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Background: There has been a considerable concern about cancer induction in response to radiation exposure. However, only a limited number of studies have focused on the biological effects of below-background radiation (BBR) in deep underground environments. To improve our understanding of the effects of BBR on cancer, we studied its biological impact on well-differentiated laryngeal squamous cell carcinoma cells (FD-LSC-1) in a deep underground laboratory (DUGL).

Methods: The growth curve, morphological, and quantitative proteomic experiments were performed on FD-LSC-1 cells cultured in the DUGL and above-ground laboratory (AGL).

Results: The proliferation of FD-LSC-1 cells from the DUGL group was delayed compared to that of cells from the AGL group. Transmission electron microscopy scans of the cells from the DUGL group indicated the presence of hypertrophic endoplasmic reticulum (ER) and a higher number of ER. At a cutoff of absolute fold change ≥ 1.2 and p < 0.05, 807 differentially abundant proteins (DAPs; 536 upregulated proteins and 271 downregulated proteins in the cells cultured in the DUGL) were detected. KEGG pathway analysis of these DAPs revealed that seven pathways were enriched. These included ribosome (p < 0.0001), spliceosome (p = 0.0001), oxidative phosphorylation (p = 0.0001), protein export (p = 0.0001), thermogenesis (p = 0.0003), protein processing in the endoplasmic reticulum (p = 0.0108), and non-alcoholic fatty liver disease (p = 0.0421).

Conclusion: The BBR environment inhibited the proliferation of FD-LSC-1 cells. Additionally, it induced changes in protein expression associated with the ribosome, gene spliceosome, RNA transport, and energy metabolism among others. The changes in protein expression might form the molecular basis for proliferation inhibition and enhanced survivability of cells adapting to BBR exposure in a deep underground environment. RPL26, RPS27, ZMAT2, PRPF40A, SNRPD2, SLU7, SRSF5, SRSF3, SNRPF, WFS1, STT3B, CANX, ERP29, HSPA5, COX6B1, UQCRH, and ATP6V1G1 were the core proteins associated with the BBR stress response in cells.
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INTRODUCTION

Humans are exposed to radiation that originates from natural and man-made sources (1). There has been a considerable concern about cancer induction in response to radiation exposure, which is one of the potential harmful effects of radiation (2). A linear no-threshold (LNT) relationship, which is an assumption model, was formed between dose and risk values to estimate the risk of cancer induced by low doses of radiation (1). However, increasing evidence suggests that the risks of low doses of radiation might not strictly conform to an LNT (2). In particular, the relevant biological research data has been collected from experiments conducted in deep underground laboratories (DUGLs), which were originally used to conduct particle, astroparticle, or nuclear physics experiments that require an environment with significantly low interference by cosmic ray particles (3). Biological experiments conducted in DUGLs revealed the detrimental effects of an environment with low background radiation on cultures (3). However, the limited number of studies that focus on this issue has made it difficult to draw a meaningful conclusion about the biological effects of below-background radiation (BBR).

To better serve the national interests of China related to the exploration of deep underground spaces and resources, a deep underground medical laboratory was established at Erdaogou Mine, Jiapigou Minerals Limited Corporation (CJEM) of China National Gold Group Corporation in northeast China (3). Owing to the rocky cover of 1,470 m, the cosmic radiation exposure in the DUGL at CJEM was negligible (4). The terrestrial γ-ray dose rate radiation in the DUGL (0.04 μSv/h) was only one-third of that in the above-ground laboratory (AGL; 0.15 μSv/h), which was constructed as a control laboratory in an office building near the entrance of the CJEM facility (4). We determined the environmental characteristics and tested the feasibility of conducting experiments at the DUGL at CJEM in December 2017 (3). The other environmental parameters showed that relative humidity (DULG/AGL = 99%/57.2%) (p < 0.001), air pressure (DULG/AGL = 1118.2 hPa/951.9 hPa) (p < 0.001), and concentration of CO2 (DULG/AGL = 951.9 ppm/540.11 ppm] and radon gas (DULG/AGL = 4.0 pCi/L/1.25 pCi/L) (p < 0.001) were significantly higher in the DUGL compared to the AGL (4). However, O2 concentration in the DUGL (20.8%) and AGL (20.6%) was not significantly different (4).

