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Highlights

1. DJ-1/PARK?7 modulates the transcriptional response to X-ray-induced DNA damage, linking
redox regulation to genome stability.

2. DJ-1 overexpression causes broad suppression of ribosomal, mitochondrial, and non-coding
RNA genes, while knockdown disrupts global transcriptional homeostasis.

3. DJ-1 acts as a key regulator of cellular adaptation to genotoxic stress, integrating redox control
with transcriptional coding and non-coding RNA networks.

4.  Understanding DJ-1-dependent pathways may support the development of targeted strategies

to enhance maintaining genomic integrity.

Abstract

DJ-1/PARKY is a multifunctional protein that plays a vital role in sensing oxidative stress and
maintaining redox homeostasis. As an oncogene, DJ-1 influences p53-mediated stress responses and
contributes to cancer progression. This study investigates the impact of X-ray—induced DNA breaks
on cellular responses following irradiation under varying DJ-1 expression levels. Using siRNA
knockdown and overexpression to modulate DJ-1 levels, transcriptional changes were analyzed
through RNA-seq. Naive cells exhibited only a moderate transcriptional response to X-ray exposure,
including suppression of the cell cycle and activation of stress pathways. Overexpression of DJ-1 led
to pronounced gene expression suppression, particularly of ribosomal and mitochondrial genes.
Conversely, DJ-1 knockdown caused extensive, non-specific transcriptional changes, indicating
disrupted cellular homeostasis. Notably, approximately 25% of non-coding RN As were differentially
expressed under these conditions. DJ-1 overexpression also suppressed IncRNAs of host genes
encoding snoRNAs, thereby altering miRNA sponging capacity after X-ray exposure. These findings
underscore DJ-1's critical role in modulating cellular responses to genotoxic stress, reshaping
transcriptional landscapes, and regulating non-coding RNA profiles. DJ-1 thus emerges as essential
for maintaining genomic stability.

Keywords: RNA-seq; regulated cell death; IncRNA; oxidation stress; X-ray; ribosome stability;
miRNAs; siRNA; Parkinson disease

1. Introduction

PARKY? (DJ-1) is a multifunctional protein that has been implicated in a variety of human
diseases [1-3]. DJ-1 is expressed in cells and tissues to scavenge reactive oxygen species (ROS).
Furthermore, it acts as a chaperone, regulates transcription, and is involved in signal transduction
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and mitophagy [4]. DJ-1 was initially identified as an oncogene and was later discovered as a
causative gene for Parkinson's disease (PD) [5], and other age-related diseases [6]. Different aspects
of PD pathologies, including cell death, a-synuclein aggregation, and the formation of amyloid-like
filaments, were attributed to mutations in the PARKY? gene [6]. In addition to the direct role of DJ-1
in protecting neurons from oxidative damage, DJ-1 was implicated in inflammatory [3] and metabolic
diseases [5]. Similar to the impact of mutations in DJ-1 on cell death and PD development, depletion
of DJ-1 in pancreatic beta cells reduced the capacity of the cells to cope with stress conditions, and
make them prone to diabetes [7]. Manipulations of DJ-1 in animal models confirmed its causal role
in obesity-induced inflammation [8], metabolic reprogramming, energy homeostasis [9] and other
physiological conditions [10].

At the molecular and cellular levels, the human PARK? gene encodes DJ-1, a ~20 kDa protein
that forms a dimer for its function. The homodimer is predominantly localized to the mitochondria,
where it plays a role in the regulation of electron transport, apoptosis, and mitophagy [11]. As a
sensor for oxidative stress, it protects cells from damage by ROS [4,12] and its cellular activity is
regulated by the oxidation status of key cysteine residues [13]. Upon oxidative stress, DJ-1 scavenges
ROS and acts in the mitochondrial quality control machinery [14]. Its role in protecting neurons is
related to DJ-1's function as a major antioxidant [15]. Specifically, via the Keap1-Nrf2 pathway that
governs the redox homeostasis within cells [16]. Under oxidative stress, DJ-1 activates and stabilizes
Nrf2 by dissociating it from Keap1 and preventing its ubiquitination. By promoting the entry of the
Nrf2 transcription factor (TF) to the nucleus, it can activate the expression of numerous antioxidant
and detoxifying genes. When DJ-1 is depleted, antioxidant enzymes are diminished, and apoptosis
and cell death are induced [17].

In addition to the substantiated role of DJ-1 in the oxidative stress response, multiple studies
show a role for DJ-1 as a mitogen-dependent oncogene that promotes the progression of various
cancers. High expression of DJ-1 was linked to poor prognosis in numerous cancer types (e.g., brain
tumors, breast cancer, non-small cell lung carcinoma, prostate cancer, pancreatic carcinoma,
hepatocellular carcinoma, colorectal cancer, and more). In most cases, elevated expression correlates
with aggressive disease, reduced survival, and metastasis [18]. Several mechanisms have been
proposed in which DJ-1 supports tumor progression. For example, stable interaction of DJ-1 with
anti-apoptotic factors (e.g., Bcl-XI) will prevent the release of mitochondrial factors such as
cytochrome c and apoptosis-inducing factor (AIF) into the cytoplasm [19]. When such apoptosis-
inducing factors accumulate in the cytoplasm, they directly activate the caspase cascade and induce
apoptosis. A functional link between the roles of p53 and DJ-1 was proposed in the context of
oxidative stress but also via its nuclear function. Specifically, a feedback loop in which DJ-1 mediates
the activation of p53 in response to oxidative stress. It was also suggested that the loss of p53 leads
to increased DJ-1 expression in transformed cells, which is signified by oncogenic activation of AKT.
DJ-1 overexpression is also associated with its ability to inhibit tumor suppressor proteins like PTEN.
By inhibiting PTEN, PI3K/AKT signaling pathway is activated, promoting cell growth and survival,
which govern the poor prognosis in these cancers [20].

The response of DJ-1 to oxidative stress and to elevated ROS has been established. In addition
to a physiological formation of ROS, X-ray irradiation also generates ROS, such as hydroxyl radicals
and hydrogen peroxide, which, at high levels, cause damage to DNA, lipids, and proteins. Whether
DJ-11is part of the DNA damage response (DDR) remains unknown. Following X-ray irradiation, cells
effectively activate the DDR, which is a network of processes that includes sensing double-strand
breaks (DSBs), and activate repair mechanisms [21]. The activation of DDR primarily arrests
replication of the damaged DNA to allow the activity of DNA repair mechanisms such as
homologous recombination (HR) and non-homologous end joining (NHE]). In cases where the
damage is too severe, cells will eventually die by programmed cell death, senescence, or other forms
of regulated cell death [22]. A recent study suggested that in the context of PD patients, the
pathological mutation of DJ-1 impairs the activity of DNA repair function. This is in agreement with
observations from DJ-1 knockout mice that show an increase in DSBs and genome instability. The
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notion is that unrepaired DNA damage may contribute to PD pathology [23]. Along the PD
progression, neurons with defective DNA repair will drive genome instability, mitochondrial
dysfunction, and eventually neurodegeneration.

In this study, we asked whether we can detect a cell response and a shift in cell decisions
following X-ray irradiation under controlled conditions where the DJ-1 expression levels are
molecularly manipulated. Specifically, we tested the impact of changing the DJ-1 levels from their
baseline levels to cells with knockdown (KD) and overexpression (OX) of DJ-1 and monitored their
overall response. We identified global changes in transcription as well as consistent changes in the
amount and diversity of ncRNAs and IncRNAs in particular. Changes in cellular homeostasis,
regulated cell death, and translation were revealed in cells challenged with X-ray using varying levels
of DJ-1 as a baseline.

