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A B S T R A C T   

In recent years, various long non-coding RNAs (lncRNAs) involved in DNA damage response (DDR) have been 
identified and studied to deepen our understanding. However, there are rare reports on the association between 
lncRNAs and base excision repair (BER). Our designed DNA microarray identified dozens of functionally un-
known lncRNAs, and their transcription levels significantly increased upon exposure to DNA damage inducers. 
One of them, named LIP (Long noncoding RNA Interacts with PARP-1), exhibited a significant alteration in 
transcription in response to methyl methanesulfonate (MMS) and temozolomide (TMZ) treatments. LIP knock-
down or knockout cell lines are sensitive to MMS and TMZ, indicating that LIP plays a crucial role in DDR. The 
loss or insufficiency of LIP significantly influences the efficiency of BER in human cells, and it suggests that LIP 
participates in the BER pathway. The interaction between LIP and a key factor in BER, poly (ADP-ribose) po-
lymerase 1 (PARP-1), has been confirmed. We identified and characterized LIP, a lncRNA, which is involved in 
DDR, significantly influences BER efficiency, and interacts with the BER key factor PARP-1. This advances our 
understanding of the connection between lncRNAs and BER, presenting the potential for the discovery of new 
drug targets.   

1. Introduction 

The DNA molecule of the genome within cells is constantly suscep-
tible to a variety of lesions, which can be classified based on their origin 
as either exogenous damage or endogenous damage. These lesions 
encompass DNA double-strand breaks, nucleotide cross-links, and base 
mismatches, among others [1]. If DNA damage remains unaddressed, it 
can have detrimental effects on various cellular activities, such as hin-
dering protein synthesis, impeding genetic material replication, dis-
rupting the cell cycle, and inducing premature cell apoptosis. 
Ultimately, this can result in genomic instability and lead to cellular 
oncogenic transformation, paving the way for the development of cancer 
[2]. Remarkably, cells have evolved the ability to sense DNA damage 
and propagate signals to initiate DNA repair processes, collectively 
referred to as the DDR [3]. To counteract each type of lesions, different 
proteins and ncRNAs are required to maintain the relative integrity and 
stability of the genome, forming several DNA damage repair pathways. 

These pathways encompass double-strand break repair, DNA interstrand 
cross-link repair, nucleotide excision repair, and base excision repair. 
Through these sophisticated repair mechanisms, cells efficiently uphold 
the integrity of their genetic material and safeguard against the potential 
adverse consequences of DNA damage [4]. 

LncRNAs have been known for many years, and research has 
revealed that they possess diverse functionalities, playing crucial roles in 
various biological processes by interacting with macromolecules such as 
proteins, DNA, or RNA [5]. As investigations continue, it has become 
evident that the cellular response to DNA damage involves changes in 
the transcription of many lncRNAs, which, in turn, participate in DDR 
through different mechanisms [6]. In recent years, the functional 
mechanisms of several lncRNAs involved in DDR have been elucidated. 
For instance, the lncRNA LRIK interacts with Ku70 and Ku80 to facilitate 
non-homologous end joining repair [7]. Another lncRNA, BS-DRL1, 
modulates DDR through its interaction with neuronal HMGB1 [8]. 
Additionally, lncRNA Meg3 protects endothelial function by regulating 

* Corresponding author. 
E-mail address: zhouzheng@hnu.edu.cn (Z. Zhou).   

1 Two authors contributed equally. 

Contents lists available at ScienceDirect 

Non-coding RNA Research 

journal homepage: www.keaipublishing.com/en/journals/non-coding-rna-research 

https://doi.org/10.1016/j.ncrna.2024.03.010 
Received 11 December 2023; Received in revised form 7 March 2024; Accepted 20 March 2024   

mailto:zhouzheng@hnu.edu.cn
www.sciencedirect.com/science/journal/24680540
http://www.keaipublishing.com/en/journals/non-coding-rna-research
https://doi.org/10.1016/j.ncrna.2024.03.010
https://doi.org/10.1016/j.ncrna.2024.03.010
https://doi.org/10.1016/j.ncrna.2024.03.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ncrna.2024.03.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Non-coding RNA Research 9 (2024) 649–658

650

DDR [9]. It is interesting that no lncRNAs involved in BER have been 
identified or studied. Further investigations in this area will undoubt-
edly deepen our understanding of the intricate roles that lncRNAs play 
in the complex process of DDR. 

