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Previous studies have demonstrated that PRMT1 was involved in the progression of multiple lung 
diseases. However, its specific function within the bronchial epithelium was still limited and needed 
further exploration. In the present study, human bronchial epithelial cell line 16HBE was chosen to 
elucidate the biological role of PRMT1 in lung epithelium. Cell proliferation, cell-cycle distribution, cell 
apoptosis, and cell motility capacity were systematically evaluated following CRISPR/Cas9-mediated 
knockout of PRMT1. We showed that knockout of PRMT1 in 16HBE inhibited cell proliferation, 
redistributed cell cycle, promoted cell apoptosis, and accelerated cell migration via a series of 
regulated cyclins, cyclin-dependent kinase regulators, and EMT markers. Taken together, these 
findings identify PRMT1 as a potential modulator of epithelial cell proliferation, survival, and motility 
in the human bronchial epithelium, offering new insights into its possible role in epithelial remodeling 
during pulmonary disorders.
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Abbreviations
AR	� Androgen receptor
Bcl-2	� B-cell lymphoma-2
CDC2	� Cell division cycle 2 kinase
CDK	� Cyclin-dependent kinases
CDKIs	� Cyclin-dependent kinase inhibitors
DMSO	� Dimethyl sulfoxide
EGFR	� Epidermal growth factor receptor
EMT	� Epithelial-mesenchymal transition
EZH2	� Enhancer of zeste homolog 2
FBS	� Fetal bovine serum
H4R3me2a	� Asymmetric dimethylation of histone H4 on arginine 3
OD	� Optical density
PBS	� Phosphate-buffered saline
PTM	� Post-translational modification
PRMTs	� Nine arginine methyltransferases

Arginine methylation is a common and widespread post-translational modification (PTM) that regulates 
numerous biological processes1. According to the type of arginine methylation produced, nine arginine 
methyltransferases (PRMTs) have been divided into three families (type I PRMT1, type II PRMT1, and type 
III PRMT1)2. Protein arginine methyltransferase 1 (PRMT1), a major member of the type I PRMT family, 
is responsible for 85% of cellular PRMT activity, through catalyzing monomethylation and asymmetric 
demethylation of arginine side chains in proteins3.
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Many studies have demonstrated that PRMT1 played an important role in embryogenesis and development4–7. 
Moreover, dysregulation of PRMT1 contributed to multiple physiological processes in various adult organs. In 
the heart, PRMT1 played a critical role in the cardiac repolarization8, and the ablation of PRMT1 caused heart 
failure through CaMKII dysregulation9. In the liver, PRMT1 protected the liver from alcohol-induced injury by 
modulating oxidative stress responses10. In the kidney, the inhibition of PRMT1 alleviated acute kidney injury 
by inactivating the TGF-β1/Smad3 pathway in the cortex and IL-6/STAT3 pathway in the medulla11. In the gut, 
PRMT1 could regulate gut microbiota modulation and be a useful marker for hischsprung’s disease12,13. Our 
previous study also found that conditional knockout of PRMT1 in the intestine could affect the formation and 
differentiation of the intestinal epithelium14–16.

Taken together, PRMT1 was shown to play a vital role in a series of physiological processes and has potential 
as a therapeutic target. Based on this, several PRMT1 inhibitors have been investigated. For example, DCPT1061 
is a small-molecule inhibitor of PRMT1 that has broad applications in tumor immunotherapy and in overcoming 
resistance to immune checkpoint inhibitors17. MS023 and GSK3368715, PRMT1 inhibitors, increased tumor-
infiltrating lymphocytes in a cGAS-dependent manner and promoted tumor PD-L1 expression18.