2. Materials and Methods
2.1. Cell Viability Using Flow Cytometry (FACS)

Human embryonic kidney cells 293 (HEK293 from ATCC) were culturedin 6-well plates
using Dulbecco's modified Eagle's medium high-glucose with 10% fetal bovine serum to reach a 70-
80% confluence level at 37°C and 5% CO2 before analysis by fluorescence-activated single-cell sorting
(FACS). HEK293 cells were incubated with the fluorescent dye propidium iodide (PI) and Annexin
V-FITC, purchased from MBL (MEBCYTO-Apoptosis Kit; Woburn, MA, USA). Cells were stained
with Annexin V according to the manufacturer's protocol from MBL. The fluorescence of Annexin V
indicates the presence of phosphatidylserine at the outer leaflet of the plasma membrane. Apoptosis
and other phases of cell death were discriminated by staining with PI and Annexin V [24,25]. After
staining, live cells show little or no fluorescence (Annexin V-/PI), while early apoptotic cells show
FITC fluorescence (Annexin V+/PI-). The late apoptotic (and necrotic ) cells display red and green
fluorescence (Annexin V+/PI+) [26]. FACS analysis was conducted with 30,000 cells, and the fraction
of dead cells stained with PI was determined.

2.2. Knockdown by siRNAs

Cells were cultured to reach a 20-30% confluent level (3x10* per cm?). For transfection, we used
Lipofectamine 2000 (Lipo2000; Invitrogen, Cat # 11668019, Carlsbad, CA, USA) in cells at 40-50%
confluency according to the manufacturer’s instructions. Lipo2000 was shown to be ideal for HEK293
[27,28]. The esiRNA (Mission system, Sigma-Aldrich, Burlington, MA, USA) consists of a pool of
hundreds of siRNA (21 bp each), where each individual dsRNA has a low concentration in the pool,
which diminishes most off-target effects, while producing an efficient knockdown. We apply the
esiRNA-RULC of a mixture of 21 nt dsRNA used as a negative control (RLUC stands esiRNA directed
against Renilla Luciferase; EHURLUC) in addition to the specific PARKY? (to knockdown the DJ-1
transcripts and protein products; EHU113961). RULC experiments were used to measure the baseline
effects of introducing esiRNA that controls for the delivery method and allows to distinguish the
cellular response to the targeted siRNA itself [29]. After waiting for 18 hours cells were exposed to X-
ray radiation (Parameters: 12.5mA, 320KV, 1000cGY). After waiting for an additional 6 hours, RNA
extraction was done.

2.3. Querexpression of DJ-1

One day prior to the transfection, the cells were plated in a 10-cm plate at an initial density of
10x 10¢ cells per plate. The expression of pCMV3 vector for the canonical DJ-1, fused to doble Strep-
tags at his C-terminal by Sino Biological company. The Strep-tag peptide exhibits an intrinsic high
affinity towards Strep-Tactin engineered streptavidin. Expression plasmid (DJ-1/empty vector of
pCMV3) and PEI (260008-5; Polysciences) were separately diluted in Opti-MEM1 (31985- 047; Gibco)
and mixtures were incubated at room temperature for 25 min to allow polyplex formation prior to its
addition to the cell culture. The mixture was added dropwise onto the cells. After waiting for 18 hours
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cells were exposed to X-ray radiation (Parameters: 12.5mA, 320KV, 1000cGY). After waiting for an
additional 6 hours, RNA extraction was done.

2.4. Western Blot

Cells were lysed using 2xSDS with DTT lysis buffer, incubated at 95°C for 5 min, and frozen at
—20°C. Before use, lysates were re-incubated at 95°C for 5 min followed by a short spindown to
remove debris. Protein lysates were electrophoresed on 13% SDS polyacrylamide gels followed by
semi dry transfer to nitrocellulose membranes that were blocked with TBS-T buffer (0.15M NaCl,
0.05M Tris hydroxymethyl methylamine and 0.1% Tween-20, pH 7.4-7.6) containing 5% skim dry
milk (BD Diffco) for 0.5 h at room temperature. Membranes were then washed with a TBS-T buffer
and incubated overnight at 4°C with primary antibodies, diluted according to manufacturer
instruction in 4% BSA. Membranes were washed with TBS-T buffer and incubated with secondary
antibody (1:1000 in TBS-T with 4% skin milk) for 1 h at room temperature, followed by three washes
with TBS-T, 10 min each. Chemiluminescence was visualized with an ECL detection kit (Biogate,
Ness Ziona, Israel) using gel imager (ChemiDoc, Bio Rad, Hercules, CA, USA or Fusion FX, Viber
Lumart, Marne-la-Vallée, France) and quantified using the software program Image Lab 6.1. Results
were normalized to loading control (Tubulin).

2.5. Reverse Transcription PCR (RT-PCR) and PCR

Cells were collected for RNA preparation. Total RNA was extracted from cell culture with
TRIzol (Thermo-Fisher Scientific, Waltham, MA, USA), and RT was performed using a Ready-To-Go
first-strand synthesis kit (Cytiva, Marlborough, MA, USA) according to the manufacturer’s
instructions. RNA was reverse transcribed into cDNA (1 ug) and used in the PCR reaction. The PCR
conditions consisted of denaturation at 95°C for 2 min and 35 cycles (10 s at 95 °C, 15 s at 60°C, 30 s
at 72°C), and 5 min for a final extension. The PCR products were separated on 1.5% agarose gel and
stained with ethidium bromide, followed by densitometry measurement (using image processing
Image] program Ver 1.54, from GitHub). The primers were designed against human RefSeq by the
Primer3Web tool (Ver 4.1.0). The forward (F) and reverse (R) primers of 3-actin (196 nt) were F:
CATGCCCACCATCAGCCCTGG and R: ACAGAGCCTCGCCTTTGCCGA, respectively. For DJ-1
(376 nt), the primers were F: GCCTGGTGTGGGGCTTGTAA and R:
GCCAACAGAGCAGTAGGACC. For DJ-1, which is only suitable for transcripts from the plasmid
(and not endogenous) (447 nt), the primers were F: CAGTGTAGCCGTGATGTGGT and R:
AGCAGACCCCGCGTCTTTA.

2.6. RNA-Seq

Total RNA was extracted using the RNeasy Plus Universal Mini Kit (QIAGEN, Cat # 73404,
Redwood City, CA, USA), according to the manufacturer’s protocol. Total RNA samples (1 pg RNA)
were enriched for mRNAs by pull-down of poly(A). Libraries were prepared using a KAPA Stranded
mRNA-Seq Kit, according to the manufacturer’s protocol, and sequenced using Illumina NextSeq 500
to generate 85 bp single-end reads (a total of 25-30 million mapped reads per sample).

2.7. Bioinformatic Analysis

Next-generation sequencing data underwent quality control using FastQC, version 0.11.9. They
were then preprocessed using Trimmomatic (Ver. 0.32) and aligned to the reference genome GRCm38
with the STAR aligner (Ver. 2.7.0a) using default parameters. Data was normalized to account for
data inflation and converted to TPM (transcripts per millions) to corrects for gene length. TPM values
are used for comparing between genes. Genomic loci were annotated using GENCODE (release 46).
Genes with low expression were filtered out of the dataset by setting a threshold of a minimum of
two counts per million in three samples.
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Differential analyses were performed on all experimental groups, and genes with an FDR <0.05
were considered. Only genes with an absolute log fold change of >0.5 were labeled up- or
downregulated, all the rest were considered unchanged. We partition genes by type as coding and
non-coding (including pseudogene, anti-sense, miRNAs, TEC, IncRNA, and other rare biotypes). Due
to the overexpression of PARKY (expressed for 4.5% of all normalized reads, we used a conservative
view where we removed the expression of PARK? and recalibrated the data prior to differential gene
expression (DEG) analysis.