BER is a fundamental DNA repair pathway in cells that corrects base 
mutations resulting from damage caused by oxidative stress, alkylation, 
deamination, and depurination/depyrimidination [10]. Its significant 
relevance to cancer development, neurodegenerative disorders, and 
aging has spurred increasing interest in investigating BER mechanisms 
and identifying the biomolecules involved in BER and their functional 
roles [11]. BER is initiated by DNA glycosylases and proceeds through 
two pathways: short-patch and long-patch repair, each employing 
distinct proteins for the repair process [12]. Although discovered in 
1974, decades of research have only begun to reveal the broader 
framework of BER, leaving the specific regulatory network and indi-
vidual regulatory mechanisms of related proteins largely unresolved 
[13]. Key biomolecules participating in the BER pathway include XRCC1 
as a repair scaffold [14,15], DNA polymerase β (pol-β), DNA ligase 1, 
DNA ligase 3, and PARP-1 [16,17]. Among them, PARP-1 plays a pivotal 
role in the BER pathway. It can be activated by single-strand break in-
termediates during BER and subsequently bind to them, recruiting 
downstream repair factors such as XRCC1 and DNA ligase-3 (Lig-3) for 
short-patch BER repair of damaged DNA [18]. Throughout the repair 
process, PARP-1 gradually dissociates from the binding site and further 
participates in long-patch BER repair [19]. Due to its overexpression in 
various tumors, PARP-1 serves as a promising molecular target. PARP-1 
inhibitors suppress PARP-1 activity, trapping PARP-1 at DNA damage 
sites, thereby amplifying DNA damage and impeding the DNA repair 
process. Presently, numerous PARP-1 inhibitors are undergoing clinical 
trials for several malignancies [20]. 

In our previous study [7], dozens of unreported ncRNAs have been 
identified by employing custom microarrays to conduct a screening for 
lncRNAs that exhibited significant upregulation in cells treated with the 
DNA damage-inducing agent MMS. 

In this study, we identified and characterized a novel lncRNA, LIP, 
which is required for the cellular response to the BER inducer TMZ. 
Knockdown or knockout LIP enhances the cellular sensitivity to TMZ, 
and the absence of LIP significantly impairs BER efficiency. Subse-
quently, it was revealed that the interaction between LIP and the key 
BER factor PARP-1. Hence, LIP is involved in DDR and significantly af-
fects BER efficiency, and this phenomenon may arise from its interaction 
with the essential BER protein PARP-1. 

2. Materials and methods 

2.1. Cell culture and transfection 

The HeLa (human cervical cancer epithelial cells), 293T (Human 
renal epithelial cell line), and A549 (non-small cell lung cancer) cell line 
used in this experiment were cultured in DMEM medium supplemented 
with 10% (v/v) fetal bovine serum and 1% (v/v) antibiotics, incubated 
at 37 ◦C and 5% CO2 in a CO2 incubator. The cells used in the experiment 
were in the exponential growth phase and samples were tested for my-
coplasma contamination using PCR before they were used for investi-
gation. Lipofectamine 2000 (Life Technologies) and Vigofect 
mammalian cell transfection reagent (Vigras Biotechnology (Beijing) 
Co., Ltd.) were used according to the manufacturer’s instructions to 
transfect HeLa cells with recombinant plasmids or unmodified plasmids 
to establish LIP knockdown and knockout cell lines. 

2.2. Cell treatment 

After cells were grown to the exponential phase, the culture medium 
was aspirated, and fresh media containing MMS or TMZ were added. 
The cells were then incubated in a 37 ◦C CO2 incubator for 30 min. After 
samples were washed with PBS, fresh DMEM medium was added to all 

samples for further incubation. The total RNA of all samples was isolated 
by using the Trizol method. Before reverse transcription, DNase I (DNase 
I, Ambion) was used to digest genomic DNA in the total RNA samples. 
Then, purified total RNA samples were detected with a UV–vis spec-
trophotometer to calculate the concentration, and reverse transcription 
was carried out using a reverse transcription kit. Real-time fluorescence 
quantitative PCR (qPCR) was performed using UltraSYBR mix (Cwbio) 
to measure the relative RNA level of tested genes. GAPDH was used as 
the negative control, and TransScript II Green One-Step RT-qPCR 
SuperMix (TransGen) was used for RT-qPCR. The primers used for qPCR 
are listed in the Supplementary Table S1. 