With the intensification of industrialization, urbanization, and global environmental pollution, the etiology 
of lung disease has become more complex, and exploring new diagnostic and treatment methods is of great 
significance19,20. In recent years, there has been increasing research on PRMT1 in lung diseases21. It was 
found that PRMT1 expression was significantly increased in lung tissue sections and isolated airway smooth 
muscle cells of severe asthma patients. Bronchoplasty reduced airway remodeling by blocking the expression 
of PRMT1 in fibroblasts22. Inhibition of PRMT1 eliminated the deposition of type I collagen and fibronectin, 
cell proliferation, and migration of airway smooth muscle cells in asthma patients23. PRMT1 could activate 
STAT1 or RUNX1, then stimulate the expression of let-7i and miR-423, which were essential for the airway 
remodeling of asthma24. PRMT1 could also regulate epithelial-to-mesenchymal (EMT) in non-small cell 
lung cancer via Arg-34 methylation of Twist125. The above studies indicated that PRMT1 was involved in the 
epithelium dysfunction of pulmonary diseases. However, research on the biological role of PRMT1 in the lung 
epithelium remains limited and requires further investigation. 16HBE was a typical human bronchial epithelial 
cell line isolated from a 1-year-old male heart–lung patient and has been widely used in studies of pulmonary 
diseases, including airway inflammation26, airway epithelial injury27, and cancer28. In the present study, 16HBE 
was chosen to explore the biological function of PRMT1 in pulmonary diseases, providing potential drug targets 
for the treatment of respiratory-related diseases.

In the present study, we demonstrated that knockout of PRMT1 in 16HBE influences cell proliferation, cell 
cycle, cell apoptosis, and cell migration, which are essential processes during epithelial dysfunction, especially 
EMT. Taken together, we proved that PRMT1 was a novel regulator of cell physiological processes in human 
bronchial epithelium. Moreover, PRMT1 could also emerge as a potentially important biomarker for bronchial 
epithelial disease.

Materials and methods
Establishment of PRMT1 knockout cell lines
The human bronchial epithelial cell line 16HBE was purchased from Zhongqiaoxinzhou Biotech (Shanghai, 
China). The PRMT1 knockout 16HBE cell lines were established as previously described29,30 with subtle revision. 
Briefly, a recombinant plasmid named px458-PRMT1-sgRNA229 (inserted sgRNA sequences: 5′-​G​G​A​T​G​T​C​A​
T​G​T​C​C​T​C​A​G​C​G-3′) was transfected into 16HBE cells with Lipofectamine 3000 (Thermo Fisher Scientific, 
San Jose, CA, USA). Then green fluorescence-positive cells were isolated via a SH800S flow cytometer (Sony, 
Tokyo, Japan) according to the manufacturer’s instructions. The isolated single cell was cultured in 96 plates 
with DMEM medium (Gibco, NY, USA) supplemented with 10% fetal bovine serum (Biological Industries, 
Kibbutz Beit-Haemek, Israel). The expression of PRMT1 in edited cells was detected via western blotting. Two 
PRMT1 knockout 16HBE cell lines (named as 16P-2 and 16P-11) were selected for further experiments. Wild-
type 16HBE cell line (named as WT), which was transfected with px458, was applied as a control. Subsequent 
experiments were performed after the cells had been passed on for 2–3 times.

Cell proliferation analysis
The cell proliferation was analyzed through the MTT assay and colony formation assay. In the MTT assay, 
WT, 16P-2, and 16P-11 cells were seeded in 96-well plates at a density of 2000 cells/well, respectively. Then the 
adherent cells were treated with 20 µL 5 mg/mL MTT (Biofroxx, Shanghai, China). After 4 h incubation at 37 °C, 
the supernatant was removed and 150 µL dimethyl sulfoxide (DMSO, Macklin, Shanghai, China) was added to 
each well. The optical density (OD) value at 490 nm was measured with Infinite® M200 Pro (TECAN, Manedorf, 
Switzerland) at 0h, 24 h, 48 h, 72 h, and 98 h, respectively. The rate of cell proliferation was calculated as follows: 
OD value of each day/OD value on the first day. Each group (WT, 16P-2, and 16P-11) had six replicates.

In the colony formation assay, approximately 200 cells were seeded in 6-well plates and cultured for 2 weeks. 
The colonies were fixed with 500 µL paraformaldehyde (Biosharp, Beijing, China) for 30 min. Then the fixed 
colonies were stained with 400 µL Wright’s Giemsa A for 2 min (Biosharp, Guangzhou, China) and 800 µL 
Wright’s Giemsa B for 5 min, subsequently. After washing with ultra-pure water three times, the colonies in each 
plate were imaged and counted. The percentage of colonies was calculated as follows: clone counts/200 × 100%. 
Each group (WT, 16P-2, and 16P-11) had three replicates. All the data were analyzed with GraphPad Prism 7.00 
(https://www.graphpad.com/, GraphPad Software, San Diego, CA, USA).