RNA-seq experiment results are visualized by an MA plot that transforms the data into M (log
ratio) and A (mean average) scales. The functional analysis and network view was based on STRING
protein—protein interaction (PPI) platform. The minimal PPI confidence score ranges from 0.7 to 0.9.
We used the gene expression normalization nTPM as the basal expression of DJ-1 in HEK293 as
reported in Human Proteome Atlas (HPA).

For functional enrichment of ncRNAs we applied the analysis of LncSEA (Ver 2.0). This tool uses
that uses predetermined sets of IncRNA functions supported by 400k reference IncRNA sets involved
in main 33 annotated categories (e.g., chromatin, TF, RNA-RNA interaction, cell cycle and more) that
are used for class enrichment analysis [30]. Data of IncRNA sets are based on integrating of TF ChIP-
seq, DNase-seq, ATAC-seq and H3K27ac ChIP-seq data associated with hundreds of human cell
types [30]. The analysis of the Simpson index assess reflects the diversity in the functional roles of
IncRNAs in LncSEA2.0 database. A lower index indicates a concentration of IncRNAs in fewer
functions. For RNA-protein interaction we used the compilation and unification of results from
RNAInter4.0, NPInter 4.0 and ENCORI (supported by IncSEA2.0). For an indirect connectivity map
IncRNAs, genes and miRNAs are connected by the IncTAR 2.0 and ncPATH tools. The tool integrates
approximately 32k verified IncRNA-target interactions, 5k experimentally validated ceRNA
networks and 0.5M potential connection to coding genes, across 220 KEGG pathways [31].

2.8. Statistical Analysis

Principal component analysis (PCA) was performed using the R-base function prcomp (R studio
Ver. 4.1.0). EdgeR (Ver. 3.36.0) was used to perform RNA read counts by the trimmed mean of the
M-values normalization of RNA (Trimmed Mean of M-values; TMM) and differential expression
analysis. Figures were generated using the ggplot2 R package (Ver.3.3.5).

3. Results
3.1. DNA Damage Response by X-Ray Irradiation

To test the impact of X-ray on cell decisions with varying levels of DJ-1 in cells, we optimized the
experimental conditions to achieve an efficient DDR following X-ray while minimizing cell death.
The phosphorylation of histone H2AX on Ser139 (y-H2AX) is a transient marker for a local DDR at
the site of DSBs [32]. A mock experiment, involving the overexpression of an empty plasmid,
confirmed that the maximal signal of y-H2AX is observed 1 hour after irradiation, where the level of
modified H2AX declines post-X-ray irradiation (Supplemental Figure S1).

Figure 1A shows the impact of DJ-1 manipulation through overexpression (OX). We compared
the endogenous protein levels of cells before and after X-ray irradiation using mock transfection
(empty plasmid), and cells that were overexpressed with DJ-1. Two bands are detected for the OX
conditions: the endogenous DJ-1 protein (24 kDa) and a 27 kDa band that represents the double Strep-
tag protein product (see Methods). The strong signal of the OX DJ-1 has no effect on the endogenous
protein level. The levels of endogenous DJ-1 remain stable across all conditions, and are unaltered by
irradiation (6 hours post 10 Gy X-ray). We then tested whether the molecularly manipulated cells
cope with X-ray irradiation by monitoring cell viability. Testing naive untreated cells (N.T.) revealed
that the fraction of dead cells is minimal (4%), with a moderate decline in cell viability only 24 hours
after irradiation (Supplementary Figure S1), and no increase in apoptosis during this time window
(Supplementary Figure §1). We concluded that while DDR was coordinately activated immediately
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after the DNA damage (as shown by gH2AX) at 6 hours post-irradiation, the long-term effects of
apoptosis and cell death were minimal.
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Figure 1. The outline of the comparative RNA-seq experiment in HEK293 cells with different baseline levels of

DJ-1 following X-ray (10 Gy, 6h post irradiation). (A) Western analyses of the cells following X-ray treatments
for 1-6 hours post irradiation for a mock experiment (empty plasmid, left) and DJ-1 tagged plasmid (right). b-
tubulin is used as an internal control. (B) Schematic illustrations of the sets of experiments used for the RNA-
seq data. Each experimental group is composed of biological and technical triplicates with and without X-ray
exposure (10 Gy). Pairs of experimental groups are marked by blue and green parentheses. The blue pairs will
be discussed (total of 6 conditions, 18 RNA-seq sequenced libraries). DEGs are defined as genes that passed the
pre-determined thresholds of log2(FC) >10.5| and adjusted p-value FDR <0.05. (C) RT-PCR products of treated
cells for the indicated conditions are shown. The PCR products were separated in agarose gel (2.5%) for the
amplicons of DJ-1 and e-actin as an internal control. Results from the untreated (N.T.) and DJ-1 knockdown
(KD with siRNA) are shown. (D) RT-PCR results for the indicated conditions for DJ-1 overexpression (OX,
transfected with DJ-1 plasmid) and N.T. Top: RT-PCR using oligonucleotide primers to detect overexpressed
DJ-(DJ-1) plasmid. Bottom: Detecting endogenous DJ-1 levels in cells using primers specific to the endogenous
DJ-1 (see Methods).

3.2. Testing the Impact of X-Ray Irradiation in Cells Ranges by Different Levels of DJ-1

Exposing living cells to X- ray indices double-strand breaks (DSBs ) and , as a byproduct, an
elevation of oxidative stress. We anticipate that the presence of DJ-1 is linked to the cellular response
at varying redox levels. To study the transcriptomic signature of cultured cells following X-ray
irradiation, we manipulated the baseline levels of DJ-1 through knockdown (KD) and overexpression
(OX) protocols. Figure 1B depicts the overall design of the experiment in which cells were
irradiated with X- rays while the expression level of DJ-1 was altered through molecular
manipulation. In this study, we focus on the impact of X- ray treatment on cultured cells (HEK293)
under naive conditions (N.T.), in cells where DJ-1 expression was suppressed using the siRNA
approach (denoted DJ-1 KD), and in cells with DJ-1 overexpression (DJ-1 OX). Each experiment was
conducted under identical conditions to compare the effects of short-term irradiation (6 hours post-
10 Gy). All experiments were normalized (using TMM; see Methods). Here , we report on the
transcripts (coding and non-coding genes) that were significantly altered in response to X-ray
genotoxic stress.

Figure 1C shows the results from RT-PCR of cells collected 6 hours after exposure to X-ray while
monitoring the endogenous and manipulated levels of DJ-1 in the different cellular settings along
with the appropriate controls. Figure 1C shows that only the KD of DJ-1 caused a suppression in the
DJ-1 transcript, but siRNA for non-specific sequences (siRNA RULC, see Methods) had no effect on
the basal DJ-1 level. Similarly, there was no detectable difference in naive conditions (N.T.) or
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following X-ray for DJ-1 transcripts. We asked whether the siRNA protocol with DJ-1 resulted also
in suppression of the DJ-1 protein. Supplementary Figure S2 shows the results of a Western blot
following the knockdown protocol. The effect on the DJ-1 protein was evident for DJ-1 KD but not
for the non-specific siRNA RULC (see Methods). We concluded that the KD protocol is specific and
reduced the original protein level to negligible level (Supplementary Figure S2). To ensure the
specificity of the RT-PCR, we used oligonucleotide primers that can only detect sequences specific to
the introduced DJ-1 plasmid (Figure 1D). The results show a strong signal for DJ-1 OX relative to
cells transfected with an empty plasmid. Notably, despite the addition of an OX plasmid, the level of
endogenous DJ-1 remained stable, as confirmed for the protein levels (Figure 1A).

