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Abstract
The high lipid content of the brain, coupled with its heavy oxygen dependence and relatively weak antioxidant system, makes it

highly susceptible to oxidative DNA damage that contributes to neurodegeneration. This study is aimed at identifying specific

ROS-responsive miRNAs that modulate the expression and activity of the DNA repair proteins in human astrocytes, which

could serve as potential biomarkers and lead to the development of targeted therapeutic strategies for neurological diseases.

Oxidative DNA damage was established after treatment of human astrocytes with 10μM sodium dichromate for 16 h. Comet

assay analysis indicated a significant increase in oxidized guanine lesions. RT-qPCR and ELISA assays confirmed that sodium

dichromate reduced the mRNA and protein expression levels of the human base-excision repair enzyme, 8-deoxyguanosine

DNA glycosylase 1 (hOGG1). Small RNAseq data were generated on an Ion Torrent™ system and the differentially expressed

miRNAs were identified using Partek Flow® software. The biologically significant miRNAs were selected using miRNet 2.0.

Oxidative-stress-induced DNA damage was associated with a significant decrease in miRNA expression: 231 downregulated

miRNAs and 2 upregulated miRNAs (p < 0.05; >2-fold). In addition to identifying multiple miRNA-mRNA pairs involved in

DNA repair processes, this study uncovered a novel miRNA-mRNA pair interaction: miR-1248:OGG1. Inhibition of miR-

1248 via the transfection of its inhibitor restored the expression levels of hOGG1. Therefore, targeting the identified

microRNA candidates could ameliorate the nuclear DNA damage caused by the brain’s exposure to mutagens, reduce the

incidence and improve the treatment of cancer and neurodegenerative disorders.
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Introduction
Impairment and mutations in the DNA repair pathways in glial
cells are associated with neurodegenerative disorders and pre-
mature aging (Borgesius et al., 2011). The brain is a prime
target of reactive oxygen species (ROS), because of its heavy
oxygen dependence, high energy requirements (high glucose
metabolism), extensive lipid composition, and more impor-
tantly, its relatively weak antioxidant system in comparison
to other tissues (Yamamoto et al., 2007). Despite the body’s
antioxidant defense, an imbalance between the production of
ROS and the repair of oxidative damage can potentially
result in DNA mutations. Oxidative DNA damage and muta-
tions are implicated in cancer development and progression,
as well as aging and age-related neurological disorders

(Cooke et al., 2003). Glial cells are continuously attacked by
ROS, and effective repair of ROS-induced 8-OHdG accumula-
tion is critical to maintaining brain function and reducing the
rate of C: G to A: T transversion mutation. Astrocytes play a
critical role in modulating synaptic transmissions, regulating
energy metabolism, water, and ion homeostasis, protecting
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neurons from oxidative stress, and regeneration of the CNS
(Bélanger et al., 2011; Pfrieger, 1997). Therefore, human astro-
cytes are an ideal biological model to investigate the relation-
ship between oxidative stress and DNA damage and repair
mechanisms. Understanding the epigenetic regulation of astro-
cyte DNA repair mechanisms could lead to the identification of
novel targets for the treatment of CNS disorders. Considering
the important role in maintaining brain activity, astrocytes
can be regarded as a potential target for therapies aimed at
the prevention and cure of age-related neurodegenerative dis-
eases (Kim & M. Wilson III, 2012).

Nucleic acids are susceptible to oxidation by environmental
and endogenous factors. ROS can induce oxidative modifica-
tion of the DNA bases, producing lesions including the ring-
opened formamide-pyrimidine derivatives of guanine and
adenine, 8-hydroxy-2′-deoxyguanosine (8-OHdG), formylura-
cil, dihydroxyuracil, and thymine glycol (Perlow-Poehnelt
et al., 2004). Among the five nucleobases, guanine is the
most susceptible to oxidation because of its high electron
density. Thus, the most common biomarker of ROS-induced
DNA damage is the mutagenic base 8-OHdG, an oxidized
derivative of deoxyguanosine, which causes DNA mutations
by incorporation of adenine instead of cytosine during DNA
replication resulting inC: G to A: T substitutions in the DNA
(Valavanidis et al., 2009). The concentration of 8-OHdG
within a cell is a well-established marker of nucleic acid oxida-
tive damage and an indicator of oxidative stress (Kasai, 1997).
Elevated levels of 8-OHdG have been reported in leukemia
(Sentürker et al., 1997), breast cancer (Malins & Haimanot,
1991), colorectal cancer (Oliva et al., 1997), lung cancer
(Vulimiri et al., 2000), Parkinson disease (Zhang et al.,
1999), and Alzheimer’s disease (Lezza et al., 1999).

To preserve genomic integrity, eukaryotic cells need a
complex but synergistic DNA damage response (DDR)
network of proteins. The DDR loop is a kinase-based signal
transduction network that initiates phosphorylation-driven cas-
cades (Tessitore et al., 2014) that acts by transient coordination
of DNA repair, replication, cell cycle progression, telomere
homeostasis, and the subsequent induction of permanent cell
cycle arrest, or apoptosis if the damage cannot be repaired
(Rinaldi et al., 2021). Base excision repair (BER) is the mech-
anism for the excision and replacement of oxidative DNA
damage. Single nucleotides modified by methylation, alkyl-
ation, deamination, or oxidation are removed by BER
(Natarajan & Palitti, 2008). DNA glycosylases recognize and
remove oxidative DNA base damage in a substrate-specific
manner. One type of DNA glycosylase is the human 8-deoxy-
guanosine DNA glycosylase 1 (hOGG1), a bi-functional
8-OHdG-specific glycosylase that plays an important role in
reducing the rate of mutation. By providing the first line of
defense against oxidative DNA damage, OGG1 plays an impor-
tant role in decreasing the detrimental effects of oxidative DNA
damage (Liu et al., 2011). In addition, OGG1 is involved in oxi-
dative stress-induced DNA demethylation by interacting and
recruiting TET1, a DNA-binding protein that modulates DNA

methylation, to the 8-oxoG lesion (Zhou et al., 2016). A
single nucleotide polymorphism changing serine to a cysteine
residue at position 326 [Cys-326] has been linked to decreased
OGG1 activity, and thus, has been used as a marker of individ-
ual susceptibility to sodium dichromate induced DNA damage
and reduced antioxidant capacity (Lee et al., 2005). However,
the focus of these published studies was on the genetic
changes that influence OGG1 activity in cells and did not con-
sider non-coding RNA regulation.