Initial studies showed that Chinese hamster V79 cells could be successfully cultured in the DUGL and presented with proliferation inhibition (3). In addition, quantitative proteomic analyses revealed that the differentially abundant proteins (DAPs) in V79 cells from the DUGL and AGL groups were associated with the ribosome pathway, RNA transport, and oxidative phosphorylation (OXPPL) among others. The alteration in protein expression might form the basis for V79 cell growth delay and stress response under BBR in the deep underground environment. However, the cells studied in the DUGL were normal cells. Only a limited number of studies have investigated the responses in cancer cells under such environments, in which background radiation is shielded.

We selected well-differentiated laryngeal squamous cell carcinoma cells (FD-LSC-1), which are moderately sensitive to radiation (4), to observe the biological effect of BBR in the DUGL at the CJEM facility. The growth curve, morphological, and quantitative proteomic experiments were performed on FD-LSC-1 cells cultured in the DUGL and AGL. These data might provide novel insights into the relationship between radiation and cancers in a BBR environment.



MATERIALS AND METHODS

The methods followed for cell culture, growth curve, transmission electron microscopy (TEM), tandem mass tag (TMT) protein quantification, and parallel reaction monitoring (PRM) experiments have been presented in one of our previous studies (4).


Cell Culture

Briefly, FD-LSC-1 cells were purchased from the Shanghai branch of the Chinese Academy of Science. The frozen FD-LSC-1 cells were revived and cultured in Dulbecco's modified Eagle medium (Gibco, USA) supplemented with 10% fetal calf serum (Gemini, USA), 50 U dm−3 penicillin, and streptomycin (Gibco, USA). Once the cells reached above 80% confluence, they were passaged. Next, the cultures were divided among four bottles. Two bottles were assigned randomly for culturing in the DUGL or AGL. The bottles for DUGL were transferred from AGL to DUGL in an incubator, which took about 1.5–2 h from the AGL to DUGL. Then the cells were maintained in incubators at the two locations at 37°C and 5% CO2. The culture from one bottle from each laboratory was used to analyze the proliferation ability and morphological changes. The culture from the second bottle from each laboratory was used for passage when the cells were more than 80% confluent. After 4 days of culture in the DUGL or AGL, three bottles of the cell samples cultured in each location were collected on site for proteomic analyses. The flow chart for the study is presented in Figure 1.
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FIGURE 1. Flow chart of the study design. AGL, above-ground laboratory; DUGL, deep underground laboratory.




Growth Curve

Cell Counting Kit-8 (CCK-8) (MCE, USA) was used to compare the proliferative potential of FD-LSC-1 cells from the DUGL and AGL groups. Briefly, 200 μL of cell suspension at a concentration of 5 × 105 cells/mL, was added to each well in a 96-well plate. The cells were cultured in the incubator. The CCK-8 reagent was added to the five replicate wells (10 μL/well) every day for the following 7 days; then, the plates were incubated for 4 h in the incubator at both the locations. The absorbance of each well was measured at 450 nm (OD450). On each day and at each location, the absorbance of cultures in the five replicate wells was measured to analyze the proliferation potential of the cells. The average value of five replicate absorbance values recorded each day was used to construct the growth curve.



TEM

The FD-LSC-1 cells cultured in the DUGL or AGL for 2 days were harvested for transmission electron microscopy (TEM) analysis. The cells were fixed with 2.5% glutaraldehyde at both the locations. Similar to V79 cells (4), the cell samples from both the laboratories were washed with pre-chilled phosphate buffered saline and fixed using 1% OsO4. The cells were then dehydrated in ethanol and embedded in epoxy resin. Ultra-thin sections of 80 nm were cut and stained using 3% uranyl acetate and lead citrate. A Hitachi H7650 TEM (Hitachi, Japan) was used to observe the sections.