3.3. Global Statistics of Transcriptomes of Cells Exposed to X-Ray

Figure 2A shows the changes in the transcriptome by exposing cells to X-ray irradiation with
statistics for the significant differentially expressed genes (DEG) from RNA-seq experiment. The
normalized level of endogenous DJ-1 and following KD protocol are shown. The DJ-1 KD reduced
the original transcript level by >8 folds [33] with no effect on reduction in the basal DJ-1 levels using
siRNA RULC (non-specific; see Methods). Figure 2B shows the results of all 9 samples for the DJ-1
OX setting. The OX DJ-1 but not the control of an empty plasmid resulted is a drastic elevation in DJ-
1 transcripts by at least 200 folds. To test the quality of the RNA-seq data, we analyzed the normalized
sequenced reads using principal component analysis (PCA, Supplemental Figure S3). Approximately
44% and 49% of the variance was explained using the PC1 and PC2 for DJ-1 OX and the DJ-1 KD
experiments, respectively (Supplemental Figure S3). We concluded that the experiment is robust
with reliable clustering of the biological triplicates for the different experimental groups.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.2150.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2025

140 DJ-1 expression level: N.T., DJ-1 KD, X-ray C INT. Xray] vs. NT)
’
120 "
100 B
[ coting 06
o CRNA DEG L
s® (=T = .
E e Do o
60 € Dow
4 (D)1 OX xray) vs. (D)1 OX) [0J-1 KD X-ray] vs. [0)-1 KD]
20 % 33
. - 1008 s
0
N.T.  N.T,X-raysRNARLUC SRNADJ-1 SRNADJ-1, m »na 1587
X-ray £
B DJ-1 expression level: DJ-1 OX, X-ray
75,000 > '
D
60,000
NT.
45,000
=
s or10X [
™ 30,000
DJ-1 KD
15,000
0 2 < 6 8 10 12 14 16 18 20
0
Empty plasmid OX D)1 OX DJ-1, Xray DEGs (%) of all transcripts
E ETS1
> TNC /\\SDCA
E2F2 ~ - ‘ NFKB2
TNFAI
Cell-cell interaction
=
=z
E— Cell cycle BIRC3
= HMMR
& NFKBIA ]
x Transcriotion regulation :
= |
Z N\ S0 | 3
TNF & Cytokine signaling
DEGs: / \
Downregulated &sr1 IRF1

PPl enrichment p-value: <1.0e-16

Figure 2. Transcriptome view of cell response to X-ray irradiation. (A) Expression of DJ-1 transcript across the
cellular settings of N.T., DJ-1 KD with and without X-ray irradiation and siRNA RULC as non-specific control.
The level of expression is according to TMM normalization. (B) Expression of DJ-1 transcript across the cellular
settings of DJ-1 OX with and without X-ray irradiation. A control of empty plasmid is included. (C) A summary
of the DEG statistics for prior and post X-ray irradiation for all three cell settings: N.T., DJ-1 OX and DJ-1 KD.
Significant DEGs are marked as Up- and Downregulated (log2(FC) >10.51) for all 3 experimental settings. For
each setting, the DEGs are compared relative to their matched control. Each analysis shows the number of DEGs
according to coding (codDEG, blue) and noncoding RNAs (ncDEG, orange). Partition of the DEGs to those that
are upregulated (Up, green) and downregulated (Down, gray) is shown. N.T., non-treated cells. (D) The fraction
(%) of DEGs from all identified transcripts for N.T. and cells where the DJ-1 levels were manipulated (marked
DJ-1 OX and DJ-1 KD). (E) STRING PPI network for codDEG of N.T. X-ray vs N.T. Only the subnetworks with
>2 interacting genes are shown (p-value: <1.1 e-16; STRING confidence score >0.7). The function associated with

each subnetwork is color coded. The gray background in the Cell cycle network marks the downregulated genes.

Comparing the extent of DEG in N.T., DJ-1 OX and DJ-1 KD experiments showed that the
stronger overall response was for DJ-1 KD, with 3400 affected genes, among them 30% are noncoding
DEG (ncDEG) (Figure 2C). In contract, for the N.T. setting, the fraction of ncDEG is only 10% after X-
ray irradiation, and the fraction of ncDEG in response to X-ray is 25% for the OX setting. The increase
in the fraction of ncDEG in the DJ-1 OX and DJ-1 KD settings are statistically significant
(hypergeometric distribution p-value: 0.003 and 7.7e-29, respectively). Focusing on ncDEG, we
observed 10 times more genes in DJ-1 KD relative to DJ-1 OX setting (1038 relative to 96) and 100
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folds more relative to N.T. cells (9 ncDEG) (Figure 2C). We concluded that representation of ncDEG
varies greatly with respect to the state of DJ-1 in cells. We also observed that following exposure to
X-ray the majority of the coding DEGs (codDEG) are associated with downregulation (Down, gray).
For the DJ-1 OX the upregulated genes (Up, green) accounts of only 11% of the codDEG (33 genes).
Supplementary Table S1 lists all codDEG and ncDEG along with the statistically significant and the
normalized fold change in expression.

For testing the impact of the X-ray irradiation on the transcriptional signature, we indicated the
fraction of DEGs (coding and non-coding genes) relative to the background control level. Figure 2D
specifies the fraction of DEGs in responded to X-ray under different DJ-1 cellular levels. While only
0.5% of the identified genes are considered DEGs for the N.T., cells depleted from DJ-1 (KD) resulted
in an extended and stronger response (>18% DEGs).

3.4. Naive Cells Display a Limited but Coordinated Response to X-Ray Irradiation

Figure 2E shows protein-protein interaction (PPI) network of the 78 codDEG from the N.T.
setting (STRING-based p-value: <1.1 e-16; confidence score >0.7). Most genes (60) were upregulated
and only 18 were downregulated (Figure 2C). Notably, the network of cell cycle enriched network is
almost entirely composed of downregulated DEGs (Figure 2E, gray background). The other
subnetworks of TNF signaling, transcription and cell-cell interaction include the upregulated (Up)
DEGs. The TNF signaling network is centered around RelB, NFKBIA and NFKB2 that are interact
with each other to form distinct transcriptionally active complexes that together with NF-oB
orchestrate cell survival pathway (Figure 2E). NF-oB is a pleiotropic transcription factor (TF)
involved in processes such as inflammation, differentiation, cell growth, tumorigenesis and
apoptosis. Thus, to overcome the genotoxic effect caused by X-ray on cell viability, numerous
protection processes were activated along a coordinated suppression of cell cycle.

3.5. Downregulation in Ribosomal and Mitochondrial Transcripts Dominates D]-1 Overexpression

The transcriptomes from cells with a baseline level of DJ-1 (N.T.), overexpressed and depleted
levels of DJ-1 were compared according to the trend of upregulated (Up, Figure 3A) and
downregulated (Down, Figure 3B). We observed that the number of overlapping codDEG across the
different cellular settings is limited. While the union of all codDEG in >2800, the number of genes at
any intersection is negligible (2%), arguing for unique transcriptional program is induced for each
setting (Supplementary Table S1). An unexpected observation concerns the exceptionally high
number of codDEG in DJ-1 KD (2362 codDEG). Despite the very high number of DEGs, a negligible
number of them overlap with the other two experimental settings. This observation is statistically
significant (hypergeometric distribution test p-value: 6e-05). Still, the 11 genes are shared between
N.T., DJ-1 OX and DJ-1 KD (Figure 3C, green frame) belong to the network of TNF and NF-kB
signaling. Additionally, the 13 DEGs overlap between the N.T. and DJ-1 OX cells (Figure 3D, yellow
frame) forms a functional cell division enriched network. We concluded that in all cellular settings
following X-ray irradiation, cell division is suppressed and TNF and NF-kB signaling pathways are
activated.
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Figure 3. Analyzing the codDEG for N.T., DJ-1 OX, and DJ-1 KD. (A) Venn diagram of the upregulated codDEG
(marked Up). (B) Venn diagram of the downregulated codDEG (marked Down). The shared genes between all
three cellular settings are indicated by light green frame. Additional codDEG that overlap the N.T. and DJ-1 OX
are colored by a yellow frame. The unique DJ-1 OX set is colored by light blue frame. (C) STRING-based PPI
networks (confidence score >0.7) for the 11 shared DEGs by the green colored frames shown in Figures 3A-3B.
(D) STRING-based PPI networks (confidence score >0.7) for 13 DEGs, marked by the yellow-colored frames,
shown in Figures 3A-3B. (E) Volcano plot of the DJ-1 OX X-ray vs cells with DJ-1 OX. The plot shows the fold
change (FC) by log2(FC) and minus log10(FDR). (F) STRING-based PPI networks (confidence score >0.9) for the
258 unique DJ-1 OX DEGs by the blue colored frames shown in Figures 3A-3B. Only networks of 23 genes are
shown. The colored nodes are annotated by the colored frame for the matched gene ontology cellular component
(GO_CC) annotation. The connectivity of the STRING results for the shared genes is statistically significant (p-
value <1.e-16). The codDEG are listed in Supplementary Table S1.