2.3. Rapid amplification of cDNA ends (RACE) 

5′ RACE and 3′ RACE were conducted using the FirstChoice RLM- 
RACE Kit (Life Technologies). The primers used in the RACE are listed 
in Supplementary Table S2. For 5′ RACE, total RNA was treated with calf 
intestinal alkaline phosphatase and tobacco acid pyrophosphatase, fol-
lowed by ligation of RNA with 5′ RACE adapter using T4 RNA ligase. 
Then, the resulting RNA from the above reaction was reverse transcribed 
using random primers to obtain cDNA, followed by nested PCR. The 
obtained products were recovered, ligated to the T-vector, transformed, 
and amplified using blue-white colony selection and sequencing. The 
experimental procedure of 3′ RACE is similar to 5′ RACE. Reverse tran-
scription is performed based on the known 3′ RACE adapter, followed by 
experimental steps similar to 5′ RACE. 

2.4. Northern blot 

Northern blot was performed using the DIG Northern Starter Kit 
(Roche). DIG-labeled RNA probes were generated by in vitro tran-
scription with T7 RNA polymerase (Roche) and digoxigenin-11-UTP 
(Roche). Briefly, 30 μg of total RNA was subjected to 1.2% (w/v) 
agarose gel electrophoresis in MOPS buffer. Subsequently, the RNA was 
transferred to a positively charged nylon membrane (GE Life Sciences, 
RPN303B) by capillary blotting and UV cross-linked. Pre-hybridization 
was carried out at 68 ◦C in DIG Easy Hyb for 30–60 min, followed by 
overnight hybridization with DIG-labeled RNA probes at 68 ◦C. The 
membrane was washed twice for 5 min at room temperature with 2 ×
SSC, 0.1% (w/v) SDS, followed by two washes at 68 ◦C with 0.1 × SSC, 
0.1% (w/v) SDS. Detection of the membrane was performed using the 
CPD-Star detection reagent. The membrane was exposed to standard X- 
ray film to obtain the image. 

2.5. Bioinformatics analysis 

Bioinformatics analysis was conducted using probe sequences from 
the gene chip to determine the genomic location of LIP (microarray data 
relevant to this study is deposited in the NCBI Gene Expression Omnibus 
under accession number GSE94868 [7]). The CPAT and RNA fold online 
tools were utilized to predict the coding ability and secondary structure 
of LIP. 

2.6. Construction of LIP knockdown vector 

The pSliencer 2.0-U6 vector (AM5762, Ambion) was used to knock 
down LIP by siRNA interference. The DNA template of siRNA was pre-
pared by single strand DNA (ssDNA) synthesis one by one. After pre-
paring ssDNA annealing to form double-stranded DNA, the DNA 
template of siRNA was ligated to the digested vector using T4 DNA ligase 
(NEB), followed by transformation and colony selection for sequencing. 

2.7. Generation of LIP knockout vector 

pSpCas9(BB)-2A-Puro (PX459) V2.0 (addgene) was utilized. DNA 
containing the sgRNA sequence was synthesized in vitro, and after 
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annealing to form a double-stranded structure, it was ligated to the 
linearized vector using T4 DNA ligase (NEB). Following transformation, 
bacterial colonies were selected and prepared vectors were subjected to 
sequencing. 

2.8. Colony formation assay 

For each cell line, an appropriate number of cells (500 for LIP 
knockdown HeLa cells; 500 for LIP knockout HeLa cells) were seeded in 
a 6 cm culture dish. After cell attachment, cells were treated with cell 
culture medium containing 0.2 mM, 0.4 mM, 0.8 mM, and 1.6 mM 
concentrations of TMZ for 24 h respectively, followed by replacement 
with fresh DMEM medium. All samples were incubated in a CO2 incu-
bator. After 10–14 days of cultivation, cell colonies were formed, and 
colonies of each sample were fixed with methanol. Samples were stained 
with 0.1% (w/v) crystal violet in 50% (v/v) methanol and were washed 
3–5 times with PBS. The colonies of each sample were counted and 
normalized to the plating efficiencies of untreated samples. 