Quantification of TMT Protein

The FD-LSC-1 cells were lysed using a lysis buffer [7 M urea, 4% sodium dodecyl sulfate, 30 mM 2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid, 1 mM phenylmethanesulfonyl fluoride, 2 mM ethylenediaminetetraacetic acid, 10 mM dithiothreitol, and 1 × protease inhibitor cocktail (Sigma-Aldrich, USA)]. The protein lysates were sonicated on ice (5 s pulse on, 15 s pulse off, 180 W power, 10 min). After centrifugation at 10,000 × g and 4°C for 10 min, the protein concentrations in the supernatants were determined using a bicinchoninic acid protein assay kit (Fisher Scientific, USA). Hundred microgram of protein from each sample was then reduced using 10 mM dithiothreitol and alkylated using 35 mM iodoacetamide under dark conditions for 30 min. The samples were incubated in pre-chilled (at −20°C) acetone for 3 h and centrifuged at 20,000 × g and 4°C for 30 min. The samples were then washed twice with a 50% acetone and 50% ethanol mix and centrifuged at 20,000 × g and 4°C for 30 min. The precipitates were resuspended in 100 μL of 100 mM tetraethylammonium bromide and digested twice with trypsin (Promega, USA) at 37°C. The enzyme-protein ratio was 1:100 (w/w).

The digested samples were labeled with 6-plex TMT tag (Thermo Scientific, USA) for 2 h at room temperature, equilibrated to room temperature, and dissolved in 41 μL of anhydrous acetonitrile. The samples from the DUGL groups were labeled with TMT-126, −127, and −128. The samples from the AGL group were labeled with TMT-129, −130, and −131. The samples were then combined and lyophilized. Subsequently, the samples were desalted in a Sep-Pak C18 column (100 mg, 1 cc, Waters, USA) (4).

The labeled samples were fractionated by high performance liquid chromatography in a BEH C18 column (2.1 × 150 mm, 1.7 μm, 130 Å) (Acquity UPLCBEH C18, Waters Corporation, Eschborn, Germany) and a two-mobile-phase gradient elution system (mobile phase A: 10 mM ammoniumformate, pH 10; mobile phase B: 10 mM ammoniumformate and 90% acetonitrile, pH 10). The eluted fractions were collected using an automated fraction collector and combined into twelve fractions.

Peptide analyses were performed using an Orbitrap Fusion mass spectrometer (Thermo Scientific, San Jose, CA, USA) in positive ionization mode using the data-dependent acquisition (DDA) strategy. The full spectrum MS mode was used with the following settings: ESI voltage, 2 kV; capillary temperature, 300°C; automatic gain control target, 5 × 105 ions at a resolution of 70,000; scan range, 350–1,600 m/z; maximum injection time, 50 ms. The MS/MS data were acquired using the top 15 intense parent ions. The resolving power was set to 17,500 at an m/z value of 200. The MS/MS minimum ionic strength was 50,000, and the maximum injection time was 150 ms. The automatic gain control target for MS/MS was 2 × 105 with a 2 Da isolation window.



Protein Identification and Quantification

Raw data were initially processed using Proteome Discoverer (version 1.4.0.288, Thermo Fisher Scientific, USA), and protein identification was performed using MASCOT (Version 2.3.2, Matrix Science). MASCOT was configured to scan the UniProt database (taxonomy: Homo sapiens, total 161,584 entries) assuming digestion by trypsin. The protein identification parameters were the same as those in our previous study: Carbamidomethyl (C), TMT 6-plex (K), and (N-term) were defined as fixed modifications in MASCOT. Oxidation (M) was defined as a variable modification.

Relative quantification of the identified proteins was performed using the weighted ratios of the uniquely identified peptides belonging to a specific protein. The parameters for protein identification and quantification were the same as those in a previous report (4). Fisher's test was used for statistical analysis with a false discovery rate ≤ 1%. Proteins with a p < 0.05 and an absolute fold change ≥ 1.2 were considered differentially abundant.



PRM

The DAPs of TMT with high abundance and fold change were selected for verification. The verification was conducted using a Triple TOF 6,600+ LC-MS/MS system. Protein extraction, lysis, and desalting were performed as described above. The raw DDA files were analyzed using MaxQuant (version 1.3.0.5). The search for the resulting data was performed using the UniProt-cricetulus+griseus fasta database Protein Pilot. The PRM validation data were analyzed using Skyline. The peak shapes of the target peptides were identified by manual inspection.



Biological Function

The DAPs were functionally annotated using the OmicsBean software (http://www.omicsbean.com:88/). Fisher's exact test was used for the statistical analyses of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. A corrected p < 0.05 was considered to represent significant enrichment. With a confidence cutoff of 400, protein-protein interaction network analyses were performed to further reveal the functional interactions between the DAPs.