MicroRNAs (miRNAs) are small non-coding RNAs (19–
23nts) that inhibit gene expression at the post-transcriptional
level (Kim & Nam, 2006), and play a pivotal role in the
DNA Damage Response (DDR) that leads to changes in
miRNA expression (Liu & Lu, 2012). MiR-182 expression is
inversely correlated with breast cancer type 1 susceptibility
(BRCA1) protein levels that impair homologous recombination-
mediated DNA repair pathway (Moskwa et al., 2011). MiR-203
inhibits DNA damage repair via the PI3K/AKT and JAK/
STAT3 pathways and contributes to the modulation of radiation
sensitivity in human malignant glioma cells (Chang et al.,
2016). Overexpression of miR-92 is associated with an
increased accumulation of oxidative DNA damage and immor-
talization in hepatocellular carcinoma (Romilda et al., 2012).
Astrocyte-derived miR-181, miR-29, and miR-146a enhance
neuron survival after cerebral ischemia (Ouyang et al., 2014).
Although much progress has been made in elucidating the func-
tion of various miRNAs, there is a paucity of scientific data
regarding the specific miRNAs that regulate the proteins
involved in the base excision repair pathway. Changes in
microRNA expression profile and ROS signaling have been
associated with tumor development, progression, metastasis,
and therapeutic response prompting investigations into possible
crosstalk between ROS and microRNAs. Emerging evidence
suggests a reciprocal connection between ROS signaling and
the miRNA pathway whereby ROS induces epigenetic alter-
ations of miRNA genes (Lu et al., 2020). It has been proposed
that ROS are involved in various steps of miRNA biogenesis via
several mechanisms which include: inhibition and enhancement
of the expression of certain miRNA genes through the epige-
netic regulatory enzymes, DNMT1 and HDACs, the regulatory
activation of stress-related transcription factors such as p53,
nuclear factor (NF)-κB to induce miRNA expression (Dansen
& Burgering, 2008; Reuter et al., 2010), and the recruitment
of the miRNA processing machinery, Drosha, and Dicer,
which can be directly or indirectly regulated by ROS (He &
Jiang, 2016). DNA damage also regulates the biogenesis of
miRNA expression at the transcriptional level via the p53
pathway (Hu & Gatti, 2011).

Currently, there are no reports on the high-throughput anal-
ysis of miRNA expression following exposure of human
astrocytes to oxidative DNA damage. With the cross-talk
between ROS and miRNA-processing enzymes (He &
Jiang, 2016), there is a very high possibility that closely
related miRNAs and their target genes would be involved in
mediating the oxidative stress-induced cellular response.
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Therefore, it is hypothesized that ROS-induced DNA
damage will alter the epigenomic (miRNA expression) pat-
terns of affected cells and modulate functionally related
DDR-associated genes. This scientific hypothesis was
tested by performing high-throughput small RNA sequenc-
ing and functional analysis to identify novel ROS-induced
differentially expressed miRNAs that modulate the expres-
sion of genes that are associated with the DNA repair mech-
anism in human astrocytes (Figure 1). The discovery of
ROS-responsive miRNAs provides a potential novel strat-
egy to specifically overcome ROS-mediated pathological
conditions. An increased understanding of how miRNAs reg-
ulate DNA repair in astrocytes will expand the potential for
miRNA-based therapeutics that will substantially improve
the outlook for patients with cancer and age-related neurode-
generative disorders.

Materials & Methods

Cell Culture and Sodium Dichromate Treatment
Human primary astrocytes (Sciencell, Carlsbad, CA) were
cultured in T-25 flasks containing 5 mL of Astrocyte
Medium (Sciencell, #1801), supplemented with 1% penicil-
lin/streptomycin solution (Sciencell, #0503), 2% Fetal
Bovine Serum (Sciencell), and 1% astrocyte growth supple-
ment (Sciencell #1852). The cells were grown at 37°C, 95%
humidity, and 5.0% CO2/air until they reached 80% conflu-
ence. A uniform seeding density of 2.1× 106 cells per flask
was maintained during subculture using Countess II FL
Automated Cell Counter (ThermoFisher Scientific,
Waltham, MA). All experiments were performed using cells
with a maximum passage of three. The cells were treated
with 10 µM sodium dichromate and incubated for 16 h
before being harvested for analysis. Non-treated cells were
maintained in parallel and used as control. Before cell

harvest, microscopic images of control (non-treated) and
treated cells were collected to evaluate the changes in cell
morphology following treatments. Both treated and untreated
cells were detached using trypsin, collected, and counted
using Countess automated cell counter (ThermoFisher
Scientific). Each experimental group included three biological
replicates.