2.9. Alkaline comet assay 

Cells were treated with cell culture medium containing 1 mM TMZ 
for 24 h and then replaced with fresh DMEM medium. Cells of each 
sample were collected following 0 h, 24 h, and 48 h incubation with 
normal cell culture medium. Collected cells of each sample were mixed 
with 1% low-melting agarose and evenly spread on 0.5% normal- 
melting agarose. After 1-h lysis with lysis buffer at 4 ◦C, samples were 
separated with electrophoresis, which was performed at 30 V for 30 min. 
Subsequently, the samples were stained with 0.02 mg/ml propidium 
iodide for 30 min. The comets of each cell in all samples were observed 
and photographed with an inverted fluorescence microscope. The comet 
images were analyzed using the CASP software. 

2.10. RNA pull-down assay 

In vitro transcription was performed using biotin RNA labeling mix 
(Roche) and T7 RNA polymerase (Roche), followed by treatment with 
RNase-free DNase I (Ambion) and purification with NucleoSpin RNA 
Clean-up XS (Macherey Nagel) to generate biotinylated LIP, antisense 
LIP, and truncated LIP. RNA pull-down experiments were conducted 
following the methods described in the publication [21]. Proteins 
associated with RNA were separated using 4–12% NuPAGE Bis-Tris gels 
(Life Technologies) and then subjected to silver staining using the Sil-
verQuest Silver Staining Kit (Life Technologies) for further mass spec-
trometry analysis. 

2.11. Western blot 

The experimental steps of WB were strictly conducted according to 
the protocol outlined in this article [7]. In summary, post-washed cells 
were lysed using 2 × SDS buffer to collect protein samples, followed by 
boiling for 5 min. Fifty micrograms of samples and protein markers were 
separated using 8% SDS-polyacrylamide gel electrophoresis, transferred 
to a PVDF membrane, and blocked for 1 h. Incubation with primary and 
secondary antibodies was performed, followed by imaging under the 
instrument. Quantification of bands was carried out using ImageJ 
software. 

2.12. UV cross-linking RNA immunoprecipitation (UV-RIP) 

UV-RIP was performed following the protocol described in the 
publication [22]. Crosslinking of each sample was carried out using the 
CL1000 UV Crosslinker (UVP). Antibodies used in the UV-RIP experi-
ment include anti-PARP-1 antibody (Chengdu Zhengneng Biotechnology 
Co., Ltd.) and normal IgG antibody (Chengdu Zhengneng Biotechnology 
Co., Ltd.). Residual samples were treated with proteinase K (Promega) 

and RNA was extracted using TRIzol reagent for further analysis. The 
enriched level of LIP was evaluated by RT-qPCR after DNase I treatment. 

2.13. Statistics 

All statistical analyses and graphical processing were performed 
using GraphPad Prism 9.0 version (GraphPad Software, San Diego, CA, 
USA). All data are expressed as mean ± standard deviation (SD) and are 
obtained from at least three independent samples or experiments (n ≥
3). Statistical significance was determined using two-tailed Student’s t- 
test. Significance levels were denoted as × P < 0.05, **P < 0.01, ***P <
0.001. 

3. Results 

3.1. Characterization of LIP 

The transcript of LIP is located on human chromosome 18 
(54208609–54210240; GRCh38/hg38) (Fig. 1A). Its full length, 
approximately 2000 bp, was obtained by PCR using primers designed 
based on the RACE results (Fig. 1B), and this length was consistent with 
the Northern blotting results (Fig. 1C). Additionally, this identified RNA 
molecule displayed a very low possibility of protein coding, suggesting it 
is a lncRNA (Fig. 1D). It predicted that the LIP molecule can form stable 
secondary structures, which include stem-loop structures and bulging 
bubbles and facilitate interacting with other macromolecules, by 
employing the RNAfold software (Fig. 1E). Furthermore, according to 
quantitative RT-PCR analysis of cytoplasmic and nuclear fractions, the 
results revealed that LIP exhibited a distribution pattern similar to U1, 
which mainly located in the nucleus (Fig. 1F). 

DNA is predominantly distributed in the cell nucleus, and similarly, 
LIP is primarily located in the cell nucleus, possessing a secondary 
structure that facilitates binding to macromolecules. Moreover, LIP was 
identified through custom microarray screening as a significantly 
upregulated lncRNA in cells treated with the DNA damage inducer MMS. 
All these characterization results collectively suggest that LIP has the 
ability to participate in DDR by binding with certain macromolecules. 