Cell cycle analysis
When the density of the cells (WT, 16P-2 and 16P-11 groups, respectively) reached approximately 85%, the 
cells were pelleted and fixed in 70% ethanol for 4 h at 4 °C. After fixation, 70% ethanol was removed, and the 
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cells were washed twice with ice-cold phosphate buffered saline (PBS, Hyclone, Walthma, MA, USA). Then 
the collected cells were gently resuspended in 500 μL of PI solution (Antgene, Wuhan, China) and incubated 
at 37 °C for 30 min. The distribution of the cell cycle was detected via a BD FACS Calibur flow cytometer (BD 
Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions. Each group (WT, 16P-2, and 16P-
11) had three replicates. Finally, the data were visualized with ModFit LT 5.0 (https://vsh.com/, Verity Software 
House, Topsham, ME, USA), and the percentage of cell phases (G1, S, and G2/M) was analyzed with GraphPad 
Prism 7.00.

Cell apoptosis analysis
The cells for apoptosis analysis (WT, 16P-2, and 16P-11 groups, respectively) were cultured in 6-well plates, and 
the confluence reached approximately 85%. Then pelleted cells were washed twice with PBS. According to the 
protocol of the Annexin VFITC Apoptosis Detection Kit (Dojindo, Shanghai, China), 500 μL 1 × Annexin V 
Bind Buffer and 5 μL Annexin V were added into each sample, subsequently. After incubation for 5 min, 5 μL PI 
solution was added to the above suspension and incubated for 15 min. After the addition of 400 μL 1 × Annexin 
V Bind Buffer, the mixed cells were filtered with a 48 μm nylon membrane, and the cell apoptosis was assessed 
via a BD FACS caliber flow cytometer according to the manufacturer’s instructions. Each group (WT, 16P-2, and 
16P-11) had three replicates. Finally, the data was visualized with ModFit LT 5.0, and the percentage of apoptotic 
cells was analyzed with GraphPad Prism 7.00.

Cell motility analysis
Cell motility was analyzed through the wound healing assay and invasion assay. WT, 16P-2, and 16P-11 groups 
were seeded in a 12-well plate with a density of 4 × 105 cells. When cells achieved approximately 90% confluence, 
a wound was created by scraping the cell layer with a sterile 10 μL pipette tip. After replacing the culture medium 
with serum-free medium, the wounds were photographed at 0 h, 6 h, and 12 h, respectively. The healing rate was 
calculated as follows: (the wound width at 0 h—the wound width at 6 h/12 h) / the wound width at 0 h × 100%.

For the cell invasion assay, approximately 5 × 104 cells (WT, 16P-2, and 16P-11, respectively) were seeded in 
the top chambers of a 24-well transwell® plate (8.0 µm pore size; Corning Costar, Corning, NY, USA) with 200 
µL DMEM without serum. 700 µL DMEM supplemented with 10% fetal bovine serum (FBS) was added to the 
bottom chamber. After incubation at 37 °C for 48 h, the rest cells on the top side of the filter were wiped out with 
a cotton swab, while those on the bottom side (those that had migrated) were fixed with 4% polyoxymethylene 
for 30 min, and stained with Giemsa staining solution (Biosharp, Guangzhou, China). Each group had three 
replicates. Five randomly selected fields per well were photographed, and the number of cells was counted with 
Image J 1.52a (http://imagej.nih.gov/ij, Wayne Rasband, National Institutes of Health, USA). The data was 
analyzed with GraphPad Prism 7.00.

Western blot analysis
The WT, 16P-2, and 16P-11 cells were lysed with protein lysis buffer (Beyotime, Shanghai, China) to extract 
total proteins. The protein samples (20 μg per lane) were separated with 8% ~ 15% SDS-PAGE gel (EpiZyme, 
Shanghai, China) according to the molecular weight of the proteins. After electrophoresis, proteins were 
transferred to PVDF membranes (Millipore, MA, USA) and detected with the corresponding antibodies (Cell 
Signaling Technology, Beverly, MA, USA). ECL reagent (Yeasen, Shanghai, China) was used to visualize the 
protein bands through ChemiDoc XRS + (Bio-Rad, Hercules, CA, USA), and the samples were quantitatively 
assessed by ImageLab software (Bio-Rad, Hercules, CA, USA). β-Actin or GAPDH was used as an internal 
control.