Comet Assay and ROS Assessment
Human astrocytes were grown in T-25 flasks to 80% conflu-
ency and treated with 10 µM sodium dichromate for 16
h. Trypsin was added to both the control (non-treated) and
treated cells for 5 min at 37°C to detach the cells. 15,000
cells were then collected and centrifuged for 5 min at 4°C.
The cell pellets were suspended in 200 µL of 6%
low-melting-point agarose (pre-warmed to 37°C). The
agarose cell suspension (60 µL) was pipetted onto an agarose-
coated coverslip and placed over a slide. The coverslip was
removed after 10 min and the samples were placed in lysis
buffer (100 mM EDTA, 2.5 M NaCl, 10 mM Tris-HCl, 1%
Triton-X, pH 10) at 4°C overnight. The slides were placed in
chilled ddH2O for 5 min, rinsed one more time with chilled
ddH2O for 10 min, and washed with enzyme reaction buffer
(40 mM HEPES, 0.1 M KCL, 0.6 mM EDTA, 0.2 mg mL−1

BSA, pH 8). Formamidopyrimidine [fapy]-DNA glycosylase
(FPG, New England Biolabs) was diluted in the enzyme reac-
tion buffer to a final concentration of 8 U mL−1. Both treated
and control samples were incubated with either enzyme reac-
tion buffer or FPG for 30 min at 37°C. The slides were
placed in the electrophoresis buffer for 20 min to allow equil-
ibration and gel electrophoresis was performed for 20 min at 30
V and 300 mA. The slides were placed in a neutralization
buffer (0.4M Tris-HCL, pH 7.5) for 20 min, rinsed with
ddH2O for 10 min, and allowed to dry overnight at 37°C.
The samples were rehydrated in water the next day and

Figure 1. Schematics of experimental workflow that includes induction of oxidative DNA damage using 10µM sodium dichromate

treatment followed by small RNA sequencing, computational analysis of differentially expressed targets, and miR inhibition functional

analysis.
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stained with 2.5mg mL−1 propidium iodide (ThermoFisher
Scientific, cat. #P1304MP). After 20 min of incubation with
the dye, the slides were rinsed with ddH2O for 10 min and
dried overnight at 37°C. Comets were visualized using a
Nikon Eclipse Ti microscope at 150× magnification. The
OpenComet plugin for Image J was used to quantify the tail
moment from the tail length and staining intensity of the
head and tail (Gyori et al., 2014; Xiao et al., 2019). At least
70 cells were analyzed for each condition.

The ROS Assay Kit (OZ Bioscience) measures ROS
activity within the cell using the cell-permeable fluorogenic
probe. The cells were seeded in a 96-well plate and the two
experimental groups included 10 replicates each. Briefly,
the cells were incubated with 12mM fluorogenic probe 2′,
7′- Dichlorodihydrofluorescein diacetate (DCF-DA) for
30 min at 37°C followed by a PBS wash. The fluorescence
was measured using a Tecan Infinite F200 Fluorescence
Microplate Reader (ex.485nm/ em.535nm). The fluorescent
intensity was normalized to the total number of cells in each
well.

Small RNA Sequencing and Bioinformatics Analysis
The human astrocytes (untreated and 10 µM Sodium
Dichromate-treated) were lysed and the small RNA fraction
was enriched using mirPremier® MicroRNA Isolation Kit
(Sigma-Aldrich, Cat. # SNC10). Six samples were processed
for Small RNA sequencing analysis that includes 3 biological
replicates in the treatment and control. The concentration of
small RNA fraction was determined using a Qubit RNA HS
Assay Kit (ThermoFisher Scientific, Cat. # Q32852) using
Qubit 4 Fluorometer (ThermoFisher Scientific, cat.
#Q33238). Next-generation sequencing (NGS) small RNA
libraries were size-selected to enrich for constructs containing
mature miRNAs. The sequencing was performed on Ion
Torrent™ next-generation sequencing systems (ThermoFisher
Scientific, Waltham, MA). Computational analysis of the
FASTQ data files that include the raw data was performed
using the microRNA-Seq algorithms of the Partek ® Flow®
software, v10.0 (Partek Inc., 2020). The reads were aligned
using the Bowtie algorithm and processed via Partek’s default
MicroRNA-Seq pipeline that mapped the reads to a reference
genome (Homo sapiens, hg38) indexed to miRBase Mature
MicroRNA (version 21). The differential gene expression anal-
ysis was performed using Partek’s Gene Specific Analysis
(GSA) algorithm to identify a list of significantly differentially
expressed miRNAs (≥ 2-fold, FDR< 0.01, p-value < 0.05).
Hierarchical clustering and visualization plots were generated
on the Partek ® platform to aid the visualization and interpreta-
tion of the data. The biological processes and genes targeted by
the differentially expressed miRNAs were identified using
miRNet 2.0 (Chang et al., 2020). Bioinformatics analysis for
differentially expressed (DE) miRNA species that selectively
hybridize to the 3′ UTR of OGG1 mRNA was carried out,

and a hit in at least two of the used miRNA-mRNA interaction
databases was set as the satisfying criterion.

Reverse Transcription Quantitative PCR (RT-qPCR)
RT-qPCR was performed to validate the changes in the
expression levels of the identified miRNAs and their mRNA
targets. The MicroRNAs, hsa-miR-335-5p (Sigma Aldrich,
cat. #MIRAP00323) and hsa-miR-1248 (Sigma Aldrich, cat.
#MIRAP00761), were validated using the MystiCq®
MicroRNA Quantitation System (Sigma-Aldrich, St. Louis,
MO). Briefly, cDNA was synthesized from the treated and
untreated small RNA samples using MystiCq™ microRNA
cDNA Synthesis Mix Kit according to the manufacturer’s
instructions. The cDNA concentration was measured using
a Qubit 4 Fluorometer (Thermo Fisher Scientific, cat.
#Q32854). Equal amounts of each cDNA (2ng), mixed with
10 µM of each MystiCq microRNA qPCR Assay Primer
and 10 µM of MystiCq Universal PCR Primer plus MystiCq
microRNA SYBR Green qPCR Ready-mix, were amplified
as recommended by the manufacturer on a LightScanner 32
real-time PCR instrument. Relative quantification of
miRNA expression was determined by using the
Livak-Schmidt (2−ΔΔCT) method and normalized against
SNORD 44 provided with the MicroRNA Quantitation
System (Masè et al., 2017; Morata-Tarifa et al., 2017). The
results are represented as mean ± standard error calculated
from three biological replicates.