Figure 3E shows the results by a Volcano plot of the DJ-1 OX X-ray vs. control cells of DJ-1 OX.
Most genes were strongly downregulated (blue dots). However, a few significant upregulated DEG
belong to NF-kB signaling (as in Figure 3C). We then tested the nature of the unique codDEG (17
upregulated and 241 downregulated genes; Figures 3A-3B) for the DJ-1 OX setting. Analyzing these
codDEG (Figure 3F, light blue frame) identified a large fraction of almost all ribosomal protein genes
(Figure 3F, red nodes). The network is extended to the genes of the mitochondrial ribosomes (Figure
3F, nodes colored purple/red). In addition, a tight network of downregulated DEG (Figure 3F, purple
nodes) are mitochondrial energy production genes. Additional subsets comprised from
downregulated genes include a network of chromatin modifying genes (10 genes, H2AC6, RBX1 as
representatives) and smaller subnetworks with a few DEGs acting in secretion (e.g., VAMPS), splicing
machinery (e.g., SF3B5) and NME family members (e.g., NME1-3). The NME genes carry a wide range
of cellular functions, such as energy metabolism, cytoskeleton dynamics and DNA repair. For
example, the NME1 is recruited to sites of DNA damage, acts in the proofreading and specifically in
determine the mode of DSB repair [34]. We concluded that 6 hours after X-ray induction, DJ-1
overexpression in cells triggered a coordinated transcriptional wave, leadin to the suppression of
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major cellular processes, including chromatin-transcription axis, energy production and primarily a
suppression of the translation machinery.

Analysis of the codDEG from DJ-1 KD X-ray relative to DJ-1 KD identified large number of
significant genes (>2300 genes). Despite the large number of codDEG the PPI of the STRING based
network was rather limited (Supplementary Figure S4). Moreover, only very broad functional
enrichment was detected. Functional enrichment of the upregulated gene set (745 genes, Figure 3A)
identified cell junction and membrane, while for the downregulated codDEG it was mainly nuclear
functions and transcription regulation (Supplementary Figure S4). We postulate cells depleted from
DJ-1 lack robustness and displayed increased cells’ fragility to X-ray irradiation. For the DJ-1 KD
condition, the cells display a global change in nuclear function associated with a global suppression
of transcription and alteration of chromatin. Functional enrichment analysis for codDEG for the
setting of DJ-1 KD X-ray relative to DJ-1 KD is accessible in Supplementary Table S2 (partition to up
and downregulated codDEG).

3.6. Induction of ncRNAs in Response to X-Ray Irradiation

The RNA-seq results show that about 19% of all transcripts are classified as ncRNAs (totaling
16,825 genes filtered by a minimal expression threshold; see Methods). A significant observation
indicates that the expression levels of ncRNAs are, in general, very low (Supplementary Figure S5).
Specifically, only 3.4% of the total expression levels are associated with ncRNAs (3,230 genes), while
the remaining (96.6%) are associated with coding genes. About 75% of the ncRNAs exhibit low
expression (<2 TMM), 8% of the ncRNAs are expressed with 210 TMM, and only 14 ncRNAs are
highly expressed (=100 TMM, Supplementary Figure S5). Partitioning of the 3230 ncRNAs that are
listed shows that the majority belong to IncRNAs, many of which are novel or are labeled as antisense
(AS) genes. Other prominent biotypes include pseudogenes (PG), both processed and unprocessed,
reflecting their origins as duplicated genes or those generated via retro-transposition, respectively.
Notably, a significant portion of PGs are transcribed, potentially playing a regulatory role for their
functional gene counterparts.

Figure 4A lists the 14 highly expressed ncRNAs that include XIST, which regulates X
chromosome inactivation, as well as mitochondrial genes such as 16S and 125 rRNA (ribosomal
RNAs). Among the highly expressed IncRNAs are GAS5 (known as SNHG2), SNHG1, NORAD and
NEAT1 which are implicated in processes like the cell cycle, cancer progression, DDR, and
inflammation, respectively [35].
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Figure 4. Quantitative summary of the ncRNAs by X-ray irradiation on DJ-1 KD cellular setting. (A) List of top
expressing ncRNAs (2100 TMM) along their subcellular localization and main function. (B) Partition of major
biotypes of ncRNAs for the ncDEG of DJ-1 KD setting for up- and downregulated genes. Only genes with FC
2|21 are included to secure robustness. (C) Scatter plot of the downregulated ncDEG (log scale, with TMM 210,
on x-axis) and the inverse fold change in the expression level (4 means the expressing level is 0.25 of the matched
control cells, y-axis). Several of the genes are marked by the gene symbol. (D) Statistically significant candidate
coding genes according for most significant 100 ncDEGs analyzed for the RNA-protein interaction category in
LncSEA 2.0. Red frames are set of proteins working together for pre-mRNA processing. List of the protein-

interaction predicting results is accessible in Supplementary Table S3.

3.7. X-Ray Irradiation on siRNA DJ-1 KD Resulted in a Global Dysregulation of ncRNA Transcription

The composition of all 1038 ncDEG that were associated with KD in the DJ-1 setting (with a strict
FC threshold of 2121) is shown in Figure 4B. The fraction of PGs from all identified ncRNAs in the
DJ-1 KD setting is 2.5 folds higher among the upregulated ncDEG (Figure 4B). It is possible that the
transcribed PGs change the execution of the transcriptional machinery. Inspecting the PGs that were
downregulated, we identified about 30% of the sequences to be related to ribosomal and
mitochondrial proteins, while the vast majority (70%) were uncharacterized ncRNAs (Supplementary
Table S1). The accepted notion that most ncRNAs are unstable (i.e., fast degrading); we focused on
downregulated ncDEG whose baseline expression is modest (=10 TMM) and their downregulation
was substantial (=2 folds). Figure 4C indicated that among this set (total 56 ncRNAs), several
IncRNAs belong to the most stable ncRNAs (e.g., XIST, NEAT1). Many of the other ncRNAs have
been studied in the context of cancer (e.g., THAP9-AS1, PURPL, OTUD6B-AS]), regulation of
transcription (e.g., KCNQ1OT1), and chromatin structure.

We used a compilation of several tools (see Methods) to create a ranked list of proteins that are
more likely to be affected by ncDEG (Figure 4D). Interestingly, the candidate proteins that are likely
to be affected by the change in expression of IncRNA highlighted a set of RNA-binding proteins that
coordinately act on 3’ RNA processing and pre-RNA splicing (Figure 4D). Specifically, NUDT21 is a
component of the 3' RNA cleavage and polyadenylation processing. A rich set of CSTF genes (Figure
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4D, red frames) act as activators of the pre-mRNA 3'-end cleavage and polyadenylation processing
required for the maturation of mRNAs. Many of these nuclear RNA-binding proteins act on the 3'
end cleavage on mRNAs and consequently indirectly also impact miRNA biogenesis (e.g., ZC3H7B).
For details on the enrichment summary, see Supplemental Table S3.