3.2. The induced transcription of LIP by DNA damages 

Based on previous research, dozens of non-coding unreported RNAs 
were identified by screening significant transcriptional alteration of 
lncRNAs in HeLa cells following MMS treatment through custom- 
designed ncRNA microarrays (specific data can be found in dataset 
GSE94868 in the NCBI GEO database) [7]. By using RT-qPCR, the sig-
nificant elevation of LIP has been validated following DNA damage in-
duction (identified as Cluster_1836 in the dataset). Following MMS 
treatment, the transcription level of LIP in HeLa cells showed a signifi-
cant upregulation within 12 h and returned to the baseline level after 48 
h (Fig. 2A). With the same treatment, the increased transcription levels 
of LIP in response to DNA damage were observed in 293T and A549 cell 
lines, suggesting that LIP participates in the cellular DDR (Fig. 2B and C). 
To investigate whether the transcriptional upregulation of LIP is related 
to a specific DNA lesion type, the TMZ was selected to induce DNA le-
sions, which caused DNA damage primarily eliminated by the BER 
pathway. According to publications, over 80% of DNA damage induced 
TMZ consists of N7-methyl guanine and N3-methyl adenine, both 
repaired through the BER pathway [23,24]. Remarkably, treatment with 
1 mM TMZ resulted in a significant upregulation of LIP in HeLa cells 
(Fig. 2C). The transcriptional upregulation of LIP was observed in 293T 
and A549 cell lines after treatment with TMZ at the same concentration 
(Fig. 2D and E). The three cell lines from different tissues were used to 
exclude that the MMS and TMZ induced transcriptional elevation is 
related with tissue specific responses. These results strongly suggest that 
the significant transcriptional elevation of LIP after treatment with DNA 
damage inducers like TMZ is a part of the cellular DDR in human cells. 
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In summary, our research results indicate that the transcription of 
LIP in human cells is upregulated after stimulation with DNA damage 
agents MMS and TMZ, suggesting its potential association with the BER 
pathway. 

3.3. Knockdown of LIP affects cell survival rate and DNA damage repair 
efficiency 

To further validate the role of DNA damages induced transcription 
elevation of LIP in the cellular DDR, two vectors were prepared to 
transcribe small hairpin RNAs (shRNAs) targeting different sites of LIP, 
and HeLa cells were infected with prepared vectors to generate a series 
of LIP knockdown cell lines by siRNA interference (Fig. 3A, Supple-
mentary Fig. S1). Cellular survival is affected when damaged DNA 
cannot be repaired or be repaired with a low efficiency, the colony 
formation assay was used to assess the cellular survival following tested 
cells were treated with different DNA damage-inducing reagents, which 
caused DNA lesions mainly repaired by a specific repair pathway. 
Compared to the control (shNeg) cell line, two LIP knockdown cell lines 
exhibited significantly increased sensitivity to MMS (Fig. 3B), which is 
consistent with the transcription of LIP induced by MMS treatment 
(Fig. 2). Similarly, a significantly reduced cellular survival of LIP 
knockdown cell lines was observed after the TMZ treatment compared 
with the control (shNeg) cell line (Fig. 3C), indicating LIP highly likely 
plays a role in the BER pathway. 

To eliminate the possibility of LIP’s involvement in other repair 
pathways, we treated the LIP knockdown cell lines with nucleotide 
excision repair (NER) inducers (UV, 4-Nitroquinoline N-oxide), double- 
strand break repair inducer (Doxorubicin), and interstrand cross-link 
repair inducers (Mitomycin, Trioxysalen) and performed colony for-
mation experiments. Interestingly, the survival rate of the LIP knock-
down cell lines remained unaffected by the stimulation of these drugs 
(Supplementary Fig. S2), indicating that LIP is specifically involved in 
the BER pathway. 

Since the excision of damaged bases was the essential step during the 
BER procedure, the alkaline comet assay was utilized to evaluate the 
efficiency of BER in both control (shNeg) and LIP knockdown cell lines 

following cells were treated with TMZ. At 0 h post-recovery from TMZ 
treatment, the presence of elongated comet tails indicates the level of 
DNA damage induced by TMZ in the control group (shNeg) and LIP 
knockdown cells. After 48 h of recovery, the comet tail in LIP knock-
down cells was still distinct, indicating DNA lesions were incompletely 
repaired, but the damaged DNA in the shNeg cells was nearly completely 
repaired (Fig. 3D). The experiment quantitatively analyzed the tail 
length (Fig. 4E–G) and tail moment (Fig. 4H–J) of both the control 
(shNeg) and LIP knockdown cells. Following TMZ treatment, both con-
trol (shNeg) and LIP knockdown cells experienced DNA damage, with no 
statistically significant difference in these tested cells. However, after 24 
h and 48 h of recovery, the tail length and tail moment of LIP knockdown 
cells exhibited significantly reduced DNA repair efficiency compared to 
control (shNeg) cells, suggesting that knockdown of LIP reduced the 
repair efficiency of TMZ-induced DNA damage. 