The mRNA targets, OGG1 and PARP1, were reverse-
transcribed separately using the TaqMan™ RNA-to-CT™
1-Step Kit (ThermoFisher Scientific, cat. # 4392653) and
LUNA One-step RT-qPCR kit (New England BioLabs Inc.,
cat. #E3005S) respectively, on a QuantStudioTM 3
Real-time PCR system (Applied Biosystems, Cat. #
A28567). Total RNA was harvested individually from
treated and control cells with an RNA Miniprep Kit (Zymo
Research, cat. #R1054), while the quantity and quality of
the extracted RNA were determined by the Nanodrop 2000
system (Thermo Fisher Scientific, Waltham, MA). Equal
amounts of RNA (6 ng) were mixed with 10 µM forward
and reverse primers (PARP 1 and GAPDH) to 0.5 µM final
concentration, and reverse-transcribed for 10 min at 55°C, fol-
lowed by inactivation of reverse transcriptase and cDNA
denaturation at 95°C for 1 min. The subsequent amplification
followed the vendor-recommended 40-cycle program of 10 s
at 95°C, 30 s at 60°C, and 10 s at 95°C per cycle at a ramp
heating/cooling rate of 20°C sec−1. The GAPDH and
PARP1 gene primer sequences (Integrated DNA
Technologies, Coralville, ID) are shown in Table 1. OGG1
mRNA expression level was analyzed using OGG1 and
GAPDH TaqMan™ Gene Expression Assay (FAM)
(ThermoFisher Scientific cat. # 4453320, 4448892), with an
initial reverse transcription of 6 ng RNA at 48°C for 15
min, followed by AmpliTaq Gold® DNA polymerase
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activation at 95°C for 10 min, and a final 40-cyle amplifica-
tion of 95°C for 15 s and 60°C for 1 min. Data were normal-
ized to the CT values of the internal control gene GAPDH, and
analyzed using the 2−ΔΔCT method (Livak & Schmittgen,
2001).

miR-1248 Knockdown: PCR Analysis of OGG1
mRNA Expression Level
Human astrocytes were seeded at a uniform density of 3 × 105

cells per well in 6-well plates and incubated for 72 h. At 80%
confluency, the cells were transfected separately in triplicates
with mirVana® hsa-miR-1248 inhibitor (ThermoFisher
Scientific, Cat. # 4464084) and with mirVana® negative
control #1 (ThermoFisher Scientific, Cat. # 4464076), accord-
ing to manufacturer’s protocol. Briefly, the miR-1248 inhibitor
and the negative control #1 were reconstituted to 10 µM stock
concentrations with nuclease-free water, and then 3 µL of each
was diluted in 150 µL Opti-MEMTM I Reduced Serum
Medium (ThermoFisher Scientific, Cat. # 31985062) to
obtain 30 pmol per well. 9 µL LipofectamineTM RNAiMAX
Transfection Reagent (ThermoFisher Scientific, Cat. #
13778100) was diluted in 150 µL Opti-MEMTM I Reduced
Serum Medium. Both diluted reagents were mixed at a 1:1
ratio and the resulting miRNA-lipid complex was incubated
for 5 min at room temperature. The transfection reagent mix
was added to cells at 250 µL per well, so that the final
amount of miRNA inhibitor or negative control used per
well is 25 pmol, while the final amount of LipofectamineTM

RNAiMAX Transfection Reagent per well was 7.5 µL. The
transfected cells were incubated at 37°C for 48 h. Control
experiments of non-transfected cells were also maintained in
triplicate. The efficacy of the transfection protocol was con-
firmed by assessing the expression levels of miR-1248 post-
inhibition, using an hsa-miR-1248 primer (Sigma Aldrich,
cat. #MIRAP00761) and the MystiCq® MicroRNA
Quantitation System (Sigma-Aldrich, St. Louis, MO), as
earlier described, on a QuantStudioTM 3 Real-time PCR
system (Applied Biosystems, Cat. # A28567).

To assess the expression levels of the OGG1 mRNA after
inhibitions of miR-1248, total RNA was extracted from the
cells using the Quick-RNATM Miniprep Kit (Zymo Research,
Cat. # R1054), and quantified with the QuibitTM RNA HS
Assay Kit (ThermoFisher Scientific, Cat. # Q32852), used
with the QuibitTM 4 Fluorometer (ThermoFisher Scientific,

Cat. # Q33238). RT-qPCR was performed with a TaqMan™
RNA-to-CT™ 1-Step Kit (ThermoFisher Scientific, cat.#
4392653) to analyze the gene expression level of OGG1
using GAPDH as an internal control (ThermoFisher Scientific
cat.# 4453320, 4448892).

miR-1248 Knockdown: Proteomics Analysis
of OGG1 Expression
Protein samples from three experimental groups (untreated,
10μM sodium dichromate-treated, and miR-1248 transfected)
were concentrated at 5mg mL−1 using Protein-Concentrate
Kit Micro (Millipore, cat.#2100). The OGG1 protein expres-
sion in the samples was measured using the Human OGG1
Sandwich ELISA Kit (LS-BIO, cat. # LS-F6751), following
the vendor’s protocol. Briefly, 100 µL of each sample, stan-
dard reagent, or blank was added to separate wells, covered
with a plate sealer. After incubation for 1 h at 37°C, the
liquid was aspirated and the wells were incubated with 100
µL of Detection Reagent A for 1 h at 37°C. After a wash
step, 100 µL Detection Reagent B was added for 30 min at
37°C followed by a 90 µL TMB substrate solution. The
wells were incubated at 37°C for 15 min, in the dark and a
50 µL Stop solution was added to each well. The optical
density of each well was measured at 450 nm using a
Chromate 4300 microplate reader. The OGG1 protein quanti-
fication for each sample was extrapolated from a standard
curve of concentration vs OD450.

Statistical Analysis
Statistical analyses were performed using GraphPad 6.0.1
software (GraphPad Software Inc., San Diego, CA, USA).
A p-value less than 0.05 was considered significant and the
results are expressed as mean ± SEM.