Statistical Analysis

The differences between the OD values of cultures from the DUGL and AGL groups were compared using Student's t-test. A p < 0.05 was considered statistically significant.




RESULTS


Cell Growth and Morphology

The proliferation potential of FD-LSC-1 cells cultured in the DUGL was significantly inhibited compared to that of cells cultured in the AGL. After 2 days of culture, the OD450 value of FD-LSC-1 cells cultured in the AGL (OD value: AGL/DUGL = 0.763 ± 0.045/0.557 ± 0.049, p < 0.001) increased by 37.73%, whereas that of cells cultured in the DUGL increased only by 7.53%. On the third day, the OD value of FD-LSC-1 cells cultured in the AGL doubled, whereas that of cells cultured in the DUGL only increased by 76.25% (AGL/DUGL = 1.126 ± 0.136/0.913 ± 0.056, p < 0.001). The FD-LSC-1 cultures from the AGL reached maximum saturation density (AGL/DUGL = 1.586 ± 0.13/1.26 ± 0.042, p < 0.001) in the 96-well plate on the fourth day, whereas the cultures from the DUGL attained the same (AGL/DUGL = 1.360 ± 0.159/1.558 ± 0.140) on the fifth day (Figures 2, 3C).


[image: Figure 2]
FIGURE 2. FD-LSC-1 cells cultured for 4 days in the DUGL or AGL observed using light microscopy (at 10 × magnification). AGL, above-ground laboratory; DUGL, deep underground laboratory. The cell density in the DUGL group was observably lower than that in the AGL group on the corresponding day.
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FIGURE 3. (A) PRM verification results of the selected DAPs (AGL/DUGL); (B) Growth curves of FD-LSC-1 cells cultured in the DUGL or AGL; (C) Volcano plot (red, upregulated DAPs; black, unchanged DAPs; green, downregulated DAPs [AGL/DUGL]). DAPs, differentially abundant proteins; DUGL, deep underground laboratory; AGL, above-ground laboratory; PRM, parallel reaction monitoring.


The TEM scans showed that cells cultured in the DUGL contained hypertrophic endoplasmic reticulum (ER) as well as a higher number of ER compared to the cells cultured in the AGL (Figure 4).


[image: Figure 4]
FIGURE 4. Transmission electron microscopy images of FD-LSC-1 cells cultured in the AGL (A) and DUGL (B) (at 2,500 × magnification). White arrows, endoplasmic reticulum; M, mitochondria; AGL, above-ground laboratory; DUGL, deep underground laboratory.




Quantitative Proteomic Analyses

In the quantitative proteomic analyses, 37,202 unique spectra were matched to 29,719 unique peptides. In addition, 4,094 unique proteins were identified in FD-LSC-1 cells cultured in the DUGL and AGL. Eight hundred and seven DAPs were detected with a relative abundance absolute fold change cutoff ≥ 1.2 and p < 0.05. Of these, 536 proteins were upregulated (from 1.2 to 8.5-fold) and 271 proteins were downregulated (from 0.83 to 0.43-fold) in the FD-LSC-1 cells cultured in the DUGL compared to those cultured in the AGL (Figure 3B, Supplementary Table 1). One hundred and forty-five DAPs were identified with a absolute fold change cutoff ≥ 1.5 and p < 0.05 (118 upregulated and 27 downregulated in cells cultured in the DUGL). The protein names, accession numbers, and abbreviations used in our proteomic analyses were obtained from the UniProtKB/Swiss-Prot database. Proteomic data were deposited in the ProteomeXchange Consortium (Subproject: IPX0002120001).



Functional Analysis of DAPs

GO term enrichment and KEGG pathway analyses were performed to investigate the biological functions of the DAPs in FD-LSC-1 cells from the DUGL and AGL groups.