The results indicate that knocking down LIP significantly impairs cell 
BER efficiency, highlighting the crucial role of LIP in the BER pathway. 

3.4. LIP affects the efficiency of BER 

The transcript level of LIP significantly decreased using shRNA 
knockdown technology, without disrupting the genomic DNA sequence 
of its transcript [25]. Knockdown operates through post-transcriptional 
regulation but comes with drawbacks, including a high off-target rate, 
unstable hereditary knockdown efficiency, and incomplete loss of target 
gene function [26]. To overcome these limitations, we adopted 
CRISPR-Cas9 technology to introduce mutations in the genomic 
sequence of LIP, disrupting its gene reading frame and resulting in the 
complete loss of LIP function. Using tools available on the internet, four 
sgRNAs were designed (Fig. 4A), which are capable of knocking out the 
genomic sequence of LIP, and constructed four sgRNA-PX459 recombi-
nant vectors by modifying the PX459 vector with gene engineering 
methods. To validate the efficiency of the designed sgRNAs, T7E1 
enzyme cleavage was used to cut genomic DNA and results demon-
strated that they precisely cut and edited the target sites (Supplementary 
Fig. S3). Subsequently, HeLa cells were co-transfected with two 
sgRNA-PX459 recombinant vectors with different cleavage sites 

Fig. 1. Characterization of LIP. A. The transcription region of LIP. B. Gel image of the full-length amplification of LIP. C. Northern blot detecting LIP transcripts. D. 
Prediction of LIP coding potential (predicted by CPC and CPAT software) shows that it lacks coding ability. E. Prediction of the secondary structure of LIP, with blue 
arrows representing stem-loop structures, and red arrows representing hairpin structures (predicted by RNAfold software). F. Subcellular distribution of LIP examined 
by RT-qPCR using RNA isolated from cells. 
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respectively to generate a series of LIP knockout cell lines. Based on 
RT-qPCR analysis, two cell lines were selected, which exhibited the 
highest efficiency of LIP knockout (Fig. 4C). Genome sequencing results 
revealed approximately 11 bp and 800 bp deletions in the LIP genomic 
sequence in these two cell lines (Fig. 4B), accompanied by a substantial 
number of base mismatches. The two selected cell lines were named 
KOLIP-1 and KOLIP-2, respectively, and a negative control cell line (NC) 
was generated by transfecting HeLa cells with empty PX459 plasmid for 
further investigation. 

After the generation of two LIP KO cell lines, the colony formation 
assay was used to test the TMZ sensitivity of two LIP KO cell lines. 
Following TMZ treatment, it showed the cellular survival of two LIP KO 
cell lines was significantly reduced compared to the control (NC) cell 
line (Fig. 4D). Results obtained by using the alkaline comet assay dis-
played that both KOLIP-1 and KOLIP-2 cells were significantly reduced 
in efficiency of BER, as significantly more DNA lesions remained after 
24 h and 48 h repair compared with the control (NC) cells (Fig. 5A). 
Quantitative analysis of tail length and tail moment provided evidence 
that the knockout of LIP led to a significant decrease in the efficiency of 
DNA damage repair following DNA lesions were introduced by TMZ 

(Fig. 5B–G). 
In conclusion, both knockdown and knockout of LIP significantly 

impact cell BER efficiency, confirming the crucial role of LIP in the BER 
pathway induced by TMZ. 

3.5. LIP interacts with PARP-1 

Publications have suggested that lncRNAs interact with macromol-
ecules, like proteins, and participate in pathways possibly by combining 
with the binding partner [27]. It was predicted by the bioinformatic tool 
that the loop-stem secondary structure of LIP exhibited the capability of 
interacting with proteins. Thus, we conducted RNA-pulldown combined 
with mass spectrometry to investigate possible proteins interacting with 
LIP, with which it can influence BER efficiency. Firstly, the RNA pull-
down method was applied to identify potential proteins binding to LIP, 
and isolated proteins were separated with PAGE electrophoresis 
(Fig. 6A). To figure out the right bindings interacting with LIP, in 
vitro-transcribed biotin-labeled LIP and full-length antisense RNA were 
incubated with cell nuclear lysates to capture interacting proteins. The 
differentially captured protein bands were discovered by gel 