Results

Sodium Dichromate Induces Oxidative DNA
Damage in Human Astrocytes
Sodium dichromate treatment was associated with reduced
growth and distinct morphological changes in human astro-
cytes. Phase-contrast microscope images of the untreated
spindle-like astrocytes displayed a typical cellular structure
(Figure 2A) while 16 h of treatment with 10 µM sodium
dichromate (Figure 2B) results in cytomorphological
changes, cytoplasmic granulation, and reduced density. The
average number of attached cells in the untreated and
treated groups were 5.15× 105 cells and 2.34× 105 cells indi-
cating a 45% reduction in adhesion.

A formamidopyrimidine-DNA glycosylase (FPG) modi-
fied comet assay was performed to assess the sodium
dichromate-induced oxidative DNA damage. The comet

Table 1. Forward and Reverse Primer sequences.

Primer Oligonucleotide sequences

GAPDH F 5’– ACA TCG CTC AGA CAC CAT G – 3’

R 5’– TGT AGT TGA GGT CAA TGA AGG G – 3’

PARP-1 F 5’-CGC ATA CTC CAT CCT CAG TG- 3’

R 5’–GGA TCA GGG TGT AAA AGC GAT – 3’

Nwokwu et al. 5



assay detects DNA strand breaks by measuring the migration of
DNA from individual nuclei in an alkaline environment, and
can also detect oxidative DNA damage when the nuclei are
treated with a DNA glycosylase enzyme (Lee et al., 2004).
The average tail moment was used as a measurement of the
magnitude of strand breakage (-FPG) or oxidative DNA
damage (+FPG). The sodium dichromate-treated cells dis-
played longer tail lengths and tail moments in comparison to
the control samples (Figure 3). Elongated tails and larger tail
moments are consistent with the fragmentation of nuclei due
to strand breakage or recognition and removal of damaged
bases by FPG. FPG recognizes 7, 8-dihydro-8-oxoguanine

(8-oxoguanine), 8-oxoadenine, fapy-guanine, methy-fapy-
guanine, fapy-adenine, 5-hydroxy-cytosine, and 5-hydroxy-
uracil (Tchou et al., 1994). The sodium dichromate treatment
was associated with an increased accumulation of cellular
ROS (Figure 3C).

Small RNA Sequencing Identifies a Large Number
of Differentially Downregulated MicroRNAs
This study identified a subset of differentially expressed
miRNAs after 10 µM sodium dichromate treatment. Quality
control analysis was performed on Partek® Flow® software,
v10.0 to obtain the average base quality score per reading.
The average Phred quality score ranged from 28% to 31%
(Figure 4A). Phred score of 20% signifies that the specific
base call is 99% accurate, while 30% means it is 99.9% accu-
rate, confirming that the accuracy of the raw reads is within
acceptable limits. A principal component analysis (PCA)
plot was generated to identify outliers among the two treat-
ment groups (Figure 4B). A Volcano plot was generated to
show the distribution of upregulated and downregulated
miRNA genes (Figure 5A). Hierarchical sample clustering
via heatmap diagram was generated to visualize the sample

Figure 2. Bright-field image of human astrocytes, 10×
magnification (A) control, and (B) treated with 10µM sodium

dichromate.

Figure 3. Sodium dichromate increases oxidative DNA base damage. The alkaline comet assay with FPG treatment was used to detect

oxidative base damage following 10 μM Na2Cr2O7 treatment for 16 h (A) and the tail moment was measured using OpenComet (B).

Analysis was performed on one experiment with at least 70 cells in each experimental group. Error bars represent SD and **** represents P

< 0.0001 using a Student’s t-test. (C) ROS levels in untreated and treated cells, n = 10.
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clustering of the differentially expressed miRNAs (Figure 5B).
A coverage breakdown for each sample confirmed that on
average 20% of the reads mapped fully or partly within a
microRNA (see supplemental figure 1). This is not unex-
pected, especially for the human genome that includes large
segments of intronic regions interspersing the gene-coding
sequences (Palazzo & Gregory, 2014). After filtering based
on≥ 2-fold and p < 0.05 statistical significance, 231 miRNAs
were found to be downregulated, while only 2 were upregu-
lated (supplemental Table 1).

MiRNet Functional Enrichment Analysis Identifies
Physiological and Pathological Processes That are
Regulated by Differentially Expressed miRNAs
Gene Ontology analysis using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database identified 49 miRNAs

and 13,585 target genes involved in molecular pathways
associated with signaling, cell cycle control, and DNA
damage and repair (supplemental tables 1 and 2). The most
statistically significant pathways include cancerogenesis
and cell cycle control (Table 2). These major pathways were
obtained from three combined databases (miRTarBase v8.0,
TarBase v8.0, and miRecords) hosted on the miRNet 2.0.
Further analysis of the miRNA-disease associations identified
21 mRNAs that were experimentally validated to be linked to
143 pathologies (supplemental Table 3). MiR-107 was linked
to more brain-linked pathologies than all of the other
miRNAs, followed by miR-9-5p, miR-128-3p, miR-125b-5p,
miR-181b-5p, and miR-139-5p. Empirically proven protein-
protein interactions (PPIs) were also investigated on
miRNet-hosted STRING Interactome, v11 (Szklarczyk et al.,
2019), set at a confidence score cutoff of 500. A list of
18,553 proteins interacting with one another was generated
(supplemental Table 4).

Figure 5. A) Volcano plot depicting the distribution of upregulated and downregulated miRNA genes in treated samples relative to

controls. (B) Unsupervised hierarchical clustering using the differentially expressed miRNAs between treated and control samples

represented as a heat map. The heat map colors correspond to microRNA expression as indicated in the color key: Red (up-regulated) and

Green (down-regulated).