At a false discovery rate (p-adjusted) < 0.05, the GO term enrichment analysis of DAPs revealed that the top five enriched GO terms were cellular component organization or biogenesis, cellular component organization, cellular component biogenesis, macromolecular complex subunit organization, and mRNA metabolic process in the biological process (BP) category; extracellular vesicle, organelle, exosome, membrane-bounded organelle, membrane-bounded vesicle in the cellular components (CC) category; and protein binding, poly(A) RNA binding, RNA binding, binding, and enzyme binding in the molecular functions (MF) category (Figure 5A, Supplementary Table 2). The GO enrichment analysis of upregulated DAPs in cells cultured in the DUGL showed that the top five GO terms from the BP category were cellular component organization or biogenesis, cellular component organization, cellular component biogenesis, macromolecular complex subunit organization, and RNA processing. The terms in the CC category were extracellular vesicle, organelle, exosome, membrane-bounded organelle, and region part (Figure 6A, Supplementary Table 3). The terms in the MF category were protein binding, poly(A) RNA binding, RNA binding, binding, and structural molecule activity. In contrast, the top five GO terms for downregulated DAPs in cells cultured in the DUGL were protein folding, cellular catabolic process, amide biosynthetic process, cellular amide metabolic process, and cellular protein metabolic process in the BP category (Figure 6B, Supplementary Table 4); extracellular membrane-bounded organelles, exosomes, vesicles, organelles, and cytosol in the CC category; and poly(A) RNA binding, RNA binding, protein binding, cadherin binding, and small molecule binding in the MF category.


[image: Figure 5]
FIGURE 5. GO and KEGG enrichment analysis of the total DAPs. (A) GO analysis result; (B) KEGG pathway analysis result. DAPs, differentially abundant proteins.
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FIGURE 6. GO and KEGG enrichment analysis of the upregulated and downregulated DAPs. (A) Results of GO analysis of upregulated DAPs in cells from the DUGL group; (B) Results of GO analysis of downregulated DAPs in cells from the DUGL group. DAPs, differentially abundant proteins.


With a p-adjusted value < 0.05, the KEGG pathway analysis of these DAPs revealed that seven pathways were enriched. The significantly enriched pathways were ribosome (p < 0.0001), spliceosome (p = 0.0001), oxidative phosphorylation (OXPPL) (p = 0.0001), protein export (p = 0.0001), thermogenesis (p = 0.0003), protein processing in the endoplasmic reticulum (p = 0.0108), and non-alcoholic fatty liver disease (p = 0.0421) (Figure 5B, Table 1).


Table 1. KEGG pathway enrichment result.
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PRM Verification of DAPs

Out of the DAPs identified by PRM, 77.14% (27/35) were consistent with those identified in the TMT proteomic analysis. This indicated that the TMT proteomic analyses yielded reliable results (Figure 3A, Table 2).


Table 2. Results of DAP verification by parallel reaction monitoring.
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Protein-Protein Interaction Network Construction and Module Analysis

To further ascertain the functional interactions between the DAPs, the Cytoscape software was used to construct the protein-protein interaction networks with a confidence cutoff of 400 (Figure 7). The findings showed that ribosome-related proteins were highly interrelated and played central roles across the network.


[image: Figure 7]
FIGURE 7. PPI network of DAPs in FD-LSC-1 cells. Coloration with gradient: from yellow (lower p-value) to blue (higher p-value). The proteins with different abundances are indicated in red (upregulation in the AGL group) and green (downregulation in the AGL group). The default confidence cutoff value was fixed at 400. The red solid lines represent activation. The blue dashed lines indicate the KEGG pathway. PPI, protein-protein interaction; DAPs, differentially abundant proteins.





DISCUSSION

To our knowledge, this is the first study to investigate the biological effects of cancer cells cultured in a deep underground environment, and provide novel insights into cancer. Although relative humidity, air pressure, and concentration of CO2 and radon gas were significantly different between DUGL and AGL, the cell culture incubators at both the locations had the same level of relative humidity, temperature, and concentration of CO2 (4). The air pressure (1.2–6 bar) could enhance cell growth rate (5, 6). Air pressure in the DUGL (1118.2 hPa) was slightly higher than that in the AGL (951.9 hPa); however, the difference was dramatically reduced by the shift in gas and liquid (4). After all, the cells were cultured in liquid medium in the incubators. The 1,400-m rocky cover over of the DUGL shields almost all the cosmic radiation (7). Moreover, the terrestrial radiation in DUGL (0.04 μSv/h) was significantly lower than that in AGL (0.15 μSv/h) (4). Radon concentration (1.5 pCi/L) of the DUGL was similar to that at Gran Sasso National Laboratory (LNGS) and less than the normal background (1.7 nGy/h:0.04 μSv/h) (4). Herein, we speculate that BBR, as the main environmental factor, affected the cultures in the DUGL at the CJEM.

