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A B S T R A C T

Nitrogen mustard (NM) is a chemotherapeutic agent capable of alkylating nucleophilic proteins 
and DNA, causing severe cell damage. However, no reports have been on the dynamic changes in 
proteomics induced by NM. In this study, we established a model of acute exposure to NM for 1 h 
and a continuous cultured model for 24 h after NM removal (repair stage) using 16HBE cells. The 
nuclear protein spectrum and nuclear proteins crosslinked with DNA were analyzed, and the 
function of p97 during NM damage was examined. An hour of NM exposure resulted in severe 
changes in the nuclear protein spectrum and protein into the cell nucleus, which is mainly 
involved in nuclear acid-related issues. After 24 h, the return to normal process of the types and 
amounts of differentially expressed proteins was inhibited by si-p97. The main processes involved 
in si-p97 intervention were nucleocytoplasmic transport, processing in the endoplasmic reticu-
lum, metabolic abnormalities, and DNA-response; however. An hour of exposure to NM increased 
DNA-protein crosslinking (DPC), total-H2AX, and p-H2AX. In contrast, si-p97 only further 
increased or maintained their levels at 24 h yet not at 1 h. The effect of the proteasome inhibitor, 
MG132, was similar to that of si-p97. The siRNA of DVC1, a partner of p97, also increased the 
DPC content. Both si-p97 and si-DVC1 increased the cytoplasmic levels of the proteasome 
(PSMD2). These results suggest acute NM exposure induces severe nuclear protein spectral 
changes, rapid protein influx into the nucleus, DPC formation, and DNA double-strand breaks. 
Furthermore, our data indicated that p97 is involved in normal protein spectrum maintenance 
and DPC removal after NM withdrawal, requiring the participation of DVC1 and the proteasome.

1. Introduction

Nitrogen mustard (NM) was initially designed as a potential chemical warfare agent but was later found to be useful in cancer 
treatment [1]. It is highly toxic to normal tissues, causing inflammatory damage to the respiratory system, skin, and eyes [2,3]. In the 
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20th century, NM became the cornerstone of anticancer chemotherapy and remains significant today [1,4]. NM is a bifunctional 
alkylating agent (BAA) with two active electrophilic alkyl groups [5], namely, active N-chloroethyl groups, that can react with 
nucleophilic groups in DNA or proteins [6,7], causing severe damage through genetic and cellular toxicity.

Proteins are major target molecules in NM-induced damage [7] and serve as key indicators of cellular status. NM can directly 
cross-link proteins to DNA, forming DNA-protein crosslinks (DPC), a type of DNA damage [8]. However, the extensive alkylation of 
protein nucleophilic groups induced by NM can cause cellular microenvironment damage, as well as various stress responses such as 
inflammation [9] and oxidative damage [10–13]. Thus, monitoring the changes in the protein spectrum can provide a macroscopic and 
dynamic understanding of NM-induced damage. However, the alterations in the protein spectrum during the progression of 
NM-induced damage remain unclear.

When NM damage occurs, a substantial number of proteins may be damaged, and nuclear proteins may further cross-link with 
DNA, indirectly exacerbating errors in DNA replication, transcription, and protein translation [14,15]. Therefore, transporting and 
degrading a large number of proteins to alleviate the damage caused by DPC and mitigate the stress responses that disrupt cellular 
homeostasis is warranted. p97 (also known as VCP, Cdc48, or Ter94) belongs to the functionally diverse AAA + superfamily of proteins 
(ATPases associated with various cellular activities) superfamily of proteins [16]. p97 regulates protein homeostasis, membrane 
fusion, vesicle transport, and chromatin-related functions in various cellular pathways [17]. p97 extracts and/or disassembles ubiq-
uitinated substrates from membranes, chromatin, and large protein complexes [16,18]. However, the role of p97 in the repair of 
NM-induced damage has not been reported.

In the present study, we hypothesized that p97 plays a crucial role in NM damage repair. To validate this hypothesis, we inves-
tigated the nuclear protein spectrum after NM damage, focusing on temporal changes in nuclear proteins and the role of p97 in al-
terations of the nuclear protein spectrum and DPC content after damage. Our results indicate that NM induces a significant change in 
the nuclear protein spectrum, causing an influx of proteins into the cell nucleus and the formation of DPC with DNA during the early 
exposure phase. P97 facilitates protein transportation and elimination of DPC and plays a crucial role in the later stages of cellular 
repair. The repair function of p97 appears to be closely associated with the proteasome and DVC1 function.