Figure 4. A) Pre-alignment QA/QC showing average base quality score per reading. The Phred quality scores of the analyzed samples

ranged from 28% to 31%. B) Principal Component Analysis (PCA) plot showing clustering of the treated and control samples.
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MiRNAs and DNA Repair Genes: Computational
Analysis and Target Validation
Among the differentially expressed microRNAs (supplemental
table 1), 10 downregulated miRNAs were identified using
miRNet 2.0 to target DNA repair proteins. These include
miR-15a-5p, miR-16-5p, miR-17-5p, miR-93-5p, miR-125a-5p,
miR-125b-5p, miR-128-3p, miR-155-5p, miR-335-5p,
let-7b-5p (see Figure 6, Table 3). The annotations for two
upregulated miRNAs, miR-1248 and miR-4284, were dis-
covered on miRDB (Chen & Wang, 2020). In silico predic-
tion of OGG1-targeting microRNA candidates via a search
on miRDB (supplemental Table 5), filtered by a target pre-
diction score of ≥75 and excluding miRNAs with more than
2000 predicted targets in the human genome, returned 32
positive results which included the differentially upregu-
lated miR-1248 in our RNA-seq data set (ranked 10th with
a score of 88). miR-1248 got a second positive call on
miRWalk (supplemental Table 6).

Selected miRNA-mRNA target pairs were further analyzed
to validate the predicted regulatory network. The expression
levels of OGG1, a canonical BER enzyme that is directly
involved in base-excision, and Poly-(ADP-Ribose) polymer-
ase 1 (PARP-1), an auxiliary DNA damage repair protein
(Lai et al., 2019), were analyzed. Interestingly, OGG1
binding to PARP-1 plays a functional role in the repair of oxi-
dative DNA damage (Hooten et al., 2011). The relationship
between miR-335 and PARP1 was previously experimentally

validated (Luo et al., 2017). The computational analysis pre-
dicts miR-1248 binding with the 3′ UTR region of OGG1 and
the miRNA-mRNA relationship was validated via miRNA
inhibitor transfection experiments. RT-qPCR of the expres-
sion levels of the selected miRNAs and their target genes val-
idate the opposite expression pattern that is consistent with the
negative regulatory effect of miRNAs on their mRNA targets.
PARP-1 was significantly upregulated and miR-335 downre-
gulated in treated astrocytes compared to the non-treated
samples. PARP-1 is a target of miR-335 (Figure 6, Table 3)
and the PCR results (Figure 7) validated the trend obtained
from the small RNA-seq analysis.

PCR analysis indicates that miR-1248 is upregulated while
its computationally predicted target mRNA, OGG1 is

Table 2. Top pathways enriched in putative miRNA-targeted genes.

Biological Process/Pathway Adj. p-Value Genes

Pathways in cancer 2.11E-16 285

Cell cycle 2.79E-11 120

Neurotrophin signaling pathway 3.24E-07 114

Wnt signaling pathway 3.19E-06 129

ErbB signaling pathway 8.73E-06 81

RNA transport 1.15E-05 113

Glioma 1.29E-05 62

Axon guidance 1.71E-05 106

p53 signaling pathway 3.11E-05 64

Jak-STAT signaling pathway 0.000241 88

MAPK signaling pathway 0.000362 218

mTOR signaling pathway 0.001303 42

Pyrimidine metabolism 0.001896 87

RNA degradation 0.001896 54

Ribosome biogenesis in eukaryotes 0.004891 49

Purine metabolism 0.004891 134

Apoptosis 0.006644 71

Alzheimer’s disease 0.015065 43

Prion diseases 0.016875 20

mRNA surveillance pathway 0.027838 68

Huntington’s disease 0.03759 25

VEGF signaling pathway 0.05427 62

Figure 6. A coherent group of miRNAs target DNA repair

proteins. Network constructed on miRNet 2.0.
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decreased by 25% (Figure 8A, B). The OGG1 protein level
also decreased (Figure 8C). These findings are in agreement
with the established inverse expression relationship between
miRNAs and their target mRNAs.

Functional Analysis of miR-1248: OGG1
The knockdown experiment showed that the inhibition of
miR-1248 via transfection of human astrocytes is associated
with an upregulation of OGG1 mRNA and protein expres-
sions relative to the non-treated controls (Figure 9A, B).
Experiments were performed to assess the expression level
of miR-1248 after the transfection to validate the successful
inhibition of the targeted miRNA. As shown in Figure 9C,
the expression of miR-1248 was downregulated after transfec-
tion with its inhibitor.

Discussion
The brain is intrinsically vulnerable to ROS-induced oxidative
stress. Cell shrinkage, cytoplasmic granulation, nuclear fragmen-
tations, and cell lysis are the major visible hallmarks of apoptosis
(Saraste & Pulkki, 2000). This study indicated that sodium
dichromate-induced oxidative DNA damage resulted in
varying degrees of cell shrinkage and changes in cell morphol-
ogy in the human astrocytes. The incorporation of mismatched
base pairs related to oxidative stress-induced ROS activates the
proapoptotic cellular machinery (Matés & Sánchez-Jiménez,
2000). Previous work confirmed the relationship between the
TNF-related apoptosis-inducing ligand (TRAIL) expression in
human astroglial cells and immune cell effector functions

Table 3. List of Differentially Expressed BER-Associated

MicroRNAs (p < 0.05).

Regulation

Post-Treatment miRNA ID

Fold

Change

Experimentally

validated DNA

repair gene targets

Downregulated hsa-miR-16-5p 10.1 UNG/UDG,

MBD4, NTHL1

hsa-miR-128-3p 8.05 APEX1

hsa-miR-17-5p 7.97 APEX1

hsa-miR-93-5p 5.89 NTHL1, MPG

hsa-miR-125b-5p 5.78 UNG/UDG, TDG

hsa-miR-125a-5p 4.29 TDG

hsa-miR-15a-5p 4.28 MBD4

hsa-miR-155-5p 3.19 MUT

hsa-miR-335-5p 2.81 PARP1

hsa-let-7b-5p 2.48 MPG, FEN1

Upregulated hsa-miR-4284i 6.33 No Hit

hsa-miR-1248i 2.82 OGG1i

iNo hits were found on the miRNet-hosted databases as the miRNAs have not

been annotated. Both miRNAs had several hits on miRDB. Only miR-1248

had a BER target protein, OGG1.