Fig. 2. The induced transcription of LIP by DNA damages. A-C. Significant upregulation of LIP transcription in HeLa, 293T, and A549 cells after 50 μg/mL MMS 
treatment. D-F. Significant upregulation of LIP transcription in HeLa, 293T, and A549 cells after 1 mM TMZ treatment. Error bars represent standard deviation (n = 3 
independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001, by two-tailed Student’s t-test. 
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electrophoresis combined with silver staining and this binding was 
analyzed using mass spectrometry. Notably, the mass spectrometry data 
revealed the presence of a candidate of LIP-interacting protein (Fig. 6A 
the upper panel), PARP-1, known to be involved in the base excision 
repair pathway (Supplementary Fig. S4). To validate PARP-1 interacting 

with LIP, samples obtained by using the LIP pull-down method were 
analyzed through Western blot immunoblotting assays with anti-PARP-1 
antibodies (Fig. 6A the lower panel). It is clear that PARP-1 interacts 
with LIP but does not bind to AS-LIP, which conforms to the interaction 
between LIP and PARP-1. The interaction between LIP and PARP-1 

Fig. 3. Knockdown of LIP affects cell survival rate and DNA damage repair efficiency. A. RT-qPCR detection of LIP transcription levels in LIP knockdown cell 
lines. Colony formation assay. Colony-forming assays suggest that the knockdown of LIP inhibits cell survival following treatment with specified concentrations of 
MMS(B) and TMZ(C). Error bars represent standard deviation (n = 3 independent experiments). *P < 0.05, **P < 0.01, by two-tailed Student’s t-test. D. Repre-
sentative images of comet assays at 0 h, 24 h, and 48 h after 1 mM TMZ treatment in different cell lines. Compared to the control cells, LIP knockdown cells show 
reduced BER repair efficiency (n = 3 independent experiments). E-G. Scatter plot showing tail length recovery in different knockdown cell lines after 1 mM TMZ 
treatment at 0 h, 24 h, and 48 h. h-j. Scatter plot showing tail moment recovery in different knockdown cell lines after 1 mM TMZ treatment at 0 h, 24 h, and 48 h. Ns 
indicates not significant (summary data from n = 3 independent experiments, with each data point representing >50 cells). *P < 0.05, **P < 0.01, ***P < 0.001, by 
two-tailed Student’s t-test. 
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protein was further confirmed through UV-RIP experiments (Fig. 6B and 
Supplementary Fig. S5). Following anti-PARP-1 antibodies magnetic 
beads incubated with HeLa cell lysates, macromolecules interacting 
with PARP-1 were isolated and separated samples were treated with 
proteinase K to degrade proteins. Then obtained samples were subjected 
to RT-qPCR analysis, by which to reveal the possible RNA binding 
partner like LIP. Compared to the negative control sample isolated by 
IgG antibodies magnetic beads, the sample separated by anti-PARP-1 
magnetic beads showed significant enrichment of LIP, with an enrich-
ment fold of approximately 7 times. In summary, our experiments 
demonstrate that LIP significantly influences BER efficiency and in-
teracts with the key BER protein PARP-1 (Fig. 7). 

4. Discussion 

Although various functions of lncRNAs have been reported, only a 
few are associated with DNA damage repair. In this study, we identified 
and characterized a novel lncRNA, LIP, primarily localized in the cell 
nucleus (Fig. 1). Based on its secondary structure, the bioinformatic 
software predicted its potential interaction with macromolecules. Since 
DNA damage can induce an upregulation of LIP transcription (Fig. 2), 
firstly whether LIP is involved in the cellular DDR was investigated by 

employing colony-forming assays. Notably, LIP knockdown cells are not 
sensitive to UV, 4-Nitroquinoline N-oxide, Doxorubicin, Mitomycin, and 
Trioxysalen, but are sensitive to MMS and TMZ (Fig. 3). It emphatically 
implied that LIP participates in the cellular DDR and possibly via the 
BER pathway. 