2. Materials and methods

2.1. Cell culture and treatment

The human bronchial epithelial cell line 16HBE (RRID: CVCL_0112) was purchased from American Type Culture Collection 
(ATCC). The cell line was identified by Short Tandem Repeat (STR) authentication prior to the start of the experiment and submission, 
and no mycoplasma was detected by PCR. The cell line was cultured in MEM containing 10 % fetal bovine serum (FBS). Approximately 
1 × 10^7 cells were seeded in each 100 mm culture dish and maintained in a humidified atmosphere at 37 ◦C with 5 % CO2/95 % air. 
When the cell density was 70–80 %, the cells were treated with NM (DB, China) freshly dissolved in PBS. The concentration of NM in 
the culture medium was 50 μM. Cells were incubated in an NM-containing medium for 1 h, after which half of the cells were collected, 
and the other half were cultured in a normal medium for an additional 24 h. For proteasome inhibition, 2 μM of the proteasome 
inhibitor MG132 (Selleck Chemicals, Houston, TX, USA) was added, and cells were incubated for 3 h before being transferred to normal 
culture medium.

2.2. Transient transfection

Approximately 1 × 10^7 cells were seeded in each 100 mm cell culture dish. The next day, synthetic DVC1 and p97 siRNAs 
(Invitrogen Corp., Waltham, MA, USA) were transfected into cells using Lipofectamine 2000 (Invitrogen Corp.) according to the 
manufacturer’s protocol. Cells were treated with NM in the same manner as described above within 2 days after transfection.

2.3. Metabolite extraction and targeted LC-MS (liquid Chromatograph mass spectrometer) analysis

Targeted LC-MS analysis of the samples was performed using the BIOTREE software (Shanghai, China). Cells with or without NM or 
si-p97 were collected and nuclear proteins were separated using a nuclear and cytoplasmic protein extraction kit (Beyotime, China). 
The proteins were adjusted to the same concentration and digested into peptides using trypsin. After assessing the efficiency of the 
enzymatic digestion, the peptides were labeled with TMT6. Samples subjected to different treatments were labeled with isotopes of 
different sizes. The labeled peptides were desalted and deionized using a desalting column and acetonitrile, and subsequently sepa-
rated under high pH conditions. MS (Orbitrap Fusion) was used to detect the peptides and Proteome Discoverer (PD) (version 
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2.4.0.305, Thermo Fisher Scientific) was used for spectrum filtering. The Sequest HT search engine and UniProtKB-SwissProt databases 
were used for spectrum analysis.

2.4. DPC separation

The DPC separation was performed following the protocol described by Kiianitsa [19] with some modifications. Briefly, the cells 
were dissolved by adding DNAiso reagent (TaKaRa Bio Inc., Japan) to the solution (not exceeding 2 × 10^6 cells per 1 ml). After 5 min, 
the nucleic acids and DPC were precipitated by adding 0.5 vol of 100 % ethanol, followed by centrifugation, and the pellet was washed 
twice with 75 % ethanol. After ethanol evaporation, the pellet was resuspended in TE buffer or Milli-Q water and the DNA concen-
tration was quantified.

2.5. Quantification of DNA and protein in DPC Preparation

SYBR Green binds to double-stranded DNA (dsDNA), and the amount of dsDNA is proportional to the intensity of the emitted 
fluorescence. Bovine thymus standard DNA (Sigma-Aldrich, St. Louis, MO, USA) was diluted to a final concentration range of 0.5 ng/μL 
to 8 ng/μL using TE for serial dilution. Subsequently, DPC samples collected from 100 mm culture dishes were diluted to 1:1000. One 
hundred microliters of bovine thymus DNA or DPC samples were added to each well of a 96-well plate, followed by the addition of an 
equal volume of SYBR Green solution (Rebio Tech. Ltd., China). After 15 min of incubation in the dark, the fluorescence intensity was 
measured, and the DNA concentration of DPC samples was calculated based on a standard curve generated using bovine thymus DNA 
[20].

For protein quantification, a fluorescein isothiocyanate (FITC) stock solution was added to the DPC solution (10 μg) to achieve a 
final FITC concentration of 0.1 mM. The solution was incubated at room temperature for 1 h to label the cross-linked proteins. The 
labeled DPC were precipitated with 100 % ethanol, washed twice with 75 % ethanol, air-dried, and dissolved in Tris-EDTA (TE) buffer. 
Fluorescence intensity was measured using a fluorescence spectrometer to quantify the levels of FITC-labeled proteins. The loading 
amount of the DPC samples can be adjusted based on the protein concentration [21].

For the immunological detection of DPC, equal amounts of DNA samples were slot-blotted onto a nitrocellulose membrane under 
vacuum and washed three times with TBS. The membrane was blocked with 1 % BSA and incubated with an anti-FITC primary 
antibody (Sigma-Aldrich, USA). The membrane was incubated with an ECL substrate, and luminescent images were captured with 
Fusion Fx and FusionCapt Advance.

2.6. GST Pull-down

The DVC1 plasmid was cloned into the pet-GST vector (GeneCreate, China), expressed, and purified as GST-DVC1 protein in the 
Escherichia coli system. GST-DVC1 and a negative control (GST) were incubated with protein samples from cell lysates of different 
treatment groups along with agarose beads. SDS-PAGE was performed on the washed solutions from each group and Western blotting 
was performed using a rabbit polyclonal anti-GST antibody (Santa Cruz Biotechnology, Dallas, Texas, USA). Mass spectrometry was 
used to identify the bound proteins if GST-fused proteins were detected.