Statistical analysis
All assays were repeated at least three times. GraphPad Prism version 7.00 was used to perform statistical 
analyses of the experimental data. Student’s unpaired t-test was applied to compare the differences between the 
two groups. P < 0.05 was considered statistically significant.

Results
Knockout of PRMT1 inhibited cell proliferation in 16HBE
To investigate the role of PRMT1 in human bronchial epithelium, the 16HBE cell line was chosen to establish 
the PRMT1 knockout cell line via CRISPR/Cas9 technology as our previous study29,30. Compared with the WT 
group, the expression of PRMT1 in knockout cell lines (16P-2 and 16P-11) was nearly undetectable, which 
indicated that PRMT1 has been successfully knocked out (Fig. 1A). Furthermore, the MTT assays showed that 
the rate of cell proliferation was significantly inhibited in 16P-2 and 16P-11 (Fig.  1B), which was consistent 
with the results of knocking out PRMT1 in 293 T cells29. Meanwhile, the colony formation assay confirmed 
that PRMT1 knockout could suppress cell growth (Fig. 1C, D). Further western blot showed that the expression 
level of c-Myc, which was a key regulatory factor in epithelial cell proliferation31,32, was upregulated in 16P-2 
and 16P-11 (Fig. 1E). Moreover, the phosphorylation of AKT, another key factor related to airway epithelial 
proliferation33, was upregulated too (Fig. 1F). In recent years, research has found that the c-Myc gene was also 
closely related to cell apoptosis, with a dual effect of stimulating cell proliferation and apoptosis34. A possible 
explanation of the inhibition of cell proliferation in PRMT1 knockout 16HBE cells was that the upregulation of 
p-AKT activated the proapoptotic effect of c-Myc, thereby inhibiting cell proliferation.

Knockout of PRMT1 redistributed the cell cycle in 16HBE
To investigate the underlying mechanism of inhibited cell growth in the PRMT1 knockout 16HBE cell line, cell 
cycle analysis was conducted via flow cytometry. It was found that knockout of PRMT1 decreased the proportion 
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Fig. 1.  Knockout of PRMTA1 inhibited cell growth in 16HBE. (A) Western blot results showed that PRMT1 
knockout 16HBE cell lines were successfully established. Upper, bar graph; lower, representative blots. (B) 
Knockout of PRMT1 inhibited cell proliferation in 16HBE. (C) Knockout of PRMT1 reduced colony formation 
in 16HBE. (D) The bar graph showed the percentage of colonies in WT, 16P-2, and 16P-11, respectively. (E) 
Western blot results showed that c-Myc was upregulated in PRMT1 knockout cell lines. (F) PRMT1 knockout 
elevated AKT phosphorylation. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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of cells in G1 phase and G2/M phase, while the proportion of S phase cells responsible for DNA synthesis was 
significantly increased (Fig.  2A, B). In conclusion, knockout of PRMT1 led to S phase arrest, then the cells 
couldn’t pass the G2/M checkpoint and enter the mitotic phase, resulting in inhibition of cell proliferation. To 
further explore the underlying mechanism, we detected a series of cyclins, cyclin-dependent kinases (CDKs), 
and cyclin-dependent kinase inhibitors (CDKIs), especially P27 and P21. As shown in Fig. 2C–N, the expression 
levels of cyclin A2, cyclin D3, CDK2, CDK6, Myt1, and P27kip1 were decreased, while the expression levels of 
cyclin B, cyclin D1, CDK4, p-CDC2, p-wee1, and P21waf1/cip1 were increased.

In summary, the upregulation of CDKs inhibitory factor P21 inhibited the expression of CDK2, while the 
expression of cyclin A2 was significantly downregulated, thereby inhibiting the process of cell transition from S 
phase to G2 phase. The upregulation of c-Myc expression promoted the expression of CDK4 and activation of 
CDK4/cyclin D1 complex, thereby promoting the progression of the cell cycle G1 phase to S phase. Meanwhile, 
the upregulation of p-wee1 promoted the phosphorylation process of CDC2 (CDK1) and inhibited the 
progression of G2/M phase, which inhibited the transition from the S phase to the G/M phase.