Consistent with previous reports, the present study confirmed that BBR exposure in a deep underground environment can reduce the growth rates of cells, even cancer cells, within a short duration (8–11). Additionally, we identified 807 DAPs (536 proteins upregulated and 271 proteins downregulated in FD-LSC-1 cells cultured in the DUGL) with a 1.2 absolute fold change, and 145 DAPs (118 upregulated and 27 downregulated in cells cultured in the DUGL) with a 1.5 absolute fold change. The upregulated DAPs underwent fold change ranging from 1.2- to 8.5-fold, while the downregulated DAPs underwent fold change ranging from 0.83- to 0.43-fold. Meanwhile, the ER was observed to be hypertrophic and present at a greater number in FD-LSC-1 cells cultured in the DUGL as observed using TEM. The changes in the proteomics profile and morphology of ER were also similar to those of V79 cells cultured in the DUGL (4), which strongly suggested that BBR could promote protein synthesis in cultures within a short duration.

The GO enrichment analyses helped us elucidate the functions of the DAPs (12). In the BP category, cellular component organization or biogenesis, macromolecular complex subunit organization, and mRNA metabolic process were the top three enriched terms. In addition, the upregulated DAPs were significantly enriched for negative regulation of biological and metabolic processes, which might explain the increased protein expression and delayed growth of FD-LSC-1 cells cultured in the DUGL. In the MF category, the poly(A) RNA binding, RNA binding, protein binding, and binding terms were enriched significantly, consistent with our observations in V79 cells used in our previous research. This suggested that BBR exposure in a deep underground environment primarily affected the macromolecular functions of the cultures by initiating binding dysregulation, especially in RNAs and proteins. The FD-LSC-1 cells cultured in DUGL exhibited enrichment in extracellular terms (e.g., vesicle, organelle, exosome, and membrane-bounded organelle) in the CC category, contrary to the V79 cells, which exhibited enrichment in intracellular terms. This implied that different cells exhibited similar or different responses at the molecular level under BBR exposure in a deep underground environment.

KEGG pathway analyses have been widely used to systematically identify the functions of large-scale proteins and/or genes in cells. Consistent with the observations in V79 cells in our previous research (4), the KEGG analyses of FD-LSC-1 DAPs showed that ribosome and spliceosome were the two most significantly enriched pathways. Meanwhile, most DAPs enriched in the two pathways were upregulated in both V79 and FD-LSC-1 cells cultured in the DUGL. Extracellular stimulation can induce ribosomal stress, disturb ribosome biogenesis, and affect cell proliferation (13). Similar to that in V79 cells, both RPL26, and RPS27, which regulate p53 expression and cell cycle arrest, were upregulated in cells cultured in the DUGL groups. These findings further indicate that ribosomal proteins, especially RPL26, and RPS27, play a significant role in the cellular stress response induced upon exposure to BBR in a deep underground environment and inhibit the proliferative potential of cells through p53 (14).

Spliceosome is an essential cellular organelle for cell growth and division that regulates gene expression and protein synthesis (15). The catalysis of precursor mRNA splicing by spliceosomes, a multi-megadalton ribonucleoprotein complex (16), is a vital step in the flow of genetic information from DNA to proteins in eukaryotes (17). We observed that 15/28 DAPs enriched in the spliceosome pathway were upregulated in cells cultured in the DUGL. Among the upregulated DAPs, seven proteins (ZMAT2, PRPF40A, SNRPD2, SLU7, SRSF5, SRSF3, and SNRPF) followed the same expression model as that in V79 cells (4). Pre-mRNA processing factor 40 homolog A (PRPF40A) plays a crucial role in the initiation of pre-mRNA splicing (18), while the splicing regulator SLU7 serves as an essential factor for the maintenance of cell viability (19). These findings further indicate that BBR could induce protein expression by enhancing spliceosome function, which might be advantageous for cell survival in an altered environment.