2.7. Western blot

The method was performed using nitrocellulose membranes following standard procedures. Rabbit polyclonal anti-p97 antibody 
(Abcam, Cambridge, Massachusetts, USA), rabbit polyclonal anti-p-H2AX antibody (Santa Cruz Biotech., USA), and mouse polyclonal 
anti-β-actin antibody (Santa Cruz Biotech., USA) were all used at a dilution of 1:1000. The bands were captured and their intensity was 
quantified. Band intensities of target proteins were adjusted by calculating the ratio to β-actin.

2.8. Immunofluorescence

Cells were washed with PBS and treated with 4 % paraformaldehyde and 0.5 % Triton X. Nonspecific binding was blocked with goat 
serum, followed by overnight incubation with rabbit polyclonal anti-PMSD2 antibody (CST, USA). The next day, FITC-labeled rabbit 
anti-rabbit secondary antibody was added and the cell nuclei were stained with DAPI.

2.9. Proteasome activity assay

To assess the activity of the 20S proteasome, 7-amino-4-methylcoumarin (AMC) was diluted to different concentrations (from 12.5 
μM to 0.20 μM) to create a standard curve. Protein samples collected from cell lysates were adjusted to the same concentrations. The 
proteasome substrate (Suc-LLVY-AMC) was added to the same amount of the protein sample to generate AMC. The fluorescence in-
tensity of AMC was detected at 380/460 nm and the inhibition rate of proteasome activity was calculated from the standard curve.

2.10. Statistical analysis

For LC-MS analysis, three parallel samples were mixed and the Significance B algorithm [22] was used to filter different proteins. 
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Metabolic pathway analyses were conducted using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (www. 
kegg.jp/kegg/pathway.html). Other experimental data were analyzed by one-way analysis of variance and presented as mean ±
standard deviation. Subsequent tests were performed using the Bonferroni correction. Statistical significance was set at P-value <0.05.

3. Result

3.1. Acute NM exposure induces changes in the composition of nuclear proteins, and p97 predominantly assists in the extrusion of proteins 
from the nucleus at later period

Cellular damage and repair are dynamic processes; therefore, we focused on the differences in protein expression at various time 
points after NM exposure to reflect the performance of cells at different time intervals. As NM exposure typically leads to acute injury 
and cell death, we used 1 h of continuous NM treatment to induce early cell damage. Subsequently, the cells were cultured for 24 h in a 
normal culture medium after NM treatment, simulating the self-repair of cells after exposure. Nuclear protein changes were the focus of 
the following experiment and were described using targeted LC-MS analysis.

The relative expression levels of nuclear proteins in the control and NM treatment groups were calculated. Differentially expressed 
nuclear proteins (P < 0.05) whose fold changes were more than 1.2 times or less than 0.83 time compared to the control were collected 
(Fig. 1A, and the blue, green, and purple dots in 1B). In total, 448 nuclear proteins were upregulated after 1 h of NM treatment, which 
decreased to 308 after 24 h, and the protein spectra of the two treatiments coincided less (Fig. 1C). The results indicate that the nuclear 
protein profile changed significantly from 1 to 24 h. Many proteins entered and exited the nucleus, and the degree of entry and exit was 
more pronounced at 1 h. After NM exposure, the number of downregulated nuclear proteins did not differ significantly at 24 h (318 vs. 
328). However, the protein profiles coincided less, which indicated a significant content change but a comparable intensity (Fig. 1D).

Treatment with NM + si-p97 exacerbated the upregulation of nuclear proteins at 1 and 24 h (Fig. 1C). In addition, the number of 
downregulated nuclear proteins in the NM + si-p97 group increased significantly at 24 h compared to 1 h (335 vs. 258) (Fig. 1D). These 
results suggest that the deletion of p97 mainly affected the recovery of the protein spectrum to normal during the later stage of cell 
repair, because the number of differentially expressed proteins can partly reflect the degree of change compared to the normal state.

Although Fig. 1C and D showed that a greater variety of proteins were altered in the nucleus following NM treatment, both with and 
without si-p97, this does not necessarily indicate an increase in the overall protein content. Therefore, we tested whether severe 
nucleic changes were associated with increased protein quantities. The ratio of nuclear protein to total protein was calculated. At 1 h 
and 24 h, the protein content in the nucleus of the NM group was higher than that in the normal control group. Si-p97 elevated this 
level at 24 h, but not at 1 h (Fig. 1E). This suggests that during the repair process after NM exposure, si-p97 inhibits the transfer of a 
larger number of proteins out of the cell nucleus in addition to a greater variety of proteins.