Knockout of PRMT1 promoted cell apoptosis in 16HBE
Previous experiments have confirmed that knocking out PRMT1 could inhibit the proliferation of 16HBE cells. 
Meanwhile, the oncogene c-Myc, which had both proliferative and apoptotic effects, is upregulated in PRMT1 
knocked out cell lines. To determine whether PRMT1 knockout could affect cell apoptosis, we conducted 
apoptosis analysis via flow cytometry. As shown in Fig. 3A, B, knockout of PRMT1 induced the proportion of 
apoptotic cells. To further investigate the biological function of PRMT1 deficiency-induced apoptosis in 16HBE 
cells, we detected the expression levels of anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) and pro-apoptotic 
protein Bax in the Bcl-2 protein family35,36. Western blot showed that the expression of Bax was upregulated, 
while the expression of Bcl-2 was downregulated (Fig. 3C, D). The results were consistent with the obtained flow 
cytometry apoptosis analysis results. Therefore, it turned out that knocking out PRMT1 induced apoptosis in 
16HBE cells by regulating the expressions of Bcl-2 and Bax.

Knockout of PRMT1 accelerated cell motility in 16HBE
Abnormal proliferation, apoptosis, and migration were key characteristics of tumor metastasis. To investigate the 
role of PRMT1 in cell migration, we detected the wound-healing capacity of PRMT1 in WT and knockout cell 
lines. It turned out that in 16P-2 and 16P-11 cell lines, the wound closure after 6 h and 12 h was more promoted 
than that in the WT cell line (Fig. 4A, B), indicating that knockout of PRMT1 enhanced cell migration. Further 
cell invasion assay showed that the number of invading cells was statistically higher in PRMT1 knockout 16HBE 
compared with WT (Fig. 4C, D). During the process of tumor metastasis, there was a phenomenon of tightly 
connected epithelial cells transforming into loosely connected mesenchymal cells, which is called epithelial-
mesenchymal transition (EMT). Calcium-dependent cell–cell adhesion molecule E-cadherin37, transmembrane 
glycoprotein N-cadherin38, and intermediate filament protein vimentin39 were closely related to the EMT 
process. Western blot showed that E-cadherin, N-cadherin, and vimentin were downregulated in knockout cell 
lines (Fig. 4E–G), which indicated that PRMT1 might affect cell motility and be involved in EMT via regulation 
of E-cadherin, N-cadherin, and vimentin.