3.8. A Tight Control on ncRNA Transcription Landscape Following X-Ray Irradiation in DJ-1 OX Cells

The overall number of ncDEG in the DJ-1 OX setting was <10% of the ncDEG associated with
DJ-1 KD (Figure 2C). By testing the reliability of the expression levels of the ncRNAs in DJ-1 OX
setting we showed that quantitation was extremely stable. The two data sets (DJ-1 OX and DJ-1 OX
X-ray) are strongly correlated with R? of 0.994 (Figure 5A, left). Notably, such strong correlation holds
for the lowest set of ncRNAs (R? 0.945, Figure 5A, right), confirming the tight regulation of their
expression (Figure 5B). We concluded that despite the very low level of expression, the data is reliable

across all ranges.
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Figure 5. Quantitative view on ncRNA of DJ-1 OX setting. (A) Scatter plot for the xpression level (TMM, log) of
the DJ-1 OX and DJ-1 OX post X-ray at all expression range (left). A zoom in at the lowest expression set (0.4 to
2 TPM, right). (B) ncDEG of the DJ-1 OX setting by the log2(FC) and the expression level (TMM, left). Scatter
plot of all ncDEG with fold increase >11.41, versus the amounts by TMM (total 96 genes). The ncDEG with their
names (orange background) are expressed at a minimal level of 210 TMM (left). Zoom-in of the ncDEG
expression <5 TMM (right, dotted red frame). The labelled genes (light blue) exhibit highest fold change in

expression.

Testing the 96 ncDEG from the X-ray exposure cells in OX DJ-1 (Figure 5B) showed that most
ncDEG were downregulated and their level of expression was very low (<5 TMM). Focusing on the
lower expressing ncDEG (Figure 5B, right) confirmed that the absolute fold change is subtle for all
ncDEG (fold change of 1.4 to 2.8 folds). Several ncRNAs with maximal log2(FC) were labelled
(BCYRNI1, RSP29-PG and CCT4P2; Figure 5B, right). Interestingly, following X-ray irradiation
BCYRNI (also called BC200) that was implicated in cell survival and migration retained 40% of its
baseline level. Moreover, BCYRN1 negatively regulated translation via its impact on mRNA stability,
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translation, and splicing. BCYRN1 directly binds several RNA binding proteins (e.g., PABPC1) of
ribosomal subunits, and polysomal RNAs [36]. A common theme among the listed ncDEG is their
immediate impact of general transcription and chromatin structure. We inspected the function of
upregulated genes for the DJ-1 OX cellular setting. Among them we identified IncRNAs that impact
chromatic structure. Example is a IncRNA that complements YEATS2, a chromatin reader of the
histone acetyltransferase complex. We concluded that after X-ray irradiation on the background of
DJ-1 OX the shifting in overall transcription is robust and reproducible.

3.9. Potential Functions of ncRNAs as Antisense in Response to X-Ray Irradiation

Figure 6 presents a few candidates of the ncDEG identified in the DJ-1 OX settings with the
following functions: (i) antisense (AS) that impact transcriptional regulation; (ii) members of the
SNHG family that are host genes for snoRNAs; (iii) IncRNA-protein candidates. Figure 6A highlights
how the IncRNA SMARCA5-AS1 might lock SMARCAS transcription by competing with the 5" exon
of the transcript. SMARCAS5 (SNF2H) is an essential ATPase involved in chromatin remodeling and
plays a key role in the DDR [37]. By modifying chromatin structure, it facilitates access to damaged
DNA for major repair mechanisms, while SMARCADS depletion led to increased sensitivity to ionizing
radiation and impaired DSB repair [38]. The CHUK-DT is an upregulated IncRNA that complements
the CWF19 family member (Figure 6B). CHUK-DT consists of a diverse collection of alternatively
spliced ncRNAs, several of which are transcribed in the opposite direction, potentially interfering
with transcription. CWF19L1 (CWF19-like cell cycle control factor 1) overlaps with the exon sequence
(Figure 6B). Overexpression of CWF19L1 has been shown to inhibit the G1/S phase transition by
suppressing cell cycle proteins, such as CDK4 and CDK6 [39]. Figure 6C shows the MORF4L2-AS1
which may act as antisense for MORF4L2, its downregulation could result in increase in the amount
of MORF4L2, a gene involved in positive regulation of transcription by RNA Polll, and associated
with heterochromatin assembly and histone modification. Figure 6D illustrates the potential
transcriptional interference for MYNN gene is involved in immune responses and inflammation and
acts in the control of gene expression.
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Figure 6. Functional candidates of ncDEG in the DJ-1 OX following X-ray. Genome browser view according to
GENCODE V46. Examples of IncRNAs as antisense (AS) and the overlap on exon boundaries are shown. (A)
Transcription overlapping of SMARCA5-AS1 and SMARCADS. The transcripts overlap the overlap the 3’-exon
by complementation. (B) Transcription overlapping of CHUK-DT. In red frame, the overlap in exon boundaries
with CWF19L1 in the complementary strand. (C) Transcription overlapping of MORF42L.2-AS1 and MORF42L2.
In red frame, the overlap of the first exon with the complementary strand. (D) Transcription overlapping of
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ENSG00000269984 and several versions of MYNN. (E) Relative expression of 14 members of SHNGs with >20
TMM. The majority of the SHNGs were downregulated 6 hours after X-ray exposure. There are 6 of the genes in
which the p values (t-test) were significant (marked by asterisk). The results from empty vector (gray) show no
statistical significance relative of DJ-1 OX cells. Details are available in Supplementary Table S4. (F) The
interactome of SNHG15 (based on IncSEA 2.0) lists the miRNA direct interactors and their key protein targets

that potentially impact the listed cellular processes.

3.10. Suppression of SNHG Family Members Following X-Ray Irradiation in DJ-1 OX Cells

Among the highest expressing ncRNAs whose function was previously studied (=100 TMM,
Figure 4A), there are several genes that belong to the SHNG family (Note that GASS5 is also called
SNHG2). We confirmed the statistical stability of these examples relative to controls (Supplemental
Figure S6). GAS5 was downregulated by X-ray in cells of DJ-1 OX. However, its expression level was
unchanged between cells with DJ-1 OX and cells that were introduced by an empty plasmid
(Supplemental Figure S6). From functional perspective, GAS5 was shown to be localized to the
mitochondria where it acts to maintain energy homeostasis [40]. All listed examples (Supplementary
Figure S6) displayed a similar trend. From a functional perspective, many of the identified ncDEG
are also regulated by miRNAs. For example, GAS5 was negatively regulated by miR-21 [41]. MINCR
whose main role is in facilitating the expression of MYC-target genes that are crucial for cell cycle
progression, is modulated by miR-146b-5p in the context of NF-kB and inflammation [42].

We focused on IncRNAs of the family SNHGs (Small nucleolar RNA host genes, Figure 6E).
These genes serve as hosts to snoRNAs (small nucleolar RNAs), which play key roles in rRNA
modification and ribosome biogenesis. Many SNHGs also function as cytoplasmic IncRNAs with
regulatory roles in gene expression, cell cycle, and cancer progression [35]. We identified total of 21
SNHG genes that account for ~8% of the total ncRNA expression in cells. Among the genes that were
significantly downregulated, SNHG accounts for ~24% of all ncRNA genes for the DJ-1 OX setting
(Supplementary Table S1).