Fig. 1. Impact of NM exposure and si-p97 intervention on protein spectrum and amount in the cell nucleus. (A) Schematic diagram of the quan-
titative detection steps for tandem mass spectrometry-labeled protein groups. Nuclear proteins were extracted from three processed samples, and 
their expression differences were quantitatively analyzed. (B) Dynamic profiles of nuclear proteins 1–24 h after NM treatment with or without si-p97 
intervention. The expression levels of nuclear proteins in the NM group and si-p97+NM group were compared with the control group, with the x- 
axis representing the multiple changes in protein (log2-based) and the y-axis representing the information on protein expression levels (log10- 
based). Blue (0.01≤P < 0.05), green (0.001≤P < 0.01), and purple dots (P < 0.001) represent the significant screening results with fold change ≥1.2 
or ≤ 0.83, while non-significant proteins (P ≥ 0.05) are shown in red. (C, D) Histogram and Venn diagram showing the number of up-regulated or 
down-regulated nuclear proteins in NM and NM + si-p97 groups at 1 h and 24 h, respectively. (E) Changes in the ratio of nuclear proteins to total 
proteins in NM and si-p97+NM groups at different time points. The adjustment was made by setting the ratio of nuclear proteins to total proteins in 
the control group as 1.
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3.2. Acute NM exposure affects upstream protein synthesis and substance metabolism processes, and p97 deficiency hinders 
nucleocytoplasmic transport

Venn diagrams were used to filter out nuclear proteins with changes in expression after NM, si-p97, and si-p97+NM treatments to 
further understand the differential expression of nuclear proteins. After 1 h of NM exposure, 171 proteins showed changes under all 
three treatment conditions (middle overlap in Fig. 2Ai), indicating that the expression of these nuclear proteins was significantly 
altered by NM, si-p97, or si-p97+NM. Separating nuclear proteins into upregulated and downregulated subgroups, the middle overlap 
in Fig. 2Aii indicated that si-p97 further exacerbated the effects of NM on five nuclear proteins (GFPT2, RSPH3, FSHR, BMP3, and 
IZUMO2) (Fig. 2Aiv). Similarly, the middle overlap in Fig. 2Aiii indicated that si-p97 further exacerbated the effects of NM on four 
nuclear proteins (MGST1, SREBF1, TMEM19, and TRMT112) (Fig. 2Av). These nine proteins are related to cell metabolism, suggesting 
that p97 deficiency exacerbates the damage to cell metabolism caused by NM at 1 h.

We further performed a clustering analysis of all differentially expressed nuclear proteins based on KEGG to confirm the biological 
functions of significantly different proteins. We ranked the cellular signaling pathways by gene ratio. After 1 h of NM exposure, 
regardless of the presence of si-p97, the top three pathways involved were spliceosome, ribosome biogenesis in eukaryotes, and the 
mRNA surveillance pathway (Fig. 2B). This suggests that NM, and not p97, predominantly influences these pathways. Active DNA 
transcription, mRNA accuracy checking, and new protein synthesis are the predominant changes that occur during the early stages of 
NM damage. We subsequently distinguished the nuclear proteins into upregulated and downregulated subgroups. We observed that for 
the upregulated proteins, due to the undetection of four proteins (DDX39B, ALYREF, NUP35, and GLE1) (Supplementary Table 1), the 
nucleocytoplasmic transport pathway was less significant in the NM + si-p97 group than in the NM group (Fig. 2C). These four proteins 
are associated with protein splicing transport, central channels, and endoplasmic reticulum fibers, suggesting that p97 deficiency 
affects these functions during acute NM injury. The metabolic pathway was the most inhibited for the downregulated proteins at 1 h 
(Fig. 2D), indicating direct and rapid inhibition of energy production during this period, which was slightly more severe when si-p97 
was added. Other pathways involved in Fig. 2D were mainly related to substance metabolism, with a slight difference after si-p97 
intervention.

3.3. Endoplasmic reticulum-related protein transport was the main task during the cellular repair phase after NM exposure; si-p97 affects 
the transportation and DNA repair manner

After 1 h of treatment, the normal culture medium was replaced with a medium containing NM, and the cells were cultured for 24 h. 
This approach was used to reflect the repair phase after NM exposure. A total of 52 nuclear proteins (the middle overlapping portion in 
Fig. 3Ai) were significantly altered by NM, si-p97, or si-p97+NM. Subsequently, we divided all the differentiated nuclear proteins into 
upregulated and downregulated subgroups. The overlap in the middle of Fig. 3Aii indicated that si-p97 further intensified the effect of 
NM on 18 proteins’ upregulation (Fig. 3Aiv); (H2AX, MRM3, H2BC13, HIST3H2A, AREG, APOE, LAMP2, HIST2H2AC, HBA1, HIS-
T2H2AB, ATF3, S100A9, IGLC2, SNAPC4, LYZ, GPX3, ANP32C, and RPIA). Similarly, the overlap in the middle of Fig. 3Aiii indicates 
that si-p97 further intensified the effect of NM on 11 proteins’ downregulation (EHD2, PDK1, CRIP2, CLP1, MT-ND4, ANGPTL4, 
IREB2, KAT8, TOR1AIP2, SLC25A15, and SLC35F6) (Fig. 3Av).

