between our
healthy control and the AGS patient as we first looked at protein levels (Fig. 4a). However,
increased R-loop level observed in the AGS patient (Fig. 4b) indicates a failure to remove
accumulated R-loop during transcription (Cristini, et al., 2022). Therefore, we focused on
where the R-loop peaks fall in the whole genome. The significant observation from DRIP-
seq profiling reveals a major accumulation of upregulated R-loop peaks falls in intergenic
regions and away from gene body regions (exon and promoters); downregulated R-loop
peaks, in contrast, fall in gene body regions (Fig 6¢ & 6d). Enriching upregulated R-loop
peaks in the intergenic region could cause DNA damage (Richard & Manley, 2017). The
accumulation of downregulated R-loop peaks in exon and promoter regions leads to
binding alteration of transcription factors (Allison & Wang, 2019), potentially lowering
gene expression, failing to repair DNA damage, and decreasing neuron differentiation

corresponding to our gene ontology result (Fig, 7).

As mentioned before, RNASEH2B is a subunit of RNASEH2 (Lim, et al., 2015).
RNASEH2 is a complex that contains RNASEH2A, RNASEH2B, and RNASEH2C. This
RNASEH2 complex structure was found in previous study to define critical interaction
interfaces relevant to various human diseases and the function of enzyme (Reijns, et al.,

2011). We predicted two possible mechanisms of how mutations in RNASEH2B could
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lead to R-loop accumulation. The first one is when a mutation occurs in RNASEH2B; it
causes complex formation defects in which RNASEH2B cannot bind with RNASEH2A
and RNASEH2C, ultimately failing to remove R-loops. Another mechanism we predict is
when mutations occur in RNASEHZ2B, it will not affect the RNASEH2 complex. However,

it changes the genomic binding regions, which fail to recognize R-loops.

In conclusion, our study illustrated how human iPSC-derived neuron model was a
powerful tool for investigating neurological disease pathogenesis. We identified the
accumulation of R-loop in the AGS patient, which led to DNA damage and neurological
impairment. We also predicted two mechanisms for the causation of R-loop accumulation

for future study.

Methods

iPSC characterization and neuron differentiation

The ethics committee approved this study, and informed consent was obtained from the
patient. Our lab successfully reprogrammed PBMC samples that were collected from a
male patient from the Children's Hospital of Philadelphia to iPSC cell lines using Sendai
virus vectors. All cell culture procedures were performed in the safety cabinet using an
aseptic technique to ensure sterility. Established iPSC lines were cultured in a Matrigel-
coated plate for 28 days. The cells were cultured at 37°C, and the culture medium
(mTeSR1) was replaced every day. Successfully characterized iPSCs were differentiated
into neurons based on a standardized 28-day direct Ngn2-induced neuron protocol
(Zhang, et al., 2013). Before differentiation, iPSC cells were infected with NGN2-

expressing lentivirus. Starting from day 0, cells were split and plated to around 200,000
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cells/cm”2 with mTeSR and ROCK:I (Y-27632). KSR media and Doxycycline were added
to induce Ngn2 expression. Dead cells that were not expressing NGN2/puro were washed
off. On day 4, Neurons were replated with 3 mis of NBM, B27, and ROCKi. Media were

changed every 4 days until day 28.

Immunofluorescence staining

iPSC and neurons were plated onto glass chamber slides coated with Matrigel to ensure
strong adhesive. Cells were then fixed with 1 ml of 4% paraformaldehyde in PBS,
permeabilized using 0.5% Triton X-100 and blocked with 5% goat serum at room
temperature. Primary antibodies (anti-OCT4 & anti-Nanog for iPSC, anti-MAP2 & anti
TUJ1 for neuron) were added to the cells and incubated overnight at 4°C. The cells were
then incubated with secondary antibodies (anti-mouse IgG and anti-rabbit IgG) after

washing and co-stained with DAPI. ImageJ was used to analyze morphology.

Western blot

Cultured 28 days neurons were collected, washed in PBS, and lysed in RIPA buffer.
Protein concentration was measured using Nanodrop. The sample with loading dye were
loaded in 8% polyacrylamide gel and run for an hour. The gel was then transferred to the
PVDF membrane using the Trans-Blot Turbo Transfer System (Biorad). Primary
antibodies (anti-RNASEH2B and anti-a-tubulin) were added after blocking the membrane
with 5% skim milk in TBST for one hour and incubated on a shaker overnight (4°C). A

secondary antibody was added in 5% skim milk in TBST after 3 times washing with TBST



16

and shaking for 1 hour. After washing three times with TBST, signals were detected in

the dark chamber UVITEC Cambridge.

Dot blot assay

Neuron cells were washed with PBS twice, removed from the cell culture dish to 1.5 mL
tube, and lysed with a cell lysis buffer and proteinase K overnight at 37°C. The gDNA was
isolated using phenol:chloroform:isoamyl ethanol and precipitated in 100% ethanol.
gDNA was fragmented using a cocktail of restriction enzymes (BamHI, EcoRI, Hindlll,
Sspl, Xbal) and purified using phenol:chloroform:isoamyl ethanol. Next, the purified DNA
was added with 2 U RNaseH per microgram of gDNA for 4 hours as negative control.
gDNA and RNase H-treated gDNA were loaded on a nylon membrane and crosslinked
using a UV linker. 5% skim milk was used to block the nylon membrane, and the S9.6
antibody (1:1000) was then added and incubated overnight. Secondary antibodies were
loaded onto the membrane and incubated for one hour. After detection of the S9.6 signal,
methylene blue was added to stain and determine loaded total gDNA. ImagedJ was used

to analyze and quantify the level of the R-loop.

DRIP-seq

After genomic extraction from the 28-day neuron, the gDNA was incubated with S9.6
antibody on a rotator at 4°C overnight. In this process, S9.6 antibody binds to the specific
R-loop region (DNA-RNA hybrids) across the genome. The antibody-DNA complexes
were bound to magnetic beads and washed three times to remove any left gDNA that

was not attached to the beads. R-loops were then eluted using SDS and purified using
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phenol:chloroform:isoamyl ethanol. Immunoprecipitated R-loops were treated with
RNase H and then sonicated to ~300 bp. Sonicated DNA was end-repaired adaptor-
added. PCR was performed to add indexes to the library of the samples. The library was

analyzed by bioanalyzer and subjected to sequencing.

Bioinformatics analysis

DRIP-seq reads were aligned to human genome sequence (hg38) by Bowtie2 version
2.4.4 with default parameter. Aligned reads in the bam file was sorted by genomic
coordinates by samtools. Peaks for each library were identified by MACSZ2 version 2.2.6
with input bam file. Differential peaks were identified using bedtools (version 2.30.0)

intersect. Peaks were annotated to genes by annotatePeaks.pl from HOMER version 4.11.
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