Figure 6E shows the results of 12 SNHG family members (filtered by minimal expression level,
>20 TMM), among them the expression of 6 were significantly suppressed. For example, SNHG15
expression level was reduced to 62% of its baseline. GAS5 (SNHG2), SNHG29, SNHGI the
downregulation following X-ray on the background of DJ-1 OX cells retailed 71%, 81% and 80%, of
their level prior to the irradiation, respectively. The highly expressed SNHG15 (Figure 6F) is involved
in regulating inflammatory markers (e.g., p65, TNF-at) by binding to miR-141 thus affecting the SIRT1
axis [43]. Due to the high levels of SNHG15 in the cytoplasm, it is likely that such miRNA availability
can be shifted. Across different cells, it was shown that gene expression regulation can be shifted by
SNHGs via sponging of miRNAs [44,45]. Figure 6F shows the interactome of SNHGI5. Direct
interaction of SNHG15 with miRNAs (e.g., miR-486, miR-200-3p), impact multiple cell responses
including proliferation and cell cycle. This interactome view is in agreement with the observation
that suppression of SNHGI5 leads to cell cycle arrest in cancer context. We explain the coordinated
suppression of SNHGs following exposure to X-ray by direct and indirect effects of DJ-1.

3.11. Cells with Overexpressed or Depleted DJ-1 Resulted in an Inverse Expression Trend

We tested whether there is a ncDEGs which is a molecular hub that response to X-ray in the
settings of DJ-1 OX and DJ-1 KD. A Venn diagram for the ncDEGs for N.T., DJ-1 KD, and DJ-1 OX
revealed that the overlap of ncRNA is negligible (Supplementary Figure S7). The set of ncDEG that
specifies the X-ray response in DJ-1 KD were almost entirely unique (98.6%), and there were no
ncRNAs that are shared across the cellular settings (Supplementary Figure S§7). This is in agreement
with the observation regrading codDEG in which genes specified almost exclusively each cellular
setting. Nevertheless, there were 12 shared ncRNAs (Supplementary Figure S7) that were assigned
as ncDEG in DJ-1 OX and DJ-1 KD setting.

Table 1 shows that most ncDEGs common to both DJ-1 OX and DJ-1 KD settings are classified
as antisense IncRNAs (L-AS) or pseudogenes (PG). To investigate whether processed PG might
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function as transcriptional regulators via hybridization, we conducted a BLAST search against the
entire transcriptome database, identifying genes with high-confidence matches to coding transcripts
(BLAST E-score <e-20). We found that most PGs can successfully hybridize either to a similar PGs (if
present) or to their gene of origin (Table 1). The roles of L-AS ncDEGs may influence mRNA
dynamics (e.g., INTS6-AS RNA 1), chromatin structure (e.g., ATXN1-AS1), transcription regulation
(e.g., MYNN antisense), and the chromatin-transcription axis (e.g., SMARCA5-AS1; Figure 6A).
Table 1 also shows that the trend for upregulation (U) and downregulation (D) was inversed between
OX and KD settings for 8 of the 12 genes (Table 1, bold). All five genes listed (Table 1) that were
upregulated in DJ-1 OX setting showed an inverse expression trend in DJ-1 KD setting. These genes
with inverse expression trend may be considered to have a direct link to DJ-1 cellular status.

Table 1. ncDEG shared between DJ-1 OX and DJ-1 KD cellular settings.

T # Siz H Tren | Tren
Ensembl Gene name ayp Gene Description exo |e bby d d
¢ ns | (nt) OX | KD
ENSG0000022 chaperonin w TCP1 154
5569 CCTar2 PG subunit 4 PG2 3 8 5 v D
ENS5G0000023 NA Lnc | Novel 3 577 | C U D
4084
ENSG0000024 mannose binding
2600 NA PG | lectin 1, PG i 8- v P
ENSG0000024 | SMARCA5 114
5112 _ASI L-AS | SMARCA5 ASRNA1 |2 9 C 8] D
ENSG0000026 NA L-AS | novel, AS of MYNN 2 314 C 8] D
9984 3
ENSG0000019 L- 409
8221 NA DT* AFDN DT 2 5 S D D
ENSG0000021 60S ribosomal protein
8426 RPL27AP6 | PG 1274 PG 1 447 | S D U
ENSG0000022 triosephosphate
6415 NA PG isomerase 1 PG1 ! 750 |5 D v
ENSG0000022 NA L-AS | ATXN1 ASRNA 1 3 11 - D D
9931 3
]1311\;260000023 NA L-AS | MORF4L2 ASRNA 1 3 zOS C D D
ENSG0000023 L- 430
6778 INTS6-AS1 AS* INTS6 ASRNA 1 2 5 - D D
ENSGO000027 | pnzsta | mis. | ROVA Of signal 1 |29 |- |D |U
6168 recognition particle

aTPG, transcribed pseudogene; Lnc, L-, long noncoding RNA; AS, antisense; mis., miscellaneous; *, multiple
transcripts. PHyb, hybridization by BLAST E-value <le-20. Match to same strand direction (S), and the

complementary strand (C). *Size, in case of multiple transcripts, the longest/ representative one is reported.

3.12. Enrichment of Cell Cycle Arrest and Chromatin Functional Classes Under Varying D]-1 Expression
Levels

Most reported IncRNAs (Supplementary Table S1) are low expressing and poorly annotated.
Therefore, assigning possible functions to any specific IncRNA is challenging. Instead, we assessed
the potential role of the ncRNAs as a set. To this end, we applied an enrichment scheme (based on
LncSEA 2.0) for the collection of ncRNAs that were downregulated by X-ray in DJ-1 OX settings (55
of the 81 most significant ncRNAs were uniquely mapped; see Methods).
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Several classes of chromatin regulators and histone modifications were enriched among the
downregulated genes from D]-1 OX cellular setting (Table 2). FAM66C, FL]37453 and SNHG10 were
identified by ChIP-seq to act as chromatin regulation (adjusted p-value 3.5e-04). It is corroborated
with the observation that 50% of all the downregulated mapped IncRNAs (25 genes) were known to
bind H3K4me2-3 (Adj. p-value: 9e-23; Table 2), another histone marker is associated with
phosphorylated of H3 at Thr11l (H3T11P; Adj. p-value 5e-16). Such enrichment results suggest that
many of the downregulated IncRNAs impact gene expression regulation through binding to histone
epigenetic marks.

Table 2. Functional enrichments of downregulated genes from DJ-1 OX cellular setting by LncSEA2.0.

Class Set # Size P- Adj. p- Jaccard Simpso
(LncSEA) (query ofset value value
1.80E-
H3K4me2-3 25 1802 23 9.00E-23 0.014  0.455
1.84E-
H3T11P 20 1863 16 4.60E-16 0.011 0.364
_ 6.48E-
RNA - Histone prapinnae 20 1991 16 108E-15 0010  0.364
Modification 2 59F-
H2AFX 6 945 04  3.24E-04 0.006  0.109
Chromatin 1.32E-
Regulators NCOA1 3 48 05  3.99E-03 0.030  0.063
cancer 1.68E-
. 7 307 9.07E-07 0.020  0.127
progression 08
cell 1.93E-
Experimental 6 264 6.94E-06 0.019  0.109
metastasis 07
Validated
2.57E-
Function cell cycle 5 143 07 6.94E-06 0.026  0.091
1.16E-
proliferation 8 838 06 2.51E-05 0.009  0.145
6.65E-
DDX3X 26 961 32 6.69E-28 0.026  0.473
RNA Protein 4.20E-
Interaction ATXN2 26 1032 31 2.11E-27 0.025  0.473
2.75E-
CSTF2T 26 1328 28  9.23E-25 0.019  0.473

aSimpson assesses the diversity in the functional roles of IncRNAs in the database.