We also clustered the differentially expressed nuclear proteins 24 h after NM treatment and identified the top 10 signaling 
pathways based on the gene ratio. After a period of repair at 24 h, the predominant pathway was protein processing in the endoplasmic 
reticulum, indicating that this was a major task during this stage. However, compared to the NM treatment alone, the addition of si-p97 
made the enrichment of this pathway less significant. The nine pathways involved were associated with the metabolism of various 
substances (Fig. 3B). After distinguishing the upregulated differential nuclear proteins, we observed that metabolic pathways became 
more significant because more differential nuclear proteins in these pathways were detected after si-p97 treatment (Fig. 3C), sug-
gesting that the loss of p97 makes substance metabolism more aberrant during this stage. For the nuclear proteins downregulated at 24 
h (Fig. 3D and E), most pathways were related to DNA, indicating that DNA-related processes were not the primary task of the cells at 
this time. Among these pathways, four significantly changed in both the NM and NM + si-p97 groups; however, all were less significant 
in the presence of si-p97 (Fig. 3D). Other genes were quite different between the NM and NM + si-p97 groups (Fig. 3E), most of which 
were related to DNA damage repair, indicating different DNA repair responses.

3.4. P97 Regulates DNA Damage in NM Exposure

As shown in Fig. 3Aiv, we observed a significant increase in the total H2AX levels 24 h after NM + si-p97 treatment. Considering 
that the phosphorylation of H2AX is a crucial marker of DNA double strand break (DSB), we inferred that p97 plays a vital role in DNA 
damage repair. Given that more nuclear proteins can provide additional opportunities for crosslinking proteins to DNA, we compared 
the levels of DPC and H2AX with and without si-p97 intervention.

We found that exposure to NM led to DPC formation (Fig. 4A). DPCs were formed during the acute injury period after 1 h. To some 
extent, this may impede or delay the degradation of crosslinked proteins, obstructing protein export from the nucleus. However, 
compared to the NM group, the addition of si-p97 caused additional DPC formation at 24 h, but not at 1 h. This suggests that p97 is 
involved in DPC repair, specifically in the repair process after NM damage. Second, NM increased the levels of total-H2AX and p-H2AX 
levels. Si-p97 inhibited the increase in total-H2AX and p-H2AX at 1 h; however, it maintained high levels at 24 h (Fig. 4B and C).
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3.5. Interaction between P97 and Proteasomes in NM Exposure

Considering that one function of p97 is to present proteins to proteasomes for degradation, we hypothesized that si-p97 would 
maintain high levels of nuclear protein content at 24 h and cause elevated DPC, which may be related to the inability of proteins to be 
transported to proteasomes. We investigated the damage caused by proteasome inhibition. Despite the high levels of p-H2AX produced 
by NM at 1 h, addition of the proteasome inhibitor MG132 partially prevented the increase in p-H2AX (Fig. 5A). MG132 showed a 
slight inhibitory effect on the NM-induced DPC removal after 24 h (Fig. 5B). These results were similar to those of si-p97 transfection, 
suggesting a synergistic interaction between p97 and proteasomes in NM damage and repair.

To identify the most active proteasomal components during NM and si-p97 treatment, we analyzed all subunits detected by LC-MS. 
At 1 h, 45 proteasome subunits were detected and at 24 h, 42 subunits were detected. Among all subunits, the expression of PSMD2 was 
the highest throughout the cell. Furthermore, the presence of si-p97 significantly increased the expression of PSMD2, as indicated by 
the dashed boxes in Fig. 5C and D.

Subsequently, the interaction between p97 and PSMD2 was analyzed by immunofluorescence staining. After NM treatment, the 
expression of PSMD2 was significantly upregulated and was mainly concentrated in the cell nucleus. Simultaneously, si-p97 inter-
vention increased the content of PSMD2 in the cytoplasm (Fig. 5E–G). We speculate that more proteasomes are recruited to the cell 
nucleus to process unwanted proteins, such as those in DPC, and repair NM damage. Loss of p97 may partially reduce the nuclear 
loading of proteasomes and inhibit protein degradation.

3.6. Interaction between P97 and Protease DVC1 in Nuclear Protein Degradation

Previous studies have demonstrated the involvement of the protease DVC1, which interacts with p97, in DPC repair. We used GST- 
DVC1 to confirm the physical interaction between DVC1 and p97 (Fig. 6A), which is consistent with the findings of Davis [23]. To 
identify additional DVC1 partners, we used LC-MS to detect the proteins pulled down by GST-DVC1. Interestingly, in addition to p97, 
PSMD2 interacted with DVC1 (Supplemental Table 2). Therefore, we investigated the effects of DVC1 on PSMD2 and the proteasome. 
In the NM + si-DVC1 group, the expression of PSMD2 remained high, similar to that in the NM group; however, the content of PSMD2 
in the cytoplasm increased (Fig. 6B–D), indicating that the absence of DVC1 failed to concentrate PSMD2 in the cell nucleus. After 
si-DVC1 treatment, proteasome activity decreased (Fig. 6E). Meanwhile, DPC formation significantly increased (Fig. 6F), similar to the 
effects observed with si-p97 or MG132 treatment. These data collectively demonstrate the collaboration of P97, DVC1, and protea-
somes in the repair of DPC after NM damage.