BER is a critical DNA damage repair pathway that plays a vital role in 
maintaining genome stability and mutation of genes related to BER 
contributes to the occurrence and development of various diseases [28]. 
The subsequent repair can proceed through two pathways: the short 
patch and the long patch pathways. In the short patch pathway, XRCC1 
acts as a scaffold factor to activate polymerase β, which completes DNA 
synthesis. Then, XRCC1 collaborates with DNA ligase 3 to ligate the 
synthesized short DNA fragment to the DNA backbone [29]. In the long 
patch pathway, DNA synthesis requires PCNA, RFC, and polymerases β, 
δ, and ε, with the involvement of DNA ligase 1 and PCNA for ligation 
[30,31]. 

Since during the BER procedure short DNA fragments are generated, 
the comet assays can be used to monitor the DNA damage repair effi-
ciency. To test whether LIP functions in BER, its knockdown cell lines, 
and the control cell line were first measured by comet assays. The results 
showed that the knockdown of LIP significantly reduced the efficiency of 
BER (Fig. 3), indicating that LIP plays an essential role in this pathway. 

Fig. 4. Knockout of LIP affects the cellular survival. Established stable HeLa cell lines with LIP knockout using CRISPR/Cas9 technology. A. sgRNA targeting sites 
and their sequences. B. Genomic sequencing outcomes of the LIP knockout cell line, revealing deletions of 812 bp and 11 bp, along with extensive base mismatches. C. 
RT-qPCR assessment of LIP transcript levels in the LIP knockout cell line. D. Colony formation experiment, indicating that LIP knockout suppressed cell viability after 
24 h of TMZ treatment at various concentrations, in comparison to the negative control (NC). Error bars represent standard deviation (n = 3 independent experi-
ments). *P < 0.05, **P < 0.01, by two-tailed Student’s t-test. 
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By employing the CRISPR-Cas9 method, LIP knockout cell lines, KOLIP-1 
and KOLIP-2 were produced for further confirmation (Fig. 4). In the 
same way, the DNA damage repair efficiency in KOLIP-1 and KOLIP-2 
cells was significantly declined compared with the control cells (Fig. 5). 

As an ADP-ribosyl transferase, PARP-1 plays a critical role in mul-
tiple DNA damage repair pathways, but normally it only displays low 
intrinsic enzymatic activity. The activity of PARP-1 is significantly 
enhanced following it binds to a single-stranded DNA through its zinc 
fingers [18,32]. By a combination of the RNA-pulldown method and 
mass spectrometry, the interaction between LIP and PARP-1 has been 
identified (Fig. 6A), and this interaction has been further confirmed by 
the immunoprecipitation method with anti-PARP-1 antibody (Fig. 6B). 

In summary, it has been validated that transcription of LIP, a lncRNA, 
can be induced by DNA damage caused by TMZ. For human cells, 
knockdown or knockout of LIP causes significantly enhanced sensitivity 
to TMZ. The efficient BER requires LIP, since knockdown or knockout of 
LIP results in significantly reduced BER efficiency. The interaction be-
tween LIP and PARP-1 has been verified, suggesting that LIP may in-
fluence BER efficiency via its interaction with its interaction with PARP- 
1 (Fig. 7). 

5. Conclusion 

The transcriptional induction of LIP is a part of the cellular DDR, 

Fig. 5. The comet assay outcomes of the LIP knockout cell line. A. Representative comet assay images for various cell lines at 0 h, 24 h, and 48 h after 1 mM TMZ 
treatment, displaying diminished BER repair efficiency in LIP knockout cells compared to control cells (n = 3 independent experiments). B-D. Scatter plots illustrating 
tail length recovery in different knockout cell lines after 0 h, 24 h, and 48 h of 1 mM TMZ treatment. E-G. Scatter plots showing tail moment recovery in different 
knockout cell lines after 0 h, 24 h, and 48 h of 1 mM TMZ treatment. Ns indicates not significant (displaying summarized data from n = 3 independent experiments, 
each data point representing cell counts >50). *P < 0.05, **P < 0.01, ***P < 0.001, by two-tailed Student’s t-test. 
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since the absence or insufficient LIP causes significantly enhanced TMZ 
sensitivity to human cells. Knockdown or knockout of LIP significantly 
influences the efficiency of BER, suggesting that sufficient LIP is essen-
tial for efficient BER. Our data demonstrate that LIP selectively interacts 
with PARP-1, the key BER factor. It is highly likely that LIP may 
participate in BER via interacting with PARP-1 and influencing the ef-
ficiency of BER. This study expands the involvement of lncRNA LIP in 
the cellular DDR network and advances our understanding of LIP 
influencing efficient BER. 
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