Discussion
PRMT1 played an important role in normal physiological processes, including embryogenesis and development. 
Meanwhile, dysfunction of PRMT1 is associated with a series of lung diseases. However, the potential role of 
PRMT1 in cell proliferation and migration in bronchial epithelium-related diseases was still unclear. In the 
current study, 16HBE was chosen to investigate it. First of all, we found that knockout of PRMT1 could inhibit 
cell proliferation, and the potential explanation should be that knockout of PRMT1 up-regulated the expressions 
of c-Myc and induced the phosphorylation of AKT, which were two frequently dysregulated proteins in various 
biological processes, including cell growth, proliferation, and death/survival, thereby inhibited the proliferation 
of 16HBE cells. The results of cell apoptosis showed that the absence of PRMT1 protein up-regulated 
proapoptotic protein Bax, while down-regulated anti-apoptotic protein Bcl-2, ultimately inducing apoptosis 
in 16HBE cells. The cell cycle detection results showed that knockout of PRMT1 decreased the proportion of 
cells in G1 phase and G2/M phase, while the proportion of S phase cells responsible for DNA synthesis was 
significantly increased. By detecting the expression of cyclins, CDKs, CDKIs and checkpoints, the potential 
biological process was following: Firstly, the upregulation of CDKs inhibitory factor P21 (S phase checkpoint) 
inhibited the expression of CDK2 (S phase checkpoint), while the expression of Cyclin A2 (S phase checkpoint) 
was significantly downregulated, thereby inhibiting the process of cell transition from the S phase to the G2 
phase. Secondly, the upregulation of c-Myc expression promoted the expression of CDK4 (G1/S checkpoint) and 
the activity of CDK4/cyclin D1 (G1/S checkpoint) complex, thereby promoting the progression of the G1 phase 
to the S phase of the cell cycle. Thirdly, the upregulation of p-wee1 (G2/M checkpoints) expression promoted the 
phosphorylation process of CDC2 (G2/M checkpoints), inhibited the progression of G2/M phase, limited the 
transition of the cell cycle from S phase to G/M phase, and led to the arrest of 16HBE cells in S phase. Further 
cell migration experiments showed that knocking out the PRMT1 protein could promote wound-healing and 
speed up cell migration. As shown in Fig. 5, a seemingly paradoxical findings of our study was that PRMT1 
knockout simultaneously inhibited cell proliferation and promoted cell migration. Significant downregulation 
of classical EMT markers, including E-cadherin, N-cadherin and vimentin, was observed, suggesting an absence 
of mesenchymal transition. However, the enhanced motility indicates a migratory phenotype. We speculate that 
this uncoupling of proliferation from migration may be driven by the unique signaling environment in PRMT1 
knockout cells. The concurrent upregulation of c-Myc and p-AKT, both of which are known to stimulate cell 
motility, coupled with S-phase arrest, may rewire cellular priorities from growth to movement. In this model, 
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Fig. 2.  Knockout of PRMT1 redistributed the cell cycle in 16HBE. (A) Knockout of PRMT1 induced cell cycle 
redistribution. (B) The bar graph showed that knockout of PRMT1 reduced the percentage of G1 and G2/M 
cells, while the percentage of S phase cells was increased. (C–N) Knockout of PRMT1 altered the expression 
levels of cyclin A2, cyclin B1, cyclin D1, cyclin D3, CDK2, CDK4, CDK6, p-CDC2, p-wee1, Myt1, P21, and 
P27, respectively. Upper, bar graph; lower, representative blots. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, 
p < 0.0001.
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cell cycle arrest halts proliferation while persistent c-Myc and AKT activity, potentially in conjunction with stress 
signals from the arrested state, provides a potent drive for migration. This phenomenon highlights the context-
dependent role of PRMT1, suggesting that its loss can reprogram bronchial epithelial cells into an invasive yet 
non-proliferative state. This phenotype is particularly relevant for understanding the early stages of disease 
progression.

Conclusion
In conclusion, our findings suggest that PRMT1 has a dual regulatory role in cell behavior. It is involved in 
controlling both cell proliferation and migration. The knockout of PRMT1 leads to a complex phenotype where 
cells are arrested in S phase yet become more migratory. This uncoupling highlights the nuanced role of PRMT1 
in cellular function, suggesting that its absence could reprogram proliferative cells into a migratory, invasive state 
even in the absence of EMT. Further studies are needed to explore the specific signaling pathways that mediate 
this shift and to determine the broader implications for bronchial epithelial-related lung disorders.

Fig. 3.  Knockout of PRMT1 induced cell apoptosis in 16HBE. (A) PI-FITC analysis showed apoptotic cells 
were increased in 16P-2 and 16P-11. The bar graph was presented in (B, C). The expression of Bax was 
upregulated in PRMT1 knockout 16HBE. (D) Bcl-2 was down-regulated in PRMT1 knockout cell lines. Upper, 
bar graph; lower, representative blots. ns, not significant; *, p < 0.05; **, p < 0.01; ****, p < 0.0001.
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Fig. 4.  Knockout of PRMT1 induced cell migration. (A) Knockout of PRMT1 accelerated wound healing. 
(B) The bar graph showed the rate of wound healing in WT, 16P-2, and 16P-11. (C) Knockout of PRMT1 
induced cell invasion. (D) The bar graph showed the ratio of invasion in WT, 16P-2, and 16P-11. (E) E-cad was 
decreased in PRMT1 knockout 16HBE. (F) N-cad was decreased in PRMT1 knockout 16HBE. (G) Vimentin 
was decreased in PRMT1 knockout 16HBE*, p < 0.05; **, p < 0.01.
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Data availability
All data generated and analyzed in this study are available upon reasonable request from the corresponding 
author.
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