4. Discussion

NM is considered a valuable material for military applications [24]. It induces tissue damage through various mechanisms possibly 
related to its molecular structure. Because of alkylation by its bifunctional groups, its targets extend beyond specific molecules to 
encompass a range of molecules with nucleophilic groups [25]. Consequently, essential cellular components, from DNA bases to 
proteins, can be directly or indirectly damaged. For instance, proteins can form DNA-protein crosslinks (DPC) under the influence of 
NM, leading to DNA damage. In contrast, damaged proteins and DPC can directly or indirectly disrupt cellular structure and function 
[26]. Therefore, understanding how changes in the proteome reflect cellular responses to nitrogen mustard damage is crucial.

This study used proteomics to understand cellular damage and repair globally. Additionally, two time points, 1 and 24 h, were 
selected. The 1-h time point reflects acute stress changes in cells after exposure to NM. In contrast, the 24-h time point reflects the 
repair process after a period of detachment from exposure, allowing for a more detailed assessment of the dynamic repair process. A 
significant change occurred in the nuclear protein spectrum and total amount during the acute injury phase. However, as time pro-
gressed, the total level of nuclear proteins and the number of differentially expressed proteins tended to return. The significantly 
involved pathways changed, indicating that severe damage occurs within the cell nucleus during acute exposure, which may be 
relieved or cause secondary stress during the removal stage of NM.

The primary functions of P97 include the removal of chromatin proteins, endoplasmic reticulum-mediated protein degradation, 
and membrane fusion [27,28]. P97 can capture target proteins and, relying on ATP hydrolysis, drive the target protein through its 
cycling domain, releasing the target protein from its original location (e.g., chromatin) [16,29]. Changes in the spatial structure of the 
target protein make it more susceptible to degradation [29]. Additionally, our previous study confirmed that p97 can remove MGMT 
proteins crosslinked with DNA [30].

Fig. 2. Cluster analysis of differentially expressed nuclear protein 1 h after NM exposure and si-p97 intervention. (A) i: Venn diagram showing the 
results of pairwise comparisons of differentially expressed nuclear proteins between control, NM, and si-p97+NM groups at 1 h. ii-iii: Further 
categorization of proteins with differential expression at 1 h into upregulated and downregulated, represented by Venn diagrams; ii: Upregulated 
proteins; iii: Downregulated proteins. iv-v: Fold changes of proteins in the middle part of the Venn diagrams in ii and iii. (B) Clustering of all the 
differentially expressed nuclear proteins in NM and NM + si-p97 groups at 1 h using the KEGG database and the top 3 pathways were compared 
between the two groups. The x-axis represents the gene ratio, and the y-axis represents the pathway names. The color of the dots represents the p- 
value of the pathway, and the size of the dots represents the number of proteins enriched in that pathway. (C) Clustering of the upregulated nuclear 
proteins at 1 h in NM and si-p97+NM group, and the top 5 pathways were compared between the two groups. The representation methods are 
similar to B. (D) Clustering of the downregulated nuclear proteins at 1 h in NM and si-p97+NM group, and the top 10 pathways were compared 
between the two groups. The representation methods are similar to B.
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Fig. 3. Cluster analysis of differentially expressed nuclear protein 24 h after NM exposure and si-p97 intervention. (A) i: Venn diagram showing the 
results of pairwise comparisons of differentially expressed nuclear proteins between control, NM, and si-p97+NM groups at 24 h. ii-iii: Further 
categorization of proteins with differential expression at 24 h into upregulated and downregulated, represented by Venn diagrams; ii: Upregulated 
proteins; iii: Downregulated proteins. iv-v: Fold changes of proteins in the middle part of the Venn diagrams in ii and iii. (B) Clustering of all the 
differentially expressed nuclear proteins in NM and NM + si-p97 groups at 24 h using the KEGG database and the top 10 pathways were compared 
between the two groups. The x-axis represents the gene ratio, and the y-axis represents the pathway names. The color of the dots represents the p- 
value of the pathway, and the size of the dots represents the number of proteins enriched in that pathway. (C) Clustering of the upregulated nuclear 
proteins at 24 h in NM and si-p97+NM group, and the top 4 pathways were compared between the two groups. The representation methods are 
similar to B. (D) Clustering of the downregulated nuclear proteins at 24 h in NM and si-p97+NM group, and the same pathways involved in both 
groups are selected. The representation methods are similar to those of B. (E) Clustering of the downregulated nuclear proteins at 24 h in the NM and 
si-p97+NM groups, and the different pathways between the two groups are selected. Methods of representation are similar to B.
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This study found that si-p97 did not result in severe DNA damage during acute exposure to NM (1 h), except for the weakening of 
nucleocytoplasmic transport. However, during the repair time (24 h), the types of differentially expressed nuclear proteins and the 
total amount of nuclear proteins in the NM + si-p97 group were greater than those in the NM group (Fig. 1C–E). Considering that the 
differentially expressed nuclear proteins partly reflect deviations from the normal state, no differential proteins should occur under 
normal conditions; this result suggests that p97 deletion may not be a primary factor exacerbating damage in the early exposure stage. 
However, the impact of p97 on nuclear proteins may manifest during the repair stage after NM withdrawal because a substantial 
number of nuclear proteins can be regulated by p97.