The ER has multiple functions, including the synthesis, folding, quality control, and transport of one-third of all cellular proteins (20, 21). In addition, the ER is a critical site for calcium homeostasis and can respond to exogenous stimuli by perceiving environmental signals (22). In the present study, 10/13 proteins enriched in protein processing in the ER pathway were downregulated in cells cultured in the DUGL, which was consistent with the findings from our previous analyses conducted on V79 cells (4). Notably, five proteins (WFS1, STT3B, CANX, ERP29, and HSPA5) were downregulated both in V79 and FD-LSC-1 cells cultured in the DUGL. Wolfram syndrome 1 gene (WFS1), an ER-resident transmembrane protein, regulates the cellular response to ER stress (23). The knockdown of WFS1 can render cells vulnerable to oxidative stress and induce alterations in mitochondrial homeostasis (24). Post-translational N-glycosylation mediated by STT3B plays an important role in the quality control of non-glycosylated proteins. The knockdown of STT3B was observed to delay cell proliferation (25). As an integral chaperon protein of the ER, calnexin (CANX) promotes cancer cell growth and proliferation. Endoplasmic reticulum protein 29 (ERp29), which plays a role in protein unfolding and secretion, is associated with the ER stress response (26). Heat shock protein 5 (HSPA5/GRP78/BiP) protects cells against ER stress and damage caused by reactive oxygen species, and helps cells survive by regulating calcium signaling in mitochondria-associated ER membranes (27). These findings strongly indicate that the ER plays a central role in the BBR stress response, and the downregulation of major ER stress proteins might explain the reduction in stress tolerance potential observed in previous studies (28). Additionally, the downregulation of proliferation-promoting proteins might further contribute to the delay in the growth of cells cultured under low background radiation in the DUGL.

The activation of ribosomes and spliceosomes requires energy (29). Mitochondria can supply energy for cellular survival and development. Mitochondrial OXPPL is the primary pathway for energy synthesis in all cell types (30). In the current study, we characterized 14 DAPs that were upregulated in FD-LSC-1 cells cultured in the DUGL. The DAPs that underwent maximum upregulation were associated with energy metabolism related to thermogenesis and non-alcoholic fatty liver disease pathways. These results suggested that under BBR stress, FD-LSC-1 cells could activate the OXPPL pathway and enhance energy supply for cell survival. In support of this proposition, we observed that the expression of ubiquinol cytochrome c reductase hinge (UQCRH) and ATP6V1G1 also increased in V79 cells cultured under BBR (4). UQCRH upregulation suggests an increase in mitochondrial OXPPL activity (31). However, the findings of this study are contrasting to those of a previous study showing that some of the proteins enriched in the OXPPL pathway were downregulated in V79 cells and Shewanella oneidensis along with downregulation of ATPase mRNA (32). Cytochrome oxidase subunit 6B1 (COX6B1), which protects cells against injury (33, 34), was downregulated in V79 cells and upregulated in FD-LSC-1 cells cultured under BBR. The inconsistent results indicate that different cells express the same proteins as well as different proteins at different time points to counter BBR stress. UQCRH and ATP6V1G1 might be critical for cellular stress response under BBR. Notably, Carbone et al. (1) reported the inhibition in the activity of superoxide dismutase in TK6 cells cultured in the BBR environment in LNGS. This indicated the inhibition of superoxide dismutase expression, as observed through proteomic analyses in our study.



CONCLUSION

BBR exposure in a deep underground environment could inhibit the proliferation of FD-LSC-1 cells. In response, the FD-LSC-1 cells presented with changes in the proteomic profile related to the ribosome, gene spliceosome, RNA transport, and energy metabolism among others. The alterations in protein expression might constitute the molecular basis of proliferation inhibition and enhanced survivability in cells adapting to BBR in a deep underground environment. RPL26, RPS27, ZMAT2, PRPF40A, SNRPD2, SLU7, SRSF5, SRSF3, SNRPF, WFS1, STT3B, CANX, ERP29, HSPA5, COX6B1, UQCRH, and ATP6V1G1 were the major proteins associated with the BBR stress response in cells. Our findings provide novel insights into the response of cancer cells from a different perspective, in which the usual levels of radiation were reduced drastically in a deep underground environment.



LIMITATIONS

Similar to our previous reports, our present study has certain limitations. First, the growth curve obtained after culturing cells in the deep underground environment represented data recorded only for a week, and the samples used for the proteomic analyses were cultured for only 4 days in the DUGL. Second, the functions of DAPs should be verified in knockdown and overexpression studies. Third, it is necessary to use a normal cell line as a control in future studies. Fourth, some of the environmental factors could not be regulated to the desired levels owing to the challenge of ventilation in deep mines.
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