Figure 7. RT-qPCR confirmed (A) downregulation of miR-335, and (B) upregulation of its target mRNA, PARP-1 (p < <0.001), n = 3.
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(Kwon&Choi, 2006). Other members of the death ligand/recep-
tor pairs like the Fas/Faslg pair are also recruited following oxi-
dative stress, and this is supported by our PPI data (supplemental
Table 4). The apoptotic mechanisms are synergistic and act

either through sensitivity priming (Denning et al., 2002) or
through bystander cytotoxicity (Kwon et al., 2001).

The PCA plot compresses the expression data from thou-
sands of genes to represent the overall variation in expression.

Figure 8. Effect of sodium dichromate treatment (10µM, 16 h) on (A) miR-1248, P < 0.05, (B) OGG1 mRNA, and (C) OGG1 protein

expression levels (n = 3).

Figure 9. OGG1 and miR-1248 expression analysis after inhibition experiments. (A) OGG1 mRNA upregulation (p < 0.01), (B) increased

OGG1 protein expression, and (C) miR-1248 downregulation (p < 0.05), after inhibition of miR-1248 in human astrocytes (n = 3).
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Samples with similar noncoding RNA expressions that corre-
late with the treatment conditions clustered together on the
PCA plot and heat map, as shown in Figures 4B and 5B,
respectively. The small RNA sequencing results indicate
that a significant number of miRNAs are downregulated
(231) following sodium dichromate treatment, suggesting an
underlying upregulation in the transcription of multiple
genes. On the other hand, miR-1248 and miR-4284 expres-
sions were upregulated (> 2.0-fold) due to cellular stress. log-
ically, at the center of this phenomenon could be the
involvement of ROS in the pathways of microRNA biogene-
sis, especially at the transcription level via p53′s regulatory
effect on the Drosha enzyme, as has been reported (He &
Jiang, 2016; Hu & Gatti, 2011). Since the p53 signaling
pathway is among the top pathways highlighted by our
Gene Ontology analysis (Table 2), p53 could be responsible
for the global downregulation of miRNAs through a negative
feedback loop mechanism. In a previous study, exogenous
H2O2 exposure has been shown to cause a significant decrease
in Dicer expression resulting in the downregulation of 89% of
microRNAs that are normally expressed in endothelial cells
(Ungvari et al., 2013).

Functional enrichment analysis identified physiological
and pathological processes that are regulated by differen-
tially expressed miRNAs. The biological processes that
are highly regulated by the miRNA network include genes
regulating cell cycle control, protein processing in the endo-
plasmic reticulum, axon guidance, and neurotrophin signal-
ing which promotes survival, growth, and differentiation of
neurons and neurites (Table 2). In addition to supporting
neuronal growth, neurotrophins play an important role in
the pathophysiology of many neurodegenerative and psy-
chiatric disorders (Mitre et al., 2017). This suggests that
genes involved in the cell cycle and CNS response may be
regulated by stress-induced miRNAs. Pathways in cancer
accounted for the highest hits (285 genes), supporting the
correlation between oxidative stress and cancer that has
been established by multiple groups (Reuter et al., 2010).
Noncoding RNA-mediated expression of the genes associ-
ated with apoptosis includes the Caspase protein family,
TP53, BAX, BCL2, FADD, ATM, FAS, FASLG, which
corresponded with the decrease in cell density and cytoskeleton
architectural changes in treated cells (Figure 1). Genes involved
in RNAmetabolism and transport were also deregulated. These
included UPF1, the gene that codes for RNA helicase and
translocase enzyme that is essential for nonsense-mediated
decay, mediating both mRNA nuclear export and mRNA
surveillance through ribonucleoprotein (RNP) remodeling
(Fiorini et al., 2015). Post-transcriptional regulation of
gene expression in response to cellular stress occurs on
RNP granules (Kucherenko & Shcherbata, 2018). This
could be used for the development of stress-adaptive
miRNA-based therapeutics by recreating the concentration-
and phase-dependent assembly of these membranous com-
partments in cells of interest.

This study identified numerous, and often, overlapping
targets for the dysregulated miRNAs (see Table 2). It is a
well-established fact that miRNAs are pleiotropic and redun-
dant regulators, and therefore one miRNA can target multiple
genes, as well as multiple miRNAs can target a single gene
(Baulina et al., 2016). MicroRNAs that target genes within
the DNA damage repair (DDR) loop were mostly downregu-
lated, indicating an activation of the DDR transcriptome.
Functional enrichment analysis showed that the majority of
the targeted genes are associated with signaling, cell cycle
control, and maintenance of DNA integrity. This supports
our hypothesis that oxidative stress alters the miRNA expres-
sion signature to reflect bloc activation of coherent, function-
ally related pathways. The DDR loop is a kinase-based
functional network that initiates phosphorylation-driven cas-
cades (Tessitore et al., 2014), and this gene set was over-
represented in the analyzed data. Key players within the
DDR loop that were captured in our data set include PI3K,
ATM, ATR, which are essential in maintaining genome
stability and reducing pathological processes (Blackford &
Jackson, 2017; Gobbini et al., 2016; Rinaldi et al., 2021).
This presents a veritable lead for the investigation and devel-
opment of molecular mechanistic models for DDR loop acti-
vation. DNA-damage response RNAs (DDRNAs) have been
proposed as a requirement to fully activate the DDR response
(d’Adda di Fagagna, 2014; Francia et al., 2016). These
DDRNAs, like miRNAs, are generated by Drosha and Dicer
processing, and they have the same sequence as their
cognate damaged DNA. Thus, this sequence specificity may
help them to act as guides for the localization and activation
of DDR proteins.