Proteomic cluster analysis revealed that during the acute injury phase, NM primarily influenced the upstream processes of cellular 
substance metabolism through several pathways, such as spliceosome, ribosome biogenesis, and mRNA surveillance (Fig. 2B). This 
may be attributed to DNA’s early and rapid stress response to NM injury. The nucleocytoplasmic transport pathway was obstructed 
during the acute exposure due to p97 deficiency (Fig. 2C). At 24 h, an increase was observed in the different types of nuclear proteins 
and the total amount of nuclear proteins in the presence of si-p97, along with an increase in DPC (Fig. 1C–E, 4A), suggesting that the 
consequences of impeding nucleoplasmic transport during the acute injury phase may only become apparent at this time point, as it 
interferes with the export of proteins from the nucleus and promotes the formation of DPCs in subsequent stages. In addition, the 
activity of metabolism is significantly downregulated in the early stage of injury, which may be because the main response of cells at 
this time is concentrated upstream, such as nucleic acid-related events, or because the blockage of nucleocytoplasmic transport affects 
metabolism, which can be proven by the decrease in the activity of the metabolic pathway, which is more obvious when p97 is 
inhibited (Fig. 2D).

The signaling pathways involved in the repair stage are quite different from those involved in the early stage of injury. Interference 
during this period was mainly focused on protein processing in the endoplasmic reticulum and the downstream processes of specific 
metabolic pathways for various substances (Fig. 3B). Most downregulated proteins in Fig. 3Av were involved in metabolic processes. 
However, the metabolic pathway was the most significant pathway clustered by upregulated genes. This indicates complex metabolic 
regulation, including rescue and worse disruption at this time, which may be a delayed effect of acute DNA damage. The abnormality 
in endoplasmic reticulum protein processing suggests it is a predominant task in the nucleus at 24 h. It may also be metabolic-related; 
however, p97 deficiency reduced the number of enriched genes in this pathway (Fig. 3B). This is consistent with the results shown in 
Fig. 5, as PSMD2, a protein representing the endoplasmic reticulum protein processing pathway, was more highly expressed in the 
cytoplasm than in the nucleus when p97 was deficient. This suggests that p97 deficiency prevents the recruitment of molecules that 
deliver proteins to the endoplasmic reticulum, accumulating various proteins in the nucleus.

During the repair stage, nuclear-acid-related responses such as mRNA surveillance, cell cycle, and transcription were significantly 
downregulated, which may indicate that the main task of the cell shifts from early nucleic acid-related events to late metabolism- 
related events. However, si-p97 reduced these events to a lesser extent, suggesting that the nuclear acid-related response was still 
active (Fig. 3D and 4). Several downregulated pathways at this stage were DNA repair-related, such as nucleotide and base excision 
repair; both target less severe DNA damage, such as single-strand breaks. This downregulation may suggest that the DNA has been 
repaired or that these repairs are not the top choice. However, si-p97 inhibits the Fanconi anemia pathway, a repair method for DNA 
inter-strand crosslinking, and causes more severe damage (Fig. 3E). This suggests that p97 deletion may interfere with DNA repair in 
later stages, specifically the ability to repair severe damage. This was also evidenced by the long-term existence of DPC, total-H2AX, 
and p-H2AX, as shown in Fig. 6.

Various nuclear proteins play roles in DNA to ensure normal functions, including chromatin modeling, replication, transcription, 
and DNA repair. Typically, these proteins are recruited to DNA only briefly when needed and are released from DNA and protein 
complexes after completing their physiological functions. However, alkylating agents such as NM can cause stable covalent alkylation 
of DNA and proteins through their two N-chloroethyl groups, leading to the formation of DPC [31]. Our results confirmed that NM 
damage increased the DPC content (Fig. 4A). If the proteins on these DPCs were already present in the cell nucleus, they would only 
increase the DPC content, and there would not be an influx of proteins into the cell nucleus after 1 h. Therefore, our results suggest that 
proteins in the DPC inherently exist in the cell nucleus and also include some proteins that have already entered the cell nucleus but 
become crosslinked to the DNA chain upon contact with NM. This may be because NM can first undergo an addition reaction with a 

Fig. 4. Impact of NM and si-p97 on DPC formation and DSB. (A) DPC content after NM and si-p97 treatment at 1 and 24 h. (B) Relative expression 
levels of total-H2AX were detected by tandem mass spectrometry labeling at 1 h and 24 h in NM and NM + si-p97 groups. (C) Impact of NM and si- 
p97 on p-H2AX content at 1 and 24 h as detected by Western blot.
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protein containing one chloroethyl group, enter the cell nucleus with the protein from the addition reaction, and crosslink with the 
DNA chain containing another chloroethyl group.