Table 2 also identified numerous experimental validated sets (based on LncTarD2.0) for cell
growth, cancer progression, cell cycle and more (Adj. p-values <2e-05). The 8 ncDEG that are listed
for cell proliferation are BCYRN1, FOXCUT, HOXA11-AS, LINC01535, MINCR, MNX1-AS],
SNHG10 and SNHG15. By considering the downregulated IncRNAs as a group, serval target genes
emerged for the class of RNA-protein interaction. Examples are DDX3X, ATXN2 and CSTF2T for
which 26 of the 55 mapped genes were involved (Adj. p-value ranges from 6.6e-32 to 2.8e-28). These
are versatile proteins involved in various aspects of RNA metabolism, cell cycle, innate immunity,
and apoptosis and translation. DDX3X was also directly involve in DNA damage response, indicating
its role in genome stability, while ATXN2 and CSTF2T are proteins that act on the mRNA molecule
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in the cytoplasm. ATXN2 assembles with polysomes and interacts with the poly(A)-binding proteins
(PABPC1) to dictate translation initiation and mRNA decay regulation. CSTF2T was predicted to be
involved in pre-mRNA cleavage required for polyadenylation. We concluded that upon exposure to
X-ray, the genome stability is affected and, through IncRNA alternation enzymes that function in
RNA metabolism and mRNA stability, shift to cope with the new cellular conditions.

4. Discussion

In this study, we assess how cells respond to X-ray irradiation at varying levels of DJ-1 by
examining the differential transcriptome landscape. Most studies on DJ-1 focus on its fundamental
role in sensing and responding to oxidative stress. The modified DJ-1 protein shuttles from the cytosol
to the mitochondria and then to the nucleus, impacting the antioxidation response [46]. The
cellular protective role of DJ-1 is attributed to its function in the mitochondria. DJ-1 increases the
expression of uncoupling proteins, suppressing ROS production while stabilizing interaction with
mitochondrial Bel-xL and consequently inhibiting apoptosis activation [47]. At the transcriptional
level, DJ-1 stabilizes Nrf2, facilitating its translocation into the nucleus to act as a major transcription
factor for antioxidant genes [5].

The notion that DJ-1 might activate alternative mechanisms driving cells toward pathological
states has also been proposed [1,48]. We show that DJ-1 impacts cell decisions and the transcriptomic
landscape following genotoxic stress, emphasizing its nuclear role. Recent studies suggest that DJ-1
regulates DSB repair and the DDR in the context of PD [49]. While irradiation may cause transient
oxidation, we confirm that the tested cells activate DDR without changes in apoptotic levels
(Supplementary Figure S1). The treatment with X- rays causes DSBs that are effectively addressed by
v-H2Ax to initiate DDR. Specifically, the phosphorylation of histone variant H2Ax is essential for HR
and NHE] DNA repair pathways [50]. The irradiated cells recovered successfully from the X-ray
insult with minimal signs of cell death. To isolate the impact of X-ray, we used matched controls with
predetermined DJ-1 expression levels. Specifically, cells with non-specific siRNA (siRNA RULC)
served as controls for DJ-1 KD settings, while empty plasmid-transfected cells served as controls for
DJ-1 OX. To address the importance of DJ-1 at the protein level, we showed that the DJ-1 OX of the
DJ-1 transcript is validated at the protein level. A similar effect was confirmed in the DJ-1 KD with
strong suppression of DJ-1 protein levels (Supplementary Figure S2). Notably, unlike the robust
antiviral response induced by siRNA manipulation [33], no antiviral-like response was observed 6
hours post X-ray exposure. We did not study the kinetics of DNA recovery. However, it is expected
to vary by tissue and cell type [51].

A key finding in the DJ-1 OX setting is the downregulation of ribosomal genes following X-ray
irradiation, including mitochondrial ribosomal genes (Figure 3F). Ribosome assembly in humans
requires coordinated RNA polymerase activities for rRNA processing, RNA modifications, and
assembly. As ribosome biogenesis consumes significant cellular resources, its regulation is vital for
homeostasis. The observation that dozens of ribosomal transcripts were downregulated by X-ray in
the DJ-1 OX setting aligns with the lability of the unassembled ribosomal genes, triggering ribosomal
stress [52]. Altered mitochondrial function and nutrient deficiency may also contribute to the
observed downregulation. The connection between ribosome biogenesis and cell
growth highlights p53 signaling's involvement in stress responses [53,54]. The interaction of DJ-1
with p53 has been studied in PD and cancer [5]. Following X-ray exposure and DSB formation, p53
initiates cell cycle arrest and DNA repair, with its activity strongly regulated by MDM2
[55]. Disruptions in ribosome biogenesis (i.e., nucleolar stress), as observed in DJ-1 OX cells, can
trigger the MDM2-p53 stress response. Interestingly, ribosomal proteins such as RPL5, RPL11, and
RPL23 can directly bind MDM2, thereby stabilizing p53 [56].

The impact of X-ray in the DJ-1 OX and DJ-1 KD settings was evaluated through inspecting the
codDEG, particularly IncRNAs. In general, our results support the global shift in cellular
homeostasis. However, we noted that ncDEG also play a fundamental role in the observed
transcriptome landscape. Approximately 4,200 ncRNAs were detected in DJ-1 KD cells, of
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which 25% were identified as ncDEG (log2(FC) >111). This significant number likely reflects reduced
cell resilience under nearly complete DJ-1 depletion [33]. Several observations support the notion of
cellular fragility. Specifically, more than 1,000 IncRNAs changed within 6 hours of X-ray exposure,
with 92% showing reduced expression. Moreover, the ncDEG in DJ-1 KD and DJ-1 OX cells
represented nearly disjoint sets.

A surprising observation is the strong coordinated response of SHNG transcripts to X-ray
irradiation in DJ-1 OX cells. These genes are associated with cancer progression [57]. Among the 12
of 21 family members with high expression (=20 TMM), half were also significantly suppressed
(Figure 6E). SnoRNAs, which are primarily responsible for rRNA modifications, are hosted within
SHNG gene introns. Additionally, SnoRNAs are located within ribosomal protein genes
[58]. The downregulation of SHNG genes and ribosomal proteins suggests ribosome destabilization
through direct effects on rRNAs. Moreover, SHNG genes such as SNHGIS5 affect miRNA
sponging, which acts in post-transcriptional regulation. For instance, SNHGI15 (a host for
SNORADY) influences miRNA activity beyond SnoRNA production (Figure 6F). The DJ-1 response to
X-ray may also indirectly impact miRNA profiling by influencing damage-induced RNAs (diRNAs)
at DSB sites [59], which recruit Argonaute 2 (AGO2) and affect miRNA biogenesis. The miRNA-
mediated regulation influences cell survival pathways beyond direct effects on DNA repair [60].

Several IncRNAs upregulated in DJ-1 OX cells post-X-ray are linked to transcription. For
instance, PAIP1P1, derived from the PAIP1 gene, may influence translational initiation and
biosynthesis. ENSG00000229447, a pseudogene related to GTF2A2, ensures accuracy in transcription
initiation. Other ncDEG are crucial to homeostatic functions, such as TPI1P2 (glycolysis), CCT4P2
(protein folding), and BCLAFIP2 (mRNA stability). IncRNAs also play a role in
governing the complexity of stress responses and shifts in homeostasis, impacting pathways like p53
activation [61,62]. SMARCA5-AS], involved in chromatin remodeling and maintaining genomic
integrity [63], dynamically responds to DJ-1 levels and X-ray irradiation (Table 1). Its altered
expression suggests regulatory roles in chromatin architecture and gene expression.

DJ-1 OX cells exhibit restricted and robust transcriptional changes post-X-ray exposure. Elevated
DJ-1 levels in cancer samples correlate with advanced stages and poor prognosis [64]. DJ-1’s role in
coordinating signaling pathways, especially in cancer progression, remains elusive [48]. For example,
DJ-1 increases cyclin-D1 expression in colorectal cancer, driving cell cycle progression, and

suppresses p53-mediated apoptosis under genotoxic stress [65]. In contrast, DJ-1 KD cells show
widespread transcriptional alterations mediated by IncRNAs, affecting the cell cycle, proliferation,
mRNA maturation, miRNA stability, and RNA-dependent nuclear functions.
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