Complementary sequence matching predicted that
miR-1248 binds to the 3′-UTR of OGG1, a DNA glycosylase
that is involved directly in the BER pathway (Table 3). The
fact that all the miRNAs participating in the BER network
(Figure 5) are downregulated suggests that their target DNA
repair enzymes are upregulated. However, miR-1248 is upre-
gulated and the mRNA expression level of OGG1 is
decreased (Figure 8). The relationship between OGG1 and
miR-1248 is not been previously published in the literature,
and that prompted us to follow that lead to successfully estab-
lish a novel miR-1248:OGG1 interaction via miR-1248 inhib-
itor transfection experiments (Figure 9). The inverse
relationship between miR-1248 and OGG1 (Figure 8) and
the upregulation of the mRNA and protein target (OGG1)
after miR-1248 inhibition (Figure 9) validates the computa-
tionally predicted regulatory relationship between the
miRNA:mRNA pair. The TaqMan RT-qPCR set of probes
targets a region that spans exon 2-3 and detects the expression
level of two splice variants of the gene. NM_016819 codes for
OGG1 transcript variant 1b is localized in the mitochondria,
while NM_002542 for OGG1 variant 1a is localized in the
nucleus (Furihata, 2015). Therefore, miR1248 may target
predominantly one of the isoforms of OGG1 due to the differ-
ent mRNA 3′UTR regions.
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MiR-1248 was previously reported to be involved in post-
transcriptional regulation of IL-5 inflammatory response
(Panganiban et al., 2012), activation of IFN production with
modulation of calcium signaling (Jang et al., 2019), and
TRIM24-mediated proliferation, and invasion of non-small
cell lung cancer cells (Yang et al., 2020). Based on our exper-
imental results, miR-1248 was upregulated after sodium
dichromate-induced oxidative stress, and that causes reduced
expression of OGG1 and increased accumulation of 8-OHdG
in the DNA. Normally, the glycosylase would excise the oxi-
dized adduct to reduce cellular damage. Interestingly, OGG1
deficiency has also been associated with a protective role
against inflammatory lesions and mutagenic effects associated
with Helicobacter pylori infection in a mouse model (Touati
et al., 2006). Since age-associated cellular inflammation con-
tributes to neurodegeneration, understanding the epigenetic
mechanisms by which oxidative stress triggers chronic inflam-
mation can lead to the development of therapeutics for demen-
tia and associated diseases. The scores of protein-protein
interactions (supplemental Table 4) involved the amyloid pre-
cursor protein (APP), a synaptic protein driving sporadic and
familial Alzheimer’s disease (Hébert et al., 2009; Patel et al.,
2008), lends credence to that possibility.

Most degenerative diseases have underlying genetic etiolo-
gies linked to oxidative stress and resultant chronic inflamma-
tion. Both are closely related pathophysiological processes,
one of which can be easily induced by the other (Bu et al.,
2017; Hardbower et al., 2013; Mateescu et al., 2011; Subrata
Kumar Biswas, 2016). Oxidative stress is associated with mito-
chondrial dysfunction (Hutson et al., 2021), progressive neuro-
degeneration, and neuronal death (Konovalova et al., 2019).
The induced expression of a relatively large number of
pro-inflammatory proteins in our PPI data set (supplemental
Table 4) may reflect a requirement for the activation of astro-
cytes by cytokines produced from other immune cells during
oxidative stress, possibly brain microglia. Emerging evidence
continue to support a strong relationship between microRNAs
and oxidative stress – and the associated DNA damage response
pathways (Sharma & Misteli, 2013; Tessitore et al., 2014;
Tinaburri et al., 2018; Wang & Taniguchi, 2013). MiR-1248
is pro-inflammatory, regulating the expression of mRNAs
involved in chronic inflammatory reactions in an age-dependent
fashion (Hooten et al., 2013).

Our results (Figure 7) support a previous finding (Luo
et al., 2017) that oxidative stress caused the downregulation
of miR-335, leading to increased expression of PARP-1.
PARP-1 maintains open chromatin architecture and positively
regulates gene expression (Krishnakumar & Kraus, 2010).
Interestingly, OGG1 binding to PARP-1 has been shown to
play a functional role in the recognition and repair of oxida-
tive DNA damage by stimulating its poly(ADP-ribosyl)ation
activity (Hooten et al., 2011). Conversely, and very impor-
tantly, activated PARP-1 has been reported to exert inhibitory
effects on the activity of OGG1 (Lebedeva et al., 2021). This
negative feedback loop could well contribute to the increase

in 8-OHdG accumulation in the cells undergoing oxidative
stress, as observed in the Comet assay. The PARP-1-DNA
trapping ability of certain PARP-1 inhibitors has been
employed successfully in cancer therapy. There is an
ongoing debate on their appropriateness and safety in neuro-
degenerative disorders due to the cytotoxic effects on astro-
cytes (Sinha et al., 2021). In addition to blocking enzymatic
activity, some of these inhibitors alter the way PARP-1 inter-
acts mechanistically with DNA – and this could be deleterious
if this interaction involves OGG1. Therefore, the selective use
of PARP inhibitors to treat neurodegenerative disorders
should be investigated further, keeping in mind the polyphar-
macological properties of PARP-1 inhibitors and the pro-
posed reciprocal interaction with OGG1.

Conclusion
Small RNA sequencing was used to identify miRNAs that are
differentially expressed in human astrocytes during DNA oxi-
dative damage which is a major hallmark of cancer and other
neurodegenerative disorders. These findings indicate that
micromolar concentrations of sodium dichromate induce
8-OHdG and this is associated with significant downregula-
tion of multiple miRNAs (with only a small subset upregu-
lated). MicroRNA functional analysis identified a subset of
non-coding RNAs that modulate DNA repair pathways and
a novel miRNA-mRNA pair interaction between miR-1248
and OGG1. The altered miRNA expression profile strongly
points to a non-coding RNA-mediated DDR loop activation.
This supports our hypothesis that oxidative stress alters the
miRNA expression profile in such a way that coherent, func-
tionally related pathways are turned on/off either singly or as
an assembly complex. The miRNA candidates identified in
this study could serve as potential miRNA therapeutic
targets for patients with cancer and neurodegenerative disor-
ders. Collectively, the results from this work provide evidence
that oxidative damages affect DNA repair pathways in astro-
glial cells through non-coding RNA-controlled mechanisms.
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