Our data indicated that NM caused DNA DSB within 1 h, a severe form of DNA damage (marked by p-H2AX), which is consistent 
with previous reports [32] (Fig. 4C). However, the relationship between the various types of NM-induced DNA damage has not yet 
been experimentally validated. Our experiments revealed that NM induced both DPC and DSB within 1 h. However, when p97 was 
deleted, although DPC increased, the early (1-h) level of DSB did not increase significantly. After 24 h, DPC and DSB levels increased 
significantly, even without p97. Like H2AX, many upregulated proteins (Fig. 3Aii and iv) were histone-related proteins, which 
increased only at 24 h, probably due to the need for newly synthesized DNA. Based on its structure, NM can cause DPC or DNA chain 

Fig. 5. Role of Proteasomes in NM-Induced Nuclear Damage. (A) Western blot detected p-H2AX content caused by NM and MG132 at 1 h. (B) 
Impact of NM and MG132 treatment on DPC content at 24 h. (C, D) Relative expression levels of proteasome subunits in different treatment groups 
at 1 or 24 h. PSMD2 is highlighted within the red dotted line. C: 1 h; D: 24 h. (E) Immunofluorescence staining of PSMD2. A scale bar of 25 μm is 
shown in figure. (F) The total fluorescence density of PSMD2 in E. (G) PSMD2 fluorescence intensity of cytoplasm relative to the nucleus in E.
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crosslinking through its two chloroethyl arms [33]; however, direct induction of DSB is unreasonable. We suspect that the increase in 
DSB within 1 h of NM treatment may be due to the replication pressure caused by DPC and DNA chain crosslinking. When p97 was 
deleted in the early stages (1 h), no more proteins entered the nucleus (Fig. 1E); therefore, the DPC level was not higher than that 
induced by NM alone (Fig. 4A), offsetting the impact on replication pressure and DSB formation to some extent (Fig. 4B and C) [34]. As 
time progressed, the deletion of p97 led to the aggregation of many proteins in the cell nucleus (Fig. 4A and 1C), and DPC could not be 
cleared. During DNA replication, owing to the continued presence of DPC, a large number of crosslinked proteins on the DNA chain 
lead to an increase in the replication pressure, causing DSB. This suggests that DSB are secondary phenomena in the progression of 
damage.

MG132, a proteasome inhibitor, inhibited p-H2AX levels in the early stages (Fig. 5A), similar to the results of si-p97 treatment, 
indicating that the proteasome inhibits protein entry into the cell nucleus in the early stages. However, proteasome inhibition also 
leads to a slower clearance of DPC [35]. Additionally, we observed an increase in PSMD2 levels after NM damage (Fig. 5C–E). PSMD2 is 
a subunit of the 26S proteasome ubiquitin receptor that participates in protein degradation during proteasomal function by encoding 
one of the non-ATPase subunits of the 19S regulatory subunit [36]. Moreover, elevated levels of PSMD2 expression may indicate the 
risk of abnormal cell proliferation and cell cycle progression, even predicting an unfavorable cancer prognosis [37,38]. Therefore, 
during NM damage, the concentration of PSMD2 near the nucleus may indicate genomic instability. However, when p97 was deleted, 
PSMD2 was dispersed throughout the cell, indicating that removing nuclear proteins was not the primary task, which is consistent with 
the results shown in Fig. 3D.

p97 interacts with ubiquitin ligases through its N-domain to recognize and transport multiple target proteins from the chromatin 
and endoplasmic reticulum to the cell membrane [27,39]. Our previous studies have confirmed that removing DNA-crosslinked MGMT 
protein depends on ubiquitination. Moreover, previous reports [40] have suggested that DVC1 is involved in presenting nuclear 
proteins to p97. DVC1 is involved in the degradation of target DNA proteins through its ubiquitin-binding domain [31]. Our exper-
iments confirmed that DVC1 directly recognized p97 (Fig. 6A). Like p97, DVC1 can also bind to PSMD2; after DVC1 deletion, PSMD2 
distribution tends to be throughout the entire cell rather than concentrated in the nucleus. Meanwhile, the activity of the proteasome 
decreased, and the DPC content increased, indicating that the inhibition of DVC1 also hinders the degradation of nuclear proteins 
through proteasomes (Supplemental Table 2, Fig. 6B and C). DVC1 may form a complex with p97 and the proteasome, participating in 
removing nuclear proteins. Based on the DVC1 and p97 domains, as well as the results of this study, we believe that p97’s precise 
removal of specific nuclear proteins depends on DVC1.

In summary, this study found that NM causes a large influx of proteins into the cell nucleus and a significant change in the nuclear 
protein spectrum in the early stage, promoting the accumulation of DPC and causing DSB, resulting in the inhibition of replication, 
transcription, and translation, and ultimately disrupting energy metabolism. In addition, p97 facilitates the efflux of proteins from the 
cell nucleus and eliminates DPC, which plays a crucial role in cellular repair. The repair effects of p97 are closely related to the 
proteasome and DVC1. In this study, the process of p97’s precise removal of specific nuclear proteins dependent on DVC1 was not 
thoroughly investigated and required further research.
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